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A B S T R A C T

Human serum albumin (HSA) is crucial for drug transport, influencing pharmacokinetics and pharmacological 
activity. While drug binding to HSA is well-studied, precise identification of primary binding sites remains 
underexplored. Since unbound drug fractions impact distribution and receptor-site concentration, understanding 
HSA interactions is essential for evaluating pharmacokinetics and toxicity. This study presents a systematic 
workflow integrating fluorescence quenching, circular dichroism, and ligand-binding thermodynamics to map 
ligand binding on HSA. Using patented Schiff base Au (III) chelates, we validate our approach with experimental 
data, molecular dynamics simulations, and QM/MM TD-DFT methods. Results indicate all three chelates pref-
erentially bind Sudlow's site I, with affinities following AuL3 > AuL1 > AuL1, with logka values ranging from 
4.73 to 5.03. Thermodynamic analysis suggests endothermic, hydrophobic-driven binding. Competitive site 
displacement assays confirm these findings. Overall, our results highlight HSA's potential as a transporter for 
metal-based therapeutics and demonstrate the efficacy of our workflow in accurately determining drug-binding 
sites.

1. Introduction

HSA is the most prevalent plasma protein, with concentrations 
reaching approximately 0.6 M− 1 [1]. Two primary functions of HSA are 
transporting both endogenous and exogenous compounds and regu-
lating colloidal osmotic pressure [2] HSA is a heart shaped protein that 
consists of a single 585 amino acid polypeptide chain resulting in a 
molar mass of 66,500 Da [3]. As depicted in Scheme 1b, the redrawn X- 
ray structure of HSA (PDB: 2BXH) [4] is primarily dominated by α-he-
lices within the three domains, namely I (residues 1–195), II (196–383), 
and III (384–585). Each domain consists of two subdomains A and B 
[3,5]. Subdomains IIA and IIIA and are often referred to as Sudlow's site I 
and Sudlow's site II, respectively, which are the two main small molecule 
binding sites within the protein [6–8]. HSA is the primary drug trans-
porter in humans and is extensively studied as a potential vehicle for 
drug delivery, particularly given its ability to be absorbed by cancer cells 
in vivo [9]. In addition to the two primary drug binding sites, HSA 
contains numerous other binding sites, including seven for fatty acids, 
four thyroxine, and several known metal ion binding sites [10].

Understanding how a medicinal compound binds to HSA is crucial 
for interpreting its pharmacodynamic and pharmacokinetic data in vivo, 

due to the abundance of HSA and its role as a transporter in blood 
plasma [6]. Metallodrug candidates are also involved, with recent 
studies demonstrating how half-sandwich RuII and RhIII complexes bind 
to HSA as intact metal complexes, coordinating to Glu and His residues 
while retaining the arene structure [11–13]. Typically, protein binding 
by metal complexes involves ligand dissociation [14–17], while non- 
dissociative binding is not typical [18–21]. When it does occur, it 
often relies on multidentate ligands that offer kinetic inertness and 
thermodynamic stability [22,23], although this is not always the case 
[24].

A significant body of literature has focused on characterizing small 
molecules (potential drug candidates) binding to HSA, as this is a 
fundamental factor in determining a drug's overall pharmacological 
activity. However, an often-overlooked parameter is identifying the 
primary binding site of a drug on HSA [6]. Given that the volume of 
distribution and drug concentration at the receptor site are directly 
influenced by the fraction of unbound drug, a comprehensive under-
standing of binding mechanisms to proteins like HSA is essential for 
evaluating the pharmacokinetic, pharmacodynamic, and toxicological 
profiles of any drug [25]. Notably, a small molecule with a high affinity 
for HSA will exhibit a reduced free concentration in plasma [26]. This 
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high affinity, depending on the specific drug and therapeutic target, can 
either enhance efficacy by prolonging circulation time or pose a limi-
tation by reducing availability at the target site.

The competition between two drugs for binding to HSA can signifi-
cantly affect their disposition, potentially leading to serious physiolog-
ical consequences, particularly when a drug is tightly bound (over 90 %) 
to HSA [27,28]. A well-documented example is the co-administration of 
warfarin with phenylbutazone, which increases the risk of hemorrhage 
in patients. This occurs because phenylbutazone displaces warfarin from 
its shared binding site on albumin, raising the free concentration of 
warfarin in plasma [29].

Current methods to identify the binding sites of small molecules on 
HSA include X-ray crystallography [4]. However, these experiments 
often fail to mimic physiological conditions, and some ligands may be 
challenging to crystallize with HSA. As a result, spectroscopic tech-
niques are more commonly employed: (i) Induced Circular Dichroism 
(CD) Displacement Assay: This method leverages the induced CD signal 
of an achiral molecule bound to a chiral host, such as HSA [30,31]. The 

solution is then titrated with site-specific probes, typically warfarin 
[4,32] for Sudlow's site I or ibuprofen [4] for Sudlow's site II. If the site- 
specific probe displaces the ligand of interest, the ICD signal diminishes 
as the displaced ligand returns to an achiral, protein-free state in solu-
tion. (ii) Fluorescence Site Displacement Assay: This approach uses the 
fluorescence quenching properties of site-specific probes, such as 
warfarin for Sudlow's site I or ibuprofen for Sudlow's site II [4,32]. A 
ligand of interest is titrated into a solution containing HSA bound to 
either probe. The site of binding for the ligand of interest is identified 
based on which HSA-probe complex shows quenched fluorescence.

Gold(III) complexes were initially anticipated to mimic the biolog-
ical properties of platinum(II) analogues, their redox behavior markedly 
diverges due to their inherent susceptibility to reduction to Au(I) or 
elemental Au(0) [33]. This redox lability highlights the critical need for 
judicious ligand design to stabilize the Au(III) oxidation state and to 
ensure compatibility with both standard solvents and physiologically 
relevant media [34,35]. Among the multidentate ligand systems devel-
oped for this purpose, CNC-type pincer ligands [36–39], porphyrins 
[40], and deprotonated pyrroles [41] have proven especially effective. 
These ligand classes incorporate strong σ-donor atoms (C, N, and O), 
often in anionic or neutral forms, which complement the hard Lewis acid 
nature of Au(III) and enhance its resistance to reduction by donating 
electron density to the metal center [42].

Of particular interest are pyrrole-based Schiff base chelates, which 
offer both structural versatility and robust coordination properties. 
These ligands are widely recognized not only for their coordination 
capabilities but also for their role as pharmacophores in numerous 
therapeutic agents [43], including FDA-approved drugs such as Tol-
metin [44]; Glimepiride [45]; and Sunitinib [46]. Pyrrole-imine metal 
complexes, a key subclass of Schiff base chelates, exhibit significant 
medicinal potential. For example, the pentadentate macrocycle tex-
aphyrin [47], known for its ability to chelate Lu(III) [48], has shown 
promise in photodynamic therapy applications, although it has not yet 
received FDA approval [49]. The emerging utility of pyrrole Schiff base 
frameworks in metal complex stabilization and biomedical applications 
underscores their relevance in the development of gold(III)-based 
chemotherapeutics.

In this study, we synthesized three patented investigational chemo-
therapeutic bis(pyrrole-imine) Schiff base Au(III) chelates designated as 
AuL1, AuL2, and AuL3 (Scheme 1). We then explored their binding to 
HSA using spectroscopic methods under physiological conditions 
(KH2PO4, 50 mM, pH 7.5). The primary objective was to evaluate how 
structural variations in the carbon chain linking the imine groups in-
fluence the chelates' interaction with HSA and to pinpoint their 
preferred binding site(s).

