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ABSTRACT: The effect of the chelating agent ethylenediaminetetraacetic acid (EDTA) on the structure and function of
endoglucanase is studied. In the presence of 2 mM EDTA, endoglucanase showed an enhanced enzymatic activity of 1.5-fold
compared to control. No further change in activity was observed with increase in the concentration of EDTA to S mM. The K,
values for control and in the presence of EDTA are 0.060 and 0.044%, respectively, and K, was 1.9 min~ ' in the presence of EDTA.
The kinetic parameters indicated a decrease in the K, with an increase in the K., Far-ultraviolet circular dichroism (far-UV-CD)
results showed a 20% decrease in ellipticity values at 217 nm in the presence of EDTA compared to native enzyme. The apparent T},
shifted from a control value of 57 + 1 to 76 £ 1 °C in the presence of EDTA (S mM). The above results suggested that the enhanced
activity in the presence of EDTA is due to an increase in the K, and flexible conformation of the enzyme. The stability of

endoglucanase increased in the presence of EDTA.
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B INTRODUCTION

Cellulose is a linear polymer of glucosyl units connected by
p-1,4 linkages. These linear chains vary in length and often
consist of many thousands of units. Most of the organic material
on earth is stored in the form of cellulose. Cellulose is readily
degraded by a number of microbes producing many different
cellulolytic enzymes. Due to the energy crisis, cellulose is an
important alternative source of renewable energy.' > Many
bacteria and fungi produce cellulases to break down this complex
substrate from its insoluble form to glucose. At present, com-
mercial applications have been mainly limited to the detergent
and textile industries. However, present environmental concerns
have geared up enormous interest in the application of cellulases
in biomass conversion.*

Aspergillus aculeatus is an important commercial source of
inexpensive cellulase, not only in the food and textiles industries
but also in pharmaceutical industries.” Endoglucanase is the main
component for cellulose degradation from A. aculeatus and
belongs to GH family 12. It is known to catalyze glycosidic bond
cleavage with net retention of anomeric configuration.®”

Ethylenediaminetetraacetic acid (EDTA) is a chelating agent
used for many decades as a protease inhibitor and metal ion
scavenger. It has been shown to be a noneffective molecule on
cellulase activity. Studies with zinc binding proteins have shown
that incubation of native cysteine/histidine-rich region 1 (C/H1)
with EDTA produced changes in the circular dichroic spectra with
a decrease in the Q-helical content. The results were consistent
with protein unfolding in the absence of Zn**, and addition of
excess Zn** did not restore the native structure of C/HI,
indicating that EDTA caused irreversible denaturation.® The
present study describes the molecular characterization of endo-
glucanase in the presence of EDTA. This is investigated by activity
measurements, fluorescence spectroscopy, circular dichroic, and
thermal denaturation studies. These data would provide insight into
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protein—ligand interactions for better understanding of the struc-
ture—function relationship of the enzyme and proteins in general.

B MATERIALS AND METHODS

Materials. Viscozyme, a commercial cellulase preparation of
A. aculeatus, was obtained from Novozymes, Bangalore, India. Endoglu-
canase was purified as described earlier.” Carboxymethylcellulose
(CMC, medium viscosity), EDTA, dithiothreitol (DTT), calcium
chloride (CaCl,), zinc chloride (ZnCl,), copper chloride (CuCl,),
ferrous chloride (FeCl,), sodium acetate, glucose, 1-anilino-8-naphtha-
lenesulfonic acid (ANS), guanidine hydrochloride (GuHCl), and 2,4-
dinitrosalicylic acid (DNS) were purchased from Sigma-Aldrich Co., St.
Louis, MO. All of the chemicals used were of analytical grade.

