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Ribonuclease HII from hyperthermophile Thermococcus kodakaraensis (Tk-RNase
HII) is a robust monomeric protein under kinetic control, which possesses some
proline residues at the N-terminal of a-helices. Proline residue at the N-terminal of
an a-helix is thought to stabilize a protein. In this work, the thermostability and
folding kinetics of Tk-RNase HII were measured for mutant proteins in which a
proline residue is introduced (Xaa to Pro) or removed (Pro to Ala) at the N-terminal
of a-helices. In the folding experiments, the mutant proteins examined exhibit little
influence on the remarkably slow unfolding of Tk-RNase HII. In contrast, E111P
and K199P exhibit some thermostabilization, whereas P46A, P70A and P174A have
some thermodestabilization. E111P/K199P and P46A/P70A double mutations cause
cumulative changes in stability. We conclude that the proline effect on protein
thermostability is observed in a hyperthermophilic protein, but each proline residue
at the N-terminal of an a-helix slightly contributes to the thermostability. The
present results also mean that even a natural hyperthermophilic protein can acquire
improved thermostability.

Key words: folding, hyperthermophilic protein, proline residue, ribonuclease HII,
stability.

Abbreviations: ASA, accessible surface area; CD, circular dichroism; GdnHCl, Guanidine hydrochloride;
Pho, Pyrococcus holikoshii; RNase, ribonuclease; Tk, Thermococcus kodakaraensis.

Proteins from hyperthermophiles are usually more stable
than those from organisms that grow at moderate tem-
peratures (1). It is expected that studies of proteins from
hyperthermophiles will provide general or additional
insights into forces stabilizing the native conformation
of proteins (2). Studies on protein stability using hyper-
thermophilic proteins, however, are far fewer than those
using proteins at normal temperature because of the
limitation of model proteins that must possess the char-
acteristics of a monomer, as well as reversible and two-
state unfolding. It has also been reported that the
unfolding is dramatically slower for hyperthermostable
proteins than for their mesostable homologs (3–9). The
molecular mechanism of the slow unfolding is not yet
clear. Recently, Dong et al. (10) demonstrated that the
hydrophobic effect is one practical cause of the slow
unfolding of ribonuclease HII from the hyperthermophilic
archaeon, Thermococcus kodakaraensis (Tk-RNase HII)
using systematic hydrophobic mutant proteins.

Tk-RNase HII is a monomeric protein with 228 amino
acid residues (11). The crystal structures of Tk-RNase
HII and its several variants have been determined (12–14).
Tk-RNase HII is highly stable with a reversible unfolding
reaction against heat- and chemical-denaturation (9).
Its stabilization mechanism is characterized by its

remarkably slow unfolding (9, 10, 15, 16). As compared
with amino acid sequences among homologous proteins,
there are some proline residues at the N-terminal of the a-
helix in RNase HII from hyperthermophiles, including Tk-
RNase HII (Fig. 1A). This suggests that the proline
residues may also impart robustness to Tk-RNase HII.

Proline residues decrease the conformational entropy
of the denatured state and consequently lead to protein
stabilization (17). Introduction of proline residue some-
times increases protein stability (18–26). In particular,
proline residue at specific sites such as the N-terminus
of an a-helix is often found (27) and is more effective for
protein thermostabilization (28–30). From sequence com-
parison among homologous proteins with different ther-
mostability, proline residues are more ubiquitous at
a-helix N-termini in more stable proteins (31). This
evidence suggests that proline residue at the N-terminal
of an a-helix contributes to the thermostabilization of
hyperthermophilic proteins. However, few studies have
systematically examined the proline effect in hyperther-
mophilic protein.

