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A B S T R A C T

In this work, we are interested in the denaturation process of a laccase from Tramates versicolor via the de-
termination of the refractive index, the refractive index increment and the specific volume in various media. The
measurements were carried out using an Abbe refractometer. We have shown that the refractive index increment
values obtained from the slope of the variation of the refractive index vs. Concentration are outside the range
refractive index increments of proteins. To correct the results, we have followed the theoretical predictions based
on the knowledge of the protein refractive index from its amino acids composition. The denaturation process was
studied by calculating the specific volume variation where its determination was related to the Gladstone-Dale
and the Lorentz-Lorentz models.

1. Introduction

The characterization of proteins by dynamic, static light scattering
and sedimentation is often related to the measurements of the refractive
index of solutions where its determination is necessary to calculate
several physical parameters [1–7]. For that reason, generally, an ex-
perimental compromise was followed to determine the refractive index.
The experimental determination of the refractive index of polymer or
protein solutions is based on the direct reading of the values obtained
with refractometers and the index increments from the slope of the
curve representing the variation of the refractive index vs. concentra-
tion or temperature. But, the problem is that the direct determination of
the refractive index and the refractive index increments of protein allow
us to obtain an exact or an approximated value and then an exact or
approximated result.

In literature, little works are interested in the investigation of solutions
the optical propriety and characterizing biopolymers vs. the knowledge of
their refractive index. The refractive index of proteins is a physical para-
meter serving in various biophysics techniques and optical imaging [8,9]. It
represents the consequence of the local polarizability of atoms and chemical
groups due to the deformation of electron configurations of protein [10–12].
Therefore, for the best determination of this parameter, Doty et al. [13]
have shown the importance of the composition, the density and the en-
vironmental factors. In the same way, Adair et al. [14] have considered that
the refractive index of proteins or amino acids may be approximately de-
termined from its elementary composition. They have also considered that

by means of a good approximation, a consensus value can be used where
the amino acids composition represents the determining factor to calculate
the exact value of the refractive index increments of proteins [10], knowing
that the most index increments of proteins vary between 0.173 and
0.215 ml / g [10]. Likewise, the exact value of the refractive index incre-
ments permits the determination of interesting parameter giving informa-
tion on the protein behaviour in solution is that the specific volume. The
specific volume determination of is usually related to several models such as
the Gladstone-Dale [15,16] and the Lorentz-Lorentz models [17–20].

Herein, we are interested in the investigation of the optical prop-
erties of the laccase from the determination of its real refractive index,
its refractive index increment and its specific volume. We have chosen
the laccase from fungus Tramates versicolor because the fact that their
optical proprieties and denaturation process are rarely investigated
even their frequent use in biotechnology where their applications vary
from organic synthesis, biosensors and surface treatment.

We have followed the Wiener model [10,21,22] to determine the
refractive index increment and Lorentz-Lorentz model to determine the
specific volume [17–20]. The values of the refractive index increments
and the specific volume of laccase relative to various solutions are
obtained from the amino acids composition in the solid state. In our
knowledge, there are no subsequent studies who are interested in the
determination of the refractive index, the index increment and the
variation of the specific volume of laccase for different pH, chemical
and organic denaturants and in the presence of ionic liquids.
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2. Experimental

All the chemicals and synthesized samples description are given in
Table 1. We have chosen a Laccase from fungus Trametes versicolor (EC
1.14.18.1/CASRN ¼ [80498-15-3]) and has a molecular weight of
57 kDa. The laccase is of the highest purity grade available from Sigma-
Aldrich and used without further purification. The used laccase is
powder and its activity is superior to 0.8 U / mg. This enzyme contains
4 copper atoms distributed in type 1, type 2 and type 3 sites. Ultra-pure
water which has a specific conductivity of about 0.65 mS / cm was used
to prepare all concentrations. The solution preparations were based on
the “Cold Method” technique. The Cold Method was expanded from the
preparation polymer aqueous solutions. It consists in the dissolving the
enzyme in cold water where the temperature does not exceed 4 °C. All
concentrations are prepared from a stock enzyme solution. The solu-
tions were stirred for 3 h. After agitation, the solutions are equilibrated
for 24 h at 4 °C.

In order to study the effect of pH, we have used buffer solutions for
pH ranging from 2 to 9. To prepare solutions having pH<6, we have
used the Sodium Acetate of 0.1 M. For solutions having pH ranging
between 6 and 8, we have used the Phosphate Buffer of 0.1 M.For the
solutions having pH≥ 9, we have used the Tris HCl of 0.1 M. The pH of
the solutions was adjusted using the HCl and the NaOH.

