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Introduction
Ribonuclease H2 from the hyperthermophile, Thermococcus 

kodakarensis (Tk-RNase H2), is a monomer, consists of 228 residues 
and has a molecular weight of 26 kDa [1]. RNase H hydrolyzes only the 
RNA strand of an RNA/DNA hybrid [2]. The enzyme is ubiquitously 
present in various organisms and is involved in DNA replication and 
repair. RNase H is classified into two major types according to sequence 
similarity, Type 1 and Type 2 RNase H [3]. Tk-RNase H2 is a Type 2 
RNase H. The crystal structures of Tk-RNase H2 and several variants 
have been determined [4-6]. The stability and folding/unfolding 
experiments of Tk-RNase H2 are well documented [7-14]. Tk-RNase 
H2 is highly stable, and its stabilization mechanism is characterized by 
its remarkably slow unfolding. Hydrophobic and proline mutants of 
Tk-RNase H2 showed that hydrophobic effects were responsible for the 
slow unfolding and not proline residues.

In a previous study, we monitored the intermediate structures of 
Tk-RNase H2 in the slow unfolding pathway using pulse proteolysis 
and a super-stable protease in the presence of the denaturant guanidine 
hydrochloride (GdnHCl) [14]. Subtilisin from the hyperthermophilic 
archaeon T. kodakarensis (Tk-subtilisin) is a protease that displays high 
stability and activity at high temperatures, and is stable in the presence 
of chemical denaturants [15-25]. We successfully determined regions 
that constitute the kinetic unfolding intermediates and observed the 
unfolding behavior of Tk-RNase H2. Tk-RNase H2 includes multiple 
intermediate forms, IA-, IB-, IC- and ID-states, during the unfolding 
process [14]. The unfolding reaction of the IB- and IC-states is rate-
limiting in the slow unfolding process of Tk-RNase H2. The results 
also showed that slow unfolding is attributed to the N-terminal region 
and conformational changes to the C-terminal region occur during 
unfolding or with an increase in temperature.

In this report, to characterize the unfolding process of Tk-RNase 
H2 in more detail, we have examined the slow unfolding pathway of 
Tk-RNase H2 by pulse proteolysis using selected mutants. The mutant 
D7N is a stabilized variant of the wild-type protein [8], whereas L33A 
is a destabilized variant [9]. Both mutation sites are located in the 
N-terminal domain. The pulse proteolysis results of the two mutants
differed to that of the wild-type protein. We also confirmed the results
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Abstract
The unfolding of ribonuclease H2 from the hyperthermophilic archaeon Thermococcus kodakarensis (Tk-RNase 

H2) is remarkably slow. In previous work, Tk-RNase H2 unfolding intermediates, IA-, IB-, IC- and ID-states, were 
observed by pulse proteolysis analysis at 25°C, where the IB- and IC-states are the main forms in the slow unfolding 
process of this protein. Here, we examined the slow unfolding pathway of Tk-RNase H2 by pulse proteolysis using 
mutants. For the stabilized variant, D7N, the life time of IA- and IB-states decreased but the IC-state appeared earlier 
at 25°C, indicating the stabilization of the IC-state. The IA- and IB-states were not observed in the destabilized 
variant, L33A, at 25°C, whereas in the wild-type these two states disappeared at 50°C. Our results suggest that 
at higher temperatures the IC-state is the real native state of Tk-RNase H2, whereas the native, IA- and IB-states at 
25°C are artificial forms at lower temperatures.
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using D7N-F20 and L33A-F20, which are derived from residues 
1–176 Tk-RNase H2 (F20) [14]. F20 corresponds to the IB-state in 
the unfolding pathway of Tk-RNase H2. F20 is a digested form in the 
C-terminal region. Based on the results obtained, we discuss the slow
unfolding pathway of Tk-RNase H2.

Methods 
Plasmids, overproduction and purification of target proteins 

Plasmids for the overexpression of Tk-RNase H2, F20, D7N and 
L33A were constructed as described previously [1,8,9,14]. Plasmids 
for the overexpression of the mutant D7N-F20 and L33A-F20 were 
constructed from F20 using standard recombinant DNA techniques. 
Tk-RNase H2 and its variants were overproduced and purified as 
described previously [1,8,9,14]. Protein purity was analyzed by SDS-
PAGE using a 15% polyacrylamide gel and stained using Coomassie 
Brilliant Blue staining.

