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Abstract
The reaction between carnitine and bovine serum albumin (BSA) in aqueous solution has been studied by fluorescence spectroscopy and
absorbance spectra. The binding interaction between optical isomer, D-carnitine and L-carnitine, with BSA has been compared. Based on the
site-binding model and florescence quenching, practical formulas for small molecular ligand binding to bio-macromolecule have been used,
and the binding parameters were measured. The binding distance, the energy transfer efficiency between carnitine and BSA was also obtained
by virtue of the Förster theory of non-radiative energy transfer. The effect of carnitine on the BSA conformation has been analyzed by using
synchronous fluorescence spectroscopy. The influence of Fe3þ on the interactions between carnitine optical isomer and bovine serum albumin
were also explored in this work. As a conclusion, molecular identification of BSA to carnitine isomer has been suggested preliminary.
� 2007 Published by Elsevier Masson SAS.
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1. Introduction

Carnitine (Fig. 1), which was first isolated from meat as
a compound, is a vitamin-like substance, and also called
vitamin BT. Carnitine mediates the transport of medium/
long-chain fatty acids across mitochondrial membranes, and
facilitates their oxidation with subsequent energy production;
in addition, it also facilitates the transport of intermediate
toxic compounds out of the mitochondria to prevent their ac-
cumulation. Carnitine is studied extensively in part because
of the important role it plays in fatty acid oxidation and energy
production, and it’s a well-tolerated and generally safe thera-
peutic agent [1e4]. Carnitine occurs in two forms, known as
D and L; they are mirror images (isomers) of each other with
L-carnitine as the biological active form [5e7]. The D-isomer
and DL raceme carnitine, which is not biologically active,
can compete with the L-isomer so as to potentially increase
the risk of L-carnitine deficiency. Therefore, the range of
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applications of L-carnitine in pharmaceuticals, food and feed
industry are widening and the demand for L-carnitine is in-
creasing. Hence carnitine is becoming a hot issue and more re-
searches are undertaken on it than before [8e10].

Both food-derived and liver-synthesized carnitine are trans-
ported around the body by the blood stream. Most organic
compounds (including carnitine) in the blood stream are
mainly carried by transported proteins while only a minor
fraction is dissolved in the serum. Serum albumin is the
most abundant and most versatile of those transported proteins
[11,12]. The exogenous substances and endogenous com-
pounds (ligands) are bound to serum albumin with a high af-
finity in the processing of transportation, and this interaction
results in a stable proteineligand complex formed. However,
the micrometal ions, which are stored in blood plasma, may
affect the binding reaction of proteineligand molecule com-
plex. So it is necessary to investigate the interaction of pro-
teineligand both in the presence and absence of metal ions.
The binding data of serum albumin differ from species to spe-
cies. Animal experiments are indispensable in providing basic
information on the pharmacological actions, bio-transforma-
tion, bio-distribution, etc. of a ligand. The BSA is well suited
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Fig. 1. Chemical structure of carnitine.
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to these initial studies since it has been extensively character-
ized. The study on binding phenomena will also help to ex-
plain the relationship between structures and functions of
proteins [13e15]. To our knowledge, no attempts have been
made on the binding interaction between isomer carnitine
and transportation protein.

Fluorescence spectroscopy is an appropriate method to in-
vestigate the interaction between small molecular ligands
and bio-macromolecules. According to the measurement and
analysis of the emission peak, the transfer efficiency of energy,
the lifetime, fluorescence polarization etc., a vast amount of
information about the structural fluctuations and the microen-
vironment surrounding the fluorophore in the macromolecules
can be given [16,17]. In this paper, the reaction with isomer
carnitine binding to BSA was investigated both in the presence
and absence of metal ions Fe3þ, and the binding parameters
and transfer efficiency of energy were measured. Another
main purpose of this work was to check the isomer carnitine
effect on the conformational changes of BSA. After the char-
acteristics of binding of BSA with different isomer of carnitine
were checked, the basic interpretation of biological activity
was provided for different isomers of carnitine in the process
of transportation.

