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ABSTRACT. The dynamics of a hyperthermophilic protein fragment in a water environment, as studied by
performing molecular dynamics (MD) simulations at various temperatures, is compared to the dynamical
behavior of a homologous mesophilic protein simulated under identical conditions. The effects on the
stability of the spatial arrangement and mobility of the charged residues in solution were quantified by
calculating free energy changes upon salt bridge formation in these proteins. Electrostatic free energy
terms derived from a thermodynamic cycle were obtained by solving the linearized Pegstamann
equation for a series of protein conformations generated by MD simulations and placed subsequently in
a continuum solvent medium. Our results show that the ion pairs are electrostatically stabilizing in most
of the cases, but their individual contributions vary significantly. The greater contribution of the charged
residues to the stability of the hyperthermophilic protein as compared with the mesophilic counterpart
was evidenced only by the calculations that included conformations sampled at 343 and 373 K. The
“dynamic” structure of the hyperthermophilic protein fragment simulated at elevated temperatures reveals
an optimum placement of the ionizable residues within the protein structure as well as the role of their
cooperative interactions in promoting thermal stability. The thermodynamic properties such as electrostatic
free energy differences, configurational entropies, and specific heat capacities calculated in the dynamic
context of the protein structure provided new insight into the mechanism of protein thermostabilization.

Proteins from hyperthermophilic organisms, although their increased abundance in hyperthermophilic protéins (
consisting of the same amino acids as their homologues from14—19).
mesophiles, have a remarkably enhanced thermal stability. Theoretical studies on electrostatic contributions to protein
Numerous studies1(-6) were dedicated to understanding stability mainly follow the continuum electrostatic approach
the physicochemical origins of the thermal stability and of Hendsch and Tidor to quantifying the electrostatic free
suggested that a variety of factors make positive contribu- energy contribution of various salt bridges to protein stability
tions, such as improved packing and hydrophobic interac- (11). Taking into consideration the effects of temperature
tions, extensive networks of hydrogen bon8s§, 6), and  on protein hydration, Elcockl@) showed that at elevated
optimized electrostatic interaction,(7). The natural  temperatures the desolvation energy paid on forming a salt
proteins may not have a single dominating mechanism of pridge decreases, thus leading to a favorable contribution to
stabilization; rather, their thermal Stabl'lty results from the Stab|||ty The results of the free energy calculations are
additive effects of a multitude of local improvements. sensitive to protein conformational details’(18). Besides,
However, it has been suggested that for many hyperther-the crystal structures used in general in these calculations
mophilic proteins, which usually possess an increased may not adequately represent the proteins in solution. For
number of charged residues, the electrostatic interactions plajthese reasons, Kumar and Nussind¥, (18) included the
a role in enhancing thermostabilit@,(7—10). The spatial  effect of protein flexibility in calculations by selecting a range
optimization of the interactions between Charged residues of NMR conformers to samp|e a Signiﬁcant conformational
seems to be the main determinant of the favorable electro-space of the protein in solution. A detailed descriptin8) (
static contribution to thermal stabilit@(7). The role played  of the dynamical behavior of a small thermophilic protein
by salt bridges in protein stability was controversial. A in solution obtained from molecular dynamics (MB)mula-
theoretical study by Hendsch and Tiddd) found that salt  tions at various temperatures revealed a reduced level of
bridges are in general destabilizing, and this conclusion wassolvation of charged side chains at elevated temperatures and

supported by some experimental studie® (L3). However,  suggested that large ionic networks, rather than individual
more recent studies proposed approaches that could reconcile

the apparently destabilizing effects of salt bridges with

1 Abbreviations: MD, molecular dynamics; SD, steepest descent;
ABNR, adopted basis NewterRaphson; rmsd, root-mean-square
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tm_gdh GAIHAGNAERI--K-AKAVVEGANGPTTPEADEILSRRG-ILVVPD 337
cs_gdh NDVDLEQAKKIVANNVKYYIEVANMPTTNEALRFLMQQPNMVVAPS 369
| © ] =
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Ficure 1. Structure-based sequence alignment of the tm_gdh and cs_gdh protein fragments. Charged residues are colored red (negative)
and blue (positive). Rectangles colored magenta represkelices, and the light magenta rectangle is#h@lix; the extended conformations
are represented as yellow arrows.

salt bridges, provide favorable electrostatic contributions to MATERIALS AND METHODS

protein stability. Selected Protein Domain$wo protein domains, namely,

Salt bridges observed in the crystal structure of a protein gomain 11 of glutamate dehydrogenase from the hyperther-
may break and re-form in solution, and alternative pairings mophilic bacteriunimand from the mesophilic bacterium
of the charged residues may also occur; such fluctuations ofCs were selected. The first protein (tm_gdh, 151 residues)
the charged residues may play a role in thermostability and consists of amino acid residues 18337 of the primary
thus could help to differentiate thermophilic from mesophilic ' structure of GIuDH fromTm (20) (PDB entry 1b26) and
proteins. MD simulations can provide valuable descriptions was previously used as a model system in a thermodynamic
of the global dynamics of proteins and their local fluctuations study by Lebbink et al.Z1) after they determined the X-ray
that could widen our understanding of the molecular basis structure of the isolated domain at 1.43 A resolution; this
of protein stability. In this study, we performed a detailed structure was used in our study. The second protein fragment
comparison of the dynamical behavior of two homologous (cs_gdh, 162 residues) consists of amino acid residues 208
protein domains to investigate the contribution of the salt 369 of the primary structure of GIuDH fro@s[PDB entry
bridges and ionic networks to the conformational stability. 1hrd; structure determined at 1.96 A resoluti®)].( The
The homologous protein domains belong to the glutamate amino acid sequence to be used for the cs_gdh fragment was
dehydrogenase from the hyperthermophilic bacteritrar- determined by creating a structural alignment of the tm_gdh
motoga mar|t|dem) and from the mesoph”ic bacterium domain with subunit A of GluDH fron€sand SE|eCting the
Clostridium symbiosun{Cs). Glutamate dehydrogenases Mmatching residues. The structural alignment was performed
from these bacteria form hexamers of identical subugjts ( by using the alignment facility provided by VMI2g). The
The primary structure of GIUDH frors shows a level of amino acid sequences and the three-dlmen§|onal structures
sequence identity of 35% when compared with the GIuDH of the s_elected proteins are presented in Figures 1 anc_i 2,
from Tm, and the overlay of their structures shows a high respecnvely. The rmsd of the backpone atoms of match!ng
degree of similarity of the secondary structure elements and"€Sidues from tm_gdh and cs_gdh is 2.09 A. Both proteins
their spatial arrangement. The optimal growth temperaturesWere US_Ed to perform molecular ‘_’y”a”?'cs S|mulat|on§.
are 37 °C for the mesophileCs and 80 °C for the MD $|mulat|0n SetupThe MD simulations were carried
hyperthermophileTm The melting temperatures of the out using CHARMM €3). The molecular system was
GluDH measured from thermal unfolding experiments reach described by _the C.HARMM22 all atom forc_e f|§I(24). .
55 °C for Csand 93°C for Tm (20). A subunit of GIUDH Rectangular simulation boxes were defined with dimensions

consists of two domains separated by a deep cleft; domainmc 70 A 59 A x 55 A for the tm_gdh fragment and 67 A
: ; > SEP o by €p o x 62 A x 52 A for cs_gdh. Each protein was placed in the
| is responsible for the intersubunit interactions that direct

th if blv of th bunits into the h h center of the box and was further overlaid with equilibrated
€ sefi-assembly of the subunits into e hexamer, Whereas, e poyes containing 216 TIP2%) water molecules.
domain Il contains the nucleotide-binding site. Domain Il,

