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Chloramphenicol is a low cost, broad spectrum, highly active antibiotic, and widely used in the treatment
of serious infections, including typhoid fever and other life-threatening infections of the central nervous
system and respiratory tract. The purpose of the present study was to examine the conjugation of chlor-
amphenicol with hemoglobin (Hb) and compared with albumin at molecular level, utilizing fluorescence,
UV/vis absorption, circular dichroism (CD) as well as molecular modeling. Fluorescence data indicate that
drug bind Hb generate quenching via static mechanism, this corroborates UV/vis absorption measure-
ments that the ground state complex formation with an affinity of 104 M�1, and the driving forces in
the Hb-drug complex are hydrophilic interactions and hydrogen bonds, as derived from computational
model. The accurate binding site of drug has been identified from the analysis of fluorescence and molec-
ular modeling, a1b2 interface of Hb was assigned to possess high-affinity for drug, which located at the b-
37 Trp nearby. The structural investigation of the complexed Hb by synchronous fluorescence, UV/vis
absorption, and CD observations revealed some degree of Hb structure unfolding upon complexation.
Based on molecular modeling, we can draw the conclusion that the binding affinity of drug with albumin
is superior, compared with Hb. These phenomena can provide salient information on the absorption, dis-
tribution, pharmacology, and toxicity of chloramphenicol and other drugs which have analogous config-
uration with chloramphenicol.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Among pharmaceuticals, antibiotics, a word that contains an
extensive spectrum of substances, are of special attention, the huge
amounts of antibiotics applied in both human and veterinary
medicine have brought about their concerns for public health [1].
Chloramphenicol, 2,2-dichlor-N-[(aR,bR)-b-hydroxy-a-hydroxy-
methyl-4-nitrophenethyl] acetamide, structure shown in Fig. 1, is
a bacteriostatic antibiotic originally derived from the bacterium
Streptomyces venezuelae, isolated by David Gottlieb and is now
synthesized chemically, and introduced into clinical use in 1947
[2]. It is effective against an vast range of Gram-positive and
Gram-negative bacteria in both humans and animals, and exerts
its activity through inhibiting bacterial protein synthesis by binding
at the 50S ribosomal subunit, therefore, interfering with the requi-
site peptidyl transferase [3]. Chloramphenicol is immensely
utilized in the treatment of serious infections including typhoid
fever and other forms of salmonellosis, in severe infections due to
ll rights reserved.

.
i.work@gmail.com (L. Zhang).
Haemophilus influenza, and in other life-threatening infections of
the central nervous system and respiratory tract [3]. It is rapidly ab-
sorbed and distributed in organs and edible tissues after oral and
parenteral administration [4]. Epidemiological results have shown
that it can lead to grave adverse effects in humans, such as mild
anemia with reticulocytopenia, sometimes followed by leucopenia
and thrombocytopenia and aplastic anemia [5]. The suspected car-
cinogenity of chloramphenicol is also thought to be dosage inde-
pendent [6]. For these reasons this drug has been prohibited for
the use in humans within the United States and European Union
since 1994, except humans for life-threatening illness that resistant
to other antibiotics [7]. Today, the drug is still widely used in devel-
oping countries, particularly in Asia, in patients of all age groups
because it is exceedingly inexpensive, broad spectrum antibiotic,
and readily available. For example, the incidence of fatal aplastic
anemia in China is two cases per 100,000 and in Thailand 3.7 cases
per 100,000 [8].

It is generally believed nowadays that only the unbound form of
a drug in plasma is available to produce a pharmacological action,
thus, characterization of drug binding to plasma protein is of ut-
most importance for drug discovery and preclinical studies of drug

