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The interactions and complexation process of the amphiphilic phenothiazine fluphenazine hydrochloride with
human serum albumin in aqueous buffered solutions of pH 3.0 and 7.4 have been examiiipdtéential,
isothermal titration calorimetry (ITC), UVvis spectroscopy, and dynamic light scattering (DLS) techniques with

the aim of analyzing the effect of hydrophobic and electrostatic forces on the complexation process and the
alteration of protein conformation upon binding. Thus, the energetics and stoichiometry of the binding process
were derived from ITC data. The enthalpies of binding obtained are small and exothermic, so the Gibbs energies
of binding are dominated by large increases in entropy, consistent with hydrophobic interactions at a acidic pH.
However, at physiological pH, binding to the first class of binding sites is dominated by an enthalpic contribution
due to the existence of electrostatic interactions and probably some hydrogen bonding. Binding isotherms were
obtained from microcalorimetric data by using a theoretical model based on the Langmuir isdifeotential

data showed a reversal in the sign of the protein charge at pH 7.4, as a consequence of the binding of the drug
to the protein. Gibbs energies of drug binding per mole of drug were also derived fpmtential data. On the

other hand, binding of the phenothiazine that causes a conformational transition on the protein structure was
followed as a function of drug concentration using Y¥s spectroscopy, and the data were analyzed to obtain

the Gibbs energy of the transition in watek@;) and in a hydrophobic environmenAG). Finally, the
population distribution of the different species in solution and the size of the complexes were analyzed through
dynamic light scattering. The existence of an aggregation process of drug/protein complexes, as a consequence
of the expanded structure of the protein induced by the drug and subsequent further binding, is in agreement with
ITC data. In addition, detection of drug aggregates at concentrations below the drug critical micelle concentration
was also detected by this technique.

Introduction of action by means of protein carriers, as HSA, at which they
bind with different affinities. Strong binding can decrease the
Human serum albumin (HSA) is the most abundant protein concentration of free drug in plasma, whereas weak binding
in blood plasma and serves as a depot and transport protein folcan lead to a low circulation time or poor distribution. In
numerous endogenous and exogenous compounds. Its principaddition, it is important to realize that the pharmacokinetic
function is to transport fatty acids, a great variety of metabolites, function of HSA in participating in adsorption, distribution,
and drugs, such as anticoagulants, tranquillizers, and generametabolism, and excretion of drugs and other ligands can be
anestheticd so it is considered as a model for studying drug  well-governed by rare fluctuations into a particular subset of
protein interactions in in vitr8 HSA is also the principal factor  conformational substates, slightly different conformations within
in contributing to the blood osmotic pressure and has been sug-their native state (e.g., one where a gate is opened to admit a
gested as a possible source of amino acids for various ti$$ues. sybstrate to the active site), where the marginal stability of the
It consists of 585 amino acids witv60% a-helix and no  pative conformation is a delicate balance of diverse interactions
p-strand with an asymmetric heart-shape with sides of 8 nm gch as electrostatic and van der W&als. particular, it is
and a thickness of 3 nfiThe two heart *lobes” contain two  pelieved that the transport function of HSA is controlled through
binding sites, which consist almost exclusively of hydrophobic the N—B transition of this protein or akin to Tt;8 which occurs
side chains, while the outside of the molecule contains most of panween pH 7.0 and 90in addition, binding of ligands to the
the polar groups. The tip of the heart is positively charged at tein also induces conformational alterations in its native
physiological pH. The globular structure is composed of three gy cyyre, altering this fragile equilibriufiTherefore, analysis
main domains that are loosely joined together through physical ot ihe hinding capacity and structure of the complexes between
forces and six subdomains that are wrapped by disulfide bonds. gz ang amphiphilic drugs are of particular interest in order
As commented above, many drugs, particularly those with {4 g|ycidate the means by which ligand affinity is regulated and
local anesthetic, tranquillizer, antidepressant, and antibiotic gy the protein conformation is altered upon complexation,
actions, exert their activity by interaction Wi'Fh biologi.call since these factors play a key role in a vast range of important
membranes. Thus, these drugs have to be carried to their site§);ochemical phenomena, for example, the reversible binding

of oxygen by myoglobir.
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Scheme 1 to account for drug dilution effect. The heats of dilution were, therefore,
/\ subtracted from experimental drug onto protein titrations, although this
GH,CH,CH N \_/NCHzCHzOH resulted in small heats. The overflow of the reaction mixture by injection
F,C N of ligand solution, which changes slightly the protein concentration
\©: j@ along an experiment, was corrected by the computer. Experiments were
s repeat two or more times to get a reproducibility of better than 3%.

