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The family 16 endo-$-1,3 glucanase from the extremophilic ar-
chaeon Pyrococcus furiosus is a laminarinase, which in 7.9 M
GdmCl (guanidinium chloride) maintains a significant amount of
tertiary structure without any change of secondary structure. The
addition of calcium to the enzyme in 7.9 M GdmCl causes signi-
ficant changes to the near-UV CD and fluorescence spectra, sug-
gesting a notable increase in the tertiary structure which leads
to a state comparable, but not identical, to the native state. The
capability to interact with calcium in 7.9 M GdmCl with a con-
sistent recovery of native tertiary structure is a unique property of
this extremely stable endo-8-1,3 glucanase. The effect of calcium
on the thermodynamic parameters relative to the GdmCl-induced

equilibrium unfolding has been analysed by CD and fluorescence
spectroscopy. The interaction of calcium with the native form of
the enzyme is studied by Fourier-transform infrared spectroscopy
in the absorption region of carboxylate groups and by titration in
the presence of a chromophoric chelator. A homology-based
model of the enzyme is generated and used to predict the putative
binding site(s) for calcium and the structural interactions poten-
tially responsible for the unusual stability of this protein, in com-
parison with other family 16 glycoside hydrolases.

Key words: calcium, endo-8-1,3-glucanase, guanidinium chlor-
ide, homology modelling, protein stability.

INTRODUCTION

Laminarinase endo-$-1,3 glucanase (EC 3.2.1.39) from the hyper-
thermophilic archaeon Pyrococcus furiosus (pfLamA) maintains
residual tertiary structure and intact secondary structure elements
in 7.9 M GdmCl (guanidinium chloride) [1]. The presence of
residual tertiary interactions under such extreme denaturing con-
ditions is a peculiar property of this protein, which makes it an
attractive model to investigate the role played by non-covalent
interactions as structural determinants of protein stability.

pfLamA belongs to family 16 glycoside hydrolases [2] (see
http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html). Enzymes in
this family show a number of catalytic activities and are charac-
terized by a similar B-jelly roll fold, which is better conserved
than the primary structure. A similar fold has also been demon-
strated in proteins that have been classified in different families
of glycoside hydrolases [3]. A considerable number of primary
structures of family 16 are available, but among the few
crystal structures solved, detailed structural information on the
laminarinase subfamily is lacking [4].

The presence of at least one metal-binding site is one of the com-
mon features in the crystal structures of family 16 glycoside
hydrolases [2,4] and calcium has been reported to protect pfLamA
from heat-induced inactivation [5]. Indeed, previous sequence
comparisons of the deduced pfLamA primary structure have
revealed that those residues presumably involved in metal binding
are conserved, in particular Asp-287 that is present in most of the
family 16 enzymes, as well as residues Glu-170 and Glu-175 that
are involved in catalysis (pfLamA amino acid numbering used
throughout manuscript) [5]. However, despite the sequence simi-
larities with all the enzymes of family 16, the unusual resistance
to structural loss in 7.9 M GdmCl is a peculiar property of

pfLamA. To gain more information about the possible structural
determinants of the unusual stability of pfLamA, we performed
multiple sequence alignments by applying Hidden Markov Model
using the SAM-T02 web pages [6]. pfLamA was found to be
closely related to the mesophilic k-carrageenase from Pseudo-
alteromonas carrageenovora (pcCar) (EC 3.2.1.83), a family
16 glycoside hydrolase enzyme which cleaves the internal B
(1 — 4) linkages of carrageenans, a linear polymer of galacto-
pyranose residues linked by alternating o (1 — 3) and 8 (1 — 4)
linkages, and whose crystal structure has been solved at 1.54 A
(1 A=0.1 nm) resolution [2,7]. The homology to pcCar allowed
us to use it as a template for molecular modelling of the pfLamA
structure. Interestingly, x-carrageenase in crystals binds seven
cadmium ions, indicating that this fold has several potential bind-
ing sites for metals [7]. In the present study, we describe that in
7.9 M GdmClI pfLamA interacts with calcium with a consistent
regain of tertiary structure, as indicated by near-UV CD and fluor-
escence spectra, without any change in the far-UV CD spectrum.
The interaction of calcium with the native form of pfLamA
becomes evident by FTIR (Fourier-transform infrared) spectro-
scopy in the absorption region of carboxylate groups. We analysed
the binding of the metal to the native enzyme in the presence of
a chromophoric chelator, and present a structural model of the
protein that reveals potential binding sites for metals and that
may provide clues about the structural interactions potentially
responsible for the extreme stability of pfLamA.

EXPERIMENTAL
Data collection

The three-dimensional crystal structures of a lichenase, the hybrid
1,3-1,4-B-D-glucanase from Bacillus amyloliquefaciens and

Abbreviations used: ANS, 8-anilinonaphthalene-1-sulphonic acid; ATR, attenuated total reflectance; BAPTA, 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid; DTT, 1,4-dithio-DL-threitol; FTIR, Fourier-transform infrared; GdmCI, guanidinium chloride; SVD, singular value decomposition algorithm.
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B. macerans (b1,3-1,4Glc; Protein Data Bank code: 2AYH),
and of the catalytic domain of pcCar (PDB code: 1DYP) were
taken from the Brookhaven PDB [8]. The two structures
were superimposed with the program CE (combinatorial exten-
sion) [9] and a sequence alignment was derived from the structural
consensus. The alignment was manually corrected to optimize the
arrangement of insertions and deletions. The sequence of pfLamA
was then lined up with the two sequences of the structural align-
ment, by the program ClustalW [10]. The alignment obtained was
manually modified to take into account the structural information
such as the observed and predicted secondary structural elements,
the structurally and functionally conserved amino acids, and the
position of insertions and deletions in the structures. The program
HOMOLOGY in the package InsightIl [11] was used for the
processing of alignments and structures.

