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Ion pairs have been considered to be general stabilizing factors in hyperthermophilic
proteins, but the present experimental data cannot fully explain how ion pairs and
ion-pair networks contribute to the stability. In this paper, we show experimental evi-
dence that not all of the internal ion pairs contribute to the thermal and thermody-
namic stability, using O6-methylguanine-DNA methyltransferase from Thermococcus
kodakaraensis KOD1 (Tk-MGMT) as a model protein. Of three mutants in which an
inter-helical ion pair was disrupted, only one mutant (E93A) was shown to be destabi-
lized. ∆G of E93A was lower by ~4 kJ mol–1 than that of the wild type, and E93A
unfolded one order of magnitude faster than did the wild type and other variants. Glu
93 has unique properties in forming an ion-pair network that bridges the N- and C-
terminal domains and connects three helices in the protein interior.

Key words: Archaea, ion-pair network, hyperthermostable protein, thermodynamics,
thermal stability.

Abbreviations: AdaC, C-terminal fragment of the Ada protein; CD, circular dichroism; GdnHCl, guanidine hydro-
chloride; IPTG, isopropyl-thio-β-D-galactopyranoside; MGMT, O6-methylguanine-DNA methyltransferase; PDB,
protein databank; Tk, Thermococcus kodakaraensis; Tris, tris(hydroxymethyl)aminomethane; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis.

Electrostatic interaction is proposed as a universally
important factor affecting the thermal stability of hyper-
thermophilic proteins. A comparison of the tertiary struc-
tures of several proteins derived from hyperthermophiles
with those of their mesophilic counterparts showed that
the hyperthermophilic proteins contain an increased
number of ion pairs (which often tend to be organized in
large networks). For example, glutamate dehydrogenase
from Pyrococcus furiosus (Pf-GDH) possesses more ion
pairs and larger ion-pair networks than its mesophilic
counterpart from Clostridium symbiosum (1). Such struc-
tural studies on hyperthermophilic proteins were fol-
lowed by studies of rubredoxin from Pyrococcus furiosus
(2), glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
from Thermotoga maritima (3), indole-3-glycerol phos-
phate synthase from Sulfolobus solfataricus (4) and iron-
superoxide dismutase from Aquifex pyrophilus (5). These
structural data imply that an increased number of ion
pairs and their networks play a crucial role in the ther-
mal stability of hyperthermophilic proteins.

On the other hand, estimates of the energy contribu-
tion of an ion pair to protein stability have led to conflict-

insignificant (12–14), to destabilizing (15–17). It is
widely accepted that solvent accessibility is the one of the
most important criteria for determining the energetic
stabilization of ion pairs, due to differences in the dielec-
tric constant (18): i.e., it is quite plausible that surface ion
pairs contribute little to protein stability, while buried
ion pairs stabilize the native structure due to a micro-
heterogeneity in low dielectric conditions. However, case
reports of individual proteins indicate that the contribu-
tion of ion pairs in the interior of a protein is sensitive to
conformational variability. Our understanding of the role
of ion pairs in stabilizing native structures has recently
become very ambiguous.

We have investigated O6-methylguanine-DNA methyl-
transferase derived from the hyperthermophilic archaeon
Thermococcus kodakaraensis strain KOD1 (Tk-MGMT,
EC 2.1.1.63) as a model protein. Tk-MGMT is one of the
most thermostable proteins, with a melting temperature
of 108°C, which is 50°C higher than its mesophilic coun-
terpart protein (AdaC) from Escherichia coli (19). It is a
monomer with a relative molecular mass of 19.5 kDa (174
amino acids), and its high resolution X-ray crystal struc-
ture has been solved (Fig. 1) (20). Tk-MGMT contains no
cofactors necessary for folding, such as disulfide bridges
or cis-proline, and it shows full reversibility from its
chemically unfolded condition (19).
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Tk-MGMT has seven intra-helical ion pairs, as judged
by distances of within 5 Å between the side-chains of Arg,
Asp, Glu, and Lys, while AdaC has none. Figure 1A
shows the intra-helical ion pairs in Tk-MGMT. A model
experiment has shown that the intra-helical ion pairs
contribute to reinforce the stability of the helical confor-
mation (21). Furthermore, Tk-MGMT has six inter-heli-
cal ion pairs, while AdaC has only two. These two ion
pairs in AdaC (His 147–Glu 173 and Arg 148–Glu 173)
are structurally conserved in Tk-MGMT (His 142–Glu
167 and Arg 143–Glu 167). Figure 1B shows the extra
four helical ion pairs in Tk-MGMT. Arg 39–Glu 159 con-
nects the a- and g-helices over a short distance (2.83 Å for
NH1-OE2 and 3.02 Å for NH2-OE2), while Arg 50–Glu 93
connects the a- and c-helices over the shortest distance
(2.74 Å for NH1-OE1 and 2.83 Å for NH2-OE2). This ion
pair also forms an ion-pair network with Arg 132 on the
e-helix. This ion pair and the ion-pair network connect
the N- and the C-terminal domains. Lys 66–Glu 83 in Tk-
MGMT forms an ion pair with a separation of 3.39 Å for
NH-OE1 and of 3.95 Å for NH-OE2 in the N-terminal
domain between the b1- and b2-helices (Fig. 1B). Lys 66
also forms an intra-helical ion pair with Asp 62 in the b1-
helix (Fig. 1A). In this study, we constructed four
mutants by disrupting the intra- and inter-helical ion
pairs, and investigated their stability thermodynamically
and kinetically. We show new data whereby the thermo-
dynamic and kinetic contributions of the ion pair are not
explained solely by solvent accessibility, but also by other
factors such as network formation across the helices.