The direct analysis of ITC data curves for drug binding to HSA
with a view to elucidate the effect of hydrophobic and allowed the determination of the binding enthal@Hirc) and entropy
electrostatic forces on the complexation process and thechange 4Sic) of drug binding and the apparent binding constants
alteration of protein conformation upon binding. In recent (K'rc) with the number of binding sitesi in theith class of binding
reports, the self-aggregation process and the physicochemicafite: as follows
properties of this drug have been studi€d! The interest on m
phenothiazine drugs has increased over the last years since, apart N . i
from their use as tranquillizer-blocking domapine receptdrs, QM) = MV, /4 MR @)
they have proved useful to fight against multidrug-resistant

bacteriald in the treatment of Creutzfeldtlacob diseas¥,as where Q(i) is the heat evolved after thigh injection, M; the total
inhibitors of HIV-1 viral replication cyclé? as modulators of ~ concentration of the proteinvy the active cell volume, and; the
anticancer drug transpdit,and as RNA scaffold¥. fraction of sites occupied by the phenothiazine. However, the parameter

Isothermal titration calorimetry measurements (ITC) were of interest for comparison with experiment is the change in heat content
performed to determine the type and magnitude of the energiesfrom the completion of the — 1 injection to completion of the
involved in the complexation process of this amphiphilic drug injection. Therefore, aftgr completing an injection, it is necessary to
to HSA. The extent of drug adsorption was calculated using make a correction fo_r dlsplaced_vol_ume._Th(_e correct expression then
the theoretical model of Ueda and Yamané&kaased on the  for heat releasedrQ(i), from theith injection is
Langmuir adsorption isotherm. The electrophoretic mobility of AV, [Q() + Qi — 1)
the HSA/phenothiazine complexes was measured, providing AQ(i) = Q(i) + — [—] -Qi—1) (2
information on the adsorbed layer, thepotential of the Vo 2
complex, and the adsorption energies. this data were used . o o
to follow the conformational changes of the HSA structure upon 'he data were first analyzed with either availability of one or two
binding and to calculate its free energy of unfolding. Finally, binding sites by the Windows-based Origin software package supplied

dynamic light scattering measurements were performed in orderby MicroCal. After subtraction of the heat of dilution, a nonlinear least-
to characterize the complex size distributions squares algorithm and the concentrations of the titrant and sample were

used to fit (minimization ofy?) the heat flow per aliquot, providing
best fit values of the stoichiometryi), changes in enthalpyA\H'irc),
Experimental Section entropy ASirc), and binding constants{rc).
Electrophoretic Mobility. &-Potentials of the HSAfluphenazine
Materials. Human serum albumin (70024-90-7) and fluphenazine complexes were measured using a Zetamaster 5002 (Malvern Instru-
hydrochloride{ 4-[3-[2-(trifluoromethyl)-1H-phenothiazin-10-yl]pro- ments Ltd) by taking the average of five measurements at stationary
pyl]-1-piperazineethanol dihydrochloriflevere obtained from Sigma level. The cell used waa 5 mmx 2 mm rectangular quartz capillary.
Chemical Co. Protein was used after further purification by liquid The temperature of the experiments was 25.0.1 °C controlled by
chromatography using a Superdex 75 column equilibrated with 0.01 a HETO proportional temperature controller. Tiepotential was
M phosphate, and drugs were used as received. Experiments werecalculated from the electrophoretic mobility, assuming a protein
carried out using double distilled, deionized, and degassed water. Theradius,a, of approximately 3.0 nr) using the relationshi
buffer solutions used was glycir¢iCl (I = 0.01 M) for pH 3.0 and
sodium monophosphateodium diphosphate for pH 7.4€ 0.01 M), — % i 3)
respectively. HSA was dissolved in each buffer solution and dialyzed 2¢.¢€, f(kca)
extensively against the proper buffer. Protein concentration was
determined spectrophotometrically, using a molar absorption coefficient where the permittivity of vacuumgo, the relative permittivity of the
of 35219 Mt cm™t at 280 nm'° medium,e;, and the viscosity of water;, were taken as 8.854 107*
Isothermal Titration Calorimetry (ITC). Heats of interactionwere ~ J1 C2m™1, 78.5, and 8.904& 10 * N m™2 s, respectively. The factor
measured using a VP-ITC titration microcalorimeter (MicroCal Inc., f(xa) depends on the particle shape; for a sphere wih> 1 it is
Northampton, MA). In ITC experiments, one measures directly the given by?
energy (enthalpy changes) associated with processes occurring at
constant temperature, in our case’25 The titrant and sample solutions f(/ca) — § _ i 75 _ 330 ( 4)
were made from the same stock buffer solution, and both experimental 2 2ka 252 338
solutions were degassed before each titration. The solution in the cell
was stirred by the syringe at 300 rpm, which ensured rapid mixing but « being the reciprocal Debye length. In our case, the prodaactas
did not cause foaming on the protein solution. Typically, small aliquots 3.55, corresponding to a Henry factigea) of 1.11.
of a phenothiazine stock solution at a concentration below its critical UV —Vis Spectroscopy.Absorbance spectra were measured using
micelle concentration were injected under automatic control into a a Beckman spectrophotometer (model DU 640), with six microcuvettes,
known volume (cal.436 mL) of a 0.03 mM HSA aqueous buffered operating in the UV-visible region. For absorbance spectra, five of
solution held in the calorimeter cell. Repeated additions of the stock the six microcuvettes were filled with protein/drug solutions; the
drug solution gave the heat evolved)(as a function of phenothiazine  remaining microcuvette contained only buffer and was used as a blank
concentration. The volume of each injection wad 3and the intervals reference. The microcuvettes were filled and placed in the same
between injections were 400 s to allow correct equilibration. To correct orientation for all tests. Absorbance was measured at@%bising a
for the dilution effect by the injection of drug solution, two controls temperature controller (Beckman DU series), based on the Peltier effect.
were obtained: titration of HSA solution by the buffer to account for For difference spectra values, contributions from both drug-only and
HSA dilution and titration of buffer solution by phenothiazine solution  protein-only solutions were substracted. CDV
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Dynamic Light Scattering (DLS). Dynamic light-scattering mea-
surements were made at 25t00.1 °C and at a scattering angle 6f
= 90° to the incident beam, using an ALV 5000 laser light-scattering
instrument equipped with a 500 mW solid-state laser (Coherent Innova)
with vertically polarized incident light of wavelength= 532 nm in
combination with a ALV SP-86 digital correlator with a sampling time
range of 25-40 ms. All solutions were filtered through a Millipore
filter with a 0.22um pore size and thermostated the desired temperature
for at least 30 min. Experiment duration was in the range -oi®
min, and each experiment was repeated two or more times.

