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ABSTRACT. In order to elucidate the stabilization mechanism of CutAl frBgrococcus horikoshii
(PhCutAl) with a denaturation temperature of nearly 280 GuHCI denaturation and heat denaturation
were examined at neutral and acidic pHs. As a comparison, CutAl proteinsffiermus thermophilus
(TtCutAl) and Oryza satia (OsCutAl) were also examined, which have lower optimum growth
temperatures of 75 and 2&, respectively, than that (F&) of P. horikoshii GuHCI-induced unfolding
and refolding curves of the three proteins showed hysteresis effects due to an unusually slow unfolding
rate. The midpoints of refolding fdPhCutAl, TtCutAl andOsCutAl were 5.7 M, 3.3 M, and 2.3 M
GuHCI, respectively, at pH 8.0 and 3€. DSC experiments witltCutAl andOsCutAl showed that the
denaturation temperatures were remarkably high, 112.8 and®@7 1@spectively, at pH 7.0 and that the
good heat reversibility was amenable to thermodynamic analyses. At aciditt@utAl showed higher
stability to both heat and denaturant thRhCutAl. Combined with the data for DSC and denaturant
denaturation, the unfolding Gibbs energyRHCutAl could be depicted as a function of temperature. It
was experimentally revealed that (1) the unusually high stabilityh@utAl basically originates from a
common trimer structure of the three proteins, (2) the stabilitPla€utAl is superior to those of the
other two CutAls over all temperatures above&at neutral pH, due to the decrease in both enthalpy
and entropy, and (3) ion pairs &hCutAl contribute to the unusually high stability at neutral pH.

Recently, we have found that the CutAl frégrococcus thermophilus(TtCutAl), andEscherichia coli(EcCutAl),
horikoshii (PhCutA1'), a hyperthermophile, has a denatur- respectively, the stabilization mechanisms have been pro-
ation temperatureTg) of nearly 150°C at pH 7.0, as  posed as follows. The trimer structures (Mw of a monomer:
determined using a differential scanning calorimeter (DSC) about 12k) of the three proteins are quite similar. The
(1). This T4 has exceeded the highest record determined by monomeric structure d?hCutAl seems to be more stabilized
DSC by about 30C. From the structural analyses of CutA1 by hydrogen bonds, ion pairs, and hydrophobic interactions
proteins from three different sources with different growth than the two others. The number of ion pairs in the monomer
temperatures (98, 75, and 3€), from PhCutA1, Thermus PhCutAl is remarkably greater than that of the others (30,

12, and 1 forPhCutAl, TtCutAl, andEcCutAl, respec-
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amount of data is now available on the denaturation E. colicultures were grown at 3T in 500 mL of 2x yeast-

experiments with hyperthermophilic proteinks( 16) and

tryptone (YT) medium supplemented with a@/mL ampi-

indicates the propensity of the proteins to denature with a cillin at an absorbance of approximately 0.7 at 600 nm and

very slow rate constant limited by the high kinetic barrier
(17—-19). However, the intrinsic character of the extraordi-

induced with a final 1 mM isopropyl-1-thig-galactopyra-
noside (IPTG). After 3 h, cells were harvested by centrifuga-

nary thermal stability of proteins from hyperthermophiles tion at 1000@ for 5 min and the pellets were frozen. The
remains to be elucidated, because thermodynamic analysesell pellets were thawed on ice and resuspended in 100 mL
of denaturation for hyperthermophile proteins are limited to of column buffer (50 mM Tris-HCI pH 8.0, 100 mM NacCl)

a few examples18, 20—22). In the case oPhCutAl, the

and disrupted by sonication. Lysed cell suspensions were

increased number of ion pairs has been suggested bycentrifuged at 270apfor 30 min at 4°C.

structural analyses to contribute to the stabilization of the

Soluble His10DsCutA1l protein was loaded directly onto

trimeric structure and to play an important role in enhancing a Ni-bound 5 mL HiTrap Chelating HP column (GE

the Tg, up to 150°C. ThereforePhCutAl is a good sample
for physicochemically examining the role of ion bonds in
the extremely high stability of a protein from a hyperther-
mophile.

In this study, in order to elucidate the stabilization
mechanism oPhCutAl with unusually high stability from

Healthcare Bio-Sciences) equilibrated with column buffer
at a flow rate of 5 mL per minute. After washing the column
with wash buffer (50 mM Tris-HCI (pH 8.0), 100 mM NacCl,
15 mM imidazole (pH 8.0)), recombinant protein was eluted
by increasing the imidazole concentration to 0.4 M. Protein
eluted in the presence of 0.4 M imidazole was chromato-

a thermodynamic viewpoint, we examined the unfolding and graphed over a HiLoad 26/60 Superdex 75 pg (GE Health-
refolding of PhCutA1 by a denaturant and heat, which were care Bio-Sciences) that had been equilibrated with column

compared with those of CutAl proteins from different
sources which arel. thermophilusand Oryza satia at
growth temperatures of 75 and 2&, respectively. The
stabilization mechanism ¢thCutA1 will be discussed from

buffer. The purified His1l@sCutAl fusion protein was
collected and concentrated to 10 mL using Centriplus YM-
10 (Millipore). To remove the region upstream@$CutAl,

8.3 mg of the His1@sCutAl fusion protein was digested

a thermodynamic viewpoint, based on the relationship V\{ith 6. u of.Factor Xa (Novagen) at'3°/C for 16 h. The
between the crystal structures of the three proteins and theirdigestion mixture was eluted over HiLoad 26/60 Superdex

denaturation experiments.

