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We designed two mutants of superoxide dismutase
(SOD), one is thermostable and the other is thermo-
labile, which provide valuable insight to identify
amino acid residues essential for the thermostability
of the SOD from Aquifex pyrophilus (ApSOD). The mu-
tant K12A, in which Lys12 was replaced by Ala, had
increased thermostability compared to that of the wild
type. The T, value of K12A was 210 min and that of the
wild type was 175 min at 95°C. However, the thermo-
stability of the mutant E41A, which has a T, value of
25 min at 95°C, was significantly decreased compared
to the wild type of ApSOD. To explain the enhanced
thermostability of K12A and thermolabile E41A on the
structural basis, the crystal structures of the two SOD
mutants have been determined. The results have
clearly shown the general significance of hydrogen
bonds and ion-pair network in the thermostability of
proteins. © 2001 Academic Press
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The structure and stability of a hyperthermophilic
protein have attracted increasing attention in recent
years. Hence, various groups identified the factors that
determine protein stability by structural comparisons
between mesophilic enzymes and hyperthermophilic
proteins (1, 2). The basis of their stability includes
hydrogen bonding networks, hydrophobic interactions,
optimized core packing, salt bridges and the reduction
of the entropy of unfolding (3). Even though a detailed
understanding of protein-stabilization mechanism has
not yet to be achieved, it is clear that thermostable
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proteins used these known interactions optimally rather
than containing unique structural characteristics.

Perutz and Raidt (4) originally suggested salt
bridges as a means of promoting the thermal stability,
through the analysis of primary sequences of proteins
from mesophiles. The recent results of high-resolution
structures of some hyperthermophilic proteins have
demonstrated that the number of surface ion-pairs is
even greater than those of their mesophilic counter-
parts (5-7).

Our crystal structural studies of ApSOD pointed out
two significant factors for SOD hyperthermostability
(8). First, a large number of ion-pair formation within
the subunit of ApSOD may be the most important as
well as between subunits. Second, the increased num-
bers of hydrophobic and polar interactions at the en-
larged buried subunit interface in tetramer may be a
major factor for the stability of the quaternary struc-
ture of ApSOD.

Although ion-pairs of ApSOD are widely distributed
over the subunit, most of the ion-pairs of ApSOD are
not connected by networks. Only two net works are
found in the subunit, which one involving five residues
and the other involving three residues. To identify the
amino acid residues essential for the thermostability of
the SOD from Aquifex pyrophilus, we designed two
mutants of ApSOD, K12A and E41A, in which Lys12
and Glu4l in ApSOD ion-pair network were replaced
by Ala. Replacement of Lys12 located in the L1 loop
with Ala resulted in an increased thermostability. The
substitution of the Glu41 located in «l1 helix with Ala
significantly decreased thermostability of SOD com-
pared to the wild type.

Analysis of the X-ray crystal structure clearly
showed the effect of a single alanine substitution on
the thermostability of hyperthermophilic superoxide
dismutase from Aquifex pyrophilus.
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MATERIALS AND METHODS

Cloning and Purification of SOD Mutants

Two mutants of ApSOD, K12A and E41A, in which Lys12 and
Glu4l in ApSOD ion-pair network were replaced by Ala, were de-
signed. Site directed mutagenesis was performed by inverted poly-
merase chain reaction. The clone, pD2, encoding the full length of
ApSOD was used as a template DNA (9). The reaction mixture
contained 0.1 nM of each primer, 0.2 uM of dNTP mix, varying
amounts of template DNA, 2.5 units of Ex-Tag polymerase
(TAKARA, Japan) and the buffer supplied with the DNA polymerase
in a total volume of 100 ul. The 25 cycles of amplification was
performed as follows, 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s.
The PCR product was recovered from a low melting agarose gel
electrophoresis and was digested with Ndel (or Ncol) and BamHI.
The products were ligated with pET3a/3d predigested with the same
restriction enzymes. After confirming nucleotide sequence of the
mutants, small-scale expression tests were performed and high level
protein-expressing clones detected on an SDS polyacrylamide gel
were chosen for large-scale protein purification. Cultivation of E. coli
BL21(DE3) containing plasmids and purification of the mutant pro-
teins were performed as described for wild type of ApSOD (9).