. . . o Water molecules with the oxygen atom lying within 2.2 A
which was selected for this study, contains a similar number ¢ o protein heavy atom were removed. The resulting systems

of charged residues and is structurally very similar in the -ntained 7286 water molecules (tm_gdh) and 6879 water
two proteins but shows a large difference in thermal stability. molecules (cs_gdh). Both systems were energy-minimized
MD simulations of the protein fragments were performed at py 100 steps with a steepest descent (SD) method followed
different temperatures to obtain information about their py 100 steps of adopted basis NewtdRaphson (ABNR)
kinetic stability and the features of their dynamics, such as minimization. The proteins were kept fixed by harmonic
the flexibility of the protein backbone and the mobility of constraints of 50.0 kcal mot A=2. All ionizable amino acid

the amino acid side chains. Special attention was paid toresidues were assigned the charged form. Thus, the tm_gdh
the dynamics of the charged residues and their electrostaticfragment carries a total charge of4, and the cs_gdh
interactions within the protein. The effects on the stability fragment carries a total charge eR2. These charges were
of the spatial arrangement and the mobility of the charged neutralized by adding four Naand two N& ions, respec-
residues in solution were quantified by calculating free tively, at random positions in the simulation boxes. After
energy changes upon salt bridge formation in these proteinsthe sodium ions had been inserted, a new energy minimiza-
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(a) tm_gdh (b) es_gdh

Ficure 2: Three-dimensional structure of tm_gdh (a) and cs_gdho@¥jelices are colored magenta, and thet®lix is colored light
magenta; the extended conformatiofiss(rands) are colored yellow. N- and C-termini are labeled N and C, respectively. Charged residues
are colored red (negative) and blue (positive).

tion was performed consisting of 200 steps of SD with a either tm_gdh or cs_gdh was used as reference structure for
50.0 kcal mot! A=2 harmonic restraint on the protein the analyses (where needed).
fragments followed by 200 steps of ABNR minimization with The change per residue of the secondary structure with
the harmonic restraint decreased to 20.0 kcal A2 The time was monitored with the “Timeline” facility of VMD,
atomic coordinates were saved after the minimization and which calculates the secondary structure as defined by
used as initial coordinates for all further MD simulations. STRIDE @1). The intraprotein electrostatic interaction
The MD simulations were performed using periodic bound- energy was calculated from the MD trajectories at 300, 343,
ary conditions. The initial velocities of the atoms were taken and 373 K. The electrostatic interactions were evaluated
from a Maxwell distribution assigned at 50 K by using a using an atom-based cutoff method with a cutoff of 12 A
different seed for every simulation. After the system had been smoothed by a shift function. An analysis of the distance
heated to the temperature of interest, the simulations weredistribution of the charged residues complements the energy
continued at a constant temperature and pressure based oanalysis. The distance between the charged side chains was
extended system method6(-28) available in CHARMM. calculated as the distance between atoms NZ (Lys), CZ
The leapfrog integration algorithm and a time step of 2 fs (Arg), CE1 (His), CG (Asp), and CD (Glu). The charged
were used in all simulations. The bonds involving hydrogen residues were grouped into two subgroups, Pos (Lys, Arg,
atoms were constrained to their ideal values using the and His) and Neg (Asp and Glu), and three types of
SHAKE algorithm @9). The nonbonded interactions were interacting distances were calculated: Pbeg, Pos-Pos,
evaluated using an atom-based cutoff method with a cutoff and Neg-Neg. The distance distribution comprising the
distance of 12 A and a cutoff of 14 A for generating the list interval from 0 to 60 A was calculated from each MD
of atom pairs. The truncation of the long-range interactions trajectory over the simulation interval of 106@000 ps, and
was smoothed by a shift function (CHARMM option it was normalized in each case by dividing it by the total
FSHIFT), a method that has been shown to work well also number of interacting pairs corresponding to the interacting
for highly charged biomolecules, such as nucleic ac3®. ( subgroups. The normalized number of interacting pairs was
Molecular dynamics simulations for both the tm_gdh and expressed as a fraction of the total number of interacting
cs_gdh systems were performed at simulation temperaturegairs. The distances between donor and acceptor atoms of
of 300, 343, 373, and 500 K. the charged residues able to form salt bridges were also
Analyses of MD TrajectoriesThe dynamics and the monitored as a function of time.
structural changes of the protein fragments were analyzed Calculation of the Electrostatic Strength of lon Paif$ie
by calculating root-mean-square deviations (rmsd) of the effects on the stability of the spatial arrangement of the
protein atoms, the radius of gyration, and the secondarycharged residues in both tm_gdh and cs_gdh and of the
structure of the protein as a function of time. The mobility fluctuating interaction distances between charged residues
of different residues along the protein chains was quantified during the MD simulations were quantified by calculating
by calculating the root-mean-square fluctuations ga@ms the electrostatic contribution to the free energy change upon
(standard deviation of atomic displacements) over a period salt bridge formation in these proteins. The electrostatic
of simulation time. In general, rmsd values for the backbone contribution of an ion pairAAGyy) was calculated according
atoms of up to 22.5 A in our simulations indicate the to the method introduced by Hendsch and Tidbt)(that
stability of the starting conformation as seen by visualizing evaluates the contribution to the free energy of folding
the MD trajectories and by calculating the rmsd per residue; relative to the same protein where the side chains of a pair
the conformational changes corresponding to this rmsd rangeof charged residues are mutated to their corresponding
of values would be termed “minor” conformational changes. hydrophobic isosteres (original side chains with the partial
The energy-minimized conformation (crystal structure) of atomic charges set to zero). The folding process is decom-
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posed by means of a thermodynamic cycle into “virtual” 41
subprocesses that account for (a) the solvation and desol-
vation of the selected residues, (b) the “isolated” electrostatic
interaction between the side chains of the selected ion pair

Uk sandh ) Y
W AT iyt W e 00K

RMSD (A)
i

in the folded protein, and (c) the electrostatic interaction of 1 3K
the ion pair with all the other partial atomic charges of the ) oA K
protein. The computation involves two parallel thermody- 1 _gdh |
namic cycles, one with the real residues and one with the Z 37 N WL A
selected salt-bridging side chains mutated to hydrophobic § 2 L™ Wy ity A
isosteres. Thus, the free energy contributions to the stability z WW' MWM
of the protein are calculated as the difference between two

corresponding\G values from the parallel cycles: @ 0% P 2000 2000 2000

time (ps)

Ficure 3: rmsds of the backbone atoms of tm_gdh (a) and cs_gdh

(b) as a function of time calculated from MD trajectories at 300,
whereAAGysy represents the free energy change due to the 343, and 373 K.

desolvation of the charged side chains when the protein
undergoes the conformational change from the unfolded to of Cartesian covariance matrices of the positional fluctuations
the folded state (assuming that in the unfolded state the sideof the protein atoms accumulated during the molecular
chains are fully exposed to wate)AGyq represents the  dynamics simulation are used in the harmonic oscillator (ho)
free energy due to the interaction of the two side chains with expressions for thermodynamic quantities. Thus, for a protein
each other within the folded protein, and\G,« represents  consisting o atoms, the 8 x 3n mass-weighted covariance
the free energy due to the interaction of the ion pair with matrix is diagonalized to obtain th& eigenvalues from
the rest of the protein. which the quasi-harmonic frequencies are calculated;as
The folded state of the proteins was assigned atomic = (KT/4;)*? and subsequently substituted into the formula
coordinates obtained from the MD simulations as snapshotsfor entropy
taken every 100 ps, after the translation and rotation of the a6 Fo/KT
protein had been removed. Thus, calculations were carried — K . @i In(1 — & kT
out using sets of atomic coordinates corresponding to Sho = Z kT n(l-e )
different simulation temperatures (300, 343, and 373 K) to ! -1
account for the dynamic structure of _the protein. The and for heat capacity
unfolded state was represented as the side chain of interest

AAGy = AAGyg, + AAGy + AAG,,

alone in solution; this model assumes that the residues are g 36 [hw\2 kT
separated from each other by large distances, so it neglects Cy=—= Z KH—] ———
a possible residual structure in the unfolded state. oT | KT/ (/T — 1)?

