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ABSTRACT. To elucidate the energetic features of the anomalously high-level stabilization of a hyperther-
mophile pyrrolidone carboxyl peptidadefPCP) from a hyperthermophilic archae®&yyrococcus furiosys
equilibrium and kinetic studies of the guanidine hydrochloride (GuHCI)-induced unfolding and refolding
were carried out with CD measurements at 220 nm in comparison with those from the mesophile homologue
(BaPCP) fromBacillus amyloliquefaciensThe mutant protein oPfPCP substituted with Ser at both
Cys142 and Cys188(C142/188S) was used. The GuHCI unfolding RffC142/188S and@aPCP was
reversible. It was difficult to obtain the equilibrated unfolding curve of the hyperthermophile proteins at
temperatures below 5@ and pH 7, because of the remarkably slow rate of the unfolding. The unfolding
for PfC142/188S attained equilibrium after 7 days at°€X) resulting in the coincidence between the
unfolding and refolding curves. The Gibbs energy change of unfoldi@j:° (56.6 kJ/mol), forlPfC142/

188S at 60C and pH 7 was dramatically higher than that (7.6 kJ/molBaPCP at 40C and pH 7. The
unfolding and refolding kinetics foPfC142/188S andBaPCP at both 25 and 60C at pH 7 were
approximated as a single exponential. The rate constant in wate?)(of the unfolding reaction for
PfC142/188S (1.6x 107® s71) at 25°C and pH 7 was drastically reduced by 7 orders of magnitude
compared to that (1.5 108 s1) for BaPCP, whereas the refolding ratég*°) in water for PfC142/

188S (9.3x 107251 andBaPCP (3.6x 1071 s1) at 25°C and pH 7 were similar. These results indicate
that the greater stability of the hyperthermophile PCP was characterized by the drastically slow unfolding
rate.

Proteins from hyperthermophiles maximally express bio- However, the structural features that are responsible for the
logical functions under extreme conditions near 200 in extra stability or whether there is a common origin of the
which the organisms optimally growl{5). Denaturation characteristic of anomalous stability is not known.
temperatures of hyperthermophile proteins monitored by g4 5oiving the mechanism stabilizing hyperthermophile
differential scanning calorimetry (DSC) are unusually high, teins; the stability in solution should be quantitatively
near the b0|!|ng point O.f water or h|ghg5f16). 'I_'he determined, and further, the energetic aspects stabilizing the
molecular origin governing the _gxtraordlnary resistance proteins from a thermodynamic point of view should be
toward heating is potentially significant for understanding elucidated. The thermodynamic stability of a protein is
the mechanism of stabilization of protein and protein folding o .I defined by the Gibb h

d also for developing biotechnological applications. The quantitatively defined by the Gibbs energy change upon
and a -'oping ologica’ app ' denaturationAG = —RTIn K) deduced from the equilibrium
stability of proteins would basically originate from the constant K). When postulated as a simple reversible two-
combination of many different kinds of forces involved in P S P .

fState transition, the equilibrium constar & kyk) is

unique three-dimensional structures. Crystal structures o h ed by th ¢ unfoldi q
several hyperthermophile proteins have been determined, angaracterized by the rate constants of unfoldikg @n
their structural features have been discussaé@—p5). refolding ;). The stability thus involves both equilibrium
and kinetic aspects. The kinetic study provides important
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stabilities of hyperthermophile proteins have been quantita- path length of 10 mm. These values were determined on the

tively evaluated 11, 13, 14).

basis of a protein assay by the Lowry method with bovine

In previous studies, we have found that the denaturation serum albumin as a protein standard.

temperatures of methionine aminopeptidag®) (from a
hyperthermophilic archaeoRyrococcus furiosydecrease

CD SpectraFar- and near-UV CD spectra were recorded
on a Jasco J-720 spectropolarimeter equipped with an NEC

with reducing heating rates in DSC. This suggests that the personal computer. Far- and near-UV CD spectra were

stability of the hyperthermophile proteins is under kinetic
control. In this study, we focused on the kinetic aspect
together with the equilibrium stability that characterizes the
stability of pyrrolidone carboxyl peptidase (EC 3.4.19.3)
(PfPCP} from P. furiosus in comparison with that of the
mesophile counterparB@PCP) fromBacillus amylolique-
faciens