A search for B-glucanase structures displaying homology with
pfLamA for a comparative analysis was conducted in the PDB
using PSI-BLAST [12] with two iterations. All the hybrid and cir-
cularly permuted structures were rejected. The final selection con-
sisted of two lichenases: the 1,3-1,4-8-glucanases from B. licheni-
formis (bl1,3-1,4Glc; PDB code: 1GBG) and from B. macerans
(bm1,3-1,4Glc; PDB code: IMAC).

Model building

The three-dimensional structures of »1,3-1,4Glc and pcCar were
used as templates for the construction of a homology-derived
model of pfLamA. Homology modelling was based on the mul-
tiple sequence alignment constructed as described in the above
subsection. Protein models were built with the MODELLER-4
package [13]. Ten different models at the highest optimization
level were built for the target protein. The model displaying the
lowest ‘objective function’ value, which measures the violation of
constraints from the template structures, was selected [14]. Con-
struction of slightly different models of the same protein structure
can be used as an indicator of the most variable and, therefore, less
reliable regions in the folding. The calcium ion was taken from the
b1,3-1,4Glc structure and included in the model as a rigid body.
The quality of the final model was assessed with the programs
Prosall [15] and PROCHECK [16].

Contact surface area for apolar atoms was calculated with the
program PDB_NP_CONT [17], which computes pairwise atom
contact areas between apolar atoms from structural data. The
program is based on classification of points located on an inter-
action sphere around each atom and used a method similar to that
described by Connolly [18]. The total contact surface was then
normalized by the number of residues of the protein considered.

lon pairs

ITon pair interactions were determined using the program WHAT
IF [19]. Two atoms of opposite charge separated by a distance less
than a defined threshold are defined as an ion pair. The distance
limits of 4.0 A, the value usually accepted [20], and 6.0 A were
selected to identify ‘strong’ and ‘weak’ ion pairs respectively.
Atoms with positive charge were considered the side-chain nitro-
gens in arginine and lysine. Atoms with negative charge were the
side-chain oxygens of aspartic and glutamic residues. Results
with and without histidine residues are reported for completeness;
however, the assignment of protonation state of such a residue in
a protein may be difficult.

Chemicals and buffers

GdmCl, ANS (8-anilinonaphthalene-1-sulphonic acid) am-
monium salt, DTT (1,4-dithio-DL-threitol), EDTA and laminarin
were from Fluka (Zwijndrecht, The Netherlands). 3',5'-Dinitro-
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salicylic acid was purchased from Sigma. 5,5'-Br,-BAPTA [where
BAPTA stands for 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid] was from Molecular Probes Europe BV (Leiden,
The Netherlands). Buffer solutions were filtered (0.22 um) and
carefully degassed. All buffers and solutions were prepared with
ultra-high quality water (ELGA UHQ, Veolia Water Systems,
High Wycombe, U.K.). Buffers for calcium titrations were pre-
pared as described in [21].

Enzyme preparation and assay

pfLamA was functionally produced in Escherichia coli BL21-
(DE3) with pLUWS532 and purified according to Kaper et al.
[22]. The protein concentration was determined at 280 nm using
a £,5=83070 M~ -cm™" calculated according to Gill and von
Hippel [23]. Enzyme activity was determined by measuring the
amount of reducing sugars released on incubation in 0.1 M sodium
phosphate buffer (pH 6.5) containing 5 mg/ml laminarin, at 60 or
80°C for 10 min, as described by Kaper et al. [22]. Calcium-
depleted protein was obtained by extensive dialysis with 100 uM
EDTA and 100 uM EGTA in 10 mM Tris/HCI (pH 7.4). All the
precautions required to prevent Ca*™ contamination were followed
during the preparation and storage of protein and buffer solutions
[21]. Calcium-loaded protein refers to the protein in the presence
of 40 mM CaCl,.

Spectroscopic techniques

Intrinsic fluorescence emission and 90° light scattering measure-
ments were performed with a LS50B PerkinElmer spectrofluor-
imeter using a 1.0 cm pathlength quartz cuvette. Fluorescence
emission spectra were recorded at 300450 nm (1 nm sampling
interval) at 20°C with the excitation wavelength set at 290 nm.
To check for the presence of aggregated particles, 90° light scat-
tering was measured at 20°C with both excitation and emission
wavelength set at 480 nm.

Far-UV (180-250 nm) and near-UV (250-320 nm) CD meas-
urements were performed at 20°C in 0.1-0.2cm and 1.0 cm
pathlength quartz cuvettes respectively. CD spectra were recorded
on a Jasco J-720 spectropolarimeter. The results are expressed as
the mean residue ellipticity [®] assuming a mean residue weight
of 110 per amino acid residue. In all the spectroscopic measure-
ments at pH 7.4, 100-250 uM EDTA was always present unless
otherwise stated.

FTIR spectra were recorded on a Nicolet Magna 760 spectro-
meter (Thermo Nicolet, Madison, WI, U.S.A.) equipped with
a liquid nitrogen-cooled mercury—cadmium telluride solid-state
detector. ATR (attenuated total reflectance) spectra in solution
were measured in a CIRCLE cell (Spectra Tech, Madison, WI,
U.S.A.) at 20°C. Protein samples (130 ul) of an 8 mg/ml protein
solution in 20 mM Tris/HCl at pH 7.4, in the absence or presence
of 40 mM CaCl,, were placed in the CIRCLE cell with a ZnSe
crystal rod. For exchange of amide protons with deuterons,
pfLamA was freeze-dried and dissolved twice in *H,O buffer
at 20°C before measurements. A total of 512 interferograms at
2 cm™! 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 vapour interference on the bands of interest. The back-
ground 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 adsorption on the crystal rod [24]. Water vapour spectra
were collected by reduction of the dry-air purge of the clean cell.
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Difference spectra were normalized to an equal protein content by
normalizing spectra measured in H,O to an amide II absorbance
of 0.04 (difference in absorbance between 1545 and 1490 cm™')
and spectra measured in *H,O to an amide I’ absorbance of 0.06
(difference in absorbance between 1706 and 1636 cm™"). The ana-
lysis of raw spectra was performed with GRAMS.

