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The interactions between chloramphenicol and lysozyme were studied using fluorescence, UV/vis and
circular dichroism spectra. The results proved the mechanism of fluorescence quenching of lysozyme by
chloramphenicol is due to the formation of lysozyme-chloramphenicol complex. The thermodynamic
parameters, enthalpy change (AH) and entropy change (AS) for the reaction, were calculated to be
—12.41 kJmol~" and 37.99 J mol~! K~!, which indicated that hydrophobic force and hydrogen bond were

the dominant intermolecular forces in stabilizing the complex. The distance r=3.99 nm between donor
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and acceptor was obtained according to Forster’s theory. In addition, the alterations of lysozyme
secondary structure in the presence of chloramphenicol were confirmed by the evidences from circular
dichroism, synchronous and three-dimensional fluorescence spectroscopy.

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

Lysozyme, also called muramidase, a protein discovered by
Alexander Fleming in 1922 [1] is a bacteriolytic agent having an
ability to lyse the cell walls of bacteria by hydrolyzing the bond
between N-acetylmuramic acid and N-acetylglucosamine of the
peptidoglycan. Lysozyme is antimicrobial protein widely distrib-
uted in various biological fluids and tissues including avian egg and
animal secretions, human milk, tears, saliva, airway secretions, and
secreted by polymorphonuclear leukocytes [2]. It has many physi-
ological and pharmaceutical functions, such as anti-inflammatory,
anti-viral, immune modulatory, anti-histaminic and anti-tumor
activities [3-7]. So it is extensively used in the pharmaceutical and
food fields. Intriguingly, lysozyme also has the capacity to carry
drugs. It can cure some illness via the binding with these drugs. In
view of the multifarious functions of lysozyme and its important
practical role from a medicinal point of view, studies on the inter-
actions between drugs and lysozyme have important meaning on
realizing the transport and metabolism process of the drugs, the
relationship of structure and function of lysozyme, and the chem-
ical essence of the interaction between biomacromolecule and
small molecule.
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Chloramphenicol (2,2-dichloro-N-[(aR,bR)-b-hydroxy-a-hydrox-
ymethyl-4-nitrophenethyl] acetamide, CAS 56-75-7, structure
shown in Fig. 1) is a bacteriostatic antimicrobial originally derived
from the bacterium Streptomyces venezuelae, isolated by David
Gottlieb, and introduced into clinical use in 1947 [8,9]. It is a cheap
and effective broad-spectrum antibiotic that has been widely used
in the treatment of pneumococcal and meningococcal disease
and also in patients with meningitis caused by Haemophilus influ-
enzae [10]. Chloramphenicol exerts its antimicrobial effect by
inhibiting bacterial protein synthesis through binding at the 50S
ribosomal subunit, thereby interfering with the requisite peptidyl
transferase [11]. Transportation, distribution, physiological and
pharmacological actions of chloramphenicol is closely related to
their binding with proteins (including enzymes), so the investiga-
tion on binding of chloramphenicol with proteins is very signifi-
cant. The binding parameters are helpful in the study of
pharmacokinetics and the design of dosage forms. In previous
work, Panov et al. [12] reported 'H and '3C high resolution NMR
spectroscopic studies to characterize the interaction of chloram-
phenicol with human serum albumin (HSA), however, HSA and
lysozyme are different proteins with different binding features to
chloramphenicol, and the investigation on binding interaction of
chloramphenicol to lysozyme has not been reported. In this paper,
we will report our studies on the interaction of chloramphenicol
with lysozyme using fluorescence, UV/vis, circular dichroism (CD)
and three-dimensional fluorescence spectroscopy at different
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Fig. 1. Chemical structure of chloramphenicol.

temperatures. Attempts were made to investigate the binding
mechanism, binding constants, binding sites, the thermodynamic
functions and the effect of chloramphenicol on the secondary
structure of lysozyme.

