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Introduction

Binding thermodynamics of (E)-2-((2-hydroxy-
benzylidene)amino)-5-methylbenzonitrile and (E)-
2-((2-hydroxybenzylidene)amino)-5-methylbenzonitrile
cobalt(n) with HSA: an experimental and molecular
dynamic study

Sheldon Sookai, () *2 |brahim Waziri,” Alfred J. Muller® and Monika Nowakowska*?

The interaction of small-molecule ligands with human serum albumin (HSA) critically influences drug
bioavailability and pharmacokinetics. This study examines the binding characteristics of the free ligand
HL and its cobalt(i) complex, CoL, using spectroscopic techniques, molecular docking, and molecular
dynamics (MD) simulations. Fluorescence quenching assays confirm a dose-dependent interaction via a
dynamic quenching mechanism, with HL exhibiting a 1.8-fold higher binding affinity at 310 K (logK, =
5.13) than CoL (logK, = 4.90), indicating reduced protein interaction upon metal complexation.
Thermodynamic analyses reveal AH and AS values for HL and CoL to be 16.34, 10.36 kJ mol™ and 0.15,
0.13 J K™ mol™, respectively, indicating an entropy-driven binding process, with HL demonstrating
greater entropic contribution. Circular dichroism spectroscopy (UV-CD) shows minimal secondary
structure perturbation, though CoL induces a slight reduction in a-helicity. Near-UV CD shifts and in
silico docking confirm preferential binding at Sudlow's site |, near Trp-214, supporting fluorescence data.
Furthermore, site displacement assays suggest possible multi-site binding for both CoL and HL.
Experimental data was well supported by MD simulations over a 100 ns trajectory. These findings
suggest HL's stronger HSA affinity could influence its bioavailability, whereas CoL exhibits reduced
binding due to steric and electronic effects of metal coordination. This study enhances understanding of
protein—ligand interactions, informing rational drug design strategies for albumin-bound therapeutics.

potency and minimal systemic toxicity." Researchers have increas-
ingly investigated non-platinum alternatives, exploring com-

The discovery of cisplatin revolutionized bioinorganic chemis-
try, establishing metal-based therapeutics as a cornerstone of
modern cancer treatment. Today, nearly half of all cancer
patients undergo chemotherapy with platinum-based drugs;
however, their clinical utility is often compromised by dose-
limiting toxicity, poor tumour selectivity, and the emergence of
intrinsic or acquired resistance, necessitating the search for
next-generation metallodrugs with improved pharmacological
profiles.>® A promising approach to overcoming these limita-
tions involves the development of transition-metal complexes
that achieve an optimal balance between maximal antitumour
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pounds incorporating gold(m),”® palladium(u),” ruthenium(m),?
iridium(m),’ copper(m),"®"" nickel(n),"* and cobalt(u/m),"*** many
of which have demonstrated superior cytotoxic activity compared
to cisplatin. Transition metals possess unique biochemical proper-
ties, including variable oxidation states, diverse coordination
geometries, and tuneable ligand-binding capabilities, making
them ideal candidates for rational drug design. Among these
metals, cobalt stands out as a promising yet relatively under-
explored alternative in cancer chemotherapy.

As an essential trace element, cobalt plays a fundamental role
in biological processes through its incorporation in vitamin By,."?
Given its biocompatibility and ability to form stable complexes,
cobalt-based therapeutics hold promise for anticancer drug
development.” Notably, in vitro studies demonstrated that cobalt
complexes exhibit potent anticancer activity,'® particularly against
MCF-7, A431, and HeLa cancer cell lines, exhibiting greater
cytotoxic efficiency than cisplatin."”*° To date, Doxovir’® remains
the only cobalt(m) Schiff base complex to reach clinical trials,
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where it has shown efficacy against drug-resistant herpes simplex
virus 1. This highlights the need for further development of novel
cobalt-Schiff base therapeutics. Schiff bases are integral to bioi-
norganic and medicinal chemistry research due to their ease of
synthesis, high coordination flexibility, and diverse bioactivity.*'**
These ligands readily coordinate with a variety of transition
metals,” yielding metal complexes with antioxidative,>* anti-
cancer,> antimicrobial,”® and antiviral effects, including potential
anti-COVID properties.”” Among Schiff base frameworks, salicyl-
aldehyde-derived Schiff bases have garnered significant interest,
given their synthetic accessibility, stability, and efficacy in anti-
cancer applications.”>*®*? Recent work by Waziri et al.>* demon-
strated that a cobalt(u) Schiff base complex derived from (E)-2-((2-
hydroxybenzylidene)amino)-5-methylbenzonitrile (CoL) exhibited
exceptional cytotoxicity against MCF-7 cells (ICs, < 5 uM), out-
performing doxorubicin (ICs, < 48.03 uM), a widely used clinical
therapeutic. Its potent anticancer activity was attributed to DNA
intercalation and apoptosis induction. While these findings high-
light the therapeutic promise of cobalt-Schiff base complexes, a
critical knowledge gap remains how metal coordination influences
pharmacokinetics through serum protein binding. Building upon
Waziri et al’s work, this study aims to evaluate the binding
interactions of CoL with human serum albumin (HSA), the
predominant transport protein in the circulatory system.*® As a
key determinant of drug bioavailability, HSA plays a crucial role in
modulating pharmacokinetics, distribution, and therapeutic effi-
cacy by reversibly binding a broad spectrum of pharmaceutical
compounds at primary drug binding regions, Sudlow’s sites I and
11,>'** Approved albumin-bound formulations such as Abraxane®
have demonstrated the viability of HSA as a drug delivery system,
improving the pharmacological performance of chemotherapeu-
tics like paclitaxel,® docetaxel, and doxorubicin.** Despite exten-
sive studies on platinum drugs and small molecules, systematic
investigations of cobalt-Schiff base complexes with HSA remain
scarce. Understanding the CoL-HSA interaction is therefore criti-
cal in assessing its potential for enhanced therapeutic precision.

