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Abstract Organophosphates (OPs) constitute the largest
class of insecticides used worldwide and certain of them are
potent nerve agents. Consequently, enzymes degrading OPs
are of paramount interest, as they could be used as biosca-
vengers and biodecontaminants. Looking for a stable OPs
catalyst, able to support industrial process constraints, a
hyperthermophilic phosphotriesterase (PTE) (SsoPox) was
isolated from the archaeon Sulfolobus solfataricus and was
found to be highly thermostable. The solved 3D structure
revealed that SsoPox is a noncovalent dimer, with lactonase
activity against “quorum sensing signals”, and therefore
could represent also a potential weapon against certain
pathogens. The structural basis of the high thermostability of
SsoPox has been investigated by performing a careful com-
parison between its structure and that of two mesophilic
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PTEs from Pseudomonas diminuta and Agrobacterium
radiobacter. In addition, the conformational stability of
SsoPox against the denaturing action of temperature and
GuHCI has been determined by means of circular dichroism
and fluorescence measurements. The data suggest that the
two fundamental differences between SsoPox and the mes-
ophilic counterparts are: (a) a larger number of surface salt
bridges, also involved in complex networks; (b) a tighter
quaternary structure due to an optimization of the interac-
tions at the interface between the two monomers.
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Introduction

Organophosphates (OPs) are well known potent toxic
compounds because they irreversibly inhibit acetylcholin-
esterase, a key enzyme of the central nervous system. They
have been extensively used since the end of World War II.
Their toxic properties have been exploited for the devel-
opment of chemical warfare agents such as sarin, soman
and VX and mostly for the development of agricultural
insecticides (Raushel 2002). Enzymes that are capable of
degrading these OPs, are therefore attractive as potential
anti-dotes because of their intrinsic potential in decon-
tamination/detection systems for organophosphate-based
pesticides and nerve agents (Merone et al. 2008; Singh
2009). Enzymatic detoxification of OPs has become the
subject of numerous studies because current methods of
removing them, such as bleach treatments and incineration,
are slow, expensive and cause environmental concerns.
For this application, OP hydrolases are appealing due to
their broader substrate specificity and higher catalytic rate
(LeJeune et al. 1998).

Enzymes that catalyze the hydrolysis of phosphoester
bonds in OPs are known from several different organisms. In
a strain of Alteromonas, an organophosphate-degrading
(OPD) enzyme belonging to the prolidase family, named
organophosphorus acid anhydrolase, was identified (Cheng
etal. 1993). Another enzyme isolated from Loligo vulgaris is
diisopropylfluorophosphatase, which prefers P-F bonds. Its
three-dimensional structure was solved and reveals a six-
bladed f-propeller with two calcium ions in a central water-
filled tunnel (Koepke et al. 2002). The HDL-associated
human paraoxonase hydrolyses phosphotriesters too, albeit
with lower proficiency. The structure of a chimeric mam-
malian recombinant paraoxonase-1 was recently solved, and
shows a similar fold as those of diisopropylfluorophospha-
tase (Harel et al. 2004). Some other microbial enzymes (EC
3.1.8.1) generally called phosphotriesterases (PTEs), or
sometimes organophosphorous hydrolases, organo-phos-
phate-degrading enzymes, parathion hydrolases (Hou et al.
1996) or paraoxonases (Merone et al. 2005), show preference
for organophosphorous compounds with P-O or P-S bonds.
PTEs are members of the amidohydrolases superfamily
(Seibert and Raushel 2005), enzymes catalyzing hydrolysis
of a broad range of compounds with different chemical
properties (phosphoesters, esters, amides, etc.). Their coding
genes, opd (organo phosphate degradation), were isolated in
Pseudomonas diminuta (Munnecke 1976), Flavobacterium
sp. (Sethunathan and Yoshida 1973), Agrobacterium ra-
diobacter (Horne et al. 2003), and genes similar to opd were
also identified in Archaea (Merone et al. 2008).