2. Results and discussion
2.1. Fluorescence quenching

The fluorescence intensity of a compound can be decreased by
a variety of molecular interactions, including excited-state reac-
tions, molecular rearrangements, energy transfer, ground state
complex formation and collisional quenching [13]. Such decrease in
fluorescence intensity is called quenching. In order to investigate
the binding of chloramphenicol to lysozyme, the fluorescence
emission spectra were recorded in the range of 300-500 nm upon
excitation at 280 nm. Fig. 2 shows the fluorescence emission
spectra of lysozyme in the presence of various concentrations of
chloramphenicol at 298 K. Under the same condition, no fluores-
cence of chloramphenicol itself was observed. When different
amounts of chloramphenicol were titrated into a fixed concentra-
tion of lysozyme, the fluorescence intensity of lysozyme decreased
regularly with no shift of the emission wavelength, suggesting that
chloramphenicol could interact with lysozyme and quench its
intrinsic fluorescence [14].

The fluorescence quenching data were analyzed by the well-
known Stern-Volmer equation [15]:

Ffo = 1+Ksv[Q] = 1+ Kkqo[Q] (1)

where Fg and F are the fluorescence intensities before and after the
addition of the quencher, respectively. Ksy is the Stern-Volmer
quenching constant and [Q] is the concentration of quencher. kq is
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Fig. 2. The fluorescence emission spectra of the lysozyme-chloramphenicol system.
(a) 2.0 x 10~® mol L' lysozyme; (b—j) 2.0 x 10~6 mol L~! lysozyme in the presence of
05, 10, 15 20, 25, 3.0, 3.5 40, 45x10°molL™" chloramphenicol; (x)
0.5 x 107> mol L' chloramphenicol. Aex = 280 nm, pH = 7.40, T= 298 K.

the quenching rate constant of the biomolecule macromolecule and
kq=Ksy/1o. 1o is the average lifetime of the biomolecule without
any quencher and the fluorescence lifetime of the biopolymer is
10785 [16]. For dynamic quenching, the maximum scattering
collision quenching constant of various quenchers is
2.0 x 10'° Lmol~1s~1[17]. Fig. 3 displays the Stern-Volmer plots of
the quenching of lysozyme fluorescence by chloramphenicol. The
plot shows that within the investigated concentrations, the results
agree with the Stern-Volmer equation (1). Table 1 shows the
calculated Ksy and kg at each temperature studied. The results
showed that the values of Stern-Volmer quenching constants Ksy
decreased with increasing temperature and the values of kq were
much greater than 2.0 x 10'° L mol~! s~, which indicated that the
probable quenching mechanism of fluorescence of lysozyme by
chloramphenicol is not initiated by dynamic collision but
compound formation [18]. In other words, the fluorescence
quenching of lysozyme results from complex formation is
predominant, while from dynamic collision could be negligible.

The fluorescence data was further examined using modified
Stern-Volmer equation [19]:

Fo 1, 1
Fo—F fa KifalQ

where Fy and F are the fluorescence intensities before and after
the addition of the quencher, respectively. K, is the effective
quenching constant for the accessible fluorophores, and f; is the
fraction of accessible fluorescence. Fig. 4 displays the modified
Stern-Volmer plots and the corresponding results of K, values at
different temperatures are shown in Table 2. From Table 2, it can
be seen that the decreasing trend of K, with increasing temper-
atures was in accordance with Ksy's dependence on temperature
as mentioned above. Most ligands are bound reversibly and
display moderate affinities for proteins (binding constants in
the range 1-15 x 104 Lmol~1), therefore, the K; values show that
the binding between lysozyme and chloramphenicol was
moderate [20], which indicated that a reversible lysozyme-
chloramphenicol complex formation and chloramphenicol can be
stored and carried by lysozyme in the body.

(2)

2.2. Binding constant

When ligand molecules bind independently to a set of equiva-
lent sites on a macromolecule, the binding constant (K,) and the

Fo/F
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Fig. 3. Stern-Volmer plots for the quenching of lysozyme by chloramphenicol at
different temperatures. ¢ (lysozyme) = 2.0 x 10~8 mol L~'; pH = 7.40.
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Table 1
Stern-Volmer quenching constants for the interaction of chloramphenicol with
lysozyme at three different temperatures.

