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Structural Features That Stabilize Halophilic
Malate Dehydrogenase from an Archaebacterium

0. Dym, M. Mevarech, J. L. Sussman®

The high-resclution structure of halophilic malate dehydrogenase (hMDH) from the ar-
chaasbacterium Haloarcula marismortyl was determinad by x-ray crystallography. Com-
parison of the three-dimensional structures of hMDH and its nonhalophilic conganers
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 preseant in hMDH comparad with its nonhalophilic
counterparts, Other features that contribute to the stabilization of thermophilic lactate
dehydrogenase and thermophilic MOH—the incorporation of alanine into « helices and
the intraduction of negatively charged aming acids near their amina termini, both of which
stabilize the o helix as a result of interaction with the positive part of the a-helix dipole—

alzo weara absarved in RMDH,

ﬂrg::unlsms. that grow in hypersaline envi-
ronments, such as the Dead Sea and the
Grear Salt Lake, have developed various
mechanisms o overcome the exrracellular
osmotic pressure. Whereas halophilic eu-
bacteria and eukaryores synthesize large
guantities of small organic esmoprotectants
(1), halophilic archachacteria accumulate
inorganic ions within the eell ar concenera-
tions exceeding that of the environment.
Consequently, the entire biochemical ma-
chinery of halophilic archacbacreria must
be adapted ro funcrion at high salt concen-
rrations {2}, Halophilic enzymes, although
they catalyze reactions identical to those
mediated by their nonhalophilic congeners,
actually require high salt concentrations, in
the range of 1 to 4 M, both for stabilicy and
for enzymaric acrivity, These enzyines also
possess an excess of acidic over basic amino
acid residues {3).

We have now solved the x-ray cryseal
structure, at 3.2 A resolution, of the halo-
philic enzyvme hMDH from  Haloarcwla
T]'.Iq'IT'.ISmD'I'[“HIE -I.-.ITI'E- I:"T!II'!r'lTII: I'IH!'i ml'_"n El'llllll!:d
extensively (4) by a wide range of biochem-
ical and biophysical methods. On 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 NalCl and KCl solutions, sta-
kility would be dominated by the formation
of a hydrated salt ion nerwork coordinared
by the acidic groups on the protein surface.
Monhalophilic proteins that lack this pro-
tective shell tend to aggregare at high salt
comcentrations (4, 5). The hMDH gene has
been cloned and sequenced and expressed
in Escherichia coli {6). The tecrameric en-
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wyme has a predicted molecular mass of
130,552 daltons and conrains 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 I[Lj.r:: and
Arg constitute 7.6% of all residues}, and
hMDH is stable only ar high salt concen-
trations. The homotetrameric structure of
the enzyme has been well established from
solution studies (4, 7). Ar low salt concen-
trations (<22 M NaCl), dissociarion of the
terramer occurs, accompanied by inacriva-
tion and denaturation of the protein (4, 8).
However, the coenzyme, the reduced form
of nicotinamide adenine dinucleotide
{(NADH), protects hMDH from inactiva-
tion ar low salt concentrations (9). Se-
quence alignment {6} shows that hMDH is
similar o both lacrate  dehydropenase
{LDH) and nonhalophilic MDH; the se-
quence identity with LDHs is ~37% and
with MDHs ~20%. Furthermore, the re-
placement of Gln'™ of Bacillus stearother-
mophilus LODH by Arg resulted in a change
in specificity to thar characreristic of MDH
{10}, whereas replacing Arg'™ in hMDH by
(ln (6} changed the substrate specificicy
from oxaloacetate to pyruvare, thus rein-
forcing the structural resemblance  of
h&ATIH o LITH.

