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Site-selective binding between pioglitazone hydrochloride (PGH) and trypsin (TRP) was investigated by
fluorescence spectroscopy, ultraviolet spectroscopy, synchronous fluorescence spectroscopy, and circular
dichroism spectroscopy. The results demonstrated that PGH could quench the intrinsic fluorescence of TRP
strongly by a static quenching process. The microenvironment of tryptophan (Trp) and tyrosine (Tyr) residue
was both changed, and the polarity of the hydrophobic environment in the TRP cavity was enhanced and the
hydrophobicity was weakened. The results demonstrated that the interaction between PGH and TRP was
taking place via hydrogen bond and hydrophobic force with 1:1 binding ratio. The binding constants K,, the
number of binding sites n, and thermodynamic parameters were obtained. The participation of amino acid
residues and synchronous spectroscopy showed that the main site of the reaction between PGH and TRP
was at the hydrophobic cavity. The binding rate of PGH to protein in 298 K was ~65-85% and for the com-
bined model was W = —0.08684R’ + 0.1048R + 0.8503. This provides the theoretical basis for the dosage of
the drug.
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Memoodamu pryopecyenmuoii, Y@, cunxporuoii (ryopecyenmuoil CHeKmpoCcKOnuu u Kpy208020 Ouxpo-
U3Ma UCCIeO08AHO CallM-CeNeKmUBHoe Cea3blisanue nuoznumasona euopoxiopuoa (III'T) u mpuncuna (TPII).
U3 nonyuennvix oannvix credyem, umo III'T moscem cunvho mywums cobcmeennyio gayopecyenyuio TPIT
nymem CMamu4ecko2o mMexanuzma myuwienus. Ilpu 3mom Muxpookpysicerue paouxaioe mpunmopana u mu-
PO3UHA USMEHSIEMCS, NOSAPHOCMb 2Uu0poGobHOt cpedbi 6 nonocmu TPII yeenuuusaemces, a 2udpogobrnocmo
ocnabesaem. Ilokasano, umo 3aumooeticmeue mexicoy II'T u TPII npoucxooum nocpedcmeom 6000pOOHOL
ces3uU ¢ ywacmuem cuopopodHoll cunvl npu coomuowienuu ceéasvieanus 1:1. Ilomyuenvt kKoncmanmol cés3vl-
sanus K, uucio caiimog cesizvieanus n, a makice mepmoouHamuyeckue napamempol. Peaxyus mexcoy IIIT
u TPII npoucxooum 8 oCHO8HOM 8 2uOpo@oOHOU noaiocmu. Imo ciedyem u3 OAHHbIX CUHXPOHHOU CHEeKMpO-
CKOnUYU U Paxkma yuacmus amMuHOKUCIOMHbIX paoukanos. Cxopocms W ceszvieanus [T ¢ 6enxom npu
298 K cocmasuna ~65-85 %, a KOMOUHUpOGAHHASI MOOelb Modcem Oblmb NPeOCMAasieHd 6 6ude
W =—0.08684R’ + 0.1048R + 0.8503, 20 R — omnowenue xkonyenmpayuu II'T x obwell KoHyeHmpayuu
npomeurnos. Ona obecneuusaem meopemuuecKyro OCHO8Y 05 003UPOBKU NPENapamd.

Knrouegvie cnosa: cuopoxiopuo nuo2iumazona, mpuncut, CNeKmpomMempus, cam ces3vléanus, CKo-
PpOoCcmb C8A3bI8AHUSL.
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Introduction. Pioglitazone hydrochloride is used to treat type 2 diabetes [1]. It belongs to class II of the
Biopharmaceutics Classification System (BCS) because of its low solubility in water (0.047 mg/mL) [2].
Chemical hypoglycemic drugs are strictly limited in dosage, too much, there is a risk of coma or even death.
Therefore, it is very important to understand the binding behavior of PGH to protein.

Trypsin, the water-soluble globular protein, which can cleave the peptide bonds at the carboxyl side of
arginine, lysine, and ornithine residues, is widely used in biomedicine, food, and biotechnology industry, as
well as in protein analysis [3]. Trypsin consists of 223 amino residues with a molecular mass of 23300 Da [4].
A molecule of trypsin contains two domains of almost equal size with the major constituent of each domain
being a set of six antiparallel strands of a polypeptide chain laced together into a B-sheet unit by a network of
H-bonds [5]. It is a kind of endopeptidase, which is characterized by the catalytic triad His-57, Asp-102,
and Ser-195 and fractures peptide bonds formed by the carboxylic groups of lysine or arginine [6]. There is a
major hydrophobic cavity I near Trp 215 and Tyr 228. Trypsin is excreted by the pancreas, enters the small
intestine, and participates in the digestion of food proteins and other biological processes in the human body.
It is usually used as an important model of the digestive proteases to investigate the interactions between
drugs and proteins.