Since the synthesis of their most preferred substrate,
paraoxon, was described in 1950s, it has been postulated
that PTEs might have evolved specifically to the present
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high catalytic efficiency over a relative short period of time
(Ghanem and Raushel 2005). The catalytic properties of
PTEs are extensively studied because of their ability to
hydrolyze pesticides and several nerve agents. The first
complete catalytic mechanism for PTEs was proposed by
Aubert et al. (2004). Although this mechanism has been a
cornerstone, it suffered from various limits and different
catalytic mechanisms have recently been proposed
(Jackson et al. 2005; Jackson et al. 2008; Elias et al. 2008;
Wong and Gao 2007).

Extremophiles are appealing in order to obtain an effi-
cient and low cost bioscavenger of organophosphorous
compounds. In last decades there has been an increase in
the discovery, isolation, and investigation of organisms
inhabiting extreme environments (Rothschild and Manci-
nelli 2001). Among these, organisms living at high
temperatures (thermophiles and hyperthermophiles) are of
particular interest since proteins from these organisms can
function and remain stable at or near extreme temperatures
and generally are endowed with resistance to other stress-
ing conditions (Jaenicke and Bohm 1998). These proteins
have potential in industry directly or as models for engi-
neering proteins because their unique properties, such as
activity at extreme temperatures or in the presence of
organic solvents or detergents at moderate temperature,
are often desirable for industrial processes (Bruins
et al. 2001; Demirjian et al. 2001). They represent also
an unique opportunity to study relationships between
stability, dynamics and function of proteins (Ladenstein
and Antranikian 1998; D’ Amico et al. 2003).

Looking for a thermostable enzyme able to hydrolyze
OPs, SsoPox has been isolated from the hyperthermophilic
archaeon Sulfolobus solfataricus and kinetically charac-
terized (Merone et al. 2005). The protein displays 30%
sequence identity with mesophilic PTEs. In view of its PTE
activity, SsoPox was initially related to the PTE family, but
biochemical and phylogenetic evidences suggested that
SsoPox belongs to another close protein family, that of
phosphotriesterase-like lactonase (PLL) (Afriat et al.
2006). The X-ray structure of SsoPox and kinetic properties
revealed that it is a lactonase with promiscuous PTE
activity (Elias et al. 2007, 2008). This property has per-
mitted to trace a potential evolution pathway from
lactonases, such as SsoPox, to the actual optimized meso-
philic PTEs in the last 50 years (Afriat et al. 2006). SsoPox
is a highly thermostable enzyme, with denaturation half-
lives of 4 h and 90 min at 95 and 100°C, respectively. This
property facilitates rapid high yield purification of recom-
binant enzyme heterologously expressed by heating cell
lysates and then precipitating mesophilic host proteins
(Merone et al. 2005). Owing to its thermostability and rare
properties, SsoPox is considered as an excellent starting
point for biotechnological applications directed towards the
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achievement of efficient bioscavengers for organophos-
phorus compounds and against certain pathogens. In fact a
number of microbial pathogens use “quorum sensing” to
infect the host and “quorum quenching” due to specific
lactonases may represent a valid tool (Dong et al. 2001).

In this work a careful comparison between the 3D
structure of SsoPox and the two mesophilic PTEs from P.
diminuta and A. radiobacter was performed with the aim to
identify the possible structural determinants of the high
thermal stability of the hyperthermophilic enzyme. In
addition, the conformational stability of SsoPox with
respect to temperature and GuHCI has been investigated by
means of circular dichroism.

Materials and methods
Structural analysis

The structures of SsoPox in apo form and in complex with
a quorum-sensing lactone mimic, pdb codes 2vc5 and
2vc7, respectively, were taken from Elias et al. (2008). The
pdb code of P. diminuta PTE is ldpm, those of A. ra-
diobacter PTE are 2d2h and 2d2j. Structural analysis and
comparison, cartoon and ribbon representations of protein
structures were made using PyMOL (DeLano 2002).
Hydrogen atoms were automatically generated with REF-
MAC (Murshudov et al. 1997). The electrostatic potential
grid of SsoPox was obtained with MoPro using a multipolar
atomic model (Guillot et al. 2001). The charge density
parameters were transferred from the multipolar atomic
database (Pichon-Pesme et al. 2004). The molecular sur-
face was computed with PyMOL using a solvent probe of
1.4 A radius and the imported electrostatic potential grid
was mapped to it. Surface contact between monomers was
computed using the Protein—Protein Interaction Server
(V. 1.5) (Jones and Thornton 1996). Computational studies
of accessible surface, total surface and volumes were per-
formed using VADAR web server (V. 1.4; Willard et al.
2003). The total number of hydrogen bonds was deter-
mined with HBPLUS (McDonald and Thornton 1994).
Root mean square deviations (r.m.s.d.) were computed
using Swiss-pdb-viewer (Guex and Peitsch 1997).

