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ABSTRACT: ThePyrococcus furiosusendo-â-1,3-glucanase belongs to the subfamily of laminarinase, which
can be classified as “allâ proteins” as confirmed by deconvolution of far-UV CD and FTIR spectra. The
persistence of a significant amount of tertiary structure in 7.9 M GdmCl, as indicated by near-UV CD
spectroscopy, accompanied by a red-shift of the maximum fluorescence emission wavelength is a peculiar
property of this hyperthermophilic endoglucanase. The possibility to observe tertiary structure elements
under extremely denaturing conditions is notable and is limited to only a few examples. The unusual
resistance toward guanidinium chloride denaturation is paralleled by a notable stability at extremely low
pH and at high temperature. The analysis of the protein spectral properties indicates that the secondary
structure elements are preserved down to pH 1.0 and up to 90°C at pH 7.4 and pH 3.0. The study of the
conditions that determine the persistence of residual structure at high denaturant concentration and the
examination of these structures are particularly interesting because these state(s) may be preliminary or
coincident with the coalescence of protein aggregates or to the formation of amyloid-like fibrils, and they
may serve as seeds of protein folding.

The most thermostable endo-â-1,3-glucanase (endoglu-
canase)1 described so far is the secreted endoglucanase from
the hyperthermophilic archaeonPyrococcus furiosus(1). The
extreme thermal resistance (half-life at 100°C is 16 h) and
the temperature optimum for catalysis at 100-105°C make
this enzyme an attractive target for stability studies and to
monitor the effect of temperature on its structure in solution.
Thermal stability studies may lead to a better comprehension
of the structural determinants required for this outstanding
molecular adaptation at high temperature. In turn, the
analysis of the structural changes induced by temperature
may offer clues to understand the thermal resistance or to
recognize the transitions that are preliminary to irreversible
inactivation.

The P. furiosusendoglucanase belongs to the subfamily
of laminarinase in the glycosyl hydrolase family 16, accord-
ing to a sequence-based classification (2). This type of
classification reflects the structural features of the enzymes
since the members of a family share a similar three-
dimensional structure and a similar fold, despite important

differences in the region surrounding the conserved catalytic
residues (2, 3). These bacterial glucanases belong to the class
of “all â proteins” (4) and fold like the concanavalin A-like
lectins into a compact jellyroll-typeâ-sheet structure. Several
of these enzymes, independent of the thermophilic origin,
are remarkably stable against thermal inactivation (3, 5).
Moreover, a particular interest for this class of protein arises
from its potential biotechnological value (6, 7). The main
interest derives from the fact that the enzyme is able to
hydrolyze complex glucose polymers into smaller oligomers.
Its capability to resist against thermal and acid denaturation
is advantageous in some industrial applications (3).

These premises led us to study the stability in solution of
the endoglucanase fromP. furiosusat different pH values
and at increasing temperatures and guanidinium chloride
(GdmCl) concentration by the use of several spectroscopic
techniques to follow the protein structural transitions induced
by solvent and temperature changes. In the course of studying
the denaturation process, some interesting properties of this
enzyme were observed. In the presence of 7.9 M GdmCl,
the spectral features indicative of the enzyme’s tertiary
structure are not completely abolished, and at extremely low
pH a significant amount of tertiary structure is also present.
The possibility to observe the tertiary structure under
extremely denaturing conditions is notable and is limited to
only a few examples (8, 9). The study of the conditions that
determine the persistence of residual structure at high
denaturant concentration and the examination of these
structures are particularly interesting because these state(s)
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may be preliminary or coincident with the coalescence of
protein aggregates or to the formation of amyloid-like fibrils
(10, 11), and in turn, they may serve as seeds of protein
folding (8, 9).

MATERIAL AND METHODS

Chemicals and Buffers.GdmCl, 8-anilinonaphthalene-1-
sulfonic acid ammonium salt (ANS), DTT, EDTA, and
laminarin were from Fluka. 3′,5′-Dinitrosalicylic acid was
purchased from Sigma. Buffer solutions were filtered (0.22
µm) and carefully degassed. All buffers and solutions were
prepared with ultra-high-quality water (ELGA UHQ, U.K.).

Enzyme Preparation and Assay. TheP. furiosusendoglu-
canase was functionally produced inEscherichia coliBL21-
(DE3) with pLUW530, as described before (1). Purification
of the enzyme was performed according to ref1 with an
additional size-exclusion chromatography step on Superdex
75 (Amersham Pharmacia). The protein concentration was
determined at 280 nm usingε280 ) 82030 M-1 cm-1

calculated according to Gill and von Hippel (12). Endoglu-
canase activity was determined by measuring the amount of
reducing sugars released upon enzyme incubation in the
presence of laminarin as described by Guegen et al. (1). The
enzyme was incubated in 0.1 M sodium phosphate buffer,
pH 6.5, containing 0.5% (w/v) laminarin at 80°C for 10
min. One unit of enzyme activity is defined as the amount
of endoglucanase catalyzing the formation of 1µmol of
reducing sugars/min under the above-defined conditions;
glucose was used as a standard.