The Guanidinuim Chloride (GdmCl) and the urea are used as che-
mical denaturants for concentrations ranging between 0.5 and 6 M. The
phenol, the methanol and the acetonitrile are used as organic dena-
turants. The volumetric fractions added vary between 10% and 60% of
the total volume of the laccase/water solution. All chemical and organic
denaturants are Sigma-Aldrich products.

The Pyrrolidinium Formate (C5H11NO2), and the Morpholinium
Formate (C5H11NO3), represent the ionic liquids used in this work. They
are used for volumetric fractions ranging between 20% and 80% of the
total volume of the laccase/water solution. The Pyrrolidinium Formate
([Pyrr][F]) and the Morpholinium Formate ([morph][F])are in their
liquid state and have a hydrophilic character [23–25].

The Abbe refractometer is the instrument used to determine the
refractive index of different solutions studied. The optical system re-
lative to the refractometer is based on the measurement of the refrac-
tion limit at the interface between the prism having a refractive index of
1.7 and a liquid having a refractive index less than that of the prism. In
this work, the Abbe refractometer has a wavelength of 589 nm. All
values are measured with an accuracy of 10−4.

All studied systems are reported at atmospheric pressure. All curves
are treated using the software OriginPro (OriginLab/OriginPro 8.5,
USA).

3. Theoretical background

To study the effect of solvents on the specific volume of laccase, first

we have determined the partial specific volume, the refractivity per
gram and the refractive index of the laccase in its solid state from the
index data of amino acids related to laccase [26–29]. The refractive
index relative to the chemical components is related to the molar re-
fractivity R via the following equality [17]:
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For proteins, it was usually considered that =n np and =R Rp. We
recall that np is the refractive index of protein in its solid state, Rp is the
refraction per gram defined as the weight average of the contribution
from the individual amino acid Ra [10,26–30], ρ is the density and M is
the molecular weight of the constituent. The refraction per gram Rp is
given by:
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where, ∑a represents the summation over the number of the same
amino acids. McMeekin et al. [26,27] have shown that the refraction
per gram can be written as a function of the refractive index of protein
in its solid state as:
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From Eq. (3), we can obtain the equation determining the refractive
index np as a function of Rp and the partial specific volume of the
protein vp:
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where, vp is obtained from the amino acids composition using the fol-
lowing relation:
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Table 2 shows the obtained values of the refractive index of the
laccase in its solid state, the refractivity per gram and the partial spe-
cific volume.

To determine the specific volume of protein and to follow the de-
naturation process, we have used the Lorentz-Lorentz model [18–20].
This model consists on the determination of the specific refractivity
from the protein refractive index in its solid state. The specific re-
fractivity according to Lorentz-Lorentz is given by:
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For dilute protein solutions, Wiener [21,22] showed that the re-
fractive index increment is related to the partial specific volume of
protein by the equation:
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where, nm is the refractive index relative to the solvent without laccase.
Substituting Eq. (6) in Eq. (7), the refractive index increment is written
as a function of the refractivity and the specific volume of the protein

Table 1
Samples description.

Chemical name Source Purity Purification method

Laccase Sigma Aldrich – None
Sodium acetate Sigma Aldrich 99% None
Phosphate buffer Sigma Aldrich 99% None
[pyrr][F] Synthesized 99% DURP
[morph][F] Synthesized 99% DURP
NaOH Sigma Aldrich 98% None
HCl Sigma Aldrich 37% None

[pyrr][F]: pyrrolidinium Formate.
[morph][F]: morphilinium Formate.
NaOH: Sodium hydroxide.
HCl: Hydrochloric acid.
DURP: Distillation Under Reduced Pressure.

Table 2
Numeric values of the specific volume variation
obtained by using the UCSF Chimera 1.8.1 soft-
ware for different pHs.

np 1.6255
Rp 0.2559 ml / g
vp 0.7233 ml / g
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solution as follows:
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According to Lorentz-Lorentz [18–20], the specific volume vsp of
protein can not be calculated directly. They have shown that the spe-
cific volume is the result of a combination between the refraction index
of protein in its solid state np and the refractive index of solution nm.
The specific volume is then given by the following expression:
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4. Results and discussion

4.1. Effect of pH

Fig. 1 illustrates the variation of the refractive index of the laccase
for several concentrations and various pH. We note that for a fixed pH,
the refractive index increases with increasing concentration. Similarly,
for a fixed concentration and increasing pH, the refractive index in-
creases. The curves show also that for pH ≤ 5, the slopes of the curves
are positive and from pH7 the slopes tendency change where it becomes
negative for pH ≥ 9.