http://dx.doi.org/10.1016/j.molstruc.2011.10.022
mailto:sunying@cau.edu.cn
mailto:zhli.work@gmail.com
http://dx.doi.org/10.1016/j.molstruc.2011.10.022
http://www.sciencedirect.com/science/journal/00222860
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Fig. 1. Molecular structure of chloramphenicol.
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candidates in pharmaceutical research [9]. The affinity of a drug
toward plasma protein is an important issue when determining
its overall therapeutic, pharmacokinetic, and toxicological outline,
as well as being central to comprehend the distribution and
biotransformation approaches of a drug in the human body [10].
This association can occur with a variety of ingredients in blood,
including proteins such as hemoglobin (Hb). Hb is an essential
component of the circulatory system of vertebrates, and the con-
centration of Hb in the plasma of human adults around
330 mg mL�1. The molecular weight of Hb is 64.45 kDa and its
high-resolution atomic structure has been elucidated by Perutz
[11], which is one of the major breakthroughs in the history of
molecular biology. Hb is roughly spherical molecule
6.4 � 5.5 � 5.0 nm, it is a tetrameric protein containing four heme
groups, each one associated with each polypeptide chain to which
oxygen and several other small molecules can bind reversibly [12].
In adult human Hb, there are two identical chains of 141 amino
acids, the a-chains, and two identical b-chains, each of 146 resi-
dues. The a-chains contain seven and the b-chains eight helices
[12]. The tetrameric nature of Hb is crucial to its biological func-
tion. Drug associations at protein binding level will in most cases
evidently influence the apparent distribution volume of the drugs
and affect the elimination rate of drugs. It can be announced that
the effectiveness of drugs as pharmaceutical agents is rely on their
binding ability and can also alter the drug stability and toxicity
during the treatment [13]. Therefore, the clue on the conjugation
of protein and drugs can make us better understand the absorption
and distribution of drugs in vivo, and have great significance in
pharmacology, biopharmaceutics, biochemistry, immunochemis-
try, and related fields.

There are numerous techniques available for probing the extent
of plasma protein binding, e.g. equilibrium dialysis, ultrafiltration,
ultracentrifugation, fluorescence, capillary electrophoresis, surface
plasmon resonance, calorimetry, surface tension, chromatography,
crystallology, and nuclear magnetic resonance [14–17], however,
fluorescence is often the approach of choice due to the production
of most comprehensively qualitative and quantitative information
on the protein–drug complexation [18]. The objective of the cur-
rent work was to use photophysical techniques, i.e. fluorescence,
UV/vis absorption, CD, in combination with molecular modeling,
to characterize the potential noncovalent binding of chloramphen-
icol to Hb. Utilizing molecular modeling simulations, we have also
compared the association of chloramphenicol with albumin, since
albumin is capable of binding to a diverse range of pharmaceuti-
cals, including chloramphenicol. Through this work, we expect it
can offer a further insight of the complexation will enable distinct
interpretations for the pharmacological and toxicological activities
of chloramphenicol.

2. Materials and methods

2.1. Materials

Hemoglobin human (H7379, lyophilized powder) and chloram-
phenicol (C0378, P98%) were obtained from Sigma–Aldrich (USA)
and used without further purification. Milli-Q ultrapure water
(Millipore, USA) was used throughout the experiments. All the
experiments were performed in Tris (0.2 M)-HCl (0.1 M) buffer of
pH = 7.4, with an ionic strength 0.1 in the presence of NaCl, except
where specified, and the pH was checked with a suitably standard-
ized Orion-868 pH meter (Thermo Scientific, USA). Dilutions of the
Hb stock solution (30 lM) in Tris–HCl buffer were prepared imme-
diately before use, and the concentration of Hb was determined
spectrophotometrically using e555 nm = 12.5 mM�1 cm�1 per heme
[19]. All other reagents employed were of analytical grade and
received from Sigma–Aldrich.

2.2. Methods

2.2.1. Fluorescence emission
Fluorescence emission spectra were recorded with a 1.0 cm

path length quartz cell using a F-4500 spectrofluorimeter (Hitachi,
Japan) equipped with a thermostatic bath. The excitation and
emission slits were set at 5.0 nm each, intrinsic fluorescence was
acquired by exciting the stirred protein solution at 280 nm, and
the emission spectra were measured in the wavelength range of
300–450 nm at a scanning speed of 240 nm min�1. The reference
sample consisting of the Tris–HCl buffer of chloramphenicol did
not give any fluorescence signal. The fluorescence intensities were
corrected for absorption of the exciting light and reabsorption of
the emitted light to decrease the inner filter effect by using the fol-
lowing relationship [20]:

Fcor ¼ Fobs � e
AexþAem

2 ð1Þ

where Fcor and Fobs are the fluorescence intensities corrected and
observed, respectively, and Aex and Aem are the absorption of the
systems at the excitation and the emission wavelength, respec-
tively. The fluorescence intensity utilized in this work is the
corrected intensity.

