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ABSTRACT. The thermostability of methionine aminopeptidase from a hyperthermdpHilgiosus(PIMAP)

was extremely high: the denaturation temperature was @&t pH 10.2. To explore the contribution

of electrostatic interaction to the superior thermostabilityPAP, the thermostability oPfMAP was
examined by differential scanning calorimetry (DSC) in various salt concentrations in the acidic region
far from the isoelectric point d?PfMAP. (1) In 20 mM glycine buffer, the DSC curve BfMAP exhibited

a single peak. Transition temperaturds,)(were lowered with decreasing pH from 4 to 3. The heat
denaturation oPfMAP was not reversible. (2) Denaturation enthalpyH) measured at different pHs
linearly correlated withT, up to 102°C, suggesting that the denaturation heat capagiG) for PIMAP

is constant up to 100C. AC, was estimated to be 0.82 JKg™*. (3) In the presence of 0100 mM

KCl at pH 3.2, two peaks appeared on the DSC curves. The first peak shifted to lower temperatures with
increasing concentration of KCI and, oppositely, the second one to higher temperatures. It was found
that the first and second peaks originated from the heat denaturation of the native fefvhAd? and the
melting of the non-native associated form having molten globule-like structure, respectively, judged from
the CD spectra and ultracentrifugation analyses. This indicates the following: first, the attractive
electrostatic interaction is an important factor in stabilizing the native forRfldAP; second, the presence

of KCI stimulates the formation of the molten globule-like statePd¥1IAP and stabilizes it. (4) In a
comparison of the sequence and crystal structurfMdAP, which has been recently determined (1xgs.pdb),
with those of MAP fromEscherichia coli(ECMAP), it was predicted that the extra four short-range ion
pairs less tha3 A involved inPfMAP are crucial candidates as determinants for the superior thermostability
of PIMAP.

Many novel hyperthermophiles, which can grow prefer- One of the fundamental questions on the molecular level of
entially at extremely high temperatures near the boiling point the strategies for these high-temperature adaptations concerns
of water, have been isolated in the vicinity of both terrestrial the structural and energetic basis of protein stability at an
and submarine geothermal environmenits4). The major- extremely high temperature. Elucidating the mechanism
ity belongs to the phylogenetical domain of Archa&h (  stabilizing hyperthermophile proteins is not only itself a great
Hyperthermophilic organisms have provided intriguing sub- challenge but also provides valuable insight into understand-
jects in biological science: evolution of life, adaptation of ing the mechanisms of conformational stabilization and
life to high temperature, features of the metabolism and the protein folding for general proteins, which is now one of
materials constituting the cell. Especially among them, the important problems in biological scien&.( Moreover,
understanding the functional and structural properties of finding the origin of the extraordinary thermal stability of
proteins from hyperthermophiles should provide important proteins from hyperthermophiles opens a great advantage in
clues as to how hyperthermophiles can be alive under biotechnological applications. It could lead us how to create
conditions where normal proteins denature, because proteingshe desired proteins with higher stability or activity at
are key molecules which carry out the most essential andelevated temperatures.
fundamental tasks in living organisms. The results on several

proteins reported have revealed that purified proteins from ;eins from hyperthermophiles have been determined, and
hyperthermophiles maximally exhibit enzymatic activities e tactors responsible for high conformational stabilities

near 100°C and denature at unusually high temperatures. have been discussed-14). However, it is not known
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To explore the determinants responsible for the extraor- determined by Roderick and Matthew®3). It will be
dinary stability of proteins from hyperthermophilic organ- discussed that the electrostatic interaction is an important
isms, we have chosen methionine aminopeptidase (MAP) factor stabilizingPfMAP.

(EC 3.4.11.18) from a hyperthermophilic archaeByro-

coccus furiosuswhich grows optimally at about 10T (15). MATERIALS AND METHODS
MAP is a Cd'-dependent peptidase and catalyzes the Protein Expression and PurificationPfMAP was ex-
removal of N-terminal methionine. Protein synthesis is pressed irE. coli strain IM109/pMap8 cloning thefMAP
initiated with eithemMN-formylmethionine or methionine. The  gene 20). TheE. coli strain JIM109/pMap8 was routinely
N-formyl group or methionine of nascent polypeptide is grown in 15 L of LB medium supplemented with ampiciline
removed by deformylase or MAP, respectively, resulting in of 100 mg/L of culture medium at 37C for 20 h with
mature proteins without amino-terminal leader methionine shaking.