The correlation functions were analyzed by the constrained regular-
ized CONTIN method to obtain distribution decay rates The decay
rates gave the distribution of the apparent diffusion coefficient

T

Dapp: q_2 (5)
with the scattering vecton,

_dan g 0

== sin 5 (6)

n being the refractive index of water. The apparent hydrodynamic
radius, rapp, Can be calculated via the StokeSinstein equation
assuming a spherical geometry

KT

oo™ 677D app

)

wherek is the Boltzmann constant ang the viscosity of water at
temperaturerl.

Results and Discussion

The HSA molecule is known to undergo several well-
organized changes in its conformation, usually under nonphysi-
ological conditions: (a) the NF transition between pH 5.0 and
3.5, involving the unfolding and separation of domain 1l without
significantly affecting the rest of the protein molecéte?* the
F form being characterized by a dramatic increase in viscosity,
lower solubility, and a significant loss in helical conténtp)
the F-E transition between pH 3.5 and 1.2, which is ac-
companied by a further protein expansion with the loss of the
intradomain helices of domain I, which are connected to helices
of domain Il, and these helices in domain Il (In addition, the
E form involves an increase in protein intrinsic viscosity and a
rise in the hydrodynamic axial ratio from about 4 t3%. (c)
the N=B transition between pH 7.0 and 9.0, where a slight
reduction in helical content affecting the two interdomain helices
and a small increase in sheet structure océrsl) in the
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Figure 1. (a) Enthalpy of interaction, AH', of fluphenazine hydro-

chloride (5 mM) with 0.03 mM HSA at pH 7.4 and 25 °C. (b) Raw
ITC of titration of fluphenazine onto HSA.

Table 1. Enthalpy, AHirc, Entropy, ASirc, Gibbs Energy, AGirc,
Binding Constant, Kirc, and Number of Binding Sites, nj, in HSA
Aqueous Buffered Solutions of pH 3.0 and 7.4 at 25 °C for
Fluphenazine Hydrochloride?

AHirc TA S/ AGiirc 10 Kire
pH (kIJmol1) (kJmol) (kJ mol~1) (M1 n;
30 —-32+02 203+25 —-235+23 31401 1.6 £0.28
-13+03 1754+19 -188+1.6 02+0.02 54+0.33
74 —-2924+13 42+£52 —-334+39 72+1.0 6.1 +£0.51
—-18+02 262+29 —-280+27 42+03 16.1+1.32

a First values correspond to the first class (i = 1) and second to the
second class of binding sites (i = 2).

the enthalpies of interaction of the drug with HSA were
measured by isothermal titration calorimetry. Figure 1 shows
the ITC titration data of a concentration of 0.03 mM HSA by

5 mM of fluphenazine at pH 7.4 and ionic strength of 0.01 M.
A similar plot was obtained at pH 3.0 (not shown). Measure-
ments were made at concentrations below the critical aggrega-
tion concentration of the drug to eliminate the heat involved in
aggregate breakdown due to dilution of a micellar drug stock

presence of denaturant agent, such as urea, HSA showed a twosolution. As commented before, ITC data were fitted by using

step three-state transition with an intermedidjecharacterized
by unfolding of domain Il and partial but significant loss of
native conformation of domain?.

In order to study and discriminate the role of the different
interactions in the complexation mechanism and affinity, we
have performed all experiments at two different pH, 3.0 and
7.4 (the isoelectric point of HSA is 4.9 bearing in mind that
the protein conformation at acidic pH is more expanded than
at the physiological one, as previously mentioned. In addition,
although blood pH is generally stable, there is a pH difference
among blood, cerebral blood flow, and intracellular and extra-
cellular environments where ligantHSA binding occurs, thus
affecting drug-HSA interactions?