Electrostatic free energies were estimated from continuum
electrostatic calculations performed with the Poisson Due to the insufficient sampling of the overall rotation and
Boltzmann equation module3?, 33) of CHARMM. The translation of the protein, these slowly converging degrees
linearized PoissonBoltzmann equation was solved using of freedom are excluded from the calculations.
the successive over relaxation method. The tm_gdh protein The relation between the heat capacity at a constant
was mapped onto a 23% 197 x 185 grid, while cs_gdh  volume Cy) and the heat capacity at a constant presstyke (
was mapped onto a 226 207 x 175 grid, with the size of  is given by
the grid unit cell being 0.3 A in both cases. The partial atomic 5
charges were taken from the CHARMM22 parameter set C,—C,= vT®
(24), and a set of atomic radii3R) derived from solvent P K
electrostatic charge distribution was used. The pretein ) o ) )
solvent boundary was defined as the molecular surfade ( Wherea is the “volume coefficient of expansion” andis
generated with a solvent probe with a radius of 1.4 A. The the “isothermal compressibility”. For proteins, as in the case
grid points within the molecular surface were assigned a ©f liquids and solids, the right side term is very small due to
dielectric constant, of 4. The grid points outside the surface the small specific volumeM), small magnitudes, and the
were assigned a dielectric constanj of 80 for the ratio of the expansion coefficient and compressibility. In this

calculations corresponding to a temperature of 300 Ke,an ~ €2S€, the.heat capapity of the protein at a constant volur_ne
of 62 for 343 K, and an,, of 56 for 373 K, values which  ¢an be fairly approximated to be equal to the heat capacity
approximate the dielectric constant of water at these tem- 2t @ constant pressur&(~ Cy), and thus, our calculated
peratures35, 36). The ionic strength was allocated a value heat capacities can be directly compared to the experimental
of 0.0 M for all continuum electrostatic calculations since Values.
Zﬁlrt](\e/\:?s not included in the MD simulation of these proteins RESULTS

Calculation of the Configurational Entropy and Heat Dynamics and Stability of tm_gdh and cs_gdh Domains.
Capacity.The calculations of the entropy and heat capacity rms deviations of the backbone atoms of the tm_gdh
were performed using the quasi-harmonic approxima®dn ( fragment as a function of time calculated from MD trajec-
38) in which the frequencies corresponding to eigenvalues tories at 300, 343, and 373 K are presented in Figure 3a. At
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Ficure 4: rmsds of the backbone atoms (a) and radius of gyration,
Ry (b), of tm_gdh and cs_gdh as a function of time calculated from
MD trajectories at 500 K.
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Ficure 5: rmsfs of all atoms averaged per residue of tm_gdh (a)

and cs_gdh (b) calculated over the first 2 ns of simulation, from
the MD trajectories at 300, 343, and 373 K. As a reference, the

B-factors corresponding to the protein atoms in the crystal structure

these simulation temperatures, the rmsds show steadyare presented on the right side of the graph. The rectangles along
fluctuations below 3.0 A over the whole simulation, indicat- the x-axis representi-helices (magenta) anf-strands (yellow).

ing the stability of the protein conformation. The average
rmsd values calculated over the whole trajectories excluding
the first 200 ps for each simulation are 1.540.23 A at
300 K, 2.42+ 0.38 A at 343 K, and 1.5% 0.12 A at
373 K. A slight decrease in the rmsd is observed over the
last 1500 ps of the MD simulation at 300 K with values
fluctuating toward the end of the simulation around 1.8 A.
The increase in the rmsd at 343 K is due to the fraying of
the marginal residues at both the N-terminus (helix H1) and
the C-terminus (stranfl7). The average rmsd values indicate
minor conformational changes of the protein fragment in the
simulation at 373 K.

Figure 3b presents the rmsds of the backbone atoms of

the cs_gdh fragment as a function of time. At 300, 343, and
373 K, the rmsds show steady fluctuations be® A over

the whole simulation. The average rmsd values calculated
over the whole trajectories excluding the first 200 ps for each
simulation are 2.05 0.21 A at 300 K, 1.56+ 0.22 A at
343 K, and 2.44f 0.34 A at 373 K. A slight increase in the
rmsd is observed over the last part of the MD simulation at
373 K; the rmsd increases slowly and reachésA at the
end of the simulation. At 300, 343, and 373 K, the rmsds
per residue for both tm_gdh and cs_gdh indicate a larger
deviation of the marginal residues at both N- and C-termini,
whereas the rest of the protein remains stable.

At 500 K, the rmsd values for tm_gdh increase steadily
up to 4 A during the first 408500 ps of the simulation and
continue to increase slowly for the remainder of the simula-
tion (Figure 4a). The end conformation of the tm_gdh
fragment from the MD simulation at 500 K indicates
significant changes relative to the starting structure as
observed by visual inspection of the trajectory.

corresponding to these temperatures are 14i8®.12,
14.824+ 0.08, and 14.66- 0.08 A, respectively. The radius
of gyration of the starting structure is 14.75 A. At 500 K,
the radius of gyration remains stable during the simulation

with an average value of 154 0.26 A.

The radius of gyration of the cs_gdh fragment as a function
of time was calculated also for all simulations. The curve
corresponding to the simulation at 500 K is presented in
Figure 4b. TheRy(t) curves at 300, 343, and 373 K (curves
not presented) show averagyg values of 15.46+ 0.08,
15.26+ 0.09, and 15.43 0.11 A, respectively. The radius
of gyration of the starting structure is 15.24 A. At 500 K,
the radius of gyration increases abruptly after 500 ps of
simulation and reaches a peak value o20 A after
simulation for 2 ns.

rms fluctuations of the atoms calculated over a MD
simulation give an impression of the flexibility of the residues
along the protein chain. Figure 5a presents the rms fluctua-
tions of all protein atoms averaged per residue over the MD
trajectories of tm_gdh at 300, 343, and 373 K. The data
indicate a higher flexibility of residues located in regions
corresponding mainly to the loops connecting fheheet
and thea-helices. At 300 K, the highest rms fluctuations
were observed for residues 24244 (loop connecting strands
/2 andB3), residues 261265 (from the end of H3), residues
277—282 (helix H4), residues 291297 (located on the loop
connecting35 and helical segment H5), and residues-313
319 (loop between stran@ and helix H6). The marginal
residues from the N- and C-termini also indicate a high
flexibility which is due to the fraying of the H1 segment
and distortion of the marging7 strand, respectively. The
rms fluctuations of protein atoms do not show significant

For the cs_gdh fragment, the rmsd increases steadilychanges at the simulation temperatures of 343 and 373 K.

during the whole simulation at 500 K and reaches values
above 10 A after 2 ns (Figure 4a). The end conformation of
cs_gdh from the MD simulation at 500 K indicates major

changes relative to the starting structure.

