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The high-resolution structure of halophilic malate dehydrogenase (hMDH) from the ar- 
chaebacterium Haloarcula marismortui was determined by x-ray crystallography. Com- 
parison of the three-dimensional structures of hMDH and its nonhalophilic congeners 
reveals structural features that may promote the stability of hMDH at high salt concen- 
trations. These features include an excess of acidic over basic residues distributed on the 
enzyme surface and more salt bridges present in hMDH compared with its nonhalophilic 
counterparts. Other features that contribute to the stabilization of thermophilic lactate 
dehydrogenase and thermophilic MDH-the incorporation of alanine into a helices and 
the introduction of negatively charged amino acids neartheir amino termini, both of which 
stabilize the a helix as a result of interaction with the positive part of the a-helix dipole- 
also were observed in hMDH. 

Organisms that grow in hypersaline envi- 
ronments, such as the Dead Sea and the 
Great Salt Lake, have developed various 
mechanisms to overcome the extracellular 
osmotic pressure. Whereas halophilic eu- 
bacteria and eukaryotes synthesize large 
quantities of small organic osmoprotectants 
(1 ), halophilic archaebacteria accumulate 
inorganic ions within the cell at concentra- - 
tions exceeding that of the environment. 
Consequently, the entire biochemical ma- 
chinery of halophilic archaebacteria must 
be adapted to function at high salt concen- 
trations (2). Halophilic enzymes, although 
they catalyze reactions identical to  those 
mediated by their nonhalophilic congeners, 
actually require high salt concentrations, in 
the range of I to 4 M, both for stability and 
for enzymatic activity. These enzymes also 
possess an  excess of acidic over basic amino 
acid residues (3). 

W e  have now solved the x-rav crvstal 
structure, at 3.2 A resolution, of the halo- 
uhilic enzvme hMDH from Haloarcula 
marismortui. This enzyme has been studied 
extensively (4) by a wide range of biochem- 
ical and biophysical methods. O n  the basis 
of these earlier studies, a model was pro- 
posed in which the stabilization mecha- 
nisms of hMDH vary with the solvent en- 
vironment. In NaCl and KC1 solutions. sta- 
bility would be dominated by the formation 
of a hvdrated salt ion network coordinated 
by the acidic groups on the protein surface. 
Nonhalophilic proteins that lack this pro- 
tective shell tend to aggregate at high salt 
concentrations (4. 5 ). The hMDH gene has 
been cloned and sesuenced and e&ressed 
in Escherichia coli (6). The  tetrameric en- 

zyme has a predicted molecular mass of 
130,552 daltons and contains 303 amino 
acids per monomer. Its amino acid compo- 
sition shows a characteristic excess of acidic 
residues '(Asp and Glu constitute 20.5% of 
all residues) over basic residues (Lys and 
Arg constitute 7.6% of all residues), and 
hMDH is stable only at high salt concen- 
trations. The homotetrameric structure of 
the enzyme has been well established from 
solution studies (4,  7). A t  low salt concen- 
trations (<2  M NaCl), dissociation of the 
tetramer occurs, accompanied by inactiva- 
tion and denaturation of the protein (4,  8). 
However, the coenzyme, the reduced form 
of nicotinamide adenine dinucleotide 
(NADH),  protects hMDH from inactiva- 
tion at low salt concentrations (9). Se- 
quence alignment (6) shows that hMDH is 
similar to both lactate dehydrogenase 
(LDH) and nonhalophilic MDH; the se- 
quence identity with LDHs is -37% and 
with MDHs -20%. Furthermore, the re- 
placement of GlnlOO of Bacillus stearother- 
mophilus LDH by Arg resulted in a change 
in specificity to that characteristic of MDH 
( lo ) ,  whereas replacing ArglOO in hMDH by 
Gln (6) changed the substrate specificity 
from ,oxaloacetate to pyruvate, thus rein- 
forcing the structural resemblance of 
hMDH to LDH. 