Crystallization, Data Collection, and Processing

Crystals of two mutants were grown at room temperature by the
hanging drop vapor diffusion method as previously described (8). The
crystals belong to space group 1222 witha = 70.7 A, b = 75.8 A, and
c=286.9AforKl2Aanda =706 A,b=755A andc =87.2 A
for E41A, respectively. The data sets were collected from a MAR
Research 300 image-plate detector mounted on a Rigaku RU-200
rotating-anode generator. The two mutant crystals diffract to 2.0 and
1.9 A at room temperature, respectively. The data were processed
using the programs DENZO and SCALEPACK (10). A summary of
data collection, processing, and refinement is given in Table 1.

Structure Refinements and Analysis of Data

Refinement of K12A. The atomic coordinates of wild-type ApSOD
(1C0OJ) were used as the starting model for the refinement of K12A.
The 10% reflections were used to calculate the Ry.. value to monitor
the progress of the refinement (11). Without the mutated residue
K12A, the R-factor dropped to 25% (R = 31%) for 15,097 reflec-
tions in the resolution range 8—2.0 A. Alal2 was then inserted and
fitted into the difference electron density map, the model was sub-
jected to simulated annealing by heating the system to 4000 K and
slowly cooling to 300 K in steps of 25 K. The 100 cycles of positional
refinement lowered the R-factor to 19% (R = 23%). The iron ion
was then included and water molecules were added from the differ-
ence electron density maps at various stages of the refinement. The
current model contains 211 amino acid residues, an iron atoms and
114 water molecules in an asymmetric unit. The structure has an
R-factor of 16.0% (I > 20) and Ry, of 21.3% (I > 2¢) for data from
8 t0 2.0 A, with 0.008 A RMS deviation from ideal bond lengths and
1.602 A RMS deviation from the ideal bond angles (Table 1).

Refinement of E41A. The atomic coordinates of wild-type ApSOD
(PDB ID, 1SOD) were used as the starting model for the refinement
of E41A. A randomly selected 10% of the reflections were used to
calculate the Ry.. value to monitor the progress of the refinement
(11). The refinement protocols as above gave a final R-factor of 16.3%
(Riree = 19.1%) for data from 8 to 1.9 A (I > 20), including 115 water
molecules with 211 amino acids and one iron atom. The bond RMS
deviation is 0.007 A and angle RMS deviation is 1.602 A (Table 1).

Analysis of data. In all cases, the program X-plor 3.1 was used for
the refinement and the program CHAIN was used for molecular
modeling (11, 12). Hydrogen bonds and ion-pairs are analyzed using

TABLE 1
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Summary of Crystallographic Analysis

Data K12A E41A
Spacegroup 1222 1222
Cell parameters a (A), b 70.7, 75.8, 86.9 70.6, 75.5, 87.2
(A), ¢ (A) 2.0 1.9
Maximum resolution (A) 48,844 144,933
Observations (>10) 15,598 18,703
Unique reflections 8.5 6.7
Rym (%)* 96.6 99.9

Completeness (%),
refinement
Nonhydrogen atoms

R-factor® (R free)°
No. of reflections used in

1716 protein
1 Fe(l11),

114 water
16.0% (21.3%)
15,097

1716 protein
1 Fe(l11),

115 water
16.3% (19.1%)
17,769

R-factor calculation
(1 > 20)
RMSD from ideal geometry

Bond lengths (A) 0.008 0.007
Bond angles (degree) 1.602 1.602
Dihedral angles (degree) 5.584 8.218
Improper angles (degree) 0.127 0.046

ARym = Zn3jllhi — (I)/202 314, where 1,; is the intensity of the
ith measurement of reflection h and (Ih) is the corresponding value
of Ih for all i measurements.

