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ABSTRACT. Cooperative interactions within ion-pair networks of hyperthermostable proteins are thought
to be a major determinant for extreme protein stability. While the favorable thermodynamic contributions
of optimized electrostatics in general as well as those of pairwise interactions have been documented,
cooperativity between pairwise interactions has not yet been studied thermodynamically in proteins from
hyperthermophiles. In this study we use the isolated cofactor binding domain of glutamate dehydrogenase
from the hyperthermophilic bacteriunfthermotoga maritimato analyze pairwise and cooperative
interactions within the salt-bridge triad Arg19Glu231-Lys193. The X-ray structure of the domain

was solved at 1.43 A and reveals the salt-bridge network with surrounding solvent molecules in detail.
All three participating charges in the network were mutated to alanine in all combinations. The X-ray
structure of the variant lacking all three charges reveals that the removal of the side chains has no effect
on the overall conformation of the protein. Using solvent denaturation and thermodynamic cycles, the
interaction energies between each pair of residues in the network were determined in the presence and in
the absence of the third residue. Both the Argt@u231 ion pair and the Lys193-Glu231 salt bridge in

the absence of the third residue, contribute favorably to the free energy for unfolding of the domain in
urea. Using guanidinium chloride as denaturant reveals a strong cooperativity between the two ion-pair
interactions, the presence of the second ion pair converts the first interaction from destabilizing into
stabilizing by as much as 1.09 kcal/mol. The different energetics of the salt-bridge triad in urea and
GdmCl are discussed with reference to the observed anion binding in the crystal structure at high ionic
strength and their possible role in a highly charged, high-temperature environment such as the cytoplasm
of hyperthermophiles.

On the basis of recent progress in comparative structuraltion free energy 10—12). It was argued that the gain in
analysis, molecular dynamics, and biochemical and biophysi- electrostatic energy upon formation of a salt bridge is offset
cal characterization of wild-type and mutant proteins from by the entropic cost of desolvation and localization of the
hyperthermophilic organisms, it is now becoming more flexible side chains. However, at higher temperatures charged
apparent that charged amino acid residues and their arrangeinteractions become relatively more favorable and contribute
ment into large networks play an important role in maintain- more to protein stability. Due to a decreased desolvation
ing a stable and biologically active protein structure at high Penalty at higher temperature, the energy barrier to solvate
temperaturesl—4). Extensive networks of positively and ~@n ion pair is higher, resulting in an increase in strength of
negatively charged residues have been reported for examplélectrostatic interactions. Molecular dynamics calculaﬂong
in glutamate dehydrogenases (GIuDH) and lumazine synthasd'@ve shown that at higher temperatures more energy is
from hyperhermophiles5-9). Initial mutagenesis studies ~réquired to solvate and thereby disrupt a salt bridge while
on proteins from mesophiles have shown that exposed ion-there is no such barrier for breaking the interaction between

pair interactions contribute only marginally to the stabiliza- Nydrophobic isosteres of charged amino aciti§).(
Using site-directed mutagenesis, ion-pair interactions have

