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ABSTRACT. Malate dehydrogenase from the extreme haloptiidoarcula marismortuiHm MalDH) is

an acidic protein that is unstable below molar salt concentrations. The solvated folded protein was studied
by small-angle neutron scattering in solvents containing salt: NaCl, NaOkl KF, NH,Cl, NH4CHs-

CO,, (NH4)2SOs, MgCl,, and MgSQ. It was found that the global solvent interactions depend mainly on
the nature of the cation. Complementary mass density measurements in, MgCIl, NaCHCO,, and
(NH4)2S0O, allowed determining the partial molal volumes of the protein, which were found to increase
slightly with the salt, and the preferential salt binding parameters for each solvent condition. These are
strongly dependent on the cation type and salt concentrdtiorMalDH can be modeled as an invariant
particle binding 4100 water molecules in MgGind 2000+ 200 in NaCl, NaCHCO,, or (NH4)2SOu.

The number of salt molecules associated to the particle decreases from about 85 to O in the order
MgCl, > NaCl = NaCHCO;, > (NH4).SQu. Alternatively, we considered exchangeable sites for water
and salt with the effects of solvent nonideality. It does not change the description of the solvent interactions.
Solvent anions act ohilm MalDH stability through a limited number of strong binding sites, as those
seen at the interfaces &fm MalDH by crystallography. Cations would act through some strong and
numerous weak binding sites defined on the folded protein, in possible addition to nonspecific hydration
effects.

Extreme halophilic Archaea such &taloarcula maris- halophilic proteins, the solvation shell can be described as
mortui require for their optimal growth salt concentrations composed of 0.20.4 g of water and 0:20.2 g of salt per
close to saturation and are found in environments such asgram of protein. If the water content is similar to the
the Dead Sea. To counterbalance the external osmotichydration of nonhalophilic proteins, the amount of salt
pressure, they accumulate in their cytoplasm salt concentra-appears to be much larger. It was proposed that a network
tions close to saturation, mainly KCI. All their enzymatic of hydrated ions interacting with carboxylates in patches on
machinery is adapted to high salt concentration. The questionthe protein surface would stabilize the foldelen MalDH
of protein adaptation to high salt has been discussed in recentn high KCI or NaCl @). In the crystallographic structure at
reviews (L, 2). One of the main characteristics of halophilic 1.9 A resolution oHm 2Fe—2S Ferredoxin, three phosphate
proteins is their instability at low salt, typically below 2 M ions and only six potassium ions were found, while numerous
KCI. Their amino acid composition is characterized by a high tightly bound water molecules were describ&@)( Crystal-
content of acidic residues3,(4). The global solvation of lographic studies of wild type (at 2.9 A resolution) and a
glyceraldehyde-3-phosphate dehydrogenase Haioarcula mutant (at 2.6 A resolution) dim MalDH allowed to assign
vallismortis elongation factor Tu, and malate dehydrogenase only two sodium and four chloride ions as part of four salt-
(HmMalDH)* from Haloarcula marismortu{Hm) have been  bridge clusters localized at the interfaces between subunits
quantified in high KCI and NaCl5—8). For these three  (11). Thus, the very large salt solvation inferred from solution
studies orHm MalDH cannot be detected at high resolution.

t This work was supported by the CNRS, CEA, and CNE{&len It can be due to the disorder of the solvent molecules.
793/2001/CNES/8860). Similarly, univalent cations are hardly detected in nucleic

* Corresponding author. Tel: 33 (0)4 38 78 96 38. Fax: 33 (0)4 38 acids crystals, while they are described by molecular

78 54 94. E-mail: Christine.Ebel@ibs.fr. ; ; ; ;
*Laboratoire de Biophysique Matelaire, Institut de Biologie dynamics {2, 13). It is possible, however, that the solvation

Structurale. shell of the halophilic protein does not contain such a large
$ Present address: Biological Chemistry Department, John Innes amount of salt in the solvent conditions used for crystalliza-
Centre, Colney Lane, Norwich NR4 7UH, United Klngdom. tion’ as Suggested in a solution Studybm MalDH in 1.5

'Present address: Medicine and Pharmacy University, Department _ . —
of Biophysics and Radiopharmacy, 6600 lasi, Romania. M K—phosphate 9). Also, from thermodynamic kinetic

O Present address: Instieufir Biochemie und Molekularbiologie ~ activation parameters at various temperatures, the stabiliza-
der UniversitaFreiburg, Hermann-Herder-Strasse 7, D 79104 Freiburg, tion of halophilic proteins could be achieved by different
Germany.

#Present address: Scuola Internazionale Superiore di Studi Avanzati,
2-4, Via Beirut 34013 Trieste, Italy. 1 Abbrevations:HmMalDH, malate dehydrogenase frdt#aloarcula

£nstitut Laue Langevin. marismortuj SANS, small-angle neutron scattering.

10.1021/bi0258290 CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/11/2002




Solvent Interactions ofim MalDH

Biochemistry, Vol. 41, No. 44, 20023235

mechanisms, depending of the salt nature: for example, saltHm MalDH monomer consists of 303 residues; the molar

binding in KCI and NaCl, or hydrophobic effect in am-
monium sulfate or high Kphosphate14).

The relative effects of the anions and cations ldm
MalDH stability were evaluated in a comparative study of
various salts 15) and found essentially to superimpose, as
generally found for salts in the molar range. If an anion or
a cation was very stabilizing, the effect of the salt ion of
opposite charge was very limited. Anions of high charge
density were always the most efficient to stabilize the folded
form, in accordance with their classifications in the Hofmeis-
ter series. Cations of highest charge density stabilized also
in the more efficient way the folded form ¢im MalDH
(with, in some cases, high-salt unfolding). The salt effects
on protein stability are related to different interactions of
the folded and unfolded protein with the solvent components.
Solvent interactions arise from specific water or ion binding
or nonspecific mechanisms. One of the latter is linked to

mass for the polypeptide part is 130552 g/mol for the
tetramer.

The tabulated mean ionic activity coefficient character-
izes the solvent salt nonideality. Considering= v; + v_,
Q = (v4""v_")', the activity of the salt and the mean ionic
activity in the molal scalegs anda., respectively, are related
as follow: az = a.” = (Qmsy+)”. The tabulated osmotic
coefficienty characterizes the solvent water nonideality. It
is the ratio of the actual osmotic pressure to the osmotic
pressure that would be obtained in the ideal diluted case with
—In A;= vmg/my, whereA, is the water activity in the mole
fraction scale. Tabulated mean ionic activity and osmotic
coefficients of the solvent salts can reasonably be used in
the present study because the perturbation related to the
presence of the protein is neglected at infinite protein dilution
extrapolation.