Spectroscopic Techniques. Intrinsic fluorescence emission
and light-scattering measurements were carried out with a
LS50B Perkin-Elmer spectrofluorimeter using a 1-cm path
length quartz cuvette. Fluorescence emission spectra were
recorded at 300-450 nm (1-nm sampling interval) at 20°C
with the excitation wavelength set at 290 nm. Light scattering
was measured at 20°C with both excitation and emission
wavelengths set at 480 nm.

Far-UV (180-250 nm) and near-UV (250-310 nm) CD
measurements were performed in 0.01-0.2- and 1.0-cm path
length quartz cuvettes, respectively. CD spectra were re-
corded on a Jasco J-720 spectropolarimeter. The results are
expressed as the mean residue ellipticity ([Θ]) assuming a
mean residue weight of 110 per amino acid residue. In all
the spectroscopic measurements at pH 7.4, 100µM EDTA
was present unless otherwise stated.

FTIR spectra were recorded on a Nicolet Magna 760
spectrometer (Nicolet) equipped with a MCT detector.
Solution ATR spectra were measured in a CIRCLE cell
(Spectra Tech, Madison, WI) thermostated at 20°C. Protein
samples (120µL) of a 8 mg/mL protein solution in 20 mM
Tris-HCl at pH 7.4 or pH 2.0 (10 mM HCl) were placed in
the CIRCLE cell with a Si crystal rod. A total of 512
interferograms at 2 cm-1 resolution were collected for each
spectrum, with Mertz apodization and two levels of zero
filling. The sample chamber of the spectrometer was
continuously purged with dry air to avoid water vapor
interference on the bands of interest. The background spectra
were collected immediately before the sample measurements
and under the same conditions with the cell filled with
everything but protein. At the end of the measurements, after
prolonged washing, a spectrum of the cell was recorded to

check for protein absorption on the Si crystal rod (13). Water
vapor spectra were collected by reduction of the dry-air purge
of the clean cell.

Experiments with the fluorescent dye ANS were performed
at 20 °C by incubating the protein and ANS at 1:5 molar
ratio. After 5 min, fluorescence emission spectra were
recorded at 400-600 nm with the excitation wavelength set
at 390 nm. The maximum fluorescence emission wavelength
and the intensity of the hydrophobic probe ANS depend on
the environmental polarity (e.g., on the hydrophobicity of
the accessible surface of the protein) (14).

GdmCl-Induced Unfolding and Refolding. For equilibrium
transition studies, the enzyme (final concentration 40-60
µg/mL) was incubated at 20°C at increasing concentrations
of GdmCl (0-8 M) in 20 mM Tris-HCl, pH 7.4, in the
presence of 100µM DTT and 100µM EDTA or in 10 mM
HCl (pH 2.0). After 24 h, equilibrium was reached and
intrinsic fluorescence emission and far-UV CD spectra (0.2-
cm cuvette) were recorded in parallel at 20°C. To test the
reversibility of the unfolding, endoglucanase was unfolded
at 20°C in 7.8 M GdmCl at 0.8 mg/mL protein concentration
in 25 mM Tris-HCl, pH 7.4, in the presence of 100µM DTT
and 100µM EDTA or in 10 mM HCl (pH 2.0). After 24 h,
refolding was started by 20-fold dilution of the unfolding
mixture at 20°C into solutions of the same buffer used for
unfolding containing decreasing GdmCl concentrations. The
final enzyme concentration was 40µg/mL. After 24 h,
intrinsic fluorescence emission and far-UV CD spectra were
recorded at 20°C.

Acid-Induced Denaturation. P. furiosusendoglucanase was
incubated 2 h in HCl at pH3.0, 2.0, and 1.0. The pH of the
solution was measured with an InLab 422 electrode (Mettler-
Toledo AG) connected to a Corning P 507 ion meter before
and after the addition of the enzyme; pH adjustments were
not required.

Thermal Denaturation. For thermal scans, the protein
samples (0.2 mg/mL) at pH 7.4, 3.0, and 2.0 were heated
from 10 to 95°C and subsequently cooled to 10°C with a
heating/cooling rate ranging from 0.75 to 1.50 deg/min
controlled by a Jasco programmable Peltier element in a
0.1-cm cuvette. A scan rate of 1 deg/min was chosen
in consideration of the observed independence of thermal
transitions on the heating/cooling rate. Far-UV CD spectra
were recorded every 5-2.5 °C, and the dichroic activity
at 222 nm was continuously monitored every 0.5°C
with 4-s averaging time. All the spectra were corrected
for solvent contribution at increasing temperature for all
the different pH values examined. The presence of aggre-
gated particles at the end of the thermal transitions was
controlled by 90° light-scattering and size-exclusion chro-
matography.

