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A B S T R A C T   

The utilization of BRAF and MEK inhibitors in combination therapy has demonstrated superior outcomes in the 
treatment of melanoma as compared to monotherapy. In the present scenario, the combination therapy of 
Encorafenib (ENC), a BRAF inhibitor, and Binimetinib (BINI), a MEK inhibitor, has been identified as one of the 
most efficacious treatment modalities for this malignancy. Investigations of protein binding, particularly with 
human serum albumin (HSA), are essential to understand drug performance and enhance therapeutic outcomes. 
The investigation of the interplay between small molecule drugs and HSA is of paramount importance, given that 
such interactions can exert a substantial influence on the pharmacokinetics of these therapeutic agents. The 
present study aims to bridge these lacunae by implementing a comprehensive approach that integrates fluo-
rescence spectroscopy (FS), isothermal titration calorimetry (ITC), far-ultraviolet circular dichroism (far-UV CD), 
and molecular simulations. Through analysis of the fluorescence quenching of HSA at three distinct tempera-
tures, it was ascertained that the association constants for the complexes formed between drugs and HSA were of 
the magnitude of 104 M− 1. This suggests that the interactions between the compounds and albumin were 
moderate and comparable. Simultaneously, the investigation of fluorescence indicated a contrasting binding 
mechanism for the two inhibitors: ENC predominantly binds to HSA through enthalpic interaction, while BINI/ 
HSA is stabilized by entropic contributions. The data obtained was confirmed through experimental procedures 
conducted using the ITC method. The results of ligand-competitive displacement experiments indicate that ENC 
and BINI can bind to HSA within subdomain IIA, specifically Sudlow site I. However, far-UV CD studies show that 
there are no notable alterations in the structure of HSA upon binding with either of the two inhibitors. Ulti-
mately, the results were supported by computational molecular analysis, which identified the key interactions 
that contribute to the stabilization of the two ligand/HSA complexes.   

1. Introduction 

According to data from the SEER database, the National Cancer 
Institute (NCI) and the American Cancer Society (ACS), for the year 
2023 approximately 97,610 newly diagnosed cases of melanoma and 
7990 associated fatalities are predicted within the United States. Mela-
noma of the skin is a relatively prevalent form of cancer when compared 
to other types of cancer. It ranks as the fifth most common cancer, ac-
counting for 5.2% of all newly diagnosed cancer cases in the United 
States (SEER, 2023). In Europe, by 2020 the estimated number of new 
melanoma cases in EU-27 nations by the European Cancer Information 
System (ECIS) was 106,369 (with 16,488 related deaths); however, the 

current predicted incidence of this pathology up to 2040 forecasts an 
increase of 13.7% and 29.4% in new cases and mortality, respectively, 
positioning it as the sixth most prevalent form of cancer based on fre-
quency of occurrence (ECIS, 2023). 

Cutaneous melanoma (CM) is the deadliest of all skin malignancies, 
with a median age at the time of diagnosis of 59 years. The prognosis of 
melanoma is largely determined by the stage at which the disease is 
discovered (Miller et al., 2020). As per the American Joint Committee on 
Cancer (AJCC) TNM system, melanoma is categorized into stages I-IV, 
which delineate the extent of cancer in the organism, based on three 
parameters: the tumour (T) (comprising thickness and ulceration), the 
dissemination to adjacent lymph nodes (N), and the metastasis to remote 
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locations (M)(ACS, 2023). The observed survival rate for individuals 
initially diagnosed with stage I-II disease over a period of 5 years 
(2011–2017) is 99.4%, while the rate drops to 68.0% for stage III and 
29.8% for stage IV. Merely 4% of diagnoses are established in stage IV, 
whereas 83% of diagnoses are detected in stages I-II. As per the SEER 
database, the 5-year overall survival rate for melanoma is 93.3% (Sag-
inala et al., 2021). 

The BRAF gene produces three Raf serine/threonine kinase (STK) 
isoforms (A-Raf, B-Raf, and C-Raf), all of which are involved in the 
mitogen-activated protein kinase (MAPK) signalling cascade regulating 
cell growth, differentiation, and survival (Dhillon et al., 2007). About 2 
decades ago, melanomas were found to harbour several driver mutations 
in various members of the MAPK pathways, variations in BRAF being the 
most common event (approximately 50%). Amongst the most frequently 
observed BRAF mutations, the missense substitution V600E appears in 
74%− 90% of cases, followed by V600K (15%− 25% of V600 mutations), 
V600R, and V600D, although other rarer mutations (i.e., V600A, 
V600M, and V600G) have also been reported (Dankner et al., 2018). 

The therapeutic landscape for the treatment of metastatic melanoma 
has undergone a significant transformation in recent times, consequent 
to the approval of targeted therapy drugs for clinical use by the Amer-
ican Food and Drug Administration (FDA) and European Medicines 
Agency (EMA), and the relevant clinical trials have indeed established 
that the inhibition of BRAF function results in an effective suppression of 
melanoma cell proliferation. This paved the way to the approval in 2013 
of a class on BRAF inhibitors (BRAFi) like Vemurafenib (Zelboraf, 
Roche) and Dabrafenib (Tafinlar, GlaxoSmithKline) (Rheault et al., 
2013). 

It is noteworthy that the administration of BRAF inhibitors elicits 
distinctive adverse reactions, including photosensitivity and the swift 
onset of cutaneous squamous cell carcinoma (cuSCC), which manifests 
in roughly 14–26% of BRAFi-treated patients, typically during the initial 
2–3 months of therapy. The formation of these cutaneous neoplasms is a 
result of a paradoxical activation of the MAPK pathway in keratinocytes, 
which is triggered by the pre-existing RAS mutations upstream of the 
signalling cascade. However, this process can be inhibited by the 
administration of a MEK inhibitor (MEKi) (Larkin et al., 2014). There-
fore, co-administration of BRAF and MEK inhibitors was predicted to 
mitigate this adverse event, and, in fact, this combinatorial therapeutic 
approach not only yielded a statistically significant improvement in 
progression-free survival (PFS) and overall survival (OS) relative to 
BRAFi monotherapy, but also elicited a reduction in cuSCC incidence. 