Table 2
Modified Stern-Volmer association constants K, and relative thermodynamic
parameters of the lysozyme-chloramphenicol system.

T (K) Ksy (x10* Lmol 1) kq (x10" Lmol~'s71) R? SD. T(K) K,(x10*Lmol') R? AH (kjmol~') AG (kKfmol~!) AS (Jmol~'K™1)
298 1.699 1.699 0.9991 0.012 298 1442 0.9994 —12.41 —23.73 37.99

304 1.597 1.597 0.9992 0.011 304 1331 0.9993 —-23.98

310 1.483 1.483 0.9986 0.013 310 1187 0.9984 —2418

2 Ris the correlation coefficient.
b S.D. is the standard deviation.

numbers of binding sites (n) can be found from the following
equation [21]:

tog o = F

1
= nlog Ky, + n log () (3)
(AR

where Fy and F are the fluorescence intensities before and after the
addition of the quencher, [Q¢] and [P;] are the total quencher
concentration and the total protein concentration, respectively.
Fig. 5 is the plots of log(Fo — F)/F versus log(1/([Qt] — (Fo — F)[P¢]/Fo))
for the lysozyme-chloramphenicol system at different tempera-
tures, the calculated results are presented in Table 3. As can be seen
from Table 3, Kp, decreased with the increasing temperature, which
indicated the forming of an unstable compound in the association
reaction. The unstable compound would be partly decomposed
with the rising temperature, therefore, the values of Ky, decreased.
The values of n at the experimental temperatures were approxi-
mately equal to 1, which indicated that there was one class of
binding sites in lysozyme for chloramphenicol. The intrinsic fluo-
rescence of lysozyme primarily originates from tryptophan (Trp) 62
and 108, and Trp 62 is more exposed to the polarity environment
[22], so, from the value of n, it may be speculated that chloram-
phenicol most likely binds to the Trp 62 and quench its intrinsic
fluorescence.

2.3. Binding mode

Generally, the acting force between a small molecule and
macromolecule mainly includes hydrogen bond, van der Waals
force, electrostatic and hydrophobic interactions [23]. The
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Fig. 4. Modified Stern-Volmer plots for the quenching of lysozyme by chloramphen-
icol at different temperatures. ¢ (lysozyme) = 2.0 x 10~% mol L~'; pH = 7.40.

2 R is the correlation coefficient for the K, values.

thermodynamic parameters, enthalpy (AH) and entropy (AS) of
reaction, are important for confirming the acting force. For this
reason, the temperature dependence of the binding constant was
studied. The temperatures chosen were 298, 304 and 310 K so that
lysozyme does not undergo any structural degradation. The ther-
modynamic parameters can be determined from the van’'t Hoff
equation:

—AH AS

InK = RT + R (4)
K is analogous to the effective quenching constants K, because
lysozyme has two primarily fluorophores, one of which (Trp 108) is
not accessible to the chloramphenicol and R is gas constant. The
value of AH and AS were obtained from linear van’t Hoff plot (Fig. 6)
and are presented in Table 2. The value of AG is calculated from the
relation:

AG = AH — TAS (5)

As shown in Table 2, the signs for AH and AS of the binding reaction
between lysozyme and chloramphenicol were found to be negative
and positive, respectively. Thus, the formation of the complex was
an exothermic reaction accompanied by positive AS value. Ross and
Subramanian [24] have characterized the sign and magnitude of
the thermodynamic parameter associated with various individual
kinds of interaction that may take place in protein association
processes, as described below. From the point of view of the solvent
structure around lysozyme and chloramphenicol, a positive AS
value is frequently taken as typical evidence for hydrophobic
interaction. Furthermore, the negative AH value (—12.41 k] mol™!)
observed can’t be mainly attributed to electrostatic interactions
since for electrostatic interactions AH is very small, almost zero
[24,25]. Negative AH value indicates there is hydrogen bond in the

logl(Fo - F)/ F]
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log[1/([Q] - (Fo - F)[P/ Fo)]

