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ABSTRACT

In this paper, monomethyl polyethylene glycol (mPEG) modified oleanolic acid (mPEG-OA) was prepared by esterifying oleanolic acid
with mPEG and characterized by UV-vis absorption, FITR, NMR and gel permeation chromatography (GPC). The interaction of mPEG-
OA and bovine serum albumin (BSA) was investigated by fluorescence quenching, UV-vis absorption, FTIR and circular dichroism
(CD) under the simulated physiological conditions. The results indicate that mPEG-OA quench the intrinsic fluorescence of BSA via a
dynamic quenching process with the binding constant (Ka) in the order of 10’ L/mol. The thermodynamic parameters suggest that the
binding reaction mainly is driven by hydrophobic forces and belonged to a spontaneous process. The average binding distance between
mPEG-OA and the tryptophan (Trp) residue of BSA was 3.5 nm. The probe displacement experiments confirmed that mPEG-OA mainly
binds to sub-domain IT A (site I) of BSA. The results of synchronous fluorescence, FTIR and CD spectra revealed that the binding
process of mMPEG-OA with BSA did not induce significant changes in the secondary structure as well as the polarity of the region around

the Trp and Tyr residues in BSA.
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1. INTRODUCTION

Oleanolic acid (OA) is one of bioactive pentacyclic
triterpenoids, which exits widely in a lot of food or many Asian
herbs, such as fructus ligustri lucidi, fructus orsythiae, and akebia
trifoliate [1, 2]. It has been well documented that OA possesses
many bioactivities, such as anti-inflammatory, antioxidant and
anticancer activity[3]. But the low aqueous solubility (<1
pg/ml)[4], low permeability and lower oral bioavailability of
around 0.7% seriously limit its further application [5]. Therefore,
many OA derivatives have been investigated for improving its the
potential pharmacological potencies [6].

Recently, modification insoluble drugs with hydrophilic
polymer polyethylene glycol (PEG) have drawn great attentions in
the field of biomedicine, because of significantly improving their
bioavailability, extending their physiological stability in
circulatory system and reducing its immunogenicity[7, 8].
Therefore, in this contribution mPEG-OA was synthesized and
interaction with BSA was investigated.

Serum albumin possesses a wide variety of functions such
as the maintenance of oncotic pressure, the clearance of reactive
oxygen and nitrogen species, the inhibition of platelet aggregation
and anticoagulation [9]. Serum albumins play important roles,
which affect in vivo and in vitro behaviors of drugs in plasma. The
interaction between drugs and proteins, especially
albumins, will significantly affect the apparent distribution volume
and the clearance rate of drugs in blood plasma [10]. Thus, the
binding studies of drugs and serum albumins can provide
important information about not only the relationship between

serum

chemical structure and pharmacologic activity[11-13], but also
influence on the structure and function of protein [14].

Bovine serum albumin (BSA) is frequently selected as
protein model in biomedicine field because of ready availability,
low cost, ligand binding properties and particularly its structural
homology with human serum albumin [15, 16]. BSA molecule
consists of three linearly arranged, structurally homologous
domains (I-IIT) and each domain includes two sub-domains (A, B)
and the principal drugs binding sites were situated within the
hydrophobic cavities (sites I and II) [17]. It has been verified that
some compounds possess site specific binding ability to serum
albumin and are often used as site probes, for example,
phenylbutazone and ketoprofen in site I, flufenamic acid and
ibuprofen in site II [18]. Two tryptophan residues (Trp-134 and
Trp-212) in BSA possess intrinsic fluorescence and are often used
to measure the drug-binding affinity [18].

