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Oxytetracycline (OTC) is a kind of widely used veterinary drugs. The residue of OTC in the environment
is potentially harmful. In the present work, the interaction between OTC and bovine hemoglobin (BHb)
was investigated by fluorescence, synchronous fluorescence, UV-vis absorption, circular dichroism and
molecular modeling techniques under physiological conditions. The experimental results showed that
OTC can bind with BHD to form complex. The binding process is a spontaneous molecular interaction pro-
cedure, in which van der Waals and hydrogen bonds interaction play a major role. The number of binding
sites were calculated to be 1.12 (296 K), 1.07 (301 K) and 0.95 (308 K), and the binding constants were
of Kaosx =9.43 x 104 L mol~!, K3p1x=4.56 x 104 Lmol~! and Kzogx=1.12 x 10 L mol-! at three different
temperatures. Based on the Forster theory of nonradiative energy transfer, the binding distance between
OTC and the inner tryptophan residues of BHb was determined to be 2.37 nm. The results of UV-vis
absorption, synchronous fluorescence and CD spectra indicated that OTC can lead to conformational and
some microenvironmental changes of BHb, which may affect physiological functions of hemoglobin. The
synchronous fluorescence experiment revealed that OTC binds into hemoglobin central cavity, which was
verified by molecular modeling study. The work is helpful for clarifying the molecular toxic mechanism
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of OTC in vivo.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The annual output of antibiotics in china was estimated to be
about 210,000 tons in 2005, and about 90,000 tons are used as ani-
mal feed additives or for therapeutic purposes [1]. Tetracyclines
are one of the most extensively used antibiotics in animal feeding
operations. Similar to other antibiotics, they are excreted mostly as
the parent compound, representing 50-80% of the applied dose [2].
Oxytetracycline (OTC) is a broad-spectrum bacteriostatic antibi-
otic that belongs to the tetracycline antibiotics [3,4]. It has been
widely used as feed additive for therapy of systemic bacterial
infections in farmed fish, as a growth stimulator in livestock and
as prophylactic treatment of bacterial diseases in plants [4]. The
Joint FAO/WHO Expert Committee of Food Additives and Contam-
inants (JECFA), at its 50th Meeting in 1998, established a group
acceptable daily intake (ADI) of 0-0.03 mg kg~! body weight for the
tetracyclines (oxytetracycline (OTC), tetracycline (TC) and chlorte-
tracycline (CTC)), alone or in combination. The committee also
recommended maximum residue limits (MRLs) of 100 wgL~! in
milk and muscle of all food-producing species [5,6]. OTC can enter
the environment via wastewater effluent discharges, agricultural
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runoff et al., being detected at nanogram to low-microgram per
liter levels in wastewater effluents and natural waters [7]. When
OTC enter the organism, it can inhibit the antibody levels in fish
[8], induce DNA damage in carp kidney cells [9], interact with cyto-
plasmic protein synthesis [10] and induce blood disorder in Juvenile
Nile Tilapia Oreochromis niloticus [11].

Hemoglobin (Hb) is a protein responsible for oxygen carrying in
the vascular system of animals. It can also aid the transport of car-
bon dioxide, regulate the pH of blood and remove hydrogen ions in
the capillaries and carries them to the lungs [12]. Except for albu-
min, as a kind of intracellular protein, hemoglobin can also function
as binders of drugs [13]. When the residue of the veterinary drugs in
the environment enter organism, they may penetrate erythrocytes
and interact with Hb [13]. OTC can significantly reduce the erythro-
cyte count and Hb value [11]. However, the interaction mechanism
between OTC and bovine hemoglobin has not been reported.

In the present work, we studied in vitro interaction of OTC
with bovine hemoglobin (BHb) under the simulative physiolog-
ical conditions by using fluorescence quenching, UV absorption
spectrometry, synchronous fluorescence, circular dichroism and
molecular modeling techniques. The binding mechanism of OTC
with BHDb (association constants, thermodynamic parameters, the
number of binding sites, the binding forces, the specific binding site,
and the energy transfer distance between OTC and BHb) was esti-
mated. The effect of OTC on BHb conformation was also discussed.
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Fig. 1. (A) Molecular structure of BHb (PDB code 1G09) and (B) molecular structure
of OTC with with atom numbers.

