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ABSTRACT

Theinteraction of cefpirome sulfate with bovine serum albumin in aque-
ous solution was studied by synchronous fluorescence and verified by
fluorescence quenching spectroscopy. The data of synchronous fluo-
rescence spectroscopy was used to infer the mechanism of the system
and calculate the relevant parameters. The experimental results showed
that the static mechanism played arole in the system; there was only one
site for cefpirome sulfate on bovine serum albumin and the binding site
waslocated in sub-domain [1A of BSA. Thermodynamic parameterswere
calculated, suggesting that hydrogen bond and hydrophobic interactions
played a major role in stabilizing the complex. Based on the theory of
Forester’s non-radiation energy transfer, binding distance is < 7 nm. In
addition, synchronous fluorescence spectroscopy also provided infor-
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mation about the change of the molecular environment.
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INTRODUCTION

Serum albumins have an important role in the
transporter of avariety of compounds, such asdrugs,
fatty acids, and amine-terminated dendrimers. And
it iscommon to understand the structure change of
the protein by studying theinteraction between small
molecular and protein. Bovineserum albumin (BSA)
isone of the most extensively studied proteins and
has many superior properties, including structural
homol ogy with human serum albumin, medical im-
portance, abundance, low-cost, ease of purification
and stability?.

Cefpiromeisanew C-3' quaternary ammonium
cephalosporin which bears a 2,3-cyclopentano
pyridinium at the C-3 position of the cephem nucleus
and has been classified asafourth generation cepha
losporini®. Cefpirome sulfate (CFS) (Figure 1) is
sulfate salt of cephalosporin for parenteral admin-
istration, originally created by Hoechst AG Frank-
furt am Main, Germany and Roussel Uclaf Paris,
France”. It hasapotentia clinical advantage against
gram-positive bacterid®.

Thefluorescence measurement has been used as
atool to study the interaction between small mol-
ecule and protein in an attempt to characterize the
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Figure 1 : Chemical structure of CFS
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Figure 2 : Synchronous fluorescence spectrum of BSA-CFS system (T=298 K) (A: AA=15 nm, B: AA=60 nm) C__,=

2.0 x107 mol-L%, 1~10 C

CFS

type of chemical association®. Synchronous fluo-
rescence spectroscopy was introduced by Lloyd in
19711, In the synchronous fluorescence technique,
both excitation and emission monochromators are
scanned in the same instant with a constant interval
between excitation and emission wavelength main-
tained®. It is simple, less costly and rapid, and it
avoids taking specia sample preparation steps®.
And it has been successfully used for theanalysis of
various multifluorophoric mixtures such as drink%,
olive oil™, pesticide*3, etc. Synchronous fluores-
cence spectroscopy is also applied in exploring the
change of the molecular environment inthevicinity
of the chromosphere molecules in low concentra-
tion under physiological condition!*®. To the best of
our knowledge, there are afew papers about using
the data of synchronous fluorescence spectroscopy
to study the mechanism of the interaction between
small molecules and protein.

We described in this article the interaction
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mechanism of CFSand BSA using synchronousfluo-
rescence, and verifying by fluorescence quenching
spectroscopy. Theresults showed that thetwo meth-
ods had consistent conclusion, indicating synchro-
nous fluorescence spectrometry could be used to
study the interaction between drugs and protein.

EXPERIMENTAL

Apparatus

Fluorescence spectra were recorded on a
Shimadzu RF-5301 fluorescence spectrophotometer
(Japan). Synchronous fluorescence spectra were
obtained by setting the excitation and emission wave-
length intervals (AL) at 15 and 60 nm. The absorp-
tion spectra were obtained from a Shimadzu UV-
265 spectrophotometer. pH measurementswere made
with a Leici pHS-3C digital pH meter (Shanghai,
China). All temperatureswere controlled by aSY C-
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15, superheated water bath (Nanjing, China).
Reagent

Cefpirome sulfate (CFS, CAS: 98753-19-6,
1.0x10* mol-L'1) was prepared as a stock solution.
BSA was purchased from Sigma and solutions of
BSA (2.0x10° mol-L*) were prepared as a stock
solution. Tris’HCI buffer (0.05 mol-L? Tris, 0.15
mol-L* NaCl) containing 0.15 mol-L* NaCl was se-
lected to keep the pH constant and to maintain the
ionic strength of the solution. All other reagentswere
of analytical grade and all the water used in the ex-
periments was double-distilled. All agqueous solu-
tions were stored at 277 K.

