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The binding affinity of the 3-carboxy-5,6-benzocoumarinic acid (BzCum) to human serum albumin (HSA) was investigated at
7.4 pH, in phosphate buffer by isothermal titration calorimetry (ITC) at several temperatures, using both the stepwise and continuous
titration method. From fitting the ITC data, it resulted that the BzZCum binding occurs at two classes of independent binding sites. The
first class contains a single high-affinity site, characterized by a binding constant of about 1.5x10° M™" at 25°C. The second class is
characterized by at least two sites with a binding constant of about 5.9x10* M. The binding was an exothermic process characterised
by an enthalpy variation of about -7 Kcal mol™ for the high-affinity site and about -4 Kcal mol™ for the low-affinity sites. The heat
capacity change (4Cp) of binding was lower for the high-affinity sites and negative for both sets of sites. The enthalpy and entropy
dependence on temperature variation show that the interaction occurs by enthalpy- and entropy-driven mechanisms at 15°C and 25°C

and became entirely enthalpy-driven at 35°C.

INTRODUCTION

The interaction of several ligands or drugs with
serum albumins was widely studied using several
spectral methods like absorption, fluorescence and
circular dichroism spectroscopy, with the main
purpose to determine the number of binding sites
(n) and the binding constant (K)."” Performing
spectral experiments at several temperatures, the
thermodynamic parameters, the enthalpy of
binding (AH) and the entropy of binding (AS) can
be obtained, allowing for the characterization of
the main forces implied in the binding process.®

During the last years we were interested in the
binding process of some heteroaromatic carboxylic
acids with human and bovine serum albumins. All
the compounds used were characterized by pKa
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values of the acid base equilibrium in the range
3.0-4.7, implying that in buffer solutions suitable
for protein studies, pH =7.4, the dissociated form,
the carboxylate ion, is the main species present in
the system. Our previous experiments were
performed by the fluorescence and circular
dichroism methods monitoring either the intrinsic
properties of the protein (the tryptophan emission
band at 340 nm and the dichroic signal in the range
of 205-225 nm) or of the ligand.” "

In the followings we were interested in the
interaction of a coumarin carboxylic derivative, the
3-carboxy-5,6-benzo-coumarinic acid (Fig. 1) with
HSA. Based on the fact that another derivative of
coumarin, the warfarin, a common anticoagulant
medicine, with the hydrophobic molecular surface
355.36 A and polar surface area 66.43 A’ binds
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with high affinity at a specific site on HSA, we can
assume that BzCum (hydrophobic surface 248.6 A%,
can also be accommodated, based on hydrophobic
forces, in the warfarin binding site situated within
subdomain IIA (Sudlow’s site-I). Another possible
site for BzZCum binding is Sudlow’s site II located in
subdomain 1IIIA, were typical bind aromatic
carboxylates with an extended conformation such as
ibuprofen (hydrophobic surface 319.4 A?). Other
possible ways of binding of BzCum are the
secondary binding site of ibuprofen located on
domain II and the digoxin-binding site (site-III) on
HSA (digoxin's hydrophobic surface 972.4 A%).'*
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Fig. 1 — Structure of 3-carboxy-5,6-benzocoumarinic acid.

The binding process will be studied by the
isothermal titration calorimetry. The ITC
represents a method that permits the determination
of all the binding parameters (n, K and AH) in a
single experiment, by measuring the heat generated
or absorbed during the association of a ligand with
its binding partner. The Gibbs free energy of
binding process (AG), and AS are determined from
K, thus solving, the enthalpic and entropic
components of binding affinity. The temperature
dependence of the AH parameter, measured by
performing the titration at varying temperatures,
describes the binding ACp term.”

MATERIALS AND METHODS

Materials

Fatty acid and globulin-free HSA was obtained
from Sigma Chemical (St. Louis, MO, USA), and
3-carboxy-5,6-benzocoumarinic acid was obtained
from ABCR (Germany) and were used without
further purification. The stock solution of
phosphate buffer pH 7.4, was prepared using
distilled and deionized water. The HSA (0.0237 mM)
and BzCum (1.072 mM) solutions in buffer, were
prepared by weight.