Crystals of hMDH were grown at 19OC 
(1 1 ) with methylpentanediol (MPD) as a 
precipitant. Two data sets were collected, 
one at room temperature and the other at 
-10°C (Table 1). The structure of the bi- 
nary complexo hMDH-NADH was deter- 
mined to 3.2 A resolution by the molecular 
reulacement method, with the dogfish LDH . . 
( ~ ~ L D H )  structure as a model 712). The 
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Table 1. Data collection statistics for hMDH. 
Crystals were grown for both the C (C222,; pa- 
rameters: a = 114.57, b = 130.57, c = 123.77 A) 
and P (P2,22,; para~eters: a = 115.00, b = 
128.05, c = 123.53 A) forms by vapor diffusion 
according to the hanging drop technique at 1goC, 
with MPD as the precipitant. The 7-pl drops con- 
tained hMDH (1 0 mg/ml) in a solution containing 
1.8 M NaCI, 1 mM NADH, 50 mM sodium phos- 
phate (pH 71, and 58% MPD. The 1 -ml reservoir 
contained 60 to 70% MPD. Under these condi- 
tions (absence of salt In the reservoir), water evap- 
orates from the reservoir into the drop, thereby 
increasing the drop volume up to four times and 
resulting in a final concentration of -0.5 to 0.8 M 
NaCI. The presence of NADH in the crystallization 
solution prevents inactivation of the enzyme (9). 
X-ray data for two crystal forms were collected 
with a SiemensKentronics area detector mount- 
ed on a Rigaku rotating anode x-ray generator 
and were processed with the XDS data reduction 
program (21). The structures were solved in both 
crystal forms by the molecular replacement tech- 
nique with the programs MERLOT (22) and 
AMORE (23), with dfLDH (12) as a model. Phases 
were improved by means of electron-density av- 
eraging followed by solvent flattening, with the use 
of the DEMON (24) package. Two approaches of 
phase improvement were applied in solving the 
crystal structure of hMDH: averaging four copies 
in the P form and averaging six copies between 
the two different crystal forms (P and C). On the 
basls of these averaged maps, major portions of 
the chain could be traced, and differences in the 
amino acid sequences between dfLDH and 
hMDH could be easily identified, with the use of 
the program 0 (25). There was no apparent bias 
from the initial phased model that had been de- 
rived from the dfLDH structure as seen in clear 
electron density corresponding to the coenzyme 
NADH, although the NADH was not included in 
the calculations. Manual model building was per- 
formed on both the C and combined P and C 
averaged maps, because some portions were 
better resolved either in one map or in the other. 
Refinements were performed on the C crystal 
form with the use of X-PLOR (26), resulting in an R 
factor of 18.2% and free-R of 28.0% for all data at 
10 to 3.2 A resolution. The root mean square 
deviations in the refined hMDH structure are 
0.01 4 A for bond lengths and 2.01" for bond an- 
gles. Coordinates are available from the 
Brookhaven Protein Data Bank (27) (IDCODE: 
1 HLP). Refinement of the P crystal form is in 
progress. 

Crystal form 
Statistic 

C P 

Subunits in the 
asymmetrical unit 

Maximum resolution (A) 
Temperature ("C) 
Data collection 

duration (hours) 
Time per frame (s) 
Unique measured 

reflections (no.) 
Unique possible 

reflections (no.) 
Completeness of data (%) 
Wsym (%) 

3.24 2.9 
RT* - 10 
16 48 

-RT, room temperature. tRsym = E (l-lavq)]G 
where I is diffraction intensity and I,, is mean intensity. 
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NADH binding site per subunit (12). The 
major difference between the two enzymes 
is the large excess of acidic over basic resi- 
dues in hMDH (Fig. lA), which contrasts 
with the approximately equal numbers of 
acidic and basic residues in dfLDH (Fig. 
1B). The acidic residues in hMDH appear 
mostly on the surface of the tetramer. This 
observation was verified by accessible-sur- 
face area calculations of acidic versus basic 
residues performed with the algorithm of 
Lee and Richards (1 3). These calculations 
showed that the hMDH surface possesses 
twice as many acidic as basic residues, 
whereas dfLDH displays approximately 
equal numbers. Some of the additional acid- 
ic residues in hMDH are located across the 
interdimer surface, which causes the two 
dimers (comprising monomers 1 and 3 and 
2 and 4) (Fig. 1A) to repel each other, so 
that the hMDH tecramer is wider than that 
of dfLDH by -10 A. In dfLDH, contacts at 
this interface consist primarily of hydropho- 
bic interactions between amino acid side 
chains and are dominated by the interac- 
tions with the NH,-terminal "arm" (the 
first 20 amino acids, which are missing in 
hMDH). Some of these interactions are 
absent from hMDH also because of the 
tetramer widening and substitutions by 