In this paper, mPEG-OA compound was prepared
according to previously reported method with slight modification
[19], and the interaction between mPEG-OA and BSA was
investigated using several spectroscopic techniques. The
quenching mechanism and the conformational changes of mPEG
binding to BSA were explored. Cheng and his co-workers have
studied the interaction of BSA and OA [20], but no report is found
concerning the binding reaction of BSA and mPEG-OA. The
study is expected to provide some beneficial information for
designing and screening new OA derivatives.
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2. EXPERIMENTAL SECTION

2.1. Chemicals. Bovine serum albumin (fatty acid free,
purity198%) was purchased from Sino-American Biotechnology
Company (China). Phenylbutazone, ibuprofen and oleanolic acid
were obtained from the National Institute for Food and Drug
Control (China). mPEG (Mw 2000) was purchased from Sigma-
Aldrich and vacuum dried before used. The other chemicals were
of analytical reagent grade without further purification. Double
distilled water (DDW) was used throughout the experiments.

2.2. Apparatus. Fluorescence spectra were recorded on a Cary
Eclipse 300 FL spectrophotometer (Varian Company, USA)
equipped with a thermostat bath and 1.0 cm quartz cells, and the
excitation and emission slits were set at 5 nm with the scanning
rate of 1200 nm-'min-1. All UV-vis absorption spectra were
measured on a Cary 5000 UV-vis spectrophotometer (Varian
Company, USA) equipped with 1.0 cm quartz cells. CD spectra
were scanned on JASCO-J-810 circular dichroism spectrometer
(JASCO, Japan) using a 1.0 cm quartz cell. The average molecular
weight of mPEG-OA was determined by GPC column (HT3,
Waters) equipped with a Waters-1515 bump (Waters Corporation,
USA) and a differential refraction detector (Waters 2414). All pH
measurements were performed on a pHS-3 digital pH-meter
(Shanghai Selon Scientific Instrument Co., Ltd., China). FTIR
spectra were recorded at room temperature on a Nicolet Nexus
670 FTIR spectrometer (Thermo Nicolet Company, USA)
equipped with a germanium attenuated total reflection (ATR),
deuterated triglycine sulphate (DTGS) detector and a KBr beam
splitter. 1H NMR spectra were performed on nuclear magnetic
resonance spectrometer (Mercury 300, Varian Company, US). The
FTIR spectra for OA, mPEG, mPEG-SA, and mPEG-OA
compounds were recorded in the spectral region of 4000-400 cm—
1 in a KBr pellet with a 4 cm-1 resolution at room temperature,
respectively.

2.3. Preparation of mPEG-OA. mPEG-OA was prepared using
succinic anhydride as linker, according to the method previous
reported with a slight modification[19]. The synthetic route of
mPEG-OA was depicted in Scheme 1. Firstly, mPEG succinate
acid (mPEG-SA) was prepared by esterification reaction of mPEG
and succinic anhydride with pyridine as catalyst in chloroform.
mPEG succinyl chloride (MPEG-SC) is prepared from mPEG-SA
to increase its reaction activity, which will further react with OA
to obtain mPEG-OA. Typically, 1.0 g of mPEG-SA was added
into a three-necked, round-bottom flask equipped with a magnetic
stirrer and a water-cooled reflux condenser. 10 mL of thionyl
chloride was slowly added from a dropping funnel. Hydrogen
chloride gas generated was absorbed through an absorption bottle
containing NaOH solution. The reaction mixture was heated at
reflux for 2 hr under stirring. After evaporation of the excess
thionyl chloride, mPEG-SC residue was dissolved in 10 mL dry
tetrahydrofuran (THF) for the next step.