Circular dichroism

CD spectra were recorded with a Jasco J-715 spectropo-
larimeter equipped with a Peltier type temperature control
system (Model PTC-348WI). Molar ellipticity per mean
residue, [0] in deg cm? dmol™!, was calculated from the
equation: [0] = [0]yps mrw/10 x [ x C, where [0]ps is the
ellipticity measured in degrees, mrw is the mean residue
molecular weight, C is the protein concentration in g mL ™"

and [/ is the optical path length of the cell in cm. A 0.1 cm
path length cell was used in the far-UV region. CD spectra
were recorded with a time constant of 4 s, a 2 nm band
width, and a scan rate of 5 nm min~', were signal-aver-
aged over at least five scans, and baseline corrected by
subtracting a buffer spectrum. The GuHCl-induced dena-
turation curves at constant temperature were obtained by
recording the CD signal at 222 nm for each independent
sample. Thermal unfolding curves were recorded in the
temperature mode at 222 nm with a scan rate of
1.0 K min~".

Fluorescence measurements

Steady-state fluorescence measurements were performed
with a JASCO FP-750 spectrofluorimeter equipped with
thermostated cell holders and temperature was kept
constant by a circulating water bath. The excitation
wavelength was set at 278 nm in order to include the
contribution of Tyr residues to the overall fluorescence
emission. The experiments were performed at 25°C by
using a 1 cm sealed cell and a 5 nm emission slit width,
and corrected for background signal; the shift in fluores-
cence maximum wavelength was recorded to monitor the
unfolding transition.

Sample preparation

The protein solutions were prepared in a 20 mM Tris
buffer solution at pH 8.0 and the concentration determined
by UV spectra using a theoretical, sequence-based (Gill
and von Hippel 1989), extinction coefficient of
29500 M~' cm™" at 278 nm. Stock solutions of GuHCI, in
different amounts, were mixed with protein solution to give
constant, fixed final protein concentration. Each sample
was mixed by vortexing and incubated at 25°C for a day.
Longer incubation times produced identical spectroscopic
signals.

Results
Structural features of SsoPox

Although the SsoPox 3D structure has been recently
reported it was not analyzed from the viewpoint of deter-
minants of thermal stability (Elias et al. 2008). The
structure of the monomeric protein, shown in Fig. 1a and b,
is roughly globular with overall dimensions of approxi-
mately 40 A x 54 A x 46 A and its topology is similar to
that of the two previously solved structures of mesophilic
PTEs: one is from P. diminuta and the other is from
A. radiobacter. The structure could be described as a
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Fig. 1 Structure of SsoPox. a The monomer of SsoPox is shown in
cartoon representation. The two metal cations are shown by grey
spheres. b SsoPox dimer. The two monomers are highlighted in green
and blue and the metal cation active site are shown as grey balls
(color in online)

distorted (f/a)g barrel or a so-called TIM barrel (Farber and
Petsko 1990). The structure of the hyperthermostable
enzyme consists in eight parallel f-strands forming the
barrel, flanked on the outer surface by 11 o-helices. The
superposition of the solved structures gives r.m.s.d. values
for a-carbon atom positions between SsoPox and
P. diminuta PTE (over 268 atoms), and SsoPox and A.
radiobacter PTE (over 271 atoms) of 1.05 A and 1.11 A,
respectively.