2. Results and discussion

2.1. Metal chelates synthesis and spectroscopic characterization

We recently reported the synthesis and cytotoxicity of our patented 
class of Au(III) bis(pyrrolide-imine) Shiff base chelates AuL1–AuL3 
[50]. In brief the respective bis(pyrrolide-imine) chelating ligands 
(H2L1–H2L3) were reacted with [Bu₄N][AuCl₄] (Scheme 1b), yielding 
the desired Au(III) chelate that was obtained as pure precipitates 
directly from the reaction mixture (Figs. S1–33).

2.1.1. NMR spectroscopy
Recrystallized AuL1–AuL3 were used for spectroscopic character-

ization of the complexes. The 1H NMR and electronic spectra for Aul1 is 
presented and assigned here to highlight the salient spectroscopic fea-
tures of the Au(III) Schiff base chelates. Figs. 1a and S13 show the 1H and 
13C NMR spectra for AuL1 and reflects coordination of the square planar 
Au(III) ion by the tetradentate bis(pyrrolide-imine) chelate. The imine 
proton (N=C–H) resonates as a singlet at 8.27 ppm (CD3OD), downfield 
from that of the Pt(II) congener (δH = 8.15 ppm, DMSO‑d6) [52], Pd(II) 

Scheme 1. (a) Representation of the Au(III) metalation of the bis (pyrollide- 
imine) chelates. (b) X-ray structure of HSA bound to indomethacin (redrawn 
from PDB code 2BXH [4]) illustrating the two main small molecule binding 
sites. Sudlow's site I is larger than Sudlow's site II and compounds that bind in 
this pocket perturb the fluorescence of Trp-214. The protein secondary struc-
ture elements are depicted schematically, coloured by domain, and labelled.
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congener (δH = 7.52 ppm, DMSO‑d6) [53], Ni(II) congener (δH = 7.29 
ppm, CDCl3) [54] and H2L1 in CDCl3 (δH =8.03 ppm). The CH signals of 
AuL2 and AuL3 were 8.09 (D2O) and 8.03 (DMSO‑d6), respectively. 
This was downfield from AuL1, furthermore, differences in solvent po-
larity led to significant proton chemical shift variations for this class of 
Au(III) chelates. A systematic trend emerges among the 1H NMR 
chemical shifts of the imine NH across the d8 metal ions, following the 
order: 3d (Ni) < 4d (Pd) < 5d (Pt and Au). This trend indicates that the 
principal quantum number of the metal ion affects the shielding of the 
imine proton within the organic ligand framework, with greater electron 
density leading to upfield shifts. Specifically, the observed shifts are 
linked to London dispersion forces (LDF), highlighting a correlation with 

the electronic properties of the metal ion centre [55,56]. The 13C NMR 
spectrum of AuL1 was straightforwardly assigned (Fig. S13).

2.2. Electronic spectroscopy

The experimental UV–vis spectrum of AuL1 is presented in Fig. 1b 
and was assigned by analysis of the TD-DFT-calculated spectrum of the 
complex. The analysed spectrum of AuL1 is representative of the spectra 
for all three Au(III) chelates. The TD-DFT calculated electronic spectrum 
of AuL1 (excluding vibronic transitions), is a fairly good match for the 
experimental spectrum after we added a 50 nm red-shift correction 
factor to the band energies and a scaling factor to the intensity's values 
(ε- 4.92). The visible band at 382 nm (1st excited electronic state) is 
assigned to assigned HOMO → L + 1 (76 %) and H-1 → L + 2 (14 %); the 
shoulder transition at 312 nm is decomposed into the following major 
transitions H-2 → L + 1 (64 %), H-3 → L + 2 (13 %) and H-1 → L + 1 (12 
%). Finally, the maximum at 288 nm is the corresponding transition to 
the 326 nm vibrational level abd is decomposed into H-3 → L + 1 (49 %), 
H-2 → L + 2 (27 %), H-1 → L + 2 (22 %). The DFT-calculated first 
excited state at 382 nm is thus 24.5 kJ mol− 1 higher in energy w.r.t. 
experiment, even after wavelength scaling.

Analysis of the MOs involved in the transition to the first excited state 
indicates it comprises 76 % 1[Au(5dyz),π → Au(6pz),π*] character. The 
unoccupied MO is thus a significantly admixed metal–ligand wave-
function. The shoulder transition band at 312 nm is dominated of 64 % 
1[Au(5dx2– y2),π → Au(6pz),π*] character. Finally, the far-UV bands are 
the most intense with the 288 nm band in the experimental spectrum (ε 
= 1.67 × 104 M− 1 cm− 1) correlating with the 310 nm band of the 
calculated spectrum. This interesting transition is dominated by MMLCT 
(metal-to metal– ligand charge transfer) in character, i.e., 64 % 1[Au 
(5dz2) → Au(6pz),π*].

2.3. Importance of delineating the binding site of a ligand on HSA

The interaction of drug candidate compounds (AuL1–AuL3 in this 
study) and plasma proteins is a key factor in determining their 
bioavailability [57]. This binding influences the concentration of the 
free drug, thereby impacting its availability and activity within the body 
[58]. HSA (the most abundant serum protein) plays a dual role: it can act 
as a reservoir for therapeutic agents, enabling their availability at con-
centrations exceeding their plasma solubility, or it can accelerate their 
clearance, potentially reducing their therapeutic efficacy. These effects 
are governed by the compound's binding affinity to the protein [59–61]. 
A strong binding affinity to HSA lowers the concentration of the free 
drug, thereby extending its half-life, as the bound fraction is less sus-
ceptible to hepatic metabolism [59]. Consequently, assessing a drug's 
interaction with HSA is a critical initial step in understanding its phar-
macokinetics and pharmacodynamics, offering valuable insights into its 
therapeutic potential [6].

HSA has several binding sites throughout the protein but two main 
small molecule binding sites referred to as Sudlow's sites I and II [6–8]. 
However, an often-overlooked aspect is determining the primary bind-
ing site of a drug on HSA [6]. Since the volume of distribution and drug 
concentration at the receptor site are directly affected by the fraction of 
unbound drug, a thorough understanding of protein binding mecha-
nisms, particularly with HSA, is crucial for assessing a drug's pharma-
cokinetic, pharmacodynamic, and toxicological properties [25]. 
Numerous studies solely rely on in silico methods such as molecular 
docking or molecular dynamic simulations to predict a ligand binding 
site on HSA without the use of biophysical data that is often already 
presented in the study. However, G-scores are unreliable [62], therefore, 
we present an in-silico workflow that utilizes a single protein structure 
from the PDB and only utilizes empirical data to guide the binding site 
selection. G-scores are considered solely for choosing a ligand pose 
within a specific protein site. The method workflow presented in Fig. 2
incorporates UV-CD data, and experimental intrinsic fluorescence 

Fig. 1. Spectroscopic characterization and structural assignments for AuL1. (a) 
Proton NMR spectrum (298 K, 400 MHz, CD3OD). Labelled structure of AuL 
(top right) is a low temperature structure of the complex with the thermal el-
lipsoids rendered at 50 %, while the H atoms have an arbitrary radius. (b) 
Electronic spectrum of AuL1 recorded in methanol. The TD-DFT calculated 
spectrum scaled (ε and λ) to best match the experimental spectrum is shown 
with selected transition assignments (band width = 2500 cm− 1, fwhm). The 
HOMO and LUMO frontier MOs are shown. A full list of transition assignments 
is given in Table S1.