The thermal transition at pH 2.0 were monitored by FTIR
spectroscopy in the same CIRCLE cell used at 20°C. A
carefully degassed protein sample (8 mg/mL) was loaded
by a Teflon tubing loop that was sealed before monitoring
the thermal transition. The cell was heated from 10 to 90
°C and cooled to 20°C with a 10-deg interval at a heating
rate of 1 °C/min by a programmable Julabo FP50-HP
circulation water bath. The spectra were corrected for solvent
and water vapor contribution at each temperature interval.

Data Analysis. The changes in intrinsic fluorescence
emission spectra at increasing GdmCl concentrations were
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quantified as the intensity-averaged emission wavelength,λh,
(15) calculated according to

where λi and I i are the emission wavelength and its
corresponding fluorescence intensity at that wavelength,
respectively.

Far-UV CD spectra from GdmCl titration were analyzed
by the singular value decomposition algorithm (SVD) (16-
18) using the software MATLAB (MathWorks, South Natick,
MA). SVD is useful to find the number of independent
components in a set of spectra and to remove the high-
frequency noise and the low-frequency random error. CD
spectra in the 210-250-nm region (0.2-nm sampling interval)
were placed in a rectangular matrixA of n columns, one
column for each spectrum collected in the titration. TheA
matrix is decomposed by SVD into the product of three
matrices: A ) U × S × VT whereU andV are orthogonal
matrices andS is a diagonal matrix. The columns ofU matrix
contain the basis spectra, and the columns of theV matrix
contain the denaturant dependence of each basis spectrum.
Both U and V columns are arranged in terms of their
decreasing order of the relative weight of information, as
indicated by the magnitude of the singular values inS. The
diagonalS matrix contains the singular values that quantify
the relative importance of each vector inU and V. An
important feature of SVD analysis is that the signal-to-noise
ratio is very high in the earliest columns ofU and V and
that the random noise is mainly accumulated in the latestU
andV columns. The wavelength-averaged spectral changes
induced by increasing denaturant concentrations are repre-
sented by the columns of matrixV. Therefore, the plot of
the columns ofV versus the denaturant concentration
provides information about the observed transition.

The FTIR spectra were analyzed using GRAMS software
(Galactic Industries Corp., Salem, NH). The water vapor
contribution was subtracted from each of the sample spectra.
The essentially featureless region between 1700 and 1800
cm-1 (where no protein bands are present) indicated that
water vapor components are not responsible for the observed
bands in the amide I region. The individual components in
the amide region were identified by second derivative and
Fourier self-deconvolution of the raw spectrum using GRAMS.
Curve-fitting of the raw spectrum with a mixed Gaussian-
Lorentzian function was then performed to determine the
peak positions and parameters of each individual component.
The assignments of the component bands to secondary
structure elements were based on the literature (19-28), and
the area under each peak was used to calculate the percentage
of secondary structure components.

GdmCl-induced equilibrium unfolding was analyzed by
fitting baseline and transition region data to a two-state linear
extrapolation model (29) according to

where∆Gunfolding is the free energy change for unfolding for
a given denaturant concentration,∆GH2O is the free energy
change for unfolding in the absence of denaturant,mg is a
slope term that quantitates the change in∆Gunfolding per unit
concentration of denaturant,R is the gas constant,T is the

temperature, andKunfolding is the equilibrium constant for
unfolding. The model expresses the signal as a function of
denaturant concentration:

whereyi is the observed signal,yN andyD are the native and
denatured baseline intercepts,mN andmD are the native and
denatured baseline slopes, [X]i is the denaturant concentration
after theith addition,∆GH2O is the extrapolated free energy
of unfolding in the absence of denaturant,mg is the slope of
a ∆G unfolding versus [X] plot,R is the gas constant, and
T is the temperature. [GdmCl]0.5 is the denaturant concentra-
tion at the midpoint of the transition and, according to eq 2,
is calculated as follows:

RESULTS

Equilibrium Transition Studies in GdmCl at pH 7.4.
Incubation of endoglucanase at increasing GdmCl concentra-
tions (0-8 M) in 25 mM Tris-HCl, pH 7.4, containing 200
µM DTT and 100µM EDTA for 20 h at 20°C resulted in
a progressive increase in intrinsic fluorescence emission
intensity. In the native state, endoglucanase exhibits a
fluorescence emission maximum at 342 nm when excited at
290 nm. At the end of the transition, the intrinsic fluorescence
emission intensity was increased 2-fold as compared to that
of the native enzyme, and the maximum fluorescence
emission wavelength was shifted to 357 nm (Figure 1). The
red-shift of the intrinsic fluorescence emission was deter-
mined by calculation of the intensity-averaged emission
wavelength (λh) according to eq 1. This quantity is an integral
measurement, negligibly influenced by the noise, which
reflects changes in the shape and position of the emission

