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Abstract: Human serum albumin (HSA) is the most abundant plasma protein in circulation. The
three most important drug-binding sites on HSA are Sudlow’s Site I (subdomain ITA), Sudlow’s
Site II (subdomain IITA), and Heme site (subdomain IB). Heme site and Site I are allosterically
coupled; therefore, their ligands may be able to allosterically modulate the binding affinity of each
other. In this study, the effects of four Heme site ligands (bilirubin, biliverdin, hemin, and methyl
orange) on the interaction of the Site I ligand warfarin with HSA were tested, employing fluorescence
spectroscopic, ultrafiltration, and ultracentrifugation studies. Our major results/conclusions are
the following. (1) Quenching studies indicated no relevant interaction, while the other fluorescent
model used suggested that each Heme site ligand strongly decreases the albumin binding of warfarin.
(2) Ultrafiltration and ultracentrifugation studies demonstrated the complex modulation of warfarin—
HSA interaction by the different Heme site markers; for example, bilirubin strongly decreased while
methyl orange considerably increased the bound fraction of warfarin. (3) Fluorescence spectroscopic
studies showed misleading results in these diligand—-albumin interactions. (4) Different Heme site
ligands can increase or decrease the albumin binding of warfarin and the outcome can even be
concentration dependent (e.g., biliverdin and hemin).
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1. Introduction

Human serum albumin (HSA) is the most abundant plasma protein (35-50 mg/mL)
in circulation [1,2]. HSA is a multifunctional protein, which maintains the oncotic pressure
of the blood. It has buffer and antioxidant functions and it binds and transports numerous
endogenous and exogenous compounds [1-3]. HSA is a single polypeptide chain protein
(585 amino acids; 66.5 kDa) and its structure is stabilized by 17 disulfide bridges. HSA is
built up from three homologous domains (I, II, and III) and each domain consists of two
subdomains (A and B) [1,4]. The hydrophobic cavities of the subdomains IIA and IIIA are
the two main and most well-known drug-binding sites of HSA, called Sudlow’s Site I and
Sudlow’s Site 1II, respectively. Numerous drugs, nutrients, and toxins occupy these primary
binding sites [2]. In addition, an apolar pocket in subdomain IB, namely the Heme site,
has also been reported as an important third drug-binding site on HSA [2,5]. Furthermore,
HSA binds and carries fatty acids (FAs) with high-, medium-, and low-affinity FA binding
sites, some of these overlapping with the major drug-binding sites listed above [2,6].
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Bilirubin (BIL)

Site I (FA7) is an apolar pocket in subdomain IIA containing some polar residues. The
binding of fatty acids can alter both volume and polarity of this drug-binding site [7,8].
Heterocyclic compounds and organic acids are common ligands of Site I, where the most
preferred position of their main planar part is between the sidechains of Leu238 and Ala291,
although the relatively large size of the binding pocket offers several other positions [9].
Warfarin (WAR; Figure 1) is a typical ligand of Site I and its two enantiomers bind to
the same position in deprotonated state [8]. The WAR-HSA complex is stabilized by
hydrophobic interaction with the Trp214 and hydrogen bond with the His242 [8]. Previous
spectroscopic, affinity chromatography and ultracentrifugation experiments demonstrated
that the binding constant (K) of WAR-HSA complex is approximately 2 x 10° L/mol
(logK ~ 5.3) [10-13].
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Figure 1. Chemical structures of bilirubin (BIL), biliverdin (BVD), hemin (HEM), methyl orange
(MO), and warfarin (WAR).

Heme site (or Heme pocket; FA1) is located in subdomain IB. Heme and certain FAs
can rearrange the local conformation of subdomain IB with the reorientation of Tyr138
and Tyr161 amino acids, which generates the cavity for these endogenous ligands [9].
Bilirubin (BIL; Figure 1) has similar chemical structure and binding site on HSA to heme;
however, it does not induce the above-described changes in the structure of fatty-acid-
free HSA [9]. Biliverdin (BVD; Figure 1) and hemin (HEM; Figure 1) occupy the same
area of subdomain IB as heme [5,14] and the binding site of the pH indicator methyl
orange (MO; Figure 1) has also been identified in subdomain IB [15]. In previous stud-
ies, controversial data have been reported in regard to the affinity of certain Heme site
ligands toward albumin. The binding constant of the BIL-HSA complex was suggested
from 10° to 108 L/mol (logK = 6 to 8) [16-22]. Most of the previously reported studies
agree that the binding constant of the BVD-HSA complex is approximately 10° L/mol
(logK = 6) [20,23,24]. However, when the interaction of HEM with human or bovine serum
albumins was examined, the binding constants determined were in the 10° to 108 L/mol
range (logK =5 to 8) [5,25-27]. Another study suggests 2.3 x 10° L/mol (logK = 5.4) as the
binding constant of the MO-HSA complex [15].
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The conformational adaptability and flexibility of HSA with its multidomain structure
and multiple binding sites result in HSA being an allosteric protein [2]. In the presence
of two different ligand molecules, the interaction of the ligands with the protein can be
cooperative (both compounds are able to interact with HSA at the same time) or compet-
itive (the binding sites of the ligands are the same or overlap and they cannot be bound
simultaneously). The competitive interaction is relatively simple: The ligands compete
for the same binding site; consequently, their concentrations and affinities will determine
the outcome. However, the cooperative binding of ligands can lead to allosteric interac-
tions, where the simultaneous binding of the other ligand influences the affinity of the
first ligand toward HSA. The formation of a ligand—albumin complex may induce some
conformational changes in other binding site(s), leading to the development of positive or
negative allosteric modulation. As previous studies demonstrated, Site I and Heme site
are allosterically coupled [2]. Therefore, Heme site ligands may affect the interactions of
Site I ligands with HSA and vice versa [28]. Earlier studies suggest that heme can strongly
decrease the binding affinity of certain Site I ligands toward HSA, including anti-HIV drugs
(e.g., abacavir, efavirenz, and zidovudine), furosemide, indomethacin, and phenylbuta-
zone [29,30]. However, in another report, the presence of heme only slightly reduced the
binding constant of the WAR-HSA complex [31]. Since the available data in regard to the
effects of Heme site ligands on the albumin binding of Site I ligand drugs are very limited,
further extensive studies are required.

Several experimental methodologies are applied for the investigation and charac-
terization of ligand-albumin interactions, including equilibrium dialysis, ultrafiltration,
ultracentrifugation, circular dichroism, affinity chromatography, surface plasmon reso-
nance, capillary electrophoresis, isothermal titration calorimetry, differential scanning
calorimetry, and X-ray crystallography [32]. Nevertheless, UV-Vis and fluorescence spec-
troscopy are the most commonly used techniques. The fluorescence signal of HSA is mainly
exerted by its single tryptophan residue (Trp214; located in Site I, subdomain IIA) with
lower involvement of tyrosine and phenylalanine amino acids [33]. The fluorescence of
Trp214 is highly sensitive to microenvironmental changes; therefore, the formation of stable
ligand—albumin complexes typically affects the emission signal of albumin [34]. This is
the theoretical basis of fluorescence quenching studies, which are very frequently em-
ployed to characterize ligand-albumin interactions. Furthermore, the complex formation
with HSA can affect the UV-Vis or fluorescence signal of a ligand molecule; therefore,
the albumin-induced changes in the absorbance or in the fluorescence emission signal
of a ligand can also be applied for the investigation of these interactions [12,35]. UV-Vis
and fluorescence spectroscopy are relatively cheap and powerful techniques in regard to
the investigation of ligand-albumin interactions; nevertheless, the cooperative binding of
two ligands (diligand—-albumin systems) can cause unexpected spectral changes. These
limitations need to be carefully considered during the evaluation of spectroscopic data.