This study addresses this gap by providing a comprehensive,
multi-level analysis of HSA interactions with a salicylaldehyde-
derived Schiff base ligand, (E)-2-((2-hydroxybenzylidene)amino)-5-
methylbenzonitrile (HL), and its cobalt(n) complex (CoL). Unlike
prior work that primarily focused on cytotoxicity or static docking,
we combine fluorescence spectroscopy, UV-CD, molecular dock-
ing, and long-timescale molecular dynamics (MDS) to elucidate
binding mechanisms, thermodynamic drivers, and structural sta-
bility under physiological conditions. Molecular docking predicts
preferred ligand orientations and binding affinities within protein
sites, rapidly identifying key atomic-level interactions, while MDS
extends these insights by modeling the temporal evolution of
protein-ligand complexes, capturing conformational flexibility,
solvent effects, and dynamic stability beyond static models. By
integrating experimental and computational approaches, recently
recognized as powerful tools for rational drug design,™’ this
work advances the understanding of protein-metallodrug interac-
tions and informs design principles for albumin-bound cobalt
therapeutics, with broader implications for anticancer, antiviral,
and protein-engineering applications.
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Synthesis of HL and CoL

The Co(u) chelate, CoL, was synthesized following the procedure
outlined in Scheme 1. The Schiff base ligand, (E)-2-((2-hydroxy-
benzylidene)amino)-5-methylbenzonitrile (HL), was prepared
via a condensation reaction between 2-hydroxybenzaldehyde
and 2-amino-5-methylbenzonitrile. Complexation of the ligand
with cobalt(un) acetate tetrahydrate in a 2:1 ligand-to-metal
molar ratio, using a dichloromethane-methanol solvent mix-
ture, afforded the CoL complex. The product precipitated as a
solid and was isolated in good yield (65-76%). Both the ligand
and the complex were characterized using standard spectro-
scopic and analytical techniques (see SI Fig. S1-S12).

The "H and "*C NMR spectra of the Schiff base ligand HL (SI
Fig. S1 and S2) exhibit characteristic signals consistent with its
proposed structure. The hydroxyl proton (-OH) appears as a
singlet at 6 12.46 ppm,*® indicative of intramolecular hydrogen
bonding. The imine proton (-CH=N) also resonates as a singlet
at 6 9.10 ppm, which is notably downfield compared to values
typically reported for salicylaldehyde-based Schiff bases.* This
downfield shift can be attributed to the electron-withdrawing
effect of the nitrile (-CN) group positioned meta to the imine,
which reduces electron density around the imine proton, leading
to deshielding. The methyl (-CHj;) protons appear as a singlet at o
2.46 ppm, while aromatic protons resonate in the range of § 6.99-
7.22 ppm, displaying various splitting patterns consistent with
their respective chemical environments and accounting for all
protons in the molecule. In the >*C NMR spectrum, the imine
carbon (C—=N) resonates at ¢ 164.8 ppm. Aromatic carbon signals
are observed between ¢ 107.1-160.2 ppm, and the methyl carbon
appears at 6 20.0 ppm. These spectral features collectively sup-
port the successful formation and structural integrity of the
ligand HL.

The FTIR spectra of the ligand HL and its Co(u1) complex CoL
(SI Fig. S3 and S7) reveal characteristic vibrational bands corres-
ponding to functional groups in the compounds. In the spectrum
of HL (Fig. S3), prominent stretching bands were observed at
3200 cm ', 2224 em™ !, and 1645 cm ™, corresponding to 1{O-H),
{C=N), and {C=N) vibrations, respectively.** Upon complexa-
tion with Co(n), the 1{O-H) band observed at 3200 cm™ " in the free
ligand disappeared in the spectrum of CoL (Fig. S7), indicating

o
Ay~ ééf

Scheme 1 Synthetic pathway showing the metallation of HL with Cof(n)
ion; | = Co(OAc),-4H,0, Il = DCM/MeOH, 4 h, RT.
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deprotonation of the hydroxyl group and its subsequent coordina-
tion with the metal ion. Additionally, the 1{C=N) stretching vibra-
tion shifted from 1645 cm™* in the free ligand to 1600 cm ™ * in the
complex, reflecting a decrease in electron density on the azomethine
nitrogen due to its coordination with the Co(u) centre.*’ The
{C=N) band also showed a slight shift, appearing at 2215 cm™"
in the complex, a decrease of 9 cm ™" compared to the free ligand.
This shift can be attributed to the electronic influence of the nearby
coordinated imine nitrogen, especially since the nitrile group is
meta to the imine moiety. Moreover, two new bands appeared at
520 cm ' and 463 cm ' in the complex spectrum, which are
assigned to 1{Co-N) and 1{Co-O) stretching vibrations, respec-
tively.”> These confirm the involvement of the phenolic oxygen
and azomethine nitrogen atoms in coordination with the Co(u)
ion, supporting the proposed structure of the complex.

The electronic absorption spectra of the compounds (SI
Fig. S4 and S8) provide insight into their electronic transitions
and coordination behaviour. The spectrum of the free ligand
HL (Fig. S4) exhibits two prominent absorption bands at
215 nm and 308 nm, which are assigned tot — n* and n —
m* transitions, respectively. These transitions arise from the
aromatic ring and the azomethine (C=N) moiety.*> Upon
complexation with Co(u), the UV-vis spectrum of the CoL
complex (Fig. S8) shows three absorption bands at 233 nm,
284 nm, and 524 nm. The first two bands correspond to n — m*
and n — 7©* transitions, similar to the free ligand, but with
noticeable shifts indicative of changes in the electronic
environment due to coordination with the metal ion. The
additional absorption band at 524 nm lies in the visible region
and is attributed to a d — d transition of the Co(u) ion in the
complex.*® The redshift of the 1 — n* and n — n* bands, along
with the emergence of the d — d transition band, provides
strong evidence of ligand coordination to the Co(u) centre.
These spectral changes confirm that the electronic structure
of the ligand is significantly altered upon complexation, sup-
porting successful metal-ligand interaction.

Mass spectrometric analysis was carried out to further confirm
the molecular identities of the synthesized compounds. The
resulting spectra are presented in SI Fig. S5 and S10. The mass
spectrum of the ligand HL (Fig. S5) exhibits a prominent peak at
m/z 237.1149, corresponding to the [M + H]" ion. This value is in
excellent agreement with the calculated molecular ion peak of
m/z 237.1023, thereby confirming the expected molecular weight
of the ligand. Similarly, the mass spectrum of the Co(u) complex
CoL (Fig. S10) shows a molecular ion peak at m/z 529.1086, which
matches closely with the theoretical value of m/z 529.1075 for the
[M]" species. The strong agreement between the experimental
and calculated m/z values for both the ligand and its complex
substantiates the successful synthesis and structural integrity of
the compounds.

