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Abstract The perturbation induced by mono- and diva-
lent cations on the thermophilicity and thermostability of
Solfolobus solfataricus [-glycosidase, a hyperthermo-
philic tetrameric enzyme, has been investigated by spec-
troscopic and computational simulation methods to
ascertain the Hofmeister effects on two strategic protein
regions identified previously. Specifically, (1) an extra
segment (83—124), present only in the sequence of hy-
perthermophilic glycosidases and recognized as an
important thermostability determinant for the enzyme
structure; and (2) a restricted area of the subunit interface
responsible for the quaternary structure maintenance.
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Mono- and divalent cations inhibit to a different extent
the f-glycosidase activity, whose kinetic constants show
an apparent competitive inhibition of the catalytic pro-
cess that reflects the Hofmeister order. The thermosta-
bility is also affected by the nature and charge of the
cations, reaching maximal effects for the case of Mg? ™.
Fourier transform infrared spectroscopy has revealed
very small changes in the protein secondary structure in
the presence of the investigated cations at 20 °C, while
large effects on the protein melting temperatures are
observed. Computational analysis of the enzyme struc-
ture has identified negative patches on the accessible
surface of the two identified regions. Following the
Hofmeister series, cations weaken the existing electro-
static network that links the extra segment to the
remaining protein matrix. In particular, the perturbing
action of cations could involve the ionic pair interactions
E107-R245 and E109-R 185, thus leading to a local de-
structuring of the extra segment as a possible starting
event for thermal destabilization. A detailed investi-
gation of the electrostatic network at the A—C intermo-
lecular interface of Spgly after energy minimization
suggests that cations could cause a strong attenuation of
the ion pair interactions E474-K72 and D473-R402,
with consequent partial dissociation of the tetrameric
structure.

Keywords Cation effects - f-Glycosidase - Hofmeister
series + Hyperthermophilic enzyme - Protein
thermostability

Abbreviations Amide I' amide I band in a *H,O
medium - EM energy minimization - ONPG
o-nitrophenyl--p-galactopyranoside - Sfgly
Escherichia coli expressed Sulfolobus solfataricus
p-glycosidase

Introduction

The proteins from hyperthermophilic organisms main-
tain their biologically active structure at temperatures



that are remarkably higher than the denaturation tem-
peratures of their mesophilic counterparts (Jaenicke
1996; Jaenicke and Bohm 1998). However, the main
question, namely which properties cause the increase in
the denaturation temperature of thermostable proteins,
is still under consideration (Karshikoff and Ladestein
2001). Recent studies on the experimental determination
of the 3-D structures of particular hyperthermophilic
proteins suggest an increase in ion pairs and/or hydro-
gen bonds as the principal determinants of the increased
thermostability (Dao-Pin et al. 1991; Marqusee and
Sauer 1994; Vogt et al. 1997). An analysis carried out on
the structural differences among mesophilic, moderately
and extremely thermophilic proteins (25 families) indi-
cated an increase of about four extra ion pairs (within
4 A) in a 300-residue protein from an organism with a
Tope of about 80 °C, in comparison with its mesophilic
homologue with a T, of about 30 °C (Szilagyi and
Zavodszky 2000). On the other hand, some theoretical
and experimental studies, most of them made at room
temperature, have concluded that salt bridges usually
destabilize, or at most slightly stabilize, the native state
of the proteins (Sali et al. 1991; Sun et al. 1991; Hendsch
and Tidor 1994; Waldburger et al. 1995). The supposed
major reason for the low stability of a salt bridge at
room temperature is that the association of two charged
residues to form a salt bridge requires a large desolva-
tion penalty, which is not fully compensated by
favourable interactions between the salt bridge and the
remaining matrix of the protein. At high temperatures,
the decrease of the water dielectric constant markedly
reduces this desolvation penalty, and, consequently,
stabilizes the salt bridges (Elcock 1998; Karshikoff and
Ladestein 2001).

Since it is generally well recognized that the ionic
environment (water dielectric constant, ionic field, nat-
ure of ions, etc.) influences the properties of proteins in
aqueous solution, a condition in which the net charge of
a protein is compensated by an appropriate number of
oppositely charged ions, the study of the effects induced
by different ionic species seems to be meaningful. In fact
this environment mimics biological conditions where
ions can compete with salt bridges and intramolecular
hydrogen bonds inside the protein. The main possible
effects of ions on protein structure can consist of a non-
specific screening (with consequent weakening) of inter-
and intramolecular electrostatic interactions involving
charged side chains (Pfeiffer et al. 1999), and the for-
mation of specific local interactions among polar or
charged groups of opposite charge.

