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ABSTRACT

Nalorphine is an injectable opioid agonist-antagonist. For understanding its
pharmacology, the binding mechanism of nalorphine to a model protein, human serum
albumin (HSA), was probed by fluorescence and circular dichroism (CD) Fourier
Transform infrared spectroscopy (FTIR) and isothermal titration calorimetry (ITC)
approaches. The binding affinity of the drug with the native HSA was 7.94x10° M™" at
298 K. Meanwhile, the number of binding site was found to be approximately 1 from
fluorescence, ITC and microTOF-Q data. Furthermore, the alterations of protein
secondary structure in the presence of nalorphine were assessed by CD, 3D
fluorescence and FTIR spectroscopy. Fluorescence resonance energy transfer (FRET)
analysis proved high probability of energy transfer from Trp residue to the drug
molecule. The binding site of the drug on HSA was located on the motional restricted
hydrophobic pocket of subdomain IIIA, namely site I, and the drug-protein complex
was mainly stabilized by electrostatic forces.

Keywords: nalorphine; human serum albumin; fluorescence quenching; circular

dichroism; FTIR; ITC
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1. Introduction

Nalorphine, also known as N-allyl-normorphine, is a mixed opioid
agonist-antagonist with a molecular weight of 311.4. The structural formula of
nalorphine was shown in Fig. 1. The main use of this medication is in operating suites
and critical care where pain relief is required for a short period of time. It is essential
for the administering medical professional to be trained in airway management with
readily available airway equipment because the drug causes significant respiratory
depression and may cause respiratory arrest if given too rapidly or in too high a
dose™.

Serum albumin (SA), as the most abundant protein in blood plasma, functions as
a shuttle for various endogenous and exogenous ligands such as fatty acids, hormones,
and foreign molecules including drugs. Therefore, SA plays an important role in the
distribution, free concentration, excretion, metabolism and interaction with the target
tissues of these ligands”’. The nature and magnitude of drug-protein interaction
significantly influences the biological activity of the drug. Weak binding leads to a
short lifetime or poor distribution of ligands, whereas strong binding decreases the
concentrations of free ligands in plasma. Consequently, investigations on the affinity
and the interaction mechanisms of ligands to serum albumins, which may provide
some useful information about therapeutic effective of drugs in pharmacology and
pharmacodynamics and design of dosage forms, are of fundamental importance™ °.
Moreover, understanding of various classes of pharmaceutical interactions with

albumin helps suggest new approaches to design and drug therapy. For these reasons,
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in recent years, the interactions of many drugs with SA have been studied. Human
serum albumin is a widely studied protein for over 40 years due to its ability to
extraordinary binding capacity, availability, stability and altered pharmacokinetic
properties; it is also because its primary structure is well-known for a long time and
its tertiary structure has been determined by X-ray crystallography. Structurally, HSA
is a nonglycosylated consisting of a single peptide chain of 585 amino acids, largely
helical (~60%), with the remaining polypeptide occurring in turns and extended or
flexible regions between sub-domains with little B-sheets and having 67 kDa mass,
organizes to form a heart shaped protein. HSA consists of three homologous domains,
namely, I (residues 1-195), II (196-383), and III (384-585), each domain being
divided into sub-domains A and B, and the overall structure is stabilized by 17
disulfide bridgeslo. The specific physiological activity of the aromatic and
heterocyclic ligands upon complexation with serum albumin originates from the
presence of two hydrophobic pockets in sub-domains IIA (site 1) and IIIA (site II).
HSA contains a single intrinsic tryptophan residue at position 214 in domain IIA,
where a large hydrophobic cavity is present, and its fluorescence is sensitive to the
ligands bound nearby. Therefore, information about the HSA can be obtained by the
measurement of intrinsic fluorescence intensity of the tryptophan residue before and
after addition of the drug.