MATERIAL AND METHODS

Site-Directed Mutagenesis—Site-directed mutagenesis
was performed using the following primers for the vari-
ous Tk-MGMT mutants.
E83A-5: 5′-GCCAGCTTTCTCCGGGCACTTTCCTTTGAG-

GGC-3′.
E83A-3: 5′-GCCCTCAAAGGAAAGTGCCCGGAGAAAGC-

TGGC-3′.
E93A-5: 5′-TCCTTTGAGGGCGTTACACCCTTTGCGAA-

GAAGGTTTAC-3′.

E93A-3: 5′-TGTGAGCCACTCGTAAACCTTCTTCGCAA-
AGGGTGTAAC-3′.

E158A-5: 5′-ATTGTTTACTACAGCTCCGGGATTGCGGA-
AAAGAAGTTC-3′.

E158A-3: 5′-AATTTCCAGCAGGAACTTCTTTTCCGCAA-
TCCCGGAGCT-3′.

E159A-5: 5′-AGCTCCGGGATTGAGGCAAAGAAGTTCC-
TGCTG-3′.

E159A-3: 5′-CAGCAGGAACTTCTTTGCCTCAATCCCGG-
AGCT-3′.

All mutants were constructed by PCR, using a Tk-mgmt
gene in plasmid pET-8c (22). The constructed mutant
genes were confirmed by DNA sequencing.

Expression and Purification of Tk-MGMT Variants—
Recombinant variants were expressed by IPTG induction
in HMS174 (DE3) pLysS cells and purified to homogene-
ity as described previously (22). The homogeneity of the
purified protein was confirmed by SDS-PAGE. Protein
concentrations were determined using a molar absorp-
tion coefficient of 18,000 M–1 cm–1 at 280 nm (23).

Equilibrium Studies—The GdnHCl-induced titration
curves for the wild type and the mutants were obtained
by measuring CD signals at 222 nm of equilibrated sam-
ples containing various concentrations of GdnHCl. Com-
plete unfolding of Tk-MGMT was accomplished by incu-
bating the enzymes at 37°C for 1 day in the presence of
7.2 M GdnHCl. For renaturation transitions, unfolded
enzymes were mixed with buffer solutions (50 mM
TrisHCl, pH 8.0) containing the desired concentrations of
GdnHCl. The samples were incubated at 37°C for 3 days
to achieve complete equilibrium. Final protein concentra-
tion was adjusted to 0.1 mg/ml.

The experimental data were analyzed by a two-state
folding mechanism. Briefly, the apparent equilibrium
constant (Kapp) was determined by using Eq. 1,

Kapp = fU/fN = (yN – y)/(y – yU) (1)

where fN and fU are the fractions of folded and unfolded
states, and yN, yU, and y represent the signals of the
folded, unfolded, and monitored intensity, respectively.
The free-energy change (∆G) of the equilibrium measure-
ment is related to the apparent equilibrium constant by

