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Using the information from the genome projects, recent comparative studies of
thermostable proteins have revealed a certain trend of amino acid composition in
which polar residues are scarce and charged residues are rich on the protein
surface. To clarify experimentally the effect of the amino acid composition of surface
residues on the thermostability of Escherichia coli Ribonuclease HI (RNase HI), we
constructed six variants in which five to eleven polar residues were replaced by
charged residues (5C, 7Ca, 7Cb, 9Ca, 9Cb and 11C). The thermal denaturation
experiments indicated that all of the variant proteins are 3.2-10.1°C in T}, less stable
than the wild proteins. The crystal structures of resultant protein variants 7Ca, 7Cb,
9Ca and 11C closely resemble that of E. coli RNase HI in their global fold, and several
different hydrogen bonding and ion-pair interactions are formed by the mutations.
Comparison of the crystal structures of these variant proteins with that of E. coli
RNase HI reveals that thermal destabilization is apparently related to electrostatic
repulsion of the charged residues with neighbours. This result suggests that charged
residues of natural thermostable proteins are strictly posted on the surface with
optimal interactions and without repulsive interactions.

Key words: amino acid composition, genome information, RNase HI, surface-charge
residue, thermostability.

Abbreviations: CD, Circular dichroism; GdnHC]l, guanidine hydrochloride; and RNase H, Ribonuclease H.

The rapid progress of genome projects has provided a
large amount of information on the sequence of the
genes, and therefore proteins, of various organisms.
Systematic statistical analyses of the differences between
the proteins of thermophiles and mesophiles have been
made possible (I-3). Recent comparative studies have
revealed a certain trend of the amino acid composition of
thermophilic proteins. The difference between the amino
acid composition of thermophilic proteins and that of
mesophilic proteins has been found to follow a universal
trend across a large number of protein families. Charged
residues (e.g. Glu, Asp, Lys, and Arg) are rich, whereas
polar residues (e.g. Ser, Thr, Asn, and GIln) are more
scarce on thermophilic proteins than on mesophilic
proteins (3). Additionally, the difference between the
amino acid composition of mesophilic proteins and that of
thermophilic proteins is much greater on the protein
surface than in the interior, suggesting a strategy for
adaptation to the environment (4). These observations
lead to the proposal that only the introduction of charged
residues on the protein surface can be a viable tactic to
increase thermostability of protein. If so, it is a simple
strategy to stabilize proteins in natural selection and
even in protein engineering. However, if thermophiles
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closely select the formation of ion pairs, more systematic
steps involving analyses based on sequence and struc-
tural information for a group of proteins are required.
Therefore, it is necessary to conduct an experiment study
examining the effect of amino acid composition of the
surface on the stability of a protein.

Ribonuclease H (RNase H) endonucleolytically cleaves
RNA of the RNA/DNA hybrid in the presence of divalent
cation (5). RNase H is ubiquitously present in various
organisms (6) and is involved in DNA replication, repair
and transcription (7-10). Escherichia coli RNase HI
provides a good model for the study of thermostabiliza-
tion of thermophilic proteins because the thermal
denaturation of E. coli RNase HI is reversible and its
thermodynamics have been characterized in detail
(11, 12). In addition, the 3D-structure of RNase HI
from two sources of different growth temperatures,
E. coli (mesophile) and Thermus thermophilus (extreme
thermophile), have been solved (13-15). The melting
temperature of T. thermophilus RNase HI, which was
determined from thermal denaturation experiments in
the presence of 1M guanidine hydrochloride (GdnHCI) at
pH 5.5, was 30.9°C higher than that observed for E. coli
RNase HI (16). Despite unusual differences in thermo-
stability, these proteins share a high degree of homology
in primary sequence and a high degree of similarity
in 3D-structure. The sequence and structural similarities
between their enzymes enable comparison for
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T. thermophilus
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Fig. 1. Pie diagrams representing the fractions of charged,
polar and apolar residues by RNase HI from T. thermo-
philus and E. coli. Blue denotes positively charged residues
(Arg and Lys); red denotes negatively charged (Asp and Glu);
green indicates polar (Asn, Gln, Ser, and Thr); yellow

thermal stability. Analysis of amino acid compositions in
the RNase HI from E. coli and that from 7. thermophilus
suggests that the difference between amino acid compo-
sitions of these enzymes is much greater on the protein
surface than on the protein interior (Fig. 1). RNase HI
from T. thermophilus is rich in charged residues, with a
reduced number of polar residues.

