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Introduction
The progressive salinization of irrigated land in semi arid regions has exposed plants to
high salt concentrations. Plant molecular biologists have made great effort to identify and
elucidate the underlying mechanism governing salt stress responses in order to engineer
crop plants with greater salt tolerance. Thus, advances in this way will depend on both, the
identification of the primary cellular targets of salt toxicity, and elucidation of the
underlying mechanisms governing salt responses, which include ion transport, osmotic
adjustment and signal transduction (Serrano, 1996).
We present here the structural study of Hal2p (Albert et al., 2000a), the primary target for
sodium and lithium in vivo, and of AtHal3 (Albert et al., 2000b), a novel regulatory
subunit involved in signal transduction. These studies, carried out mainly using X-ray
Crystallography, also demonstrate the relevance of the structural work to the establishment
of the function of the biological molecules.
The protein Hal2p is a nucleotidase that hydrolyses 3’-phosphoadenosine-5’-phosphate
(PAP) to AMP. It requires magnesium for catalysis and it is inhibited by low
concentrations of both lithium and sodium (Glaser et al., 1993; Murguia et al., 1995;
Murguia et al., 1996). Inhibition of Hal2p during salt stress results in the accumulation of
PAP in the cell, which has the potential to produce a variety of toxic effects such as
inhibition of sulphotransferases and RNA processing enzymes (Roth et al., 1982; Dichtl et
al., 1997). The three-dimensional structure of this enzyme establishes the mechanisms of
inhibition by sodium and lithium and allows the design of transgenic plants with higher salt
tolerance without modifying the enzymatic role of the protein. At the same time, the
structural analogy of Hal2p to the human inositol monophosphatase will uncover the
structural basis of the lithium inhibition and will assist in the design of more efficient
inhibitors to ameliorate maniac-depressive psychosis.
The Arabidopsis thaliana HAL3 gene encodes for a flavin mononucleotide (FMN) binding
protein (AtHal3) which upon over-expression in transgenic Arabidopsis plants produces an
altered growth rate and improved salt and drought tolerance (Espinosa-Ruiz et al., 1999).
AtHal3 has a homologous in yeast, a protein characterised as a regulatory unit of the
serin/threonin phosphatase PPz1 (de Nadal et al., 1998). This fact is of particular
significance as it has been proposed that both enzymes have a similar role in cellular
physiology. Arabidopsis transgenic plants that over-express AtHal3 and yeast cells that
over-express its homologous protein display similar phenotypes of improved salt tolerance.
The enzymatic activity of AtHal3 was unknown, however, the elucidation of its threedimensional structure makes it clear that this enzyme will recognise a peptidic substrate

(the cellular partner equivalent to PPz1 in yeast) and subsequently will catalyse the
dehydrogenation of a cysteine residue.

The crystal structure of Hal2p
The crystal structure of Hal2p (Fig. 1a) was solved at 1.6 Å by multiple isomorphous
replacement techniques. The enzyme is a monomer of 355 amino acids that can be
described as a two-domain structure. The N-terminal domain is a member of the α+β class
and the C-terminal domain is α/β with a mixed β-sheet. The active site lies between Nterminal and C-terminal domains (Figs. 1a and 2a). The structure of Hal2p, described in
the present work, provides the first characterization at the atomic level of both a PAP
phosphatase and a physiological target of sodium toxicity (Glaser et al., 1993; Murgia et
al., 1995; Murguia et al., 1996; Serrano, 1996, Gil-Mascarell et al., 1999).

Figure 1a. Ribbon representation of Hal2p structure in stereo view. Magnesium ions are displayed in
grey, AMP and Pi are shown in CPK mode.

Figure 2a. Schematic representation of Hal2p showing all the secondary structural elements and binding
sites. Continuous/broken lines represent conserved/non-conserved secondary structural elements among
the sugar enzymes structural class. A is adenosine ring binding site and P is AMP, P5’ binding site.