been removed from or have been introduced into proteins
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inactivation or denaturationld, 15). In other studies, ion  form relatively independent folding units. This was also
pairs and their arrangement into networks were shown to suggested by a domain-swapping study between two GluDHSs,
play an important role in protein stabilizatiod6—20). in which a cofactor binding from a mesophilic GluDH
However, due to the irreversible inactivation and denaturation coupled to the glutamate binding domain from a hyperther-
of these large, multimeric enzymes, a thermodynamic mostable GIuDH retained all its parental propert®4.(This
analysis of the results has not been possible and the extenprompted us to investigate the possibilities of using this
of contribution by electrostatic interactions to the stability cofactor binding domain to study reversible unfolding
of proteins from hyperthermophiles remained elusive. Nev- thermodynamics of a hyperthermostable enzy8®.(The
ertheless, in most studies the importance of the correctisolated GIuDH cofactor binding domain from the hyper-
context into which a potential stabilizing interaction was thermophilic bacteriunT. maritimais a soluble, monomeric
introduced, was pointed out. This was also noted by Spassowprotein that undergoes reversible and cooperative thermal
and co-workers who used a database survey to show thatand chemical unfolding around neutral pH. In the present
proteins in general gain electrostatic stabilization by mini- study, we have determined the three-dimensional X-ray
mizing the number of repulsive contac&l). Proteins from structures of the isolated domain and a mutant variant to
hyperthermophiles gain further stability by additionally assess correct protein folding, their structural identity, and
increasing the number of attractive electrostatic interactions the presence of a three-residue ion-pair network. The strength
(22). Stabilization of proteins by optimizing chargeharge and cooperativity of the interactions in this ion-pair network
interactions on the protein surface was recently demonstratedare studied using site-directed mutagenesis, chemical dena-
on ubiquitin and a 41-residue helical protei@3( 24). turation, and multiple thermodynamic cycles.
Differences in protein environment around salt bridges in
GluDH and other protein families determine to what extent MATERIALS AND METHODS
these interactions contribute to protein stabilis,(26). Site-Directed Mutagenesis and Purification of GIluDH
Optimized electrostatics are also the major determinant of Domain VariantsUsing the overlap extension meth@by,
thermal stability in a family of small cold-shock proteins mutations were introduced into the gene fragment coding
(27). Enhanced stability in this family is achieved mainly for the cofactor binding domain of thiEhermotoga maritima
by a single amino acid replacement that improves the glutamate dehydrogenas@s]. The correct introduction of
electrostatic interactions among the charged groups on themutations and the DNA sequence of the complete gene
protein surface in a delocalized manner, that is, in the absenceragments was verified by DNA sequencifigecherichia coli
of any attractive pairwise interactio{—29). BL21(DE3), containing wild-type or mutant variants of the
Pairwise interactions have been shown to contribute to the expression plasmid, was cultured until an optical density at
free unfolding energies of hyperthermostable proteins. In 600 nm of 0.8 was reached. Expression was induced at this
Pyrococcus furiosusrubredoxin, a stabilizing pairwise  point by addition of 1 mM final concentration of isopropy-
interaction energy between a glutamate and the N-terminusithiogalactoside and further incubation at 3Z overnight.
was determined using double mutant cyc&d.(In the cold- Cells were harvested, and proteins were purified essentially
shock protein family, thermostabilization is achieved by as described befor@%), except for preparative Superose 12
removal of pairwise repulsive interactions between exposedcolumn chromatography being exchanged for preparative
glutamate residue8). Superdex 75 column chromatography and the anion exchange
In proteins from mesophiles, a typical characteristic of salt- procedure being performed before the gel filtration step using
bridge interactions is that they may contribute in a coopera- DEAE sepharose (all materials from Amersham-Pharmacia
tive way to stability, protein folding, and protein-inhibitor ~ Biotech). Pure GluDH domains were stored &tClin the
interactions 10, 31, 32). For protein stability this phenom-  presence of 0.02% sodium azide. Protein concentrations were
enon means that a particular salt-bridge interaction is determined using extinction coefficients calculated according
strengthened by one of its partners being involved in a secondto (37).
ion-pair interaction. A first indication for cooperative interac- Crystallization, Data Collection, and Structure Refinement.
tions in large salt-bridge networks in a protein from a Protein samples were dialyzed against 20 mM Tris pH 7.5
hyperthermophile came from the mutagenesis on a subunit(+1 mM DTT in the case of wild-type GIuDH domain).
interface ion-pair network iThermotoga maritima&IuDH. Using the sitting drop vapor diffusion method, initial
Nonadditivity was observed by combination of three desta- crystallization conditions were identified by a random
bilizing mutations in a mutant protein that was more resistant screening protocol38). Two microliters of protein solution
against thermal inactivation and denaturation than the wild- (20 mg/mL) was mixed with 2L of reservoir solution. Inital
type GluDH (9). Cooperativity between salt-bridge clusters conditions were optimized using a finer grid search. The final
on the surface of the DNA-binding protein Sac7d from the crystallization conditions for the wild-type GluDH domain
hyperthermophiléulfolobus acidocaldariugias suggested  were 100 mM sodium acetate pH 43M NaCl, and 1 mM
by molecular dynamics simulation33). In the present study, DTT. Small crystals belonging to spacegrde® 2,2, were
we aim to provide evidence for cooperativity in salt-bridge obtained (Table 1). For data collection at beamline X11 at
networks in hyperthermostable proteins and to quantify this the synchrotron facility DESY (EMBL outstation Hamburg),
cooperative interaction. a crystal was dipped in crystallization solution containing
GIuDH is the model system we employ to study the role 25% glycerol and flash-frozen at 100 K using liquid nitrogen.
of ion-pair networks in hyperthermostable enzymes. GluDH Data were indexed, merged, and scaled using the HKL
is in general a hexameric enzyme, consisting of identical package 39). Phases were obtained by the molecular
subunits containing a substrate and a cofactor binding replacement procedure AMoRé() using the coordinates
domain, that, on the basis of structural analyses, seem tofrom residues A185 to A337 from the hexameFiomaritima
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Ficure 1: (a) Stereo image showing a superposition of subunit A from hexariiegemotoga maritimaGIluDH (blue; PDB accession

code 1B267), the isolated cofactor binding domain (red, this study), and variant Ala190/Ala193/Ala231 (green, this study). Rmsd between
the domain as part of the hexamer and the isolated domain is 0.956 A. Rmsd between the wild-type isolated domain and Ala190/Ala193/
Ala231 is 0.560 A. (b) Ribbon model of wild-type cofactor binding domain fiimermotoga maritimahowing the centrgd-sheet surrounded

on both sides by-helices. Color coding runs from blue at the N-terminal region to red at the C-terminal region. The side chains of the
three residues forming the salt-bridge triad (Arg190 in alternate conformations) are depicted as stick models with carbon atoms in yellow,
oxygen in red, and nitrogen in blue. Figures were prepared using PB8ol (

GluDH structure as search ”_10de| (PDB aCQGSSion code 1526;Table 1. Statistics on Data Collection and Refinement of Wild-type
7). The hexameric numbering of the residues was kept in and MutantThermotoga maritimasolated Cofactor Binding
the model of the isolated domain to allow direct comparison Pomain

between corresponding residues in the two proteins. Initial wild-type  Alal90/Ala193/Ala231
refinement consisted of simulated annealing carried out with (A) Crystal and Diffraction Data

CNSsolve 41), using isotropic atomic displacement factors crystal cell dimensions ()~ a=43.0 a=68.0

and a starting temperature of 5000 K. The iniialactor of 2: ;’f'; 2: g’g:?