In this work, we focused on the proline residues at the
a-helix N-termini in Tk-RNase HII. To analyse the con-
tribution of the proline residues to the thermostability
and folding of the hyperstable protein, we constructed
seven single-mutant proteins of Tk-RNase HII with Xaa
to Pro (L80P, E111P, K199P) or Pro to Ala (P46A, P70A,
P139A, P174A) and two double-mutant proteins (E111P/
K199P, P46A/P70A). The mutation sites are located at
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the N-terminal of a-helices as summarized in Table 1 and
illustrated in Fig. 1B. Thermal- and guanidine hydro-
chloride (GdnHCl)-induced unfolding and refolding were
measured with circular dichroism (CD) at 220 nm. We
observed the proline effect on the thermostability but not
on the slow unfolding. Using these results, we will
discuss the effect of proline residues on the stability and
folding of the hyperthermophilic protein and obtain gen-
eral and new insights into protein stability and folding.

METHODS

Materials—GdnHCl was purchased from WAKO
(Osaka, Japan). All chemicals were reagent grade.

Preparation of the Protein—Overproduction and pur-
ification of the wild-type and mutant proteins were
performed as described previously (11). The purity of
the proteins was analyzed by sodium dodecyl sulfate
(SDS)–polyacrylamide gel electrophoresis (PAGE) on a

Fig. 1. (A) Alignment of the amino acid sequences of RNase
HII (42). Secondary structures of Tk-RNase HII are depicted above
the sequences. The amino acid residues that are conserved in at
least six different proteins are highlighted in black. The positions

that are replaced in this work are indicated by boxes. Tk, Pho, Pfu,
Aae and Tma are hyperthermophiles; Eco and Bsu are mesophiles.
(B): Crystal structure of Tk-RNase HII depicting the side-chains of
the residues that has been substituted.
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12% polyacrylamide gel. The protein concentration for
the wild-type and mutant proteins was estimated by
assuming 280 nm to be 0.63 for 1 mg ml�1 protein (11).

CD Spectra Measurements—CD spectra of the wild-
type and mutant proteins were measured on a J-725
automatic spectropolarimeter (Japan Spectroscopic,
Tokyo, Japan). The optical path length was 2 mm. The
protein concentration was 0.16 mg ml�1. The buffer we
used was 20 mM Tris–HCl at pH 9.0 and 258C.

Heat-induced Unfolding Experiments—Heat-induced
unfolding was examined by monitoring CD values at
220 nm. CD measurements were carried out on a J-725
automatic spectropolarimeter as described previously
(32). The optical path length was 2 mm. The buffer we
used was 20 mM Gly-NaOH at pH 9.0. The protein
concentration was 0.16 mg ml�1. All experiments were
carried out at a scan rate of 18C min�1. A nonlinear
least-squares analysis (33) was used to fit the data to:

y¼
bnþan½T�ð Þþ buþau½T�ð Þexp ð �Hm=RTð Þ T�Tmð Þ=Tmð ÞÞð Þ

1þexp �Hm=RTð Þ T�Tmð Þ=Tmð Þð Þð Þ

ð1Þ

where y is the observed CD signal at a given temperature
T, bn is the CD signal for the native state and bu is the CD
signal for the unfolded states. an is the slope of the pre-
transition of the baseline, and au is the slope of the post-
transition of the baseline. �Hm is the enthalpy of unfolding
at the transition midpoint temperature (Tm). T is the
temperature and R is the gas constant. Curve fitting was
performed using SigmaPlot (Jandel Scientific, CA, USA).

Kinetic Experiments on GdnHCl-induced Unfolding
and Refolding—The unfolding and refolding reactions
were followed by a CD measurement at 220 nm as
described previously (9). The optical path length was
2 mm. The kinetic data were analysed using Eq. (2).