The radius of gyration of the tm_gdh fragment as a
function of time was calculated for all simulations, but only
the curve corresponding to the simulation at 500 K is
presented in Figure 4b. THgy(t) curves at 300, 343, and
373 K do not differ significantly; the average valuesRyf

The atomic rms fluctuations per residue of the cs_gdh
fragment are presented in Figure 5b. The data indicate a
similar “pattern” of fluctuations as observed for the tm_gdh
fragment. At 300 K, the highest rms fluctuations were
observed for residues 26263 (loop connecting strangi®
and3), residues 282288 (comprising the second half of
helix H3), residues 305313 (comprising a part of the loop
betweens4 andp5), residues 319325 (the loop connecting
S5 and H5), and residues 34848 (loop between stranth
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Table 1: Contributions to the Intraprotein Electrostatic Energy of tm_gdh and cs_gdh Calculated from MD Simulations at 300, 343, and 373 K
electrostatic energy (kcal/mol)

interacting AEzs3-300 AEs73-300
groups 300K 343K 373K (kcal/mol) (kcal/mol)
tm_gdh
Pos-Pos —497+ 12 —501+ 15 —506+ 18 -4 -9
Pos-Neg —680+ 41 —689+ 77 —791+ 94 -9 —111
Neg—Neg 84+ 11 85+ 15 76+ 14 1 -8
Chrg—Nchrg —8574+ 27 —7924+ 36 —878+ 46 65 -21
Nchrg—Nchrg 327+ 19 299+ 20 306+ 23 —28 -21
total —16224+ 47 —1598+ 67 —17924+ 83 24 —170
cs_gdh
Pos-Pos 30+ 12 31+ 16 32+ 19 1 2
Pos-Neg —808+ 66 —743+ 75 —842+ 72 65 —34
Neg—Neg 29+ 15 10+ 12 30+ 13 -19 1
Chrg—Nchrg —863+ 26 —894+ 28 —850+ 32 -31 13
Nchrg—Nchrg 33+ 21 22+ 26 —414+ 29 -11 —74
total —1579+ 68 —1573+ 88 —1670+ 77 6 -91

and helix H6). The rms fluctuations show a higher increase 1 His). The values of the electrostatic energy for the-Pos
for residues 282288 and 305313 in the simulation at  Pos, Neg-Neg, and Nchrg-Nchrg interacting groups contain
343 K and exhibit a similar pattern for the other residues as energy terms for every residue interacting with itself (the
observed at 300 K. A general increase in the atomic electrostatic energy corresponding to the constituent atoms
fluctuations is observed at 373 K along the whole cs_gdh of a certain residue). The following mean values of electro-
chain. The peak values of the rms fluctuations follow the static energy self-terms were obtained for the charged
pattern observed at lower simulation temperatures. residues: 25 kcal/mol for Lys;-118 kcal/mol for Arg,
The evolution of the secondary structure of the protein 32 kcal/mol for His, 6 kcal/mol for Glu, ane-12 kcal/mol
fragments was monitored for the simulations at 300, 343, for Asp. These values explain, for example, the large
373, and 500 K. The secondary structure content is well- difference in the electrostatic energy of the PB®s interac-
preserved during the simulations at 300, 343, and 373 K for tions in tm_gdh and cs_gdh; after the self-terms have been
both tm_gdh and cs_gdh proteins. Thehelices and subtracted, the energy of the Pd2os interactions is on the
S-strands exhibit remarkable stability during the whole Same magnitude in both proteins (30 kcal/mol). How-
simulation. Only marginal structural fluctuations (increasing €Vver, the changes observed in these energy terms due to an
slightly with temperature) are observed at these temperaturesincrease in temperature are more meaningful for this analysis
mainly arising from the movement of the loops which leads than the absolute energy values themselves.
to the disruption or formation of various types of turns. At The total intraprotein electrostatic energy exhibits a slight
500 K, significant changes of the secondary structure wereincrease, by 24 kcal/mol for tm_gdh and by 6 kcal/mol for
observed, especially in the cs_gdh fragment. In the tm_gdhcs_gdh, when the temperature increases to 343 K, followed
protein, one observes distortions of the secondary structureby large decreases (more negative values) of 170 and by
mainly at helices H1, H2, and H4; tifesheet core remains 91 kcal/mol, respectively, when the temperature increases
stable except for stran@l7 (residues 333336) which falls to 373 K. The main contributions to these changes come
apart from the core and changes its conformation. The from the interactions between the positively charged and
distortions of the secondary structure in the cs_gdh fragmentnegatively charged residues (Pdseg), on one hand, and
occur at helices H1 and H4H6 and strand$3, 54, and37. charged residues and noncharged residues (G¥chrg),
Energetic AnalysisAverage values of the various contri- on the other. For the tm_gdh protein in the simulation at
butions to the intraprotein electrostatic interaction energy of 343 K, less favorable interactions are observed between the
tm_gdh and cs_gdh were calculated from the MD trajectories charged and noncharged residues (GtMghrg, AEz43-300
at 300, 343, and 373 K and are presented in Table 1. The= 65 kcal/mol), while for the cs_gdh protein, less favorable
amino acid residues were grouped into four interacting interactions are observed between the positively charged and
groups, namely, positively charged residues (Pos), negativelynegatively charged residues (Pdseg, AEzs3-300 = 65 kcal/
charged residues (Neg), all charged residues (Ghiigos mol). At 373 K, the PosNeg electrostatic interactions for
+ Neg), and noncharged residues (Nchrg). The changes inthe tm_gdh protein become more favorable by 111 kcal/mol,
the electrostatic energy contribution of the different groups while for cs_gdh, the PesNeg interactions become more
as a result of the increasing temperature are reportédzas favorable by only 34 kcal/mol. It has to be noted that at 373
terms with the average energy values at 300 K as a referenceK all the contributions to the intraprotein electrostatic energy
The differences observed for the energy terms of tm_gdh beécome more favorable than at 300 K in the case of tm_gdh;
as compared with the energy terms of cs_gdh are due to thethis |_nd|cates an optimized spatial arrangement of all residues
different number and type of residues. Thus, considering only at this temperature.
the charged residues, tm_gdh comprises 22 negatively lon Pairs and Salt BridgesThe distances between the
charged residues (8 Asp and 14 Glu) and 18 positively functional groups of the charged residues in the starting
charged residues (9 Lys, 7 Arg, and 2 His), whereas cs_gdhstructures were calculated by applying a distance cutoff of
comprises 19 negatively charged residues (8 Asp and 11 Glu)9 A. Within this cutoff, the initial structure of tm_gdh
and 17 positively charged residues (13 Lys, 3 Arg, and comprises 20 oppositely charged pairs and 19 identically
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Ficure 6: Dynamic behavior of the ion pairs of tm_gdh and cs_gdh in the MD simulations at 300, 343, and 373 K. The interaction
distance is represented on a scale from 2 to 10 A.

charged pairs, whereas the initial structure of cs_gdh external side of H3; the Glu256-Arg259 and Glu263-Arg259
comprises 28 oppositely charged pairs and 14 identically pairs have slightly different stabilities. The Glu263-Arg259
charged pairs. The larger number of pairs of oppositely pair remains stable at higher temperatures (343 and 373 K),
charged residues separated by distances shorter than 9 Avhile Glu256 interacts more strongly with Lys272 located
suggests a more favorable electrostatic interaction in theon the loop between H3 angh. The Asp241-Lys261 pair
cs_gdh protein than in tm_gdh at 300 K, which was connects the C-terminus ¢£ with H3 and shows a much
confirmed by the calculation of electrostatic energy presentedstronger interaction at 300 and 343 K. The Glu279-Arg305-
in Table 1 (for tm_gdhEpos-neg = —680 kcal/mol; for Glu283 triad which connects helices H1 and H2 exhibits less
cs_gdh,Epos neg = —800 kcal/mol). However, due to the strength at 343 K, but it becomes stronger at 373 K, with
difference in the spatial distribution of the charged residues, almost equal interacting distances between the Arg305-
small fluctuations of the side chains as well as small Glu279 and Arg305-Glu283 pairs. The adjacent4% and
conformational changes of the protein backbone are expectedH5—6 loops are connected by the Lys309-Asp287 salt
to alter the energy contributions differently for tm_gdh versus bridge which is stable at all simulation temperatures.
cs_gdh. The cs_gdh protein fragment shows approximately seven