Fig. 5. The plots of log(Fo — F)/F versus log(1/([Q:] — (Fo — F)[P¢]/Fo)). ¢ (lysozyme) =
2.0 x 10~5 mol L~'; pH = 7.40.



binding. Therefore, it is not possible to account for the thermody-
namic parameters of lysozyme-chloramphenicol binding reaction
on the basis of a single intermolecular force model. So, in the
binding of chloramphenicol to lysozyme process, hydrophobic
forces most likely played a major role, but hydrogen bond also
could not be excluded.

2.4. Energy transfer

Fluorescence resonance energy transfer (FRET) is a distance
dependent interaction between the different electronic excited
states of dye molecules in which excitation energy is transferred
from one molecule (donor) to another molecule (acceptor) without
emission of a photon from the former molecular system. According
to Forster’s theory [26], the efficiency of FRET depends mainly on
the following factors: (i) the extent of overlap between the donor
emission and the acceptor absorption; (ii) the orientation of the
transition dipole of donor and acceptor, and (iii) the distance
between the donor and the acceptor. Here the donor and acceptor
are lysozyme and chloramphenicol, respectively. There was
a spectral overlap between the fluorescence emission spectrum of
lysozyme and UV/vis absorption spectrum of chloramphenicol
(Fig. 7). The efficiency (E) of energy transfer is related to the
distance (R) between lysozyme and chloramphenicol by

6
F-1-F_ R (6)
Fo  R§+16
where Fp and F are the fluorescence intensities without and with
chloramphenicol, respectively. r is the binding distance between
donor and acceptor, and Ry is the critical distance between donor
and acceptor, at which 50% of the excitation energy is transferred to
acceptor and can be obtained from donor emission and acceptor
absorption spectrum using the equation:

RS = 879 x 1072°K?-n"4.¢-] (7)

where K? is the orientation factor related to the geometry of the
donor and acceptor of dipoles; n is the average refractive index of
medium in the wavelength range where spectral overlap is signif-
icant; ¢ is the fluorescence quantum yield of the donor; J is the
effect of the spectral overlap between the emission spectrum of the
donor and the absorption spectrum of the acceptor, which could be
calculated by the following equation:

S F)e) AN
S0 Ve ®

where F(1) is the fluorescence intensity of the donor in the wave-
length range A to A+ A4 and ¢(2) is the extinction coefficient of the
acceptor at . In the present case, K> =2/3, n=1.36, ¢ = 0.14 [27].
According to equations (6)—(8), the values of the parameters were
found to be J=1.975 x 10~ cm®Lmol~, Ry =2.79 nm, E = 0.105,
r=3.99 nm. The donor-to-acceptor distance was less than 8 nm,
which indicated that the energy transfer from lysozyme to chlor-
amphenicol occurred with high probability [28]. This accorded with
conditions of Fo
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Fig. 8. Synchronous fluorescence spectrum of lysozyme in the absence and presence of
chloramphenicol (pH =740, T=298K). (a) 2.0 x 10 ®molL™! Iysozyme; (b—j)
2.0x10"®molL~" lysozyme in the presence of 0.5, 1.0, 15, 2.0, 2.5, 3.0, 3.5, 4.0,
4.5 x 107> mol L~ chloramphenicol, respectively.

conformation of lysozyme was changed. Moreover, the fluorescence
intensity decreased regularly with the addition of chloramphenicol,
which further demonstrated the occurrence of fluorescence
quenching in the binding process.