0.500 g of OA was dissolved in 40 mL dry THF and stirred
in an ice-cold water bath. 0.050 g of anhydrous potassium
carbonate (K2CO3) was added to the OA solution. mPEG-SC in
10 mL THF was added into OA solution dropwise within 20 min
under continuous stirring. The mixture was stirred for 2 h in an
ice-cold water bath, another 2 h under room temperature, and

heated up to 50°C for 4 h. After then, solvent was evaporated and
concentrated to about 10 mL under reduced pressure. 100 mL of
DDW was added to dissolve the residue and pH value was
adjusted to 2 with addition of 2.0 M HCI solution. The reactant
was extracted with 30 mL of chloroform three times. The organic
phases were combined and washed several times with 100 mL
DDW until the water layer is neutral. The organic layer was dried
against anhydrous sodium sulfate. After filtration, the organic
phase was concentrated to 10 ml. The residue was precipitated
upon addition of 50 mL absolute ethyl ether. The white solid was
obtained after filtration, washing with ethyl ether and drying under
vacuum. Yield: 72.2%. Average molecular weight (Mw: 2475
Dalton. Mz/Mw=1.037).

2.4. Interaction between BSA and mPEG-OA. The stock
solutions of 20 uM BSA and 1.2 mM mPEG-OA were prepared in
water. The working solution for CD measurement was prepared
with phosphate buffer solution (0.05 M, pH 7.40), the other
working solutions were prepared with Tris-HCI buffer solution
(0.01M Tris, 0.15 M NacCl, pH 7.40). Ketoprofen and ibuprofen
stock solutions were prepared by dissolving them in a small
amount of methanol and diluting with DDW to obtain 2.0 mM.

For the fluorescence measurement, 3.0 mL of 4.0 uM BSA
solution was added to a 1.0 cm quartz cell. And then, 10 pL of
mPEG-OA stock solution was successively added to the above
BSA solution to make the solution concentrations of mPEG-OA in
the range of 0.0 to 48 uM. The mixture solution was incubated for
10 min at designated temperature prior to scanning. Fluorescence
quenching spectra of BSA were recorded from 300 to 500 nm
using the excitation wavelength of 280 nm at three different
temperatures (293, 303, and 313K), respectively. The
corresponding synchronous fluorescence spectra were also
scanned from 220 to 340 nm (AA = 60 nm) and from 250 to 325
nm (AA= 15 nm), respectively.

FTIR measurements were carried out via the attenuated
total reflection (ATR) method with a resolution of 4 cm-1 and
accumulation of 120 scans at room temperature. The FTIR spectra
of BSA, mPEG-OA, and mPEG-OA plus BSA solutions were
recorded from 1800 to 1400 cm™, respectively. Then the FTIR
spectrum of Tris-HCI buffer solution was also scanned, which was
subtracted to obtain the corresponding FTIR spectra of above three
sample solutions.

The CD spectra of BSA solution in the absence and
presence of mPEG-OA were recorded at 0.1 nm intervals and
averaged with three scans in the range of 202-250 nm at room
temperature under constant nitrogen flush. The molar ratios of
mPEG-OA to BSA were 0:1 and 20:1. The absorption spectra of
BSA solution in the absence and presence of mPEG-OA were
obtained in the range of 300-500 nm with the slit width of 1 cm.

The displacement experiments were conducted using the
site  probes, phenylbutazone and ibuprofen at the constant
concentration of BSA and mPEG-OA. The mole ratio of mPEG-
OA to BSA was set at 5:1 to eliminate the non-specific binding of
probe. The fluorescence spectra of the above mixed solution
titrated with ibuprofen and phenylbutazone were recorded upon
excitation at 280 nm, respectively.
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3. RESULTS SECTION

3.1. Synthesis and characterization of mPEG-OA. mPEG-OA
was prepared through an esterification reaction between OA and
mPEG as illustrated in Figure 1. Theoretically, the hydroxyl group
of mPEG can directly esterify with carboxyl group of OA to
prepare mPEG-OA, due to the presence of both hydroxyl group
and carboxyl group in OA. However, according to the result of
pre-experiments, direct esterification between OA and mPEG is
more difficult with low yield and low conversion rate. This is
probably caused by the great steric hindrance of the carboxyl
group of OA. Thus, succinic anhydride was used as a linker.
MPEG-SA was firstly prepared and further converted to MPEG-
SC in order to increase the reaction activity according to the
reported as illustrated in Figure 1[21]. Thus, mPEG-OA was
successfully prepared.

