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SUMMARY 

ATPase (EC 3.6.1.3) from Bacillus stearothermophilus is purified to a state in 
which it is homogeneous, both ultracentrifugally and electrophoretically. The sedi- 
mentation constant and molecular weight are 11. 9 S and 280 ooo, respectively, and 
the opt imum pH is 8.0 or 8.5, in a Tris-acetate or Tris-maleate buffer. Divalent 
cations such as Mg 2+, Mn 2+ and Cd *+ activate the enzyme but the activity is strongly 
inhibited by I~, N , -  and CN-. Sulfllydryl reagents and uncouplers have no effect on 
the activity. ADP inhibits the activity and the mode of inhibition appears to be 
different from that  of ATPase from mesophiles. The proline content of the ATPase 
is low (4.3 g/Ioo g protein) and the average amount of proline contained in the protein 
of the thermophilic bacteria is also low and similar to that  of mesophilic bacteria. The 
enzyme contains about 20% of the a-helical conformation. The activity increases 
gradually with increasing temperature,  but  above 5 °0 the activity increases abruptly.  
The enzyme has an opt imum temperature of 65 ° and exhibits a remarkable resistance 
to thermal inactivation; these results may  indicate that  the enzyme is not only 
thermostable but also thermophilic. Thermodynamic quantities for the enzyme, 
calculated in the temperature range 30-65 °, suggest that  a conformational change in 
the enzyme protein occurs at the transition temperature,  55 ° . 

INTRODUCTION 

Temperature is one of the most important  environmental factors for the growth 
of living organisms. The thermophilic properties and thermostability of the bacteria 
which prefer high temperatures for their opt imum growth, therefore, have long been 
problems greatly attracting the interest of investigators 1,~. Many of the early investi- 
gations on these problems were focused on the thermostabili ty of the enzymes from 
thermophilic bacteria 3-12. Almost all enzymes thus examined were found to be ther- 

Abbreviation: PCMB, p-chloromercuribenzoate. 
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mostable as compared with the corresponding enzymes from mesophilic bacteria. On 
the thermostabili ty of the membrane-bound enzymes, however, discrepant results 
have been reported. When they are free from membrane, ATPase (EC 3.6.1.3) and 
pyrophosphatase (EC 3.6.1.1) are still thermostable s-l°, whereas a phenylalanyl- 
tRNA synthetase becomes thermolabile 13. 

In 1961, MANNING AND CAMPBELL14,15 reported an extraordinary protein 
structure, consisting of a high proline content and a random coiled form, for u-amylase 
excreted from a tbermophilic bacterium. Since then, many  investigations have been 
carried out along this line of approach13,1~-19. However, the most extensive investi- 
gations made were those with the extracellular enzymes from thermophilic bacteria 1~-19. 

I n  order to elucidate the mechanism of the thermophilicity, as well as the 
thermostabil i ty of thermophilic bacteria, further and extensive studies on the intra- 
cellular enzymes are apparent ly required. In the present study, therefore, a membrane- 
bound enzyme, ATPase, was isolated and purified from Bacillus stearothermophilus 
and some properties, especially thermal, of the enzyme were examined. 

MATERIALS AND METHODS 

Microorganisms and cultures 
The thermophilic bacteria used in the present study were Bacillus stearothermo- 

philus (NCA No. 2184) kindly donated by Professor C. E. George, Nebraska Uni- 
versity, U.S.A.. The culture medium was of the following composition; 15 g poly- 
peptone (Daigo Co.), I g yeast extract  (Daigo), 4 g glucose, 5 g NaC1, 2 g K2HPO4, 
i g MgS04 "7 H~O, I g KNO 3, a few drops of oil as an anti-foam agent and I 1 of de- 
ionized water; the pH was adjusted to 7.2 with NaOH. The cells from a flesh slant 
culture were pre-incubated aerobically in a 25-ml medium at 65 ° for 3 h, then trans- 
ferred into a 5-1 medium and cultured for 12 h. Mass cultures in a 2oo-1 medium were 
kindly supplied by  the courtesy of Director T. Nakamura  of the Central Research 
Laboratories, Ajinomoto Co.. 

