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Abstract Pterodontic acid (PA) has been isolated from Laggera pterodonta, a Chinese herbal

medicine, and shown to possess antibacterial activity in vitro. To facilitate its preclinical

development, the interaction between PA and bovine serum albumin (BSA) was studied using a

fluorescence quenching technique, ultraviolet–visible spectrophotometry and dynamic light scatter-

ing (DLS). At temperatures of 297 K and 310 K and an excitation wavelength of 282 nm, the

fluorescence intensity of BSA decreased significantly with increasing concentration of PA attributed

to the formation of a PA–BSA complex. The apparent binding constant, number of binding sites

and corresponding thermodynamic parameters were calculated and the main intermolecular

attraction shown to result from hydrogen bonding and van der Waals forces. Synchronous

fluorescence spectrometry revealed that the binding site in the complex approached the

microenvironment of Trp and three-dimensional fluorescence spectroscopy showed the binding

induced conformational changes in BSA. Using DLS, increasing PA concentration was shown to

cause a gradual increase in hydrodynamic diameter and significant aggregation of the complex.
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1. Introduction

Serum albumin is the most abundant protein in the circulatory

system and the major macromolecule contributing to the

osmotic blood pressure1. The most important function of

albumin is to serve as a depot and transport protein for a

variety of compounds such as fatty acids, amino acids,

hormones, bilirubin, drugs and pharmaceuticals2. The knowl-

edge of the interaction between drug molecules and serum

albumin is useful in interpreting the pharmacokinetics and

transport of a drug. The structural and energetic aspects of the

interaction provide a rational basis for a fundamental under-

standing of the interaction and the further development of an

efficient therapeutic agent3–5.

Pterodontic acid6,7 (PA, Fig. 1) is a eudesmane sesquiter-

pene isolated from Laggera pterodonta (DC.) Benth. which is

widely distributed in Yunnan, China, and is used as a folk

medicine8. Sesquiterpenes are a large category of compounds

with many pharmacological effects due to possessing anti-

tumor9, antibacterial10,11, anti-inflammatory12 and anti-aller-

gic activities13. Some eudesmane sesquiterpenes isolated from

L. pterodonta show cytotoxicity towards tumor cells14 and

antibacterial activity15. Previous studies in our laboratory also

showed that PA possesses antibacterial activity in vitro16. Due

to this wide ranging pharmacological activity, it is appropriate

to investigate the interaction of PA with protein as part of its

preclinical development. Bovine serum album (BSA) is

selected as a model protein because of its structural homology

with human serum albumin (HSA)17. The present paper

reports the results of an investigation of the interaction

between PA and BSA by spectroscopic techniques (fluores-

cence, UV–vis absorption, synchronous fluorescence, 3D

fluorescence) and dynamic light scattering (DLS).
2. Materials and methods

2.1. Apparatus and reagents

All fluorescence measurements were carried out in 1.0 cm

quartz cells on an LS55 recording spectrophotometer (Perkin

Elmer Corporation, USA) equipped with a thermostatted

circulating water bath. All UV–vis spectra were recorded on

a Lambda35 recording spectrophotometer (Perkin Elmer

Corporation, America). DLS was performed on a laser

scattering spectrometer (BI 200SM, Brookhaven Instruments

Corporation, USA) equipped with a digital correlator

(BI-TurboCorr). All pH measurements were made using a

pHs-3 digital pH-meter (Shanghai Lei Ci Device Works,

Shanghai, China) with a combined glass electrode.

BSA was purchased from Sigma Chemical Company and a

BSA stock solution (5� 10�5 M) was prepared in Tris–HCl

(0.05 M) pH 7.4 buffer solution containing 0.1 M NaCl. PA
Figure 1 Chemical structure of pterodontic acid (PA).
was isolated from L. pterodonta (DC.) Benth. in our labora-

tory and its structure confirmed by comparison of its
1H NMR and 13C NMR spectra with reference spectra16. A

PA solution (9.0� 10�3 M) was prepared in methanol. All

other reagents were of analytical grade and used as received.

Doubly-distilled water was used in all experiments and solu-

tions were stored at 4 1C when not in use.

2.2. Experimental methods

Fluorescence measurements were carried out in 1.0 cm quartz

cells by successively adding from a micro-injector 10 mL
aliquots of the PA (9.0� 10�3 M) solution to 3.0 mL BSA

(1� 10�6 M) solution. The total volume of PA solution added

(60 mL) was small compared to the total volume5. Fluores-

cence emission spectra in the range 300–500 nm were mea-

sured at an excitation wavelength of 282 nm. All experiments

were performed at two temperatures (297 K and 310 K).