Fig. 1. Ribbon models of Tk-MGMT. (A)
All intra-helical ion pairs are shown by a
ball-and-stick model. (B) Three buried
and inter-helical ion pairs, Lys 66-Glu 83,
Arg 50-Glu 93-Arg 132, and Lys 39-Glu
159, are shown by a ball-and-stick model.
J. Biochem.
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∆G = –RT ln Kapp, where R is the gas constant. A two-
state unfolding model assumes a linear dependence
between free energy and the denaturant concentration as
Eq. 2,

∆GGdn = ∆GH2O – m [GdnHCl] (2)

where m represents the dependence of ∆GGdn on denatu-
rant concentration. In order to obtain the temperature
dependence of ∆GH2O, the GdnHCl-induced unfolding pro-
files of Tk-MGMT variants were obtained at 10, 20, 30,
40, 50, 60, and 70°C.

∆GH2O and m were calculated by curve-fitting to the
observed ellipticity change using a calculation program
(Igor Pro, WaveMatrics, Oregon, USA). Generally, the
value of ∆GH2O is very sensitive to small errors in m
value, due to the long extrapolation to 0 M GdnHCl con-
centration, while the denaturation at 50% unfolding
([GdnHCl]50%) is very reproducible (13, 24). For the pre-
cise determination of ∆∆G (the difference of free-energy
change between the wild type and the mutants), Eq. 3
was used,

∆∆G = <m> × ([GdnHCl]wt50% – [GdnHCl]mut50%) (3)

where <m> is the average value of the slopes for Tk-
MGMT variants, and [GdnHCl]wt50% and [GdnHCl]mut50%
correspond to the mid-points for the denaturant concen-
trations on the titration curves for wild type and the
mutant, respectively.

Kinetic Studies—The unfolding kinetics of Tk-MGMT
variants were monitored at 50°C by CD at 222 nm, using
manual mixing, with a 1 cm pathlength cuvette. Unfold-
ing experiments were carried out by a 1:9 dilution of
folded Tk-MGMT (2 mg/ml of protein, 200 mM TrisHCl,
pH 8.0) resulting in unfolding conditions of 7.2 M Gdn-
HCl, 20 mM TrisHCl (pH 8.0). The kinetic data for
unfolding were fitted by a non-linear least-squares
method with following Eq. 4,

A(t) = A0 + A1 Σ αiexp(–ki t) (4)

where A(t), A0, and A1 are the observed amplitude at time
t, the amplitude at dead-end time, and the total ampli-
tude, respectively; ki is the rate constant at the i-th
kinetic phase; and αi is the fractional amplitude at the i-
th kinetic phase.

Thermal Unfolding of Tk-MGMT Variants in 5 M Urea—
Thermal unfolding curves were measured by continu-
ously measuring the ellipticity at 222 nm between 40 and
99°C at a scan rate of 18°C h–1 and with data collection
every 0.1°C.

Energy Minimization for Tk-MGMT Variants—To esti-
mate the structure of Tk-MGMT variants, an energy
minimization program was utilized based on the X-ray
crystal structure of wild-type Tk-MGMT (20). The coordi-
nates for the Tk-MGMT variants were taken from PDB
file code 1mgt. The appropriate residues were changed at
the site of the mutation, and all hydrogens were explic-
itly treated in the protein models. Energy minimization
of Tk-MGMT was conducted with the InsightII program
(Accelrys, San Diego, CA) with the force field Discover
CVFF (consistent valence force field). The structure of
Tk-MGMT variants was subjected to energy minimiza-
tion calculations in vacuum by the steepest descent
method with 10,000 iterations. The root-mean-square
deviation (RMSD) of estimated structures between the
wild type and mutants was calculated. The radius of the
solvent probe was 1.4 Å.  

RESULTS

Design of Mutant Enzymes—Tk-MGMT has seven intra-
helical ion pairs on the protein surface, and four inter-hel-
ical ion pairs in the protein interior in addition to the two
ion pairs conserved in AdaC. To evaluate the contribution
of the internal ion pairs to protein stability, we focused on
three residues, Glu 83, Glu 93 and Glu 159. These resi-
dues are in the protein interior and have solvent-accessi-
ble surface areas (SASAs) of 16.7% (Glu 83), 7.2% (Glu
93), and 8.2% (Glu 159). Glu 93 is located at the center of
the ion-pair network of Arg 50–Glu 93–Arg 132. Glu83
forms an ion-pair network with Lys 66 and Asp 62. As a
surface ion pair, we focused on the most solvent-accessi-

Fig. 2. The structure in the vicinity of the mutation sites at
(A) Glu 83, (B) Glu 93, (C) Glu 158, and (D) Glu 159.