The Partial Molal VolumesThe partial molal volumes of

the surface tension of the solvent (an increase of the surface¢he components (in mL/mol) are defined as

tension corresponds to water accumulation at the surface of

the protein), which explains in part the general effect of salts
on the conformation of the macromolecules. Hon MalDH,

the qualitative analysis of the stabilizing efficiency of the
salts suggested that nonspecific effects induced by surfac
tension were of minor importance. Specific weak or strong
interactions of the ions for sites specific of the folded protein
would be of importance. They would determine the large
amount of salt previously determined Hm MalDH solva-
tion shell in NaCl or KCI.

Different mechanisms of stabilizatiersurface tension
effect, weak or strong ion bindirgwould determine a
different solvation. To have insights into their relative
importance foHm MalDH, we measure here in a variety of
salts the neutron-scattering length density contrast betwee
the solvatedHm MalDH and the bulk solvent, by small-
angle neutron scattering (SANS). With complementary mass
density measurements, we quantify the partial specific
volumes and the preferential salt binding parametetdrof
MalDH in selected solvents. The solvent salt concentrations,
the pH value of 8.2, and the relatively low temperatur&(s
were selected for long-term protein stabilizatidi®,(16).
Thus, the experiments presented below concern only the
folded native form ofHm MalDH.

THEORETICAL BACKGROUND

Vi, Mi, andm are the partial molal volume, molar mass,
and molality (mole/kg of water) of the speciesor component
i. Its neutron scattering length denshiyis calculated from
tabulated datal(7). Temperature is constant, and subscript
T omitted. The subscripts andm signify constant chemical

€

\_/i = (avm/am)m,P (1)

Vm is the volume of the solution corresponding to 1 kg of
water (principal solvent); relates the increase of the volume
of the solution when the components added, while the
concentrations of all other components are maintained
constant. It can be obtained from density measurements using
the pure dried or solubilized in pure water component since
requiring controlled molalities of all components. The partial
molal volumes of salts are thus obtained from eq 1, after
trivial conversion from density tables. In the case of a
polyelectrolyte macromolecule, densimetry is extremely
difficult since it requires the addition to the solvent of just
the polyelectrolyte and its counterions (component 2),

Mwithout any modification in the solvent composition. A

protocol requiring extensive dialysis against water was used
for nucleic acids §, 20). In the case oHm MalDH, the
protein would denature in an essentially irreversible way.
We will use complementary mass density and small-angle
neutron scattering performed at constant chemical potentials
for the determination o¥/..

The Chemical Potential of the Components upon Species
Dissociation.The chemical potential; of the component
can be related to the molalities, of the related specids
and to the excess chemical potentil Considering the
dissociation of th&/z, counterions and the macromolecule
as well as of theX;:Y,_ salt

Uy = u,° + NAKTInm, +

(ZZ )NAKT In(vomg + (Zz,)my) + NAKTB, (2)

potentials of all diffusible components and constant molalities s = ps° + v, NAKT In(v, my + (Z/z,)m,) +

of all components except the derived one, respectively.
Definition of the ComponentsAll components, water
(component 1, the main solvent), macromolecule (component
2), and salt (component 3, the cosolvent), are electro neutral
combinations of chemical specied8( 19). The salt is
composed of, cations X of chargetz, andv_ anions Y
of charge—z-. The macromolecule is the polypeptide chains
plusZ/z. counterions required for its electro neutrality (here,
|Z| = 156 for Hm MalDH tetramer,Z/z, is 156 singly
charged cation counterions or 78 for doubly charged ones).

v_NLKTIn(w_my) + N,KT 85 (3)

Two remarks can be made. First, the use of the molality units
(mol/kg of water) in these expressions has the advantage that
water is not expressed explicitly. Second, the ideal state
considers here the complete dissociation of the components.
The consequences of the ion dissociation in eq 2 will be
referred as the Donnan termer Donnan effects. Any
incomplete dissociation will appear in thik terms as salt
binding.
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The Preferential Binding Parameteror(s/am),. The

preferential salt binding parameteint/omy), is considered i ‘
as experimentally indistinguishable frorong/om).s (23), S
which is rigorously expressed as e A

(0mMy/omy) .3 = (Juol IMg) (B4l M)y = —a3fag3 (3)
with
& = VRT(ui/ 0m)mp 4)

In the present studyZ/z.m, << v ms, anday; andags are

a3 = (Zz,)/mg + 9B,/om; = aDz3 + a|23 (5a)
g3 = (v +v_)/m; + 9p5/om, (5b)

ags can be expressed with the tabulated mean ionic activity (% .e. I
coefficients: ags = vImg + (dy+/omg)v/y.. The first term
aP,3in eq 5, related to the dissociation of the macromolecule,
is the Donnan contribution in the preferential binding
parameterfs = —aP,a/ass. Neglecting the nonideality of the
salt, it reduces to

E,.=-Z/vz 6 Binding Sites
s + ( ) Exchanging

Water and lons

The dissociation of the component 2 and 3 (Donnan effect) (X
appears as a negative salt binding (see below). "
Interpretation of the Values obify/dn), in Terms of a
Sobation Shell.The preferential salt binding parameter is a
measurable value (see Material and Methods). It correspondsFicure 1. Schematic representation of the effect of counterion
to the hypothetical number of moles of salt that would have gif‘(sj(?:ia“gpa gg?eyv%e%ﬁgd r%?ginbi?gi?gsggtégeagf‘g?:rﬂa;r sﬁt':]

: H : nat AL y
to be added (or subtracted) with the 'ntmducuon of 1 mpl z neggtii\)/e charges, is introguced wﬂhgonovalent cations in the
of the macromolecular component 2 in order to maintain gq|vent, consisting of water (O), the same catiéf),(and anion
constant the chemical potentials of solvent components, the(—). The dashed lines in panels A, B, and C represent a dialysis
concentration of water being fixedarte/amy),, which can bag. The continuous lines in panel$ &d C indicate constant
be positive or negative, does not represent the actual saltmolalities of the solvent water and salt. The consequences of the

P events described in panels$ &d C in term of salt fluxes (in the
binding. For example, water and salt strongly bound to the hypothesis that there is no flux of water) accompanying the

protein in the same ratio than that of the bulk solvend/ (' introduction of the protein in experiments performed at constant
my) would not change the chemical potential of the solvent. chemical potentials of the solvent water and salt are indicated in

In addition, water binding is indistinguishable from salt panels B and C with gray arrows. The dissociation of the
removal, and inversely. Considering the perturbed solvent Polyelectrolytes (Donnan effect) leads to an increase in the

concentration of cations in the solvent in panél 8trong water
as composed dfl; moles of water anéN; moles of salt per binding and salt (or ions) binding in panel Bcrease the solvent

Water Binding

mole of protein, the preferential binding parameter is concentrations of salt and water, respectively. An exiting flux of
salt in the dialysis experiment corresponds dogamy), < 0. It
(0my/am,), = (N3 — Eg) — N;(my/my) (7) can be the consequence of counterion dissociation panel B, or of

the presence of strong water binding panel C. An incoming flux of

It can be easily understood that the numbers of bound waterSalt corresponds taif/om), > 0. It is related to salt or ion binding

- in panel C. In the case of solvent binding sites exchanging water
and salt molecules cannot be determined from one solvent-ang jons, the consequence on the solvent composition in panel C
condition measurement, since one value @hgom), is depends on the statistical occupancy of the binding sites and of
related to an infinity of mathematical solutiori$;( Ns). The the solvent composition: it is a solvent composition dependent

knowledge of §my/amy),, as a function of salt concentration ~combination of water and ion binding. The corresponding fluxes
. “ . s in panel C, and thus the sign dfnfs/om),, depend on the solvent

in the solvent allows determiningl .and N W'th'.n the composition and value of the solvent exﬂchange equilibrium constant
framework of reasonable models, which are described below of the binding sites.

and schematized in Figure 1.

