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ABSTRACT: Previous biophysical studies of tetrameric malate dehydrogenase from the halophilic archaeon
Haloarcula marismortui(Hm MalDH) have revealed the importance of protein-solvent interactions for
its adaptation to molar salt conditions that strongly affect protein solubility, stability, and activity, in
general. The structures of the E267R stability mutant of apo (-NADH) Hm MalDH determined to 2.6 Å
resolution and of apo (-NADH) wild type Hm MalDH determined to 2.9 Å resolution, presented here,
highlight a variety of novel protein-solvent features involved in halophilic adaptation. The tetramer appears
to be stabilized by ordered water molecule networks and intersubunit complex salt bridges “locked” in by
bound solvent chloride and sodium ions. The E267R mutation points into a central ordered water cavity,
disrupting protein-solvent interactions. The analysis of the crystal structures showed that halophilic
adaptation is not aimed uniquely at “protecting” the enzyme from the extreme salt conditions, as may
have been expected, but, on the contrary, consists of mechanisms that harness the high ionic concentration
in the environment.

To understand molecular adaptation to extreme salinity,
it is important to address fundamental problems involving
protein stabilization and solubility (1, 2). This understanding
is also essential for biotechnological applications such as the
engineering of enzymes to function in special solvents for
industrial or environmental use. In particular, what is the
nature of protein-solvent and protein-protein interactions
under very high salt conditions? Under these conditions, the
concept of ionic strength is no longer sufficent and specific
salt effects must be taken into account (3).

Halophilic Archaea grow optimally in molar NaCl, in
marine salterns, and in hypersaline lakes such as the Great
Salt Lake or the Dead Sea. They balance the external high
salt concentration by accumulating intracellular KCl close
to saturation (4-6). Stable, soluble, and active in high salt
concentrations, proteins purified from these organisms gener-
ally unfold when the salt concentration decreases, e.g., below
2 M KCl (2). It has been shown from experiments with
proteins in various salt solutions that, depending on the
particular protein-ion-water interactions, certain salts favor
the folded state whereas others favor unfolding (7, 8).

Protein-solvent interactions are the focus of our studies
onHm1 MalDH, a 132 kDa homotetramer with 303 residues
per monomer (9, 10). Through the availability of extensive
biochemical and biophysical data, this enzyme has become
a paradigm for halophilic proteins. Its gene has been cloned
and the protein expressed inEscherichia coli, and the
recombinant enzyme and stable mutants have been success-
fully renatured by dialysis against high salt (11, 12). The
protein is unstable under an unusually wide range of salt
conditions and temperatures, making it a particularly interest-
ing model for the study of the thermodynamics of solvent
and salt effects (2, 13-16), and it has been found that each
salt type and concentration is associated with a particular
mechanism dominating stability (13). Enthalpy terms domi-
nate the activation free energy of dissociation and unfolding
in KCl, in NaCl, and in an intermediate concentration range
of MgCl2, whereas entropy-driven mechanisms related to the
hydrophobic effect and “salting-out” dominate in potassium
phosphate or (NH4)2SO4 (13, 17). In high concentrations of
NaCl or KCl,HmMalDH and two other halophilic proteins,
a polypeptide elongation factor and a Gra-PDH, have been
shown to bind significantly large amounts of salt and water
that may be characteristic of structural adaptation to halo-
philic conditions (10, 18, 19). Sequence comparisons between
homologous proteins have shown that halophilic proteins
have a significant excess of acidic residues over basic
residues (12). Following experiments on the correlation
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between stability and salt binding, a stabilization-solvation
model has been proposed in which the acidic side chains
located at the protein surface cooperatively bind a network
of hydrated salt ions that contribute to stabilization (20, 21).

So far, the crystallographic structures of only three proteins
from extreme halophiles have been published. That of
dihydrofolate reductase fromHaloferaxVolcanii appears to
be similar to homologous proteins from nonhalophilic
organisms. The gene product that has been analyzed,
however, may reflect the result of lateral gene transfer rather
than the endogenous halophilic enzyme (22). The structure
of [2Fe-2S] ferredoxin fromHaloarcula marismortuiat 1.9
Å resolution revealed an acidic surface as well as extensive
hydration networks (23). The crystal structure of tetrameric
HmMalDH, complexed with its NADH cofactor, determined
to 3.2 Å resolution (PDB entry 1HLP), also revealed an
acidic protein surface (24). Furthermore, an increase in the
number of salt bridge clusters with respect to homologous
structures suggested similarities with thermophilic proteins
(24). The resolution limit, however, did not allow visualiza-
tion of water molecules or bound solvent ions, so important
questions remained unanswered. For example, how are
intersubunit salt bridges stabilized in the very high salt
concentrations of the halophilic environment? Are protein-
solvent interactions involved? Electrostatic calculations on
the crystal structures and homology-based modeling have
also highlighted the role of protein-solvent interactions in
halophilic adaptation (25-27).