When nalorphine is injected into veins clinically, it binds SA firstly. To the best
of our knowledge, there is no report on the interaction between nalorphine and HSA,

and no detailed binding information was presented. In the present work, we have
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employed a combination of experimental and computational approaches, in an attempt
to determine where and how nalorphine, as the most common antimalarial drug, binds
to HSA under physiological conditions. In order to determine the affinity of
nalorphine to HSA and investigate the thermodynamics of their interaction, we carried
out investigations on HSA-nalorphine association using fluorescence and mass
spectroscopy at different temperatures. The site marker competitive experiments were
also carried out to determine the specific binding site of nalorphine to HSA. Along
with synchronous fluorescence spectra, we further investigated the conformational
change of HSA in buffer solution. In addition, the distance between HSA as donor and
nalorphine as acceptor was also evaluated by means of the Forster energy transfer
theory. The results of diverse experimental studies were compared and comments
were given on the mechanism of binding. This study may provide valuable
information related the biological effects of nalorphine and therapeutic effect of this

drug in pharmacology and pharmacodynamics.



RSC Advances

2. Materials and methods
2.1. Materials

HSA was purchased from Sinopharm Chemical Reagent Beijing Co., Ltd.
(Beijing, China). Nalorphine with 98% purity was donated by Shanghai Institute of
Pharmaceutical Industry, China. All other reagents of analytical grade were used.
Double-distilled water was used throughout the experiments. HSA was dissolved in
0.02M phosphate buffered saline (PBS) solution to form a 1.0x10” M solution and
then preserved at 4 °C for later use.
2.2. Methods

All fluorescence spectra were taken on an F-4600 fluorophotometer (Hitachi,
Japan) equipped with a 10 mm quartz cell and a 150 W xenon lamp. Varied
concentrations of nalorphine and 1 mL of HSA stock solution were added in turn to a
10 mL colorimetric tube and made up to the mark with ultrapure water. After
equilibration for 30 min, the fluorescence emission spectra were scanned in the range
of 290 to 420 nm using an excitation wavelength of 278 nm. The excitation and
emission slit widths were both set at 5 nm. The synchronous fluorescence spectra
were operated over the range 250 to 320 nm at A1 = 15 and 60 nm. The slits for
excitation and emission scan were also 5.0 nm. The concentration of HSA was set at
1x10° M; and the drug concentrations from a-g are 0, 1, 2, 3, 4, 5 and 6x10° M,
respectively. All the fluorescence calculations are considered for inner filter effect
(IFE) using the method from Zhao'".

Positive ion mode mass spectra were recorded on a micro TOF-Q (Bruker
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Daltonics, Bremen, Germany) equipped with an electrospray ionization source. For
these experiments, the HSA concentration was fixed at 1.5x 10° M and the nalorphine
concentration at 2x10° M. Free HSA and HSA-nalorphine were prepared in 0.1%
formic acid in water/acetonitrile (1:1) and introduced into the mass spectrometer
source with a syringe pump. Electrospray was performed by setting the spray voltage
at 4.5 kV. Scanning was performed over an m/z range from 50 to 3000, with collision
energy of 10 eV, and data were averaged for 2 min and then smoothed using the
Gaussian algorithm in the Bruker Data Analysis 3.4 software program.

The CD spectra of HSA in the absence and presence of nalorphine were
measured over the range of 200-250 nm on a J-810 circular dichroism spectrometer
(Jasco, Tokyo, Japan) using a quartz cell with a path length of 1mm. The scanning
speed was set at 200 nm/min. The concentration of HSA was fixed at 2x10~’ M, and
the drug concentrations are 0, 4, 10 and 20x10~’ M. Each spectrum was the average of
two successive scans.

The FTIR spectra of HSA in presence and absence of nalorphine at 298 K were
recorded in the range of 1400-1800 cm™ on a Bruker Vertex 70 FT-IR spectrometer
(Bruker, Ettlingen, Germany) via the attenuated total reflection method with
resolution of 5 cm™ and 60 scans. HSA concentration was fixed at 0.1 mM while that
of nalorphine was 0.1 mM in the presence of phosphate buffer.

Titration of HSA with nalorphine was performed using a Model Nano-ITC 2G
biocalorimetry instrument (TA Instruments, New Castle, DE) at 298 K. All these

solutions were thoroughly degassed prior to the titrations to avoid the formation of
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bubbles in the calorimeter cell. The sample cell was loaded with the phosphate buffer
or protein solution and the reference cell contained double distilled water. Nalorphine
was titrated into the sample cell by means of syringes via 25 individual injections and
the amount of each injection was 10 pL. The contents of the sample cell were stirred
throughout the experiment at 200 rpm to ensure thorough mixing.