Thermodynamics of Complexation.To directly quantify the
energetics of the binding process of fluphenazine onto HSA,

the Origin software supplied with proper fitting models. Fits to

a two-site model provided the best results. Derived values of
ni, AH'irc, Kiite, ASitc are shown in Table 1. The obtained
results allow us to draw certain conclusions relative to the nature
of the molecular interactions involved in the binding and
subsequent complex formation. It can be observed that, at
physiological pH, the binding affinity increases. This fact
originates due to protein and drug differing in the sign of their
net electrical charge (negative for HSA and positive for the
phenothiazine), thus, in principle, allowing electrostatic interac-
tions between drug molecules and the amino acid residues of
the protein. This is reflected in the high negative values of
enthalpy of binding AHiirc, and in a larger affinity binding
constant Kirc, at this pH for the first class of binding sites.
The two electric charges presented in the piperazine ring 0&‘8%
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molecular structure of this drug seem, thus, to increase thein an increase of the complex size, as shown by dynamic light
binding affinity of this phenothiazine to HSA. In this regard, it scattering next, and even leading to the possible formation of
has been shown that phenothiazine drugs with piperazine ringsclusters of drug along the HSA molecife.
as lateral chain groups in their molecular structure displayed On the other hand, another contribution to the sensible large
an enhanced activity, which is directly related to their structure number of second-class binding sites for this drug can be also
conformation and binding affinit§° To confirm the existence  a result of a distortion of the fit in such a region of the plot due
of electrostatic interactions, a titration of phenothiazine onto to the beginning of complex association, as showed by the
HSA solution of higher ionic strength (0.3 M) showed both an positive AH' values at the highest drug concentrations, which
increase (less negative) inHirc and a decrease dfirc, lie in the range of values of hydrophobic interactions. We
consistent with the screening of electrostatic interactions. The hypothesize that drug complexation involves a certain neutral-
large negative values &H%rc suggest a possible contribution ization of the net protein charge, which joined to the protein
to this quantity from the formation of new hydrogen bonds conformational change might involve an increase in the
(between drug molecules and HSA and/or watdBA mol- hydrophobicity of the complex, to minimize the free energy of
ecules). In this respect, it is known that hydrogen bond formation solution, and an aggregation process between complexes should
is always accompanied by heat evolution, with energies lying begin, as shown by dynamic light scattering (DLS) in a next
within—7 to —85 kJ mot%, which comprises thAH% ¢ values section. Besides that, a contribution from the formation of drug
obtained at this pH! aggregates would be also involved in thél' values at these

At pH 3.0, both protein and drug presents the same sign in drug concentrations, as shown also below, which also affects

their net electrical charge, so binding might only proceed, at the ‘?"’?ta _ﬁt' We ha_lve ng(_) ChﬁCked th? possibli_:ity of some
first, via hydrophobic interactions. Nevertheless, the expanded precipitation occurring during the experiments. However, no

state of the HSA molecule at this pH can make accessible Someprecipita'[ion was observed in solutions even after several weeks.

previously buried ionic amino acid residues, enabling some type b -I;hﬁ cqnciﬂtra:tlont of frfef?_?g zmtmg drulg ca(r; Ee Saldcmat%d
of electrostatic interaction, as reflected the negative values of y Tollowing he treaiment o ata developed by Jeda an

; 8whi i i
AH'ir¢ at this pH, since it is known that hydrophobic interactions YfameTmak'T%, Wr}'Ch c;o_ns:\c/ilersg s%ystelm cop:jpose)t(j gf a S|0|uct;on
are endothermic, with energies lying in the range-(5 ic:1 o mrgf)egso?sg\?eitn w ?Dr:oCid(rendotisatotheru?oteirlsrsncz)}/eecuIe
mol~1. This expanded state can also facilitate hydrophobic M ) P

interactions as a consequence of a better accessibility for thehasq sites, each capable of combining with the drug molecule,

- . thenq species of proteinrdrug complex MX (i =1, 2, ...,q)
hydrophobic group of the drug molecule to interact through - ; : :
hydrophobic bonding with the nonpolar parts of the protein are formed in the solution. With their model, Ueda and Yamaka

surface and, overall, within the remaining hydrophobic cavities obtain the expression for the average number of drug molecules

of the protein molecules. Hydrophobic interactions are playing bound to a protein molecule as
a key role at this pH, since the binding enthalpy is not highly R _ o Th
negative, with the affinity constankiirc, and the number of p=— XX )
drug molecules per binding site sensibly decreasing with respect Ah
:\?e?/'; r;]':l’e\;v:';nrlgﬂ'cgtﬁs da rehdubgthn In the binding strength. ¥vhereh"”“ is the enthalpy difference per mole of protein,”

' gh hydrophobic interactions are also present, T/nw™ the molar ratio of total drug molecules to total protein
at physiological pH in binding to the first class of binding sites, nlx n';" h ial mol hgl f the free d P d
as supported by the positive entropy changes at complexgﬁ ehcu esfix t Spart!al molar enthalpy Oht € refehrug, anl
formation,AS;rc (see Table 1), and provided that both hydrogen f the averaged partial molar enthalpy change of the complex