Experiments with the fluorescent dye ANS were performed at
20°C by incubating the protein and ANS at a 1:10 molar ratio.
After 5 min, fluorescence emission spectra were recorded at 400—
600 nm with the excitation wavelength set at 390 nm. The maxi-
mum 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 pro-
tein [25]. Fluorescence quenching was performed by adding
increasing amounts of acrylamide (0—100 mM) to pfLamA solu-
tion (40 pug/ml) in 7.9 M GdmCl in the absence or presence
of 40 mM CaCl,. Emission spectra (300—450) were recorded at
20°C, 10 min after each acrylamide addition with the excitation
wavelength set at 290 nm. The effective quenching constants were
obtained from modified Stern—Vollmer plots by analysing F,/AF
versus 1/[acrylamide] (25 data points) [26].

GdmCl-induced unfolding and refolding

For equilibrium transition studies, pfLamA (final concentration
40-50 ug/ml) was incubated at 20°C at increasing concen-
trations of GdmCl (0—8 M) in 20 mM Tris/HCl (pH 7.4), contain-
ing 100 uM DTT and 100 M EDTA and, when indicated, 40 mM
CaCl,. After 24 h equilibrium was reached and intrinsic fluor-
escence emission and far-UV CD spectra (0.2-cm cuvette) were
recorded in parallel at 20 °C. To test the reversibility of the unfold-
ing, pfLamA 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), containing
100 uM DTT and 100 uM EDTA, in the presence and absence
of 40 mM CaCl,. 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 con-
centrations. The final enzyme concentration was 40 pg/ml. After
24 h, a time that was established to be sufficient to reach equi-
librium, intrinsic fluorescence emission and far-UV CD spectra
were recorded at 20 °C.

Data analysis

Far- and near-UV CD spectra from GdmCl and Ca®" titrations
were analysed by the SVD (singular value decomposition algor-
ithm) [1,27] using the software MATLAB (MathWorks, South
Natick, MA, U.S.A.). SVD is useful to find the number of inde-
pendent components in a set of spectra and to remove the high-fre-
quency noise and the low-frequency random error. CD spectra in
the 210-250 nm region or in the 250-310 nm region (0.2 nm sam-
pling interval) were placed in a rectangular matrix A of n columns,
one column for each spectrum collected in the titration. The A
matrix is decomposed by SVD into the product of three matrices:
A =USVT, where U and V are orthogonal matrices and S is
a diagonal matrix. The columns of U matrix contain the basis
spectra and the columns of the V matrix contain the denaturant
or the Ca?" dependence of each basis spectrum. Both U and V
columns are arranged in terms of decreasing order of the relative
weight of information, as indicated by the magnitude of the
singular values in S. The diagonal S matrix contains the singular
values that quantify the relative importance of each vector in
U and V. The signal-to-noise ratio is very high in the earliest
columns of U and V and the random noise is mainly accumulated
in the latest U and V columns. The wavelength averaged spectral
changes induced by increasing denaturant or Ca’* concentrations

are represented by the columns of matrix V, hence the plot of the
columns of V versus the denaturant or Ca’>* concentrations pro-
vides information about the observed transition.

GdmCl-induced equilibrium unfolding was analysed by fitting
baseline and transition region data to a two-state linear extra-
polation model [28] according to

AGunl‘olding = AGHZO + mg [deCI] =—RTIn Kunfolding (1)

where AG uo4ime 1S the free energy change for unfolding for a
given denaturant concentration, AG™° the free energy change
for unfolding in the absence of denaturant and m, a slope term
which quantifies the change in AG 4 PET UNit concentration
of denaturant, R the gas constant, T the temperature and K oiding
the equilibrium constant for unfolding. The model expresses the
signal as a function of denaturant concentration:

v +mlX] + (p + mp[X])" expl(— AG™® —m,[X],)/RT]
- 14 exp[(— AG™° —m,[X],)/RT]

@

where y; is the observed signal, yy and yp, are the native and de-
natured baseline intercepts, my and my, are the native and dena-
tured baseline slopes, [X]; the denaturant concentration after the
ith addition, AG™° the extrapolated free energy of unfolding in
the absence of denaturant, m, the slope of a G unfolding versus [X]
plot. The [GdmCl], ;s is the denaturant concentration at the mid-
point of the transition and, according to eqn (1), is calculated as:

[GAmCl],5s = AG™°/m, (3)

Calcium titrations and determination of binding constant

Calcium-depleted native pfLamA (9-16 uM) was titrated with
CaCl, in the presence of 24 uM of the chromophoric chelator
5,5'-Br,-BAPTA [29]. 5,5-Br,-BAPTA concentration was deter-
mined by measuring the absorbance A, using €5 =1.6 X
10* M~!.cm™! [21]. Titrations were performed at 20°C in 10 mM
Tris/HCI (pH 7.5) by the addition of 1-2 ul of CaCl, solutions
ranging from 0.015 to 20.0 mM to a 1-ml protein solution con-
taining 24 uM 5,5 -Br,-BAPTA. Absorbance spectra were moni-
tored between 200 and 450 nm after each Ca’" addition. To
determine protein binding constants and number of binding sites,
the variation of 5,5-Br,-BAPTA absorbance as a function of
calcium addition was fitted by non-linear analysis using the
CaLigator software [21]. The quantity x* calculated by the pro-
gram was used as the measure of the goodness-of-fit. All the
precautions required to prevent Ca*™ contamination were followed
during the preparation and storage of protein and buffer solu-
tions [21].