Procedures

1.0 mL Trig/HCI (pH 7.40), 1.0 mL BSA solu-
tion (2x10° mol-L*) and different volumes of CFS
were successively added to a 10 mL colorimetric
tube and the sampleswere diluted to scaled volume
with water. Fluorescence quenching spectra were
measured in the range of 285-450 nm at an excita-
tion wavelength of 280 and 295 nm. Synchronous
fluorescence spectra of BSA were recorded from
280 to 340 nm (Aex — Aem = AL = 15 nm) and from
300 to 450 nm (Aex — Aem = AA = 60 nm) at three
temperatures.

1.0 mL Tris-HCI (pH 7.40), 1.0 mL BSA solu-
tion (2x10-° mol-L1) solution and different volumes
of CFS solution were added into 10 mL colorimet-
ric tube successively. UV—vis measurements were
made agai nst blank solutionstreated in the sameway
without BSA. UV—Vis absorption spectra of BSA
solution were measured in the range of 190400 nm
at 298 K.

RESULTSAND DISCUSSION

Conformation investigation by synchronousfluo-
rescence

Synchronous fluorescence spectroscopy can pro-
vide information about the change of the molecular
microenvironment. A shift of the maximum emission
wavelength is related to the alteration of the polar-
ity inthe microenvironment around the chromophore
and A), representing the value of the difference be-
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tween the excitation and emission wavelengths, is
animportant operating parameter’. When thewave-
length interval between excitation and emission is
15 or 60 nm, the synchronous fluorescence spectra
give information about the molecular environment
in the vicinity of tyrosine or tryptophan residues,
respectively!®®. The effect of CFS on the synchro-
nous fluorescence spectraof BSA at AA=15 nm and
AX=60 nm are presented in Figure 2. It is apparent
from the Figure 2 that the emission wavelength of
thetyrosineresiduesis blue-shifted with increasing
concentration of CFS. Thisblue shift expressed that
the polarity around tyrosine residues weakened and
the hydrophobicity strengthened®. Thismay bedue
to the changes of residue micro-environment with
theinsertion of CFS. Atthesametime, thei  hasa
red shift when AA=60 nm, which indicated that the
conformation of BSA was changed, the polarity
around the tryptophan residues was increased and
the hydrophobicity was decreased™. In aword, the
conformation of BSA was changed by adding CFS.

Analysisof synchronousfluorescence spectra

Two quenching processes are known: static and
dynamic quenching. Dynamic quenching resulted
from the diffusive encounter between quencher and
fluorophore during the lifetime of the excited state;
static quenching resulted from the formation of anon-
fluorescent ground-state complex (fluorophore-
guencher)®, Fluorescence quenching is described
by the Stern—Volmer equation (Eq. 1)1%:

Fo/F=1+K,7,[Q] =1+ K [Q] (1)

Where, F and F arethe fluorescenceintensities be-
foreand after theaddition of the quencher. K , K, 7,
and [Q)] arethe bimolecular quenching rate constant,
the Stern—Volmer quenching constant, the average
lifetime of the biomolecule without quencher (108
s), the concentration of the quencher, respectively.
Both quenching constant and quenching rate constant
are shown in TABLE 1. Theresults show the value
of K isthe rate constants of BSA quench by CFS,
whi cch isgreater than the limiting diffusion rate con-
stants of the biomolecule (2x10*°L-mol*-s*)?? and
the Sterne-Volmer quenching constants are inversely
correlated with the temperatures which indicates
that the probable quenching mechanism is the for-
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TABLE 1 : Quenching constants of BSA—-CFS system at different temperatures
Method TIK  Ky(Lmol™s")  Kgl(Lmol™) r

208 5.19x10% 5.19x10* 0.994 2
AA=15nm 310 4.34x102 4.39x10* 0.9931
Synchronous Fluor e Spectrosco 318 4.11x102 4.11x10* 0.9947
Y 208 5.78x10% 5.78x10* 0.9931
AA=60nm 310 5.18x10% 5.18x10* 0.996 4
318 4.92x10% 4.92x10* 0.997 5
298 6.51x10% 6.51x10* 0.994 7
Je=280nm 310 6.09x10% 6.09x10* 0.9937

Fluorescence 12 4
, 318 5.81x10 5.81x10 0.994 7

Quenching 12 4
298 3.73x10 3.73x10 0.995 7

Spectroscopy 12 4
Je=295nm 310 2.88x10 2.88x10 0.996 6
318 2.72x10% 2.72x10* 0.9985

K, is the quenching rate constant; K_ is the Stern—Volmer quenching constant; r_ is the linear relative coefficient of F /F~[Q].
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Figure 3 UV absor ption spectrum of BSA-CFS system; (T =298 K) C,_, = 2.0 x10° mol-L*; 1~7 C__. = (0, 4.0, 10, 20,