Fig. 1. Comparison of the three- 
dimensional tetramer structures of 
hMDH (A) and dfLDH (8). Red balls, 
acidic residues; blue balls, basic 
residues. The numbers 1 to 4 indi- 
cate four different monomers. The 
accessible surface area of hMDH 
was calculated with the algorithm of 
Lee and Richards (13): Monomers 1 
and 3 account for loss of 33.6% of 
the surface on dimerization [(2 x 
monomer) - dimer], monomers 1 
and 2 account for loss of 13%, and 
monomers 1 and 4 account for no 
reduction in surface area. The sur- 
face area reductions on dimeriza- 
tion for dfLDH are 32.2, 19.3, and 
9.9%, respectively. 

acidic residues. The hMDH interface con- 
tacts consist solely of two salt-bridge clus- 
ters situated at the two extremities of the 
interdimer surface (Fig. 2). 

The tetramer surface of hMDH is coated 
with acidic residues, whereas MDHs and 
LDHs from other sources lack this feature. 
The net charge of the hMDH tetramer is 
- 156, compared with + 16 for the dfLDH 
tetramer. Whereas dfLDH displays both 
positive and negative isopotential surfaces, 
the hMDH tetramer is characterized by an 
unusually large negative isopotential surface 
that covers it entirely (Fig. 3, A and B). 
Calculation of the potential surfaces of both 
hMDH and dfLDH at a salt concentration 
of 0.7 M does not have a marked effect for 
dfLDH but has a large effect on hMDH 
(Fig. 3C), resulting in a more balanced 
overall distribution of positive and negative 
potentials. Similar isopotential surfaces are 
observed whether 0.7 or 4 M salt is as- 
sumed, indicating that 0.7 M salt is suffi- 
cient to screen the excess acidic residues in 
hMDH. 

The large excess of acidic residues on the 
surface of hMDH may play several roles. 
The fact that, at physiological pH, acidic 
residues, especially Glu, are capable of bind- 
ing more water than other residues (14) 

mav contribute to the creation of a hvdra- 
tion sphere that protects the enzyme from 
aggregating at high salt concentrations. 
Nonhalophilic proteins, which lack such a 
protective shell, tend to aggregate at salt 
concentrations of > 1 M. Another function 
of the acidic residues in hMDH is the sta- 
bilization of the folded native ~ ro te in  con- 
formation by participation in an unusually 
large number of salt bridges. Interactions 
between nitrogen atoms of basic residues 
(Arg and Lys) and oxygen atoms of acidic 
residues (Glu and Asp) are widely observed 
in proteins. The ionic nature of these hy- 
drogen bonds results in an interaction en- 
ergy that is greater by an order of magnitude 
than that between neutral moieties (15). 
The hMDH subunit contains 15 Arg resi- 
dues, three of which (Arg1O0, Arg169, and 
Argl7l) are in conserved regions that con- 
stitute the active site. All the remaining 
Arg side chains are in close contact with at 
least one oxygen of an acidic residue, cre- 
ating salt-bridge clusters. In the contact 
region between the two dimers, two salt- 
bridge clusters (Fig. 2) are located at the 
opposite extremes of the interface. 

Comparison of the structures of the ther- 
mophilic proteins B. stearoehemphilus LDH 
(16) and Thermus fiw MDH (17) with 
those of mesophilic LDHs and MDHs, re- 
spectively, h i  revealed unique structural 
features of the thermo~hilic enzvmes that 
may contribute to their thermostability. 
Many of these structural features are also 
present in hMDH; in particular, the large 
number of salt bridges. Indeed, salt bridges 
are both more abundant and stronger in 
hMDH than in the mesophilic as well as in 