2.5.2. Circular dichroism

Further evidence of conformational changes of lysozyme upon
addition of chloramphenicol was provided by CD spectra. CD is
a sensitive technique to monitor conformational changes in protein
upon interaction with ligands. The raw CD spectra of lysozyme in
the absence and presence of chloramphenicol are shown in Fig. 9.
The CD spectra of lysozyme exhibited two negative bands in the far-
UV region at 208 and 222 nm, characteristic of a-helical structure of
protein. The reasonable explanation is that the negative peaks
between 208 and 209 nm and 222 and 223 nm are both contributed
to n — ©* transition for the peptide bond of a-helix [32]. The
binding of chloramphenicol to lysozyme caused only a decrease in
band intensity without any significant shift of the peaks, clearly
indicating that chloramphenicol induced a slight decrease in the
a-helical structure content of lysozyme. The a-helical content of
lysozyme was calculated from equation (10). The calculated results
displayed a reduction of a-helical structure from 39.40% to 32.51%
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Fig. 9. CD spectra of the lysozyme-chloramphenicol system. (a) 2.0 x 1076 mol L™!
lysozyme; (b) 2.0 x 10 molL™" lysozyme + 8.0 x 105 molL~! chloramphenicol.
pH=740, T=298 K.

at a molar ratio of lysozyme to chloramphenicol of 1:4. From the
above results, it was apparent that the effects of chloramphenicol
on lysozyme caused a secondary structure change of the protein,
with the loss of a-helix stability [33].

2.5.3. Three-dimensional fluorescence spectra

The three-dimensional fluorescence spectra have become
a popular fluorescence analysis technique in recent years [34,35]. It
can comprehensively exhibit the fluorescence information of the
sample, which makes the investigation of the characteristic
conformational change of protein to be more scientific and credible.
If there is a shift at the excitation or emission wavelength around
the fluorescence peak, or appearance of a new peak or disappear-
ance of existing peak, it could be an important hint to suggest
conformational changes to the protein. Fig. 10 presented the three-
dimensional fluorescence spectrum and their characteristics of
lysozyme (A) and lysozyme-chloramphenicol (B), with the corre-
sponding parameters presented in Table 4. In Fig. 10, peak a is the
Rayleigh scattering peak (Aex = Aem), peak b is the second-ordered
scattering peak (Aem = 24ex). Peak 1 mainly reveals the spectral
behavior of Trp and Tyr residues. The reason is that when lysozyme
is excited at 280 nm, it mainly reveals the intrinsic fluorescence of
Trp and Tyr residues. Beside peak 1, there is another strong fluo-
rescence peak 2, which mainly exhibit the fluorescence character-
istic of polypeptide backbone structures [36]. The fluorescence
intensity of peak 2 decreased a lot after interacting with chloram-
phenicol, which implied that the peptide strand structure of lyso-
zyme was changed and this was in accordance with the decreased
of a-helical content in the CD spectra. Analyzing from the intensity
changes of peaks 1 and 2, they both decreased obviously but to
different degrees: the fluorescence intensity of peak 1 has been
quenched of 31.15% while peak 2 of 21.99%. The decrease of the
fluorescence intensity of the two peaks in combination with the
synchronous fluorescence and CD results indicated that there was
specific interaction occurring between lysozyme and chloram-
phenicol, and the binding of lysozyme-chloramphenicol induced
the slight unfolding of the polypeptides of lysozyme, which resul-
ted in a conformational changes of lysozyme to increase the
exposure of some hydrophobic regions that had been buried [37].
All these phenomena and analyses show that the binding of
chloramphenicol to lysozyme induced secondary structure changes
in lysozyme.



4088

A peak 1 1800

1700

71600

1500

1400

1300

Ayisusyu) asuassaion)y

1200

7100

0
350
~ 250

E‘I‘ \nﬂ\\

200 200

B 1800
1700
peak 1 1600
1500
1400
300

1200

Ayisuajuj asuaosaion)

100

0
350
250
EY‘ \“ﬂ\\

Fig. 10. Three-dimensional fluorescence spectra of lysozyme (A) and the lysozyme-chlor-
amphenicol system (B). (A): ¢ (lysozyme)=2.0 x 10-® molL™", ¢ (chloramphenicol) =
0; (B): ¢ (lysozyme) = 2.0 x 10-® mol L™, ¢ (chloramphenicol) = 2.0 x 10~6 mol L', pH =
740, T=298 K.