EXPERIMENTAL PROCEDURES

Purification of CutAls from P. horikoshii and T. thermo-
philus. PICutAl andTtCutAl were purified as described
previously (). The purified proteins exhibited a single band
on SDS-PAGE. The concentration of the proteins was
estimated from the absorbance at 280 nm, assul&tfit,
= 27.1 and 13.3, foPhCutAl andTtCutAl, respectively,

75 pg. The purified proteins exhibited a single band on SDS
PAGE. The concentration of the proteins was estimated from
the absorbance at 280 nm, assumig™e, = 17.9 for
OsCutAl, based on the numbers of aromatic amino acid
contents 23).

DSC Experiment®SC (differential scanning calorimetry)
was carried out using a VP-capillary DSC platform (Micro-
Cal, USA). For the measurements, the protein concentrations
were 0.4 to 1.5 mg/mL in 50 mM potassium phosphate, pH
7.0, 50 mM Gly-HCI in the acidic region, or 50 mM Gly-

which are based on the numbers of aromatic amino acid KOH, pH 9.0. All of the samples were filtered through a

contents 23).

0.22um pore size membrane after dialysis against the buffers

Plasmid Constructs, Expression and Purification of CutAl oyernight at 4°C. Analysis of the DSC curves was done

from Oryza satia. The full-length DNA fragments encoding

using the single two-state transition with a subunit dissocia-

(His10) sequence, were cloned using the Gateway systeMhe temperature where the unfolding fraction is 0.5. In eq 7,

(Invitrogen). The DNA fragments @ddsCutAl were prepared

by PCR using nativ®fu DNA polymerase (Stratagene) from

rice cDNA (rice full-length cDNA database accession

number AK059907). Primers used f0sCutAl amplification

were
5'-CACCATCGAAGGTCGTATGGAGTCTACTTCC-

3 and 3-TTAGCTTTCCCTAGTGCTGTTCTTTAGCC-3

the T4 was assumed to be close to thatAds = 0.

CD SpectraCircular dichroism (CD) spectra of the three
proteins were recorded on a Jasco J-725 spectropolarimeter
(Jasco Co., Japan). Far-UV and near-UV CD spectra were
scanned 16 times 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 1 or 10 mm in the far-UV region and 10 mm in the

(the underlined nucleotide sequence corresponds to the factonear-UV region. For calculation of the mean residue ellip-
Xa cleavage site). The full-length PCR products were purified ticity, [6], the mean residue weights BhCutA1, TtCutAL,

by electrophoresis in a 2% agarose gel using a QIAquick and OsCutA1 were assumed to be 121.1, 112.8, and 110.8,
Gel Extraction Kit (Qiagen) and were inserted into a pENTR/ respectively.

SD/D-TOPO vector using a pENTR/SD/D-TOPO Cloning
Kit (Invitrogen). The sequence fidelity was confirmed by

DNA sequencing. Starting with this entry clone, an expres-

Guanidine Hydrochloride-Induced Unfolding and Refold-
ing. For unfolding,PhCutAl, TtCutAl, andOSCutAl were
incubated in GUHCI under various conditions and at different

sion vector was generated by an LR Reaction Kit (Invitro- temperatures for various times, except RICutAl at pH

gen). TheOsCutAl was cloned into the pDEST-his vector
for expression of the N-terminus His10 fusion proteip4)(

For protein productionEscherichia coliBL21 (DE3)

8.0 because it was not denatured even after incubation of
30 min at 120°C. For refolding, the completely unfolded
proteins in the presencd @ M GuHCI under the following

competent cells (Novagen) were transformed with the conditions were diluted with 20 mM buffer with 0.1 mM

expression vector and selected with &/mL ampicillin.

EDTA containing various concentrations of GuH®&h-
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CutAl below pH 3.0 was completely unfolded after 1 h
incubation at 80C in 7 M GuHCI. Therefore, the unfolded
protein solution ofPhCutAl at pH 8.0 was prepared by
overnight dialysis in the buffer of pH 8.@i7 M GuHCI at

4 °C or by jumping to pH 8.0 using concentrated alkaline
solution, after 1-h incubation at 8€ in 7 M GuHCI at pH
2.5.TtCutAl was completely denatured after 1-h incubation
at 80°C in 7 M GuHCI at a given pHOSCutAl was
completely denatured after 10-min incubation at°80in 7

M GuHCI at pH 8.0.

The unfolding and refolding were monitored by measuring
the CD values at 220 nm and at the incubation temperatures
of the reactions. CD measurements were carried out with a
Jasco J-725 spectropolarimeter. The fraction of unfolding
was calculated using eq 1,

Absorbance at 280 nm
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Ficure 1: Sedimentation equilibrium analysis BhCutAl at pH

7.0 and 20°C. The sedimentation equilibrium experiment was
performed at the protein concentration of 0.15mfg~1in 50 mM
potassium phosphate buffer pH 7.0 containing 10 mM EDTA and
100 mM NaCl at 2CC. The solid line drawn through the data was
obtained by fitting for a single ideal species. The residuals
(difference between the experimental data and the fitted data for
each point) are shown in the bottom panel. The apparent molecular
weight was 35,300.