The crystallization experiments were carried out in the presence of magnesium, lithium
and PAP. Two magnesium ions (at sites S1 and S3), a molecule of AMP and a phosphate
ion (Pi) can be unequivocally seen in the high resolution electron density map at the active
site (Fig. 3a). Thus, Hal2p has crystallized as a dead end complex with the two reaction
products. Mg1 coordinates Glu72 OG1, Asp142 OD1, Ile143 O, a water molecule (W3)
and two oxygen atoms of Pi. Mg3 coordinates Glu72 OG2, two oxygen atoms of Pi and
three water molecules. Both metal ions are octahedrally coordinated. A third metal binding
site (site S2) is occupied by samarium and platinum when crystals are soaked for preparing
heavy atom derivatives. This is known to be the lithium binding site in human inositol
monophosphatase (Pollack, 1993; Wilkie et al., 1995).

Figure 3a. Stereo view of the active site of Hal2p showing the metal binding site. Distances are in

.

Hal2p phosphatase is very sensitive to lithium, presenting a half-maximal inhibition
concentration, IC 50 , of 0.1 mM (Murguia et al., 1995). Hal2p crystals were grown in the
presence of 10 mM lithium, so it is likely that lithium is occupying site S2 in the structure
although it cannot be seen by X-ray crystallography since the ion has only two electrons. In
the native structure (Fig. 3a), lithium is expected to be coordinated by AMP OH3', Asp294
OD1, Asp142 OD2 and an oxygen of Pi, with distances and angles in agreement with those
of lithium-oxygen complexes found in the Cambridge Crystallographic Database (Allen et
al., 1991) and also reported by Glusker (1991).
The crystal structure of Hal2p is similar to the intermediate state just after hydrolysis of the
ester, with the two products of the reaction, AMP and Pi, trapped in a dead-end lithium
complex (Fig. 3a). Thus, it is possible to model the structure of the active enzyme if the
inhibitory metal atom is not present in the media. We assume that a magnesium ion
occupies site S2 and we model Pi bonded to the sugar ring at O3’. Then, Asp294 OD1 and
a water molecule would complete the octahedral coordination at this site as in the platinum
derivative (see Fig. 3a). Following Cole et al. (1995), in this situation, this water would be
close enough to the ester bond to be the nucleophile required for hydrolysis. Once the ester
is broken, the leaving Pi would move towards magnesium site S3. The magnesium at site
S2 would have fewer ligands and would leave the enzyme together with the AMP and

followed by Pi and magnesium Site S3. Alternatively, W3 at site S1, would act as the
nucleophile (York et al., 1994; Bone et al., 1994a, 1994b; Villeret et al., 1995; Strater et
al., 1996). As discussed by Wilkie et al. (1995), the final test for these alternative models
will come when the stereochemical course of the reaction with respect to the phosphorous
atom is determined.
Hal2p (Murguia et al., 1995) and other plant PAP phosphatases (SAL1, SAL2 and AHL1)
(Quintero et al., 1996; Gil-Mascarell et al., 1999) are sensitive to sodium and previous
work demonstrates that sodium inhibits in the same way as lithium (Gil-Mascarell et al.,
1999). Interestingly, yeast IMPases are sodium-sensitive (López et al., 1999), while
animal enzymes acting on inositol phosphates and PAP are sodium insensitive (LopezCoronado et al. 1999). It is tempting to speculate that, given the crucial role of these
enzymes in cellular physiology, the evolution of animal cells in sodium-containing media
(physiological saline) produced sodium-insensitive enzymes. On the other hand, yeast and
plants evolved in sodium-poor media and most of their lithium-sensitive phosphatases are
also inhibited by sodium. Only in relatively recent times, when the progressive salinization
of irrigation land in semiarid regions has exposed plants to high sodium concentrations, has
this "Achilles tendon" of non-animal cells been uncovered (Serrano, 1996).