The experimental index increments obtained from the direct cal-
culation of the slopes of the curves, the theoretical index increments
and the refractive index nm of the solvents values are given in Table 3.

We consider that the change of the slope for pH9 leads to a negative
value of the index increments. This negative value is due to the fact
that, for increasing concentration the attraction between the solute
species. In fact, the laccase the aggregation process becomes favoured
and the refractivity of the medium decreases. This process leads to a
decrease of the refractive index which explained the negative index
increment values.

Fig. 2 illustrates the variation of the specific volume calculated
according to the Lorentz-Lorentz model from the data given in Table 3.
The curve varies according two regions depending on pH. In the first
region, in which the pH of solutions is ≤ 4 and ≥ 6, the smaller change
in the specific volume was explained by the fact that the presence of H+

and OH- ions can act on the charged sites of the laccase. The excess H+

(acid) or OH- (base) ions disrupt the hydrogen bonds and the disulfide
bridges inducing diminution in the functional capacity of the laccase.
We consider that in this range of pH a folding process of laccase was
produced causing a decrease in the specific volume. This process cor-
responds probably to the denaturation of the laccase. The solutions
having pH ≤ 4 and ≥ 6 are considered as poor solvents for the laccase.

In the second region, in which the pH varied between 4 and 5, the
specific volume increases reach its maximum in the vicinity of pH5. In
this range of pH, the electrostatic interactions between the laccase and
the solvent become attractive. The H+ ions in solution interact with the
ionizable groups of the laccase, particularly the hydroxyl groups
(COOH) of the lateral chains to change the intramolecular interactions
by the intermolecular interactions between the laccase and the solvent.
The laccase molecules become swollen and the specific volume in-
creases.

It was reported that the laccase from Trametes versicolor has an
optimal enzymatic activity for pH values comprised between 4 and 5
[31,32]. Also, the pH induces a change in the ionization of the func-
tional group of the laccase leading to the modification of its structure
and a change in the copper fixation sites. Consequently, by correlating
the variation of the specific volume to the enzymatic activity, we
conclude firstly that the laccase is active only in its swollen con-
formation and the inverse relationship between specific volume and the
refractive index [33] is not checked in the pH range between 4 and 5
and is extremely influenced for pH extremes.

To be sure, we have illustrated in Fig. 3 the variation of the specific
volume of the laccase by using the UCSF Chimera 1.8.1 software for
different pHs. These illustrations allowed us to follow by modeling the
variation of the volume occupied by a chain of the laccase in order to
check our results. The volume occupied by the meshs surrounding the
laccase represents the variation of the specific volume. We show that
the variation of the specific volume of the laccase obtained from the
experimental measurements and the Lorentz-Lorentz model are ver-
ified. Table 4 below shows the numerical values that confirm the var-
iation of the specific volume.

Fig. 1. Refractive index variation for various pH and laccase concentrations.

Table 3
Refractive index, refractivity per gram and partial specific volume of the laccase in the
solid state.

pH nm ×dn dc( / ) 10 (ml/g)Exp 3 dn dc( / ) (ml/g)Theo

2 1.3348 0.0024 0.2008
3 1.3338 0.0021 0.2014
4 1.3351 0.0021 0.2006
5 1.3340 0.0023 0.2013
6 1.3345 0.0036 0.2010
7 1.3345 0.0008 0.2010
8 1.3345 0.0008 0.2010
9 1.3350 −0.0009 0.2006

Fig. 2. Specific volume variation of as a function of pH.
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4.2. Effect of chemical denaturation

Fig. 4a and b illustrate the refractive index versus the laccase con-
centrations for various urea and GdmCl concentrations. The slopes of
the curves allow the determination of the experimental refractive index
increments. The calculation of the experimental and theoretical re-
fractive index increments and the refractive index nm relative to the
binary water/denaturant solutions are illustrated in Table 5.

Fig. 5 illustrates the variation of the specific volume of the laccase in
the presence of chemical denaturants calculated from the data given in
Table 5. We note that the specific volume decreases for increasing
chemical denaturant concentrations and the inverse relationship be-
tween the specific volume and the refractive index is checked [33]. The
curves show also that the specific volume of the laccase decreases ra-
pidly in the presence of GdmCl than this in the presence of urea.