Bacillus subtilis (IAM IO69), donated from the Insti tute of Applied Micro- 
biology, University of Tokyo, was cultured in a medium of the following composition ; 
IO g polypeptone, io g meat  extract (Mikuni Co.), 3 g NaC1 and I 1 of de-ionized water; 
the pH was adjusted to 7.2. The cells were aerobically cultured at 37 ° for IO h. 

Solubilization of ATPase 
The cells (2oo g, wet weight) were washed twice with 4oo ml of IO mM Tris-  

HC1 buffer (pH 7.2) containing o.9~/o NaC1 and 5 mM MgCI~. The cells, suspended in 
200 ml of the same buffer, were incubated with ioo mg lysozyme (EC 3.2.1.17) at 37 °. 
After 2 h of incubation 500/~g of deoxyribonuclease I (EC 3.1.4.5) were added and 
the mixture left to stand for 30 min. Cell debris was removed by  centrifugation at 
5000 × g for IO min and the resulting supernatant  was centrifuged at 25 ooo × g for 
15 rain in order to obtain the membrane ghosts. 

The membrane ghosts were washed twice with IO mM Tris-HC1 buffer (pH 7.2) 
containing 5 mM MgC12, twice with 0.25 M Tris-HC1 buffer (pH 7.2) containing 2 M 
LiC1, and then with 5 mM MgCI~ solution. The membrane ghosts thus obtained were 
suspended in 250 ml of io mM Tris-HC1 buffer (pH 7.2). The suspension was dialyzed 
against IO mM Tris-HC1 buffer (pH 7.2) containing o.I mM EDTA for 12 h and then 
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against distilled water containing o. I mM EDTA (disodium salt) at 4 °. The suspension, 
after adjustment of the pH to 8.5, was left to stand for 3 ° rain. As a result of these 
EDTA and alkali treatments ATPase was released in soluble form. Crude extracts 
of ATPase were obtained by centrifugation at IOO ooo x g for 20 rain. 

Aassay of ATPase activity 
The reaction mixture for the determination of ATPase activity was of the 

following final composition; 80 mM Tris-acetate (pH 8.o), 6 mM ATP, 6 mM MgCI~ 
and 0.2 mM EDTA. To 0.47 ml of the mixture was added 0.03 ml of the enzyme so- 
lution and after io rain of incubation 0.5 ml of 2% HC104 was added in order to stop 
the reaction. Pi liberated was determined according to the method of PEEL AND 
LOGHMAI~ ~° by measuring the absorbance at 700 m# (ATo0 m~). When the protein 
concentration was below I . I  #g a linearity of Pi liberation with respect to time was 
obtained for about 12 rain after addition of the enzyme. 

Measurement of protein 
Protein concentration was determined by means of either the biuret method 21, 

when the concentration was above I mg/ml, or the method of LOWRY et al. 2~, using 
crystalline bovine serum albumin as a standard, when the concentration was below 
I mg/ml. 

Ultracentrifugal analysis 
Sedimentation velocity experiments were performed at 2o ° in a Hitachi ultra- 

centrifuge, UCA-I, with phase-plate Schlieren optics. The molecular weight was 
estimated by means of the meniscus depletion method ~a. Measurement was performed 
at a speed of 13 31o rev./min at 20 ° and a regular I2-mm double-sector cell was used. 

Disc-electrophoretic analysis 
Polyacrylamide gel disc electrophoresis was carried out in a Tris-glycine buffer 

system (pH 8.5) according to the procedures of ORI~STEIN 24 and DAVIS 25. The sample, 
containing 60 /~g protein in 0. 5 M sucrose, was layered onto the gel. The electro- 
phoresis was carried out at 4 ° for 15 rain at 4 mA/cm and the protein was stained with 
Amide black lOB. 