S. Sookai and O.Q. Munro                                                                                                                                                                                                                    International Journal of Biological Macromolecules 315 (2025) 144317 

3 



Fig. 2. An in-silico workflow that utilizing a single protein structure from the PDB and incorporates UV-CD data and experimental intrinsic fluorescence quenching 
data to delineate the likely ligand binding sites on HSA. (a) XP docking of the ligand to HSA. (b) XP data is screened against the near UV-CD data. (c) The ther-
modynamic parameters must be considered. (d) After the final MD equilibration, docked ligands that align with experimental data are selected, and the validated 
protein–ligand complexes undergo time-dependent DFT (TD-DFT) simulations. After obtained a PDB and performing XP docking each arrow represents a hypothetical 
number of poses, however, after each experimental screening poses are eliminated. Therefore, the number of poses (arrows) decreases. Finally, a pose can make it to 
the next screening experiment if it meets the criteria of that step (ticked in green).
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quenching data to delineate the likely ligand binding sites on HSA.
The in-silico workflow that utilizes a single protein structure from the 

PDB and incorporates UV-CD data and experimental intrinsic fluores-
cence quenching data to delineate the likely ligand binding sites on HSA. 
Fig. 2a; XP docking of the ligand to HSA, poses are screened based on 
their fluorescence data (i.e., Stern–Volmer (KSV). If the plots exhibit full- 
range linearity, ligand binding is likely occurring within 15–20 Å of Trp- 
214 and a single quenching mechanism is dominant. The blue sphere 
indicates the 20 Å radius cutoff for a ligand to bind, poses exceeding this 
radius are eliminated as potential binding sites. Poses that pass the first 
screening are then subjected to MD [63] equilibration and XP docking 
[64]. The MD trajectory filters out poorly docked ligands, allowing well- 
docked ones to equilibrate over 100 ns until the protein conformation 
stabilizes around the ligand. Once equilibrium is reached, the ligand is 
removed, and XP docking is repeated. This can either enhance the G- 
score at the same site or, due to the static nature of docking, reveal new 
binding sites and ligand poses post-MD equilibration. Fig. 2b, show the 
next experimental screening data is near UV-CD data. If near UV-CD data 
show perturbation of the disulfide bond (Cys-Cys) upon ligand binding, 
ligands docked >10 Å away should be excluded. Additionally, near UV- 
CD data can guide docking constraints; for instance, if the Tyr transitions 
are affected (275–285 nm), positional restraints can be applied to 
confine ligand binding within 10 Å of a specific residue. Fig. 2c, shows 
the thermodynamic parameters must be considered for example if ΔS <
0 we can deduce that disordered water molecules have been displaced, 
and the ligand must bind within a hydrophobic cavity in the protein. 
After the final MD equilibration, docked ligands that align with exper-
imental data are selected, and the validated protein–ligand complexes 
undergo time-dependent DFT (TD-DFT) simulations (Fig. 2d). The HSA⋅ 
{Ligand} undergoes multilayer ONIOM [65] calculations, with ligands 
and interacting amino acid residues modelled in a quantum layer using 
TD-DFT theory, while the proteins amino acid residues are treated using 
the molecular mechanics layer with force field theory. These calcula-
tions generate an induced CD spectrum ICD), which is compared to the 
experimental ICD spectrum. The protein–ligand complex that best aligns 
with all empirical data is identified as the experimentally observed 
system based on fluorescence and CD spectroscopy.

2.4. Fluorescence quenching measurements

The first criterion for delineating the binding site of our metal 
complex from Fig. 2 requires us to first perform intrinsic fluorescence 
quenching on the macromolecule to (i) determine the proximity of the 
ligand to the fluorophore. Therefore, to investigate the mechanism and 
relative ability of Au(III) chelates to interact with HSA, fluorescence 
spectroscopy was employed as an informative probe.

When a molecule binds to a protein, it can directly influence the 
protein's intrinsic fluorescence, which is primarily attributed to three 
aromatic amino acid residues: tryptophan (Trp), tyrosine (Tyr), and 
phenylalanine (Phe) [2,66]. Among these residues, Trp contributes most 
to the intrinsic fluorescence of a protein due to its higher quantum yield 
and more efficient resonance energy transfer compared to Phe and Tyr 
[67]. The binding of a molecule to a protein induces changes in the 
polarity around the fluorophore within the protein, leading to either 
quenching or enhancement of its intrinsic fluorescence [2]. HSA has a 
single tryptophan residue (Trp-214) located in subdomain IIA, as well as 
several tyrosine residues in the protein [67].

We investigated the quenching effect on the intrinsic emission 
spectrum of HSA (λex, 295 nm) by progressively titrating increasing 
concentrations of Au(III) chelates, ranging from 0 to 97 μM, across a 
spectral range of 310–400 nm (Fig. 3a). The emission maximum was 
observed at ~342 nm in KH2PO4 buffer (50 mM, pH 7.5), and the 
intrinsic emission intensity of HSA decreased monotonically with each 
titration of the respective Au(III) chelates. The fluorescence emission 
data indicated that all three Au(III) chelates bound to HSA in close 
proximity, altering the microenvironment around the Trp-214 

fluorophore and resulting in its emission being quenched.
The quenching of HSA's intrinsic fluorescence can arise from various 

mechanisms, including collisional quenching, molecular rearrange-
ments, energy transfer, or ground-state complex formation [68]. Upon 
binding of the three Au(III) chelates to HSA, the λem

max blue shifts were 
induced at ~2 nm λem

max for AuL1, AuL3, λem
max 1.48 nm for AuL2, 

respectively. The blue shift was not as substantial as the blue shift 

Fig. 3. (a) Emission spectra of human serum albumin (HSA, 5.0 μM) recorded 
as a function of the concentration of AuL1 at 298 K in KH2PO4 (50 mM, pH 
7.50). Analogous spectra for the reaction of HSA with AuL2 and AuL3 are given 
in Fig. S34 (ESI). The wavelength shifts accompanying ligand uptake (Δλem

max) is 
plotted as the inset to the main figure (upper right). (b) Stern-Volmer (SV) 
fluorescence intensity ratio plots for human serum albumin (HSA, 5.0 μM) 
recorded as a function of the concentration of AuL1, AuL2, and AuL3 vs tem-
perature (50 mM KH2PO4, pH 7.50). Error bars are ESDs based on the average 
of three independent determinations. The data are well-fitted by Eq. (1) for 
linear Stern-Volmer emission behavior. Analogous spectra for the reaction of 
HSA with all AuL3 at 288, 298, and 310 K are given in Fig. S35 (ESI).
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reported for Pd(PrPyrr) [52], but it suggests that the Trp-214 residue is 
in a less polar environment after the uptake of the Au(III) chelates 
[69,70].

Two possible reasons for the λem
max blue shifts are: (i) the orientational 

polarization of tryptophan caused by ordered water molecules that lie 
between 15 and 25 Å of the amino acid, and/or (ii) the electronic po-
larization of the indole ring on the Trp residue due to the binding of the 
Au(III) chelates. Furthermore, the binding of the Au(III) chelates may 
induce some electronic polarization of Trp-214, which in turn affects the 
lowest energy 1A1 → 1La ground state transition of Trp's indole ring [70]. 
Ultimately, the similarity in the magnitudes of the measured λem

max shifts 
indicates that all three Au(III) chelates electronically perturb Trp-214 to 
the same degree. Regarding the organic framework of the chelating li-
gands, there is likely charge transfer from the pyrrole ring to the tryp-
tophan indole.

2.5. Fluorescence quenching mechanism

The fluorescence quenching mechanism can be described as either 
static, dynamic, or a combination of both, and is typically analysed by 
the Stern–Volmer equation (Eq. (1)), [71]. 

I0
/
I = 1+KSV [Q] = 1+ kqτ0[Q] (1) 

where I0 is the fluorescence intensity of HSA in the absence of the added 
quencher (Au(III) chelates in this work) and I is the fluorescence in-
tensity of HSA in the presence of the Au(III) chelates. KSV is the Stern- 
Volmer constant (M− 1), [Q] is the molar concentration of the quencher 
(i.e., added Au(III) chelate), kq is the bimolecular quenching rate con-
stant (M− 1 s− 1), and τ0 is the average lifetime of HSA fluorescence in the 
absence of any quencher (6.72 ± 0.07 ns, [67] 5.60 ± 0.10 ns, [73] and 
5.28 ± 0.03 ns; [74] average = 5.87 ± 0.76 ns). Typically, the 
quenching mechanism can be differentiated by the HSA-Au(III) com-
plex's dependence on viscosity and temperature [75].