To determine the effect of surface-charged residues on
protein thermostability, we constructed six variant
proteins of E. coli RNase HI, in which five to eleven
polar residues are replaced by charged ones. We
confirmed that all the variant proteins were less stable
than the wild protein. The crystal structure of four
variants was then solved, and the relationship between
thermostability and molecular structure was analysed.
We found that repulsive interactions greatly disturb
protein stabilization.

MATERIALS AND METHODS

Cells, Plasmids and Materials—Plasmid pJAL600 for
the overproduction of the wild protein was previously
constructed (17). The E. coli MIC2067 is an rnhA and
rnhB double-mutant strain, and the MIC2067 (DE3)
carrying a cloned T7 RNA polymerase gene has already
been reported (18). The E. coli MIC2067 (DE3) was used
as a host strain for overexpression of the variant protein
with the pET system. The plasmid pET-25b was
purchased from Novagen (Madison, WI, USA). The
E. coli MIC2067 (DE3) transformants were grown in
NZCYM medium (Novagen) containing 50 ug/ml ampicil-
lin and 50 pug/ml chloramphenicol. All DNA oligomers for
PCR were synthesized by Hokkaido System Science
(Sapporo, Japan). Restriction and modifying enzymes
were from TaKaRa Bio (Kyoto, Japan). Other chemicals
were of reagent grade.

34.3
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indicates apolar (Ile, Leu, Met, Phe, Trp, Tyr, and Val); and
white denotes other residues (Ala, Cys, Gly, His, and Pro). In
both the structures, amino acid residues with relative solvent
accessibility greater than 25% were regarded as residues exposed
to solvent.

Mutagenesis, Overproduction and Purification—The
genes encoding the E. coli RNase HI variants were
constructed by PCR-based, site-directed mutagenesis
(19). Plasmid pJAL600 was wused as a template.
The plasmids for overproduction of the variant proteins
were constructed by ligating the DNA fragments contain-
ing these genes into the Ndel-Sall sites of pET-25b. The
oligonucleotides used for the mutations are listed subse-
quently, with the exchanged bases underlined.

Q4R: 5-ATGCTTAAACGTGTAGAAATTTTCACCGAT
GG-3'

T40E:
G-3'

Q72H, Q76K and Q80E: 5-GAGTACCGACAGCCATTA
CGTACGCAAAGGTATCACCGA ATGGATCC-3

TI2K: 5-GGCTGGAAAAAAGCAGACAAAAAACCAG-3’

Q105K: 5-CTCTGGAAACGTCTAGATGCTGCATTGG
GGC-3'

Q113R and Q115K: 5-CGTCTAGATGCTGCATTGGGG
CGCCATAAAATCAAATGGGAA TGGG-3'

N143K and T145K: 5-GTGCCGCGGCGATGAAACCC
AAACTCGAGGATACAGGCTACC AAGTT-3’

Overproduction and purification of the wild-type
protein were performed as described previously (17).
Transformation of E. coli MIC2076 (DE3) with the
recombinant plasmids and overproduction of the recom-
binant proteins were performed according to the proce-
dure described previously (20) with a slight modification.
The transformed cells were cultured in NZCYM medium
containing 50 ug/ml ampicillin and 50 ug/ml chlor-
amphenicol, at 30°C. When the Dggoy of the culture
reached 0.5, isopropyl-B-p-thiogalactoside was added to
the culture medium (final concentration, 1mM), and
induction was continued for an additional 4 h. Cells were
collected by centrifugation, suspended in buffer A (10 mM
Tris—HCI pH 7.5, 1mM EDTA, 0.2M NaCl), disrupted by

5-GCTGGCTACGAACGCACCACCAACAACC

J. Biochem.
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a French press, and centrifuged at 30,000g for 30 min.
The soluble fraction was loaded onto a HiTrap SP HP
column (Pharmacia/GE Healthcare, Sweden) equilibrated
with buffer A. The protein was eluted from the column
with a linear gradient of 0-0.5M NaCl. The fractions
containing the protein were combined, dialysed against
buffer B (10mM Tris—HCI pH 7.5, 1mM EDTA), and
loaded onto a HiTrap Heparin HP column (Pharmacia/
GE Healthcare, Sweden) equilibrated with buffer B. The
protein was eluted from the column with a linear
gradient of 0-0.5M NaCl. The fractions containing the
protein were combined and dialysed against 10mM
sodium acetate buffer (pH 5.5). The protein concentration
was determined from UV absorption using the Aggg value
of 2.02 for the wild protein and six variant proteins.
These values were calculated by using e=1576 M ‘em ™
for Tyr and 5225M 'em™* for Trp at 280nm (21). The
purity of the protein was confirmed by SDS-PAGE (22),
followed by staining with Coomassie brilliant blue.