The study can provide the basic data for understanding the toxicity
mechanism of OTC in vivo.

2. Materials and methods
2.1. Reagents

BHD (Beijing Biodee Biotechnology, Co., Ltd.) was dissolved in
ultrapure water to form 3.0 x 10~ mol L1 solution, then preserved
at 0-4°C and diluted as required. The molecular structure of BHb
(PDB code 1G09) is shown in Fig. 1(A) [14].

A stock solution of OTC (1.0 x 10~3 molL~1) was prepared by
dissolving 0.0461 g OTC (Beijing Shanglifang Joint Chemical Tech-
nology Research Institute) in 100 mL of water. Hydrochloric acid
solution (1:1) was used to promote dissolution. The molecular
structure of OTC is shown in Fig. 1(B).

A 0.2mol L1 of phosphate buffer (mixture of NaH,PO4-2H,0
and NayHPO4-12H,0, pH 7.4) was used to control pH.
NaH;PO4-2H,0 and NayHPO,4-12H,0 were of analytical reagent
grade, obtained from Tianjin Damao Chemical Reagent Factory.

2.2. Apparatus and methods

All fluorescence spectra were recorded on an F-4600 Spectroflu-
orimeter (Hitachi, Japan). The excitation and emission slit widths
were set at 5.0 nm. The scan speed was 1200 nm/min. PMT (Photo
Multiplier Tube) voltage was 700 V.

The UV-vis absorption spectra were measured on a UV-2450
spectrophotometer (SHIMADZU, Kyoto, Japan). CD spectra were
recorded on a J-810 circular dichroism spectrometer (JASCO). The
pH measurements were made with a pHs-3C acidity meter (Peng-
shun, Shanghai, China).

2.3. Experimental procedures

The fluorescence measurements were carried out as follows: to
each of a series of 10 mL test-tube, 1.0 mL of 0.2 mol L-! phosphate
buffer (pH 7.4) and 1.0 mL of 3.0 x 10~> mol L-! BHb were added,
followed by different amounts of 1.00 x 10~3 mol L~ stock solution
of OTC. The fluorescence spectra were then measured (excita-
tion at 280nm and emission wavelengths range 290-420 nm).
The synchronous fluorescence spectra were obtained through
simultaneous scanning of the excitation (Aex =250 nm) and emis-
sion monochromators while maintaining a constant wavelength
interval between them (AA, 15nm and 60 nm). CD spectra were
collected from 200 to 260 nm with three scans averaged for each
CD spectrum.

In order to eliminate the inner filter effects of protein and lig-
and, absorbance measurements were performed at excitation and
emission wavelengths of the fluorescence measurements. The flu-
orescence intensity was corrected using the equation [15]:

Feor = Fops 10A1742)/2 (1)

where Feor and Fyps are the fluorescence intensity corrected and
observed, respectively; A; and A, are the sum of the absorbances of
protein and ligand at excitation and emission wavelengths, respec-
tively.

2.4. Molecular modeling study

Docking calculations were carried out using DockingServer. The
MMFF94 force field [ 16] was used for energy minimization of ligand
molecule (OTC) using DockingServer. PM6 semiempirical charges
calculated by MOPAC2009 [17] were added to the ligand atoms.
Nonpolar hydrogen atoms were merged, and rotatable bonds were
defined.

Docking calculations were carried out on BHb protein model.
Essential hydrogen atoms, Kollman united atom type charges, and
solvation parameters were added with the aid of AutoDock tools
[18]. Affinity (grid) maps of 100 A x 100 A x 100 A grid points and
0.375 A spacing were generated using the Autogrid program [18].
AutoDock parameter set- and distance-dependent dielectric func-
tions were used in the calculation of the van der Waals and the
electrostatic terms, respectively.

Docking simulations were performed using the Lamarckian
genetic algorithm (LGA) and the Solis and Wets local search
method [19]. Initial position, orientation, and torsions of the ligand
molecules were set randomly. Each run of the docking experiment
was set to terminate after a maximum of 250,000 energy evalu-
ations. The population size was set to 150. During the search, a
translational step of 0.2 A, and quaternion and torsion steps of 5
were applied.

