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Abstract

Spectroscopic techniques offer significant potential for investigating ligand—protein in-
teractions, particularly for assessing conformational modifications and binding affinity.
In the present study, a complementary approach combining near-UV circular dichroism
(CD) and second-derivative fluorescence spectroscopy was applied to evaluate how two
representative nonsteroidal anti-inflammatory drugs—phenylbutazone (PHB, a marker
of Sudlow’s site I) and ketoprofen (KP, a marker of Sudlow’s site II)—influence the ter-
tiary structure of human serum albumin in its native form (HSA) and after glycation by
glucose (gHSAGLc), fructose (gHSAfrc), and glucose—fructose syrup (gHSAgyrup). The
results demonstrate that glycation substantially modifies the tertiary structure of HSA
and decreases its drug-binding capacity at Sudlow’s sites I and II, with the most pro-
nounced conformational changes observed for gHSAprc, confirming fructose as the most
reactive glycation agent. PHB induced distinct conformational rearrangements, including
a characteristic increase in ellipticity near ~290 nm, indicating perturbations in the chiral
microenvironment surrounding Trp214 within Sudlow’s site I. By contrast, KP induced
weaker, site-specific structural changes, primarily within Phe-rich hydrophobic domains
of site II. Glycation consistently increased the polarity and solvent exposure of aromatic
residue microenvironments—particularly within Tyr-rich regions—while the local environ-
ment of Trp214 remained comparatively stable. These findings suggest that PHB and KP
modulate the conformational flexibility of glycated HSA predominantly by reorganizing
Tyr-rich regions rather than directly perturbing Trp214. Overall, the study shows that
glycation heterogeneity significantly influences protein—drug interactions, with important
implications for altered pharmacokinetics in diabetes and metabolic disorders. The com-
bined application of near-UV CD and second-derivative fluorescence spectroscopy offers a
sensitive and complementary strategy for distinguishing structural differences between
non-glycated and glycated HSA and for characterizing drug—albumin interactions at the
tertiary structural level of the macromolecule.

Keywords: near-UV CD spectroscopy; second-derivative fluorescence; glycated albumin;
phenylbutazone; ketoprofen; ligand—albumin interactions

1. Introduction

Human serum albumin (HSA), the most abundant plasma protein, with a molecular
mass of ~66.5 kDa, accounts for 55-60% of the total serum proteins [1]. It is synthesized
exclusively in the liver at a rate of 12-25 g per day and is continuously secreted into the
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bloodstream [2]. HSA fulfills multiple essential physiological and pharmacological func-
tions, making it an ideal candidate for clinical and biotechnological applications. These
functions include (i) maintaining oncotic pressure and plasma pH, thereby regulating
fluid distribution between the vascular and interstitial compartments [3], (ii) transporting
a wide variety of endogenous (e.g., fatty acids, hormones) and exogenous (e.g., drugs,
toxins) compounds via multiple specific binding sites [4,5], with ligand binding poten-
tially influencing their bioavailability, distribution, pharmacokinetic and pharmacody-
namic properties, (iii) exerting antioxidant activity, primarily through the single free thiol
group of Cys34, which efficiently scavenges reactive oxygen and nitrogen species [6], and
(iv) displaying enzymatic activities, including esterase- and peroxidase-like hydrolysis,
which may contribute to drug metabolism and prodrug activation [7].

Structurally, HSA is a monomeric, non-glycosylated polypeptide composed of
585 amino acid residues, organized into three homologous x-helical domains (I-1II), each
further divided into subdomains A and B: domain I (residues 1-195; IA: 1-108, IB: 109-195),
domain II (residues 196-383; IIA: 196-297, I1B: 298-383), and domain III (residues 384-585;
IITA: 384-502, IIIB: 503-585) [8]. Each domain generates a series of structurally flexible
ligand-binding pockets that can accommodate a wide variety of endogenous and exogenous
molecules [9,10]. The best-characterized high-affinity drug-binding regions on HSA are
Sudlow’s site I, located in subdomain ITA, and Sudlow’s site II, in subdomain IITA [11-14].
Site I is a large, hydrophobic cavity that partially overlaps with fatty acid binding site FA2
and preferentially accommodates bulky heteroaromatic anions [3]. Phenylbutazone (PHB),
a model site I ligand (Figure 1a), inserts its n-butyl side chain deep into the hydrophobic
core of the pocket, while its phenyl rings engage in extensive hydrophobic contacts with
surrounding nonpolar residues, including Leu238, Ile264, and Leu260 [13]. PHB is further
stabilized by hydrogen bonds between its carbonyl oxygen and Tyr150, as well as between
its pyrazolidinedione ring and Arg257, resulting in an association constant in the range of
~10°-10° L-mol~! [3,13]. Crystallographic and spectroscopic studies indicate that strong
hydrophobic interactions predominate in Sudlow’s site I, with additional stabilization from
polar contacts and shape complementarity [14]. Sudlow’s site I is a smaller, elongated
hydrophobic pocket overlapping fatty acid binding site FA4, which accommodates aro-
matic carboxylic acids such as ketoprofen (KP, Figure 1b) [14]. KP buries its aromatic rings
deeply within the hydrophobic core, where they interact with residues such as Leu387 and
Val433, and establishes hydrogen bonds with Tyr411 and Lys414. The binding affinity is
typically in the order of ~10° L-mol~! [15]. At Sudlow’s Site II, the dominant stabilizing
forces are dipole—dipole interactions, van der Waals contacts, and hydrogen bonding, while
hydrophobic effects contribute to ligand positioning and specificity [3,12,16]. In addition
to these sites, HSA contains additional fatty acid binding pockets (FA1-FA9) distributed
across all six subdomains [17,18], a high-affinity N-terminal metal-binding site for Cu?*
and Ni%*, a Cys34-proximal metal-binding site for Zn?* and Cd?* [19], and a heme-binding
region in subdomain IB, often referred to as site III [14,20].
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Figure 1. Chemical structures of (a) phenylbutazone (PHB) and (b) ketoprofen (KP). The molecular
structures were drawn using ChemSketch software, version 12.1.0.31258.
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Under both in vivo and in vitro conditions, albumin undergoes various non-enzymatic
post-translational modifications that can substantially alter its stability, biological activity,
physicochemical properties, and physiological functions [9,21,22]. Oxidative modifica-
tions of Cys34 and methionine residues modulate the protein’s redox state and affect its
ligand-binding affinities [23]. Glycation—the covalent attachment of reducing sugars to the
e—amino groups of lysine and/or arginine residues—initiates a cascade of Maillard-type
reactions, ultimately leading to advanced glycation end-products (AGEs), a structurally
heterogeneous group of irreversible, often cross-linked derivatives with profound conse-
quences for protein conformation and function [21,24]. This process can impair proper pro-
tein folding, reduce a-helical content, and alter the accessibility of binding pockets [21,25].
Site-specific glycation at Lys199 and Arg222—key residues within Sudlow’s site I—reduces
the binding affinity for bulky heteroaromatic anions such as warfarin and PHB by ap-
proximately 30-50%, whereas glycation at Lys414 in Sudlow’s site II decreases its affinity
for aromatic carboxylic acids such as ibuprofen and KP by about 25-40% [26,27]. These
structural perturbations can have profound pharmacokinetic and pharmacodynamic im-
plications, such as changing the unbound (free) fraction of drugs in plasma, weakening
the protein’s antioxidant defense, and accelerating the progression of complications in
metabolic disorders, particularly diabetes mellitus. However, despite extensive studies on
drug binding to native and glucose-glycated HSA, comprehensive comparative analyses
evaluating the effects of different glycation agents on ligand-induced tertiary structure
changes in HSA are still lacking.