Importance of binding to HSA

Studying the binding of potential chemotherapeutics to HSA is
crucial for optimizing drug pharmacokinetics, pharmacody-
namics, efficacy, and toxicity. As the predominant plasma protein,
HSA plays a key role in drug transport, influencing distribution,
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View Article Online

Paper

metabolism, and elimination. Bertucci et al** demonstrated
through spectroscopic and kinetic analyses that ligand binding
to HSA directly influences distribution volume, metabolism,
half-life, and elimination rates. HSA possesses the ability to
bind a diverse range of endogenous metabolites and exogenous
molecules, thereby modulating free molecule concentrations
and impacting therapeutic effectiveness.*> This dual function
of HSA, acting as a reservoir for prolonged drug availability or
facilitating rapid clearance, highlights the importance of asses-
sing drug-protein interactions. A drug’s strong affinity for HSA
can lead to reduced free drug levels, prolonging its half-life due
to reduced hepatic metabolism.*® Thus, evaluating drug-HSA
interactions is a critical first step in understanding pharmaco-
kinetics and pharmacodynamics, offering valuable insights into
therapeutic efficacy. In this study, we examined biophysical
parameters governing the binding of HL and CoL to HSA using
fluorescence and CD spectroscopy, contributing to the rational
design of albumin-bound chemotherapeutics.

Fluorescence quenching measurements

Protein-ligand binding events can be monitored through fluores-
cence spectroscopy, as intrinsic protein fluorescence is sensitive to
environmental perturbations. HSA contains a single tryptophan
residue (Trp-214, 2 = 295 nm), located within Sudlow’s site I,
which serves as the principal fluorophore responsible for the
protein’s emission profile.”” Fluorescence quenching can occur
through static or dynamic mechanisms, or a combination thereof,
depending on the nature of the interaction. In this study, the
quenching behaviour of HSA (emission spectrum: 310-450 nm)
was examined via titration with increasing concentrations of HL
and ColL, revealing a distinct emission maximum at approximately
342 nm. A progressive decline in fluorescence intensity was
observed as a function of ligand concentration (Fig. 1), demon-
strating a dose-dependent interaction between these compounds
and HSA."**

Notably, free ligand and complex binding induced a blue
shift in the fluorescence emission spectrum, with both HL and
CoL eliciting a spectral shift of 7 £ 1.5 nm relative to native
HSA."® This shift suggests a transition to a less polar micro-
environment around Trp-214, indicative of conformational
modifications upon ligand association. Similar behaviour has
been reported for HSA with other metal complexes.*®™>"

Fluorescence quenching mechanism

Fluorescence quenching is commonly described by the Stern-
Volmer (SV) equation:*?

IlT =1+ Kgy[Q] = 1 + kg70[Q] (1)

where I, represents the fluorescence intensity of ligand free
HSA, and I corresponds to the fluorescence intensity of HSA in
the presence of HL and CoL. Kgy is the Stern-Volmer constant
(M), [Q] is the molar concentration of the quencher (M), k, is
the bimolecular quenching rate constant (M~ ' s 1), and 1, is
the average lifetime of HSA fluorescence in the absence of any
quencher (5.28 & 0.03 ns,* 5.60 + 0.10 ns,>* 6.72 + 0.07 ns,>’
mean = 5.87 £ 0.76 ns). Stern-Volmer plots recorded as a
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Fig. 1 (a) Emission spectra of HSA (5.0 uM) recorded as a function of the concentration of (a) HL and (b) CoL at 310 K in KH,PO,4 (50 mM, pH 7.50).

function of temperature and ligand concentration [HL] and [CoL]
are presented in Fig. 2a and b, respectively, summarising the
triplicate averages of fluorescence ratio measurements at varying
ligand concentrations. Typically, a linear SV plot indicates a single
dominant quenching mechanism, either dynamic or static. Here,
both HL and CoL exhibit linear Stern-Volmer behavior,

suggesting a single dominant mechanism. Furthermore, the Ksy
values (Table 1) increase with temperature, which is consistent
with a dynamic quenching mechanism, which occurs via colli-
sional interactions with the excited-state fluorophore (Trp-214).
Increased thermal motion enhances molecular collisions, thereby
raising quenching efficiency, as reflected in the rising Kgy values.
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Fig. 2 Stern—Volmer (SV) fluorescence intensity ratio plots for HSA (3.0 uM) recorded as a function of the concentration of (a) HL and (b) CoL and
temperature (50 mM KH,POy4, pH 7.50). Error bars are ESD’s based on the average of three independent determinations. The data throughout the
concentration range was well-fitted by eqn (1). Double logarithm plot of the fractional change in fluorescence intensity for HSA (5.0 uM) recorded as a
function of the concentration of (c) HL and (d) CoL and temperature (50 mM KH,PO,4, pH 7.50). Error bars are ESD’s based on the average of three
independent determinations. The data are described by egn (3), which affords the affinity constant and stoichiometric coefficient for the reaction

(Table 1).
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The bimolecular fluorescence quenching rate constant (k)
was derived from least-squares fitting of eqn (1) to dose-
dependent fluorescence quenching data using the reported
1o value:

kq = KsviTo (2)

The k, values for both HL and CoL exceed the diffusion-controlled
limit (1 x 10" M~" s7")** by 2 to 3 orders of magnitude, which is
consistent with significant HSA-ligand binding interactions rather
than non-specific diffusion-controlled collisional interactions.>” The
Ksy and k, values were comparable to similar molecules previously
reported.”®> A summary of the Kgy and , values obtained for the
interaction of both compounds with HSA is reported in Table 1.

Ligand binding equilibrium constants

To further elucidate ligand-binding equilibria, fluorescence
emission changes were analyzed using a double logarithmic
plot approach, employing eqn (3):

log (10 -1
I

where the slope (1) provides the binding stoichiometry, and the
intercept yields the affinity constant (K,). The results, summar-
ized in Table 1, indicate increasing affinity constants (K,) with
rising temperature, supporting a dynamic quenching mecha-
nism. A point of note is that the postulated dynamic quenching
mechanism is inferred solely from the temperature dependence
of Ksy and log K,. Ideally, time-resolved fluorescence measure-
ments of the Trp-214 fluorescence lifetime should be performed
to unambiguously confirm the quenching mechanism. How-
ever, such measurements could not be conducted due to the
unavailability of a time-resolved fluorometer in our laboratory.
Though a mixed quenching mechanism cannot be ruled out
based on the k, value exceeding 1 x 10'° M~ ' s~

Notably, HL consistently exhibits higher log K, values than
CoL across all temperatures, confirming stronger binding interac-
tions. Additionally, the binding stoichiometry were not delineated
from the double log plot as it is widely reported to erroneously
miscalculate the correct stoichiometry.?® Therefore, the binding
stoichiometry was delineated from the site displacement assay in