It is worth noting that the addition of chemical denaturants affects
the internal structure of laccase by acting on their hydrophobic sites.
The hydrophobic interactions cause the compaction of polypeptide
chains. The globular native structure of laccase is destabilized and a
transition from the folded to the unfolded conformation by exposing
their lateral hydrophobic chains in solution is occurring. These struc-
tural changes are considered as the transitions of laccase from its native
to its denatured state. During these transitions, the hydrodynamic and
the optical properties of the laccase are influenced leading to the re-
duction of its specific volume with increasing denaturant concentra-
tions. Kauzmann et al. [34–36]. reported that it is possible to observe

Fig. 3. Variation of the specific volume of the laccase
of Trametes versicolor for different pHs illustrated
with the software UCSF Chimera 1.8.1. The volume
occupied is represented with the meshs surrounding
the laccase. (a): pH = 2; (b): pH = 4; (c): pH = 5;
(d): pH = 6. The blue color represents the positive
charges, the white color represents the neutral
charges and the red color represents the negative
charges.

Table 4
Solvent refractive index, experimental and theoretical refractive index increments for
various laccase concentrations and various pH.

pH 2 4 5 6

Volume occupé par une chaîne de la laccase
(103 Å3)

42,07 49,78 63,46 50,11

Fig. 4. a: Variation of the refractive index as a function of the concentration of laccase in
the presence of GdmCl. b: Variation of the refractive index as a function of the laccase
concentrations in the presence of Urea.
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small changes in the refractive index by denaturing the protein with
urea. They have considered that the changes are due to the denatura-
tion could be accounted by accompanying changes in the specific vo-
lume. Kauzmann et al. [34–36] have identified that the denaturation
processes are accompanied by a contraction of several hundred cubic
centimeters per 100,000 g by proteins.

To explain the difference observed in the specific volume variation
of laccase between the GdmCl and urea, we have used the Nandel
predictions [37]. Nandel [37] showed that one molecule of urea reacts
with seven molecules of water where as one molecule of GdmCl reacts
with twelve water molecules. Consequently, the presence of GdmCl
increases the hydrophobic interactions in solution than in the presence
of urea which leads to the contraction of the laccase explaining the
diminution of the specific volume with increasing denaturants con-
centration.

4.3. Effect of organic solvents

Fig. 6a, b and c illustrate the variation of the refractive index as a
function of the laccase concentration for various volumetric fractions of
organic solvents. We recall that the pH of the solution was adjusted to 4.
Unlike chemical denaturants, the variation of the refractive index is
influenced by the presence of organic solvents. The experimental and
the theoretical refractive index increments and the refractive index nm
of the binary water/organic solvents in the presence of organic solvents
are given in Table 6. We have remarked that for organic solvents per-
centages ≥10%, the variation of the refractive index increments in the
presence of the phenol is lower than those for methanol and acetoni-
trile.

Fig. 7a and b describe the variation of the specific volume as a
function of phenol, methanol and acetonitrile concentrations calculated
from the data given in Table 6 respectively. The curves show that the
specific volume decreases for all volumetric fraction of phenol whereas
it remains constant for percentages of methanol and acetonitrile be-
tween 40% and 50% and it increases only for percentages of methanol
and acetonitrile> 50%. This variation was probably due to the differ-
ence between the action modes of various organic solvents. We remark
from Fig. 7a and b that the specific volume variation is more rapid than
in the presence of methanol and acetonitrile. We consider that the rapid
decay of the specific volume in the presence of phenol was due to the
fact that the laccase molecules react via their active sites to degrade the
molecules of phenol. For increasing phenol concentration, the laccase
flees the solution because it can degrade only one molecule of phenol.
The size and the specific volume of the laccase are reduced for in-
creasing phenol concentrations. We note that there is no denaturation
process exists in the presence of phenol.

Otherwise, in the presence of various volumetric fractions of me-
thanol and acetonitrile, Fig. 7b, the curves admit a different behaviour
to that observed in the presence of phenol; Fig. 7a. We consider that for
volumetric fraction ≤ 10%, only a small amount of molecules are able
to occupy partially the active sites of laccase. The laccase has not lost its
globular conformation which explains the higher value of the specific
volume. For volumetric fractions lying between 20% and 40%, other
sites of laccase are filled and the native molecules acquire significant
conformational changes. The laccase twists and the inner chains having
hydrophobic character emerge to interact favourably with the organic
solvent. These chains become highly dehydrated and they are protected
from contact with the solvent by a film of hydrophilic chains. The
laccase loses its native globular conformation and the denaturation
process starts. The constancy of the specific volume observed between
40% and 50% indicates that the laccase is totally denatured. Noting
that in parallel to the denaturation process and the reduction of the
specific volume, a precipitation process starts. The existence of the
precipitation process is confirmed for concentrations ≥ 50% where the
specific volume of the laccase and the refractivity of the medium in-
creases. This increase is related to the enhancement of the hydrophobic
interactions favouring the aggregation process between precipitated
chains.

