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ABSTRACT. Equilibrium and kinetic studies were carried out under denaturation conditions to clarify the
energetic features of the high stability of a monomeric protein, ribonuclease Hil, from a hyperthermophile,
Thermococcus kodakaraengigk-RNase HIl). Guanidine hydrochloride (GdnHCI)-induced unfolding and
refolding were measured with circular dichroism at 220 nm, and heat-induced denaturation was studied
with differential scanning calorimetry. Both GdnHCI- and heat-induced denaturation are very reversible.
It was difficult to obtain the equilibrated unfolding curve Bk-RNase HIl below 40C, because of the
remarkably slow unfolding. The two-state unfolding and refolding reactions attained equilibriuni@t 50

after 2 weeks. The Gibbs energy change of GdnHCI-induced unfoldiGgH-,0)) at 50°C was 43.6 kJ

mol~1. The denaturation temperature in the DSC measurement shifted as a function of the scan rate; the
denaturation temperature at a scan rate of@th~! was higher than at a scan rate of6 h 1. The
unfolding and refolding kinetics ofk-RNase HIl were approximated as a first-order reaction. THe In

and Ink, values depended linearly on the denaturant concentration between 10 a@d B AG(H.0)

value obtained from the rate constant in water using the two-state model°&t, 32.5 kJ mot?!, was
coincident with that from the equilibrium study, 43.6 kJ miplsuggesting the two-state folding ok-

RNase HIl. The values for the rate constant in water of the unfoldingTkeRNase HIl were much
smaller than those d&. coli RNase HI andrhermus thermophiluBRNase HI, which has a denaturation
temperature similar to that atk-RNase HII. In contrast, little difference was observed in the refolding
rates among these proteins. These results indicate that the stabilization mechanism of monomeric protein
from a hyperthermophilelk-RNase Hll, with reversible two-state folding is characterized by remarkably
slow unfolding.

Microorganisms can be classified into psychrophiles, of these proteins can be achieved by increasing the number
mesophiles, thermophiles, or hyperthermophiles on the basisof ionic interactions and the extent of hydrophobic surface
of the differences in their optimal growth temperatures. The burial. Several reports have recently appeared in which the
stabilities of proteins from these microorganisms exhibit equilibrium and kinetic aspects of proteins from hyperther-
different properties. Proteins from hyperthermophiles gener- mophiles were analyzed quantitatively; they indicated that
ally reveal greater stability than those from any other hyperthermophilic proteins often possess a more remarkable
microorganisms. Therefore, proteins from hyperthermophiles kinetic stability than proteins from mesophildgi{-18). Here
are expected to provide unique information about protein kinetic stability means that a protein shows unusual slow
folding, stability, and functioni—7). unfolding upon denaturation. However, the proteins exam-

The stability of proteins in solution is evaluated by the ined were oligomer or monomer with irreversible unfolding
Gibbs energy changedG) upon denaturation, when they —or with multistate folding.
are reversible under experimental conditions. The value of Ribonuclease HlIl from a hyperthermophiléermococcus
AG is obtained from equilibrium and kinetic experiments. kodakaraensi§Tk-RNase HIl)! is a monomer and consists
Studies concerning the stability of proteins from hyperther- of 228 amino acid residues (with a molecular weight of 26K)
mophiles have focused primarily on the equilibrium aspects (19). The crystal structure has already been determiey (
(8—13). The results suggested that extremely high stability RNase H hydrolyzes only the RNA strand of an RNA/DNA
hybrid (21). The enzyme is ubiquitously present in various
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and AG is the Gibbs energy change of the unfoldimgis

cates that these enzymes share a folding motif, referred tothe slope of the linear correlation betwe&® and the

as the RNase H-fold due to its characterizatiorEincoli
RNase HI 24), although there is no sequence similarity

GdnHCI concentration [D]. The experimental raw data was
directly fit with eqs 1 and 5 using SigmaPlot (Jandel

between RNase HI and RNase HlIl. The stability and folding Scientific). All equilibrium experiments were performed in

of RNase HI from the mesophilic bacteriug coli and the
thermophilic bacteriunT. thermophiluswhich belong to type
1 RNase H, have been studied in deta<{32). In contrast,

20 mM Tris-HCI, 2 mM EDTA at pH 9.0. Each Tris-HCI
buffer, which would be pH 9 at each temperature examined,
was adjusted at 25C (34). The protein concentration when

less information is available for type 2 enzymes. A study of CD measurements were taken was 0.169 mg'mL

the stability and folding ofk-RNase HIl would also produce

Heat-Induced Unfolding Experimenf3SC measurements

insights into the structural properties of the entire RNase H were carried out on a high-sensitivity VP-DSC controlled

family.