fu=(b) +ax—ylb, +ax—b’-ax (1)
wheref, is the fraction of the unfolded statgthe CD value

at a given concentration of GUHCI, arndhe concentration

of GUHCI. b, andb, are the CD values for the native and
the unfolded statet® M GuHCI (17). Unfolding (refolding)
curves were analyzed by the linear extrapolation model
assuming a two-state transition for unfolding of a trimer
protein, according to eqs—b (see the appendix of Backman

Table 1: Apparent Molecular Weights &hCutAl, TtCutAl, and
OsCutAl at Various pHs and 20C

a 3
et al. £6)), in which K, C,, and AG® are the equilibrium MW? x 107
proteins additive pH25 pH7.0 pH9.0 MW of a tririer
N3~ 3U (2)  PncutAl 10mMEDTA 37.0 358 354 37.044
1.0 M GuHCI 36.2 358
K=27C%3/(1—f TICutAl 10mMEDTA 348 475 326 34.866
G W (3) OsCutAl 10 mM EDTA 37.4 37.572
AG° = —RTIn K 4) @Molecular weights represent average values at three different
concentrations of protein8.This means MW calculated from amino
AG°® = AG®,0 + MX (5) acid compositionst Protein solution at pH 2.5 does not contain 10 mM

EDTA.

fy = ((1/2)((eXPE-(AG® o0 + MYI(RT))(27C/)) +
(1/18)((expE-(AG® o0 + MY/(RT)))/(27C2))(4((exp(
(AG®p0 + MYN(RT))(27CT)) + 27)%3"91° —
(1/3)((eXPE(AG® 50 + MY/(RT)))/(27C))/
(1/2)((expE-(AG® o0 + MYI(RT))(27C)) +
(1/18)((eXpE-(AG® o0 + MY/(RT)))/(27C))(4((exp(

(AG® 0 + MYIRT))(27CH) + 27)V%343M3) (6)

three different protein concentrations between 0.4 and 0.1
mg-mL~* were run in Beckman 4-sector cells. The partial
specific volumes of 0.748, 0.757, and 0.7483gn* for
PhCutAl, TtCutAl, andOsCutAl, respectively, were cal-
culated from the amino acid compositior&). Analysis of

the sedimentation equilibrium was performed using the
program Beckman XL-A/XL-l Data analysis software ver4.

RESULTS

Molecular Assembly Forms of the Three CutAls at
constant of the unfolding reaction, the molar concentration Different pHs.The assembly forms d?PhCutAl, TtCutAl,
of the protein expressed in trimer equivalents, and the GibbsandOsCutAl were examined by sedimentation equilibrium
energy change upon unfolding (standard value), respectively.experiments at 20C, because the X-ray analysisPHfCutAl

Factormis the slope of the linear correlation betwetG°
and the GuHCI concentratio)( AG°420 is the standard
value in the absence of GUHCI (in water) which is indepen-
dent of the examined protein concentration. Fa&tan eq

suggests heavy metal-induced multimerization of a protein
(28). The sedimentation patterns@hCutAl at pH 7.0 were

fitted to an analysis of a single species with a molecular
weight of 35.3 k as shown in Figure 1, suggesting a

6 is represented as a function of the concentration of GUHCI. homogeneous molecular mass distribution in the solution.
We used data analysis software from OriginLab (Northamp- Similar results were observed for the three proteins at various
ton, MA) to produce a least-squares fit of the experimental pHs. The apparent molecular weights of the three proteins
data in the GuHCI unfolding curves to eq 6 to obtAIG°.0. at various pHs are presented in Table 1. These values
Analytical UltracentrifugationEquilibrium sedimentation ~ correspond to three times a monomer calculated from the
experiments were performed on a Beckmann Coulter XL-A amino acid sequences; 37,044 fBhCutAl, 34,866 for
(Fullerton, CA). All experiments were run at 2C using TtCutAl and 37,572 foOSCutAl, indicating that all of the
an An-60 Ti rotor at a speed of 20,000 rpm. Before CutAls have a trimeric form composed of identical subunits
measurements were taken, the protein solutions were dialyzedn the pH region between 2.5 and 9.0. Although the apparent
overnight against each buffer at°€. The experiments at  molecular weights offtCutAl at 7.0 were slightly higher
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Ficure 2: Typical excess heat capacity curves of three CutAl
proteins. (A) Curves (1), (2), (3), and (4) represent DSC curves at
a scan rate of 60C/h of OSCutAl at pH 7.0,TtCutAl at pH 7.0,
PhCutAl at pH 7.0, andPhCutAl at pH 9.0, respectively. Curves
(3) and (4) are cited from Tanaka et dl).(The blue lines of curves

(1) and (2) denote the baseline used for tié calculation. (B)
Reversibilities of heat denaturation fotCutAl (1) andOsCutAl

(2) at pH 7.0. DSC curves were obtained at scan rates of 2

Red curves in curves (1) and (2) are the second runs of DSC just

after cooling of the first run (black curves), in which the recovery

Sawano et al.

DSC Experiments of Three CutAl Proteifidgure 2A
shows the DSC curve oDsCutAl at pH 7.0, with DSC
curves of the other two proteins already reportéd The
denaturation temperaturéqj of OSCutAl was considerably
high, 97.3°C, compared with the optimum growth temper-
ature (28°C) of the plant. This large difference betwe&n
and the optimum growth temperature is coincident with the
cases ofPhCutAl and TtCutAl, suggesting that these
unusual stabilities are a common characteristic of CutAl,
the function of which remains to be elucidated. At pH 9.0
the Ty values forTtCutAl andOsCutAl were similar to the
results at pH 7.0, but that fd?PhCutAl was lower (Figure
2A).