AðtÞ � Að1Þ ¼ �Ae�kit
i ð2Þ

Here, A(t) is the value of the CD signal at a given time t,
A(1) is the value when no further change is observed,
ki is the apparent rate constant of the ith kinetic phase

and Ai is the amplitude of the ith phase. The GdnHCl
concentration dependence of the logarithms of the
apparent rate constant (kapp) for unfolding and refolding
was also examined. The rate constants for unfolding and
refolding in the absence of GdnHCl [ku(H2O) and
kr(H2O)] were calculated by fitting to Eq. (3).

lnkapp ¼ lnðkrðH2OÞexp ð�mr½D� ÞþkuðH2OÞexp ð�mu½D� ÞÞ

ð3Þ

Here, mu and mr are the slopes of the linear correlations
of ln ku and ln kr with the GdnHCl concentration. The
fitting was performed using SigmaPlot. All kinetic
experiments were performed in 20 mM Tris–HCl at pH
9.0 and 508C. The Tris–HCl buffer, which reaches pH
9.0 at 508C, was adjusted to 258C (34). Two or three rep-
licates were measured for each condition.

Equilibrium Experiments on GdnHCl-induced unfold-
ing and refolding—GdnHCl-induced unfolding was
examined by monitoring the CD signals at 220 nm as
described previously (9). The GdnHCl-induced unfolding
curves were determined, and a non-linear least-squares
analysis (35) was used to fit the data to

y¼
b0

nþan½D�
� �

þ b0
uþau½D�

� �
exp �G H2Oð Þ�m½D�ð Þ=RTÞÞð

�

1þexp �G H2Oð Þ�m½D�ð Þ=RTð Þð Þ

ð4Þ

Cm¼
�GðH2OÞ

m
ð5Þ

where y is the observed CD signal at a given concentra-
tion of GdnHCl, and [D] is the concentration of GdnHCl.
b0

n is the CD signal for the native state, and b0
u is the CD

signal for the unfolded states. an is the slope of the pre-
transition of the baseline, and au is the slope of the post-
transition of the baseline. �G(H2O) is the Gibbs energy
change (�G) of the unfolding in the absence of GdnHCl, m
is the slope of the linear correlation between �G and the
GdnHCl concentration [D], and Cm is the GdnHCl concen-
tration at the midpoint of the curve. The raw experiment
data were directly fitted to Eq. (4) using SigmaPlot. All
equilibrium experiments were performed in 20 mM Tris–
HCl at pH 9.0 and 508C. The Tris–HCl buffer, which
reaches pH 9.0 at 508C, was adjusted to 258C (34). Two or
three replicates were measured for each condition.

RESULTS

CD Spectra Measurements—The secondary structural
features of the wild-type and mutant proteins of Tk-RNase
HII were studied by far-UV CD as depicted in Fig. 2A. CD
spectra analysis reveals that the mutations do not affect
the overall structure of Tk-RNase HII.

Heat-induced Unfolding—A change in the far-UV CD
signal at 220 nm was used to detect heat-induced unfold-
ing of the wild-type and nine mutant proteins of Tk-RNase
HII. Heat-induced unfolding is highly reversible and
exhibits a two-state transition regardless of the mutation.
Fig. 2B presents representative heat-induced unfolding
curves for the wild-type and mutant proteins. Tm values
of the mutant proteins change by �1.8 to 3.08C as
compared with the wild-type protein, as listed in Table 2.

Table 1. Structural characteristics at the N-terminal
mutation sites of a-helices in Tk-RNase HII.