λh ) ∑(I iλi)/∑(I i) (1)

∆Gunfolding ) ∆GH2O + mg[GdmCl] ) -RT ln Kunfolding (2)

FIGURE 1: GdmCl-induced fluorescence changes ofP. furiosus
endoglucanase. Fluorescence changes are reported asλh, calculated
according to eq 1. Continuous line is the nonlinear regression to
eq 3 of the fluorescence data at varying denaturant concentration
as described in the text (see Materials and Methods). The revers-
ibility points (empty symbols) were not included in the nonlinear
regression analysis. The inset shows the spectra of the native
(dashed line) and of the enzyme in 8 M GdmCl (solid line). All
the spectra were recorded at 20°C after 24-h incubation.

yi )
yN + mN[X] i + (yD + mD[X] i) exp[(-∆GH2O - mg[X] i)/RT]

1+ exp[(-∆GH2O - mg[X] i)/RT]
(3)

[GdmCl]0.5 ) ∆GH2O/mg (4)
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spectrum. A plot ofλh as a function of the GdmCl concentra-
tion showed a sigmoidal denaturant dependence with a
transition midpoint at 6.7( 0.05 M (Figure 1). The sigmoidal
denaturation curve shown in Figure 1 indicates that the
process follows a two-state mechanism without any detect-
able intermediates. The fluorescence changes were reversible,
as indicated by the identity of the variations in the intensity-
averaged emission wavelength (λh) monitored during the
transitions (Figure 1). The enzyme activity was fully
recovered after dilution of the denaturant. The∆GH2O and
mg values were 15.4 and 2.3 kcal mol-1 M-1, respectively,
as calculated by nonlinear regression fitting of the data
reported in Figure 1 according to eqs 3 and 4. The∆GH2O

value is at the upper limit for a folded globular protein (i.e.,
5-15 kcal/mol (30)), indicating the extreme stability of the
P. furiosusenzyme.

Far-UV CD spectra were unchanged upon the increase of
GdmCl concentration (data not shown). This result was
confirmed by the reconstitution of the spectra after SVD data
analysis and by the random variation in magnitude and sign
of the two most significant columns of theV matrix as a
function of denaturant concentration. The lack of any
measurable change by far-UV CD spectroscopy after incuba-
tion of the enzyme in 7.9 M GdmCl, despite the large
modification of its intrinsic fluorescence properties, led to
study the tertiary structure arrangement by near-UV CD. The
near-UV CD spectrum of endoglucanase monitored after
incubation at pH 7.4 in 7.9 M GdmCl (Figure 2) shows that
the 295-nm negative band is almost completely suppressed,
the amplitude of the negative ellipticity signal in the 260-
270-nm region is significantly reduced, and the fine-structure
features of the 275-290-nm region are preserved with an
increase in positive ellipticity. These results indicate that in
7.9 M GdmCl at pH 7.4 the tertiary structure arrangement
is altered but not completely suppressed. Incubation ofP.
furiosusendoglucanase at increasing urea concentrations (0-
9.9 M) did not result in any change of the enzyme spectral
properties. A complete suppression of the tertiary structure
requires the incubation of endoglucanase in 7.9 M GdmCl
at pH 2.0 (10 mM HCl) (Figure 2).

Effect of pH on the Enzyme Structure.The far-UV CD
spectrum of theP. furiosusendoglucanase at pH 7.4 shows
a local minimum at 215 nm and a maximum near 194 nm,
typical for a protein with a significant content ofâ structure
(31, 32). The spectrum is generally unchanged after 2-h
incubation, a time that was established to be sufficient to
reach equilibrium, at pH 3.0, 2.0 and 1.0 at 20°C (Figure
3A) whereas the near-UV CD (Figure 3B) and the intrinsic
fluorescence emission (Figure 3C) spectra show different
profiles depending on the pH. At pH 3.0, the positive 272-

FIGURE 2: Effect of GdmCl on the near-UV CD spectrum ofP.
furiosusendoglucanase. Near-UV CD spectra were recorded at 20
°C in a 1-cm quartz cuvette at 0.6 mg/mL protein concentration
after 24-h incubation of the protein in 20 mM Tris-HCl at pH 7.4
(s), 7.9 M GdmCl at pH 7.4 (- -), and 7.9 M GdmCl at pH 2.0
(‚ ‚ ‚).