From least-squares fits of Eq. (1) to the dose-dependence of I0/I, the 
bimolecular fluorescence quenching rate constant for the HSA⋯Au(III) 
interaction can be straightforwardly deduced from Eq. (2), provided that 
τ0 is known (vide supra). 

kq = KSV/τ0
(2) 

SV plots recorded as a function of temperature and [Au(III)] are 
presented in Fig. 3b. The plot indicates the average of triplicate results of 
the mean fluorescence ratio recorded at each dose of Au(III) complex. 
Typically, Eq. (1) is linear for a single dominant quenching mechanism, 
either dynamic or static [76,71], the SV plot for all three Au(III) are 
observed to follow a single dominant quenching mechanism. Notably, 
the KSV values of the Au(III) chelates increased with increasing tem-
perature, consistent with a dynamic quenching mechanism range [52]. 
The KSV values increased with increasing temperatures, and this is a 
result of an increase in the diffusion rate and collisional frequency [78]. 
The KSV at 298 K values follow the order AuL1 > AuL3 >AuL2, since the 
Au(III) metal ion was consistent throughout, the difference in KSV is due 
to the organic ligand (Fig. 3b). It is important to note that the metal ion 
plays a major role in in the quenching and binding of compounds to 
HSA. When comparing the KSV of AuL1 to the Ni(II), Pd(II) and Pt(II) 
chelates with the same organic ligand (2,2′-{propane-1,3-diylbis[nitrilo 
(E)methylylidene]}bis(pyrrol-1-ido) the values differed, highlighting 
the significance of the metal ion centre [52]. A summary of the KSV and 
Kq values of the interaction of the three Au(III) chelates with HSA is 
presented in Table 1.

The bimolecular quenching constant (Kq) values were determined for 
all three Au(III) chelates (Table 1). In each case the Kq exceeded diffu-
sion control limit (1010 M− 1 s− 1) [79] by at least two orders of magni-
tude. This is a strong indication that the binding of the Au(III) chelates 
was not randomised binding but is consistent with a significant HSA- 

ligand binding interaction.
The quenching in HSA intrinsic fluorescence as a function of ligand 

(Au(III) chelate) concentration can be used to calculate the thermody-
namic parameters for the binding equilibrium between the protein and 
Au(III) chelate. The chelates binding affinity towards the protein (Ka) 
and the stoichiometry (n) are delineated from the double log plot of the 
quenching of the emission data as a function of the Au(III) chelate 
concentration (Eq. (3)), [80]. 

log
(

I0 − I
I

)

= logKa + nlog[Q] (3) 

where the intercept and slope of the curve give the affinity constant and 
stoichiometry, respectively. The data are summarised in Table 1 and has 
been plotted for all three complexes in Fig. S36. For all Au(III) chelates, 
the Ka increased with increasing temperatures, which is suggestive that 
the dynamic quenching mechanism was dominant. [81,80] From 
Table 1, the logKa values follow the order AuL3 > AuL1 > AuL2. All 
three gold(III)-chelates bound to HSA with a moderate binding affinity 
ranging from 104 to 105 M− 1. The binding affinities were in good 
agreement of the same complexes measured by ITC that have been 
previously reported [50].

2.6. UV-CD spectroscopy

Following the determination that the ligands of interest bind within 
20 Å of Trp-214 (when excited at 295 nm), our next experimental pro-
cedure, based on our proposed binding site criteria (Fig. 2), is near-UV 
CD spectroscopy (Figs. 4 and S37). Near-UV CD is used to investigate 
conformational changes induced by ligand binding in the tertiary 
structure of HSA. We utilized near-UV CD spectroscopy within the 
250–310 nm range. Near-UV CD spectra primarily reflect the fine 
structural features of aromatic amino acid residues, including Trp 
(285–300 nm), Tyr (275–285 nm), and Phe (250–270 nm). Key transi-
tion peaks observed in HSA include two minima at 262 nm and 280 nm, 
along with a maximum at 290 nm, which are attributed to disulfide 
bonds and aromatic amino acids [83].

The near-UV CD spectrum of HSA (Figs. 4 and S37) in the absence of 
Au(III) chelates displayed a peak at 290 nm with fine structural features 
between 290 and 305 nm, primarily due to the Trp-214 residue. Addi-
tionally, within the 275–285 nm range, a peak at 284 nm and a shoulder 
at 287 nm were detected, likely arising from HSA's Tyr residues. The 
characteristic Phe fingerprint region (255–270 nm) exhibited a peak at 
257 nm. Furthermore, two minima at 262 nm and 268 nm, along with a 

Table 1 
Stern-Volmer quenching constants (KSV) and bimolecular quenching rate con-
stants (kq) for the interaction of the three Au(III) chelates with HSA at different 
temperatures in 50 mM KH2PO4 buffer at pH 7.50.

Compound Temp. 
T (K)

10− 5 KSV 

(M− 1)a,c
10− 12 kq 

(M− 1 

s− 1)b

log 
(Ka/M− 1)c

nd

AuL1 288 1.10 (0.004) 1.82 4.20 (0.07) 1.04 (0.02)
298 1.17 (0.004) 1.98 4.46 (0.03) 1.11 (0.004)
310 1.23 (0.010) 2.09 4.73 (0.01) 1.16 (0.01)

AuL2 288 0.56 (0.008) 1.04 4.25 (0.01) 1.13 (0.01)
298 0.57 (0.003) 0.973 4.37 (0.07) 1.17 (0.02)
310 0.61 (0.003) 0.979 4.49 (0.04) 1.23 (0.002)

AuL3 288 1.05 (0.004) 1.79 4.60 (0.04) 1.12 (0.01)
298 1.08 (0.003) 1.84 4.78 (0.08) 1.17 (0.02)
310 1.10 (0.005) 1.87 5.03 (0.03) 1.23 (0.001)

a KSV values (Stern-Volmer constants) for the AuL1, AuL2, and AuL3 were 
determined by fitting the data to Eq. (1).

b A mean excited state lifetime, τ0, of 5.87(76) ns for HSA was used to 
calculate the bimolecular quenching rate constant, kq.

c The estimated standard deviation of the least significant digits is given in 
parentheses.

d Ligand:HSA binding stoichiometry from the fit of the data to Eq. (3).
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shoulder at 279 nm, were indicative of disulfide bonds [84–86], 
consistent with HSA's 17 disulfide bonds [3]. Phe, Tyr, and Trp possess 
π–π* transitions (1La and 1Lb), which enable direct participation in π 
bonding, a crucial factor in DNA binding. Consequently, alterations in 
the protein's fine structure may signal conformational changes or the 
repositioning of aromatic amino acids within a different microenviron-
ment [88].

The introduction of all three Au(III) chelates led to modifications in 
the near-UV CD spectra, suggesting their binding to HSA in proximity to 
aromatic residues, particularly Trp and Tyr residues, thereby influencing 
the fine structure. This finding corroborates the Stern-Volmer quenching 
data (vide supra). Specifically, AuL1 and AuL3 caused a 2 nm redshift at 
290 nm, whereas AuL2 led to band splitting at 290 nm along with a 1 nm 
blueshift. The disulfide bond fingerprint region remained largely un-
changed, indicating minimal impact on these bonds. Overall, the bind-
ing of Au(III) chelates to HSA resulted in subtle conformational changes 
in the tertiary structure (Figs. 4 and S37), which may account for the 
observed enthalpic differences in the van't Hoff plot (vide infra) [89].

Based on the near-UV CD data, when performing MD simulations 
followed by docking (Fig. 2), all poses outside of Sudlow's site I were 
removed from consideration. Poses within Sudlow's site I were then 
advanced to part c for screening. A complete analysis of far-UV CD and 
Tm delineation from far-UV CD is reported in the ESI (Fig. S37).