residue. MAP plays a role in the post-translation of proteins  Purification of PIMAP. Pelleted cells (wet weight of about
after biosynthesis and is isolated from various organisms 35 g) collected by centrifugation (5000 rpm for 10 min) were
from bacteria to human16—18). Depending on the suspended in 110 mL of 30 mM potassium phosphate buffer
sequences, MAP can been classified into two types: type 1(pH 7.0). The cells were broken by sonication on ice for 5
is the prokaryotic form, and type 2 the eukaryotic one. The min by repeating three times with cooling intervals of 10
eukaryotic type has an extra long insertion sequence ofmin. The homogenized solution was heated in water bath
approximately 60 residues compared with those from the at 100°C for 5 min, which precipitated the majority of the
prokaryotic type and a variable N-terminal extensid8,( E. coliproteins, leavind®MAP in the soluble fraction. After
19). MAP from P. furiosus(PfMAP) is composed of 295  heating, the solution was centrifuged at 15 000 rpm for 30
amino acid residues (molecular weight 32.74 K) and min at 7 °C to remove cell debris and denaturgd coli
involves an extra insertion of 62 residues in comparison with proteins. PIMAP was collected as a precipitate by the
MAP from E. coli (ECGMAP), indicating thalPfMAP belongs addition of ammonium sulfate of 80% saturation. The
to the eukaryotic type2(). precipitate was dissolved in 50 mL of 30 mM potassium

The gene oPfMAP has been transformed intscherichia phosphate buffer (pH 7.0), and the solution was then dialyzed
coli, and the general properties have been exami@€d (  against the same buffer at 26 overnight. After removing
PfMAP exhibits the maximum activity at 90C in the a small amount of the precipitate by centrifugation at 20 000
presence of Co and is stable against heat and chemical rpm for 30 min at 7°C, the dialyzed sample was applied to
denaturants; the activity is completely retained after heating a 2.7 cmx 20 cm column of DEAE-Sephacel (Pharmacia)
at 75°C for 60 min over the pH range 43.0.5, and loss  equilibrated with the same buffer. Proteins were separately
of activity is not observed at all under incubation with a eluted by a linear gradient with 30 to 1000 mM potassium
buffer (pH 7.5) containing ether 0.01% SDE&M urea at phosphate buffer (pH 7.0) of each 200 mL. Fractions with
37 °C for 1 h. PfMAP exists as a monomer and has no MAP activity were collected and concentrated by ultrafil-
Cys. The numbers (the ratio %) of Glu and LysRfMAP tration through an Amicon PM 10 membrane. Next, a few
are 30 (10.2%) and 26 (8.8%), respectively. On the contrary, proteins contaminated in the sample were separated by gel
there are 22 (8.3%) and 18 (6.8%)HEtMAP, respectively filtration (Superdex200 26/60, Pharmacia) using 30 mM
(16). The high contents of Glu and Lys PIMAP seem to potassium phosphate buffer. Finally, the fractions with MAP
suggest the contribution of a salt bridge to the stability of activity from the gel filtration were purified by ion exchange
PIMAP. Perutz and Radi2ll, 229 have early proposed the chromatography with a linear gradient of 30 to 240 mM of
contribution of a salt bridge to the high thermal stability of phosphate buffer using SP Sepharosel0/26 (Pharmacia).
ferredoxin from thermophile from the sequence comparisons Purified PIMAP showed a single band on SBEAGE.
between homologues from thermophilic and mesophilic  The protein concentration ¢ffMAP was estimated from
organisms. Several proteins from hyperthermophiles havethe absorbance at the maximum wavelength of 278.5 nm,
been recently reported to have tremendous increases in iorusingE” = 9.63 with a cell of 1 cm light path length. This
pair content {—13). value was determined based on the protein assay by the

In this study, focusing on the electrostatic interaction as Lowry method using bovine serum albumin as a standard
determinant in stabilizingPfMAP, we examined the effect  protein.
of salt on the thermal stability ®fMAP using differential Assay of Enzymatic Actty. The enzymatic activity was
scanning calorimetry (DSC) at various pHs. Since the X-ray measured in the presence of 1 mM Cgp@t pH 7.0 by a
crystal structure ofPfMAP has just been determined modification of the methods described by Tsunasawa et al.
(1xgs.pdb, personal communication from Tahirov etZl.), (20) and Ben-Bassat et all§). L-Met-Ala-Ser-OH (Bachem,
the forces attributed to the extraordinary thermostability of Switzerland) was utilized as a substrate. The measurement
PfMAP were explored on the bases of the present experi- of the activity was performed at pH 7.0 and 3 for 10
mental results and the three-dimensional structure in com-min. L-Methionine released byfMAP was colorimetrically
parison with the structure &cMAP, which has been already = measured by absorbance at 505 nm of the red-colored quinoid

formed by the oxidative condensation of 4-amino antipyrine

1 Abbreviations: MAP, methionine aminopeptidaSéyIAP, MAP and phenol under coupling reactions witkamino acid
from P. furiosus ECMAP, MAP from E. coli DSC, differential oxidase (from Crotalus adamanteus, Sigma) and peroxidase
scanning calorimetry. (from horseradish, Sigma).