o . - . ormation per drug molecule defined by

bonds and electrostatic interactions if completely predominant
would be accompanied by an entropy decreésie enthalpic q
contribution at this pH for these sites seems to be predominant, Zni(hi —hy — ihy)
in agreement with other repo$However, other works have =
pointed out that the role of electrostatic and hydrogen bonds is Ah= )
almost negligibleé3-3¢ On the other hand, the Gibbs energies iy
of binding, AG'rc, for the second class of binding sites are ;m‘
effectively dominated by large increases in entropy consistent
with hydrophobic interactions at both pH. In all cases, the wheren andh; are the number of moles and the partial molar
binding process would be spontaneous, as indicated by theenthalpy of the free protein & 0) and of the complexi (= 1,
negative values oAG'irc. In addition,AHYrc is more negative 2, ...,0).
than AH?rc, indicating that binding to class-one sites would  From the initial slope of the curve at low drug concentration
correspond to high-energy sites bound via electrostatic interac-and from the final slope of the curve at high concentration, the
tions with a larger affinity, whereas class-two sites would number of bound and free drug molecules at each injection was
involve mainly hydrophobic plus little specific interactions, with  obtained. Figure 2 shows the binding isotherms made from the
lower affinity binding of the drug to the protein. This is in  free and bound phenothiazine concentrations for fluphenazine
agreement with larger binding constants for first-class binding at the different pH. The present study showed that the binding
sites and larger entropy values at complex formation for binding was saturable in the concentration range analyzed conforming
to second-class binding sites, in agreement with previous studies_angmuir adsorption isotherms, which are interfacial.
on the binding of amphiphilic drugs to HS&S3” The larger By fitting bound, b, and free,Cx, drug molecules to the
values ofn, can be related, on one hand, to an expansion of the Scatchard plot, the affinity constants and binding numbers of
protein structure induced by drug binding to primary binding fluphenazine to HSA can also be calculaté&catchard plots
sites, which contributes to the increase in the number of availablewere nonlinear (see Figure 3), indicating multiple classes of
binding sites, allowing a major space in the interior of the protein binding sites, in agreement with the results obtained by ITC.
to accommodate phenothiazine molecules. This behavior resultsBecause of the difficulty of identifying intermediate classe%%v
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Figure 2. Number of bound, b, and free, Cx, fluphenazine molecules
in a HSA solution of 0.03 mM at (®) pH 3.0 and (W) pH 7.4 at 25 °C.
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Figure 3. Scatchard plots of fluphenazine hydrochloride in the

presence of 0.03 mM of HSA at (@) pH 3.0 and (W) pH 7.4 at 25 °C.

Table 2. Binding Constants, K/, and Number of Binding Sites, n;,
Obtained from Scatchard Plots

pH 1074 Kt 103 K2 m n,
3.0 28+0.2 1.3+01 274+0.2 6.3+0.2
7.4 171+ 05 53+0.3 55+04 11.0+£ 05

binding, the high-affinity and low-affinity binding classes were
analyzed as previously: the high-affinity interaction was
estimate at the lowest drug/protein molar ratio, whereas the low-
affinity interaction was estimated at the highest drug/protein
molar ratios. The results obtained fi§f and n; are shown in
Table 2. Differences in th&' andn; values from Tables 1 and

Cheema et al.
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Figure 4. (-Potential data of fluphenazine hydrochloride in the
presence of 0.03 mM of HSA at (M) pH 7.4 and (®) pH 3.0 at 25 °C.

a consequence of the more extended conformation of HSA at
acidic pH, which can provide accessibility to previously buried
electrically charged amino acid resid#s?® On the other hand,
at pH 7.4 thel-potential of complexes is negative and, as
binding of the drug to protein proceeds, a reversal in the sign
of this quantity occurs. In this case, the initial binding of drug
monomers seems to take first place via electrostatic interactions
to the ionic sites of the protein molecules because macromol-
ecule and drug differ in the sign of their net electric charge.
Once the specific binding sites are saturated, an additional
hydrophobic adsorption is probably produced onto the hydro-
phobic cavities of the protein molecules with a certain expansion
of complex structure (as shown below), becoming hydrophobic
interactions, the main force behind complexation. A similar
electrokinetic behavior has been found for other tricyclic
amphiphilic drugs, such as the antidepressants clomipramine,
imipramine, and nortriptylind®-42

In order to calculate the total number of adsorption sites per
unit area on the proteifN;, and the complexation constak,
the Ottewill and Watanabe model (O¥)** was considered

(kic)

A0, =Ag = ——"
%7 29T (ko)

(10)

where Ao; and Aoy are the differences between the charge
densities on the ion and on the diffuse layer before and after
adsorption, respectively, arld = zeNk, in which z is the
charge of the adsorbing ions. Assuming that the complex has a
spherical form with radiug and making use of the Debye
Huckel approximation for the solution of the Poiss&Boltz-
mann (PB) as a first approximation, the change in diffuse layer
charge AQ, can be related to the change in potentdl/y, as

2 arises from assumptions made in the calculations and differentfollows:>

choices of plotting equations, but there is still an acceptable
agreement.

Electrokinetic Behavior of Complexes.Figure 4 shows the
C-potentials of HSA-fluphenazine complexes in the presence
of different concentrations of this drug at different pH. For
fluphenazine at pH 3.0, positiepotentials are observed as a
consequence of the protein being below its isoelectric point.
As drug concentration increaséspotentials slightly increase,

_AQ _ &1t ka)AWy

2 a

—Ao
d 4ra

(11)

Assuming thahWy = AZ and by making different substitu-
tions, the change ig-potential with concentratiom can be
expressed as a quadratic expression

suggesting the adsorption of the positively charged drug on the snsz2 +Bk,+s=0 (12)
hydrophobic patches of the protein molecules. However, it is
necessary to remark that, at low drug concentrations, there iswheres = d&/dm, B = (2sm — Am), andA = — ((eN)a)/

an interval where-potential slightly decreases. This has been
thought to result from counterions and some drug monomer

adsorption present in the electric double layer of the protein asi.e., HSA plus a given number of drug molecules.