® R-factor = 3||Fops] — |Feacl/2|Fonsl, Where Fy, and F, are the
observed and calculated structure factors, respectively.

° Ry = R-factor calculated using 10% of the reflection data chosen
randomly and omitted from the start of refinement.

X-plor and confirmed visually on a Silicon graphics system using the
program CHAIN. Hydrogen bond and ion-pair interactions were
identified using distances less than or equal to 3.5 and 4.0 A, respec-
tively (13).

Activity assay and thermostability measurements for the SOD mu-
tants. SOD activity was measured by cytochrome c reduction (14).
SOD activity unit is defined as the amount of enzyme which inhibits
the rate of cytochrome ¢ reduction by 50%. Protein concentration was
measured by the method of Bradford (15). Thermal stability of SOD
mutants were determined by the method as described before (9).
Reaction mixtures containing 1 ug/ul of SOD in 20 mM potassium
phosphate, pH 7.0, was incubated at 95°C. Aliquots were removed at
intervals, chilled in an ice bath, and assayed the residual SOD
activity.

RESULTS
Cloning and Purification of ApSOD Mutants

All SOD mutants were purified from the soluble frac-
tions of the cell lysates and the purity was confirmed as
a unique band in both native and SDS—polyacrylamide
gel electrophoresis (Fig. 1). Properties of the mutants
during the purification procedure were almost identi-
cal to that of the wild-type SOD. Each mutant has
different mobility of dimer in SDS—polyacrylamide gel
electrophoresis due to the one amino acid substitution
(Fig. 1B). The different proportion of dimer to monomer
between the K12A and E41A was shown in the SDS—
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FIG. 1. Identification of SOD mutants on 10% nondenaturing (A)
and 12.5% SDS-denaturing (B) polyacrylamide gel electrophoresis.
The 10 ng of each proteins were applied on the two types of gel. In the
case of SDS-PAGE, the samples were heated at 100°C for 10 min
after mixing SDS loading buffer. M, molecular marker; 1, wild type
of SOD; 2, mutant K12A SOD; 3, mutant E41A SOD.

polyacrylamide gel electrophoresis. The compactness of
K12A could contribute to the different mobility com-
pared to that of E41A and more proportion of dimer
than monomer in the SDS—polyacrylamide gel electro-
phoresis. The yield of each mutant protein was 20~30
mg from 1 liter culture.

As shown in Table 2, the specific activity of the
mutants were compared with that of wild type SOD
when assayed at 25°C by the cytochrome c reduction
method. The activity of SOD mutants—K12A and
E41A—were greater than the wild type. It could not be
interpreted as an effect of greater Fe incorporation,
because the other mutant which also had more metal
content than wild type did not have an increased ac-
tivity (data not shown).

Thermostability of ApSOD Mutants

Heat inactivation assay was performed with con-
structed mutant of ApSODs and wild type to compare
the thermostability. The mutant E41A had lost 40% of
its activity within 10 min at 95°C. As shown on Fig. 2
and Table 2, the mutant E41A showed distinctly de-
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creased stability, supporting that ion-pair network has
actually a critical role in stabilizing ApSOD.
However, unexpectedly, thermostability of the mu-
tant K12A, was increased compared with that of the
wild type, the T, value of K12A was 210 min at 95°C,
which is greater than that of the wild type, 175 min.

Structural Analyses of ApSOD Mutants

The structure of native ApSOD has previously been
refined to a high resolution of 1.9 A (8). In a native
protein, we have analyzed several structural factors
that contribute to enzyme stability. The most striking
features are the increased ion-pairs in the monomer
and the increased buried surface area in the tetramer.
This structure has been used as a standard for the
comparison of the mutant ApSOD structures in this
work. When the structures of the mutants were super-
imposed with the native ApSOD structure using the
program LSQ from the CCP4 program suite (16), no
significant deviations were observed among the main-
chain atoms (RMS deviation for main-chain atoms is
0.13 A for both mutants). In addition, strong electron
density was observed for the iron atoms like a native
structure. However, local changes around the mutated
residues were found as shown in Fig. 3 and Fig. 4.