Interpretation of the Values obif/am,), in Terms of an Interpretation of the Values ofdifw/omy), in Terms of
Invariant Particle. When a set of experimental data obtained Independent Soént Exchangeable Binding Sitealterna-
at different salt concentrations (i.ex/m ratios) can be fitted  tively, Schellman has considered an other simple model
linearly by eq 7, the particle can be described as an invariantwhere water and ions of the solvent are exchanged on a
particle, i.e., with constanfN; — E3) andN; values over the  number N of identical independent solvent binding sites.
salt-concentration range of investigatidi(22). N3 andN; Two remarks have to be made. First, anions and cations of
can be interpreted as a number of infinitively strongly bound the solvent cannot move in an independent way, since the
salt and water molecules, respectively. system is always electroneutral. Ty moles of salt
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considered in the preceding paragraph are equivalentNg
moles of cations an@_N3 moles of anions. Here, ions of
mean chargeff) are considered. The protein Hdsbinding
sites (b) occupied either by one molecule of water (b:1) or
one ion (bx) and characterized by an unique exchange
equilibrium constanK,. The second remark concerns the
units used. A description of equilibrium involving water in
the molality unit would be excessively complédg, can be
more easily defined in the molar fraction activity scale
(23—25):

K, = [0:£]A / [b:1]AL (8)
(amg/amy),, is related to the salt binding paramet&mg/omy),,
of the N, binding sites (b) 1y, is the molality of the binding
sites), which depends dfy, and solvent composition through
the activitiesAs, A., andAg:

(amy/am,), = Ny(amy/amy), = NyaIn(A, + K, A,)/aInA,
)

We have derived this equation here for the general case of
salts, as was done previously for monovalent salt or neutral

cosolvent 23, 25). The activitiesA; = fiys and Ay = foy.
are related to the mole fractions, ys, andy., defined by
y1 = m/(my + vma) %3 = mg/(m+ vimg), andy+ = Qya,
with Q = (v4"Tv_"")¥. The activity coefficients of water
and solute in the mole fraction scafeandf. respectively,

are obtained using tabulated mean ionic activity and osmotic

coefficientsy, and¢ at 25°C (26): f1 = exp(—v¢ms/my)/
%1 f+ = yo/y1. We use the operational binding constfit=
Q(fL/f1)Kp to obtain

(amg/omy), = ((K'y/v) — 1)(my/my)/(1 + K'(my/my))
(10)

Despite the (relative) complexity due to the consideration
of mean charge ionsH) and solvent nonideality, the molar
fraction scale provides meaningful information from eq 10.
Thus, a site with a valu&', = v is chemically indifferent
for salt or water since it provides a null value of the
preferential binding parameter. An infinite preference of the
binding site for the ionic species gives a maximum value
for (amg/omy), of 1/v, so thatv ionic binding sites ¥ is the
number of ions provided by one salt) correspond logically
to one binding site for component 3 in eq R, = vNa.

MATERIAL AND METHODS

Sample Preparation. HlMalDH was overexpressed in
E. coli and purified according to the protocol of Cendrin et
al. (27). All salt solutions contained 50 mM Tris-HCI, pH
8.2.Hm MalDH was stockedn 4 M NaCl at 4°C. Before
SANS or density experiments, it was eluted through a gel
filtration column (Superose 12 HR B0 from Pharmacia)

Biochemistry, Vol. 41, No. 44, 20023237

distance of 2.8 m on the instrument D11 of the “Institut Laue
Langevin” 28). The Guinier approximation

InI1(g) = In1(0) — ¢’R, /3

was used to calculate the radius of gyratiBy of the
scattering-density contrast and the forward inteniidy, in
aRyg range of 0.4 1.3, whereq = 4zsin 6/A and 6 is half

the scattering angle2@). The protein concentration was
typically 5 mg/mL. In MgC}, NaCl, NaCHCO,, (NH.),-
SOy, and KF, measurements at samptietector distance of
1.2 m were also performed in order to check the scattering
levels of solvent and sample at high angles, Bdl andRy
were extrapolated at zero protein concentration from mea-
surements at typically 6, 12, and 20 mg/mL, as described in
refs 30 and 31. The neutron scattering length density
increment at constant chemical potential of solvent compo-
nents, §on/0Cy),, in centimeters per mole of protein, was
derived from the normalized scattering intensi{p) as
described previously3@, 33, 8):

(11

1(0) = 1/N,Cy(3p\/0C,),* (12)
Na being Avogadro’s number an@, the protein concentra-
tion in moles per milliliter.

Density Measurement§he density increments at constant
chemical potential of solvent component8p/¢Cy),, were
obtained after extensive dialysis from the measurements of
the densityp and p° of the protein solution at typically 5
mg/mL and of the solvent, respectively, on a PAAR DMA
60 density-meter equipped with a 120 DMA 601M cell
thermostated at B3C, using a protocol described in réf

(3019C,), = (o — p°)IC)), (13)

Determination of Salt Binding Parameters and Partial
Specific Volumes of Hm MalDH3p/3C,), and Qon/dCy),,
can be expressed as function of the partial molal volume of
component 2V, and the salt binding parameténg/ony),.:

(9p/9Cy), = (My—p°V,) + (3”5/3”‘2),¢(M3_P°_3) (14)
(8PN/302) (bz_PNo_z) + (8%/3%),4(b3_PN°\73) (15)

pn’ is the neutron scattering length density of the solvent.
V, and @ms/amy), can be graphically interpolate@)(

RESULTS

SANS: The Radius of Gyratiofithe Guinier plots (not
shown) indicate an homogeneous material. The radius of
gyration Ry values derived at about 5 mg/mL (eq 11) or
extrapolated at zero protein concentration do not vary
significantly with the salt concentration. Thus, we give here
the mean value for each salt series: 30.6 A in NaCl; 29.6 A

and reconcentrated on microconcentrators (Centricon 30 fromin NaCHCO»; 31 A in NH4CI; 30.4 A in NH,CH3CO;; 30.9

Amicon) prior to extensive dialysis. Protein concentration

A'in (NH4).SO;; 32 A'in MgCly; 30.2 A in MgSQ; 31.8 A

was measured by UV spectroscopy before the measurements KF. They are always close to 3 1 A and consistent

(1 unit of optical density at 280 nm corresponds to G(#,
6).
Small-Angle Neutron Scattering Experimen&amples

with the tetramer structure ¢im MalDH.
SANS: Neutron Scattering Length Density Incremami/ (
dCy),. The precise measurement @p(/dC,), is delicate. It

were contained in 1.00 mm rectangular quartz cuvettes at 5Srequires|(0)/C, values (eq 12 in Material and Methods)

°C. Scattering curves were recorded using a waveleagth
of 10 A, a collimation of 2.5 m, and a sample detector

obtained from homogeneous samples with no aggregation
and negligible interparticle effects. They are sensitive to the
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Ficure 3: Density measurements bifm MalDH in various salts.