) =log K, + nlog[Q] (3)

Table1l Stern—-Volmer quenching constants (Ksy), bimolecular quenching
rate constants (k,), and affinity constants (log K,) for the interaction of HL
and CoL with HSA at different temperatures in 50 mM KH,PO, buffer at pH
7.50

stac kth (><1013)
Compound Temperature (x10)M™' M ‘s’ log K,°
288 8.38 (0.004) 1.43 4.92 (0.16)
HL 298 9.96 (0.07) 1.70 5.01 (0.07)
310 13.5 (0.05)  2.30 5.13 (0.001)
288 5.87 (0.04)  1.00 4.77 (0.04)
CoL 298 6.73 (0.07)  1.15 4.83 (0.18)
310 8.04 (0.001) 1.20 4.90 (0.07)

¢ Ksy values were determined by fitting the data to nonlinear eqn (2) to
the data. > A mean excited state lifetime, 7,, of 5.87(76) ns for HSA was
used to calculate the bimolecular quenching rate constant, k,. © The
standard deviations are of three independent experiments.
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Fig. 3. The comparatively lower Ksy, k,, and log K, values for CoL
relative to HL suggest that cobalt coordination decreases binding
affinity. Metal complexation is known to modify ligand-protein
interactions through steric hindrance, electronic effects, and
altered hydrophobicity. In the case of CoL, structural rigidity
introduced by cobalt coordination may reduce ligand accessibility
at the HSA binding site, leading to weaker interactions.

Probe displacement assays to determine the main CoL and HL
binding sites

Based on the binding constants of CoL and HL presented in
Table 1, it is likely that the ligands bind to HSA in close enough
proximity to quench Trp-214 fluorescence. This hypothesis was
tested by performing a competitive blocking assay (site displa-
cement assay) using fluorescence spectroscopy. For the assay,
the ligands were titrated into a solution of native HSA and
solutions of HSA that were pre-equilibrated with site-specific
markers, warfarin and ibuprofen. Both warfarin and ibuprofen
have been shown to bind to Subdomain IIA®' and IIIA,*?
respectively, using X-ray crystallography. It should be noted that
ibuprofen has a secondary binding site that it can occupy in
high concentrations located between subdomains IIA and I1B.%*

One provision is that HSA has numerous ligand-binding
sites,* which could make interpreting the data difficult. The
idea here, is that the displacement of either probes (warfarin
(Fig. 3a and b)) or ibuprofen (Fig. 3d and e) by the incoming
ligands would signal binding to either Sudlow’s site I or II.
However, if the presence of either warfarin or ibuprofen may
redirect the ligand to an alternate binding site within HSA (or
prevents HL/CoL uptake due to allosteric inhibition), the exact
binding site may be difficult to elucidate. Although there may be
certain limitations, examining alterations in the maxima wave-
length peak movements of the fluoroprobe could reveal a
plausible binding location for the desired ligand.

The intricate system of the ligands binding to HSA has been
summarised in Fig. 3. Initially, when either HL or CoL react
with native HSA, all ligand binding sites are available for
complexation. According to the site displacement assay, both
warfarin and ibuprofen appear to be displaced as the fluores-
cence of the site-specific probes for both molecules is
quenched. Furthermore, we initially observe fluorescence max-
ima peaks for HSA{warfarin} and HSA{ibuprofen} at 388 and
335 nm, respectively. This is an 8 nm blue shift from free
warfarin and a 45 nm red shift from free ibuprofen. Once either
CoL or HL is titrated in, we observe the maxima peaks shifting
from HSA{warfarin/ibuprofen} to the free form of the probes.

Our interpretation of this is that the incoming CoL or HL
cannot be quenching the luminescent probes fluorescence by
FRET, but rather displacement. Analysis of the data suggests
that the ligands can target both Sudlow’s sites I and II. However,
since ibuprofen can occupy both sites, there is a possibility
HSA’s third binding site may be targeted by the ligands. While
the current spectroscopic data cannot pinpoint the preferred
binding site with absolute certainty, our in silico docking study
and induced UV-CD study suggest that both sites are accessible,
but warfarin (Sudlow’s site I) is preferred (Fig. 6 and 7).
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Fig. 3 Binding site determination for the reaction of CoL and HL with HSA (5.0 uM protein, 50 mM KH,PO,4, pH 7.50, 298 K). Emission spectra of
HSA. - -warfarin (5.0 pM warfarin 22 = 320 nm) recorded as a function of the concentration of (a) CoL and (b) HL at 310 K. (c) Both CoL and HL displace
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resulted in the fluorophores fluorescence being quenched. Emission spectra of HSA. - -ibuprofen (5.0 uM ibuprofen A = 263 nm) recorded as a function of
the concentration of (d) CoL and (e) HL at 310 K. (f) Both CoL and HL displace ibuprofen bound to HSA. Both ligands (0-25 x 10~° M) were titrated into a
solution containing 5 tM HSA bound to 5 uM of ibuprofen. Displacement of ibuprofen resulted in the fluorophores fluorescence being quenched.

Lastly, the site displacement curves (Fig. 3¢ and f) indicate
that HL may have a higher affinity for Sudlow’s site I (warfarin
binding site) as HL is more effective at displacing warfarin as
compared to CoL. In the case of ibuprofen, both CoL and HL
are equally as good at displacing ibuprofen.

Thermodynamics of ligand binding

The interaction between potential drug molecules and plasma
proteins is governed by thermodynamic parameters that define
binding affinity and molecular interactions. To elucidate the
driving forces behind the binding of HL and its cobalt complex
(CoL) to human serum albumin (HSA), the temperature depen-
dence of the affinity constants (K,) was analyzed using van’t
Hoff plots (Fig. 4a). A linear van’t Hoff relationship was
observed for both HL and CoL, indicating a single predominant
binding mode. Under non-standard conditions, the enthalpy
change (AH), entropy change (AS), and Gibbs free energy
change (AG) were derived from the van’t Hoff equation:

4)

where K, is the equilibrium binding constant, R is the universal
gas constant, and T represents absolute temperature. The
Gibbs free energy (AG) was determined using:

AG = AH — TAS

(5)

New J. Chem.

The Gibbs free energy values for HL and CoL are negative across
all temperatures, indicating that binding to HSA is spontaneous
under physiological conditions (Table 2). Notably, HL exhibits
lower AG values than CoL at all temperatures. This suggests that
HL binding is thermodynamically more favourable, consistent
with the higher K, values observed for HL relative to CoL.