30, 40, 50) x10°® mol-L*

mation of BSA-CFS complex (static quenching)
rather than by dynamic collision (dynamic quench-
ing)?4. Comparing thedata, it showsthe mechanism
obtai ned by synchronous fluorescence spectroscopy
are similar with fluorescence quenching spectros-
copy, and the linear relative coefficients are all
above 0.99, suggesting that synchronousfluorescence
spectroscopy can be appliesto study theinteraction
between drugs and protein. In addition, during the
experiment, it wasfound that at relatively high tem-
peratures, synchronous fluorescence compared to

fluorescence quenching method ismore stable.
Figure 3isthe UV/visabsorption spectra, it can
be seen that with gradual addition of CFS to BSA
solution, theintensity of the peak at 208 nm decreases
with red shift. The results indicate that the interac-
tion between BSA and CFS resulted in the forma-
tion of a complex?. This also implies that the
mechanism of theinteraction between CFSand BSA
IS static.
Binding constant and binding sites
For static quenching, the relation between fluo-
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TABLE 2 : Binding constants Ka and binding sites n at different temperatures

M ethod TIK Ko/ (L-mol™ n ra
298 4.35x10* 0.97 0.9923
Ar=15nm 310 3.88x10* 1.04 0.9953
318 3.45x10* 1.00 0.994 2
Synchronous Fluor escence Spectr oscopy 4
298 4.97x10 1.06 0.9971
AX=60 nm 310 4.85x10* 1.02 0.999 0
318 4.12x10* 1.10 0.9934
298 5.71x10* 1.01 0.9957
Lex=280 nm 310 5.65x10" 1.00 0.992 9
Fluorescence 4
) 318 4.72x10 1.07 0.994 0
Quenching 4
298 3.35x10 1.02 0.998 3
Spectroscopy 4
Aex=295 nm 310 3.28x10 1.03 0.997 4
318 2.48x10* 1.02 0.996 0

Kais the binding constant; n isthe number of binding site. r, is the linear relative coefficient of log(F -F)/F~log{[Q]-n[P](F -F)/

Fo.
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Figure 4 : Quenching curves of BSA-CFSat 4, = 280 nm and 4, = 295 nm (T =298 K); C ,,=2.0 x10”" mol-L*, 1~10

C..= (0, 0.4, 1.2, 4.0, 80, 10, 20, 30, 40, 50) x10* mol-L-*

rescence intensity and the amount of quencher can
be defined using the ‘modified’ Stern—Volmer equa-
tion (Eq. 2)%:

l9[(F, - F)/FI=nlgK, + nlg{[Q]-n[RI[(F, - F)/ K]} (2)
Where, F and F are the fluorescence intensity of
protein when the quencher Q is present and absent.
[Q] isthe total quencher concentration and [P] is
the total protein concentration. From the plot of Ig
[(F,-F)/F] versus Ig ([Q]-n[P](F,-F)/F,), binding
constants K_ and the number of binding sitesn are
calculated from the intercept and slope. The values

of K, and n from synchronous fluorescence spec-
troscopy arecal culated at different temperatures and
listed in TABLE 2. From TABLE 2, the valuesof n
areamost equal to 1, which showsthat the binding
mode of CFS to BSA are 1:1?4, Furthermore, the
binding constants decreased with rising tempera-
tures, which confirmsthat their fluorescence quench-
ing was statici®l. Thevalue of K, when AA=60 nmis
greater than the value of K, when AA=15 nm, imply-
ing that CFS is probably closer to tryptophan resi-
dues compared to tyrosine residues. Comparing the
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TABLE 3 : Thermodynamic parameters

of BSA and CFS at different temperatures

Method T/K Ka/(M™) AH /(KJ-mol") AS/(Jmol™K") AG /(KJmol")
A= 298 4.35x10* 58.72 -26.46
310 3.88x10* -8.96 58.94 -27.23
15nm 4
318 3.45x10 58.69 -27.62
Synchronous Fluorescence Spectroscopy 4
A= 298 4.97x10 65.11 -26.79
310 4.85x10° -7.39 65.87 -27.81
60 nm 4
318 4.12x10 65.11 -28.09
rexe 298 5.71x10* 65.89 -27.14
310 5.65x10° -7.50 66.78 -28.20
Fluorescence 280 nm 4
) 318 4.72x10 65.89 -28.45
Quenching 4
298 3.35x10 50.16 -25.81
Spectroscopy Aex= 4
310 3.28x10 -10.87 51.39 -26.80
295 nm 4
318 2.48x10 49.95 -26.75

K.is the binding constant; AH isthe enthalpy change; ASis the entropy change; AG is the free energy
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Figure 5 : Van’t Hoff plot of the interaction of BSA- CFS (AL= 60 nm)

results of two methods, it is can be seen that the
value of K and n are similar, indicating synchro-
nous fluorescence spectroscopy can be used to cal-
culatethe K_ and n.