2.7. Binding thermodynamics

To fulfil our binding site determination protocol (Fig. 2) our next 
experimental step was the delineation of the ligand's thermodynamic 
parameters. These parameters were analysed using van't Hoff plot, 
which provides quantitative thermodynamic data to interpret the major 
binding forces responsible for the interaction of small molecule-protein 
interactions [52]. This experiment aimed to use thermodynamic data to 
screen the best MD-simulated and docked ligand poses, identifying the 
optimal pose based on all experimental data.

All three Au(III) chelates exhibited a 1:1 reaction stoichiometry with 
native HSA; consequently, a linear van't Hoff relationship was obtained 
from the temperature dependence on the Ka values. The plots for trip-
licate measurements are presented in Fig. 5a. Under non-standard 

conditions, the enthalpy change (ΔH), entropy change (ΔS), and Gibbs 
free energy change (ΔG) can be determined from the temperature 
dependence of the affinity constants (Ka) using Eqs. (4) and (5): 

lnKa = −
ΔH
RT

+
ΔS
R

(4) 

ΔG = ΔH − TΔS (5) 

Fig. 4. Plots of the near-UV CD spectra of native HSA and the protein incubated 
with a 1:1 ratio (6 μM) AuL1 were recorded at 298 K in 50 mM KH2PO4 buffer 
at pH 7.50. The data represents unsmoothed spectra of the fine structure of the 
protein. Perturbations in the protein structure around Phe (250–270 nm), Tyr 
(~280 nm), and Trp (285–300 nm) residues may also be resolved in some 
different spectra.

Fig. 5. (a) van't Hoff plots for the reactions of AuL1 with HSA in 50 mM 
KH2PO4 buffer at pH 7.50. All measurements were done in triplicate; derived 
parameters were individually averaged, and error bars are estimated un-
certainties of the mean. (b) Comparison of the thermodynamic parameters (298 
K) governing the reactions of the three Au(III) chelates with HSA.

Table 2 
Thermodynamic parameters for the binding of the Au(III) chelates by HSA in 50 
mM KH2PO4 buffer at pH 7.50.

Compound T (K) ΔG (kJ mol− 1)a ΔH (kJ mol− 1)a ΔS (J K− 1 mol− 1)a

AuL1 288 − 23.53 (2)
298 − 25.88 (2) 44.15 (0.8) − 70.03 (3)
310 − 28.70 (2)

AuL2 288 − 23.42 (0.4)
293 − 24.48 (0.5) 37.50 (5) − 63.02 (6)
298 − 25.53 (0.6)

AuL3 288 − 25.25 (0.1)
298 − 27.37 (0.1) 35.8 (3) − 63.2 (3)
310 − 29.91 (0.2)

a The estimated standard deviations of the least significant digits are given in 
parentheses.
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Table 2 summarises the van't Hoff thermodynamic data for the re-
action of the three Au(III) chelates with HSA in KH2PO4 buffer (50 mM, 
pH 7.5). All three reactions are exergonic (negative ΔG), [80] with ΔG 
ranging from − 28.70 kJ mol− 1 for AuL1 to − 29.91 kJ mol− 1 for AuL3 at 
310 K. This is further graphically portrayed in Fig. 5b, where the ΔG 
values fell in a narrow range for the three Au(III) chelates. The similarity 
in ΔG is a strongly suggests that the Au(III) chelates bind to HSA 
(enthalpy/entropy compensation). The minimal energy difference likely 
reflects the binding of all three Au(III) chelates binding in a similar 
position within Sudlow's site I (Figs. 7 and S42–43, vide infra) in a 1:1 
stoichiometric ratio.

The thermodynamic data indicates that both ΔH > 0 and ΔS >
0 which is consistent with entropic control of the reaction. For the Au 
(III) chelates spontaneity is assured as changes in ΔH/ΔG are compen-
sated for by commensurate changes in TΔS/ΔG. The TΔS/ΔG and ΔH/Δ 
G of the Au(III) chelates increase together in the order AuL1 < AuL2 <
AuL3.

The observed trend indicates that the thermodynamic parameters of 
bis(pyrrolide-imine) ligands are influenced by the structural motifs 
along the carbon chain. Despite all three Au(III) salts being cationic and 
sharing the same metal center, differences in thermodynamic parame-
ters are primarily driven by the chelating Schiff base. AuL1 and AuL3 
contain two hydrogen atoms and a dimethyl group moiety on the carbon 
chain connecting the imine groups in their respective Au(III) chelates. 
Their primary interactions with HSA arise from the cationic Au(III) 
center and π–π interactions due to their molecular planarity. In contrast, 
AuL2 exhibits similar binding characteristics to AuL1 and AuL3 but also 
includes an OH motif, which enables additional hydrogen bonding 
interactions.

The ΔH values for the reaction of HSA with the Au(III) chelates are 
significantly endothermic, measuring from 35.8 kJ mol− 1 for AuL3 to 
44.15 kJ mol− 1 for AuL1. Fig. 5b highlights the dominance of the en-
tropy term for each of the three reactions, indicating the binding of the 
three Au(III) chelates to HSA is entropically driven. Interestingly, the 
differences in the carbon chain linking chains of the respective Au(III) 
chelates are highlighted in their markedly different ΔH and ΔS values. 
Specifically, AuL1 is more endothermic and requires more energy than 
both AuL2 and AuL3 when binding to HSA. This is compensated for by 
the higher ΔS value for AuL1 when compared to the other two Au(III) 
chelates. The trend ΔS values for the Au(III) chelates listed in Table 2
decrease in the following order AuL1 > AuL3 > AuL2 ranging from 
− 70.03 J K− 1 mol− 1 (AuL1) to − 63.02 J K− 1 mol− 1 (AuL2). The data 

suggest that the more hydrophilic Au(III) chelates cause substantial 
desolvation of ordered water molecules within Sudlow's site I on HSA 
upon binding.

In summation the three Au(III) chelates binding to HSA were endo-
thermically driven, the ΔH and ΔS values were positive suggesting the 
main binding forces involved with HSA binding to the complexes were 
via hydrophobic interactions [80,90]. The positive ΔH reported is due to 
two factors, the Au(III) chelates partially destroy the hydrophobic 
structure within the hydrophobic cavity located in sub domain IIA, 
which leads to an endothermic effect. The second factor is when the Au 
(III) chelates enter subdomain IIA within HSA, the initial iceberg 
structure surrounding the Au(III)-chelates is destroyed [91]. Therefore, 
when performing the final screen, we can eliminate poses that are 
dominantly exhibiting electrostatic binding to charged amino acid 
residues.

2.8. Induced-UV-CD spectroscopy and in silico determination

The phenomenon in which an achiral molecule binds to a chiral host 
and exhibits a CD signal is known as Induced Circular Dichroism (ICD) 
[30,92,93]. An ICD band appears at the absorbance wavelength of the 
chromophoric portion of the complex, indicating direct complexation 
between the two molecules, as depicted in Fig. 6a.

If the symmetry of an achiral molecule is perturbed and non-zero 
rotational strengths are formed, it will exhibit an ICD signal [92]. In 
the context of this study, the Au(III) chelates were initially achiral; 
however, when bound to HSA, an ICD signal was observed (Figs. 6a and 
S38). We propose that HSA perturbs the Au(III) chelates through two 
primary mechanisms: (i) intermolecular interactions and (ii) restriction 
of conformational freedom [93]. For an ICD signal to arise, the inter-
action between the protein (host) and the small molecule must occur in a 
preferred orientation that prevents the cancellation of the ICD signal. 
Thus ICD serves as a reliable indicator of increased structural order 
[94,95].