Calcium titration of calcium-depleted pfLamA in 7.9 M GdmCl
(25 mM Tris/HCI, pH 7.4 containing 200 uM DTT and 250 uM
EDTA) was performed by the addition of increasing CaCl, con-
centrations (0—40 mM) under continuous stirring. Near-UV CD
(240-320 nm, 22 uM protein concentration) and fluorescence
(300450 nm, 1.2 uM protein concentration) spectra were re-
corded 5 min after each CaCl, addition at 20°C. The spectral
changes observed after each CaCl, addition were not affected by
longer incubation time. The concentration of unchelated Ca** was
calculated by using the program WinMaxc version 2.40 [30] (see
http://www.stanford.edu/~cpatton/maxc.html).
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Effect of calcium on the spectral properties of pfLamA in 7.9 M

(A)Near-UV CD spectrawere recordedina1 cm quartz cuvette at 0.6 mg/ml protein concentration
and (B) fluorescence spectra were recorded at 40 ,.g/ml protein concentration (290 nm excitation
wavelength). All the spectra were recorded at 20 °C after 24 h incubation of the protein in 20 mM
Tris/HClatpH 7.4 (----- )and in 7.9 M GdmCl at pH 7.4 in the absence (—) and presence of
40mM CaCly (....... ).

RESULTS
Effect of calcium on pfLamA in 7.9 M GdmCl

Addition of CaCl, to calcium-depleted pfLamA in 7.9 M GdmCl,
25 mM Tris/HC1 (pH 7.4) containing 200 uM DTT, 250 uM
EDTA, at 20°C, causes significant changes in the enzyme tertiary
structure, as indicated by near-UV CD and intrinsic fluorescence
emission spectra (Figures 1A and 1B). At 40 mM CaCl,, the
295 nm band of tryptophan residue, which is significantly reduced
in 7.9 M GdmCl, is restored with a concomitant regain of the
negative ellipticity signal and of the fine structure in the 260—
270 nm region (Figure 1A). The regain in aromatic chirality is
accompanied by a 1.5-fold decrease in fluorescence intensity at
342 nm and a blue shift from 357 to 343 nm in the maximum fluor-
escence emission wavelength, a value close to that measured at
342 nm for the native state (Figure 1B). The far-UV CD spectrum
in 7.9 M GdmCl, which is the same as that measured in the absence
of denaturant [1], is not affected by the addition of CaCl, (results
not shown). A titration of the enzyme in 7.9 M GdmCl with
increasing amounts of CaCl,, from 0.2 nM to 35 mM unchelated
Ca*", and the analysis of the aromatic CD spectral changes at
295 nm indicates that, above 120 uM of unchelated Ca>" concen-
tration, no further changes are observed (Figure 2). The near-
UV CD ellipticity changes at 295 nm induced by increasing
CaCl, concentration (Figure 2) were analysed after removal of
the high-frequency noise and the low-frequency random error
by SVD. The global changes in the spectral region 250-310 nm
were analysed by SVD that indicates that only two spectral
components contribute to the near-UV CD spectra. The most
significant singular values are 4.7 x 10°, 1.0 x 10% and 0.1 x 10°.
All the other singular values are well below 10 % of the largest
singular value and progressively decrease approaching zero. The
first and the second columns of the V matrix (V; and V,) show
a similar dependence on increasing Ca*" concentration and both
confirm that saturation occurs above 120 uM (results not shown).
The [®],ys data were analysed by non-linear regression analysis
to define two limiting slopes, intersecting at a value which
suggests that essentially 2 mol of Ca*" per mol of enzyme is
necessary to reach an apparent saturation effect (Figure 2). The
intrinsic fluorescence emission quenching at 342 nm measured
on unchelated Ca*" addition from 0.2 nM to 35.0 mM remains
unchanged above 120 uM Ca", similar to that observed for the
near-UV CD ellipticity changes (Figure 2). The dependence of
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Figure 2 Interaction of calcium with pfLamA

[Olags (O, 22 M pfLamA in 7.9 M GdmCl) and fluorescence intensity at 342 nm (O, 1.2 uM
pfLamA in 7.9 M GdmCl) were measured from near-UV CD and fluorescence spectra (290 nm
excitation wavelength) recorded at 20°C, 5 min after each Ca®* addition. [®1gs is reported
after removal of the high-frequency noise and the low-frequency random errar by SVD. The two
limiting slopes, calculated by non-linear regression analysis to the [@]gs dataat 22 1M pfLamA,
intersect at a point corresponding to [Ca>+ unchelated]/[pfLamA] = 2. The reported unchelated
Ca®+ concentrations, calculated according to [30], are 0.2 nM—35.0 mM and 0.2 nM-1.82 mM
for [®lags and fluorescence changes respectively. The inset shows a plot of the decrease in
5,5"-Bro-BAPTA Ay, towards [Ca?t] in the absence (@) and presence of 10 M (M) and
20 M (A) native pflLamA in 10 mM Tris/HCI (pH 7.5) at 20 °C. The solid lines represent fitting
of the data by non-linear analysis using the CaLigator software [21].

the spectral changes on increasing Ca®" concentration is hyper-
bolic, suggesting that binding of two Ca** essentially produces the
same signal changes either on the decrease of the intrinsic fluor-
escence emission at 342 nm or on the regain of negative ellipticity
at 295 nm. A comparable result is obtained from the plot of the
changes of the maximum fluorescence emission wavelength (re-
sults not shown).