2Tahirov, T. H., Oki, H., Tsukihara, T., Ogasahara, K., Yutani, K., ; ; ; ; ; ; ;
Ogata, K., Izu, Y., Tsunasawa, S., and Kato, I. Crystal structure of Differential Scanning CalorimetryDifferential scanning

methionine aminopeptidase from hyperthermoplgrococcus furio-  calorimetry (DSC) was carried out with a differential
sus scanning microcalorimeter, DASM4, equipped with an NEC
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personal computer at a scan rate of 1.0 K/min. Prior to the T T
measurements, tHefMAP solution was dialyzed overnight i ,/_/\ 1]
against a buffer solution used at°€. In all cases, Cg

was not contained in the buffer solutions. Both dialyzed
samples and the last dialysis buffer were filtered through a
0.22 um pore size filter and then degassed in a vacuum.
Nitrogen gas in 2.2 kg/cfrfor DASM4 was supplied to the
cells during scanning to minimize degassing during heating. 4

200 kJK ™' mol"
%&

DSC at different heating rates (0.5, 1, and 2 K/min) was S 5]
carried out with a model 5100 Nano-DSC (Calorimetry L~ 8]
Sciences Corp.) with pressure of 2.9 kgfdmthe cells. The

protein concentrations under the measurements were 0.7 T
1.4 mg/mL. The DSC curves were analyzed by the Origin . . . . .
software from MicroCal (Northampton). 40 60 80 100 120

CD Spectra. Far- and near-UV CD spectra were recorded Temperature (°C)

on a Jasco J-720 spectropolarimeter equipped with an NEC_'F'ﬁUREl: Typica'theat Capacfity curves EfoAP attdiﬁ?rf%p'f's- .
. ; e measurements were performed at heating rate o min using
personal computer. Spectra were accumulated with scanningy xgyva. The buffer solution used was 20 mM glycine-HCI or 20

16 times at a scan rate of 20 nm/min, using a time constantmw glycine-KOH. In all cases, G was not contained in the buffer
of 0.25 s. The light path lengths of the cells used were 0.118 solutions. Curve 1, pH 10.13; 2, pH 3.88; 3, pH 2.99; 4, pH 2.55;
mm in the far-UV region and 10 mm in the near-UV region. 5, pH 2.30; 6, pH 1.62; 7, pH 1.29. pH values of the samples after
The protein concentrations under measurement were 1.0 DSC measurements are given.

1.3 mg/mL. For calculation of the mean residue ellipticity, ; ; . ‘
[6], the mean residue weight was taken as 111.3. All the 250}
CD measurements were carried out at°Z5

Analytical Ultracentrifugation. Sedimentation velocity
and sedimentation equilibrium measurements were carried
out with a Beckmann Optima mode XL-A at 2€. Prior
to the measurement8f MAP was dialyzed against the buffer
solution without C&" at various pHs in the absence or in 50}
the presence of KCI over 20 h at’€. The concentrations :
of PIMAP used for the measurement were-6170 mg/mL. 20 60 80 100 120
The partial specific volume oPfMAP was assumed to be Temperature (°C)

0.755 cni/g from amino acid compositior24, 25.

200

Cp (kJK'mol™)

FIGURE 2: Heat capacity curves ffMAP at different heating rates.
Curves 1, 2, and 3 were measured at heating rates of 0.5, 1, and 2
RESULTS K/min, respectively, at pH 3.78 (20 mM glycine-HCI buffer), using
Nano DSC. Each curve has been subtracted the baseline of the
Differential Scanning Calorimetry of PIMAPThe thermal buffer solution (20 mM glycine-HCI) scanned at each heating rate.

stability of PIMAP was examined by differential scanning PH values of the samples after DSC measurements are given.
calorimetry (DSC). Prior to the DSC measurement, the capacity change upon denaturation could be obtained from
PMAP solution was tested as to whether it aggregates atthe difference in the values of the heat capaaiy) for the
higher temperatures. The protein solutions in concentrationsnative and denatured states at denaturation temperature.
of 0.6—1.5 mg/mL were visibly turbid in the pH range from Figure 2 shows the heat capacity curve$ AP at pH