Secondary
structurea

jb (8) cb (8) ASAc (%) B/Bav
d

Leu80 H(80–94) �64.3 �36.7 30.7 0.90
Glu111 H(111–120) �58.1 �45.3 39.1 1.37
Lys199 H(199–121) �57.7 �25.3 82.6 1.46
Pro46 H(46–57) �54.1 �36.3 60.3 1.03
Pro70 H(70–74) �54.0 �23.2 19.5 0.83
Pro139 H(139–163) �53.1 �34.8 46.4 0.79
Pro174 H(174–187) �48.9 �45.0 73.8 1.26
aAbbreviation of secondary structure: H, helix. Numbers in parentheses
represent the range of the particular element of the secondary structure.
bDihedral angle values for the residues in the wild-type protein.
cAccessible surface area. ASA (%)= (ASAfold/ASAextend)� 100.
ASAextend is the ASA value of the extended conformation as the
reference value for the dependent state, assuming that these atoms in
the denatured state should be fully exposed to solvent. The ASA values
are calculated using the procedure described by Connolly (43) with
probes of 1.4 Å2 (44). dRatio of B-factor of the backbone to the
average B-factor of all atoms in the wild-type protein obtained from the
crystal structure of Tk-RNase HII.
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The Tm value was found to depend on the scan rate of
heating because of the high kinetic stability of Tk-RNase
HII (9), but the difference in scan rate dependence of the
Tm value between the wild-type protein and a various
protein is small (15). For single mutations, the mutant
proteins with proline residue, E111P and K199P, stabilize
whereas those without proline residue, P46A, P70A and
P174A, destabilize. Although L80P and P139A have little
effect on the thermostability (neutral to stability), the
results support the proline effect on protein stability (30).
Furthermore, the double-mutant proteins enhance the
effect additively.

Kinetic experiments on GdnHCl-induced unfolding and
refolding—The kinetics of GdnHCl-induced unfolding
and refolding for the wild-type and mutant proteins
was examined at 508C, because the unfolding of
Tk-RNase HII is extremely slow at lower temperatures.
All kinetic traces are approximated as first-order reac-
tions. Fig. 2C presents the GdnHCl concentration
dependence of the logarithms of the apparent rate
constant (kapp) for unfolding and refolding of the wild-
type and mutant proteins. The kinetic parameters esti-
mated using Eq. (3) are listed in Table 3. The refolding
rate of the mutant proteins is similar to that of the
wild-type protein. The unfolding rate for the mutant

proteins also changes less than one order of magnitude
compared with that of the wild-type protein. These
results suggest that the proline residues have little
effect on the slow unfolding of Tk-RNase HII.

Equilibrium Experiments on GdnHCl-induced
Unfolding and Refolding—To confirm the stability
change of the mutant proteins and to analyse m value
effect, we performed GdnHCl-induced equilibrium unfold-
ing experiments. Because the change in Tm values of the

Fig. 2. (A) CD spectra of the wild-type (WT) and mutant
proteins of Tk-RNase HII at pH 9.0 and 258C. (B) Heat-
induced unfolding curves of the WT and mutant proteins of
Tk-RNase HII at pH 9.0. (C): GdnHCl concentration depen-
dence of the logarithms of the apparent rate constant (kapp) of

unfolding and refolding kinetics of the WT and mutant proteins
of Tk-RNase HII at pH 9.0 and 508C. The lines are best fits to
Eq. (3). (D) GdnHCl-induced unfolding curves of the WT and
mutant proteins of Tk-RNase HII at pH 9.0 and 508C. The lines
represent the fit of Eq. (4).

Table 2. Tm value of the wild-type and mutant proteins of
Tk-RNase HII at the scan rate of 18C min�1 at pH 9.0.

Tm
a (8C) �Tm

b (8C)

Wild-type 84.5 –
L80P 84.1 �0.4
E111P 86.4 1.9
K199P 86.3 1.8
P46A 83.7 �0.8
P70A 84.0 �0.5
P139A 84.6 0.1
P174A 82.8 �1.7
E111P/K199P 87.5 3.0
P46A/P70A 82.7 �1.8
aThe error is �0.28C. b�Tm=Tm(mutant)�Tm(wild-type).
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mutant proteins is not so large, only the double-mutant
proteins (E111P/K199P and P46A/P70A) in which the
stability changes are larger were examined. The denatura-
tion by GdnHCl was completely reversible at 508C and the
unfolding and refolding reactions of the proteins attained a
two-state equilibrium in three weeks. Figure 2D plots
GdnHCl-induced unfolding curves for the wild-type and
mutant proteins of Tk-RNase HII. The thermodynamic
parameters for GdnHCl-induced unfolding listed in Table 4
were calculated using Eqs. (4) and (5). The effect of the
mutation on the conformational stability of Tk-RNase HII,
��G(H2O) was calculated by using the averaged m value
(mav). E111P/K199P is stabilized by 5.5 KJ mol�1 whereas
P46A/P70A is destabilized by 3.9 KJ mol�1 as compared
with the wild-type proteins. The result corresponds to that
from the heat-induced unfolding experiment.

