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Abstract

The binding of low molecular weight compounds with the transport proteins of blood is an essential step of their delivery
into living cells and thus the accurate investigation of the interactions occurring in solution at physiological conditions is
crucial for the development of efficient biologically active molecules. In this work, we report on the complex species, stabil-
ity constants and thermodynamic parameters for the binding reactions of hydrazones derived from pyridoxal-5'-phosphate
(PLP) with bovine and human serum albumin (BSA and HSA) in neutral aqueous solution. The study has been carried out
using isothermal titration calorimetry which allowed to directly obtain both binding constant and enthalpy change values for
the systems investigated. The thermodynamic characterization in solution revealed that the PLP-hydrazone derivatives are
able to effectively interact with both bovine and human serum albumin and enabled the determination of the driving forces
for the molecular recognition process. The formation of the 1:1 complex was found to be always enthalpy favored and driven
due to the insertion of the hydrazone moieties into the hydrophobic pockets of BSA or HSA.
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Introduction The introduction of biological aldehydes into the hydra-

zone molecules can provide them with additional valuable

Hydrazones have a wide spectrum of biological and phar-
macological properties; among others, antimicrobial, anti-
convulsant, analgesic, anti-inflammatory, antitubercular, and
antitumoral activities have been reported [1, 2]. Studies on
the binding features of hydrazones to plasma proteins such
as human serum albumin (HSA) and bovine serum albumin
(BSA) are important in biological, biomedical and pharma-
ceutical sciences since the strong binding can reduce the
bioavailability and increase the half-life in vivo [3].
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properties. For example, pyridoxal-5'-phosphate (PLP), the
active form of vitamin Bg, is an aldehyde which can form
Schiff bases and hydrazones. Pyridoxal-5'-phosphate is a
cofactor for more than 140 enzymes (4% of classified activi-
ties) [4] and PLP-dependent enzymes catalyze a wide range
of reactions involving amino acids and amines, including
transamination and a-decarboxylation [5]. Hydrazone-deriv-
atives of vitamin B, drew attention due to their biological
potential, particularly, antiproliferative [6] and antioxidant
[7] activities. The ability of such compounds to form strong
chelates with most cations can find applications to treat
heavy metal poisoning and Wilson’s disease [8, 9]. Hydra-
zones derived from pyridoxal can also interfere with heme
biosynthesis due to their iron-chelating properties [10] and
cause damage to hematopoietic cells [11]. Thus, an examina-
tion of the binding properties of hydrazones derived from
vitamin B to transport proteins is of great relevance in view
of both their beneficial and adverse effects.

There are a few papers describing the interaction of hydra-
zones of vitamin B4 with albumins in aqueous solution. The
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stability constants of pyridoxal isonicotinoyl hydrazone and
its analogues as well as their Fe(IlI) complexes with BSA
in aqueous solution were determined by spectrophotometric
measurements. The complexes of BSA with Fe(IIT) form
more stable adducts compared to the free hydrazones while
the position of the halogen atom in the benzene ring of the
hydrazide residue was found to have a negligible effect on
the interaction with BSA [12]. The interaction of pyridoxal
isonicotinoyl hydrazone with HSA was studied by circular
dichroism, fluorescence titrations, and molecular docking.
The circular dichroism technique showed that the addition of
the hydrazone to the protein causes an insignificant change
in its secondary structure [13]. The binding constants for a
number of pyridoxal-5-phosphate-derived hydrazones with
BSA were determined using spectrofluorimetric experiments
[14]; however, the thermodynamic parameters and the bind-
ing forces for the interaction of these hydrazones obtained
from vitamin B¢ with albumins in solution are still lacking.

An essential condition to obtain an in-depth understand-
ing of the molecular basis of protein—ligand interactions is a
thorough quantitative characterization of the energetics driv-
ing the complex formation. Isothermal titration calorimetry
(ITC) is the only technique that allows studying directly the
basic forces that characterize the binding of a small molecule
to a macromolecule in solution as well as the nature of the
interactions that stabilize the resulting complex by measur-
ing the heat involved in the binding reaction [15, 16]. The
elucidation of the thermodynamic aspects of the binding
is fundamental for both understanding the protein structure
function and designing and developing more effective bio-
logical active molecules.

