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ABSTRACT. Previous biophysical studies of tetrameric malate dehydrogenase from the halophilic archaeon
Haloarcula marismortuiHm MalDH) have revealed the importance of protesolvent 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 agdADH) Hm MalDH determined to 2.6 A
resolution and of apo{NADH) wild type Hm MalDH determined to 2.9 A resolution, presented here,
highlight a variety of novel proteinsolvent 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 proteir-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, Protein-solvent interactions are the focus of our studies
it is important to address fundamental problems involving on Hm* MalDH, a 132 kDa homotetramer with 303 residues
protein stabilization and solubilityl( 2). This understanding  per monomer9, 10). Through the availability of extensive
is also essential for biotechnological applications such as thebiochemical and biophysical data, this enzyme has become
engineering of enzymes to function in special solvents for a paradigm for halophilic proteins. Its gene has been cloned
industrial or environmental use. In particular, what is the and the protein expressed iascherichia coli and the
nature of proteir-solvent and proteiprotein interactions  recombinant enzyme and stable mutants have been success-
under very high salt conditions? Under these conditions, thefully renatured by dialysis against high saltl( 12). The
concept of ionic strength is no longer sufficent and specific protein is unstable under an unusually wide range of salt
salt effects must be taken into accou8. ( conditions and temperatures, making it a particularly interest-

Halophilic Archaea grow optimally in molar NaCl, in ing model for the study of the thermodynamics of solvent
marine salterns, and in hypersaline lakes such as the Greaand salt effectsq, 13—16), and it has been found that each
Salt Lake or the Dead Sea. They balance the external highsalt type and concentration is associated with a particular
salt concentration by accumulating intracellular KCI close mechanism dominating stabilitit ). Enthalpy terms domi-
to saturation 4—6). Stable, soluble, and active in high salt nate the activation free energy of dissociation and unfolding
concentrations, proteins purified from these organisms gener-in KCl, in NaCl, and in an intermediate concentration range
ally unfold when the salt concentration decreases, e.g., belowof MgCl,, whereas entropy-driven mechanisms related to the
2 M KCI (2). It has been shown from experiments with hydrophobic effect and “salting-out” dominate in potassium
proteins in various salt solutions that, depending on the phosphate or (NE>SO; (13, 17). In high concentrations of
particular proteir-ion—water interactions, certain salts favor NaCl or KCI,Hm MalDH and two other halophilic proteins,
the folded state whereas others favor unfoldifigg). a polypeptide elongation factor and a Gra-PDH, have been

shown to bind significantly large amounts of salt and water
£ The coordinates of the E266R mutant at 2.6 A resolution and of that may be characteristic of structural adaptation to halo-

the wild type at 2.95 A resolution of MalDH frorhl. marismortui philic conditions {0, 18, 19). Sequence comparisons between
were deposited in the Protein Data Bank with accession codes 2hlphomologous proteins have shown that halophilic proteins
and 1d3a, respectively. have a significant excess of acidic residues over basic
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between stability and salt binding, a stabilizaticsolvation was removed as described previoud{,(12). The proteins
model has been proposed in which the acidic side chainswere stored as~50 mg/mL stock solutionsni4 M NaCl
located at the protein surface cooperatively bind a network and 50 mM Tris (pH 7.6), with 10 mM CsCl included in the
of hydrated salt ions that contribute to stabilizati@0,21). wt solution only. Good diffracting crystals of wim MalDH