Today, an important combination of BRAFis and MEKis is repre-
sented by Encorafenib (ENC) (Braftovi) + Binimetinib (BINI) (Mektovi), 
two orally bioavailable drugs developed by Array BioPharma. They both 
obtained their first global approval in the USA in June 2018 for the 
treatment of patients with metastatic or incurable melanoma who carry 
the BRAFV600E or -V600K mutation based on the result of COLUMBUS 
trial. In this trial, 577 patients with advanced melanoma expressing the 
BRAFV600E/V mutation were randomly assigned to one of three treat-
ment groups: ENC + BINI, ENC, or Vemurafenib monotherapy. The 
combination group exhibited superior outcomes, with a median OS of 
33.6 months, compared to 23.5 months and 16.9 months for the other 
groups, respectively. The clinical development of the ENC + BINI 
combination therapy for the treatment of metastatic colorectal cancer is 
also currently ongoing in phase III (Shirley, 2018; Teixido et al., 2021). 

In general, the in vivo activity of a drug is considered to be governed 
by its pharmacokinetic (PK) and pharmacodynamic (PD) properties, 
which can be influenced by factors such as absorption, distribution, 
metabolism, and excretion (ADME). Numerous physiological processes 
exhibit a direct correlation with the ability of a drug to bind to plasma 
proteins (PPs). This, in turn, impacts the drug’s ADME properties and 
ultimately determines the relevant clinical outcomes. Any pharmaco-
logical agent that exhibits binding affinity towards PPs presents both 
benefits and drawbacks with respect to its efficacy and toxicity. From 
this perspective, the molecular and physiological mechanisms 

underlying the binding of an anticancer drug to PPs must be studied as 
thoroughly as possible - both theoretically and empirically - to gather 
important data that can be used to better understand the ADME 
behaviour (Roberts et al., 2013). Interestingly, when administered to 
humans, BINI has a PP of 97.2% (EMA, 2023) and ENC of approximately 
86% (Pfizer, 2023); therefore, the investigation of their PP binding 
behaviour is of paramount importance in the context discussed a few 
lines above. 

The most prevalent protein in plasma, human serum albumin (HSA), 
is one of the proteins that has been the subject of the most intensive 
research. The liver produces HSA, which is exported as a single non- 
glycosylated chain and accumulates in the blood at a level of about 
7.0 × 10− 4 M. HSA is most recognised for its exceptional ligand binding 
ability, which serves as a depot for a range of substances that may be 
present in amounts far above those of their plasma solubility (Rabbani 
and Ahn, 2019). Due to its abundance in the bloodstream, HSA plays a 
significant role in the pharmacokinetics of many medicines, influencing 
both their efficacy and rate of delivery (Fasano et al., 2005). Especially 
for highly plasma-bound compounds such as the BRAFi ENC but also the 
MEKi BINI, the anticancer drug interactions with HSA are critical in 
oncology targeted therapy since the amount of the unbound drug frac-
tion is strictly connected to the actual concentration of the drug at its 
biological target site. Focussing on drug-HSA interactions is important 
because HSA has emerged as a versatile carrier of therapeutic agents 
against diabetes, cancer, and infectious diseases, thereby acting as a 
drug delivery system. However, in some instances, HSA-drug in-
teractions may have potentially harmful effect on patient health (Ghi-
nea, 2021). As a result, obtaining precise information on the HSA 
binding properties of a given drug can play a pivotal role in a better 
understanding of its mode of action and its pharmacodynamics and 
pharmacokinetic characteristics (Wang et al., 2019a; Zhao et al., 2022). 
Drug-HSA binding studies can also be important from a theoretical and 
practical perspective because they help understand the mechanisms 
underlying drug bioavailability and elimination as well as the effects of 
different pathological conditions or medications on drug delivery and 
efficacy (Wang et al., 2019b). The interaction profile with HSA can 
actually be changed by the combination of BRAF/MEK inhibitors, and in 
those cases where the therapeutic windows are limited, this can have 
notable implication for the patient (Russi et al., 2022). 

In this work, we present the results obtained from a combined 
experimental/computational approach aimed at investigating the 
binding properties of the two clinically approved BRAF and MEK in-
hibitors ENC and BINI to HSA. We conducted steady-state fluorescence 
(SSF) quenching experiments and isothermal titration calorimetry (ITC) 
to characterise the binding thermodynamics and kinetics of both anti-
cancer drugs to HSA from an experimental perspective. Although 
competitive site marker displacement experiments and molecular sim-
ulations helped us in defining the binding site and the interaction mode 
of these two inhibitors with HSA, far-ultraviolet circular dichroism (far- 
UV CD), and synchronous fluorescence spectroscopy (SFS) were further 
used to investigate any conformation change that might be induced in 
the protein structure by drug binding. 

2. Materials and methods 

2.1. Reagents and chemicals 

Globulin and fatty acid-free HSA (A1887) was obtained from Signa 
Aldrich Inc. (Saint Louis, MO, USA), while encorafenib, binimetinib, 
indomethacin, ketoprofen, and hemin were obtained from MedChe-
mExpress (Monmouth, NJ, USA). All other reagents and chemicals 
(analytical grade) were also purchased from Sigma Aldrich. 

2.2. Sample preparation and analytical procedures 

A stock solution of HSA was prepared by dissolving a specific amount 
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of protein in phosphate buffer saline (PBS) with the following compo-
sition: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM 
KH2PO4 (25 ◦C; pH = 7.4), and the protein concentration was deter-
mined by UV spectroscopy using the value of 35,700 M − 1cm− 1 for the 
molar extinction coefficient at wavelength λ = 280 nm (Leggio et al., 
2008; Pace et al., 1995). Similarly, stock solutions of ENC, BINI, IND, 
KET, and HEM were prepared in ethanol. All stock solutions were 
maintained in the dark at 4 ◦C. 

2.3. Ultraviolet-Visible spectroscopy 

The ultraviolet-visible (UV–Vis) absorption spectra of HSA, ENC, and 
BINI were recorded on a V-730 UV–Visible Spectrophotometer (Jasco, 
Japan) at room temperature (25 ◦C). 