Figure 5a. A detail of the Arg152-Asp263 salt
bridge.

A detailed comparison of the structure
of sodium-resistant animal enzymes
with the structure of Hal2p provides
Figure 4a. Superposition of the Hal2p Cá trace
some clues for the structural basis of
(yellow) and human inositol monophosphatase (cyan).
sodium inhibition. A salt bridge
The H-bond networking involving Asp145 and the salt
between Arg152 and Asp263 in Hal2p
bridge Arg152-Asp263, linking á5 and the loop
forces a displacement of helix α5
between â9 and á7 are also shown.
(residues from 147 to 152) with respect
to its position in sodium resistant enzymes. In this situation Hal2p Asp145 OD2 is able to
make hydrogen bonds to Asp142 OD2, Asp294 OD2 and Gln265 NE1 (Fig. 4a). These
interactions fix the carboxylate side chain in a conformation that makes the distance from
site S2 to Asp145 OD2 larger than in human inositol monophosphatase (Fig. 6a). There are

two direct consequences of this change. First, lithium is no longer coordinated by Asp145;
it is replaced in the coordination sphere by O3' from AMP. Second, this enlargement may
enable the formation of a sodium complex that blocks the product AMP in the active site.
This salt bridge is not present in the sodium-resistant mammalian enzymes. Arg152 is fully
conserved in plant PAPases, while Glu238 is conserved in the most sodium-sensitive of
these enzymes, AHL (Gil-Mascarell et al., 1999).
In addition to the structural determinants of sodiumlithium discrimination discussed above, framework
interactions affecting inhibition by both lithium and
sodium may also be important to engineer sodiumtolerant PAP phosphatases. The characterization of the
Hal2p E238K mutant reveals an additional role of the
salt bridge discussed above in modulating the sodium
and lithium sensitivity in Hal2p. In the wild type
enzyme, the ionic pair between Arg152 and Asp263 is
further stabilized by an ionic network involving two
adjacent carboxylates Glu154 and Glu238 (Fig. 5a). It
is known that this kind of ion network is essential for
increasing the stability and hence, thermoresistance in
various enzymes (Goldman, 1995). The mutation
E238K likely changes the stability and the geometry of
the salt bridge, the position of α5 and, hence, the
sensitivity to lithium and sodium ions. Further
evidence of the role of the ionic network can be found
analyzing the IC 50 values for lithium and sodium ions
of the PAP phosphatases of Arabidopsis. The SAL2
gene product conserves Arg152, Asp263 and Glu154,
but Glu238 is replaced by His and thus mimics the
E238K mutation of Hal2p. As predicted by the
hypothesis, the IC 50 for both lithium and sodium are
very similar for SAL2 and the E238K mutant (10 and
200 mM, respectively)). Furthermore, the ionic
Figure 6a. Comparison of the metal
network is conserved in SAL1 gene product, but
binding site S2 in Hal2p (top) and in
Glu154 is replaced by Asp. Despite this conservative
human inositol monophosphatase
change, with respect to wild type Hal2p, this enzyme
(bottom). Distances are in Å.
is very sensitive to lithium but moderately sensitive to
+
+
sodium ions (IC 50 for Li and Na 0.2 and 200 mM, respectively). This phenotype may be
explained by a decrease in the physical size of metal binding site S2, which would prevent
the larger sodium ions from binding. In the AHL gene product, Asp263 is replaced by Tyr,
thus the equivalent salt bridge is not conserved. However, it would be possible to form a
salt bridge involving Arg152 and Glu238. This enzyme is highly sensitive to sodium, but
not lithium (IC 50 for Li+ and Na+ 10 and 50 mM, respectively (Gil-Mascarell et al., 1999)),
possibly suggesting an increase in the size of metal binding site S2, such that the smaller
lithium ion is no longer stably coordinated. This natural variability in amino acid sequence
and cation sensitivity would imply that small changes in the size and/or geometry of site
S2, as defined in part by this ionic network, modulate the cation affinity of this site.