The molecular weight and molecular weight distribution of
mPEG-OA were measured by GPC method at 25°C using
tetrahydrofuran (THF) as eluent at a flow rate of 1.0 mL-min™".
The GPC chromatogram of mPEG-OA was recorded (Figure 2A).
The weight-average molecular weight (Mw) is 2475 with a narrow
distribution (Mz/Mw=1.037). Thus, the GPC spectrum confirmed
that mPEG was successfully chemically grafted to OA molecules
rather than encapsulation of OA.
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Figure 1. Synthesis diagram of mPEG-OA (n = 44).
3.2. Fluorescence quenching of BSA by mPEG-OA. Although
the intrinsic fluorescence of BSA can be caused by three
fluorophores, tryptophan, tyrosine, and phenylalanine residues,
Trp residues are more dominant as well as more sensitive to
alteration in local environment [23]. So, the intrinsic fluorescence
of Trp residues is often used for the analysis of drugs-BSA
binding [20]. Fluorescence quenching refers to a process which
decreases the fluorescence intensity of a fluorophore. A variety
process during interactions can result in fluorescence quenching,
including excited-state reactions, molecular rearrangements,
energy transfer, ground-state complex formation and collisional
quenching [17]. In this study, the fluorescence spectra of BSA can
be quenched out by addition of mPEG-OA. The fluorescence
spectra of BSA with different concentrations of mPEG-OA were
recorded upon the excitation wavelength of 280 nm. As seen in
Figure 3A, the fluorescence of BSA gradually decreased with the
addition of PEG-OA, demonstrating that mPEG-OA could
effectively quench the intrinsic fluorescence of BSA, however no
significant shift of the emission maximum wavelength was
observed. The process of fluorescence quenching can be classified

Oleanolic acid (OA)

[0}
O\/\O];\/ONOH
(e}

mPEG-SA

Both OA and mPEG-OA were found to have an obvious
absorption at 207 nm (Figure 2B). This result also confirmed that
OA was chemically linked with mPEG.

From the FTIR spectra of OA, mPEG, mPEG-BSA and
mPEG-OA (Figure 2C), the characteristic absorption of ethoxy
unit in mPEG were observed at 2888 cm’ (C-H stretching
vibration), 1467 cm™ (C-H bending vibration) and 1113 cm™ (C-O
ether stretching vibration) [22]. In the FTIR spectrum of OA, 1697
cm’ can be assigned to stretching vibrations of carboxyl group of
OA. At the same time, the typical carbonyl group absorption peaks
were observed at 1736 cm™ and 1726 cm™ in mPEG-SA and
mPEG-OA, respectively, which can be ascribed to stretching
vibrations of carboxyl group and carbonyl group in ester group.
The 'H NMR spectrum was also used to confirm the formation of
PEG-OA. The characteristic peaks at 5.29~5.23 ppm relates to the
protons in the carbon-carbon double bond in OA molecule. The
chemical shift of 3.80~3.33 ppm is caused by -CH,- protons in the
structure of mPEG. The chemical shift at 2.98~2.65 ppm belongs
to -CH,- attached to carboxyl group. The chemical shift at
1.64~1.14 ppm and 0.99~0.77 ppm can be attributed to protons in
methyl group and methylene groups in OA molecule, respectively.

SOCl,

J[O\/\ohvojo(vokm

mPEG-SC

Reflux, 2hour

mPEG-OA

into two types of static and dynamic. Dynamic quenching refers to
a process that the fluorophore and the quencher come into contact
during the lifetime of the excited state, whereas static quenching
is fluorophore quencher complex formation. One way to
discriminate static quenching from dynamic quenching is to
examine their different dependence on temperature [24]. The
dynamic quenching constant increases with increasing
temperatures, because dynamic quenching is a diffusion process
and higher temperatures will result in obvious increase of the
diffusion coefficients. On the contrary, increased temperature
likely decreases the stability of complexes and lower the static
quenching constants [24].