Sudlow’s Site I (also called “acidic drug binding site”) interacts with several hun-
dreds of drugs (and other xenobiotics), including non-steroidal anti-inflammatory drugs
(e.g., phenylbutazone), oral anticoagulants (e.g., WAR), oral antidiabetics (e.g., glimepiride),
diuretics (e.g., furosemide), etc. [36]. Changes in the albumin binding of these drugs
can strongly affect their pharmacokinetic properties; therefore, the displacement or the
increased binding affinity of Site I ligand drugs may have significant pharmacological
importance. One typical example is WAR, which has a narrow therapeutic window that is
accompanied by its high plasma protein binding (=99%) [12]. Furthermore, the interactions
of Heme site ligands with WAR have been barely characterized yet. Using the most com-
monly applied spectroscopic techniques, the precise evaluation of allosteric interactions
is very challenging. In the present work, we aimed to examine the effects of four Heme
site ligands (BIL, BVD, HEM, and MO) on the albumin binding of the Site I marker WAR.
First, the binding constants of BIL-HSA, BVD-HSA, HEM-HSA, and MO-HSA complexes
were determined based on UV-Vis spectroscopic and fluorescence quenching studies. The
fluorescence quenching effect of WAR on HSA was tested in the absence and presence of
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Heme site ligands, after which the impacts of BIL, BVD, HEM, and MO on the WAR-HSA
complex were also examined based on the changes in the fluorescence emission signal of
WAR. Thereafter, interactions of Heme site ligands with the WAR-HSA complex were also
evaluated, employing ultrafiltration and ultracentrifugation techniques. Heme site markers
caused very complex and sometimes opposite regulations on WAR-HSA interaction. In
addition, our results underline that fluorescence spectroscopic evaluation of these diligand—
albumin systems can be misleading. This study provides a deeper insight into the allosteric
interactions of Heme site ligands with the Site I marker WAR.

2. Results and Discussion
2.1. Interaction of Heme Site Ligands with HSA Based on UV-Vis Spectroscopic and Fluorescence
Quenching Studies

First, we tested the interaction of BIL, BVD, HEM, and MO with HSA, employing
UV-Vis and fluorescence spectroscopic studies. In UV-Vis experiments, BIL, BVD, HEM,
and MO showed their absorption maxima at 440 nm, 376 nm, 388 nm, and 462 nm, respec-
tively. HSA did not show absorbance at these wavelengths. However, in a concentration-
dependent fashion, albumin increased the absorption signal of each Heme site ligand tested
and induced a redshift (BIL: 440 — 460 nm; BVD: 376 — 386 nm; HEM: 388 — 403 nm; MO:
462 — 474 nm) in their absorption wavelength maxima (Figure 2). Based on these data, the
binding constants were calculated using the Scatchard plot (linear fitting; Equation (1)) and
the Hyperquad2006 software (non-linear fitting; Equations (2)—(7)).

The interactions of BIL, BVD, HEM, and MO with HSA were also tested based on
their fluorescence quenching impacts on the protein. Even after the correction of inner-
filter effects (see in Equation (8)), each Heme site ligand caused a strong, concentration-
dependent decrease in the emission signal of HSA at 340 nm (Figure 3). Using these data,
binding constants were calculated using the Stern—Volmer plot (linear fitting; Equation (9))
and the Hyperquad software (non-linear fitting; Equations (2)—(7)).

The decimal logarithmic values of K and Ksy (determined based on UV-Vis and
fluorescence quenching studies) are summarized in Table 1. Typically, Scatchard and
Stern—Volmer plots showed good linearity, suggesting a 1:1 stoichiometry of complex
formation (Figures 2 and 3). The sole exception was noticed in the quenching studies of
HEM, where two linear sections appeared in the Stern—Volmer plot (Figure 3i). Sometimes,
the presence of a second linear part indicates a further binding site [37—40] or it results from
the combined dynamic and static quenching processes [41-44]. We evaluated these sections
both together and separately; however, only slight differences were observed in the logKsy
and logK values (Table 1).

Evaluation with the Hyperquad software also suggested the best fitting with the 1:1
stoichiometry model. R? values of fittings were 0.98 or higher, except in the UV-Vis studies
of BIL-HSA (R? = 0.63) and HEM-HSA (R? = 0.78). Nevertheless, we cannot exclude the
existence of lower-affinity secondary binding sites, as suggested by some studies in regard
to BIL and HEM [17,25].

In quenching studies, logKsy and logK values were in agreement for each ligand—
albumin complex. Furthermore, for BVD-HSA and MO-HSA complexes, fluorescence
quenching and UV-Vis studies showed similar binding constants, where the evaluation
with the Scatchard plot gave slightly lower logK values (Table 1). These data are also in
agreement with the previously reported binding constants of BVD-HSA [20,23,24] and
MO-HSA [15] complexes.
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Figure 2. Representative UV-Vis absorption spectra of BIL (a), BVD (d), HEM (g), and MO (j) in
the presence of HSA in PBS (pH 7.4; Heme site ligands: 5 uM; HSA: 0-15 uM). HSA-induced
increase in the absorbances of BIL at 480 nm (b), BVD at 390 nm (e), HEM at 400 nm (h), and MO at
460 nm (k). Scatchard plots (Equation (1)) of BIL-HSA (c), BVD-HSA (f), HEM-HSA (i), and MO-
HSA (1) complexes. Both Scatchard and Hyperquad evaluations were performed at more wavelengths,
where we did not notice relevant differences in the logK values determined. Therefore, we presented
here the wavelengths with the best fitting in regard to the Scatchard plots.
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Figure 3. Representative fluorescence emission spectra of HSA (2 uM) in the presence of increasing
concentrations (0-15 uM) of BIL (a), BVD (d), HEM (g), and MO (j) in PBS (pH 7.4; Aex = 295 nm).
Ligand-induced decrease in the emission signal of HSA at 340 nm: BIL (b), BVD (e), HEM (h), and
MO (k) exerted strong quenching impacts (the inner-filter effects of Heme site ligands were corrected
based on their absorption spectra recorded). Stern-Volmer plots (Equation (9)) of BIL-HSA (c), BVD-
HSA (f), HEM-HSA (i), and MO-HSA (1) complexes.
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Table 1. Decimal logarithmic values of the binding constants (K; unit: L/mol) and the Stern—Volmer
quenching constants (Ksy; unit: L/mol) of BIL-HSA, BVD-HSA, HEM-HSA, and MO-HSA com-
plexes based on UV-Vis and fluorescence spectroscopic studies. Mean &+ SEM values represented are
at least from three independent experiments. Data were evaluated applying both linear (Scatchard
plot, Equation (1); Stern—Volmer plot, Equation (9)) and non-linear (Hyperquad, Equations (2)—(7))
fitting. Since the Stern—Volmer plot of HEM-HSA complex showed two linear sections, we also
evaluated these data in the 0.5-3 uM and in the 3-15 uM concentration ranges.

UV-Vis Spectroscopy Fluorescence Quenching
Scatchard Plot Hyperquad Stern—Volmer Plot Hyperquad
logK logK logKsy logK

BIL 5.83 4 0.02 7.53 £ 0.02 5.26 +0.01 5.35 4+ 0.01

BVD 4.96 + 0.06 5.55 4+ 0.11 5.37 +0.03 5.45 4 0.02

5.54 +0.02 5.49 £ 0.02
HEM 5.74 4 0.04 7.35+0.03 0.5-3 uM: 5.23 £ 0.02 0.5-3 uM: 5.34 + 0.01
3-15 uM: 5.55 + 0.03 3-15 uM: 5.53 £ 0.02

MO 4.19 £ 0.09 4.74 4+ 0.08 4.76 +0.02 4.83 £0.02

In regard to BIL-HSA and HEM-HSA, quenching studies suggested similar logK
values to the data derived from UV-Vis studies evaluated with the Scatchard plot (Table 1).
However, the Hyperquad evaluation of UV-Vis data suggests approximately 100-fold
higher binding constants of BIL-HSA (logK = 7.5) and HEM-HSA (logK = 7.4). These
high logK values seem to be more reliable because even equimolar concentration of HSA
(5 uM) with these ligands induced close to maximal change in the absorbance values of
BIL and HEM (Figure 2b,h). Importantly, in quenching studies, we examined the impact
of the ligand on the fluorescence signal of the protein. From this point of view, the most
important moiety of HSA (Trp214) is located in Site I (subdomain IIA), while BIL and
HEM occupy subdomain IB as their high-affinity binding site. On the other hand, in
the UV-Vis experiments, we followed the albumin-induced changes in the absorbance
of Heme site ligands. Considering the previously reported binding constants for BIL—-
HSA [16-22] and HEM-HSA [5,25-27] complexes, it is reasonable to hypothesize that we
likely examined the interactions of these ligands with a high-affinity and a low-affinity
binding site with UV-Vis and fluorescence quenching studies, respectively. This idea is also
supported by previous reports, which suggested more binding sites in BIL and HEM on
albumin [17,25]. In addition, the above-listed observations strongly underline that different
spectroscopic techniques and data evaluation strategies can strongly affect the binding
constants determined for ligand—albumin complexes.