In the native ApSOD structure, only two networks
are found in the subunit; one involving five residues
and the other involving three residues (Fig. 5). The five
ion-pair network, which is located between L1 and «l
in the N-terminal domain, involves residues D9, K12,
E25, E29, and K33 (Fig. 5). The NZ(K12) in the na-
tive ApSOD, formed salt bridges with OE2 (E29),
OE1(E25), and OE2(E25), which are relayed ion-pairs.
However, in the K12A structure, a water molecule is
located in CE position of K12 of wild-type ApSOD such
that it forms hydrogen bonds with two residues (E29,
E25) instead of ion-pair network (Fig. 3). The W33 in
the K12A structure was moved about 0.4 A to W109
compared to that of wild type, so the interaction of W33
between Q14 and W109 have been increased than
those of the wild type (Fig. 3). The interaction between
W33 and Q14 could stabilize the local structure even
further, which may account the increased stability of a
mutant K12A. Therefore, K12A structure has a more

TABLE 2
Properties of the Mutant SODs Compared with That of Wild-Type SOD

Metal®
Specific activity T, (95°C)
mSOD Substituted residue Fe Zn (units/mg) (min) Location
Wild type — 0.33 0.047 1250 75
K12A K12A 0.42 0.1 1500 210 L1/ion-pair network A
E41A E41A 0.38 0.07 1330 25 al/ion-pair network B

® The unit is atom per subunit.
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FIG. 2. Comparison of the thermostability among ApSOD mutants. Solutions of wild-type and mutant ApSOD (0.1 mg/ml) were heated
at 95°C for various times in buffer containing 20 mM potassium phosphate. The remaining activity was assayed as described under Materials

and Methods.

hydrophilic exterior and a more hydrophobic interior
than wild-type ApSOD in the tetrameric structure.
However, in the E41A structure, NZ(K45)-OE1(E41)-
NZ(K38) ion-pair network of wild-type ApSOD is dis-
rupted (Fig. 4). lon-pair is the important stabilizing
forces in proteins (17). And also the energy gain in a
network is larger than the sum of the pairwise interac-
tions between the consistent charges (18). A water mole-
cule is located in CE position of E41 of wild-type ApSOD
that it forms hydrogen bonds with two residues (K45 and
K38) instead of ion-pair network (Fig. 4), but it is not as
stable as the relayed ion-pairs in the native ApSOD. The
EA41 is located on the position of ion-pair network in the
intramolecular and intermolecular of the ApSOD tet-
rameric structure. Therefore, the ion-pair network of this

“Qf/ -
o Q14

FIG. 3. Representation of residues involved in the ion-pair of
mutant K12A. The native ApSOD and the mutant K12A are shown.

area is important in thermostability of the ApSOD tet-
rameric structure.

There might be several other factors to contribute
the thermostability of K12A and E41A besides the
hydrogen bonds and ion-pair network. The inter-
subunit ion-pairs of the native ApSOD and the mu-
tants were compared, but any noticeable changes were
not found. There was also negligible change of the
solvent accessible surface area between the native Ap-
SOD and the mutants.

In summary, the structures of the mutants K12A
and E41A show that the hydrogen bonds and ion-pair
network play a key role in determining the thermosta-
bility of the ApSOD. The results have clearly shown
the general significance of hydrogen bonds and ion-pair
network in the thermostability of proteins.

1 ¢

K45

FIG. 4. Representation of residues involved in the ion-pair of
mutant E41A. The native ApSOD and the mutant E41A are shown.
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FIG. 5. Stereodiagram of the intra-subunit ion-pair networks in the N terminus of ApSOD. Residues in loop L1 and the « 1 helix are

involved in network formation.