In this work, we report on the binding features of hydra-
zones derived from pyridoxal 5'-phosphate (Fig. 1) with
bovine and human serum albumin in water at physiological
pH by ITC experiments to gain insights into the energet-
ics of the complexation processes. The determination of the
entropic and enthalpic contribution to the standard Gibbs
energy allowed for a detailed examination of the forces driv-
ing the molecular recognition events in solution [17, 18] and
their dependence on both the ligand and protein properties
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and structure. The three hydrazones investigated were
selected basing on the results of a preliminary computer-
based screening conducted using Way2Drugs Predictive Ser-
vices [19-22]. According to the modeling results, hydrazone
derivatives can be effective inhibitors of f-adrenergic recep-
tor kinase (BARK) and can work as antitumor agents against
the bladder carcinoma cell line (see Table S1). Inhibition of
BARK is a promising way to combat heart failure [23] and
thus the study of the binding interactions of these hydra-
zones with biological systems, such as serum albumins, is
of great interest.

Materials and methods
Materials

Hydrazones derived from pyridoxal-5-phosphate and pyra-
zine-2-carboxylic, 4-pyridinecarboxylic, hydrazide 2-furoic
acids, namely pyridoxal-5'-phosphate pyrazine-2-carbohy-
drazone (PLP-PRZ), pyridoxal-5'-phosphate isonicotinoyl-
hydrazone (PLP-INH) and pyridoxal-5'-phosphate 2-furoyl-
carbohydrazone (PLP-2FH), were synthesized as previously
reported [24]. Their purity was controlled through '"H NMR
spectroscopy. Bovine serum albumin and human serum
albumin were purchased from Sigma-Aldrich (purity: 98%
and 99%, respectively) and were used without further puri-
fication. Buffer solutions were prepared using the proper
phosphate salt (Sigma-Aldrich) and their pH value was
controlled potentiometrically. High purity water (Millipore,
Milli-Q Element A 10 ultrapure water) and A grade glass-
ware were employed throughout.

ITC experiments

ITC experiments were carried out at 25 °C with a nano-
isothermal titration calorimeter Nano-ITC (TA Instruments)
having an active cell volume of 0.988 mL and equipped
with a 250 pL injection syringe. The reaction mixture in
the sample cell was stirred at 250 rpm during the titration.

(c)
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Fig.1 Hydrazones derived from pyridoxal-5'-phosphate: a Pyridoxal-5’-phosphate pyrazine-2-carbohydrazone (PLP-PRZ); b Pyridoxal-5'-
phosphate isonicotinoylhydrazone (PLP-INH); ¢ Pyridoxal-5'-phosphate 2-furoylcarbohydrazone (PLP-2FH)
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Measurements were run in the overfilled mode, which does
not require any correction for liquid evaporation and for the
presence of the vapor phase [25, 26]. The power curve was
integrated by using the NanoAnalyze software (TA Instru-
ments) to obtain the gross heat evolved/absorbed in the reac-
tion. The calorimeter was calibrated chemically by a test
HCUTRIS reaction (Fig. S1) using the procedure previously
described [27]. The instrument was also checked through an
electrical calibration.