FIGURE 3: Effect of pH on the spectral properties ofP. furiosus
endoglucanase. (A) Far-UV CD spectra were recorded in a 0.01-
cm quartz cuvette at 1.0 mg/mL. (B) Near-UV CD spectra were
recorded in a 1-cm quartz cuvette at 0.6 mg/mL protein concentra-
tion. (C) Fluorescence spectra were recorded at 40µg/mL protein
concentration (290 nm excitation wavelength). All the spectra were
recorded at 20°C after 24-h incubation of the protein at pH 7.4
(20 mM Tris-HCl, s), pH 3.0 (1.0 mM HCl,‚ ‚ ‚), pH 2.0 (10.0
mM HCl, - ‚ -), and pH 1.0 (100.0 mM HCl,- ‚‚ -).
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284-nm region is modified in comparison with the enzyme
at neutral pH. The same alteration is observed in the near-
UV CD spectrum of the protein at pH 1.0, which in addition
shows a significant reduction in the amplitude of the negative
dichroic bands at 266-272 and 295 nm (Figure 3B). At pH
2.0, the near-UV CD spectrum is comparable to that of the
enzyme at pH 7.4 with a minor change centered around 284
nm. The intrinsic fluorescence emission spectra of endoglu-
canase at pH 2.0 and pH 3.0 are closely similar, and both
reveal a 2.8-fold decrease of the fluorescence intensity
accompanied by a blue-shift of the maximal emission
wavelength from 342 to 335 nm in comparison with the
enzyme at pH 7.4 (Figure 3C). At pH 1.0, the maximal
emission wavelength is the same as that at pH 7.4, but the
fluorescence intensity is 1.7-fold decreased (Figure 3C). The
changes in the intrinsic fluorescence emission spectra induced
by acidic pH confirm that the tertiary structure is perturbed
locally but not completely suppressed.

The accessibility of hydrophobic residues upon incubation
of P. furiosusendoglucanase at pH 2.0 and pH 3.0 was
analyzed by the fluorescent probe anilinonaphthalene-8-
sulfonic acid (ANS). The fluorescence emission spectrum
of ANS shows a notable increase in intensity and a blue-
shift from 510 to 477 and 483 nm in the presence of the
protein at pH 2.0 and pH 3.0, respectively (Figure 4),
suggesting that at pH 2.0, despite the presence of a nativelike
near-UV CD signal, the protein shows an increased exposure
of hydrophobic surface area.

Estimation of the Enzyme Secondary Structure.The
relative content of the secondary structure elements in
solution, estimated by SELCON 2 (33) on the far-UV CD
spectra at pH 7.4, 3.0, 2.0, and 1.0 was at least 96% and
ranged over 5.8-8.4% R, 43.6-46.9% â, 20-26% turns,
3.1-5% polyproline II, and 15.9-22.4% of other structures
(Table 1). The relative amount ofR andâ structure was also
consistent with that determined by K2D program (34). These
results indicate that the endoglucanase relative secondary
structure composition is not significantly affected by a pH
decrease up to 1.0.

The relative secondary structure content was also analyzed
by FTIR spectroscopy after deconvolution of the amide I
region. At pH 7.4 seven individual peaks were observed,
centered at 1689, 1680, 1670, 1664, 1653, 1632, and 1614
cm-1 (Figure 5A). The main peak at 1632 cm-1 can be
assigned toâ-sheets (23, 24) and corresponded to 53.0% of
the total area of the amide I region (Table 2). The higher
estimation of relativeâ-sheets content as compared to that
obtained by SELCON 2 on far-UV CD spectra (Table 1)
may be attributed to the fact that in FTIR spectra the
PolyProII band can overlap with the 1632 cm-1 band (35).
The peak at 1653 cm-1, 28.0% of the amide I, is in a spectral
region whereR-helices and unordered structure can equally
contribute (21, 23, 24). The peak at 1689 was assigned to
antiparallelâ-sheets and aggregated strands and corresponded
to 2.1% of the total area of the amide I region (24, 26, 28).
The peaks at 1680, 1670, and 1664 cm-1 were assigned to
turns (22-25, 28) and corresponded to 16.9% of the total
area of the amide I region. The peak at 1614 cm-1 can be
assigned to the vibrations of the tyrosine ring (36). At pH
2.0 the amide I region is closely similar to that at pH 7.4,
and the deconvolution of the region showed only minor
structural changes localized in the 1690-1660-cm-1 region
(Table 2) and a modest increase at 1614 cm-1(Figure 5B).
The similarity in secondary structure elements at pH 7.4 and
pH 2.0 is on line with the results obtained by far-UV CD
spectroscopy. Secondary structure prediction, performed
according to Rost (37), shows the presence of twoR-helices
in the regions corresponding to positions 82-88 and 243-
249 and 14â-strands in the positions 48-54, 93-96, 99-
104, 118-125, 129-133, 136-142, 152-156, 172-177,
184-189, 217-224, 229-234, 237-239, 258-264, and
284-297. This pattern is typical for family 16â-endoglu-
canase (3).