DISCUSSION

The crystal structure of the enhanced thermostabil-
ity of K12A and thermolabile E41A could give valuable
factors responsible for the thermostability. In K12A
structure, a water molecule is located in CE position of
K12 of wild-type ApSOD such that it forms hydrogen
bonds with two residues—E29(OE2) and E25(0OE2)—
instead of salt bridges of K12 with E29 (OE2) and
E25(0OE1, OE2). A new bond between a water molecule
and Q14(NE2) was formed in K12A structure. Even
though salt bridges appear to make little contribution
to protein stability at room temperature, they have
been proposed to play a crucial role in promoting hy-
perthermostability in proteins (19). The apparently de-
stabilizing effects of salt bridges at room temperature
can be reconciled with their increased abundance in
hyperthermophilic proteins. Many hyperthermophilic
proteins have been shown to contain an increased
number of salt bridges, involving in networks at inter-
domain interfaces and inter-subunit interfaces in the
oligomeric proteins (1, 2, 7, 8). However, in K12A struc-
ture, two hydrogen bonds and a new interaction be-
tween a water molecule and Q14(NE2) contribute for
the increased stability compared to the three relayed
ion-pairs in the native ApSOD. The effect of hydrogen
bonds on RNase T1 stability was studied and found
that individual hydrogen bond contributed an average
of 1.3 kcal/mol to the stabilization (20). Tanner et al.
showed that a strong correlation between GAPDH
thermostability and the number of charged neutral
hydrogen bond (21). One of the reasons why this type of
hydrogen bond is thermodynamically stabilizing is
that the desolvation penalty associated with burying
such hydrogen bonds is less than the desolvation pen-
alty for burying an ion pair that involves two charged
residues. Among the hyperthermophilic proteins whose
structures have been solved, hydrogen bonds in many
proteins contribute to the thermostability (22).

In the E41A structure, NZ(K45)-OE1(E41)-NZ(K38)
ion-pair network of wild-type ApSOD is disrupted and
a water molecule which is located in CE position of E41
of wild-type ApSOD forms hydrogen bonds with two
residues (K45 and K38) instead of ion-pair network.
Since this hydrogen bond is not as stable as the relayed
ion-pairs in the native ApSOD, E41A was thermolabile
compared to the native ApSOD.

The contribution of hydrogen bonds (23, 24) and salt
links (25, 26) to the stability of proteins is controver-
sial. The removal of a hydrogen bond generally lowers
protein stability by 0.5 to 2.0 kcal/mol and estimates
for ion pair stabilization range from 0.4 to 1.0 kcal/mol
(27, 28). The ion pair networks identified in the P.
furiosus, P. kodakaraensis, and T. litoralis GDH struc-
tures, which are 83 to 87% identical and all contain the
same 18 ion pair network at their hexamer interface,
were studied by site directed mutagenesis (1, 29, 30).
These studies illustrate the high level of cooperation
among the different members of ion pair network and
support the role of the 18-residue ion pair network in
GDH stabilization.

The arrangement of charged residues into networks
at high temperatures may play a key role in the acqui-
sition of thermostability of proteins. The reasons are as
follows:

First, the dielectric constant decreases significantly
with temperature. Second, each new member in a net-
work of ion-pairs requires the desolvation of just one
residue. Third, hydration free energies are reduced at
elevated temperatures and because these reductions
are considerably larger for charged residues than for
hydrophobic isosteres, ion-pairs may become more sta-
bilizing than hydrophobic interactions at elevated tem-
peratures (19, 31).

The disruption of ion-pair network of E41A was a
crucial factor for the thermostability of the mutant
E41A. In the SOD mutants case, K12A and E41A,
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which were participated in the hydrogen bond and ion
pair, make a different contribution for the thermo-
stability.
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