2.6. Further considerations

Proteins containing two polypeptide chains are termed dimers,
and the individual polypeptide chains of which they are composed
are termed monomers or subunits. The forces that stabilize these
aggregates are hydrogen bonds and electrostatic bonds formed
between residues on the surfaces of the polypeptide chains [38].
Lyophilized lysozyme usually has a covalent dimer. There is evidence
in the literature [39] that lysozyme can form non-covalent dimers as
a function of concentrations. In this study, both hydrophobic forces
and hydrogen bonds played major role in lysozyme-chloramphenicol

Table 4
Three-dimensional fluorescence spectral characteristics of lysozyme and lysozyme-
chloramphenicol system.

Peaks Lysozyme Lysozyme-chloramphenicol
Peak position Stokes Intensity Peak position Stokes Intensity
Aex|Aem AX F Jex|Aem AL F
(nm/nm) (nm) (nm/nm) (nm)
Fluorescence 280.0/336.0 56.0 759.6 280.0/338.0 580 523.0
peak 1
Fluorescence 230.0/333.0 103.0 315.6 230.0/335.0 105.0 246.2
peak 2

E. Ding et al. / European Journal of Medicinal Chemistry 44 (2009) 4083-4089

reaction. Therefore, it could be that the state of association changes as
the lysozyme concentration is changed. All these aspects have to be
taken into account because they affect binding results.

3. Conclusions

In summary, the interaction of chloramphenicol with lysozyme
has been studied by fluorescence emission spectra in combination
with UV/vis, CD and three-dimensional fluorescence spectroscopy.
It was shown that the fluorescence of lysozyme has been quenched
for reacting with chloramphenicol and formed a certain kind of
new compound. The quenching belongs to static fluorescence
quenching type, with non-radiative energy transfer happening
within single molecule. The enthalpy change (AH) and entropy
change (AS) for the reaction were calculated to be —12.41 kj mol
and 37.99 Jmol~! K, which indicated that hydrophobic force and
hydrogen bond were the dominant intermolecular forces in stabi-
lizing the complex. Synchronous fluorescence, CD and three-
dimensional fluorescence spectra revealed the chloramphenicol
binding to lysozyme under the studied conditions induced small
changes in the secondary structure of lysozyme. The binding study
of drugs with proteins is of great importance in pharmacy, phar-
macology and biochemistry. This study is expected to provide
important insight into the interactions of lysozyme with drugs.

4. Materials and methods

4.1. Materials

Lysozyme and chloramphenicol were purchased from Sigma-
Aldrich Chemical Company. All other reagents were of analytical
reagent grade. The Milli-Q ultrapure water was used throughout
the experiments. NaCl (1.0 mol L~1) solution was used to maintain
the ionic strength at 0.1. Tris (0.2 mol L~1)-HCl (0.1 mol L~ 1) buffer
solution containing NaCl (0.1 mol L~!) was used to keep the pH of
the solution at 7.40. Dilutions of the lysozyme stock solution
(20 x 107> mol L) in Tris-HCl buffer solution were prepared
immediately before use, and the concentration of lysozyme was
determined spectrophotometrically using egp (lysozyme)
=36,500 L mol~! cm~! [40]. The stock solution (2.5 x 10~* mol L)
of chloramphenicol was prepared in Tris—HCI buffer solution.

4.2. Apparatus and methods

The UV/vis absorption spectrum was recorded at room
temperature on a Lambda-25 double-beam spectrophotometer
(Perkin-Elmer, USA) equipped with 1.0 cm quartz cells. All fluo-
rescence spectra were recorded on an F-4500 fluorophotometer
(Hitachi, Japan) equipped with 1.0 cm quartz cuvette and a ther-
mostat bath. The excitation and emission slits with a band pass of
5.0 nm were used for all the measurements.