2.2.2. Molecular modeling
Molecular modeling of the Hb-chloramphenicol conjugation

was executed on SGI Fuel Workstation. The crystal structure of
Hb was downloaded from Brookhaven Protein Data Bank (entry
codes 1GZX, resolution 2.1 Å, http://www.rcsb.org/pdb). The two-
dimensional structure of chloramphenicol was downloaded from
PubChem (http://pubchem.ncbi.nlm.nih.gov). The potential of the
three-dimensional structure of Hb was assigned according to the
AMBER force field with Kollman all-atom charges. The initial struc-
ture of chloramphenicol was generated by molecular modeling
software Sybyl 7.3. The geometry of the molecule was subse-
quently optimized to minimal energy using the Tripos force field
with Gasteiger–Hückel charges, and the Surflex docking program
was applied to calculate the possible conformation of the drug that
binds to the protein [21].

2.2.3. UV/vis absorption spectra
UV/vis absorption spectra were carried out on a Lambda-25

double-beam spectrophotometer (Perkin–Elmer, USA) at room
temperature in the range of 250–500 nm using a quartz cuvette
with 1.0 cm path length.

2.2.4. CD spectra
Far-UV CD spectra were examined with a Jasco-810 spectropo-

larimeter (Jasco, Japan) equipped with a microcomputer, the instru-
ment was calibrated with d-10-camphorsulfonic acid. All the CD
spectra were collected at 298 K with a thermostatically controlled
cell holder attached to a Neslab RTE-110 water bath with an accu-
racy of ±0.1 oC. Each spectrum was gathered with use of a quartz
cuvette of 0.2 cm path length and taken at wavelengths between

http://www.rcsb.org/pdb
http://pubchem.ncbi.nlm.nih.gov
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200 and 260 nm with 0.1 nm step resolution and averaged over five
scans picked at a speed of 20 nm min�1 and response time of 1 s. All
observed CD spectra were baseline subtracted for buffer and the
secondary structure was computed exploiting Jasco standard spec-
tra analysis software package, which calculates the different desig-
nations of secondary structures by comparison with CD spectra,
determined from distinct proteins for which high-quality X-ray dif-
fraction data are available [22]. The software is supplied in CDPro
package which is obtainable at the web: http://lamar.colo-
state.edu/~sreeram/CDPro.

2.2.5. Statistical analysis
All assays were performed in n = 3 repetitions, the mean values,

standard deviations, and statistical differences were evaluated uti-
lizing analysis of variance (ANOVA). The mean values were com-
pared using student’s t-test, and all statistic data were processed
using the OriginPro Software (OriginLab Corporation, USA).
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Fig. 2. Fluorescence emission spectra of Hb with various concentrations of
chloramphenicol (pH = 7.4, T = 297 K). (a) 3.0 lM Hb, (b) ? (j) 3.0 lM Hb in the
presence of 5.0, 10, 15, 20, 25, 30, 35, 40, 45 lM chloramphenicol; (x) 45 lM
chloramphenicol alone.
3. Theory and calculation

3.2. Principles of fluorescence quenching [20]

Fluorescence quenching refers to any process that decreases the
fluorescence intensity of a sample. A variety of molecular interac-
tions can result in quenching. These include excited state reactions,
molecular rearrangements, energy transfer, ground state complex
formation, and collisional quenching. Fluorescence quenching is
described by the Stern–Volmer equation:

F0

F
¼ 1þ kqs0½Q � ¼ 1þ KSV½Q � ð2Þ

In this equation F0 and F are the fluorescence intensities in the ab-
sence and presence of quencher, respectively, kq is the bimolecular
quenching constant, s0 is the lifetime of the fluorophore in the
absence of quencher, [Q] is the concentration of quencher, and KSV

is the Stern–Volmer quenching constant. Therefore, Eq. (2) was ap-
plied to determine KSV by linear regression of a plot of F0/F against
[Q].

A linear Stern–Volmer plot is generally indicative of a single
class of fluorophores in a protein, all equally accessible to the
quencher. In many instances the fluorophore can be quenched both
by collisions and by complex formation with the same quencher.
The characteristic feature of the Stern–Volmer plots in such cir-
cumstances is an upward curvature, concave towards the y-axis,
and F0/F is related to [Q] by the modified form of the Stern–Volmer
equation:

F0

F
¼ ð1þ KD½Q �Þð1þ KS½Q �Þ ð3Þ

where KD and KS are the dynamic and static quenching constants.
This modified form of the Stern–Volmer equation is the second or-
der in [Q], which accounts for the upward curvature observed when
both static and dynamic quenching occur for the same fluorophore.
It is important to recognize that quenching can also transpire as a
result of the formation of a non-fluorescent ground state complex
between the fluorophore and quencher, this complex absorbs light
and then immediately returns to the ground state without the emis-
sion of a photon, which is corresponding to a static mechanism. In
this case, the bimolecular quenching constant is calculated and
compared to the maximum value possible for diffusion-limited
quenching in water (�1010 M�1 s�1). There have been several liter-
atures reporting that Hb quenching because of specific interaction,
and the quenching constant has been several magnitudes larger
than the maximum value of diffusion-limited quenching in water
[23–26].
3.3. Calculation of association constant

When ligand molecules bind independently to a set of equiva-
lent sites on a macromolecule, the equilibrium between free and
bound ligand molecules is given by the following relation [23]:

log
F0 � F

F
¼ log K þ n log½Q � ð4Þ

where F0 and F are the fluorescence intensities in the absence and
presence of quencher, respectively, K and n are the association con-
stant and the number of binding sites, respectively, [Q] is the con-
centration of quencher. Thus, a plot of log(F0 � F)/F against log[Q]
can be used to calculate K and n.
4. Results and discussion

4.1. Fluorescence binding studies

Fig. 2 expresses the fluorescence emission spectra of Hb with
various concentrations of chloramphenicol following an excitation
at 280 nm, the working concentration of Hb utilized was 3.0 lM so
as to prevent quenching of tryptophan (Trp) fluorescence by the
neighboring heme group [27]. Hb displays a weak fluorescence
emission band at 332 nm and its fluorescence intensity decreased
regularly with the addition of chloramphenicol, accompanying by
bathochromic effect (from 332 nm to 336 nm). Under the experi-
mental conditions, chloramphenicol shows no fluorescence signal
in the range 300–500 nm which did not interfere with Hb fluores-
cence. Hb is a globular tetrameric protein involves four globin
chains, of which two are a-chains and two are b-chains. The tetra-
mer is assembled from two ab dimers, each ab dimer contains
three Trp residues, adding to a total of six Trp residues, namely
a-14 Trp, b-15 Trp, and b-37 Trp [12]. Alpert et al. certified that
the intrinsic fluorescence of Hb primarily originates from the
b-37 Trp at the a1b2 interface and serves as a reporter for R–T tran-
sition [28]. The R form is the oxy/ligand bound form while the T
form is the deoxy form [29] and R–T form represent significant
changes in relative fluorescence intensity. Consequently, the
quenching of the intrinsic fluorescence of Hb clearly denoted that
the association of chloramphenicol with Hb, chloramphenicol situ-
ated near the b-37 Trp residue, and the hydrophobicity of b-37 Trp
was dropped [25].

http://lamar.colostate.edu/~sreeram/CDPro
http://lamar.colostate.edu/~sreeram/CDPro
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Fig. 3. Stern–Volmer plots displaying fluorescence quenching of Hb (3.0 lM) in the
presence of different concentrations of chloramphenicol. Each data was the mean of
three separate experiments ± standard deviation (SD) ranging 0.64–1.14%.

Table 1
Stern-Volmer quenching constants for chloramphenicol binding to Hb determined by
fluorescence quenching.

T (K) KSV
a (�104 M�1) kq (�1012 M�1 s�1) Rb

291 1.316 ± 0.006 1.316 ± 0.006 0.9996
297 1.255 ± 0.008 1.255 ± 0.008 0.9993
303 1.176 ± 0.011 1.176 ± 0.011 0.9985
309 1.083 ± 0.011 1.083 ± 0.011 0.9979

a The mean value of three individual experiments with standard deviation
(S.D.) ± 0.63% to 1.05%.

b R is the correlation coefficient.
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Fig. 4. The plots of log(F0 � F)/F versus log[Q] for the Hb-chloramphenicol, data was
the mean of three independent observations ± SD ranging 1.44–1.94%.