To examine the reversibility of heat denaturation, the
second runs of DSC were performed just after cooling of
the first run, and the recovery area of excess heat capacity
due to heat denaturation was measured. The heat reversibility
of TtCutAl was considerably good even though Thevas
over 110°C around neutral pH: the recovery rates were 57
and 90% at scan rates of 60 and 2Q@h, respectively (curve
(2) of Figure 2B), although the heat denaturatiofPb€utAl
with a denaturation temperature of nearly 18Q is
completely irreversible at neutral pH as shown in our
previous paperl). The scan rate dependence of thefor
TtCutAl was hardly detected at 60 and 46/h around
neutral pH, although it was slightly detected at 60 and
200 °C/h. Therefore, we used the scan rate of°60h for
the calculation of unfolding enthalpieaidy). The AHq of
TtCutAl was 1777 kd/mol of a trimer at 1128 at pH 7.0.

In the case ofOsCutAl (Figure 2B), the recovery of the
area of excess heat capacity due to heat denaturation was
44 and 81% at scan rates of 60 and 2@@h, respectively,

at pH 7.0. TheAHq of OsCutAl was 1453 kJ/mol of a trimer

at 97.3°C at pH 7.0 (scan rate of 60C/h). The difference

in the apparent recovery of the DSC curves depending on
the scan rate might be caused by that the unfolded proteins
after heat denaturation irreversibly associate depending on
the incubation time at the high temperatures.

DSC experiments could not be done near the isoionic point
of these proteins (around pH 5) due to aggregation after heat
denaturation. However, in the more acidic region, the DSC
curves of bothPhCutAl andTtCutAl could be observed,
but that of OCutAl was not seen, suggesting acidic
denaturation. In the acidic region, where ion pairs have
completely disappeared due to protonation, it is important
to examine the stability ofPhCutAl, speculated to be

area of excess heat capacity was 90 and 81%, respectively. (C)stabilized by ion pairs. As expected, the peak temperature

Comparison of heat stability fortCutAl (1) andPhCutAl (2) at
pH 2.5. The scan rates of both DSC curves were’6th. The
peak temperatures oftCutAl and PhCutAl were 86.6 and
75.5°C, respectively.

than that of the trimer, the molecular weight extrapolated to
zero concentration was (33.4 0.3) x 103 using the
software (utility mw vs concentration) supplied by the
manufacturer. These results indicate that allPbiCutAl,
TtCutAl and OCutAl might exist predominantly in a
trimeric form. Therefore, we assumed the equilibriurm (N
< 3U) between a trimer in the native states{Nand a
monomer in the denatured state (3U) for analyzing the
following DSC curves, and unfolding and refolding reactions
due to denaturant denaturation.

of PhCutAl was lower than that oftCutAl; for example,
75.7 and 86.6C at pH 2.5, respectively (Figure 2C). This
indicates that the stability aitCutAl is superior in the acidic
region, theTy of which was over 35C less than that of
PhCutAl at pH 7.0. This means that the protein from an
extreme thermophile is more stable than that from a
hyperthermophile at acidic pH.

CD Spectra of the Three Proteinghe near-UV CD
spectrum ofPhCutAl shows a bigger positive peak around
280 nm than those of the other two proteins (Figure 3A),
which is caused by a bigger amount of Trp and Tyr residues
5+ 4,2+ 3, and 3+ 4 for Trp + Tyr of PhCutAl,
TtCutAl, andOsCutAl, respectively). A peak around 245
nm was observed fa?hCutA1, which could not be assigned.
There is one Cys each and no disulfide bond in the three
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(A) @ ' T — The refolding also proceeded slowly, but attained a constant
value after 7 days: the midpoints of refolding were 3.3, 3.3,
3.4, and 3.4 M for 1-, 2-, 7-, and 14-day incubation,
respectively, after the dilution at pH 8.0 and 3Z. These
results indicate that the unfolding and refolding reaction of
TtCutAl cannot attain the same values in several weeks or
that there is hysteresis in both reactions.

The refolding reaction ofosCutAl apparently reached
constant values in 1 day at pH 8.0 and &7, although the
%40 260 20 %00 20 midpoints of unfolding depended on the incubation days and

Wavelength (nm) were 3.8, 3.4, and 3.3 M for 1, 7, and 14 days, respectively.
As shown in Figure 4C, the unfolding and refolding curves
of OCutAl were also clearly different. These results indicate
that all the CutAl proteins from different sources show
apparently similar behavior in the unfolding and refolding
reactions with apparent hysteresis arising from the slow
unfolding reaction described below, although the midpoints
of refolding for OsCutAl, TtCutAl, and PhCutAlwere
remarkably different, being 2.3 M after 1 day, 3.3 M after 7
days, and 5.7 M after 28 days, respectively, which attained
almost constant values (Figure 4D). Figure 4D represents
the normalized refolding curves of the three proteins, from
Wavelength (nm) which the data were used for the fitting of eq 6. These
Ficure 3: Near- (A) and far-UV (B) CD spectra d?hCutAl, differences in midpoints of denaturant denaturation among

TtCutAl, andOsCutAlat pH 7.0 and 23C. Spectra (1), (2), and  the three proteins correspond to the differences in the
(3) represent the CD spectraRRCUAL, TICUTAL, andOsCUtAL, denaturatio% temperaturespof heat denaturation.