The enthalpy (AH) and entropy (AS) components provide
insight into the nature of ligand-protein interactions. The
binding of HL to HSA is characterized by a positive enthalpy
change (AH = 16.34 k] mol "), coupled with a positive entropy
change (AS = 44.7 J K~ ' mol™"). These values indicate that the
biding of HL to HSA is entropically driven, but entropy binding
must also be accounted for. The thermodynamic binding data
suggests that hydrophobic interactions are the main driving
force as well as conformational changes, and desolvation of
ordered water molecules from HSA will also contribute to
complex binding. In contrast, CoL displays a lower enthalpy
change (AH = 10.36 k] mol ") and reduced entropy contribution
(AS = 38 J K~' mol™"), implying a weaker affinity via hydro-
phobic interactions, while still maintaining that it is still an
entropically governed binding mechanism.

The pronounced differences in AH and AS between HL and
CoL underscore the impact of cobalt complexation on ligand
binding. HL, as a free ligand, exhibits greater conformational
flexibility, allowing for increased hydrophobic interactions and
entropy gains upon binding. Metal coordination in CoL likely

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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(a) Linear van't Hoff plots for the reactions of HL and CoL with HSA in 50 mM KH,PO4 buffer at pH 7.50. (b) Comparison of the thermodynamic

parameters (298 K) governing the reactions of HL and CoL with HSA. All measurements were done in triplicate, derived parameters were individually
averaged, and error bars indicate standard deviations from three independent experiments.

Table 2 Thermodynamic parameters for the binding of HL and ColL, by
HSA in 50 mM KH,PO, buffer at pH 7.50

AG* AH® TAS®
Compound Temperature (kJ mol ") (kJmol™") (J K ' mol )
288 —26.86
HL 298 —28.36 16.34 (4.3)  0.15 (0.016)
310 —30.16
288 —26.22
CoL 298 —27.49 10.36 (2)  0.127 (0.08)
310 —29.01

“ The standard deviation of three independent experiments is given in
parentheses.

induces structural rigidity, reducing entropic contributions and
leading to a lower overall affinity for HSA.

Far-UV CD spectroscopy

A proteins secondary structure can be elucidated using far-Uv
CD spectroscopy, which takes advantage of a proteins peptide
bonds, aromatic amino acids side chains, and disulphide bonds.*?
HSA secondary structure is dominated by o-helices constituting
67% of its structure.®* In Fig. 5, we employed far-UV CD

—— HSA
—— 0.5 uM
—— 1uM
—— 2 uM
—— 4 uM
—— 20 uM

Ellipticity, 8 mDeg
b &
.2

—100

—120+

T T T T T T T ]
190 200 210 220 230 240 250 260
Wavelength (nm)

spectroscopy with a spectral acquisition of 186-260 nm to deline-
ate the impact of the free ligand (HL), and Co™ Salicaldehyde
complex (CoL) on HSA’s secondary structure.

The far-UV CD spectrum of native HSA displayed the char-
acteristic double minima at 209 + 1 nm and 221 £+ 1 nm,
consistent with a dominantly o-helix rich protein.®® Noticeable
transitions at 208 and 222 nm were assigned to n-n* and n-n*
transitions, respectively. The n-n* transition at 193 nm was not
observed at 1 uM HSA due to high absorbance, but this
concentration was required to accurately compare the influence
of HL and CoL across the 0.5-20 molar equivalent range. At a
lower concentration of 300 nM HSA, the m-n* transition at
193 nm became visible.> Both observed transitions involve the
amide groups of the peptide backbone.®**® To ensure the lack
of the maxima at 193 nm did not interfere with the determina-
tion of the proteins secondary structure, HSA was analysed from
200-260 nm using JWMVS-529 Protein Secondary Structure
Analysis program within JASCO’s Spectra Manager™ package
(supplied with the spectrometer). This allowed us to evaluate the
changes in the secondary structure of HSA, and analyse the

spectra using JASCO Spectra Manager™.°® This allows us to

Ellipticity, ® mDeg
8
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Fig. 5 Plots of the far-UV CD spectra of native HSA and the protein incubated with saturating doses of (a) HL and (b) CoL recorded at 298 K in 50 mM
KH,PO4 buffer at pH 7.5 The concentration of both molecules ranged from 0-20 uM. To show 5% acetonitrile has a minimal effect on the structure of

HSA, a control far-UV-CD is presented in the Sl (Fig. S13).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 3 Summary of the secondary structure compositions (far UV-CD
data) determined for HSA in the presence of increasing doses of HL and
ColL

Concentration Unordered
Compound (M) a-Helix Turn coils
HL 0 54.61 12.27 33.12
0.5 54.28 12.32 33.40
1 53.83 12.45 33.72
2 53.57 12.48 33.95
4 53.35 12.28 34.37
20 53.28 12.43 34.29
CoL 0 54.61 12.27 33.12
0.5 53.44 12.32 34.24
1 53.35 12.28 34.37
2 53.28 12.43 34.29
4 52.80 12.56 34.64
20 51.46 13.10 35.44

calculate HSA’s percentage composition of a-helical coils, turns,
and random coils present for each HSA-:--ligand complex.
Secondary structure domains of note were o-helices (~54.6%),
turns (12.3%) and unordered coils (~33.1%). From Fig. 5a, and
Table 3, uptake of HL by HSA negligibly impacts the secondary
structure of the protein, reducing the o-helix content by 1.3%
despite the moderately high affinity of HL for HSA (log K, = 5.13;
Table 1). However, in the case of CoL, we observe a decrease in
a-helicity content as a function of CoL concentration (Table 3)
despite CoL having a lower binding affinity for HSA (logK, =
4.90; Table 1). In both cases, the decrease in o-helicity was
accompanied by an increase in turns and unordered coils.
Interestingly, the solution-state secondary structure composi-
tion of HSA differs from that of native HSA in the solid state®”
(68.5% o-helix, 0% B-sheet, 9.6% turns, and 21.9% unordered
coils; PDB code 1BMO, analysed with BeStSel®®). However, our
solution phase far-UV CD data are consistent with solution state
spectral decompositions reported previously.®®”" Overall, it is
accepted that enhanced subdomain mobility and general ther-
mal motion/disorder accounts for the decrease of a-helicity seen
in the solid state.®>”?