Circular dichroism (CD) spectroscopy is a well-established and highly sensitive bio-
physical technique for probing the conformational properties of proteins under a wide
range of physicochemical conditions, including changes induced by ligand binding, pH
shifts, temperature variations, or post-translational modifications [28,29]. In the far-UV
spectral region (190-250 nm), CD signals primarily arise from electronic transitions of the
peptide backbone and provide quantitative insight into the content of o-helices, 3-sheets,
and unordered structural elements. This spectral range enables the assessment of unfold-
ing /refolding processes, as well as structural stability, under varying physicochemical
conditions [29]. In contrast, the near-UV region (250-320 nm) provides valuable informa-
tion about the tertiary structure, as it is shaped by the asymmetric environment of aromatic
side chains—mainly phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp214)—as
well as disulfide bonds. Subtle changes in this region often reflect rearrangements in the
local microenvironment of aromatic chromophores, induced by ligand—protein interac-
tions, conformational adaptation, or chemical modification [30]. HSA, which contains
31 Phe residues, 18 Tyr residues, a single Trp residue (Trp214, located in subdomain I1A),
and 17 pairs of disulfide bonds [1,31], shows distinct near-UV CD profiles that serve as a
sensitive indicator of ligand-induced conformational rearrangements.

Another well-established and widely applied technique for studying proteins and
their interactions with ligands at the molecular level is fluorescence spectroscopy. This
method allows for the determination of binding constants, identification of binding sites,
and characterization of structural changes based on fluorescence intensity, spectral shifts,
fluorescence lifetime, anisotropy, or energy transfer [32]. The conformational effects of
ligand binding on HSA can be reliably monitored using second-derivative fluorescence
spectroscopy applied to albumin and its ligand/-s complexes. This method improves
spectral resolution, thereby enabling precise identification of peak positions and intensi-
ties [33,34]. Furthermore, the derivative method is less affected by sample turbidity and
selectively emphasizes changes in the microenvironment of aromatic residues—particularly
Trp214—making it more effective than classical fluorescence spectroscopy for detecting
subtle tertiary-structure changes.
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The present study aimed to analyse the interactions of two model drugs—PHB
(Figure 1a) and KP (Figure 1b), used as selective markers of Sudlow’s site I and II,
respectively—with non-modified (HSA) and glycated human serum albumin (gHSAg; ¢,
gHSAfrc, gHSAsyrup), using circular dichroism (CD) spectroscopy in the near-UV region
(250-310 nm) and the second-derivative of fluorescence spectra. The innovative aspect of
this work lies in the simultaneous application of two independent spectroscopic techniques
to assess tertiary structure changes in HSA induced by drug binding, which, to date, has
not been described in the context of glycation with glucose, fructose, and glucose—fructose
syrup. In particular, the potential of near-UV CD spectroscopy was demonstrated across
a broad wavelength range, and the use of the second-derivative of the albumin emission
spectrum was proposed as a sensitive method for detecting local conformational changes.
The obtained results not only expand the current understanding of ligand-protein interac-
tions but also highlight the structural and functional consequences of glycation for albumin
binding capacity. These findings provide molecular insights into how post-translational
modifications such as glycation may affect pharmacokinetics and drug—protein interactions
under hyperglycemic and metabolic conditions. Although the spectroscopic methods
employed are well-established, their integrated application to a comparative analysis of gly-
cation effects on albumin structure and ligand binding represents a novel and meaningful
contribution to the field of bioanalytical and biophysical research.

2. Results and Discussion
2.1. Assessment of the Tertiary Structure of Albumins by Near-UV CD Spectroscopy

A variety of biophysical and analytical techniques are applied to investigate the influ-
ence of ligands on protein structure and stability [35]. However, each technique presents
intrinsic limitations, which may stem from specific requirements regarding sample purity
and stability, the physicochemical properties of solvents, applicable concentration ranges,
as well as high instrumentation costs and time-consuming measurement procedures. There-
fore, modern experimental studies increasingly combine several independent techniques
or methods to obtain a more comprehensive and accurate understanding of ligand—protein
interactions and the associated conformational changes. CD spectroscopy is a valuable and
increasingly applied technique for analysing the interactions between macromolecules and
ligands, including pharmacologically relevant compounds [29,36]. In particular, near-UV
CD spectroscopy provides detailed insights into the tertiary structure of HSA (Figure 2)
and enables detection of subtle conformational changes induced by ligand binding [30].
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Figure 2. Near-UV CD spectra of HSA, gHSAGLc, gHSAfrc, and gHSAsyrup (1.30 1075 mol-.L71)
in the range of A 250-310 nm, with the characteristic spectral regions corresponding to Phe, Tyr, and
Trp214 residues.
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In the near-UV region, the CD spectrum of albumin reflects the chiroptical contri-
bution of individual aromatic residues, each of which corresponds to signals in a charac-
teristic wavelength range (Figure 2). The side chains of Phe generate signals within the
255-270 nm range, Tyr within 275-287 nm, while Trp214 is responsible for signals in the
285-305 nm region, arising from asymmetrically perturbed electronic transitions in the
indole ring [28-30]. Additionally, disulfide bridges present in the HSA molecule produce
broad, weak signals across the entire near-UV region, with a characteristic low-energy
“broad negative tail” extending from approximately 295 nm to 315 nm [30]. As shown in
Figure 2, the near-UV CD spectra of non-modified (HSA) and glycated albumin (gHSAg; ¢,
gHSAfrc, gHSAsyrup) exhibit three characteristic spectral regions. In the first region, two
distinct minima are observed at (261.8 & 0.2) nm and (268.4 £ 0.2) nm, which are attributed
to the phenyl groups of Phe residues. The second region (270-290 nm) is characterized
by a spectral bulge, subtle in the case of HSA, gHSAgLc, and gHSAsyrup, but markedly
pronounced in gHSApRrc, primarily arising from the contributions of Tyr residues. Finally,
the third region (295-310 nm) displays an almost linear trend with a constant negative
ellipticity, reflecting the combined contributions of disulfide bonds and Trp214-related
signals. The observed changes in ellipticity values and band shape of HSA in the wave-
length range between 250 nm and 310 nm (Figure 2) indicate tertiary structural alterations
induced by glycation, with the most pronounced effects observedin HSA modified by
fructose (gHSAprc). This marked structural impact of “fructation” is consistent with pre-
vious literature reports highlighting fructose as a particularly reactive glycating agent
capable of inducing greater conformational changes in serum albumin compared to other
reducing sugars [37-39].