Binding location studies between nalorphine and HSA in the presence of two site
markers, namely phenylbutazone (PHE) and ibuprofen (IB), were measured using a
fluorescence titration method. The concentrations of HSA, nalorphine and site
markers were set at equimolar concentration (1.1x10° M) initially, and the PHE and
IB concentration finally reached 330 and 33x10° M, respectively. Before
displacement, ibuprofen or phenylbutazone was incubated with HSA solution for 30
min. Then, 3.0 mL sample was added into a 1.0 cm quartz cuvette, followed by
titration of aliquots of nalorphine at 298 K. The emission intensity of mixture was
then monitored and recorded from 290 to 420 nm at an excitation wavelength of 278

nm.
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3. Results and Discussion
3.1. Quenching mechanism of HSA by nalorphine

Fluorescence quenching is a decrease in the quantum yield of fluorescence from
a fluorophore induced by a variety of molecular interactions such as excited-state
reactions, energy transfer, ground-state complex formation and collisional quenching.
The different mechanisms of fluorescence quenching are usually classified as either
dynamic or static quenchinglz. Dynamic and static quenching is the result of diffusion
and ground-state complex formation, respectively. In general, dynamic and static
quenching can be distinguished by their differing dependence on temperature. It is
known that since higher temperatures result in larger diffusion coefficients, dynamic
quenching constants are expected to increase when there is a rise in ‘[emperature13 . In
contrast, increased temperature is likely to result in decreased stability of complexes
and thus lower the values of the static quenching constants.

Fig. 2 shows the fluorescence emission spectra of HSA in the presence of various
concentrations of nalorphine at 298 K. HSA had a strong fluorescence emission that
peaked at about 340 nm after being excited with a wavelength of 278 nm. When
different amounts of nalorphine were titrated into a fixed concentration of HSA, the
fluorescence intensity of HSA decreased regularly. Furthermore, there was a slight
blue shift at the maximum wavelength of HSA fluorescence emission when the
nalorphine solution was added. This suggests that the chromophore of protein was
placed in a more hydrophobic environment after addition of nalorphine. Fig. 3A

corresponds to the Stern-Volmer plot at different temperatures. It shows that within
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the investigated concentrations range, the Stern-Volmer plot exhibited a good linear
relationship. For dynamic quenching, the fluorescence data at different temperatures
were analyzed using the Stern-Volmer equation as follows'*:

Fo/F =1+ Kqro[Q] =1+ Ks/[Q] (1)
where Fy and F are the fluorescence intensities before and after addition of the
quencher (nalorphine), respectively; Kgsy is the Stern-Volmer quenching constant; [Q]
is the concentration of quencher; K is the quenching rate constant of the biological
macromolecule; Kg, and Ksy are the average lifetime of the molecule without any
quencher; and the fluorescence lifetime of the biopolymer is 1x107% s.

Table 1 summarizes the calculated Ksy and K, at each temperature studied. For
dynamic quenching, the maximum scatter collision-quenching constant of various
quenchers was 2.0x10™"° L mol™ s™. Results showed that the values of Stern-Volmer
quenching constants Ky and K, decreased with increasing temperatures and values of
Ky (5.14x10" L mol™ s at 298 K) were much greater than 2.0x10"° L mol™ s,
which indicated that the probable quenching mechanism of HSA-nalorphine
interaction was not initiated by dynamic collision but by the formation of a complex
(static quenching)ls.

3.2. Determination of binding parameters and thermodynamic parameters

When small molecules bind independently to a set of equivalent sites on a

macromolecule, binding constant (K4) and number of binding sites (n) can be

determined by the following equation '°:

F—F

=1gK, +nlg[0]
3)

Ig
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where K, is the binding constant to a site; » is the number of binding sites per HSA
molecule; and [(Q] is the total quencher concentration. The dependence of log (Fy-F)/F
on the value of log [(] is linear with the slope equal to the value of n and the value K4
is fixed on the ordinate (Fig. 3B). In Table 1, the binding constants K, and sites n
were listed for nalorphine associated with HSA. The linear correlation coefficient was
more than 0.9 and standard deviation was less than 0.5, indicating that the
assumptions underlying the derivation of equation (3) were satisfactory. Results
showed that K decreased with increases in temperature, which indicated the
formation of an unstable HSA-nalorphine complex in the binding reaction. The
complex could have been partly decomposed when temperature increased'”.