Table 2
Association constants for chloramphenicol bound per Hb molecule

T (K) Ka (�104 M�1) n Rb

291 1.909 ± 0.014 1.03 0.9991
297 1.324 ± 0.016 1.01 0.9989
303 0.7194 ± 0.019 0.96 0.9982
309 0.5408 ± 0.017 0.94 0.9985

a Data represent averages of triplicate measurements from each fluorescence
quenching with S.D. ranging 1.43% - 1.94%.

b R is the correlation coefficient.
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To elucidate the data from fluorescence quenching, it is neces-
sary to check what kind of reaction takes place between chloram-
phenicol and Hb. In this case, Stern–Volmer Eq. (2) was applied for
data analysis, Fig. 3 means the Stern–Volmer plots of F0/F versus [Q]
at the four different temperatures, and the calculated KSV and kq

values were presented in Table 1. The results hint Stern–Volmer
quenching constants KSV are inversely correlated with temperature
and the values of kq are much greater than the maximum scatter-
ing collisional quenching constant (�1010 M�1 s�1), suggesting the
probable quenching mechanism of Hb fluorescence by chloram-
phenicol is essentially a static type.

Fig. 4 indicates the plots of log(F0 � F)/F against log[Q] for the
Hb-chloramphenicol system at different temperatures and the cor-
responding outcomes of K and n values were listed in Table 2. The
data appear the association constants K are reduced with the rising
temperature, which alluded the forming of an unstable compound
in the reaction, the unstable compound would be partly decom-
posed when the temperature increased. The value of n is approxi-
mately equal to 1, which may imply the existence of just one single
binding site in Hb for chloramphenicol. A valuable feature of intrin-
sic fluorescence of Hb is owing to the b-37 Trp at the a1b2 interface
[28], from the value of n, chloramphenicol binding domain most
likely close to this Trp residue, and causing fluorescence quenching
in the complexation.
4.2. Molecular modeling

In order to harvest a better understanding on the binding loca-
tion for chloramphenicol on Hb, molecular modeling simulations
were conducted to complement the experiments in solution, and
best docking energy result is shown in Fig. 5. As can be seen,
chloramphenicol binding site is located within active cavity consti-
tuted by a1, b2, and a2 subunits, which revealed that hydrophilic
interactions plays important role between chloramphenicol and
Hb. The association between drug and Hb is not exclusively hydro-
philic interaction in nature, because there are four polar residues in
the proximity of the chloramphenicol acting major role in stabiliz-
ing chloramphenicol by hydrogen bonds. For example, the hydro-
gen atom and oxygen atom of hydroxyl group in C1, and the
oxygen atom of nitryl in chloramphenicol can make hydrogen
bonds with oxygen atom in Asp-526, hydrogen atom in Arg-141,
hydrogen atoms of hydroxyl group in Ser-533 and Ser-502 resi-
dues, the bond length, respectively, is 1.89 Å, 2.11 Å, 2.01 Å, and
1.94 Å. The hydrogen bonds act as an ‘‘anchor’’, which extremely
determines the three-dimensional space position of chloramphen-
icol in the active pocket, and stimulates the hydrophilic interac-
tions of the chloramphenicol with the side chain of protein [30].
Furthermore, the molecular distance between the chloramphenicol
and the Trp-580 (namely Trp-37) residue in the b2 chain is very
close, which confirm the fluorescence emission analyses that chlor-
amphenicol near the b-37 Trp residue, and induce structural
changes of Hb upon complexation with chloramphenicol.

4.3. Synchronous fluorescence

Synchronous fluorescence involves simultaneous scanning of
the excitation and emission monochromators while maintaining
a constant wavelength interval (Dk) or fixed increment of energy
(Dm) between them [31]. According to the theory of Miller [32],
when Dk = 15 or 60 nm, the characteristic information of Tyr or
Trp residues was observed. Fig. 6 shows the synchronous fluores-
cence of Hb in Tris–HCl buffer in the presence of different amounts
of chloramphenicol. A slight red shift can be noted from Fig. 6