3. Results and discussion
3.1. Fluorescence quenching of BHb by OTC

The fluorescence technique can be used to investigate the bind-
ing information of small molecules to protein such as the binding
mechanism, binding mode, binding constants and intermolecu-
lar distances. We utilized the technique to study the interaction
between BHb and OTC.

BHb contains three Trp and five Tyr residues in each af3 dim-
mer, for a total of six Trp and ten Tyr residues in the tetramer
[20]. Though all the Trp and Tyr residues contribute to the intrin-
sic fluorescence of BHb, it primarily originates from 3-37 Trp that
plays a key role in the quaternary state change upon ligand bind-
ing [21]. Changes in the intrinsic fluorescence of BHb can provide
considerable information about its structure and dynamics [20].
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Fig. 2. Effect of OTC on BHb fluorescence (corrected). Conditions: BHb:
3x107%molL~'; OTC/(10~> molL-1): (a) 0, (b) 0.4, (c) 0.8, (d) 1.2, (e) 1.6, (f) 2, (g)
2.8, (h) 3.6, (i) 4 and (j) OTC only, 4 x 10-> mol L', pH 7.4 and T=301K.

Table 1
Stern-Volmer quenching constants for the interaction of OTC with BHb at three
different temperatures.

pPH T(K) Ksy(x105Lmol-!) ko (x102Lmol-'s1) R? sDb

74 296 026798 2.6798 0.99459  0.04056
301 023307 2.3307 0.99451  0.03555
308 0.21291 2.1291 0.99282 0.03717

3 Ris the correlation coefficient.
b S.D. is the standard deviation for the Ksy values.

The effect of OTC on BHb fluorescence intensity is shown in Fig. 2.

It can be seen that the fluorescence of BHb can be quenched by
OTC. Quenching mechanisms include static and dynamic quench-
ing. In order to confirm the quenching mechanism, the fluorescence
quenching data were analyzed according to the Stern-Volmer
equation [22]:
Fo
F= 1+Ko[Q]=1+ quO[Q] (2)
where Fy and F are the fluorescence intensities in the absence
and presence of the quencher, respectively. Ksy, [Q], kq and 7 are
the Stern-Volmer quenching constant, the concentration of the
quencher, the quenching rate constant of the biological macro-
molecule and the fluorescence lifetime in the absence of quencher,
respectively. The Stern-Volmer plot before correction was non-
straight, so the Stern-Volmer equation cannot be used to calculate
the Ksy and kq. After corrected with Eq. (1), the plot agrees well
with the Stern-Volmer Eq. (2). The corrected Stern-Volmer plots
for the quenching of BHb by OTC at three different temperatures are
shown in Fig. 3. The calculated Ksy and kq values at three different
temperatures were listed in Table 1.

Quenching type should be single static or dynamic quenching.
Since higher temperature results in larger diffusion coefficients,
the dynamic quenching constants will increase with increas-
ing temperature. In contrast, increased temperature is likely to

Table 2

Binding constants and relative thermodynamic parameters of the OTC-BHb system.

22

1 © 296K F /F=0 96616+2.6798x10* [Q]

2.09
B 30IKF, /F=0.97744+2.3307x10" [Q]

4 4 308KF, /F=0.97971+2.1291x10* [Q]

0 1 2
[Q] (x 10 molL™")

W
—

Fig. 3. Stern-Volmer plots for the quenching of BHb by OTC at different tempera-
tures (corrected). Conditions: BHb: 3 x 10~ mol L-'; pH 7.4.

result in decreased stability of complexes, and thus the static
quenching constants are expected to decrease with increasing
temperature [23]. In addition, the maximum scatter collision
quenching constant of various quenchers with the biopolymer
was 2.0x 10'9Lmol-1s-1 [24]. In this paper, the Kgy values
decreased with increasing temperature and the kq was greater than
2.0 x 1019 Lmol~1s~1. This indicates that the quenching was not
initiated from dynamic collision but from the formation of a com-
plex.