In order to determine the fluorescence quenching type of
the mPEG-OA[BSA system, the BSA fluorescence intensity data
was analyzed by the Stern-Volmer equation as following [25].

*=1 N
=1+ Ky (0] "

where Fj and F are the fluorescence intensities of BSA solution at
346 nm in the absence and presence of mPEG-OA, respectively.
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[Q] is the concentration of mPEG-OA and K, is the Stern-Volmer
quenching constant. As depicted in Figure 3B, the plots of Fy/F

against [mPEG-OA] at 293, 303 and 313K were fitted,
respectively.
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Figure 2. A. GPC chromatogram of the as-prepared mPEG-OA. B. UV absorption spectra of OA and mPEG-OA solutions. C. FTIR spectra of OA,

mPEG, mPEG-A, and mPEG-OA samples.
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Figure 3. A. Fluorescence quenching spectra of BSA with an increase in mPEG-OA concentration. [BSA] = 4.0 uM; [MPEG-OA] (a—g) =0, 8.0, 16.0,
24.0, 32.0, 40.0, and 48.0 uM; T=293K, pH=7.4. B. Stern—Volmer plots for the fluorescence quenching of BSA by mPEG-OA at three different

temperatures. [BSA] = 4.0 uM; Aem=346 nm.

As seen in Figure 3B, each plot exhibits a good linear
relationship and the slopes of the Stern—Volmer plots increase with
the temperature rising, implying that the fluorescence quenching of
BSA by mPEG-OA should belong to a dynamic quenching
process. It has been reported that quenching mechanism of BSA
fluorescence by OA was a static quenching process through the
formation of a ground-state complex [20]. In comparison with the
interactions of OA and mPEG-OA with BSA, it can be inferred
that mPEG unit plays a key role on the fluorescence quenching
behavior of BSA caused by mPEG-OA.

To further confirm the quenching mechanism, the UV

absorption spectra of BSA, mPEG-OA and BSA plus mPEG-OA
solutions were recorded and the corresponding absorption spectra
were obtained (Figure 4A). Obviously, the absorption spectra of
BSA could be almost overlapped after adding different amounts of
mPEG-OA. This result also supports the conclusion that the
dynamic quenching during fluorescence quenching process of
BSA caused by mPEG-OA.
3.3. Apparent association constant and number of binding
sites. When small molecules bind independently to an equivalent
sitte on a macromolecule (such as proteins), the equilibrium
between free and complex molecules is achieved and can be
described by the following equation:

F,—F

=1gK, +nlg[Q] ()

where K, is apparent association constant, F, and F are the
fluorescence intensities of BSA before and after addition of
mPEG-OA, respectively, [Q] is the concentration of mPEG-OA,
and »n is number of binding site. According to Eq. (2), the values of
K, and n at 293, 303, and 313K were calculated from the intercept
and slope values of each plot of Ig(F, - F)/F versus 1g[mPEG-OA]