Effect of calcium on the native pfLamA

The near- and far-UV CD spectra, as well as the intrinsic fluor-
escence emission spectrum of the calcium-depleted native
pfLamA, in 25 mM Tris/HCI (pH 7.4) containing 200 uM DTT
and 250 uM EDTA, are not affected by the addition of CaCl,
up to 0.5 M (results not shown). The interaction of calcium with
the native enzyme was therefore studied by titration of pfLamA
with CaCl, in the presence of the chromophoric chelator 5,5'-
Br,-BAPTA. The effect of calcium chelation on the absorbance
spectra of 5,5-Br,-BAPTA is characterized by a decrease in the
A,g; accompanied by an increase in absorbance at approx. 239 nm,
with an isosbestic point at 247 nm [29]. A plot of the decrease
in 5,5-Br,-BAPTA A, towards [Ca®*] gives a titration profile,
progressively shifted to the right in the presence of increasing
pfLamA concentration (Figure 2, inset). This indicates the affinity
of the native protein for the cation that was quantitatively analysed
by CaL.igator software [21]. At all protein concentrations tested,
best fits of the absorbance data (x> =9.8 x 10~°) were obtained
with two calcium-binding sites and two corresponding binding
constants of 5.0 x 107 and 2.6 x 10° M~ respectively were found.
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Figure 3 Effect of calcium on the IR spectra of pfLamA

Solution ATR-FTIR spectra of 8 mg/ml pfLamA were measured at 20°C in 20 mM Tris/HCI
(pH7.4) in a CIRCLE cell with a ZnSe crystal rod. A total of 512 interferograms at 2 cm~"
resolution were collected for each spectrum. Absorbance spectra of amide | and Il in Hy0
(A) and in 2H,0 (B) in the absence (—) and in the presence of 40mM CaCl (------ ).
Deconvolution of the amide I spectrum was used to identify the individual components in
the amide I region by curve-fitting of the raw spectrum (B). Inset in (B) shows the difference
between the fitted curve and the original expanded 20 times. (C) Difference spectra in H,0 (—,
left axis) and in °H,0 (- - - - - - -, right axis) were obtained by subtracting the spectrum recorded
in the absence of calcium from that in the presence of 40 mM CaCl,. (D, E) Second derivative
of the raw spectra in the amide Il region measured in H,0 (D) and in 2H,0 (E) in the absence
(—) and in the presence of 40 mM CaCly (- - - - - - ).

Fitting the data according to only one calcium-binding site gave
a single binding constant of 3.3 x 10’ M~! and a 3-fold higher x?
value.

The effect of calcium on native pfLamA was also investigated
by FTIR spectroscopy, in H,O and *H,0O, in the amide I, amide II
and in the spectral region where the side chains of aspartic and
glutamic residues are known to make contributions [31,32] (Fig-
ure 3). In the presence of 40 mM Ca’*, FTIR absorbance spectra
in H,O show an amide I region almost identical with that ob-
served in the absence of the cation, with the same maximum at
1634 cm™!, and a shift of the amide II maximum from 1542 to
1544 cm™, which is accompanied by an increase in the amide 1T
intensity (Figure 3A). In *H,0, FTIR absorbance spectra of
pfLamA in the presence and absence of calcium show a maximum
centred at 1632 cm™' and a band at 1560 cm™" (Figure 3B). Simi-
lar to what was observed in H,O, the presence of the cation
does not significantly affect the amide I' region, in agreement
with the lack of any measurable change induced by the cation
on the far-UV CD spectrum. In *H,0, a decrease in the intensity
in the amide II region and a shift of the amide II to 1455 cm™" are
also observed (Figure 3B), similar to what was reported for other
proteins on deuteration [33,34]. However, in the presence of Ca**
the decrease in intensity of the amide II' region at 1544 cm™! ob-
served in *H,O is less pronounced (Figures 3B and 3C), thus
suggesting a reduced hydrogen—deuterium exchange indicative
of a more compact structure [35].

The region of antisymmetric stretching vibration v,, COO~
mode of the unprotonated carboxyl groups (1595-1550 cm™")
and the region 14301390 cm™' corresponding to the symmetric
stretching vibration v, COO~ mode of the unprotonated carboxyl

groups were explored [32,36]. FTIR difference absorption spectra
were obtained by subtracting the absorption spectrum of the
calcium-depleted from that of the calcium-loaded form of
pfLamA. Hence positive peaks in the difference spectrum cor-
respond to an increase in the intensities of the absorption spectrum
on calcium binding, and vice versa (Figure 3C). In *H,O, the
binding of calcium gives rise to a main positive band centred at
1547 cm™" and a minor peak at 1594 cm™' (Figure 3C). In H,0, the
difference spectrum is comparable with that obtained in *H,0,
with a main positive peak centred at 1550 cm™', accompanied by
ashoulder at approx. 1575 cm™"' (Figure 3C). The regions of the v,
COO~ mode in H,0 and in ?’H, O are also very similar, with a main
positive peak at 1408 and at 1410 cm™! respectively. Apart from
the v,, and v, COO™ (1595-1550 and 1430-1390 cm™), in H,O
two positive peaks are evident at 1466 and at 1385 cm™' similar to
the large shoulder at approx. 1468 cm™' and to the positive peak
at 1380 cm™' observed in *H,0 (Figure 3C). Above 1610 cm™', in
the amide I and amide I’ regions, both the difference spectra are
similar, without any significant change in the presence of calcium,
thus confirming the lack of changes in the secondary structure
elements induced by the cation (results not shown). The 1800—
1700 cm™ region, corresponding to the C=0 mode of protonated
carboxyl groups, is not affected by the presence of calcium (results
not shown).

Resolution enhancement by second derivative analysis of the
FTIR spectra confirms the changes observed in the difference
spectra (Figures 3D and 3E). Below the Tyr ring mode, which in
’H,0 is downshifted from 1516 to 1514 cm™', the effect of
calcium is evident, particularly in H,O, as an upshift from 1396
to 1403 cm™', which is comparable with the upshift from 1400 to
1403 cm™! observed in 2H,O. In the v,, (1595-1550 cm™!), the
frequencies of the bands are not shifted by the presence of calcium,
neither in H,O nor in 2H,0, and an increased resolution of the
band in the 1575-1550 cm™! interval is observed in H,O. In
the presence of calcium, changes are also observed in frequency
regions apparently not directly related to the v,, and v, COO~, such
as a downshift from 1475 to 1468 cm™' and an upshift from 1377
to 1386 cm™! in H,0, and a downshift from 1385 to 1382 cm™' in
2Hzo.