Fig. 5. Molecular modeling of chloramphenicol docked to Hb. Panel (A) shows
docked chloramphenicol into Hb at the cavity composed of a1, b2, and a2 subunits,
Hb represented in surface colored in green (a1 chain), yellow (b2), red (b1), and blue
(a2), to chloramphenicol, colored in magenta. Panel (B) depicts the amino acid
residues involved in binding of chloramphenicol. The magenta ball-and-stick model
indicates chloramphenicol molecule, the crucial amino acid residues around
chloramphenicol has been displayed in stick model, gray color stick model
expresses the Arg-141, Ser-502, Asp-526, Ser-533, and Trp-580 residues, and the
hydrogen bonds between chloramphenicol and Hb denoted using green dash line.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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Fig. 6. Synchronous fluorescence spectra of Hb (3.0 lM) in the presence of different
concentrations of chloramphenicol, (a ? j):c (chloramphenicol) = 0, 5.0, 10, 15, 20,
25, 30, 35, 40, 45 lM; pH = 7.4, T = 297 K.
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when Dk = 15 or 60 nm (Tyr: 289 nm ? 291 nm; Trp: 279 nm ?
282 nm), which evidenced that the hydrophilicity around the Tyr
and Trp was rised and the hydrophobicity lowered, on account of
the change in microenvironment with the insertion of chloram-
phenicol. As mentioned above, intrinsic fluorescence of Hb is
chiefly due to the b-37 Trp at the a1b2 interface, though it may in-
clude some contribution by the surface Trp residues, a-14 and b-15
Trp residues. Moreover, aromatic residues such as a-42 Tyr, a-140
Tyr, and b-145 Tyr are located at the a1b2 subunit interface and
experience alters of environment with the quaternary structure
transition from T to R [33], the bathochromatic shift is consistent
with a rearrangement of tertiary structure of Tyr residues during
the binding process. These phenomena illustrated that
chloramphenicol aroused tertiary structural changes in the
microenvironment of b-37 Trp and some Tyr residues at the a1b2

interface, from hydrophobic to polar environment.

4.4. UV/vis absorption spectra

UV/vis absorption measurement is a simple method and applica-
ble to explore the structural change and know the complex
formation, Fig. 7 expresses the electronic absorption spectra of Hb
from 250 nm to 500 nm in Tris–HCl buffer in the presence of various
amounts of chloramphenicol. The absorption peak at 273 nm due to
phenyl group of Trp and Tyr residues and a sharp peak at 406 nm
owing to the Soret absorption by the heme system [34]. The addition
of chloramphenicol results in the UV absorption intensity of Soret
band decreased while the maximum peak position remains un-
changed, which proclaimed there exists interaction between chlor-
amphenicol and Hb. The occurrence of isosbestic point at 305 nm
may demonstrate the presence of bound and free chloramphenicol
in equilibrium [35], in other words, an isosbestic point was consid-
ered as a direct proof for Hb-chloramphenicol complex formation.

4.5. CD spectra

To quantitative analysis the structural changes of Hb, the raw
CD spectra of Hb in the absence and presence of chloramphenicol
were scanned in Fig. 8, and secondary structure calculated based
on raw CD data summarized in Table 3. The CD spectra of Hb
displayed two negative peaks in the far-UV region at 208 and
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Table 3
Secondary structures of Hb complexes with chloramphenicol at pH 7.4 computed by
CDSSTR software

c(chloramphenicol)
(lM)

Secondary structure components (%)

a-helix
( ± 1%)

b-sheet
( ± 1%)

Turn
( ± 2%)

Random
( ± 1%)

0 78.6 1.9 6.3 13.2
3.0 77.5 2.1 6.7 13.7
6.0 75.7 2.4 7.7 14.2
12.0 73.6 2.9 8.8 14.7
24.0 71.3 3.5 10.1 15.1

Fig. 9. Molecular modeling of chloramphenicol docked to HSA. Panel (A) shows
docked chloramphenicol into HSA at subdomain IIA, HSA represented in surface
colored in purple, to chloramphenicol, colored in yellow. Panel (B) depicts the
amino acid residues involved in binding of chloramphenicol. The ball-and-stick
model indicates chloramphenicol molecule, colored as per the atoms and possess
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222 nm, typical 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 by n ? p⁄ transition
for the peptide bond of a-helix [36]. Free Hb has 78.6% a-helix,
1.9% b-sheet, 6.3% turn, and 13.2% random coil, upon association
with chloramphenicol, reduction of a-helix was observed from
78.6% free Hb to 71.3% Hb-chloramphenicol complex while
increase in b-sheet, turn, and random coil from 1.9%, 6.3%, and
13.2% free Hb to 3.5%, 10.1%, and 15.1% Hb-chloramphenicol com-
plex at a molar ratio of Hb to chloramphenicol of 1:8. The decrease
of a-helix with an increase in the b-sheet, turn, and random coil
manifesting chloramphenicol bound with the amino acid residue
of the polypeptide chain and thus giving rise to some degree of
unfolding of Hb [37]. The structural changes detected by CD spec-
tra are in agreement with synchronous fluorescence, UV/vis
absorption, and also molecular modeling results.
white surface of van der Waals radius. The crucial amino acid residues around
chloramphenicol has been displayed in stick model, red color stick model states
hydrophobic interactions between the Phe-211 residue and two chlorine atoms of
chloramphenicol; orange color stick model denotes hydrogen bonds between the
Arg-222 and Ala-291 residues and chloramphenicol; green color stick model
expresses p–p interactions between the Trp-214 and chloramphenicol. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
4.6. Comparison with albumin