Pyrrolidone carboxyl peptidase (PCP) specifically removes
the L-pyroglutamic acid at the amino terminus of proteins
(26, 27). The gene encodin@fPCP has been cloned into
Escherichia coli and PIPCP can be expressed i coli.
The subunit ofPfPCP consists of 208 amino acid residues
with two free Cys residues at positions 142 and 188
(molecular weight of 22 800)16). BaPCP has 215 amino
acid residues (molecular weight of 23 40@B). Cys188 in
PfPCP is partly oxidized in the native state (N. N. Khechinash-
vili et al., in preparation). To exclude the complexity in
unfolding and refolding reactions due to the oxidation of SH
groups, a mutant proteifP{C142/188S) substituted with Ser

at both Cys142 and Cys188 was then used. In this study,

guanidine hydrochloride (GuHCI)-induced unfolding and
refolding of PIPCP andPfC142/188S were examined from
both equilibrium and kinetic points of view in comparison
with the mesophile counterpaiithe anomalous high stability
of the hyperthermophile PCP was revealed to originate from
the unusually slow rate of the unfolding reaction. We will
address the energetic base stabilizZRf§CP.

MATERIALS AND METHODS

Bacterial Strains and Protein Expressiofhe wild type
PCP PfPCP) from P. furiosus and its mutant protein
(PfC142/188S) substituted with Ser at both Cys142 and
Cys188 were expressed kh coli strain IM109/pPCP3 and
E. coli strain IM109/pPCP3022, respectivehb).

Bacterial Cultures and Purification of PCP$he produc-
tion of PfPCP andPfC142/188S proteins was induced by
addition of isopropyj3-thiogalactopyranoside at a concentra-
tion of 1 mM per liter of the culture medium when the

scanned 16 and 36 times, respectively, at a scan rate of 20
nm/min, using a time constant of 0.25 s. The light path length
of the cell used was 0.118 mm in the far-UV region and 10
mm in the near-UV region. The protein concentrations were
0.8-2.3 mg/mL. For calculation of the mean residue
ellipticity, [6#], the mean residue weights were assumed to
be 109.3 folPfPCP andPfC142/188S and 108.8 f@aPCP.
Equilibrium Experiments on Guanidine Hydrochloride-
Induced Unfolding and Refoldingzor unfolding, PfPCP,
PfC142/188S, andBaPCP were incubated in GuHCI at
various concentrations and at different temperatures for
various times. For refolding, the protein which completely
unfolded in the presence of GuHCI at high concentrations
was diluted with 20 mM buffer with 2 mM EDTA and 0.1
mM dithioerythritol (DTE) containing various concentrations
of GUHCI, and the diluted protein solution was incubated at
the desired temperature until the refolding reached equilib-
rium. The unfolding and refolding were monitored by
measuring the CD at 220 nm and 25 after incubation for
the desired times at different temperatures. CD measurements
were carried out with a Jasco J-500 recording spectropola-
rimeter equipped with a data processor (model DP-501). The
fraction of unfolding {,) was calculated from eq 1

f,= (b, +a[C] — y)/(b, +a[C] — b’ —a][C]) (1)

wheref, is the fraction of the unfolded statgthe CD value

at a given concentration of GUHCI, and [C] the concentration
of GUHCI. b, andb,? are the CD values for the native and
the unfolded statest® M GuHCI, respectivelya, and a,

are the slopes of the pre- and post-transition baselines,
respectively. GUHCI unfolding data were analyzed by the
linear extrapolation model29, 30) assuming a two-state
transition, according to the following equations.

absorbance at 660 nm of the medium reached about 0.6. After

induction, the culture was continued for about 20 h atG7
while it was shakerPfPCP and”fC142/188S were purified
as described previousiyi§). Purified PCP BaPCP) from
B. amyloliquefaciensvas obtained as described previously
(28). Purified PCPs gave a single band on SIPRAGE.
Guanidine hydrochloride (GuHCI) (specially prepared
reagent grade) from Nacalai Tesque (Kyoto, Japan) was use
without further purification. Other chemicals were reagent
grade.
The protein concentrations were estimated from the
absorbance at 278.5 nm, using&¥¥ of 6.6 for PfPCP and
PfC142/188S and 8.3 foBaPCP using a cell with a light

1 Abbreviations: PCP, pyrrolidone carboxyl peptidaB#CP, wild
type PCP fronP. furiosus PfC142/188S, mutant PCP frobh furiosus
substituted with Ser at Cys142 and Cyel&PCP, PCP fronB.
amyloliquefaciensDTE, dithioerythritol.