The role of acidic residues in halophilic adaptation has
been investigated by site-directed mutagenesis before the
structure ofHm MalDH had been determined. Note that
because we have now adopted the standard residue number-
ing for LDH according to ref28, the E267 residue corre-
sponds to E243 in ref12. The E267R mutant is more
sensitive to temperature than the wild type protein and
requires significantly higher concentrations of NaCl or KCl
for the equivalent stability. Its salt-dependent catalytic
activity andKM values, however, are not affected compared
to those of the wild type protein (12). In the stabilization-
solvation model, the decreased stability level of the mutant
would be due to the perturbation of the solvation shell (20,
21). We therefore collected crystallographic data on E266R
Hm MalDH and the wild type (wt) protein with the goal of
obtaining information about protein-solvent interactions.
The resolution attained for the wt structure was limited to
2.9 Å. On the other hand, 2.6 Å resolution was achieved for
the E267R mutant, providing significant new information
about solvent-protein interactions.

The main results are as follows. Except for the mutated
site, the structures of the E267R mutant and wt proteins are
identical. The position 267 side chain points into a central
cavity in the tetramer containing a network of 88 ordered
water molecules. A solvent binding site that stabilizes impor-
tant catalytic site residues was identified. A novel family of
large complex salt bridges was observed, binding solvent
chloride and sodium ions at the dimer-dimer and monomer-
monomer interfaces, respectively. These data were analyzed
to provide new insights into halophilic molecular adaptation.

MATERIALS AND METHODS

Crystallization.The wt and E267R protein were overex-
pressed inE. coli, renatured, and purified, and the cofactor

was removed as described previously (11, 12). The proteins
were stored as∼50 mg/mL stock solutions in 4 M NaCl
and 50 mM Tris (pH 7.6), with 10 mM CsCl included in the
wt solution only. Good diffracting crystals of wtHmMalDH
complexed with NADH in a concentrated NaCl solution had
been obtained previously by using MPD (2-methyl-2,4-
pentanediol) as a precipitating agent (24). The phase diagram
of MPD/NaCl/H2O and crystallization ofHm MalDH have
been studied in detail (29). In fact, protein solubility
decreases at low salt concentrations, and crystals appear upon
dilution of the initial drop, in a “reverse” vapor diffusion
method (30). This approach was used for both the wt and
mutant enzymes, by using “sitting” drops. A 7µL drop of
50 mM Tris (pH 7.6) containing 1.8 M NaCl, 58% MPD
(v/v) (with 4.3 mM CsCl for the wt only), and 14 mg/mL
protein was equilibrated against a 1 mLreservoir containing
only MPD (60-70% v/v) in water. Fragile crystals up to
480µm × 240µm × 80µm grew in 4-6 weeks. A constant
temperature of 6°C, required for the stability of the mutant
protein, was maintained throughout, for purification, crystal-
lization, and data collection. The crystals of both proteins
belong to the orthorhombic space groupC2221 with the cell
parameters given in Table 1. The asymmetric unit consists of
one dimer. The solvent content of the crystals was about 70%,
calculated according to the method described in ref31.

X-ray Data Collection. A full X-ray data set was obtained
from three different crystals in each case, to a final resolution
of 2.59 Å for the mutant and 2.94 Å for the wt protein, by
using synchrotron radiation on the DW-32 wiggler beamline
(32) at LURE (Orsay, France). The X-ray wavelength was
0.975 Å. The data were processed with XDS (33), scaled,
and merged with the CCP4 suite (34) (Table 1).