This article focuses on the effects of ionic strength
and mono- and divalent cations on the activity and
thermal stability of the hyperthermophilic f-glycosidase
from the extremophilic crenarchaeon Sulfolobus solfa-
taricus to better understand the role of electrostatic
charges on protein thermostability. f-Glycosidase is an
homotetramer with M, =240,000 and is barely active at
30 °C, showing its maximum activity near 95 °C at
pH 7.0; its thermostability analysis showed a ¢, of 85 h
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at 75 °C (Nucci et al. 1993). The protein structure evi-
dences a typical o/ TIM barrel motif characteristic of
proteins belonging to the glycosyl hydrolase family
(Aguilar et al. 1997). The f-glycosidase enzyme from
Sulfolobus solfataricus used in our investigation was
expressed in the mesophilic host Escherichia coli (SPgly)
and demonstrated to possess the same structural and
functional characteristics as the wild type (Febbraio
et al. 1997). No direct experimental proof of the impli-
cation of the ion pairs and more generally of the elec-
trostatic ~ charge arrangement in the protein
thermostability has been done so far. The enzymatic
activity dependence on the mono- and divalent cation
concentration as well as the thermostability as observed
by Fourier transform infrared (FT-IR) techniques reflect
the Hofmeister series (Neagu et al. 2001). Computer
dynamic simulation evidences the presence of ion pairs
as well as patches of negative charges localized in protein
regions of strategic value for the thermostability and
maintenance of the quaternary structure (Gentile et al.
2002; Bismuto et al. 2003).

Materials and methods

Materials

All chemicals used were of analytical grade from commercial
sources. Centricon 30 centrifugal filter devices with YM-30 mem-
branes were from Millipore (USA); deuterium oxide (99.9% *H,0)
was purchased from Aldrich. All the cations used were chloride
salts. Homogeneous Sfgly was prepared according to Febbraio
et al. (1997), and its concentration was estimated by UV mea-
surements at 280 nm (e=9.5x10° cm™! M.

Spgly kinetic analysis

The standard enzymatic assay was carried out on o-nitrophenyl-f-
p-galactopyranoside (ONPG) as substrate at 75 °C, as previously
described (Nucci et al. 1993). The enzymatic activity in the presence
of K™, Na™, Li*, Ba’>*, Ca®" and Mg>" was measured at each
cation concentration in 20 mM Hepes buffer (pH 7.5), using
2.1 pmol of Sfgly and 2.8 mM ONPG as substrate in 1 mL final
volume, at a temperature of 75 °C.

The kinetic constants of Sfgly were determined at the same
ionic strength for mono-and divalent cations, and at a temperature
of 60 °C in 20 mM Hepes buffer (pH 7.5), using ONPG as sub-
strate in a concentration range from 0.1 to 36 mM. All the kinetic
experiments were repeated several times and all the data were
analysed with the program Grafit 3.0 (Erithacus Software) of R.J.
Leatherbarrow. All the enzymatic assays were carried on in a
thermostated Cary 1 spectrophotometer (Varian, Australia).

Spgly thermal analysis

The dependence on temperature of the enzymatic activity for the
different cations, in the absence and presence of 300 mM K and
100 mM Mg>", was estimated by assaying enzyme aliquots of
4.1 pmol in 1 mL sample mixture containing 20 mM Hepes buffer
(pH 7.5) and 2.8 mM ONPG as substrate, in the temperature range
25-90 °C. Thermal stability in the presence of the cations was
measured by incubating 0.41 pM of the homogeneous enzyme in
20 mM Hepes buffer (pH 7.5) at 60, 70 and 80 °C at 300 mM K *
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and 100 mM Mg>*, respectively. At time intervals, aliquots con-
taining 4.1 pmol of enzyme were withdrawn from the incubation
mixture and assayed at 75 °C under standard conditions.

IR spectra

Typically, 1-1.5 mg of protein dissolved in the same buffer used for
its purification (0.1 M sodium phosphate, pH 7.0) were centrifuged
in a Centricon 30 micro concentrator (Amicon) at 3000xg at 4 °C
and concentrated into a volume of approximately 40 puL. The
concentrated sample was washed with 300 uL. of 20 mM Hepes
buffer prepared in *H,O (p°H 7.5), or with 300 uL of the same
buffer containing 100 mM Mg>" or 300 mM K, and concen-
trated as described above. This procedure was repeated several
times in order to completely replace the original buffer with the
Hepes buffer. The washings took 24 h, which was the time of
contact of the protein with the >H,O medium prior to FT-IR
analysis. In the last washing the protein sample was concentrated to
a final volume of approximately 40 uL.. The concentrated protein
samples were placed in a thermostated Graseby Specac 20500 cell
(Orpington, Kent, UK) fitted with CaF, windows and 25 pm
Teflon spacers. FT-IR spectra were recorded by means of a Perkin-
Elmer 1760-x Fourier transform infrared spectrometer using a
deuterated triglycine sulfate detector and a normal Beer-Norton
apodization function. At least 24 h previously, and during data
acquisition, the spectrometer was continuously purged with dry air
at a dew point of —40 °C. Spectra of buffers and samples were
acquired at 2 cm™! resolution under the same scanning and tem-
perature conditions. Typically, 256 scans were averaged for each
spectrum obtained at 20 °C, while 16 scans were taken for the
spectra obtained at higher temperatures.