Proline residues decrease the conformational entropy of
the denatured state. The m value is an excellent index
describing the denatured state (36, 37). The changes in m
value of the double-mutant proteins were, however, within
the experimental errors. This means that the conforma-
tional change of denatured state by proline substitution
may be too small to detect in m value analysis.

DISCUSSION

It is expected that studies of proteins from hyperthermo-
philes will provide general and novel knowledge about
protein folding and stability. For example, new insights
included the slow unfolding property (9) and hydropho-
bic effect on the slow unfolding of hyperthermophilic
proteins (10), and generalities were confirmed in an

activity-stability trade-off (15) and osmolyte and hydro-
phobic effects on protein stability (10, 16). In this work,
we focus on proline residue at the N-terminal of the
a-helix in Tk-RNase HII. From the results, we could
obtain the generality for proline effect on protein ther-
mostability, and additional information on slow unfolding
of hyperstable proteins and on protein properties from
the viewpoint of thermostability.

Proline Effect on the Thermostability of a Hyperther-
mophilic Protein—It has been reported that proline
residues introduced at a critical site in an a-helix
contribute most efficiently to enhance protein thermo-
stability (30). For Bucillus cereus oligo-1,6-glucosidase,
the increase in Tm value by introduction of one proline
residue ranges from 0.48C to 1.48C (28). Because proline
residue has a pyrrolidine ring, the backbone conforma-
tion of proline residue is constrained. In the denatured
state of a protein, proline residue decreases the con-
formational entropy, resulting in protein stabilization.
However, in the native state, proline residue sometimes
imposes some conformational strains, resulting in protein
destabilization. To stabilize a protein, proline residue
should be located at certain sites in the native state that
can accommodate it without any conformational strains.
The N-terminal site of an a-helix is a candidate with the
preferred conformation for proline residue, together with
the second position of a b-turn (30). The thermostabiliza-
tion by proline residue at the N-terminal of an a-helix is
also confirmed by increase in the number of proline
residues at the N-terminal of a-helices in thermostable
proteins (31). There is, however, little positive proof that
thermostable proteins are actually stabilized by proline
residues.

For Tk-RNase HII, introducing one proline residue
increases Tm within the range of 1.8–1.98C, and the
removal decreases within the range of 0.5–1.78C, except
for L80P and P139A. Furthermore, the double-mutant
proteins, E111P/K199P and P46A/P70A, provide an addi-
tive effect. These results demonstrate that proline resi-
due at the N-terminal of an a-helix in hyperthermophile
proteins favourably contributes to the thermostability.
The effects observed in Tk-RNase HII are slightly greater
than those in B. cereus oligo-1,6-glucosidase, possibly
because the effects become greater at higher temperature,
due to the temperature dependence of the entropic effect
(26). The contribution of each proline residue, even that
of all the proline residues, to the stabilization of a hyper-
thermostable protein, however, is not so large. This means
that proline residues at the N-terminal of an a-helix in
hyperthermophile proteins make a partial contribution to
the hyper-thermostability.