The UV–vis absorption spectra of BSA in the absence

and presence of PA were recorded at 297 K in the range

200–400 nm. In order to exclude the contribution from PA

absorption, equal concentrations of PA were present in the

reference cell.

The synchronous fluorescence characteristics of PA–BSA

were measured at 297 K using different values of Dl
(Dl¼lex�lem). For Dl¼15 nm, the spectral characteristics

of protein tyrosine (Tyr) residues were evident while for

Dl¼60 nm, the spectral characteristics of protein tryptophan

(Trp) residues were observed.

Three-dimensional fluorescence spectra of BSA were

recorded in the presence and absence of PA with an excitation

wavelength in the range 200–390 nm and an emission wave-

length in the range 200–500 nm.

DLS measurements were made at 297 K with a scattering

angle of 901 and a sampling time in the range 0.005–100 ms.

The results were analyzed using the Non Negative Least

Square (NNLS) method18. All solutions were clarified by

ultrafiltration through 0.2 mm filters (Millipore Corporation,

USA). The titration involved successive additions of the

9� 10�3 M solution of PA in methanol to 3.0 mL of a

5� 10�6 M BSA solution (pre-equilibrated at 297 K for

20 min) to give a final PA concentration of 2.4� 10�4 M.

Three or more measurements were performed after each

addition to check repeatability.
3. Results and discussion

3.1. Mechanism of the BSA–PA interaction

Protein is a fluorescent substance due to the presence of the

amino acids Trp, Tyr and phenylalanine (Phe). PA acts as a

fluorescence quencher of BS as shown in Fig. 2, which displays

the emission spectra of BSA in the presence of increasing

concentrations of PA at 297 K and 310 K. As the data shows,

an excitation wavelength of 282 nm produces a strong emis-

sion band at 350 nm, which decreases uniformly at the two

temperatures when PA is added. In addition, the wavelength

of maximum BSA fluorescence shifts from 350 to 343 nm at

297 K and from 351 to 346 nm at 310 K implying the

microenvironment around the BSA chromophore changes in

the presence of PA.



Figure 2 Fluorescence emission spectra of PA–BSA system excited at 282 nm (pH¼7.40, T¼297 K and 310 K). (a) BSA at 1� 10�6 M;

(b–g) BSA at 1� 10�6 M in the presence of PA at 3.0� 10�5, 6.0� 10�5, 9.0� 10�5, 12.0� 10�5, 15.0� 10�5 and 18.0� 10�5 M,

respectively.

Figure 3 Stern–Volmer plot for the PA–BSA system at two

temperatures (CBSA¼1� 10�6 M, lex¼282 nm; pH¼7.40).

Table 1 Stern–Volmer quenching constants at two

temperatures.

T (K) Ksv

(103 L/mol)

Kq

(1011 L/mol/s)

R SD

297 8.647 8.647 0.99797 0.03464

310 7.776 7.776 0.99344 0.05617

R: correlation coefficient; SD: standard deviation.
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In order to investigate the quenching mechanism, the

fluorescence quenching data were analyzed by the Stern–

Volmer equation19:

F0=F ¼ 1þ Ksv½Q� ¼ 1þ Kqt0½Q� ð1Þ

where F0 and F are the fluorescence intensities of protein in the

absence and presence of the quencher, respectively, Kq is the

quenching rate constant, Ksv is the Stern–Volmer constant, t0 is

the average lifetime of the molecule without quencher (1� 10�8 s

for BSA20) and [Q] is the quencher concentration. In general,

quenching is classified as either dynamic or static. Dynamic

quenching is collisional quenching which is enhanced by increas-

ing temperature but diminished by increasing viscosity. A higher

temperature results in faster diffusion and a higher value of Ksv.

Static quenching results from the formation of a stable non-

fluorescent complex between the fluorophore and the quencher.

In this case, a higher temperature reduces the stability of the

complex and leads to a lower value of Ksv.

A Stern–Volmer plot of the data is shown in Fig. 3 and

the calculated Ksv values at the two temperatures are given in

Table 1. The results show that Ksv and Kq decrease with

increasing temperature indicating a static quenching mechan-

ism. In addition, the values of Kq were greater than the

maximum scatter collisional quenching constant

(2.0� 1010 M/s)21, which further indicates that the probable

quenching mechanism involves complex formation rather than

dynamic collisions.