by the VPViewer software package (Microcal, Inc.), with a

We focused on the equilibrium and kinetic aspects of the cell volume of 0.51 and at an excess pressure of 30 psi (1

folding of Tk-RNase HIl by circular dichroism (CD) and
differential scanning calorimetry (DSC) in this paper. We

examined guanidine hydrochloride (GdnHCI)-induced un-

psi ~ 6.9 kPa) to avoid degassing during heating. Experi-
ments at different heating rates (5, 30, 60,°@0h™1) were
performed at a protein concentration of 0.629 mg Tthin

folding and refolding and heat-induced denaturation. We 20 mM Tris-HCI, 2 mM EDTA at pH 9. The Tris-HCI buffer,

observed the reversible two-state unfoldingf&RNase Hll
in both GdnHCI- and heat-induced denaturatibk-RNase

which would be pH 9 at 50C, was adjusted at 25C (34).
The excess heat capacity curves for the protein were

HIl is very stable against denaturant and heat-induced corrected by subtracting the corresponding buffer baseline

denaturation, and the stabilization mechanisnTleRNase
HIl was revealed to originate from the remarkably slow
unfolding rate.

MATERIALS AND METHODS

Preparation of the ProteinOverproduction and purifica-
tion of Tk-RNase HIl were performed as reported by Haruki

at the scan rate and were then normalized by the protein
concentration using the Origin software package (Microcal
Inc.). The reversibility of thermal denaturation was verified
by reheating the samples.

Kinetic Experiments on GdnHCI-Induced Unfolding and
Refolding. The unfolding and refolding reactions were
followed by CD at 220 nm, using 2 mm and 1 cm path length

et al. 19). The protein concentration was estimated by cuvettes. CD measurements were conducted using a J-725

assuming am\go nm0f 0.63 for 1 mg mL? protein (9).
Equilibrium Experiments on GdnHCI-Induced Unfolding

automatic spectropolarimeter. The unfolding reactions of
proteins were induced by GdnHCI jump to various concen-

and RefoldingCD measurements were carried out on a J-725 trations. The refolding reactions of the proteins were gener-
automatic spectropolarimeter (Japan Spectroscopic Co., Ltd.)&t€d by dilution of the GdnHCI concentration of the protein
Each CD measurement was an average of the signal at oo(§olution, in which the proteins were completely unfolded at
nm for 1 min in a 2 mnpath length cuvette. Tk-RNase HIl & 4 M GdnHCI concentratioTk-RNase HIl was incubated
was incubated in GdnHCI at different concentrations and at N 4 M GdnHCI for 1 day prior to the refolding reaction
different temperatures for unfolding. The protein, which is measurements. The proteln'soll'mon. was stirred using a
unfolded completely aa 4 M GdnHCI concentration, was ~ SPinning mixer with a magnetic stirrem & 1 cmpath length

diluted with buffer for refolding, and the diluted protein Cuvette for the unfolding and refolding, and the CD was
solution was incubated at the selected temperature until€corded at 220 nm as a function of time. The dead time of

refolding reached equilibrium. The fraction of unfoldirfg ( ~ this method was 2 s. The protein solution was stirred
was calculated from eq 1 manually during use of the 2 mm path length cuvette. The

dead time of this method was 10 s. All kinetic experiments
f = (b 0 a[D] — y)/(b, 0 a[D] — b 0_ a[D]) (1) were performed in 20 mM Tris-HCI at pH 9.0. Each Tris-
u n n u

wheref, is the fraction of the unfolded statg,is the CD

HCI buffer, which would be pH 9 at each temperature
signal at a given concentration of GdnHCI, and [D] is the

examined, was adjusted at 26 (34). The protein concen-
trations when CD measurements were taken were 0:06338
concentration of GAnHCh,? andb, are the CD signals for
the native and unfolded states, and a, are the slopes of

0.169 mg mL?. The kinetic data were analyzed using eq 6.
the pre- and post-transition of the baselines. The Gibbs

A(t) — A(w) = SAe (6)

energy change of GdnHCI-induced unfolding in the absence Here, A(t) is the value of the CD signal at a given tire

of GdnHCI [AG(H,0)] was determined by the linear A(e) is the value when no further change is obsenkeds
extrapolation model assuming a two-state transition, accord—the apparent rate constant of tite kinetic phase, and is

ing to the following equations3Q). the amplitude theth phase.
(2)

K=f/1-f1) RESULTS
AG=—RTInK ) GdnHCI-Induced Equilibrium Unfolding afk-RNase Hll.
AG = AG(H,0) — m[D] (4) A change of the far-UV CD signal at 220 nm was used to
measure the GdnHCI-induced unfolding and refolding lof
f,= 1/(1+ exp(AG(H,O) — m[D])/(RT)) (5) RNase HIl at various temperatures at pH 9.0. The denatur-

ation by GdnHCI was completely reversible at 8D, and
Here K is the apparent equilibrium constant of the unfolding the unfolding and refolding reactions dfk-RNase HII
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attained a two-state equilibrium in 2 weeks, as indicated in
Figure 1a. The thermodynamic parameters for GdnHCI-
induced equilibrium unfolding were calculated using egs
1-5. AG(H0) and them-value at 50°C were 43.6+ 5.1

kJ mol* and 23.6+ 2.8 kJ mott M. These values indicate
that Tk-RNase HIl is very stable at 50C compared to
mesophilic proteinsg). However, the unfolding curve was
inconsistent with the refolding curve at 2G, even after 30
days, as illustrated in Figure 1b. It was impossible to obtain
the equilibrated unfolding curve below £C. This result
may be due to the remarkably slow unfolding, refolding, or

