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ABSTRACT

Effects of B-cyclodextrin (3-CD) on the unfolding and aggregation of hu-
man serum albumin (HSA) wasinvestigated employing isothermal titration
calorimetry (ITC) at 300 K in 50mM phosphate buffer solution. B-CD inhib-
ited aggregation and its inhibition was generally in the order of y-CD< a-
CD< B-CD. Hydrophilic B-CD reduced the thermally induced unfolding
and it was suggested that B-CD destabilises native HSA or stabilises the
unfolded state of HSA. The obtained heats for HSA + B-CD interactions
were reported and anal ysed in terms of the extended solvation model, this
model was used to reproduce the enthal pies of HSA interaction with 3-CD

in a broad range of complex concentration. The parameters5/f and 5g
reflected to the net effect of B-CD on the HSA stability in the low and high

cyclodextrin concentrations, respectively. The positive valuesfor 52 indi-

cated that B-CD stabilises the HSA structureinlow concentrations. Varia-
tions of the UV-Vis and fluorescence spectra of HSA showed that -CD in
low concentrations has a strong ability to quench the fluorescence launch-
ing from HSA by reacting and forming a certain kind of new compound.
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INTRODUCTION

Human serum abuminsarethemost abundant pro-
teinsin plasma(50%-60% of total amount of plasma
proteins) and themain transport proteins; they bind me-
tabolites, endogenoustoxins, hormones, etc. Protein
stability isaparticularly relevant issuein the pharma-
ceutical fieldand will continueto gain moreimportance
as the number of therapeutic protein products in-

creased??, Of these, protein aggregation isthe most
common problemin proteininstability, becausetheag-
gregation processisoftenirreversible and the aggre-
gates sometimescontain highlevelsof non-native, in-
termolecular 3-sheet structures which have a direct im-
pact on drug potency, immunogenicity and theunfolded
protein response®®, Interacti onsbetween serum albu-
minand ligandscan provideimportant informeation about
ligands storage, transportation, evacuation, etc. Asa
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result, researchesabout this subject have attracted the
attention of biologists, chemists, pharmacistsand thera-
pistgs12,

Protein unfolding and aggregation areusudly trigged
by variousenvironmentd stimuli such aschangesinpH,
ionic strength, heating, agitation, light irradiation, ad-
sorption on hydrophobic surface, and the addition of
chemicalsand organic solvents. A common method for
theinhibition of protein denaturationisto add excipi-
ents/additivesto the protein preparation. Cyclodextrin
(CD) isoneof theexcipientsused for thesolubilisation
or stabilisation of proteins. Cyclodextrinisacyclic oli-
gosaccharide cong sting of 6-8 glucose units. Thechar-
acterigtic of CD moleculesisthe presenceof ahydro-
phobic cavity and hydrophilicexterior. Asaresult, CDs
can bind to hydrophobic parts of the protein surface
leading to anincreasethe solubility and stability of pro-
teing™. Recently, hydrophilic CDs, such asbranched
B-CDs, have been evaluated asanew classof parentera
drug carriers, becausethey are highly hydrophilicand
havelesshaemolytic activity than the parent and other
hydrophilic CDg+.,

Also, it was exhibited that lysozyme (protein/
cyclodextrin) ishasamore consistent protein biol ogi-
cal activity compared to lysozymein the absence of
cyclodextrini*”2%, On the other hand, as one of the
water-solublecyclic oligosaccharides, B-CD can form
inclusion complexeswithalargevariety of organicand
inorganic compounds, which may improvethe solubil-
ity, stability and bioavailability of guest moleculesand
be applied particularly to the areaof pharmacol ogical
science. Inthe drug-CD-protein ternary system, the
insol uble drug was solubilised by the CD hydrophobic
cavity!?l, Inthiswork, in order toinvestigate the effect
of B-CD on the unfolding and aggregation of HSA, the
binding parameters of theinteraction are measured at
pH 7 by isothermd titration caorimetry (ITC). Toverify
the obtained resultsfrom ITC, ultraviol et and fluores-
cence spectraof the system wereal so determined and
anaysed.