As demonstrated by Muzammil et al. [40], changes in ellipticity and the fine struc-
ture of near-UV CD spectra serve as sensitive and reliable indicators of tertiary structure
alterations in fatty acid-free human serum albumin. The observed reduction in signal
intensity, along with the loss of characteristic bands at 275 nm and 292 nm, was attributed
to disruptions of the chiral microenvironment surrounding the aromatic residues. Similarly,
Zarina Arif et al. [22] reported that nitroxidation of HSA caused a substantial decrease in
near-UV CD signal intensity, including the loss of characteristic minima at 262 nm and
268 nm, as well as the tyrosine-specific band at 275 nm. At the same time, far-UV spectra
showed comparatively minor changes, indicating that the protein’s secondary structure
remained largely intact. These findings confirm that near-UV CD spectroscopy is a particu-
larly sensitive method for detecting subtle conformational rearrangements and monitoring
the disruption of the local environment of HSA’s aromatic residues.

Near-UV CD spectroscopy has also been applied as a sensitive tool for rapidly as-
sessing ligand-induced changes in the microenvironment of aromatic amino acid residues
(Phe, Tyr, Trp214) within the HSA molecule [41,42]. Using near-UV CD spectroscopy,
Kabir et al. [41] demonstrated that lapatinib (LAP), a tyrosine kinase inhibitor used in
cancer therapy, affects the tertiary structures of HSA. Their results showed that the CD
spectrum of the drug-HSA complex differs significantly from that of unbound HSA, in-
dicating that LAP induces substantial conformational rearrangements in HSA. Similarly,
Musa et al. [42] reported that lumefantrine, an antimalarial drug, alters the tertiary structure
of HSA upon complex formation. Overall, changes in the shape and/or position of the
near-UV CD spectral signals provide direct evidence for ligand-induced modifications in
HSA conformation and, consequently, may influence its potential functions [41-43].

In the present study, the use of phenylbutazone (PHB, Figure 1a) and ketoprofen
(KP, Figure 1b) as markers for Sudlow’s binding sites I and II, respectively, enabled the
identification of CD spectral changes and structural alterations in non-modified and gly-
cated albumins within ligand—protein complexes. Figures 3a—d and 4a—d present repre-
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sentative near-UV CD spectra of albumins recorded in the absence of ligands (HSA (a),
gHSAGLc (b), gHSAfrc (c), gHSAsyrup (d)) and the presence of PHB (Figure 3a—d) or KP
(Figure 4a—d). Tables S1-S3 summarize the mean ellipticity values and corresponding
standard deviations (mean + SD, mdeg) derived from the near-UV CD spectra for HSA,
gHSAGLc, gHSAprc, gHSAsyrup, as well as for the complexes (PHB-albumin)omplex—PHB
and (KP-albumin)omplex—KP, within three spectral wavelength ranges: 255-270 nm (a),
275-287 nm (b), and 285-305 nm (c). Based on preliminary studies, nine wavelengths
were selected for comparative spectral analysis. These were as follows: for the Phe
residue region—258.4 nm, 262.2 nm, and 268.0 nm (Tables S1a-S3a); for Tyr—275.8 nm,
279.2nm, and 283.4 nm (Tables S1b-S3b); and for Trp214—286.0 nm, 290.2 nm, and
302.0 nm (Tables S1c-S3c). Complete data, along with the results of statistical tests, is

available in the Supplementary Materials.
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Figure 3. Near-UV CD spectra of (a) non-glycated HSA and (b—d) glycated albumins, in the absence
and presence of PHB, at a ligand /albumin molar ratio of ~8:1.

Figure 3 presents distinct differences in both the intensity and shape of the near-
UV CD spectra recorded for free serum albumin (“albumin”) and its complexes with
phenylbutazone (“(PHB-albumin)compiex—PHB”). These spectral changes are noticeable for
the non-modified HSA (Figure 3a) as well as for modified HSA, regardless of the glycation
agent used: gHSAGLc (Figure 3b), gHSAgrc (Figure 3c), and gHSAgyryp (Figure 3d). The
formation of the KP-albumin complex also induced changes in the near-UV CD spectra
compared to free albumin (Figure 4a—d); however, the magnitude of these changes was
smaller than that observed for the PHB-albumin complexes.
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Figure 4. Near-UV CD spectra of (a) non-glycated HSA and (b—d) glycated albumins, in the absence
and presence of KP at a ligand /albumin molar ratio of ~8:1.

Based on the data presented in Table Sla—c, statistically significant differences were
found between the CD ellipticity values recorded for free albumin and its complexes with
PHB and KP. These differences were observed for at least one wavelength within each of
the analysed spectral regions: (a) 255-270 nm, (b) 275-287 nm, and (c) 285-305 nm.

In the wavelength range of 255-270 nm, characteristic for phenylalanine (Phe) residues,
statistically significant differences between HSA and (PHB-HSA)complex—PHB (p = 0.0015),
as well as between HSA and (KP-HSA)complex—KP (p = 0.0067), were observed exclusively
at A 258.4 nm. Similar differences were also noted for glycated albumins. These results
suggest that both PHB and KP, in complexes with either non-modified or glycated HSA, can
induce conformational changes in Phe-rich regions, indicating their potential involvement
in the binding process. Several of these residues—Phe206, Phe211, Phe223, Phe228, Phe229,
and Phe254 in subdomain IIA, and Phe373, Phe374, Phe376, and Phe404 in subdomain
IIIA [31]—are located within hydrophobic cores that make a significant contribution to
the near-UV CD signal. Even subtle changes in the orientation, packing, or polarity of the
microenvironment around these aromatic chromophores can markedly alter the CD spectral
profiles. In the wavelength range of 275-287 nm, associated with tyrosine residues (Tyr),
and 285-305 nm, characteristic for Trp214, numerous statistically significant differences
were also observed between spectra recorded for free albumin and its ligand complexes,
especially for the PHB complex (Figure 3). The most pronounced changes were found in
the 286-290 nm range, which may indicate alterations in the tertiary structure of albumin,
particularly in the vicinity of Trp214, which is located within Sudlow’s site I (subdomain
ITIA of HSA). In many cases, the level of statistical significance was very high (p < 0.0001),
further confirming the importance of the observed changes.