Fig. 3. Representative data of GdnHCl-induced titration
curve of the wild type monitored by CD at 222 nm at 20°C.
Solid lines show the result of the nonlinear regression analysis
according to Eq. 1.
Vol. 135, No. 4, 2004
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ble residue, Glu 158, which forms an intra-helical ion
pair with Lys 161. The distances of these ion pairs are
shown in Fig. 2. We constructed four mutants, E83A,
E93A, E158A, and E159A.

Equilibrium Studies—To examine thermodynamic sta-
bility, GdnHCl-induced titration curves of the wild type
and the mutants E83A, E93A, E158A, and E159A were
obtained by measuring CD signals at 222 nm in the tem-

perature range from 10°C to 70°C. Figure 3 shows a rep-
resentative curve of the wild type at 20°C. Below 70°C
Tk-MGMT shows full reversibility from its denaturant-
unfolded form. The data obtained were well fitted to a
conventional two-state equation (Eq. 1). The differences
in free energy between the wild type and the mutants
were calculated by Eq. 3. Table 1 lists the differences in
unfolding free energies between the wild type and four
mutants. At temperatures from 10°C to 70°C,   the ∆∆G
values of E83A, E93A, E158A, and E159A were –1.17
to –1.52 kJ mol–1, –2.43 to –4.65 kJ mol–1, 0.27 to 0.03,
and –0.75 to 0.75 kJ mol–1, respectively (Table 1, Fig. 4).
The loss of free-energy change of E93A was larger than
that of E83A, E158A, and E159A.

Unfolding Kinetics—Figure 5 shows unfolding kinetics
of Tk-MGMT variants at 50°C. The results of the unfold-
ing kinetics of Tk-MGMT variants were complex. In gen-
eral, unfolding, monitored by optical probes, follows a
single-exponential curve because of the low stability of
the intermediate under strongly denaturing conditions.

Table 1. Temperature dependent free-energy change between the wild type and E83A, E93A, E158A,
and E159A.a

aData were calculated from the GdnHCl-induced unfolding titration at each temperature fitted to a two-state Eq.
2. bCooperativity in the two-state Eq. 1. cMid-point of unfolding. dDifference in free-energy change between the wild
type and the mutant, calculated using Eq. 3.

Temperature Protein mb (kJ mol–1 M–1) [GdnHCl]50%
c (M) ∆∆Gd (kJ mol–1)

10°C wild type 7.38 ± 0.43 5.14 ± 0.02
E83A 8.65 ± 1.21 4.99 ± 0.44 –1.17
E93A 7.08 ± 0.43 4.58 ± 0.02 –4.06
E158A 6.11 ± 0.44 5.15 ± 0.03 0.09
E159A 5.85 ± 0.21 5.02 ± 0.02 –0.72

20°C wild type 7.89 ± 0.47 5.15 ± 0.02
E83A 9.61 ± 1.40 5.00 ± 0.04 –1.36
E93A 7.54 ± 0.46 4.63 ± 0.02 –4.04
E158A 6.39 ± 0.47 5.16 ± 0.03 0.04
E159A 6.45 ± 0.26 5.05 ± 0.02 –0.72

30°C wild type 8.14 ± 0.48 5.15 ± 0.02
E83A 9.78 ± 1.32 5.00 ± 0.04 –1.34
E93A 8.06 ± 0.48 4.64 ± 0.02 –4.19
E158A 6.79 ± 0.48 5.16 ± 0.02 0.07
E159A 6.86 ± 0.31 5.06 ± 0.02 –0.70

40°C wild type 8.06 ± 0.51 5.14 ± 0.02
E83A 9.62 ± 1.20 4.97 ± 0.03 –1.50
E93A 8.07 ± 0.47 4.57 ± 0.02 –4.56
E158A 6.92 ± 0.49 5.14 ± 0.03 0.04
E159A 6.73 ± 0.30 5.03 ± 0.02 –0.75

50°C wild type 6.53 ± 0.44 4.98 ± 0.03
E83A 8.20 ± 0.87 4.78 ± 0.04 –1.48
E93A 8.74 ± 0.50 4.37 ± 0.02 –4.65
E158A 6.09 ± 0.48 4.99 ± 0.04 0.03
E159A 6.09 ± 0.31 4.90 ± 0.03 –0.54