N U )
K=f/1-1) ®3)

AG = —RTInK (4)

AG = AG™ + m[C] (5)

fu _ exp—(AeH20+ m[C])/RT/[l + exp—(AGH2°+ m[C])/RT] (6)

where K and AG are the equilibrium constant of the
unfolding reaction and the Gibbs energy change upon

nfolding, respectivelymis the slope of the linear correlation

etweenAG and the GuHCI concentration [CAGH=C is the
Gibbs energy change upon unfolding in the absence of
GuHCI (in water).f, in eq 6 is represented as a function of
the concentration of GUHCI. We used a computer program
to produce a least-squares fit of the experimental data in
GuHCI unfolding curves to eq 6 to obtaikGH=°,

Kinetic Experiments on Unfolding and Refoldinghe
reactions of unfolding and refolding were followed by CD
at 220 nm. The CD measurements were carried out with a
Jasco J-720 recording spectropolarimeter equipped with an
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NEC personal computer. The unfolding reactions of the
proteins were initiated by GUHCI concentration jumps to
various concentrations. The refolding reactions of the proteins
were induced by dilution of the GuUHCI concentration of the
protein solution, in which the proteins were completely
unfolded in the presence of GUHCI at high concentrations.
For preparing the completely unfolded proteiR&142/188S
was incubated in 7.0 M GuHCI at pH 7 and 6Q for 1
day, andBaPCP in 5.0 M GuHCI at pH 7 and 2% for 1
day. In the cases of both unfolding and refolding, 1 volume
of the native or unfolded protein was rapidly added manually
to 10 volumes of GuHCI solution at various concentrations
in the cell with a 10 mm light path length while the mixture
was being stirred using a spinning mixer with a magnetic
stirrer, and CD at 220 nm was recorded as a function of
time. The dead time of this procedure svh s 81, 32).

The kinetic data were analyzed with softwa@8)( for
curve fitting by a nonlinear least-squares method using the
equation

Al) = Alx) = Y Ae™ (7

whereA(t) is the value of CD at a given timg A(e) is the
value when no further change is observed, which is related
to the equilibrium value expected from the corresponding
equilibrium transition curvek; is the apparent rate constant
of the ith kinetic phase, and is the amplitude of théth
phase.

All the equilibrium and kinetic experiments were per-
formed in 20 mM Tris-HCI buffer (pH 7) containing 2 mM
EDTA and 0.1 mM DTE. The protein concentrations when
CD measurements were taken were 0:60.02 mg/mL. CD
at 220 nm was measured in a cell with a 10 mm light path
length with a thermostatically controlled cell holder.

RESULTS

CD Spectra of PCPdigure 1 displays the far- and near-
UV CD spectra ofPfPCP,PfC142/188S, an@aPCP at pH
7.0 and 25°C. In the far-UV CD spectra, the negative CD
values around 220 nm fé1fC142/188S were slightly larger
than those foPfPCP (curves 1 and 2 in Figure 1a), although
the near-UV CD spectrum d?fC142/188S was similar to
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Ficure 1: CD spectra oPfPCP,PfC142/188S, an@aPCP at pH

7 and 25°C. Potassium phosphate buffer (20 mM) was used as the
buffer solution: (a) far-UV CD spectra and (b) near-UV CD spectra.
Curves 1 are the spectraBfPCP in the native state. Curves 2 are
the spectra oPfC142/188S in the native state. Curves 3 are the
spectra oBaPCP in the native state. Curve's-B' are the spectra

of PIPCP,PfC142/188S, an8aPCP, respectively, in the unfolded
state. The CD spectra of the unfolded states were measured at 25
°C, after the protein solutions in 6.0 M GuHCI at pH 7 were
incubated for 1 day at 68C to promote the unfolding reaction of
PfPCP and”fC142/188S. The spectrum BEPCP in the unfolded
state was also measured at°®5 after incubation for 1 day in 5.0

M GuHCI at 40°C and pH 7.

dependent GuHCI unfolding curves BfPCP at pH 7 and
25°C. Although the CD values in the presence of GUHCI at
>7 M seemed to be constant after 28 days, the negative CD
values in the transition region decreased with a prolonged
incubation period, resulting in a shift of the transition curves
toward lower concentrations of GUHCI and a decrease in
the GuHCI concentration at the midpoint. This means that a
much longer time is needed for unfolding to attain equilib-

that of PfPCP (curves 1 and 2 in Figure 1b). This suggests rium. Pre- and post-transition baselines depended on the
that the substitution slightly affects the content of the GuHCI concentration. The negative CD values of the
secondary structure. The far-UV CD spectraP#PCP and pretransition baseline decreased with extended incubation
BaPCP resembled each other, indicating the similarity of the time, but the baselines linearly depended on the GuHCI
secondary structures of the two PCPs. However, the near-concentration. Hence, the fraction of the unfolding form at