Enzyme Assay. The endoglucanase activity was measured by
incubating a solution of 0.1 mg/mL with 0.9 mL of 0.5% CMC
(degree of substitution, 0.7% (w/v)) in 0.02 M sodium acetate buffer,
pH 5.0, at 37 °C for 1 h. Reaction was stopped by the addition of 3 mL of
DNS reagent. To determine the reducing sugar produced, the solution
was boiled for S min in a boiling water bath and then cooled. Total
volume was made up to 20 mL with distilled water and absorbance
measured at 520 nm'® using a Shimadzu UV1601 spectrophotometer
(Shimadzu, Singapore). Glucose was used as a standard. One unit of
enzyme activity corresponds to the release of 1 #mol equivalent of the
reducing sugar (glucose) from the substrate per minute. To determine
the effect of EDTA, endoglucanase solution was preincubated in the
absence and presence of different concentrations of EDTA for 2 h, and
then the reaction was started by the addition of 0.5% CMC solution. The
enzyme activity in the absence of EDTA served as control, and the
relative activity was calculated on the basis of its original activity.

Kinetic parameters were determined by incubating the enzyme in
presence of EDTA (S mM) in the assay mixture, when the enzyme
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activity was found to be maximum. The Michaelis—Menten constant K,
and K, of the enzyme were determined by employing the Line-
weaver—Burk plot obtained by the initial velocity studies using CMC
as the substrate (ranging from 0 to 1.5%) in sodium acetate buffer (eq 1).
The K, was calculated using the equation

1/V = 1/Vinax + K/ Vinax % 1/[8] (1)

where Vs the velocity, V., is the maximum velocity, [S] is the substrate
concentration, and K, is the Michaelis—Menten constant.

Effect of Chemical Reagents on Activity. Endoglucanase was
incubated in the presence and absence of different concentrations of
CaCl,, ZnCl,, DTT, CuCl,, and FeCl, for 2 h at 37 °C, and the relative
activities were determined using CMC as substrate in 0.02 M sodium
acetate buffer, pH $.0.

Fluorescence Studies. Fluorescence emission spectral measure-
ments were done using a Shimadzu RF-5000 (Shimadzu Corp., Kyoto,
Japan) automatic recording spectrofluorimeter at 25 °C and scanned.
The temperature of the cell was maintained by circulating the water
through the thermojacketed holder from a circulating water bath. The
protein was excited at 280 nm and emission scanned from 300 to
400 nm."" The bandwidths for excitation and emission monochromators
were fixed at 5 and 10 nm, respectively. The readings of fluorescence
intensity were plotted versus EDTA concentrations.

ANS Binding Assay. The extent of exposure of hydrophobic surfaces
in the enzyme was measured by its ability to bind the fluorescent dye ANS.
A stock solution of ANS was prepared in methanol, and concentration was
determined using an extinction coefficient of 5000 M cm ™" at 350 nm.
The protein solution was incubated with an excess (100-fold) of ANS for
30 min in the dark, and ANS fluorescence was measured. The protein
concentration was 1 #M. It was excited at 380 nm, and emission spectra
were scanned from 400 to 600 nm with slit widths of S and 10 nm for
excitation and emission, respectively.

Thermal Transition Temperature. T,, was determined by using
a Caryl100 Bio UV—visible spectrophotometer (M/s Varian, Australia
Pty Ltd.). Measurements were done at different temperatures ranging
from 20 to 90 °C with 1 °C/min increment, and the spectra were
recorded at 287 nm. A protein concentration of 2 M was used for all of
the experiments, and buffer with respective concentrations of EDTA was
used in the reference cell. The apparent thermal transition temperature
(apparent T,,) was calculated by monitoring the progress of denatura-
tion followed by changes in the absorbance or van’t Hoff plot.'* The
results are the average of three independent experiments.

Circular Dichroic (CD) Spectra. CD spectra were obtained by
using a JASCO J-810 automatic recording spectropolarimeter (JASCO
Corp., Tokyo, Japan) fitted with a 250 W xenon lamp. Samples were
analyzed in 0.1 cm optical path length cells in the far-UV (below
250 nm) region. The secondary structure of endoglucanase was analyzed
using the computer program of Yang et al,'> which calculates the
structural component ratio of secondary structures for the protein by the
least-squares method. The reported CD values were the average of at
least three independent runs. Before the spectra were recorded, all
samples were previously centrifuged and filtered through Millipore
filters (0.45 um pore diameter).