Circular Dichroism (CD) Spectra—The CD spectra
were measured on a J-725 spectropolarimeter (Japan
Spectroscopic Co., Ltd, Tokyo, Japan). Spectra were
obtained at 25°C in 10mM sodium acetate buffer (pH
5.5). The protein concentration was 0.15mg/ml, and the
optical path length was 2mm.

Thermal Denaturation—Thermal denaturation curves
and the temperature of the mid-point of the transition
(T,) were determined by monitoring the CD value at
220nm, as described previously (16). Proteins were
dissolved in 20mM sodium acetate buffer (pH 5.5)
containing 1M GdnHCI. The protein concentration was
0.15mg/ml, and the optical path length was 2mm. The
temperature of the cuvette containing the sample solu-
tion was raised at a rate of 1°C/min. Parameters
characterizing the thermal denaturation of the mutant
proteins were determined as described previously (12).

Crystallization, Data Collection and Refinement—
Crystals of the E. coli RNase HI variants 7Ca, 7Cbh,
9Ca and 11C were grown by the sitting-drop method at
20°C. The conditions were 100mM HEPES-NaOH
(pH 7.0-8.0) containing 15-25% PEG-3350, and 6-8 mg/
ml protein. Crystals were flash-frozen in liquid nitrogen
directly from the drop conditions.

X-ray diffraction data were collected at the synchrotron
radiation facility at BL38B1, BL41XU and BL44XU
(SPring-8, Hyogo, Japan). Processing of the diffraction
images and scaling of the integrated intensities were
conducted with the program HKL2000 (23). The struc-
tures of all variant proteins were solved by molecular
replacement with Molrep using the coordinates of the
wild-type protein. The model was rebuilt with the
program O (24) and refined with CNS (25). The R-free
set contained 5% of the reflections chosen at random.

Protein Data Bank Accession Numbers—The coordi-
nates of the structures of the variant proteins have been
deposited in the Protein Data Bank under ID codes 2Z1G
for 7Ca, 2Z1H for 7Cb, 2711 for 9Ca and 2Z1J for 11C.

RESULTS

Preparation of E. coli RNase HI Variants—In order to
examine whether increasing the number of charged
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residues on protein surface can improve protein thermo-
stability, six variant proteins of E. coli RNase HI, 5C,
7Ca, 7Cb, 9Ca, 9Cb and 11C, were designed, so that the
polar residues were replaced by the charged ones at
eleven positions with different combinations. These
positions were chosen because they are exposed to
solvent in E. coli RNase HI structure and they are
occupied by charged residues in RNases HI from several
thermophilic bacteria (e.g. Moorella thermoacetica,
T. thermophilus, and Thermoanaerobacter tengcongenisi),
with the exception of Q72H (Fig. 2). This strategy was
based on the results shown by Fukuchi and Nishikawa
(4), in which it was shown that the differences between
thermophilic proteins and mesophilic proteins on the
protein surface are mainly caused by the presence or
absence of single-charged residues. The mutations intro-
duced into the variant proteins are summarized in
Table 1 and Fig. 2C. All of these proteins are accumu-
lated in the E. coli cells in a soluble form upon induction
for overproduction and purified to give a single band on
SDS-PAGE (data not shown).

Stability of Six Variants of RNase HI—The secondary
structures of the proteins were estimated by CD measure-
ment. Far-UV CD spectra of variants were indistinguish-
able from that of the wild-type protein (data not shown),
implying that the mutations did not significantly affect
the overall structure of the protein.