Amino acid analysis 
The hydrolysis of the protein was carried out at IiO ° with 6 M HC1, in a sealed 

tube, under N2 and the values obtained after 24 and 48 b of hydrolysis were calibrated 
according to the method of SMITH AiND STOCKELL 26. Analysis was carried out in a 
Hitachi automatic amino acid analyzer, KLA-2. 

Optical rotatory dispersion 
Optical rotatory dispersion measurement was made with a Jasco ORD/UV-5 

recording spectropolarimeter, at 2o °, with a quartz cell of either I.o-cm or o.I-mm 
path length. 

Reagents 
Deoxyribonuclease I was purchased from Sigma Co., ATP (disodium salt) from 

Kyowa Hakko Co. and other nucleotides and lysozyme from Seikagaku Co. 
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RESULTS 

Purification of ATPase 
Step I:  DEAE-cellulose column chromatography. The protein fraction precipitated 

from the crude extracts of ATPase by  a 60 % satd. solution of (NH4)~SO 4 was dissolved 
in water and dialyzed against 50 mM Tris-HC1 buffer (pH 8.0) for 12 h. The dialyzed 
protein was passed through a column of DEAE-cellulose previously equilibrated with 
5 ° mM Tris-HC1 buffer (pH 8.0). The column was washed with 5 times the volume of 
the column of 50 mM Tris-HC1 buffer (pit 8.o), containing o.I M NaC1, and then with 
a column volume of 50 mM Tris-HC1 buffer (pH 8.o), containing o.15 M NaC1. The 
enzyme was eluted by  a linear gradient system of o.15-o.5 M NaC1 in 50 mM Tris-HC1 
buffer (pH 8.0). The elution pat tern for the system is shown in Fig. IA. 
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Fig. i. Elut ion pa t t e rns  of the ATPase on DEAE-cellulose and on Sephadex G-2oo. A. Firs t  
ch roma tography  on DEAE-cellulose. B. Gel filtration on Sephadex G-2oo. C. Second chromato-  
g r aphy  on DEAE-cellulose. Column dimensions (cm × cm): (A) 4.0 × 20, (B) 3.4 × 7 ° and 
(C) 2.0 × 3 o. Flow rates (ml/h) : (A) 4 o, (B) 15 and (C) 4 o. Volumes collected for each tube (ml) : 
(A) io, (13) 5 and (C) 3 . - - ,  protein (A~80 m~); . . . . .  , ATPase activity (AA~00 mu/IO min). 

Step 2 : Hydroxyapatite column chromatography. The fractions shown covered 
with a black bar in Fig. IA were collected and subiected to hydroxyapat i te  column 
chromatography. The hydroxyapat i te  was prepared according to the method of 
TISELIUS et al. 27. 2 mM phosphate buffer (pH 7.0) was used for equilibration and 
development of the column. ATPase was eluted without absorption. 

Step 3: Gel filtration on Sephadex G-2oo. The fraction precipitated from the 
eluates in Step 2, during 30-60% satn. with (NH4)2SO4, was dissolved in 50 mM Tris-  
HC1 buffer (pH 8.0) and subjected to gel filtration on Sephadex G-2oo. 50 mM Tris-  
HC1 buffer (pH 8.0) was used for equilibration and development of the column. The 
elution pat tern is shown in Fig. IB. 