ITC measurements for the study of the ligand—protein
complex formation were carried out by titrating a solution
of the proper hydrazone derivative (4—6 mM) into a BSA or
HSA solution (0.15-0.25 mM). Both serum albumins and
hydrazones were dissolved in phosphate buffer (pH 7.4) with
I1=0.250 M. The ionic strength was set close to the value of
the intracellular ionic strength of the red blood cells [28].
The concentration of BSA and HSA stock solutions (stored
in the dark at 4 °C) was checked by UV—Vis spectroscopy
prior to each calorimetric experiment [29]. Typically, three
independent titrations were run for each hydrazone/serum
albumin system in order to collect a proper number of points
to obtain a satisfactory fit of the curve. The heats of dilution
were determined in separate blank experiments by titrating
solutions of each hydrazone (prepared in phosphate buffer)
into a solution containing phosphate buffer only (Figs.
S7-S9). The blank titrations were then optimized to obtain
the “best blank”. The “best blank™ incremental heat cor-
responding to a given addition can easily be obtained from
a plot of the type shown in Fig. S10 and can be subtracted
from the raw incremental heat of reaction obtained at a spe-
cific addition to finally obtain the net reaction heat. Such a
procedure, while being time consuming, reduces the effect
of the “blank error” in the net heat. The net heats of reaction
were analyzed by HypCal, a program which uses algorithms
based on the well-tested routines that are utilized in the
extensively cited programs Hyper*, modified and adapted
for the specific characteristics of calorimetric data [30]. This
software is designed for the determination of equilibrium
constants and formation enthalpies of complexes in solution
and deals with chemical models in which stoichiometry is
specified explicitly rather than with binding models. The
program can handle calorimetric data from more than one
titration curve thus reducing the risk of artifacts.

The parameters are obtained by optimizing the agreement
between observed and calculated reaction heats. The opti-
mization is performed by means of a nonlinear least squares
process, minimizing the function (U) defined as

U= Z(Qobs. - Qcalc.)2 ey

where Q. is the observed heat for a given reaction step,
corrected for the dilution (blank) effects, while Q... is the

calc.

calculated heat change for a single reaction step and it is
obtained as

Quue. = — ) 6nAH® @)

where dn is the change in the number of moles of a reac-
tion product and AH" is the molar formation enthalpy of the
reaction product. The sum is carried out over all the reaction
steps of the specific chemical system. The squared residu-
als (Qps. — Q.uc)? are summed over all the titration points.
LogK values and thermodynamic parameters were obtained,
for each hydrazone-albumin system, by analyzing simulta-
neously the calorimetric data (net heat values vs. volume of
titrant added) obtained from different independent titrations.
An example of HypCal refinement output is illustrated in
Fig. S11.

Results and discussion

A calorimetric study of the binding features of different
hydrazones functionalized with pyridoxal 5'-phosphate in
the presence of either HSA or BSA was carried out in neutral
aqueous solution to understand the influence of the structure
of the hydrazone derivatives on the interactions with serum
albumins. A typical ITC run of pyridoxal-5'-phosphate ison-
icotinoylhydrazone into HSA at 25 °C (pH 7.4, phosphate
buffer) is shown in Fig. 2. The calorimetric curves for all
the hydrazone/HSA or BSA systems and the corresponding
binding curves (net heat values) are shown in Figs. S2-S6.
For each hydrazone-protein system, multiple ITC runs
were carried out and calorimetric data were analyzed
simultaneously by HypCal [30], a software which enables
to determine the species formed in solution, their stability
constants and the values of AH and AS of formation. The
binding constants and the thermodynamic parameters for the
systems investigated are shown in Table 1 and Figs. 3 and 4.
The binding process between small molecules and pro-
teins in solution may involve different interactions strictly
related to their structural properties. Van der Waals forces,
electrostatic and hydrophobic interactions are usually the
main driving forces that occur in the recognition process
[31-34]. Due to the specific structures of both hydrazones
and serum albumins examined in this work, the binding
events may be mainly attributed to (i) hydrophobic interac-
tions between the aromatic moiety of the hydrazones and the
hydrophobic cavity of the protein, (ii) electrostatic interac-
tions between the phosphate group of the hydrazones and
the polar amino groups of BSA/HSA, (iii) hydrogen bonding
between the hydroxyl and phosphate groups of the hydra-
zones and the amino and hydroxyl groups of BSA/HSA and
(iv) desolvation and/or structural re-arrangement of both the
hydrazone and the protein upon complexation [35-37].
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Fig.2 a ITC curve of pyridoxal-5'-phosphate isonicotinoylhydrazone
(PLP-INH) 5.7 mM into human serum albumin 0.25 mM at 25 °C in
neutral aqueous solution (phosphate buffer, pH 7.4); b Integrated heat
data