So far, the crystallographic structures of only three proteins complexed with NADH in a concentrated NaCl solution had
from extreme halophiles have been published. That of been obtained previously by using MPD (2-methyl-2,4-
dihydrofolate reductase froidaloferaxvolcanii appears to  pentanediol) as a precipitating age?#); The phase diagram
be similar to homologous proteins from nonhalophilic of MPD/NaCl/HO and crystallization oHm MalDH have
organisms. The gene product that has been analyzedpeen studied in detail2). In fact, protein solubility
however, may reflect the result of lateral gene transfer rather decreases at low salt concentrations, and crystals appear upon
than the endogenous halophilic enzyr@@)( The structure  dilution of the initial drop, in a “reverse” vapor diffusion
of [2Fe-2S] ferredoxin fronHaloarcula marismortuiat 1.9 method 80). This approach was used for both the wt and
A resolution revealed an acidic surface as well as extensivemutant enzymes, by using “sitting” drops. AuL drop of
hydration networksZ3). The crystal structure of tetrameric 50 mM Tris (pH 7.6) containing 1.8 M NaCl, 58% MPD
Hm MalDH, complexed with its NADH cofactor, determined  (v/v) (with 4.3 mM CsCl for the wt only), and 14 mg/mL
to 3.2 A resolution (PDB entry 1HLP), also revealed an protein was equilibrated agairs 1 mLreservoir containing
acidic protein surface2d). Furthermore, an increase in the only MPD (60-70% v/v) in water. Fragile crystals up to
number of salt bridge clusters with respect to homologous 480um x 240um x 80um grew in 4-6 weeks. A constant
structures suggested similarities with thermophilic proteins temperature of 8C, required for the stability of the mutant
(24). The resolution limit, however, did not allow visualiza- protein, was maintained throughout, for purification, crystal-
tion of water molecules or bound solvent ions, so important lization, and data collection. The crystals of both proteins
guestions remained unanswered. For example, how arebelong to the orthorhombic space grabp22; with the cell
intersubunit salt bridges stabilized in the very high salt parameters given in Table 1. The asymmetric unit consists of
concentrations of the halophilic environment? Are protein  one dimer. The solvent content of the crystals was about 70%,
solvent interactions involved? Electrostatic calculations on calculated according to the method described in3def
the crystal structures and homology-based modeling have X-ray Data CollectionA full X-ray data set was obtained
also highlighted the role of proteirsolvent interactions in ~ from three different crystals in each case, to a final resolution
halophilic adaptation25—27). of 2.59 A for the mutant and 2.94 A for the wt protein, by

The role of acidic residues in halophilic adaptation has using synchrotron radiation on the DW-32 wiggler beamline
been investigated by site-directed mutagenesis before the(32) at LURE (Orsay, France). The X-ray wavelength was
structure ofHm MalDH had been determined. Note that 0.975 A. The data were processed with XDE3)( scaled,
because we have now adopted the standard residue numbe@nd merged with the CCP4 suitg4j (Table 1).
ing for LDH according to ref28, the E267 residue corre- Model Building and Refinemerithe 3.2 A structure of
sponds to E243 in refl2. The E267R mutant is more Wt Hm MalDH (24), from which the NADH cofactor was
sensitive to temperature than the wild type protein and removed, was used as starting model to determine the 2.6 A
requires significantly higher concentrations of NaCl or KCI resolution structure of the E267R mutant; the final model
for the equivalent stability. Its salt-dependent catalytic for the mutant was then used as a starting model for the apo
activity andKy values, however, are not affected compared Wt structure to 2.94 A resolution. Crystallographic refinement
to those of the wild type proteirilp). In the stabilizatior- and rebuilding at the graphics interface were carried out in
solvation model, the decreased stability level of the mutant @ cyclic process of gradual improvement of the mo@&).(
would be due to the perturbation of the solvation sh2(, ( Refinement was performed with the programs X-PLOR and
21). We therefore collected crystallographic data on E266R CNS @6, 37), by using specific parameters3§) and
Hm MalDH and the wild type (wt) protein with the goal of  diffraction data between 8 and 2.59 A. The statistical cross-
obtaining information about proteirsolvent interactions.  validation method was applied by following the evolution
The resolution attained for the wt structure was limited to Of both theR factor, R, and the “free’R value, Ryee, in all
2.9 A. On the other hand, 2.6 A resolution was achieved for refinement and rebuilding cycles39). As the use of
the E267R mutant, providing significant new information constrained noncrystallographic symmetry (NCS) always
about solventprotein interactions. produced an increase Rie.e, NCS constraints were progres-