UV CD spectrum ofPfPCP significantly differed from that

of BaPCP (curves 1 and 3 in Figure 1@he numbers of
Trp and Tyr residues are zero and eight, respectively, in
PfPCP and two and five, respectively, BaPCP Six Phe
residues are involved in botRPfPCP andBaPCP. The
difference in the near-UV CD spectraBfPCP andBaPCP
probably arises from the difference in the number of aromatic
residues. FOPfPCP,PfC142/188S, an@8aPCP, the far-UV
CD spectra at the high concentration of GUHCI (curves 1

each concentration of GUHCI was calculated according to
eq 1.

To examine whether the GuHCIl-induced unfolding of
PfPCP is reversible, the refolding curves were examined
under various conditions by monitoring the changes in the
CD value at 220 nm. The refolding experiments were
performed by diluting the GuHCI concentration of frfCP
solution incubated for 1 dayi7 M GuHCI at 60°C and pH
7, in which the unfolding oPfPCP attained equilibrium as

3 in panel in Figure 1a) were typical shapes characteristic judged by the lack of further changes in the CD values. The

of the unfolded forms of general proteins.

Equilibrium Studies of GuHCI-Induced Unfolding and
Refolding. The GuHCI-induced unfolding of PCPs was
monitored by CD measurements at 220 nm at various pHs
and different temperatures. Figure 2a shows the time-

transition curves of the refolding foPfPCP at various
temperatures from 25 to 6 at pH 7 attained equilibrium
after 1 day, but the unfolding curves below 50 at pH 7
even after 45 days were inconsistent with the equilibrated
refolding curves (data not shown). When the temperature
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Table 1: Thermodynamic Parameters of Equilibrium GuHCI

= s000f @ ” @ 11 Unfolding for PfPCP,PfC142/188S, an@®aPCP at pH 7
£ . 0.8
E 4000 )g%i:":::- 06 temperature C, mfor AGH°  AGH°
§ 6000 ;.vv s 0‘4 protein (°C) M) (kI moFtM-1)  (kd/mol) KHz0
2 aoooi;i; i} f;xxlg: - 02 PfPCP 60 32 —17.3+05 54.4+1.7 2.8x 1079
S -10000 i 00 PfC142/ 60 34 —174+13 56.6+4.1 1.3x10°
~ 12000 . ! — 1 188S
1.0[ ) o @ 10 BaPCP 40 04 —195+18 7.6+0.8 5.4x 102
0.8 0.8 aUnfolding experiments were performed under the conditions
5 06 0.6 described in the legend of Figure-28. C, is the GuHCI concentration
< 04 0.4 of the midpoint in the transitionm is the slope of the GuHCI
02 02 concentration dependence Afs. The values ofAGH° and m were
'o- [ 0'0 estimated by fitting the data points to eq 6. The data points in the
0. ) ’ unfolding curves after 14 days were used RiiPCP andPfC142/188S

2 4 6 8 0

GUHCI (M)
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Ficure 2: GuHCI-induced unfolding and refolding curves of
PPCP,PfC142/188S, anBaPCP at pH 7 and various temperatures.
The unfolding and refolding were monitored by the CD values at

at 60°C and after 1 day foBaPCP at 40°C.

The reversible unfolding curves for three kinds of PCPs,
which were consistent with each refolding curve, were highly

220 nm. For the unfolding, the proteins in different concentrations cooperative. When a two-state transition for the unfolding
of GUHCI were incubated for various times at constant temperatures.of all of the PCPs is assumed, as described in eq 2, the
For the refolding, the proteins of the completely unfolded protein thermodynamic parameters for the unfolding were estimated

solutions in GuHCI at high concentrations and pH 7 were diluted
to various concentrations of GUHCI at constant temperature. The
buffer solution used was 20 mM Tris-HCI (pH 7) containing 2 mM
EDTA and 0.1 mM DTE folPfPCP and3aPCP and the same buffer
without EDTA and DTE forPfC142/188S. (a) Time dependence
of unfolding curves foPfPCP at 25C and pH 7: CD values after
incubation for @) 1 day at 25°C and after @) 2, (a) 3, (v) 7, (¢)