Near UV-CD spectroscopy

To elucidate the conformational changes induced by both
ligands to the tertiary structure of HSA, we employed near-UV
CD spectroscopy in the range of 250-310 nm (Fig. 6a and b).
A near-UV-CD spectrum is dominated by fine structure
transitions from Trp (285-300 nm), Tyr (275-285 nm), Phe
(250-270 nm), and Cys-Cys which tend to reflect the local
symmetry of the chromophore. Significant transition peaks for
HSA were observed, including two minima at 262 and 280 nm
and a maximum at 290 nm, which are attributed to the presence
of disulfide bonds and the aromatic amino acids.”?

The near-UV CD spectra of HSA (Fig. 6a and b) in the
absence of ligands displayed a broad peak centred at 290 nm,
accompanied by distinct fine structure features between
290-305 nm, which are attributed to the Trp-214 residue. In the
275-285 nm region, a peak at 284 nm with a shoulder at 287 nm
was observed, likely arising from the 18 Tyr residues present
in HSA. The phenylalanine fingerprint region (255-270 nm)
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exhibited a peak near 257 nm. Notably, the spectrum also
featured two minima at 262 and 266 nm, along with a shoulder
at 279 nm, hallmarks of disulfide bonds.**”*”> Phe, Tyr, and Trp
residues are characterized by n-n* electronic transitions (*L, and
'L,) and are capable of participating in n-bonding, which plays a
key role in ligand-protein interactions, as previously discussed.
Consequently, perturbations in the fine spectral features of the
protein may reflect conformational changes or modifications in
the local environment of these aromatic residues.”®

Both ligands, HL and CoL, induced changes in the near-UV
CD spectra, specifically in the fine structure associated with
aromatic amino acids, indicating that they bind to the protein
in close enough proximity to influence the local environment of
these residues. HL did not cause significant alterations in the
disulfide bond fingerprint region, suggesting minimal disrup-
tion to these bonds. Glide XP docking of HL to HSA (Fig. 6c)
closely corroborated the near-UV CD spectral data of HL bind-
ing (Fig. 6a). As shown in Fig. 6¢, HL is positioned within 8 A of
Trp-214, five Tyr residues, and two Phe residues, accounting for
the observed perturbations in HSA’s fine structure at approxi-
mately 260, 280, and 295 nm, respectively. Furthermore, no
Cys—Cys disulfide bonds were found within 8 A of HL.

Similarly, docking analysis of CoL with HSA revealed that
Trp-214, three Tyr residues, and three Phe residues are located
within 8 A of the binding site. Notably, the perturbation
observed in the disulfide bond fine structure around 266 nm
can be attributed to the presence of three disulfide bonds in
close proximity to CoL within the protein structure (Fig. 6d).
Overall, the binding of both ligands to HSA was shown to
induce slight conformational changes in both the secondary
(Fig. 5) and tertiary structures (Fig. 6) of the protein. These
conformational changes in the tertiary structure may account
for the displacement of ordered water molecules and a change
in the proteins flexibility, therefore responsible for the driving
of force of the molecules being hydrophobic interactions and
the differences observed in our thermodynamic data.””

An interesting observation from Fig. 6c and d indicates that
some of the residues interacting with both CoL and HL are
found in ibuprofen secondary binding site (Phe211, Arg218,
Leu219, Tyr150, His242, Lys195)°> as well as residues in
Sudlow’s site I. The near UV-CD data suggest that both ligands
likely target Sudlow’s site I and Sudlow’s site II or potentially
HSA’s secondary ligand binding site.

Molecular docking and molecular dynamic simulations

Theoretical ligand docking studies were employed using Glide
XP to determine the binding mode of HL and CoL to HSA. The
X-ray structure was used (PDB: 1HA2 (2.50 A)) for flexible ligand
docking. It should be noted that ligand docking provides only
an approximation as to how a ligand may bind to and interact
with a specific protein. The major parameter elucidated from
ligand docking is the docking scores, which typically do not
correlate quantitatively with experimental binding or thermo-
dynamic data (K, or AG values).”®”® This is because ligand
docking does not try to emulate a physical reaction between the
incoming ligand and macromolecule. Hence, only qualitative

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 6 Plots of the near-UV CD spectra of native HSA and the protein incubated with a 1:1 ratio of (a) HL and (b) CoL were recorded at 298 K in 50 mM
KH,PO4 buffer at pH 7.50. The data represents unsmoothed spectra in the fine structure region for the protein. Perturbations in the protein structure
around Phe (250-270 nm), Tyr (~280 nm), and Trp (285-300 nm) residues are evident. GLIDE XP docking analysis of the binding of (c) HL and (d) CoL to
HSA using the X-ray structure of HSA as the in silico target (PDB code 1HA2). A large target grid was generated for macromolecular ligand docking at the
warfarin site (with warfarin removed), spanning 40 x 40 x 40 A. The image panels show selected aromatic acid residues and cysteine residues within 8 A

as the binding of both ligands will perturb these residues transitions.

comparisons can be made from docking scores. In our case, we
aim to determine if the Glide XP docking scores corroborate our
experimental data and shows HL and CoL interacting with HSA.

The key results are that CoL and HL binds to HSA in
Sudlow’s site I and II, or ibuprofen secondary binding site
domain IB, just outside Sudlow’s site I, but still in close enough
proximity of Trp-214 to quench its intrinsic fluorescence by
FRET. The in silico work corroborated the fluorescence quench-
ing data (vide supra). However, to ensure this data was signifi-
cant we opted to use a MD simulation. Following ligand
docking, a 100 ns molecular dynamics (MD) simulation (Fig.
7 and 8) was conducted to assess the stability of the best Glide
XP docking pose (Fig. 7). MD simulations provide valuable
insights into the interactions between macromolecules and
ligands over time, capturing the system’s dynamic behaviour
and offering a more accurate reflection of physiological condi-
tions. Following the 100 ns trajectory the best pose is presented
in Fig. 7.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

Following this, the trajectory frames of the HSA:HL and
HSA:CoL systems were analyzed for protein RMSD by calculating
the average distance of the Co atoms in each frame relative to a
reference frame. The analysis was performed using a 100 ns
molecular dynamics simulation under isothermal-isobaric (NPT)
conditions at ~1 bar and 300 K, employing the OPLS_2005 force
field and the TIP3P solvent model. The protein RMSD values for
both systems were plotted over the 100 ns simulation period
(Fig. 8a and b). The trajectories showed fluctuations of less than
1.5 A after reaching a plateau, indicating that the systems were
well-equilibrated. These low RMSD values also confirm the
structural stability of both HSA:HL and HSA:CoL complexes
throughout the simulation, suggesting that both ligands main-
tained relatively stable conformations when bound to HSA. To
further understand the mechanisms of protein-ligand recogni-
tion, binding, and specificity, protein-ligand interactions were
monitored and are shown in Fig. 8c and d. The interaction
profiles over the 100 ns simulations reveal that both ligands were
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Fig. 7 (a) Most stable docked pose of HL and CoL following molecular
dynamic simulations (MD) over 100 ns of the best docked GLIDE XP structure
of both ligands binding to HSA (PDB 1HA2) bound to warfarin® A large
target grid was generated for ligand docking at the Trp-214 residue, spanning
40 x 40 x 40 A3, thereby facilitating a search of alternative binding pockets
radiating throughout the protein. The simulation was carried out at 310 K and
pH 7.4. (b) Free ligand HL and (c) metal complex CoL bound to HSA, showing
the amino acid residues the ligands interact with.