(Figure 4B) and summarized in Table 1. As seen from Tablel, the

Ig

values of all correlation coefficients are larger than 0.99, indicating
that the interaction between mPEG-OA and BSA fits very well
with the site-binding model underlined in Eq. (2). At the same
time, the value of » approximately equal to 1 indicates that there is
only one binding site on BSA involving in the binding process. In
addition, the K, values decrease with increasing temperature,
implying that the ability of protein to store and transport drug will
be impaired at high temperatures. Furthermore, the values of K, do
not reach the range of 10°-10° L/mol, demonstrating that the
interaction between mPEG-OA and BSA is not strong [26].
However, it was reported that the binding constant of OA with
BSA was in the order of 10* L/mol [20]. This study indicated that
mPEG modification weakens the binding affinity between OA and
BSA. The reason is as follows. As seen from Figure 1, the
structure of mMPEG-OA containing both mPEG (hydrophilic part)
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and OA group (hydrophobic part) simultaneously, shows the | significantly over the temperature range investigated, the values of
amphiphilic property, which allow mPEG-OA molecules to self- | enthalpy (AH) and entropy (AS) can be estimated from the van’t
assemble micelles or vesicles in water solution. Thus, self- | Hoff equation [29]:
aggregation of mPEG-OA molecules prevents the approach to the AH AS
surface of BSA molecules. As a result, the binding affinity Ink, = "R TR ®
between mPEG-OA and BSA is weakened comparing to that of | where AS is the entropy change; K, is apparent association

OA [27]. constant at corresponding temperatures and R is gas constant. The
3.4. The nature of the binding forces. The interaction forces | value of AH and AS can be obtained from the slope and intercept
between quencher and BSA comprises hydrophobic force, | of the plot of In K, against 1/T, respectively (Figure 5A). Then the

electrostatic interactions, van der Waals interactions and hydrogen | free energy change (AG) was estimated from the following
bonds and so on [28]. In order to further clarify the interaction of | equation:

mPEG-OA with BSA, the thermodynamic parameters were AG = AH —TAS )
calculated. If the enthalpy change (AH) does not change
40
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Figure 4. A. UV difference absorption spectra between BSA plus mPEG-OA and mPEG-OA solutions. [BSA] = 4.0 uM; [mPEG-OA] (a—f) = 0, 4.0,
8.0, 12.0, 20.0, and 32.0 pM. B. Plots of log (Fy-F)/F versus log [nPEG-OA] at different temperatures.
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Figure 5. A. van’t Hoff plot for the interaction between BSA and mPEG-OA. B. The spectral overlap of mPEG-OA absorption spectrum (a) with BSA
fluorescence emission spectrum (b). [MPEG-OA] = [BSA]=4.0 uM.

Table 1. The apparent association constants K, binding number (n) and the thermodynamic parameters for the mPEG-OAT'BSA system at three
different temperatures.

n K, (L/mol) R* AH (kJ-mol™) AS (L-mol™) AG (kJ-mol™)
293 1.06 3863 0.997 -17.86
303 1.00 2505 0.998 35.58 182.4 -19.69
313 0.94 1520 0.997 -21.51
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2 R? is the correlation coefficient.

The values of AH, AS and AG are summarized in Table 1. The
negative value for free energy (AG) revealed that mPEG-OA
binding to BSA is a spontaneous process. According to the rules
for drug-protein interaction proposed by Ross and Subramanyam
[28], the positive values of AH and AS for the mPEG-OA[BSA
system reflect that the binding process is mainly entropy-driven
and the enthalpy is unfavorable, and the hydrophobic forces plays
an important role in the binding reaction of mPEG-OA with BSA
[30].
3.5. Energy transfer from BSA to mPEG-OA. Fluorescence
resonance energy transfer (FRET) as a powerful tool can be used
for measuring the distance between donor and acceptor
fluorophore in vitro and in vivo [31]. FRET is an electro-dynamic
interaction between the electronic excited states of donor and
acceptor molecules in which excitation is transferred from a donor
molecule to an acceptor molecule. The FRET efficiency is
dependent on following parameters: (i) the distance between donor
and acceptor must be in the range of 2—8 nm; (ii) significant
overlap between donor fluorescence and acceptor absorption
bands; (iii) there must be a proper orientation of the transition
dipole of the donor and acceptor. The distance between the ligand
and the tryptophan residues in the protein are frequently evaluated
according to the theory of Forster non-radiative energy transfer
[31]. The efficiency of energy transfer (E) between the donor and
acceptor could be calculated by the following equation.