Values of n at the experimental temperatures were approximate to 1, which
indicated that there was one class of binding sites to nalorphine in HSA. Interaction
forces between small organic and biological macromolecules can include hydrogen
bonds, Van der Waals forces, electrostatic and hydrophobic interactions.
Thermodynamic parameters as well as enthalpy (AH) and entropy changes (AS) of the
reaction are important for the study of interaction force. If a change in enthalpy (AH)
does not vary significantly in the temperature range studied, then the values of
enthalpy and entropy changes (AS) can be determined from Van’ t Hoff equation'®:

InK = _AH +A—S 4

RT R
where K is analogous to the effective quenching constant K, at the corresponding

temperature and R is the gas constant. Free energy change (AG) was then estimated

from the following relationshiplg:
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AG=AH-TAS=-RTInK (5)

Table 1 shows the values of AH and AS obtained from the slopes and ordinates at
the origin of the fitted lines. Values of AH and AS were found to be -2.96x10* J-mol™
and 13.8 JI'mol"K', which indicated that the formation of the HSA-nalorphine
complex was an exothermic reaction. In addition, the negative sign for AG means that
the binding process was spontaneous.

Ross and Subramanian characterized the sign and magnitude of the
thermodynamic parameter associated with various individual types of interactions that
can occur in the protein association process. From the point of view of water structure,
positive AS and AH values is frequently considered as evidence of hydrophobic
interaction, since the water molecules are arranged in an orderly fashion around the
drug and protein acquires a more random configuration. Furthermore, specific
electrostatic interaction was characterized by the negative AH and positive AS values,
while the negative AH and AS values arise from typical van der Waals forces and
hydrogen bonding interaction’. The negative value of AH (-2.96x10* J-mol™)
observed in the current experiment could be attributed to electrostatic interactions.

3.2. Electrospray ionization mass spectrometry analysis

The complexation of drug/ligand with HSA at nanomolar levels was
demonstrated using microTOF-Q mass spectrometry. MicroTOF-Q mass spectrometry
is considered to be an accurate and sensitive method for detecting binding of the drug
or ligand to HSA. Fig. 4A and B depict the mass spectra of free HSA and

HSA-nalorphine complexes. The numbers on the dark vertical lines indicate the
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matched charge states of HSA or HSA-nalorphine complexes. Deconvolution of the
multiply charged states resulted in the mass determinations of HSA and
HSA-nalorphine complexes. When nalorphine bound to free HSA, the molecular mass
increased from 66513 Da to 66823 Da, which suggested that nalorphine was, indeed,
binding to HSA. Since the molecular weight of nalorphine is 311 Da, this is a clear
indication that the additional mass on HSA originated from one molecule of
nalorphine ligand. Fluorescence data reveals that the interaction of nalorphine to HSA
is 1:1, which is in accordance with the mass spectrometry result. Thus, this additional
mass of one drug molecule reveals the presence of a single nalorphine molecule
associated with HSA on average.
3.3. Synchronous fluorescence analysis

Synchronous fluorescence spectroscopy is a sensitive technique to analyze the
micro-environmental changes of chromophores and have several advantages,
including sensitivity, spectral simplification, and spectral bandwidth reduction and
avoiding different perturbing effects. The spectrum is obtained through the
simultaneous scanning of excitation and emission monochromators of a fluorimeter,
with a fixed wavelength difference (A1) between them. In the case of HSA, if AA=15
nm, the synchronous fluorescence spectra exhibits the spectral character of the
tyrosine residues alone, and if AZ=60 nm, it exhibits that of the tryptophan residues
alone®" ?2. The effect of nalorphine on synchronous fluorescence spectra of HSA at
A2=60 and 15 nm are shown in Fig. 5. Obviously, the quenching of the fluorescence