4.5 to 9.5 by heating at 13fC for 5 min in sealed grass 3.78 at different heating rates. The peak temperatures at the
tubes. Hence, the DSC &ffMAP was carried out in the  heating rates of 0.5 and 2.0 K/min were 2@ lower and
acidic and alkaline pH regions far from the isoelectric point 2.7 °C higher, respectively, than that at the heating rate of 1
of 7.8 of PIMAP estimated by isoelectric focusing. Figure K/min, suggesting that the heat denaturatiorP¥AP at

1 displays the typical heat capacity curvesRIMAP in the heating rates of 1 and 2 K/min did not attain equilibrium
different pHs at a heating rate of 1 K/min. The curves had during heating. The heat denaturation”RIMAP was also

a single peak above pH 2.8 (curves 1, 2, and 3 in Figure 1).irreversible at heating rates of 2 and 0.5 K/min.

In the pH region 2.61.9, the DSC curves exhibited no pH Dependence of Thermal Stability of PfMARigure
excess heat capacity, which is characteristic of the denatur-3 shows the pH dependence of the peak temperaiise (
ation of a protein, but did exhibit monotonically a temper- on the excess heat capacity curves at the heating rate of 1
ature dependence of the heat capacity (curves 4 and 5 inK/min. T, values ofPfIMAP were 100.0°C at pH 4.0 and
Figure 1), suggesting th&MAP is in the denatured state over (106.2°C) boiling point of water at pH 10.2. It was

in its region. However, below pH 1.8, a small peak appeared found that the purifiedfMAP itself is, indeed, remarkably
(curves 6 and 7 in Figure 1). After cooling the heat heat resistant as well as several proteins from hyperthermo-
denatured samples in the calorimetry cell, the repetitive DSC philes monitored by calorimetry 8, 26-31). T, decreased
curves were not reproducible, demonstrating that the heatwith lowering the pH from 4 to 2.8. On the other hand, the
denaturation oPfMAP was not reversible under the condi- peak temperatures for small peaks appearing below pH 1.8
tions used. However, the excess heat capacity curvesshifted to higher temperature with lowering of the pH.
exhibited the post-transition baselines anticipated for general As shown in Figures 1 and 2, since the complete
heat denaturation of a protein, resulting in that the heat endothermic transitions for the denaturation were obtained,
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FIGURE 3. pH dependence of the denaturation temperailipdf Ficure 5: Effect of KCl on heat capacity curve &fMAP at pH

PMAP. Heating rate was 1 K/min in 20 mM glycine-HCl or 20  3.2. Heating rate was 1 K/min using DASM4. The buffer solution
mM glycine-KOH buffer using DASMA4T, is the peak temperature  used for all samples was 20 mM glycine-HCI, pH 3.2. Curve 1 is
on DSC curve.®) In the absence of KCI above pH 2.8&)in the in the absence of KCI. Curves 2, 3, 4, and 5 are in the presence of
absence of KCI below pH 1.94( in the presence of 50 mM KCI 10, 20, 50, and 100 mM KClI, respectively.

below pH 1.9.
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Ficure 4: Temperature dependence of denaturation enthalpy of
PMAP. Ty, is the peak temperature on DSC curves at various pHs. 20 60 80 100 120

Denaturation enthalpyAH) was calculated from the area under

the excess heat capacity curve®) Heating rate of 1 K/min;®),

heating rates of 0.5 and 2 K/min. The straight line was obtained Ficure 6: Typical heat capacity curves BfMAP in the presence

from a least-squares fit of experimental data points. Heat capacity of 50 mM KCI at various pHs. Heating rate was 1 K/min using

change AC;) was evaluated to be 0.82 JKg* from the slope DASM4. The buffer solution used for all samples was 20 mM

of the line. glycine-HClI in the acidic region and glycine-KOH in alkaline pHs.
Curve 1, pH 10.00; 2, pH 3.15; 3, pH 1.63; 4, pH 1.19.

Temperature (°C)

where both the pre- and post-transition baselines could be

. ostulate the contribution of the electrostatic interactions to
well-defined, we calculated the enthalpy changél) upon b

the stabilization ofPfMAP. We then examined the effect
bf KCl on the thermal stability oPfMAP. The addition of
KCI produced the occurrence of the two peaks clearly
separated on the heat capacity curve®®™IAP at pH 3.2.
The first peak shifted to lower temperatures with increasing
concentration of KCI from 10 to 100 mM, while oppositely,

capacity curve. Th&H values above pH 2.8 measured at
a heating rate of 1 K/min linearly increased with increasing
Tm (Figure 4). TheAH values obtained at heating rates of
0.5 and 2 K/min (Figure 2) were overlaid on the linear line