The density increments obtained after dialysis are plotted against
2.5 10"°L the respective solvent densities. The salt concentration increases
from left to right. Open squares, NaCH3 M; filled squares,
NaCHCO, 1.5-3.5 M; triangles, MgG 0.2—1.3 M; circles,
(NH4)2S0O, 1-3 M. The line is M,—p°V, ) and is calculated with

M, = 130 552 g/mol and/, = 94 500 mL/mol inferred from the
amino acid composition dfim MalDH.

2.5 10"

neutron length scattering density increments (cm/mol)

a hypothetical particle composed uniquely of the protein part
(without consideration of the co-ions) and not perturbing the
solvent. We used/, = 94 500 mL/mol (see below). The
simple examination of the experimental data provides
qualitative insights into the solvent interactions din

Py (10° om?) MalDH. It is obvious that data points essentially superimpose
Ficure 2: Neutron scattering density incrementskirh MalDH on each other for the same cation and also that the series of
in various salts. They are plotted against the solvent neutron points corresponding to a common anion do not superimpose.
scattering length densitieg°. The salt concentrations increase from  This can be observed for Glwhich is common to all panels,

left to right. Open symbols correspond to measurements performed _ — . .y .
at one protein concentration® mg/mL) and filled symbols to or for CHCO,"™ and S@?", which were studied in combina

data extrapolated at infinite dilution. Panel A: squares;-0.3 tion with NH," and Na, and NH* and Mg, respectively.
M MgCly; circles, 0.25, 1, and 2 M MgSOPanel B: open squares,  Thus, the values ofdpn/dCy), depend essentially on the

1-5 M NacCl; filled squares, 25 M NacCl; triangles, 1.55 M nature of the cation and not of the anion.

Q%C}}Ebfglzdﬁ’ggg t%%;%g:{ersé—]c%%%%_gjnfg% gtlﬁgg '\5/|0K";M Mass Density Increment§he mass density increment,
u s tri 3. . . :

Panel D: squares, 1-4.5 M NH,Cl; triangles, 1.55 M NHa- (0p/3Cy),, is related to the solvent densiy’ (eq 14).

CHsCOy; circles, -3 M (NH,),SQu. The line is b—py°Vz) and  (3p/0C2),’s in NaCl, NaCHCO,, MgCly, and (NH,),SO; are
is calculated withb, = 1.89 105 cm/mol from the amino acid  plotted againsp® in Figure 3. As for Figure 2, the straight
composition ofHm MalDH andV, = 94 500 mL/mol. line (M—p°V-) corresponds to the hypothetical particle made
up of protein only and with no solvent perturbation. Clearly,
background subtractions and have to be put on an absoluté&or each salt series, the density increments vary regularly as
scale. Furthermore, the protein concentratinhas to be  a function of the density. The mass density increments
known in an absolute way. We checked the homogeneity of corresponding to the various salts do not superimpose, except
the material by gel filtration before the experiments. We for the series in NaCl and NaGBO;, which overlap, in
verified by precisely weighted dilutions that the extinction qualitative agreement with the SANS results.
coefficient ofHm MalDH is within the uncertainty (2%) for Interpolation of \{ and (@me/omy),, from SANS and Mass
a variety of salt conditions. For about half the series of salts, Density Measurement¥he experimental points of Figures
the background subtraction was carefully checked and the2 and 3 would be aligned for each type of salts in the case
forward intensities extrapolated at infinite protein dilution of an invariant particle of constant composition and total
from a concentration series. As shown in Figure 2 for NaCl, volume. Previously published mass and neutron scattering
this provided §pn/9Cy), values similar to those measured at length densities oHm MalDH in NaCl, pH 7, at 20°C, in
5 mg/mL. On this Figure is also plotted data in KC+2.8 H,O and BO (6, 14) were analyzed using the linear fitting
M, at pH 7 and room temperature fror34). The published  of the data points. Using approximate constant valuéé of
data at 20°C, pH 7, for 1 M MgC} (9) and 1 M NacCl 85) Vi, Vs, it allowed to determine values for water and salt
differ from ours data at pH 8.2, most probably because of binding in the hypothesis of an invariant particle. In the
the instability ofHm MalDH at pH 7. present study,V, and @mg/omy), were experimentally
The neutron scattering length density increment in SANS obtained from SANS and mass density measurements
experiments, don/dC,),, is related to the solvent scattering Performed in the same solvent (egs 14 and 15). The results
length densitypn® (eq 15). The values ofdpn/dCy), are  for MgClz, NaCl, NaCHCO,, and (NH).SO, are reported
presented in Figure 2 as a function@f, which increases ~ in Table 1.
with the salt concentration. Each panel corresponds to salts
possessing a common cation: Mg Na", K*, or NH;* DISCUSSION - -
(panels a-d, respectively). Thedpn/dCy), value decreases The Partial Molal Volumes ¥ and \4 as a Function of
regularly with the salt concentration for all salts. On each Salt Type and Concentratioithe partial molal volume of
panel is drawn a straight line corresponding to the neutron polyelectrolytes or salts is known to vary with the solvent
scattering length density incremehbt+{ pn°V2) calculated for composition and to increase with salt concentration. For
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Table 1: Mass and Neutron Scattering Length Density Increments, Partial Molal Volumes, and Preferential Binding Parakietéis|boH

in the Presence of Various Sdlts

Cs ms/my p° (3p/3Cy), oN° (3pn/3C2), 2 (dmg/amy),,

salt (M) (mol/mol) (g/mL) (10° g/mol) 10°cm™?) (10> cm/mol) (10° cm/mol) (mol/mol)
NaCl 2 0.040 1.085 30.& 0.5 —3.72 2.244+ 0.05 93.9+ 1.6 —38+ 40
0.059 1.121 25405 —2.85 2.15+ 0.04 95.0+ 1.6 —54 4 40