In the thermal denaturation experiments, the temperature was
raised in 5 °C steps from 20 °C to 95 °C. Before spectrum acqui-
sition, samples were maintained at the desired temperature for
6 min, which is the time necessary for the stabilization of the
temperature inside the cell. Spectra were collected and processed
using the “Spectrum” software from Perkin-Elmer. Second-deriv-
ative spectra were calculated over a 9-data-point range (9 cm™).
The deconvoluted parameters were set with a gamma value of 2.5
and a smoothing length of 60.

CD spectroscopy

Near-UV CD spectroscopy was performed on Sfgly samples at a
concentration of 2.05 uM in 20 mM Hepes buffer (pH 7.5) in the
absence and presence of 300 mM K™ and of 100 mM Mg>* at
temperatures of 20, 40, 60 and 70 °C. We used a J-710 spectro-
polarimeter (Jasco, Tokyo, Japan) calibrated by a standard solu-
tion of (+)-10-camphorsulfonic acid and equipped with a Neslab
RTE-110  temperature-controlled  liquid  system  (Neslab
Instruments, Portsmouth, NH, USA). Photomultiplier absorbance
did not exceed 500 V in the spectral region measured. All

measurements were performed in 1.0 cm path length cuvettes
(Helma, Jamaica, NY, USA) and under a 3 mL min~! nitrogen
flow. Before undergoing CD analyses, all samples were kept at the
temperatures under study for 5 min in order to stabilize the
temperature inside the cell.

Structure calculations

Spgly modelled structures were refined by EM calculations using
the AMBER 4.1 package (Weiner and Kollman 1981; Weiner et al.
1984, 1986), with the AMBER94 All-Atom parameterization
(Cornell et al. 1995). EM calculations were performed in vacuo,
with a distance-dependent dielectric constant e=r to roughly
reproduce solvation effects. In addition, a reduction from 1 to 0.2
of the absolute value of the total charge was used for acid and basic
residues and for terminal NH; " and COO" groups, to avoid over
stabilization of H-bonds and salt bridges. This whole procedure
should prevent from obtaining artificially compact structures, with
overwhelming patterns of polar interactions acting as the driving
forces for both intra- and intermolecular interactions. Final
refinement steps were run in a periodic water box. A 8 A cut-off for
no-bonded interactions was used in all the calculations. The
resulting structures were analysed with the MOLMOL (Koradi
et al. 1996) program, which was also used to produce all the
molecular plots.

The NACCESS program (Hubbard and Thornton 1993) was
used for calculation of solvent accessibilities and buried areas. In
this analysis the standard values of the atomic van der Waals radii,
included in the program, were used with a spherical probe radius of
1.4 A. The cartesian coordinates of the hydrogen atoms, missing in
the reference crystallographic structure, were calculated with the
HBPLUS program (McDonald and Thornton 1994), also used to
perform further H-bond analysis.

Results
Spgly kinetic analysis

Enzyme activity can be regarded as the most sensitive
probe for studying the changes in enzyme conformation
during various treatments, as it reflects subtle readjust-
ment at the active site, allowing very small conforma-
tional variations of an enzyme structure to be detected.
Concerning this, we have used some chemical perturb-
ants such as ionic strength and cations to monitor the
effects on protein function and structure.

Figure 1A shows the Sfgly activity (%) dependence
on KCl concentrations in 20 mM Hepes buffer (pH 7.5)

Fig. 1 A Effect on Spgly
activity in 20 mM Hepes buffer
(pH 7.5) as a function of F
different KCl concentrations in
the range 1-300 mM (ionic
strength in the range 0.00-0.32).
B Effect on Spgly activity of
different cation concentrations
in the range from 0 to 100 mM
K™ (open circles), Na* (open L
squares), Li* (open triangles),
Ba?™ (closed circles), Ca*™
(closed squares), Mg* " (closed
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at 75 °C in the range 0-300 mM. The enzymatic activity
is scarcely affected by the KCl ionic strength. Figure 1B
shows the dependence of enzymatic activity (%) for
other mono- and divalent cations. The inhibition exerted
by the cations varies according to the following order:
K" <Na® <Li",Ba?" <Ca’" <Mg>", with an indica-
tion that the inhibition is not only correlated to the
absolute values of the ion charges but also increases with
the decreasing ion radius; moreover, the sequence fol-
lows the Hofmeister series order (Lo Nostro et al. 2002).
Specifically, K" and Mg”" affect the enzyme activity by
a significantly different extent: 96% and 31% of residual
activity was measured at 100 mM concentration of each
cation, respectively.