EXPERIMENTAL

Materials
Disodiumhydrogenphosphate (Na,HPO,) and -
cyclodextrin (B-CD) were purchased from Sigma

BIOCHEMISTRY (mm—

ChemicasCo. HSA wasobtained from Sigma-Aldrich
(Taiwan, China) and protein concentrationswere de-
termined from absorbance measurementsat 277 nmin
alcmquartz cuvette. All other materialsand reagents
wereof analytical grade, and solutionsweremadein
50 mM buffer phosphate using double-distilled water.
Theisotherma titration ca orimetric experimentswere
carried out onaVP-ITC ultra-sengitivetitration calo-
rimeter (MicroCal, LLC, Northampton, MA). Themi-
croca orimeter consistsof areferencecell and asample
cdl of 1.8 mL involume, with both cellsinsulated by an
adiabatic shield. All solutionswerethoroughly degassed
before use by stirring under vacuum.

M ethod

The sample cell was|oaded with HSA solution
(117.80 uM) and the reference cell contained the buffer
solution. Thesolutioninthecell wasstirred at 307 rpm
by the syringe (equi pped with amicro-propeller) once
filled with B-CD and later with HSA+ 3-CD solution
(35.242 mM) to ensurerapid mixing. Injectionswere
started after baseline stability had been achieved. The
titration of HSA with -CD solutioninvolved 30 con-
secutiveinjectionsof theligand solution; thefirst injec-
tionwas 10 pL and the remaining ones were 10 pL. In
al cases, eachinjectionwasdonein 6 sat 3-mininter-
vals. To correct thethermal effectsdueto f-CD dilu-
tion, control experimentswereperformedinwhichiden-
ticd diquotswereinjected into thebuffer solution with
theexception of HSA. Inthe I TC experiments, theen-
tha py changes associ ated with processes occurring at
aconstant temperature are measured. The measure-
ments were performed at a constant temperature of
27.0+0.02°C and the temperature was controlled us-
ing aPoly-Sciencewater bath. All ultraviolet-visible
spectra were recorded in a UV-1100 double beam
spectrophotometer (Unico) that was equipped witha
temperature regul ation system. All fluorescence mea-
surements were carried out on a 100-bio recording
spectrophotometer (Perkin-Elmer corporate America).

RESULTSAND DISCUSSION
Wehaveprevioudy shown that the heetsof themac-

romolecules + ligandsinteractionsthat isobtained by
ITC techniquecan bereproduced by thefol lowing equa:
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tion in the aqueous solvent systemg 829,

q =qmaxxéP —E‘SAG(X’ALA +xglg)-
©Bg® -8, (XAL A +X5LR)XG
whereqistheheat of HSA + 3-CD interaction at cer-
tainligand concentrationsand q___representsthe heat
vaueuponsaturation of &l HSA. Theparameters 5
and 5 exhibit the HSA stability inthelow and high -
CD concentrations, respectively. The positiveva ues of
55 and 57 show that HSA issubstantially stabilised by
B-CD at 27°C. x’, can be expressed asfollows:
X
Xg = XApJ,—EXB @

@

X’z isafraction of bound ligand with the protein mol-
eculeandx’, = 1-x’; isthefraction of unbound ligand.
X, can be defined asfollows:

[L]

[LImax &

where[L] isthe concentration of ligand after every in-
jectionand[L] __ isthemaximum concentration of the
ligand upon saturation of all HSA. Themeasured heets
of HSA+ B-CD interactions, g, with 1 mM B-CD at
300K in50 mM phosphate buffer solution of pH=7,
andtheheatsof dilution of B-CD with water, q,, ., from
ITC at many injectionshavebeenlistedin TABLE 1.
Theheatsof HSA + 3-CD interactions, g, werefitted

XB=

—— Regdular Peper

to Eq. (1) for al of the B-CD compositions. Inthefit-
ting procedure, p was changed until the best agreement
between the experimenta and cal culated datawas ap-
proached. The schematically experimental and calcu-
lated of q values have been shownin Figure 1. If the
binding of theligand at onesiteincreases or decreases
theaffinity for aligand at another site, the macromol-
eculeexhibitspositive co-operativity (p>1) or negative
co-operdivity (p<1), respectivey. If theligand bindsat
each siteindependently, the binding isnon-cooperative
(p=1). L, and L aretherelative unbound and bound
ligand contributionsto the heats of dilutionin the ab-
senceof HSA. L, and L, can be calculated from the
heatsof dilution of B-CD inwater (q,, ) asfollows:

(
L e s [ Qdilut
A = Ydilut T *B| ~ 5« @)
\ B )
(aq. \
_ dilut
LB =Adilut **A| 2 ©)
\ B )

5% and 5¢ parameters have also been optimised to

fitthedata. Theoptimised 57 and §¢ vauesarere-

covered from the coefficients of the second and third
termsof Eq. (1). Thesmall relative standard coeffi-
cient errorsand the high r2values (0.99999) support
thismethod. Thebinding parametersfor HSA+ 3-CD
interactions recovered from Eqg. (1) are listed in
TABLE 2.

TABLE 1: Heatsof HSA+ B-CD interactions, g, with 1 mM -CD at 300 K in 50 mM phosphatebuffer solution of pH=7,and
theheatsof dilution of B-CD with water, q,, ., from I TC at many injections(Theprecisonis+ 0.1 puJ or better).

[6CDlr/yM__ [HSAIr/pM___ q/pJ_ Gau/md__ [FCDlr/pM__ [HSAl /M q/pd  Gaulpd
387.27 116.50 90845  31.83 2202.62 110.44 -3886.93  472.88
577.74 115.87 146431 4259 2373.81 109.87 405016  525.13
766.13 115.24 1189626 65.81 2543.24 109.30 419974 57539
952.49 114.61 225091 97.21 2710.92 108.74 433821  625.28
1136.84 114.00 257808  137.04 2876. 90 108.18 446271 67654
1319.22 113.39 285553 185.31 3041.19 107.63 458438 730.44
1499.66 112.79 310322  240.36 3203.82 107.10 468919  787.49
1678.19 112.19 332279 299.41 3364.81 106.55 478624 847.29
1854.84 111.60 350577 350.32 3524.20 106.02 487212 908.66
2029.64 111.01 371372 417.59 3682.00 105.43 495955  970.02

For aset of identica and independent binding Sites, Aq Aq 1 Ky
itispossibletouseEq (6) for thecalculationof K,and - Mo =Gl g™y (6)

gasfollows.
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where Aq=q__ -. g representsthe heat value at acer-
tainligand and biomolecul e concentration, M and L,
aretotal concentrations of HSA and ligand, respec-
tively, g, representsthe heat val ue upon saturation of
al HSA molecules, and K , isthedissociation equilib-
rium constant for theequilibrium:

[M][L]

If g and gq__ are calculated per mole of
biomacromol ecul e, then themol ar entha py of binding

M+L < ML, Kd=

for each binding site (4H) will be; AH =quax.

o Experimental
— Calculated

-1400 : ; * 7 :
0 0.2 0.4 0.6 0.8 1
[BCD]! LM

Figurel: Comparison between theexperimental heats, g,
(0), for HSA + B-CD interactions and calculated data (lines)
viaEqg. (1). [#-CD] ar econcentrationsof §-CD solutions in
pM at pH=7.

A non-linear |east squares computer program has
been developed tofit datainto EqQ. (1). The best corre-
lation coefficient R?~ 1 showed good support for the
useof Eq. (1). K, isthe product for equilibrium:
HSA(H;0)4 +i (BCD) < HSA(H,0)4_; (BCD);  (8)
The standard Gibbs free energy, AG®, can be calcu-

1
| ated from the association congtant (Ka = Td) asfol-

lows

AG°=—RTInK, ©)
WhereK  istheassociation equilibrium constant asa
function of 3-CD concentrations. Therefore, for thefirst

time, wemanaged to calculate AG and ASvaluesusing
one set of experimental dataat onetemperature. All

thermodynamic parameters of ligand binding to HSA
aresummarised in TABLE 2. p=1 indicates that the
bindingisnon-cooperativein ninebindingste. Thepos-
tivevalueof §¢ showsthat B-CD stabilizes the HSA

structureinlow concentration. Thebinding processfor
HSA+ B-CD interaction is enthalpy and entropy driven,
indicating that el ectrostaticinteraction playsanimpor-
tant roleintheinteraction of HSA with 3-CD.