4 0.079 1.156 20.£ 0.5 —1.96 2.04+0.04 95.5+ 1.6 —90+ 45

5 0.101 1.192 16.£ 0.5 —1.04 1.89+ 0.04 95.0+£ 1.6 —164+ 45

NaCHCO, 1 0.019 1.045 38.8604 —4.33 2.33+-0.04 92.2+1.3 5+ 34
1.5 0.030 1.065 349205 —3.65 2.24+0.04 924+ 15 —204 30

2 0.041 1.085 31.8 05 —2.97 2.1+ 0.04 93.4+ 1.3 —30+ 30

2.5 0.053 1.104 29.6 0.5 —2.30 2.07£0.04 935+ 1.3 —594 35

3 0.064 1.123 26.% 0.6 —1.69 2.00+ 0.04 94.8+ 1.3 —78+ 35

35 0.078 1.142 23.20.9 —1.00 1.91+ 0.04 94.4+ 1.6 —103+ 36

MgCl, 0.2 0.004 1.020 452 0.6 —5.27 2.494+0.03 90.3+ 1.6 64.5+ 20
0.5 0.009 1.043 41.3 0.5 —4.81 2.43+ 0.05 90.9+ 2.4 48+ 25

1 0.018 1.079 34612 —4.03 2.32+0.03 92.3+1.6 23+ 20

1.3 0.024 1.100 30428 —3.57 2.21+0.04 91.3+ 3.6 —23+25

(NH4)2SOy 1 0.020 1.078 27.4 05 —4.35 2.204+0.04 95.5+ 2.0 —46+ 35
1.5 0.031 1.111 21.8 0.7 —3.72 2.13+0.04 97.8+ 2.7 —65+ 35

2 0.042 1.142 16.3 0.5 -3.07 2.044+0.04 98.4+ 1.9 —90+ 30

2.5 0.055 1.170 11.8 0.5 —2.42 1.95+ 0.04 99.4+ 1.7 —118+ 34

3 0.069 1.198 7.60.5 —-1.77 1.86+ 0.04 100.0+ 1.7 —147+ 34

aThe solvent is characterized by the salt concentra@giimol/L), the molar ratio between salt and wategm;, and the mass and neutron
scattering length densities; andpx®, respectively. The values of the partial molal volunvesind preferential salt binding parameteysy/an),
of Hm MalDH were derived from the measurements of the mass and neutron scattering length density incépM@a)s&nd @pn/dCy), (eqs 14
and 15, see the Material and Methods).

example, the partial specific volume of NaCl is given to be ? 105000

16.6 mL/mol at infinite dilution 86), and we calculated it E 100000 o

from density tables as 19.9, 21.3, 22.2, and 22.7 mL/mol at ] oo °

2, 3,4, and 5 M NaCl, respectively. Partial specific volumes g 950001  © N

of Na(CHCQO,) are 42.2 mL/mol 81 M and 44.7 mL/mol ) LA

at 3.5 M. For MgC}, the value at infinite dilution is 15.3 g 90000

mL/mol and increases from 18.9 to 23.4 mL/mol between g 85000 I !
& o 1 2 3 4 5

0.2 and 1.3 M. Partial specific volume of (NSO, at
infinite dilution can be estimated to be 49.5 mL/mol and
increases from 63.2 to 76.2 mL/mol between &l &M salt.
This is because the partial specific volume relates not only
to the effective volume of the included species, but also to
the changes in the volume of the solvent related to the pe decomposed into two additive contributions for anion and
addition of component. The same effects are observed forcation, Vanion and Veation €ach of them can be divided into a
the partial specific volumes of nucleic acids, which increase positive molal volume-corresponding to an ionic radius 0.5
with the solvent salt concentratio8, @0). It is admitted that A |arger than one measured in crystalnd a negative
the effect of water electrostriction is larger in diluted salt electrostriction volume, the minimum of the sum of the two
solution, which can be understood considering that in high contribution being found at infinite dilution3¢). The
salt most water molecules are already under the influencemaximum and minimum values f&#.aionare given in Table
of a salt ion. Also, the formation of contact ion pairing is 2 for selected cations. The Calculaféﬂ)f Hm MalDH with
assumed to increase the values of the partial specific volumesits co-ions for two limiting cases, infinite dilution in water
(36, 37). B (minimum value) and neglecting all electrostriction effects
The partial molal volumé/, of Hm MalDH calculated (maximum value), are compared to the experimental values
from the scattering length and mass density increments varyin Table 2. The mean experimental values in52M NacCl,
mainly depending on the salt nature and increases with saltl—3.5 M NaCHCO,, and 13 M (NH,).SO, are close to
concentration (Figure 4). The partial specific volume of the the mean calculated ones. Those in-0123 M MgCl, are
polypeptide part can be calculated by two different ways, intermediate between the minimum and mean calculated
which both include the effect of charged groups on elec- values. Thus, the evolution, which is small but significant,
trostriction: the first considers the specific volumes of the and absolute values &f, are compatible with expectations
amino acids in solution, and the second uses the volumes offrom the component composition.
packed buried amino acids in protein crystals while adding  The Preferential Binding Parameters Depend on Salt Type
a negative contribution of 10 and 18 By acidic and basic ~ and ConcentrationThe values of the preferential binding
residues, respectively38). The two procedures give very parametersym/am), obtained in MgGl, NaCl, NaCHCO,
similar values of 92 800 and 93 100 mL/mol for thin and (NH,),SO, clearly depend on the salt nature and
MalDH polypeptide chain. Omitting the water electrostriction concentration (Table 1 and Figure 5). The dissociation of
term in the latter procedure, a maximum value of 95900 the co-ions from the protein would lead to a negative
mL/mol is obtained. The partial molal volume of salt can contribution Es, Donnan effect in eq 7) too(ns/om),,

Salt concentration (M)

Ficure 4; Partial molal volumé/, of Hm MalDH in various salts
from SANS and density measurements. Triangle, Mgé@lled
squares, NaC¥CO;; open squares, NaCl; circles, (NSO,
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Table 2: Partial Molal Volumes of lons aridim MalDH?2

Veation calculatedV, experimentaV,
(mL/mol) (1C°> mL/mol) (10°* mL/mol)
co-ion min max min  max mean mean
Na* —6.6 8.2 920 97.3 946 94.9(NaCl);93.4
(NaCHCOy)
NH; 124 233 949 996 97.3 98.2 ((NHSOy)
Mgzt —32 53 905 96.4 935 91.2 (Mgdl

@ The calculated minimum and maximum values for the partial molal
volumes of ionsVcation andHmM MalDH componenty-, (corresponding
to the polypeptide plus counterion contribution), take into account (min

Ebel et al.

not widely used and can appear as a restriction in the data
analysis leading possibly to erroneous conclusions, we have
used the alternative “solvent exchangeable binding sites
model” of Schellman. The simple model consists of identical
binding sites characterized by a watéon equilibrium
exchange constant. In this way, occupancy of the sites by
water is larger at low salt, while at high salt, the sites are
predominantly occupied by ions, the limit between “low”
and “high” salt being related to the value of the equilibrium
constant. Figure 6, panel A, shows the evolution of the salt
binding parametersi(ng/om,),, (which is @mg/omy),, normal-

value) and omit (max value) electrostriction around the charged groups jzed for one binding site) for a XY ~ ideal salt for different

(see the text). The mean experimental values of the partial molal
volumes ofHm MalDH component\V; in the last column, obtained
for each type of salt at different salt concentrations are taken from
Table 1.

whose minimum valuesfor complete dissociationare
reported in Table 3. Contact ion pairing would decrease the
absolute value of this negative contribution. The positive
values for fmg/omy), observed at low MgGI(0.2—0.5 M)
thus correspond to an excess of salt in the solvent perturbe
by the protein, in addition to associated co-ions. The null
values at +1.3 M MgCl or 1-1.5 M NaCHCO; or NaCl
indicate that there is no solvent redistribution when introduc-
ing the macromolecule with co-ions. The negative values
found at all (NH),SO, concentrations, and also at high
MgCl, and N& salts, correspond to an excess of water and/
or to co-ions dissociation.