To compare the stability of these proteins, the thermal
denaturation of the wild-type and variant proteins was
monitored by measuring CD at 220 nm. Thermal dena-
turation processes of the wild-type and variant proteins
were reversible under this condition. Typical thermal
denaturation curves for the wild-type protein and six
variants are depicted in Fig. 3. The result for the wild-
type protein agreed with that of previous studies. We
found that all of the variant proteins were 3.2-10.1°C in
T, less stable than the wild-type protein. The thermo-
dynamic parameters characterizing the folding of the
variants are presented in Table 1. Mutation of the polar
residues to charged residues all yielded significant
decrease in conformational stability, as indicated by
the negative AAG,, values, caused by decrease in AH,.
These results suggest that the E. coli RNase HI variants
are destabilized due to unfavourable electrostatic inter-
actions caused by the increased number of charges on the
surface.

Three-dimensional Structure of 7Ca, 7Cb, 9Ca and
11C—The aforementioned results indicate that
the stability of six variants is lower than that of the
wild-type protein. To determine if any structural changes
might account for decreased thermostability, we solved
the structures of the variant proteins 7Ca, 7Cb, 9Ca and
11C. Data collection and refinement statistics for
the variant proteins are summarized in Table 2. The
structures of the these variant proteins seemed to be
essentially the same as that of the wild-type protein
(0.95A RMSD for 151 Coa atoms on the average) except
for the positions of the loops between pB and BC strands
(residues 27-30), between ollIl and oIV helices (residues
89-99), and at the mutation sites. The conformation
of the mutation site was similar among the
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Fig. 2. (A) Multiple alignment of RNase HI from E. coli and
thermophilic bacterium, as M. thermoacetica, T. thermo-
philus and T. tengcongenisi. The eleven residues of E. coli
RNase HI substituted in the present study are indicated
subsequently. (B) Cartoon representation of the 3D-structure of

Q76K
Q72H QS0E

N143K
T145K

V//A l v 2222227

w ! ! "

T92K Q105K QI113R Q115K NI143K T145K

w ! 11 ! "

V22 77222 A,

E. coli RNase HI (PDB entry 2RN2). The side chains of
substitutions are depicted in ball-and-stick representation.
(C) Schematic illustration for the mutation sites (black arrows).
The secondary structure elements are represented by the arrow
for B-strand and box with the stripes for o-helix.
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Table 1. The parameters characterizing the thermal denaturation of wild-type and variant RNase HI proteins.

Proteins Mutations T AT, AH,, AS AAG,

(°C) (°C) (kcal mol™)  (kcal mol *K 1)  (kecal mol™%)

Wild-type 52.0 80.6 0.248

5C Q4R/T40E/Q72H/Q76K/Q80E 48.8 - 32 76.5 0.238 - 0.8

7Ca Q4R/T40E/Q72H/Q76K/Q80E/T92K/Q105K 45.2 - 6.8 64.8 0.204 - 1.7

7Chb Q4R/T92K/Q105K/Q113R/Q115K/N143K/T145K 476 - 44 62.7 0.196 ~11

9Ca Q4R/T40E/Q72H/Q76K/Q80E/T92K/Q105K/Q113R 48.3 - 3.7 70.9 0.221 - 0.9
/Q115K

9Cb Q4R/T40E/Q72H/Q76K/Q80E/Q113R/Q115K/N143K  46.2 - 5.8 64.7 0.203 - 14
/T145K

11C Q4R/T40E/Q72H/Q76K/Q80E/T92K/Q105K/Q113R 419 - 10.1 53.0 0.168 - 25
/Q115K/N143K/T145K

The melting temperature (7y,) is the temperature of the mid-point of the thermal denaturation transition. The difference in the melting
temperature between the wild-type and variant protein (ATy,) is calculated as T, (variant) — T, (wild-type). AH,, is the enthalpy change of
unfolding at T, calculated by van’t Hoff analysis. The difference between the free energy change of unfolding of the variant proteins and that
of the wild-type protein at the T, of the wild-type protein (AAG,,) was estimated, AAG,,= AT, ASy(wild-type), where AS,,(wild-type) is the

entropy change of the wild-type protein at T,.

Fraction unfolded (%)

20 30 40 50 60 70

Temperature (C°)

Fig. 3. Thermal denaturation curves of the wild and
variant proteins. The apparent fraction of unfolded protein
is presented as a function of temperature. Filled circle, wild
type; open triangle, 5C; filled inverse triangle, 7Ca; filled
square, 7Cb; filled diamond, 9Ca; open square, 9Cb; open
circle, 11C. Thermal denaturation curves were determined in
the presence of 1.0 M GdnHCl at pH 5.5 by monitoring the
change in the CD value at 220nm, as described under
MATERIALS AND METHODS.

variant proteins. The details of the structures are
described in the DISCUSSION section.