PHB binds to HSA with a high association constant (K; = 1.5 x 10 L-mol~1) at
Sudlow’s site I in subdomain IIA, while also binding to a secondary site—Sudlow’s site
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II in subdomain IITA [9,44]. This ligand—protein interaction is mainly driven by elec-
trostatic forces, with hydrophobic contacts providing additional stabilization [45]. Si-
multaneous binding at both sites can perturb the tertiary structure and alter the chiral
environment of aromatic residues, leading to changes in the near-UV CD signal, ob-
served as higher ellipticity across all three examined spectral regions (Figure 3a: HSA
vs. (PHB-HSA)omplex—PHB; Figure 3b: gHSAGLc vs. (PHB-gHSAGLC)complex—PHB;
Figure 3c: gHSAprc vs. (PHB-gHSAprC)complex—PHB; Figure 3d: gHSAgyrp vs.
(PHB-gHSAsyrup)complex—PHB). These spectral modifications indicate partial alteration
of the tertiary structure and a local loosening of the conformational packing [43]. The
slight bulge characteristic of HSA, gHSAgrc, and gHSAgyryp is replaced by a distinct
peak with a maximum positive ellipticity in the vicinity of 290 nm (with the peak for
gHSAgprc shifted towards shorter wavelengths, Figure 3a—d), most likely reflecting strong
PHB binding within Sudlow’s site I, near Trp214. Chignell [46] attributed this effect to =—m
interactions between the aromatic moieties of PHB and hydrophobic regions within the
albumin binding pocket, leading to a positive Cotton effect. Similar observations were
reported by Bertozo et al. [47] using induced circular dichroism (ICD) spectroscopy. Their
study aimed to evaluate the impact of oxidative modification of Trp214 and Lys199 on
PHB'’s affinity for Sudlow’s site I. The authors analysed the tertiary structure of native and
oxidized albumin (HSApx), before and after PHB binding. In both albumins, PHB binding
produced a pronounced induced ellipticity peak at ~290 nm (within the 280-300 nm range).
The appearance of this peak at ~290 nm provides further evidence for the formation of a
stable PHB-albumin complex [48].

KP is a well-established marker of Sudlow’s site II, binding to HSA with association
constants of K, = (2.79 + 0.36) x 10° L-mol~! and K, = (2.81 + 0.42) x 10° L-mol~! for
the R- and S—enantiomers, respectively [15]. Its primary high-affinity site is located in
subdomain IIIA (Sudlow’s site II). However, KP can also interact with secondary sites in
subdomains IB and IIA, reflecting the presence of multiple classes of binding sites within
the protein [9,49]. Binding in these regions can affect not only the structural arrangement
of the main binding pocket but also its surrounding microenvironment, generating ad-
ditional spectral contributions or altering existing ones. The most pronounced near-UV
CD differences between free albumin and the (KP-albumin)complex—KP occurred in the
255-270 nm range, dominated by contributions from phenylalanine residues with smaller
but still detectable changes in the regions associated with Tyr and Trp214 (Figure 4). The
observed spectral changes, consistent for both non-modified and glycated albumin, indicate
that KP binding most strongly perturbs the local environment of Phe residues—likely due
to their prevalence within the hydrophobic core of subdomain IIIA and their significant
contribution to the near-UV CD signal.

The presented results confirm the usefulness of CD spectroscopy as a sensitive tool
for monitoring local structural changes in albumin induced by the binding of PHB and KP,
which are nonsteroidal anti-inflammatory drugs (NSAIDs) and represent markers of Sud-
low’s site I and II, respectively. Table S2 presents the CD ellipticity values for complexes of
non-modified and glycated albumin with phenylbutazone ((PHB-albumin)complex—PHB).
These data indicate that glycation significantly affects the interaction between PHB and
HSA, with the most pronounced CD signal changes observed for albumin glycated by fruc-
tose (gHSApRrc). This may indicate more extensive disturbances in the tertiary structure of
albumin, especially in regions containing Tyr and Trp214 residues. Consequently, glycation
appears to alter HSA conformation and its binding affinity for PHB substantially. Similarly
to the effects reported by Graciani and Ximenes [48] for pH-induced conformational tran-
sitions, such perturbations in the chiral environment of aromatic residues and disulfide
bridges can markedly alter near-UV CD spectral profiles, reflecting structural loosening
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and changes in domain packing. Conversely, the data shown in Table S3, describing the
interaction of albumin with ketoprofen ((KP-albumin)compiex—KP), reveal less pronounced
changes in CD ellipticity signals than those observed for PHB (Table S2). The most con-
siderable statistically significant differences relative to HSA were observed for complexes
with gHSAgrc and gHSAgyryp at 275-287 nm and 285-305 nm, suggesting an influence of
KP on the local environment of Tyr and Trp214 residues in modified albumin, although
to a lesser extent than PHB. The near-UV CD spectra revealed distinct alterations in ellip-
ticity between non-glycated and glycated albumin, particularly in the presence of PHB,
indicating ligand-induced perturbations in the microenvironment of aromatic residues. In
the near-UV region, these spectral variations may partly reflect induced circular dichro-
ism (ICD) effects arising from coupling between ligand and protein transition moments.
Nevertheless, since all spectra were recorded under identical experimental conditions and
corrected for the free ligand contribution, the differences can be interpreted as consistent
ligand-induced perturbations within the aromatic microenvironment of the macromolecule.
This interpretation aligns with previous reports that used near-UV CD spectroscopy to
monitor tertiary conformational changes in HSA-ligand complexes [41,42,50].