Although the proline effect was observed in Tk-RNase
HII as described above, there are some differences in the
effect among the mutant proteins. These differences
result from the differences of environments at the muta-
tion sites. Table 1 summarizes the structural charac-
teristics at the mutation sites of Tk-RNase HII. All sites
are located in a favourable region for a proline resi-
due with j=�63� 158 and c=�30� 208 (38, 39). For
the Xaa to Pro mutations, the accessibility and B-factor
in the crystal structure at the mutation site of the
proteins stabilized, E111P and K199P, are higher than

Table 3. Kinetic parameters for GdnHCl-induced unfold-
ing and refolding of the wild-type and mutant proteins
of Tk-RNase HII at 508C and pH 9.0.

ku(H2O)
(s�1)

mu
a

(M�1 s�1)
kr(H2O)

(s�1)
mr

a

(M�1 s�1)

Wild-type 5.0� 10�8 2.8 0.78 5.5
L80P 3.0� 10�7 2.6 0.37 5.2
E111P 5.4� 10�8 2.7 0.80 4.5
K199P 4.7� 10�8 2.9 0.61 5.2
P46A 1.5� 10�7 2.6 0.46 4.5
P70A 6.2� 10�8 2.7 0.65 4.4
P139A 6.3� 10�8 2.8 0.72 4.3
P174A 3.3� 10�7 2.4 0.21 3.3
E111P/K199P 2.3� 10�8 2.8 0.77 4.9
P46A/P70A 5.1� 10�8 2.7 0.32 4.7
aThe error is �0.1M�1 s�1.

Table 4. Thermodynamic parameters for GdnHCl-induced
unfolding of the wild-type and mutant proteins of
Tk-RNase HII at 508C and pH 9.0.

Cm
a (M) m

(kJ mol�1 M�1)
�G(H2O)

(kJ mol�1)
��G(H2O)b

(kJ mol�1)

Wild-type 1.85 23.6� 2.8 43.6�5.1
E111P/K119P 2.09 23.7� 1.1 49.6�2.4 5.5
P46A/P70A 1.68 21.5� 1.2 36.1�2.8 �3.9
aThe error is �0.10M. b��G(H2O)=mav (Cm[mutant])�Cm[wild-
type]). mav=22.9 kJmol�1M�1.
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those of the neutral protein, L80P. The effect of proline
at the residue 80 must be canceled out by the conforma-
tional strains of proline residue introduced in the rigid
site or the decrease in hydrophobic interaction due to the
loss of leucine side-chain because Leu80 forms a hydro-
phobic core with the surrounding hydrophobic residues.
For Pro to Ala, the neutral protein, P139A, has the
lowest B-factor value at the mutation site. The proline
residue at position 139 may have unfavourable interac-
tions in the wild-type structure or the substitution may
cause structural change in the mutant structure, com-
pensating for the destabilization. In contrast, P174A,
which destabilized significantly, has high accessibility
and B-factor values at the site. The high accessibility and
B-factor values correspond to the solvent-exposed and
flexible sites. These sites are thought to be much more
able to accommodate a proline residue without any
conformational strains. Our results well support this
concept.

Proline Effect on the Slow Unfolding of a Hyperther-
mophilic Protein—For hyperthermostable proteins, the
unfolding rate is dramatically slower than for their
mesostable homologs (6–8). The molecular mechanism of
the slow unfolding is not clear yet. Recently, it has been
reported that the unfolding rate of the hydrophobic
mutant proteins of Tk-RNase HII is one to three orders
of magnitude faster than that of the wild-type protein,
indicating that the slow unfolding originates from the
hydrophobic effect (10). Other factors that may affect
the slow unfolding, however, have not been examined
yet. Here, we tested proline residues at the N-terminal of
a-helices of Tk-RNase HII because the proline residues
seemed to contribute to the thermostability. The results
suggest that proline residues have little effect on the
slow unfolding. The reason may be that a proline residue
mainly influences the conformation of the denatured state,
resulting in no significant effect on the unfolding speed.
This suggests that enthalpic effects in the native state of
a protein such as the hydrophobic effect and hydrogen
bonding are causes of slow unfolding of hyperthermost-
able proteins, not entropic effects in the denatured state
such as proline residues and disulfide bonding.