14, (+) 21, (x) 28, and ) 45 days. In panels-bd, the unfolding

and refolding curves were normalized according to eq 1. Closed
and open symbols represent the data points for unfolding and
refolding, respectively. Solid lines are the curves fitted to eq 6. (b)
PfPCP at 60°C and pH 7: unfolding after 7&) and 14 days¥)

and refolding after 1 dayX). (c) PfC142/188S at 60C and pH 7:
unfolding after 7 @) and 14 days¥) and refolding after 1 day
(d). (d) BaPCP at 40°C and pH 7: unfolding after 1 day{ and
refolding afte 6 h @).

was elevated to 68C at pH 7, the unfolding curve ¢¥fPCP

according to eqs 36, as listed in Table 1. The GuHCI
concentration (3.4 M) at the midpoint of the transition of
PfC142/188S at 60C was remarkably higher than that (0.4
M) of BaPCP at 40°C.

Kinetic Studies of GuHCI-Induced Unfolding and Refold-
ing. The equilibrium study highlighted the fact that the
unfolding rate of the hyperthermophile protein was extremely
slow, in particular, under moderate conditions (af25%and
pH 7). However, the unfolding curve odPfC142/188S
attained equilibrium after 7 days at 8G and pH 7 (Figure
2c). The kinetics of the GuHCI-induced unfolding and
refolding forPfC142/188S an@aPCP were then examined
at both temperatures of 25 and 8D at pH 7. The unfolding
reaction was initiated by concentration jumps to various
concentrations of GUHCI. Before the refolding experiments

after 7 days was identical to that after 14 days and also couldwere startedPfC142/188S was incubated in 7.0 M GuHCI

be overlaid on the refolding curve, as shown by the
normalized curves in Figure 2b. This revealed that the
unfolding curves ofPfPCP at 60°C and pH 7 could attain

equilibrium after 7 days and confirms that the GuHCI-
induced unfolding ofPfPCP is reversible. The discrepancy

at 60°C and pH 7 for 1 day anBaPCP in 5.0 M GuHCI at
25 °C and pH 7 for 1 day so they would be completely
unfolded. The refolding reaction was induced by dilution of
the GuHCI concentration of the sample. Typical kinetic
curves for the unfolding and refolding at pH 7 and 45,

between the unfolding and refolding curves at temperaturesas followed by the change in CD values at 220 nm, are shown

below 50°C was found to be caused by the fact that the
unfolding did not yet reach equilibrium.

In the case oPfC142/188S, the unfolding transition curves
after 1 day at 25°C at pH 7 did not coincide with the
refolding curve (data not shown), although the refolding
curves equilibrated after 1 day. At 6@ and pH 7, the
unfolding curve after 7 days was coincident with those after
14 days and also the refolding curve after 1 day (Figure 2c).
Thus, it was found that the GuHCI-induced unfolding for
PfC142/188S was reversible and could attain equilibrium
after 7 days at 60C and pH 7.

For BaPCP, the unfolding after 7 days at 26 and pH 7
was inconsistent with the refolding curve (data not shown).
At 40 °C and pH 7, the unfolding curve attained equilibrium
after 1 day (Figure 2d). At 60C and pH 7, the complete
transition curves of the unfolding and refolding with a
pretransition baseline could not be obtained, becBafCP

in Figure 3.

Unfolding progressions oPfC142/188S andBaPCP at
both 25 and 60°C and pH 7 could be approximated by a
single exponential in eq 7 at various final concentrations of
GuHCI (Figure 3a). The detectable changes in the CD value
at various concentrations of GUHCI at 8Q for PfC142/
188S were equivalent to the CD value as expected from the
equilibrium unfolding transition in Figure 2c. The relative
amplitudes ofPfC142/188S at 28C andBaPCP at 25 and
60 °C according to eq 7 were also estimated to be 100%.

For the refolding reactions fd?fC142/188S an@aPCP,

a large amount of the CD value at 220 nm was rapidly
recovered within the dead time (1 s). After that, the negative
CD values at 220 nm increased toward the equilibrium values
at a given concentration of GUHCI. In all cases, the progress
curves could be approximated by a single exponential and
the relative amplitudes for detectable phases maximally
accounted for 55% (Figure 3b). These results indicate that

was partly unfolded at this temperature even in the absencethe refolding ofPfC142/188S an@®aPCP occur via at least

of GUHCI (data not shown).