60°C wild type 7.30 ± 0.41 4.51 ± 0.02
E83A 9.01 ± 0.74 4.32 ± 0.04 –1.52
E93A 8.50 ± 0.44 4.06 ± 0.02 –3.58
E158A 6.96 ± 0.58 4.54 ± 0.04 0.18
E159A 6.52 ± 0.28 4.51 ± 0.02 0.02

70°C wild type 6.63 ± 0.49 3.88 ± 0.03
E83A 9.78 ± 1.09 3.71 ± 0.03 –1.42
E93A 8.03 ± 0.47 3.55 ± 0.03 –2.43
E158A 7.57 ± 0.63 3.93 ± 0.04 0.27
E159A 7.39 ± 0.45 3.99 ± 0.03 0.75

Table 2. Melting temperatures of Tk-MGMT variants in 5 M
ureaa.

aData were calculated from the temperature-induced unfolding
curves monitored by CD at 222 nm.

Proteins Tm (°C)
wild type 91.5 ± 0.1
E83A 89.2 ± 0.1
E93A 85.5 ± 0.1
E158A 90.6 ± 0.2
E159A 91.7 ± 0.2
J. Biochem.
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However, the unfolding process of the wild type between
10 and 500 s appeared to consist of three kinetic phases:
6.04 × 10–2 s–1 (~35% of the signal), 7.77 × 10–3 s–1 (~23% of
the signal), and 1.31 × 10–3 s–1 (~42% of the signal). These
three kinetic phases could be explained by the formation
of the native structure from a fully unfolded state via two
intermediate forms. The unfolding of mutants was also
fitted to a multiple-exponential equation. The unfolding
processes of E158A and E159A consisted of three kinetic
phases, and those of E83A and E93A consisted of two
phases. Most of the signal changes of the fastest phase
observed in the wild type, E158A, and E159A occurred
within the mixing dead time (10 s) and were discarded
from our analysis. The rate constants of the middle and
slowest phases were calculated from unfolding signals at
50°C. The unfolding rates of the middle phases of the
wild type, E83A, E93A, E158A, and E159A were 7.77 ×
10–3 s–1, 2.36 × 10–2 s–1, 2.83 × 10–2 s–1, 1.31 × 10–2 s–1, and
1.28 × 10–2 s–2, respectively. The unfolding rate of the mid-
dle phase of the wild type was a little slower than that of
the mutants, and no significant difference in rate con-
stants among mutants could be detected. The unfolding
rates of the slowest phases of the wild type, E83A, E93A,
E158A, and E159A were 1.31 × 10–3 s–1, 1.65 × 10–3 s–1,
1.50 × 10–2 s–1, 1.97 × 10–3 s–1, 2.65 × 10–3 s–1, respectively.
The unfolding rate of the slowest phase of E93A was one
order magnitude of faster than those of other variants
(Fig. 5).

Melting Temperature of Tk-MGMT Variants in the
Presence of 5 M Urea—The stability of Tk-MGMT vari-
ants was also evaluated by determining the melting tem-
perature. This was done in the presence of 5 M urea,
because Tk-MGMT variants were not denatured even at
100°C under the physiological conditions. The melting
temperatures of the wild type, E83A, E93A, E158A, and
E159A were 91.5°C, 89.2°C, 85.5°C, 90.6°C, and 91.7°C,
respectively (Table 2). That of E93A was clearly lower
than those of the wild type and other mutants. This
result was consistent with the equilibrium study using
GdnHCl. These results suggest that E93A was most
destabilized among the four variants tested in this study.

Effects of Structural Change by Mutation on the Wild-
Type Native Structure—To investigate the structural
effects of mutation, measurements of far-UV CD spectra
and computer simulation were performed. No differences
in far-UV CD spectra were found between the wild type
and mutants (data not shown). We also performed energy
minimization for the Tk-MGMT variants using the com-
puter program InsightII/DISCOVER. Calculated struc-
tures of the wild type and mutants are shown in Fig. 6.
RMSDs of E83A, E93A, E158A, and E159A compared to
the wild type were 0.679 Å, 1.088 Å, 0.720 Å, and 0.782 Å,
respectively. These results suggest that the mutations
did not cause large structural changes. Finally, we exam-
ined whether the mutations caused the formation of new
ion pairs or hydrogen bonds, but in no case could such a
change be predicted.