Tm (°C)

both of Tk-RNase Hll. 86.5 . . . .
Heat-Induced Unfolding by DS©SC measurements were 0 20 40 60 80 100
used to examine the heat-induced denaturatiorkeéRNase Scan rate (°C hour™})

HIl. The reversibility was verified by r_eh_eatlng e).q_)erlmen.ts. Ficure 2: (a) Reversibility of heat denaturation ©k-RNase HiIl.
Repeated thermal scans revealed similar transition profiles,curves 1 and 2 represent the first and second scans, respectively.
as illustrated in Figure 2a, indicating the highly reversible (b) Dependence of excess heat curveSleRNase HIl on the scan
heat-induced unfolding dfk-RNase HIl. Figure 2b depicts  rates. Samples with the same protein concentration were measured
the partial molar heat capacity fak-RNase HIl at pH 9.0 at different scan rates. Curves 1 and 2 represent the DSC curve at
Y . scan rates of 30 and 6T/h, respectively. (c) The denaturation
at scan rates of 30 and 6@ h™. The transition curves  temperature was plotted as a function of the scan rate. The line
appeared to be a single peak. However, the denaturationrepresents a linear fit.
temperature of the DSC curve fok-RNase HIl shifted as
a function of the scan rate. The denaturation temperature atThe denaturation temperature is plotted as a function of the
a scan rate of 90°C h™! was 89.2°C, whereas the scan rate in Figure 2c and they fit linearly. The extrapolated
denaturation temperature at°® h™! was 87.2°C. This value was 87.2C. Although the linear fit is not theoretical,
indicates that the heat-induced unfoldingTd¢RNase HIl this value indicates thatk-RNase Hll is very stable against
did not attain equilibrium in these scan rates because of theheat-induced denaturation. The calorimetric enthald¥ysa,
remarkably slow unfolding. Heat-induced unfolding of most and van’t Hoff enthalpyAH,w, at 88.6°C at scan rate of 60
mesophilic proteins can attain equilibrium at®Dh? (35). °C h™* were 511 and 683 kJ mol.
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Ficure 3: (a and b) Representative kinetic curves for unfolding and refoldinglkeRNase HIl at 50°C. The reaction progress was
followed by a change in CD at 220 nm. The solid lines represent the fit of eq 6. (a) Kinetic traces of unfolding to a final concentration of
(1) 3.4 and (2) 3.9 M GdnHCI. (b) Kinetic traces of refolding to a final concentration of (1) 1.0 and (2) 1.2 M GdnHCI. (c) GdnHCI
concentration dependence of the apparent rate constagdsof the unfolding ©) and refolding @) kinetics of Tk-RNase HIl at 50°C.

The solid line represents the fit of eqs 7 and 8. (d) Burst phaseutd final @) signals of the refolding experiments at 30. The solid

line represents the fit of equilibrium unfolding at 8C (Figure 1a).

GdnHCI-Induced Unfolding and Refolding Kinetics of Tk- and refolding ofTk-RNase HIl were measured only in the
RNase HIl.Both GdnHCIl-induced and heat-induced dena- unfolding and refolding zone. Thi,(H,0O) and k(H:0)
turation studies suggest that the unfoldingféfRNase Hll values were estimated by extrapolatiorotM GdnHCI using
is extremely slow. The kinetics of GdnHCI-induced unfolding eqs 7 and 8. Thku(H,O) andkr(H,O) values at 50C were
and refolding were therefore next examined at°&Dand (5.0+4.1) x 108stand 0.78+ 0.2 s, andm, andm
pH 9.0. Representative kinetic curves for the unfolding and at 50°C were 2.8+ 0.2 M s ' and 5.5+ 0.2 M1 s%
refolding are provided in Figure 3a,b. All kinetic traces were The equilibrium constank, in water can be calculated from
approximated as first-order reactions. ku(H20)/k-(H20) if the unfolding-refolding reaction ofTk-

Figure 3c indicates the GdnHCI concentration dependenceRNase HIl in water is a two-state folding.G(H,0) of Tk
of the logarithms of the apparent rate constéasy( of the RNase HIl at 50C was found to be 44.5 kJ mdlfrom the
unfolding and refolding fofTk-RNase HIl at 5C°C. In kapp rate constants. This value is similar to th&(H,0) from
linearly correlated with the GdnHCI concentration in both the equilibrium experiment, 43.6 kJ mél Figure 3d shows
unfolding and refolding reactions, and therefore, the rate the burst phase and final signals of the refolding experiments.
constants of unfoldings,, and refoldingk;, were analyzed  The denaturant-dependence burst phase signals were linear.

using eqgs 7 and 8. These results suggest the two-state unfoldingleRNase
_ HII. The equilibrium and kinetic parameters of the unfolding
In 'k, = Ink(H,0) + m/[D] () and refolding of Tk-RNase HIl at pH 9.0 at 50C are
In kr =1In kr(HZO) + m[D] (8) summarized in Table 1.