2.2. Assessment of the Tertiary Structure of Albumins by Second-Derivative Fluorescence Spectra

Based on the obtained results, second-derivative spectroscopy of “differential” fluores-
cence spectra was selected as a complementary reference method to near-UV CD spectroscopy
(Section 2.1). This approach enables a more precise comparison between albumin in its free
form (“albumin”) and its ligand-bound complexes (“(ligand-albumin) omplex—ligand”). En-
hancing spectral resolution and minimizing background interference allows the detection
of subtle conformational changes in the vicinity of aromatic residues (particularly Tyr and
Trp214) [51]. Such differences, often invisible in classical fluorescence spectra, become espe-
cially evident when assessing structural rearrangements induced by ligand binding or by
structural modifications of HSA, such as glycation.

The diagrams below illustrate fluorescence emission and the second-derivative spectra
of native and glycated albumins, free or complexed with PHB (Figure 5) and KP (Figure 6).
Prior to obtaining the second-derivative spectra (ond (ligand-albumin)complex—ligandnorm),
the fluorescence spectra of each (ligand-albumin)complex—ligand were normalized to the
corresponding maximum fluorescence intensity of free albumin.

The alterations observed in the second-derivative spectra within the 370-400 nm range
and below 320 nm indicate structural reorganization in the microenvironment of albumin,
specifically around tryptophan (Trp214) and the seventeen tyrosyl residues distributed
across the hydrophobic subdomains IA (Tyr138, Tyr140), IB (Tyr150, Tyr161), IIA (Tyr263,
Tyr319, Tyr332, Tyr334, Tyr341, Tyr353), IIB (Tyr401, Tyr452), IIIA (Tyr411, Tyr497, Tyr510),
and IIIB (Tyr520, Tyr527), respectively [31,33,34]. This highlights the advantage of second-
derivative spectroscopy over classical emission fluorescence spectra, where distinguishing
between Tyr- and Tpr214-derived signals is considerably more demanding.
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Figure 5. Fluorescence emission spectra of (PHB-albumin)omplex—PHBrorm normalized to the
maximum fluorescence intensities of albumin, with the corresponding second-derivative spectra (2nd)
for (a,b) HSA and (c-h) glycated albumins; Aex 275 nm (left panels) and Aex 295 nm (right panels).
Insert: detail of the Trp214 region (370-400 nm); ligand-to-albumin molar ratio of ~15:1.



Processes 2025, 13, 4000

11 of 19

800 -

600 -{

400

— —HsA
= = (KPHSA)
——2"HSA

——2"(KP-HSA)

KP

norm

KP.

'complex”

200

Fluorescence intensity (a.u.)

600

g

Wavelenght (nm)

(@)

- - gHSAGLC
- = (KP'QHSAGLc)mmmex'
nd
——2"gHSA
—— 2"(KP-gHSA,

KP

norm

KP

Sy —

norm

200

Fluorescence intensity (a.u.)

100

-]
o
1

@
=]
|

Wavelenght (nm)

(©)

— —gHSA_,
= = (KP-GHSA o) mpio KP o

p ’,\\\\ —2":gHSAFRC

/I QT 2UKPGHSAL ) kP,

-3

3

R

[

2z

®

2z

=

()

hel

el

=4

Q

(5]

[0

w

L2
-2

3
S
[
2
2
@
2
=
()
el
kel
C
o
(8]
Q
%)

- 0.6

0.3

'
(=)
1

Fluorescence intensity (a.u.)
N
o
1

200

150

Wavelenght (nm)

(e)

- - gHSAsyyup
= = (KPgHSA ) gt P
—2"gHSA, .
7 TN — 2"(KP- -
N\ 27(KP: gHSAsymp)cummex Kpnmm
/ N\

Second derivative (a.u.)

--0.6

0.5

Fluorescence intensity (a.u.)

Wavelenght (nm)

(8)

Second derivative (a.u.)

L-1.0

Fluorescence intensity (a.u.)

Fluorescence intensity (a.u.)

Fluorescence intensity (a.u.)

Second deivathe 1)

400 -
5
300 LA
Qo
2
T
2
) £
wq 8
Y °
/ s
) Sxd 8
100, - S KPHSA P X 3
4 2HSA L0
——2"(KP-HSA), . -KP
mptex” KP norm
0- Wavelenght (nm) =18
250 o6
e NN
200 4 7 ~ Fos =
N =
//, e
/ o
150 - /7 N\ F00 2
T T o
360 \3\30 490 2
/s S~ S
i N f -
100 P — —gHsa, S~ 0.3 -
¢ — —(KPgHSA_ ), KPS < S
’ M Lc)eomplex T nom S
50 ——2"gHSA, 06 @
od
T2 (KPgHSAG o). KP o
0- L-0.9
Wavelenght (nm)
90+ 0.1
3
s
= 3
2 N s
Q
2 60 00 o
£ 320 o=
3 g
c =
o [0}
8 o
2 e}
2 50l L0156
2 =3
& &
=7 (KP-GHSA ) pmpes KP o
|
——2"gHSA,
0J ——2KP-gHSA ), K L 02
Wavelenght (nm)
100 -
AR SSS R
s
. : = £ 0.0 2
604 \VAR' 380 40 F
- NF-T 2
I ()
©
40 - -- 2
, gHSA, 01§
! = S (KPgHSA ) KP, s
204 7 —2"gHSA,
v ——2"(KP-gHSA_ ) -KP
yrup)oomptex FF norm
04 Wavelenght (nm) --0.2

(h)

Figure 6. Fluorescence emission spectra of (KP—albumin)complex—KPnorm normalized to the maxi-

mum fluorescence intensities of albumin, with the second-derivative spectra (2nd) for (a,b) HSA and

(c-h) glycated albumins; Aex 275 nm (left panels) and Aex 295 nm (right panels). Insert: detail of the

Trp214 region, covering the 370-400 nm wavelength range; ligand-to-albumin molar ratio of ~15:1.

Based on Figures 5 and 6, differences in specific regions of the second-derivative

fluorescence spectra were observed between albumin in the absence (“2nd albumin”) and
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in the presence of ligands (“2nd (ligand-albumin)complex—ligandnorm”). These changes
were evident for native albumin (2nd HSA: Figures 5a,b and 6a,b) and its glycated forms
(2nd gHSAGL c: Figures 5¢,d and 6¢,d; 2nd gHSAggc: Figures 5e,f and 6e,f; 2nd gHSAgyrup:
Figures 5g,h and 6g,h), in complexes with PHB (Figure 5a-h) as well as KP (Figure 6a-h).
The observed alterations reflect modifications in the microenvironment of aromatic residues
induced by ligand binding. Moreover, the differences between HSA and its glycated
forms—particularly pronounced for albumin glycated with fructose and syrup—indicate
that glycation substantially contributes to the structural reorganization of albumin. To
quantify these spectral variations and provide a sensitive indicator of polarity changes in
the vicinity of aromatic residues, the empirical H parameter (relative peak contribution)
defined by Mozo-Villarias [34] was applied. This parameter, determined by the peak-
to-peak method as the distance between the positive peak maximum and the negative
peak minimum in the spectrum, enables precise monitoring of structural rearrangements
around Trp214 and Tyr residues. For Aex 295 nm, the parameter Hygsny, represents the
difference between the minimum and maximum values within the 370-400 nm range of
the second-derivative fluorescence spectra. In contrast, for Aex 275 nm, Hp75np, is defined
as the difference between the minimum and maximum values below 320 nm [52,53]. The
calculated values of the H parameter for non-glycated and glycated albumins, in their
free forms and complexes with PHB or KP, at A¢x 275 nm and Ae¢x 295 nm are summarized
in Tables 1 and 2.