Kinetic experiments on GdnHCl-induced unfolding 

Unfolding reactions were followed by CD measurements at 220 
nm, as described previously [14]. The optical path length was 1 cm. The 
kinetic data were analyzed using:

A(t) – A (∞) = ΣAi e
–ki t (1)

where A(t) is the value of the CD signal at a given time t, A(∞) 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 fitting used SigmaPlot (SYSTAT, IL). All kinetic experiments were 
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performed in 20 mM Tris-HCl, pH 9.0. The protein concentration was 
0.032–0.16 mg ml−1.

Pulse proteolysis in kinetic unfolding by Tk-subtilisin 

The protein was unfolded in 20 mM Tris-HCl (pH 9.0) containing 4 
M GdnHCl at 25 or 50°C. Reactions were dispensed into aliquots (50 μl). 
At designated time points, 2 μl Tk-subtilisin at several concentrations 
in 10 mM acetate buffer (pH 5.0) was added to each aliquot. After 
45 s, the reaction was quenched by 10% (w/v) TCA. Proteins were 
precipitated using 10% (w/v) TCA, washed with 70% acetone and 
analyzed by 15% tricine-SDS-PAGE [14]. The concentrations of Tk-
RNase H2, the variants and Tk-subtilisin were optimized at each 
experiment depending on the stability and unfolding rate of Tk-RNase 
H2 and its variants. The amount of protein was estimated from the 
intensity of the band visualized with Coomassie Brilliant Blue staining 
using image J [26].

Results and Discussion
Stability of Tk-RNase H2 and its variants 

The thermal unfolding properties of Tk-RNase H2, D7N, L33A 
and F20 have been examined previously [8,9,14]. The changes in the 
Tm value (ΔTm) of the variants compared with the wild-type Tk-RNase 
H2 are summarized in Table 1. D7N is stabilized, whereas L33A is 
destabilized. The Tm value of F20 is slightly higher than the Tm value of 
the wild-type protein.

Unfolding of Tk-RNase H2 and its variants examined by CD 
spectroscopy 

The kinetics of GdnHCl-induced unfolding of Tk-RNase H2 and 
its variants were examined at 25 or 50°C. The reaction was initiated by 
a jump to 3.2 or 4 M GdnHCl followed by far-UV CD signal recording 
at 220 nm. The kinetic unfolding curves are shown in Figure 1. RNase 
H2 and the D7N mutant unfolding at 25°C (Figure 1A and 1B) was 
characterized by signal changes in the far-UV CD within dead times 
(~2 s). This indicates a burst phase in the kinetics of the slow unfolding 
of Tk-RNase H2 and D7N. The burst phase, which was ~30% of the 
total signal changes between the unfolded and native states, was 
followed by a slower observable phase. The slow unfolding phase after 
the burst phase was approximated as a first-order reaction. In the other 
experiments at 25°C (Figure 1C and Figure 1E-1G), the burst phase 
signal was not detected in the kinetic curves. The burst phase of Tk-
RNase H2 at 50°C was about 20% of the total signal changes between 
the unfolded and native states, indicating a decrease in the burst phase 
with an increase in temperature (Figure 1D) [14]. The kinetic trace was 
approximated to a first-order reaction. The unfolding rate constants 
are listed in Table 2.

The unfolding rates of D7N and L33A are slower and faster, 

respectively, than the unfolding rate of the wild-type protein, and 
clearly dependent on their stability. This pattern was also observed for 
F20 and its variants. The unfolding rate constant of F20 was equal to 
Tk-RNase H2 at 25 and 50°C. The results indicate that F20 is a rate-
limiting factor in the slow unfolding process of Tk-RNase H2.

Unfolding of Tk-RNase H2 and its variants examined by pulse 
proteolysis 

Pulse proteolysis experiments were performed after the protein was 
unfolded in 20 mM Tris-HCl (pH 9.0) containing 4 M GdnHCl. The 
remaining intact protein and its degradation products were detected 
by tricine-SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel 
electrophoresis), as shown in Figure 2.