2.4. Steady-State fluorescence spectroscopy 

All steady-state fluorescence (SSF) measurements were performed 
using a FP-8350 spectrofluorometer (Jasco, Japan) equipped with a 
thermostatic cell holder and a 1 cm quartz cell. The excitation wave-
length (λexc) was set at 280 nm and the fluorescence spectra were 
recorded in the range 300 – 400 nm at three temperatures (25 ◦C, 31 ◦C 
and 37 ◦C) using 5/10 nm slit widths. During all fluorescence quenching 
titrations, the HSA concentration was kept fixed at 2 μM, while the 
concentrations of ENC and BINI were varied according to the following 
pattern: 1, 2, 3, 4, 5, 6, 10, 20, 40 µM. Each drug/protein solution was 
allowed to incubate for 2 h before recording the corresponding fluo-
rescence spectrum. All fluorescence data were corrected for the inner 
filter effect according to the following equation (Lakowicz, 2006): 

Fcorr = Fobs × 10(Aexc+Aem)/2 (1)  

in which Fcorr and Fobs are the corrected and observed fluorescence in-
tensities, respectively, while Aexc and Aem are the absorption of the 
systems at the excitation (280 nm) and the emission (343 nm) wave-
lengths, respectively. Control experiments were carried out to check the 
influence of ethanol and pristine drugs. The solvent did not affect sub-
stantially the fluorescence spectra of HSA at all tested concentrations 
while both ENC and BINI have no significant emission in the range 300 – 
450 nm at the same experimental conditions (data not shown). 

2.5. Isothermal titration calorimetry studies 

Thermodynamics of HSA/drug complex formation was investigated 
using isothermal titration calorimetry (ITC) experiments performed 
with a MicroCal PEAQ-ITC calorimeter (Malvern, UK) at 25 ◦C (cell 
volume = 208 μL). The sample cell was filled with a PBS solution of HSA 
at concentration of 20 μM while the syringe was filled with a 200 μM 
buffered solution of each inhibitor. Before each experiment, solutions 
and buffer were degassed for 30 min at room temperature. The titrations 
were carried out in 19 step-by-step injections of 2 μL volume under 
stirring at 750 rpm. Control experiments were used to measure unspe-
cific heats (data not shown), which were then removed from the cor-
responding data set to provide the corrected integrated results. All 
experiments were run in triplicates. Data acquisition and analysis were 
performed using GraphPad Prism 8.0.0 for Mac (GraphPad Software, 
San Diego, California USA, www.graphpad.com). 

2.6. Synchronous fluorescence spectroscopy 

The synchronous fluorescence (SFS) spectra were recorded with 
scanning ranges Δλ = 60 nm (for tryptophan residues) and 15 nm (for 
tyrosine residues) (Zargar et al., 2022) in the absence of and in the 
presence of ENC or BINI. The excitation and emission slit widths were set 
at 5 nm and 10 nm, respectively while the scan speed was set at 100 
nm/min. In each assay, HSA (2 μM) was titrated with ENC or BINI at 

concentrations ranging from 0 to 40 μM. 

2.7. Far-UV circular dichroism spectroscopy 

Far-UV circular dichroism (far-UV CD) spectra were recorded from 
200 to 260 nm at a scan rate of 20 nm min–1 and at 25 ◦C on a J-1500 
spectropolarimeter (Jasco, Japan) equipped with thermostatic cell 
holder and PML-534 FDCD detector. The path length cell was 0.2 cm, 
while step size and band width were set to 0.5 nm and 1 nm, respec-
tively. The observed spectra were corrected for baseline (pure buffer 
solution), and the final CD curves are presented as the average of 3 ac-
cumulations. All spectra were visualized and analysed with Jasco 
Spectra Manager software. The fractional content of the secondary 
structure elements of the HSA, in the presence and absence of the two 
drugs, was calculated in the CD Multivariate SEE program using the 
standard calibration models. 

2.8. Competitive site marker displacement experiments 

Competitive site marker displacement studies were carried out with 
the three different HSA binding site markers indomethacin (IND), 
ketoprofen (KET) and hemin (HEM) - specific site markers for binding 
sites I, II, and III, respectively (Zhivkova, 2015). In these experiments, 
ENC or BINI (0–40 μM) were gradually added to a co-solution of HSA (2 
μM) and a marker (2 μM), respectively, and the relevant fluorescence 
quenching data were collected following the same methodology 
described in Section 2.4. 

2.9. Molecular simulations 

The preparation of the molecular models was performed following a 
well-validated procedure (Russi et al., 2022). Briefly, the crystal struc-
ture of HSA was downloaded from the RCSB Protein Data Bank (Berman 
et al., 2000) (PDB ID 4k2c (Wang et al., 2013)), while the molecular 
models of ENC and BINI were built and optimised using the Avogadro 
software (Hanwell et al., 2012). The Autodock Vina software (Trott and 
Olson, 2010) was exploited for the docking studies of the HSA/ENC and 
HSA/BINI complexes. The search space for the docking computations 
was restricted to the subdomain IIA (Sudlow binding site I), in agree-
ment with the results obtained from the fluorescence competition 
studies. All parameters were left with their default values, except the 
exhaustiveness parameter, which was increased to 25, and the number 
of solutions, which was set to 15. For the subsequent molecular dy-
namics (MD) experiments, the structure of the ligand/protein complexes 
characterized by the lowest-scoring energy were selected for both drugs. 
The UCSF Chimera software (Pettersen et al., 2004) was used to visu-
alize the docking results, as well as to produce all of the molecular 
images. 