obtaineq at a heating rate of 1 K/min within experimental the second one shifted to higher temperatures (Figure 5).
error (Figure 4). To examine whether the separation of the peak by the
The major origin of the irreversibility of a heat denatur-  addition of KCI occurs at another pHs, the DSC curves were
ation of a protein is, in general, supposed to come from measured in the presence of 50 mM KCI at various pHs.
aggregation. The aggregation causes the appatdalue  The addition of 50 mM KCI also led to the appearance of
to be underestimated, because a protein aggregation iswo peaks in the region above pH 2.8 and in alkaline pH
exothermic. In the case 6fMAP, however, we confirmed  (Figure 6). The presence of 50 mM KCl also induced a small
by analytical centrifugation experiments tHeMAP after  peak over a higher temperature range in the pH region 2.5
heat denaturation was not accompanied by aggregation.j 8 wherePfMAP showed no excess heat capacity in the
Moreover, the fact that thaH at heating rates of 0.5 and 2 gbsence of KCI (Figure 1). The temperature of the small
K/min coincided with that of 1 K/min at the same values of peak observed below pH 1.8 transferred to h|gher temperature
Tm also excludes the occurrence of the aggregation. Thesgp the presence of 50 mM KCI (Figure 3). The DSC curves
results suggest that theH for PIMAP obtained from the  of PAMAP in the presence of NaCl also exhibited the two
DSC could measure the enthalpy change due to heatpeaks as well as those in the presence of KCI (data not
denaturation, although the heat denaturatioP®AP did shown).
not attain equilibrium at a heating rate of 1 K/min and was  Characterization of the Species Responsible for Each of
not reversible. the Two Peaks on the DSC Ges of PIMAP in the Presence
Effect of Salts on Thermal Stability of PfIMAFrom the of KCI. To explore the causes of the separation of the peak
high contents of Glu and Lys iRfMAP and the destabiliza- on the DSC curves oPfMAP in the presence of KCI, the
tion by reducing pH in the acidic region (Figure 3), we could structure ofPfMAP was monitored by the far- and near-Uv
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and f in Figure 7B).

In the presence of 50 mM KCI at pHs of 2.2, 1.8, and
1.6, the far-UV CD spectra d?fMAP were similar to that
of the native state, except for the decrease in the CD values
at 192 nm, indicating that the secondary structure is
substantially retained (columns d, e, and f in Figure 7A). In
contrast, the tertiary structure BfIMAP was destroyed under
these conditions, judging from the near-UV CD spectra with
only a small broad trough around 280 nm (columns d, e,
and f in Figure 7B). The near-UV CD spectrum in the
absence of KCl at pH 1.6 (column f in Figure 7B) was similar
to those in the presence of 50 mM KCI at pHs of 2.2, 1.8.
The properties odPfMAP in the presence of KCl under strong
acidic condition is characteristic of a molten globule with
nativelike secondary structure, but disruption of the tertiary
structure 82—35).

Furthermore, we examined the molecular assembly in the
absence and in the presence of 50 mM KCI in the acidic
region by ultracentrifugation analysis. The apparent molec-
5 ular weight of PIMAP in 20 mM glycine-HCI buffer, pH
3.2, was estimated to be 30 000 from sedimentation equi-
librium experiment. This value is close to the one calculated
from amino acid composition (32 740), confirming that
PfMAP exists as a monomer in solution at pH 3.2 The
sedimentation velocity experiment &ffMAP at pH 3.2
yielded a single symmetrical boundary with g, of 2.3
S in the absence of 50 mM KCI. In the presence of 50 mM
FIGURE 7: CD spectra oPfMAP in the absence and presence of KCl at pH 3.2, thes}, , value slightly dropped to 2.9 S, and
50 mM KCl at various pHs and 2. 20 mM potassium phosphate  a small amount of the species with greater molecular weight

buffer was used at neutral pH. 20 mM glycine-HCI and 20 MM a5 observed. The sedimentation velocity profile showed

glycine-KOH buffers were used in the acidic and alkaline regions, S o :
respectively. Far-UV and near-UV CD spectra are displayed in two peaks W'thSZO,W of 3.0 and 5.2 S at pH 2.2 in the
panels A and B, respectively. Curves 1 (solid lines) and 2 (dotted absence of KCI, but only one peak of 5.5 S in the presence

lines) are the spectra in the absence and in the presence of 50 mMdf 50 mM KCI. At pH 1.9, one major peak with &, ,, of
KCI, respectively. In panels A and B, respectively, (a) curve 1, pH 56 S in the absence of KCI and a single peak with an