TABLE 2: Binding par ameter sfor HSA+ g-CD interaction
recovered from Eq. (1) at pH=7.

P 100:001  AH/kdmd? -4.25:0.03 &7 3.56+0.070
g 890:003  AG/kJmd? 16.33:0.03 &’ 0.023:0.02
Ko/ M7 697.32£12.08 AS/ kimolK? 0.04+0.001

UV—Vis absorption measurements were found to
be avery convenient method to explorethe structural
change® and formation of acomplex @Y. Thetypical
absorption peaks of HSA centre at 235 nm and 279
nm (theabsorption at 235 nmwasnot giveninFigure2
sincetheabsorption a 235 nmwastoo srongtogivea
useful message). From Figure 2 we can see that the
absorption peaks of the mixed solutions are not the
simple superposition of the characteristic absorption
peskscorrespondingtothe-CD and HSA done. This
meansthat the HSA + B-CD supramol ecular complex
could formin agueousbuffer solution. TheHSA struc-
tureisstabilized in thelow concentration of the B-CD
and for high concentration of 3-CD is vice versa.

o [B-CD]=1.26 mM

® HSA

o HSA+[B-CD]=1.26 mM
» [B-CD]=14.91mM

& HSA+[B-CD]=14.91mM

ABSORBANCE

0.2
250

30 350
WAVELENGTH /nm
Figure?2: Comparison between absor ption spectrum of HSA
in different concentrationsof B-CD in phosphate buffer (50

mM), pH=7 and (T=300K).
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Thefluorescence of HSA has been quenched for
reacting with f-CD and forms a certain kind of new
compound. HSA hasthreeintrinsic fluorophores, in-
cludingtryptophan, tyrosine, and phenyldanineresidues,
among which tryptophan mainly contributestothein-
trinsic fluorescence of HSARZ.

Inthiswork, the concentrationsof HSA inthe so-
lutionswere stabilised at 117.8 uM, and the concen-
trations of B-CD varied from0t0 14.96 mM. Theef-
fect of B-CD on HSA fluorescent intensity at 300K is
showninFigure3. It can be observed fromthisfigure
that adecreasing progression in thefluorescent inten-
sity has been caused by the addition of B-CD; thus, it
can quench thefluorescence of HSA at alow concen-
tration.

© HSA+[B-CD]=1.26 mM
o HSA

a HSA+[B-CDJ=14.91mM

440 480

320 3:1{} 360 3!;0 400 4';70

WAVELENGTH / nm
Figure 3: Thefluorescence spectra of HSA in presence of
different concentrations of B-CD in phosphate buffer (50
mM), pH=7 and (T=300K).

Earlier research demonstrated that fluorescent
quenchingisthe decrease of fluorescent quantumyield
from afluorophoreinduced by avariety of molecular
interactionswith aquencher moleculé®. Therefore, the
guenching of HSA fluorescenceindicatesthat thefor-
mation of acomplex between the 3-CD and HSA oc-
curs. HSA containsonly onetryptophan residue (214-
Trp), which makesthe main contribution to thefluores-
centintensity of HSA inthesdlected wavelength range.
InFigure 3, asmall, but tangiblered shift can be ob-
served, whichindicatesthat the 214-Trp residuewas
placed in aless hydrophaobic (or more polar) environ-
ment that is more exposed to the solvent®, The ab-
sorption peaks of the mixed solutions in HSA+[ 5-

—= Reguler Peper

CD] =1.26 mM aremorethan thesmplesuperposition
of the characteristic absorption peaks corresponding
tothe[4-CD] =1.26 mM and HSA aone, and for the
mixed solutionsin HSA+[ -CD] =14.91 mM isvice
versa. Thismeansthat the HSA +3-CD supramolecu-
lar complex could formin aqueousbuffer solutionand
B-CD stabilizes the HSA structure in the low concen-
tration of the 3-CD.