3.2. The association constants and the number of binding sites

For the static quenching interaction, when small molecules bind

independently to a set of equivalent sites on a macromolecule, the
binding constant (K;) and the number of binding sites (n) can be
determined by the following equation [25]:
P _ig ko 4 nigia) 3)
where Fy, F and [Q] are the same as in Eq. (2), K; is the binding
constant and n is the number of binding sites per BHb molecule.
According to Eq. (3), values of n and K, (shown in Table 2) at phys-
iological pH 7.4 were calculated. The number of binding sites n
approximately equals to 1, indicating that there is one binding site
in BHb for OTC. The value of K, obtained is of the order of 10%,
indicating that there is a strong interaction between OTC and BHb.
Even low concentrations of OTC in the blood can interact with BHb
easily.

3.3. Thermodynamic parameters and binding forces

The acting forces between small organic molecules and
biomolecules include hydrogen bonds, van der Waals interactions,
electrostatic forces and hydrophobic interaction forces. If the tem-
perature changes little, the reaction enthalpy change (AH°) is

T (K) K, (x10% Lmol-") n Ra AH° (kJmol-1) AS° (Jmol-1K-1) AG® (kjmol-1)
296 9.4256 1.12478 0.99926 —347.81 —28.187
301 45617 1.06936 0.99904 -131.14 —346.49 —26.847
308 1.1187 0.94929 0.99158 —348.27 —23.872

a Ris the correlation coefficient for the K, values.
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regarded as a constant. The interaction parameters can be calcu-
lated on the basis of the van't Hoff equation and thermodynamic
equation:

"(awr) - (7 %) (5) @

AG® = AH° —TAS° = —RT InK, (5)

where (K;); and (Kj;), are the binding constants at T; and Ty, R is
the universal gas constant. AG° and AS° are the free-energy change
and the entropy change of the binding reaction, respectively.

If AH<0 and AS<0, van der Waals’ interactions and hydro-
gen bonds play a major role in the binding reaction. If AH>0 and
AS>0, hydrophobic interactions are dominant. Electrostatic forces
are more important when AH<0 and AS>0 [26]. The calculated
thermodynamic parameters and K, values for the binding inter-
action between OTC and BHb are listed in Table 2. The negative
AH° and negative AS° indicated that van der Waals interactions
and hydrogen bonds play the major role during the interaction.
The negative sign of AG° indicates the spontaneity of the binding
process of OTC with BHb [20].

3.4. Energy transfer between OTC and BHb

According to Forster’s dipole-dipole nonradiative energy trans-
fer theory [27], energy transfer from one molecular (donor) to
another molecular (acceptor) will happen under the following con-
ditions: (a) the energy donor can produce fluorescence; (b) the
absorption spectrum of the receptor overlaps enough with the
donor’s fluorescence emission spectrum; (c) the distance between
the donor and the acceptor is less than 8 nm [28]. The following
equation can be used to calculate the efficiency (E) of energy trans-
fer between the donor and acceptor [29]:

6
F RO

E=1-— =
Fo  R§+16

(6)

where 1 is the distance between the donor and acceptor and Ry is
the critical distance when the transfer efficiency is 50%, which can
be calculated by the following equation [30]:

RS = 8.79 x 107 2°K2n~4¢J (7)

where K2 is the orientation factor related to the geometry of the
donor-acceptor dipole, n is the refractive index of medium, @ is
the fluorescence quantum yield of the donor, and J expresses the
degree of spectral overlap between the donor emission and the
acceptor absorption, which could be calculated by the following
equation [30]:

% F(L)e(M)A4dA
j— Jo P (8)
o FO)da

where F(1) is the fluorescence intensity of the donor at wavelength
range A and &(A) is the molar absorption coefficient of the accep-
tor at wavelength A. In this article, the donor and acceptor were
BHb and OTC, respectively. The overlap of the absorption spec-
trum of OTC and the fluorescence emission spectrum of BHb is
shown in Fig. 4. ] can be evaluated by integrating the spectra in
Fig. 4 according to Eq. (8). In the present case, K2=2/3, n=1.36,
and @=0.062 [31], According to Eqs. (6)—(8), the following param-
eters are obtained: J=1.3765 x 10~ cm3 Lmol~!, Rg=2.295nm,
E=0.04545 and r=2.37 nm. The donor to acceptor distance r, which
is the average distance from the ligand OTC to the tryptophan
residues of the BHb, was less than 8 nm, indicating that the energy
transfer from BHb to OTC occurred with high possibility [32]. The
results were in accordance with conditions of Férster theory of non-
radioactive energy transfer and indicated again a static quenching