[6] (deg cm? / dmol)

200 220 240 200 220 240
B 20 2 _
0 P

] 1

(a)

4 2

[6] (deg cm? / dmol)

)
270 300 330

wavelength (nm)

(e)
270 300 330 270 300 330

(d)

10.43; (a) curve 2, pH 10.00; (b) curve 1, pH 7.00; (b) curve 2, pH

6.92; (c) curve 1, pH 3.29; (c) curve 2, pH 3.19; (d) curve 1, pH
2.22; (d) curve 2, pH 2.22; (e) curve 1, pH 1.84; (e) curve 2, pH
1.82; (f) curve 1, pH 1.64; (f) curve 2, pH 1.63.

CD spectra (Figure 7). The far-UV CD spectrunRifMAP

S0 Of 7.0 S in the presence of 50 mM KCl were observed.
These results reveal th®fMAP is in the associated form
below pH 2.2 and that KCI stimulates the molecular assembly
of PIMAP.

From the present results, it can be concluded that the small

in the native state at pH 7.0 and 28 in the absence of  peaks on the DSC curve observed in the high-temperature
KCl was a typical shape for a protein containing a helical region above 90C in the absence of KCI at strong acid pH
structure with a negative peak at 222 nm and a positive peak(Figure 1) or in the presence of KCI (Figure 6) did not come
at 192 nm (column b in Figure 7A). The near-UV CD from the thermal transition of the native stateRIMAP but
spectrum of the nativefMAP at pH 7.0 and 23C displayed  from the non-native form (molten globule-like assembly
a positive peak at 293 nm and a negative peak at 283 NnMform). According to this finding, we can speculate that the
with a shoulder at 286 nm (column b in Figure 7B), which i st peaks on the DSC curves at pH 3.2 under various
are attributed to unique local conformations around aromatic ;gncentrations of KCI (Figure 5) arise from the heat
residues, becaus#MAP contains a single Trp, 12 Tyr, and  genaturation of the native state and the second peak from
eight Phe 20). The addition of 50 mM KCl at pHs 7.0 and  he melting of the non-native state. This means that the
3.2 did not change the far- and near-UV CD spectra (columns therma) stability of the?fMAP in the native state is reduced
b-and c in Figures 7A and B). by KCI resulting in the decrease @f, with increasing