The analysis of the changes in the electrostatic energysalt bridges that are stable throughout the simulation at
terms was complemented by an examination of the dynamic 300 K, but only five of them remain stable at 343 and 373
behavior of the charged residues in general and moreK (Figure 6). The His223-Glu224 pair is located on helix
specifically of the ion pairs located at distances that allow H1 and is stable at the simulation temperatures 300 and 373
the formation of salt bridges. For this purpose, the distancesK. A stronger salt bridge is formed by Asp226 and Lys231
between the functional groups of all positively charged and which connect the C-terminus of H1 and the N-terminus of
all negatively charged residues were calculated as a functiongl. Helix H2 has three charged residues located on its
of time from the MD trajectories of tm_gdh and cs_gdh at solvent-exposed side; the Lys248-Glu251 pair is stronger and
all simulation temperatures. To consider only the ion pairs more stable than the Lys247-Glu251 pair throughout all
that are responsible for the main energetic contribution, we simulations. The long loop betwe@3 and H3 is anchored
applied a distance criterion, and those pairs that were, at someo helix H3 by the Asp268-Lys277-Glu270 triad which is
moment, closer tha 6 A were selected. The dynamic stable at all simulation temperatures; a part of this loop is
behavior of the ion pairs within tm_gdh and cs_gdh at buried in the protein hydrophobic core, and this can explain
different simulation temperatures is presented in Figure 6. its low flexibility as compared with those of the other loops.

Although~17 ion pairs of the tm_gdh protein have formed Another strong salt bridge is formed by Arg289 and Asp294
salt bridges at certain times during the simulations at 300, located on the loop between H3 and H4 and on helix H4,
343, and 373 K, only~6 ion pairs remained stable respectively. The adjacerfi4—35 and f5—H5 loops are
throughout the simulations. Most of the ion pairs connect linked by a stable salt bridge, Lys308-Asp325. The C-
adjacent loops and adjacent helices. Thus, helices H1 anderminal part of cs_gdh (including helices H5 and H6, strands
H2 are connected on the solvent-exposed side by the Arg19036 and 57, and the loops connecting these elements),
(H1)-Glu231(H2)-Lys193(H1) salt bridge triad which is although comprising four positively charged and four
stable in all simulations except for the simulation at 500 K. negatively charged residues, does not show any strongly
Another triad, Glu256-Arg259-Glu263, is located on the interacting ion pair.
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Positional Fluctuations of the Charged Residud@he proteins were analyzed by employing a thermodynamic cycle
changes in the electrostatic energy contributions of various defined previously in the literaturd ). Thus, the electro-
charged groups with an increase in temperature werestatic contribution of each salt bridge to protein stability was
explained by considering the positional displacements of the decomposed into three terms that account for the solvation
charged side chains as a result of their local fluctuations process during foldingXAGgqeson), the interaction between
induced by elevated temperatures. Distance distributions forthe two side chains in the folded proteinAGyriggd, and
all pairs of charged residues of both protein fragments were the interaction of the ion pair with the other residues in the
calculated from the simulations at 300, 343, and 373 K and protein AAG,r). Each term was computed using continuum
are displayed in Figure 7 (see Materials and Methods). electrostatics. For these calculations, we selected the ion pairs
Relative changes in the distance distribution were calculatedthat exhibited the shortest interaction distances throughout
for the simulation temperatures of 343 and 373 K with the simulations (i.e., longer time in the salt bridge length
respect to the interaction distance distribution at 300 K. range). One set of ion pairs (tm_gdh) comprises 11 positively
Changes in the distance distribution with an increase in and 10 negatively charged residues, whereas the other set
temperature are observed for all three types of interactingof ion pairs (cs_gdh) comprises 11 positively and 13
pairs (positive-negative, positive positive, and negative negatively charged residues. The two sets involve a similar
negative). number of charged residues and therefore allow a proper

The electrostatic energies would be mostly affected by the comparison of the energetic contribution of salt bridges to
redistribution of the interaction distances located in the the stability of tm_gdh and cs_gdh.
distance interval of 2520 A. Although changes of various The free energy terms calculated from MD trajectories at
magnitudes in the interaction distance distribution are 300, 343, and 373 K are presented in Tables 2 (tm_gdh)
observed for all interacting subgroups, it is not straightfor- and 3 (cs_gdh). The electrostatic free energies of the ion
ward to estimate, on the basis of these data, if they contributepairs AAG.) have negative values for both protein frag-
favorably or unfavorably to the intramolecular electrostatic ments at all three simulation temperatures. For tm_gdh, the
energies of these protein fragments. However, the evidenceaverage values acXAGy; decrease at elevated temperatures,
of a certain displacement of the charged residues observechamely, by ~1 kcal/mol at 343 K and 1.7 kcal/mol at
in the MD simulations at elevated temperatures suggested373K, relative to the calculation at 300 K. For cs_gdh, the
to us to quantify the contribution of the ionizable residues mean value oAAG at 343 K does not change compared
to the thermal stability of the protein by taking into account to the meamAG; at 300 K, but it decreases by 0.7 kcal/
the dynamic arrangement of the charged side chains. mol at 373 K. The electrostatic free energy contribution of

Electrostatic Contributions to the Free Energy of Folding. the ion pairs calculated at 300 K is, on average, similar for
We have computed the electrostatic free energy contributionsthe hyper- and mesophilic protein fragments, lying around
of the salt bridge-forming residues to the stability of tm_gdh —5 kcal/mol. However, the individual contributions of the
and cs_gdh fragments using three-dimensional structuresion pairs are different for tm_gdh and cs_gdh, as indicated
obtained from MD simulations of the proteins at 300, 343, by the standard deviations which differ byl kcal/mol
and 373 K (as described in Materials and Methods). The (£+2.40 kcal/mol for tm_gdh as compared witt8.55 kcal/
thermodynamics of the formation of salt bridges in the folded mol for cs_gdh). The individuaAAG values are closer to
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Table 2: Electrostatic Free Energy Contributions for tm_gdh

Computed from Series of MD Snapshots at 300, 343, and 373 K

Table 3: Electrostatic Free Energy Contributions for cs_gdh
Computed from Series of MD Snapshots at 300, 343, and 373 K

) AAGgsiy AAGprg AAGp AAGiot ) AAGgsiy AAGpg AAGp AAGiot
salt bridge  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) salt bridge (kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol)
300 K (ew = 80) 300 K (ew = 80)