respectively. ; ) ) .
GuHCI-Induced Unfolding and Refolding in the Acidic
proteins, although the Cys residueRCutAl is transformed ~ Region at 37°C. In the acidic region, the heat stabilities of
into cystein-s-dioxide in the crystal structure (PDB ID; PhCutAl andTtCutAl remarkably decreased compared with
1Vv99). those at neutral pH (Figure 2)0sCutAl was almost
The far-UV CD spectra of the three proteins were nearly completely denatured below pH 2.5. To examine the stabili-
similar as shown in Figure 3B, corresponding to the similar ties by denaturant oPhCutAl and TtCutAl in the acid
backbone structures shown by X-ray analyses. The structureregion, the GuHCI unfolding and refolding were examined
of OsCutAl has also been determined to be similar to that at pH 2.5 and 37C. As shown in Figure 5A the midpoints
of the other two proteins as reported elsewhere (private of the unfolding and refolding curves d&?hCutAl were
communication). Because far-UV CD spectra of a protein almost the same (3.7 M GuHCI) after 1 day at 3C,
have been affected due to the aromatic resid@8y, the meaning that they attained equilibrium. On the other hand,
differences in far-UV CD spectra of the three proteins might the midpoints of the unfolding and refolding curves of
be caused mainly by differences in the content of aromatic TtCutAl were slightly different and were 4.1 and 3.8 M after
residues. 1 day at 37°C, respectively (Figure 5B). These results
GuHCI-Induced Unfolding and Refolding at pH 8.0 and indicate thatTtCutAl is stabler tharPhCutAl at pH 2.5
37°C. At neutral pH, the CD spectrum in the far-UV region (Table 3) in agreement with DSC results and that the apparent
of PhCutA1l was not affected even after 30-min incubation hysteresis at neutral pH might be caused by the abnormally
at 120°C in 7 M GuHCI, indicating that the protein still  slow denaturation rate of CutAls because the apparent
retains the native conformation. However, after denaturation hysteresis almost disappears under unstable conditions at pH
treatment in the acidic region as described in Experimental 2.5 but slightly remains foftCutAl which is stabler than
Procedures, the refolding curves as a function of GuHCI PhCutAl.
concentration were detected at pH 8.0 and®@7as shown Confirmation of Recgeries of Proteins Refolded from
in Figure 4A. The midpoints of refolding moved slightly to  Denaturant DenaturationAs shown in Figures 4 and 5, the
higher concentrations of GUHCI depending on the incubation CD values of all three CutAl proteins refolded from
days and attained constant values after 28 days &C37  concentrated denaturants were-80% of the native ones,
which was in 5.7 M GuHCI. This slow refolding rate might indicating that the recoveries were not completed. Therefore,
be correlated with the fact that the unfolding ratébCutAl we examined whether intermediates or impurities were
is too slow for the unfolding to be detected under neutral included in the refolded proteins. We found by gel-filtration
pHs even in 7 M GuHCI. It has been reported for the protein that there were aggregated ones in the refolded proteins of
from P. furiosus a hyperthermophile, that both unfolding PhCutAl andTtCutAl. The main peaks of the gel-filtration
and refolding rates are unusually sloh8). products were quantitatively examined by CD spectra and
In the case ofltCutAl, the unfolding proceeded slowly, DSC experiments, and it was confirmed that the refolded
especially in the concentrations around transition points (5.5 ones ofPhCutAl andTtCutAl are the same as those of the
M GuHCI) as shown in Figure 4B: the midpoints of intact proteins (not shown). As shown in the refolding data
unfolding were 5.8, 5.5, 5.4, 5.3, and 5.2 M after 1-, 4-, 7-, of Figures 4A, 4B, and 4C, a continuous decrease in negative
14-, and 28-day incubation at pH 8.0 and°&7 respectively. CD values was not observed for long days in the refolding
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S Ficure 5: GuHCI-induced unfolding and refolding curves of
B so00} PhCutAl andTtCutAl at pH 2.5 and 37C. Black and red circles
2 represent unfolding and refolding data, respectively, after 1-day
~10000 incubation. (A)PhCutAl monitored at 220 nm. The midpoints of
refolding and unfolding oPhCutA1l were nearly the same, 3.8 M
GuHCI. (B) TtCutAl at 220 nm. The midpoints of refolding and
unfolding of TtCutAl were 3.8 and 4.1 M GuHCI, respectively.
(D) 1ok Other fitting parameters are listed in Table 3.
o
£
3" process at pH 8.0, suggesting that aggregation might occur
S osf in the initial step of refolding. As shown in the unfolding
"g oal data of Figure 4B and 4C, however, negative CD values
$ ' decreased depending on the incubation days. This suggests
5 o2r 2 : " that refolding data attaining constant values are amenable
oof ee _HHF: to thermodynamic analyses of refolding curves assuming that
5 s 7

L s L
1 2 3 4

GUHCI (M)

aggregated proteins can be excluded in the initial step of
refolding. However, data for the unfolding curves at pH 8.0
were not amenable to such an analysis because the data did