4.4. Effect of ionic liquids

Fig. 8a and b illustrate the variation of the refractive index versus
laccase concentrations for various volumetric fractions of Pyrrolinidi-
nuim Formate ([Pyrr][F]) and Morphilinuim Formate ([morph][F]).
We recall that the pH of the solution is equal to 4. There is no difference
in the refractive index observed according to the variation of the [Pyrr]
[F]concentration whereas the difference appears in the presence of

Table 5
Solvent refractive index, experimental and theoretical refractive index increments for various laccase concentrations in the presence of urea and GdmCl.

Concentration (M) nm (water/denaturants) ×dn dc( / ) 10 (ml/g)Exp 3 dn dc( / ) (ml/g)Theo

Urea GdmCl Urea GdmCl Urea GdmCl

0.5 1.3393 1.3420 0.0033 0.0038 0.1979 0.1961
1 1.3439 1.3450 0.0035 0.0017 0.1949 0.1940
1.5 1.3473 1.3520 0.0016 0.0012 0.1927 0.1896
2 1.3510 1.3555 0.0013 −0.0036 0.1903 0.1873
2.5 1.3555 1.3610 0.0017 −0.0032 0.1873 0.1837
3 1.3587 1.3649 0.0010 0.0029 0.1852 0.1812
3.5 1.3630 1.3710 0.0040 −0.0086 0.1824 0.1772
4 1.3670 1.3760 0.0033 −0.0038 0.1798 0.1738
4.5 1.3700 1.3810 −0.0004 0.0007 0.1778 0.1705
5 1.3750 1.3852 −0.0005 0.0022 0.1745 0.1677
5.5 1.3780 1.3910 −0.0018 0.0032 0.1725 0.1632
6 1.3820 1.3951 −0.0016 0.0003 0.1699 0.1622

Fig. 5. Specific volume variation for various chemical denaturants concentrations.
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[morph][F]. Table 7, illustrates the experimental index increments of
laccase solutions for various volumetric fractions of [pyrr][F] and
morph][F]. To determine the variation of the specific volume of laccase
vs. ionic liquid concentrations, the refractive index nm of the binary
water/ionic liquids and the theoretical refractive index increments are
given in Table 7. The obtained values are in the same range of variation
of proteins refractive index increments [10]. Otherwise, we remark
from Table 7 that the models used permit the calculation of the theo-
retical values of the refractive index increment whereas we can not
determine the experimental value of laccase in pure ionic liquids.

Fig. 9 illustrates the variation of the specific volume for different
volume fractions of [pyrr][F] and [morph][F] calculated according to
the Lorentz-Lorentz model from the data given in Table 7. We note that
the curve associated to [morph][F] is below that associated to [pyrr]
[F]. This dissimilarity is probably due to the difference in the chemical
composition of the ionic liquids where we have considered that the
presence of oxygen atom in the aliphatic cycle of [morph] is re-
sponsible. We note, also, that the curves admit the same variation as

Fig. 6. a: Variation of the refractive index as a function of the laccase concentration in the
presence of Phenol. b: Variation of the refractive index as a function of the laccase
concentrations in the presence of methanol. c: Variation of the refractive index as a
function of the laccase concentrations in the presence of Acetonitrile.

Table 6
Solvent refractive index, experimental and theoretical refractive index increment for various laccase concentrations in the presence of phenol, methanol and acetonitrile.

Concentration (v/v) nm (water/organicsolvent) ×dn dc( / ) 10 (ml/g)Exp 3 dn dc( / ) (ml/g)Theo

Phenol Methanol Acetonitrile Phenol Methanol Acetonitrile Phenol Methanol Acetonitrile

10 1.3490 1.3340 1.3398 0.0012 0.0030 0.0049 0.1916 0.2013 0,1975
20 1.4362 1.3362 1.3405 0.0014 0.0029 0.0049 0.1334 0.1999 0.1971
30 1.4591 1.3385 1.3430 0.0014 0.0029 0.0043 0.1177 0.1983 0.1955
40 1.4765 1.3505 1.3449 0.0011 0.0034 0.0042 0.1057 0.1970 0.1942
50 1.4780 1.3415 1.3450 0.0011 0.0034 0.0043 0.1046 0.1963 0.1942
60 1.4810 1.3422 1.3490 0.0008 0.0041 0.0048 0.1026 0.1960 0.1916

Fig. 7. a: Specific volume variation for various volumetric fractions of phenol. b: Specific
volume variation for various volumetric fractions of methanol and acetonitile.
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those obtained for chemical denaturants. Therefore, we can deduce that
the [morph][F] and the [Pyrr][F] ionic liquids act probably as dena-
turants.