49.5% dropped to 38.8% for the working set and 41.8% for max. resolution 1.43A 26 A

the test set (5% of the reflections). Following this, restrained zgfncﬁ Jroup (st shell) P2§281?41% (96.7%) P41%1§' 8% (100%)

maximum likelihood refinement using Refmad2( 43) Rmerge 5.1% 8.7%
reduced théR-factor to 32.0% Ryee 37.1%). During alternate  no. of reflections (unique) 218 419 (25567) 126 931 (4703)

rounds of manual model building in @4) and refinement (B) Results of the Refinement

using refmac (Refmac5 and the CCP4 graphical interface r-factor 15.2% 24.8%
during later stages), anisotropic atomic displacement factorsR reefactor 19.0% 29.2%
. . . . rms
were refined and solvent was built using AdB). Consider- bond lengths () 0.018 0.007
ing the 3.0 M NaCl concentration in the crystallization setups,  bond angles (deg) 1.789 1.206
two peaks (CL2 and CL3 in the final model) in the electron _ dihedral angles (deg) 155 22.1
. . . . . 0. of amino acids 151 150
density maps were ass_,lgned to chl_orlde ions on the basis 0fyo. of atoms (non-hydrogens) 1251 1109
the following criteria: (i) ao value higher than 7 in aR2— no. of quIng moleculc(ejs 130 17
T ; it g _ ; ramachandran; % residues in
F. map, (ii) residual positive density in af F? d!ﬁergnce most favored regions 93.4 88.7
map contoured at 3.6 when oxygen was built in, (iii) no additional allowed regions 6.6 10.5
negative density in th&,—F. map when Ct was built in, generously allowed regions 0.0 0.8
averageB-factor all atoms (&) 17.8 41.8

(iv) coordination by a positively charged side chain, and (v)
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a

Ficure 2: (a) Stereo diagram of aFg—F. map of the region of the salt-bridge triad in wild-type cofactor binding domain. Shown in
yellow are the well-ordered side chains of Glu231 and Lys193 and the double conformation of Arg110 of the wild-type model. Central in
the picture is solvent molecule W103 (purple). Furthermore, chloride W2 (green), coordinated by Lys193, is clearly visible. Superimposed
in dark orange is the model of domain variant Ala190/Ala193/Ala231. (b) Stereo diagrantgf-&2map of the region of the salt-bridge

triad in domain variant Ala190/Ala193/Ala231. In yellow the model for the alanine residues is shown in exactly the same orientation as in
the superposition in Figure 1a. Central in the picture is the solvent molecule (purple) next to the crystallographic 2-fold axis, which runs
almost perpendicular to the plane of the picture. The solvent molecule and residues from a symmetry related molecule are shown in dark
orange. Both maps were contoured at & @&nd the pictures were drawn with @4j.

B-factors similar to those of neighboring groups. Solvent that belonged to spacegrouph2,2 (Table 1). For data
atoms W10, W31, and W103 have been assigned 0 H collection using a rotating anode and &y radiation, a
because of lower sigma values; however, they display crystal was flash-frozen directly at 105 K. Phases for this
positive densities in th&,—F. difference map and are all mutant were determined using the coordinates of the final
coordinated by positively charged side chains. Occupanciesmodel for the isolated domain (described above) as search
of protein atoms, for which no or only weak density was model with the single cysteine residue mutated to serine and
observed, were adjusted. No density at all was observed forresidues Arg190, Lys193, and Glu231 mutated to alanine
the N-terminal 2 residues, which consequently have beenusing O @4). Model bias was removed using simulated
removed from the model. Weak density was observed for annealing and the model was refined using rigid body
an additional N-terminal residue and the C-terminal aspartate,refinement, initial grouped B-factor refinement and energy
as well as three residues in the loop Gly3¥®a315- minimization (CNSsolve41). A limited number of solvent
Asn316, that in the hexamer pack against residues from themolecules was built in using Arp4f). This included
substrate-binding domain. The side chain of arginine 190 placement of a solvent molecule close to one of the
clearly adopted two different conformations, these were both crystallographic 2-fold axis and interacting with the mutation
modeled at 50% occupancy. The quality of the final model site (Figure 2b). The final model has good stereochemistry
was checked using procheck6) and WHATIF @47, 48). and anR-factor of 24.8% Ryee = 29.2%).

The final model has excellent stereochemistry an&-factor The coordinates of the wild-type and the mutant cofactor
of 15.2% Riee = 19.0%)). binding domains will be deposited in the Protein Data Bank.
The final crystallization conditions for the Ala190/Ala193/ Spectroscopic TechniqueSircular dichroism spectra were
Ala231 domain variant were 50 mM bis-tris-propane pH 6.5, recorded on a Jasco J-720 spectropolarimeter. Far UV{(190

38% dioxane, and 25% glycerol. Small crystals were obtained 250 nm) and near UV (256310 nm) CD measurements
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were performed at 20C in a 0.1 cm and in a 1.0 cm path 1_0_‘ r
length quartz cuvette, sealed with a Teflon stopper, at afy =
protein concentration of 0.20 and 7.00 mg/mL, respectively. %87
The results were expressed as mean residue ellipti€j),([ 06
assuming a mean residue weight of 110 per amino acid
residue. Spectra were accumulated four times. All values
were corrected for solvent contributions. 0.2
GdmCl and Urea Induced Equilibrium UnfoldinBrotein
samples were dialyzed against 20 mM sodium phosphate pH 00T, | T e
7.0 and then incubated at 0.15 mg/mL final concentration at 0 2 4
increasing concentrations of urea{0.9 M) or GdmCI (6~
4.5 M) in 20 mM sodium phosphate pH 7.0. Far UV CD ¢
spectra were recorded after 24 h at Z0D. To probe the e
reversibility of the unfolding process, the protein was
unfolded at 20°C in 4.5 M GdmCl or in 7.9 M urea at 1.5 96
mg/mL protein concentration in 20 mM sodium phosphate, 04—
pH 7.0. After 24 h, the refolding was started by 10-fold
dilution of the unfolding mixture at 20C into solutions of
the same buffer used for the unfolding containing decreasing 0.0 -
denaturant concentrations. The final protein concentration :, : 2' ; .L [GdmCl]
was 0.15 mg/mL. After 2 h, a time that was established t0 Figyre 3: A selection of equilibrium unfolding curves for.
be sufficient to reach equilibrium, far UV CD spectra were maritima GluDH cofactor binding wild-type and mutant proteins
recorded at 20°C. Equibibrium unfolding curves were for (a) urea-induced unfolding and (b) GdmCl-induced unfolding.
analyzed by fitting baseline and transition regions simulta- Arg190/Lys193/Glu231 (circles), mutant Alal190/Lys193/Ala231