Some structural differences are shown in Fig. 2a. There
are two shortenings of the SsoPox polypeptide chain com-
pared to the mesophilic PTE structures (note that SsoPox
consists of 314 residues, while P. diminuta PTE consists of
336 residues). The first one is located close to the entry of the
active site and consists in the deletion of a 15-residue loop,
which corresponds to loop 7 in the (f/a)g barrel topology.
However, thermal stabilization is probably not the major
explanation for the shortening of this loop because it has been
shown to be crucial in the differentiation between lactonase
and PTE specificities (Elias et al. 2008). The second one is
the shortening of both extremities of the polypeptide chain.
In fact, compared to mesophilic PTEs, SsoPox has 6 and 2
residues less at the C terminus extremity, and 2 and 4 residues
less at the N terminus extremity with respect to P. diminuta
PTE and A. radiobacter PTE, respectively.

As observed for both mesophilic PTEs, SsoPox crys-
tallizes as a homo-dimer whose structural organization is
shown in Fig. 2b. In particular, the loop from Tyr97 to
Ser110 in each monomer adopts a different conformation
with respect to the corresponding loop from Trpl31 to
Ser142 of P. diminuta PTE, markedly protruding in and
interacting with the other subunit. Thus, across the inter-
face, there are two large hydrophobic clusters, each
constituted by the side chains of Phe104 and Leul07 of one
subunit, and Tyr97, Tyr99 and Trp263 of the other subunit,
tightly anchoring the two monomers to each other in the
SsoPox structure.

For the two mesophilic PTEs, the contact area between
the monomers is around 1350 /&2, 62.5% of which consists
of hydrophobic contacts, and there are 25 hydrogen bonds
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A Loop & immboed in the
hipdroghobee channel

Fig. 2 Structural superposition. a Structural comparison of different
known PTEs: hyperthermophilic SsoPox in red, P. diminuta PTE in
yellow and A. radiobacter PTE in green. The major structural
differences, the absence of the 15 residues loop 7 in SsoPox structure,
and the loop 8 involved in the hydrophobic channel are shown by
arrows. C-terminal and N-terminal extremities of backbones are
indicated. b Structural comparison between the hyperthermophilic
SsoPox (in red) and the mesophilic P. diminuta PTE (in yellow)
homodimers. Monomers on the right are well superimposed, whereas
there is a shift concerning monomers on the left, indicated by blue
arrows (color in online)

across the interface. In the SsoPox structure the interactions
cited lead to an interpenetration of the two monomers and a
consequent increase in contact area. The latter amounts to
1720 A? and the extra contact area, i.e. 370 Az, is mainly
due to additional hydrophobic contacts. In fact, the number
of hydrogen bonds across the interface is 25, the same
number observed in mesophilic PTEs. The solvent acces-
sibility of SsoPox is reduced with respect to that of its
mesophilic counterparts because the quaternary organiza-
tion of the SsoPox dimer is different from that of the two
mesophilic PTEs. As emphasized in Fig. 2b, on superim-
posing the monomers on the right, the other subunit
of SsoPox is significantly rotated with respect to that of
P. diminuta PTE.

Electrostatic features of SsoPox

Analysis of SsoPox sequence reveals that there is a
decrease in the content of uncharged polar residues Gln,
Asn, Thr and Ser with respect to mesophilic counterparts.
These residues represent 15.9% of the total residues of the
hyperthermostable sequence, compared to 18.3 and 19.7%
in the P. diminuta and A. radiobacter PTE sequences,
respectively. This difference is expected on comparing
hyperthermophilic and mesophilic proteins. Gln and Asn
residues, in fact, are prone to deamidation, that can be
catalyzed by close Ser and Thr residues, and to cleavage of
the peptide bond, especially at temperatures approaching or
above 90°C (Wright 1991). It is plausible that these weak
points are protected or replaced particularly in hyper-
thermophilic proteins. Accordingly there is an overall
reduction in the content of Asn and Gln residues in the
majority of hyperthermophilic proteins (Szilagyi and
Zavodszky 2000).

In addition, SsoPox sequence shows an increase in the
content of charged residues: Asp, Glu, Lys and Arg
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represent 24.5% of the total residues in SsoPox sequence,
whereas this value is about 21% for both mesophilic PTEs.
The 3D structure shows that the extra charges are mainly
located in solvent-accessible regions of SsoPox surface.