Each intermolecular complex was then solvated by a cubic box of 
TIP3P water molecules (Jorgensen et al., 1983) and energy-minimized 
using a combination of MD techniques. 10 ns MD simulations at 25 ◦C 
were then employed for system equilibration, and further 50 ns MD 
simulations were run for data production. The analysis of the per-residue 
binding free energy deconvolution (PRBFED) of the enthalpic term (ΔH) 
was carried out using the molecular mechanics/generalised Boltzmann 
surface area (MM-PBSA) approach, while the computational analysis on 
the HSA structure in the presence or absence of drugs was performed 
with the cpptraj (Roe and Cheatham, 2013) module implemented in 
Amber 21 (Case et al., 2021). All simulations were carried our using 
Amber 21 running on the Marconi100 GPU/CPU supercomputer 
(CINECA, Bologna, Italy) and on our own CPU/GPU cluster. 
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3. Results and discussion 

3.1. Steady-state fluorescence quenching of HSA 

The SSF quenching of aromatic amino acids (Matyus et al., 2006; 
Sudlow et al., 1975) is a proficient approach for investigating the 
binding affinity and mechanism underlying ligand-protein interactions. 
The utilization of fluorescence quenching presents numerous advan-
tages in comparison to other biophysical and biochemical methodolo-
gies for the examination of protein/ligand interaction (Dos Santos 
Rodrigues et al., 2023; Sridharan et al., 2014). For instance, quantitative 
measurements can be obtained as the fluorescence intensity is directly 
related to the quantity of fluorophores in a sample (Rabbani et al., 2015, 
2014). In addition, fluorescence is subject to multiple factors that can be 
assessed independently or collectively, providing insights beyond the 
mere existence of a specific fluorophore, including its configuration and 
chemical environment. 

Typically, upon HSA excitation at a wavelength (λ) of 280 nm, the 
fluorescence spectrum consists of tryptophan and tyrosine residues. 
Specifically, HSA exhibits a distinct emission peak at λ = 343 nm, and 
this characteristic fluorescence is attributed to the presence of a single 
tryptophan residue at position 214 (W214), located within Sudlow’s site 
I in subdomain IIA of the protein. Upon gradual addition of ENC or BINI 
within the concentration range of 1 μM to 40 μM (in Fig. 1), the fluo-
rescence intensity of HSA showed a gradual decline at 343 nm. However, 
the spectral characteristics and the position of the maximum emission 
peak remained unaltered. These evidences suggest conformational 
changes around the tryptophan residue of HSA as a result of the energy 
transfer between this amino acid and the kinase inhibitors and, conse-
quently, to their binding against the serum protein. 

To further examine the quenching mechanism involved in the 
interaction between ENC or BINI and the HSA, protein SSF quenching 

data obtained at three different temperatures (i.e., 25 ◦C, 31 ◦C, and 
37 ◦C) were analysed through the Stern-Volmer equation: 

F0
/

F = 1 + kqτ0[Q] = 1 + KSV[Q] (2)  

in which F0 and F are the fluorescence peak intensities of the fluorophore 
(W214 of HSA) in the absence and presence of a quencher, respectively, 
kq is the bimolecular quenching rate constant, τ0 is the average lifetime 
of the protein (5.6 ns for HSA (Tayeh et al., 2009)), and [Q] is the 
concentration of the quencher (in this case ENC and BINI, respectively). 
Based on the KSV values at different temperatures, the quenching 
mechanism can distinguish between static and dynamic modes (Rab-
bani et al., 2017). For the static quenching mode, also defined as 
binding-related quenching, KSV values are predicted to decrease with 
increasing temperature, with the significant exception of entropy-driven 
binding (van de Weert and Stella, 2011). Furthermore, the static 
quenching mode is characterised by a rate constant value (kq) above 
2.06 × 1010 M − 1s− 1 (Lakowicz, 2006; Russi et al., 2022). 

The Stern-Volmer plots for the HSA fluorescence quenching by ENC 
and BINI are reported in Fig. 1 (lower panels), while the corresponding 
calculated values of KSV and kq are listed in Table 1. 

The findings presented in Table 1 demonstrate that the values of kq, 
as determined by applying Eq. (2) to both drugs at the three tempera-
tures, fall within the range of 1012 M− 1s− 1. This indicates that the in-
teractions between ENC/HSA and BINI/HSA are governed by a static 
quenching mechanism. It is worth to note that the kq values, and 
consequently the KSV values, exhibit an inverse correlation with tem-
perature in the ENC/HSA complex. However, in the BINI/HSA complex, 
the opposite trend is observed, with kq and KSV increasing as the tem-
perature increases (see Fig. 1 and Table 1). This observation gives rise to 
the hypothesis that although a quenching mechanism induced by the 
ligand remains operative, entropy might play a substantial role in the 

Fig. 1. (Top panel) Steady-state fluorescence quenching of HSA (2 μM) in the presence of increasing concentrations (0–40 μM) of ENC (left) and BINI (right) (PBS 
buffer, pH = 7.4, T = 25 ◦C, and λexc = 280 nm). (Bottom panel) Stern-Volmer plots for HSA fluorescence quenching induced by ENC (left) and BINI (right) at three 
different temperatures (25 ◦C, 31 ◦C, and 37 ◦C). 
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formation and stabilisation of the BINI/HSA complex. 

3.2. Binding parameters and thermodynamic parameters analysis 

The assumption that HSA features n independent ligand binding sites 
can be confirmed by the detection of static quenching. Accordingly, the 
values of binding constant (Ka) and the corresponding values of n can be 
calculated using the double-logarithmic version of the Stern-Volmer 
equation (Bi et al., 2004): 

log(F0 − F)/F = n logKa − n log[1 / ([LT] − (F0 − F)[PT]/F0)] (3)  

where F0 and F are the same quantities of Eq. (2), n denotes the number 
of protein binding site, Ka is the binding constant, while [LT] and [PT] 
are the total ligand and the total protein concentration, respectively. 

The determination of Ka and n values for both drug/HSA complexes 
can be obtained by analysing the linear correlation between the two 
logarithmic terms in Eq. (3), as depicted in Fig. 2 (upper panel). The 
results of the calculations for the binding affinity and the number of 

binding sites are presented in Table 2. The values of n for both inhibitors 
at all three temperatures were close to 1, suggesting the presence of only 
one preferential binding site for ENC and BINI within the HSA structure. 