As a general conclusion we propose that the combination of structural and mutagenic
analysis of Hal2p started in the present work may contribute to the generation of salttolerant crops by the genetic engineering of sodium-tolerant PAP phosphatases.
The crystal structure of AtHal3
The X-ray structure of the FMN flavoprotein AtHal3 was solved by single isomorphous
replacement with anomalous scattering (SIRAS) at 2 Å resolution.
AtHal3 is a trimer with a 3-fold
symmetry axis coincident with the
crystallographic 3-fold axis (Figure
1b). The trimer can be described as
a flattened triangular prism of
around 66 Å side and 25 Å height.
Approximately 25% of the residues
and the FMN groups in each
protomer are involved in the trimer
formation (Figure 2b) (Jones et al.,
1996). There is a 17.8% decrease
of the solvent accessible surface
area per protomer on complexation
(1398 Å2 of buried surface of 7846
Å2 of accessible surface of a
protomer). This value is in
agreement with those calculated
for molecules of similar molecular
Figure 1b. Ribbon representation of the AtHal3 structure
weight
forming
biological
viewed along the three-fold axis defining the trimer. FMN
homodimers
(Jones
et
al.,
1996).
groups are also shown.
Gel filtration chromatography
experiments show that AtHal3 is also a trimer in solution.
Figure 3b illustrates the three-dimensional structure of one AtHal3 subunit. AtHal3 is a
α/β protein consisting of a 6-stranded parallel β-sheet sandwiched between two layers of
α-helices. In order to find similar structures to AtHal3, the atomic coordinates were
submitted to the DALI server (Holm et al., 1998). This server automatically compares a
query structure with those available on the protein data bank (Berman et al., 2000). The
survey revealed that nine of the ten best fits to AtHal3 structure corresponded to NAD(P)binding Rossmann-fold domains and the remaining one corresponded to a flavodoxin-like
domain (Murzin et al., 1995).
A systematic study of the SCOP database (Murzin et al., 1995) revealed that FMN binding
proteins exhibit either β/α (TIM)-barrel fold, flavodoxin-like fold, PNP oxidase-like βbarrel fold or α+β NADH oxidase/flavin reductase fold. As mentioned above, the AtHal3
fold is topologically similar to flavodoxine (Watenpaugh et al., 1972). However, there are
several structural differences between them (Figures 4b and 5b). First, the central β-sheet
of AtHal3 is constructed with six strands ordered 321456 while that of flavodoxine
consists of five strands ordered 21345. Second, only 47 Cα atoms of AtHal3 present
structural equivalents in flavodoxine (root mean squared deviation, RMSD, of 1.1 Å, with
a criteria of 2.0 Å for considering atoms to be aligned; 72 Cα atoms if the criteria is 3.0 Å,
being the RMSD 1.7 Å). Third, the FMN group binds in a different site on each protein.

Finally AtHal3 is trimeric whereas flavodoxine is monomeric; interestingly, none of the
residues equivalent in AtHal3 and in flavodoxine belongs to the helices involved in AtHal3

Figure 2b. Alignment comparing the amino acid sequences of AtHal3, the core domain of ScHal3 and
EpiD. The positions of the AtHal3 secondary structure elements determined from the crystal structure are
shown above the AtHal3 sequence. Residues identical in all sequences are shown in red. Residues
involved in AtHal3 trimer formation are enclosed in green boxes. Black dots, shown under the EpiD
sequence, denote residues involved in FMN binding. Hydrogen bonds between the protein and the FMN
group are shown as triangles (the blue triangle denotes a H-bond to a residue of the adjacent protomer.