Model Building and Refinement.The 3.2 Å structure of
wt Hm MalDH (24), from which the NADH cofactor was
removed, was used as starting model to determine the 2.6 Å
resolution structure of the E267R mutant; the final model
for the mutant was then used as a starting model for the apo
wt structure to 2.94 Å resolution. Crystallographic refinement
and rebuilding at the graphics interface were carried out in
a cyclic process of gradual improvement of the model (35).
Refinement was performed with the programs X-PLOR and
CNS (36, 37), by using specific parameters (38) and
diffraction data between 8 and 2.59 Å. The statistical cross-
validation method was applied by following the evolution
of both theR factor,R, and the “free”R value,Rfree, in all
refinement and rebuilding cycles (39). As the use of
constrained noncrystallographic symmetry (NCS) always
produced an increase inRfree, NCS constraints were progres-
sively relaxed during the cycles for the mutant structure and
in the later stages during the refinement of the wt structure
(40, 41). “Solvent flattening” techniques were not used since
we were interested in the solvent structure. The 2mFo - DFc

and mFo - DFc maps were calculated with the programs
SIGMAA, EXTEND, and FFT from the CCP4 suite (34),
X-PLOR, and the Groningen BIOMOL package (B. W.
Dijkstra, unpublished results) for Bhat-omit maps 3mFo -
2DFc (42, 43); all the data were included in the map
calculations, as the low-resolution terms are important for
placing the solvent (44). Assessment of the quality of the
structure was carried out, after each refinement step, with
the program PROCHECK (45). The visualization was
performed on an 02/R500SC computer with IRIX 6.3 (Silicon

Crystal Structure of Halophilic Malate Dehydrogenase Biochemistry, Vol. 39, No. 5, 2000993



Graphics) using the program O (46); building was carried
out following the indications of the OOPS macro in O (47).

Assignment of SolVent Peaks.Solvent molecules were
progressively added to the model during refinement and
rebuilding cycles. Water molecules were at first assigned to
positive extra-protein electron density peaks that appeared
in both the 2Fo - Fc (+1.0σ level) andFo - Fc (+3.0σ
level) maps. After visual inspection, a water molecule was
conserved only if it could make at least one H-bond with
the protein or another water molecule. After each cycle, the
solvent peaks were critically evaluated with respect to
electron density in the 2Fo - Fc and Fo - Fc maps, the
temperature factor (which should be similar to that of
neighboring groups), and the structure environment. It was
then decided whether to reject the assignment, maintain it
as a water molecule, or explore the possibility of it being an
ion (according to its electron density, its coordination, and
the stereochemistry of the environment).

Quality and Analysis of the Model.Final refinement rounds
were performed by using all diffraction data and employing

only energy minimization and temperature-factor refinement
to produce a final assessment of the quality of the structure.
As NCS was not constrained in the final refinement,
differences between NCS-related monomers were analyzed
“skeptically” (41). All the main chain dihedral angles (Φ
andΨ) of non-glycine and non-proline residues of the final
E267R and wt models are within the most favored and
additional allowed regions of the Ramachandran plot (data
not shown). The error in the coordinates of the model is
estimated to be∼0.30 and 0.33 Å (and 0.40 and 0.44 Å for
the cross-validated coordinate error, respectively) by the
Luzzati plot for the E267R mutant and wt structures,
respectively (48). Calculations of intra- and intermolecular
distances, and of accessible surfaces, for sorting and statistical
characterization of bound water molecules, were performed
with the programs VOIDOO (49), and LSQKAB and
CONTACT from the CCP4 package (34). The figures were
drawn with MOLSCRIPT, BOBSCRIPT (49, 50), Raster3D
(51), and the program O (46).

Residue Numbering and Structure Description.The struc-
ture ofHm MalDH (Figure 1) is described according to the
nomenclature proposed for dehydrogenases (52). The crystal-
lographic dimer-dimer interface (between the A-B and
C-D dimers) is along theP molecular axis. The two
molecular 2-fold axesQ andR are between the monomers
(A-B and C-D) and along the central cavity, respectively.
Due to its high degree of similarity to LDH (11, 24, 53), the
numbering of residues and abbreviations for secondary
structure elements ofHm MalDH were given according to
those used forSqualus acanthiasLDH (54). This system
was adopted at a time when the exact sequence of this LDH
was not known. Consequently, some residue numbers are
not used (21, 82, 104, and 300), and in cases where the same
number refers to more than one amino acid residue, these
are distinguished by letters (e.g., 29A, 29B, 54A, 54B, 54C,
132A, 132B, 210A, and 210B). The common numbering
allows one to recognize readily important active site residues,