Furthermore, within the temperature range examined, both ENC and 
BINI demonstrated similar serum protein capacities, as indicated by the 
comparable Ka values on the order of 104 M− 1 (Table 2). This suggests a 
modest level of affinity between HSA and the inhibitors, which could be 
advantageous for the transport and release of the drugs by this plasma 
protein. Furthermore, opposite trends are observed in the temperature- 
dependant conduct of the Ka values in the two scenarios; specifically, the 
interactions between ENC and HSA, indeed, showed a usual, inverse 
correlation between Ka and temperature. Conversely, the complex of 
BINI/HSA exhibited a less common direct correlation between Ka values 
and temperature. Thus, these results further support the hypothesis that 
the association between the MEK inhibitor and HSA is primarily driven 

Table 1 
Stern-Volmer constants (KSV) and bimolecular quenching rate constants (kq) for 
HSA tryptophan fluorescence quenching by ENC and BINI at different 
temperatures.  

ENC BINI 

T ( 
◦C) 

KSV (104 

M− 1) 
kq (1012 

M− 1s− 1)a 
T ( 
◦C) 

KSV (104 

M− 1) 
kq (1012 

M− 1s− 1)a 

25 2.30 ±
0.07 

3.89 25 1.38 ±
0.06 

2.33 

31 1.57 ±
0.04 

2.66 31 1.96 ±
0.06 

3.33 

37 1.23 ±
0.08 

2.08 37 2.47 ±
0.09 

4.19  

a As mentioned in the text, here the value of τ0 = 5.6 ns for HSA was adopted 
for the calculation of kq, in agreement with our previous works (Russi et al., 
2022). 

Fig. 2. (Upper panel) Plots of log (F0-F) vs. log [1/([LT)]-(F0-F)[PT])/(F0)]) for HSA fluorescence quenching by ENC (left) and BINI (right) at three different tem-
peratures (25 ◦C, 31 ◦C, and 37 ◦C). (Bottom panel) The van’t Hoff plots (lnKa vs 1/T, see Eq. (6)) for ENC/HSA (left) and BINI/HSA (right) binding interactions. 

Table 2 
Binding parameters of HSA with ENC and BINI derived from fluorescence 
quenching data using Eq. (3) and from the vant’ Hoff plots (Fig. 2, lower panels). 
The values of ΔG are derived from the ΔH and ΔS values obtained from the 
corresponding van’t Hoff plots (Eq. (4)) using Eq. (5).  

Ligand T 
( 
◦C) 

Ka 

(104 M− 1) 
n 
(-) 

ΔH (kcal/ 
mol) 

ΔS 
(cal/mol 
K) 

ΔG (kcal/ 
mol) 

ENC 25 2.31 ±
0.07 

1.08   − 5.93  

31 1.85 ±
0.05 

1.03 − 4.09 +6.19 − 5.97  

37 1.77 ±
0.06 

1.05   − 6.01 

BINI 25 2.06 ±
0.04 

1.09   − 5.87  

31 2.15 ±
0.03 

1.07 +2.01 +26.5 − 6.03  

37 2.35 ±
0.05 

1.04   − 6.19  
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by the entropy contribution. 
Thermodynamic data can be used to estimate and describe the 

intermolecular interactions that contribute to the stability of ligand- 
protein complexes. Hydrophobic interactions, van der Waals forces, 
electrostatic interactions, and hydrogen bonds are the predominant 
intermolecular forces that have been identified as stabilising a typical 
ligand-protein association process (Ross and Subramanian, 1981). 
Consequently, to get into more detail about the complete thermody-
namic nature of the binding interactions of the ENC/HSA and BINI/HSA 
complexes, the variation of the binding enthalpy (ΔH), entropy (ΔS) and 
free energy (ΔG) were obtained from the van’t Hoff equation (Table 2) 
by exploiting the linear relationship between lnKa and 1/T as follows: 

lnKa = − ΔH/RT + ΔS/R (4)  

where R is the universal gas constant (1.987 cal/mol K). Accordingly, by 
plotting lnKa vs. 1/T, the values of ΔH and ΔS can be directly obtained 
from the slope and the intercept of the relevant linear fits (Fig. 2, lower 
panels). 

Finally, the Gibbs free energy change (ΔG) of the binding process 
was calculated for each drug/protein complex by replacing the corre-
sponding ΔH and ΔS values in the following equation: 

ΔG = ΔH − TΔS (5) 

The negative values of ΔG listed in Table 2 indicate that the binding 
process between ENC and BINI against HSA is spontaneous and ther-
modynamically favourable at all temperatures. In the case of the BINI/ 
HSA complex, the positive ΔH value (+2.01 kcal/mol) clearly denotes 
that the binding event is endothermic, which is further corroborated by 
the rise in the Ka value as the temperature increases (Table 2). The large 
positive ΔS value (+26.5 cal/(mol K) suggests that hydrophobic in-
teractions play a significant role in stabilizing this complex (Ross and 
Subramanian, 1981). Consequently, as endothermic apolar interactions 
are strengthened with increasing temperature, it is plausible to consider 
the involvement of strong hydrophobic interactions between BINI and 
HSA. In contrast, the binding mechanism in the complex between the 
BRAFi ENC and the serum protein is driven by a favourable enthalpic 
contribution (ΔH = − 4.09 kcal/mol, Table 2). At the same time, 

however, the positive entropy change (ΔS = +6.19 cal/(mol K)) value 
suggests that the binding of ENC to HSA is stabilized by a balanced 
combination of hydrogen bonding/polar interactions and hydrophobic 
forces. 

3.3. ITC binding analysis 

During recent decades, ITC has become widely recognized as the 
preferred method for analysing intermolecular and/or intramolecular 
interactions. ITC is a biophysical method that is known for its high 
sensitivity and is widely regarded as one of the most precise techniques 
for obtaining a comprehensive thermodynamic characterization of 
binding events in solution. This method enables the direct measurement 
of the enthalpy change occurring in a reactive system as a function of the 
injected reactant quantity (Saboury, 2006; Santos et al., 2023; Su and 
Xu, 2018). Basically, ITC can simultaneously provide the three principal 
thermodynamic parameters (ΔH, ΔS and ΔG), along with the binding 
affinity constant Ka and the reaction stoichiometry (number of binding 
sites) n for every association/dissociation event. 

Accordingly, ITC experiments were initially performed to determine 
the binding thermodynamics of BINI and ENC to HSA at 25 ◦C, and the 
results are shown in Fig. 3 and Table 3. 