. - : triangles), and mutant Arg190/Ala193/Glu231(squares). Depicted
neously to atwo's,tate linear eXtrapO|at'0r.1 model as des,cnbedi(s thegfraz:tion of folded pgroteinfr() as a functi(()nqof der)1aturgnt
before for the wild-type GluDH domain3p). Errors in concentration.

AG H,0 are typically large due to the large extrapolation

from the transition region to zero concentration denaturant. bridge triad in the presence as well as in the absence of the
Averagedm values and [ureap or [GdmCl}» values were  third residue analogous to the triple mutant box analysis on
therefore used to calculate the difference in unfolding free barnase X0).

energy between wild-type and mutant proteins in the transi- Thermal Equilibrium Unfolding.Protein samples were

0.4 —

@ —

[urea]

1

tion region as follows49): dialyzed against 20 mM sodium phosphate, pH 7.0, and
thermal denaturation scans were recorded at 0.2 mg/mL and
AAG, = n[A[denaturant], (1) pH 7.0. The samples were heated from 10 to°@5and

subsequently cooled to 1T with a heating/cooling rate
in which A[denaturant], is the difference in the values of  ranging from 0.75°C/min to 1.50°C/min controlled by a
[denaturant], between wild-type and mutant enzymes and Jasco programmable Peltier element. A scan rate /1
(dis the average value ofm. The averagem values min was chosen in consideration of the observed indepen-
determined in this study are 1.46 kcal mbM~* for urea dence of thermal transitions on the heating/cooling rate. Far
unfolding and 2.96 kcal mot M~? for GdmCI induced UV CD spectra were recorded every-3.5 °C, and the
unfolding. Because the mutation sites are fully exposed in dichroic activity at 222 nm was continuously monitored every
the folded state, there is only a very small free energy 0.5°C with 4 s averaging time. All the spectra were corrected
difference for transfer from water to denaturant solution for solvent contribution at increasing temperature. Reversible
between wild-type and mutant folded and unfolded states, thermal denaturation was analyzed according to a two-state
so that the free energy difference determined in the transitionmodel as described for the wild-type GIuDH cofactor binding
region equalsAAGH?° (49, 10). domain @5). The differences in free energy between wild-

Determination of Interaction Energies from Double Mutant type and mutant protein variants were obtained from

Cycles. Interaction energies between two residues were
determined by constructing double mutant cycl&g, 60). [Tm(Wt) — T(mut)][AH(WE)/ T, (wt)] (3
A typical cycle consists of wild-type protein (E-XY), two
single mutants (E-XM and E-MY) and the double mutant and refer to a temperature between fhevalues of the
(E-MM). The free energy of interactiomAG,) between  Wild-type and the respective mutant protesi) The average

the 2 residues is then given by error in Ty, was 0.4°C which corresponds to an error of
approximately 0.06 kcal/mol inAAG values. This is
AAG;,; = AGp(g—xy>e-xm) — AGp(e—my>£-mm) = somewhat higher than the errors obtained from the chemical
AGp(e_xy=£-mv) = AGp(e_sn=e_nm) (2) unfolding data, and because of this, we could not calculate

significant interaction energies for the thermal unfolding data.

The energies on the right-hand sight are the energies obtaine ESULTS
from the urea and GdmCI induced denaturations as describe

above. In this study, the construction of a thermodynamic  The Three-Dimensional Structure of the Wild-Type GluDH
box (Figure 4) allowed the determination of the interaction Cofactor Binding Domain. Comparison of the Wild-Type
energies between each two out of three residues in a salt-Domain to its Counterpart in the GluDH Hexamehn
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Ficure 4: (a) Triple mutant box to determine interaction energies and cooperativity in salt-bridge triad AQLEB1-Lys193. The
single-letter notation for amino acids is used. Positively charged arginine and lysine are depicted in blue, negatively charged glutamate in
red, and uncharged alanines in black. (b) Six mutant cycles used to construct the triple mutant box. The same color coding is used as in
Figure a.AAGp is indicated next to the arrows, in plain numbers for urea unfolding, and in italic for GAMCI unfollihG; is the

interaction energy (green colored font) between the two residues analyzed in each particular cycle, again in plain numbers for urea and
italic for GAmCI.

overlay of the models of the isolated cofactor binding domain Table 2: lonic Interactions and Hydrogen Bonds in the Salt-Bridge
determined in this study, with the cofactor binding domain Triac®

of subunit A of theT.maritimaGluDH hexamer, reveals local
deviations at the N- and C-termini and at three loop regions