The absolute bioavailability of PGH is 99%. After oral administration, the peak concentration of PGH
can be measured in blood for 2 h after 30 min on an empty stomach. Gastric juice contains water, electro-
lytes, lipids, pepsin, chymotase, gastric lipase, and polypeptide hormones, which do not contain TRP. TRP
mainly exists in the small intestine. PGH dissolves in gastric juice and is mainly absorbed in the small intes-
tine. Because the absorption area of the small intestine is large, blood flow is abundant, and the drug stays in
the intestine for a long time. The small intestine is the main absorption site of drugs. The pH value of small
intestine fluid is 7.1-7.8, which is consistent with the experimental conditions in this paper. Previous studies
have shown that drugs can interact with TRP and then affect the structure and properties of TRP [7]. The
interaction between TRP and drugs has been reported [8]. But studies of TRP and PGH have not been re-
ported. In this paper, the binding parameters, binding rate equations, and binding curves between TRP and
PGH were studied by various spectral methods.

Experiment. All fluorescence spectra were recorded with a Shimadzu RF-5301PC spectrofluoro-
photometer. Absorption was measured with a UV-Vis recording spectrophotometer (UV-3600, Shimadzu,
Japan). Circular dichroism spectra were recorded on a MOS-450/SFM300 circular dichroism spectrometer
(Bio-Logic, France). All temperatures were controlled by a CS501 superheated water bath (Nantong Science
Instrument Factory).

Trypsin was purchased from Sigma-Aldrich and was of less than 99% purity. Stock solutions of TRP
(100.0 uM) and PGH (1000.0 uM) were prepared. All stock solutions were further diluted for use as work-
ing solutions. Tris-HCI buffer solution containing 0.15 M NaCl was used to maintain the pH of solutions at
7.40, and NaCl solution was used to maintain the ionic strength of the solution. All other reagents were of
analytical grade, and all aqueous solutions were prepared with newly double-distilled water and stored at
277 K. In this study, all fluorescence intensities were corrected for the absorption of excited light and the
reabsorption of emitted light based on the following relationship [9]:

Feor = Fobsexp[(Aex + Aem)/z]a (1)

where F, and Fy, are the corrected and observed fluorescence intensities, and A and A, are the absorp-
tion of the system at the excitation and emission wavelengths.

UV-Vis absorption experiment. At 298 K, 1.0 mL Tris-HCI buffer solution, 2.0 mL 40.0 uM TRP solu-
tion, and different volumes of 100.0 uM PGH solution were added into 10 mL colorimetric tubes; water vol-
ume was 10 mL. The UV absorption spectra of the TRP-PGH system were scanned in the range 190—400 nm
with the corresponding concentration of PGH solution as reference.

Fluorescence measurements. The fluorescence measurements were carried out as follows: 1.0 mL Tris-
HCI (pH 7.40), 1.0 mL TRP solution (40.0 pM), and different volumes of PGH were added into 10 mL col-
orimetric tubes successively. The samples were diluted to scaled volume with double-distilled water, mixed
thoroughly by shaking, and kept static for 30 min at different temperatures (298, 303, and 310 K). Excitation
wavelength with excitation and emission slit at 5 nm for TRP was 280 nm (or 295 nm), respectively, with a
1.0 cm path length cell. The solutions were subsequently scanned on the fluorophotometer, and the fluores-
cent intensity was determined. At the same time fixed AA = 15 or 60 nm, the synchronous fluorescence spec-
tra of TRP and PGH were recorded.
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Circular dichroism measurements. The CD spectra of TRP in the absence and presence of different
amounts of PGH were measured at wavelengths between 190 and 300 nm in pH 7.4 Tris-HCI buffer solution
under nitrogen atmosphere at room temperature, and the buffer solution signal was subtracted. The concen-
tration of TRP was kept at 40.0 uM while varying the PGH concentration by keeping the molar ratios of
PGH to TRP as 1:0, 1:10, and 1:20.

Results and discussion. UV-Vis absorption studies of TRP-PGH system. There were two absorption
peaks at 198 and 280 nm on the TRP absorption spectrum, which correspond to peptide bond absorption and
aromatic amino acid absorption, respectively [10]. With varying concentrations of PGH, a noticeable de-
crease in the absorbance intensity of the peak at 198 nm coupled with a red shift took place; meanwhile, the
absorption band at near 280 nm also changed slightly, which indicated that there was a variation in the
framework conformation of TRP due to the formation of PGH-TRP complex. The changes in absorption
intensity and wavelength of TRP further reconfirmed that static quenching was dominant in the interaction
process, as dynamic quenching only affected the excited state of the fluorophore and the absorption spectra
would not be influenced [11].