R190-E231 8.20(1.04) —9.38(2.63) —6.29 (1.12) —7.47 (1.59) K222—-E218 2.63(1.49) —2.38(2.14) —1.63(0.23) —1.37 (1.09)
K193—-E231 8.90(1.02) —7.80(1.09) —8.38(2.35) —7.28(1.73) H223-E224 3.74(0.62) —5.03(1.25) —0.40(0.27) —1.69 (0.95)
K209-D206 6.68(2.06) —2.15(2.45) —9.58 (4.43) —5.05 (3.28) K231-D226 10.46 (1.58) —9.35(1.55) —7.63(2.07) —6.52(1.78)
R259-E256 5.86 (1.19) —5.80(3.71) —8.07 (3.40) —8.02 (3.15) K231-D315 8.25(1.19) —1.69(0.27) —16.98 (2.94) —10.42 (1.96)
K261-D241 10.82(3.80) —1.86(1.85) —12.10 (4.70) —3.14 (2.60) K248—-E251 4.76(1.10) —6.14(1.88) —1.30(0.97) —2.68 (1.36)
H264-E263 2.79(0.74) —1.04(0.86) —2.05(1.81) —0.30(1.20) K277-D268 20.58 (1.97) —14.97 (2.18) —15.15(3.10) —9.54 (2.64)
K272—-E256 4.59(1.26) —1.74(2.53) —8.05(2.81) —5.20(1.67) K277-E270 9.24 (1.61) —5.04(3.05) —15.28 (1.95) —11.08 (2.18)
R305-E279 3.40(1.15) —2.80(1.92) —7.12(1.75) —6.52(1.93) R289-D294 11.08 (1.59)—11.10(1.26) —2.85(0.89) —2.86 (1.20)
R305-E283 7.45(1.42) —6.87(1.65) —2.59 (2.33) —2.00 (2.10) K291-D263 11.31(4.50) —4.28 (4.04) —11.19 (5.53) —4.16 (2.52)
K307—E283 8.07(2.00) —1.38(1.15) —12.54 (3.08) —5.84 (2.47) K298—-E276 5.13(1.95) —3.63(2.93) —4.27(2.93) —2.77 (2.47)
K307-D285 5.59(1.76) —3.84(3.14) —4.86(3.14) —3.11 (1.76) K298-E283 5.21(2.93) —2.85(3.16) —4.28(2.59) —1.91 (2.50)
K309-D285 5.22(1.15) —1.04(0.39) —10.46 (3.59) —6.28 (2.52) K308—-D325 10.26 (1.41) —8.94(1.54) —4.84(2.02) —3.51(1.77)
K309-D287 9.30(1.53) —8.01(1.55) —7.28(1.38) —5.98(1.30) K333—-E307 6.37(2.44) —4.36(2.96) —4.54(2.18) —2.53(1.79)
R330-E304 2.60(0.85) —0.89(0.17) —3.37 (1.72) —1.67 (1.12) K340-D226 7.99 (1.66) —1.62(1.62) —15.48 (2.81) —9.10 (2.15)
average 6.39 (2.53) —3.90(3.03) —7.34(3.28) —4.85 (2.40) average 8.36 (4.52) —5.81(3.92) —7.56 (6.00) —5.01 (3.55)
343K (ew = 62) 343K (ew = 62)
R190-E231 6.63(2.91) —4.37(5.12) —10.55(8.15) —8.29 (5.30) K222—-E218 4.27(1.92) —3.83(2.80) —1.72(0.65) —1.28(1.40)
K193—-E231 6.18(3.39) —6.38(2.93) —3.88(4.28) —4.07 (3.03) H223-E224 2.51(0.82) —1.46(1.26) —1.04 (1.27) 0.02 (1.40)
K209-D206 5.44(2.75) —1.25(1.05) —8.69 (5.64) —4.50 (2.84) K231-D226 10.78 (1.97) —9.94(1.57) —7.99(3.21) —7.15(2.39)
R259-E256  6.84 (1.45) —5.98 (4.19) —9.75(5.96) —8.89 (3.42) K231-D315 9.14(1.19) —1.93(0.25) —17.32 (3.10) —10.11 (2.46)
K261-D241 11.18(3.40) —1.08 (1.63) —17.81(7.02) —7.70 (4.04) K248—-E251 5.68(1.38) —6.51(2.34) —2.29(1.83) —3.11(1.75)
H264-E263 3.29(1.07) —1.31(1.06) —3.50(2.96) —1.52 (2.05) K277—D268 20.00 (1.69) —14.96 (2.34) —13.81(3.18) —8.77 (2.49)
K272—E256 5.72(1.83) —3.35(3.62) —9.02(5.15) —6.65 (2.84) K277-E270 8.63(1.47) —4.40(3.16) —15.47 (3.24) —11.25(2.02)
R305-E279 6.31(1.74) —8.11(3.47) —2.63(1.67) —4.43(2.10) R289-D294 11.88(2.22) —10.62 (2.29) —4.91(3.98) —3.65 (2.46)
R305-E283 3.92(1.26) —0.94(0.73) —9.28(4.22) —6.29 (3.56) K291-D263 11.95(5.40) —1.81(1.07) —15.12(8.66) —4.98 (4.06)
K307-E283 3.80(1.40) —2.30(1.91) —6.87 (4.22) —5.36 (3.44) K298-E276 2.20(1.30) —1.88(1.68) —2.46(0.98) —2.14(0.91)
K307-D285 5.17 (1.73) —3.97(3.32) —5.93(2.64) —4.73 (2.73) K298-E283 2.25(1.09) —0.90(0.33) —4.06 (2.22) —2.70 (1.63)
K309-D285 5.82(1.50) —1.58(1.39) —10.57 (3.11) —6.33(2.19) K308—-D325 10.27 (2.29) —9.48(1.98) —4.55(2.14) —3.77 (1.70)
K309-D287 9.99 (1.78) —8.34(2.21) —8.24 (2.24) —6.59 (2.19) K333—-E307 3.60(2.18) —1.74(1.82) —3.50(1.59) —1.64(0.78)
R330-E304 7.34(2.96) —6.96(3.53) —6.58(5.14) —6.19 (3.59) K340-D226 8.19 (1.93) —2.22(2.38) —15.78 (3.66) —9.82 (2.60)
average 6.26 (2.19) —3.99(2.72) —8.09(3.81) —5.82 (1.91) average 7.95 (5.00) —5.12 (4.44) —7.86(6.18) —5.03 (3.70)
373 K (ew = 56) 373 K (ew = 56)
R190-E231 8.00(1.30) —10.01 (2.22) —5.50 (2.15) —7.51 (2.09) K222—-E218 4.11(1.61) —2.12(2.47) —5.55(3.15) —3.56 (2.09)
K193—-E231 8.63(1.52) —7.54(2.53) —8.38(2.14) —7.29 (1.84) H223-E224 3.29(0.92) —4.84(1.84) —0.68(1.33) —2.23(1.60)
K209-D206 5.97 (2.60) —2.71(2.71) —8.50(4.90) —5.23 (3.41) K231-D226 9.17 (2.31) —8.77 (2.23) —6.24(3.00) —5.85(2.44)
R259-E256 5.10(1.53) —1.64(2.29) —10.74 (5.69) —7.29 (4.06) K231-D315 8.92(1.65) —2.08(0.99) —17.57 (4.71) —10.73 (3.28)
K261-D241 11.95(2.87) —8.63(4.01) —8.57 (2.60) —5.25(1.77) K248—-E251 5.20(1.36) —4.64(3.11) —5.89(3.08) —5.32(2.51)
H264-E263 4.38(1.47) —1.37(0.77) —6.13(3.05) —3.12(1.97) K277-D268 21.14 (2.05)—16.89 (2.05) —14.53 (3.17) —10.28 (2.62)
K272—E256 4.99(2.22) —4.21(3.81) —5.69 (2.89) —4.90 (2.88) K277-E270 9.12(1.69) —4.75(3.02) —15.44 (2.25) —11.08 (2.03)
R305-E279 4.78(1.56) —3.85(2.61) —9.79 (4.03) —8.86 (2.86) R289-D294 10.97 (2.92) —11.30(1.87) —6.47 (5.01) —6.81(3.60)
R305-E283 8.07 (1.76) —7.08 (1.52) —9.87 (4.45) —8.88 (3.85) K291-D263 7.65(3.19) —4.50 (4.46) —8.07 (6.15) —4.91 (2.68)
K307-E283 8.73(2.58) —7.05(3.67) —9.84(2.85) —8.16 (2.99) K298-E276 2.20(1.27) —2.06 (1.99) —2.15(0.76) —2.01 (1.30)
K307-D285 6.18(1.53) —1.59(1.40) —11.83(4.19) —7.24 (3.12) K298-E283 2.30(1.14) —0.90(0.32) —4.14(2.31) —2.75(1.74)
K309-D285 6.13(1.97) —3.09(2.85) —8.67 (2.29) —5.63(1.88) K308—-D325 10.82(3.32) —9.45(3.25) —4.99 (2.39) —3.63(2.33)
K309-D287 10.38(1.70) —8.07 (2.72) —10.10 (4.27) —7.79 (2.54) K333—-E307 3.53(2.37) —2.45(2.98) —3.20(2.18) —2.11(2.00)
R330-E304 5.37(1.44) —4.86(3.86) —4.15(2.91) —3.64 (1.41) K340-D226 6.79 (2.30) —1.91(2.43) —13.35(4.14) —8.47 (2.91)
average 7.05(2.29) —5.12(2.90) —8.41(2.24) —6.49 (1.85) average 7.52 (4.98) —5.48 (4.56) —7.73(5.32) —5.70(3.29)

a Standard deviations are given in parentheses. a Standard deviations are given in parentheses.