Fluorometric titration experiments: 2.5 mL solution containing
appropriate concentration of lysozyme was titrated by successive
additions of a 2.5 x 10~4 mol L~! stock solution of chloramphenicol
(to give a final concentration of 4.0 x 107> mol L™ 1). Titrations were
done manually by using trace syringes, and the fluorescence intensity
was measured. All experiments were measured at three tempera-
tures (298, 304 and 310 K). The fluorescence intensity was corrected
for absorption of exciting light and re-absorption of the emitted light
to decrease the inner filter effect using the relationship [13]:

Aex + Aem
Fcor = Fobs x e 2 (9)

where For and Fops are the fluorescence intensities corrected and
observed, respectively; and Aex and Aer, are the absorption of the
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systems at the excitation and the emission wavelength, respec-
tively. The intensity of fluorescence used in this paper is the cor-
rected fluorescence intensity.

The three-dimensional fluorescence spectra were performed
under the following conditions: the emission wavelength was
recorded between 200 and 500 nm, the initial excitation wave-
length was set to 200 nm with increment of 10 nm, the number of
scanning curves was 16, and other scanning parameters were just
the same as those of the fluorescence quenching spectra.

Circular dichroism spectra were recorded with a Jasco-810
spectropolarimeter (Jasco, Japan) using a 0.1 cm path length quartz
cell. Measurements were taken at wavelengths between 200 and
260 nm with 0.1 nm step resolution and averaged over three scans
recorded as a speed of 50 nmmin~!, the slit width was set at
5.0 nm. All observed spectra were baseline subtracted for buffer
and the a-helical content of lysozyme was calculated on the basis of
change of molar ellipticity ([f]) value at 208 nm using the following
equation [41]:

—[0),05—4.000

% a-helix = 23-000 —4.000

(10)

Acknowledgements

The authors are grateful to Prof. Yurong Ma of College of
Chemistry and Molecular Engineering, Peking University, for her
constant support and expert assistance during the CD measure-
ment experiments. Thanks are also due to Prof. Haixiang Gao of
Department of Chemistry, China Agricultural University, for his
helpful suggestions in the preparation of this manuscript.

References

[1] A. Fleming, Proc. R. Soc. Lond. B 93 (1922) 306-317.

[2] C. Redfield, C.M. Dobson, Biochemistry 29 (1990) 7201-7214.

[3] J.L. Parrot, G. Nicot, Nature 197 (1963) 496.

[4] S.L. Huang, V. Maiorov, P.L. Huang, A. Ng, H.C. Lee, Y.T. Chang, N. Kallenbach,
P.L. Huang, H.C. Chen, Biochemistry 44 (2005) 4648-4655.

[5] S.L. Huang, P.L. Huang, Y.T. Sun, P.L. Huang, H.F. Kung, D.L. Blithe, H.C. Chen,
Proc. Natl. Acad. Sci. U.S.A. 96 (1999) 2678-2681.