2000 0.10
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Fig. 4. Overlap of the absorption spectra of OTC (a) with fluorescence emission of
BHb (b) (corrected). Conditions: ¢(OTC)=c(BHb)=3 x 10~ mol L.

between OTC and BHb because of the formation of BHb—-OTC com-
plex.

3.5. Investigation on BHb conformation changes

To explore the effect of OTC on the conformation changes of BHb,
UV-vis absorption spectra, circular dichroism and synchronous flu-
orescence measurements were performed.

3.5.1. UV-vis absorption spectra studies

UV-vis absorption spectroscopy technique can be used to
explore the structural changes of protein and to investigate
protein-ligand complex formation. The UV-vis absorption spectra
of BHb in absence and presence of OTC are shown in Fig. 5. It can be
seen that BHb has three absorption peaks. The strong absorption
peak at 210 nm reflects the framework conformation of the pro-
tein [33]. The weak absorption peak at 276 nm appears due to the
aromatic amino acids (Trp, Tyr and Phe) [34]. The peak at 405 nm
corresponds to the porphyrin-Soret band of BHb [35]. With gradual
addition of OTC to BHb solution, the intensity of the peak at 210 nm
decreases with red shift and the intensity of the peak at 276 nm
increases. The results indicate that the interaction between OTC
and BHb leads to the loosening and unfolding of the protein skele-

3.0

Absorbance

200 250 300 350 400 450 500
Wavelength (nm)

Fig. 5. UV-vis spectra of BHb in presence of different concentrations of OTC
(vs. the same concentration of OTC solution). Conditions: BHb: 3 x 10~ molL-1;
OTC/(10-> molL-'): (a) 0, (b) 2, (c) 5, (d) 10 and (e) 15; pH 7.4 and T=301K.
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Fig. 6. Synchronous fluorescence spectra of BHb (corrected): (A) AA=15nm; (B) AA=60nm; (C) the quenching of BHb synchronous fluorescence by OTC. Conditions: BHb:
3x10-5molL-!; OTC: (a) 0, (b) 0.4, (c) 0.8, (d) 1.6, (e) 2, (f) 2.8, (g) 3.6 and (h) 4; pH 7.4 and T=301K; () AA=15nm and (o) AA=60nm.

ton and decrease the hydrophobicity of the microenvironment of
the aromatic amino acid residues [36]. With increasing OTC con-
centration, the intensity of the peak at 405 nm increases with no
shift, suggesting that OTC can also affect the structure of the heme
group, but there is no direct interaction between OTC and the heme
groups of BHb [37].

3.5.2. Synchronous fluorescence

The synchronous fluorescence spectroscopy can give infor-
mation about the molecular environment in the vicinity of the
chromospheres. When the wavelength intervals (A)) were sta-
bilized at 15 and 60 nm, the synchronous fluorescence gives the
characteristic information of tyrosine residues and tryptophan
residues, respectively [22].

The synchronous fluorescence spectra of BHb with various
amounts of OTC are shownin Fig. 6.1t can be seen in Fig. 6(A) that the
emission maximum of tyrosine residues is red shifted from 285.4
to 286.4nm which indicates that the hydrophobicity of the tyro-
sine residues decreased and tyrosine residues buried in nonpolar
hydrophobic cavities were moved to a more hydrophilic environ-
ment [38]. In Fig. 6(B), the emission peaks show no shift over the
investigated concentration range, which indicates that OTC has no
effect on the microenvironment of tryptophan residues in BHb.

BHb contains three Trp and five Tyr residues in each a3 dimmer
[20]. The Trp and Tyr residues are symmetric with the BHb cavity
as the symmetry center. In Fig. 6(C), it has been shown that the
slope was similar when AA was 15 nm or 60 nm, indicating that the
opportunity of OTC approaching the Trp and Tyr residues is equal.
So, it can be concluded that OTC bind into hemoglobin central cavity
to form OTC-BHb complex [24].