Generally, the presence of ionic liquids in solution affects the sta-
bility of the protein due to the chemical interactions between anions
and cations and the charged amino acid groups. With increasing ionic
liquid concentrations the solubility of the hydrophobic zone decreases.
This phenomenon is called the "salting out" [38]. Structurally, the
"salting out" increases the hydrophobic interactions within the protein
and that by means of a process which stopped the transfer of protons
between the copper atoms constituting the active center of the laccase.
The Pyrrolinidinuim and the Morphilinuim cations promote the solu-
bility of non-polar amino acids of the laccase and reduce the hydro-
phobic interactions within the laccase itself. Furthermore, the Formate
anions (HCOO-) interact only with the aqueous environment and the
polar amino acid of the laccase. This process leads to a non-uniform

stretching affecting the globular structure of the laccase. The free en-
ergy of unfolding increases and causes a decrease in the specific volume
and therefore the distortion of the laccase is activated.

The effect of the ionic liquids is reflected in the structural level of
laccase. The inconsistent stretching of the laccase results in a decrease
of the volume of the hydrophobic cavities. It leads also to the com-
paction of the tertiary structure and structural changes in the alpha and
beta helix.

5. Conclusion

We recall that in this work we are interested in the investigation of
the denaturation process of a laccase from Tramates versicolor via the
knowledge of its refractive index, refractive index increment and its
specific volume. We have studied firstly the effect of pH where we have
shown that the solutions having pH ≤ 4 and pH ≥ 6 are considered as
poor solvents and the variation of the specific volume is lower for the
pH extreme. Secondly, in the range of pH varying between 4 and 5, the
laccase is swollen and its specific volume increases. For pH values be-
tween 4 and 5, the solution is considered as good solvents.

During the chemical denaturation, the hydrodynamic and the op-
tical properties of the laccase are influenced where the refractive index
of the enzyme acquires small changes which appear in its specific vo-
lume variation. In the same way, the denaturation by organic solvents
shows that the variation of the refractive index and the specific volume
depends largely on laccase and organic solvent concentrations. This fact
is the result of the hydrophobic interactions between the laccase and
the solvent and in the protein itself.

By studying the effect of the ionic liquids, we have shown that the
refractive index increases linearly with increasing volumetric fraction
of Pyrrolidinium Formate and Morphilinium Formate. From the com-
parison between the specific volume variation in the presence of the
used ionic liquid and in the presence of urea and GdmCl, we have

Fig. 8. a: Variation of the refractive index as a function of the laccase concentrations for
various volumetric fractions [pyrr][F]. b: Variation of the refractive index as a function of
the laccase concentrations for various volumetric fractions [morph][F].

Table 7
Solvent refractive index, experimental and theoretical refractive index increments for various laccase concentrations in the presence of [pyrr][F] and [morph][F].

Concentration (v/v) nm (water/ionicliquid) ×dn dc( / ) 10 (ml/g)Exp 3 dn dc( / ) (ml/g)Theo

[pyrr][F] [morph][F] [pyrr][F] [morph][F] [pyrr][F] [morph][F]

0 1.3351 1.3351 0.0021 0.0021 0.2006 0.2006
0.2 1.3608 1.3670 0.0813 0.033 0.1839 0.1798
0.4 1.3852 1.3962 0.0830 0.0082 0.1677 0.1604
0.6 1.4120 1.4252 0.0889 0.0189 0.1498 0.1409
0.8 1.4352 1.4439 0.0823 0.0203 0.1341 0.1281
1 1.4571 1.4721 – – 0.1191 0.1087

Fig. 9. Specific volume variation for various volumetric fractions of [pyrr][F] and
[morph][F].
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concluded that the Pyrrolidinium Formate and the Morphilinium
Formate behave as chemical denaturants.

Acknowledgement

The authors are much indebted to the searchers of the Laboratoire
d′Ingenierie des Proteines et des Molecules Bioactives (LIPMB), Institut
National des Sciences Appliqueées et de Technologie (INSAT), for their
technical assistance. We are much grateful to Dr. R. Zarrougui,
Laboratoire des Matériaux Utiles, Institut National de Recherche et
d′Analyse Physico-Chimique (INRAP), Pôle Technologique-Sidi Thabet,
Tunis. The authors wish to acknowledge the Ministry of Superior
Education and Scientific Research and Technology of Tunisia, which
has facilitated the carried work.

Appendix A. Transparency document

Transparency document associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.bbrep.2017.05.003.