Table 1: Crystallographic Parameters and Data Processing and
Refinement Statistics

apo E267R apo wt

space group C2221 C2221

cell constants (Å)
a 114.16 115.78
b 129.98 131.33
c 123.45 125.45

content of the asymmetric unit 2 monomers 2 monomers
solvent content (%) 69 69
X-ray source (LURE) DW-32 DW-32
wavelength (Å) 0.975 0.975
temperature (°C) 4-6 6
no. of crystals 3 3
resolution range (Å) 28.63-2.59 30.0-2.94
final shell resolution range (Å) 2.75-2.59 3.07-2.94
no. of total reflections 159628 99423
no. of unique reflections 26445 (941) 19960 (3237)
no. of reflections in the working set 23573 15920
no. of reflections in the test set 1195 1003
Rmerge(overall)a (%) 8.6 10.0 (33.2)
multiplicity 3.8 4.9 (5.2)
completeness (%) 88.5 (71.3) 94.2 (94.5)
model content of the asymmetric unit

no. of amino acid residues 606 606
no. of protein non-H atoms 4606 4606
no. of solvent molecules (water) 250 45

no. of heterogen atoms
chloride 2 2
sodium 1 1

R factorb (20.0-2.59 Å) (%) 18.8 18.8
Rfree

c (20.0-2.59 Å) (%) 23.2 24.4
B values

from Wilson plot (Å2) 32.7
averageB factor (Å2) 42.4 61.5

rms deviations inB factors
bonded main chain atoms (Å2) 4.7
bonded side chain atoms (Å2) 8.1

rms standard deviation from ideal values
bond lengths (Å) 0.009 0.024
bond angles (deg) 1.5 2.09
dihedrals (deg) 21.7 23.34

a Rmerge) {ΣhΣi[I(h,i) - 〈I(h)〉]}/ΣhΣi[I(h,i)] × 100, whereR is the
mergingR factor, I(h,i) is the intensity value of theith measurement
of reflectionh, and〈I(h)〉 is the corresponding mean value ofh for all
i measurements ofh. The summation is over all measurements. In
parentheses are listed the values ofRmerge, completeness, and multiplicity
of the highest-resolution shell.b R ) Σhkl(|Fo - Fc|)/Σ|Fo|. c Cross-
validation was used through all refinement steps, by using 5% of the
reflections.

FIGURE 1: The 2.59 Å resolution structure of the apo (E267R)Hm
MalDH tetramer. The mutated position 267 side chains, on either
side of theP axis, are drawn in CPK mode. A-D identify the four
protein subunits, andP-R identify the three 2-fold axes in the
tetramer.
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such as R102, R109, D168, R171, and H195, which are
strictly conserved in all MalDHs and LDHs (55).

RESULTS

The 2.6 Å Resolution Structure of Apo E267R Hm MalDH
Compared to the Apo wt at 2.9 Å Resolution.Compared to
the previous 3.2 Å resolution structure (24), and as observed
in other MalDHs and LDHs, theR1G/2G-helix was found to
be more extended and acis-proline (position 141) was clearly
defined in the mobile catalytic loop. There is a root-mean-
square deviation of 0.27 Å between the mutant and apo wt
backbone CR structures, showing that the mutation did not
modify the structure of the main chain. Due to the lack of a
structure with NAD at equivalent resolution, putative struc-
tural modifications induced by cofactor binding were not
analyzed.

Mutation of the E267 Acidic SolVent-Exposed Side Chain.
The electron density maps around the side chain of residue
267 (Figure 2) illustrate the quality of the data. In the apo
wt structure, Glu 267 points into the central cavity and
interacts with the protein via one intramolecular H-bond with

His 256. In the mutant, Arg 267 forms a hydrogen bond with
Wat 108 of the central cavity and is within hydrogen bond
distance of His 256 and Val 268. The water molecule that
bridges His 256 and Thr 265 is conserved in the two
structures.