6
po1- Lo K&
Fo (B + R%)
where E is the efficiency of energy transfer, and R, is the critical
distance as the efficiency of energy transfer is 50 %. The value of
R,’ can be estimated according to the following equation.

R, =88x10%(Jk*pn™)  (6)

where k* is the spatial orientation factor and value is 2/3; 1 is the

©)

averaged refracted index of the medium; ¢ is the fluorescence
quantum Yyield of the donor; and J is degree of spectral overlap
between the donor emission and the acceptor absorption. The
value of J can be calculated using the following equation:

jw F(A)e(A)A dA
J = _ (7)
jo F(A)dA

where F(X) is the fluorescence intensity of the fluorescent donor at
wavelength A and &(A) is the molar absorption coefficient of the
acceptor at wavelength of A. Spectral overlap between the
fluorescence emission spectrum of BSA and the UV-vis
absorption spectrum of mPEG-OA is depicted in Figure 5B. In the
present case, the values of » and ¢ are 1.36 and 0.15, respectively
[32]. J=7.1401 x 10 "®cm’-L-mol ™", E = 1.0%, Ry= 1.6 nm, and r =
3.5 nm were successively calculated using Eq. (5) to (7).
Therefore, it was predicted that the energy transfers from BSA to
mPEG-OA with high probability, since the values of r was less
than 8 nm. This indicated that there was FRET occurring during
the dynamic quenching [33].

3.6. The displacement experiments of site probes. BSA has a
limited number of binding sites for endogenous and exogenous
ligands, which are typically bound reversibly. When two ligands
(denoted with L, and L,) simultaneously bind to BSA, there are
mainly two types of binding process as follows:

(D) competitive binding

L — 5 — BSA—— 5[, — BSA+ I,
2) non-competitive binding

L — s - BSA— 5, — BSA— I,

In order to identify the binding site of mPEG-OA on BSA, the
competition displacement experiments were performed with two
different site probes, phenylbutazone for site I and ibuprofen for
site II, respectively. The percentage of fluorescence probe
displaced by mPEG-OA was determined by measuring the changes
in fluorescence intensity according to the method proposed by
Sudlow and his co-workers [34].

Displacement(%) = F, / F;, x100% (8)
where F; and F, denote the fluorescence intensity of BSA plus
mPEG-OA mixture solution with and without the probe,
respectively.

Based on the spectral data, the plots of F»/F, against site

probe concentration were fitted. As seen in Figure 6A, the
fluorescence intensity was remarkably affected by addition of
phenylbutazone. On the contrary, the addition of ibuprofen to the
same solution had less effect on the fluorescence intensity of BSA.
These results show that both mPEG-OA and phenylbutazone
competitively bind to the same site in BSA. Hence, it can be
concluded that sub-domain IT A (site I) of BSA is the primary
binding site for mPEG-OA on BSA, namely, nearby Trp-212
residue [35].
3.7. FTIR spectra of BSA. FTIR spectroscopy is often used to
probe the secondary structural changes of proteins after its binding
with ligands. In the FTIR spectra of proteins, amide I band (the
C=0 stretching of the polypeptide backbone) and amide II band
have been widely acknowledged as the typical absorption peaks,
and they mainly appear in the region of 1600-1700 cm™ and
1500-1600 cm™, respectively. Both amide I band and amide II
band have relationship with the secondary structure of the protein.
However, amide I band is more sensitive to changes in the protein
secondary structure compared to amide II [36].

In the present study, FTIR spectra of BSA solution and
BSA plus mPEG-OA at different concentration were recorded
(Figure 6B). No obvious shift in the peak positions for both amides
I and II bands was observed upon adding mPEG-OA, proving that
the protein secondary structure did not change in the presence of
mPEG-OA.