2. Principle of binding equations for
ligand-binding studies
2.1. Binding equation and binding parameters
For experiments carried out at large molar protein/ligand
ratios, it was assumed that only strong sites were active in
the binding ligand. For simplicity, these strong binding sites
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Fig. 2. The SterneVolmer curve of carnitine binding wit
were also assumed to be identical and act independently. If
these assumptions are valid, the site-binding model could be
constructed as follows [18]:

n¼ nK½D�=ð1þK½D�Þ; ð1Þ

where n is the average number of ligand molecules bound per
protein molecule, n is the number of (strong) binding sites, K
is the intrinsic (microscopic) binding (association) constant,
and [D] is the concentration of free (unbound) ligand. Eq.
(1) can be written in the following form which has been men-
tioned in some literatures [2,16,19,20] as Scatchard equation:

n=½D� ¼ Kðn� nÞ: ð2Þ
As to the Scatchard equation, the assay of [D] is a problem

in many cases, so a practical formula for small molecular li-
gand interaction with bio-macromolecule has been derived
based on the Scatchard’s site-binding model and florescence
quenching.

In the case of the fluorescence caused only by protein at
the selected wavelength, the relationship between the concen-
tration of protein and the fluorescence intensity can be
described as

F0=F¼ ½Pt�=½P�: ð3Þ
According to the definition of n, another equation is also

known:

n¼ ð½Dt� � ½D�Þ=½Pt� ¼ nð½Pt� � ½P�Þ=½Pt� ¼ nðF0�FÞ=F0

¼ nDF=F0; ð4Þ

where [Pt] is the total protein concentration, [Dt] is the final
ligand concentration, F0 and F are, respectively, the fluores-
cence intensity in the absence of a quencher and in its presence
at [D] concentration, DF¼ F0� F.

The following equation is obtained by combining Eqs. (2)
and (4) [14,15,21]:

F0=F¼ K½Dt�F0=ðF0 �FÞ �Kn½Pt�: ð5Þ
[D
t
]/10

-5 
mol.L

-1

0.0 0.4 0.8 1.2 1.6
1.0

1.1

1.2

1.3

1.4

1.5

F
0
/
F

L-carnitine

h BSA. c(BSA)¼ 1.0� 10�5 mol L�1, lex¼ 282 nm.



Table 1

The SterneVolmer parameters of carnitine binding with BSA

Solution system Algorithm Ksv Kq Correlation coefficient (r2)

(D) CarnitineeBSA Least-squares 3.08� 104 L mol�1 3.08� 1012 L mol�1 0.9928

(L) CarnitineeBSA Least-squares 2.96� 104 L mol�1 2.96� 1012 L mol�1 0.9982
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If the interaction between small molecular ligand and bio-
macromolecule acts in accordance with the theory of site-
binding, and if the concentration of protein is fixed and a range
of the dose for ligand is prepared, the binding constant K and
the binding site n can be estimated at the same time by using
a Least-squares algorithm for data fitting according to Eq. (5).
The fitting model (5) does not consider the term [D].
2.2. Energy transfer between ligand and BSA
According to Förster non-radiative energy transfer theory
[22,23], the energy transfer efficiency is not only related to
the distance between the acceptor and donor (r), but also to
the critical energy transfer distance (R0), i.e.,

E¼ R6
0=
�
R6

0þ r6
�
; ð6Þ

where R0 is the critical distance in the case of the transfer
efficiency, 50%.

R6
0 ¼ 8:8� 10�25K2N�4fJ; ð7Þ

where K2 is the spatial orientation factor of the dipole, N is the
refractive index of the medium, F is the fluorescence quantum
yield of the donor, J is the overlap integral of the fluorescence
emission spectrum of the donor and the absorption spectrum of
the acceptor. Therefore,

J ¼
ZN

0

F
�
l
�
3
�
l
�
l4dl=

ZN

0

FðlÞdl; ð8Þ

where F(l) is the fluorescence intensity of the donor and 3(l)
is the molar absorptivity of the acceptor when the wavelength
is l. Thus, the energy transfer efficiency is
B
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Fig. 3. Effect of carnitine on quenching of BSA fluorescence. (A) D-carnitine. (B) L

j: 0, 0.4, 0.8, 1.0, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2.
E¼ 1�F=F0: ð9Þ