At pH 2.2 in the absence of KCI, in which the excess heat concentration of KCI, but the conformation in the non-native
capacity was not observed on the DSC curve (curve 5 in state is stabilized by KCI.
Figure 1), the far-UV CD spectrum above 200 nm was
similar to that of the native state at pH 7.0, although the CD p|SCUSSION
value of the peak at 192 nm was reduced (column d in Figure
7A). For the near-UV CD spectra below pH 2.2 in the  The Irreversibility of Heat Denaturation of PfIMAPThe
absence of KCI, the positive peak at 293 nm characteristic heat denaturation dfMAP was irreversible in the solvent
for the native state completely disappeared, and the broadcondition of 20 mM glycine-HCI buffer. The heat denatur-
trough around 280 nm occurred. The negative CD value of ation of several proteins from hyperthermophiles monitored
the trough decreased as the pH was lowered (columns d, epy DSC have been reported to be irreversild, (26, 28,
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30). The irreversibility of these proteins is suspected to be of PfMAP, the linear correlation betweetH and T, was
mainly due to easily formed aggregation at remarkably high prolonged up to 100C by experimentally measured data
temperatures. However, the irreversibility of the heat points (Figure 4). In fact, for the DSC curves at pHs where
denaturation for ouPfMAP is not supposed to originate only Ty, was near 100C or over, theC, value in the denatured
from aggregation, becausfMAP after heating to 125C state was greater than that in the native state, resulting in
at pH 3.2 by DSC measurement did not aggregate, judgingthat AC, could be directly obtained as the difference in the
from ultracentrifugation analysis. Pfeil et &) have stated  C, values of the native and denatured states (Figures 1 and
that the heat-denatured hyperthermophile ferredoxin does no2). For Sac7d and Sso7d from hyperthermophiles, the
aggregate, although the denaturation of the ferredoxin is linearity is obtained up to 9197 °C (38, 39). The difference
irreversible. One of the rational causes may be heat intheC,values of the native and denatured states of a protein
modification due to deamination of Asn residue, or hydrolysis should not disappear at 12C.
of peptide bond at Asp residue at high temperat@@. ( The AC, for PfIMAP was estimated to be 0.82 JKg™
Recently, reversible heat denaturation has been reportedrom the slope in the linear correlation betwegH and T,
on two DNA-binding proteins with small molecular weight in the absence of KCI (Figure 4). This value was equivalent
from hyperthermophiles: Sac7d8) and Sso7d39). It has to the values obtained directly from individual calorimetric
been mentioned that the small molecular mass (about 7 kDa)scans at various pHs: for example, 0.79} i§* at T, of
and the measurements in the acidic region far from the 87.0°C at pH 3.2. TheAC, value forPfMAP is the upper
isoelectric point result in good reversibility. However, the limit for those of the general globular proteins from meso-
irreversibility of the heat denaturation is not an inherent philes @0, 41). BecauseAC, is mainly attributed to the
property for hyperthermophile proteins with large molecular increase in hydrophobic residues exposed upon denaturation
weight, since we have observed that pyroglutamyl peptidase (40—45), the value ofAC, for PIMAP suggests that the
from P. furiosus a homotetramer with molecular weight of hydrophobic residues buried in the interior of the molecule
22 800 per monomer, undergoes the reversible heat denaare slightly more than those for mesophile proteins. On the
turation in the acidic region (in preparation). Hyperther- other hand,AC, values of Sac7d and Sso7d with small
mophiles thrive best and can reproduce near DO This molecule weights from hyperthermophiles are lower than
means that a nascent protein polypeptide chain can fold to athose of mesophile proteing, 39. The authors have stated
mature active form at such high temperature in the cell. Therethat the reason for the smallC; is that small proteins are
should be suitable conditions in vitro for reversibly refolding, unable to form a large hydrophobic core due to their size.
or it may be necessary to help by other factors such as The Molten Globule-Like State of the Hyperthermophilic
molecular chaperon. PfMAP Induced by Salt or Acid. FAP exhibited properties
The Features of the Heat Denaturation of PIMAPhe (nativelike secondary structure without unique tertiary struc-
denaturation temperaturd,() of PIMAP was higher at a  ture) typical of the molten globule state in the presence of
rapid heating rate than at a slow rate (Figure 2). This KCI orin the strong acidic region as judged from CD spectra
suggests that the rate of the heat denaturatidPflfAP is (Figure 7). Change into the molten globule state by salts or
slower than those of proteins from mesophiles, because thethe decrease in pH has been reported for some proteins from
heat denaturation for most mesophile proteins can attain themesophiles 32, 46 [see the review by Ptitsyr86)]. The
equilibrium by heating at 1 K/min, and the extraordinary molten globule state has been known as an important
stability of PIMAP depends on the kinetic property of the intermediate in protein-folding pathway34, 35. The
denaturation. We will report the equilibrium and kinetic present results indicated that proteins from hyperthermophiles
study of PfIMAP in a following paper. also adopt the molten globule state. The molten globule of
Thermodynamic analysis of protein stability gives an PfMAP cooperatively melted depending on the concentration
important insight into the stabilization mechanism of a of KCI at a higher temperature than the native state,
hyperthmophile protein. The thermodynamic parameters canindicating that the molten globule state ®fMAP is more
be obtained for the reversible denaturation. Although the stable than the native state and its stability is affected by
heat denaturation of ol#fMAP was not reversible, as stated the concentration of KCI. It has been reported that the
in a section of Results, thAH for PfIMAP obtained from unfolding of the molten globule state is caused by the
DSC was equivalent to the enthalpy change upon heatincrease in electrostatic interactid®2( 47 and also that the
denaturation. Although the heat denaturation of ferredoxin stability of the molten globule state is altered by the amino
from a hyperthermophild. maritima s irreversible, the acid substitution48, 49. The melting by heating of the
unfolding process has been interpreted thermodynamically molten globule state is controversial. Some proteins have
(36), because the heat denaturation of this protein is not no cooperative transition by heatingQ, 51, whereas other
accompanied by further heat-absorbing or heat-releasingproteins cooperatively melt accompanied by excess heat
processes, indicating the denatured chain does not aggregateapacity 62). In the case ofPfMAP, the high transition
For globular proteins from mesophiles, the linear correlation temperature may be arisen from the melting of both the
betweenAH and T, has been experimentally observed up destruction of the collapsed structure and the dissociation
to about 80°C, which means no temperature dependence of of the associated form.
AC, up to 80°C (40—45). However, it has been postulated Contribution of Electrostatic Interaction, lon Pairs, to the
that the AC, values of proteins become zero at 110 Stability of PIMAP. The stability ofPIMAP decreased with

regardless of the kind of proteid@—45), because th€, in decreasing pH (Figure 3). Moreover, it was revealed that
the native state on the excess heat capacity curve linearlythe native form ofPfMAP was destabilized by the addition
increases with increasing temperature, and @ien the of KCI (Figure 5). Positive and negative charges on the

denatured state is nearly constant over’80 In the case  surface ofPfMAP interact with each of the Cland K' in
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A has been reported to contribute to the stabilization of
barnase §5).