In Figure 2A, an intact band and several cleavage products of Tk-
RNase H2 were observed [14]. The intact band decreased in intensity 
to less than half the initial value in 0.5 min. The amount of the intact 
protein at 0.5 and 1 min was less than that at 2 to 16 min. These results 
indicate that a proportion of intact protein was digested (IA-state) in 
the early stages of unfolding. Two heavy chain fragments (fragments 
22 and 20) at ~20 kDa appeared. The fragments correspond to the 
IB-state. After 2 min, the amount of intact protein increased, which 
represents the IC-state. The bands of fragments 20 and 22 decreased 
in intensity at 30 to 60 min, but the intensity of the band representing 
the intact protein was unaffected. That is, the IA-state changes to forms 
(IB- and IC-states) that are partially and fully, respectively, resistant to 
Tk-subtilisin, and the IB-state moves to the IC-state during unfolding in 
GdnHCl. The Tk-subtilisin resistant form (IC-state) of Tk-RNase H2 
gradually unfolded via the ID-state and was subsequently degraded by 
Tk-subtilisin.

The result of pulse proteolysis at 25°C of D7N unfolding (Figure 2B) 
was similar to the wild-type unfolding result (Figure 2A). However, the 
IA- and IB-states decreased and the IC-state appeared earlier, indicating 
the stabilization of the IC-state by the D7N mutation. For L33A, Figure 
2C shows that the intact band decreased over time, but few degradation 
products were detected. This indicates the disappearance of the IA- and 
IB-states in L33A unfolding. A similar result was also observed in the 
wild-type unfolding at 50°C (Figure 2D). L33A was degraded faster 
than the wild-type protein at 50°C, depending on their unfolding rates 
(Table 2). These results suggest that the unfolding of the destabilized 
variant, L33A, at 25°C and the wild-type protein at 50°C starts from the 
IC-state. This is related to the disappearance and decrease of the burst 
phase signal during the kinetic unfolding of L33A at 25°C and the wild-
type protein at 50°C, respectively (Figure 1C and 1D).

F20 loses the C-terminal region of Tk-RNase H2. The proteolysis 
experiments of F20 at 25°C indicated that the band intensities of the 
intact protein gradually disappeared over time and other bands did not 
appear (Figure 2E). The result is similar to that observed for D7N-F20 
and L33A-F20 (Figure 2F and Figure 2G), whereas the degradation rate 
of D7N-F20 and L33A-F20 was slower and faster, respectively, than 
that seen for F20, and is dependent on the unfolding rate of the protein 
(Table 2). The results suggest that the mutations affect the stability of 
the IB-state.

Energy diagram of the unfolding pathway of Tk-RNAse H2 

Figure 3A shows the schematic illustration for the energy diagram 
of the unfolding pathway of Tk-RNase H2 at 25°C and is based on 
previous work [14]. The N state changes to the IB- and IC-states, which 
are stable intermediate forms, through the IA-state. The intermediate 
forms unfold via the ID-state. In D7A and L33A, the mutations stabilize 

ΔTm (°C)
Tk-RNase H2 (wild-type) (85.7)a

D7N 3.1b

L33A –11.9c

F20 1.1d

aTm value. Data from ref. [14].
bData from ref. [8].
cData from ref. [9].
dData from ref. [14].