The data obtained from ITC support the spontaneous formation of 
both drug-protein complexes with a 1:1 stoichiometry, as shown in 
Fig. 3 and Table 3. Specifically, for the ENC/HSA complex, the 

Fig. 3. ITC raw data (upper panels) and plots of the integrated ITC data (bottom panels) for the interaction between ENC (A) and BINI (B) with HSA at 25 ◦C ([HSA] 
= 20 μM, PBS buffer, pH =7.4). The solid red line corresponds to the data fitting with the one-site (1:1 binding stoichiometry) isothermal binding model. 

Table 3 
Thermodynamic parameters (ΔH, TΔS, ΔG, n, Ka) involved in the formation of 
drug/HSA complexes as obtained from ITC experiments at 25 ◦C. All ITC ex-
periments were in run in triplicate. Errors on ΔH are within 10%.  

Ligand Ka 

(104 M 
− 1) 

n 
(-) 

ΔH 
(kcal/ 
mol) 

ΤΔS 
(kcal/ 
mol) 

ΔS 
(cal/ 
mol) 

ΔG (kcal/ 
mol) 

ENC 2.14 ±
0.18 

1.09 ±
0.11 

− 4.24 ±
0.08 

+1.67 +5.60 − 5.91 

BINI 1.48 ±
0.21 

1.13 ±
0.15 

2.53 ±
0.16 

+8.22 +27.6 − 5.69  
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integrated heat curve yielded the following values: Ka = 2.14 × 104 M− 1, 
ΔG = − 5.91 kcal/mol, and n = 1.09, while for the BINI/HSA ensemble 
the corresponding values were Ka = 1.48 × 104 M− 1, ΔG = − 5.69 kcal/ 
mol, and n = 1.13 (Table 3). These values are not only excellently in 
agreement with those estimated from the corresponding SSF quenching 
data (Table 2) but, furthermore, they validate the distinct roles played 
by the interaction forces in facilitating the association between the two 
inhibitors and HSA, as deduced from SSF quenching data analysis. 

In the case of ENC/HSA binding, Table 3 shows that the enthalpy 
variation upon binding is negative (− 4.24 kcal/mol) and greater than 
the corresponding, positive entropic TΔS term (+1.67 kcal/mol). This 
indicates that the association process between ENC and HSA is driven by 
enthalpy, promoted by hydrogen bonding/polar interactions, and 
further stabilised by a weak network of hydrophobic interactions. On the 
contrary, in the case of the alternative BINI/HSA complex, both ΔH and 
TΔS are positive, suggesting that the binding between the protein and 
the MEKi is primarily governed by hydrophobic interactions. In addi-
tion, the entropy change involved in the formation of this complex 
(+8.22 kcal/mol, Table 3) is significantly greater than the correspond-
ing ΔH contribution, ultimately resulting in a thermodynamically 
spontaneous binding event (i.e., ΔG < 0). 

3.4. Synchronous fluorescence spectra of HSA in presence of ENC and 
BINI 

Synchronous fluorescence spectroscopy offers numerous advantages 
over conventional FS, including simple spectra, high sensitivity/selec-
tivity, spectral bandwidth reduction, and low interference. Acquiring 
SFS spectra is accomplished by simultaneously scanning the excitation 
and emission monochromators of a spectrofluorometer, while keeping 
the wavelength difference (Δλ) between them constant. In particular, 
SFS can provide information on the molecular microenvironment sur-
rounding a chromophore and measuring the possible shift in synchro-
nous maximum wavelength (λmax) is now a standard method to 

investigate the environment of amino acid residues. At small values (i.e., 
Δλ = 15 nm), the SFS spectra of a mixture of tyrosine (Y) and tryptophan 
(W) are characteristic of Y, while at large values (i.e., Δλ = 60 nm), the 
spectra resemble those of W (Byadagi et al., 2017). 

Fig. 4 presents the SFS spectra of ENC and BINI when interacting 
with HSA at wavelength shifts Δλ of 15 nm and 60 nm, respectively. At 
first sight, the fluorescence intensity of the four spectra exhibited a 
consistent decrease upon the addition of compounds, thereby corrobo-
rating the results obtained from the SSF quenching assay. 

Nevertheless, certain dissimilarities in the interplay between the two 
inhibitors and the serum protein can be emphasized. In fact, the spectra 
of the ENC/HSA complex exhibited a red shift in the λmax value at both 
Δλ values, as shown in the left panels of Fig. 4. This observation suggests 
that ENC has the capability to enhance the polarity around both Y and 
W. In contrast, in the BINI/HSA system a slight red shift in λmax is 
observed only at  Δλ =60 nm (Fig. 4, right panels), indicating that the 
MEKi inhibitor only affects the microenvironment surrounding the W 
residue within the HSA structure. 

3.5. Structural analysis of the ENC/HSA and BINI/HSA complexes 

3.5.1. Circular dichroism spectroscopy 
Circular dichroism is a highly sensitive methodology utilised to 

monitor changes in the conformation of a protein (Greenfield, 2006). 
The CD spectrum of pure HSA displays two negative bands (λ = 208 nm 
and 222, nm, respectively), that are indicative of the α-helical structures 
of the protein. The former band results from the exciton splitting of 
electronic transitions from the peptide amide nonbonding orbital πnb to 
the antibonding orbital π*, while the latter band is due to the electronic 
transition from an oxygen lone pair orbital n to the π* orbital. To 
investigate the potential impact of ENC and BINI binding on the sec-
ondary structure of this important serum protein, far-UV CD spectros-
copy measurements were performed on the pristine HSA as well as its 
presence in the presence of each inhibitor at 25 ◦C and at three different 