trimerization, α3a, α3b, α4a and α4b. In addition, AtHal3 and flavodoxine do not present
sequence similarity, not
even in residues involved
in FMN binding (data not
shown).
Hence,
we
propose that AtHal3
defines a new subgroup
of the FMN binding
proteins.
The FMN group is
located in the interface
Figure 3b. Stereo view ribbon representation of the AtHal3 protomer
between two adjacent
showing the secondary structural elements. á helices are shown in
protomers (Figure 1b).
magenta and â strands in cyan. The FMN group is displayed in ballAromatic
isoalloxazine
and-stick mode.
moiety is placed into a
hydrophobic pocket constructed with residues of two adjacent subunits (Figure 6b). On the
other hand, all the hydrogen bonds between protein and isoalloxazine are made with one

subunit. Interestingly, Ser A29 OG and Ala A107 N, hydrogen bonded to isoalloxazine N3
and O2, respectively, are conserved in AtHal3 related proteins (Figure 2b). NH Ala A107,
at the N-terminus of the α4a helix, provides the positively charged environment of the N1C2=O2 locus found in flavoenzymes catalyzing a dehydrogenation (Fraaije et al., 2000)
(Figure 7b).
It is interesting to note that the
isoalloxacine N5 is not hydrogen
bonded to any protein donor as in
vanillyl-alcohol oxidase (Fraaije et al.,
1999) and glycolate oxidase (Lindqvist
et al., 1989). These enzymes exhibit a
relatively high (> -25 mV) redox
potential. It has been proposed that the
hydrogen bond to N5 destabilizes the
protonated reduced cofactor, hence,
Figure 4b. A topological diagram of the AtHal3
decreases the oxidative power of the
structure; b strands are shown as arrows and a helices
as rectangles. Secondary structure elements that are
cofactor (Fraaije et al., 2000). It is also
not conserved in other proteins with the flavodoxin-like
known that the reduction of the FMN
fold are depicted with dashed lines.
group is hindered by the presence of
negatively charged residues in the

Figure 5b. Stereoview Cá traces for the aligned stuctures of AtHal3 (yellow) and flavodoxin (blue).
The FMN groups are displayed in ball-and-stick mode. The coordinates of the flavodoxin were
obtained from the PDB (entry code 2FX2).

FMN binding site, or coplanar aromatic π-π interactions between aromatic residues and the
isoalloxazine moiety of the FMN group (Zhou et al., 1996). Neither negative charged
residues nor π-π staking interactions are found around the isoalloxazine ring in AtHal3. On
the contrary, three T-type aromatic interactions (Burley et al., 1988) between the aromatic
moiety of the FMN group and Phe A59, Trp B78 and Trp B81 will stabilize a reduced
intermediate (Figure 7b). The Re side of the isoalloxacine ring defines a small cavity made
up of hydrophobic residues with the exception of a diad, His B90, Glu B77 (Figure 7b).
The accessible volume of this cavity is defined by a system of four water molecules
located in a plane 3.7 Å above the Re side of the isoalloxacine ring. This water system is
flanked by loops connecting β5 with α5a, α4a with α4b and by His90 Glu77 diad. These
facts together with the structural relationship between the FMN binding site in AtHal3 and

in the flavin-dependent dehydrogenases, indicates that AtHal3 should be a functional redox
flavoenzyme and that the cavity at the Re side of the isoalloxazine ring defines the active
site.
The phosphate and ribitol moieties of FMN are hydrogen bonded mainly to residues
belonging to one AtHal3 subunit. Among them, GlyA28, SerA55, ThrA109 and CysB118
are conserved in AtHal3 related proteins.
ThrA53 and SerA106 align with a
threonine or a serine residue in ScHal3
and EpiD, respectively (Figure 2b).
Despite of the large number of polar
groups in the ribitol moiety, only two
ribitol hydroxyl groups are hydrogen
bonded to the protein (Figure 6b).
Each lateral side of the trimer defines an
elongated grove, capped by a mobile flap
(residues from A171 to A182), with an
entrance to the active site. The reactivity
of the active site and the grove is apparent
from the fact that complexes [Au(CN)2 ]are filling these cavities when crystals are
soaked for preparing the heavy atom
derivative.
Figure 6b. Schematic representation of the AtHal3FMN interactions, identifying residues involved in
hydrogen bonding to the cofactor. Hydrophobic
interactions between the aromatic moiety of the
isoalloxazine ring and AtHal3 are also displayed.
Distances are given in Å.