Therefore, SsoPox is a highly charged protein: 39
(Asp + Glu) and 37 (Lys + Arg) residues are localized on
the protein surface. Half of these surface charged residues
are involved in salt bridges: SsoPox contains 25 salt
bridges per monomer compared to 15 salt bridges per
monomer for both mesophilic PTEs (using a cut-off dis-
tance of 4 A). By looking at the electrostatic potential (see
“Materials and methods”) one face of the protein is
essentially negatively charged, and the other possesses
large positively charged clusters. This charge repartition
may confer to the protein a very high dipolar moment
(Fig. 3a). Furthermore, the border area between the two
monomers is almost homogeneously negatively charged.
This fact is surprising, because non-complementary charge
interactions should increase the repulsion energy. How-
ever, they might be stabilizing in the electrostatic field
created by the charge configuration in the protein, espe-
cially considering charges in a dynamic context at high
temperature (Danciulescu et al. 2007).

Only one region of the protein is little electrostatically
charged. This is a hydrophobic pocket, corresponding to
the active site, and surrounded by negative charges.

The salt bridges are uniformly localized on the protein
surface (see Fig. 3b) and, as described for other hyper-
thermophilic proteins (Hennig et al. 1997; Goldman 1995),
most of them are involved in large and complex networks
of charge—charge interactions. Two such networks, that
involving Asp43-Lys81-Asp42-Arg26-Asp75-Arg33-Glud5
and that involving Glul50-Argl154-Glul88-Lys161-
Glu187-Argl183-Glul80 are shown in Fig. 3c. In addition,
in each monomer of SsoPox, (a) the two chain termini are
linked by a salt bridge (the distance between the charges is
3.9 A) between the terminal carboxylic group of Ser314
and the guanidinium group of Arg2; (b) the presence of Pro
residues at position 4 and 309 further confers rigidity to the
chain termini. This kind of mutual stabilization for N and C
termini, also seen in Thermotoga maritima phosphoribosyl
anthranilate isomerase (Hennig et al. 1997), is assumed to
increase the protein overall stability since chain termini can
be the starting point of unfolding. There are also two salt
bridges, on opposite parts of the interface, between the
carboxylic group of Glul13 of one monomer with the side

Fig. 3 Electrostatic charges and active site description. a Electro-
static potential computed using MoPro is shown at the molecular
surface of SsoPox homodimer. Both faces of the homodimer are
shown. Negatively charged areas are in red, positively charged areas
in blue, non-charged areas in white. b Ribbon representation of
SsoPox homodimer. The main chain is in grey. All charged chemical
functions in electrostatic intgraction are highlighted (distance cut-off
between charged atoms: 5 10%), Positively charged residues (Arg and
Lys) and negatively charged ones (Asp, Glu and terminal carboxylic
acid) are shown as spheres. Carbon atoms are in yellow, oxygen
atoms in red, nitrogen atoms in blue. Most of the salt bridges are on

the protein surface. ¢ Ribbon representation of two charge—charge
networks. On the left the main chain is colored in grey. Interactions
between complementary charges are indicated by green dash. Asin b,
positively charged residues (Arg and Lys) and negatively ones (Asp,
Glu and terminal carboxylic acid) are shown in as spheres. Carbon
atoms are in yellow, oxygen atoms in red, nitrogen atoms in blue. On
the right a simplified scheme of a charge—charge network. a-helices
are shown as rolls, charged groups as ovals. Positively charged groups
are in blue, negatively charged in red. Number and type of residues
involved are indicated (color in online)
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chain NH2 group of Lys267 of the other monomer, that
protect the interface from water penetration.

Conformational stability of SsoPox

SsoPox is a highly thermostable enzyme, as it is active
toward paraoxon up to high temperature (Merone et al.
2005). A maximum for activity could not be determined
because of technical limitations, but up to 95°C, the
activity still keeps increasing. This datum should be
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Fig. 4 Far-UV CD spectra of SsoPox. Spectra were acquired at 25°C
(filled squares) and 108°C (open circles) with a protein concentration
of 0.13 mg mL™"

supported by a more detailed investigation of the confor-
mational stability of SsoPox by means of circular
dichroism (CD) and fluorescence measurements (Del
Vecchio et al. 2002a, b, 2004).