the mean value for tm_gdh, whereas they are more dispersedgurpassed in magnitude by the favorable contributions due
for cs_gdh. Four ion pairs within cs_gdh (K231 and D315, to the interaction of the salt-bridging residues with each other
K277 and D268, K277 and E270, and K340 and D226) make (AAGyg) and with the neighboring residueA4G). For
large favorable free energy contributions ranging fre# only a few ion pairs belonging to either tm_gdh or cs_gdh
to —11 kcal/mol, while the other ion pairs make contributions is the desolvation penalty compensated by and slightly
significantly smaller than the mean value. The same trend exceeded by the salt bridge energy terAGgq alone
of the individual AAG, values is encountered for both (Tables 2 and 3). The averag&\ Gy4 values at all simulation
protein domains at higher temperatures. Unlike the ion pairs temperatures are smaller (as absolute valuesy®¥p kcal/
of cs_gdh which do not undergo changes in the magnitudesmol than the mean values of the desolvation teANN Gysy).
of their energetic contributions with an increase in temper- On the other hand, for both protein fragments, the protein
ature, the ion pairs of tm_gdh exhibit larger favorable interaction term AAG,:) makes a substantial favorable
contributions (i.e., more negativVeAG,) and less dispersed  contribution (average of approximatety7.5 kcal/mol) to
AAGy values as indicated by their lower standard deviations the total free energy chang@&\AGy). However, in the
[£1.91 kcal/mol at 343 K and:1.85 kcal/mol at 373 K cs_gdh fragment, the protein environment strongly stabilizes
(Table 2)]. only five ion pairs AAGy from —11 to —17 kcal/mol),
The formation of a salt bridge is favorable for the folded while in tm_gdh, the surrounding protein has a more uniform
protein if the desolvation energy penaltAAGgsy) is contribution stabilizing substantially most of the ion pairs
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FiIGURE 8: Specific heat capacities of tm_gdh and cs_gdh calculated FiGURe 9: Configurational entropies of tm _gdh and cs_gdh
I\(/I)Btrt]re .Whtmf. prOtfgnogngigr th:dp?:%mg backbone alone from the 5 1ated for the whole protein and for the protein backbone alone
gjectories & ' » a ' from the MD trajectories at 300, 343, and 373 K.

(Tables 2 and 3). Furthermore, for tm_gdh, the average Figure 9. It can be noted that the tm_gdh domain exhibits
AAGy decreases with an increase in temperature (it becomesslightly higher values of the entropy than the cs_gdh domain.
—8.4 kcal/mol at 373 K), whereas for cs_gdh, it changes
insignificantly at elevated temperatures. DISCUSSION
Heat Capacities and Entropiesthe heat capacity of The dynamics of a hyperthermophilic protein domain in
proteins in aqueous solution arises from a major contribution 5 \water environment was studied by MD simulations at
of the protein itself due to its intrinsic covalent and various temperatures and was Compared to the dynamica]
noncovalent interactions and a smaller contribution due to pehavior of a homologous mesophilic protein simulated under
the interaction of the protein with the solvent, so it can be jdentical conditions. The role played by the charged residues
written as in the conformational stability of these protein fragments was
_ evaluated by calculating the electrostatic strength of several
= Cpondedy cpenbondedy. cvdration ion pairs from each protein. The electrostatic free energy
terms derived from a thermodynamic cycle were obtained

Our calculation of heat capacity provides an estimation of Py solving the linearized PoissetBoltzmann equation for
the intrinsic heat capacity of the protein (the first two terms @ series of protein conformations generated by MD simula-

of the above equation), and due to its underlying contribu- tions and placed subsequently in a continuum solvent
tionsl we would call it Conﬁgurationa' heat Capacity medium. The motional freedom of the proteInS in solution

which implies a variety of atomic fluctuations plays an
important role in protein stability, and it is taken into
consideration in our calculations.
) . . config The MD trajectories, each covering a simulation time of
According to this definition, the calculated,™ can be 4 s, showed the conformational stability of both tm_gdh
compared to the experimentally determined heat capacity of 3¢ cs_gdh at 300, 343, and 373 K. Experimental d2it (
a native folded protein in the anhydrous state. indicate that tm_gdh is stable at 343 K, whereas the
The heat capacities calculated for tm_gdh and cs_gdh inmesophilic GluDH domain starts to denature at a lower
the folded state and their dependencies on temperature argemperature. Considering the length of our simulations
presented in Figure 8. The calculations were performed for relative to the much larger time scale of the protein unfolding
the whole protein domain, as well as for the protein backbone process, the results of the MD simulations are not in
to assess the contribution to the difference in heat capacitycontradiction with the experimental observations. The MD
observed between the hyperthermophilic and mesophilic trajectory of cs_gdh at 373 K already shows a slight
domains. The values of the configurational heat capacities destabilization of the native conformation which is indicated
calculated for tm_gdh and cs_gdh from the MD simulations by a higher rms deviation of the backbone atoms (Figure 3)
at 300 K are 0.281 and 0.267 catKg™*, respectively, and  and a general increase in the atomic fluctuations involving
compare well with the value of 0.298 calKg* represent-  all secondary structure elements (Figure 5b). At 500 K, the
ing an average of experimental heat capacities of variousunfolding of the cs_gdh fragment is evident while tm_gdh
anhydrous proteins3@). As observed in Figure 8, there are  still shows thermal tolerance. Protein denaturation has been
no significant differences between the heat capacities of observed at elevated simulation temperatures in several MD
tm_gdh and cs_gdh calculated for the protein backbonesstudies 40—43); however, the high stability of a hyperther-
only. mophilic protein simulated at 550 K has also been reported
The configurational entropies of tm_gdh and cs_gdh at (15). Although various factors related to the simulation
different temperatures calculated also for the whole protein method itself can artificially stabilize the protein structure
domain and for the protein backbone alone are presented in(15), it is certainly possible that the unexpected thermal

