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Abstract

Effects of B-cyclodextrin, BCD, on refolding of lysozyme was investigated at
pH 12 employing isothermal titration calorimetry (ITC) at 300K in 30mM Tris
buffer solution. BCD was employed as_an anti-aggregation agent and the heats
obtained for lysozyme+BCD interactions are reported and analyzed in terms of the
extended solvation model. It was indicated that there are two sets of identical and
non-cooperative sites for BCD.. Enthalpic force in the first binding sites is more
important than entropic one, indicating that electrostatic interaction plays an
important role in the interaction of lysozyme with BCD. The interaction in the
second binding sites is stronger and both enthalpy and entropy driven but
hydrophobic interaction-has more important than electrostatic force. These results
suggest that the effects of BCD on lysozyme refolding are attributed to its ability

to suppress aggregation of the protein.
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Introduction

Cyclodextrins (CDs) have been reported to suppress
aggregate formation during the refolding of a wide
range of proteins. Their potency is often ascribed to
their affinity for aromatic amino acids, whose surface
exposure would otherwise lead to protein association.
However, no detailed structural studies are available.
CDs, consisting of six, seven, or eight D-glucopyranose

units, which are referred to as o-, B-, and y-
cyclodextrins,  respectively. CDs inhibited the
chemically induced aggregation and its inhibition was
generally in the order of y-CDs < a-CDs < p-CDs.
Hydrophilic CDs reduced the thermally induced
unfolding of lysozyme, suggesting that CDs destabilize
native lysozyme or stabilize the unfolded state of
lysozyme [1-4]. Electrophoresis data indicate that CDs,
which  promoted lysozyme refolding, arrested
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aggregation at the stage of smaller soluble aggregates
[3]. The presence of both anionic and cationic
substituents on the same CD molecule was found to
partially restore its renaturation ability. The reports
show that Beta-cyclodextrin improved thermal stability
and biological activity of lysozyme [4-10]. Previously
published results suggest that the effects of CDs on
protein refolding are attributed to their ability to
suppress aggregation of proteins. CDs may show
properties similar to chaotropic agents, which may help
explain their anti-aggregation and protein refolding
ability. Biological assay exhibited that lysozyme and
Iyophilized protein/cyclodextrin  better maintained
protein biological activity compared to lyophilized
lysozyme in absence of cyclodextrin [1-14]. CDs have
hydrophobic cavities that prevent direct interactions on
the hydrophobic surfaces of proteins and in this way
suppress protein aggregation [12-14].

The tendency of lysozyme to aggregate is most
distinct at pH 12. Thus, exposure to alkaline pH of 12
serves as a convenient approach to initiate the
aggregation of lysozyme. In these conditions we can
follow the anti-aggregation effect of BCD clearly.

Materials and Methods

Hen egg-white lysozyme was obtained from Sigma.
The isothermal titration calorimetric experiments were
carried out on a VP-ITC ultra sensitive titration
calorimeter. The microcalorimeter consists-. of a
reference cell and a sample cell of 1.8mL in volume,
with both cells insulated by an adiabatic shield. All
solutions were thoroughly degassedbefore” use by
stirring under vacuum. The sample cell was loaded with
lysozyme solution (1.26 mM) and the reference cell
contained buffer solution. The solution in the cell was
stirred at 307 rpm by the syringe (equipped with micro
propeller) filled with BCD solution (30mM) to ensure
rapid mixing. Injections were started after baseline
stability had been achieved. The titration of lysozyme
with BCD were carried out on a VP-ITC ultra sensitive
titration calorimeter (MicroCal, LLC, Northampton,
MA). The measurements were performed at a constant
temperature of 27.0+0.02 °C and the temperature was
controlled using a Poly-Science water bath. The titration
of lysozyme with BCD solution involved 30 injections,
the first injection was 5 uL and the remaining ones were
10 pL. To correct the thermal effects due to BCD
dilution, control experiments were done in which
identical aliquots were injected into the buffer solution
with the exception of lysozyme. In the ITC experiments,
the heat changes associated with processes occurring at
a constant temperature are measured.
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Results and Discussion

The determined heats for lysozyme+BCD interaction
were shown graphically in Figure 1.