Statistical Analysis. Data analysis was carried out in triplicate, and
each parameter indicated as the mean of three replicates. The corre-
sponding standard deviations have been reported. The data were
analyzed using an analysis of variance technique, and means were
separated by using Duncan’s new multiple-range test at the 5% prob-
ability level. The kinetic parameters were assessed for significant levels."*

B RESULTS AND DISCUSSION

The effect of the reducing agent DTT, metal ions, and EDTA
on the endoglucanase activity was investigated. The presence of
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Figure 1. Effect of DTT on endoglucanase. The enzyme was preincu-
bated with DTT and activity measured with 0.5% CMC in 20 mM
sodium acetate buffer, pH 5.0, at 37 °C in the presence of different
concentrations of DTT.

DTT inhibited the endoglucanase activity (Figure 1). This result
shows that disulfide linkages are involved in maintaining the
active site conformation of the endoglucanase.'® It was further
observed that CaCl,, ZnCl,, CuCl,, and FeCl, did not have any
effect on the endoglucanase activity. The enzyme activity in-
creased by 1.5-fold in the presence of 2—5 mM EDTA in 0.02 M
sodium acetate buffer, pH 5.0, at 37 °C. An increase in enzyme
activity was observed even after the removal of EDTA by dialysis
against buffer overnight with three to four changes as compared
to the control (absence of EDTA), thus showing that the
presence of EDTA retains most of the activity and had a positive
influence on enzyme activity. Different concentrations of metal
ions (Ca®*, Zn**, and Fe**) did not show any effect on the
enzyme activity even after treatment of endoglucanase with
EDTA, followed by dialysis for the complete removal of EDTA.
The increase in activity due to EDTA remains as such and is not
affected by metal ions. This confirmed that endoglucanase does
not require metal ions for enhancing or inhibiting enzymatic
activity.

However, some authors have shown that Zn** and Cu®**
metallic ions had an inhibitory effect, which is a common feature
of cellulases and xylanases'® including plant cellulases.'” Here the
isolated endoglucanase from A. aculeatus did not show any effect
on its activity in the presence of Zn** and Cu®", which shows that
sulthydryl groups are not involved in the activity or present at the
active site. The enzyme lost some of its activity in the presence of
DTT due to breakage of disulfide linkages, which are responsible
for maintaining the active site or native conformation of the
enzyme. Enzyme inhibition by metallic cations usually suggests
the presence of at least one sulthydryl group of cysteine in the
active site, the oxidation of which by the cations destabilizes the
conformational folding of the enzyme'® or leads to the formation
of disulfide bonds at an irregular position of the protein.'” Fe**
and Mn”* had significant negative effects on endoglucanase IL.
Similar effects were also observed in endoglucanases purified
from Bacillus strains."® Darlene et al.** have shown that endo-
glucanase from Achlya ambisexualis shows no inhibition by either
EDTA or EGTA, indicating that no divalent cations are required.
Aside from the thiol inhibitor Hg**, the only other ions tested
that had significant effects on activity were Mn>" and Ca*", both
of which were mildly inhibitory. The patterns of ion inhibition
and sensitivity to sulthydryl-binding agents vary greatly among
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Table 1. Kinetic Parameters of Endoglucanase in the Pre-
sence and Absence of EDTA*

sample K (app) (%) Ky (min) Keat/Kin

control 0.060 a £ 0.004 1.33a+£0.2 22.16at1

EDTA 0.044b +0.002 1.87b+0.3 42.97b+£3.01
+0.0018 (4DF) +0.015 (4DF) +1.29 (4DF)