A more extensive kinetic investigation was performed
by evaluating the kinetic constants at two different ion
concentrations, i.e. 150 mM and 300 mM for K and
50 mM and 100 mM for Mg®", respectively. Table 1
summarizes these kinetic data. In connection with this,
we report Ky, Koo and K values at a temperature of
60 °C to avoid all possible denaturing effects induced by
cation addition observable over 80 °C. The kinetic data
indicate a decrease of enzyme affinity for the substrate
ONPG caused by each of the two cations, with signifi-
cant higher values of apparent Ky, in presence of Mg> ™.
Concerning the turnover numbers (K_,), they appear
essentially unmodified with a consequent lost of enzyme
specificity (K.../Kn) for the tested substrate. Linear
plots of reciprocal velocities versus reciprocal substrate
concentrations, in the presence and absence of cations,
point out an apparent competitive inhibition caused by
these cations. In agreement with this mechanism, the K;
values are calculated by the equation:

i
Ki=g—
Km

(1)

where i is the inhibitor concentration and Kp is the
Michaelis constant in the presence of inhibitor. For K,
the K; is higher than 200 mM (more than 200 times that
of the Ky of the enzyme without K ), according with its
very low degree of inhibition, whereas in the presence of
50 and 100 mM Mg“, K; values of 13 and 12 mM are
observed, respectively, in agreement with its higher de-
gree of inhibition (Table 1). These values are about 15
times higher than the Ky, value for the substrate ONPG
(0.84 mM) at 60 °C for the enzyme in the absence of
Mg " . The apparent competitive inhibition noted in the
presence of K and Mg”>" on the Sfgly activity corre-
lates well with an increasing value of the cation charge
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disturbing effect in the Sfgly active site by cations,
according to Mg? " >K ™.

Spgly thermal analysis

To compare the Sfgly thermal activity in the absence
and presence of K* and Mg?", standard enzymatic
assays at different temperatures were carried out. The
temperature versus activity profiles were different
(Fig. 2A), displaying a slight apparent competitive
inhibition by K * at lower temperature, overcome by the
temperature increase. In the presence of Mg?" a de-
crease in absolute activity, more evident at high tem-
perature, was observed. On the other hand, if we analyse
the trend of activity increase, reported in %, against
temperature (insert Fig. 2A), comparable values in the
absence and presence of Mg>" are obtained, suggesting
that enzyme thermal denaturation under the experi-
mental conditions of the assay (I min) can be excluded,
whereas the loss in absolute activity is related to the
apparent competitive inhibition (see previous section).

The thermal stability profiles (Fig. 2B-D), carried
out at different temperatures (60, 70 and 80 °C) for the
enzyme in the absence and in the presence of 300 mM
K" and 100 mM Mg>*, showed that K™ has a signifi-
cant effect on the thermal stability only at 80 °C (see
Fig. 2D). Contrarily, the enzyme in the presence of
Mg?" displays about 10% of inactivation during the
first 5 h of incubation at 60 °C, whereas at 70 °C and
80 °C a more pronounced inactivation was observable,
with a #;, of 4 h at 80 °C (Fig. 2B-D) and with a dra-
matic lost of thermostability, this being much lower than
that of the protein in the absence of this cation (¢, of
85 h at 75 °C). All functional data support a strong ef-
fect of Mg ™ by leading to a less thermophilic and a less
thermostable enzyme, characterized by structural dam-
age widespread to other protein areas, different from the
catalytic site, but involved in protein thermal activation
and stabilization at high temperatures.

FT-IR spectroscopy: secondary structure content and
thermal stability of Sfigly in the absence and in the
presence of K and Mg* ™"

An IR spectroscopic study, in order to evaluate
the possible cations’ effect on protein secondary struc-
ture content and on its thermal stability, was carried

density that we can interpret as due to a stronger out. Figure 3 shows the second-derivative spectrum
Table 1 Kinetic constants of . _ 1 .
SPgly in the absence and in the [Cation] (mM) Ky (mM) Kear 87 Keat/Ky (s7 mM™) K;i (mM)
presence of K™ and Mg " at the
indicated concentrations SBely - 0.84+0.07 445.6+9.0 530.4 -
+KCl 150 1.37+0.12 477.0+10.0 348.2 >200
+KClI 300 1.74+0.15 432.8+10.0 248.7 >200
+MgCl, 50 4.07+0.07 472.0+2.4 115.9 13
+ MgCl, 100 7.78+0.36 450.0£7.6 57.8 12
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Fig. 2 A Thermal activity of
Spgly in the temperature range
25-90 °C: enzyme in 20 mM
Hepes buffer (pH 7.5) (open
circles), enzyme in the presence
of 300 mM K7 (closed circles),
enzyme in the presence of

100 mM Mg>* (open squares).
Insert: plot of enzymatic
activity in % against
temperature in the range 25—
90 °C in the absence (open
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circles) and in the presence of
100 mM Mg>* (open squares).
B-D Thermal stability of Spgly:
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(spectrum A) of recombinant f-glycosidase in 20 mM
Hepes (p°H 7.5). The resolution-enhanced spectra show
the amide I’ band (1700-1600 cm™') components as well-
resolved peaks or as shoulders. Each band or shoulder is
due to a particular secondary structure or to amino acid
side-chain absorption (Arrondo et al. 1993; Chirgadze
et al. 1975). The 1654.9, 1644.3 and 1636.5 cm™' bands
are due to a-helices, unordered structures and f-sheets,
respectively (Arrondo et al. 1993). f-Strands particularly
exposed to the solvent are revealed by the 1627 cm™
shoulder (Arrondo et al. 1988; Jackson and Mantsch
1991). The 1683 cm™' band could contain information
on f-sheets and/or turns since theoretical (Krimm and
Bandekar 1986) and empirical (Byler and Susi 1986)
studies on proteins show that both structures can absorb
in this region. The 1666.8 cm™' peak is due to turns
(Byler and Susi 1986) while the peaks below 1615 cm™
are due to amino acid side-chain absorption (Chirgadze
et al. 1975), except the 1547.6 cm™! band which repre-
sents residual amide II band absorption (Osborne and
Nabedryk-Viala 1982). This last band is the result of
uncompleted 'H — *H exchange and indicates that the
solvent (*H,0) cannot reach all the protein’s segments at
20 °C (Osborne and Nabedryk-Viala 1982).