Figure 7b. View of the FMN environment. Water
molecules are shown as red spheres.

as a nickel atom for further structure refinement.

The electrostatic charge potential at the
molecular surface of the trimer (Figure
8b), produces an intrinsic dipolar moment
in the direction of the central three fold
axis. This is consequence of the opposite
charge distributions on both sides of the
trimer. The acidic side displays a cavity
partially filled by a metal atom lying in
the three fold axis. The electron density
map at this site reveals that this atom is
octahedrically coordinated with six water
molecules. This result suggests a high
affinity for metals at this site. Neither the
presence of the metal site nor a functional
role has been reported for any of the Hal3related
proteins.
Total
reflection
fluorescence techniques were used to
identify the chemical nature of this metal
atom. The results are consistent with one
nickel atom per trimer. The purification
step using a nickel binding affinity
chromatography can explain the source of
this atom. Hence, the metal site observed
in the electron density map was assigned

The enzymatic activity of AtHal3
and ScHal3 has not been
reported. However, there is a
striking
sequence
similarity
between the FMN dependent
EpiD protein and AtHal3 (Figure
2b). EpiD is a flavoprotein
involved in the maturation of the
peptidic lantibiotic epidermine
(Kupke et al., 1992; Kupke et al.,
Figure 8b. View of the electrostatic charge potential at the
1994).
EpiD
specifically
opposite molecular surfaces of the trimer, as seen along the
three-fold axis.
recognizes the gene product
EpiA, the peptidic precursor of
epidermine, and subsequently catalyzes an α,β- dehydrogenation of the EpiA C-terminal
cysteine. A significant number of AtHal3 residues involved in the trimer formation and in
the FMN binding are conserved,
or display a conservative change,
in ScHal3 (precentage of
identity: 38.3% and 75.0%) and
in EpiD (38.3% and 66.7%)
(Figure 2b). Hence, we propose
that ScHal3 and EpiD should be
trimers, having similar structure
and function to that of AtHal3.
Figure 9b. Stereoview detail of the AtHal3 active site. A
peptidyl cysteine residue is modelled inside the cavity.

Several
structural
features
suggest that AtHal3 is suitable to
catalyze the α,β-dehydrogenation of a peptidyl cysteine as EpiD does. First, a cysteine side
chain fits perfectly into the accesible volume of the active site (Figure 9b). Second Fraaije
& Mattevi (2000) revealed that flavoenzymes catalyzing a substrate dehydrogentation
show a striking similarity in the position of the ligand atoms being dehydrogenated by the
flavin group. The site of the oxidative attack typically binds in front of the flavin N5 and
an adjacent group is also required to facilitate the formation of a double bond in the
oxidized product. In AtHal3, the system of water molecules defining a plane above the Re
side of the FMN group mimics the position of a peptidyl cysteine substrate according to
the structural analysis presented by Fraaije & Mattevi (2000) (Figures 7b and 10b). W43,
above flavin N5, is located where the oxidative attack would take place and mimics the CA
atom of the petidyl cysteine. W20 and W61 would correspond to the positions of the SG
and the CB atoms of the cysteine side chain respectively. In this situation, the thiol group
(W20 in crystal structure) would be activated by two hydrogen bonds to NH Asn A142 and
N3 FMN. Consequently, the acidity of the hydrogen atoms of the adjacent CB (W61 in
crystal structure) would be enhanced. One of these hydrogen atoms would be placed close
(around 3 Å) to the basic His90-Glu77 diad (Figure 10b). Similar geometrical constrains
can be found in the active site of the acyl-CoA dehydrogenase. In this enzyme, a concerted
α,β-dehydrogenation of the substrate is proposed (Ghisla et al., 1989; Ghisla, 1984;
Schopfer et al., 1988). Hence, a similar reaction mechanism may occur in AtHal3. This
would imply the transfer of one proton from CB to the His90-Glu77 diad followed by the
expulsion of hydride from the CA to N5 FMN (Figure 10b). The subsequent reoxidation of
the FMM group could be done by direct interaction of molecular oxygen with the water
accessible O4 FMN. The exact match of the peptidyl cysteine side chain with the narrow
active site cavity (Figure 6a) would cause the system of water molecules to be expelled