The far-UV CD spectra of SsoPox at 25 and 108°C, pH
8.0, are shown in Fig. 4. The spectrum of native SsoPox
presents a double minimum at 208 and 222 nm, as
expected for a protein with the large o-helical content
characteristic of a distorted (f/a)g barrel. The spectrum of
SsoPox at 108°C is completely different, indicating a
marked loss of secondary structure elements, even though
it does not correspond to that of a random coil. It is worth
noting that these far-UV CD spectra correspond to those
reported for P. diminuta PTE by Grimsley et al. (1997).

By recording the molar ellipticity at 222 nm it has not
been possible to obtain complete thermal denaturation
curves because the transition is not yet finished at 108°C
(see curve a in Fig. 5a), and our instrumental set-up cannot
work at temperatures higher than 110°C. This datum con-
firms the very high thermal stability of SsoPox inferred
from enzymatic activity measurements. In order to obtain
complete thermal denaturation curves, SsoPox has been
incubated with different GuHCI concentrations to some-
what destabilize the native state. The corresponding
thermal denaturation curves are shown in Fig. 5a and the
denaturation temperatures are (using a constant protein
concentration of 0.2 mg mL_l): 97°C at 0.5 M GuHCI,
92°C at 0.8 M GuHCl, 89°C at 1 M GuHCl, 80°C at 1.5 M
GuHCl, 73°C at 2 M GuHCl, and 62°C at 2.5 M GuHCI.
By performing a linear extrapolation of these numbers up
to zero GuHCI concentration, the estimated denaturation
temperature of SsoPox is 106°C (see Fig. 5b).

It has to be noted that thermal denaturation of SsoPox is
not reversible in all the investigated experimental condi-
tions, and so no further thermodynamic analysis of thermal
denaturation curves has been done. In any case, since the

Fig. 5 Thermal denaturation of
SsoPox by CD analysis. a
Thermal denaturation curves of
SsoPox (constant protein
concentration of 0.2 mg mL™"),
by recording the molar
ellipticity at 222 nm with zero
GuHCl (filled squares), 0.8 M
GuHCl (open circles), 1.5 M
GuHCl (filled triangles), and

2 M GuHCI (open diamonds). b
Plot of SsoPox denaturation
temperatures versus the GuHCI
concentration to obtain by
extrapolation an estimate of the
stability in aqueous solution
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denaturation temperature of P. diminuta PTE is 75°C, these
results highlight the significant extra thermal stability of
SsoPox.

The conformational stability of SsoPox against the
denaturing action of GuHCI has been investigated at 25°C,
pH 8.0, 20 mM Tris—HCI buffer, by performing CD and
fluorescence measurements (note that urea cannot be used
because the enzyme proves to be extremely resistant to this
chemical denaturant). The transition curves obtained by
recording the molar ellipticity at 222 nm (i.e., detecting the
secondary structure stability) present two inflection points,
at 2.6 M GuHCI and about 4.8 M GuHCI, respectively,
with a plateau at about 3 M GuHCI (see Fig. 6a). Since
SsoPox is a homodimer in which the association of the two
subunits is provided by noncovalent interactions, the
unfolded state has to correspond to two unfolded mono-
mers. In addition, the two inflection points and the plateau
region are suggestive of the presence of an intermediate
along the unfolding-denaturation pathway of SsoPox.
Therefore, a dependence on protein concentration of the
location of one or both of the inflection points has to be
expected. Measurements have demonstrated that the loca-
tion of the first inflection point does not depend on protein
concentration, while the location of the second inflection
point does (see Fig. 6a). This means that the intermediate is
a dimeric species and that dissociation occurs in the second
step of the process. The comparison between SsoPox and
P. diminuta PTE shows that the two inflection points occur
at the markedly higher GuHCI concentration in the case of
the hyperthermophilic enzyme. At a protein concentration
of 0.13 mg mL~" the inflection points are: 1 versus 2.6 M