“ Activity measurements were done in 0.02 M sodium acetate buffer,
pH 5.0, using CMC as substrate. Means in the same column followed by
different letters differ significantly (p < 0.0S), according to Duncan’s new
multiple-range test. DF, degrees of freedom.
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Figure 2. Far-UV-CD spectra of endoglucanase in the presence and
absence of cofactors. The spectra were measured in different concentra-
tions of EDTA after preincubation of the enzyme for 2 h: (a) control
(in buffer only); (b) 2 mM; (c) S mM. The spectra were measured in
20 mM sodium acetate buffer, pH 5.0, at 25 °C. The concentration of
enzyme was 0.24 mg/mL.

plant and microbial glucanases, and their significance, if any, is
not understood. Thus, metal ion requirement or inhibition of
cellulase activity is not universal and cannot be generalized.

The nature of activation of endoglucanase in the presence of
EDTA was further characterized by steady state kinetics. Kinetic
parameters of endoglucanase activity in the absence and presence
of EDTA were determined using a Lineweaver—Burk plot
(Table 1). The control (in the absence of EDTA) had an
apparent K, of 0.060%, and K, was 1.3 min~". In the presence
of EDTA, K,,, decreased to 0.044% compared to control and had
a K of 1.9 min ", The K,, and K, values in the presence and
absence of EDTA differed significantly (p < 0.05), according to
Duncan’s new multiple-range test. The decrease in the K, (high
affinity for substrate) and increase in the K, (higher catalytic
constant for conversion of substrate to product) suggests in-
creased catalytic efficiency. The ratio of K,./K,,, a quantitative
index of catalytic power, was 2-fold higher in the presence of
EDTA. Popa et al.*" in their work on viral neuraminidase have
shown enhanced activity in the presence of EDTA, and the
kinetic data obtained indicated modification of the enzyme such
that the affinity for the substrate increased, which is evidenced by
decreased K, values.

The changes in the secondary structure of endoglucanase as a
function of EDTA were followed by far-UV-CD measurements.
The addition of EDTA causes significant changes in the CD
spectra, suggesting structural changes of the enzyme due to

1000

800

600

400

200

Fluorescence intensity (AU)

o Il 1 1 1
300 320 340 360 380 400
Wavelength (nm})

Figure 3. Effect of EDTA on fluorescence spectra of endoglucanase:
(=) control; (— + —) 2mM EDTA; (— —) S mM EDTA. The spectra
were measured in 20 mM sodium acetate buffer, pH $.0, at 25 °C by
excitation at 280 nm.

EDTA. The far-UV-CD spectra of endoglucanase in the presence
of different concentrations of EDTA are shown in Figure 2.
There was a significant change in the intensity of the negative
trough at 217 nm. The control had an ellipticity value of —3450 &
30 deg'cmz/dmol cm? which decreased to —4155 =+
50 deg-cmz/ dmol cm? in the presence of EDTA. There is a
20% increase in the ellipticity value at 217 nm in the presence of
EDTA with a significant increase in the ordered structure, where
the amount of -sheet structure has increased. Enhanced en-
doglucanase activity can be correlated to the changes in the
p-sheet structure. The far-UV-CD spectra of endoglucanase in
the presence of zinc, copper, calcium, and iron did not show any
change. Matt et al.?? found that incubation of native C/H1 with
EDTA produced CD spectra with significantly decreased
Qt-helical component, consistent with protein unfolding in the
absence of Zn**, which is typical of small zinc-binding motifs.”*
The addition of excess Zn”" did not restore C/H1 to its native
structure, suggesting that denaturation by EDTA was irreversi-
ble. No changes were observed in the relative fluorescence
intensity (Figure 3) of the endoglucanase in the presence of
EDTA. This indicates that there is no interaction between
tryptophan and EDTA and also that there is no change in the
tertiary structure of the endoglucanase. To date, very little is
understood about the relationship between structure and func-
tion of the active site centers of the cellulolytic enzymes.