Table 1. Number of lon Pairs iRfMAP and ECMAP

E b

: — PIMAP ECMAP The importance of electrostatic interaction in the high
Egim?;:aonnspglrrz “’1‘”}{“” 3A 1225 88 thermostability of hyperthermophile proteins has been ex-
between 4 and 6 A 59 41 perimentally proven using _mu_tantglyceraldehyde 3-phos-
within 6 A 96 57 phate dehydrogenase, which is replaced charged residues by
no. of ion pairs per residue within 3 A 0.04 0.03 noncharged ones56). The denaturation temperature of
Egmggg s gﬂggé 008 003 rubredoxin is 42C lower at pH 2 than at pH 7, suggesting
within 4 A 0.13 0.06 stabilization by electrostatic interactiof®). On the other
within 6 A 0.32 0.21 hand, the increase of ionic strength has enhanced the

alon pairs between the positively and negatively charged side chains thermOStab”,'t'e_s of hyp?rthermOph"e rubredoxbv) and
were evaluated. The crystal structure RIMAP was determined by ~ TATA-box binding protein {3). DeDecker et al.13) have
the resolution of 1.75 A (1xgs.pdb, personal communication from Dr. mentioned that the increased thermostability of the TATA-
T. Tahirov et al.)? The crystal structure dEcMAP determined by 2.4 box b|nd|ng protein ata h|gher concentration of salt argues
A was taken from Roderick and Mattheway. against electrostatic interactions as predominant stabilizing

forces.

the presence of KCI, and negative charges are protonated For general proteins from mesophiles, the salt bridges have
by lowering the pH in the acidic region, resulting in the been reported to be a stabilizing factor for proteif8~
perturbation of attractive electrostatic interaction. Thus, our 63), contrary, to become a destabilizing factéd) The
observations indicate an important role of the salt bridge as crystal structures of hyperthermophile proteins have revealed
the predominant force stabilizinffMAP. The crystal a significant increase in ion pairs on the surface of the
structure ofPIMAP has been determined by the resolution molecules{, 9-13). Hyperthermophile proteins can be used
of 1.75 A (1xgs.pdb, personal communication from Dr. T. as a model system for elucidating the role of a salt bridge in

Tahirov et al.). The three-dimensional structurdP@¥1AP
constitutes two domains: the large catalytic domain and a
small domain. The catalytic domain &fMAP has topo-
logical structure similar taEdMAP. The extra insertion
sequence of 62 residues compared EEVIAP constitutes
the small domain. Several factors contributing to the stability
of PIMAP have been suggested from the differences in a
comparison of the structure &cMAP (23): one of them is

ion pairs. PIMAP contains significantly large number of ion
pairs compared witlecMAP. Table 1 summarizes the ion
pairs involved inPIMAP andEcCMAP. Concerning the ion
pairs within a short length of 3 A2fMAP includes four extra
ion pairs compared witlEcMAP. The extra ion pairs in
PMAP are 17Arg-Glul8 (center of helix A), 127Glu-Lys129
(N-terminal of helix D), 171Arg-Aspl174 (turn), and a triad
of Lys141-Glu138-Arg142 (C-terminal of helix D). The

accessible surface areas (ASA) of the residues were 6% for

Argl7, 46% for Glul8, 34% for Glul127, 15% for Lys129,
46% for Argl71, 13% for Aspl74, 62% for Lys141l, 22%
for Glul138, and 27% for Argl42. Three of the ion pairs
were intrahelical. This suggests that intrahelical electrostatic
interactions through the GiuLys™ (or Arg") salt bridge
contribute to helix stabilization iRfMAP as reported in the
model peptides53, 54). When compared with sequence
alignments of eighteen kinds of MAPs from various sources
(personal communication from Dr. T. Tahirov et al.), other
MAPs do not have ion pairs at positions corresponding to
127Glu-Lys129, 171Arg-Aspl74, and a triad of Lys141-
Glu138-Argl42 in PfMAP, but only a single ion pair
corresponding to 17Arg-Glul8 iRfMAP is detected in a
eukaryotic-type MAP from a hyperthermophilglethano-
coccus jannaschii From these findings, it is likely that the
three kinds of single ion pair and the triad ion pair are crucial

stabilizing a protein. We have examined the contribution
of the salt bridges to the stability d?fMAP using the
engineeredPfMAPs which delete ion pairs.
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