Figure 3 (spectra B and C) shows the effect of
Mg®>" and K ions, respectively, on the second-
derivative spectra of Sfgly at 20 °C. In all cases, a
small upshift in wavenumber of the f-sheet band can
be observed. This result suggests that the above ions
allow a lower access of the solvent (*H,O) to the
B-sheets, since the higher the 'H — *H exchange, the
lower wavenumber band position (D’Auria et al. 1999).
In the presence of Mg® ", this effect should concern at
least part of the pf-sheets, since the increase in the

Time (h)

1627 cm™' band intensity suggests that the ion leads
some f-strands to be more exposed to the solvent
(spectrum B). Any difference is observed in the posi-
tion of the o-helix band in the presence of cations.
Second-derivative spectra also show small differences
in the band intensities that could be enhanced by
considering the difference spectra obtained using both
second-derivative (continuous lines) or deconvoluted
(dashed lines) spectra (inset B) (Umemura et al. 1980;
Paolini et al. 1999; Pedone et al. 2003). Specifically,
these spectra were obtained by subtracting the spec-
trum of Spfgly in the presence of Mg”>" or K™ (B, C)
from the spectrum in their absence (A). The similarity
between the second-derivative and deconvoluted dif-
ference spectra supports the finding that cations induce
small differences in the components of the amide I’
band. In particular, in the presence of K the a-helix
band intensity (1654.2 cm™") slightly increased whilst
in the presence of Mg®" the intensities of the bands
close to 1627 cm™" (exposed f-strands) and 1646 cm™!
(unordered structures) increased (see inset B). Other
changes in the second-derivative spectra, induced by
the above cations, can be observed close to 1685 cm™!
and in the region of f-sheet absorption.

All these data suggest that the above ions may induce
very tiny changes in the secondary structure of f-glyco-
sidase and that three-dimensional organizational chan-
ges might be also induced by Mg?™ as a consequence of
the increase in exposed f-strands. According to the
crystallographic coordinates of the protein, tyrosines
that are more solvent exposed are present in f-strands, as
well as in a-helices and random structures. It is interest-
ing to underline that about half of these more exposed
Tyr residues are available at subunit interfaces.
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Fig. 3A-C Main figure: FT-IR second-derivative spectra of recom-
binant f- glycosrdase in the absence (control) and in the presence
of different metal ions at 20 °C and p*H 7.5. The continuous line
in spectra A, B and C represents the control (the protern in the
presence of 20 mM Hepes, p>H 7.5). The dashed line in B and C
represents the second-derivative spectra of f-glycosidase in the
presence of 20 mM Hepes/100 mM Mg®* and 20 mM Hepes/
300 mM K™, respectively. The symbols o, f8, ¢ and u stand for
o-helix, f-sheet, turns and unordered structures, respectively. The
spectra were obtained from original absorbance spectra normalized
at the amide I’ band area. Inset A: thermal denaturation curves of
the protein in the absence (continuous line a, full circles) and in the
presence of 300 mM K (dotted line c, open triangles) and 100 mM
Mg®™" (dashed line b, open circles). To obtain the curves, the amide
I’ bandwidth of the absorbance spectra was monitored, at 3/4 of
amide I" band height (W3/4H), as a function of the temperature.
Inset B: difference spectra at 20 °C, obtained by subtrdctmg the
spectrum of Spely in the presence of 300 mM K™ (K™) or 100 mM
Mg>" (Mg®™) from the control spectrum. Continuous and dashed
lines represent second-derivative and deconvoluted difference
spectra, respectively. The two spectra on the top of the inset are
the difference spectra that were normalized to 0.1 A absorbance
value

In order to follow the thermal denaturation of pro-
tein samples, the plots of the amide I’ bandwidth versus
temperature (Tanfani et al. 1998) are shown in inset A of
Fig. 3. The curves are relative to: Sfgly in Hepes buffer
(curve a), with an indication of 7,,>99.9 °C; Spgly in
Hepes buffer in the presence of 300 mM K™ with

m=297.5 °C (curve ¢); and Sfgly in Hepes buffer in the

presence of 100 mM Mg> ™ (curve b) with T, =95.5 °C.
The results indicate a significant difference in the onset
of the denaturation temperature in the presence of
Mg?" in comparison to that of the protein in the pres-
ence of K™ and even more to that observed in the ab-
sence of inorganic cations.