2.2. Effects of Heme Site Ligands on the WAR-Induced Quenching Effect

In the following experiment, the fluorescence quenching effect of WAR on HSA
was tested in the absence and presence of BIL, BVD, HEM, or MO (Aex = 295 nm). This
experimental design is commonly applied to examine the potential interactions when
two ligands and HSA are presented [45—48], then the binding constant of the test ligand is
evaluated in the absence and presence of a known site marker. Under these experimental
conditions, the emission spectra of HSA and WAR (both bound and unbound forms)
overlap (Figure 4): the first emission peak at 340 nm belongs to HSA, while the increasing
second peak around 380 nm is produced by WAR. BIL, BVD, HEM, or MO alone did
not exert fluorescence at 340 and 380 nm. The emission intensities of WAR alone and
in the presence of Heme site ligands (without albumin) at 340 nm are demonstrated in
Figure S1. Furthermore, it is important to note that Heme site ligands can strongly affect
the emission intensity of the WAR-HSA complex (see later in Section 2.3). Consequently, in
this model, both the first (HSA) and the second (WAR) peaks are modified by Heme site
markers. Therefore, the precise quantitative evaluation of these data seems to be extremely
complicated. Due to the complexity of the system, we could not properly deconvolute the
spectra. Nevertheless, in the presence of Heme site markers, the WAR-induced intensity
changes at 340 nm did not show large differences (Figure 4f). In addition, Stern—Volmer
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plots (Figure 4g) also suggest only minor changes in binding affinity of WAR when the
Heme site ligands were added (logKgy values were between 4.8 and 5.0). Thus, these
semi-quantitative observations may suggest the minor effects of Heme site markers on the
albumin binding of WAR.
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Figure 4. Fluorescence quenching effect of WAR (0.0-4.0 uM) on HSA (2.0 uM) in the absence (a) and
presence of BIL (b), BVD (c), HEM (d), and MO (e) in PBS (pH 7.4; Aex = 295 nm; concentration of
Heme site ligands: 1.0 uM). WAR-induced decrease in the fluorescence emission signal of HSA at
340 nm (% of control) without and with Heme site ligands (f). Stern-Volmer plots (Equation (9)) of
WAR-HSA in the absence and presence of BIL, BVD, HEM, and MO ((g); Aex = 295 nm; Aem = 340 nm).
Arrows on the left side of panels (a—e) demonstrate the decreasing emission signal of HSA at 340 nm,
while the arrows on the right side of the same panels refer to the increasing emission peak of WAR
around 380 nm.
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2.3. Effects of Heme Site Ligands on the Fluorescence of WAR-HSA Complex

In the next step, we tested the impacts of Heme site ligands based on the changes in
the emission signal of the WAR-HSA complex. Albumin binding results in a large increase
in the emission signal of WAR (Aex = 317 nm; Aem = 379 nm; Figure S2) [12]. Therefore,
the changes in the ratio of unbound and albumin-bound forms can markedly affect the
emission signal of WAR [12,49]. Increasing concentrations of BIL, BVD, HEM, or MO were
added to the WAR-HSA complex in PBS (pH 7.4). The emission intensities of WAR alone
and in the presence of Heme site ligands (without albumin) at 379 nm are demonstrated in
Figure S2. For comparison, the same experiments were also performed with two Sudlow’s
Site II ligands (diazepam and ketoprofen) and with two fatty acids (palmitic acid and
stearic acid).

Each Heme site ligand tested strongly reduced the emission signal of WAR (Figure 5),
suggesting that BIL, BVD, HEM, and MO may decrease the bound fraction of the Site I
ligand. BIL induced the lowest impact, followed by MO, BVD, then HEM. Quenching
studies suggested only minor effects of Heme site markers (Figure 4), while changes
in the fluorescence of WAR indicated its considerable displacement from the protein
(Figure 5). However, before we make any conclusions, we have to see the results of the
further experiments.

Site II ligands did not change (ketoprofen) or slightly decreased (diazepam) the fluo-
rescence of WAR (Figure 5f), which refers to their negligible effect on the albumin binding
of the Site I marker.

Both fatty acids (palmitic acid and stearic acid) induced a very large (almost 2.5-fold)
increase in the emission intensity at 379 nm (Figure 5f). Under these conditions, most of the
WAR molecules are albumin bound; therefore, this marked elevation could not be simply
caused by a potential increase in the albumin-bound fraction of WAR. Furthermore, palmitic
acid and stearic acid did not show background fluorescence at 379 nm, neither alone nor in
the presence of HSA (Figure S3). These observations highlight that the cooperative binding
of fatty acids and WAR can strongly increase the fluorescence signal of the WAR-HSA
complex. Since allosteric interactions may influence the stability and/or the fluorescence
properties of a ligand—-albumin complex, the interpretation of spectral changes should be
carefully considered to avoid false conclusions.

2.4. Effects of Heme Site Ligands on WAR-HSA Interaction Based on Ultrafiltration and
Ultracentrifugation Studies

Ultrafiltration experiments are highly suitable to examine the changes in the albumin-
bound fraction of ligands, because HSA (66.5 kDa) and HSA-bound molecules cannot pass
through the filter unit with 30 kDa MWCO value [35,50,51]. Based on this principle, the
displacement of the ligand from HSA results in its elevated concentration [49], while the
increased binding affinity of the ligand toward the protein leads to its lower concentration
in the filtrate [52]. Importantly, in ultrafiltration experiments, we directly analyze the
concentration of the Site I marker WAR with HPLC-FLD in the HSA-free filtrate. Since we
can avoid the unexpected spectroscopic effects resulting from the cooperative binding of
the two ligand molecules to albumin, these studies provide more reliable data than the
typical spectroscopic investigations. Ultrafiltration studies were also performed without
HSA, where the presence of Heme site markers did not affect the filtered fraction of WAR.
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Figure 5. Representative fluorescence emission spectra of WAR (1 uM) in the presence of HSA
(3.5 uM) and increasing concentrations (0-10 uM) of BIL (a), BVD (b), HEM (c), and MO (d) in PBS
(pH 7.4; Aex = 317 nm). Effects of Heme site ligands ((e); BIL, BVD, HEM, and MO), Sudlow’s site I
ligands (f; DZP, diazepam; KPR, ketoprofen), and fatty acids ((f); PAA, palmitic acid; STA, stearic
acid) on the fluorescence emission signal of WAR-HSA complex in PBS (Aex = 317 nm, Aem = 379 nm;
*p <0.05 **p<0.01).