There are some reports indicating chloramphenicol can
complex with albumin [38–42], in our previous work, we also ex-
plained that chloramphenicol binding to subdomain IIA in HSA,
and Förster energy transfer occurs [43], in the present paper, we
sought to enlarge the above outcomes to detailed assess the HSA
binding manner of chloramphenicol employing molecular model-
ing approach method below. The best docking energy result is
shown in Fig. 9 (entry codes 1H9Z, resolution 2.5 Å), chloramphen-
icol binding site is situated within subdomain IIA in Sudlow’s site I
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formed by six-helices [44], two chlorine atoms of chloramphenicol
toward the benzene ring in the Phe-211, which implied that hydro-
phobic interaction running notable function between them. The
oxygen atom of hydroxyl group in C1 and C2, and hydrogen atom
of hydroxyl group in C2 can generate hydrogen bonds with the
hydrogen atom of amino group in Arg-222, and oxygen atom of
carbonyl group in Ala-291, the bond length is 2.24 Å, 1.987 Å,
and 1.829 Å, respectively. In addition, the perpendicular molecular
distance between the nucleus of benzene ring in chloramphenicol
and the heart of benzene ring in Trp-214 is 5.192 Å, as a result,
evincing the existence of evident p–p interactions between drug
and HSA, and corroborates with the approximate distance derived
from Förster theory. In view of the molecular modeling results, it is
obvious that the hydrophobic interaction, hydrogen bond, and p–p
interaction between drug and HSA was greater than drug conju-
gates with Hb, this outcome based on computational analyses were
in agreement with experiments in solution, i.e. the binding affinity
of chloramphenicol with HSA is superior, compared with Hb.

5. Concluding remarks

Chloramphenicol is a highly active, broad spectrum antibiotic,
with excellent antibacterial and pharmacokinetic properties. The
therapeutic dose of chloramphenicol is normally 50 mg kg�1 daily,
in divided doses, and the time periods of therapy are often
10–15 days [45]. However, accumulating evidences have proved it
can bring about dangerous adverse effects in humans such as aplas-
tic anemia, which is commonly fatal. The present task has stated
clearly that the conjugation of chloramphenicol to Hb under simu-
lated physiological conditions, which were uncovered by amalgam-
ating with fluorescence, UV/vis absorption, CD, and molecular
modeling techniques. The results indicate that the fluorescence
quenching of Hb was mainly originated from the static type, this
coincides with the UV/vis absorption measurements demonstrating
that the Hb-chloramphenicol ground state complex formation,
chloramphenicol binds to Hb near the b-37 Trp at the a1b2 interface
with an affinity of 104 M�1. The outcomes of fluorescence and
molecular modeling illustrated that chloramphenicol was located
within a1b2 interface of Hb, and quenching the intrinsic fluorescence
of b-37 Trp, thereby the structural alters of Hb was observed, i.e.
some extent of Hb unfolding upon chloramphenicol complexation,
as derived from synchronous fluorescence, UV/vis absorption, and
CD spectra. In addition, it seemed rational to deduce that the antibi-
otic chloramphenicol, after oral and parenteral administration, the
affinity of HSA with drug is greater than Hb.

Even though our jobs do not correlate directly in vivo bioassays,
it casts central insight to the conjugation of the protein with
antibiotic, chloramphenicol. For plasma proteins are undoubtedly
the most important transporter of drugs and the affinity of a drug
toward plasma proteins is a key topic when determining its total
pharmacokinetic profile. In specific, the picked data emerged in
this essay highlights for the first time how binding dynamics and
which binding region can control for the chloramphenicol, because
the concentration of Hb in plasma is much higher than albumin
(�40 mg mL�1) [46], it is irrational to neglect the drugs’ complex-
ation with Hb. Human epidemiological data explained that chlor-
amphenicol has serious side effects on the haemopoietic system
in humans, yet it would take a long time before any drug could
ever replace chloramphenicol, since both its extensive use,
effective, and it extremely low cost.
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