Ficure 4: GuHCI-induced unfolding and refolding curves of
PhCutAl, TtCutAl, and OsCutAl at pH 8.0 and 37C. The
unfolding and refolding were monitored by the CD values at 220
nm. (A) Refolding points ofPhCutAl as a function of GuHCI DISCUSSION

concentration after 1-, 2-, 7-, 14-, and 28-day incubation are ] ) )

represented by red open, small blue open, small blue closed, blue Hysteresis of Unfolding and Refolding Ges.All three

open, and red closed circles, respectively. Red fitting line was CutAls were confirmed by analytical ultracentrifugation to
obtained from 28-day incubation. (B) Unfolding pointsTdCutAl be trimers in solution in the examined pH region between

after 1-, 4-, 7-, 14-, and 28-day incubation are shown by black big . . -
closed, black big open, black closed, black open, and black small 2.5and 9.0. GuHCI-Induce(_j unfoldln_g Qnd refolding curves
closed circles, respectively. Red open and closed circles represenfor TTCUtALl andOsCutAl did not coincide at pH 8.0 and

the refolding plots after 1- and 7-day incubation, respectively. Red 37 °C (Figures 4 B and C). The midpoint of refolding of
fitting line was obtained from 7-day incubation. (C) Unfolding PhCutA1 was 5.7 M after 28-day incubation at pH 8.0 and
points of OCutA1l after 1-, 4-, 7-, 14-, and 28-day incubation are 37 °C, although the unfolding curves were not detected.

shown by black big closed, black big open, black closed, black N . )
open, and black small closed circles, respectively, and the midpointsThese results indicate that the unfolding and refolding of

of the black fitting line after 1- and 4-day incubation were 3.9 and the three proteins show hysteresis effects. The refolded
3.6, respectively. Red closed and open circles represent the refolding®hCutAl andTtCutAl were verified to be intact from the
plots atl:ie_r 1-d afnd 2-2&3/ in(;ubaéiotr), res%ecﬂvel)’- IRG% fittifn?dl_ine fact that the refolded proteins showed the same denaturation
was oDtaine rom 1-day Incupation. ormalized reroldin :
curves of the three protei);s as a functic()n)of GuHCI concentratign temperatures and CD spect'ra.as those of the native or!es.
calculated according to eq 1. Curves (1), (2), and (3) represent the This means that the hysteresis is not ca_used by 'ghe forma_ltlon
refolding curves oPhCutALl after 28-day incubatiotCutAl after of alternatively folded structures or any intermediates during
refolding. Furthermore, at acidic pH 2.5, the midpoints of

7-day incubation, an@sCutAl after 1-day incubation at pH 8.0
and 37°C, with the midpoints of 5.7, 3.3, and 2.3 M GUHCI,  the ynfolding and refolding curves BhCutAl were almost

respectively. These normalized values were fitted to eq 6 to obtain Sl :
the unfoldingAG°,0 values in Tablt_a 3. T_he c_)btained parameters tf_;_e E;’:m;e, $Itt1hough th(?se'ﬂt:utAl ire SE" srlllghtly dnffer ent d
were recalculated to produce the lines in Figure 4 (A), (B), and (Table 3). These results suggest that the hysteresis is cause

(C) and Figure 5 (A) and (B). by the unusually slow unfolding rate. AlthougtCutAl and

not attain equilibrium.
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Table 2: Thermodynamic Parameters at Denaturation Temperature Obtained from DSC Experiments for Three CutAl Proteins at pH 7.0

AC, (kd/mol/K) AH at Ty (kJ/mol) AG at 97.3°C (kJ/mol) AH at 97.3°C (kJ/mol)
Tq
proteins (°C) A2 B2 A B A B A B
PhCutA1 148.5 18.3 24.0 1959 2310 178.8 202.2 1023 108
TtCutAl 112.8 17.3 23.6 1777 6%.9 64.7 1509 141Pp
OsCutAl 97.3 17.4 22.9 1453 0 1453

a A and B meam\C, values calculated from each crystal structure using parameters of Murphy and E8gam(l Spolar et al.34), respectively.
b Estimated values usingC, values of A or B.

Table 3: Thermodynamic Analyses of Conformational Stability from GuHCI Unfolding/Refolding Curves for Three CutAl ProteirfCat 37

concentration AG°H20? midpoint slope () effective AGy,0?

proteins conditions (uM) (kJ/mol) (M) (kd/mol M) (kJ/mol)
PhCutAl pH 2.5, ref, 1 day 0.54 153.49.3 3.69+ 0.02 —22.9+25

pH 2.5, unf? 1 day 0.54 160.6: 12.7 3.704+ 0.03 —24.6+ 2.6

pH 8, ref, 28 days 0.54 27183.3 5.68+ 0.01 —35.4+1.8 220.4
TtCutAl pH 2.5, ref, 1 day 0.62 171.%¢9.2 3.84+ 0.01 —26.9+ 1.8

pH 2.5, unf? 1 day 0.62 173.29.2 4.06+ 0.01 —255+1.7

pH 8, ref® 7 day 0.62 207. & 8.4 3.33+0.01 —41.2+1.8 156.8
OsCutAl pH 8, ref® 1 day 0.44 158.% 2.9 2.30+0.01 —38.1+2.2 107.2

a AG°420 is the standard value obtained using eq 6, which is independent of the examined protein concentration. Kgegiveeans values

at protein concentration of 0.02 mM which is close to protein concentration used in DSC experiiftsand “unf” represent the analyses from

refolding and unfolding curves, respectively.