Stabilization of Hyperthermophilic Protein—In this
work, we could also observe another piece of critical
evidence for protein stability that the mutant proteins of
Tk-RNase HII, E111P, K199P and E111P/K199P are
more stable than the wild-type protein. This means that
hyperthermophilic proteins do not possess the highest
stability. In other words, a protein fine tunes the sta-
bility to the environment in which the organism lives.

The mutation E111P stabilizes Tk-RNase HII. The
residue corresponding to Glu111 in Tk-RNase HII is
proline (Pro111) in RNase HII from Pyrococcus holikoshii
(Pho-RNase HII) (Fig. 1). Pho-RNase HII would be more
stable than Tk-RNase HII because the optimal growth
temperature of P. holikoshii is higher than that of
T. kodakaraensis (40, 41). The proline residue (Pro111)
in Pho-RNase HII seems to be a candidate residue sta-
bilizing the protein Pho-RNase HII. In contrast, the
residue corresponding to Pro139 in Tk-RNase HII is glu-
tamic acid (Glu139) in Pho-RNase HII. Because P139A
of Tk-RNase HII is neutral to the stability change, the

site (residue 139) in Pho-RNase HII could not be related
to thermostabilization. For position 199 in Tk-RNase HII,
other RNase HIIs from hyperthermophiles also have
nonproline residues. We found the stabilization of K199P
of Tk-RNase HII. These suggest that other RNase HIIs
could be stabilized by replacing this position with proline
residue.

CONCLUSION

In this work, we examined the proline effect at the
N-terminal of an a-helix in hyperthermophile protein
Tk-RNase HII on thermostability and folding using
systematic mutant proteins. The results indicate that
proteins are universally stabilized by proline residues at
the N-terminal of an a-helix, regardless of their robust-
ness. In particular, an exposed and flexible site is more
conducive to proline effect on protein thermostability.
However, proline residues contribute little to the slow
unfolding, unlike the hydrophobic effect. Accumulation
of analyses of other factors will reveal the molecular
mechanism of slow unfolding in hyperthermophile pro-
teins in the future. Furthermore, we found a fresh
property of the thermostability of proteins: that a hyper-
thermophilic protein is not perfectly stable.

CONFLICT OF INTEREST

None declared.

REFERENCES

1. Vieille, C. and Zeikus, G.J. (2001) Hyperthermophilic
enzymes: sources, uses, and molecular mechanisms for
thermostability. Microbiol. Mol. Biol. Rev. 65, 1–43

2. Razvi, A. and Scholtz, J.M. (2006) A thermodynamic
comparison of HPr proteins from extremophilic organisms.
Biochemistry 45, 4084–4092

3. Ogasahara, K., Nakamura, M., Nakura, S., Tsunasawa, S.,
Kato, I., Yoshimoto, T., and Yutani, K. (1998) The unusually
slow unfolding rate causes the high stability of pyrrolidone
carboxyl peptidase from a hyperthermophile, Pyrococcus
furiosus: equilibrium and kinetic studies of guanidine
hydrochloride-induced unfolding and refolding.
Biochemistry 37, 17537–17544

4. Kaushik, J.K., Ogasahara, K., and Yutani, K. (2002) The
unusually slow relaxation kinetics of the folding-unfolding of
pyrrolidone carboxyl peptidase from a hyperthermophile,
Pyrococcus furiosus. J. Mol. Biol. 316, 991–1003

5. Iimura, S., Yagi, H., Ogasahara, K., Akutsu, H, Noda, Y.,
Segawa, S., and Yutani, K. (2004) Unusually slow
denaturation and refolding processes of pyrrolidone
carboxyl peptidase from a hyperthermophile are highly
cooperative: real-time NMR studies. Biochemistry 43,
11906–11915