primarily stabilized within Sudlow’s site I through a combination
of interactions, predominantly hydrophobic in nature. Strikingly,
the best docked pose of both ligands complements the amino acid
residues both ligands are in contact with very well (Fig. 6). Even
though the amino acid residues HL interacts with are non-polar,
the main bonds present are H-bonds with the chelating oxygen
and nitrogen atoms. In the case of CoL, we see that the aromatic
ring structure n-n stacks with the phenylalanine ring structure and
mainly interacts with all residues by hydrophobic interactions.

RMSF plots for the HSA:HL and HSA:CoL systems were
generated by mapping side-chain fluctuations against residue
numbers, using data from the 100 ns simulation trajectories.
These plots serve to quantify the average movement of indivi-
dual atoms, providing insights into the flexibility and dynamic
behaviour of residues within each system. In both Fig. 8e and f,
the overall low RMSF values suggest that the amino acid
residues exhibit minimal deviation from their mean positions,
indicating a high degree of structural stability. This stability
implies that the regions where HL and CoL bind are well-
structured and that both ligands maintain consistent confor-
mations throughout the simulation.

Discussion relating AG directly to experimental free energies

Our thermodynamic interaction studies indicated that HL binds
slightly more strongly to HSA than CoL (AG = —7.2 kcal mol "
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View Article Online

NJC

vs. —6.9 keal mol™%; a difference of AG = 0.3 kcal mol™"). This
small difference indicates that both ligands bind with compar-
able affinities. Docking results are consistent with this experi-
mental trend: HL yielded a more favourable AGgocking ScOTE
(—4.842) than the CoL (—4.048), again suggesting marginally
stronger binding of the uncomplexed ligand (Table S1).
Although the magnitude of docking scores cannot be compared
directly to experimental AG values, the qualitative agreement
reinforces the reliability of the observed preference.

It is important to acknowledge that docking scores are
empirical scoring functions and do not represent true thermo-
dynamic parameters of free energies. They approximate mainly
enthalpic interactions and often neglect explicit solvation, entropic
contributions (which is the dominant governing parameter in our
current system), protein conformational flexibility, and metal-
specific coordination effects. These simplifications are particularly
relevant for metal complexes, where partial charges, coordination
geometry, and ligand field effects are challenging to capture
accurately in standard docking protocols. Experimental AG values,
in contrast, for HL and CoL reflect entropic contributions in our
phosphate buffer system and inherently include solvent reorgani-
zation and protein adaptability. Thus, the absolute difference
between docking scores and experimental binding energies is
expected, and the two should be compared only qualitatively.

Despite these limitations, the computational results repro-
duce the experimentally observed direction of binding affinity
differences, supporting the conclusion that Co coordination
slightly reduces the organic ligand binding to HSA. The close
agreement in trend, though not magnitude, suggests that the
docked binding modes are reasonable and provides a solid
foundation to analyse further by MD simulations (vide infra).
MD simulations will provide a deeper insight into the contribu-
tions of ordered waters, HSA flexibility, and metal coordination
to HSA binding.

Discussion on the importance of MD studies

AGgocking Scores provide a useful first indication of relative
binding preferences, but they are not quantitatively reliable
because they rely on simplified scoring functions, limited treat-
ment of solvation and entropy, and often assume a rigid protein
structure. As a result, AGqocking Scores should be interpreted
qualitatively rather than as true free energies of binding. MD
compensates for these limitations by simulating the ligand-
protein complex in a fully flexible, explicitly solvated environ-
ment that captures induced-fit effects, aqueous buffer interac-
tions, and realistic metal coordination. When combined with
end-point free energy methods such as MM-PBSA/MM-GBSA,
MD provides thermodynamically grounded binding energy esti-
mates that can be directly compared to experimental values,
thereby overcoming the quantitative shortcomings of docking.

Discussion surrounding binding equilibrium

It is of utmost importance to study the interactions of investi-
gational drugs with HSA, this is because about 68-98% of
cisplatin binds to HSA within 24 hours of administration,
according to literature studies.®"®> This has resulted in an

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 8 Analysis of the simulation trajectory showing (a) the protein-RMSD (blue), HL-RMSD (red) and (b) protein-RMSD (blue), CoL-RMSD (green) over
100 ns. Amino acid side chains interactions and types of interactions stacked bar charts between (c) HSA:HL and (d) HSA:ColL, throughout the 100 ns
simulation. The interaction diagram showed that H-bonds are categorized into backbone acceptor, backbone donor, side-chain acceptor, and side-
chain donor. Hydrophobic interactions are categorized into n—cation, n—=n*, and other non-specific interactions. The stacked bar charts are normalized
throughout the 100 ns trajectory. The images were obtained using the ligand interaction algorithm implemented in Maestro v13.6. The protein-RMSF of
the side chains as a function of the 100 ns simulation time for (e) HSA:HL complex (red), and (f) HSA:CoL complex (green). The simulation was carried out

at 310 K and pH 7.4.

ongoing debate as to whether HSA acts as a reservoir for storing
therapeutic agents or if it binds them, thus preventing the drug
from effectively distributing to tissues and rendering the bound
drug to have lower efficacy. This question has been difficult to
answer as there is evidence for both arguments. Holding et al.®*
showed that an HSA-cisplatin adduct was still cytotoxic to
carcinoma cells. However, studies by Moller et al.®® showed
that the HSA-cisplatin adduct was not taken up by Ehrlich
Ascites Tumour Cells (EATC) and adherent Ehrlich Lettré
Ascites Cells (Lettré) and did not cause cytotoxicity. Similar
results were found with NHIK 3025 cells.®”

The thermodynamic data obtained in this study provides
important insight into how differential binding to serum
albumin may influence the pharmacological behaviour of HL
and its cobalt complex, CoL. Our results show that HL exhibits
approximately one log unit stronger binding affinity to HSA
compared to CoL. In a pharmacological context, stronger
albumin binding generally reduces the fraction of freely avail-
able drug in circulation, as only the unbound fraction is able to
diffuse into cells, engage intracellular targets, and exert cyto-
toxic activity.*>®” Thus, although albumin binding can prolong

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

circulation time, it also decreases the immediate bioavailable
pool of the compound.