Fig. 4. Temperature-dependent ∆∆G profiles between the
wild type and the mutants. E83A, open circles; E93A, closed
squares; E158A, closed circles; E159A, open squares.

Fig. 5. Kinetic traces of GdnHCl-induced unfolding transi-
tion monitored at CD 222 nm. Time course of unfolding of Tk-
MGMT variants at 7.84 M GdnHCl at 50°C. Solid lines show the
results of the nonlinear regression analyses according to Eq. (4)
with i = 3 for the wild type, i = 3 for E158A, i = 2 for E83A, i = 2 for
E93A, i =3 for E159A.

Fig. 6. Superimposition of calculated structures of the wild
type and mutants using energy minimization.
Vol. 135, No. 4, 2004
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DISCUSSION

The objective of this study was to reconfirm the contribu-
tion of ion pairs to the thermodynamic and kinetic stabil-
ity of a hyperthermophilic protein, Tk-MGMT. The stabil-
ity of E158A, in which the intra-helical ion pair on the
protein surface (Glu 158–Lys 161) was disrupted, exhib-
ited almost the same value as the wild type. Of the three
mutants with disrupted inter-helical ion pairs in the pro-
tein interior, E93A was the most destabilized, by ~4 kJ
mol–1 for ∆G and by 6.0°C for Tm. In addition, the unfold-
ing rate of E93A was one order of magnitude faster than
those of the other variants. This result suggests that the
disruption of the ion-pair network involving Glu 93 leads
to the destabilization of the native structure of Tk-
MGMT (~4 kJ mol–1), which results in a lowering of the
unfolding activation free-energy change. E83A was
destabilized by ~1.5 kJ mol–1 for ∆G and by 2.3°C for Tm,
while E159A was not destabilized. It is worth emphasiz-
ing that the SASA of Glu 93 (7.2%) is almost identical to
that of Glu 159 (8.9%), whereas only E93A is destabilized
in terms of both equilibrium and kinetics. These experi-
mental data provide a new consideration regarding ion
pairs, as follows.

There is no doubt about the role of single ion pairs on
the protein surface. Many studies have shown that
exposed ion-pair interactions contribute only marginally
to the free-energy stabilization (12–14). It has been
argued that the gain in electrostatic energy with the for-
mation of ion pairs is offset by the entropic cost of desol-
vation and localization of the flexible side chain. In lines
with this, our experiments showed that the ion pair
involving Glu 158 does not contribute to protein stability.
Similar observations have recently been made using a
hyperthermophilic rubredoxin variant (25).

Internal ion pairs are more complex than those on the
protein surface. In the interior of the protein, ion pairs
undergo stronger electrostatic interactions than those on
protein surface due to the lower dielectric environment
(18, 26). Some reports indicated that buried ion pairs con-
tribute to protein stability (9, 10). Takano et al. showed
that the contribution of ion pairs in human lysozyme to
protein stability correlated well with the SASA of ion
pairs (27). On the other hand, buried ion pairs also pay a
high desolvation penalty during folding. Kumar et al. cal-
culated that average of desolvation penalty for 66 buried
ion pairs was 54 kJ mol–1 (18). An experimental study
suggested that buried ion pairs destabilized the folded

protein (28). Therefore, it is difficult to predict the energy
contribution of a buried ion pair to protein stability,
because it is determined by a fine balance among the
favorable electrostatic interactions, the unfavorable des-
olvation penalty, and the interaction of the ion pair with
other residues.

In our study, the SASAs of Glu 93 and Glu 159 were
almost the same, but E93A was clearly more destabilized
than E159A. Although E93A had two disrupted inter-hel-
ical ion pairs, the normalized destabilization effect of
E93A per ion pair was much larger than that of E159A. A
study of mutagenesis in the NADP-binding domain of
glutamate dehydrogenase derived from Thermotoga mar-
itima indicated that an ion-pair interaction was strength-
ened by one of the partners being involved in a second
ion-pair interaction (29). In that study, the interaction
energy between Lys 193 and Glu 231 was 3.7 kJ mol–1

(estimated from the thermodynamic cycles), whereas this
interaction destabilized the protein by 0.84 kJ mol–1 by
the removal of the Arg 190 side chain. This phenomenon
was also observed in molecular dynamics simulations on
an ion-pair cluster of the DNA-binding protein Sac7d
(30). In the theoretical study, each new member in a net-
work of ion pairs requires the desolvation of just one res-
idue (31), so that a network-forming ion pair is more
favorable for protein stability than an isolated ion pair. In
general, as the melting temperature of proteins
increases, ion pairs tend to be organized into networks (1,
32, 33). This is an important issue when discussing the
structural properties of E93A. Glu 93 formed an ion-pair
network with Arg 50 and Arg 132, which occurred in the
inter-helices between the a-helix and the c-helix and
between the c-helix and the e-helix. This ion-pair net-
work connects the N and C-terminal domains (Fig. 1B).
Due to these structural features, this ion-pair network is
thought to reinforce the internal packing of the tertiary
structure and therefore contribute to the global stability.