The Structural Interpretation in Terms of Strong Water
and Salt Binding Site©ne value of §mg/dm), corresponds
to an infinite combination oN; and (Ns — Es) values,N;
andN; being the number of solvent water and salt molecules
in the perturbed solvent, ang; the Donnan term arising
from the co-ion protein dissociation. Here, eq 7 can be fitted
linearly, considering the points for each salt type as linearly

values of the equilibrium constaki,. For K, = 0, the site

is always occupied by water, and the resultifigdg/am), is
more and more negative when the salt concentration in-
creases.Kp 2 corresponds to a site that is solvent
indifferent, with a constant null value afrfw/om),,, whatever

the salt concentration. Increasing the valueKgfleads to

the full occupancy of the site by an ion, withnfs/omy),,
0.5 salt per site. The model takes the nonideality of the

$olvent into account because it can result in drastic changes

In the values of the preferential binding parameters. Figure
6, panel B, shows the values bfff; that characterize the
solvent nonideality for NaCl, NaCi€O,, MgCl,, and
(NH,),SO, solutions. On Figure 6, panel C, we demonstrate
the effect of nonideality on the preferential salt binding
parameters for hypothetical sites intrinsically indifferent to
the solvent: §my/omy), would be zero if the salt were ideal.
As expected, dms/omy), is increased whef./f; increases
and decreases whép/f; decreases.

Becausef /f; in NaCl, NaCHCO,, or MgCl, increases
with the salt concentration in the range of our measurements,
one type of exchangeable binding site cannot model the
positive values of dmg/dmy),, at low salt and negative ones
at higher salt measured fétm MalDH (see Figure 5). Our

aligned in Figure 5. Thus, the solvation shell can be described€Xperimental data cannot thus be described with only one

as invariant, with values of; and (N; — E3) that do not

type of solvent binding sites, and at least two types of sites

depend on the salt concentration, i.e., with two types of sitesare therefore required for halophilic MalDH in these salt

on the protein, one binding water very strongly and interact-
ing negligibly with the salt and vice versa for the oth8r (
22, 24). The deduced values df; and (N; — Es3) differ
clearly form salt to salt (Table 3N; = 4100 in MgCh is
larger by a factor of 2 compared to NaCl, NagHD,, or
(NH4)2SO; (N = 2000+ 200). The number of salt molecules
in the solvation shell is also strongly dependent on the salt
nature, with N3 — Ez) values ranging from 85 to 0 and
decreasing in the order MgCPk NaCl = NaCHCO, >
(NH4)2SO.. As was suggested by the raw experimental data
(Figures 2 and 3), the salt and water binding are similar in
NaCHCO, and NaCl. The approach cannot determine ion
distribution or mechanisms of binding, so the distinction
between incomplete dissociation of the polyelectrolyte and
salt binding is artificial (see Figure 1). However, a positive
value of the global salt bindind\g — E3) value indicates an
accumulation of salt ionsrelated to the presence of the
protein—that exceeds that of the counterions. If the case
where the counterions did not dissociate from the protein in
solution, the Donnan term would be null, ais - Es) would

be related to additional ion binding.

Alternative Model with Salent Exchangeable Binding
Sites.Because the “invariant particle hypothesis model” is

conditions. We considered the model [gf water binding
sites and\, solvent-exchangeable binding sites, chosen from
the invariant particle model, to determine the minimum
values for the exchangeable equilibrium constépntin the
mole fraction scale (Table 3). They are by 2 or 3 orders of
magnitude larger than th&, values of 2 or 3 corresponding
to chemical indifference for water and ions. In contrast, in
(NH4),SO,, the solvent nonideality decreases significantly
the effect of the true affinity for the ions and in a more extent
at high salt (with decreasing valuesfoff,). In this salt, the
solvent binding sites with a low affinity for salt are
indistinguishable from water binding sites. With a small
Donnan contribution Es= 10), our data can be fitted
considering one type of 2300 independent solvent exchange-
able sites withKg 3 that corresponds to chemical
indifference for ions or water. Restricting our analysis to
very simple models, i.e., with a minimum of type of solvent
binding sites, the introduction of exchangeable binding sites
and of solvent nonideality effects thus does not change the
essential conclusions found using the invariant particle
hypothesis.

Anions Stabilize Hm MalDH through a Limited Number
of Strong Binding SitesThe density increments presented
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Table 3: Structural Interpretation of the Preferential Binding Parameigxgd(n,), of Hm MalDH in Terms of Water and Salt Binding Sites,
and Concentration of the perturbed sol¥ent

invariant particle model

N; N3— E3 solvent exchange model with max Donnan term, perturbed solvent
salt (mol/mol) (mol/mol) solvent nonideality —Ez (mol/mol) concentration (M)
MgCl, 4100 85 N; = 4100,N, = 255,QK, = 8000 —26 1114
NacCl 2100 55 N; = 2100,N, = 115,QKy = 200 —78 15-34
NaCHCO, 1800 40 N; = 1800,N, = 80, QK = 800 —78 1.1-3.1
(NH4)2SO 2100 0 Es =10,N, = 2300,QK, = 3 —52 <0-1.2

a@N; and N3 are the numbers of water and salt binding sitedHon MalDH. E; is the Donnan term related to the dissociation of the positive
co-ions associated to the macromolecular compound. The values of the invariant particle model are obtained from the lingagdingf, @s a
function of mg/my (eq 7). In the solvent exchange mods},is the number of sites exchanging solvent water and ion, with an equilibrium exchange
constantQKy, defined in a mole fraction scale. A numhbgs of salt binding sites correspondsltly = 2N; ion binding site in NaCl and NaG€O,
andNp = 3Nz in MgCl, and (NH;),SOs. A value of QK, = 2 in NaCl and NaCHKCO, and of Ky, = 3 in MgCl, and (NH,),SOs would correspond
to chemical in difference for water and ions. The solvent-exchange model considers the solvent nonideality. The minimum value for the concentration
of the perturbed solvent (last column) is the solvent concentration for which we meadmgéuig), = 0, and the maximum value is that for which
(0mg/omy),, = —Es.