This concept is in agreement with our previous in vitro
findings, where HL displayed markedly lower cytotoxicity and
a higher IC;, value relative to CoL in MCF-7 cells (around 10-
fold).®® Cell culture media contain bovine serum albumin
(BSA), which has about 76% similarity to HSA and can mirror
the binding behaviour of HSA. The stronger albumin affinity of
HL suggests that a significant portion of the ligand may be
sequestered by BSA in the media, leaving a smaller free fraction
capable of entering cells. As a result, the effective intracellular
concentration of HL would be reduced despite identical nom-
inal dosing, leading to the reduced cytotoxic response observed
experimentally.

In contrast, the comparatively weaker albumin binding of CoL
implies that a larger proportion of the drug remains unbound
and bioavailable under similar conditions. This increased free
fraction likely contributes to the markedly higher cytotoxic
activity of CoL (more than 10-fold stronger than HL in our
previous study®®). From a pharmacological perspective, lower
albumin affinity can enhance drug exposure at the cellular level,
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accelerating uptake and contributing to a more potent biological
response.

These findings underscore an important structural and
mechanistic distinction between HL and CoL: while HL binds
more strongly to serum proteins and is retained, CoL remains
more freely available to interact with its biological target. This
highlights the possibility that metal coordination plays a ben-
eficial role by modulating plasma protein binding and improv-
ing bioavailability. Understanding this relationship is crucial
for the rational design of future analogues, as tuning albumin-
binding affinity may provide a means to optimize pharmacoki-
netic properties and therapeutic efficacy.

Discussion on future work with ligand design

The differential albumin binding profiles observed for HL and
CoL also provide valuable design principles for future 2-(hydro-
xybenzylidene)amino-5-methylbenzonitrile ligands. Our current
findings imply that rational tuning of the coordination sphere
such as altering ligand substituents, electronic properties, or
overall complex charge could offer a strategy to fine-balance
albumin binding and optimize free drug levels. Since HL binds
to HSA through both hydrogen bonding and n-n bonding, it is
important to consider these functional groups’ influence on the
ligand-protein binding in future work. Incorporating structural
elements that limit high affinity albumin binding, without
compromising stability or target engagement, may therefore
enhance the cytotoxic efficacy of both HL and CoL analogues.

How the potential binding of CoL may affect competition with
common drugs like warfarin

The potential occupancy of Sudlow’s site I or Sudlow’s site II by HL
or CoL has important clinical implications. Sudlow’s sites I and II are
primary high-affinity binding sites for several well-known pharma-
ceutical drugs, whose interaction with HSA has been structurally and
thermodynamically characterized.®® For example, we know both HL
and CoL will bind to Sudlow’s site I, which is occupied by warfarin.
Occupancy of this site by another ligand could lead to competitive
displacement, increasing the free (unbound) concentration of war-
farin and thereby enhancing its anticoagulant effect, which may
increase the risk of bleeding. This mechanism has been implicated
in clinically significant interactions when highly bound drugs dis-
place warfarin from albumin.”® Conversely, if warfarin displaces our
CoL complex, its pharmacokinetics could be altered, reducing
bioavailability and therapeutic efficacy. From a drug-design perspec-
tive, these findings suggest that future cobalt-based analogues
should be optimized not only for binding strength but also for site
specificity, minimizing overlap with warfarin’s binding footprint to
mitigate potential drug-drug interactions. The demonstrated flex-
ibility of the Sudlow I site to adapt to structurally diverse ligands
further support the feasibility of such optimisation.

Conclusion

The interaction of HL and CoL with HSA was investigated using
complementary spectroscopic techniques to understand how
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the Co" metal influences ligand uptake by the protein as
opposed to the free ligand. Both HL and CoL quenched the
intrinsic Trp-214 fluorescence of HSA, via a dynamic quenching
mechanism. CoL had a binding affinity constant 7.94 x
10" M~ to HSA that was typical of many small molecule ligands
for the protein (10°-10° M~ "), while HL had a 1.7 factor higher
binding affinity of 1.35 x 10> M~ '.°®> The Stern-Volmer
quenching constants (Kgy) followed the order HL > CoL. The
reaction stoichiometry for both ligands was 1: 1 (HL/CoL : HSA),
with possible partial occupation of a second, lower affinity site
occurring at higher concentrations.

Both HL and CoL bound to HSA with a positive AH, negative
AG and a positive AS, consistent with entropically driven
binding with HSA. Glide XP docking, molecular dynamic simu-
lations in conjunction with fluorescence and UV-CD showed
that HL and CoL bind preferentially in Sudlow’s site I, with
possible additional binding sites being accessible. Far- and
near-UV CD spectroscopy confirmed that the binding of HL and
CoL minimally perturbs the protein’s secondary structure.

These complementary experimental and in silico findings
provide mechanistic insight into how metal coordination mod-
ulates protein-ligand interactions. From a drug development
perspective, this knowledge can guide the rational design of
cobalt-based therapeutics by tuning albumin binding affinity to
optimize pharmacokinetics, therapeutic efficacy, and safety,
while minimizing potential drug-drug interactions at high-
affinity binding sites such as Sudlow’s site I. Overall, the
combined biophysical and in silico framework presented here
offers a predictive strategy for designing metallodrugs with
improved in vivo performance.

Finally, the biophysical data distinctly confirm uptake of the
intact complexes without hydrolysis or demetallation and the
binding affinity of HL to HSA may result in the ligands lower
bioavailability in vitro. The higher HSA binding affinity of HL
has important pharmacokinetic implications: suggesting that a
larger fraction of HL may remain bound to albumin in plasma,
reducing its free-drug concentration, slowing tissue distribu-
tion, and potentially delaying cellular uptake, which could
contribute to its higher ICs, in vitro. In contrast, CoL exhibits
weaker binding, suggesting a greater free-drug fraction that may
enhance tissue penetration, cytotoxic activity, and therapeutic
efficacy. These findings highlight that metal coordination can
modulate ligand-protein interactions, and that tuning albumin
binding may be a useful strategy to optimize the pharmacoki-
netic and therapeutic profiles of cobalt-based drugs.
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