Water Structure.The solvent accessible surfaces in the
tetramer are shown in Figure 3a. At first, about 250
nonprotein electron density peaks per asymmetric unit
(dimer) were assigned as water molecules. Most are located
in the first hydration shell, and make hydrogen bonds with
the protein. None of these indicated the presence of ordered
sulfate or phosphate ions left behind from the purification
procedure. A few, however, were found to correspond to
salt ions during the crystallographic analysis (see below).
Many of the water molecules are associated in networks.
The most extensive (88 hydrogen-bonded water molecules
in a quasi-linear arrangement) fills the central cavity (along
theP molecular axis), linking the four subunits (Figure 3b);
smaller networks involving no more than six water molecules
were found in the cofactor binding site, at the top of the
monomer-monomer interface (Q molecular axis), and at the
outer surface of the protein.

Complex Salt Bridges.Salt bridge clusters were identified
at the monomer-monomer (Q) and dimer-dimer (P)
interfaces (Figure 4). The cluster at the monomer-monomer
interface (cluster 1) had not been analyzed in the 3.2 Å
resolution structure of the wild type, and the clusters at the
dimer-dimer interface (clusters 2 and 3) had been only
partially constructed (24).

Cluster 1 is a small complex salt bridge involving six
charged residues connected by a solvent molecule that was
tentatively identified as a sodium ion (see below); it involves
Glu 247(A), Lys 243(A), Asp 65(B), and Gln 62(B),
interacting with the four symmetry-related side chains across
theQ axis (the letter in parentheses refers to the monomeric
subunit, Figure 1). There are two copies of cluster 1 in the
structure linking monomers A to B, and C to D.

Cluster 2 is made up of Asp 209(A), Arg 292(D), and
Glu 301(D) interacting with Asn 186(A) and the main chain
oxygen atom of Gly 266(D). There are four copies of this
complex salt bridge in the structure, located at the dimer-
dimer interface, and linking theP-related subunits.

Cluster 3 is an extended complex salt bridge located
around theP molecular axis. Its global composition is two
Glu, two Arg, and two Asp residues and two Lys side chains
connecting the two homodimers, A-B and C-D, respec-
tively. Two similar groups of four residues (Lys 205, Asp
211, Arg 207, and Glu 188) are connected by an acid-acid
pair (Glu-Glu with 2.7 and 3.0 Å distances between facing
oxygen atoms). The two arginine residues (Arg 207) located
on either side of the acidic pair are within hydrogen bonding
distance, and may contribute to charge neutralization. This
is not obvious in the two-dimensional representation of
Figure 4. In three dimensions, however, it is clear that the
two Glu 188 and the two Arg 207 residues are arranged in
a cluster of four residues (two acidic and two basic) at a
“connecting position” of the complex salt bridge, around the
P molecular and 2-fold crystallographic axis. In addition, a
small network of water molecules is hydrogen bonded to
one side of the Glu-Glu pair in the cluster.

Chloride Ion Binding.The difference Fourier maps (Fo -
Fc) showed high positive values (+7.0σ) at the extremities

FIGURE 2: Ball-and-stick representation of the side chain at position
267. (a) E267 in the apo wtHm MalDH at 2.94 Å resolution. (b)
R267 in the mutant at 2.59 Å resolution. The carbon, nitrogen, and
oxygen atoms are represented as gray, blue, and red spheres,
respectively. The yellow thick and thin lines represent hydrogen
bonds.
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of cluster 3, suggesting that a solvent molecule with high
electron density is bound to the Lys 205 side chain (Figure
5). This peak was first modeled as a water molecule, but
the associated temperature factor reached the minimum value
allowed by the refinement program, characteristic of an
electron gap between the model and the data. When the peak
was modeled as a chloride ion, the residual positive electron
density peak in theFo - Fc map disappeared. Cluster 3,
therefore, has an anion binding site at each extremity. The
chloride ion contacts are given in Figure 4 and Table 2. They
include the positively charged Nz atom of Lys 205; Lys
residues, known to be more common at the edges of complex
salt bridges (61), are perfect candidates for a strong
unidirectional interaction with the chloride ion. The anion
is also close to the NH direction of two peptide groups, in
a geometry similar to what has been described for sulfate
and phosphate ions (62). Here, the chloride is bound via two
weak bonds with the main chain nitrogen atom of Asp 306
from the same monomer as Lys 205 and to the main chain
nitrogen from Asp 211 from the adjacent monomer. We
cannot fully confirm that the chloride ion has a correct
coordination because only three of its ligands are observed;
the anion, however, is located at the surface of the protein,
and the remaining ligands could well be solvent molecules
that are not crystallographically ordered.