Ultrafiltration studies demonstrated the distinct and very complex impacts of Heme
site ligands on the albumin binding of WAR (Figure 6a). In a concentration-dependent
fashion, BIL strongly increased the amount of WAR in the filtrate. Thus, albumin binding of
WAR was disrupted (5 pM) then almost completely abolished (20 uM) by BIL (Figure 6a). In
contrast, MO significantly reduced the filtered fraction of WAR even at 1 uM concentrations,
after which a further gradual decrease was observed in the presence of higher amounts
of MO (2-20 uM) (Figure 6a). These data demonstrate that MO can strongly increase the
binding affinity of WAR toward the protein due to their allosteric interaction. Furthermore,
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lower concentrations of HEM (1-5 M) decreased the filtered fraction of WAR; however, in
the presence of 10 and 20 pM HEM, this effect was reversed and a gradual elevation was
observed (Figure 6a). BVD induced a similar impact to HEM, but it was less pronounced.
Based on the complex impacts of HEM and BVD, it is reasonable to hypothesize that these
ligands have secondary binding sites on HSA. The lower or comparable concentrations
of BVD or HEM with HSA (5 uM used in this model) led to the interaction with their
high-affinity binding site (Heme site), resulting in the positive allosteric modulation of
WAR-HSA interaction. However, the considerably higher concentrations of BVD and HEM
(2- or 4-fold) compared to HSA may cause their interaction with a secondary binding site
on the protein, which can directly or indirectly interfere with WAR-HSA interaction. A
previous study also suggested that HEM has lower-affinity binding sites on albumin [25],
while we did not find data in regard to a secondary binding site of BVD. Nevertheless, the
lower molar concentrations of BVD and HEM showed similar impact to MO: they enhanced
the interaction of WAR with the protein (Figure 6).
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Figure 6. Effects of Heme site ligands (a) Sudlow’s site Il markers (b) and fatty acids (c) on the filtered
fraction of WAR. Before ultrafiltration, samples contained WAR (1.0 pM) and HSA (5.0 uM) in the
presence of palmitic acid (PAA), stearic acid (STA), diazepam (DZP), ketoprofen (KPR), BIL, BVD,
HEM, or MO (0-20 uM) in PBS (pH 7.4; * p < 0.05, ** p < 0.01). The filtered concentration of WAR was
compared to its filtered concentration measured in the absence of HSA (100%, see with dashed line).
WAR was quantified in the filtrates with HPLC-FLD (see details in Section 3.6).

In agreement with fluorescence spectroscopic studies (Figure 5f), Site Il ligands did not
modify significantly the concentration of WAR in the filtrate (Figure 6b), only a very slight
decrease and increase were caused by diazepam and ketoprofen, respectively. Some studies
suggest the allosteric interactions of certain Site II and Site I ligands [53,54]; however, based
on our results, it does not seem relevant.

Palmitic acid and stearic acid decreased the filtered fraction of WAR (Figure 6¢), sug-
gesting that they can increase the binding affinity of the Site I ligand toward HSA. This



Int. . Mol. Sci. 2022, 23, 14007

12 0f 18

observation is in agreement with earlier studies [7,55]. Furthermore, our data demonstrated
that the fatty-acid-induced strong elevation in the fluorescence of WAR (Figure 5f) was
caused by two components: (1) fatty acids increase the bound fraction of WAR, which
consequently elevates the emission signal of the ligand and (2) fatty acids increase the fluo-
rescence signal of the WAR-HSA complex during their cooperative binding to the protein.

In order to confirm the results of ultrafiltration studies, ultracentrifugation experiments
were also performed. In the latter model, the protein fraction was centrifuged (with the
bound ligands) [13,56,57], after which the unbound free fraction of WAR was directly
quantified in the supernatant by HPLC-FLD. Since BIL and MO showed opposite effects
in ultrafiltration studies and they produced the largest changes in the filtered fraction of
WAR (Figure 6a), we tested their impacts on WAR-HSA interaction in ultracentrifugation
experiments. BIL significantly increased while MO considerably decreased the unbound
fraction of WAR in the supernatant (Figure 7), which confirms the results of ultrafiltration
experiments (Figure 6).

[ T S Sy e

Concentration of warfarin
in the supernatant (%)

NG QO éo

S
N

<
) .19

s
Figure 7. Concentration of WAR in the supernatant after ultracentrifugation (170,000 x g, 16 h, 20 °C)
of the protein fraction (** p < 0.01). Samples contained WAR (1.0 pM) and HSA (3.0 uM) in the
presence of BIL or MO (0, 5, or 20 uM) in PBS (pH 7.4). The concentration of WAR in the supernatant
was compared to its concentration measured without HSA (100%, see with dashed line). WAR was
quantified in the supernatants with HPLC-FLD (see details in Section 3.6).

In our previous experiments, when we examined the competitive interactions of Site I
ligands with WAR, the results of fluorescence spectroscopic (changes in the fluorescence of
WAR) and ultrafiltration models were in good agreement [49-51]. If two ligands compete
for the same binding site, then these ligands are not able to simultaneously occupy it.
Consequently, the decreased fluorescence emission signal of WAR is clearly resulted from
its displacement from HSA. However, the cooperative binding of two ligand molecules
to different sites of albumin can cause changes not only in the binding affinity, but the
fluorescence signal of the formed complexes may also be affected. The latter phenomenon
explains why we obtained misleading results from fluorescence spectroscopic experiments
in the diligand studies (Figure 5). In the presence of Heme site markers, the emission
signal of WAR considerably decreased, while ultrafiltration experiments demonstrated
that only BIL caused the strong displacement of WAR (Figure 6). Interestingly, among the
Heme site ligands tested, BIL induced the smallest reduction in the emission intensity of
WAR in fluorescence spectroscopic studies (Figure 5). BVD, HEM, and MO also strongly
decreased the fluorescence signal of the Site I marker (Figure 5); in contrast, ultrafiltration
studies demonstrated that these Heme site ligands can increase the bound fraction of WAR
(Figure 6). Thus, the cooperative binding of BVD, HEM, or MO considerably reduces the
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emission signal of the WAR-HSA complex. These observations strongly underline that
the results of fluorescence spectroscopic studies should be carefully evaluated in diligand
models and the application of other confirmatory techniques is indispensable to avoid
false conclusions.

3. Materials and Methods
3.1. Reagents

Racemic warfarin, bilirubin, biliverdin, hemin, and human serum albumin (Product
No.: A1653) were purchased from Merck (Darmstadt, Germany). Methyl orange was
from Reanal (Budapest, Hungary), while HPLC-grade acetonitrile and methanol were
obtained from VWR (Budapest, Hungary). To mimic extracellular physiological conditions,
measurements were performed in phosphate-buffered saline (PBS, pH 7.4).

3.2. UV-Vis Spectroscopic Studies

UV-Vis spectra were recorded in PBS (pH 7.4) at 25 °C, employing a Jasco V730 UV-Vis
spectrophotometer (Tokyo, Japan). Absorption spectra of Heme site ligands (5.0 uM each)
have been recorded without and with increasing concentrations of HSA (0.0, 0.2, 0.5, 0.7,
1.0,1.5,2.0, 5.0, 10, and 15 uM). Binding constants (K) of ligand—albumin complexes were
determined based on the HSA-induced increase in their absorbance (at 480 nm for BIL, at
390 nm for BVD, at 400 nm for HEM, and at 460 nm for MO). Under the applied conditions,
HSA did not show absorbance at the wavelengths used for evaluation. Binding constants
(K; unit: L/mol) were calculated with linear and non-linear fitting, using the Scatchard
equation [58] and the Hyperquad2006 software [59], respectively. The Scatchard equation
for 1:1 binding model follows:

A—A
([I‘ISA]Z) - (Aligund—HSA - AO) x K — (A — AO) x K )

where A and A are the absorbance values of the ligand in the absence and presence of
HSA, respectively; Ajigand-Hsa is the absorbance when each ligand molecule bound to HSA,
and [HSA] is the concentration of albumin (unit: mol/L).