(eoer(1 + k@)). It should be noted that the complexation constant
ko is only a constant for the formation of a specific complex,

Ccbv
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Figure 5. Gibbs energy of adsorption, AGg,, of fluphenazine

hydrochloride in the presence of 0.03 mM HSA at (W) pH 7.4 and (@)
pH 3.0 and 25 °C.

Table 3. Estimates of the Number of Binding Sites Per Unit Area
of Protein Surface, Ni, and Parameters Characterizing the
Drug-Induced Unfolding of HSA (0.03 mM) in Aqueous Buffered
Solution of pH 3.0 and 7.4 at 25 °C

m

107 N, AG,  (kImolt AGy, A(AyG°)

pH (M2 (kJmolY) M-1) v InK (kJmol %) (kJ mol-t)

30 05 12.6 107 2 245 —60.7 -73.3

74 17 10.6 156 4 340 —84.2 -94.8
The standard free energy of adsorptiohGg,, may be

obtained fromk, using the relationship

ky = eXp(-AGZJKT) (13)

o

As binding proceedss, and AGZ ,change with the number of
bound molecules due to the effect of the already bound drug
molecules on further binding. To apply the treatment described
above, it is necessary to have a valueAas well as values of
sas a function of free drug concentration to solve eq 1jfor
The values of were obtained by fitting thé&-potential data to
polynomials that were differentiated to obtaat the required
concentrations of phenothiazine. To calculateestimates of
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this point, we have performed dynamic light scattering measure-
ments to determine the size of the protedrug complexes.
Figure 6 shows selected intensitgtecay time distributions of
the fluphenazine HSA system at pH 7.4, as an example. Similar
distributions were obtained at pH 3.0 (not shown). The
distributions obtained at very low drug concentration x1
1075-5 x 1074 M) did not involve any appreciable change in
the time distribution upon binding. However, at higher drug
concentrations (5¢< 104—2.5 x 1072 M) a broadening and
shift to higher decay time occurs, which may be related to an
increase in the size of the complex and to certain polydispersity.
It is worth mentioning that this broadening is less intense at
pH 3.0 as a consequence of the already expanded state of HSA
and the lesser binding at the latter pH.

In addition, an additional peak at fast decay timeD(005
ms) appears at 0.0075 M as a consequence of the existence of
some drug aggregates with a size of-0180 nm starting to
form in solution at a concentration were free-only drug
molecules in solution do not associdtelhus, the presence of
protein molecules in solution seems to be the origin of this
preaggregation of the phenothiazine in a similar manner as some
tricyclic antidepressants 3 and the well-studied phenomen of
polymer-induced aggregation of classical surfact&hdso, a
third peak at very large decay time-2 ms) also is present,
which can be assigned to the formation of a small fraction of
clusters with a size of 4050 nm formed from the association
of protein complexes as a consequence of a loss of the protein
conformational structure. Complex association has been also
noted for other related systems, such as SDSA3Sér
antidepressant/HSA systefig?Despite the amount of scattered
light being appreciable, the importance of this population is
rather small, less than 2% in mass. This is also reflected in the
UV —vis section as discussed below. These data also seems to
confirm the ITC profile previously described.

Figure 7 shows the corresponding apparent hydrodynamic
radii, rh.qpp Of the fluphenazineHSA complexes plotted as a
function of the total drug concentration at pH 3.0 and 7.4,
respectively. The total concentration includes both the bound
and unbound compound. It is worth mentioning that the
hydrodynamic radius of HSA at pH 3.0 is 3.8 nm, in agreement

N; are required. To obtain these values, we assume that thewith previous report&?-*°and higher than that of pH 7.4 (3.2

volume of the HSA unit cellis 0.137x 10724 m3; if this volume

nm), as a consequence of the molecular expansion of the protein

corresponds to a sphere, its radius would be 3.2 nm, in very structure in acidic medium. Itis possible to observe in this figure

good agreement with experimental reséiftand its surface area
would be 1.29x 10716, From this surface area and the total
number of binding sites taken from ITC, estimates of the number

that for both pH values at very low drug concentrations there
are no appreciable changes in the size of the complex, in spite
of some binding taking place, mainly at pH 7.4. This larger

of sites per unit area were made and are given in Table 3. Theseaffinity for binding at the latter pH is seen by the earlier increase
values are in close agreement with those obtained for otherin the size of the proteindrug complexes~7.5 x 10> M).

drug—protein complexe4?-42:46.47

As the drug concentration increases, the size of the complex

Representative plots of the standard Gibbs energies ofalso does (between 7:6 10> and 5x 10* M at pH 7.4 and

adsorption from the&l-potential measurements are shown in
Figure 5 for fluphenazineAGg, values evaluated frorj-po-

between 2x 10% and 7 x 1074 M at pH 3.0, respectively),
this increment being larger at pH 7.4 and assigned to a further

tential data are large and negative at low drug concentrationsexpansion of the protein structure induced by drug binding as
when specific binding takes place, mainly at pH 7.4 when the a result of protein destabilization (see BVis section), as
protein is negatively charged; at higher drug concentrations, commented previously. Figure 7 might also resemble in some
AG3, becomes less negative as more drug molecules mightway a typical binding isotherm, which shows the average
bind, leading to an almost constant value 8G3,, which number of ligand molecules bound per protein molecule as a
suggests a saturation process. A similar behavior has been alséunction of the free ligand in solution. In general, a binding

noted for other drugs, for example, penicillins and antidepres- isotherm displays four characteristic regions with increasing

sants and human serum alburff1-46in agreement with ITC
data.