In Fig. 6a, we observe shifts in the ICD bands compared to the 
absorbance maximum that would be expected for the free Au(III) che-
lates. An ideal classic supramolecular ICD system involves a non- 
absorbent, transparent chiral host and an absorbing achiral guest 
molecule. The Au(III)⋯HSA system exemplifies the classic example of 
an ideal supramolecular complex where both HSA and the Au(III) che-
lates fulfil the requirements of the host and guest molecules respectively 
[95].

Fig. 6. Comparison of the experimental ICD spectrum (Δθ) recorded for HSA⋅{AuL1} at pH 7.5 in 50 mM (KH2PO4) and the CD spectrum calculated using hybrid 
QM:MM TD-DFT simulations (CAM-B3LYP/SDD/GD3BJ:UFF) for the top-scoring docked pose of AuL1 bound to Sudlow's site I (PDB code: 1HA2). The DFT- 
calculated spectrum of the best pose matches the experimental spectrum with great accuracy. (b) View of the metal chelate binding site containing the best pose 
of both AuL1 and the closest amino acid residues interacting with the chelate.
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The chiral environment of the HSA binding site perturbs the Au(III) 
chelates, resulting in the induction of rotational strength and an 
observable ICD signal. The ICD signal manifests as distinct bands in the 
UV spectrum of the Au(III) chelates, typically around 360 nm. Notably, 
changes in the chiroptical region of a UV-CD spectrum do not originate 
from ICD effects. Therefore, near-UV and far-UV CD spectra do not 
contribute to the ICD signal [96].

The final step in the binding site determination protocol involved 
selecting the best docked pose from the screening protocol (Fig. 2) and 
perform a hybrid QM:MM TD-DFT simulations (ONIOM method [97]) to 
calculate the electronic structures of HSA⋅{ligand}. The best pose was 
assigned to the quantum mechanics (QM) layer, and four amino acid 
residues (Tyr-148, Cys-200, Cys-246, and His-247), interacting with 
AuL1 in Sudlow's site I were added to the QM layer for the most accurate 
ICD spectrum calculation (Fig. 6b). The remaining protein amino acid 
residues were simulated using molecular mechanics (UFF [98]).

As shown in Fig. 6a, the TD-DFT calculated ICD spectrum of HSA⋅ 
{AuL1} is an excellent match for key spectral features of the experi-
mental ICD spectrum (Fig. 6a). The simulations corroborate all aspects 
of the experimental data (i) FRET-based quenching of Trp-214 and (ii) 
location of the ligand within 12 Å of Trp-214 and at least one Tyr residue 
(highlighted experimentally by the SV plot). (iii) Close proximity bind-
ing to a disulfide bridge (< 5 Å; highlighted by the near UV-CD) and 
finally, (iv) hydrophobic interactions dominating the affinity constants 
(highlighted by thermodynamic parameters).

2.9. Site displacement assay

To delineate the preferred binding site(s) for the Au(III) chelates, a 
competitive blocking assay was performed using fluorescence spec-
troscopy. The Au(III) chelates were titrated into solutions of native HSA 
and solutions of HSA that were pre-equilibrated with either (i) warfarin 

Fig. 7. Binding site determination for the reaction of AuL1 with HSA (5.0 μM protein, 50 mM KH2PO4, pH 7.50, 298 K). (a) Emission spectra of HSA⋯warfarin (5.0 
μM warfarin λex = 320 nm) recorded as a function of the concentration of AuL1 at 298 K. The spectra are fitted by single Gaussian functions to locate the emission 
maxima. Correlation coefficients, R2, ranged from 0.990 to 0.999. (b) Emission spectra of HSA⋯dansylglycine (5.0 μM dansylglycine λex = 340 nm) recorded as a 
function of the concentration of AuL1 at 298 K. The spectra are fitted by single Gaussian functions to locate the emission maxima. Correlation coefficients, R2, ranged 
from 0.990 to 0.999. (c) Stern–Volmer (SV) plot for native HSA, HSA⋯Warfarin, and HSA⋯dansylglycine as a function of the concentration of AuL1 at 298 K. The 
plots are linear with an intercept of 1.0 when static quenching is operative (i.e., the quencher binds to the target protein and fluorophore(s)). The excitation and 
emission wavelengths for the fluorophore probes were: (i) Trp-214 (native HSA), λex 

= 295 nm, λem 
= 340 nm; (ii) warfarin (HSA-Warf), λex 

= 320 nm, λem 
= 382 nm, 

and (iii) dansylglycine, λex 
= 340 nm, λem 

= 500 nm. (d) Sphere of action model plot, ln
(

I0
I

)

= Kapp
SV [Q], for the system. A linear plot with a zero intercept indicates 

static quenching by AuL1 bound in some way to the fluorophore/macromolecule. Negative deviation from linearity signals a switch from static to dynamic 

quenching. (e) Double-log plot (Eq. (3)) of the fluorescence quenching data, log
(

I0 − I
I

)

= logK+ nlog[Q], to enable measurement of logKa and the reaction stoichi-

ometry (n). (f) The normalised fluorescence emission spectrum of HSA⋯warfarin (5.0 μM warfarin λex = 320 nm) recorded as a function of the concentration of AuL1 
at 298 K to show the displacement of warfarin from HSA. Error bars indicate the standard deviation of three independent experiments.

S. Sookai and O.Q. Munro                                                                                                                                                                                                                    International Journal of Biological Macromolecules 315 (2025) 144317 

9 



or (ii) dansylglycine (Fig. 7). As revealed by X-ray crystallography, 
warfarin binds specifically in Sudlow's site I (subdomain IIA) [32], while 
dansylglycine primarily binds in Sudlow's site II (subdomain IIIA) [30]. 
By selectively and sequentially blocking the two main drug binding sites 
of HSA using site-specific probes, this experiment aimed to elucidate the 
binding site specificity of the Au(III) chelates. It should be noted that 
HSA has multiple drug-binding sites [4], and blocking a primary binding 
site may redirect the ligand to an alternative drug binding site within 
HSA or inhibit incoming ligand binding allosterically. Nevertheless, 
changes in logKa, n, KSV , and the substitution of the fluorescent probe 
drug itself could occur upon ligand uptake, allowing for possible 
deduction of the binding site for the ligand of interest.

The three Au(III) chelates (0–9.76 × 10− 5 M) were titrated into a 
solution of HSA pre-equilibrated with either HSA•{warfarin} or HSA•
{dansylglycine}. The fluorescence emission spectrum of both fluo-
rophores is shown in Figs. 7a and S42–43. The HSA•{warfarin} fluo-
rescence emission spectrum peaked at 382 nm, which was a blue shift of 
8 nm from the free warfarin peak at 390 nm. Upon titration of the Au(III) 
chelates into the HSA•{warfarin} solution, the fluorescence intensity of 
HSA•{warfarin} decreased progressively with increasing concentration 
of the Au(III) chelates (Figs. 7a, S42, and S43). The percentage 
displacement of warfarin is illustrated in Fig. S41. Furthermore, the 
redshift of the warfarin fluorescence emission intensity peak from 382 
nm (HSA•{warfarin}) to 390 nm (free warfarin emission peak) provides 
additional evidence of warfarin displacement from HSA.

The HSA•{dansylglycine} fluorescence emission spectrum peaked at 
500 nm, which was a blue-shift of 58 nm from the free dansylglycine 
peak at 558 nm (Figs. 7b, S55 and S56). Upon titration of the Au(III) 
chelates into the HSA•{dansylglycine} solution, the fluorescence in-
tensity decreased progressively with increasing concentration of the Au 
(III) chelates. The suspected percentage displacement of dansylglycine is 
presented in Fig. S41. Unlike the fluorescence emission spectrum of 
HSA•{warfarin}, there is no peak shift suggesting dansylglycine is not 
being displaced from HSA. Quenching of the HSA•{dansylglycine} 
fluorescence by the Au(III) chelates could reflect quenching by FRET or 
changing the microenvironment surrounding the fluorophore. To 
further investigate the binding mechanism of the Au(III) chelates to 
HSA•{warfarin} and HSA•{dansylglycine}, we used the Stern-Volmer 
equation (Eq. (1)), the sphere of action model (Fig. S6), and evaluated 
the binding using the double logarithmic plot (Eq. (3)) (Figs. 7e, S42 and 
S43).