The main results are as follows. Except for the mutated sively relaxed during the cycles for the mutant structure and
site, the structures of the E267R mutant and wt proteins arein the later stages during the refinement of the wt structure
identical. The position 267 side chain points into a central (40, 41). “Solvent flattening” techniques were not used since
cavity in the tetramer containing a network of 88 ordered We were interested in the solvent structure. Th#=2— DF.
water molecules. A solvent binding site that stabilizes impor- and mF, — DF. maps were calculated with the programs
tant catalytic site residues was identified. A novel family of SIGMAA, EXTEND, and FFT from the CCP4 suit@4),
large complex salt bridges was observed, binding solvent X-PLOR, and the Groningen BIOMOL package (B. W.
chloride and sodium ions at the dimetimer and monomer Dijkstra, unpublished results) for Bhat-omit mapsR, —
monomer interfaces, respectively. These data were analyzedDFc (42, 43); all the data were included in the map

to provide new insights into halophilic molecular adaptation. Ccalculations, as the low-resolution terms are important for
placing the solvent44). Assessment of the quality of the

MATERIALS AND METHODS structure was carried out, after each refinement step, with
Crystallization.The wt and E267R protein were overex- the program PROCHECKA4g). The visualization was
pressed irE. coli, renatured, and purified, and the cofactor performed on an 02/R500SC computer with IRIX 6.3 (Silicon
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Table 1: Crystallographic Parameters and Data Processing and

Refinement Statistics

Richard et al.

apo E267R apo wt
space group C222 C222
cell constants (A)
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 (A) 0.975 0.975
temperature°C) 4-6 6
no. of crystals 3 3
resolution range (A) 28.632.59 30.6-2.94
final shell resolution range (&) 2.7322.59 3.072.94
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(overallf (%) 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 Ficure 1: The 2.59 A resolution structure of the apo (E26FR)
no. of protein non-H atoms 4606 4606 MalDH tetramer. The mutated position 267 side chains, on either
no. of solvent molecules (water) 250 45 side of theP axis, are drawn in CPK mode.-AD identify the four
no. of heterogen atoms protein subunits, an®—R identify the three 2-fold axes in the
chloride 2 2 tetramer.
sodium 1 1
0,

Effif }3’8(32‘292 2)9 (@)(@ %g:g %481:481 only energy m.inimization and temperature_-factor refinement
B values to produce a final assessment of the quality of the structure.
from Wilson plot ('g?) 32.7 As NCS was not constrained in the final refinement,

averages factor () 42.4 615 differences between NCS-related monomers were analyzed
rms deviations irB factors . . , . . .

bonded main chain atoms 2 47 skeptically” (41). All the main chain dihedral anglesb(

bonded side chain atoms A 8.1 andW) of non-glycine and non-proline residues of the final
ms Stznldardt ﬁev)'&a“on from ideal values 0.009 0.004 E267R and wt models are within the most favored and

bond :r?gless(ge)g) e 500 additional allowed regions of the Ramachandran plot (data

dihedrals (deg) 21.7 23.34 not shown). The error in the coordinates of the model is

@ Rnerge= {ZnZi[I(h,i) — O(h)d}/ZxZi[1(h,i)] x 100, whereR is the
mergingR factor, I(h,i) is the intensity value of théh measurement
of reflectionh, and[i(h)Cis the corresponding mean valuetofor all

i measurements df. The summation is over all measurements. In

parentheses are listed the valueRgafiye completeness, and multiplicity
of the highest-resolution shellR = Z(|Fo — Fc|)/Z|Fo|. ¢ Cross-

validation was used through all refinement steps, by using 5% of the

reflections.

Graphics) using the program @&48); building was carried
out following the indications of the OOPS macro in &)
Assignment of Seént Peaks.Solvent molecules were

estimated to be-0.30 and 0.33 A (and 0.40 and 0.44 A 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 packag84). The figures were
drawn with MOLSCRIPT, BOBSCRIPT4Q, 50), Raster3D
(52), and the program 04¢).