Fluorescence quenching of TRP by PGH. Fluorescence quenching can be induced by collision or forma-
tion of a complex between the quencher and fluorophore, which is usually classified as dynamic quenching
or static quenching. The fluorescence spectra of the TRP-PGH system is shown in Fig. 1 (it was similar to
295 nm), which showed that the fluorescence intensity of TRP decreased regularly with the addition of PGH
when the excitation wavelength was 280 nm (similar to 295 nm). The TRP-PGH system had generated a new
ground-state complex [12].
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Fig. 1. Fluorescence emission spectra of TRP-PGH (7' = 298 K), Ctrp= 4.0 uM, Cpgy =0 (1), 10.0 (2),
20.0 (3), 30.0 (4), 40.0 (5), 50.0 (6), 70.0 (7), 80.0 (8), 90.0 (9), and 100.0 uM (10).

In order to determine the quenching mechanism of PGH on TRP, the Stern-Volmer equation was used
to analyze the fluorescence quenching values [13]:

Fo/F=1+Kt[L] =1+ Ksy[L], 2)
where Fy and F are the fluorescence intensities of TRP in the absence and presence of quencher, K is the
quenching rate constant of the biomolecule, 1y is the average lifetime of the biomolecule in the absence of
quencher, which equals 10 s, Kgy is the Stern—Volmer quenching constant, and [L] is the concentration of
quencher.

According to Eq. (2), based on the linear fit plot of F/F versus [L], the Ksy values can be obtained. The
results are shown in Table 1. The values of K, were much greater than that of the maximum scattering colli-
sion quenching constant (2X1010 Mfl-sfl), indicating that the fluorescence quenching mechanism of TRP
initiated by PGH was a static quenching procedure [14].

The binding constant (K,) and the number of binding sites () can be calculated by the double logarithm
regression curve [15]:

lg(FO;F):nnga+nlg{[Dt]—nFOI;F[Bt]}, 3)



238 WANG Ch.-D. et al.

where F, and F are the corrected fluorescence intensities before and after the addition of the quencher
(PGH), [Dy] and [B;] are the concentrations of total PGH and TRP, respectively. The results are listed in Ta-
ble 1. The results showed that all the values of n were approximately equal to 1 at different temperatures,
implying that there was just one binding site for PGH existing in TRP. Meanwhile, the binding constant be-
tween PGH and TRP decreased with increasing temperature, which showed that the quenching mechanism
was static quenching [16]. The fluorescence of Trp and Tyr residues can be stimulated at A.x =280 nm, while
Aex = 295 nm only stimulates the fluorescence of the Trp residue. The results presented in Table 1 show that
the binding constant of Trp and Tyr residues (Ax = 280 nm) at the same temperature was larger than that of
Trp alone (Aex = 295 nm); thus it was possible to infer that Trp and Tyr were all involved in the quenching
reaction. According to the equation AG = AH — TAS, R In K = AS — AH/T, and Table 1, at Ax = 280 nm
(298 K), AH = —29.13 kJ/mol, AS = —25.88 Jmol "K', and AG = —21.42 kJ/mol. The negative sign for AG
indicated the spontaneity of binding for PGH with TRP. The negative values of AH and AS indicated that
hydrogen bond and hydrophobic force played a major role in the interaction between PGH and TRP [17].

TABLE 1. Quenching Reactive Parameters of TRP-PGH System at Different Temperatures

Aeonm | T,K | K,M's" Ksv, M " K, M n s
298 5.33x10" 5.33x10° 0.9980 | 5.68x10° | 1.03 | 0.9967
280 303 4.97x10" 4.97x10° 0.9939 | 3.99x10° | 1.01 0.9955
310 3.57x10" 3.57x10° | 0.9922 | 3.55x10° | 091 | 0.9963
298 3.69x10" 3.69x10° 0.9913 | 3.80x10° | 0.96 | 0.9947
295 303 3.29x10" 3.29x10° 0.9915 | 3.16x10° | 1.09 | 0.9969
310 2.25x10" 2.25%10° 0.9924 | 2.63x10° | 1.00 | 0.9919

N o t e. K, is the quenching rate constant; Kgy is the Stern-Volmer quenching constant; K,, is the
binding constant; # is the number of binding site; 7, is the linear relative coefficient of Fy/F~[L];
1, 18 the linear relative coefficient of 1g[(Fo— F)/F] ~ 1g{[D:] — n[B(Fo— F)/Fy}.

Participation of amino acid residues. Upon excitation at 280 nm, both Trp and Tyr are readily excited,
while at an excitation wavelength of 295 nm, only the Trp emits fluorescence. As seen in Fig. 2, in the pres-
ence of PGH, the quenching curves of TRP excited at 280 and 295 nm overlap below the molar ratio of
PGH:TRP = 5:1. The quenching of TRP fluorescence excited at 280 nm above this molar ratio is slightly
higher than that excited at 295 nm. When Cpgu:Crrp = 5:1, only Trp residues participate in the reaction,
whereas above this concentration ratio both Trp and Tyr residues participates in it.
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Fig. 2. Fluorescence emission spectra of PGH-TRP at Ao, = 280 (w) and 295 nm (e),
T'=298 K, Crrp= 4.0 uM, and Cpgy= 10.0-100.0 pM.