Table 1. Parameter H determined for non-glycated albumin (HSA), glycated albumins (gHSAGyc,
gHSAfrrc, gHSAsyrup), and their complexes with PHB and KP; Aex 275 nm and Aex 295 nm.

Sample me?rfi?:nng +  Amin M)  Ama (nm) mezfgzlszng +  Amin ((m)  Apay (nm)
HSA 0.842 + 0.040 @ 301 313 0.014 + 0.003 383 389
(PHB-HSA)complex—PHBnorm 1.732 4 0.172 @ 308 318 0.020 + 0.006 391 395
(KP-HSA) complex—KPnorm 0.558 =+ 0.086 @ 308 317 0.011 + 0.007 392 396
gHSAGrC 0.794 + 0.012 ® 301 314 0.016 + 0.005 387 394
(PHB-gHSAGLC)complex—PHBrorm ~ 1.442 4 0.050 ® 308 318 0.020 + 0.008 378 384
(KP-gHSAGLC) complex—KPnorm 0.214 + 0.003 ® 309 316 0.027 £ 0.001 383 391
gHSAFRC 0.172 £ 0.013 © 299 305 0.009 =+ 0.005 393 372
(PHB-gHSAERC)complex—PHBnorm ~ 0.352 4 0.039 ©) 308 317 0.025 + 0.011 394 386
(KP-gHSAFRC)complex—KProrm 0.369 + 0.017 ©) 311 302 0.010 = 0.004 382 387
gHSAgyrup 0.219 £ 0.033 @ 300 307 0.003 + 0.002 ) 381 386
(PHB-gHSAsyrup)complex—PHBnorm ~ 0.641 4 0.051 @ 306 317 0.002 = 0.002 383 387
(KP-gHSAsyrup)complex—KPnorm 0.479 £ 0.010 D 311 302 0.027 4 0.009 © 391 383

* Standard deviation; samples with different superscript letters (¥~)) indicate statistically significant differences
between albumin vs. (ligand-albumin)omplex—ligandnorm (Student’s t-test, n = 3, p < 0.05).

Aromatic residues, such as Phe, Tyr, and Trp214, play a crucial role in determining
the structural and functional properties of HSA. Changes in their microenvironment can
provide important insights into the protein’s conformational changes caused by ligand
binding. When using A¢x 275 nm, which excites both Trp214 and Tyr residues and thus
represents the global environment of the aromatic chromophores, statistically significant
differences in H parameter values were observed between free albumin and its complexes
with PHB or KP, for both the native and glycated forms of HSA (Table 1). It should be
noted that empirical H values greater than 1 indicate a less polar (more hydrophobic)
microenvironment of aromatic residues, whereas H values below 1 reflect increased local
polarity and greater solvent accessibility. The presence of PHB resulted in increased H
values, indicating a more hydrophobic microenvironment. This suggests that the region
surrounding the aromatic residues becomes more rigid and ordered. Conversely, the effect
of KP varied depending on glycation: for native HSA and gHSA¢y ¢, the H value decreased,
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suggesting a more polar environment. However, for gHSAgrc and gHSAsyrup, the H
value increased, indicating enhanced hydrophobicity. In contrast, for Aex 295 nm, which
selectively excites the microenvironment of Trp214, no statistically significant differences in
H values were detected between free albumin and ligand—albumin complexes, except for
gHSAsyrup vs. KP—(gHSASymp)Complex—KPnorm (Table 1). This indicates that neither PHB
nor KP substantially modifies the hydrophobicity near Trp214 in most cases.

Table 2. Values of parameter H determined for complexes of HSA and gHSAg1c, gHSAfRrc,
gHSAsyrup with PHB and KP at Aex 275 nm and Aex 295 nm.

Sample Hz750m H295nm
Mean + SD *
(PHB-HSA)complex—PHBnorm 1.732 £ 0.172 0.020 + 0.006
(PHB-gHSAGLC)complex—PHBnorm 1.442 £ 0.050 0.020 £ 0.008
(PHB-gHSAFRC)complex—PHBnorm 0.352 4+ 0.039 0.025 £ 0.011
(PHB-gHSAsyrup)complex—PHBnorm 0.641 + 0.051 0.002 + 0.002
H=7.269
One-way ANOVA (Hy751m) F = 140417 p =0.064
Kruskal-Wallis ANOVA (H95nm) p <0.001 statistically non-significant differences
(p > 0.05)
Tukev’s HSD test. 71 = 3 all differences statistically significant -
y M= (p < 0.05) &
(KP-HSA)complex—KPnorm 0.558 + 0.086 0.011 4 0.007
(KP-gHSAGLC) complex—KPnorm 0.214 4+ 0.003 0.020 £ 0.008
(KP-gHSAFRC) complex—KPnorm 0.369 + 0.017 0.010 + 0.004
(KP-gHSAsyrup)complex—KPnorm 0.479 + 0.010 0.027 £ 0.009
, H =10.385 H =7.989
Kruskal-Wallis ANOVA p=0016 p = 0.046

MCT, n=3

statistically significant differences:

(KP-HSA)complex—KPnorm vs. statistically non-significant differences

(KP_gHSAGLC)complex_KPnorm (p > (0.05)
(p = 0.013)

HSA 0.842 + 0.040 0.014 £+ 0.003
gHSAGLC 0.794 4+ 0.012 0.016 4 0.005
gHSARRC 0.172 + 0.013 0.009 £ 0.005
gHSAsyrup 0.219 + 0.033 0.003 £ 0.002

F =518.875 F=6.478
One-way ANOVA p <0.001 p=0016

Tukey’s HSD test, n =3

significant differences: HSA vs.
gHSAgrc, HSA vs. gHSAsyrup, gHSAGLC
VS. gHSAFRC/ gHSAGLC VS. gHSAsyrup
(all p < 0.05)

significant differences: HSA vs.
gHSAgyrup, gHSAGLC vs. gHSAsyrup
(all p < 0.05)

* Standard deviation. ** Not applicable.