Fig. 4. The synchronous fluorescence spectra of HSA (2 μM) at Δλ = 15 (upper panels) and 60 nm (bottom panels) in the presence of ENC (left) or BINI (right) 
at 25 ◦C. 
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drug/protein molar ratios (0.5, 1, and 2), as shown in Fig. 5. 
Intriguingly, for the ENC/HSA and BINI/HSA systems the CD spectra 

did not exhibit any noteworthy alterations in comparison to HSA alone, 
except for the complex with the BRAFi at its maximum concentration (as 
shown in Fig. 5). However, the intensities of the corresponding CD bands 
exhibited only a minor decrease in signal, and there was no observable 
displacement of the band minima following the addition of ENC. This 
indicates that, even in this scenario, the secondary structure of the 
protein is only slightly affected. To corroborate these evidences, we 
compared the estimated content of α-helical motifs (% α-helix) of free 
and drug-bound HSA using the two established equations: 

MRE208 = observed CD (mdeg)
/

10Cpnl (6)  

% α − helix =
(
, − M,RE,208, − 4, 000,

/
33, 000, − 40, 00

)
× 100 (7)  

in which MRE is the value of the mean residue ellipticity at λ = 208 nm 
(expressed in deg cm2 dmol− 1), Cp is the molar concentration of HSA (2 
μM), n denotes the number of amino acids in the protein primary 
sequence (585 for HSA), l is the path length of the CD cell (0.1 cm), while 
33,000 and 4000 (in deg cm2 dmol− 1) correspond to the MRE208 values 
of pure α-helical and β-sheet/random coil structures, respectively. 

The values shown in Table 4 agree with literature reports (Jiao et al., 
2019; Juarez et al., 2009; Tang et al., 2018) and confirm that the 
α-helical composition of HSA remained substantially unchanged upon 
binding of either drug at every concentration tested, the only exception 
being observed for the BRAFi at the highest drug/protein molar ratio, for 
which a slight decrease of the HSA a-helical content (56.1%) was 
estimated. 

3.5.2. Drug displacement experiments 
Site-selective probes were utilised to conduct displacement experi-

ments aimed at identifying the specific binding site for ENC and BINI in 
the structure of human serum albumin. The HSA subdomains IIA and 
IIIA comprise Sudlow’s site I and II, respectively, which have been 
categorised as possessing high affinity for a diverse range of pharma-
ceutical compounds (De Simone et al., 2021; Fasano et al., 2005; 
Sudlow et al., 1975). Furthermore, there have been reports indicating 
that the HSA IB subdomain encompasses an additional binding cavity, 
which is referred to as the drug binding site III (Zsila, 2013). In this 
study, we purposely selected three active molecules - specifically indo-
methacin (IND), ketoprofen (KET), and hemin (HEM), that are known to 
be specific site markers for the protein binding sites I, II, and III, 
respectively – and recorded the fluorescence emission spectra obtained 
during the titration of premixed solutions of HSA and each site marker 
with progressively increasing concentrations of ENC or BINI. Utilizing 
Eq. (3), we performed data fitting to assess the impact of individual site 
markers on the binding of the BRAFi and MEKi to HSA through the 
determination of the relevant binding constants Ka, as shown in Table 5. 

As evidenced by Table 5, the Ka values of ENC and BINI in the 

presence of IND against albumin are significantly reduced compared to 
those obtained with the free protein. However, their affinity remains 
largely unchanged in the presence of the alternative site markers KET 
and HEM. To corroborate these findings, investigations were carried out 
to examine the competitive interplay between ENC and BINI with 
respect to their binding to HSA. As evidenced by the data presented in 
Table 5, a notable disparity in binding capacity is apparent between the 
isolated inhibitor/HSA system and the system in the presence of a 
constant concentration of the alternative drug. As a result, the two 
antitumor drugs exhibit similar ability to contend for occupancy at the 
same binding site within the HSA structure, where they mutually hinder 
each other. Collectively, the results obtained suggest that there is a 
displacement interaction between ENC and BINI during their binding 
process with HSA, and that the Sudlow’s binding site I, situated in the 
subdomain IIA, is the probable binding cavity for ENC and BINI on HSA. 

3.5.3. Molecular simulations studies of HSA binding with ENC and BINI 
To obtain detailed molecular information on the interactions be-

tween ENC and BINI with HSA, we exploited the results obtained from 
displacement experiments (see Section 3.5.2) to perform molecular dy-
namics (MD) simulations of the BRAFi and the MEKi within the IIA 
protein subdomain (Fig. 6). Molecular docking was employed to position 

Fig. 5. Far-UV CD spectra of HSA alone (black line) and in the presence of ENC (left) and BINI (right) in a molar ratio of 0.5 (yellow line), 1 (green line) and 2 (blue 
line). The CD experiment were carried out in PBS buffer solution, at 25 ◦C and at [HSA] = 2 μM. 

Table 4 
α-helical content (% α-helix, ± standard errors) of HSA in the absence and in 
presence of ENC and BINI calculated from CD experiments at 25 ◦C using Eqs. (6) 
and (7).  

Ligand Ligand/HSA 
Molar Ratio 

α-helix 
(%) 

– – 58.0 ± 0.3 
ENC 0.5 58.3 ± 0.2  

1 58.0 ± 0.1  
2 56.1 ± 0.4 

BINI 0.5 58.4 ± 0.1  
1 57.8 ± 0.1  
2 57.7 ± 0.2  

Table 5 
Binding constants for ENC and BINI to HSA derived from fluorescence quenching 
data obtained at 25 ◦C in the absence and presence of IND, KET, HEM using Eq. 
(3).   

ENC BINI 

Site Marker Ka (104 M − 1) Ka (104 M − 1) 
none 2.31 ± 0.07 2.06 ± 0.04 
IND 1.86 ± 0.04 1.57 ± 0.07 
KET 2.03 ± 0.03 2.37 ± 0.11 
HEM 2.01 ± 0.09 2.35 ± 0.12 
Competitor Ka (104 M − 1) Ka (104 M − 1) 
ENC – 1.26 ± 0.10 
BINI 1.35 ± 0.09 –  
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ENC and BINI within the experimentally identified binding pocket. The 
most favourable conformation determined by the docking algorithm was 
used for subsequent MD simulations. This computational approach was 
utilized to qualitatively describe the binding mechanism of the HSA/ 
ENC and HSA/BINI complexes and to assess any potential effects of the 
drugs on the protein structure. 