Temperature DependencesG(H,0O). The unfolding and

Here k,(H-0) andk(H,O) are the rate constants of unfolding refolding kinetics were measured between 10 andG@o
and refolding in the absence of GdnH@i, andm are the evaluate the temperature dependencA@{H,0) from the

slopes of the linear correlation of k, and Ink; with the kinetic study ofTk-RNase HIl. GdnHCI-induced denaturation
GdnHCI concentrationkap, (K, + k) should be close té, is very reversible, and the unfolding and refolding kinetics
in the unfolding zone, sinck, > k.. Converselykapp (ki + was approximated as a first-order reaction. Thig,land In

k) should be close t& in the refolding zone. The unfolding  k; values depended linearly on the denaturant concentration
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Table 1: Equilibrium and Kinetic Parameters of Unfolding and RefoldingleRNase HIl at 50°C

method ky(H20) (s} m, M1s™?h)  k(H0)(sH mM1ts?) nm?(kImolrtM™Y) K AG(H;0) (kJ/mol)
equilibrium 23.6+2.8 8.8x 1078 43.6+5.1
kinetics (5.0+£4.1)x 1078 2.8+£0.2 0.78£ 0.2 —55+0.2 22.3 6.4x 10°8 44.5

aThe kineticm-value was calculated by = RT(m, — m).

60 - - - - organisms that grow at moderate temperatures, so they do
not suffice for clarifying the mechanism of adaptation to high
temperature. The thermodynamic stability and folding of
hyperthermophilic proteins have been also reported. How-
ever, many hyperthermophilic proteins exhibit irreversible
unfolding against heat denaturation because of their high
stability. Tk-RNase HIl is very reversible against both
GdnHCI and heat denaturation, even if it unfolds at around
90 °C (Figure 2a). MoreoverTk-RNase HIl exists as a
monomeric form in vitro 19), so it is not stabilized by
oligomerization 16, 18). Therefore,Tk-RNase HIl is con-
sidered to be one of the best models for clarifying the
mechanism that stabilizes hyperthermophilic proteins.
Two-State Folding of Tk-RNase HIAn equilibrated
Temperature (°C) unfolding curve was obtained at 5 in an equilibrium
Ficure 4: Thermodynamic stability profile ofk-RNase HIl. The experiment of TkkRNase HIl, and the thermodynamic
circles and triangles represent the data from kinetic and equilibrium parameters were determined according to a two-state model.
rk?r?é?icc)d:ﬁdT Egtﬁ‘ﬁfﬁgtigrfnizguill'irt')erﬁ"zf%;fm fits to eq 9 using All kinetic traces were approximated as first-order reactions
in the kinetic experiment. The Iy, and Ink; values depended
at all temperatures. Th&G(H-O) value at each temperature linearly on the denaturant concentration. T®(H-0) value
was calculated frorky(H20)/k.(H20). AG(H.0) was plotted ~ obtained fromk,(H-O) andk,(H20) using a two-state model
as a function of temperature, resulting in the stability profile at 50 °C, 44.5 kJ mot?, is coincident with that from the
of Tk-RNase HIl depicted in Figure 4. The stability profile equilibrium study, 43.6 kJ mot (Table 1). Thenvalue from
displayed a maximum around 4C and was fit to a two-  the kinetic study also agreed with that derived from the

50
40
30

20 |

AG(H,0) (kJ mol™1)

0 20 40 60 80

state model using eq 9. equilibrium study (Table 1). On the other hand, th@&(H,0)
value obtained fronk,(H.0) andk(H-O) using a three-state
AG(H,0) = model at 5°C was 52.1 kJ mot, which was different from

AH., = TAH /T + AC[T = T, = TIn(T/T,)] (9) that of the equilibrium study, 43.6 kJ mél(Table 1). These
results indicate thatk-RNase Hll folds as a two-state model
Here, AH,, is the enthalpy of unfolding at the transition and there is no stable intermediate in the folding process.
midpoint temperature andC, is the difference in heat The AHcq value (511 kJ mol') was smaller than thaH,y
capacity between the native and unfolded states. The valuealue (683 kJ mot') at 88.6°C at a scan rate of 60C h™™.
of Tm, AHm, and AC, of TkRNase HIl using all the data  If these values are equal, it indicates a two-state foldd@y. (
were 82.8°C, 745+ 49 kJ mot?!, and 14.5+ 1.8 kJ mot? The difference between them fok-RNase HIl may be due
K~1. The expected\C, value for the size of the protein is  to the nonequilibrium unfolding at this scan rate.
16.5 kJ mot! K1 (36). The enthalpy change as a function Kamagata et al.41) summarized the kinetic folding data
of temperatureAH(T), was calculated using these data and for two-state proteins. The chain length distribution for two-
eq 10. state folders is narrow, between 40 and 1TRRNase Hll
has 228 amino acid residues and may be one of the biggest
AH(T) = AH(T,) — AC, (T, = T) (10) proteins with two-state folding.
o ) Slow Unfolding of Tk-RNase HIThe unfolding curve was
At 88.6 °C, wh|ch is the denaturation temperature at a scan jnconsistent with the refolding curve below 4C in the
rate of 60°C h™tin DSC, the calculatedH value was 829 equilibrium experiment ofk-RNase HIl (Figure 1b), as a