lonic Interactions

i | Atom 1 Atom 2 Distance (A)
that are all very qlose to the mterface ywth the substrate Arg190 NH1 Glu231 OEL 365
binding domain (Figure 1). The side chains of Phe223 and  arg190 NH1 Glu231 OE2 3.80
Asn219, those in the hexamer pack against the substrate  Lys193 Nz Glu231 OE1 3.27
binding domain, have adopted new conformations. The two  Lys193NZ w2cCr 3.33
C-terminal residues Pro336 and Asp337 have shifted to pack ~ Arg190 NH1 Lys193 NZ 5.36
closer to the cofactor binding domain. However, the overall Hydrogen Bonds
|nd|ca'_ung that no S|gn|f|_cant structural changes have occurred Arg190 NH1 _ W103 O > 66 175
upon isolated expression of the domain. Lys193 NZ Glu231 OE1 3.27 2.44
Description of the Salt-Bridge Triad Arg19@Iu231— tySigg m% w&gsoo %Eig g-gg
e LS ; . vs ) )
Lys193.A three-residue ion-pair network is present in the W103 O Glu231 OE1 331 531

domain, involving the side chains of arginine 190, glutamate

23.1’ _and Iys.ine 193 (Figures 1 and 2, Table 2). TWC.) .ion_ repulsive interaction® D = donor, A= acceptor, H= proton. Cutoff
pair mteractlor.\s' are formed, One, t_)etween the pos'“V?'y values for D-A and H—A are 3.5 and 2.5 A, re’spectively. Hydrogen
charged guanidino group of arginine and the negative ponds were analyzed using WHATIBY). Interactions were analyzed
y-carboxylate group of glutamate (distance between Arg190 according to the classification of solvent molecule W2 as a chloride
N7t and Glu231 G is 3.65 A) and the second between the and W19 and W103 as waters (see Materials and Methods).
glutamate and the positively charged nitrogen of the lysine

(distance between Glu231<0and Lys193 N is 3.27 A). interactions with each other and with Leu232, 1le228,
Furthermore, Glu231 ®and Lys193 N form a hydrogen Leu227,Vall94, and Phe223. The side chain of Glu231 also
bond (Table 2). The distance between the positively chargedcontributes by interacting with Leu227.

groups Arg190 M and Lys193 Nis 5.36 A, with a water Effects of the Cysteine to Serine Mutatidile presence
molecule (W103) located between these two groups (Tableof an exposed cysteine residue in the wild-type domain
2). The central role of this water molecule is apparent from requires the use of reducing agents during purification,
the fact that it donates a hydrogen to Glu231 &nd accepts  characterization and crystallizatioB5). To facilitate further
hydrogens from Arg190 N and Lys193 N. Lys193 N is experiments, the cysteine was replaced by a serine using site-
furthermore donating a hydrogen to solvent molecule W19, directed mutagenesis. The resulting protein was purified, and
so its hydrogen bonding capacity is fully used. The side chain its chemical and physical properties were compared to those
of Arg190 is clearly adopting two conformations with similar  of the wild-type domain (results not shown). Near and far
occupancies. In the second conformation (B), the only UV CD spectra and the elution volume from a calibrated
interactions seem to be with W58 (2.73 A from BNand Superose 12 size-exclusion chromatography were identical.
W122 (3.26 A from BN?). The aliphatic parts of the side  Similar midpoints of transitionm+values and free unfolding
chains of Lys193 and Arg190 participate in hydrophobic energies obtained by urea and guanidinium chloride -induced

a Cutoff distances for classification as an ion pair is 4.( Expected
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Table 3: Urea Induced Equilibrium Unfolding Table 4: GdmCI Induced Equilibrium Unfolding

[ureal, m gkcal AGp AAGp [GdmCllyz m gkcal AGp AAGp
(M)2  mol M2 (kcal/molf (kcal/molf (M2 mol1 M2 (kcal/moly (kcal/moly

Arg190/Lys193/Glu231  3.32 1.30 4.85 0.00 Argl90/Lys193/Glu231  1.73 3.40 5.12 0.00
Alal90/Lys193/Glu231  3.10 1.70 4.53 —-0.32 Ala190/Lys193/Glu231 1.59 2.63 4.71 -0.41
Arg190/Lys193/Ala231  3.08 1.60 4.50 —0.35 Arg190/Lys193/Ala231 1.41 3.00 4.17 -0.95
Arg190/Alal93/Glu231  3.56 1.39 5.20 +0.35 Arg190/Alal93/Glu231  2.06 2.74 6.10 +0.98
Alal90/Lys193/Ala231  2.96 1.53 4.32 —0.53 Alal90/Lys193/Ala231 1.44 3.08 4.26 -0.86
Alal90/Alal193/Glu231 3.21 1.33 4.69 —0.16 Alal90/Alal193/Glu231 1.96 3.00 580 +0.68
Arg190/Alal93/Ala231  3.67 1.42 5.36 +0.51 Arg190/Alal93/Ala231 2.04 2.73 6.04 +0.92
Alal90/Ala193/Ala231 3.35 1.42 4.89 +0.04 Alal90/Ala193/Ala231 1.74 2.72 515 +0.03

aValues were obtained by fitting the unfolding data as reported in
Materials and Method$.AGp was calculated by multiplying the
denaturant concentration [Gdmgi]by 2.96, the average value of
(49). ¢ Values ofAAGp are calculated according to eq 1 and are relative
to the free energy for unfolding of the wild-type domain. The average
error in [GdmCI},, was 0.01 M, which corresponds to 0.015 kcal/mol.
In all proteins the cysteine is replaced by a serine residue.

aValues were obtained by fitting the unfolding data as reported in
Materials and Method$.AGp was calculated by multiplying the
denaturant concentration [urgaby 1.46, the average value wf(49).
¢Values of AAGp are calculated according to eq 1 and are relative to
the free energy for unfolding of the wild-type domain. The average
error in [urea],; was 0.01 M, which corresponds to 0.015 kcal/mol. In
all proteins the cysteine is replaced by a serine residue

reversible unfolding were obtained. Melting temperatures and Table 5: Equilibrium Thermal Unfolding Assayed by Far UV
denaturation enthalpies derived from thermal equilibrium Circular Dichroism

unfolding assayed by far UV CD were identical. These results AHn, Tm AAG
indicate that the cysteine to serine mutation has no significant (kcal/moly ~ (°C}*  (kcal/molp
effect on the stability of the protein. This domain variant  Arg190/Lys193/Glu231 52.4 69.5 0.00
was therefore used as reference “wild-type” in all the ﬁlall%%//LLysllggﬁluggi ﬁ’-g gg-i -8-%;1