Table 1: Change in the Tm value (ΔTm) of the variants compared with Tk-RNase 
H2 at pH 9.0.
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Figure 1: Kinetic unfolding curves of Tk-RNase H2 and its variants. Unfolding was initiated by rapid dilution of the protein from native to unfolding conditions (0 
M to 3.2 M or 4 M GdnHCl), and monitored by CD at 220 nm. (A) Tk-RNase H2 at 25°C. (B) D7N at 25°C. (C) L33A at 25°C. (D) Tk-RNase H2 at 50°C. (E) F20 
at 25°C. (F) D7N-F20 at 25°C. (G) L33A-F20 at 25°C. (H) F20 at 50°C. The native state (0 M GdnHCl) was monitored by CD at 220 nm.
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Figure 2: Pulse proteolysis in kinetic unfolding of Tk-RNase H2 and its variants by Tk-subtilisin. The protein was unfolded by adding 4 M GdnHCl. At each time 
point (0.5-120 min), the sample was dispensed into tubes, and proteolysis was performed by the addition of Tk-subtilisin and the sample incubated for 45 s. 
Proteolysis was quenched by 10% TCA and the products were quantified by tricine-SDS-PAGE. Lanes (c) contained only Tk-RNase H2 or each mutant. (A) 
Tk-RNase H2 at 25°C. (B) D7N at 25°C. (C) L33A at 25°C. (D) Tk-RNase H2 at 50°C. (E) F20 at 25°C. (F) D7N-F20 at 25°C. (G) L33A-F20 at 25°C. Bands 
corresponding to Tk-subtilisin (S), Tk-RNase H2 and its variants (R) and cleavage products (F22/20) are indicated
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and destabilize, respectively, the N-terminal domain, because both 
mutation sites are located at the N-terminal domain. The N-terminal 
domain contributes to the stabilization of the N-, IB- and IC-states [14]. 
This means that the N-, IB- and IC-states of D7N are more stable than 
those of Tk-RNase H2, but the stability of the IA-state is comparable 
with that of the wild-type (Figure 3B). Since the IA-state is less stable 

than the N-, IB- and IC-states of D7N, the IA-state was detected only 
during the burst phase signal in the kinetic unfolding curve of the 
CD measurements (Figure 1B), but not by pulse proteolysis (Figure 
2B). Furthermore, the change from IB-state to IC-state in D7N was 
faster than that in the wild-type (Figure 2A and 2B), resulted from 
the larger difference in stability between the IA-state and N-/IB/IC-
states of D7N than that of the wild-type protein (Figure 3A and 3B). 
For L33A, the N-, IB- and IC-states are destabilized, so that the energy 
levels of the N-, IA-, IB- and IC-states are the same degree (Figure 3C). 
In the native environment at 25°C, L33A fluctuates among these states. 
Consequently, L33A apparently unfolds from the IC-state. Likewise, 
the unfolding of Tk-RNase H2 at 50°C starts from the IC-state (Figure 
3D). Of course, it is difficult to judge the start form, N-state or IC-state, 
from the result of pulse proteolysis. The other results, such as pulse 
proteolysis of the other mutants and kinetic unfolding experiments, 
however, support this idea. The IB-states of D7N-F20 and L33A-F20 
are stable and unstable, respectively, compared with the stability of 
this state of F20 (Figure 3E-3G). The unfolding rates of D7N-F20 and 
L33A-F20 are slower and faster than that of F20, respectively. This 
information suggests that the IC-state is the native state of Tk-RNase 
H2 at high temperatures in nature.

Conformations of the C-terminal region 

From the N-state to IC-state, the C-terminal region changes 
conformation. The structural and mutational analysis of Tk-RNase 
H2 showed that the C-terminal region plays an important role in 
substrate binding and changes conformation during this process [4]. 
Therefore, the C-terminal region of Tk-RNase H2 can readily change its 
conformation. The “native form” of the C-terminal region of Tk-RNase 
H2 at high temperatures would shift to a more stable artificial state at 
lower temperatures. Such non-natural states of thermophilic proteins at 
lower temperatures have been reported [27-29]. Recombinant catalase 
I from Bacillus stearothermophilus and glutamate dehydrogenases from 
Pyrobaculum islandicum and T. kodakarensis expressed at moderate 
temperatures convert into active forms following heat treatment. For 
Tk-RNase H2, the N-state is the most stable form at lower temperatures 
and the IC-state is the active form at higher temperatures, where the 
host organism, T. kodakarensis, can grow.

Conclusion 
Tk-RNase H2 unfolds through the multiple intermediate states 

at moderate temperatures. Our pulse proteolysis analysis of the wild-
type and mutant proteins at different temperatures reveals that the 
unfolding pathway at higher temperatures is more simply than that 
at lower temperatures. We could observe the artificial forms at lower 
temperatures and the real native state at higher temperatures.
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