We have shown previously [15-27] that the heats of
the macromolecules+ligands interactions in the aqueous
solvent systems can be reproduced by the following
equation:

q:qmaxxl;_é‘.f(XLLA_FXl;LB) (1)
~(8 =X ala +X5la)Xp

The parameters &, and & reflect to the net effect of

BCD on the lysozyme stability in the low and high
dextrin concentrations respectively. The positive values
for &7 or & indicate that BCD stabilizes the lysozyme

structure and vice versa. xj can be expressed as

follows:
x! =«PXe. )
X A 4 pX B
p>1_.or p<1 indicate positive or negative

cooperativity of macromolecule for binding with ligand
respectively; p=1 indicates that the binding is non-
cooperative. X is the fraction of bound BCD and

X =1-xg is the fraction of unbound BCD. We can
express X as follows:

D]

Xg =
[CD]

X, =1-X,

3

max

[ACD] is the concentration of BCD after every
injection and [CD] is the maximum consternation of
BCD upon saturation of all lysozyme molecule. La and
Lg can be calculated from heats of dilution of CD in
water, Qg » as follows:

0d 0q;
L :qiu +X ( dllut],L :qiu —X ( dllutJ(4)
A dilut B 8XB B dilut A 6XB

The heats of lysozyme+BCD interactions were fitted
to Eq. 1 over the entire BCD concentrations. In the
fitting procedure, the only adjustable parameter (p) was
changed until the best agreement between the
experimental and calculated data was approached.

There are two distinct sets of binding sites on
lysozyme, which are clear in Figure 1. The dissociation
equilibrium constant (Ky) and the number of binding
sites “g” can be determined by the following equation
[15-27]:


www.SID.ir

Refolding of Lysozyme Upon Interaction with B-Cyclodextrin

A A
_qM 0= (_q)Lo
qmax q
Where Aq =g, —Qq and q represents the heat value at

a certain BCD (Lo ) and lysozyme (M,) concentrations
and qnax represents the heat value upon saturation of all

1 K

—_d

g 9

(6))

max

lysozyme molecule. Therefore, the plot of (A—q)M o VS.

max

(A—q)L0 should be a linear plot with slope of ““1/g”” and
q

, which “g

S K
the vertical-intercept of —¢ and Ky can be
9

obtained (Table 1). If g and Qe are calculated per mole
of lysozyme, then the standard molar enthalpy of

binding for each binding site, AH®, will be

AH° :q“‘—*’*. The change in the standard Gibbs free
g

energy, AG", and change in standard entropy of
binding, AS°, could be calculated by using association
equilibrium constant, K,=1/K,, and AH’ value in
equations 6 and 7, respectively.

AG’=-RT InK,
AH’ —AG®
T

(6)

AS’ = (7)

The binding parameters in Table 1 suggest that the
effects of BCD on lysozyme refolding are attributed to
its ability to suppress aggregation of lysozyme. BCD
reduced the unfolding of lysozyme as evidenced by
large values of association equilibrium constants
(K;=49967.89 and 130462 M™ at the firstand second set
of binding sites respectively), suggesting that BCD
stabilize native or unfolded state of lysozyme. The
binding process for inhibition of lysozyme aggregation
at the first set of binding sites was both enthalpy and
entropy driven (Table 1), but electrostatic interaction
plays an important role in the binding processes. The
interaction in the second set of binding sites is stronger
and both enthalpy and entropy driven but hydrophobic
interaction is more important than electrostatic force for
the inhibition of lysozyme aggregation (Table 1). BCD
has a stronger affinity for lysozyme at the second set of
binding sites, as evidenced by larger association
equilibrium constant. A negative &, value (5, =—0.34)

for the interaction is a characteristic of the electrostatic
interactions underlying many non-specific ligand-
protein interactions, indicating that BCD destabilizes
lysozyme structure. Destabilization of lysozyme by
BCD indicates that PCD binds preferentially to the

119

unfolded lysozyme or to a partially folded intermediate
form of lysozyme. Such effects are characteristic of
nonspecific interactions, in that the nonspecific ligand
binds weakly to many different groups at the
protein/water interface. Therefore, the calorimetric
results suggest that inhibition of lysozyme aggregation
is the result of nonspecific interactions at the first set of
binding sites. In the other words, the negative J, values

followed by positive value of & indicates that firstly,

the non-specific binding of BCD to exposed side-chains
on unfolded lysozyme will destabilize the native folded
form of lysozyme. Alternatively, interactions with
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Figure 1. Comparison between the experimental heats, g, (O),
for lysozyme+BCD interaction and calculated data (lines) via
Eq.1.[BCD]are concentrationsof fCD solutionsinmM at pH 12.