The second-derivative spectrum of Sfgly in Hepes
buffer shows that, at 20 °C, the '"H — *H exchange in
the protein was not complete. Similar results were ob-
tained with the protein in the presence of Mg®* or K.
At temperatures higher than 20 °C the 'H — °H ex-
change increased and reached a maximum when the
protein unfolded. As an example, Fig. 4 shows the
original absorbance spectra of Sfigly in the presence of
K" recorded at different temperatures. With the in-
crease of the temperature, the intensity, the position
and the width of the amide I’ band remains almost
constant until 89 °C. Then, owing to protein denatur-
ation, the amide I’ band intensity decreases and the
band broadens and shifts. In particular, protein
aggregation, brought about by denaturation of the
polypeptide chains, parallels the unfolding of the pro-
tein. This is seen by the appearance of new peaks close
to 1620 and 1680 cm™' (Tanfani et al. 1998 and refer-
ences therein). The appearance of these new bands
contributes significantly to the increase of the amide I’
bandwidth. Figure 4 shows also that, at temperatures
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Fig. 4 Main figure: original 0.4 o
absorbance spectra of Spgly in - 1 800n = Skg
the presence of 300 mM K™ at R Qa:ﬁﬂ\&é :Z: gggg: xgl
p?H 7.5. The displayed spectra - s 04 ‘&8}&
were obtained at 20, 30, 39.8, ‘ :‘E’« 0.3 03 g
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of the residual amide II band N < 024 \de-
intensity (1547 cm™') as a g 0.1 ® \
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higher than 20 °C, the residual amide II band intensity
decreases, a phenomenon due to a further 'H — °H
exchange. The inset reports the plot of the intensity of
the residual amide II band as a function of tempera-
ture. All protein samples display a similar ability to
exchange amide hydrogens with deuterium. The highest
tendency of '"H — 2H exchange is found in the range of
temperatures in which protein denaturation occurs (88—
99.5 °C), as shown by the main figure and by the
change in the slope of the curves in the inset. However,
between 88 and 99.5 °C the 'H — *H exchange in the
three protein samples is significantly different, follow-
ing the order Spgly+Mg®" >Spgly+K™ >Spgly (see
expanded view in the inset). In particular, the lower the
thermal stability, the higher the '"H — *H exchange in
the 88-99.5 °C temperature range (see inset A in
Fig. 4).

CD in the near UV

Near-UV CD spectroscopy experiments were performed
in the 250-300 nm region, to detect the effects of K™
(300 mM) and Mg** (100 mM) on the Sfgly amino acid
side chains, from 20 °C to 70 °C. Higher temperatures
are forbidden for protein aggregation phenomena, at
these concentrations.

The near-UV CD spectra of the protein in the ab-
sence and in the presence of Mg”>* or K™, respectively,
at 70 °C, are shown in Fig. 5. The near-CD signal is

Wavenumber (cm™ ')

mainly produced by the interactions of aromatic resi-
dues with specific side chains forming its surroundings
(Strickland 1974). Mg?>" seems to strengthen these
interactions more than K, although the observed dif-
ferences in the CD spectra are quite small.

CD ¢

-4

_5 1 1 1 1
250 260 270 280 290 300

Wavelength[nm]

Fig. 5 Near-UV CD spectra of Sfgly in the absence (continuous
line) and in the presence of K (dashed line) and Mg>™ (dotted
line), at 70 °C



Computational analysis

The net negative charge of Sfgly, calculated by amino
acid composition, amounts to —36 at pH 7.0. The energy
minimization of the Spgly structure starting from the
crystallographic coordinates (as reported in Material
and methods) allows the evaluation of the electrostatic
surface bordering the protein matrix.

The analysis of the distribution of negatively charged
residues in the tetramer shows that patches of Asp and
Glu residues exist on the surface, as well as in internal
cavities corresponding to the active sites (Fig. 6a—). In
particular, the strong negative electrostatic field sur-
rounding the channel leading to the active site is ex-
pected to promote the competitive inhibition driven by
cations. The bottom of the active site also exhibits a
large negatively charged surface, able to interact directly
with positive ions as well as to promote their interaction
with other negatively charged key residues in the active
site (Fig. 6d). By clustering negatively charged residues
in sets where the distance of one member from at least
one other member of the set is less than 5 A, six different
patches formed by more than three residues are identi-
fied in each monomer (Table 2; Fig. 6e—g).

By using a different number of asterisks, the degree
of solvent accessibility is indicated. Interestingly, three
patches (2, 5 and 6) out of the six correspond to
protein regions diverging appreciably from those
observed in mesophilic homologues of this protein
when structural alignment is performed within this
class of protein (Bismuto et al. 2003). Patch 2 is inside
the extra segment present only in hyperthermophilic
proteins. The other two of these non-conserved regions
(5, 6) are involved in an inter-monomer interface of
Spgly, whose importance in determining the stabiliza-
tion of the A—C dimer chains of the crystal structure
by a network of salt bridges, mediated by the solvent,
has been recently published (Gentile et al. 2002).
Concerning the other three patches, we can observe
that: in patch (1), only one of the six involved residues
is not conserved in structural alignment; the small (3)
patch includes only structurally conserved residues and
the alignment with the other reference structures in
this region is rather poor. Patch 4 corresponds to a
short a-helical segment composed of four conserved
and four non-conserved residues.