OsCutAl did not attain equilibrium due to a very slow
unfolding rate at pH 8, the three proteins in the refolding

the parameters of which are given by two groups, Murphy
and Freire 83) and Spolar et al.34).

process seemed to attain constant values as shown in Figure If we can obtain thermodynamic parameters suchldg

4 (A), (B), and (C). Refolding in heat denaturation by DSC

Ty, and AC,, the Gibbs energy of unfoldingAG) can be

for three proteins was observed from the second run justexpressed as a function of temperature as folla®&:

after the first run of the DSC experiments, suggesting that

the refolding rate is not abnormal compared with the fact AG = AHy+ AC((T — Ty) —

that pyrrolidone carboxyl peptidase from a hyperthermophile,

Pyrococcus furiosydakes about 1 day at 3C in the acidic
pH for recovery from heat denaturatiob8j. These results

T(AHY/Ty + AC, In(T/Ty)) (7)

whereAHy is the enthalpy aly, andAC; is constant in the

suggest that the constant values obtained from refolding regarded temperature range. Figure 6 shows the temperature
experiments are close to equilibrium so that the data can befunctions of AG for TtCutAl andOsCutAl at pH 7.0. The

amenable to thermodynamic analyses.

different parameters atC, from the above two group$8,

There are several reports of hysteresis in the dimeric 34) were used.

luciferasef-subunit after urea denaturatioB0j, tetrameric
transthyretin after GUHCI denaturatioB1j, and dimeric
creatine kinase after urea denaturati®®) ( Their causes have
not been revealed in detail.

The three CutAl proteins were confirmed as to be trimeric
proteins in solution (Table 1). The refolding curves of the
three proteins at pH 8 seemed to attain constant values, and
the unfolding and refolding curves at pH 2.5 nearly coincided

Temperature Dependences of Unfolding Gibbs Energy in the cases of botRhCutAl andTtCutAl. Therefore, the

(Stability Cuwes) of Three CutAl Proteindt. is generally
difficult to observe the heat reversibility of proteins with high
denaturation temperatures around ®@0at neutral pH due
to the formation of aggregation following heat denaturation.
The DSC curves of tCutAl andOsCutAl showed consider-
ably good reversibility at neutral pH, even though the

GuHCl-induced unfolding and refolding curves were ana-
lyzed based on a two-state model for a trimeric proteign (N
< 3U) using eq 6. By fitting the normalized data such as
Figure 4D to eq 6,AG’y0 values were obtained. The
calculated thermodynamic parameters are listed in Table 3.
The denaturation curves depend on protein concentration,

denaturation temperatures were remarkably high (113 andbecause CutAl proteins are oligomeric proteins. A0
97 °C, respectively). These results suggest that the area ofvalues at a given concentratio; can be expressed as
excess heat capacities induced by heat denaturation undefollows when a protein is a trime24),

these conditions shows the real enthalpy change of unfolding
(AHg) at the denaturation temperature. However, it was

difficult to experimentally obtain heat capacity changef)

AGip0=AG®y0 + RTIN(C?) (8)

using AH values at different denaturation temperatures where AG°y,0 is the standard value. The effectiveG,o

measured at different pHs because the DSC experimentsn Table 3 show values at a protein concentration (0.02 mM
could not be done near the isoionic point of these proteins for a trimer) close to the protein concentrations used in the
(around pH 5) due to aggregation after heat denaturation.DSC experiments. In these fitting calculations, the standard

Therefore, theAC, values ofTtCutAl andOsCutAlat neutral

deviations were around 08% for C, (midpoint of

pH were estimated from the method induced by the burial denaturation) and approximately-20% for AG°20, Which
surface area of amino acid residues from the crystal structureare similar to reported value2€).
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200 T y . T from the CD spectra in the far-UV region. The unfolded
PhCutAl after 1-h incubation at 8GC in 7 M GuHCI at pH
2.5 was completely refolded at pH 8.0 and 32Z. The
midpoint of the refolding curve was 5.7 M GuHCI. On the
other hand,TtCutAl and OSCutAl in comparison with
PhCutAl also showed high stability to both heat and the
denaturant. Furthermore, bofiCutAl andOsCutAl had
considerably good heat reversibility, resulting in producing
thermodynamic parameters of high quality, although their
. denaturation temperatures were high, respectively 113 and
0 50 97 °C at pH 7.0. Because the refolding curves of the three
Temperature (°C) proteins seemed to attain constant values, they could be

FiIGuRE 6: Temperature functions of unfolding Gibbs energy for f"‘”a'.yzed assuming the equilibrium ofy( 3U). As shown

the three CutA1l proteins at neutral pH. The red, blue, and greenin Figure 6, unfoldingAGyz0 values from the denaturant
circles represent the effectiveGy,o values ofPhCutAl, TtCutA1l, experiments witiMCutAl andOsCutAl agreed with those
and OsCutAl, respectively, at pH 8.0 and 3TC, which were at the same temperature from DSC experiments when using
obtained from the GuHCI denaturation curves at a protein concen- AC, values estimated from the parameters of Spolar et al.

tration of 0.02 mM close to the protein concentration in the DSC . ) .
experiments. The solid blue curve represents the temperature(34): Suggesting that the denaturant data are of high quality.

dependence okG of ThCutAl at pH 7.0 using the thermodynamic Therefore, the temperature function of the unfoldixg
parameters ofAH (1777 kJ/mol),AC, (23.6 kJ/mol/K), andTq for PhCutAl could be depicted, as shown in red curves of

(112.8°C) and the dotted blue curve using the thermodynamic Figure 6, combining the denaturation temperature from DSC