Equilibrium Transition Studies in GdmCl at pH 2.0.At
pH 2.0, incubation of endoglucanase in the presence of
GdmCl induces structural changes, as indicated by the
alterations of the far-UV CD and fluorescence spectra (Figure
2). The far-UV CD spectra analyzed at 220 nm upon increase
of denaturant concentration show a decrease of the negative
ellipticity above 4 M GdmCl with a small amplitude
transition (Figure 6A). The changes in the far-UV CD spectra
induced by GdmCl are reversible only above 4 M denaturant
concentration, below this concentration the enzyme does not
regain its native dichroic activity (Figure 6A). The global
changes in the spectral 213-250-nm region were analyzed
by SVD, which indicates that only two spectral components
contribute to the far-UV CD spectra. The most significant
singular values are 51.5, 8.4, and 2.8. All the other singular
values are below 10% of the largest singular value and
progressively decrease approaching to zero. A plot of the
first and the second columns of theV matrix (V1 andV2) as
a function of GdmCl concentration (data not shown) shows

FIGURE 4: Relative accessibility of hydrophobic residues inP.
furiosusendoglucanase monitored by the extrinsic fluorescence of
ANS. ANS (7.5µM) was added to the protein (1.5µM) previously
incubated 24 h at pH 7.4 (20 mM Tris-HCl, dashed line), pH 3.0
(1.0 mM HCl, dotted line), and pH 2.0 (10.0 mM HCl, continuous
line). Fluorescence emission spectra (390 nm excitation wavelength)
were recorded at 20°C 10 min after the addition of ANS.

Table 1: Relative Content ofP. furiosusEndoglucanase Secondary
Structure Estimated by SELCON 2

pH
R

(%)
â

(%)
turns
(%)

PolyProII
(%)

other
(%)

total
(%)

7.4 6.3 45.0 19.0 5.0 22.4 97.7
3.0 8.4 45.0 25.0 5.5 15.9 99.8
2.0 5.8 46.9 21.3 5.1 20.9 100
1.0 8.3 43.6 23.4 3.1 17.6 96.0
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transition profiles comparable to those observed by monitor-
ing the 220-nm ellipticity changes.

The changes in the fluorescence spectra at denaturant
concentration lower than 4 M are mainly due to the increase
in fluorescence intensity (Figure 6B). Intrinsic fluorescence
emission intensity progressively increases up to 3.5-fold
between 0 and 4 M GdmCl concomitantly with a first red-
shift of the maximum fluorescence emission wavelength from
335 to 345 nm (Figure 6C). Above 4 M denaturant, the
maximum fluorescence emission wavelength abruptly shifts
to 360 nm with a sigmoidal profile whereas the intrinsic
fluorescence emission intensity, after a 30% decrease be-
tween 3.6 and 4.8 M GdmCl, increases up to 8.0 M

denaturant (Figure 6B,C). The total amplitude of the intrinsic
fluorescence emission intensity changes during the transition
corresponds to a 4.5-fold increase. Similarly to far-UV CD
spectral properties, reversibility was observed only above 4
M denaturant concentration (Figure 6B).

Thermal Unfolding.The enzyme did not show any far-
UV CD spectral change upon heating from 10 to 95°C at
pH 7.4 and pH 3.0 (data not shown). At pH 2.0, however,
the thermal transition was characterized by remarkable
changes of the far-UV CD spectral properties, in the absence
of an isodichroic point (Figure 7). In particular, the progres-
sive blue-shift of the zero intercept is accompanied by a
decrease of the positive ellipticity at 194 nm and by a general
increase of the negative ellipticity (Figure 7). At 90°C the
spectrum is characterized by a minimum at 205 nm and by
the absence of positive ellipticity. The temperature-induced
ellipticity changes at 208 and 198 nm, where the main
amplitude was observed, occur in comparable non-two-state
transitions, as shown in the inset of Figure 7. The native
ellipticity could be restored up to about 60°C during the
cooling phase, below this temperature the thermal transition
was irreversible (Figure 7, inset).

These results were paralleled by the data obtained fol-
lowing the temperature-induced changes on the FTIR spectra
of the enzyme at pH 2.0 after deconvolution of the amide I
region. At 90°C, similarly to the spectrum deconvolution
at 20°C, six individual peaks were observed at 1689, 1680,
1664, 1653, 1632, and 1614 cm-1, and only the peak centered
at 1670 cm-1 was absent. The main peak at 1632 cm-1 was
consistently reduced to 32.9% of the total area of the amide
I region (Table 2) whereas the peak at 1653 cm-1, which is
in a spectral region whereR-helices and unordered structure
can equally contribute, was increased to 38.3%. The decrease
in the amount of secondary structure elements at 90°C was
paralleled by an increased contribution of tyrosine ring
vibrations at 1614 cm-1. The peaks assigned to turns
increased to 26.5% of the total amide I area at 90°C, with
the prevalence of the peak at 1680 cm-1 over the others
(Table 2). Reversibility was observed up to about 60°C
during the cooling phase, similar to what was described for
the ellipticity changes induced by temperature at pH 2.0.