It is noteworthy that both tyrosine and tryptophan residues are located within the main
drug-binding regions of HSA. Sudlow’s site I (subdomain IIA) contains Tyr263, Tyr319,
Tyr332, Tyr334, Tyr341, Tyr353 and Trp214, whereas Sudlow’s site II (subdomain IIIA)
includes Tyr411, Tyr497, Tyr510 [31]. Ligand-induced alterations in the H parameter at Aex
275 nm, therefore, most likely reflect interactions within one or several of these sites. In
addition, other Tyr residues (e.g., Tyr138, Tyr161, and Tyr401 in fatty acid binding regions,
and Tyr84 near the Cys34 site) may further contribute to these changes [54]. Trp214 is highly
responsive to alterations in its microenvironment and typically reflects ligand binding to
Sudlow’s site I; however, the generally stable H parameter at Aex 295 nm suggests that PHB
and KP did not significantly affect the hydrophobicity of its surroundings.
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Glycation itself had a pronounced effect on the aromatic microenvironment. Compared
with native HSA, the glycated forms displayed markedly lower H values at Aex 275 nm,
consistent with a more polar, solvent-exposed environment of aromatic residues (Table 1).
Ligand binding further modulated these glycation-related changes: PHB enhanced hy-
drophobicity in native HSA, but this effect was strongly attenuated in glycated proteins,
especially in gHSAfrc and gHSAgyrup. KP exerted opposite effects, decreasing H in native
HSA and gHSAGL ¢, but increasing it in gHSAprc and gHSAgyrup- These findings indicate
that glycation not only shifts the baseline polarity of aromatic residues but also reshapes
the mode of ligand interaction with the protein. Overall, glycation primarily perturbs
global structural domains of HSA, particularly Tyr-rich regions, while the Trp214 pocket
remains relatively stable. Consequently, ligands such as PHB and KP act upon an already
altered conformational background, with their impact depending on the glycation agent.
These findings highlight that glycation-related heterogeneity must be taken into account
when evaluating albumin—drug interactions and their consequences for drug binding,
distribution, and pharmacological activity.

Based on the analyses presented in Sections 2.1 and 2.2, the combined use of near-UV
circular dichroism (CD) and second-derivative fluorescence spectroscopy at the preliminary
stage provides a rapid and comprehensive approach for assessing ligand—-albumin interac-
tions. These techniques enable the identification of specific interaction regions—particularly
the microenvironments of Phe, Tyr, and Trp214 residues—and the evaluation of how protein
structural modifications affect these interactions. In fact, similar perturbations of the aro-
matic microenvironment have been reported by Chudzik et al. [52], who demonstrated that
molecular ageing of serum albumin leads to oxidation-induced structural rearrangements
detectable, among other methods, by second-derivative fluorescence spectroscopy.

It should be emphasized that the present investigation focused on tertiary structure
changes. The absence of far-UV CD measurements limits the direct assessment of secondary
structural elements such as «-helices and (3-sheets. As discussed by Arif et al. [22] and
Kelly and Price [28], rearrangements in tertiary and secondary structures may occur inde-
pendently. While additional far-UV CD data could enhance the interpretation of the results,
this analysis was beyond the aims of the present study. Future research will integrate
far-UV CD, near-UV CD, spectrofluorimetry, UV-Vis, and nano-ITC methods to provide a
more complete understanding of how modification/glycation and ligand binding affect
the structural and functional properties of human serum albumin.

3. Materials and Methods
3.1. Chemicals and Reagents

ImmunO Human Serum Albumin, fraction V (HSA, Lot No. 8234H) and ketoprofen
(KP, Lot No. 7213]) were provided by MP Biomedicals™ (Illkirch-Graffenstaden, France);
phenylbutazone (PHB, Lot No. 78H1117) and sodium azide (NaN3, Lot No. BCBD6941V)
were obtained from Sigma-Aldrich Chemical Co. (Darmstadt, Germany); D(—)-fructose
(FRC, Lot No. A0282904) and D(+)-glucose (GLC, Lot No. A0299881) were gained from
POCH S.A. (Gliwice, Poland); di-Potassium hydrogen phosphate pure p.a. (K;HPOy)
and sodium dihydrogen phosphate dehydrate (NaH,PO, x 2H,0) were purchased from
Eurochem BGD Sp. z o.0. (Tarnéw, Poland). The stock solution of KP and PHB were
prepared by dissolving appropriate amounts in methanol from Merck KGaA (Darmstadt,
Germany, Lot No. 32373611/18). All chemicals and reagents used in this study were of
analytical grade and used without further purification.
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3.2. Methods
3.2.1. Sample Preparation

HSA Glycation Process: Prior to in vitro glycation of human serum albumin (HSA),
all glassware and spatulas were sterilized to prevent bacterial contamination. Glycated
albumins (gHSAGLc, gHSAfrc, gHSAsyrup) were prepared by incubating HSA solu-
tions (2 x 1072 mol-L~1) with D(+)-glucose (GLC, 0.05 mol-L~!), D(—)-fructose (FRC,
0.05 mol-L~1), or glucose—fructose syrup (GFS, 0.05 mol-L~!; 55% GLC + 45% FRC) in
phosphate buffer (0.05 mol-L~!, pH = 7.4 4 0.1) containing sodium azide (0.015 mol-L~1)
as preservative. The mixtures were incubated in sterile closed tubes at 37 °C for 21 days. A
native, control sample (HSA) was prepared analogously, without the addition of reducing
sugars. After incubation, both non-glycated HSA and glycated albumins were extensively
dialyzed against phosphate buffer for 24 h to remove unbound sugars and subsequently
filtered through sterile Millex-GP syringe filters with 0.2 um pores (Merck Millipore Ltd.,
Tullagreen, Carrigtwohill, Co. Cork, Ireland). The absorbance ratio (Aps5/Azgp) was <0.5
for all preparations, confirming the purity of the albumin solutions.

Investigating Ligand—Albumin Interactions: PHB and KP stock solutions were pre-
pared by dissolving the appropriate amounts in methanol, ensuring that MeOH did
not exceed 1% (v/v) in the final concentration. The stock concentration of ligands was
1 x 1072 mol-L ™!, while albumin solutions (HSA, gHSAGLc, gHSAprc, and gHSAsyrup)
were ~1.30 x 10~° mol-L~!. For spectropolarimetric measurements (near-UV CD), ligand-
to-albumin molar ratio of 8:1 was applied, whereas for spectrofluorimetric experiments,
the ratio was 15:1. All measurements were conducted after 90 min incubation of the
ligand—-albumin and ligand-buffer mixtures.