UV–vis absorption spectroscopy is used to explore struc-

tural changes in proteins and to investigate protein-small

molecule interactions. BSA has two main absorption bands,

one at 200–230 nm arising from the polypeptide backbone,

and one at 260–300 nm due to the aromatic amino acids (Trp,

Tyr and Phe)22. According to the principles of absorption

spectroscopy, dynamic quenching is induced only by excited

fluorescent molecules such that absorption spectra of flores-

cent substances are not generally affected by the addition of a

quencher. In contrast, static quenching is induced by the

formation of ground-state complexes such that absorption

spectra are changed to a greater or lesser extent23.

The UV–vis absorption spectra of PA and BSA are given in

Fig. 4 where it is seen that PA and BSA possess maximum

absorption (lmax) at 207 and 206 nm, respectively. The absorption

spectra of the PA–BSA complex show a decrease in the intensity

of the absorption peak of BSA with a slight shift in the lmax from
206 to 210 nm with the addition of PA. However, the absorption

peak at 278 nm shows no obvious change. The results indicate

that quenching is mainly a static process and that at least one

PA–BSA complex is probably formed24. The polarity of the

microenvironment of BSA is altered leading to a conformational

change where the peptide strands of BSA are extended and its

hydrophobicity is decreased.
3.2. Calculation of binding parameters

For a static quenching interaction, the experimental data can

be processed using the following formula:

logðF0=F�1Þ ¼ logKA þ n log ½Q� ð2Þ



Figure 4 Ultraviolet–visible absorption spectra (pH¼7.40,

T¼297 K) of (a) PA at 1.8� 10�4 M; (b) BSA at 1� 10�6 M;

(c and d) BSA at 1� 10�6 M in the presence of PA at 9.0� 10�5

and 18.0� 10�5 M, respectively.

Figure 5 Plot of log(F0/F�1) vs. log [Q] at two temperatures

(CBSA¼1� 10�6 M, lex¼282 nm; pH¼7.40).

Table 2 Binding parameters of PA–BSA at two

temperatures.

T (K) KA (103 L/mol) n R SD

297 3.728 0.89647 0.99946 0.00947

310 0.852 0.72472 0.99927 0.00894

R: correlation coefficient; SD: standard deviation.

Table 3 Thermodynamic parameters of the PA–BSA

interaction.

T (K) DH (kJ/mol) DS (J/mol/K) DG (kJ/mol)

297 �86.86 �224.07 �20.31

310 �86.86 �224.10 �17.39
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where F0, F and [Q] are the same as in Eq. (1), n is the number

of binding sites and KA is the binding constant. Fig. 5 shows

the plots of log(F0/F�1) vs. log [Q] for the PA–BSA system at

the two temperatures and Table 2 presents the calculated

results. The results show that KA decreases as temperature

increases, which probably indicates the formation of a com-

pound partially decomposes at higher temperature. The value

of n is equal to approximately 1 indicating the involvement of

a single binding site in the PA–BSA interaction.
3.3. Thermodynamic analysis and intermolecular forces

The intermolecular forces of interaction between a small

molecule and a biomolecule mainly include hydrogen bonding,

van der Waals forces, electrostatic forces and hydrophobic

forces. Within a small temperature range, the enthalpy of

interaction can be regarded as constant leading to the follow-

ing equations:

lnðKA2=KA1Þ ¼DHð1=T1�1=T2Þ=R ð3Þ

DG¼DH�TDS ð4Þ

DS¼�ðDG�DHÞ=T ð5Þ

where R is the gas constant, T is the absolute temperature and

KA is the apparent binding constant at the corresponding

temperature T. If DS40 and DH40, the main force of

interaction is the hydrophobic force; if DS40, DHo0, the

main force is electrostatic attraction; if DSo0, DHo0, the

main force includes both van der Waals forces and hydrogen

bonding25. Table 3 shows the values of DH, DS and DG at the

two temperatures. The negative values of DG reveal that the

interaction process is spontaneous. The fact that DSo0 and

DHo0 indicates that the interaction between PA and BSA is

mainly due to hydrogen bonding and van der Waals forces.

3.4. Synchronous fluorescence spectroscopy

Synchronous fluorescence spectroscopy is frequently used to

characterize the interaction between a quenching agent and a

protein since it provides information about the molecular

environment in the vicinity of the chromosphere. It has several

advantages including high sensitivity, spectral simplicity,

spectral bandwidth reduction and resistance to perturbing

effects26. As shown in Fig. 6, PA has little effect on the

fluorescence intensity of Tyr (Dl¼15 nm) but significantly

decreases that of Trp (Dl¼60 nm) suggesting that PA binding

to BSA affects the microenvironment of Trp but not that of

Tyr. However, no obvious wavelength shift is observed for

both Tyr and Trp as the PA concentration is increased.