Effect of calcium on the equilibrium transition in GdmClI

Incubation of pfLamA at increasing GdmCl concentrations (0—
8M) in 20 mM Tris/HCl (pH 7.4) containing 100 uM DTT,
100 uM EDTA and 40 mM CaCl, for 20 h at 20°C results in a
progressive increase in the intrinsic fluorescence emission inten-
sity at 342 nm (Figure 4), with a fluorescence maximum emission
wavelength still centred at approx. 342 nm (Figure 4, inset). The
process follows a two-state mechanism without any detectable
intermediates, as indicated by the sigmoidal transition profiles
shown in Figure 4, similar to that observed in the absence of Ca*".
A plot of the relative fluorescence intensity at 342 nm as a function
of GdmCI concentration shows a transition midpoint at 6.0 M
GdmCl in the presence of Ca’* and at 6.7 M GdmCl in the absence
of Ca?". The enzyme, which is inactive in 7.9 M GdmClI in the
presence and absence of CaCl,, was fully reactivated on dilution
of the denaturant. The fluorescence changes were reversible and
the AG™2° and m, values were calculated by non-linear regression
fitting of the data reported in Figure 4, according to eqns (2) and
(3). The AG™° and m, values were 41.8 kJ/mol and 6.99 kJ -
mol™' -M~" and 61.5kJ/mol and 9.20kJ-mol™'-M~" in the
presence and absence of Ca’* respectively, suggesting an apparent
decrease in protein stability in the presence of the cation. In the
presence of Ca’*, the analysis of pfLamA far-UV CD spectra in
the 210-250 nm region revealed no changes on increasing GdmCl
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Figure 4 Effect of calcium on the GdmCl-induced fluorescence changes of
pfLamA

Relative fluorescence emission intensity at 342 nm (290 nm excitation wavelength) was recorded
at 20°C after 24 h incubation at varying denaturant concentrations, in the absence (@, left axis)
and presence of 40 mM CaCl, (M, right axis), as described in the text (see the Experimental
section). Continuous lines are the non-linear regressions to eqn (2) of the fluorescence data. The
reversibility points (empty symbols) were not included in the non-linear regression analysis.
Inset: the intrinsic fluorescence emission spectra of pfLamA in 7.9 M GdmCl and 40 mM CaCl,:
—, the spectrum measured after 24 h incubation in 7.9 M GdmCl in the presence of 40 mM
CaCly;. .. .. ., the spectrum resulting from the progressive addition of CaCl, to the protein after
24 hincubation in 7.9 M GdmCl; ———, the spectrum of the native pfLamA in 20 mM Tris/HCI
(pH 7.4). All the spectra were recorded at 20°C.

concentration (results not shown), similar to what was reported
for the enzyme in the absence of Ca®** [1]. 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 the V matrix as a function of
denaturant concentration.

The fluorescence emission spectrum measured on incubation in
7.9 M GdmCl and 40 mM CacCl, is comparable with that resulting
from the progressive addition of CaCl, to the protein in 7.9 M
GdmCl (Figure 4, inset).

ANS fluorescence and acrylamide quenching

The accessibility of hydrophobic residues on incubation of
pfLamA in 7.9 M GdmCl in the presence or absence of Ca’* was
compared by the analysis with the fluorescent probe ANS. The
fluorescence emission spectrum of ANS shows a modest, 2-fold
increase in intensity in the presence of the proteinin 7.9 M GdmCl,
either in the presence or absence of 40 mM CaCl,, without any
change in the maximum fluorescence emission wavelength (re-
sults not shown). This suggests that in 7.9 M GdmCl the hydro-
phobic surface area of the protein is not significantly exposed.
The uncharged fluorescence quencher acrylamide was used to
probe the accessibility of the hydrophobic core and the dynamic
properties of pfLamA in 7.9 M GdmCl in the presence and
absence of Ca?" in comparison with that of the native enzyme.
Effective acrylamide quenching constants from the modified
Stern—Vollmer plots for the protein in the absence and presence
of Ca** were 13.0 and 11.4M™" in 7.9 M GdmCl and 7.9 and
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6.9 M~ for the native enzyme respectively. These results suggest
that Ca*™ causes a decreased accessibility of protein fluorophores
to the quencher both in the native and in the 7.9 M GdmCl
state.

Structural analysis
Estimation of secondary structure

A structural model for pfLamA was generated on the basis of an
alignment of its amino acid sequence with that of two family 16
enzymes that have established crystal structures and that share
the highest sequence similarity with pfLamA: b1,3-1,4Glc and
pcCar (Figure 5). The resulting pfLamA model has been ana-
lysed in an attempt to unravel details of its extreme stability
and of its calcium-binding site(s). The relative contribution of
secondary structure elements in the pfLamA model was calculated
by the program DSSP [37] and corresponds to 42.4 % of B-sheets,
2.6 % of a-helices, 12.4 % turns (including residues in isolated
B-bridges) and 42.6 % loops. This result was compared with the
deconvoluted FTIR amide I' region in 2H,O (Figure 3B), which
reveals nine individual peaks centred at 1620, 1630, 1642, 1651,
1658, 1662, 1672, 1682 and 1690 cm™'. The main peak at
1630 cm™' and the minor peak at 1620 cm™" can be assigned to
B-sheets and correspond to 40.0 and 1.0 % of the total amide I'
area respectively, which is in good agreement with the model and
with the secondary structure prediction given by the server SSpro
[38]. The peak at 1642 cm™', 29.8 %, can be attributed to un-
ordered structures [39] as well as to flexible loops [40]. The assign-
ment to flexible loops seems to be more satisfactory since pfLamA
folds like the concanavalin A-like lectins [41] and a comparable
band has been reported on deconvolution of the amide I’ of lectins
[42]. Furthermore, the comparative analysis of the ten generated
pfLamA models reveals that the most variable regions, potentially
reflecting the most flexible elements of the protein structure, cor-
respond to loop regions for 29.7 % of the total sequence. The band
at 1651 cm™, 3.0 %, may be assigned to a-helices. The peak at
1658 cm™' is 10.2 % of the amide I' area and can be assigned to
loops with dihedral angles close to a-helix [42]. Noteworthy,
the Ramachandran plot of the pfLamA model calculated by
PROCHECK [16] shows 12.4 % of residues within the region
corresponding to right-handed «-helix; hence, the exclusion of
residues actually involved in «-helix structures (2.6 %) results in
a remaining 9.8 % of residues, which may correspond to loop
regions with «-helix dihedral angles. The peaks at 1662, 1672
and 1682 cm™" are assigned to 8-turns [31,34,42] and correspond
to 4.5, 6.1 and 3.1 % of the total amide I’ area. The peak centred
at 1690 cm™" can be referred to antiparallel B-sheets [42] and
corresponds to 2.3 % of total amide I' (Figure 3B). The relative
content of secondary structure elements in amide I is in agreement
with that determined by FTIR in H,O and far-UV CD spectro-
scopy [1] and corresponds to that determined from the homology
model of pfLamA.