; ; rg ys a . . -0.

experiments described below. o Arg190/Ala193/Glu231 53.8 710 4023
Construction, Purification, and Structure Validation of  Ala190/Lys193/Ala231 44.6 68.5 -0.15
Salt-Bridge Mutants.To study the role of the ion-pair ﬁlall%%//{:llall%%//i:uggi gg; ?Zg +0—gé31

_ ; rg a a . . .
network Arg196-Glu231-Lys193, all three residues were AS190/Ala193/Ala231 0.6 708 1020

mutated to alanines in all combinations. In all cases this was Val ined by fiting the EE——

H 7 ' P 2Values were obtaine y fitting the thermal unfolding data as
done_usmg the domain without the cysteine as temp_late. All eported in Materials and MethodsAAG was calculated according
protein vanants were overexprg;sed at the_ same high Ievel:0 AAG = [Tn(Wl) — Ta(MUOJ[AHRWE)/Towt)] and refers to a
as the wild-type and were purified according to the same temperature between the respecfievalues 61). The average error
procedure. For all variants identical size exclusion chro- in Tn was 0.4°C, which corresponds to approximately 0.06 kcal/mol.
matograpy profiles were obtained (data not shown). No In all proteins the cysteine is replaced by a serine Residue.
significant changes were observed in the far and near UV
CD spectra of the mutants compared to the wild-type domain that refer to a temperature that is between the respective
(data not shown), indicating an identical secondary structure melting temperatures of the wild-type and the mutant protein
content and a similar tertiary structure arrangement. (Table 5).

The Three-Dimensional Structure of Domain Variant  The replacement of Arg190 with alanine (domain variant
Alal90/Ala193/Ala231To analyze the structural effects of  Ala190/Lys193/Glu231) lowers the free energy for unfolding
the mutations in more detail, domain variant Alal190/Alal93/ of the domain in urea and GdmCl and by thermal unfolding
Ala231 was crystallized and its three-dimensional structure to approximately the same extent.32,—0.41, and-0.34
solved. Crystals of the Ala190/Ala193/Ala231 mutant belong kcal/mol, respectively). The extent of the effect of replacing

to space grouP4,2:2 and diffracted below 2.5 A using Cu
ko radiation. The model was refined to 2.6 A with carefull
placement of a limited number of solvent molecules. The
overall fold of Ala190/Ala193/Ala231 is identical to that of

Glu231 with alanine (Arg190/Lys193/Ala231) depends on
the denaturant but is destabilizing in all cases. The destabi-
lization is most pronounced upon unfolding by GdmcCl
(—0.95 kcal/mol). However, in contrast to the effects of

the isolated wild-type domain (rmsd. of 0.560 A; Figure 1). removal of the arginine and the glutamate, the mutation of
An overlay of the mutated region with that of the wild-type | ys193 to alanine (Arg190/Ala193/Glu231) is in all cases
domain shows identical conformations for the backbone and Stab|||z|ng the domain, up to as much as 0.98 kcal/mol in
neighboring side chains (Figure 2). The removal of the salt- GdmcCI. The combination of the destabilizing mutations in
bridge triad therefore has had no structural consequences fola190/Lys193/Ala231 is destabilizing the domain, while
the remainder of the protein. combining a destabilizing and a stabilizing mutation in
Urea, Guanidinium Chloride, and Thermally Induced Arg190/Alal93/Ala231 is stabilizing the domain. The re-
Reversible Unfolding. The Effect of Mutations on the Free moval of two positively charged side chains in Ala190/
Energies for GAmCI, Urea, and Thermally Induced Unfold- Ala193/Glu231 is destabilizing in urea and thermal unfolding
ing. The effect of the mutations on the free energies for but stabilizing in GdmCI induced unfolding. At room
unfolding were determined at 2 and neutral pH using  temperature there is almost no net effect of the mutation of
urea and GdmCIl induced equilibrium unfolding (Tables 3 all three charges to alanine; there are only marginal differ-
and 4, Figure 3). Thermal equilibrium unfolding was used ences between the free energies of the wild-type domain and
to obtain melting temperatures and to calculate differencesmutant Ala190/Alal193/Ala231 either using urea or guani-
in free unfolding energies between wild type and mutants dinium chloride as denaturant. This mutant has however a
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Central in our approach of studying the role of ion-pair

Table 6: Interaction Energies in the Salt-bridge Triad . Ay :
networks is the validation of experimental data by the