CONCLUSIONS

Theinhibitory effect of B-CD may be due to a bet-
ter fit of itscavity to aromatic amino acidswhich are
involved in aggregation or in proteinfolding. Hydro-
phobic sdechansof theproteininteract withthe cavity
of B-CD leading to a hydrophilic covering layer which
increases protein stability. The results showed that the
higher anti-aggregati on property wasobtained with both
the cavity size of CDsand the presence of appropriate
substituent onthe CD rim, indicating that they areim-
portant intheinhibition of protein aggregation. How-
ever, suchinteractions may affect theoverall three-di-
mensiond structureof theprotein. Thethermodynamic
parametersfor theincluson processof B-CD with HSA
gatheredin TABLE 2 indicated that theinclusion com-
plex can spontaneously form in the buffer solution
through an entha py-driven process. Thevaueof “H is
mainly divided by two factors:. (a) Thepolar groups of
ligand moleculesand those on the surface of protein
mol ecules partly destroy their hydration layerswhen
the ligand mol ecul es approach the macromol ecul es,
which causean endothermic effect, and (b) thedirectly
electrostatic interaction of dipolegroupsof theligand
mol eculeswith peptide sections of protein molecules,
which causes an exothermic effect. The experimenta
negative enthal py change indicated that factor (b) is
evidently stronger than factor (@) for thistype of bind-
ing. The changein entropy of the binding processis
thought to primarily depend on thefollowing factors:
Firstly, the direct interaction between the hydrophilic
groupsof themacromoleculesand theligand molecules,
or the hydrophobic interaction of the drug molecules
with theinner part of the binding site; Secondly, the
release of combined water moleculesto the buffer me-
dium, including those from the cavitiesin the macro-
molecules, hydration layer structure on the surface of

e, BIOCHEMISTRY
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protein molecule and i ceberg structure surrounding the
hydrophobic part of theligand molecule. Generdly, the
firstinteractionleadsto adecreasein entropy, whilethe
second |eads to the opposite change in entropy. By
consdering thetwo aspectstogether, it could beeasily
understood that thelatter factor becomesdominant for

thistypeof binding. 5¢ and 5¢ vauesarepositiveand

reflect tothe net effect of B-CD on the HSA stability in
thelow and high dextrin concentrations, respectively.

Thepositivevauesfor §¢ indicatethat B-CD stabilises
the HSA structure at low concentrations. The small
(negative) valueof ¢ show that B-CD destabilisesthe

HSA structure at high concentrations of -CD. The
obtained resultsindicated that there arenine binding
steswith non-co-operativity for HSA+ 3-CD interac-
tionsand the negative value of molar enthalpy and the
positivevaueof molar entropy suggest that thebinding
processfor theinhibition of HSA aggregation at the set
of binding siteswas both entha py- and entropy-driven,
but that el ectrogtaticinteraction playsan important role
inthebinding processes. It ispossibleto describethe
activity of HSA withthes’, and 8°, values. Thegreater
vauesof 6°, and 8°, causethegreater biological activ-
ity of HSA andviceversa. Theresultsindicated thet the
useof B-CD for protein stabilisation isdependent not
only on thestructure and properties of -CD but also
on theconcentration of 3-CD; therefore, the most ap-
propriate B-CD concentration should be used for
Sabilisation.

ACKNOWLEDGEMENTS

Financia support from the Universitiesof Imam
Khomeini (Qazvin) and Tehran aregratefully acknowl-
edged.

REFERENCES

[1] F.Q.Cheng, Y.P.Wang, Z.P.Li,
Spectrochim.Acta, A65, 1144 (2006).

[2] S.Tavornvipas, F.Hirayama, S.Takeda, H.Arima,
K.Uekama; J.Pharm.Sci., 95, 2722 (2006).

[3] F.Cui,JWang,Y.Cui, J.Li,JFan, X.Yao; Anal .&ci.,
23, 719 (2007).

[4] F.L.Cui, J.Fan, W.Li, Y.C.Fan,

C.Dong;

Z.D.Hu;

J.Pharmaceut.Biomed., 34, 189 (2004).

[5] P.Das, A.Mallick, B.Haldar, A.Chakrabarty,
N.Chattopadhyay; J.Chem.Sci., 119, 77 (2007).