The presence of cofactors (zinc, calcium, copper, and iron) did
not show any effect on the apparent thermal denaturation
temperature of endoglucanase. Figure 4 shows typical thermal
transition curves of endoglucanase in aqueous media containing
EDTA. The apparent thermal transition temperature (T,)
increased from the control value of 57 °C to 66, 68, 70, and
76 °C in the presence of 1, 2, 3, and S mM EDTA, respectively.
This shows that EDTA stabilizes the protein structure against the
thermal denaturation. The exact mechanism for the increased
stability is not clear and requires thorough investigation in this
regard.

To further investigate the role of EDTA, we have monitored
the exposure of hydrophobic surfaces in the presence of EDTA.
The hydrophobic dye ANS reports hydrophobic surfaces on the
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Figure 4. Apparent thermal transition temperature profile of endoglu-
canase in the presence of EDTA, in 20 mM sodium acetate buffer, pH
5.0, as a function of temperature in the range of 25—90 °C with a 1 °C/min
increase in the temperature: (O) in the absence of EDTA (control); (A)
1 mM EDTA; (O) 2 mM; (V) 3 mM; (®) S mM EDTA. The spectra
were measured at 287 nm.

proteins.”**® Its fluorescence is sensitive to the polarity of its
microenvironment, and upon binding to the apolar surfaces,
depending on the extent of hydrophobicity of the surfaces, its
emission intensity is increased. This property of the dye has
been demonstrated to identify the intermediates on the un-
folding pathways of proteins.*® Figure SA shows the fluores-
cence of ANS-bound endoglucanase in the presence and
absence of EDTA. The fluorescence of ANS alone in buffer
shows an emission maximum at 512 nm; ANS on binding to
protein shows a shift in the emission maximum to 480 nm in the
presence of EDTA with an increase in the fluorescence inten-
sity. This shows that the enzyme exists in a flexible conforma-
tional state with exposed hydrophobic surfaces, which become
more accessible to the hydrophobic dye ANS. The profile of
emission intensity versus EDTA concentration is shown in
Figure 5B. At S mM EDTA, there is maximum change taking
place; EDTA concentration above S mM leads to quenching of
the fluorescence intensity. Prolonged incubation of endogluca-
nase for >3 h with EDTA does not lead to any significant
alteration in the profile. These results indicate that EDTA alters
the structure of the endoglucanase such that its hydrophobic
surfaces are exposed to a greater extent compared to the native
enzyme. It could be that at higher concentrations of EDTA
the hydrophobic residues that were exposed could be moving
inside or away from the solvent, leading to decreased fluores-
cence intensity. Krishnan et al.>” have shown using bovine
carbonic anhydrase (BCA) that in the absence of EDTA, ANS
reports a weak and broad transition at around 2 M GuHCI
inducing unfolding of BCA. However, in the presence of 2 mM
EDTA, the transition becomes sharp and stronger at 1.5 M
GuHCI. These results suggests that the presence of EDTA does
influence the unfolding behavior of BCA and leads to increased
exposure of the hydrophobic surfaces of BCA at 1.5 M GuHCL
Similarly, we have previously shown with this enzyme that in
the presence of denaturants the endoglucanase activity in-
creased at lower concentrations and, further, that the activity
gradually decreased as the concentration of denaturants was
increased.”®
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Figure 5. (A) Changes in the fluorescence emission spectra of ANS
binding to endoglucanase as a function of wavelength: (a) buffer with
ANS; (b) protein with ANS; (c) in the presence of 2 mM EDTA; (d) in
the presence of S mM EDTA. The spectra were measured in 20 mM
sodium acetate buffer, pH 5.0, at 25 °C in the wavelength range of
400—600 nm. The samples were incubated for 24 h at 25 °C. The
spectra were measured in different concentrations of EDTA after
preincubation of the enzyme for 2 h at 25 °C. (B) Changes in ANS
fluorescence (480 nm) as a function of EDTA concentration.