Residue Numbering and Structure Descriptidhe struc-

progressively added to the model during refinement and ture ofHm MalDH (Figure 1) is described according to the
rebuilding cycles. Water molecules were at first assigned to nomenclature proposed for dehydrogenaS&s The crystal-
positive extra-protein electron density peaks that appearediographic dimerdimer interface (between the B and

in both the &, — F; (+1.00 level) andF, — F¢ (+3.00 C—D dimers) is along theP molecular axis. The two
level) maps. After visual inspection, a water molecule was molecular 2-fold axe€ andR are between the monomers
conserved only if it could make at least one H-bond with (A—B and C-D) and along the central cavity, respectively.
the protein or another water molecule. After each cycle, the Due to its high degree of similarity to LDHL{, 24, 53), the
solvent peaks were critically evaluated with respect to numbering of residues and abbreviations for secondary
electron density in theR, — F. and F, — F. maps, the structure elements dim MalDH were given according to
temperature factor (which should be similar to that of those used foSqualus acanthiakDH (54). This system
neighboring groups), and the structure environment. It was was adopted at a time when the exact sequence of this LDH
then decided whether to reject the assignment, maintain itwas not known. Consequently, some residue numbers are
as a water molecule, or explore the possibility of it being an not used (21, 82, 104, and 300), and in cases where the same
ion (according to its electron density, its coordination, and number refers to more than one amino acid residue, these

the stereochemistry of the environment).
Quality and Analysis of the Modétinal refinement rounds
were performed by using all diffraction data and employing allows one to recognize readily important active site residues,

are distinguished by letters (e.g., 29A, 29B, 54A, 54B, 54C,
132A, 132B, 210A, and 210B). The common numbering
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Ficure 2: Ball-and-stick representation of the side chain at position
267. (a) E267 in the apo widm MalDH at 2.94 A resolution. (b)
R267 in the mutant at 2.59 A resolution. The carbon, nitrogen, and
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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 StructureThe 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
the P 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
monometr-monomer interface molecular axis), and at the
outer surface of the protein.

Complex Salt Bridgessalt bridge clusters were identified
at the monomermonomer Q) and dimefr-dimer (P)
interfaces (Figure 4). The cluster at the monom@onomer
interface (cluster 1) had not been analyzed in the 3.2 A
resolution structure of the wild type, and the clusters at the
dimer—dimer interface (clusters 2 and 3) had been only
partially constructed24).

Cluster 1is 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 GIn 62(B),
interacting with the four symmetry-related side chains across
the Q 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.

oxygen atoms are represented as gray, blue, and red spheres, Cluster 2is made up of Asp 209(A), Arg 292(D), and

respectively. The yellow thick and thin lines represent hydrogen
bonds.

such as R102, R109, D168, R171, and H195, which are
strictly conserved in all MalDHs and LDH$Y%).

RESULTS

The 2.6 A Resolution Structure of Apo E267R Hm MalDH
Compared to the Apo wt at 2.9 A Resoluti@ompared to
the previous 3.2 A resolution structur4}, and as observed
in other MalDHs and LDHs, theu;gehelix was found to
be more extended anctas-proline (position 141) was clearly

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 thB-related subunits.

Cluster 3is 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,8 and C-D, respec-
tively. Two similar groups of four residues (Lys 205, Asp
211, Arg 207, and Glu 188) are connected by an aeicid
pair (Glu—Glu with 2.7 and 3.0 A distances between facing
oxygen atoms). The two arginine residues (Arg 207) located

defined in the mobile catalytic loop. There is a root-mean- on either side of the acidic pair are within hydrogen bonding
square deviation of 0.27 A between the mutant and apo wtdistance, and may contribute to charge neutralization. This
backbone € structures, showing that the mutation did not is not obvious in the two-dimensional representation of
modify the structure of the main chain. Due to the lack of a Figure 4. In three dimensions, however, it is clear that the
structure with NAD at equivalent resolution, putative struc- two Glu 188 and the two Arg 207 residues are arranged in
tural modifications induced by cofactor binding were not a cluster of four residues (two acidic and two basic) at a
analyzed. “connecting position” of the complex salt bridge, around the
Mutation of the E267 Acidic Seént-Exposed Side Chain. P molecular and 2-fold crystallographic axis. In addition, a
The electron density maps around the side chain of residuesmall network of water molecules is hydrogen bonded to
267 (Figure 2) illustrate the quality of the data. In the apo one side of the GltGlu pair in the cluster.
wt structure, Glu 267 points into the central cavity and  Chloride lon Binding.The difference Fourier map&{ —
interacts with the protein via one intramolecular H-bond with F¢) showed high positive values-7.00) at the extremities
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Ficure 3: (a) Inter dimer cavity calculation performed with the program VOID@®@Q®) ©n the final model of the mutant using a 1.4 A
probe. (b) Representation of the main water molecule network. TheaCkbone 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.