100 0,6
g . 04 A
g § o2/ .- o
= g L e T T
§ -100 S == = — -
5 | 1
-200 | | 1 | | B
0 0.02 0.04 0.06 0.08 0.1 0.12 15
m_/m_ (mol/mol) ;
3 " 1L / —
Ficure 5: Modeling the preferential salt binding parametersiof -t —
MalDH in various salts. Preferential binding parameténss(dm), 0,5 oo’
are plotted againstig/my), the molar ratio between salt and water N o
of the solvent. They were measured in MgQriangles), NaCl 0 = '
(open squares), NaGHO; (filled squares), and (NpHLSOy (circles). C
The numbers of molecules of water and slf,and (N3— Es), = 005
associated to the protein component in the model of an invariant £ 0 "'Q-(__—{—/
particle are determined from linear fitting (continuous liné&)is i =
the number of solvent salt associated, digdis the Donnan S 0,05 - T~
exclusion term. The dashed lines model the data with solvent . b l

binding sites exchanging water and solvent ions and take into
account the effect of solvent nonideality. The numerical values 0 0.05 0.1
obtained from the fit are reported in Table 3. m /m,

in Figures 2 and 3 are very similar for salts with a common FIGURE 6: Evolution of omy/dm), in the model ofN, identical
. It suggests that the solvent interactions as aloball solvent-exchangeable binding sites and considering the salt solution
cation. 99 g Y nonideality. A: Evolution of the preferential salt binding parameters

weighted depend mainly on the nature of the cation. Indeed, normalized for one binding sitedif/amy), against (y/my), the
the solvent interactions quantified in NaCl and NaCia, molar ratio between salt and water of the solvent, in the case of an

are very similar, and very different from those determined o8l BoT0eE e, B ole faciion scale. s 0, 2. 10
in the presence of My or NH4+ S"’?“S- The anions teSted. 58, and 200 (from the continuous line to the dotted Iine)’. B: Values
here modulate the solvent interactions perhaps at very highg the ratios of the activity coefficients defined in the mole fraction
salt, as suggested for the ammonium salts (Figure 2, panekcale of ion,f., and water/f;, for NaCl (=), NaCHCO, (— —),
d). One counterexample is a previous measurement in 1.5(NH4),SOs (---), and MgC} (--+). C: Evolution of @ms/omy),
M K—phosphate, for which preferential hydration was 2against f/m) for Ky = 2 in NaCl (=), Ky = 2 in NaCHCO,

; ; ; (— =), Kp = 1.890 in (NH),SO, (---), andK, = 1.899 in MgC}
measuredq), which differs from the measurements in KCI (--). The values oK, were chosen in such a way that, in the

and KF presented in Figure 2. The negligible effect of anions apsence of solvent nonidealitying/ams), would be null (see the
on the values of the preferential binding parameter is text).

unexpected if we consider previous works on nonhalophilic
proteins. The preferential hydration of nonhalophilic proteins i.e., the unfolded protein. This general effect is masked for

in 1 M salt is described to increase in the order of €I Hm MalDH.
CH3CO, < SO by Timasheff et al. 39). It is generally The small effect of anions on the measured global solvent
admitted that anions of high charge density {8OF") are interactions oHmM MalDH might appear to be logical in view

the most efficient to stabilize the folded form of proteins of the very acidic character of the halophilic protein.
according to the Hofmeister series because they increase thélowever, both anions and cations were found to determine
surface tension of the solvent (cations having a smaller effectHm MalDH stability (15). It was found that the salt transition
on surface tension40). This corresponds to a relative between folded and unfolded forms was negligibly related
accumulation of water around the protein, which destabilizes to the surface tensions of the solution, which determine a
the macromolecule state with the largest exposed surfacenonspecific mechanism of stabilization. This has suggested
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that some specific interactions between anions and foldedaffinity exclusion—or less exclusion affinity-for the folded

Hm MalDH would be required to stabilize it. Relatively

form when compared to the unfolded one. For a stabilizing

strong binding sites were suggested from the fact that in the cosolvent, the preferential binding paramet@nd/am), is

presence of anions stabilizigm MalDH at low concentra-

more positive for the folded form, whatever its absolute value

tion (below the molar range), the impact of the type of cations or sign @7). The present study addresses the halophilic

was limited (and vice versally). The small variation of

protein in its native state. The differences ismg/om),

the preferential binding parameters as a function of the anionsregarding the type of cation are easily related to the presence
demonstrates that they act on protein stability essentially of negatively charged binding sites. We recall thdn
through strong binding to a limited number of sites, specific MalDH tetramer has an excess of 156 negative charges,

of the folded form ofHm MalDH. High-resolution crystal-

whose corresponding carboxylates are distributed on the

lographic studies show indeed a few binding sites for ions, protein surface48). We measure a humbeand possibly
which are anions and cations in about the same proportion,affinity—of salt binding sites increasing in the order NH

despite the acidic character of the protein. Inttre MalDH

Na"< Mg?*. It is interesting to note that two very different

structure solved at 2.6 A, extended salt bridge clusters atmechanisms arising from weak interactions with the solvent

the dimer-dimer interface appear as “locked” in by four
bound chloride ionsi(1).

The Sadent Interactions of Hm MalDH Compared to
Those of Other Proteingn NH, ™ salts,Hm MalDH can be
described with water binding sites only, or with sites
chemically indifferent to water and salt with the net hydration
resulting from solvent nonideality. This evolution diny/
amp),—with negative values decreasing nearly linearly with
the salt concentratiehis commonly observed for macro-

can combine for the stabilization of the folded protein at
high salt. Hydration of the protein stabilizes the folded ferm
the unfolded one having a larger exposed surface-drea
more efficient way at higher salt. Salt binding sites on the
folded form will also stabilize it when increasing the salt.
Thus, in (NH),SO4, we measure preferential hydration for
the folded form at all tested salt concentrations (above 1 M),
with about 2000 sites binding water, which could weakly
exchange for salt ions. In this salt, cold unfolding was

molecules in the presence of cosolvent for which they have evidenced and interpreted in term of stabilization by hydro-
no or small affinity, such as, for example, osmoprotectants phobic effect {4). Despite the fact that it could be related

(42). In contrast, in NaCl, NaC¥CO, or MgCl, the solvation
shell of Hm MalDH contains a large number of salt
molecules with a high local salt concentration (aboufl15