Table 1. Binding parameters for lysozyme+BCD interaction at
pH 12. p=1 indicates that the binding is non-cooperative in
two sets of binding sites. Enthalpic force in the first binding
sites is more important than entropic one, indicating that
electrostatic interaction plays an important role in the
interaction of lysozyme with BCD. The interaction in the
second binding sites is stronger and both enthalpy and entropy
driven but hydrophobic interaction has more important than
electrostatic force

Parameters  First binding sites Second binding sites
p 1 1
0i 2.00+0.03 5.110.08
KM 49967.89+21.15  130462.30+13.06

AH/kJ mol 'site™ -2.05+0.05 -0.08+0.01
AG/KI moltsite™  -26.80+0.15 -29.18+0.25
AS/kJ mol™ site™ 0.09+0.01 0.10£0.01

5y -0.36+0.03

52 0.09::0.02
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groups on oligomeric folded proteins can lead to

dissociation of these protein aggregates.

Finally,

cyclodextrin interaction with unfolded proteins may
enhance the solubility of partially denatured lysozyme
by masking the exposed hydrophobic residues, thereby
assisting the refolding of lysozyme molecule.

Acknowledgements

The financial support of Islamic azad university,

Takestan branch is gratefully acknowledged.

10.

11.

12.

13.

References

. Pirzadeh, P. Moosavi-Movahedi, A.A. Hemmateenejad, B.

Ahmad, F. and Shamsipur, M. Chemometric studies of
lysozyme upon interaction with sodium dodecyl sulfate
and B-cyclodextrin. Colloids and Surfaces B: Biointerfaces
52: 31-38 (2000).

. Tavornvipas, S. Hirayama, F. Takeda, S. Arima, H. and

Uekama, K. Effects of cyclodextrins on chemically and
thermally induced unfolding and aggregation of lysozyme
and basic fibroblast growth factor. J. Pharm Sci. 95: 2722-
2729 (2006).

. Desai, A. Lee, C. Sharma, L. and Sharma, A. Lysozyme

refolding with cyclodextrins: structure—activity relation-
ship. Biochimie 88: 1435-1445 (2006).

. Buswell, A.M. and Middelberg, A.P. Critical analysis of

lysozyme refolding kinetics. Biotechnol Prog. 18: 470-5
(2002).

. Larreta-Garde, V. Xu, ZF. Lamy, L. Mathlouthi, M. and

Thomas, D. Lysozyme kinetics in low water activity
media. A possible hydration memory. Biochem Biophys
Res Commun. 155: 816-822 (1988).

. Altobelli, G. and Subramaniam, S. Kinetics of association

of anti-lysozyme monoclonal antibody D44.1 and hen-egg
lysozyme. Biophys J. 79: 2954-2965 (2000).

. Hibbits, K.A. Gill, D.S. and Willson, R.C. Isothermal

titration calorimetric study of the association of hen egg
lysozyme and the anti-lysozyme antibody HyHEL-5.
Biochemistry 33: 3584-3590 (1994).

. Newman, M.A. Mainhart, C.R. Mallett, C.P. Lavoie, T.B.

and Smith-Gill, S.J. Patterns of antibody specificity during
the BALB/c immune response to hen eggwhite lysozyme.
J. Immunol. 149: 3260-3272 (1992).

. Schwarz, F.P. Tello, D. Goldbaum, F.A. Mariuzza, R.A.

and Poljak, R.J. Thermodynamics of antigen-antibody
binding using specific anti-lysozyme antibodies. Eur. J.
Biochem. 228: 388-394 (1995).

Tello, D. Goldbaum, F.A. Mariuzza, R.A. Ysern, X.
Schwarz, F.P. and Poljak R.J. Three-dimensional structure
and thermodynamics of antigen binding by anti-lysozyme
antibodies. Biochem Soc Trans. 21: 943-946 (1993).
Xavier, K.A. and Willson, R.C. Association and
dissociation kinetics of anti-hen egg lysozyme monoclonal
antibodies HyHEL-5 and HyHEL-10. Biophys J. 74:
2036-2045 (1998).