The following equations are implemented in the Hyperquad program code:

aLIGAND + bHSA < LIGAND,HSA, @)
[LIGAND,HSA,]
[LIGAND]"[HSA]®

where a and b indicate the stoichiometry associated with the equilibria in the solution. All
equilibrium constants are defined as overall association constants (8):

ﬁab = 3)

[LIGAND HSA]

LIGAND + HSA <« LIGAND HSA; 1 = [LIGANDI][HSA] 4)
2 LIGAND 4+ HSA < LIGAND,; HSA; By = [LIGAND;HSA] ®)
[LIGAND]*[HSA]
aLIGAND + HSA < LIGAND,HSA; B, = [UGANDZHSA] (6)
[LIGAND]"[HSA]
The stepwise association constants (K) are defined by p:
ﬁlzKl;ﬁzzleKz;ﬁa=K1XKzX...XKa (7)

During data evaluation the stoichiometry and association constants of the ligand
binding process were calculated using the lowest standard deviation model.
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3.3. Fluorescence Spectroscopic Studies

Fluorescence spectra were recorded in PBS (pH 7.4) at 25 °C, employing a Hitachi
F-4500 fluorometer (Tokyo, Japan). Binding constants of BIL, BVD, HEM, and MO were also
determined based on fluorescence quenching studies (Aex = 295 nm). Emission spectra of
HSA (2.0 uM) were recorded in the absence and presence of the increasing concentrations
of Heme site ligands (0.0, 0.5, 1.0, 2.0, 3.0, 5.0, 7.0, 10, and 15 pM). Before the evaluation of
emission intensity data at 340 nm, the inner-filter effect of ligand molecules was corrected
using the following equation [60,61]:

Teor = Iops % E(AEXJrAQm)/Z 8)
where I, and I, are the corrected and observed fluorescence emission intensities, respec-
tively; Aex and Ay, are the absorbance values of Heme site ligands at 295 and 340 nm, respectively.

Ligand-HSA interactions were evaluated with linear and non-linear fitting, using the
graphical application of the Stern—Volmer equation [60] and the Hyperquad software [59],
respectively. Stern—Volmer equation has been described as:

014Ky (0] ©

where Iy and [ are the fluorescence intensities of HSA in the absence and presence of
Heme site ligands, respectively; Kgy is the Stern—Volmer quenching constant (unit: L/mol)
and [Q] is the molar concentration of the quencher (Heme site ligands). The Hyperquad
program code used is defined in Equations (2)—(7).

In another experiment, fluorescence quenching studies were also performed in the
presence of standard concentrations of HSA (2.0 pM) and Heme site ligands (each 1.0 uM),
with increasing concentrations of the Site I marker WAR (0.0, 0.3, 0.6, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, and 4.0 uM). Thereafter, the changes in the fluorescence emission signal at 340 nm were
compared and evaluated (Aex = 295 nm).

Finally, the effects of BIL, BVD, HEM, and MO were tested on the fluorescence signal
of WAR-HSA complex. The interaction of WAR with HSA results in the strong increase
in its fluorescence emission signal of WAR at 379 nm (Aex = 317 nm) [12]. Therefore, the
displacement of WAR from albumin leads to the considerable decrease in its emission
intensity [12,50], while the elevated fluorescence may suggest the increased binding affinity
of WAR toward HSA [52]. Emission spectra of WAR (1.0 uM) were recorded in the presence
of HSA (3.5 uM) and increasing concentrations of Heme site ligands (0.0, 0.5, 1.0, 2.5, 5.0,
and 10 uM).

3.4. Ultrafiltration Studies

Effects of BIL, BVD, HEM, and MO on the albumin-bound fraction of the Site I ligand
WAR were examined by ultrafiltration [35,49]. Amicon Ultra-0.5 centrifugal filters (Merck,
Darmstadt, Germany) with 30 kDa molecular weight cut-off (MWCO) value were applied.
Since HSA (66.5 kDa) and albumin-bound molecules cannot pass through the filter, the
changes in the bound fraction of WAR strongly affect its concentration in the filtrate [49,62].
Before ultrafiltration, filter units were washed once with water (500 pL) then once with
PBS (500 pL). Samples contained WAR and HSA (1.0 uM and 5.0 uM, respectively) in the
absence and presence of Heme site ligands (0-20 M) in PBS (pH 7.4). A 500 pL aliquot
of samples was transferred to the filter and centrifuged for 10 min at 7500 g and 25 °C
(fixed angle rotor). Thereafter, WAR concentrations in the filtrate were directly analyzed by
HPLC-FLD (see in Section 3.6).

3.5. Ultracentrifugation Studies

With the optimal conditions of ultracentrifugation, we can sediment the albumin
fraction of a solution without the disruption of ligand-HSA interactions [13,56,57]. Conse-
quently, the free fraction of a ligand can be quantified from the supernatant. To confirm



Int. . Mol. Sci. 2022, 23, 14007

150f18

the results of ultrafiltration studies, the effects of BIL and MO on the free fraction of WAR
were also examined with ultracentrifugation. Samples contained WAR and HSA (1.0 uM
and 3.0 uM, respectively) in PBS (pH 7.4) without and with BIL or MO (5.0 uM or 20 uM).
In 11 x 34 mm PC tubes (Beckman Coulter, Brea, CA, USA), a 900 uL aliquot of samples
was centrifuged for 16 h at 170,000x g and 20 °C applying a Beckman Coulter Optima
MAX-XP tabletop ultracentrifuge (with MLA-130 fixed-angle rotor) [13]. Then a 200 pL
volume of the supernatant was carefully removed and directly analyzed by HPLC-FLD
(see in Section 3.6).

3.6. HPLC Analyses

We applied an integrated HPLC system (Jasco, Tokyo, Japan) built up from an autosam-
pler (AS-4050), a binary pump (PU-4180), and a fluorescence detector (FP-920). Chromato-
graphic data were evaluated employing ChromNAV2 software (Jasco, Tokyo, Japan). WAR
concentrations were quantified using the previously reported method [35,50]. Briefly, sam-
ples (20 puL) were driven through a guard column (SecurityGuard C18, 4.0 x 3.0 mm; Phe-
nomenex, Torrance, CA, USA) linked to a Nova-Pak C18 analytical column (150 x 3.9 mm,
4 um; Waters, Milford, MA, USA). The isocratic elution was performed at room temper-
ature with 1.0 mL/min flow rate applying sodium phosphate buffer (20 mM, pH 7.0),
methanol, and acetonitrile (70:25:5 v/v%) as the mobile phase. WAR was detected at
390 nm (Aex = 310 nm).

3.7. Statistics

Statistical significance was established by one-way ANOVA (with Tukey’s post hoc)
test, employing SPSS Statistics software (IBM, Armonk, NY, USA). The level of significance
was set to p < 0.05 and p < 0.01.

4. Conclusions

The interactions of certain Heme site ligands (BIL, BVD, HEM, and MO) with HSA
were tested employing UV-Vis and fluorescence quenching studies, where data were
evaluated with both linear and non-linear fittings. These investigations underline that
different spectroscopic techniques and data evaluation strategies can strongly affect the
binding constants determined. Furthermore, the impacts of the above-listed Heme site
ligands were examined on the interaction of the Site I ligand WAR with HSA, employing
fluorescence spectroscopic, ultrafiltration, and ultracentrifugation techniques. Quenching
studies gave only semi-quantitative results and showed no relevant effects of Heme site
ligands on WAR-HSA interaction. The other fluorescent model (which examined the
changes in the fluorescence signal of WAR) suggested that each Heme site ligand strongly
decreased the albumin binding of WAR. However, ultrafiltration and ultracentrifugation
studies demonstrated the complex modulation of WAR-HSA interaction by the different
Heme site markers. In a concentration-dependent fashion, BIL strongly decreased while MO
considerably increased the bound fraction of warfarin. Moreover, the low concentrations of
BVD and HEM enhanced the albumin binding of WAR, while their higher concentrations
caused a gradual increase in the filtered fraction of the Site I ligand. Another interesting
observation is the fatty acid-induced remarkable increase in the emission signal of WAR,
due to the increased albumin binding of the Site I ligand and the elevated fluorescence of
the WAR-HSA complex in the presence of palmitic acid and stearic acid. Herein, we present
novel data in regard to the impacts of BIL, BVD, HEM, and MO on the albumin binding
of the Site I marker drug WAR. Our study highlights the complex modulation of WAR-
HSA interaction by different Heme site ligands and strongly underlines the limitations of
fluorescence spectroscopic studies in diligand—albumin models.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms232214007 /s1.


https://www.mdpi.com/article/10.3390/ijms232214007/s1
https://www.mdpi.com/article/10.3390/ijms232214007/s1

Int. . Mol. Sci. 2022, 23, 14007 16 of 18

Author Contributions: Conceptualization, M.P,; methodology, M.P, B.L. and A.L.; validation, M.P.
and A.L.; formal analysis, B.L., Z.L. and T.H.; investigation, B.L., Z.L. and T.H.; resources, M.P. and
A.L.; writing—original draft preparation, M.P. and B.L.; supervision, M.P;; funding acquisition, M.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by the UNKP-21-5 (UNKP-21-5-PTE-1347) New National
Excellence Program of the Ministry for Innovation and Technology from the source of the National
Research, Development and Innovation Fund.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be made available on request.