3. Results and discussion
3.1. The quenching mechanism and quenching constants
The fluorescence quenching mechanism is usually divided
into static quenching and dynamic quenching. The dynamic
quenching mechanism can be described by SterneVolmer
equation. The present work is aimed at investigating whether
carnitine interacts with BSA (a protein containing two trypto-
phan residues, Trp-213 and Trp-134) and identifying the
quenching mechanism. Increasing carnitine concentrations
caused a reducing fluorescence of the tryptophan residues,
which is interpreted as the compounds come into being from
carnitine and BSA. In order to confirm the quenching mecha-
nism, the procedure that the fluorescence quenching data was
disposed by us was assumed to be a dynamic quenching. The
SterneVolmer equation [24] is

F0=F¼ 1þKqt0

�
D
�
¼ 1þKsv

�
D
�
; ð10Þ

where Kq, Ksv, t0 and [D] are the quenching rate constant of
the bimolecule, the dynamic quenching constant, the average
lifetime of molecule without quencher and the concentration
of quencher, respectively. The dynamic quenching parameters
of carnitine and BSA, Ksv could be obtained from the experi-
mental data by using SterneVolmer equation. For the fluo-
rescence lifetime of the biopolymer is 10�8 s [25,26], the
quenching constant (Kq: L mol�1 s�1) can be obtained from
Kq¼ Ksv/t0. Fig. 2 shows the fitting curve and Table 1 shows
the results.

A favorable relationship is shown by SterneVolmer curve
on certain concentration condition. Because the maximum
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Fig. 4. The fitting curve F0/F vs. [Dt]F0/(F0� F ) of carnitineeprotein solution system.
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scatter collision quenching constant of various quenchers with
the biopolymer is 2.0� 1010 L mol�1 s�1[26,27] and the rate
constant of the protein quenching procedure initiated by carni-
tine is much greater than the Kq value of the scatter procedure,
quenching is not initiated by dynamic quenching, but by com-
pound formation.

It is also observed from Fig. 2 and Table 1 that the quench-
ing mechanism and quenching constants of optical isomers, D-
carnitine, L-carnitine to BSA do not have significant difference
due to experimental conditions.
3.2. The fluorescence spectra, binding constant and
binding sites
The fluorescence quenching spectra of BSA in TriseHCl
buffer with increasing D-carnitine, L-carnitine concentration
and fixed BSA concentration (1.00� 10�5 mol L�1) are
shown in Fig. 3. It is obvious that the concentration of D-car-
nitine and L-carnitine gradually increases with the titration,
and the fluorescence intensity of BSA gradually decreases,
which shows that there is a binding interaction of carnitine
to BSA and the energy transfer occurs.

From Fig. 3, we can also find that the maximum emission
peak of fluorescence almost occurs in the same position under
a series of titration in the range of 300e500 nm when the ex-
citation wavelength is 282 nm. At the same time, none of en-
hanced fluorescence emission peak of carnitine emerges,
which means it is a non-radiative energy transfer.

After the measurements of fluorescence quenching on BSA
at lmax were fetched, the Least-squares algorithm for data fit-
ting was introduced by Eq. (5). Fig. 4 shows the fitting curve
and Table 2 shows the fitting results.
Table 2

The binding parameters for the system of carnitineeBSA

Solution system Algorithm Binding constan

(D) CarnitineeBSA Least-squares 2.15� 104 L mo

(L) CarnitineeBSA Least-squares 2.27� 104 L mo
A favorable relationship between the experimental points
and the calculated values shows that the interaction of carni-
tine bound to BSA agrees with the model of site-binding. It
also indicates that there is a stronger binding force between
carnitine and BSA. From Table 2, we can find that the binding
parameters of isomer, D-carnitine, L-carnitine to BSA are al-
most of the same value. This may account for the existing
no binding difference in the process of transport.
3.3. Binding distance between the carnitine and the
amino acid residues of BSA
The overlap of the carnitine absorption spectrum and the
BSA fluorescence emission spectrum is shown in Fig. 5.

The overlap integral, J can be evaluated by integrating the
spectra in Fig. 5. In this paper, J is given by the following Eq.
(11) [26,28] when l¼ 250e500 nm.