DISCUSSION

Relationship Between Stability and Structure—In
order to reveal the relationship between stability and
structure, we examined the effect of eleven amino acid
substitutions on the structural characteristics of the
variant proteins by comparing the structures of the wild-
type protein and four variant proteins. The following
results were obtained.

T40E, Q72H, Q76K and QS8OE

The variant protein 11C is less stable than 7Cb by 5.7°C
in T, indicating that the quadruple substitutions of

Vol. 142, No. 4, 2007

T40E, Q72H, Q76K and Q80E destabilize the protein.
Thr40 is located on the loop between the BC strand and
ol helix regions. The hydroxyl group of Thr40 does not
have any hydrogen-bonding partners in the wild-type
protein and is located near Glul47at the C-terminal
region (Fig. 4A). The side chain of Thr40 substituted
with Glu relocated near the side chain of Glul47 in 7Ca,
9Ca and 11C. Figure 4B illustrates the structure of 11C
around Glu40.

From the structures of 7Ca, 9Ca and 11C, however, we
found a new ion pair between Lys76 and Glu80, which
were introduced in these variants (Fig. 5B and C). This
ion pair is also conserved in the structure of T. thermus
RNase HI (13) As a result, the quadruple substitutions
produced one ion pair and one unfavourable interaction.
An ion pair generally stabilizes protein, but 11C was less
stable than 7Cb. These results suggest that electrostatic
repulsion between Glu40 and Glul47 lead to a decrease
in thermal stability of the protein.

T92K/Q105K

When we generated T92K and Q105K substitutions in
the 5C and 9Cb backgrounds, the substitutions of T92K
and Q105K destabilized the variants 7Cb and 11C by a
similar extent (3.6—4.3°C in T,,). These results indicate
that the substitutions of T92K and Q105K destabilize the
protein.

In the wild-type structure, Thr92 forms a hydrogen
bond with Asp94 (Fig. 5A). In 11C, the substitution of
Thr92 to Lys revealed that Lys92 forms an ion pair with
Asp94, and that Asp94 also has an ion pair with Lys96
(Fig. 5B). The substitution of T92K eliminates the
hydrogen bond but forms an ion-pair network. Lys105
does not have any interaction in the 11C structure
(Fig. 5B). The same results were obtained in the
structures of the other variant proteins (data not shown).

It is generally acknowledged that introducing an ion
pair at the position of hydrogen bond enhances stability.
An individual hydrogen bond could stabilize a protein
structure at an average of 1.3kcal/mol in RNase T1 (26),
and a salt bridge or ion pair could significantly stabilize
a protein structure at 3-5kcal/mol in T4 lysozyme (27).
However, T92K and Q105K substitutions destabilize
the protein.
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Table 2. Data collection

and refinement statistics.

D.-J. You et al.

7Ca 7Cb 9Ca 11C

Wavelength (A) 1.0 0.9 0.9 1.0
Space group P3221 P3221 P212121 P3221
Unit-cell dimensions

a (A) a=88.1 a=88.2 a=525 a=85.3

b (A) b=88.1 b=88.2 b=129.6 b=85.3

¢ A ¢=55.0 c=55.7 c=435 ¢=51.0
Resolution (1&)a 20.0—-2.0 (2.07-2.0) 38.0-2.5 (2.6-2.5) 50.0—-2.0 (2.07-2.0) 50.0 —2.3 (2.38—2.3)
Roierge (%)™P 7.1 (31.8) 3.2 (18.0) 9.8 (23.1) 8.3 (37.1)
Completeness (%)* 99.9 (99.9) 99.9 (99.9) 98.4 (91.4) 99.2 (92.5)
Average I/o (I) * 39.5 (5.1) 20.0 (3.9) 21.5 (4.9) 23.8 (1.9)
No. molecules a. u. 1 1 2 1
Vy (A% Da™) 3.5 3.7 2.1 3.0
R factor (R/Ree) © 21.4/24.1 21.4/25.7 21.1/26.0 20.8/23.8
No. of atoms (protein/solvent) 1245/144 1247/66 2430/289 1218/43
RMSD from ideal

bond lengths (A) 0.006 0.007 0.005 0.01

bond angles (deg.) 1.1 1.2 1.1 1.3

“Values in parentheses are for the highest resolution shell.

meerge =31t — < I > |/Y_Inrs» Where Iy is the intensity measurement for reflection with indices skl and < I, > is the mean intensity for

multiply recorded reflections.