lon pairs

The number of ion pairs responsible for strong interactions (dis-
tance threshold of 4 A) in the pfLamA model is 11, slightly higher
than that observed in the lichenases b/1,3-1,4Glc and bm]l,3-
1,4Glc, where the ion pairs are 8 and 9 respectively, but lower
than that observed in pcCar, which displays 15 ion pairs. The
inclusion of weak ion pairs (distance threshold of 6 A) leads to
a significantly higher number of potential ion pairs in the hyper-
thermophilic pfLamA, some of which are involved in the forma-
tion of salt bridge networks. With the 6 A threshold, the number
of ion pairs in pfLamA increases to 45, whereas that of
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Figure 5 Multiple sequence alignment of pfLamA (lama_pyrfu) with structural templates of b1,3-1,4Glc (lich_bacam) and pcCar (kcar_pseca)

Single-letter code has been used for the amino acids. Dots represent deletions. Numbers abo
aligned columns displaying an amino acid identity in two of the three sequences are boxed and

ve the sequences represent sequence numbering of pfLamA. Invariant positions are boxed in black;
the most conserved residue is shown in boldface. Secondary structures of lich_bacam and kcar_pseca

are reported in the first and the last line of each block respectively; c-helices and B-strands are shown as squiggles and arrows respectively. The figure was generated by using the program

ESPript 2.2 [43].

bl1,3-1,4Glc and bm1,3-1,4Glc reaches 21 and 30 respectively.
The number of ion pairs in pcCar increases more than in the two
lichenases and reaches 44. The inclusion of histidine in the cal-
culation of ion pair interactions increases the difference be-
tween the pfLamA and the two lichenases. The strong ion pairs
increase from 8 to 9 and from 9 to 10 in b/1,3-1,4Glc and
bm1,3-1,4Glc respectively, whereas they increase from 11 to 18
in pfLamA and from 15 to 22 in pcCar. If weak ion pairs are
also considered, the number of total interactions reaches 63 in
pfLamA and 33, 39 and 72 in bl1,3-1,4Glc, bm1,3-1,4Glc and
pcCar respectively.

Calcium ions

Calcium ion in the model is bound in the convex face of the
molecule, to the backbone carbonyl oxygens of Glu-53, Gly-97
and Asp-287 and to side-chain carboxylate oxygens of Glu-53 and
Asp-287 (pfLamA amino acid numbering) (Figure 6). Residues
Glu-53, Gly-97 and Asp-287 correspond respectively to Pro-9,
Gly-45 and Asp-207 in b1,3-1,4Glc. Gly-97 (45) and Asp-287
(207) are conserved among most of the family 16 S-glucanases,
whereas Glu-53 is apparently conserved only in S-glucan-
ases from thermophilic organisms.

The cadmium ions of pcCar were used to investigate further
potential binding sites for the calcium ions in pfLamA. The
cadmium ion bound in the active site most probably reflects a

Figure 6 Schematic representation of pfLamA model

Calcium ions are represented as grey spheres. Amino acid residues putatively interacting
with calcium are labelled and represented as sticks. The figure was prepared with DS Viewer-
Pro 5.0 (Accelrys, San Diego, CA, US.A).
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crystallization artifact [7]. Another cadmium ion is bound on the
convex face of the enzyme in a position corresponding to the bind-
ing site of the calcium ion, mentioned above, in pfLamA. The
remaining five cadmium ions are bound to carboxylate oxygens
of surface-exposed acidic amino acid residues. The residues of
pfLamA at the corresponding positions of the alignment that
was used to build the model do not show acidic residues except
for Glu-239 (corresponding to Glu-241 in pcCar). This glutamic
residue does not seem to be conserved in the f-glucanases of
family 16, not even in those from other thermophiles. However,
Glu-246 and Ala-247 in pfLamA are in a suitable position to
interact through respectively one carboxylate and the carbonyl
oxygens with the same calcium ion potentially bound to Glu-239
(Figure 6). Moreover, Glu-246 and Ala-247 are located within
a loop region that is the most variable in the model (see the
Experimental section). It is possible that such a loop has lower
conformational restrictions so as to arrange Glu-246 and Ala-
247 in the right position for the interaction with a calcium ion.
Noteworthy is the fact that the loop conformation with the ef-
fective orientation of these two residues is that belonging to the
model with the lowest ‘objective function’ value, i.e. the most
reliable model.