Glu 83 also forms an ion-pair network with Lys 66, and
Asp 62, which occurs in the inter-helix position between
the b1- and b2-helices. However, E83A was less destabi-
lized than E93A; in particular, the unfolding rate of E83A
was almost identical to that of the wild type. The struc-
tural differences between Glu 83 and Glu 93 are (i) sol-
vent accessibility and (ii) the pattern of network forma-
tion. (i) Glu 83 is partially exposed (16.9%), so this ion-
pair network contributes less to protein stability than
that involving Glu 93. (ii) The ion-pair network involving

Fig. 7. B-factor of Cα atoms versus the
residue number. Information on the sec-
ondary structure of Tk-MGMT is below the
plot. β-sheets are shown as broad arrows
and α-helices as barrels.
J. Biochem.
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Glu 83 connects adjacent helices (b1- and b2-helices) in
the N-terminal domain, whereas that involving Glu 93
connects three helices and bridges the N- and C-terminal
domains. Although Glu 83 is involved in an ion-pair net-
work, E83A loses only one ion pair between Lys 66 and
Glu 83. In a previous study, it was suggested that the
inter-helical ion-pair between Lys and Glu contributed to
the stability of the coiled-coil (34). A similar study dem-
onstrated that inter-helical ion pairs stabilized the
coiled-coil by 0.59–4.78 kJ mol–1 (35). These results sug-
gest that inter-helical ion pairs are favorable for a terti-
ary structure. Glu 93 forms two inter-helical ion-pairs,
while Glu 83 forms only one, as does Glu 159. Therefore,
E93A might be most destabilized among the mutants
tested in this study.

We also took into account the B-factor of the crystal
structure, which relates to the fluctuations in the struc-
ture. The ion-pair network involving Glu 83 connects the
b1-helix and the b2-helix, which showed relatively high
B-factors, especially the b2-helix (Fig. 7). Therefore, the
ion pair involving Glu 83 could not form a strong link
between the b1- and b2-helices. Glu 159 forms an ion pair
with Arg 39 between the a-helix and the g-helix (Fig. 1).
In a previous study, the DNA-binding model of methyl-
transferase suggested that the g-helix is required to
swivel by moving around the loop residues from β6 to the
g-helix during catalysis (36). Indeed, the B-factor of the
loop between β6 and the g-helix was very high (Fig. 7),
implying that this region is not so important in stabiliz-
ing the global structure of Tk-MGMT.

Hyperthermophilic proteins tend to have a large
number of ion-pairs on the protein surface (37). It has
been reported that optimizing the charge-charge interac-
tions on the protein surface contributes to protein stabil-
ity (38) and that proteins in general gain electrostatic
stabilization by minimizing the number of repulsive con-
tacts (39). Electrostatic interactions on the protein sur-
face may contribute to protein stability, not by forming a
single ion pair, but by organizing the global electrostat-
ics. The SASAs values of charged side-chains are thought
to be one of the criteria necessary for predicting the
energy contribution of ion pairs. However, we found no
clear relationship between the accessible surface area
and the energy contribution to protein stability, indicat-
ing the importance of the structural features and forma-
tion patterns of ion pairs.

In conclusion, ion pairs can contribute to the stability
of Tk-MGMT when they exist in certain locations: (i) in
the interior, (ii) in an inter-helix or inter-domain, (iii) in
an ion-pair network and (iv) in regions with low values of
the B-factor. In these locations, ion pairs stabilize the
internal packing of the tertiary structure, in cooperation
with a hydrophobic interaction to connect between the
helices and the domains. These features, along with the
simple accessibility of the side-chain, may be keys to
understanding the thermodynamic and thermal stability
of hyperthermophilic proteins. In the future, a crystallo-
graphic study of the mutants shoud help us to under-
stand the effects of ion pairs more precisely.
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