DISCUSSION

The P. furiosusendoglucanase exhibits an outstanding
stability against chemical and physical denaturation. The
enzyme structure is in fact preserved under extreme condi-
tions such as 95°C at pH 3.0 and 7.9 M GdmCl. The tertiary
structure perturbation induced by GdmCl and monitored by
fluorescence changes is not accompanied by any measurable

FIGURE 5: Effect of pH on the amide spectra ofP. furiosus
endoglucanase. Solution ATR-FTIR spectra of 8 mg/mL protein
were measured in a CIRCLE cell with a Si crystal rod at 20°C in
20 mM Tris-Cl at pH 7.4 (A) and at pH 2.0 (B). A total of 512
interferograms at 2 cm-1 resolution were collected for each
spectrum. Deconvolution of the amide spectrum was used to identify
the individual components in the amide I region by curve-fitting
of the raw spectrum. The panels show the second derivative of the
raw spectra.

Table 2: Peak Position and Secondary Structure Assignment of the
Amide I Bands ofP. furiosusEndoglucanase

area (%)

pH 2.0
peak

position
(cm-1)

pH
7.4 20°C 90°C assignment

1689 2.1 3.8 2.3 antiparallelâ-sheets and
aggregated strands

1680 7.9 5.7 24.7 turns
1670 2.9 4.2 0.0 turns
1664 6.1 5.3 1.8 turns
1653 28.0 30.1 38.3 R-helices and unordered structure
1632 53.0 50.9 32.9 â-sheets
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perturbation of the secondary structure elements. The dis-
crepancy between the tertiary structure changes and the
stability of the secondary structure elements is particularly

interesting because the far-UV CD signal during the titrations
with the denaturant is unchanged up to 8 M GdmCl. The
analysis of the near-UV CD spectrum of the protein in 7.9
M GdmCl indicates that the tertiary structure arrangement
is altered but not suppressed because the disappearance of
the 295-nm band of Trp is not paralleled by the loss of the
asymmetric environment for all the aromatic residues that
still contribute to the fine structure of the spectrum. The
suppression of the 295 nm band and the concomitant red-
shift of the intrinsic fluorescence maximum emission wave-
length indicate that the change in the asymmetric environ-
ment for Trp residues is accompanied, at least in part, by
solvent exposure. The reversible sigmoidal transition of the
fluorescence changes upon denaturant addition suggests a
two-state process, which leads to the formation of a 7.9 M
GmCl state with the same secondary structure elements of
the native state and with a different tertiary arrangement.
The presence of residual structural elements at high con-
centration of GdmCl has been reported for different proteins
(8, 38, 39). P. furiosusendoglucanase is, to the best of our
knowledge, the first protein that retains residual tertiary
contacts still locked in 7.9 M GdmCl.

Interestingly, the proteins containing residual structural
elements at high GdmCl concentrations are mostly character-
ized byâ-structure, which may form hydrophobic clusters
in antiparallelâ-sheet at high denaturant concentration (8,
9, 40). The P. furiosusendoglucanase has indeed a high
content of â structure, as indicated by the comparable
estimation of its secondary structure elements by deconvo-
lution of far-UV CD and FTIR spectra, which both indicate
the prevalence ofâ elements (about 50%) over other
secondary structure elements. A high content ofâ structure,
as determined by far-UV CD spectroscopy, characterizes also
the thermophilic family 16 endoglucanase fromRhodother-
mus marinus(7). This is a common feature of family 16
glycosyl hydrolases (2) to whichP. furiosusendoglucanase
has been assigned on the basis of its primary structure (1).

FIGURE 6: GdmCl-induced spectral changes ofP. furiosusendo-
glucanase at pH 2.0. (A) Far-UV CD changes at 220 nm (b, O)
monitored in a 0.2-cm quartz cuvette. (B) Intrinsic relative intensity
fluorescence (b, O). (C) Maximum emission wavelengthλmax (9,
0) changes. The dotted lines have the purpose to guide the eye of
the reader and do not represent the fitting of the data. Reversibility
points are indicated by empty symbols. All the spectra were
recorded at 20°C after 24-h incubation at the indicated GdmCl
concentrations at 40µg/mL protein concentration.