Sodium Ion Binding.At the top of the monomer-monomer
interface, we found an acid-acid pair formed by the two
symmetrically related Glu 247 side chains, which is not
observed in other LDHs or MalDH (cluster 1, Figure 4). Just
above the plane formed by these two side chains is located
a solvent peak that was first modeled as water. Unlike the
chloride ion (36 electrons), a sodium ion (10 electrons)
cannot be distinguished from H2O (10 electrons) by its

electron density. There are various clues, however, which
suggest that this solvent peak corresponds to a sodium ion.
First, the coordination of the atom involves not less than
nine bonds: four with the oxygen atoms of the acid-acid
pair and five with other solvent atoms. A less well-defined
water molecule, located 4 Å away from this solvent peak,
could make up a tenth neighbor. The coordination geometry
of the peak is distorted octahedral. This can be seen in the
approximately planar square with the Na+ in the center,
formed by Wat 13, Wat 46, Wat 101, and Wat 116, and the
Glu residues on either side (Figure 6). This coordination
makes it very unlikely that the solvent peak represents a
water molecule; in solution or in ice, a water molecule makes
four to five hydrogen bonds with its neighbors. Sodium ions,
on the other hand, have six or nine nearest neighbors (62) at
distances of about 2.4 Å (63). Second, the acid-acid pair
and its solvent environment suggest a metal binding site (58),
which could easily coordinate a sodium ion in this case, as
there is a relatively high concentration of sodium ions in
the crystallization medium. Third, it has been shown that
Hm MalDH binds a large number of salt ions (13). We
propose, therefore, that a sodium ion is present at this
position, even though the distances to its nearest neighbors
may be slightly large (2.4-3.5 Å, Table 2). The valence
calculation, according to the formula used for Na+ screening
(64), gives a value smaller than expected for a sodium ion
at this site, but higher by three standard deviations than the
values usually found for a water molecule.

The Catalytic Site Is Stabilized by a Bound SolVent Water
Molecule or Ion.A buried solvent molecule (first modeled
as a water molecule, Wat 2) could also correspond to a sodi-
um ion by criteria based on coordination and bond lengths.
It has eight ligands between 2.2 and 3.9 Å, of which six are

FIGURE 3: (a) Inter dimer cavity calculation performed with the program VOIDOO (67) on the final model of the mutant using a 1.4 Å
probe. (b) Representation of the main water molecule network. The CR backbone of the structure is shown in black lines, and the water
molecules are shown in CPK mode. About 88 water molecules are hydrogen bonded in a large network filling the central cavity in the
Hm (E267R) MalDH tetramer. This network is in direct contact with the position 267 side chain, and links the four subunits to each
other.
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oxygen atoms; it interacts with the side chain of Asp 168
and with main chain atoms in Ile 191, Gly 193, and Glu
194. These contacts stabilize aâ-turn allowing His 195 to be
correctly located with respect to Asp 168. In fact, a striking

conserved feature in the sequences and structures of MalDH
and LDH is the interacting His 195-Asp 168 pair, which
acts as a proton relay in the active site. InS. acanthiasLDH,
the role of Wat 2 is filled by a cysteine side chain.

FIGURE 4: Schematic two-dimensional representation of the salt bridge and hydrogen bonds for the three complex salt bridge clusters
found in the 2.6 Å resolution structure ofHm (E267R) MalDH (colors used are red for oxygen, blue for nitrogen, and gray for carbon). In
cluster 1, at theQ axis monomer-momnomer interface, a central sodium ion links two triad salt bridges, involving Gln 62, Asp 65, Glu
247, and Lys 243 from twoQ-related monomers. Cluster 2 is at the dimer-dimer interface and represents a small complex salt bridge
involving three charged residues across theP molecular axis. Cluster 3 is a large complex salt bridge located around theP molecular axis,
involving eight side chains (Glu 188, Lys 205, Arg 207, and Asp 211 from each monomer) and two chloride ions. There are also bonds
involving main chain atoms in Arg 207, but they are not shown in the “exploded view”.
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DISCUSSION

Proteins in High Salt.What are the problems for protein
folding, stabilization, and solubility that have to be solved
by halophilic adaptation? Folding and stabilization of mono-
domain proteins should in fact be favored by the mildly
“salting-out” conditions provided by high concentrations of
NaCl or KCl (8, 16). Processes involving domain surfaces
such as intersubunit interactions and macromolecule solubil-
ity, on the other hand, are in competition with the high-salt
environment (15). Intersubunit complex salt bridges, for
example, often found in thermophilic proteins, were also
observed inHmMalDH, raising the question of their stability
at very high salt concentrations.