Since in any spontaneous binding process the Gibbs free
energy change is negative, it is more appealing to discuss the
solution thermodynamics of the binding events in terms of
enthalpic and entropic contributions, which may be favored
or unfavored and are more sensitive to ligand and/or protein
structural changes, thus combining and accounting for mul-
tiple contributions to the complex formation. In any binding
process, enthalpy changes reveal the formation or disrup-
tion of non-covalent interactions between the interacting

Fig.4 Thermodynamic parameters for the complex formation of
HSA with PLP-derived hydrazones at 25 °C in neutral aqueous solu-
tion (pH 7.4, phosphate buffer)

molecules as well as between them and the solvent while
conformational and/or structural rearrangements and desol-
vation contribute to the entropy changes [38—41].

All PLP-derived hydrazones are able to form 1:1 com-
plexes with both BSA and HSA in neutral aqueous solution.
Other stoichiometries and their combinations were tested but
were always rejected by the software.

Table 1 LogK values and Hydrazone derivative logk AGYKJ mol ™! AHY/KJ mol ™! AS%J mol™! K~

thermodynamic parameters

]f;g [ihe Cgﬁgfx ff’;“;ﬁ;’“ of BSA  PLP-PRZ 2676y - 1524(7) —40.73 (4) -85(3)

an wit] -

derived hydrazones at 25 °C PLP-INH 2.67 (5) - 1524 (3) —60.91 (2) — 154 (1)

in neutral aqueous solution PLP-2FH 3.1(1) —17.70 (5) —35.86(2) -61(2)

(pH 7.4, phosphate buffer) and HSA PLP-PRZ 3.27(5) - 18.7(1) —-12.39 (3) 21 (2)

1=025M PLP-INH 2.97 4) -16.95(3) —46.25(2) - 98 (1)
PLP-2FH 2.84 (5) —16.21 (6) —35.20(3) -64(2)

“Errors on the last significant figure are given in parentheses
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The stability of the complexes with BSA increases from
PLP-PRZ and PLP-INH to PLP-2FH as previously observed
by spectrofluorimetric experiments [14]. An opposite trend
was found for the HSA-hydrazone systems and this evidence
could be ascribed to the diverse interactions of the ligands
with slightly different domains of the two serum proteins
[42].

Differences found in the binding affinity values (but not
in the trend) determined by fluorescence and ITC experi-
ments for the BSA/hydrazone adducts may be attributed
to the different features and observables of the techniques
employed (which are sensitive to different aspects of the
binding equilibria occurring in solution) as well as to the
position assignment of the quencher and the fluorophore.
Indeed, ITC measures the overall heat released/adsorbed by
whatever reaction occurring in the calorimetric vessel (thus
providing both stability constant and overall enthalpy change
values) whereas the fluorescence measurements are based on
the local environment changes around the tryptophan resi-
dues which occur upon guest binding. Thus, the cause of this
deviation may be attributed to the limitation of fluorescence
measurements (based on tryptophan emission) that may not
give information about the protein regions which were far
away from tryptophan residue [43]. The deviation between
the binding constant values determined by fluorescence
titrations and ITC experiments was reported earlier and the
reasons for such mismatch were critically discussed [44].

The secondary structure of albumin is altered during the
reaction with the hydrazones, as it was determined using
IR-spectroscopy [14], and other small molecules, as indi-
cated by a mismatch of the van’t Hoff enthalpy value with
that measured experimentally by ITC [45]. The change in
the secondary structure of the protein has its own change
in enthalpy [46—-48], which results in additional heat
evolving or absorbing during each injection of the titrant.
These heat effects are dependent on the degree of change
in the secondary structure of the protein and, therefore,
the net heats of reaction may contain inaccuracies or sup-
plementary contributions from side processes which is
hard to take into account. For this reason, the logK values
obtained from fluorimetry [14] and ITC experiments may
show some differences. The dependence of both binding
constant and change in enthalpy on the concentration of
background electrolytes or dissolved organic compounds is
a known phenomenon; for example, some authors reported
the changes in a-helices content in lysozyme upon addi-
tion of NaCl and the corresponding decrease in logK and
increase in AH_ [49]. NaCl was also shown to weaken the
binding between drug and HSA [50]. Another potential
source of inaccuracy/discrepancy is the hardly accountable
change in the degree of hydration of proteins and small
molecules [50, 51]. Errors may also arise from neglect-
ing the side processes involving buffers, e.g., protolytic

equilibria. However, in our experiments ignoring these
reactions was justified as phosphate salts used in buffer
have a small value for the enthalpy of ionization [45].
Finally, the changes in the conformation of hydrazones
[52] may also contribute to the overall enthalpy of small
molecule-protein binding processes.