Table 3 gives the inter- and intra-electrostatic
interactions among charged close residues at a distance
less than 5 A in both the above-evidenced protein
regions. Specifically, making reference to negative
patch 2 of Table 2, we note that the non-conserved
El112, E114 and D104 are involved in three intra-seg-
ment attractive interactions (E112-K116, E114-K116,
D104-K102). Further contribution is given by the
polar interaction Q96-N97. The non-conserved E107,
E109, E112 and E114 are involved in four repulsive
interactions (E107-E109, E109-El114, E112-E114,
E114-D119). Concerning the extra segment-remaining
structure attractive interactions, the destabilizing effect
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by cations may involve the three amino acid residues
D104, E107 and E109, as present in the three ion pairs
D104-R300, E107-R245 and E109-R185, whereas
polar interactions are contributed by Q96-Y181 and
N97-Y181. In the negative patch 5 of Table 2, the
non-conserved D358 and D385 of the inter-monomeric
interface A—C are capable of water-mediated intra-
and inter-repulsive interactions, whereas the non-
conserved D473 and E474 of the negative patch 6 are
involved in productive electrostatic interactions which
bind the inter-monomeric interface A—C through ion
pairs D473 (monomer A)-R452 (monomer C) and
E474 (monomer A)-K72 (monomer C).

Discussion

The results given in this article suggest that metal ions
such as K™ and Mg?>" affect the thermal stability of
Spgly. On the other hand, resolution-enhanced and
difference spectra suggest that the cations may induce
very tiny changes in the secondary structure of the
protein and suggest an increased exposure of fS-strands
to the solvent in the presence of Mg® " ions. The lower
melting temperature (7},) observed in the presence of the
cations may be associated with the destabilization of salt
bridges that, at high temperatures, due to the decrease of
the water dielectric constant, are particularly important
for protein stability (Elcock 1998; Karshikoff and
Ladestein 2001). In turn, the destabilization of the pro-
tein structure induced an increase in the rate of
'"H > ?H exchange in the 88-99.5°C temperature
range, as a consequence of protein denaturation. It
is interesting to note that the higher the destabili-
zation effect (Mg?" >K ™), or the lower the T,
(Spegly + Mg2+ < 2ﬁgly+ K ™), the higher the increase of
the rate of'H — “H exchange in the 88-99.5 °C tem-
perature range. The anticipated thermal denaturation of
the protein could be attributed essentially to at least two
effects:

1. Formation of non-productive ion pairs between
negatively charged amino acid residues and the
investigated cations, by preventing formation of the
right ion pairs believed to be strategic for its thermal
stabilization. This negative consequence is not fully
compensated by the cation’s weakness of the repul-
sive electrostatic force present in the enzyme molecule
whose net negative charge amounts to —36 at neutral
pH.

2. According to the Hofmeister series, Mg”>" is more
strongly hydrated than K, thus causing a stronger
perturbation of the hydrogen bond network of the
aqueous solvent surrounding the protein matrix.

Recently, Honig’s group, by comparing four dif-
ferent hyperthermophilic proteins with their mesophilic
homologues, have shown that electrostatic interactions
are more favourable in hyperthermophilic proteins.
They suggest that the key feature is not ion pair
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networks, but the optimum placement of the
charged groups within the protein structure. In
other words, the electrostatic interactions are opti-
mized by avoiding repulsive charge—charge interactions
in proteins: on average there are four attractive ion
pairs but only one repulsive pair per 100 residues
(Pace 2000).

Our functional, spectroscopic and computational re-
sults support the hypothesis that a local destabilizing
action of cations on protein ion pairs at high tempera-
tures may arise both by the breaking of properly placed
charge—charge interactions in the structure or by

perturbation in the solvent organization, according the
Hofmeister series, that weakens the network of interac-
tions with the enclosed protein surface, causing an
anticipated thermal denaturation. The presence of neg-
ative charge clusters has been indicated by computa-
tional analysis showing six patches (Table 2), three of
which are localized in previously identified regions as
determinants for thermostability and quaternary
arrangement of the Sfgly structure. Specifically, patch 2
corresponds to a long a-helical insertion bulging out
each monomer in comparison with aligned mesophilic
proteins (Fig. 5d and h); the strategic relevance of this
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Fig. 6a—h Graphical representations of the crystal structure of
Spgly. In a—c the projection of the electrostatic potential on the
accessible surface is shown. Red, blue and white regions correspond
to negative, positive and neutral potential values, respectively.
Models b and ¢ have been obtained by 90° and 65° rotations about
the x (horizontal) axis of the orientation shown in a, respectively.
Model b represents a section of the tetramer, providing a view of
the active site of two monomers. The side chain of the catalytic
Glu387 residue, in the monomer corresponding to the A chain of
the crystal structure, is shown in magenta space fill representation in
b and ¢. Model d shows a view of the electrostatic potential of a
single monomer, in the same orientation as b, with Glu387 colored
in yellow. The other monomers are drawn with a stick represen-
tation in different shades of blue, except for residues belonging to
the non-conserved region Pro91-Asp119 in yellow and for Glu387
in magenta. Models e-g show three views of the protein van der
Waals surface on which the patches of negatively charged residues
described in Table 2 are indicated by colors. Different shades of
blue are used for generic residues in the four monomers, while the
Asp and Glu residues belonging to the 1-6 patches (Table 2) in the
D monomer of the crystal structure are colored in orange, red, red-
orange, light yellow, pink and yellow, respectively. Model e
corresponds to the same view as a, while f and g have been
obtained from e by 90° and 180° rotations about the x axis. Model
h shows a ribbon representation of the tetramer, where the low-
similarity regions identified in the structural alignment analysis are
indicated (Bismuto et al. 2003). Different shades of blue are used for
the four monomers, while low-similarity regions in the A chain of
the crystal structure are represented with magenta, green, yellow
and orange ribbons