AAGjpturea AAGj,: GdmCI

(kcalimol)  (kcal/mol) determination of the X-ray structures of crucial mutant
Arg190-GIu231 in the presence of Lys193 —0.14 050 proteins. In earlier studies we have used X-ray analysis to
Arg190-Glu231 in absence of Lys193 —0.04 +0.59 assess that introduced charged residues, characterized by
Lys193-Glu231 in the presence of Arg190 —0.51 —-0.89 large and flexible side chains, nevertheless are in the correct
Lys193-Glu231 in absence of Arg190 = —0.41 +0.20 conformation for formation of the anticipated ion-pair
Arg190-Lys193 in the presence of Glu231 +0.19 -0.11 . .
Arg190-Lys193 in absence of Glu231 1029 1098 interactions 15, 19). In the present study, the X-ray structure

of the wild-type domain is essential in showing that the
, ) i domain adopts the correct fold (when compared to its
somewhat higher melting temperature than the wild type and .., 1sormation as part of the hexameric GIUDH), as suggested
a higher free energy for thermal unfolding at approximately by far UV CD spectroscopy6). Furthermore, it shows the
70°C. . , . , presence of a salt-bridge network with surrounding solvent
_Analysis of Multiple Thermodynamic Cycléssing mul- - jong 4t high resolution. The structure of the Ala190/Ala193/
tiple thermodynqmm cycles (Figure 49, 10), the energies 513231 variant showed no structural changes upon mutation
from the interactions between Arg190, Glu231, and Lys193 5. yalidates the use of multiple thermodynamic cycles in
obtained from GdmCl and urea-induced unfolding were ,.qer 1o separate the interactions within the network from

separated.from the changes in free energy due to the remova&hanges in the free energy for unfolding upon mutation due
of interactions between these three residues and the rest of; interaction of the salt-bridge members with the rest of

the protein (Table 6). Furthermore, the strength of each of o protein.
the pairwise interactions could be assayed in the presence |4 crystals of the wild-type domain were grown in the
and the absence of the third residue. __presence ©3 M NaCl, conditions in which significant
The interaction energies between Lys193 and Glu231 in gqreening of electrostatic interactions is expected. Salt-bridge
the intact salt-bridge triad are-0.51 kcal/mol for urea- i Arg190-Glu231-Lys193 is present at high ionic
induced unfolding and-0.89 kcal/mol when using GAmCl  gyengthin the isolated domain, although the arginine side
as denaturant. The strength of the interaction is reduced when.p,2."is found to adopt two alternative conformations. A
the third residue Arg190 is absent. Actually, using GdmCl, comparison of T4 lysozyme structures determined at low,
the interaction destabilizes the protein by 0.20 kcal/mol in adium. and high ionic strength revealed no structural
the ab;ence O,f Arg190. i changes related to the differences in ionic strength and
The interaction between Arg190 and Glu231 is not SO g gqests that a crystal structure determined at high salt
strong as the one between the lysine and the glutamate, bugncentration is a good representation of the structure at low
still stabilizes the protein in the intact trlad_ by 0.14 a|_1d 0.50 ionic strength §6). This suggests that the structure of the
kecal/mol for urea and GdmClI, respectively. Again, the yomain determinedt® M NaCl can also be used to analyze
cooperativity in the network is apparent from the changes jnteractions at low ionic strength, relevant to compare urea
in interaction energy when Lys193 is absent. In the presence,,§ thermal denaturation data on one hand versus GdmcCl
of urea the interaction energy between Arg190 and Glu231, y5ta on the other hand.
in the absence of Lys 193, is not measurable, whereas i a fyrther consequence of high salt crystallization condi-
the presence of GdmCl this interaction is highly destabilizing. jons in our case is the observation of preferential ion binding
The repulsive nature of the interaction between Lys193 by the presence of two high peaks7 o) in the electron
and Arg190 is apparent from the strong destabilization both density map that were assigned to chloride ions (CL2 and
in urea and GdmCI in the absence of the mediating qutamateCL3)_ In addition, on the basis of several criteria (see
at position 231. In the presence of Glu231, the interaction is ,aterials and met’hods) solvent molecules W10. W31. and
less destabilizing and even slightly stabilizing the domain \y/103 could also be chloride ions. Preferential anion binding
in GdmCl. L , by positively charged groups on the protein surface could
Cooperativity in the network follows from the difference stentially stabilize the protein by reducing the repulsive
between the interaction energy of two residues in the offects between the positively charged groups and the

presence and in the absence of the third residue aR@.0  jyiroduction of favorable electrostatic interactions and might
keal/mol for urea and- 1.09 kcal/mol for GdmClinduced  ¢oynteract the destabilizing effect of the screening of the
equilibrium unfolding. electrostatic interactions by high salt concentrations. Pref-