6. Wittung-Stafshede, P. (2004) Slow unfolding explains
high stability of thermostable ferredoxins: common mecha-
nism governing thermostability? Biochim. Biophys. Acta.
1700, 1–4

7. Koutsopoulos, S., van der Oost, J., and Norde, W. (2005)
Conformational studies of a hyperthermostable enzyme.
FEBS J. 272, 5484–5496

8. Luke, K.A., Higgins, C.L., and Wittung-Stafshede, P.
(2007) Thermodynamic stability and folding of proteins
from hyperthermophilic organisms. FEBS J. 274,
4023–4033

84 K. Takano et al.

J. Biochem.

 at South C
hina A

gricultural U
niversity on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


9. Mukaiyama, A., Takano, K., Haruki, M., Morikawa, M., and
Kanaya, S. (2004) Kinetically robust monomeric protein
from a hyperthermophile. Biochemistry 43, 13859–13866

10. Dong, H., Mukaiyama, A., Tadokoro, T., Koga, Y.,
Takano, K., and Kanaya, S. (2008) Hydrophobic effect on
the stability and folding of a hyperthermophilic protein.
J. Mol. Biol. 378, 264–272

11. Haruki, M., Hayashi, K., Kochi, T., Muroya, A., Koga, Y.,
Morikawa, M., Imanaka, T., and Kanaya, S. (1998) Gene
cloning and characterization of recombinant RNase HII from
a hyperthermophilic archaeon. J. Bacteriol. 180, 6207–6214

12. Muroya, A., Tsuchiya, D., Ishikawa, M., Haruki, M.,
Morikawa, M., Kanaya, S., and Morikawa, K. (2001)
Catalytic center of an archaeal type2 ribonuclease H as
revealed by X-ray crystallographic and mutational analyses.
Protein Sci. 10, 707–714

13. Takano, K., Endo, S., Mukaiyama, A., Chon, H.,
Matsumura, H., Koga, Y., and Kanaya, S. (2006) Structure
of amyloid beta fragments in aqueous environments. FEBS
J. 273, 150–158

14. Takano, K., Katagiri, Y., Mukaiyama, A., Chon, H.,
Matsumura, H., Koga, Y., and Kanaya, S. (2007)
Conformational contagion in a protein: structural properties
of a chameleon sequence. Proteins Struct. Funct. Bioinf. 68,
617–625

15. Mukaiyama, A., Haruki, M., Ota, M., Koga, Y., Takano, K.,
and Kanaya, S. (2006) A hyperthermophilic protein acquires
function at the cost of stability. Biochemistry 45,
12673–12679

16. Mukaiyama, A., Koga, Y., Takano, K., and Kanaya, S.
(2008) Osmolyte effect on the stability and folding of a
hyperthermophilic protein. Proteins Struct. Funct. Bioinf.
71, 110–118

17. Matthews, B.W., Nicholson, H., and Becktel, W.J. (1987)
Enhanced protein thermostability from site-directed muta-
tions that decrease the entropy of unfolding. Proc. Natl
Acad. Sci. USA 84, 6663–6667

18. Yutani, K., Hayashi, S., Sugisaki, Y., and Ogasahara, K.
(1991) Role of conserved proline residues in stabilizing
tryptophan synthase alpha subunit: analysis by mutants
with alanine or glycine. Proteins Struct. Funct. Genet. 9,
90–98

19. Li, Y., Reilly, P.J., and Ford, C. (1997) Effect of introducing
proline residues on the stability of Aspergillus awamori.
Protein Eng. 10, 1199–1204

20. Allen, M.J., Coutinho, P.M., and Ford, C.F. (1998)
Stabilization of Aspergillus awamori glucoamylase by pro-
line substitution and combining stabilizing mutations.
Protein Eng. 11, 783–788

21. Muslin, E.H., Clark, S.E., and Henson, C.A. (2002) The
effect of proline insertions on the thermostability of a barley
a-glucosidase. Protein Eng. 15, 29–33
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