of cluster 3, suggesting that a solvent molecule with high electron density. There are various clues, however, which
electron density is bound to the Lys 205 side chain (Figure suggest that this solvent peak corresponds to a sodium ion.
5). This peak was first modeled as a water molecule, but First, the coordination of the atom involves not less than
the associated temperature factor reached the minimum valugiine bonds: four with the oxygen atoms of the acidtid
allowed by the refinement program, characteristic of an pair and five with other solvent atoms. A less well-defined
electron gap between the model and the data. When the peakvater molecule, locate4 A away from this solvent peak,
was modeled as a chloride ion, the residual positive electroncould make up a tenth neighbor. The coordination geometry
density peak in thd-, — F. map disappeared. Cluster 3, of the peak is distorted octahedral. This can be seen in the
therefore, has an anion binding site at each extremity. Theapproximately planar square with the Nan the center,
chloride ion contacts are given in Figure 4 and Table 2. They formed by Wat 13, Wat 46, Wat 101, and Wat 116, and the
include the positively charged Nz atom of Lys 205; Lys Glu residues on either side (Figure 6). This coordination
residues, known to be more common at the edges of complexmakes it very unlikely that the solvent peak represents a
salt bridges §1), are perfect candidates for a strong water molecule; in solution orin ice, a water molecule makes
unidirectional interaction with the chloride ion. The anion four to five hydrogen bonds with its neighbors. Sodium ions,
is also close to the NH direction of two peptide groups, in on the other hand, have six or nine nearest neighl®sat
a geometry similar to what has been described for sulfate distances of about 2.4 A68). Second, the acidacid pair
and phosphate ion§2). Here, the chloride is bound viatwo  and its solvent environment suggest a metal binding S8 (
weak bonds with the main chain nitrogen atom of Asp 306 which could easily coordinate a sodium ion in this case, as
from the same monomer as Lys 205 and to the main chainthere is a relatively high concentration of sodium ions in
nitrogen from Asp 211 from the adjacent monomer. We the crystallization medium. Third, it has been shown that
cannot fully confirm that the chloride ion has a correct Hm MalDH binds a large number of salt ion43). We
coordination because only three of its ligands are observed;propose, therefore, that a sodium ion is present at this
the anion, however, is located at the surface of the protein, position, even though the distances to its nearest neighbors
and the remaining ligands could well be solvent molecules may be slightly large (2:43.5 A, Table 2). The valence
that are not crystallographically ordered. calculation, according to the formula used for'Nstreening
Sodium lon BindingAt the top of the monomermonomer (64), gives a value smaller than expected for a sodium ion
interface, we found an acitacid pair formed by the two  at this site, but higher by three standard deviations than the
symmetrically related Glu 247 side chains, which is not values usually found for a water molecule.
observed in other LDHs or MalDH (cluster 1, Figure 4). Just ~ The Catalytic Site Is Stabilized by a Bound:®oilt Water
above the plane formed by these two side chains is locatedMolecule or lon.A buried solvent molecule (first modeled
a solvent peak that was first modeled as water. Unlike the as a water molecule, Wat 2) could also correspond to a sodi-
chloride ion (36 electrons), a sodium ion (10 electrons) um ion by criteria based on coordination and bond lengths.
cannot be distinguished from,8 (10 electrons) by its It has eight ligands between 2.2 and 3.9 A, of which six are
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Ficure 4: Schematic two-dimensional representation of the salt bridge and hydrogen bonds for the three complex salt bridge clusters
found in the 2.6 A resolution structure biin (E267R) MalDH (colors used are red for oxygen, blue for nitrogen, and gray for carbon). In
cluster 1, at th&Q axis monomermomnomer interface, a central sodium ion links two triad salt bridges, involving GIn 62, Asp 65, Glu
247, and Lys 243 from tw@-related monomers. Cluster 2 is at the dimdimer interface and represents a small complex salt bridge
involving three charged residues acrossRmolecular axis. Cluster 3 is a large complex salt bridge located arourfl tih@ecular 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”.