M) in addition to the co-ions introduced by the macromol-
ecule, corresponding, as a whole, to 1.4 M Mg 3.1—
3.4 M NaCHCO, or NaCl (Table 3). Salt binding on the
halophilic protein is obviously quantitatively exceptional in

to various fundamental processes such as dehydration in
hydrogen bond or salt bridge formatiofdj, cold unfolding
correlates here with water excess on the folded protein
surface, the denatured form being obligatory hydrated to an
even larger extent. In NaCl, NaGBO,, or MgCl, ionic
binding sites on the folded form are evidenced, whose affinity
is sufficient to bring them to saturation at the minimum salt

front of nonhalophilic ones. However, there are evidences concentration required for the protein stabilization. It is

of binding sites for ions on nonhalophilic proteins. Bovine
serum albumin ang-lactoglobulin have been described to
bind NaCl @2, 49. The close to zero or slightly positive
values of gmy/dmy), for bovine serum albumir-lactoglo-
bulin, and lyzozyme in low MgGlat the isoelectric pH

reasonable to consider that some of these binding sites are
strong and can be detected by high-resolution crystal-

lography. On the other hand, most of them are weak and

disordered. The weak sites vary in number with the salt type

and allow the nativeHm MalDH stabilization only at

indicate salt binding when the proteins are negatively chargedrelatively high salt. Because increasing these salts stabilize
(43). Our analysis suggests that the ionic binding sites of the folded protein, the unfolded form possesses more water

the highly negatively charged folded form bifim MalDH

binding sites or ionic binding sites in fewer number or

are saturated at the lowest salt concentration of our measureaffinity. The close location of the carboxylates on the surface
ments, which corresponds approximately to the concentrationof the folded protein could strengthen the weak binding of

required for the stabilization of the folded form. The
preferential hydration observed atmo¢ M can be modeled

cations and explain both the exceptional solvation measured
here and their stabilizing efficiency measured in a previous

as the result of specific binding sites for water. The data work (15). The relative efficiency of the cations fdim
does not give insight on the origin of the water accumulation MalDH stabilization, C&" ~ Mg?t > Lit ~ NH,t =~

at the interfaces. A nonspecific mechanism of hydration as Na* > K™ > Rb" > Cst, was discussed in the framework
that described from the surface tension effect would not be of ion pair selectivity rules proposed by Collin&0j, which
discernible to the specific one resulting from water binding favored the interactions between water-ordering ions. The
sites. Thus, apart from the few effects of the solvent anions, kosmotropic character is related to the charge density of the
the solvent interactions of the halophilic protein differ from solvent cations and could be enhanced for the carboxylates
a nonhalophilic one only by the number and strength of the exposed at the surface of the folded protein due to their
Na" and Mg binding sites. closed localization, when compared to those of the unfolded
The Stabilizing Effect of Salts Can Be Related to Water form.
or lon Binding. From thermodynamics, the state of a
protein—e.g., folded or unfoldedtinteracting more efficiently CONCLUSION
with salt and less efficiently with water is stabilized when In a review on halophilic adaptatiorl); we defined a
increasing the salt concentratiofd(-46). If the sign of the halophilic protein in an operational way, as a protein
preferential salt binding parameters and the folding state of extracted from a halophilic microorganism that requires at
the protein are not correlated, the effect of a cosolvent least 2.5 M NaCl in the medium for optimal growth. All
stabilizing the folded form is always related to its more larger proteins—even if halophilie-are different. Dihydrofolate
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reductase fromH. volcanii (Hv DHRF) is not particularly against 2000 mol peim MalDH tetramer). The number of
acidic compared to nonhalophilic analogug8)(Hm MalDH salt molecules associated to the particle, from salt binding
presents extended salt bridges that do not existmm2Fe— and Donnan exclusion (two not separated effects) decreases
2S ferredoxin 1{0) or Hy DHRF (51). Also, the salt from 85 in magnesium chloride to about 50 in sodium
requirements of these proteins for optimum stability or chloride or acetate and 0 in ammonium sulfate salts.
activity are very different. Even the main biophysical In what extend are the solvation values of Hm MalDH
characteristic of halophilic proteins, i.e., the salt requirement exceptional? Salt binding has been found also for nonhalo-
for stability, can be questioned since the addition of cofactors philic proteins (which display also a large diversity of
for Hm MalDH (unpublished results) or pH variations in the behavior). We conclude that the solvation of halophilic
case oHv DHRF (50) can drastically shift unfolding toward  proteins is quantitatively but not qualitatively different from
lower salt. It is an open question how the in vitro conditions nonhalophilic ones. Specific weak binding of cations on the
compare to the complex intracellular crowded cytoplasm. folded form ofHm MalDH and nonspecific hydration have
The biochemical machinery in the extreme haloptalichae the same effect on protein stabilization. At high salt, the
is in general similar to that of other organisms, with some former stabilizes the folded form and the latter destabilizes
specific cellular adaptation features, such as distinctive lipid to a larger extent the unfolded form. Information concerning
composition $2) or response systems to low salt streés3).( Hm MalDH stabilization is thus obtained combining the
Therefore, understanding halophilic behavior is equivalent present results on protein solvation with its high-resolution
to understanding how biochemical reactions can take placestructure and stability measurements as a function of salt
in the usual way in the presence of high salt, which is of and/or temperature. In ammonium sulfate, cold unfolding was
course a difficult question. Also, the linkage of stability and interpreted in terms of the hydrophobic effect, which is in
protein—solvent interactions is in general difficult because qualitative agreement with our finding of a solvation shell
the involved energies are not large, as a whole, compared tocomposed of just water. In sodium and magnesium salts, the
the sums of the energies corresponding to the disruption andaffinity of ionic binding sites-some are seen in the high-
contacts made. resolution structuresis sufficient to bring them at saturation
Because salt remains central to the question of the when the protein is stable, above 0.2 M Mgl M NacCl
halophilic adaptation of molecular mechanisms, our strategy at £C, pH 8. Obviously, they participate in protein stabiliza-
was to compare the effects of several salts on the behaviortion. The close location of the carboxylates on the surface
of one halophilic proteinim MalDH). To what extent are  of the folded very acididm MalDH could strengthen the
the effects of salts on this protein specific to its halophilic weak binding of cations and also explain their stabilizing
character? A previous work on the relative stability of this efficiency.
enzyme {5) concluded that interactions between iens In the present paper, we confirm the exceptional solvation
anions and catiorsand this protein in the folded form were  properties of Hm MalDH. Protein-solvent interactions
specifically important to stabilize the folded form. Of course, modulate through different mechanisms protein stabilization
the addition of specific and nonspecific effects of salts was at high salt. However, the challenges for the halophilic
observed and hard to discriminate. In the present paper, weproteins in their crowded and salty cytoplasm are not only
characterize the solvent binding bfm MalDH. We used stability but also flexibility and solubility, which are required
complementary mass density and small neutron scatteringfor biological function and activity. The flexibility oHm
measurements, taking into account the effects of weak MalDH was investigated in KCl and NacCl, in the presence
protein—protein interactions, which, with the solvent interac- of H,O and DO, and a higher stability was associated with
tions, modulate the solution scattering properties. The increased resilienc&4). On the other hand, salts in the molar
expected evolution of the partial specific volume values as range are well-known to affect strongly protein solubility
a function of salt type and concentration is a good control (55). In the companion papeBY), we evaluate how weak
of the quality of our result. Hm MalDH—Hm MalDH interactions depend on solvent
Because salt binding parameters do not depend on thecomposition and emphasize the effect of solvation on protein
nature of the solvent salt anion, for the salts investigated solubility.
here, our results clearly demonstrate that anions act on protein
stability through a small number of binding sites. In addition, ACKNOWLEDGMENT
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