Co

config __ ~bonded nonbonded
G =G +C,
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stability is a consequence of the enhanced kinetic stability tures (4). As a consequence, at high temperatures, the
of hyperthermophilic proteins. desolvation penalty is in general outweighed by favorable
The energetic analysis for tm_gdh and cs_gdh fragmentsinteractions within the salt bridge and with the neighboring
from MD simulations at 300, 343, and 373 K indicated a residues, and thus, the salt bridges actually promote protein
gain in the electrostatic interaction energy with an increase stability. To separate the computed contribution of the
in temperature for some of the interacting groups (Table 1). conformers generated at elevated temperatures from the
A similar observation has been presented by de Bakker ethydration effects at high temperatures, we performed cal-
al. (15), who attributed the favorable change in the intra- culations using structures taken from the MD simulations at
protein electrostatic energy to the tightening of salt bridges. 300 K but with the dielectric constant of water corresponding
Our data too indicate that the major stabilizing electrostatic to 373 K €, = 56). For tm_gdh, the average value of free
energy with increasing temperature comes from the interac-energy changAAG;,: was—5.54 kcal/mol which is-1 kcal/
tion between the oppositely charged interacting groups{Pos mol higher than the averagAAG: calculated for the
Neg). The ion pairs of the tm_gdh fragment (Figure 6) show conformers generated at 373 K (Table 2) an@.70 kcal/
a slight shortening of the interaction distances during the mol lower than the free energy change calculated for the
simulation at 373 K. Moreover, for tm_gdh, the interactions conformers generated at 300 K (and using-aof 80). This
between the positively charged residues (P@ss) as well result indicates that a significant favorable contribution to
as the interactions between the negatively charged residueshe free energy change comes from the conformational
(Neg—Neg) contribute favorably, although modestly, to the variability rather than from the hydration effects and a large
intraprotein electrostatic energy at elevated temperatures. Thalecrease in the dielectric constant of water. In contrast, for
same favorable trend in the electrostatic contributions is the mesophilic cs_gdh fragment, the free energy change
however not observed for the cs_gdh domain. The comple- (average AAG,: = —5.72 kcal/mol, for conformers at
mentary analysis of the interaction distance distribution of 300 K but with ane, of 56) is~0.70 kcal/mol smaller than
all charged side chains as a function of simulation temper- the free energy change calculated for the conformers gener-
ature gives further indications about the atomic positional ated at 300 K and using a, of 80 (Table 3), but it is on
displacements responsible for the energetic changes withinthe same order of magnitude with the mean value calculated
the simulated proteins. for the conformers generated at 373 K. These data suggest
The computed electrostatic free energy contributions of that the conformational variability of the cs_gdh fragment
the salt bridge-forming residues to the stability of tm_gdh simulated at elevated temperatures does not make a favorable
and cs_gdh using “fluctuating” structures taken from the MD contribution to the electrostatic free energy change.
simulations at different temperatures show that the ion pairs  Our results regarding the role played by the distribution
are electrostatically stabilizing in all cases but the individual of charges in the protein structure as well as their mobility
contributions vary significantly. The values of the free energy are consistent with a recent study by Dominy et 45) that
componentsAAGgsi, AAGp, and AAGy as well as the indicated as key factors in thermostability the electrostatic
values of overall free energy change\ G calculated for interactions of charged residues in the folded state and the
various ion pairs of tm_gdh and cs_gdh are on the same ordeilielectric response of the folded protein. The dielectric
of magnitude with data presented for different proteins in a response is closely related to the number and distribution of
number of theoretical studied§, 18, 44). charges present within a protein, and the calculated values
The results of our study show the positive role played by of the dielectric response were found to increase with the
the spatial placement and mobility of the charged residuesexperimentally observed thermal stability. The authors
within the protein structure in the enhanced thermal stability calculated the dielectric response of the protein on the basis
of a hyperthermophilic protein as compared with its meso- of the atomic fluctuations sampled from a MD simulation,
philic homologue. An increased number of ionizable amino and the result suggests that the effect of dynamics on the
acids and their optimum location within the structure have charge distribution varies with thermostability, as clearly
previously been proposed as factors of enhanced stabilityobserved in our study.
for hyperthermophilic proteinsl( 2, 7). The effect of the Measurements of the heat capacity changes,, upon
protein conformational flexibility on the strength of ion pairs  thermal denaturation of proteins show lower changes in heat
has been taken into consideration by Kumar and Nussinovcapacity for most of the hyperthermophilic proteins as
(18). They have included NMR conformational ensembles compared with (homologous) mesophilic proteidg)(i.e.,
in the continuum electrostatic calculations and found that , ~unfoldinghermophile _ \ ~unfoldingmesophile Tha heat capacity

o . ; ) : D S
the contribution of ion pairs varies considerably among the changeAC,, represents the difference between absolute heat
conformers of each protein. In our approach, we assumed

e __ (~unfolded
that the series of conformations generated by the MD ia%?oﬂihfs of the unfolded and folded staia€{ = C;

simulations at 300, 343, and 373 K represent more adequately / ) .

the structure of the proteins in solution, especially at elevated ~ The difference between the heat capacity of the native and
temperatures. The greater contribution of the charged residue§lenatured state originates from changes in two of the heat
to the stability of the hyperthermophilic protein (tm_gdh) Ccapacity components, namelgy®"*"**’and C)***" as a
as compared with the mesophilic counterpart (cs_gdh) wasresult of the loss of native noncovalent interactions (which
revealed only by the calculations that included conformations define the secondary and tertiary structure) and an increased
sampled at 343 and 373 K. The hydration of the charged number of polar and nonpolar residues exposed to solvent
residues decreases with an increase in temperature, andipon unfolding.

therefore, the magnitude of the desolvation penalty for Thus, previous studies attributed the smaller heat capacity
formation of a salt bridge is diminished at higher tempera- change in thermophilic proteins to the solvent interactions
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with the folded and unfolded state (which correlates with 2.

the changes in the solvent-accessible surface aréas}q)

and to some residual structure found in the unfolded state
of a thermophilic protein46). Our calculations show that 3
the specific heat capacity of the hyperthermophilic tm_gdh
domain in the folded state is higher than the specific heat
capacity of the mesophilic cs_gdh (Figure 1). Although it

cannot yet be generalized to other proteins since we
calculated heat capacities only for these two homologous
protein domains, this finding may have important implica-

tions for the mechanism of stabilization of hyperthermophilic

proteins. A higher value ofC°™ for the native state 6.

implies a decrease in th&C, between the unfolded and
folded state, thus representing another factor that contributes
to the large difference iAC, observed between hyperther-

mophilic and mesophilic proteins. The heat capacity change 8.

upon unfolding determines the curvatuséXG/aT? = —AC,/

T) of the protein stability curveAGy = f(T)], so a reduction 9
of the AC, would result in a flatter curve and consequently
a higher denaturation temperatufi,).

Since heat capacity is a measure of the mean fluctuation
in energy, both the fluctuations of the protein between ;4
different states and the energy changes with the transition
between states play an important role in determining the
value of C,. Taking into consideration the results of the
configurational entropy calculations, we can interpret the

slightly higher entropy of the tm_gdh domain (Figure 9) as 13.

an indication of a higher degeneracy of the accessible energy
states as compared with the energy states accessible to the
cs_gdh domain. The degeneracy of the higher energy levels 14
is a consequence of the nonbonded interactions available to
a protein during its dynamics. We speculate that the
distribution of the charged residues within the structure of
the tm_gdh domain (as electrostatic interactions are long-
range) may determine a degeneracy of the energy states. This

is consistent with our results presented in Tables 2 and 3, 16

where theAAG; term representing the electrostatic free
energy due to the interaction of the selected ion pairs with
the rest of the protein (i.e., it accounts for a network of
interactions) shows values distributed over a smaller range
for tm_gdh (standard deviation 6f3 kcal/mol) as compared
with that for the cs_gdh domain (standard deviation-&f
kcal/mol).

In our attempt to determine the contributions to the stability
of a hyperthermophilic protein, we considered the solvated
protein in its dynamic context, and we calculated thermo-
dynamic properties such as electrostatic free energy differ-
ences on one hand and configurational entropy and heat
capacity on the other hand which provided new insight into  5;
the mechanism of protein thermostabilization. The dynamical
behavior of the two proteins studied in this work and the
thermodynamic calculations suggest that the hyperthermo-
philic protein possesses an optimized placement of the

charged residues within its structure that allows them to 22.

interact more cooperatively and thus more favorably during
the conformational fluctuations of the protein in the aqueous 4
environment.
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