3.2.2. Circular Dichroism (CD) and Fluorescence Spectroscopy

Near-UV CD Measurements: Near-UV CD spectra of native and glycated albumins,
as well as phosphate buffer in the absence or presence of PHB and KP, were recorded on
a JASCO J-1500 CD spectropolarimeter (JASCO International Co., Ltd., Hachioji, Tokyo,
Japan) at 37 °C under a constant nitrogen purge. Spectra were measured in a 10 mm
path length quartz cuvette over the range of 250-310 nm, using a wavelength interval of
0.2 nm, a bandwidth of 2.0 nm, a digital integration time (D.LT.) of 2 5, and a scan speed of
50 nm/min. For reliable interpretation, ellipticity values (mdeg) were analyzed within three
characteristic wavelength intervals: 255-270 nm, 275-287 nm, and 285-305 nm. In addition,
mean ellipticity values were compared at nine selected wavelengths corresponding to
aromatic residues of albumin: 258.4 nm, 262.2 nm, 268.0 nm, 275.8 nm, 279.2 nm, 283.4 nm,
286.0 nm, 290.2 nm, and 302.0 nm. The buffer blank spectrum was subtracted from all
CD measurements. Difference spectra, labeled as “(PHB-albumin)complex—PHB and (KP-
albumin)complex—KP”, were obtained by mathematically subtracting the CD signal of the
free ligand (PHB-buffer or KP-buffer) from that of the corresponding ligand-albumin com-
plex. Although this procedure does not eliminate induced circular dichroism (ICD) signals
arising from ligand binding, it allows for relative comparisons between native and glycated
albumin recorded under identical experimental conditions and ligand concentrations.

Fluorescence Analysis: Fluorescence spectra were measured at 37 °C using a JASCO
FP-6500 spectrofluorimeter (JASCO International Co., Ltd., Hachioji, Tokyo, Japan)
equipped with a Peltier thermostat (At & 0.2 °C) and quartz cuvettes with dimensions
of 1.0cm x 1.0 cm X 4.0 cm. Spectra corresponding to Trp214 and Tyr residues of non-
glycated HSA and glycated albumins (gHSAGLc, gHSAfrc, gHSAsyrup), as well as their
complexes with PHB and KP, were collected at Aex 295 nm (Aern 305—400 nm) and Aex
275 nm (Aem 285-400 nm), respectively. Measurements were performed with spectral
bandwidths of 3 nm (excitation) and 5 nm (emission), a scanning speed of 100 nm/min,
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“Medium” signal sensitivity, and a response time of 2 s. Difference emission spectra of
albumin and its ligand mixtures were obtained by mathematical subtraction of the cor-
responding free ligand spectra. Subsequently, the Savitzky-Golay algorithm (15 points)
was applied to calculate the second-derivative of the fluorescence spectra, from which
the empirical H parameter (relative peak contribution) was determined. Prior to second-
derivative analysis (2nd (ligand-albumin) omplex—ligandnorm), the zero-order spectra of
each (ligand-albumin)omplex—ligand were arithmetically normalized to the corresponding
maximum fluorescence intensity of free albumin.

All fluorescence and near-UV CD spectra presented in this study were smoothed using
the Savitzky and Golay method with a convolution width of 11 (Spectra Analysis software,
version 1.53.07, JASCO, Easton, MD, USA) and subsequently visualized with OriginPro 8.5
SR1 (Northampton, MA, USA).

3.3. Statistical Analysis

Experiments were performed in triplicate (n = 3), and results are presented as mean +
standard deviation (mean 4 SD). Statistical comparisons between two groups—albumin vs.
(PHB-albumin)complex—LPHBnorm or albumin vs. (KP-albumin)complex—KPnorm—were car-
ried out for non-glycated (HSA) and glycated albumin (gHSAGLc, gHSAfFrc, gHSAsyrup)-
Data normality was assessed using the Shapiro-Wilk W test, complemented by inspection
of frequency histograms. The homogeneity of variances was evaluated with Levene’s test.
When both assumptions were satisfied, Student’s t-test was applied to identify statistically
significant differences between groups. For comparisons involving more than two groups
(e.g., (ligand-albumin)complex—ligandnorm), One-way analysis of variance (ANOVA) was
used under the assumptions of normal distribution and homogeneity of variances, with
Tukey’s HSD post hoc test applied for pairwise comparisons. When at least one of these
assumptions was violated, the nonparametric Kruskal-Wallis ANOVA by multiple com-
parisons of mean ranks (MCT) was followed. A p-value < 0.05 was considered statistically
significant. All statistical analyses were conducted using Statistica software, version 13.3
(TIBCO Software Inc., Palo Alto, CA, USA). The complete near-UV CD dataset, together
with the results of statistical analyses, is provided in the Supplementary Materials.

4. Conclusions

This study provides the first integrated spectroscopic comparison of human serum
albumin (HSA) in its non-glycated and glycated by glucose, fructose, and glucose—fructose
syrup forms, achieved by combining near-UV CD with second-derivative fluorescence
spectroscopy. The complementary use of these two techniques enabled a sensitive and
detailed characterization of glycation-induced alterations in tertiary structure and their
impact on ligand binding.

(i) Glycation significantly alters the tertiary structure of HSA and reduces its drug-
binding capacity at Sudlow’s sites I and II. Fructose-glycated HSA showed the
most pronounced structural changes, confirming fructose as the most reactive
glycation agent.

(ii) PHB induced distinct structural rearrangements, manifested by a characteristic en-
hancement of the ellipticity peak at ~290 nm, which indicates perturbations in the
chiral environment near Trp14 within Sudlow’s site 1.

(iii) KP caused weaker, site-specific conformational perturbations, primarily within hy-
drophobic domains enriched in Phe residues.

(iv) Glycation reduces the hydrophobicity of the aromatic residue environment, mak-
ing it more exposed and polar, whereas the microenvironment of Trp214 remained
relatively stable.
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(v) Ligands modulate the conformational flexibility of glycated albumin mainly through
the reorganization of Tyr-rich domains, rather than by directly affecting the surround-
ings of the single Trp214.

(vi) The findings demonstrate that glycation heterogeneity significantly influences drug bind-
ing, a finding relevant to pharmacokinetics in diabetes and other metabolic disorders.
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