[6]222 (deg em2dmort! }103 >

GuHCI molarity

Fig. 6 GuHCl-induced denaturation of SsoPox by CD analysis. a
GuHCl-induced denaturation curves of SsoPox, constructed by
recording the molar ellipticity at 222 nm and 25°C, at two protein
concentrations, 0.7 mg mL™" (filled squares) and 1.3 mg mL™" (open
circles). b GuHCl-induced denaturation curves of SsoPox,

GuHCl, and 2.5 versus 5 M GuHCI, respectively. These
data clarify that SsoPox is markedly more resistant to the
denaturing action of GuHCI with respect to the mesophilic
counterpart; in particular, the dimeric intermediate of
SsoPox does appear to be much more stable than that of
P. diminuta PTE.

In order to probe the stability of the tertiary structure,
GuHCl-induced transition curves have been determined by
recording the shift in the wavelength corresponding to the
maximum of the fluorescence emission spectrum, Apax,
upon excitation at 278 nm. Since each monomer of SsoPox
contains 3 Trp residues (at position 36, 263 and 278) and 9
Tyr residues (at position 40, 97, 99, 105, 208, 224, 247, 257
and 270), it was decided to fix the excitation wavelength at
278 nm in order to detect the contribution of both the 9 Tyr
and 3 Trp residues to the fluorescence emission. Also the
transition curves reporting A, versus GuHCI concentra-
tion, at 25°C, pH 8.0, 20 mM Tris-HCI buffer, present two
inflection points, as those constructed by recording the
molar ellipticity at 222 nm. The location of the first
inflection point does not depend on protein concentration
and occurs always at 2.6 M GuHCI, while that of the
second inflection point depends on protein concentration
and occurs always above 4.5 M GuHCI (see Fig. 6b). All
these findings are in agreement with the unfolding-dena-
turation pathway proposed on the basis of far-UV CD data,
suggesting the presence of a dimeric intermediate stable at
about 3 M GuHCL.

It is worth noting that A,,, upon excitation at 278 nm
amounts to 335 nm for native SsoPox, 343 nm for the
dimeric intermediate, and 352 nm for the unfolded

B 354
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constructed by recording the shift in the wavelength of the maximum
of fluorescence spectrum upon excitation at 278 nm and 25°C, at two
protein concentrations, 0.6 mg mL™! (filled squares) and 1.0 (open
circles) mg mL™"
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monomeric species. The An.x value of native SsoPox
indicates that the 3 Trp residues present in each monomer
are buried in the protein interior, whereas the other two
Amax Values are indicative of a partial exposure to water
contact in the dimeric intermediate, and a complete expo-
sure in the unfolded monomeric species (Lakowicz 1983).

The overall GuHCl-induced denaturation of SsoPox is
not a reversible process in all the investigated experimental
conditions: upon suitable dilution of fully denatured sam-
ples, there is not a complete recovery of the far-UV CD
spectrum or fluorescence emission spectrum of the native
enzyme. This irreversibility impairs a correct thermody-
namic analysis of the GuHCl-induced transition curves of
SsoPox according, for instance, to the linear extrapolation
model. In any case, the location of the two inflection
points, being the direct experimental datum, should be
considered a correct quantitative measure of the protein
stability against the denaturing action of GuHCI.

Discussion

SsoPox is a hyperthermostable protein: its activity is still
increasing at 95°C, in line with the estimated denaturation
temperature of 106°C, and the strong resistance to the
denaturing action of urea. The GuHCl-induced denatur-
ation curves of SsoPox present two inflection points and
can be rationalized by the presence of a dimeric interme-
diate that eventually dissociates leading to two unfolded
monomers. The unfolding-denaturation pathway of SsoPox
can be described by the following scheme:

N, =1, =2U

It is worth noting that this is the same unfolding-
denaturation pathway determined for P. diminuta PTE by
Grimsley et al. (1997) but the GuHCI concentrations
corresponding to the two inflection points are much more
high in the case of SsoPox.