intensity of tryptophan residues is stronger than that of tyrosine residue, suggesting
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that tryptophan residues contribute greatly to the quenching of intrinsic fluorescence
of HSA. Moreover, a major red shift in maximum emission wavelength of Tyr residue
was observed upon addition of nalorphine, indicating that the conformation of HSA is
changed such that the polarity around Tyr residues is decreased and they are placed in
a less hydrophobic environment. However, only a slight blue shift was observe in Fig.
5B and it suggested that the overall microenvironment of Trp was also altered;
nevertheless, this alteration was trivial compared to that of Tyr (8 nm). These results
suggested that nalorphine induces a conformational change in HSA. It is most likely
that nalorphine molecule changed the microenvironment and polarity around Tyr
residues, which was originally buried deeply in the protein.
3.4. Three-dimensional fluorescence spectra of the HSA-nalorphine system

Another conformation investigation experiment was undertaken using 3D
fluorescence spectroscopy. We generated three contour maps with evidence of
different effects of nalorphine on the HSA conformation (Fig. 6). The inclined contour
surface is the Rayleigh scattering peak (Aex =4Aem). The fluorescence spectral peak
position, intensity and Stokes’ shift are summarized in Table 2. Peak 1 is the Rayleigh
scattering peak when emission wavelength equals to excitation wavelength, whereas
the strong peak 2 mainly reveals the spectral characteristic of fluorophore (Trp and
Tyr) residues and peak 3 may mainly exhibit the fluorescence characteristic of
polypeptide backbone structures® >*. Upon adding nalorphine there is almost no
change in the position of the excitation and emission wavelengths and Stokes’ shift,

but the molecular microenvironment in the vicinity of the fluorophore residues of
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HSA showed a distinct change in the polarity after conjugation of nalorphine with
HSA. In fact, analysis of fluorophore excitation and emission spectra can provide
additional information about changes of the protein conformational state and the
fluorophore microenvironment, these data being closely related to solvent exposure
and hydrophobicity. Our observations revealed that the polypeptide backbone
structures of HSA were altered with Peak 3 showed a major decrease in the
fluorescence intensity. The decrease in the fluorescence intensity of the peaks in
combination indicated that the interaction of nalorphine with HSA induced a slight
unfolding of the protein, which resulted in a conformational change of the protein to
increase the exposure of some hydrophobic regions that had been buried. All the
above phenomenon and analysis of the fluorescence characteristics of the peaks
revealed that the binding of nalorphine to HSA induced some microenvironmental and
conformational changes in HSA.
3.5. Energy transfer from HSA to nalorphine

The distance between the binding site and the fluorophore in the protein can be
evaluated according to the Forster mechanism of non-radiation energy transfer.
According to Forster’s theory, if the emitted fluorescence from a donor could be
absorbed by an acceptor, the energy may transfer from the donor to the acceptor. The
energy transfer effect is related not only to the distance between acceptor and donor

(»), but also to the critical energy transfer distance (Ry), based on Eq. (6):

R6
Ezl—EZﬁ
Fo Rj+r

(6)

where 7 is the distance between the acceptor and the donor, Ry is the critical distance
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when the transfer efficiency is 50%, which can be calculated by:

Ry =8.8x10"k*N'®DJ (7)

In Eq. (7), K’ is the spatial orientation factor of the dipole, n is the refractive
index of the medium, f is the fluorescence quantum yield of the donor and J is the
overlap integral of the fluorescence emission spectra of the donor and the absorption
spectra of the acceptor (Fig. S1, Supplementary Data), which can be calculated by the

.25
equation™:

D F(e(MA'AL
D F(A)AA ®)

where F(4) is the fluorescence intensity of the fluorescent donor of wavelength 4, € (1)
is the molar absorption coefficient of the acceptor of wavelength A. In the present case,
N=1.336, and @=0.118. Hence, from Egs. (6) and (8), we were able to calculate the
following parameters, J=5.53 X 107 cm’® M'l, Ry=2.23 nm, £=0.184, and r=2.44 nm.
The donor to acceptor distance is less than 8 nm and 0.5Ry < r < 2.0R, which indicate
that the energy transfer from HSA to nalorphine occurs with high probability.
3.6. Changes of the protein s secondary structure induced by nalorphine