Crystals of hMDH were grown at 19°C
(11} with methylpentanediol (MPD) as a
precipitant, Two data sers were collected,
one at room temperature and the other at
—10°C {Table 1). The structure of the bi-
nary complex hMDH-NADH was deter-
mined to 3.2 A resalution by the molecular
replacement method, with the dogfish LDH
(dfLDH) structure sz a model (12). The
phases were substantially improved by elec-
tron-density averaging followed by solvent
flattening. The primary, secondary, and te-
tiaty strucrures of hMDH are similar to
those of JdfLDH, which consists of a tec-
ramer of four identical subunits with one
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Table 1. Dala collection statistics for hiiDH.
rystals wera grown for Bath the © (G222, pa-
rameters: @ = 114.57, b = 130,57, ¢ = 123.77 &)
and P (P2,22;, paramelers: a = 11E00, & =
128,08, ¢ = 123.63 A) forms by vapar diffusion
accarding 1o the hanging drop technique at 18°C,
with MPD 3z the precipitant, The 7-p drops con-
taned hhDH (10 mgdmi} in a sclution cantaining
1.8 M MaCl, 1 mbd MADH, 50 mbd sodiurm phos-
phate [pH 7, and 58% MPD. The 1=mi resansoir
cortained G0 to F0% MPLY Under these condi-
fiores (absance of Salt in the rasandoir], water evap-
orates from the resersair into the drop, theratsy
inareasing the drop volume up o four times and
resulting in a final concentration of ~0.510 0.8 M
Mall The presence of MADH |n the crystallization
solution prevents inactivation of the engyma (3],
¥eray data for bwo orystal formns waene colocted
with & Siemens/Mentronics area detactor mount-
ed on a Rigaku rotating anode x-ray generalor
ard wera processad with the XDS data reduction
program 27), Tha structures wera sohead in both
crystal forns by the molecular replacement tech-
nique with the programs MERLOT 220 and
SMORE (23, with JiLDH (72) as a model, Phases
weere improved By maans of electron-densily aw-
eraging followed by zokwent flattening, with the use
of the DEMOM (24 packags, Twa approachas of
phase mprovement were apglied in sohing the
cryvata structurs of RMDH: avaraging four Copies
ir the P form and averaging sk copies betwesan
the two differant crystal farms P and C). On the
basis of these averagoed maps, major portions of
the chain could be fraced, and differancas in the
aming acld sequences between diDH and
HAOH could be easily idanfified, with tha use of
tha program O (25}, There was no apparent bias
froim thie initial phased model that had bean de-
rvad from tha dfLDH structure az ssen in clear
glectron density comesparding to the coendyms
MADH, although the MADH wasz not included in
the calculstions. Marual modsl building was par-
formied on both the © and combined P and ©
averaged maps, bacause zoma portions wera
batter resolved either in one map o in the other,
Refinemants were perfarmed on the G crestal
farmiwith the use of X-PLOH (26}, resultinginan A
factor of 18.2% and frae-A of 28.0% for al data at
10 to 3.2 A resolution. The root mean square
cendatians in the refined FMDH structure are
0,014 A for bond lengths and 2.01° far bond an-
gles. Coordinates are  avalable  from the
Brookhaven Protan Data Bark (27 (DCODE:
1HLF. Refinemert of the P crystal form is in
PrOQress.

Cryatal farm
Statistic
Z F
Subunits in the 2 4
asymimetrical unit
Mairmum resolution (&) 324 24
Temperature (5] RT* =10
Data collection 16 48
duration (Rours)
Tirme per frame () 240 120
Linique measurad 12,508 37,236
raflections [ro.)
Lirique possible 14,158 41,104
raflections [no.)
Completeness of data (%) AA.3 40,5
FR gy, (%60 8.7 8.4

“HT, reom temperature, TP = o =t 2 AT, ),
wihere ( [ diffraction Intensity and [, is mean intensity,



NADH binding site per subupic (12). The
major difference between the two cnoymes
is the larpe excess of acidic over basic resi-
dues in hMIDH (Fig. 1A}, which contrasts
with the ,|:|1|||:\-:|:-c|:r|,|1|'|l,l n'||_lu.'|| numbers of
acidic and basic pesidues in dLDH (Fie
LB}, The acidic residucs in hMDH appear
mostly on the surface of the tetramer. This
ubservation was verified by accessible—sur-
face area caleulations of acidic versus hasic
residues performed with the algorithm of
Lee and Richards ([3). These caloulations
showed thar the hMDH surface possesses
twice as many scidic as basic residues,
whereas  JILDH  displays  spprosimately
equial mumbers. Some of the additional acad-
ic residues in hMDH are locared across the
interdimer surface, which causes the two
dimers (comprising monomers | and 3 and
2 and 43 {Fig. 1A} to repel each other, so
that the hMDH retramer is wider than that
of DM by —10 A In dILDH, conracs ar
this incerface consist primarnily of hydropho-
bic interactions between amino acid side
chains and sre dominated by the interac-
nons with the NH1-1|.-r|1|.|r|..|| “atm” (the
first 20 amine acids, which are missing in
hMDH). Some of these interactions arc
ghzent from hMDH also because of the