The sharp transition in ANS binding (Figure SA) has been
shown to indicate the intermediate state.”® This intermediate
state is characterized by the presence of a substantial amount of
secondary structure with no rigid tertiary structure of the
molecule.”® ' Near-UV-CD spectra are not shown as the
enzyme does not show any significant tertiary structural patterns.
An increase in apparent thermal transition temperature was
observed in the thermal denaturation measurements. Folding
and unfolding intermediates of the proteins, including inter-
mediate state, expose hydrophobic surfaces and become more
accessible to ANS binding. Here we show for the first time, in the
case of endoglucanase, that the presence of EDTA can partially
open the molecule to form an intermediate state, which can be
implicated in protein substrate interactions. The opening of the
molecule gives the enzyme a more favorable state for substrate
interaction and may have a role in the activation and also
stabilization of the molecule. Both are important properties for
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an enzyme that finds tremendous applications in food-processing
industries. Endoglucanase has the potential for commercializa-
tion to produce low-calorie food formulations and foods rich in
soluble fibers.

These potential effects of EDTA on the structure and function
of proteins should be taken into account in the interpretation of a
number of other studies done in the presence of EDTA and
should be considered in future studies.
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B REFERENCES

(1) Bhat, M. K; Bhat, S. Cellulose degrading enzymes and their
potential industrial applications. Biotechnol. Adv. 1997, 15, 583-620.

(2) Wyman, C. E. Biomass ethanol technical progress, opportunities
and commercial challenges. Annu. Rev. Energy Environ. 1999, 24,
189-226.

(3) Lynd, L. R; Wyman, C. E,; Gerngross, T. U. Biocommodity
engineering. Biotechnol. Prog. 1999, 15, 777-793.

(4) Sheehan,].; Himmel, M. Enzymes, energy, and the environment:
a strategic perspective on the U.S. Department of Energy’s research and
development activities for bioethanol. Biotechnol. Prog. 1999, 1S, 817-827.

(5) Bakalova, N.; Petrova, S.; Kolev, D. Separation of enzymes from
polyenzyme mixtures used in medicine and pharmacy. L Isolation and
characterization of xylanase from Aspergillus oryzae. Pharamzie 1996,
51, 761-764.

(6) Henrissat, B.; Davies, G. Structural and sequence-based classifi-
cation of glycoside hydrolases. Curr. Opin. Struct. Biol. 1997, 7, 637-644.

(7) Zachel, D. L.; Shouming, H. E.; Dupont, C.; Withers, S. G.
Identification of Glu-120 as the catalytic nucleophile in Streptomyces
lividans endoglucanase CelB. Biochem. ]. 1998, 336, 139-145.

(8) Nyborg, J. K; Peersen, O. B. That zincing feeling: the effects of
EDTA on the behavior of zinc-binding transcriptional regulators.
Biochem. J. 2004, 381, e3—e4.

(9) Naika, G. S.; Kaul, P.; Prakash, V. Purification and characteriza-
tion of a new endoglucanase from Aspergillus aculeatus. J. Agric. Food
Chem. 2007, SS, 7566-7572.

(10) Miller, G. L. Use of dinitrosalicylic acid reagent for determina-
tion of reducing sugar. Anal. Chem. 1959, 31, 426-428.

(11) Bagshaw, C. R; Harris, D. A. In Spectrophotmetry and Spectro-
fluorimetry — A Practical Approach; Harris, D. A., Bashford, C. L., Eds.;
IRL Press: Oxford, UK, 1987; pp 91—113.

(12) Pace, C.N;; Scholtz, J. M. In Protein Structure: A Practical Approach;
Creighton, T. E., Ed,; IRL Press: Oxford, UK, 1997; pp 299—321.

(13) Yang,].J; Wy, C. S. C.; Martinez, H. M. Calculation of protein
conformation from circular dichroism. Methods Enzymol. 1986, 130,
208-269.

(14) Snedecor, G. W; Codran, W. G. In Statistical Methods; 8th ed.;
Affiliated East—West Press, Iowa State University Press: Ames, IA, 1989.