two steps, suggesting the presence of the undetectable early
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Ficure 3: Typical kinetic progress curves of unfolding and
refolding of PfC142/188S andBaPCP at pH 7 and 28C. The
reaction progress was followed by the change in CD at 220 nm.
The unfolding (a) and refolding (b) were induced by concentration
jumps of GUHCI: (a) curve 1, [GUHCI] jump from O to 3.92 M for
BaPCP; and curve 2, [GUHCI] jump from 0 to 7.72 M fBfC142/
188S; and (b) [GUHCI] jump from 7 to 0.80 M fd?fC142/188S.

folding intermediates in the folding process. The refolding
reaction ofBaPCP at 60°C and pH 7 was not precisely
analyzed, becaus®aPCP was partly unfolded at this
temperature.
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GuHCI using eq 8. The rate constant of refoldikg'{) in
water was also estimated by linear extrapolation to 0 M
GuHCI. The kinetic parameters are presented in Table 2. It
was noticeable that the value kf'° of PfC142/188S was
drastically lower than that oBaPCP by a factor of 10at
25°C and 16 at 60°C. On the contrary, the rate of refolding
in water kH-°) of PfC142/188S at 25C was similar to that

of BaPCP.

The value of the rate constant can be converted to the
activation Gibbs energy chang&@*¥) according to transition
state theory 5). The activation Gibbs energy changes in
water AG™:9) to the transition state from the native and
unfolded states can be calculated frdgi° and k"=,
respectively, by the Eyring equation (eq 9)

AG™MP = RTIn(ks T/hK') (9)
where kg and h are Boltzmann’s and Planck’s constants,
respectively. The results are listed in Table 2.

DISCUSSION

Reversibility of Chemical Unfolding.An attempt to
thermodynamically characterize the stability of hyperther-
mophile proteins had been plagued by the irreversibility of
its heat denaturatior6¢9, 11, 14, 15, 36). Recently, two
kinds of small DNA binding proteins with molecular weights
of 7K, Sac7d {2) and Sso7d13), have been reported to be
reversibly heat-denatured. The pres@fPCP and its Cys
mutant protein are reversibly heat-denatured (N. N.
Khechinashvili et al., in preparation). On the other hand, the
GuHCI-induced unfolding of glyceraldehyde-3-phosphate
dehydrogenase frofmhermotoga maritiméas been shown
to be reversible37), although the heat denaturation of the
protein is irreversible & 36). The chemical unfolding of

Dependences of Apparent Rate Constants of Unfolding andSac7d is also reversiblel). The reversible unfolding

Refolding Reactions on the GuHCI Concentratibigure 4

displays the GUHCI concentration dependence of the loga-

rithms of the apparent rate constaris,f of the unfolding
and refolding foPfC142/188S in comparison with those for
BaPCP at 25 and 60C, respectively, and pH 7. In the
unfolding and refolding folPfC142/188S andBaPCP, the
log kapp linearly correlated with the GuHCI concentration.
Thekappvalues of the unfolding foPfC142/188S an@aPCP

refolding system is advantageous not only for analyzing
qualitatively the stability of a protein but also for elucidating
the folding mechanism. PCP froR furiosushas tractable
characteristics with respect to the reversibility of unfolding;
although a very long time was needed for equilibrating,
GuHCl-induced unfolding (Figure 2) was completely revers-
ible as well as the heat denaturation near pH 3 (N. N.
Khechinashvili et al., in preparation). We could then examine

could not be compared in the same concentration range ofthe energetic features of the unfolding and refolding of

GuHCI, since the unfolding zone ¢fC142/188S shifted
toward high concentrations of GuHCI relative to that of
BaPCP. On the contrary, the refoldingsRiC142/188S and
BaPCP at 25°C were able to be measured in the same
concentration region of GuHCI.

The rate constant for unfolding, is generally found to
increase with increasing GUHCI concentration [C] according
toeq 8

log k, = log k,"° + m,[C] (8)

wherekH° is the rate constant in water (in the absence of
GuHCI) (34). In the unfolding zonekap, (=kus + k) should

be close tdk, because, > k;, wherek; is the rate constant
for refolding. In the cases of bothfC142/188S an®aPCP,

PfC142/188S.