ITC

Titration experiments were performed using an
iTC200 high-sensitivity microcalorimeter (MicroCal
Inc., Northampton, MA, USA). This calorimeter is
of power compensation type and is designed to
work with small volumes of solutions. The
calorimeter was verified by titration EDTA with
CaCl,. The test results were consistent with the
acceptance criterion of standard sample tests on the
Manual iTC200. The sample cell was filled with
280 puL of HSA and the titrant syringe was filled
with 40 pL of BzCum. The samples were
degassed under vacuum, prior to using for ITC
runs. The reference cell was filled with deionized
and degassed water. In incremental ITC, nineteen
injections of 2 plL each (except 0.5 puL for the first
injection) were performed at a rate of 0.5 pL per
second, spaced 150 s apart to allow for a complete
return to the baseline. The first injection was
excluded from the analysis due to the backlash
effect and dilution across the injection needle tip in
the time of final baseline equilibration and delay
period. The following settings were used: stir
speed 750 rpm, which ensured rapid mixing and
did not caused foaming on the protein solution,
reference power 6 pCal per second, feedback
mode/gain set to high, initial delay 600 seconds
and filter period 2 seconds. In single injection
method (continuous ITC) the following settings
were used: stir speed 750, reference power 6 uCal
per second, feedback mode/gain set to high, initial
delay 60 seconds, injection volume were 39.2 pul,
performed in 1003.6 seconds and filter period 5
seconds. The measurements were performed at
three temperatures, 15, 25 and 35°C.

The same setting parameters, were also used for
the control runs for dilution. The heats of dilution
of the ligand and the HSA were small compared
with the heat of binding and were subtracted from
the experimental titration results. The experimental
data were then processed and integrated using the
Origin for ITC v.7.0 SR4 software (Microcal)
distributed with the instrument. The volume
change in the mixing cell due to the injection of the
ligand solution was corrected automaticaly by
software. Data were then fitted using a nonlinear
least squares routine using a two sets of sites
binding model with the same Origin package,
allowing for the determination of n, K, AH and AS.

RESULTS AND DISCUSSION

The experimental results obtained using the two
previously discussed calorimetric titration methods,
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the incremental and the single injection method,
are presented in Figs. 2 and 3. In both figures,
panel A presents representative ITC profiles for
titration of HSA with BzCum at 25°C in phosphate
buffer pH 7.4. It can be seen that HSA is saturate
in Bzcum at the ratio molar over 6:1
ligand:protein. Panel B depicts the binding
isotherm of the calorimetric titration shown in
panel A. The best fit of the experimental ITC data
was obtained for the two independent set of sites
binding model, implemented in the Origin for ITC
software.’® The results are listed in Tables 1 and 2.
The values in Tables 1 and 2 shows that using
both calorimetric titration methods, in the limit of
experimental errors, the results are quite similar.
BzCum binds to two classes of independent
binding sites, class 1 being characterized by a
single site with a binding constant at 25°C of
1.5x10° M™" and class 2 being characterized by at

20

least two sites with a lower binding constant, of
about 5.9x10* M.

The values of AH <0 and AS > 0 at 15°C and
25°C, show that both enthalpy and entropy
contribute favorably to the binding process such
that, the interaction was enthalpy- and entropy-
driven. According to the thermodynamic
parameters (AH < 0, AS > 0 and AG < 0) the main
contributions on the binding forces in the BzCum-
HSA system are provided by both hydrogen
bonding and hydrophobic forces. Usually, the
increase of entropy in drug-HSA interactions is
related to the release of water of solvation from
both the drug and albumin molecules. Increasing
the temperature at 35°C, the entropy contribution
to AG becomes negative but it is overcome by a
large binding enthalpy and the process became
entirely enthalpy-driven.
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Fig. 2 — (A) Differential power (pcal/sec) versus time for titration of HSA with BzCum at 25°C in phosphate buffer, pH 7.4, showing

the calorimetric response as successive injections of ligand are added to the reaction cell. (B) Heat per injection from integration of

the peak areas in part (A) per mole of injectant versus molar ratio. The continuous line represents the least-squares fit of the data to a
two sets of sites binding model.
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Fig. 3 — (A) Differential power (pcal/sec) versus time for titration of HSA with BzCum at 25°C in phosphate buffer, pH 7.4, showing

the calorimetric response as single injection of ligand is added to the reaction cell. (B) Heat per injection from integration of the peak

areas in part (A) per mole of injectant versus molar ratio. The continuous line represents the least-squares fit of the data to a two sets
of sites binding model.