To ascertain the possible influence of nalorphine binding on the secondary
structure of HSA, CD measurement was performed in the presence of nalorphine at
different concentrations. As shown in Fig. 7, CD spectra of free HSA exhibit two
negative bands in the ultraviolet region at 208 and 222 nm which are contributed to
n-n* and n-n* transfer for the peptide bond of a-helix®®. It is observed that in presence
of nalorphine the CD signal of HSA increased. The increase of the CD signal

indicates decrease of helical secondary structure content. This phenomenon is likely

Page 16 of 23



Page 17 of 23

RSC Advances

with the interaction of HSA with nalorphine. However, the CD spectra of HSA in the
presence or absence of nalorphine are similar in shape, indicating that the structure of
HSA is also predominantly a-helical. From SELCON 3 software, the quantitative
analysis results of the a-helix in the secondary structure of HSA were obtained (Table
3). They differed from 58.1% in free HSA to 57.4% in the nalorphine-HSA at pH 7.4
and temperature 25 °C when the molar ratio was 1:2. The o-helix gradually decreased
as the nalorphine portion increased, which reveals that the interaction between
nalorphine and HSA leads to changes of the protein’s secondary structure and protein
unfolding.

To further understand the structural alternations of HSA induced by the binding
of nalorphine to HSA, FT-IR spectroscopy were performed on HSA and
nalorphine-HSA system (Fig. 8a and b). The spectrum in Fig. 8a was obtained by
subtracting the absorption of the PBS from the spectrum of the protein solution. The
spectrum in Fig. 8b was obtained by subtracting the absorption of the nalorphine-free
form from that of the nalorphine-bound form. Infrared spectra of proteins exhibit a
number of amide bands, which represent different vibrations of the peptide moiety.
Among these amide bands of the protein, amide I peak position occur in the range
1600-1700 cm™ (mainly C=O stretch) and amide II band in the region 1500-1600 cm™
(C-N stretch coupled with N-H bending mode)*’. The amide bands have a relationship
with the secondary structure of protein, and amide I is less sensitive than amide II for
change of secondary of protein. As shown in Fig. 8, the peak position of amide I band

shifted from 1655 cm™ to 1654 cm™ and amide II band shifted from 1556 ¢m™ to
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1544 cm™, implicating that the secondary structure of the HSA protein altered due to
interaction of nalorphine. CD as well as FT-IR results unravel that nalorphine bound
to HSA brings about changes in secondary structure mainly in the a-helix*®.
3.7. ITC study of HSA-nalorphine interaction

ITC was used to directly evaluate the effect of the drug on the thermodynamics
of the interaction of nalorphine with HSA. Fig. 9a shows the ITC curve of the
interaction of nalorphine with HSA (corrected by subtraction of the heat of dilution)
in the absence of drug at 25 °C. All peaks were downward, indicating that the reaction
was mainly exothermic®’. The respective binding isotherm is shown in Fig. 9b, where
nalorphine is corrected for all the dilution effects. The calorimetric data were fitted to
single-site binding equations (Table 4). The binding of nalorphine to HSA is observed
to be exothermic process with binding constants 6.8x10° M, as determined by Eq. 5.
From Table 4 it can be deduced that the reaction was mainly entropy-driven even
though enthalpy and entropy were favorable and electrostatic interactions were
dominant. The binding process is spontaneous as evidenced by the negative value of
AG°. These results were in good agreement with the fluorescence spectrometric
findings.
3.8. Identification of the binding sites

For HSA, there are two types of binding sites, site I (subdomain II A) and site II
(subdomain III A) for ligand binding. In order to identify the exact location of the
nalorphine, site marker displacement experiments were carried out based on