Apolar contact surface

The extension of the apolar contact surface reveals some dif-
ferences. bl1,3-1,4Glc, bm1,3-1,4Glc and pcCar display a total
hydrophobic surface of approx. 11959, 12301 and 14980 A? res-
pectively, corresponding to a surface per residue of 55.9, 58.0 and
55.3 A2. The apolar contact surface of the LamA model reaches an
area of approx. 15907 A2, corresponding to a surface per residue
of 60.2 A%,

DISCUSSION

In 7.9 M GdmCl, the pfLamA tertiary structure can be con-
sistently regained on calcium addition. The spectral properties of
calcium-depleted pfLamA in 7.9 M GdmCl indicate the integrity
of secondary structure elements [1] with the persistence of re-
sidual tertiary structure, which shows significant alterations, such
as the solvent exposure of some tryptophan residues, indicated by
the red-shift of the fluorescence emission maximum wavelength,
and the loss of the asymmetric environment for the tryptophan
residue(s) contributing to the 295 nm band of the near-UV CD
spectrum. The changed spectral properties of the protein in 7.9 M
GdmCl induced by calcium addition, i.e. the blue-shift of the
intrinsic fluorescence emission wavelength to 343 nm and the re-
covery of the Trp-295 nm band in the near-UV CD spectrum, sug-
gest a notable increase in the tertiary structure, which leads to a
state very close to the native one. In the presence of Ca?" in 7.9 M
GdmCl, the structure of pfLamA is almost completely recovered,
as judged from the spectral properties, and the accessibility of
hydrophobic core is comparable with that of the native state, as
suggested by ANS fluorescence and acrylamide quenching. How-
ever, the lack of catalytic activity confirms that this state is
comparable, but not identical, with the native state.

Amongst the 380 carbohydrate active enzymes of family
16 glycoside hydrolases [2] (see http://afmb.cnrs-mrs.fr/~cazy/
CAZY /index.html), 6 out of the 16 three-dimensional structures
available in PDB present calcium ion(s) bound to the crystal
structures. The interaction with Ca®" is also common amongst the
lectin-like proteins [44,45], which share a similar fold with family
16 glycoside hydrolases. The stabilizing effect of calcium on pro-
teins is well known; however, the capability of pfLamA in
7.9 M GdmCl to interact with calcium with a consistent recovery
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of native tertiary structure is, to the best of our knowledge,
unprecedented. In 7.9 M GdmCl, metal binding should be, at least
in principle, highly unfavoured since it requires the presence of
several lateral chains locked in the proper orientation and within
the correct relative distance. In the present study, we suggest that
pfLamA in 7.9 M GdmClI may still preserve the correct position
of the residues involved in metal binding, despite the pertur-
bation of its tertiary structure induced by the denaturant. Indeed,
in 7.9 M GdmCl the interaction between pfLamA and Ca*"
displays the specificity typical for a protein—ligand interaction,
e.g. the saturability. Interestingly, this interaction shows the same
hyperbolic dependence on increasing calcium concentration, in-
dependent of the spectral probe used to follow the tertiary struc-
ture changes, suggesting that the process of structural regain of
pfLamA does not proceed through any detectable structural inter-
mediate.

The two-state GdmCl equilibrium transition of calcium-loaded
pfLamA leads to a state indistinguishable from that obtained on
the progressive addition of calcium to the calcium-depleted pro-
tein in 7.9 M GdmCl; this suggests that in the presence of calcium
the state of the enzyme in 7.9 M GdmCl is the same, independent
of the way it was formed. The spectral properties of this state are
very similar to those of the pfLamA native state. Interestingly,
the AG™© value relative to the GdmCl-induced fluorescence
changes of the calcium-loaded protein is 41.8 kJ/mol, a value
relatively high if one considers the close structural similarity
between the native state and the calcium-loaded state in 7.9 M
GdmCl. This observation points out the remarkably high thermo-
dynamic stability of pfLamA, as also supported by the AG"2°
value of 61.5 kJ/mol relative to the partial unfolding of the cal-
cium-depleted pfLamA, and suggests that much higher AG™2°
values may reflect the complete unfolding of this 31 kDa mono-
meric protein. High values of free energy of stabilization are
not unprecedented, and have been reported for some oligomeric
[46] and for one large monomeric protein [47]; however, the
thermodynamic parameters determined for pfLamA are associ-
ated with a state which is only partially denatured. Differences in
thermodynamic parameters for the GdmCl-induced fluorescence
changes in the presence and absence of calcium probably suggest
that the calcium-loaded protein is less stable compared with the
calcium-depleted protein. The decrease in thermodynamic
stability is only apparent, since in 7.9 M GdmCl the spectral pro-
perties of the calcium-loaded state are more similar to those of
the native state compared with those of the calcium-depleted
state.

The relevant stability of pfLamA, as well as the residual tertiary
structure in 7.9 M GdmCl capable of interacting with calcium,
can be related to some peculiar features deduced from the com-
parison of its homology-based model with the structures of the
mesophilic counterparts. The pfLamA model indicates that
the number of ion pairs is almost doubled in comparison with the
closely related mesophilic lichenases [7] and that the extension
of the hydrophobic contact surface is significantly increased.
Interestingly, these structural features are reported to be important
for increasing the stability of thermophilic proteins [48,49] and
may also contribute in maintaining pfLamA’s residual structure
in 7.9 M GdmCl [50].

The native state of pfLamA does not show any fluorescence or
dichroic signal changes on Ca>" addition; however, the decreased
accessibility of the native protein fluorophores to acrylamide in
the presence of calcium suggests a more compact structure as sup-
ported by the reduced hydrogen/deuterium exchange observed in
the FTIR amide II region in the presence of the cation [35]. The
result of Ca’* binding to the native state can be directly monitored
from the changes in intensity of the FTIR signal in the region of
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the antisymmetric COO™ stretching vibration of the carboxylate
moiety of the amino acid side chains of glutamic and aspartic re-
sidues, accompanied by an upshift of the corresponding symmet-
ric bands. This evidence is in line with the possible involvement
of aspartic and glutamic residues predicted by the homology
modelling of pfLamA. The quantitative analysis of calcium bind-
ing by 5,5'-Br,-BAPTA titration indicates that two Ca*" interact
with native pfLamA with high affinity. A correlation between pro-
tein stabilization and in vivo calcium concentration in P. furiosus
is difficult to establish at the moment, also in consideration of
the variability of Ca?" concentration in the marine hydrothermal
environment [51]. Work on the effect of different metals on the
residual tertiary structure of pfLamA is in progress to make
a comparative analysis with the structural changes induced by
calcium and to gain information about the interactions of metals
with non-native states of proteins.
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