Dynamic Light Scattering. It has been previously argued
that an expansion of the protein is the origin of the increase in
the number of second-class binding sites,In order to check

ligand concentrations: (a) specific binding, where electrostatic
binding occurs (between 7610 °and 2x 10*M at pH 7.4

and between 1x 10% and 3.5x 10* M at pH 3.0,
respectively); (b) noncooperative binding (between 2.0 and 5.0
x 1004 M and 3.5 and 7.0x 10* M at pH 7.4 and 3'OCDV
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Figure 6. Intensity vs decay time distributions of 0.03 mM HSA in the presence of (a) 5 x 1073, (b) 7.5 x 1074, (c) 7.5 x 1073, and (d) 2.5 x
102 M of fluphenazine at pH 7.4 and 25 °C.
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Figure 7. Apparent hydrodynamic radii of fluphenazine—HSA com-
plexes at (O) pH 3.0 and (M) pH 7.4 and 25 °C.
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Figure 8. Differential absorbance of HSA (0.03 mM) in the presence
of fluphenazine hydrochloride at (O) pH 3.0 and (W) pH 7.4 at 25 °C.

UV —Vis Spectroscopy.To study the effect of phenothiazine
respectively (flat region in Figure 7); (c) cooperative binding binding on the conformation structure of HSA-absorption spectra
from 5 x 1074 M at pH 7.4, for example, where an appreciable of the protein in each medium with different amounts of drug
increase in complex size occurs as a consequence of furtheat 298.15 K in the wavelength range 22500 nm were
protein expansion; and (d) saturation (not present). collected. Figure 8 shows the absorbance changes for the 280

In addition, the expanded protein structure at acidic pH nm difference spectral band of HSA as a function of drug
contributes to an enhancement of drug binding as a result of concentration.
additional hydrophobic bonding to the previously buried non- At both pH there are two transition regions. The first transition
polar parts of the protein, as observed from the slighter variation is a change induced by the binding of the drug to the protein
of rpappWith drug concentration at this pH. As the pH rises, involving a conformational change in protein structure, which
the increase in drug binding strength is reflected in a larger takes place over a slightly larger drug concentration range at
variation of the complex radius, where electrostatic interactions pH 7.4. This is a result of a change in the environment of
are more important, as commented before. Finally, as occurredtryptophan and tyrosine residues upon drug binding, indicating
for tricyclic antidepressamt$42 and in contrast to anionic  a severe change in the region where these residues are located,
amphiphilic drugs such as penicilliithe change in complex  pointing out a certain denaturation of the protein molecbfes.
size is less dramatic than in the latter case, as a consequence ofhe second transition is a more abrupt change, as denoted by
the minor projection further from the protein surface of the the steep increase in the optical density of the solutions.
glutamyl and aspartyl side chains, which are involved in the Additional conformational changes in protein structure should
electrostatic binding of cationic compounds, than the arginyl occur, but most important, the formation of drug aggregates
and lysil side chains involved in anionic drug binding, which and complexes clusters, as seen by DLS, should contribute to
allows binding to a greater exteff>! this absorbance increase. The complex clusters WOUI%B@
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Figure 9. Absorbance spectra of (a) HSA—fluphenazine and (b) fluphenazine only solutions with drug concentration 0.1 mM and (c) HSA—
fluphenazine and (d) fluphenazine only solution with drug concentration 2 mM. The inset shows the absorbance spectrum of native HSA. In all
spectra, HSA concentration is 0.03 mM at pH 7.4 and 25 °C.

probably formed by unfolded protein molecules with attached  The difference in the standard Gibbs energy between the
drug aggregates, resembling the necklace model. These resultsriginal and altered conformations for the transition can be then
suggest that the interaction of the drug with HSA undergoes a calculated as

significant change in its conformation. This can also be seen
from Figure 9, where selected absorbance spectra are shown. It o .
can be observed that, as the drug concentration increases, not AG®=—RTInKp = —RTIn(AOBS — AD) (16)
only an increase in the absorption band at 280 nm occurs but

also the development of an additional peak at 320 nm, which \hereKj, is the ratio of altered to original moleculep =
cannot be only assigned to drug absorption. This might indicate F,/(1 — Fp). The equilibrium constari for eq 14 is
the formation of drug aggregates onto the protein.

In order to get additional information about the thermody- [DS,] Ko Fp/(1—Fp)
namics of the protein conformational change, we have tried to Ks——=—"—=—"""
analyze the energetics of the first drug-induced transition, as a [NIS] [S] [S]
first approximation, by modeling the interaction between HSA
and the drug as a transition between the two macroscopic
states: the original state (N) and an altered state whibund
ligand molecules (S)

A — Aoss

17)

Figure 10 shows thahG® and InKp are linear functions of
[S]in a determined range of drug concentrations for a temper-
ature of 25°C, consistent with the relationships