3.8. CD spectra of BSA. To further investigate whether any
conformational changes of BSA molecules occur in the binding
process, the CD spectra of BSA solution with and without mPEG-
OA were recorded (Figure 7A). The CD spectra of serum albumin
exhibit two negative bands in the far-UV region at 208 and 222
nm, which are corresponding to characteristic of an o-helical
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structure of protein [37]. The intensities of two bands reflect the
amount of a-helicity of BSA. The CD results were expressed in
terms of mean residue ellipticity (MRE) in deg-cm®-dmol’
according to the following equation [39].

Observed CD (mdeg)
C,nlx10
where C, is the molar concentration of the BSA, n is the number of
amino acid residues and / is the path length. The a-helix contents
of BSA were calculated from MRE values at 208 nm using the

following equation [38]:

MRE = 9
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where MRE,s is the observed MRE value at 208 nm, 4000 is the
MRE value of the B-form and random coil conformation cross at
208 nm and 33,000 is the MRE value of a pure a-helix at 208 nm.
According to Eq. (9) and (10), the a-helicity content in the
secondary structure of BSA in free BSA solution and mPEG-
OA+BSA mixture solution was calculated to be 52.4% and 49.6%,
respectively.

o - Helix (%) = — x100 (10)
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Figure 6. A. Effects of site maker probes on the fluorescence of the mPEG-OA-BSA system. [BSA] = 4.0 uM, [mPEG-OA] = 40 uM. B. FTIR
spectrum of free BSA with different concentration of BSA at room temperature. [BSA] = 4.0 uM; [MPEG-OA](a—b) =0 and 12.0 uM.
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Figure 7. A. The CD spectra of BSA in the absence and presence of mPEG-OA. [BSA] = 1.0 uM; [mMPEG-OA] (a—b) = 0 and 20 uM. B and C. The
synchronous fluorescence spectra of BSA with different concentrations of mPEG-OA at 293 K. [BSA]=4.0 uM; [mPEG-OA] (a—e) = 0, 32.0, 48.0,

64.0, and 80.0 uM.

Therefore, the CD spectra of BSA indicate that the structure of
BSA is predominantly a-helical before and after adding mPEG-
OA. A decrease of 2.8% around in the a-helicity content at such
high molar ratio of mPEG-OA to BSA implies that mPEG-OA
bound to BSA did not cause a significant perturbation on the
protein secondary structure at the concentration of mPEG-OA
ranged from 0 to 48 [IM. This result is consistent with the results
of FTIR spectra analysis.

3.9. Synchronous fluorescence spectra of BSA. The synchronous
fluorescence spectroscopy is often wused to probe the
conformational changes of proteins [39]. The micro-environmental
changes of Trp and Tyr residues in BSA can be assessed by
measuring their synchronous fluorescence spectra. The shift of

4. CONCLUSIONS

In this paper, water soluble mPEG—OA was successfully
synthesized, and then its interaction with BSA was investigated
via multiple spectroscopic techniques. The results show that

maximum emission wavelength is closely related to change of
polarity of chromophore [41]. When AMA between excitation
wavelength and emission wavelength was fixed at 15 or 60 nm, the
synchronous fluorescence will provide the characteristic
information of Tyr or Trp residues in BSA, respectivly [40].

Figure 7B shows the synchronous fluorescence spectra of
BSA with mPEG-OA at different concentrations. It can be
observed that fluorescence intensities of Trp and Tyr residues
decreased with increasing mPEG-OA concentration, but the
fluorescence emission peak position of Trp or Tyr residues did not
show any significant shift, demonstrating that the polarity of the
region around Trp or Tyr residues remained unchangeable after
adding different amounts of mPEG-OA.

mPEG-OA quenched the fluorescence of BSA via dynamic
quenching mechanism and there was a low binding affinity
between the drug and protein. The values of thermodynamic
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parameters suggest that hydrophobic forces played a major role
in the binding process. The value of binding distance r discloses
that the energy transfers from BSA to mPEG-OA took place. The
displacement experiments demonstrate that mPEG-OA was
mainly situated in site I of BSA. The analysis of fluorescence
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