The thermodynamic parameters indicate that the interac-
tions of the three PLP-derived hydrazones with BSA and
HSA are slightly different. The splitting of the free energy
values into the AS and AH components allows for the deter-
mination of the driving forces of the molecular recognition
equilibria. In all cases, the binding processes are enthalpy
favored and driven: the interactions involving the insertion
of the aromatic rings of the hydrazone derivatives into the
hydrophobic pockets of BSA or HSA always result in an
exothermic process. Negative AH values are mainly due to
electrostatic interactions, hydrogen bonding and van der
Waals forces between the ligand functional groups and the
amino acid residues on the serum albumins.

On the other hand, all processes, except the reaction of
PLP-PRZ with HSA, are entropy unfavoured due to the
loss of degrees of freedom of the system resulting from the
complex formation. The interaction of PLP-PRZ and HSA
is entropically favored likely due to a significant desolva-
tion contribution. The complexes with increased stability
(e.g., the complexes of PLP-PRZ and PLP-INH with HSA,
if compared with BSA) are those having smaller entropic
loss/cost (or having a gain, as in the case of PLP-PRZ/HSA)
and this may be ascribable to some conformational or struc-
tural re-arrangement and a major desolvation process which
favorably contribute to the Gibbs free energy value [53, 54].

The enthalpy—entropy compensation is widely recalled
in thermodynamic analyses of proteins, ligands and nucleic
acids.

In principle, a linear correlation between AS and AH in
the binding process for a series of homologous compounds
is considered as strong evidence of H-S compensation.
The linear correlation occurring for the binding of PLP-
derived hydrazones with both BSA and HSA clearly indi-
cates enthalpy—entropy compensation, that is, a change in
enthalpy is compensated by a corresponding change in the
entropic term, as reported for similar systems [55, 56].

Despite this phenomenon has been a subject of debate
for many years, there are two considerations supporting
the enthalpy—entropy compensation effect for the adducts
investigated here. Firstly, the technique employed (ITC)
minimizes the inherent limitations displayed by entropy and
enthalpy data obtained through a van’t Hoff analysis, that
makes the two variables statistically correlated. In addition,
the slope of the plots shown in Fig. 5 is 0.93 for BSA (blue
line) and 0.94 for HSA (green line), which are close to unity
as expected and described for analogous systems [57-59].
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Fig.5 Enthalpy—entropy compensation of PLP-derived hydrazones
with BSA (blue line) and HSA (green line) in neutral aqueous solu-
tion (pH 7.4, phosphate buffer) at 25 °C. (Color figure online)

Conclusions

The ligand—protein binding of pyridoxal-5-phosphate-based
hydrazones with both bovine and human serum albumin was
examined by ITC measurements in neutral aqueous solu-
tion. Calorimetric data allowed to unveil the often opposing
entropic and enthalpic contributions to the overall binding
process. The molecular recognition events leading to the
formation of the 1:1 complex are enthalpically favored and
driven resulting from the attractive interactions involved in
the insertion of the hydrazone derivatives into the hydro-
phobic pockets of BSA and HSA. The complex formation
causes a loss of degrees of freedom of the adducts result-
ing in an unfavoured entropic contribution. Nevertheless, an
entropy gain, likely due to conformational and/or structural
re-arrangements along with a desolvation contribution, was
found for the PLP-PRZ/HSA system. All complexes exhibit
comparable free energy contents resulting from a negative
entropy contribution that compensates for the favorable
enthalpy term.

These results provide important insights for the design
and development of efficient biologically active molecules
in solution and can be conveniently used to assess the bio-
availability of hydrazones in the organisms.
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