J ¼
P

F
�
l
�
3
�
l
�
l4Dl=

P
FðlÞDl : ð11Þ

In the experimental conditions, the distance R0, corresponding
to 50% energy transfer from BSA to (D, L) carnitine, can be
calculated by Eq. (7) using K2¼ 2/3, N¼ 1.336, F¼ 0.118
[28e31]. Moreover, the energy transfer efficiency E, the bind-
ing distance between (D, L) carnitine and amino acid residues
of BSA, can be gained by Eqs. (9) and (6) separately. Table 3
shows the results.
3.4. The effect of carnitine on BSA conformation
The conformational changes of BSA were evaluated by the
measurement of synchronous fluorescence intensity of protein
t K Binding site n Correlation coefficient (r2)

l�1 2.00 0.9845

l�1 1.62 0.9851
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amino acid residues before and after the addition of carnitine.
In this work, synchronous fluorescence spectroscopy was used
to study the synchronous fluorescence characteristics of BSA
at different scanning intervals (Dl¼ lemission� lexcitation).
When Dl¼ 15 nm, the spectrum characteristic of protein tyro-
sine residues is observed, and when Dl¼ 60 nm, the spectrum
characteristic of protein tryptophan residues is observed. A
useful method suggested by the authors [32,33] to study the
environment of amino acid residues is to measure the possible
shift in the wavelength emission maximum (lmax). The shift in
the position of the emission maximum corresponds to the
changes in the polarity around the chromophore molecule.
Thus, the conformation changes of BSA can be evaluated by
the measurement.

With the unchanged concentration of the protein and the in-
creasing concentration of carnitine, the synchronous spectros-
copy was scanned at Dl¼ 15 nm, Dl¼ 60 nm. Fig. 6 shows L-
carnitine synchronous spectroscopy (D-carnitine shows a simi-
lar figure). The obtained synchronous spectroscopy shows that
the main contribution to the fluorescence intensity of BSA is
tryptophan residues.

Fig. 6 also shows the effect of carnitine on the emission max-
imum with the process of titration. A slightly stronger blue-shift
of tryptophan fluorescence upon the addition of the carnitine
was observed, and the emission maximum of tyrosine was
kept in the position. This shift indicated that tryptophan residues
were placed in a more hydrophobic environment, and less ex-
posed to the solvent. This may be due to the carnitine inserting
to BSA molecules, and consequently rearrange the tryptophan
microenvironment. It also suggests that the environments of
tryptophan residues in pure albumin aqueous solution are rela-
tively polar. Binding of the carnitine changes the environments
to be apolar ones. The shift in polarity brought about the
Table 3

The non-radiative energy transferred parameters for the system of carnitineeBSA

Solution system J (cm3 dm3 mol�1) R0 (nm)

(D) CarnitineeBSA 1.35� 10�15 1.75

(L) CarnitineeBSA 1.29� 10�15 1.74
conformational changes in the interaction between albumin
and the ligand molecule.
3.5. The influence of Fe3þ ions on the binding interaction
between carnitine and the protein
The structure of carnitine suggested that a stable carnitinee
Fe3þ ion complex might have been formed in TriseHCl
buffer. However, researches have previously indicated that
there is a binding reaction between metal ions and protein,
and the presence of metal ions directly affects the binding be-
tween the ligand and the protein [34,35]. Further, in order to
study the effect of metal ions on the binding between carnitine
and BSA, the carnitineemetal ion solution (1:1) were prepared
by mixing the solution of Fe3þ ions and carnitine in the buffer.
The fluorescence quenching spectra of carnitineeioneBSA so-
lution system was carried out in the same apparatus condition as
mentioned above, and Fig. 7 shows the fluorescence quenching
spectra of (L) carnitineeFe3þeBSA solution system ((D) car-
nitineeFe3þe BSA solution system shows a similar figure).
The phenomena of BSA fluorescence declining regularly were
also observed.

In order to investigate the influence of Fe3þ ions on the
fluorescence intensity of BSA, the fluorescence spectra of pro-
tein and Fe3þ ions were also made and shown in the upper
right of Fig. 7. This experiment illustrates that there was
a tiny quenching between BSA and the ions though Fe3þ

was not an effective quencher for BSA. With the titration of
Fe3+ ions, and the concentration of ion is in sufficient excess
the protein molecules, the quenching effect is gradually no-
ticeable, which implies that a match between carnitine and
ions on binding reaction may be true in carnitineeioneBSA
system.
E r (nm)

E1¼ 0.2198, E2¼ 0.3262 r1¼ 2.16, r2¼ 1.97

E1¼ 0.2028, E2¼ 0.3149 r1¼ 2.19, r2¼ 1.98
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In order to confirm the quenching mechanism, the same
procedure was taken as carnitineeBSA system, and the fluo-
rescence quenching data disposed by us was assumed to be
a dynamic quenching in the three-component system of car-
nitineeFe3þeBSA. Fig. 8 shows SterneVolmer curve. The
SterneVolmer parameters were deduced from Fig. 8 according
to Eq. (10), and Table 4 shows the results.