structural element for f-glycosidase thermostability has
been reported in a recent article (Bismuto et al. 2003) in
which single mutations caused changes in the structural
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Table 2 Negatively charged surface patches on the tetramer

Patch Negatively charged residues®

1 E20(%), E27(***%), D28(*), D51(***), E54(***), E83(*)

2 D104(***), E107(****), E109(****), E112(****), E114(*)

3 D119(**), E120(¥*%%), D125(*¥*%%) D248(***),
D308(***%), D309(**), D195(***), D196(****),
D199(***), E200(*)

4 D272(****) D274(*),E276(****),E279(****),
E282(%), D284(**%%), E366(****), D370(***)

5 D358(***), D392(*), D393(***), D395(*), D429(*)

6 EAGA(**), DAT3(**%%) EATA(***) EAT6(***)

“Residues in bold are not conserved in structural alignments with
homologous mesophilic proteins (see text for details). The asterisks
in parentheses indicate the surface accessibility of the residues (*:
<5%; **: 5-10%; ***: 10-20%; ****: >20%)

and dynamic properties of the protein with a simulta-
neous loss of its thermostability. The examination of the
minimized Sfgly structure has allowed us to identify a
complex network of ionic interactions among charged
residues of extra segments and among themselves and
charged residues belonging to the remaining protein
matrix. Three out of nine inter-attractive interactions
linking opposed charged groups (E107-R245, E109—
R185, D104-R300) are solvent exposed and potential
targets for cation weakness of productive interactions
(Table 3). The residues at the interfaces between adja-
cent monomers in the Sfgly tetramer originate an
overall negative electrostatic field on the protein surface
surrounding the interfaces A—C (Fig. 5h). Specifically,

Table 3 Electrostatic

interactions among amino acid Interactions

Attractive

Repulsive Polar

residues in the extra segment
and at the A—C monomeric
interface. The interacting
residues were obtained by
surrounding the mass centre of
each residue with a sphere of
4 A radius

Intra—extra segment

D99-K102

D99-E109

E100-K102
K102-D104
E112-K116
E114-K116
K116-E120

D99-E100

E107-E109
E109-E114
E112-E114
E114-D119
K116-R117
D119-E120

Q96-N97 (2.37)

R117-E120

Intra—remaining
structure

K124-D125
R178-E182
E182-R185

K124-K193
R245-R307
R300-R307

S176-T177 (2.25)
Q103-T237 (2.87)

R185-K193
K193-D195
K193-D196
R245-D248
R245-D309
R307-D309

Extra segment-remaining
structure

D99-R178
E100-R178

Q96-Y181
N97-Y181

D104-R300
D104-R307
E107-R245
E109-R185
E114-R185
D119-K193
D119-K124

Inter-monomeric
interface A—C*

4(A) and (C) indicate the cor-
responding monomers of Sfgly

R452 (A)-D473 (C)
D473 (A)-R452 (C)
E474 (A)-K72 (C)
R463-E464 (H,0)

D358-D392-(H,0)
R488 (A)-K485 (C)
D395 (A)-D395 (C)-(H,0)
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D473 (monomer A)-R452 (monomer C) and E474
(monomer A)-K72 (monomer C) are two inter-attrac-
tive interactions, solvent exposed, which can be dis-
turbed by cations. The hyperthermophilic f-glycosidase
from S. solfataricus is characterized by a higher number
of charged and polar amino acid residues on its surface
in comparison with mesophilic ones (Fukuchi and
Nishikawa 2001); moreover, Sfgly contains nearly twice
as many ionic groups involved in ion pairs (Aguilar et al.
1997). Conversely, the observed stabilization induced by
monovalent/divalent cations with negatively charged
moieties present in some mesophilic proteins such as
glucose oxidase, having a strong negative net charge
(=77 at neutral pH), can be explained as a compensation
effect for the shortage of basic residues in the enzyme
structure. Therefore, the cations act mainly by weaken-
ing the repulsive electrostatic force among negative
clusters present in the protein surface, thus favouring
compactness of the enzyme’s conformation (Ahmad
et al. 2001; Akhtar et al. 2002).
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