FIGURE 7: Thermal denaturation ofP. furiosusendoglucanase at
pH 2.0. The far-UV CD spectra were monitored at 5°C interval
during the heating cycle (10-95 °C). The spectra are reported after
removal of the high-frequency noise and the low-frequency random
error by SVD. The inset shows the molar ellipticity changes at 208
nm (b, O) and at 198 nm (9, 0) during the heating cycle. Empty
symbols represent the molar ellipticity changes monitored during
the cooling cycle.
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The presence of antiparallelâ-sheets and turns revealed by
deconvolution of the amide I region suggests also forP.
furiosus endoglucanase a compact jellyroll-typeâ-sheet
structure according to the 3D structure analysis of family
16 glycosyl hydrolases (2). These proteins share a similar
fold usually characterized by 12-14 antiparallelâ-strands
arranged in two sheets that pack against each other (6). The
identification in P. furiosusendoglucanase, by secondary
structure prediction (37), of 14 â-strands is in line with the
assignment of this protein to the family 16 glycosyl hydro-
lases. These proteins fold into a compact jellyroll-type
â-sheet structure like the concanavalin A-like lectins, a family
of carbohydrate binding proteins with high values of con-
formational stability mainly related to intersubunit interac-
tions (41, 42). Notably, in P. furiosusendoglucanase the
â-strands corresponding to residues 217-224, 258-264, and
284-297 are mainly composed of aromatic and hydrophobic
amino acid residues with a very low relative solvent
accessibility (37). These hydrophobic clusters may be
involved in hydrophobic interactions possibly responsible for
the presence of residual structure in 7.9 M GdmCl, similar
to what was reported for other proteins (8, 40).

The thermodynamic parameters derived from the fluores-
cence changes upon increasing GdmCl are suggestive of the
high intrinsic stability of the archaeal endoglucanase with a
∆GH2O of 15.4 kcal/mol, a value at the upper limit of the
stability for a globular protein, and a transition midpoint at
6.7 M GdmCl. The presence of a significant residual structure
at 7.9 M GdmCl clearly indicates that the∆G measurement
may not reflect the free energy difference between the unique
native state and the denatured states. Hence the value of 15.4
kcal/mol is almost surely a lower limit on the stability ofP.
furiosusendoglucanase. The analysis of the effect of pH on
the protein spectral properties showed that the secondary
structure elements are preserved down to pH 1.0 whereas
only the protein at pH 2.0 shows a near-UV CD spectrum
closely similar to that at pH 7.4. This result indicates that at
pH 2.0 the increased exposure of the hydrophobic residues
may not significantly affect the tertiary structure arrangement
and led us to study the combined effect of low pH and
denaturant on the protein structural stability. The analysis
of the spectral changes induced by GdmCl at pH 2.0 indicates
a complex process. The identification, by SVD analysis of
the far-UV CD data, of two spectral components that both
respond in a concerted manner to GdmCl-induced changes
suggests that the differences observed among the transition
profiles monitored by ellipticity, intrinsic fluorescence
intensity, and maximum emission wavelength are not related
to the presence of distinct partially folded forms with
different secondary structure arrangements. The increase in
negative ellipticity observed between 0.5 and 3 M GdmCl
may be ascribed to the different contribution of the 11 Trp
residues to the far-UV CD spectrum (43), which would be
in agreement with the concomitant changes in intrinsic
fluorescence intensity. The changes in secondary structure,
indeed, occur between 3.0 and 5.0 M GdmCl and are
paralleled by the exposure of Trp residues as indicated by
the red-shift of the fluorescence maximum emission wave-
length.

The relevant stability ofP. furiosusendoglucanase is also
shown by the lack of effect of temperature on the secondary
structure elements, which are all preserved up to 90°C at

pH 7.4 and pH 3.0. The far-UV CD spectral changes
observed during the thermal transition at pH 2.0 are
characterized by a general increase of the negative ellipticity
and may be tentatively ascribed to different contribution of
aromatic residues to the far-UV CD spectrum (43), to an
increase in turns (44), and/or to unordered structure (45). A
comparative analysis of the FTIR spectral changes observed
at 90°C at pH 2.0 indicates that the secondary structure is
altered, mainly because of the relative increase ofâ turns
accompanied by a decrease ofâ-sheets. The changes in the
relative contributions of the different secondary structure
elements clearly show that the secondary structure is reduced
but not abolished and suggest that the protein at 90°C and
pH 2.0 is in a “partially denatured” state.

The residual structure present after thermal unfolding is
in line with the results obtained in the presence of GdmCl
and points to a significant structural stability of this protein.
The structured denatured states, observed inâ-proteins rich
in hydrophobic clusters, have been related with the hypoth-
esis that they may serve as “seeds” to initiate the folding
process (8, 40). The specific regions ofP. furiosusendo-
glucanase primary sequence rich in hydrophobic amino acid
residues with a very low solvent accessibility may form
hydrophobic clusters responsible of the persistence of residual
tertiary structure under extremely denaturing conditions. The
selection of specific sites for mutagenesis to identify the role
played by individual residues in the formation of highly
resistantâ strands should be supported by the resolution of
the crystal structure. A relevant number of primary sequences
of family 16 enzymes is available; however, the crystal
structure is known only for a few mesophilic glycosyl
hydrolases (46) from this family, and three-dimensional data
from hyperthermophilic sources are not available.
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