Acknowledgments: The authors thank Katalin Fabian (Department of Pharmacology, Faculty of
Pharmacy, University of Pécs) for her excellent assistance in the experimental work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Peters, T. All about Albumin: Biochemistry, Genetics, and Medical Applications; Academic Press: San Diego, CA, USA, 1996; ISBN 978-
0-12-552110-9.

2. Fanali, G.; di Masi, A.; Trezza, V.; Marino, M.; Fasano, M.; Ascenzi, P. Human Serum Albumin: From Bench to Bedside. Mol.
Aspects Med. 2012, 33, 209-290. [CrossRef] [PubMed]

3. Merlot, A.M,; Kalinowski, D.S.; Richardson, D.R. Unraveling the Mysteries of Serum Albumin—More than Just a Serum Protein.
Front. Physiol. 2014, 5, 299. [CrossRef] [PubMed]

4. Sugio, S.; Kashima, A.; Mochizuki, S.; Noda, M.; Kobayashi, K. Crystal Structure of Human Serum Albumin at 2.5 A Resolution.
Protein Eng. Des. Sel. 1999, 12, 439—-446. [CrossRef]

5. Zsila, F. Subdomain IB Is the Third Major Drug Binding Region of Human Serum Albumin: Toward the Three-Sites Model.
Mol. Pharm. 2013, 10, 1668-1682. [CrossRef] [PubMed]

6.  Mishra, V;; Heath, R.J. Structural and Biochemical Features of Human Serum Albumin Essential for Eukaryotic Cell Culture. Int. J.
Mol. Sci. 2021, 22, 8411. [CrossRef] [PubMed]

7. Ghuman, J.; Zunszain, P.A ; Petitpas, I.; Bhattacharya, A.A.; Otagiri, M.; Curry, S. Structural Basis of the Drug-Binding Specificity
of Human Serum Albumin. J. Mol. Biol. 2005, 353, 38-52. [CrossRef] [PubMed]

8. Petitpas, I.; Bhattacharya, A.A.; Twine, S.; East, M.; Curry, S. Crystal Structure Analysis of Warfarin Binding to Human Serum
Albumin: ANATOMY OF DRUG SITE I*. J. Biol. Chem. 2001, 276, 22804-22809. [CrossRef] [PubMed]

9.  Curry, S. Lessons from the Crystallographic Analysis of Small Molecule Binding to Human Serum Albumin. Drug Metab.
Pharmacokinet. 2009, 24, 342-357. [CrossRef] [PubMed]

10. Wybranowski, T.; Cyrankiewicz, M.; Ziomkowska, B.; Kruszewski, S. The HSA Affinity of Warfarin and Flurbiprofen Determined
by Fluorescence Anisotropy Measurements of Camptothecin. Biosystems 2008, 94, 258-262. [CrossRef]

11. Joseph, K.S.; Hage, D.S. The Effects of Glycation on the Binding of Human Serum Albumin to Warfarin and L-Tryptophan.
J. Pharm. Biomed. Anal. 2010, 53, 811-818. [CrossRef]

12.  Podr, M.; Li, Y.; Kunsagi-Maté, S.; Petrik, J.; Vladimir-KneZevi¢, S.; Készegi, T. Molecular Displacement of Warfarin from Human
Serum Albumin by Flavonoid Aglycones. J. Lumin. 2013, 142, 122-127. [CrossRef]

13. Fliszar-Nydul, E.; Faisal, Z.; Skaper, R.; Lemli, B.; Bayartsetseg, B.; Hetényi, C.; Gombos, P.; Szab6, A.; Podr, M. Interaction of the
Emerging Mycotoxins Beauvericin, Cyclopiazonic Acid, and Sterigmatocystin with Human Serum Albumin. Biomolecules 2022,
12, 1106. [CrossRef] [PubMed]

14. Zunszain, P.A.; Ghuman, J.; Komatsu, T.; Tsuchida, E.; Curry, S. Crystal Structural Analysis of Human Serum Albumin Complexed
with Hemin and Fatty Acid. BMC Struct. Biol. 2003, 3, 6. [CrossRef] [PubMed]

15. Ambrosetti, R.; Bianchini, R.; Fisichella, S.; Fichera, M.; Zandomeneghi, M. Resolution of the Absorbance and CD Spectra and
Formation Constants of the Complexes between Human Serum Albumin and Methyl Orange. Chem.—Eur. ]. 1996, 2, 149-156.
[CrossRef]

16. Jacobsen, J. Binding of Bilirubin to Human Serum Albumin—Determination of the Dissociation Constants. FEBS Lett. 1969, 5,
112-114. [CrossRef]

17. Woolley, P.V.; Hunter, M.J. Binding and Circular Dichroism Data on Bilirubin-Albumin in the Presence of Oleate and Salicylate.
Arch. Biochem. Biophys. 1970, 140, 197-209. [CrossRef]

18. Beaven, G.H.; D’Albis, A.; Gratzer, W.B. The Interaction of Bilirubin with Human Serum Albumin. Eur. . Biochem. 1973, 33,
500-509. [CrossRef]

19. Brodersen, R. Bilirubin. Solubility and Interaction with Albumin and Phospholipid. J. Biol. Chem. 1979, 254, 2364-2369. [CrossRef]

20. Ahlfors, C.E. Competitive Interaction of Biliverdin and Bilirubin Only at the Primary Bilirubin Binding Site on Human Albumin.

Anal. Biochem. 1981, 110, 295-307. [CrossRef]


http://doi.org/10.1016/j.mam.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22230555
http://doi.org/10.3389/fphys.2014.00299
http://www.ncbi.nlm.nih.gov/pubmed/25161624
http://doi.org/10.1093/protein/12.6.439
http://doi.org/10.1021/mp400027q
http://www.ncbi.nlm.nih.gov/pubmed/23473402
http://doi.org/10.3390/ijms22168411
http://www.ncbi.nlm.nih.gov/pubmed/34445120
http://doi.org/10.1016/j.jmb.2005.07.075
http://www.ncbi.nlm.nih.gov/pubmed/16169013
http://doi.org/10.1074/jbc.M100575200
http://www.ncbi.nlm.nih.gov/pubmed/11285262
http://doi.org/10.2133/dmpk.24.342
http://www.ncbi.nlm.nih.gov/pubmed/19745561
http://doi.org/10.1016/j.biosystems.2008.05.034
http://doi.org/10.1016/j.jpba.2010.04.035
http://doi.org/10.1016/j.jlumin.2013.03.056
http://doi.org/10.3390/biom12081106
http://www.ncbi.nlm.nih.gov/pubmed/36009000
http://doi.org/10.1186/1472-6807-3-6
http://www.ncbi.nlm.nih.gov/pubmed/12846933
http://doi.org/10.1002/chem.19960020206
http://doi.org/10.1016/0014-5793(69)80307-8
http://doi.org/10.1016/0003-9861(70)90023-8
http://doi.org/10.1111/j.1432-1033.1973.tb02709.x
http://doi.org/10.1016/S0021-9258(17)30230-2
http://doi.org/10.1016/0003-2697(81)90195-0

Int. . Mol. Sci. 2022, 23, 14007 17 of 18

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Lorey, EW.; Ahlfors, C.E.; Smith, D.G.; Neel, J.V. Bilirubin Binding by Variant Albumins in Yanomama Indians. Am. . Hum. Genet.
1984, 36, 1112-1120. [PubMed]