erential anion and cation binding has been described for
DISCUSSION several proteins isolated from halophilic organisisig £68).
Recently we described the expression and biophysical These proteins have adapted to their high salt environment
characterization of the isolated cofactor binding domain from (up to supersaturating concentrations) by covering their
Thermotoga maritim&IluDH, with the aim of using itas a  surfaces with ion pairs and a large excess of negatively
model system to study the thermodynamics of potential charged residues. Anion binding is also seen in T4 lysozyme
stabilizing ionic interactions in a protein from a hyperther- where chloride ions are present at the termini of two helices
mophilic organism 5). The advantage of using this model that interact favorably with the helix dipole momeB#gy. It
system is that it is derived from an enzyme that is very well is remarkable that Lys193 is coordinating at least one
studied; X-ray structures are available for homologues from chloride (CL2) but possibly a second (solvent molecule 103).
mesophilic and (hyper)thermophilic organismbs{, 8, 52— Solvent molecule 103 is located centrally in the salt-bridge
55), and it has been used to study the role of large ion-pair triad. This molecule being a chloride instead of a water would
networks in conferring thermostabilityl$, 17—19). mean the loss of three hydrogen bonds, but the gain of a
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more favorable electrostatic environment together with mutations Ser128Arg, Thr158Glu, and Asn117Arg resulted
Arg190 and Lys193. in a small but significant stabilization of the triple mutant
The interaction energies determined from unfolding data compared to wild-type GIuDH. While for the two central
reflect the interactions in the folded state relative to their charged residues this was anticipated because of their
absence in the unfolded state. In the folded protein, eachintimate interaction across the subunit interface, the third
charged group is involved in short-range interactions with mutation is located more than 15 A away from the central
its partners in the salt bridge, as well as in long-range charges in the network. Obviously there is cooperativity
electrostatic interactions with other charges in the protein. within this network, either exerted via subtle backbone shifts
For example, each of the three charged side chains mightand/or via optimization of the overall electrostatic field
interact either favorably or unfavorably with existinghelix present in this part of the protein. In this study we have
dipoles in the protein. The aliphatic parts of all side chains shown that thermodynamic cooperativity is present in the
are involved in hydrophobic interactions with neighboring Arg190—-Glu231-Lys193 salt-bridge triad in the isolated
hydrophobic residues. The measured unfolding free energycofactor binding domain. The cooperativity follows from the
changes (but not the interaction energies determined bydifference between interaction energies between two partners
multiple thermodynamic cycles) therefore reflect the effect in the triad in the presence and in the absence of the third
of disruption of multiple interactions and not only that of residue. The presence of a third residue strengthens each
the ion-pair interactions. This is evident from the discrep- interaction by 0.10 kcal/mol in urea and as much as 1.09
ancies between the changes in free energy for unfolding of kcal/mol in GdmCI. While the interaction energies as well
the mutants and the determined ion-pair interaction energiesas the cooperative effect are relatively small in urea, in
(Tables 3 and 4 vs Table 6). While the removal of glutamate GdmClI the effect of the third position residue makes a major
and arginine is destabilizing, the removal of the lysine side difference. Each interaction in the absence of the third residue
chain is actually stabilizing the domain. The net effect of is significantly destabilizing the protein, while in the intact
replacing the salt bridge with hydrophobic residues is triad all interactions become stabilizing. Cooperativity
virtually zero at room temperature and slightly destabilizing between ion-pair interactions in barnase have thoroughly
at higher temperatures. The reason that we do not see @een analyzed and reported). From a molecular dynamics
destabilization of the triple alanine mutant compared with simulation on the DNA-binding protein Sac7d from the
the intact triad could in our case be due to hydrophobic hyperthermophileSulfolobus acidocaldariysit was con-
effects because the alanine residues are introduced in arcluded that, rather than individual salt bridges, three large
environment containing several other hydrophobic residues. clusters provide most of the electrostatic stabilization toward
The loss of favorable electrostatic interactions could fur- thermal denaturatior8@). Furthermore, some intercluster salt
thermore be counteracted in the mutant by the highieelix bridges in fact contribute unfavorably toward the stability
stability of alanine residues compared to charged amino of the folded state. InBacillus caldolyticuscold shock
acids. While alanines are a good choice with respect to theprotein, a 66-residue afi- protein, pairwise interactions
analysis of thermodynamic cycles, they are not optimal between residues at positions 3, 46, and 66 in the protein
representatives as surface residues. The exchange of the iorsequence have been analyzed using a triple mutant @gle (
pair network members to polar, uncharged residues mightOnly two repulsive pairwise interactions are found in this
be a more suitable choice if only changes in free energiestriad, residues at positions 46 and 66 do not interact. The
for unfolding are studied. Nevertheless, in the intact salt- main stabilization of this protein comes from a favorable
bridge triad, both the interaction between glutamate and electrostatic contribution of arginine at position 3. However,
lysine and the interaction between glutamate and argininethe attractive electrostatic component is not localized in a
are contributing favorably to the free energy for unfolding pairwise interaction with any other surrounding residue. This
of the domain. In fact, the attractive ion-pair interactions are might be related to the observation that many of the side
measured by chemical denaturation af@and should gain  chains involved adopt multiple conformations as visualized
in stability by about 30% at the growth temperature of in the crystal structures of wild-type and several mutant
Thermotogadue to the reduced desolvation penalty at higher proteins 29). No cooperativity was observed between these
temperatures3; 13). The interaction between Glu231 and interactions.
Lys193 involves not only an ion pair but also a hydrogen  The urea and thermal unfolding experiments were per-
bond and it is considerably stronger than the ion-pair formed at low ionic strength and the obtained changes in
interaction between Glu231 and Argl190, with the latter free energy for unfolding are similar for both techniques
residue adopting two conformations. Identical results were (compare Table 3 and Table 4). This is in accordance with
described for barnase, where the exchange of a salt-bridgeother studiesq0—62). Guanidinium chloride, however, is a
triad for alanines resulted in an unchanged free energy for charged denaturant, and the unfolding free energies therefore
unfolding but where stabilizing interaction energies where reflect high ionic strength conditions. High ionic strength

found between the network residud) has been reported to significantly screen the electrostatic
Earlier results we obtained regarding the role of ion-pair component of salt-bridge interactions0( 60). Interaction
networks in determining the stability @f. maritimaGluDH energies of salt bridges are therefore expected to be lower

were the observation of cooperativity in a large ion-pair in GdmCI than in urea. This is obviously not the case for
network at the subunit interface of the hexameric enzyme the isolated cofactor binding domain; both the changes in
(19). Even though the characterization of this network was free energies for unfolding as well as the interaction energies
limited to addressing its role in kinetic stabilization because are considerably larger in GdmCI induced unfolding. Inter-
of irreversibility of the thermal unfolding reaction, it was estingly, also the pairwise salt-bridge interaction between
obvious that the combination of three destabilizing single Glul4 and the N-terminus in rubredoxin from the hyper-
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thermophilic archaeoyrococcus furiosysderived from the strength of ionic interactions in general decreases in the
multiple thermodynamic cycles, was found to be twice as presence of high salt concentrations.
strong in GdmCI as in urea induced unfoldirf).
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