References

[1] N. Ghaouar, A. Gharbi, On the conformational changes of cellulases: dynamic light
scattering study, Sens. Lett. 9 (2011) 2384–2387.

[2] N. Ghaouar, L. Belbahri, S. Trabelsi, A. Aschi, A. Gharbi, Study of cellulase enzymes
conformational changes: numerical prediction, J. Macromol. Sci. Part B: Phys. 50
(2011) 33–40.

[3] N. Ghaouar, S. Elmissaoui, A. Aschi, A. Gharbi, Concentration regimes and dena-
turation effects on the conformational changes of α-chymotrypsin by viscosity and
dynamic light scattering measurements, Int. J. Biol. Macromol. 47 (2010) 425–430.

[4] N. Ghaouar, A. Aschi, L. Belbahri, S. Trabelsi, A. Gharbi, Study of thermal and
chemical effects on cellulose enzymes: viscosity measurements, Physica B 404
(2009) 4246–4252.

[5] N. Ghaouar, A. Aschi, L. Belbahri, S. Trabelsi, A. Gharbi, Study of cellulase enzymes
self-assembly in aqueous-acetonitrile solvent: viscosity measurements, Physica B
404 (2009) 4257–4261.

[6] N. Ghaouar, M. Ben Henda, A. Aschi, A. Gharbi, Study of PEO-PPO-PEO copolymers
conformational changes: viscosity and dynamic light scattering measurements, J.
Macromol. Sci. Part B: Phys. 50 (2011) 2150–2164.

[7] M.M. Jebari, N. Ghaouar, A. Aschi, A. Gharbi, Aggregation behaviour of Pluronic
L64 surfactant at various temperatures and concentrations examined by dynamic
light scattering and viscosity measurements, Polym. Int. 55 (2006) 176–183.

[8] S. Lévêque-Fort, J. Selb, L. Pottier, A.C. Boccara, In situ local tissue characterization
and imaging by backscattering acousto-optic imaging, Opt. Commun. 196 (2001)
127–131.

[9] A. Lev, Z. Kotler, B.G. Sfev, Ultrasound tagged light imaging in turbid media in a
reflectance geometry, Opt. Lett. 25 (2000) 378–380.

[10] H. Zhao, P.H. Brown, P. Schuck, On the distribution of protein refractive index
increments, Biophys. J. 100 (2011) 2309–2317.

[11] R.J.W. Le Fever, Molecular refractivity and polarizability, Adv. Phys. Org. Chem. 3
(1965) 1–71.

[12] P. Putzeys, J. Brosteau, The scattering of light in protein solutions, Trans. Faraday
Soc. 31 (1935) 1314–1325.

[13] P. Doty, E.P. Geiduschek, Optical Properties of Proteins, Academic Press, New York,
1953.

[14] G.S. Adair, M.E. Robinson, The specific refraction increments of serum-albumin and
serum-globulin, Biochem. J. 24 (1930) 993–1011.

[15] J.H. Gladstone, J. Dale, On the influence of temperature on the refraction of light,
Philos. Trans. 148 (1858) 887–894.

[16] M. Hert, C. Strazielle, Polym. J. 9 (1973) 534–557.
[17] A. Eyvind, Refractive index of phytoplankton derived from its metabolite compo-

sition, J. Plank. Res. 18 (1996) 2223–2249.
[18] H.A. Lorentz, Uber die beziehung zwischen der fortpflanzungsgeschwindigkeit des

lichtes und der krperdichte, Ann. Phys. Chem. 9 (1880) 641–665.
[19] H.A. Lorentz, The Theory of Electrons, 2nd ed, Dover, New York, 1915.
[20] L. Lorentz, Uber die refractions constante, Ann. Phys. Chem. 11 (1880) 70–103.
[21] O. Wiener, Zur theorie der refraktionskonstanten, Leipz. Ber. 62 (1910) 256–277.
[22] W. Heller, Remarks on refractive index mixture rules, J. Phys. Chem. 69 (1965)

1123–1129.
[23] C. Brigouleix, A.M. Jacquemin, M.C. Caravanier, H. Galiano, D. Lemordant,

Physicochemical characterization of morpholinium cation based protic ionic liquids
used as electrolytes, J. Phys. Chem. B 114 (2010) 1757–1766.

[24] R. Zarrougui, N. Raouafi, D. Lemordant, New series of green cyclic ammonium-
based room temperature ionic liquids with alkylphosphite-containing anion:
synthesis and physicochemical characterization, J. Chem. Eng. Data 59 (2014)
1193–1201.