3.5. Three-dimensional fluorescence spectroscopy

Application of the three-dimensional fluorescence technique

has become popular in recent years because it allows fluores-

cence characteristics to be acquired by changing the excitation

and emission wavelengths simultaneously. Fig. 7 displays

three-dimensional fluorescence spectra of BSA in the absence

and presence of PA and corresponding spectral parameters are

presented in Table 4. Fig. 7 shows two typical fluorescence

peaks (I and II): Peak I at 280 nm mainly reveals the spectral

behavior of the Trp and Tyr residues since excitation of BSA

at this wavelength mainly reveals their intrinsic fluorescence;



Figure 6 Synchronous scanning fluorescence spectra of the PA–BSA system. (1) Dl¼15 nm; (2) Dl¼60 nm. (a) BSA at 1� 10�6 M;

(b–g) BSA at 1� 10�6 M in the presence of PA at 3.0� 10�5, 6.0� 10�5, 9.0� 10�5, 12.0� 10�5, 15.0� 10�5 and 18.0� 10�5 M,

respectively.

Table 4 Three-dimensional fluorescence spectral parameters of BSA alone and in the presence of PA.

System Peak I (nm, lex/lem) Dl (nm) Intensity Peak II (nm, lex/lem) Dl (nm) Intensity

BSA 280/352 72 347.46 230/352 122 489.77

PA–BSA 280/347 67 180.91 230/348 118 209.71

Figure 7 Three-dimensional fluorescence spectra of (a) BSA at 1� 10�6 M; (b) BSA at 1� 10�6 M, PA at 9� 10�5 M (pH¼7.40;

T¼297 K).
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peak II at 230 nm mainly reflects the fluorescence of the

polypeptide backbone of BSA27. Quenching of fluorescence of

BSA by PA involved both peaks but to a different degree. The

decrease in the fluorescence intensity of these peaks in

combination with the changes in synchronous fluorescence

and UV–vis absorption indicate that the interaction of PA

with BSA induces a secondary structural change in the BSA

molecule.
3.6. Dynamic light scattering

DLS is a powerful technique that yields important structural

information about biological macromolecules in solution28,29.

It makes it possible to measure the hydrodynamic diameter,

polydispersity and presence of aggregates in proteins. In fact,
monitoring the size of a protein in the presence of a drug is

one way to investigate their interaction30,31. As shown in

Fig. 8, the hydrodynamic diameter of BSA increased from 7.3

to 22.8 nm with increasing PA concentration as did the

scattered light intensity of BSA. On this basis, it can be

inferred that a PA–BSA complex forms and aggregates as the

PA concentration increases. This inference was confirmed

through studies of the size distribution of BSA (Fig. 9a) and

the PA–BSA complex (Figs. 9b–e). Whilst a few dimers

(13.5 nm) of BSA are present in Tris–HCl buffer (pH 7.4)

together with BSA itself (6.6–7.9 nm), addition of PA causes

formation of aggregates with size increasing from 17.9 to

21.4 nm (Fig. 9b) to 63.6–122.8 nm (Fig. 9e). These results

imply that the binding between PA and BSA leads to a

conformational change in BSA which contributes to the

aggregation of the PA–BSA complex.



Figure 9 Size distribution of (a) BSA and (b–e) the PA–BSA complex (pH¼7.40, T¼297 K). (a–e) BSA at 5� 10�5 M in the presence of

PA at 0, 6.0� 10�5, 12.0� 10�5, 18.0� 10�5 and 24.0� 10�5 M, respectively.

Figure 8 The PA concentration dependence of the hydrodynamic diameter and scattered light intensity of BSA (pH¼7.40, T¼297 K)

CPA¼0, 6.0� 10�5, 12.0� 10�5, 18.0� 10�5 and 24.0� 10�5 M.

Yunfang Li et al.58
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4. Conclusions

The present paper describes an investigation of the mechanism

of interaction between PA and protein using spectroscopic

techniques and DLS. PA quenches the fluorescence of BSA

through a static quenching mechanism. Bonding constants

and the number of binding sites were determined and hydro-

gen bonding and van der Waals forces were shown to be the

main source of intermolecular attraction. UV–vis, synchro-

nous fluorescence and three-dimensional fluorescence studies

revealed the interaction leads to a change in the secondary

structure of BSA, a result supported by DLS studies. Overall it

was shown that PA not only binds to BSA but also induces

aggregation of the PA–BSA complex. This information will

assist in understanding the behavior of PA in vivo and

contribute to its preclinical development.
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