All three Au(III) chelates bound to HSA via a similar mechanism. 
AuL1 is discussed as follows. Please refer to Figs. S42 and S43, respec-
tively, for the analyses of AuL2 and AuL3, respectively. From Fig. 7c, the 
quenching of HSA intrinsic fluorescence and HSA•{dansylglycine} 
fluorescence resulted in a linear Stern-Volmer plot, indicating a single 
dominant quenching mechanism. The KSV values of AuL1 binding to 
native HSA and HSA•{dansylglycine} were 0.977 (0.032) × 10− 5 and 
1.105 (0.046) × 10− 5 M− 1, respectively. Considering the similarity of 
the KSV values, we predict dansylglycine is not displaced by AuL1; rather 
its fluorescence is quenched by AuL1 upon its binding to HSA. Inter-
preting the Stern-Volmer plot of HSA•{warfarin} was more challenging, 
due to its upward curvature indicating the occurrence of two quenching 
mechanisms. At concentrations of AuL1 ranging from 0 to 3.96 × 10− 5 

M, the plot was linear which we attributed to the static quenching of 
warfarin, the observed upward curvature is attributed to the displace-
ment of warfarin and its quenching by the aqueous KH2PO4 buffer.

To gain further insight into the upward curvature observed in the 
HSA•{warfarin} Stern-Volmer plot, we applied the “sphere of action 
model” (Fig. S6). A linear model suggests static quenching, whereas 
deviation from linearity indicates a transition from static to dynamic 
quenching mechanisms. From Fig. 7d, only the fluorescence quenching 
of native HSA showed deviation from linearity. This suggests that AuL1 
acts as a dynamic quencher of HSA intrinsic fluorescence and a static 
quencher of both HSA•{warfarin} and HSA•{dansylglycine}. Regarding 
the Stern-Volmer plot for HSA•{warfarin} (Fig. 7c), the initial linear 

portion could indicate that static quenching is the dominant mechanism. 
However, as the concentration of AuL1 increases, the quenching 
switches from the quenching of HSA•{warfarin} to the displacement of 
warfarin from HSA, resulting in the quenching of warfarin fluorescence 
by the aqueous medium.

To gain further insights into the site preference for AuL1, we assessed 
the double log plot (Fig. 7e). Initially, when AuL1 reacts with native 
HSA, both Sudlow's sites I and II are available to accept the incoming 
chelate. Comparing the logKa values of AuL1 binding to native HSA and 
HSA•{warfarin}, we observe that the logKa value is higher for HSA•
{warfarin}, with a value of 5.71 (0.22), compared to 4.43 (0.14) for 
native HAS (Table 3). Additionally, the logKa for HSA•{dansylglycine} 
was 4.50 (0.11), which is one standard deviation away from the logKa of 
AuL1 binding to native HSA. Interpreting the logKa values can be 
challenging, and we propose two possible explanations. First, the pres-
ence of warfarin in Sudlow's site I may induce conformational changes 
within the binding pocket, allowing AuL1 to bind with higher affinity. 
Second, the value of logKa for AuL1 binding to HSA•{warfarin} could be 
the product equilibrium constant β2, where logβ2 = logK1 + logK2, 
where logK1 + logK2 = log 5.71.

In summation we believe reporting the site displacement by merely 
quenching of the extrinsic probes fluorescence is erroneous as quenching 
may not only occur by displacement of the bound probe but by FRET 
quenching of the probe as well. This may ultimately lead to incorrectly 
reporting a ligand may bind to both biding sites on HSA.

2.10. Advantages of using the workflow presented in this manuscript

This study employs a combination of spectroscopic and in silico 
techniques to experimentally characterize the binding interactions be-
tween HSA and the ligands under investigation. Compared to purely 
computational methods like molecular docking or MD simulations 
which are limited by approximations in scoring functions, rigidity as-
sumptions, and sampling constraints our approach provides direct 
experimental evidence of binding events, thereby offering greater bio-
logical relevance and accuracy.

The suggested workflow in Fig. 2, enhances our ability to investigate 
HSA-ligand interactions and predict the exact binding site of the ligand 
to the protein in several keyways: (i) Accuracy: Intrinsic fluorescence 
quenching allows for the delineation of ligand-to protein binding as well 
as the elucidation of the thermodynamic parameters of the interaction, 
in real-time. Binding constants derived from intrinsic fluorescence 
quenching data are based on measurable physical interactions rather 
than predictive models. (ii) Sensitivity: The workflow incorporates both 
intrinsic fluorescence quenching and near UV-CD data, which are highly 
sensitive, and capable of detecting minute differences in the fluores-
cence emission of aromatic amino acid residues and the transitions of 

Table 3 
Stern-Volmer quenching constants (KSV) and binding constant (logKa) for the 
interaction of AuL1, AuL2 and AuL3 with HSA, HSA⋯warfarin and 
HSA⋯dansylglycine at 298 K in 50 mM KH2PO4 buffer at pH 7.50.

Compound Temp. T (K) 105 KSV (M− 1)a,b log(Ka/M− 1)b,c

HSA–AuL1 298 1.10 (0.004) 4.43 (0.14)
HSA–AuL1-warfrain 298 2.97 (0.05) 5.71 (0.22)
HSA–AuL1-dansylglycine 298 1.10 (0.1) 4.50 (0.11)
HSA–AuL2 298 0.578 (0.003) 4.37 (0.14)
HSA–AuL2-warfrain 298 3.20 (0.1) 6.19 (0.15)
HSA–AuL2-dansylglycine 298 1.26 (0.03) 4.49 (0.10)
HSA–AuL3 298 1.08 (0.004) 4.78 (0.11)
HSA–AuL3-warfarin 298 2.05 (0.09) 5.35 (0.17)
HSA–AuL3-dansylglycine 298 1.00 (0.03) 4.61 (0.13)

a KSV values (Stern-Volmer constants) were determined from fitting the data to 
Eq. (1).

b The estimated standard deviation of the least significant digits are given in 
parentheses.

c Ligand:HSA binding stoichiometry from the fit of the data to Eq. (10).
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the aromatic amino acids. This enables the differentiation between 
strong and weak binders or multi-site interactions. (iii) Site-specific in-
sights: When combined with competitive displacement assays or site- 
selective probes, the workflow we propose (Fig. 2) can help localize 
ligand binding to specific sites on HSA, which is often a limitation of 
non-structural biophysical assays.

Moreover, intrinsic fluorescence quenching and near UV-CD spec-
troscopy, used in our workflow, are also highly reproducible, protein- 
sparing, and provide complementary data on protein conformational 
changes and microenvironment polarity. Their results can corroborate 
the chromatographic data and provide orthogonal validation. Together, 
these methods offer a comprehensive, experimentally grounded 
approach to HSA-ligand interaction analysis, addressing the shortcom-
ings of purely in silico methods and allowing researchers to validate or 
refute computational predictions with confidence.

2.11. Applicability of the method workflow to other proteins and its 
limitations

The methodological workflow, while initially developed to delineate 
the binding site of small molecules to HSA, can be adapted to other 
protein systems. This adaptability is due to several factors: 

(i) The spectroscopic techniques used near-UV CD and intrinsic 
fluorescence quenching rely on aromatic amino acid residues, 
which are present in virtually all proteins.

(ii) The key criterion for observing an induced circular dichroism 
(ICD) signal is the restriction of conformational freedom when an 
achiral small molecule (guest) interacts with a chiral protein 
(host). This interaction induces a specific and mutual orientation 
between host and guest, resulting in measurable rotational 
strengths [94,95]. These interactions represent a classic example 
of supramolecular complexes, in which the protein acts as a non- 
absorbing, transparent host, and the small molecule is perturbed 
by the chiral environment of the protein's binding site [95].