High Equilibrium Stability of the Hyperthermophile PCP.
The equilibrium stability AGHz°) of a protein in water can
be obtained from equilibrium and kinetic experiments, if
unfolding is a two-state transition. In equilibrium experi-
ments, GUHCI unfolding curves &fPCP,PfC142/188S, and
BaPCP were well fitted to a two-state transition expressed
by eq 6 (Figure 2). The thermodynamic parameters obtained
from the equilibrated unfolding curves BfPCP andPfC142/
188S at 60°C andBaPCP at 40°C are listed in Table 1. In
a kinetic experiment based on a two-state transition (eq 2),
on the other hand, the equilibrium constant of unfolding in
water, KH9(kin), can be obtained frork,"°/kH-°, yielding
AGHO(kin) (Table 2). ForPfC142/188S at 60C and pH 7,
the AG™"© values, 56.6 and 57.8 kJ/mol, obtained from

the respective unfolding and refolding reactions could be equilibrium and kinetic methods, respectively, coincided with
measured only in the unfolding and refolding zones. Thus, each other, indicating that the assumption of a two-state
thek,H° value was estimated by linear extrapolation to 0 M transition is appropriate. The equilibrium stability of the
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Table 2: Kinetic Parameters of Unfolding and Refolding in Water at pH Pf@142/188S an®aPCP

temperature  log k,"2° k208 AG, 0 log k=0 k02 AG#H:0 AGHO(Kin)e
protein (°C) (s ) (kJd/mol) (s (s (kJ/mol)  KHO(kin)° (kJ/mol)
PfC142/188S 25 —-14.8+0.4 1.6x10% 157.5 —-1.0+0.2 93x102% 789 1.7x 10 78.6
BaPCP 25 —-7.84£0.2 15x10°8 117.7 —-04+0.1 36x10!' 759 4.2x 1078 41.8
PfC142/188S 60 -85+0.2 3.4x10° 135.9 0.6+ 0.1 3.8 78.2 8.%« 1071 57.38
BaPCP 60 —26+01 27x10° 98.3 nd nce no no no

a k1 andk-° were estimated from extrapolation to zero GUHCI on the straight line in Figl¥# the unfolding-refolding reaction of PCPs
in water is a two-state transition, the equilibrium const&tC(kin), in water can be calculated frok"2°/kH°. ¢ The Gibbs energy change in
water, AG™°(kin), was calculated from the rate constants of unfolding and refolding reactiodsmeans the refolding reaction BABPCP could
not be measured, becauBaPCP was partly unfolded at 6 in the absence of GuHCI.

hyperthermophile PCP could not be compared with that of rubredoxin at pH 7 is lower by £@rders of magnitude than

the mesophile counterpart at the same temperature (Tablghat of the mesophile counterpagj. It has been conceiv-

1), because the GuHCI-induced unfolding of the hyperther- able that the very slow unfolding rate at neutral pH of the
mophile PCP did not attain equilibrium at the temperature hyperthermophile rubredoxin may result from a mild surface

in which the unfolding of the mesophile PCP is usually “clamping” effect exerted by the salt bridge38]. In the
examined €40 °C). The kinetic experiments could give the case ofb-glyceraldehyde-3-phosphate dehydrogenase from
AGH0 values at the same temperature (25 for PfC142/ T. maritimg 96 h is needed to obtain the GuHCI unfolding
188S andBaPCP with the assumption of a two-state curve at 25 and 58C at pH 7 @9). The rate constant of
transition. TheAGH0(kin) value (78.6 kJ/mol) oPfC142/ heat denaturation at 100C and pH 6.6 of the>-glyceral-

188S at 25C and pH 7 was indeed strongly high compared dehyde-3-phosphate dehydrogenase has been calculated to

to that (41.8 kJ/mol) oBaPCP (Table 2). be 0.027 min®. Disruption of the ionic network by mutation
Unusually Slow Rate of the Unfolding Reaction of the leads to enhancement of the unfolding rate of this protein,
Hyperthermophile PCP.The unfolding rate K,:°) of suggesting the importance of ion pairs for a decrease in the