Effect of the Mutation.The E267RHm MalDH mutant
was constructed before the structure had been determined
with the purpose of perturbing a hypothetical solvation layer
around the enzyme (12). If it were the number of negative
charges on the protein surface which determines low salt
instability, then one would expect the mutant to remain stable
to lower salt concentrations. This is not the case. E267RHm
MalDH requires higher concentrations of the solvent salt for
stability similar to that of the wild type. It is not directly
clear from the local structure around the position 267 side
chain why the mutation reduces protein stability, unless it is
due to a perturbation of solvent organization in the cavity

necessary for tetramer stability. The destabilization may also
be due to the electrostatic consequence of replacing an acidic
group with a basic one; however, the similarity of the mutant
and wt structures is more in favor of an effect on the solvent.
Higher-resolution data of the wt protein are required to
explore these hypotheses further.

Ordered and Disordered Hydration Layers in Hm MalDH.
About 500 nonprotein electron density peaks per tetramer
were assigned as water molecules in the crystal structure of
the enzyme. However, about 200 molecules of salt and
almost 3000 molecules of water were found to be weakly
bound to theHm MalDH tetramer by densimetry, analytical
centrifugation, and forward scattering of neutrons (10).
Significantly fewer solvent peaks (water molecules or ions)
than this are observed, suggesting that the water-salt shell
is not as crystallographically ordered as the 88-molecule
network in the central cavity, for example. Does this network
include salt ions? Clearly, it does not contain chloride ions.
But sodium ions and water cannot be distinguished by their
electron number alone. However, Na+ ions have a higher
coordination number than water molecules. By this criterion,
it is likely that the central cavity electron peaks correspond
mostly to water. This may be due to the fact that the protein
surface within the cavity contains both acidic and basic side
chains and is, on the whole, significantly less electronegative
than the outer surface. It has been shown by small angle
scattering experiments that hydration shells around proteins,
which are not fully observed by crystallography, have a
higher density than the bulk solvent (65). The thermodynam-
ics and crystallography experiments taken together suggested,
therefore, that there are two types of hydration layers inHm
MalDH, one in the central cavity composed essentially of
ordered water molecules and excluding salt and a high-
density disordered layer made up of water molecules and
salt ions on the outer protein surface.

Halophilic Adaptation at Interfaces.A complex salt bridge
is seen at the top of the monomer A-monomer B interface
involving symmetry-related residues forming cluster 1 and
ending in a Glu-Glu pair apparently locked in by a Na+

site (cluster 1, Figure 4). Structural features where two acidic
residues face each other within hydrogen-bonding distances
have been described previously (57); they commonly cor-
respond either to metal ion binding sites or to purely protein-
protein intersubunit interactions as seen in cluster 3 (Figure
4) (58). In a modeling study of dihydrolipoamide dehydro-
genase fromH. Volcanii, an intersubunit acidic cluster has
been proposed as a potential K+ binding site but it was not
determined whether the site belonged to a complex salt bridge
(66). At the dimer-dimer interface, four copies of a small
salt bridge (cluster 2) and two copies of an extended complex
salt bridge network locked in at the extremities by chloride
ions (cluster 3) surround the central solvent cavity. We note
that Glu-Glu pairs were found in both clusters 1 and 3. Their
charge neutralization, however, appears to be coped with
differently in each case. Whereas in cluster 1 the Glu-Glu
pair forms a metal binding site for a hydrated sodium ion,
at the dimer-dimer interface it forms an intersubunit group
with two Arg side chains and water molecules. It has been
shown by statistical analysis that acid pairs other than metal
binding sites are frequently the Glu-Glu pair interacting with
nearby positively charged Arg residues (58). As described
above, an organized network of 88 water molecules in the

FIGURE 5: Plot of the chloride ion environment. The Nz of Lys
205, the N atom of Asp 306, and the N atom of theP-symmetrically
related Asp 211 are involved in the interactions with the chloride
ion. The 2mFo - DFc map is drawn at two different contour levels
(+1.0σ in broken lines and+1.2σ in transparency).