A favorable relationship is shown by SterneVolmer curve in
certain concentration condition. Because the maximum scatter
collision quenching constant of various quenchers with the bio-
polymer is 2.0� 1010 L mol�1 s�1[26,27] and the rate constant
Table 4

The SterneVolmer parameters of carnitineeFe3þ binding with BSA

Solution system Algorithm Ksv

(D) CarnitineeFe3þeBSA Least-squares 2.41� 104 L mo

(L) CarnitineeFe3þeBSA Least-squares 2.53� 104 L mo
of the protein quenching procedure initiated by carnitineeFe3þ

is much greater than the Kq value of the scatter procedure,
quenching is initiated by compound formation.

The fluorescence quenching data of (D) carnitineeFe3þe
BSA, (L)carnitineeFe3þeBSA at lmax was measured, respec-
tively, and the Least-squares algorithm for data fitting was
assessed by Eq. (5). Fig. 9 shows the fitting curve and Table 5
shows the fitting results.

Table 5 shows that the combination of metal ions and the
ligand increased the binding constants of the ligandeprotein,
which suggested that the ternary complex was formed between
Kq Correlation coefficient (r2)

l�1 2.41� 1012 L mol�1 0.9995

l�1 2.53� 1012 L mol�1 0.9976
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BSA and carnitineeprotein complex. Though the evidence of
ternary complex in this study is not sufficient and the crystal
structure has not been obtained till now, the existing of metal
ions effect on the binding between carnitine and BSA can be
verified through this type of experiment.

The overlap of fluorescence emission spectrum of BSA and
the absorption spectrum of carnitineeFe3þ ions (1:1) is similar
to BSAecarnitine solution system. Some non-radiative energy
transfer parameters were determined by Eqs. (7), (9) and (6) in
the presence of Fe3þ at 25 �C. The results are shown in Table 6.
3.6. Effect of the carnitineeFe3þ on the
BSA conformation
Fig. 10 shows the synchronous spectra of (L) carnitinee
Fe3þeBSA system ((D) carnitineeFe3þeBSA solution shows
a similar figure). The same results of conformational changes
of BSA can be reached by comparing Fig. 6.
Table 5

The binding parameters for the system of carnitineeFe3þeBSA

Solution system Algorithm Binding cons

(D) CarnitineeFe3þeBSA Least-squares 3.18� 104 L

(L) CarnitineeFe3þeBSA Least-squares 2.97� 104 L
The synchronous spectra of carnitineeioneBSA system
shows that the combination between Fe3þ and carnitine has
caused a non-remarkable change in the synchronous fluores-
cence of carnitineeprotein. In the process of binding reaction,
though metal ions can bind to the amino acid residues of pro-
tein, the carnitine plays the primary role in binding interaction
to fluorophore functional groups in carnitineeFe3þeprotein
solution system.

4. Conclusions

Results of the present experiment demonstrated that the
(D, L) carnitines caused the fluorescence quenching of BSA in
the presence or absence of metal ion, Fe3þ. The mechanism
of fluorescence quenching was static quenching, which was in-
duced by the formation of the compound. BSA contains two
tryptophan residues per molecule (in contrast to human serum
albumin which contains only one such residue). The binding
tant K Binding site n Correlation coefficient (r2)

mol�1 2.15 0.9875

mol�1 2.00 0.9865



Table 6

The non-radiative energy transferred parameters for the system of carnitineeFe3þeBSA

Solution system J (cm3 dm3 mol�1) R0 (nm) E r (nm)

(D) CarnitineeFe3þeBSA 1.52� 10�15 1.79 E1¼ 0.2161, E2¼ 0.3342 r1¼ 2.22, r2¼ 2.01