Fig. 2. One of the two salt-bridge clusters found 
along the dimer-dimer interface of hMDH (be- 
tween monomers 1 and 3, and monomers 2 and 
4). This cluster involves interactions between 
Arg205 (R205) from two subunits, denoted as a 
and b, and Glu (E186) and Asp (D210) residues 
from each subunit. Some of these interactions are 
inter- as well as intramolecular and use twin 
N-twin 0; for example, the interaction between 
E186a and R205b and the corresponding sym- 
metrical interaction between El 86b and R205a. 
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the  thermophi l ic enzymes (Table 2). T h e  
existence o f  clusters in wh ich  Arg residues 
are in close contact w i t h  more than  one 
acidic residue is un ique t o  hMDH in com- 
par ison w i t h  o ther  L D H s  a n d  M D H s .  
Moreover,  in hMDH, many  o f  these clus- 
ters i nvo l ve  interact ions between second- 
ary structural  elements, fu r ther  stabil izing 
t h e  three-dimensional  structure. A l t h o u g h  
it may  appear surprising t h a t  salt bridges 
are stable a t  h i g h  salt concentrations, 
surface salt bridges have been shown t o  
cont r ibute  t o  p ro te in  stabi l i ty a t  a salt 
concent ra t ion o f  0.5 M (18); it is thus 
conceivable t h a t  t he i r  con t r i bu t i on  t o  sta- 
b i l i t y  may  b e  signi f icant a t  even h igher  
salt concentrations. G i v e n  that, in t h e  
presence o f  NADH, hMDH is stable even 
a t  l o w  salt concentrat ions (9), it is l i ke l y  
t h a t  t h e  crystal structure o f  t h e  enzyme a t  
0.8 M salt is s imi lar t o  t h a t  a t  h ighe r  salt 

concentrations. T h e  exp l ic i t  visualization 
o f  t h e  salt ions in stabil izing the  folded 
conformat ion awaits t h e  determinat ion o f  
t h e  hMDH structure a t  h igher  resolution. 

T w o  structural features observed in CY he- 
lices o f  thermophi l ic proteins are k n o w n  t o  
enhance thermostability: a n  increased num- 
ber o f  A l a  residues and the locat ion o f  acidic 
residues a t  t he  NH2-terminus (1 9, 20). T h e  
enzyme hMDH, l ike  T. j7aw MDH, has 
more alanines in its CY helices than  are 
present in those o f  mesophilic o r  nonhalo- 
ph i l i c  M D H s  o r  LDHs. Consequently, in- 
trahelical hydrophobic interactions are 
strengthened and the helices are stabilized. 
Introduct ion o f  negatively charged amino 
acids a t  the NH2-terminus o f  a n  CY hel ix  
increases the thermostability o f  phage T4 
lysozyme as a result o f  an electrostatic inter- 
act ion w i t h  the he l ix  dipole (19, 20). A 
search for  h e l i x  stabi l izat ion in hMDH, as 

dRDH (B) with electrostatic isopotential surfaces, generated 
with the program GRASP (79). superimposed. The red sur- 
face corresponds to the isopotential contour - 15kBT/e and 
the bluesurface to the isopotential contour +15k,T/e, where 
kB is the Bottzmann constant, T is temperature, and e is 
electronic charge. Electrostatic isopotential surfaces were 
calculated assuming salt concentrations of 0 M for hMDH (A) 
and dfLDH (B), and 0.7 M for hMDH (C). 

Table 2. Salt bridges containing Arg present in nonhalophilic LDH, cytoplasmic MDH, and hMDH 
enzymes. Dashes indicate the number of salt bridges is 0. B. stear., Bacillus stearothennophilus. 

Total Arg Salt bridges (no.) 

Enzyme Per 
monomer Intra- Inter- Arg- Arg- 2(Arg)- 2(Arg)- 
subunit molecular molecular Asp/Glu 2(Asp/Glu) 4(Asp/Glu) 5(Asp/Glu) 

Dogfish LDH 8 2 - 2 - - - 
B. stear. LDH 15 5 - 5 - - - 
Mouse LDH 10 1 - 1 - - - 
Porcine heart LDH 8 1 - 1 - - - 
Porcine muscle LDH 1 1 3 - 3 - - - 
Cytoplasmic MDH 10 5 1 2 2 - - 
Halophilic MDH 15 14 8 3 5 1 1 

compared w i t h  o ther  L D H s  a n d  M D H s ,  
revealed t h e  fo l lowing substitutions: 
Lys57+Asp, Ly~225+G1~, Ser246+Glu, 
Lys306+Asp, a n d  Pro307+Asp. These 
acidic residues are a l l  located a t  t h e  NH2- 
t e r m i n i  o f  a helices in hMDH, thus in- 
creasing the i r  stabil i ty. 

B o t h  thermophi les a n d  halophi les l i v e  
in extreme environments and  share many  
unusual properties. However, o n  t h e  basis 
o f  t h e  x-ray structure o f  hMDH, t h e  ex- 
t reme halophi les appear t o  show these 
properties t o  a m u c h  greater ex tent  t h a n  
t h e  thermophiles. 
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