Starting the analysis with BRAF inhibitor, the ENC/HSA complex is 
characterized by the presence of a permanent hydrogen bond between 
the sp3 carbamate oxygen atom and the hydroxylic group of the side 
chain of Y150 of HSA (Fig. 6, upper left). Additionally, positive and 
stabilizing polar interactions are highlighted between the hydrophilic 
side chains of K195 and S287 with the pyrazol portion of the drug and 
the carbamate moiety, respectively. A further stabilization of the ENC/ 
HSA binding is provided by the presence of stable π-cation interactions 
between the chloro‑ and fluoro-substituted aromatic ring of the drug and 
the positively charged side chains of R218 and R222. Finally, during the 
entire timeframe of the MD simulation, a network of hydrophobic and 
van der Waals interactions are detected between the apolar functional 
groups of ENC and the lipophilic side chains of the albumin residues 
L198, F211, W214, A215, L238, and V455. Accordingly, the binding 
thermodynamics described by fluorescence spectroscopy and ITC ex-
periments (see Sections 3.2 and 3.3) are confirmed, where a predomi-
nantly enthalpic character for the interactions between ENC and HSA 
emerges. Moreover, the direct interactions highlighted with Y150 and 
W214 corroborate the results obtained with the SFS technique (see 
Section 3.4). 

Moving to the complex between HSA and the MEK inhibitor, it can be 

observed from the upper right panel in Fig. 6 that, although the two 
drugs share the same binding pocket, the network of stabilizing in-
teractions is quite dissimilar. During the corresponding MD simulation, 
in fact, the 4‑bromo-2-fluorobenzene ring of BINI is nestled in a hy-
drophobic pocket delimited by the side chains of HSA residues L238, 
L260, I264 and I290, while the benzimidazole portion is strongly sta-
bilized by hydrophobic contacts with the side chains of F211, W214, and 
L219. Only other weak polar interactions are detected in the binding 
cavity between the hydroxy ethoxy moiety of BINI with R257 and S287 
and the imidazolic nitrogen atoms with the charged side chain of R218. 
In agreement with the experimental binding thermodynamics data 
derived from fluorescence spectroscopy and calorimetric analysis (see 
Sections 3.2 and 3.3), the interactions described above mainly charac-
terize the binding between BINI and HSA, supporting a binding mode 
primarily driven by the entropic contribution. 

MD simulations were also performed to study any structural changes 
in HSA caused by binding with the two drugs. In particular, structural 
analysis was used to calculate important parameters of the protein such 
as the radius of gyration (Rg) and the percentage of secondary structure 
(Fig. 6, bottom panels). Rg provides an indication of the compactness of 
the structure and allows to highlight dimensional changes caused by the 
presence of an external molecule on a macromolecule structure (Baig 
et al., 2019). On the other hand, the percentage of secondary structure 
allows for a direct comparison with the results obtained from spectro-
scopic techniques (see Section 3.5). In summary, the average value of Rg 
during the MD simulations of the isolated serum protein was 26.54 ±
0.06 Å, in accordance with values obtained from previous studies (Baig 

Fig. 6. (Upper panels) Binding of ENC (left) and BINI (right) in the Sudlow’s site I (subdomain IIA) of HSA. The two compounds are depicted as atom-coloured sticks 
(C, grey; O, red; N, blue; S, yellow; F, light green; Cl, forest green), while the protein is shown in transparent ribbons. HSA residues mainly involved in drug binding 
are highlighted and labelled. Hydrogen bonds are indicated by broken black lines and labelled. Hydrogen atoms, water molecules, ions, and counterions are not 
shown for clarity. (Lower panels) Plot of the radius of gyration (left) as a function of the simulation time for free HSA (black) and in complex with ENC (red) and BINI 
(blue), respectively. Plot of the HSA secondary structure estimation (right) averaged during the 50 ns of MD simulation for free HSA (black) and in complex with ENC 
(red) and BINI (blue), respectively. 
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et al., 2019; Gurung et al., 2022; Mohseni-Shahri et al., 2016). For the 
ENC/HSA and BINI/HSA complexes, the Rg values were 26.67 ± 0.08 Å 
and 26.75 ± 0.07 Å, respectively (Fig. 6, bottom left panel). This result 
confirmed that the compactness and the folding state of HSA remain 
practically unchanged upon binding with the inhibitors, as indicated by 
circular dichroism experiments. Further confirmation of the CD exper-
iments emerged from the estimation percentages of secondary structure 
calculated for both molecular systems and compared to the values of the 
pristine protein (Fig. 6, bottom right panel). The secondary structure of 
HSA, indeed, was essentially not influenced by the inclusion of ENC or 
BINI into their corresponding binding pockets. 

4. Conclusions 

In this study, we exploited a comprehensive strategy that integrated 
both experimental methodologies and molecular simulation techniques 
to examine how the binding process occurs between human serum al-
bumin and two anticancer drugs, namely encorafenib and binimetinib, 
which represent one of the most effective combination treatments for 
melanoma. In aggregate, CD spectroscopy allowed for the character-
ization of the secondary structure in the presence and absence of the 
drugs. The structure observed in the absence of the ligands is consistent 
with literature data while the interaction with ENC or BINI did not result 
in any significant structural modifications on HSA. The results from 
fluorescence studies and calorimetric analysis indicate that both ENC 
and BINI bind to Sudlow’s site I, subdomain IIA of the protein with 
moderate, similar affinities, but through different mechanisms. Specif-
ically, the ENC/HSA association is primarily driven by enthalpy, pro-
moted by the formation of intermolecular hydrogen bonds and 
additional π- and nonpolar interactions that enhance the stability of the 
corresponding complex. On the other hand, the binding of BINI to HSA is 
predominantly influenced by entropy contribution, driven by a robust 
network of hydrophobic interactions. In conclusion, the present research 
offers valuable perspectives on the underlying binding mechanism of 
ENC and BINI towards the human serum albumin and improves un-
derstanding of their transport and delivery in the blood and, in turn, of 
their pharmacokinetics profile. The results of this work could be also 
valuable for the improvement of therapeutic potential of the ENC/BINI 
combination treatment in melanoma by supporting the design and 
optimization of its dosage necessary to achieve the appropriate anti-
cancer effect. 
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