+ 116 kJ mot™. This value was larger than theHca (511 result of the remarkably slow unfolding, refolding, or both.
kJ mol!) and AH, (683 kJ mot?) values at 88.6C at The denaturation temperature of the DSC curve shifted as a
scan rate of 60C h™* from DSC. This may be due to the  fnction of the scan rate (Figure 2c), indicating that the heat-
nonequilibrium unfolding at this scan rate in DSC or the jnqyced unfolding did not attain equilibrium because of the
temperature dependence &€, at high temperature. remarkably slow unfolding. Thi&(H.0) values at 50 and
40 °C were 5.0x 108 and 2.2x 10°° s in the kinetic
DISCUSSION experiments. Th&(H20) values at 50 and 40C were 0.78
Reversible Denaturation of Tk-RNase HIl, a Monomeric and 0.78 s'. Thek,(H,0) values were unusual for protein
Protein from HyperthermophileBarnase, chymotrypsin  folding, whereas thd(H.O) values were notlb, 17, 18,
inhibitor 2, and lysozyme have previously been extensively 41). These results indicate thek-RNase HIl has a kinetically
studied as model proteins for investigations of protein robust native structure in water. The equilibrium half-time
stability and folding 87—39). They are all proteins from  at the denaturation midpoint in GdnHCI denaturation could
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Ficure 5: Thermodynamic stability profiles dtk-RNase HIl,Ec-
RNase HI, andrt-RNase HI (8). The solid, dashed, and dotted
lines representk-RNase HIl,EcRNase HI, andlt-RNase Hl.

be estimated by the apparent rate constant valkgg 6f
the unfolding and refolding experiments, i.e., 0.9 days at 50
°C, 4.1 days at 40C, and 31.2 days at 2TC.

Stability Profile of Tk-RNase HIIThe stability profile of
Tk-RNase HIl was determined from the results of both
equilibrium and kinetic experiments for GdnHCI-induced
unfolding (Figure 4). The stability profile displayed a
maximum around 40C. The AG(H,0) value at 40°C is
51.2 kJ mot?, indicating the superior stability afk-RNase
HIl (8, 42). A DSC experiment also indicated thEt-RNase
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Ficure 6: Energy diagrams of the folding processegkiRNase

HIl, EcRNase HI 17), andTt-RNase HI g0) at 25°C. N, I, T,

and D represent the native, intermediate, transition, and denatured
states, respectively. The activation energies of the transition states
were determined from Eyring’s equatioblj.

25 °C (27, 28). These results indicate that the stabilization
mechanisms offTk-RNase HIl andTt-RNase HI are very
different. Figure 6 displays Gibbs energy diagrams of the
folding pathways for the three proteins at 25. Tt-RNase
HI and Ec-RNase HI have a partially folded intermediate
(25, 28), whereasTk-RNase HIl does not.

The difference in unfolding reaction betweg&k-RNase
HIl and Tt-RNase HI may be due to a difference in the type
of RNase H or a difference in the organism kingdork-

HIl is very stable against heat-induced denaturation. TheseRNase HIl is a member of type 2 RNase H, arteRNase

results, together with the slow unfolding ®k-RNase HlI,
demonstrate that the increased stability TdfRNase HlI
originates from the remarkably slow unfolding rate.
However, Tk-RNase HIl unfolds completely in vitro at 90
°C, which is the optimal growth temperatureTofkodakaraen-
sis (43). Tk-RNase HIl may be stabilized by metal ion,
osmolyte, and macromolecular crowding effects in vidd)(

HI belongs to type 1 RNase H2, 23). T. kodakaraensis
belongs to Archaea, bt thermophilubelongs to Bacteria
(23).