SPECTROSCOPIC STUDY OF SITE-SELECTIVE BINDING 239

PGH protein binding rate. For number of binding sites n = 1, the PGH protein binding rate (#) is as fol-
lows [18]:

K.R[BolW* — (K,R[Bo] + K[Bo] + DW + K,[Bo] =0, )
(KR+K, +1/[BO])—\/(KaR+Ka +1/[B,])’ —4K2R )
- 2K,R ’

where R is the ratio of PGH to total protein concentration, and [By] is the total protein concentration. The
protein concentration was 1000.0 uM, and PGH concentration was between 0.1 to 1000.0 uM. The experi-
mentally obtained values of K, and Eq. (5) were used to calculate the protein binding rate of different con-
centrations of PGH at 298, 303, and 310 K with A, = 280 nm, respectively: 65.94-85.03%, 60.94-79.97%,
59.16-78.01%. At 298 K, the nonlinear curve fit equation is: y = ~0.08684x% + 0.1048x + 0.8503, »=0.9991,
and W =—0.08684R*+ 0.1048R + 0.8503. According to the above equations, when the concentration of pro-
tein in the system is constant, the protein binding rate decreases with the addition of PGH. At normal body
temperature 310 K, the binding rate of PGH to TRP is ~59.16-78.01%, and that of the free drug is
~21.99-40.84%. The free drug plays a therapeutic role in oral administration. The drugs that bind to TRP
will travel with the blood to other parts of the body and eventually reach a new balance. They will again free
~21.99-40.84% of the drugs until all the drugs are free to take effect. The protein binding rate of PGH pro-
vides an important reference value for clinical medicine.

Synchronous fluorescence spectra studies of TRP-PGH system. When the value of A\ between the exci-
tation and emission wavelengths is stabilized at either 15 or 60 nm, synchronous fluorescence gives charac-
teristic information for Tyr or Trp residues, respectively [19]. When AA = 15 nm, the fluorescence intensities
of TRP-PGH showed a decrease, and had 2 nm red shifts (from 309 to 311 nm) with increasing concentra-
tions of PGH. When AL = 60 nm, the synchronous fluorescence intensities of TRP-PGH visibly decreased
with 3 nm red shifts (from 343 to 346 nm). The reason for the red shift was that the fluorescence quenching
of TRP was initiated by the formation of a ground-state complex leading to an increase in the conjugated
system and fluorescence efficiency. This phenomenon indicates that the Trp and Tyr residue microenviron-
ments were changed due to the interaction of PGH with TRP, the polarity of the hydrophobic environment
was enhanced, and hydrophobicity was reduced in the TRP cavity due to changes in the microenvironment
of the Trp and Tyr residues on insertion of PGH [20]. This conclusion was consistent with primary binding
site studies.

Circular dichroism measurements. Circular dichroism spectroscopy is an effective method to monitor
the secondary structural changes in proteins. The circular dichroism spectra were recorded from 195 to
280 nm, which was an effective range for measuring protein conformational changes because electronic
transitions exist between ground and excited states [21]. A strong negative peak was detected at about 204
nm (Fig. 3). The intensity of the peak at about 204 nm decreased after the addition of PGH, indicating that
the secondary structure of TRP was changed by PGH.

CD, mdegree
or

-2.0 1 TPR

= 2 CTPR:CPGH: 1:10
30F 3 CTPR:CPGHz 1:20
—4.01

Fig. 3. Circular dichroism spectra of TRP-PGH system (7 =298 K),
CTRP: 2.0 HM, CPGH: 400, 80.0 HM
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Conclusion. The reaction mechanism of PGH with TRP was investigated using fluorescence spectros-
copy at different temperatures. The results indicated that PGH and TRP were statically quenched, and the
binding constant was 10° in order of magnitude. PGH on TRP had only one high affinity binding site; the
main force was a hydrophobic force; the binding rate (310 K) was ~59.16-78.01%, and Tyr and Trp residues
were involved in the reaction. The binding rate provided the theoretical basis for the dosage of the drug.
An insufficient dose is not effective, and drug overdose will lead to side effects. The results showed that the
hydrophobic cavity of TRP was the binding site of the system. The conformation of the system was investi-
gated by synchronous fluorescence spectrometry and circular dichroism. This study is useful for the analysis
of reaction mechanism between protease macromolecules and small molecules and provides reference in-
formation for pharmacological analysis.
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