(L) CarnitineeFe3þeBSA 0.97� 10�15 1.66 E1¼ 0.1783, E2¼ 0.3151 r1¼ 2.14, r2¼ 1.89
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constant (K ) and the number of binding sites (n) were measured
by the site-binding model, which indicated that there is a stron-
ger fluorescence quenching to BSA. Additionally, the binding
distance and transfer rate of energy of donatoreacceptor was
determined according to the Förster non-radiative energy trans-
fer theory. The binding distance of (D, L) carnitines to BSA is
less than 7 nm (r< 7 nm), and the condition of protein fluores-
cence quenching is reached. The binding distance, r approaches
to R0 (corresponding to 50% energy transfer from protein to li-
gand), which can be interpreted as the higher relative proba-
bility of non-radioactive energy transfer induced to protein
fluorescence quenching. Data obtained by the spectrum tech-
nology also shows that BSA has no significant function of mo-
lecular identification to differentiate D-isomers from L-isomers
of carnitine, however, it is in the presence or absence of metal
ion, Fe3þ. No significant difference in binding reaction between
BSA and different isomers could be used to deduce that the dif-
ference of physiological activity between D-isomer and L-
isomer of carnitine was probably not caused by the difference
in binding reaction between transporting protein (BSA) and iso-
mer carnitine during the process of transporting. However, the
micrometal ions Fe3þ, which is stored in blood plasma, may
have no significant effect on the binding between carnitine iso-
mers and BSA. The present study may help to better understand
the chemical mechanisms involved in the binding reaction be-
tween BSA and different isomers, and it is also looking forward
for a further supplement and perfection.
5. Experimental
5.1. Apparatus and reagents
All fluorescence measurements were carried out on a RF-
5000 recording spectrofluorimeter (Shimadzu) equipped with
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Fig. 10. Effect of the (L) carnitineeFe3þ on the synchronous fluorescence spe
a xenon lamp source and 1.0 cm cells. A UV-240 recording
spectrophotometer (Shimadzu) equipped with 1.0 cm cuvette
was used for scanning the UV spectrum. All pH measurements
were made with a pHS-2 digital pH-meter (Shanghai Lei Ci
Device works, Shanghai China) with a combinal glass calomel
electrode.

The BSA was purchased from Huamei Biotechnology Co.
(Essentially fatty acid free, �96%, lyophilized powder, Shang-
hai China). L-Carnitine (�98.0) and D-carnitine (�98.0, Sigma)
were used. The solutions of metal ions (1.00� 10�3 mol L�1)
and 0.05 mol L�1 TriseHCl buffer of pH¼ 7.4 (0.1 mol L�1

NaCl was used to keep the ionic strength constant) were pre-
pared. All regents were of analytical grade and double distilled
water was used throughout.
5.2. Procedures
The BSA and (D, L) carnitine were dissolved in TriseHCl
buffer. The concentrations of BSA and carnitine were
1.00� 10�5 mol L�1 and 0.50� 10�3 mol L�1, respectively.
The carnitineemetal ion solution (in the ratio¼ 1:1) was prepared
by mixing the metal ion solution and the carnitine in the buffer.
The mixing samples contained 0.50� 10�3 mol L�1 solutes.

To a 1.0 cm quartz cell, 2.5 mL of BSA solution was added ,
and a range of carnitine solutions were gradually titrated into
the cell using micro-injector. The accumulated volume in mL
were 10, 20, 30, 40, 50, 62, 72, 83 (the total accumulated vol-
ume is less than 200 mL). In order to study the effect of metal
ions, the carnitineemetal ion concentration was varied accord-
ing to the same scheme. The fluorescence quenching spectra
were obtained at excitation and emission wavelengths of 282
and 250e500 nm, respectively. The range of synchronous scan-
ning was lex: 250e275 nm, lem: 310e280 nm, where the dif-
ference of wavelengths Dl were 60 and 15 nm, respectively.
=15nm, a to g : 0, 0.8, 1.6, 2.4, 3.2, 4.0, 6.4.
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ctra of BSA c(BSA)¼ 1.0� 10�5 mol L�1, c[L-carnitine]¼ 5� 10�6 mol L�1.
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For absorption spectra (UV) experiments, the samples of
carnitine, carnitineeFe3þ(1:1) were brought to 1.0 cm cuvette
vs. a blank buffer. Absorbances were read and spectral scan-
ning curve was made.
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