The Remarkably Slow Unfolding Kinetics of Hyperther-
mophile ProteinsThe unfolding reaction oTk-RNase Hll
in water at 25°C is 10 times slower than that dic-RNase
HI, as described above. Similar remarkably slow unfolding

This suggests that proteins are only marginally stable at living rates by several orders of magnitude have been reported for
temperatures, regardless of whether they are mesophilic orother hyperthermophilic proteins. The unfolding rate of

hyperthermophilic proteing4@). On the contraryTk-RNase
HIl may fold to the native state with chaperons in vivo and
then unfold slowly. It has been reported that the native
conformation of a-lytic protease is less stable than its
unfolded state45). A pro-region facilitates the folding of
a-lytic protease, and the large kinetic barrier to unfolding
prevents unfolding over the protein’s functional lifetime.
Comparison of E. coli RNase HI and T. thermophilus
RNase HI.The stability and folding of RNase HI from the
mesophilic bacteriune. coli (Ec-RNase HI) and the ther-
mophilic bacteriun. thermophilugTt-RNase HI) have been
studied in detail 25—32). Figure 5 depicts the temperature
dependence oAG(H,O) for three proteins. Both thermo-
philic proteins have a similar stability profile and greater
stability thanEc-RNase HI at most temperatures. It has been
reported that the folding and unfolding rates TtfRNase
HI are similar to those oEc-RNase HI 28). However, the
unfolding rate ofTk-RNase Hll is extremely slow compared
to Ec-RNase HI and't-RNase HI; the unfolding reaction of
Tk-RNase HlIl in water at 28C (6.0 x 10°°s™! at pH 9)
is 1 times slower than that dEc-RNase HI (1.1x 10°°
s! at pH 5.5) and 1btimes slower than that oft-RNase
HI (4.0 x 10°®s ! at pH 5.5). In contrast, little difference

pyrrolidone carboxyl peptidase froRyrococcus furiosus
10’ times slower at 23C and 16 times at 60°C compared
to that of mesophilic pyrrolidone carboxyl peptidase from
Bacillus amyloliquefaciengl5). Similar results were reported
for rubredoxin, dihydrofolate reductase, glycosidasemy-
lase, and ORF56L4, 16, 18, 46, 47). However, these proteins
are oligomer or monomer with irreversible unfolding or with
multistate folding. Our results fark-RNase HIl indicate that
even a monomeric protein with reversible two-state folding
unfolds extremely slowly. It has also been reported that the
unfolding rate constant of cold shock protein fr@mermo-
toga maritima which is a monomer with reversible two-
state folding, is 2 orders of magnitude slower than that of
its mesophilic homologue4g, 49). These results presented
here, together with other reports, indicate that hyperthermo-
philic proteins often possess a more remarkable kinetic
stability against denaturation than proteins from mesophiles.
The unfolding rate of oligomeric proteins from hyperther-
mophilic organisms was also found to be much slower than
that of mesophilic proteinsl6—18). However, the refolding
rates are almost the same for homologous proteins. These
results indicate that the slow unfolding rate, not fast folding,
is a major strategy for hyperthermophilic proteins to function

was observed among these proteins in the refolding rates att higher temperatures, regardless of whether the protein is
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a monomer or oligomer. It has also been reported that a 11. Backmann, J., Schafer, G., Wyns, L., and Bonisch, H. (1998)
mesophilic protease frof@treptomyces grisepuwhich is an
extracellular protein, shows unusual, slow unfolding upon
denaturation §0).

What factors contribute to unusually slow unfolding?
Machius et al. 47) demonstrated that the introduction of
hydrophobic residues at the surface of mesophiamylase
results in kinetic stabilization. Schuler et all9 reported
the important role of entropic factors for the slow unfolding
of cold shock proteins. The mechanism of “remarkably” slow
unfolding is presently unclear. Further studiesT&fRNase
HIl will provide greater understanding.

CONCLUSIONS

We examined GdnHCl-induced unfolding and refolding
and heat-induced denaturation B&-RNase HIl to clarify

the

energetic features of monomeric protein from a hyper-

thermophile Tk-RNase HIl exhibits very stable and reversible

two-state folding against a denaturant and heat-induced

denaturation. The stabilization mechanisnT&RNase Hll
was revealed to originate from the remarkably slow unfolding

rate. This extremely slow unfolding rate has been observed

in other oligomeric proteins from hyperthermophiles. This

appears to be one of common characteristics of hyperther-

mophilic proteins. Therefor& k-RNase Hll is an excellent
model for investigations into the stability and folding of
hyperthermophilic proteins.

NOTE ADDED AFTER ASAP POSTING

This paper was inadvertently published 10/12/Q&, K,

Tm, AHm, and AC, values were changed in the abstract,
the paragraph following egs 7 and 8, Table 1, and the
paragraph following eq 9. The correct version was published
10/14/04.
REFERENCES

1. Stetter, K. O., Fiala, G., Huber, G., and Segerer, G. (1990)

10.

Hyperthermophilic microorganism&EMS Microbiol. Re. 75,
117-124.

. Adams, M. W. W. (1993) Enzymes and proteins from organisms

that grow near and above 100. Annu. Re. Microbiol. 47, 627—
658.

.Ree, D. C., and Adams, M. W. W. (1995) Hyperthermophiles:

Taking the heat and loving iStructure 3 251—-254.

. Vieille, C., and Zeikus, G. J. (2001) Hyperthermophilic enzymes:

Sources, uses, and molecular mechanisms for thermostability.
Microbiol. Mol. Biol. Re. 65, 1-43.

. Jaenicke, R., and Bohm, G. (1998) The stability of proteins in

extreme environment&urr. Opin. Struct. Bial 8, 738-748.