fluorescence assays. Two selected probe compounds are phenylbutazone (PHE) and
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ibuprofen (IB). Generally, PHE prefers to bind to site I through hydrophobic
interactions, whereas IB binds to site II based on a combination of hydrophobic,
hydrogen bonding and electrostatic interactions>’. In the present work, firstly, the
interactions of PHE and IB with the HSA at different molecular ratio were followed
with an excitation wavelength of 278 nm. Furthermore, the competitor IB and PHE
were added into nalorphine-HSA system, with a molecular ratio of nalorphine: HSA =
1:1. Compared with the quenching curves of ternary system (competitor-drug-HSA)
and the binary system (competitor-HSA), it can be concluded that the absence of
competitor IB can significantly influence the quenching approaches of binary and
ternary systems (Fig. 10). While as shown in Fig. 10, no significant changes of the
HSA fluorescence were found in binary and ternary system at the presence of another
competitor PHE. On the other hand, the quantitative analysis for the binding behavior
of probe compounds IB and PHE was carried out with term of binding constant (K) to
support the conclusion. From Fig. 10, it could be noted that, for competitor PHE, K
value of binary system had no any significant effect compared with that of ternary
system from 2.57x10° M to 2.25x10° M™'; while for competitor IB, the binding
constant changed greatly from 1.42x10° M to 6.88x10° M.

The results indicated that the great changes of binding constants in binary and
ternary systems were mainly due to the displacement of competitor IB, which
suggested that nalorphine shared the common binding site with IB, not PHE. In a
word, nalorphine was proposed to be bind to one site, namely site I on the HSA.

3.9. Effects of metal ions on HSA-nalorphine system
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Plasma contains some of metal ions which have definite ability to maintain
normal structures and physiological functions of the proteins. Metal ions are vital to
mammals, playing an essentially structural role in many protein-based coordinate
bonds®'. Therefore, the presence of metal ions in plasma may affect interaction of
drugs with HSA. For the investigation on the effects of metal ions, the concentrations
of cations were stabilized at 1x10°® M, and K, Ca2+, Ba?", Hg2+, Zn**, Mn*" Cu*" and
Fe** were used as foreign substances, the anions were the same chloride ions, which
did not affect the protein fluorescence. The binding constants of nalorphine with HSA
at 298 K are summarized in Table 5. As evident from Table 5, the binding constant of
HSA and nalorphine changed in various degrees in the presence of metal ions, which
is likely caused by a conformational change in the vicinity of the binding site. The
decrease of the binding constant in the presence of Hg2+, Cu”" and will shorten the
storage time and enhance the toxic effects. Nalorphine does not easily bind HSA in
the presence of these ions and competitive interaction between the drug and the ions
may occur during the binding process. In contrast, the increasing of the binding
constants will buffer the drug concentration in the blood and increase the duration in
the plasma. Thus, the desired therapeutic effect will be achieved. Therefore, the
increases in binding constants of HSA-nalorphine in presence of the metal ions (K",
Ca’, Ba®", Zn®") prolong the storage time of the drug in blood plasma and enhance the
maximum effectiveness of the drug. Besides, the binding sites of these metal ions may
not similar with the drug, however, by changing the conformation of HSA (loosening

or tightening the chains) they influence the binding property of the drug.
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4. Conclusions

This paper demonstrates a detailed investigation on the interaction between HSA
and nalorphine using spectroscopic and calorimetric techniques. The experimental
data show that the nalorphine could insert into the HSA and quench its intrinsic
fluorescence by static mechanism, which was induced by the formation of the
nalorphine-HSA complex because the Sterne-Volmer quenching constant Kgy was
inversely correlated with temperature. The apparent binding constants (K,) between
nalorphine and HSA were determined to be 1.20x10° (288 K), 7.94x10° (298 K) and
4.47x10° M (308 K). The number of binding sites (7) for nalorphine was found to be
about 1. By means of spectroscopy, we have discovered and interpreted the alteration
of the secondary structure of HSA by nalorphine complexation. The results of
synchronous fluorescence spectroscopy indicated that the polarity around Tyr residues
was increased whereas hydrophobicity around Trp residues was increased when
nalorphine interacted with HSA, showing a slight change in the conformation of HSA
upon addition of nalorphine under experimental conditions. According to the Forster’s
theory of non-radiation energy transfer, the binding distance () between nalorphine
and the tryptophan residue of HSA was calculated as 2.44 nm (298 K). The
thermodynamic parameters AG < 0, AS > 0, and AH < 0 at different temperatures
indicated that the binding process was spontaneous and electrostatic force played the
major role during the interaction. Site probing studies proposed that nalorphine binds
to the subdomain IIIA or site II of HSA. This study is expected to provide important

insight into the interactions of the physiologically important protein HSA with drugs
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and it is also looking forward to further supplement.
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