“Rjee Was calculated using 5% of the total reflections chosen randomly and omitted from refinement.

Fig. 4. Structures of the regions containing Thr40, Asn143
and Thrl45 in wild protein and those containing Glu40,
Lys143 and Lys145 in 11C variant. Wild, A; 11C variant, B.

The location of Thr92 in the basic protrusion region is
important for RNA/DNA hybrid recognition. GIn105 is
near this region. The surface of the basic protrusion
region presents a patch of basic residues (K86, K87, R88,
K91, K95 and K96) with high potential for participating
in substrate binding (28). It has been reported that ionic
interactions can sometimes destabilize an enzyme, due to
the distribution of other charged groups in the native or
non-native state (29-33). We suspect that the substitu-
tion of T92K and Q105K may result in unfavourable
interactions distributed by the charged groups on this
region in the native or non-native states, leading to a
decrease in thermal stability.

Q113R/Q115K

In this study, all variant proteins exhibited decreased
stability. In fact, the variant protein 9Ca, in which both
GIn113 and GIn115 are replaced by Arg and Lys in the

Introduced residues are indicated in cyan, and original residues
are indicated in green.

7Ca background, was less stable than the wild-type
protein by 3.7°C in T',,. However, it was more stable than
7Ca by 3.1°C in T, (Table 1).

When the crystal structures of the variants are
compared with that of the wild-type protein, an ionic
interaction is observed at the position of Lys115
(Fig. 6C), which is located at the N-terminal region of
the BE strand; however, Gln115 does not have any
interaction partners in the structure of the wild-type
protein (Fig. 6A). In the structures of the variant
proteins, Lys115 is involved in an ion-pair network
with Arg4 and Glu64 on the BA and PBD strands
(Fig. 6C). It has been reported that ion-pair networks
contribute to the stability of thermophilic and hyperther-
mophilic proteins (34-36), and are energetically more
favourable than an equivalent number of isolated ion
pairs (37, 38). Interestingly, in the 7. thermophilus
RNase HI structure, a five-member ion-pair network

J. Biochem.
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Fig. 5. Structures of the regions containing GIn72, GIn76,
GIn80, Thr92 and GIn105 in wild protein; those containing
GIn72, GIn76, GIn80, Lys92 and Lys105 in the 7Cb variant;
and those containing His72, Lys76, Glu80, Lys92 and

Lys105 in the 11C variant. Wild, A; 7Cb variant, B; 11C
variant, C. The dotted lines represent hydrogen bonds (black) or
ion pairs (red) with distance (A).

Fig. 6. Structures of the regions containing Gln4, GIn113
and GInl15 in wild protein; those containing Arg4, GIn113
and GInl115 in the 7Ca variant; and those containing Arg4,

involving Arg4-Asp66-Argl17-Glu64-Argl115 is located on
the surface of the BA, BD and BE strands. The position
and electrostatic properties of Arg4, Argll7, Glu64 and
Argl115 in T. thermophilus RNase HI, with the exception
of Asp66, are similar to those of Arg4, Lys117, Glu64 and
Lys115 in the variants of E. coli RNase HI.

In the structure of the wild-type protein, Glnl13 is
located at the C-terminal region of oIV helix and forms a
hydrogen bond with His62 (Fig. 6A). In 11C, the result
from the substitution of GIn113 to Arg eliminates the
hydrogen bond with His62. Argll3 is exposed in the
solvent environment without any interaction (Fig. 6C).
The same results are obtained in the structures of other
variant proteins (data not shown).

These results indicate that the increase in the stability
in the 7Ca background upon Q113R and Q115K
substitutions is due to the formation of the new ion-
pair network. Furthermore, these charged residues have
few unfavourable interactions with neighbours.

N143K/T145K

When both Asn143 and Thr145 are replaced by Lys in
the 9Ca background, the substitutions of N143K and
T145K significantly decrease the stability of 9Ca by 6.4°C
in T,. These residues are exposed in the solvent
environment and do not have any interaction partners
in the structures of the wild-type and variant proteins

Vol. 142, No. 4, 2007

Argl13 and Lys115 in the 11C variant. Wild, A; 7Ca variant,
B; 11C variant, C. The dotted lines represent hydrogen bonds
(black) or ion pairs (red) with distance (A).