Athar, H.; Ahmad, N.; Tayyab, S.; Qasim, M.A. Use of Fluorescence Enhancement Technique to Study Bilirubin—Albumin
Interaction. Int. J. Biol. Macromol. 1999, 25, 353-358. [CrossRef]

Trull, ER,; Ibars, O.; Lightner, D.A. Conformation Inversion of Bilirubin Formed by Reduction of the Biliverdin-Human Serum
Albumin Complex: Evidence from Circular Dichroism. Arch. Biochem. Biophys. 1992, 298, 710-714. [CrossRef]

Minchiotti, L.; Galliano, M.; Zapponi, M.C.; Tenni, R. The Structural Characterization and Bilirubin-Binding Properties of Albumin
Herborn, a [Lys240Glu] Albumin Mutant. Eur. ]. Biochem. 1993, 214, 437-444. [CrossRef]

Beaven, G.H.; Chen, S.-H.; D’albis, A.; Gratzer, W.B. A Spectroscopic Study of the Haemin-Human-Serum-Albumin System. Eur. J.
Biochem. 1974, 41, 539-546. [CrossRef]

Silva, D.; Cortez, C.M.; Louro, S.R.W. Quenching of the Intrinsic Fluorescence of Bovine Serum Albumin by Chlorpromazine and
Hemin. Braz. |. Med. Biol. Res. 2004, 37, 963-968. [CrossRef] [PubMed]

Makarska-Bialokoz, M. Interactions of Hemin with Bovine Serum Albumin and Human Hemoglobin: A Fluorescence Quenching
Study. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2018, 193, 23-32. [CrossRef] [PubMed]

Ascenzi, P.; Fasano, M. Allostery in a Monomeric Protein: The Case of Human Serum Albumin. Biophys. Chem. 2010, 148, 16-22.
[CrossRef] [PubMed]

Ascenzi, P.; Bocedi, A.; Notari, S.; Menegatti, E.; Fasano, M. Heme Impairs Allosterically Drug Binding to Human Serum Albumin
Sudlow’s Site 1. Biochem. Biophys. Res. Commun. 2005, 334, 481-486. [CrossRef] [PubMed]

Bocedi, A.; Notari, S.; Menegatti, E.; Fanali, G.; Fasano, M.; Ascenzi, P. Allosteric Modulation of Anti-HIV Drug and Ferric Heme
Binding to Human Serum Albumin. FEBS J. 2005, 272, 6287-6296. [CrossRef]

Fanali, G; Pariani, G.; Ascenzi, P.; Fasano, M. Allosteric and Binding Properties of Asp1-Glu382 Truncated Recombinant Human
Serum Albumin—An Optical and NMR Spectroscopic Investigation. FEBS J. 2009, 276, 2241-2250. [CrossRef] [PubMed]
Vuignier, K.; Schappler, J.; Veuthey, J.-L.; Carrupt, P.-A.; Martel, S. Drug—Protein Binding: A Critical Review of Analytical Tools.
Anal. Bioanal. Chem. 2010, 398, 53-66. [CrossRef]

van de Weert, M. Fluorescence Quenching to Study Protein-Ligand Binding: Common Errors. ]. Fluoresc. 2010, 20, 625-629.
[CrossRef] [PubMed]

van de Weert, M; Stella, L. Fluorescence Quenching and Ligand Binding: A Critical Discussion of a Popular Methodology. J. Mol.
Struct. 2011, 998, 144-150. [CrossRef]

Fliszar-Nyul, E.; Lemli, B.; Kunsagi-Maté, S.; Dellafiora, L.; Dall’Asta, C.; Cruciani, G.; Pethd, G.; Podr, M. Interaction of Mycotoxin
Alternariol with Serum Albumin. Int. J. Mol. Sci. 2019, 20, 2352. [CrossRef] [PubMed]

Yamasaki, K.; Chuang, V.T.G.; Maruyama, T.; Otagiri, M. Albumin-Drug Interaction and Its Clinical Implication. Biochim. Biophys.
Acta BBA—Gen. Subj. 2013, 1830, 5435-5443. [CrossRef]

Li, D.; Wang, Y.; Chen, J.; Ji, B. Characterization of the Interaction between Farrerol and Bovine Serum Albumin by Fluorescence
and Circular Dichroism. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2011, 79, 680-686. [CrossRef] [PubMed]

Li, X.; Duan, H.; Song, Z.; Xu, R. Comparative Study on the Interaction between Fibrinogen and Flavonoids. J. Mol. Struct. 2022,
1262, 132963. [CrossRef]

Tang, J.; Qi, S.; Chen, X. Spectroscopic Studies of the Interaction of Anti-Coagulant Rodenticide Diphacinone with Human Serum
Albumin. J. Mol. Struct. 2005, 779, 87-95. [CrossRef]

Wang, Y.-Q.; Zhang, H.-M.; Zhang, G.-C.; Tao, W.-H.; Fei, Z.-H.; Liu, Z.-T. Spectroscopic Studies on the Interaction between
Silicotungstic Acid and Bovine Serum Albumin. . Pharm. Biomed. Anal. 2007, 43, 1869-1875. [CrossRef] [PubMed]

Alanazi, A.M.; Abdelhameed, A.S. A Spectroscopic Approach to Investigate the Molecular Interactions between the Newly
Approved Irreversible ErbB Blocker “Afatinib” and Bovine Serum Albumin. PLoS ONE 2016, 11, €0146297. [CrossRef]
Makarska-Bialokoz, M. Spectroscopic Study of Porphyrin-Caffeine Interactions. J. Fluoresc. 2012, 22, 1521-1530. [CrossRef]
[PubMed]

Varlan, A.; Hillebrand, M. Bovine and Human Serum Albumin Interactions with 3-Carboxyphenoxathiin Studied by Fluorescence
and Circular Dichroism Spectroscopy. Molecules 2010, 15, 3905-3919. [CrossRef]

Zhao, H.; Ge, M.; Zhang, Z.; Wang, W.; Wu, G. Spectroscopic Studies on the Interaction between Riboflavin and Albumins.
Spectrochim. Acta A Mol. Biomol. Spectrosc. 2006, 65, 811-817. [CrossRef] [PubMed]

Nusrat, S.; Siddiqi, M.K.; Zaman, M.; Zaidi, N.; Ajmal, M.R; Alam, P; Qadeer, A.; Abdelhameed, A.S.; Khan, R.H. A Comprehen-
sive Spectroscopic and Computational Investigation to Probe the Interaction of Antineoplastic Drug Nordihydroguaiaretic Acid
with Serum Albumins. PLoS ONE 2016, 11, e0158833. [CrossRef]

Tu, B.; Chen, Z.-F; Liu, Z.-J; Li, R.-R.; Ouyang, Y.; Hu, Y.-J. Study of the Structure-Activity Relationship of Flavonoids Based on
Their Interaction with Human Serum Albumin. RSC Adv. 2015, 5, 73290-73300. [CrossRef]

Zhang, Y.-Z.; Xiang, X.; Mei, P; Dai, ].; Zhang, L.-L.; Liu, Y. Spectroscopic Studies on the Interaction of Congo Red with Bovine
Serum Albumin. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2009, 72, 907-914. [CrossRef]