Theprimary binding sitestudies

BSA is composed of three linearly arranged,
structurally homologous domains (I-I1I), and each
domaininturnisthe product of two sub-domains (A
and B)1#9. In the sub-domains of BSA, IIA subunit
(tryptophan and tyrosine) and I11A (tyrosine) area so
considered as the main binding sites for small drug
molecule. It is generally accepted that the intrinsic

fluorescence of BSA, when excited at 280 nm, arises
mainly from tryptophan and tyrosineresidues; when
excited at 295 nm, arises mainly from tryptophan
residué?. Based onthe Stern—Volmer equation, com-
paring the fluorescence quenching of BSA excited
at 280 nm and 295 nm allows usto estimate the par-
ticipation of tryptophan and tyrosine groups in the
system. In Figure 4, in the presence of CFS, the
quenching curves of BSA that areexcited at 280 and
295 nm do not overlap, and at the sametemperature,
K, values at excitation wavelengths of 280 nm are
greater than 295 nm from TABLE 2, suggesting that
tryptophan and tyrosine residues play an important
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role. In thisway, it could confirm that the primary
binding sitefor CFSislocated in sub-domain 1A of
BSA.

Thermodynamic par ameter sand binding forces

Theforcesacting between asmall moleculeand
macromolecul e include hydrogen bonding, the van
der Waals force, the electrostatic force, the hydro-
phobicforce, etci?®. Thethermodynamic parameters,
such as free energy (AG), enthalpy (AH) and en-
tropy (AS) of binding reaction, are the main evi-
dencefor confirming acting forces. If AH (entha py
change) islittle changed within the studied tempera-
ture range, then the reaction AH can be regarded as
constant®, The thermodynamic parameters can be
caculated on the basis of van’t Hoff equation®:

RINK =AS-AH /T (3)

AG=-RT InK =AH -TAS (4)

Where, K is the binding constant, and R is the uni-
versal gas constant. For the system of BSA-CFS,
according to Eq. (3), (4), the values of AH were
obtained from the linear van’t Hoff plot (Figure 5)
the other thermodynamic parametersfor theinterac-
tion of BSA-CFS calculated at three temperatures
are listed in TABLE 3. From TABLE 3, it can be
seen that the negative sign for AG indicatesthe spon-
taneity of the binding of CFS with BSA. For drug—
protein interaction, the positive AS value is fre-
guently taken as evidencefor the hydrophobic inter-
action®Y because the water molecules that are ar-
ranged in an orderly fashion around the ligand and
protein acquireamorerandom configuration. Inthis
way, the destruction of the water structure was in-
duced by hydrophobic interactions. The negative AH
value observed in the present study cannot be attrib-
uted to electrostatic interactions since for electro-
static interactions AH is very small, almost zero®>
331, Accordingly, it is not possible to account for the
thermodynamic parameters of BSA-CFS coordina-
tion compound on the basi s of asingleintermolecu-
lar force model®. The negative AH and positive
AS vaues, therefore, showed that both hydrogen bond
and hydrophobicinteractionsplay arolein the bind-
ing of CFSto BSAR, BSA molecule hastwo tryp-
tophan residues (Trp-134 and Trp-213), which pos-
sessintrinsic fluorescence: Trp-134 in thefirst sub-

—= Pyl Paper

domain IB of the albumin molecule and Trp-213in
sub-domain I1A. Trp-213islocated within ahydro-
phobic binding pocket of the protein and Trp-134is
mainly exposed to the hydrophilic environment. Ac-
cording to the values of the thermodynamic param-
eters, it can be deduced that the compounds tended
to bind inthevicinity of Trp-213¢, Thisagain dem-
onstrates that the primary binding site for CFS is
located in sub-domain 1A of BSA.

Comparing TABLES 3, it shows that
AHOASOAG obtained by two methods are similar,
thisindicates synchronousfluorescence and fluores-
cence quenching method are consi stent with the con-
clusions about binding forces.