Table 1
Thermodynamic parameters for the binding of BzCum to HSA from secvential ITC experiments
Temp n K] AHl ASI AGI AC, 1
°C Sites mh (cal'mol™) | (cal'mol™-grad™) (cal'mol™) (cal'mol-grad™)
15 [0.82+0.02 | 2.54E6+5.15E5 | -6890+231 5.39+0.89 -8438.74+116.01
25 10.84+0.02 | 1.55E6+3.44E5 | -7383£299 3.56+1.09 -8439.17+131.4 -89.7+23.3
35 [ 0.85+0.04 | 5.25E5+9.63E4 | -8684+337 -2.01+1.15 -8059.74+112.24
Temp ny K2 AHZ ASZ AGZ AC,Z
°C Sites M (cal'mol™) | (cal'mol™-grad™) (cal'mol™) (cal'mol-grad™)
15 | 2.44+0.07 | 9.97E4+8.56E3 | -3609+231 10.3+0.81 -6586.07+49.12
25 | 2.67+0.13 | 5.87E4+5.88E3 | -4125£376 7.98+1.27 -6501+59.3 -153.4+58.7
35 2.28+0.2 | 2.80E4+2.35E3 | -6676+966 -1.32+3.13 -6266.07+51.35
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Table 2
Thermodynamic parameters for the binding of BzCum to HSA from continuous ITC experiments
Temp n K] AH] ASl AGl AC, 1
°C Sites ) (cal'mol™) | (cal'mol-grad™) (cal'mol™) (cal'mol'-grad™)
15 0.90+0.01 | 2.38E6+2.12E5 | -6456+114 6.78+0.43 -8401.51+£50.96
25 0.76+0.02 | 1.59E6+4.14E4 | -7028+306 4.80+1.03 -8454.25+15.41 -104.8+£27.5
35 1.08+0.01 | 7.19E5+4.00E4 | -8552+96.4 -0.95+0.33 -8252.17+34.04
Temp Ny K2 AHZ ASZ AG2 ACva
°C Sites (M‘l) (cal'mol™) (cal-mol‘1~grad‘1) (cal'mol™) (cal'mol 'grad‘l)
15 2.15+0.04 | 8.03E4+3.38E3 | -3414+130 10.6+0.46 -6462.24+24.08
25 2.47+0.11 | 6.04E4+5.21E3 | -4410+367 7.08+1.24 -6517.9£51.07 -161.15+35.5
35 2.344+0.09 | 2.80E4+1.16E3 | -6637+413 -1.19+1.34 -6266.07+25.35
35
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Fig. 4 — Thermodynamic enthalpy-entropy compensation (values from Table 2)
on temperature variation for: A. low-affinity sites and B. high-afinity site.

The dominant negative enthalpy suggests that there
are a large number of favourable hydrogen bond
contacts between the water of solvation released
from hydrophobic surfaces and water in bulk. The
binding free energy (AG), calculated as AG =
— RTInK, shows the compensation phenomena
between the contributions of enthalpy and entropy
changes at the temperature increases. Entropy
decreases with temperature but the effect is
compensated by the binding enthalpy (Fig. 4), the
linear enthalpy—entropy relationship indicating the
participation of water in ligand-protein binding
processes.”’ The binding heat capacity change
(ACp) for each site was obtained by plotting the
binding enthalpy vs temperature (7). Considering
a linear dependence, the slope gives the value of
ACp. The ACp was lower for the high-affinity sites

and negative for both sets of sites. 4Cp < 0 usually
correlated with the burial of hydrophobic surfaces.
A negative ACp means that the net thermodynamic
driving force for association will shift from being
entropic to enthalpic with increasing temperature.’”

CONCLUSIONS

The calorimetric investigation by both
sequential and continuous titration showed that the
interaction of BzCum with HSA can be described
by two stoichiometric binding constants
corresponding to at least three binding sites, one
high-affinity site and at least two relatively low-
affinity sites. BzCum binds at different binding
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sites on HSA, being so able to influence the binding
of common drugs and natural ligands.
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