N + 1S DS (14) AGT=AG, — m(3] (18)
m
wherev is the average number of drug molecules bound to In Ko =ln ke, + RTln[S] (19
complex DS. o . .
We have not modeled the second transition because otherVN€re AG;, is the Gibbs energy at zero concentration of
phenomena apart from protein denaturation are also includeddenaturam' Thus_, to obtaln valuesiiE;,, a reliable procedure
in absorbance data (formation of drug aggregates and proteinfor the extrapolation oAG°([S]) to zero denaturant concentra-

clusters), altering the meaning of the thermodynamic quantities. tionls reqwr.ed. In this respect, numerous.observatlop.s of a 'f”“ge
The analysis of the equilibrium unfolding transition requires number of different proteins showed that, in the transition region,

extrapolation of the baseline for the original and altered protein thl‘? G'btf’s en_ergyfcg unfolding is, in a rel%tg_/ﬁ_ly nsrrow range,
into the transition region to determine the fraction of altered a linear unction of denaturant concentration.nis observation

moleculesFp, as a function of the unfolding parameférs led to the so-called linear extrapolation method (LEM). In this
method, the so-called denaturamvalues are a measure of the

Ay — Ao dependence oAG°® on drug concentration, [S], and timgS]
Fo —_N "OBS (15) term thus represents the difference in transfer Gibbs energy
Av—Ap between the altered and original states. The most attractive

feature of this analysis is that it allows us to estimate the stability
whereAogs is the absorbance observed awgandAp are the of a protein over a range of conditions of interest.
absorbance for the original and altered conformations, respec- The values oAG;, andm have been calculated using eqs 18
tively. and 19. These parameters have been both derived fror&g{?
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assumption thady — Ap is constanti.e., Ay andAp were taken
from the start and finish of the transition. The values are shown
in Table 3. From eq 17 and at a drug concentration of 1 mol
dm=3, In K = In Kp and the equilibrium consta#t corresponds

to the unfolding transition in a drug-saturated complex in a
hydrophobic environment with a Gibbs energy change;.
Using least-squares analysis of plots ofkp vs In[drug] the
values of AG;, and v were obtained (see Table 3). The
difference in Gibbs energies of transfer of the unfolded and
native state from water to a hydrophobic environmeétd,, —
AG;, defined asA(AG®), was also calculatet.

The results shown in Table 3 suggest that binding of the drug
alters the structural conformation of the protein molecules.
Thermodynamic quantities are more negative at pH 7.4 than at
pH 3.0, suggesting that, at the former pH, the larger extent of
complexation makes the protein structure more accessible to
solvent, with a more opened protein structure reflected in larger
hydrodynamic radii of protein complexes, as previously com-
mented. The different electrical charge between the protein and
drug molecules at pH 7.4 should contribute to a tighter
complexation at this pHn values show a close dependence on
the pH variation of the medium, suggesting that the extent of

binding with subsequent protein conformational change depends

on the electrical charge of the protein. This is in agreement with
the fact that at the isoelectric point the electrostatic interactions
are small and, therefore, the free energy of unfolding is due to
the solvophobic effect during the denaturation proéeSsmilar
results were obtained in the denaturation studies of different
proteins, such as bovine catal#ser myoglobirt” and also
human serum albumit®. On the other handy values are in
agreement with those corresponding to the stoichiometry of the
first class of binding sites derived from ITC data.

Cheema et al.

Summary

In the present work, we analyze the complexation process of
the phenothiazine drug fluphenazine hydrochloride to HSA in
aqueous buffered solutions of pH 3.0, and 7.4, with a view to
elucidate the effect of hydrophobic and electrostatic forces on
the complexation process and the alteration of protein confor-
mation upon binding. ITC data also show that binding occurs
at two different classes of binding sites. It also demonstrates
that at acidic pH, hydrophobic interactions between the phe-
nothiazine and the protein play the predominant role in the
complexation process, although the existence of electrostatic
interactions is also noted. However, at physiological pH,
electrostatic interactions and possibly hydrogen-bonding also
play an important role for binding to the first class of binding
sites, as derived from thermodynamic quantities. In addition,
binding to the second class of binding sites at this pH is again
dominated by hydrophobic forces, as seen from the entropy
increases. This is also pointed out by the small exothermic values
of enthalpies of binding, so that the Gibbs energies of binding
are dominated by large increases in entropy, consistent with
hydrophobic interactions. From ITC data and using a theoretical
model, the number of drug molecules adsorbed was derived and,
thus, the binding isotherms obtained for both pH values. These
isotherms show that binding in the analyzed concentration region
is of Langmuir type and saturable. The increase of the
hydrodynamic radii obtained from dynamic light scattering with
drug concentration indicates an expansion of the protein structure
due to drug complexation. At the highest drug concentrations,
an association process of protein complexes is detected, possibly
resulting in the clustering of drug molecules around the
hydrophobic amino acid residues of the unfolded polypeptide
chain, which aggregates. In addition, formation of drug ag-
gregates in solution is also noted at concentrations below the
critical micelle concentration of the drud;-Potential data
measurements allow us to calculate Gibbs energies of binding
using a modified OttewitrWatanabe theory. Adsorption Gibbs
energies so calculated are of similar magnitude as those obtained
from ITC. The process of protein unfolding as a function of
added drug has been also monitored by-tINs spectroscopy.
Evidence of complex and drug aggregation is also confirmed.
Absorbance data allow us to calculate the Gibbs energy of the
transition in water AG;) and in a hydrophobic environment (
AGY).
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