(15) McGinnis, K;; Wilson, D. B. Disulphide arrangement and
functional domains of 3-1,4-endoglucanase ES from Thermomonospora
fusca. Biochemistry 1993, 32, 8157-8161.

(16) Paradis, F. W.; Zhu, H,; Krell, P. J.; Phillips, J. P.; Forsberg, C. W.
The xynCgene from Fibrobacter succinogens S85 codes for a xylanase with
two similar catalytic domains. J. Bacteriol. 1993, 175, 7666-7672.

(17) Ohmiya, Y.; Takeda, T.; Nakamura, S.; Sakai, F.; Hayashi, T.
Purification and properties of a wall-bound endo-1,4-f3-glucanase from
suspension-cultured poplar cells. Plant Cell Physiol. 1995, 36, 607-614.

(18) Rouvinen, J.; Bergfors, T.; Teeri, T.; Knowles, J. K.; Jones, T. A.
Three-dimensional structure of cellobiohydrolase II from Trichoderma
reesei. Science 1990, 249, 380-386.

(19) Mawadza, C.; Kaul, R. H.; Zvauya, R.; Mattiasson, B. Purifica-
tion and characterization of cellulase produced by two Bacillus strains.
J. Biotechnol. 2000, 83, 177-187.

(20) Loprete, D. M.; Hill, T. W. Isolation and characterization of an
endo-(1,4)-f3-glucanase secreted by Achlya ambisexualis. Mycologia 2002,
94, 903-911.

(21) Popa, L. M.; Repanovici, R. Enhancement and stabilization
effect of EDTA on sendai virus neuraminidase activity. Acta Virol. 1977,
21,280-287.

(22) Matt, T. D.; Martinez-Yamout, M. A;; Dyson, H. J.; Wright,
P. E. The CBP/p300 TAZ1 domain in its native state is not a binding
partner of MDM2. Biochem. ]. 2004, 381, 685-691.

(23) Low, L. Y,; Hernandez, H,; Robinson, C. V,; O’Brien, R;
Grossmann, J. G.; Ladbury, J. E.; Luisi, B. Metal-dependent folding
and stability of nuclear hormone receptor BNA-binding domains. J. Mol.
Biol. 2002, 319, 87-106.

(24) Cardamone, M.; Puri, N. K. Spectrofluorimetric assessment of
the surface hydrophobicity of proteins. Biochem. J. 1992, 282, 589-593.

(25) Stryer, L. The interaction of a naphthalene dye with apomyo-
globin and apohemoglobin: a fluorescent probe of non-polar binding
sites. J. Mol. Biol. 1965, 13, 482-495.

(26) Semisotnov, G. V.; Rodionova, N. A,; Razgulyaev, O. L;
Uversky, V. N,; Gripas, A. F.; Gilmanshin, R. I. Study of the molten
globule intermediate state in protein folding by a hydrophobic fluor-
escent probe. Biopolymers 1991, 31, 119-128.

(27) Krishnan, R.; Bakthisaran, R.; Rao, C. M. Molten-globule state
of carbonic anhydrase binds to the chaperone-like 0-Crystallin. Biol.
Chem. 1996, 271, 27595-27600.

(28) Naika, G. S.; Tiku, P. K. Characterization of functional inter-
mediates of endoglucanase from Aspergillus aculeatus during urea and
guanidine hydrochloride unfolding. Carbohydr. Res. 2010, 345, 1627-1631.

(29) Laundry, S. J.; Gierasch, L. M. Polypeptide interactions with
molecular chaperones and their relationship to in vivo protein folding.
Annu. Rev. Biophys. Biomol. Struct. 1994, 23, 645-669.

(30) Baldwin, R. L. Pulsed HID-exchange studies of folding inter-
mediates. Curr. Opin. Struct. Biol. 1993, 3, 84-91.

(31) Ptitsyn, O. B. Molten globule and protein folding. Adv. Protein
Chem. 1995, 47, 83-229.

7345 dx.doi.org/10.1021/jf103889m |J. Agric. Food Chem. 2011, 59, 73417345