(iii) The in silico portion of the workflow relies on molecular docking 
using the protein's PDB structure, and uses experimental data to 
eliminate improbable poses, making it applicable to any protein 
with a high-resolution structure.

3. Limitations

While the workflow is easy to adapt to most proteins, there are some 
limitations that need to be noted. First, the protein must have been 
crystallized, and a PDB deposition must be available at high resolution 
(at least 2.5 Å or better). This ensures a high level of accuracy during XP 
docking, MD simulations, and ONIOM simulations. A second limitation 
is that the ligand being analysed in the ligand–protein system must be 
capable of producing an ICD signal, in order to allow comparison with 
the ONIOM-calculated spectra in the final step of the workflow.

A third limitation is that not all proteins possess site-specific markers 
this mainly applies to proteins with multiple ligand-binding sites. Serum 
albumin proteins, for example, have known site-specific markers such as 
warfarin [32] and ibuprofen [4], which are used to measure the extrinsic 
fluorescence of the protein. Therefore, even though one can delineate 
the exact binding site of a ligand on a given protein using the techniques 
described in this paper, the data cannot always be corroborated using an 
extrinsic fluorescence quenching mechanism like that presented in 
Fig. 7. It should be noted that there are some general site-specific probes, 
such as 8-Anilinonaphthalene-1-sulfonic acid [100] and SYPRO Orange 
[101], but these are not designed to mark specific sites. Rather, they 
generally bind to hydrophobic regions and positively charged amino 
acid residues of proteins.

4. Conclusion

We present a workflow (Fig. 2) that utilizes both experimental data 
(fluorescence quenching, near-UV CD, and thermodynamic parameters) 
and in silico data to delineate the binding site of a ligand on the pro-
miscuous serum protein HSA. This was investigated using complemen-
tary biophysical spectroscopic techniques to understand how the linking 
alkyl group of the bis(pyrrole-imine) Schiff base ligand, coordinated to 
the Au(III) ion, affects the uptake of the complexes by the protein. All 
three Au(III) chelates quenched the intrinsic Trp-214 fluorescence of 
HSA, via a dynamic quenching mechanism. The three Au(III) chelates 
had Ka values moderate binding affinity (105 M− 1). The reaction stoi-
chiometry for all three Au(III) chelates was 1:1 (Au:HSA). Near-UV CD 
revealed perturbations around Tyr and Trp residues. All three Au(III) 
chelates bound to HSA endothermically, with positive ΔH and ΔS 
values, suggesting hydrophobic interactions as the primary binding 
forces. Using fluorescence quenching, near-UV CD, and thermodynamic 
parameter data, we screened several top docked poses following MD 
simulations. Finally, Glide XP docking simulations, combined with 
ONIOM QM/MM and induced CD site-specificity assays employing 
probe ligands, demonstrated that all three chelates preferentially bind to 
Sudlow's Site I. In summary, we present a distinctive approach that in-
tegrates in silico methods with experimental spectroscopic techniques to 
identify the preferred binding sites of small molecules on HSA.
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[98] A.K. Rappé, C.J. Casewit, K.S. Colwell, W.A. Goddard III, W.M. Skiff, UFF, a full 
periodic table force field for molecular mechanics and molecular dynamics 
simulations, J. Am. Chem. Soc. 114 (1992) 10024–10035.

[100] O.K. Gasymov, B.J. Glasgow, ANS fluorescence: potential to augment the 
identification of the external binding sites of proteins, Biochim. Biophys. Acta 
1774 (2007) 403–411, https://doi.org/10.1016/j.bbapap.2007.01.002.

[101] K. Huynh, C.L. Partch, Analysis of protein stability and ligand interactions by 
thermal shift assay, Curr. Protoc. Protein Sci. 79 (2015) 28.9.1–28.9.14, https:// 
doi.org/10.1002/0471140864.ps2809s79.

S. Sookai and O.Q. Munro                                                                                                                                                                                                                    International Journal of Biological Macromolecules 315 (2025) 144317 

13 

https://doi.org/10.1002/ceur.202300012
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf1000
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf1000
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf1000
https://doi.org/10.1016/j.ica.2014.06.015
https://doi.org/10.1107/S0108270103023230
https://doi.org/10.1002/chem.200600403
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0285
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0285
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0290
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0290
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0295
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0295
https://doi.org/10.1002/med.10039
https://doi.org/10.1039/C3DT00028A
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0310
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0310
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0310
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0315
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0315
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0315
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0315
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0315
https://doi.org/10.1021/jm0306430
https://doi.org/10.1021/jm0306430
https://doi.org/10.1021/cr5004419
https://doi.org/10.1016/j.bbagen.2005.04.009
https://doi.org/10.1021/ja8031289
https://doi.org/10.1021/ja8031289
https://doi.org/10.1039/D3DT04024K
https://doi.org/10.1016/j.molstruc.2014.04.051
https://doi.org/10.1016/j.molstruc.2014.04.051
https://doi.org/10.1021/jp904822n
https://doi.org/10.1016/j.jphotochemrev.2019.100338
https://doi.org/10.1016/j.jphotochemrev.2019.100338
https://doi.org/10.1016/S0014-5793&percnt;2897&percnt;2900389-X
https://doi.org/10.1016/S0014-5793&percnt;2897&percnt;2900389-X
https://doi.org/10.1016/S0006-3495(98)77598-8
https://doi.org/10.1016/S0006-3495(98)77598-8
https://doi.org/10.1016/j.jphotochem.2007.08.028
https://doi.org/10.1021/jf070905x
https://doi.org/10.1021/jf070905x
https://doi.org/10.1016/j.molstruc.2016.12.066
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0395
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0395
https://doi.org/10.1021/bi00514a017
https://doi.org/10.1021/bi00514a017
https://doi.org/10.1039/C4NJ01344A
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0415
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0415
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0415
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0415
https://doi.org/10.1016/j.bbapap.2005.06.005
https://doi.org/10.1021/bm050996b
https://doi.org/10.1021/bm050996b
https://doi.org/10.1529/biophysj.104.051516
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0440
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0440
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0440
https://doi.org/10.1371/journal.pone.0071422
https://doi.org/10.1371/journal.pone.0071422
https://doi.org/10.3390/ijms17020144
https://doi.org/10.1021/acs.jpcb.0c09489
https://doi.org/10.1002/chir.10220
https://doi.org/10.1016/j.jpba.2015.02.024
https://doi.org/10.1002/chir.20459
https://doi.org/10.1039/C4CS00104D
https://doi.org/10.1016/0009-2614(75)85103-7
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0485
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0485
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0485
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0485
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0490
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0490
http://refhub.elsevier.com/S0141-8130(25)04869-X/rf0490
https://doi.org/10.1016/j.bbapap.2007.01.002
https://doi.org/10.1002/0471140864.ps2809s79
https://doi.org/10.1002/0471140864.ps2809s79

	Delineating the binding site of a series of gold(III) Schiff base chelates on HSA via experimentation and in silico methods
	1 Introduction
	2 Results and discussion
	2.1 Metal chelates synthesis and spectroscopic characterization
	2.1.1 NMR spectroscopy

	2.2 Electronic spectroscopy
	2.3 Importance of delineating the binding site of a ligand on HSA
	2.4 Fluorescence quenching measurements
	2.5 Fluorescence quenching mechanism
	2.6 UV-CD spectroscopy
	2.7 Binding thermodynamics
	2.8 Induced-UV-CD spectroscopy and in silico determination
	2.9 Site displacement assay
	2.10 Advantages of using the workflow presented in this manuscript
	2.11 Applicability of the method workflow to other proteins and its limitations

	3 Limitations
	4 Conclusion
	CRediT authorship contribution statement
	Author agreement statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