E’f‘lrgngftc%rsT%%"S'O("l J;Ze'éf]/ Tt?rl\)/,eég(%u(tll-\7i3alt(‘:)/Hmc;|/(l)<)l'Js?r?§1;?1e with denaturant data at neutral pH. This stability curve as a

thermodynamic parameters aH (1453 kJ/mol),AC, (22.9 kJ/ function of temperature is important to elucidate the ther-
mol/K), and T, (97.3 °C) and the dotted green curve using the Modynamic mechanism of protein stabilit3&-38) The
thermodynamic parameters 8H (1453 kJ/mol),AC, (17.4 kJ/ estimatedAH value of PhCutAl at 97.3°C, which is theTy
mOl/K),hanthd (973°C) The solid red Curvd?hCutkAl at |pH 7.0 Of Og:utAl at pH 70’ was the |0west among the three
‘(125’21”8 Lﬁng Oﬁ[(rr)’,ogm%:“'Flfl’glrgf,n(%te;ﬁh(g3dlgttefj/ ng)'%ﬁ:r’i/e, proteins (Table 2), indicating that the higher stability of
PhCutAl at pH 7.0 using the thermodynamic parameteraf PhCutA1 than that of the other two proteins is caused by
(1959 kJ/mol),AC, (18.3 kd/mol/K), andly (148.5°C). The AH entropic effects. These findings are reliable because they were
values used fanCutAl andOsCutAl and theTy values for three compared near the denaturation temperaturd$@ifitA1l and
proteins were the experimental data, and the other parameters wergyqcytA1, and theAH values at 97.3°C of PhCutAl
the derived ones (Table 2 and Table 3). estimated from the two different values AfC, were quite
close (Table 2). It has been reported from DSC experiments
In the neutral pH region, the effectiv®Gy,0 values for that the higher stability of the tryptophan synthassubunit
TtCutAl andOsCutAl were close to the unfoldinyG curve from a hyperthermophile?. furiosus is caused by entropic
versus temperature obtained from the DSC experiments adactors 0). Because these proteins are stabilized by many
shown in the solid curves of blueTtCutAl) and green ion pairs, the hydration of charged residues with water upon
(OsCutA1l) in Figure 6 when the parameters A€, from denaturation might contribute to a decrease in entropy. The
Spolar et al. 84) were used. Although they are slightly unfolding AG of PhCutAl at pH 7.0 and at a protein
different when the other paramete@3) were used, these concentration of 0.02 mM can be estimated to be 202, 245,
comparisons might be meaningful. The good agreement ofand 96 kJ/mol at 97.3, 62.5, and°C, respectively, from
the former case should result from the good quality of the the red solid curve of Figure 6. Th&G at 62.5°C is the
DSC data with a high reversibility even around 1%0. highest value. These valuesA6G over all the temperatures
However, PhCutAl with the denaturation temperature of are remarkably high compared with reported values (Ther-
148.5°C did not precisely show the unfolding enthalpgyHg) modynamic database for proteins and muta88)( Com-
for two reasons: (1) the thermal transition was not completed pared to the other two CutAl protein®hCutAl was
due to the temperature limit (15T) of the machine and  thermodynamically stable throughout the temperature range,
(2) the protein was partially aggregated by heat denaturation.i.e., it has a higherAG value than the others at every
Thus, we estimated\Hy at 148.5°C using the effective  temperature (Figure 6).
AGh20 (220.4 kJ/mol) obtained from the refolding curves at  The denaturation temperature@§CutAl from rice plant
37 °C (Table 3) to be 1959 or 2310 kJ/mol for theC, of with an optimum growth temperature of 28 was close to
18.3 or 24.0 kJ/mol/K, respectively (Table 2), which are 100°C at pH 7.0, the structure of which is similar to that of
estimated from the crystal structurg3( 34). The red solid the other two ones (in preparation). The trimeric structures
and dotted curves in Figure 6 were depicted using theseof the three CutAl proteins are the result of tightly
thermodynamic parameters BhCutAl. These results in- intertwined interactions among the thr@estrands. Present
dicate that the unusually high stability d?hCutAl is experimental results indicate that the unique trimeric structure
practically superior to those of the other two CutAls in the is responsible for the high stability of mesophidsCutAl.
range of all temperatures over z€1G. Recently, we found that CutAl fror&. coli, a mesophile,
The Mechanism of Stabilization of PhCutAl with Ex- has a denaturation temperature greater thah®@t pH 7
tremely High Stability. PButAl with a denaturation tem-  (not shown), the structure of which is also similar to that of
perature of nearly 15€C at pH 7.0 was not denatured even PhCutAl (40). In the present state, we cannot explain why
after 30 min incubationn 7 M GuHCI at 120°C, judging CutAls from mesophiles have an unusually high stability.

AG (kJ/mol of trimer)
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These results, however, indicate that the unusually high 16
stability of PhCutAl basically originates from a common
trimer structure of the three proteins. On the other hand, at
acidic pH, the stabilities oftCutAl to heat and a denaturant
became higher than thosePRCuUtAl, which is opposite to
those at neutral pH. The analyses of stability factors from
the crystal structures of both proteins have indicated that the ;g
remarkably increased number of ion pairs in the monomeric
structure contributes to the stabilizationRHiCutAl (1). At
acidic pH, the stability oPhCutAl might be inferior to that

of TtCutAl because these ion pairs are protonated. Present

results confirm the previous explanation that the number of
ion pairs plays an important role in enhancing Theup to
150°C, for PhCutALl.
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