terramer wideming  and subsritutions by

Fig. 1. Compansin of the three-
dimersional felramer structures ol
D (A snd ofLDOH (8). Aed bals,
acidic residues; Do bals, Dasic
rasidues. The rmbears 1 1o 4 indi-
cate four diffsrent monomess. The
accessioke surace arsa of hMOH
wad calcutabed with the algonthem of
Lea and Richards (13): Monomess 1
and 3 account for koss of 33.65% of
fhe surface on dmeszation 2 x
monomer) — damer], monomess 1
and 2 account for loss of 13%, and
monormers 1 and 4 account Tor ng
redicton in suface area. The @ur-
face area reductions on dimariza-
fion bor HLDH are 32.2, 19,3, and
8%, reapactivaly,

poidic residues. The hMDH interface con-
races consist solely of rwo salr-bridge ¢lus-
cers situaccd at the two exoremicies of the
interdimer surtace (Fig. 2).

The retramer surface of hiViDH is coared
with acidic residues, whereas MDHs and
LDHs from orher sources lock this feamre
The ner charge of the hMDH reteamer is
= 156, compared with + 16 for the dfLDH
petramer, Whereas HLDH displays both
positive and negative isopotential surfaces,
the hMDH rerramer i3 charactenized by an
unusieally lasge negacive sopotential surface
that covers it entirely {Fig. 3, A and B).
Caleulation of the potential surfaces of both
hMDH and diLDH at & salt concentrarion
of 0.7 M does not have a marked effect for
dfiLTM bur has a large effect on hMDH
{Fig. 3C), resulting in 3 mare halanced
overall distribution of positive and negative
porentials, Similar isopotential surfaces are
olserved whether 0.7 or 4 M salt is as-
sumed, indicaning thar 0.7 M sl s suffi-
cient to screen the excess acidie residoes in
hdIDH,

The large excess of acidic residues on the
surface of hMDH may play several roles.
The facr that, ar physiological pH, acidic
residues, especiatly Glu, are capable of bind-
ing more warer than other residues {143
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may contribute to the crescion of a hydra-
Hon sphere that protects the enzyme from
HEregaring  an i“Hh gal Cofreeniral 1ns.
Mormhalophilic proteins, which lack such a
protective shell, tend o aggrogare ar saly
concentrations of 21 M. Another function
o the scidic residuss i hMDH is the sta-
blizatson of the folded native protem con-
formarion h-_,- PAEFTECIPANGN N an |||"|tu1l::|||'3,'
large number of salt bridges. Inreractions
berween nitrogen atoms of basic residuwes
pATE and Lys) and oxygen atoms of acidic
resicdues [Glu and Asp) are widely chiarved
in progeins. The sonic natuee of these hy-
drogen bonds results in an interacrion en-
ergy that is greater by an order of magnitude
than that between neutral moieties {13)
The hMDH sulunit contains 15 F'n:% TEsi-
duses, three of which -If.l".r;E:”'\"'ﬂI Mrp'™, wnd
Arg' ™) are im conserved regions thar con
sticuce the active site. All the remaining
Arg side chains are in close contact with at
least one oxypen of an acidic residue, cre-
aring sali-bridge cluwrers. In the conracy
region berween the rwo dimers, two sale-
bridge clusters (Fig. 2} are locared ar the
opposite exeremes of che interface,
Comparison of the structures of the ther-
lrll.‘:r|1|‘|.i|i-\.j profeins B :tl.r.':n'{mll.ﬂ:‘rruuhlu!ua LIH
{I6Y and Thesnus irl!rll.rl..l.'i. MDH (17 wirh
those of mesaphilic LDHFs and MDHs, re-
spectively, has revealed wnigue structural
features of the themmophilic engymes that
may conttibute 1o their thermostability.
Many of these srrucrusal feanwres are also
present in hMDH; in particular, the large
number of salt bridges. Indeed, salt bridges
are both more sbundant and stronger in
hMDH than in the mesophilic as well 22 in