The structural comparison between the 3D structure of
SsoPox and the structures of its mesophilic homologues
from A. radiobacter and P. diminuta has revealed inter-
esting features concerning the structural adaptation of this
architecture to extreme conditions. The fundamental dif-
ferences are: (a) SsoPox possesses a tighter and more
compact quaternary structure due to an optimization of the
interactions at the interface between the two monomers; (b)
SsoPox possesses a larger number of surface salt bridges,
also involved in complex networks.

The distinct conformation adopted by the loop starting
with Tyr97 and ending at Ser110 in each monomer of
SsoPox allows an optimization of interface interactions
between the subunits, and should be very important for the
conformational stability of the dimeric structure. Indeed
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CD and fluorescence measurements indicate that SsoPox is
much more stable than the mesophilic P. diminuta PTE
with respect to both temperature and GuHCL. In particular,
the dimeric intermediate populated along the unfolding-
denaturation pathway of SsoPox is stable around 3 M
GuHCI, a denaturant concentration at which P. diminuta
PTE is completely unfolded. This should be a strong
indication of the stabilization provided by the tightening of
the interactions across the interface. Such conclusion is
supported by the finding that the two mesophilic and the
hyperthermophilic monomers are similar in size, but the
thermostable dimer is more compact than the two meso-
philic dimers (i.e., the volume of SsoPox is reduced with
respect to mesophilic homologues, as emphasized in
Fig. 3b). Minimization of the ratio of surface area to vol-
ume can increase the stability by simultaneously reducing
the unfavorable surface energy and increasing the attractive
interior packing interactions (Chan et al. 1995). Rein-
forcement of interactions at the interface supports the
contention that dimerization could be a general determinant
of thermostabilization (Vieille and Zeikus 2001). More
specifically high oligomeric state is a striking preference
for thermoadaptation of hyperthermophiles, as it was seen
for TIM protein (Walden et al. 2004).

In addition, the interface hydrophobicity can be impor-
tant since hydrophobic interactions are strengthened at high
temperatures (Lo Conte et al. 1999), so that the homodi-
meric structure of SsoPox should be functionally relevant
in the archaeal cell.

The other fundamental difference between SsoPox and
its mesophilic counterparts is the larger number of salt
bridges, 25 versus 15 in each monomer, and their organi-
zation in complex networks on the protein surface. This
finding is in line with general analyses that have compared
the structures of hyperthermophilic, thermophilic and
mesophilic proteins (Vetriani et al. 1998; Karshikoff and
Ladenstein 2001; Sterner and Liebl 2001; De Simone et al.
2001).

These observations correlate with previous general
findings: (a) the surfaces of hyperthermophilic proteins
show an increase in charged residues at the expense of
polar residues (Szilagyi and Zavodszky 2000); (b) the
comparison of complete genomes of mesophiles and
hyperthermophiles indicates a large difference in the pro-
portions of charged residues versus uncharged polar
residues (Fukuchi and Nishikawa 2001; Suhre and Claverie
2003).

In addition, the stabilizing role of the large and complex
charge—charge networks in SsoPox is supported by the fact
that it is extremely resistant to the action of a neutral
denaturant such as urea, whereas it is unfolded by a ionic
denaturant such as GuHCI (Del Vecchio et al. 2002a, b).
The presence of large and complex charge—charge
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networks suggests that cooperative-multiple electrostatic
interactions are more efficient to enhance thermostability
than a sum of pair-wise interactions. It is important to note
that all the archaeal TIM barrel proteins previously
described do not exploit an increase of salt bridges for
achieving thermoadaptation (Walden et al. 2004). There-
fore, the hyperthermophilic SsoPox is, to the best of our
knowledge, the first archaeal hyperthermophilic TIM barrel
protein that has a significantly larger number of salt bridges
and complex charge—charge networks with respect to its
mesophilic counterparts.

Owing to its thermostability and unique catalytic prop-
erties, SsoPox is an excellent candidate to construct an
efficient biodecontaminant of organophosphorous com-
pounds and also a potential weapon against pathogens that
use “quorum sensing” as an infectiveness tool (Dong et al.
2001). The present study could be an important step to try to
adapt the catalytic properties of SsoPox to industrial uses.
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