Energy transfer between CFSand BSA

Forster’s theory of dipole—dipole energy trans-
fer is used to determine the distances between the
protein residue (donor) and the bound drug (accep-
tor) in BSAEY, Generally speaking, fluorescence
resonance energy transfer occurs when the emission
spectrum of a fluorophore overlaps the absorption
spectrum of another molecul €. The absorption
spectrum of BSA was recorded in 4.0<107 mol-L*?
liposome solution. The emission spectrum of CFS
was aso recorded under the same condition. The
energy transfer effect is related not only to the dis-
tance between the acceptor and donor, but aso to
the critical energy transfer distance R ;.

E=1-F/F, =R /(R +r°) (5)
Where F and F, are the fluorescence intensities of
BSA in the presence and absence of CFS, E isthe
energy transfer efficiency, r isthe distance between
acceptor and donor, and R is the critical distance
when the transfer efficiency is 50%. The quantity
R/} is calculated using the equation:

R’ =8.78x10®K?N™J (6)
Where K2 is the spatial orientation factor of the di-
pole, N is the refractive index of the medium, @ is
the fluorescence quantum yield of the donor, and J
is the overlap integral between the fluorescence
emission spectrum of the donor and the absorption
spectrum of the acceptor. In thiscase, K2=2/3, N=
1.336 and &= 0.118, Jis given by:
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Figure 6 : Overlap of synchronous fluorescence spectrum of BSA (1) with the absorption spectrum of CFS (2) at

298 K (C,q,= Cs=4.0 X107 mol-L*) (AA= 60 nm)

TABLE 4 : Energy transfer parametersin the system between BSA and CFS at different temperatures

M ethod TIK  E/l(%) Jdem*MY  Ro(nm)  r/(nm)
298 1.93 5.98x10™%° 2.25 433
AXA=15nm 310 3.84 6.04x10™%° 2.25 3.86
Synchronous Fluoresoence Spectrosco 318 2.48 5.93x10™%° 2.25 414
4 298 2.16 2.11x10™% 1.89 3.57
AXA=60 nm 310 1.79 2.24x107% 1.91 3.72
318 3.36 2.41x107% 1.93 3.38
208 2.13 3.71x107% 2.08 3.93
Aex=280nm 310 4.51 3.74x107% 2.08 3.46
Fluorescence s
_ 318 2.71 3.79x10 2.09 3.79
Quenching -15
298 6.81 2.22x10 1.91 2.95
Spectroscopy -15
Aex=295nm 310 1.23 2.99x10 2.00 4.16
318 3.46 2.91x107% 2.00 3.48
J= z F(/l)g(/l)/l“Ai/Z F(A)AL ) the non-radiative energy transfer from CFS to

WhereF () isthefluorescenceintensity of thefluo-
rescence donor at wavelength 4, and ¢ (1) isthe mo-
lar absorption coefficient of the acceptor at this
wavelength. Figure 6 showed the spectra overlap
between absorption spectrum of CFS and fluores-
cence spectrum of BSA in the wavelength range of
300450 nm.

According to the above equations and experi-
mental data, the calculated resultsof J, R, Eandr
arelisted TABLE 4. From TABLE 4, it can be seen
that the distance between donor molecule and ac-
ceptor moleculeislessthan 7 nm, which indicates

BSAI, Thedistance of the systemi.e. r compared
to that of R valuein the present study also reveals
the presence of static type guenching mechanismto
alarger extent!l, With the temperatures increas-
ing, the distance between BSA and CFShasalittle
change, indicating temperature has little effect on
the non-radiative energy transfer. Comparing the
results in TABLE 4, it shows the distance (r) of
synchronous fluorescence spectroscopy are simi-
lar with the resultes obtained by fluorescence
guenching spectroscopy, and energy transfer theory
obtained by two methods are consistent. Thisim-
plies synchronous fluorescence spectroscopy can
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be used to study the energy transfer theory of the
interaction.
CONCLUSIONS

In this paper, the interaction between BSA and
CFSwasinvestigated by synchronous fluorescence
spectroscopy at pH7.40. Studying the mechanism of
the small molecule and protein, it is universal to
caculate K, Ky Ko n, thermodynamic parameters
(AH. AS. AG), r (the distance between acceptor and
donor). The experimental dataobtained by synchro-
nous fluorescence method are used to calculate the
above experimental parameters, and compareswith
the results obtained by fluorescence quenching
method which is generally accepted. It shows that
the quenching mechanism, binding forces, energy
transfer theory of two methods are similar. Thisin-
dicates synchronous fluorescence spectrometry could
be used to study the interaction between drugs and
proteins. In addition, synchronous spectroscopy
showed that the conformation of BSA was changed
in the presence of CFS.
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