conserved feature in the sequences and structures of MalDH
and LDH is the interacting His 195Asp 168 pair, which
acts as a proton relay in the active siteSinacanthiad. DH,

the role of Wat 2 is filled by a cysteine side chain.

oxygen atoms; it interacts with the side chain of Asp 168
and with main chain atoms in lle 191, Gly 193, and Glu
194. These contacts stabilizgdurn allowing His 195 to be

correctly located with respect to Asp 168. In fact, a striking




998 Biochemistry, Vol. 39, No. 5, 2000 Richard et al.

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 neutrorig))(
Significantly fewer solvent peaks (water molecules or ions)

' o X than this are observed, suggesting that the wesgalt shell
e e e iy 1 1ot @ crystalographicaly ordered as the 88-molecule
network in the central cavity, for example. Does this network

related Asp 211 are involved in the interactions with the chloride | X 4 X S
ion. The 2nF, — DF, map is drawn at two different contour levels ~ include salt ions? Clearly, it does not contain chloride ions.

(+1.00 in broken lines andF1.20 in transparency). But sodium ions and water cannot be distinguished by their
electron number alone. However, N&ns have a higher
Table 2: Coordination of Bound Cland Na coordination number than water molecules. By this criterion,
site interface ligand d(A) B it is likely that the central cavity electron peaks correspond
ciy A-D Nz Lys 205(A) 86 273 mostly to water. This may be d_ue to the fgc.t that the p_rotgin
N Asp 211(D) 3.40 31.7 surface within the cavity contains both acidic and basic side
N Asp 306(A) 3.10 42.6 chains and is, on the whole, significantly less electronegative
Cl~ A-D Nz Lys 205(B) 3.20 40.6 than the outer surface. It has been shown by small angle
N Asp 211(C) 3.12 30.9 : . hat hvdrati hell d .
N Asp 306(B) 3.40 248 scattering experiments that hydration shells around proteins,
Na* A-B OE1 Glu 247 (A) 3.58 37.9 which are not fully observed by crystallography, have a
OE2 Glu 247 (A) 2.76 46.8 higher density than the bulk solvei®5j. The thermodynam-
OE1 Glu 247 (B) 3.72 28.3 ics and crystallography experiments taken together suggested,
OE2 Glu 247 (B) 2.81 37.7 theref hat th f hvdration laverdri
Wat 8 308 36.6 erefore, that there are two types of hydration layeidrim
Wat 13 3.71 54.5 MalDH, one in the central cavity composed essentially of
Wat 46 3.03 39.2 ordered water molecules and excluding salt and a high-
Wat 101 3.10 49.8 density disordered layer made up of water molecules and
Wwat 116 3.38 45.8 salt ions on the outer protein surface
Wat 161 3.75 48.8 '

Halophilic Adaptation at Interface#\ complex salt bridge
is seen at the top of the monomer-Mmonomer B interface
DISCUSSION involving symmetry-related residues forming cluster 1 and

Proteins in High SaltWhat are the problems for protein  ending in a Gla-Glu pair apparently locked in by a Na
folding, stabilization, and solubility that have to be solved site (cluster 1, Figure 4). Structural features where two acidic
by halophilic adaptation? Folding and stabilization of mono- residues face each other within hydrogen-bonding distances
domain proteins should in fact be favored by the mildly have been described previousl7); they commonly cor-
“salting-out” conditions provided by high concentrations of respond either to metal ion binding sites or to purely pretein
NaCl or KCI (8, 16). Processes involving domain surfaces protein intersubunit interactions as seen in cluster 3 (Figure
such as intersubunit interactions and macromolecule solubil-4) (58). In a modeling study of dihydrolipoamide dehydro-
ity, on the other hand, are in competition with the high-salt genase fronH. volcanii, an intersubunit acidic cluster has
environment {5). Intersubunit complex salt bridges, for been proposed as a potentiat Kinding site but it was not
example, often found in thermophilic proteins, were also determined whether the site belonged to a complex salt bridge
observed irHm MalDH, raising the question of their stability  (66). At the dimer-dimer interface, four copies of a small
at very high salt concentrations. salt bridge (cluster 2) and two copies of an extended complex