Fig. 2. One of the two salt-bridge clasters found
along the dimac-dimer nedace of RDH [be-
twean monomers 1 and 3, and monomens 2 and
4), This cluster imvolves interactions  Bebwean
Arg™ [H208) from Iwo sumunits, denoted as &
and b, and Glu [E188) and Asp (D210] residuss
from sach subunit. Some of thess Meractons are
inter- a5 wel as nramolecular and use bwin
W=twin O; for exampls, the iIneraction betwean
£186a and R2050 and the comesponding sym-
malrical inkeraction Babwaesy E188E and HZ205:3.
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the thermophilic ensymes (Table 2. The
existence of cluscers in which Arg residues
are in close comtact with more than one
acidic residue 15 unique to hMDH in com-
parison with other LDHs and MDHs.
Moreover, in hMDH, many of these clus-
ters involve interactions berween second-
ary structural elements, further stabilizing
the three-dimensional siructure. Although
it may appear surprising that salt bridges
are stable ar high sal concentrarions,
surface salt bridges have been shown o
contribute o protein scability ac a sal
concentration of 0.5 M (I8) it is thus
conceivable that their contribution o sa-
bility may be sippificant ar even higher
salt concentrations. Given thar, in the
presence of NADH, hddDH is stable even
at low salt concentrations (9), it is likely
that the crystal structure of the enzyme at
0.8 M sale is similar to that at higher salt

Fig. 3. Baz=bona mepresantation

AL OH (B it slectio

with the program GRASP

R cormresponas bo-the isopotent
1his B suraos 1o ths soholantal
ky 18 the Boltzmann constant, |

c charge. Bectostatic isopofen

g el
TR e R ]

O WA For ki )

copcentrations. The explicit visualizarion
of the salc ions in stabilizing the folded
conformarion swaits the determination of
the hMDH structure at higher resalution.

Twn ;.I:rl_u't[ur;|| '[E:‘lrun!:-; 'i'll)ﬁl;‘.'l"ﬁ'l?!d LTy h.'l!-
lices of thermophilic prareins are known oo
enhance thermostabilicg: an increased num-
ber of Ala residues and che location of acidic
residues at the MH,-terminus (19, 20). The
enzyme hMDOH, like T, flong MDOH, has
mode alammnes in i e helices than are
peesent in those of mesophilic or northalo-
philic MDOHs or LDH:, Consequently, in-
trahefical  hydrophohic  imtersctions are
ﬂl‘l;',l_'ll_.l'l_l‘Ltﬂﬁj :-aru.i '||1.t' !1r'|i_r.'.|;".\ e :’al::,aln]:u-xL
Introduction of neganvely charged amino
acids ar the MH;-rerminus of an a helix
increases the thermostability of phapge T,
Iysozyme as a result of an electrostaic inter-
pction with the helix dipole (19, 200 A
search for helix stabilization in %M]'JHI A%

Table 2 Salt bridges contaimeng &g present in nonbalophelic L0H, cytoplasmic MOH, and hWDH

afigyries, Dashes indicata the numbsar of =alt bridges

iz {. B stear., Baciius stearcthammapiuius.

e

Tortal Arg San broges Ino.j
fei=y
Eizyrme monamer  Intra- Irter- Arg- Ay ZAm- 2iag)-

subunil.  mokscuar molecular Asp/Ghe 2AspEU) HAsp/GL  BIASEGER
Dt L0 H 2 - 2 - - -
&. slaar. LDH 15 5 - 5 - - -
Mouse LOH 10 1 - 1 - - -
Porcing heart LDH H 1 - 1 - - -
Forcne musck |LOH 11 3 - a - - -
Cytoptasmic MOH 10 5 1 2 “
Hafcpniie MOH 15 14 2] 3 R 1 1
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compared with other LDHs and MDHs,
revealed che following substicutions:
Lys""— Asp, Lys*@*—Glu, Ser™*@—Glu,
Lys* ™= Asp, and Pro’™ = Asp. These
actdic residues are all locared ar the MH,-
rermini of a helices in hMDH, thus in-
creasing their seability,

Both thermophilss and halophiles live
in extreme environmerits and share many
|_|:|1l|,|.u|,:|;ai p;npl‘_-rul-_-h. H-:lwve:\-'l::r. QR [11¢ Ibc.'lﬂ:i:i
of the x-ray srrucrure of hMDEH, the ex-
treme halophiles  appear o show these
properties to 8 much greater extent than
the thermophiles.
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