[6] Y. Mine, EP. Ma, S. Lauriau, J. Agric. Food Chem. 52 (2004) 1088-1094.
[7] G.P. Gorbenko, V.M. Loffe, P.KJ. Kinnunen, Biophys. J. 93 (2007) 140-153.
[8] D. Gottlieb, M. Legator, Mycologia 45 (1953) 507-515.
[9] E. Gikas, P. Kormali, D. Tsipi, A. Tsarbopoulos, ]. Agric. Food Chem. 52 (2004)
1025-1030.
[10] T. Duke, H. Poka, F. Dale, A. Michael, ]. Mgone, T. Wal, Lancet 359 (2002) 474-
480.
[11] T. Izard, J. Ellis, EMBO J. 19 (2000) 2690-2700.
[12] V. Panov, I. Schipanova, A. Plyusch, V. Afanasiev, L. Sibeldina, Pharm. Res. 31
(1995) 378.
[13] J.R. Lakowicz (Ed.), Principles of Fluorescence Spectroscopy, Springer Science/
Business Media, New York, 2006.
[14] GJ. Zhang, B. Keita, C.T. Craescu, S. Miron, PD. Oliveira, L. Nadjo, Bio-
macromolecules 9 (2008) 812-817.
[15] O. Stern, M. Volmer, Phys. Z. 20 (1919) 183-188.
[16] J.R. Lakowicz, G. Weber, Biochemistry 12 (1973) 4161-4170.
[17] W.R. Ware, ]. Phys. Chem. 66 (1962) 455-458.
[18] Y.Q. Wang, H.M. Zhang, Q.H. Zhou, Eur. ]J. Med. Chem. (2008). doi:10.1016/
j-ejmech.2008.10.010.
[19] S.S. Lehrer, Biochemistry 10 (1971) 3254-3263.
[20] C. Dufour, O. Dangles, Biochim. Biophys. Acta 1721 (2005) 164-173.
[21] S.Y.Bi, L. Ding, Y. Tian, D.Q. Song, X. Zhou, X. Liu, H.Q. Zhang, ]. Mol. Struct. 703
(2004) 37-45.
[22] T. Imoto, LS. Forster, J.A. Rupley, F. Tanaka, Proc. Natl. Acad. Sci. US.A. 69
(1971) 1151-1155.
[23] LM. Klotz, Ann. N.Y. Acad. Sci. 226 (1973) 18-35.
[24] P.D. Ross, S. Subramanian, Biochemistry 20 (1981) 3096-3102.
[25] M.H. Rahman, T. Maruyama, T. Okada, K. Yamasaki, M. Otagiri, Biochem.
Pharmacol. 46 (1993) 1721-1731.
[26] T. Forster, Ann. Phys. 437 (1948) 55-75.
[27] ]. Jin, X. Zhang, ]. Lumin. 128 (2008) 81-86.
[28] S.M.T. Shaikh, J. Seetharamappa, P.B. Kandagal, S. Ashoka, J. Mol. Struct. 786
(2006) 46-52.
[29] J.B.E. Lloyd, LW. Evett, Anal. Chem. 49 (1977) 1710-1715.
[30] B. Apicella, A. Ciajolo, A. Tregrossi, Anal. Chem. 76 (2004) 2138-2143.
[31] J.N. Miller, Proc. Analyt. Div. Chem. Soc. 16 (1979) 203-208.
[32] N.A. Besley, ].D. Hirst, J. Am. Chem. Soc. 121 (1999) 9636-9644.
[33] D.V. Laurents, R.L. Baldwin, Biochemistry 36 (1997) 1496-1504.
[34] G. Weber, Nature 190 (1961) 27-29.
[35] E.C. Wu, R.B. Mills, R.D. Evans, PJ. Dillon, Anal. Chem. 76 (2004) 110-113.
[36] Q. Xiao, S. Huang, Y. Liu, EF. Tian, J.C. Zhu, ]. Fluoresc. (2008). doi:10.1007/
510895-008-0418-y.
[37] J.N. Tian, J.Q. Liu, W.Y. He, Z.D. Hu, XJ. Yao, X.G. Chen, Biomacromolecules 5
(2004) 1956-1961.
[38] RH. Garrett, C.M. Grisham (Eds.), Biochemistry, Thomson Learning, United
Kingdom, 2005.
[39] M.R. Bruzzesi, E. Chiancone, E. Antonini, Biochemistry 4 (1965) 1796-1800.
[40] S.K. Banerjee, G.E. Vandenhoff, J.A. Rupley, ]J. Biol. Chem. 249 (1974) 1439-
1444,
[41] N. Greenfield, G.D. Fasman, Biochemistry 8 (1969) 4108-4116.



	Fluorescence spectroscopic investigation of the interaction between chloramphenicol and lysozyme
	Introduction
	Results and discussion
	Fluorescence quenching
	Binding constant
	Binding mode
	Energy transfer
	Conformation investigations
	Synchronous fluorescence spectra
	Circular dichroism
	Three-dimensional fluorescence spectra

	Further considerations

	Conclusions
	Materials and methods
	Materials
	Apparatus and methods

	Acknowledgements
	References