3.5.3. Circular dichroism

To ascertain the possible influence of OTC binding on the sec-
ondary structure of BHb, CD measurement was performed in the
presence of different OTC concentrations (Fig. 7). CD spectra of BHb
exhibited two negative bands in the ultraviolet region at about 208
and 222 nm, which was characteristic of a-helix of proteins [39].
The a-helical content of BHb in the absence and presence of OTC
were calculated from Eq. (9) to Eq. (10):

Observed CD (mdeg)

MRE = Conl x 10

9)

where Cp is the molar concentration of the protein, n is the number

of amino acid residues (574) and [ is the path length of the cell

(1cm):

—MRE;pg — 4000
33,000 — 4000

where MREygg is the observed MRE value at 208 nm, 4000 is the
MRE of the (3-form and random coil conformation cross at 208 nm,

a-Helix (%) = x 100 (10)

and 33,000 is the MRE value of a pure a-helix at 208 nm. With the
addition of OTC to BHb, the a-helicity decreased from 31.06% in free
BHb to 29.04% and 26.56% with increasing OTC concentration. The
decrease of a-helix content indicates that OTC combines with the
amino acid residues of the main polypeptide chain of the protein
and destroys their hydrogen bond networks [39,40]. The binding
of OTC to BHb induces some conformational changes in BHb which
may affect BHb functions [41].

As mentioned above, OTC can bind into hemoglobin central
cavity to form OTC-BHb complex, leading to the loosening and
unfolding of the protein skeleton, decreasing the hydrophobicity
of the microenvironment of tyrosine residues and changing of the
structure of the heme group. The a-helix content of BHb decreased
due to the binding OTC.

3.6. Computational modeling of the OTC-BHb complex

The crystal structure of BHb taken from the Protein Data Bank
(PDB code 1G09) was used to find the binding site of OTC. The
best energy ranked result is shown in Fig. 8. It can be seen from
Fig. 8(A) and (B) that OTC binds into hemoglobin central cavity
which is in accordance with the conclusion of synchronous fluo-
rescence experiment. Fig. 9 shows the binding mode of OTC with
the residues of BHb. In OTC, the hydrogen atoms atN22,031and O
33 are within hydrogen bonding distance from Glu 131, Asp 99 and
Glu 101, respectively. The van der Waals interactions exist between
OTC and Asp 99, Glu 101, Glu 131 and Lys 104. In addition, the

CD (mdeg)

-30 T T g T r T T T T T T
200 210 220 230 240 250 260
Wavelength (nm)

Fig. 7. CD spectra of BHb and BHb-OTC systems. Conditions: BHb:
3.0x 107 molL-'; OTC: (a) 0, (b) 6x10%molL-! and (c) 1.5 x 105 molL"';
pH7.4and T=301K.
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Fig. 8. The binding mode between OTC and BHb. (A) BHb was displayed in surface
mode. (B) BHb was displayed in cartoons. The atoms of OTC are colour coded as
follows: O, red; N: blue; C, gray; H, white. (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of the article.)

Fig. 9. The enlarged binding mode between OTC and BHb. The atoms of OTC are
colour coded as follows: O, red; N: blue; C, gray; H, white. Hydrogen bonds are
depicted as red dashed lines. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of the article.)

hydrophobic interaction and some other forces also exist between
OTC and BHb, but were not dominating.

4. Conclusions

In this study, the interaction of OTC with BHb was investigated
by spectroscopic methods and molecular docking under physio-
logical conditions. OTC can bind into hemoglobin central cavity to
form OTC-BHb complex with one binding site and the binding pro-
cess is spontaneous in which van der Waals and hydrogen bond
interactions play a major role. The UV-vis absorption, synchronous
fluorescence and CD spectra reveal that the conformational and
microenvironment changes of BHb are induced by the binding
OTC, which may affect physiological functions of hemoglobin. The
work supply valuable information for clarifying the molecular toxic
mechanism of OTC in vivo.
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