upon substrate binding. This will shield the reaction cavity from the solvent as in other
flavoenzymes (Fraaije et al., 2000). A peptidyl serine would also fit the active site in
AtHal3. However, the larger electronegativity value of oxygen with respect to that of
sulfur explains why the oxidation of a peptidyl serine is not likely to be catalyzed. From
the thermodynamical point of view, the affinity of a hydroxyl group for the active site NH
groups is hindered with respect to that corresponding to a thiol group. From the kinetical
point of view, a sulfur atom hydrogen bonded to NH groups would be more activated than
an oxygen atom; consequently the hydrogen atoms bound to CB would be more acidic in a
cysteine than in a serine.
As mentioned above, the active site is
accessible from the center of an
elongated grove located at the lateral of
the trimer. It is tempting to speculate
that this groove would recognize a
specific sequence of the peptidic
cellular partner of AtHal3.
Our work shows that AtHal3 has an
intrinsic dipole moment coincident
with the three fold axis defining the
trimer. The dipolar moment ensures a
directionality in the possible interaction
with another cellular component. It is
Figure 10b. Proposed mechanism for the á,âdehydrogenation of a peptidyl cysteine residue in the
interesting that this dipole seems not to
active site of AtHal3.
be related with the redox activity since
the active site is accessible through the
lateral of the trimer. On the contrary, the intrinsic dipole moment reported for flavodoxine
and flavodoxine-like FMN binding domain of human cytochrome P450 (Zhao et al., 1999)
ensures an approach of its partner to the FMN group. Hence, it seems that AtHal3 and the
central domain of ScHal3 is designed to display a dual activity, first interacting with its
molecular partner and then undergoing a redox reaction. It is tempting to speculate that this
dual activity could be related with a novel selective regulatory mechanism responding to
the cellular environment. Currently we are working on the crystallization of the AtHal3
Ppz1 and ScHal3 PPz1 complexes. The X-ray structure of these complexes together with
complementation studies in the model system Saccharomyces cerevisae of AtHal3 and
ScHal3 mutants will help in understanding crucial aspects of the mode of regulation of
AtHal3 and ScHal3. Of particular interest are mutations on catalytic His 90 in AtHal3 and
ScHal3, which is likely to abolish redox activity of these enzymes, and on some key
residues on the surface of the trimer that would modulate the interaction with PPz1.
Concluding remark
The X-ray structures of Hal2p and AtHal3 have provided useful tools to understand and to
control the cellular response to saline stress. Hal2p is the first cellular target for sodium
and lithium, whereas AtHal3 is regulating the cellular response to both osmotic and saline
stress. Interestingly, these proteins are highly conserved from prokaryotes to eukaryotes,
hence it is likely that they are playing a crucial role in cellular physiology. The evolution
of animal cells in sodium-containing media produced sodium insensitive signal
transduction pathways and enzymes. On the other hand, yeast and plants evolved in
sodium-poor media. Only in the recent times, when the progressive salinization of the

irrigation land has exposed plants to high sodium concentrations, these essential pathways
and enzymes have been uncovered (Serrano 1996).
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