. Perl, D., and Schmid, F. X. (2002) Some like it hot: The molecular

determinants of protein thermostabilitZhemBioChem ,339—
44,

.Yano, J. K., and Poulos, T. L. (2003) New understandings of

thermostable and peizostable enzym@srr. Opin. Biotechnol.
14, 360-365.

. McCrary, B. S., Edmondson, S. P., and Shriver, J. W. (1996)

Hyperthermophile protein folding thermodynamics: Differntial
scanning calorimetry and chemical denaturation of Saz7dol.
Biol. 264, 784—805.

. Shiraki, K., Nishikori, S., Fujiwara, S., Hashimoto, H., Kai, Y.,

Takagi, M., and Imanaka, T. (2001) Comparative analyses of the
conformational stability of a hyperthermophilic protein and its
mesophilic counterpar&ur. J. Biochem. 2684144-4150.
Deutschman, W. A., and Dahlquist, F. W. (2001) Thermodynamic
basis for the increased thermostability of CheY from the hyper-
thermophile Thermotoga maritimaBiochemistry 40 13107
13113.

12.

13.

15.

[Eny

17.

19.

20.

6.

Thermodynamics and kinetics of unfolding of the thermostable
trimeric adenylate kinase from the archaeuifolobus acidocal-
darius J. Mol. Biol. 284, 817-833.

Wassenberg, D., Liebl, W., and Jaenicke, R. (2000) Maltose-
binding protein from the hyperthermophilic bacterium Thermotoga
maritima: Stability and binding propertiek.Mol. Biol. 295 279—

288.

Fitter, J., Herrmann, R., Dencher, N. A, Blume, A., and Hauss,
T. (2001) Activity and stability of a thermostable alpha-amylase
compared to its mesophilic homologue: Mechanisms of thermal
adaptationBiochemistry 4010723-10731.

. Cavagnero, S., Debe, D. A., Zhou, Z. H., Adams, M. W. W., and

Chan, S. I. (1998) Kinetic role of electrostatic interactions in the
unfolding of hyperthermophilic and mesophilic rubredoxins.
Biochemsitry 373369-3376.

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 pyroolidone carboxyl
peptidase from a hyperthermophiliRyrococcus furiosusEqui-
librium and kinetic studies of guanidine hydrochloride-induced
unfolding and refoldingBiochemistry 371753717544.

Dams, T., and Jaenicke, R. (1999) Stability and folding of
dihydrofolate reductase from the hyperthermophilic bacterium
Thermotoga maritimeBiochemistry 389169-9178.

Kaushik, J. K., Ogasahara, K., and Yutani, K. (2002) The unusually
slow relaxation kinetics of the folding-unfolding of pyrrolidone
carboxyl peptidase from a hyperthermophRgrococcus furiosus

J. Mol. Biol. 316 991-1003.

. Zeeb, M., Lipps, G., Lilie, H., and Balbach, J. (2004) Folding

and association of an extremely stable dimeric protein from
Sulfolobus islandicus]. Mol. Biol. 336, 227—240.

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 HIl from a hyper-
thermophilic archaeonl. Bacteriol. 180 6207—-6214.

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 crystal-
lographic and mutational analysd&otein Sci 10, 707—714.

. Crouch, R. J., and Dirksen, M.-L. (1982) Ribonuclease H in

Nuclease(Linn, S. M., and Roberts, R. J., Eds.) pp 21241,
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.

. Ohtani, N., Haruki, M., Morikawa, M., Crouch, R. J., ltaya, M.,

and Kanaya, S. (1999) Identifiacation of the genes encodirigMn
dependent RNase HIl and Migdependent RNase HIll from
Bacillus subtilis Classification of RNase H into these families.
Biochemistry 33605-618.

. Ohtani, N., Haruki, M., Morikawa, M., and Kanaya, S. (1999)

Molecular diversities of RNase H. Biosci. Bioeng. 8812—19.

24.Yang, W., and Steitz, T. A. (1995) Recombining the structures of

26.

27.

28.

29.

30.

31.

32.

HIV integrase, RuvC and RNase Btructure 3 131-134

. Yamasaki, K., Ogasahara, K., Yutani, K., Oobatake, M., and

Kanaya, S. (1995) Folding pathway BEcherichia coliribonu-
crease H: A circular dichroism, fluorescence and NMR study.
Biochemistry 3416552-16562.

Hollien, J., and Marqusee, S. (1999) A thermodynamic comparison
of mesophilic and thermophilic ribonucleasesBibchemistry 38
3831-3836.

Raschke, T, M., Kho, J., and Marqusee, S. (1999) Confirmation
of the hierarchical folding of RNase H: A protein engineering
study.Naure Struct. Biol. 6825-831.

Hollien, J., and Marqusee, S. (2002) Comparison of the folding
processes of . thermophilusaandE. coliribonucleases Hl. Mol.

Biol. 316 327-340.

Robic, S., Berger, J. M., and Marqusee, S. (2002) Contributions
of folding cores to the thermostabilities of two ribonucleases H.
Protein Sci 11, 381—389.