Szejtli, J. Introduction and General Overview of
Cyclodextrin Chemistry. Chem. Rev. 98: 1743-1753
(1998).

Blake, C.C.F. Koenig, D.F. Mair, G.A. North, A.C.T.
Phillips, D.C. and Sarma, V.R. Structure of Hen Egg-
White Lysozyme: A Three-dimensional Fourier Synthesis

120

Rezaei Behbehani et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

J. Sci. . R. Iran

at 2 A Resolution. Nature 206: 757-761 (1965).

Kamatari, Y.O. Smith, L.J. DODSON, C.M. and Akasaka,
K. Cavity hydration as a gateway to unfolding: An NMR
study of hen lysozyme at high pressure and low
temperature. Biophys Chem. 156: 24-30 (2011).

Rezaei Behbehani, G. Saboury, A.A. and Fallah Baghery,
A. A thermodynamic study on the binding of cobalt ion
with myeline basic protein. Bull. Kor. Chem. Soc. 29: 736-
740 (2008).

Rezaei Behbehani, G. Saboury, A.A. Mohebbian, M. and
Ghammamy, S. Application of a simple calorimetric data
analysis on the binding study of cyanide ions by Jack bean
urease. Chin. Chem. Lett. 21: 457-460 (2010).

Rezaei Behbehani, G. Barzegar, L. Saboury, A.A. and
Ghammami, S. A thermodynamic investigation on the
binding of mercury ion with myelin basic protein at
different temperatures. Chin. Chem. Lett. 22: 623-625
(2011).

Rezaei Behbehani, G. Application of a New Method to
Reproduce the Inthalpies of Transfer of Nal from Water to
Aqueous Methanol Ethanol and iProH Solvent Systems at
298 K. Bull. Korean Chem. Soc. 2: 238-240 (2005).

Rezaei Behbehani, G. Tetrabutyl Ammonium Bromide
and tetrapentylamoni bromide from water to aqueous
acetonitrile at 298K. Acta Chim. Slov. 52: 288-291 (2005).
Rezaei-Behbehani, G. and Ghamamy, S. A New Equation
to Reproduce The Enthalpies of Transfer of Formamide,
N-methyl Formamide and N, N- Dimethylformamidefrom
water to aqueous methanol mixturs at 298K. Thermochim.
Acta 444: 71-74 (2006).

Rezaei Behbahani, G. Saboury, A.A. and Tazikeh, E.
Using the extension coordination model to reproduce the
enthalpies of transfer of tetraethylurea from water to
aqueous ethanol,propan -1-ol and acetonitrile at 298K.
Acta Chim. Slov. 53: 363-366 (2006).

Rezaei Behbahani, G. Saboury, A. A. and Divsalar, A.
Thermodynamic study on the binding of calcium and
magnesium ions with myelin basic protein Using the
extended solvation theory. Acta Biochimica et Biophysica
Sinica 40: 964-969 (2008).

Rezaei Behbahani, G. Saboury, A. A. and Taleshi, E.
Determination of partial unfolding enthalpy for lysozyme
upon interaction with dodecyltrimethylammoniumbromide
using an extended solvation model. J. Mol. Recognit. 21:
132-135 (2008).

Rezaei Behbahani, G. Saboury, A. A. and Divsalar, A.
Using the Extended Solvation theory for Thermodynamic
Study on the interaction of Magnesium and Cobalt ions
with human growth hormone. J. Korean Chem. Soc. 52:
608-613 (2008).

Rezaei Behbahani, G. Saboury, A. A. Divsalar, A.
Faridbod, F. and Ganjali, M.R. A Thermodynamic Study
on the Binding of Human Serum Albumin with
Lanthanum Ton. Chinese Journal of Chemistry 28: 159-
163 (2009).

Rezaei Behbahani, G. Saboury, A. A. Divsalar, A.
Hajiand, R. Rezaeid, Z. and Yahaghi, E. thermodynamic
study on the binding of Cobalt and iron ions with bovine
carbonic anhydrase Il molecule at different temperatures.
J. Solution Chem. 39: 1142-1152 (2010).

Rezaei Behbahani, G. Saboury, A. A. Barzegar, L. Zarean,
O. Abedini, J. Payehghdr, M. A thermodynamic study on
the interaction of nikel with mylin basic protein by
isothermal titration calorimetry. J. Therm. Anal. Cal. 101:
379-384 (2010).


www.SID.ir