(Fig. 4A and B). These results imply that the repulsive
electrostatic interaction between Lys143 and Lys145
causes destabilization.

Q4R

The effect of Q4R substitution on thermostability could
not be directly estimated by the data of the variants.
Comparison of the structure of the wild-type and 5C
proteins indicates that Q4R might have little effect on
stability or might increase it slightly, because the
quadruple substitution of T40E, Q72H, Q76K, and
Q80E leads to a decrease in stability (5.7°C in T\,
between 7Cb and 11C), as described above. In the
structure of the wild-type protein, Gln4, which is located
within the N-terminal BA strand, forms charged-neutral
hydrogen bonds with Glu64 and Lys117 on D and BE
strands (Fig. 6A). In the structures of the variant
proteins, the substitution of Q4R disrupts the hydrogen
bonds but forms ion pairings between Arg4 and Glu64,
and between Lys117 and Glull9 (Fig. 6B and C). Thus,
these structural changes might not cause much destabi-
lization by Q4R.

Charged Residues on the Surface of Thermophilic
Proteins—We have designed the biased amino acid
composition of the protein surface in E. coli RNase HI
based on the amino acid sequence of thermophilic
bacterial RNases HI, expecting to enhance stability of
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Fig. 7. Schematic views of the charged residues in wild
protein and 11C variant. The green arrows, the green spirals
and the black bars represent [-strands, o-helices and other
segments, respectively. Original residues are shown in circles
and introduced residues are shown in squares. Red and blue

the E. coli enzyme. However, a decrease in stability was
observed for all variants, although the mutated residues
were successfully introduced on the protein surface with
no significant overall structural change and a 4.7-11.8%
increase of charge residues on the surface was confirmed,
as depicted in Fig. 7.

Kumar and Nussinov (39) reported that citrate
synthases from psychrophile, mesophile, and hyperther-
mophile share similar packing, burial of non-polar sur-
face area, and main-chain hydrogen bonding. However,
both psychrophilic and hyperthermophilic citrate
synthases contain more charged residues, salt bridges
and salt-bridge networks than the mesophilic protein. In
the hyperthermophilic protein, salt bridges and their
networks are largely clustered in the active-site region
and at the dimer interface. In contrast, in the psychro-
philic protein, they are more dispersed throughout the
structure. This trend is important for both the heat and
cold adaptation of citrate synthase. It has also been
reported that the optimization of electrostatic properties
at the surface is important for the high stability of
thermophilic proteins (30, 40, 41). The present study
clearly confirms that the omnipresence of charged
residues on the protein surface alone is inadequate for
stabilization. Furthermore, we reveal here that unfa-
vourable interactions by charged residues on the surface
are more critical for protein stability. These results
indicate that the surface of thermophilic proteins is
better optimized electrostatically, and that, in particular,
the repulsive electrostatic interactions are reduced,
adapting them to their environment. Therefore, protein
stabilization requires a fine placement of surface-charged
residues.

Protein Stabilization—Phylogenetic comparison of pro-
tein families has already been used to improve stability
by consensus design (42-44). In this work, we have
designed six variants of E. coli RNase HI based on the
difference in the amino acid sequences between E. coli
RNase HI and its thermophilic counterpart, so that the

D.-J. You et al.

including a numeral are positive and negative ionizable residues,
respectively, at the indicated position. Light blue dotted lines
represent ion pairs within 5.0 A between positive and negative
ionizable residues on protein surface.

content of the surface-charged residues of E. coli RNase
HI increases. The stability of all variants, however, is
lower than that of the wild-type protein.

A previous study of in vivo molecular evolution,
allowing adaptation to thermostability, indicated that
only a few mutants, representing less than 1% of the
possible missense mutations, were observed (45). Thus,
the number of accessible mutational pathways toward
increased fitness is surprisingly small. Moreover, the
mutants isolated from the evolution experiment would
not have been predicted by phylogenetic comparison of
the thermophilic and mesophilic proteins (45). These
findings correspond with the present results. Therefore,
the sequence of a protein must critically code for
structural characteristics other than amino acid composi-
tion to adapt to the environment.
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