Robic, S., Guzman-Casado, M., Sanchez-Ruis, J. M., and Mar-
qusee, S. (2003) Role of residual structure in the unfolded state
of a thermophilic proteinProc. Natl. Acad. Sci. U.S.A. 100
11345-11349.

Guzman-Casado, M., Parody-Morreale, A., Robic, S., Marqusee,
S., and Sanchez-Ruis, J. M. (2003) Energetic evidence for
formation of a pH-dependent hydrophobic cluster in the denatured
state ofThermus thermophilusbonuclease HJ. Mol. Biol. 329—

731.

Spudich, G. M., Miller, E. J., and Marquesee, S. (2004) Desta-
bilization of theEscherichia coliRNase H kinetic intermediate:



13866 Biochemistry, Vol. 43, No. 43, 2004

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

Switching between a two-state and three-state folding mechanism.
J. Mol. Biol. 335 609-618.

Pace, C. N. (1990) Measuring and increasing protein stability.
Trends Biotechnol. ,893—98.

Good, N. E., Winget, G. D., Winter, W., Connolly, T. N., Izawa,
S., and Singh, R. M. M. (1966) Hydrogen ion buffers for biological
researchBiochemistry 5467—-477.

Ogasahara, K., Lapshina, E. A., Sakai, M., lzu, Y., Tsunasawa,
S., Kato, I., and Yutani, K. (1998) Electrostatic stabilization in
methionine aminopeptidase from hyperthermopigococcus
furiosus Biochemistry 375939-5946.

Myers, J. K., Pace, C. N., and Scholtz, J. M. (1995) Denaturant
m values and heat capacity changes: Relation to changes in
accessible surface areas of protein unfoldifrgtein Sci4, 2138-
2148.

Tan, Y. J., Oliveberg, M., and Fersht, A. R. (1996) Titration
properties and thermodynamics of the transition state for folding:
Comparison of two-state and multi-state folding pathwdy#lol.

Biol. 264, 377—389.

Takano, K., Yamagata, Y., and Yutani, K. (2000) Role of amino
acid residues at turns in the conformational stability and folding
of human lysozymeBiochemistry 398655-8665.

Khan, F., Chuang, J. I., Gianni, S., and Fersht, A. R. (2003) The
kinetic pathway of folding of barnasd. Mol. Biol. 333 169-

186.

Privalov, P. L. (1979) Stability of protein. Small globular proteins.
Adv. Protein Chem33, 167—240.

Kamagata, K., Arai, M., and Kuwajima K. (2004) Unification of
the folding mechanisms of non-two-state and two-state proteins.
J. Mol. Biol. 339, 951-965.

Kumar, S., Tsai, C. J., and Nussinov, R. (2001) Thermodynamic
differences among homologous thermophilic and mesophilic
proteins.Biochemistry 4014152-14165.

43.

45.

46.

47.

48.

49.

50.

51.

Mukaiyama et al.

Morikawa, M., Izawa, Y., Rashid, N., Hoaki, T., and Imanaka, T.
(1994) Purification and characterization of a thermostable thiol
protease from a newly isolated hyperthermoph#jgococcus sp
Appl. Environ. Microbiol. 60, 4559-4566.

. Minton, A. P. (2000) Implications of macromolecular crowding

for protein assemblyCurr. Opin. Struct. Biol. 1034—39.

Sohl, J. L., Jaswal, S. S., and Agard, D. A. (1998) Unfolding
conformations ofx-lytic protease are stable than its native state.
Nature 395 817—819.

Collins, T., Meuwis, M.-A., Gerday, C., Feller, G. (2003) Activity,
stability and flexibility in glycosidases adapted to extreme thermal
environmentsJ. Mol. Biol. 328 419-428.

Machius, M., Declerck, N., Huber, R., and Wiegand, G. (2003)
Kinetic stabilization of Bacillus licheniformis alpha-amylase
through introduction of hydrophobic residues at the surfdce.
Biol. Chem 278 11546-11553.

Perl, D., Welker, C., Schindler, T., Scdey, K., Marahiel, M.

A., Janicke, R., and Schmid, F. X. (1998) Conservation of rapid
two-state folding in mesophilic, thermophilic and hyperthermo-
philic cold shock proteindNature Struct. Biol. 5229-235.
Schuler, B., Kremer, W., Kalbitzer, H. R., and Jaenicke, R. (2002)
Role of entropy in protein thermostability: Folding kinetics of a
hyperthermophilic cold shock protein at high temperatures using
19F NMR. Biochemistry 4111670-11680.

Truhlar, S. M. E., Cunningham, E. L., and Agard, D. A. (2004)
The folding landscape @treptomyces griseysotease B reveals
the energetic cost and benefits associated with evolving kinetic
stability. Protein Sci 13, 381-390.

Eyring, H. (1935) The activated complex and the absolute rate of
chemical reaction®Chem. Re. 17, 65—77.

BI0487645