[25] C. Brigouleix, M. Anouti, J. Jacquemin, M.C. Caravanier, H. Galiano, D. Lemordant,
Physicochemical characterization of morpholiniumcation based protic ionic liquids
used as electrolytes, J. Phys. Chem. B 114 (2010) 1757–1766.

[26] T.L. McMeekin, M.L. Groves, N.J. Hipp, Refractive indices of amino acids, proteins,
and related substances, in: J. Stekol. (Ed.), Amino Acids and Serum Proteins,
American Chemical Society, Washington DC, 1964.

[27] T.L. McMeekin, M. Wilensky, M.L. Groves, Refractive indices of proteins in relation
to amino acid composition and specific volume, Biochem. Biophys. Res. Commun. 7
(1962) 151–156.

[28] T.L. McMeekin. Refractive indices of amino acids, proteins, and related substances;
in: J. Stekol, Amino acids and serum proteins, Adv. Chem. Am. Chem. Soc.
Washington, DC, 1964.

[29] E.J. Cohn, J.T. Edsall, Density and apparent specific volume of proteins, in:
E.J. Cohn, J.T. Edsall (Eds.), Proteins, Amino Acids and Peptides, Van Nostrand-
Reinhold, Princeton, NJ, 1943, pp. 370–381.

[30] J. Babul, E. Stellwagen, Measurement of protein concentration with interferences
optics, Anal. Biochem. 28 (1969) 216–221.

[31] P. Baldrian, J. Snajdr, Production of ligninolytic enzymes by litter-decomposing
fungi and their ability to decolorize synthetic dyes, FEMS Microb. Rev. 30 (2006)
215–242.

[32] A.I. Yaropolov, O.V. Skorobogat, S.S. Vartanov, S.D. Varfolomeyev, Appl. Biochem.
Biotechnol. 49 (1994) 257–280.

[33] T.H.G. Scholte, Relation between the refractive index incrementand the density
increment of binary mixtures: application to the determination of partial specific
volumes of polymers in solution, J. Polym. Sci. 10 (1972) 519–526.

[34] W. Kauzmann, Some factors in the interpretation of protein denaturation, Adv.
Protein Chem. 14 (1959) 1–63.

[35] W. Kauzmann, Volume changes in ovalbumin and bovine serum albumin on adding
acid, Biochim. Biophys. Acta 28 (1958) 87–91.

[36] W. Kauzmann, A. Bodanszky, J. Rasper, Volume changes in protein reactions. II.
Comparison of ionization reactions in proteins and small molecules, J. Am. Chem.
Soc. 84 (1962) 1777–1788.

[37] F.S. Nandel, S. Verma, B. Singh, J.D.V. Sain, Mechanism of hydration of urea and
guanidium ion- a model study of denaturation of proteins, Pure Appl. Chem. 70 (3)
(1998) 659–664.

[38] J.N. Gaaib, A.F. Nassief, A.H. Al-Assi, Simple salting-out method for genomic DNA
extraction from whole blood, Tikrit J. Pure Sci. 16 (2011) 15–17.

O. Saoudi et al. Biochemistry and Biophysics Reports 11 (2017) 19–26

26

http://dx.doi.org/10.1016/j.bbrep.2017.05.003
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref1
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref1
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref2
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref2
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref2
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref3
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref3
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref3
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref4
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref4
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref4
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref5
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref5
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref5
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref6
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref6
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref6
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref7
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref7
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref7
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref8
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref8
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref8
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref9
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref9
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref10
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref10
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref11
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref11
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref12
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref12
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref13
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref13
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref14
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref14
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref15
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref15
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref16
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref17
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref17
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref18
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref18
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref19
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref20
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref21
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref22
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref22
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref23
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref23
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref23
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref24
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref24
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref24
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref24
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref25
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref25
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref25
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref26
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref26
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref26
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref27
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref27
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref27
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref28
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref28
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref28
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref29
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref29
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref30
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref30
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref30
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref31
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref31
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref32
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref32
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref32
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref33
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref33
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref34
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref34
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref35
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref35
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref35
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref36
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref36
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref36
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref37
http://refhub.elsevier.com/S2405-5808(17)30128-0/sbref37

	Denaturation process of laccase in various media by refractive index measurements
	Introduction
	Experimental
	Theoretical background
	Results and discussion
	Effect of pH
	Effect of chemical denaturation
	Effect of organic solvents
	Effect of ionic liquids

	Conclusion
	Acknowledgement
	Transparency document
	References