PfC142/188S in water at 25C and pH 7 was 1.6« 1071° unfolding rate 86). In the presenPfPCP, the molecular
s 1 (Table 2). When simply translated, this value corresponds origin of the reduction of the unfolding rate cannot be
to a relaxation time of 20 million years. This means that explained by the amino acid sequence alignment between
PfC142/188S does not unfold on a biologically relevant time PfPCP andBaPCP. We are attempting to determine the origin
scale under physiological conditions of mesophiles. The fact on the basis of the crystal structureRfPCP (T. Tsukihara
that the GuHCI-induced unfolding curves BfPCP and et al., in preparation).
PfC142/188S could not reach equilibrium (Figure 2) under  Energy Diagram of the Nate, Transition, Intermediate,
moderate conditions resulted from their unusually slow rate and Unfolded StateShe energy defining the stability of a
of unfolding. Thek,"° value (1.5x 108 s™?) of BaPCP at protein correlates with changes in Gibbs energies between
25°C and pH 7 was also lower than those of general globular the states existing in the unfoldirgefolding process. The
proteins; for example, thie™:° value is on the order of 10 states, in general, are the native, unfolded, intermediate(s),
s 1 under similar conditions in the case of the tryptophan and transition states. To estimate the stability of a protein
synthasex subunit 81, 32). This decrease in thgH° value and elucidate the stabilization mechanism, it is important to
of BaPCP may be due to a tetrameric structure which determine the absolute value of Gibbs energy for each state,
involves much more interaction necessary for maintenancebut the absolute values are not obtained experimentally.
of the native form. The unfolding rates were increased on However, the difference in the energies between the two
the order of 1&and 16-fold for PfC142/188S an@aPCP, states can be experimentally measured by the equilibrium
respectively, by increasing the temperature from 25 to 60 and kinetic studies.
°C (Table 2). Compared with the unfolding rateRdPCP, The kinetic experiments oPfC142/188S andBaPCP
the unfolding rate oPfC142/188S was drastically slow; the suggested the existence of an intermediate state (l) in the
k"0 value decreased Iold at 25°C and 16-fold at 60 early stage of the folding process, because the amplitudes
°C (Table 2). observed in the refolding kinetics for all the PCPs were below
On the other hand, the refolding rate™¢®) in water for 55%. This means that the process from the U to | states is
PfC142/188S at 28C and pH 7 was similar in order to that  too rapid to observe and that the energy barrier between them
of BaPCP and corresponded to values for general globularis not high. The limiting state ¢} in the folding process
proteins from mesophiles. The difference (1871) in the should be in the process from the | to N states. In the case
unfolding rates between the hyperthermophile PCP and theof PfC142/188S at 60C and pH 7, theAG™C(kin) (57.8
mesophile counterpart at 2% largely surpassed the dif- kJ/mol) obtained from the kinetic method was nearly
ference in the refolding rates (Table 2). These results indicateidentical with theAGH=° (56.6 kd/mol) from the equilibrium
that the unfolding rate is the crucial factor determining the method (Tables 1 and 2). That is, the difference (57.8 kJ/
stability of PfC142/188S. These findings evidently reveal mol) betweenAG,:° and AG-° is equivalent to the
that the origin of the extra equilibrium stability of the AG™:° value from the equilibrium method. This implies that
hyperthermophile PCP in the moderate-temperature regionthe energy level of the | state f®fC142/188S at 60C and
arises from the drastically slow unfolding rate. pH 7 is comparable to that of the U state and that there is
It has been reported that rubredoxin frden furiosus no stable intermediate in the process from the D to N states
unfolds much more slowly than its mesophile counterpart; for PfC142/188S. According to these values, the energy
the heat denaturation rate at 100 of hyperthermophile  diagram ofPfC142/188S at 60C and pH 7 is illustrated in
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oF L A L experiments (Table 2) and the energy levels of thatate
-2 g”ﬂ? m" (a) ] as a reference.
S4[TO. AAA ,_‘ These diagrams express three kinds of energetic features
.Y S ] for PfC142/188S. First, the activation Gibbs energy change
sF 1 from N to | states AG,-°) for PfC142/188S at 28C was
10} ] higher by 40 kJ/mol than that faaPCP. This means that
— o[ ] the energy barrier in going from the N td S$tates is very
'8 A4 ] high in PfC142/188S. Second, the activation Gibbs energy
L qel— . ) - change from the | to Tstates AG:°) does not show a
s 0 2 4 6 8 big difference between PCPs from the hyperthermophile and
X : T T the mesophile. Third, the stabilitA[5H°(kin)] of the N state
<_°>’ Of-. (b) | relative to the | state d?PfC142/188S was substantially higher
ol "‘?’-?a A ] than that of the mesophile counterpart. From Figure 5, it is
A fr@' .‘ easy for us to understand that the extraordinary stabilization
4t - ..." g of PCP fromP. furiosuswas characterized by the unusually
" slow unfolding rate and a very high energy barrier in the
6 ] direction from the N to T state. Recently, it has been
-8-— ] reported that the hyperthermostability of a rubredoxin is
S S S accompanied by a higher activation free energy of unfolding
0 2 4 6 8 from the native state and that there is a direct correlation

GuHCI (M) between the degree of thermostability and the magnitude of
Ficure 4: GuHCI concentration dependence of the apparent rate the unfolding activation free energy among different rubre-

constantskpp of the unfolding and refolding kinetics ¢ffC142/ doxins @9).
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