Effect of the MutationThe E267RHmM MalDH mutant salt bridge network locked in at the extremities by chloride
was constructed before the structure had been determinedons (cluster 3) surround the central solvent cavity. We note
with the purpose of perturbing a hypothetical solvation layer that Glu—Glu pairs were found in both clusters 1 and 3. Their
around the enzymelp). If it were the number of negative  charge neutralization, however, appears to be coped with
charges on the protein surface which determines low saltdifferently in each case. Whereas in cluster 1 the-Ghlu
instability, then one would expect the mutant to remain stable pair forms a metal binding site for a hydrated sodium ion,
to lower salt concentrations. This is not the case. E28AR at the dimer-dimer interface it forms an intersubunit group
MalDH requires higher concentrations of the solvent salt for with two Arg side chains and water molecules. It has been
stability similar to that of the wild type. It is not directly = shown by statistical analysis that acid pairs other than metal
clear from the local structure around the position 267 side binding sites are frequently the GiGlu pair interacting with
chain why the mutation reduces protein stability, unless it is nearby positively charged Arg residues8). As described
due to a perturbation of solvent organization in the cavity above, an organized network of 88 water molecules in the
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FiGurE 6: Stereoplot of the sodium ion environment. The figure showm&,2- DF. map of one of the two salt bidge triads linked to
the sodium ion. The map was calculated at 2.6 A, and contoured &b.

central cavity bridges the gap between the four subunits atclusters 2 and 3 in the stabilization of the tetramer were
the intersection of the—R axes contributing to the stabiliza- explored through the systematic mutagenesis of the arginine
tion of the tetramer. The complex salt bridges at the dimer residues that are involve®3). An inactive monomer and
dimer interface are accessible to the water network in the an active dimer of the mutant were observed, depending on
central cavity. Complex salt bridges have been investigatedthe solvent conditions. The monomer could be reactivated
in 94 protein structuress), in which arginine most often by either NADH or high NaCl concentrations. Cofactor
serves as a key connector and/or branching unit because itbinding alone was not sufficient, however, to induce tetramer
geometry allows three possible interaction directions. A formation from the dimeric species, whereas a high NacCl
similar central cluster of four charged side chains has beenconcentration was very effective. The observation of specific
described in the structure of a hyperthermophilic glutamate ion sites supports the hypothesis that either ion binding at
dehydrogenases(). high salt concentrations or NADH binding induces a

In ref 53, it is shown thaHm MalDH is a representative ~ monomer conformation that leads to enzyme oligomerization.
of an LDH-like group of MalDHs, in which some structural NADH binding may well be equivalent to Nabinding in
reorganization with respect to dimeric MalDH drives the favoring dimerization, but it cannot replace high-salt solvent
association of two active dimers (88 and CG-D) into a interactions involved in the association of two dimers to form
tetrameric native enzyme. Consistent with these functional the tetramer, indicating an important role for @inding at
constraints, specific salt bridges clusters are more extendedhis interface.

at dimer-dimer interfaces than at monomenonomer Extensive biochemical and biophysical studies tém
interfaces within an active unit. MalDH provided evidence that specific proteigolvent

Is Salt lon Binding a Halophilic Adaptation Feature That interactions should be considered as an integral part of the
Stabilizes Complex Salt Bridges in the Extreme SadirBn- active protein structure. This view is confirmed by the 2.6

ment?A novel feature revealed by the structure presented A resolution structure of E266Rim MalDH, which now

here is complex intersubunit salt bridges that appear to berepresents the best characterized description of the enzyme.
locked in by solvent ion binding sites: sodium ions at the The results emphasize that halophilic adaptation is not aimed
top of the Q monomer-monomer interfaces and chloride uniquely at “protecting” the enzyme from the extreme salt,
ions at the dimerdimer interface. Complex intersubunit salt - as may have been expected, but, on the contrary, consists of
bridges are often seen in thermophilic prote®iz{70). They mechanisms that harness the high ionic concentration in the
do not appear, however, in the structure of the hyperther- environment.
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