[6] A.Rieutord, P.Bourget, GTroche, J.F.Zazzo; Int.J.
Pharm., 119, 57 (1995).

[7] M.Bogdan, A.Pirnau, C.Floare, C.Bugeac; Analy-
Sis, 47, 981 (2008).

[8] GColmenargjo; Med.Res.Rev., 23, 275 (2003).

[9] A.K.Bordbar, N.Sohrabi, H.Gharibi; Bull.Korean
Chem.Soc., 25, 791 (2004).

[10] Y.Yue, X.Chen, J.Qin, X.Yao; Dyes Pigments, 79,
176 (2008).

[11] G.Zhang, Q.Que, J.Pan, J.Guo; J.Mol.Struct., 881,
132 (2008).

[12] T.Wang, B.Xiang, Y.Wang, C.Chen, Y.Dong,
H.Fang, M.Wang; Collide Surface B, 65, 113
(2008).

[13] E.Budzisz, U.Krajewska, M.Rozalski; Pol.J.
Pharmacol., 56, 473 (2004).

[14] H.Mansouri-Torshizi, T.S.Srivastava, H.K .Perekh,
M.P.Chitnis; J.Inorg.Biochem., 45, 135 (1992).

[15] G.Zhao, H.Sun, H.Lin, S.Zhu, X.Su, Y.Chen;
J.Inorg.Biochem., 72, 173 (1998).

[16] A.Divsalar, A.A.Saboury, R.Yousefi, A.A.Moosavi-
Movahedi, H.Mansoori-Torshizi; J.Biol.Macromoal.,
40, 381 (2006).

[17] PGenova, T.Varadinova, A.l.Matesanz, D.Matesanz,
P.Souza; Toxicol . Appl.Pharm., 197, 107 (2004).

[18] H.Mansoori-Torshizi, M.lslami-Moghaddam,
A.A.Saboury; Acta Bioch.Bioph.Sin., 35, 886

(2003).

[19] GRezaei Behbehani; Bull.Korean Chem.Soc., 2,
238 (2005).

[20] G.Rezaei Behbehani; Acta Chim.Slov., 52, 282
(2005).

[21] GRezaei Behbehani, A.Taherkhani, L.Barzegar,
A.A.Saboury, A.Divsalar; J.Sci.l.R.Iran, 22, 2
(2011).

[22] G.Rezaei Behbehani, E.Tazikeh, A.A.Saboury;
Bull.Korean Chem.Saoc., 2, 208 (2006).

[23] GRezaei Behbehani, S.Ghamamy; Thermochim.
Acta, 444, 71 (2006).

[24] GRezaei Behbehani, S.Ghamamy, W.E.Waghorne;
Thermochim.Acta, 448, 37 (2006).

[25] GRezaei Behbehani, E.Tazikeh, A.A.Saboury; Acta
Chim.Slov., 53, 363 (2003).

[26] GRezaei Behbehani, A.A.Saboury; Thermochim.
Acta, 452, 76 (2007).

[27] G.Rezaei Behbehani, A.A.Saboury, A.Falla-
hbaghery; J.Solution Chem., 36, 1311 (2007).

BIOCHEMISTRY (mm—
A Indéan W



BCAIJ, 7(1) 2013 M.Oftadeh et al. 21

—=== Regular Paper
[28] G.Rezaei Behbehani, A.A.Saboury, E.Taleshi; [32] K.Paal, JMuller, L.Hegedus; Eur.J.Biochem., 268,

J.Solution Chem., 37, 619 (2008). 2187 (2001).

[29] G Rezaei Behbehani, A.A.Saboury; J Therm.Anal.  [33] N.Wang, L.Ye, FF.Yan, R.Xu; Int.J.Pharm., 351,
Calorim., 89, 859 (2007). 55 (2008).

[30] G.Rezaei Behbehani, A.A.Saboury, E.Takeshi; [34] C.N.Yan, H.X.Zhang, Y.Liu, PMei; Chin.J.Chem.,
J.Mol.Recognit., 21, 132 (2008). 23, 1151 (2005).

[31] GRezaei Behbehani, A.A.Saboury; Collide Surface
B, 61, 224 (2007).

e, BIOCHEMISTRY
Au Tudian Yournal