Table 2: Coordination of Bound Cl- and Na+

site interface ligand d (Å) B

Cl-1 A-D Nz Lys 205(A) 2.86 27.3
N Asp 211(D) 3.40 31.7
N Asp 306(A) 3.10 42.6

Cl-2 A-D Nz Lys 205(B) 3.20 40.6
N Asp 211(C) 3.12 30.9
N Asp 306(B) 3.40 44.8

Na+ A-B OE1 Glu 247 (A) 3.58 37.9
OE2 Glu 247 (A) 2.76 46.8
OE1 Glu 247 (B) 3.72 28.3
OE2 Glu 247 (B) 2.81 37.7
Wat 8 3.98 36.6
Wat 13 3.71 54.5
Wat 46 3.03 39.2
Wat 101 3.10 49.8
Wat 116 3.38 45.8
Wat 161 3.75 48.8
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central cavity bridges the gap between the four subunits at
the intersection of theP-R axes contributing to the stabiliza-
tion of the tetramer. The complex salt bridges at the dimer-
dimer interface are accessible to the water network in the
central cavity. Complex salt bridges have been investigated
in 94 protein structures (59), in which arginine most often
serves as a key connector and/or branching unit because its
geometry allows three possible interaction directions. A
similar central cluster of four charged side chains has been
described in the structure of a hyperthermophilic glutamate
dehydrogenase (60).

In ref 53, it is shown thatHm MalDH is a representative
of an LDH-like group of MalDHs, in which some structural
reorganization with respect to dimeric MalDH drives the
association of two active dimers (A-B and C-D) into a
tetrameric native enzyme. Consistent with these functional
constraints, specific salt bridges clusters are more extended
at dimer-dimer interfaces than at monomer-monomer
interfaces within an active unit.

Is Salt Ion Binding a Halophilic Adaptation Feature That
Stabilizes Complex Salt Bridges in the Extreme Salt EnViron-
ment?A novel feature revealed by the structure presented
here is complex intersubunit salt bridges that appear to be
locked in by solvent ion binding sites: sodium ions at the
top of theQ monomer-monomer interfaces and chloride
ions at the dimer-dimer interface. Complex intersubunit salt
bridges are often seen in thermophilic proteins (67-70). They
do not appear, however, in the structure of the hyperther-
mophilic formylmethanofuran:tetrahydromethanopterin formyl-
transferase fromMethanopyrus kandleri, which requires high
concentrations of lyotropic salts [K2HPO4 or (NH4)2SO4] to
be stable (71). In Hm MalDH, solvent ions appear to be
recruited by the complex salt bridges to contribute via their
binding energy to stabilization and offer protection against
charge neutralization in the high-salt environment. At high
salt concentrations, the negative free energy of ion binding
to the sites formed by the salt bridge networks will coun-
terbalance screening of protein-charged groups by solvent
ions. This might well be an important feature of halophilic
adaptation.

Role of Ion and NADH Binding in Hm MalDH Folding.
NADH binding stabilizes the wild type protein at low salt
concentrations (15). In ref 53, the roles of the salt bridge

clusters 2 and 3 in the stabilization of the tetramer were
explored through the systematic mutagenesis of the arginine
residues that are involved (53). An inactive monomer and
an active dimer of the mutant were observed, depending on
the solvent conditions. The monomer could be reactivated
by either NADH or high NaCl concentrations. Cofactor
binding alone was not sufficient, however, to induce tetramer
formation from the dimeric species, whereas a high NaCl
concentration was very effective. The observation of specific
ion sites supports the hypothesis that either ion binding at
high salt concentrations or NADH binding induces a
monomer conformation that leads to enzyme oligomerization.
NADH binding may well be equivalent to Na+ binding in
favoring dimerization, but it cannot replace high-salt solvent
interactions involved in the association of two dimers to form
the tetramer, indicating an important role for Cl- binding at
this interface.

Extensive biochemical and biophysical studies onHm
MalDH provided evidence that specific protein-solvent
interactions should be considered as an integral part of the
active protein structure. This view is confirmed by the 2.6
Å resolution structure of E266RHm MalDH, which now
represents the best characterized description of the enzyme.
The results emphasize that halophilic adaptation is not aimed
uniquely at “protecting” the enzyme from the extreme salt,
as may have been expected, but, on the contrary, consists of
mechanisms that harness the high ionic concentration in the
environment.
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