Zhang, G.; Zhao, N.; Hu, X,; Tian, J. Interaction of Alpinetin with Bovine Serum Albumin: Probing of the Mechanism and Binding
Site by Spectroscopic Methods. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2010, 76, 410—-417. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/6496475
http://doi.org/10.1016/S0141-8130(99)00056-2
http://doi.org/10.1016/0003-9861(92)90470-H
http://doi.org/10.1111/j.1432-1033.1993.tb17939.x
http://doi.org/10.1111/j.1432-1033.1974.tb03295.x
http://doi.org/10.1590/S0100-879X2004000700004
http://www.ncbi.nlm.nih.gov/pubmed/15264002
http://doi.org/10.1016/j.saa.2017.11.063
http://www.ncbi.nlm.nih.gov/pubmed/29212045
http://doi.org/10.1016/j.bpc.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20346571
http://doi.org/10.1016/j.bbrc.2005.06.127
http://www.ncbi.nlm.nih.gov/pubmed/16004963
http://doi.org/10.1111/j.1742-4658.2005.05015.x
http://doi.org/10.1111/j.1742-4658.2009.06952.x
http://www.ncbi.nlm.nih.gov/pubmed/19298387
http://doi.org/10.1007/s00216-010-3737-1
http://doi.org/10.1007/s10895-009-0572-x
http://www.ncbi.nlm.nih.gov/pubmed/19997966
http://doi.org/10.1016/j.molstruc.2011.05.023
http://doi.org/10.3390/ijms20092352
http://www.ncbi.nlm.nih.gov/pubmed/31083629
http://doi.org/10.1016/j.bbagen.2013.05.005
http://doi.org/10.1016/j.saa.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21531170
http://doi.org/10.1016/j.molstruc.2022.132963
http://doi.org/10.1016/j.molstruc.2005.07.023
http://doi.org/10.1016/j.jpba.2007.01.001
http://www.ncbi.nlm.nih.gov/pubmed/17280811
http://doi.org/10.1371/journal.pone.0146297
http://doi.org/10.1007/s10895-012-1090-9
http://www.ncbi.nlm.nih.gov/pubmed/22763925
http://doi.org/10.3390/molecules15063905
http://doi.org/10.1016/j.saa.2005.12.038
http://www.ncbi.nlm.nih.gov/pubmed/16530468
http://doi.org/10.1371/journal.pone.0158833
http://doi.org/10.1039/C5RA12824B
http://doi.org/10.1016/j.saa.2008.12.007
http://doi.org/10.1016/j.saa.2010.04.009

Int. . Mol. Sci. 2022, 23, 14007 18 of 18

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

Poodr, M.,; Boda, G.; Needs, PW.; Kroon, P.A.; Lemli, B.; Bencsik, T. Interaction of Quercetin and Its Metabolites with Warfarin:
Displacement of Warfarin from Serum Albumin and Inhibition of CYP2C9 Enzyme. Biomed. Pharmacother. 2017, 88, 574-581.
[CrossRef] [PubMed]

Mohos, V.; Fliszar-Nydul, E.; Schilli, G.; Hetényi, C.; Lemli, B.; Kunsagi-Maté, S.; Bognar, B.; Poér, M. Interaction of Chrysin and Its
Main Conjugated Metabolites Chrysin-7-Sulfate and Chrysin-7-Glucuronide with Serum Albumin. Int. . Mol. Sci. 2018, 19, 4073.
[CrossRef]

Poédr, M.; Boda, G.; Mohos, V.; Kuzma, M.; Balint, M.; Hetényi, C.; Bencsik, T. Pharmacokinetic Interaction of Diosmetin and
Silibinin with Other Drugs: Inhibition of CYP2C9-Mediated Biotransformation and Displacement from Serum Albumin. Biomed.
Pharmacother. 2018, 102, 912-921. [CrossRef]

Podr, M.; Kunsagi-Maté, S.; Balint, M.; Hetényi, C.; Gerner, Z.; Lemli, B. Interaction of Mycotoxin Zearalenone with Human
Serum Albumin. J. Photochem. Photobiol. B 2017, 170, 16-24. [CrossRef] [PubMed]

Domenici, E.; Bertucci, C.; Salvadori, P.; Wainer, LW. Use of a Human Serum Albumin-Based High-Performance Liquid
Chromatography Chiral Stationary Phase for the Investigation of Protein Binding: Detection of the Allosteric Interaction between
Warfarin and Benzodiazepine Binding Sites. J. Pharm. Sci. 1991, 80, 164-166. [CrossRef] [PubMed]

Kalhor, H.R.; Taghikhani, E. Probe into the Molecular Mechanism of Ibuprofen Interaction with Warfarin Bound to Human Serum
Albumin in Comparison to Ascorbic and Salicylic Acids: Allosteric Inhibition of Anticoagulant Release. J. Chem. Inf. Model. 2021,
61, 4045-4057. [CrossRef] [PubMed]

Vorum, H.; Honoré, B. Influence of Fatty Acids on the Binding of Warfarin and Phenprocoumon to Human Serum Albumin with
Relation to Anticoagulant Therapy. J. Pharm. Pharmacol. 1996, 48, 870-875. [CrossRef]

Boulton, D.W.; Walle, U.K.; Walle, T. Extensive Binding of the Bioflavonoid Quercetin to Human Plasma Proteins. ]J. Pharm.
Pharmacol. 1998, 50, 243-249. [CrossRef] [PubMed]

Fliszar-Nyul, E.; Faisal, Z.; Mohos, V.; Derdak, D.; Lemli, B.; Kélai, T.; Sar, C.; Zsid6, B.Z.; Hetényi, C.; Horvath, AL; et al.
Interaction of SZV 1287, a Novel Oxime Analgesic Drug Candidate, and Its Metabolites with Serum Albumin. J. Mol. Lig. 2021,
333, 115945. [CrossRef]

Scatchard, G. The Attractions of Proteins for Small Molecules and Ions. Ann. N. Y. Acad. Sci. 1949, 51, 660-672. [CrossRef]
Gans, P; Sabatini, A.; Vacca, A. Investigation of Equilibria in Solution. Determination of Equilibrium Constants with the
HYPERQUAD Suite of Programs. Talanta 1996, 43, 1739-1753. [CrossRef]

Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer: New York, NY, USA, 2006; ISBN 978-0-387-31278-1.
Wang, T.; Zeng, L.-H.; Li, D.-L. A Review on the Methods for Correcting the Fluorescence Inner-Filter Effect of Fluorescence
Spectrum. Appl. Spectrosc. Rev. 2017, 52, 883-908. [CrossRef]

Paszti-Gere, E.; Szentkiralyi-Toth, A.; Szabo, P.; Steinmetzer, T.; Fliszar-Nyul, E.; Poér, M. In Vitro Characterization of the Furin
Inhibitor MI-1851: Albumin Binding, Interaction with Cytochrome P450 Enzymes and Cytotoxicity. Biomed. Pharmacother. 2022,
151, 113124. [CrossRef]


http://doi.org/10.1016/j.biopha.2017.01.092
http://www.ncbi.nlm.nih.gov/pubmed/28135601
http://doi.org/10.3390/ijms19124073
http://doi.org/10.1016/j.biopha.2018.03.146
http://doi.org/10.1016/j.jphotobiol.2017.03.016
http://www.ncbi.nlm.nih.gov/pubmed/28365492
http://doi.org/10.1002/jps.2600800216
http://www.ncbi.nlm.nih.gov/pubmed/2051322
http://doi.org/10.1021/acs.jcim.1c00352
http://www.ncbi.nlm.nih.gov/pubmed/34292735
http://doi.org/10.1111/j.2042-7158.1996.tb03990.x
http://doi.org/10.1111/j.2042-7158.1998.tb06183.x
http://www.ncbi.nlm.nih.gov/pubmed/9530994
http://doi.org/10.1016/j.molliq.2021.115945
http://doi.org/10.1111/j.1749-6632.1949.tb27297.x
http://doi.org/10.1016/0039-9140(96)01958-3
http://doi.org/10.1080/05704928.2017.1345758
http://doi.org/10.1016/j.biopha.2022.113124

	Introduction 
	Results and Discussion 
	Interaction of Heme Site Ligands with HSA Based on UV-Vis Spectroscopic and Fluorescence Quenching Studies 
	Effects of Heme Site Ligands on the WAR-Induced Quenching Effect 
	Effects of Heme Site Ligands on the Fluorescence of WAR–HSA Complex 
	Effects of Heme Site Ligands on WAR–HSA Interaction Based on Ultrafiltration and Ultracentrifugation Studies 

	Materials and Methods 
	Reagents 
	UV-Vis Spectroscopic Studies 
	Fluorescence Spectroscopic Studies 
	Ultrafiltration Studies 
	Ultracentrifugation Studies 
	HPLC Analyses 
	Statistics 

	Conclusions 
	References