Step 4: Rechromatography on DEAE-cellulose. The fractions shown covered 
with a black bar  in Fig. IB  were collected and brought to 80% satn. with respect to 
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(NH4)2SO 4. The resu l tan t  p rec ip i t a te  was dissolved in water ,  d ia lyzed  agains t  5o mM 
Tris-HC1 buffer (pH 8.o), conta ining 0.25 M NaC1, and subjec ted  to DEAE-cel lu lose  
column ch romatography .  The column was equi l ibra ted  and developed wi th  the  same 
buffer as t ha t  used for dialysis  and  the  elut ion pa t t e rn  is shown in Fig. IC. The fract ions 
shown covered wi th  a b lack  ba r  in Fig.  IC were collected and b rought  to 80% satn.  
wi th  respect  to (NH4)2SO 4. The resu l tan t  p rec ip i ta te  was dissolved in wate r  and di- 
a lyzed agains t  5 ° mM Tris-HC1 buffer (pH 8.0) for 5 h. 

Fig. 2. Homogeneity of the ATPase. A. Sedimentation pattern of the ATPase. Protein concen- 
tration was o.4% in 0.0 5 M Tris-HC1 buffer (pH 8.o). The photograph was taken 2 7 min after 
reaching full speed, 6o ooo rev./min. B. Disc-electrophoretic pattern of the ATPase. 

Homogeneity of ATPase 
As shown in Fig. 2, the  ATPase  thus  purif ied was homogeneous,  bo th  u l t r a -  

centr i fugal ly  and e lect rophoret ical ly .  The sed imenta t ion  cons tan t  (s°20, w) and mole-  
cular  weight were es t ima ted  to be 11. 9 S and 280 ooo, respect ively .  These values  were 
almost  s imilar  to the  corresponding values r epor ted  for the  ATPases  from meso-  
philes25,2s -31. 

Substrate specificity of ATPase 
By analyzing the react ion produc ts  according to the  me thod  of COHN AND 

CARTER 32 it  was revealed  tha t  for each mole of A T P  which d i sappeared  I mole of  Pi 
and I mole of A D P  were formed.  W i t h  A T P  as subs t r a t e  the  ATPase  exh ib i t ed  the  
specific ac t i v i t y  of  45.3 #moles  Pi per rain per  mg protein,  which was 67 t imes  the  
ac t i v i t y  of  the  crude ex t rac t s  and  much higher  than  the ac t i v i t y  r epor t ed  b y  MILITZER 
AND TUTTLE 8. Other  nucleot ide  t r iphospha tes ,  name ly  GTP,  U T P  and CTP, were 
more or less hyd ro lyzed  b y  the enzyme.  Rela t ive  act iv i t ies  wi th  GTP,  U T P  and  CTP 
represen ted  as per  cent  agains t  the  ac t iv i ty  ob ta ined  with  A T P  as subs t r a t e  were, 
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T A B L E  I 

E F F E C T S  O F  D I V A L E N T  C A T I O N S  ON T H E  ATPAsE A C T I V I T Y  

Divalent cations A ctivity 
(final conch., (l~moles P, 
3 m M )  liberated 

per Io min) 

None o 
Mg 2+ 0.53 
Mn ~+ 0.57 
Cd 2+ 0.55 
Zn 2+ 0.35 
Co ~+ 0.34 
Ca 2+ o. 24 
Hg  ~+ o 

respectively, 9 o, 3o and 16°/o . Nucleotide mono- or diphosphate such as AMP and 
ADP and pyrophosphate were not hydrolyzed at all. 

Effect of pH on the activity 
As shown in Fig. 3, the enzyme exhibited a maximum activity at pH 8.o in a 

80 mM Tris-acetate buffer, while in a 80 mM Tris-maleate buffer the optimum pH 
was 8. 5. MILITZER AND TUTTLE 8 reported that the optimum pH of the enzyme they 
prepared is in the region of 8.2-8.5. 

Requirement of metal ions 
As in the cases of the ATPases from mesophiles~4,29, 83-35 the ATPase of thermo- 

philic bacteria also required Mg 2+ for the activity. The activity was increased on 
increasing the Mg ~+ concentrations, and attained a maximum value at 2.6-3.0 mM 
Mg z+. The activity, however, gradually decreased when the Mg 2+ concentrations were 
further increased above 3 mM. As shown in Table I, Mg ~+ was completely replaced 
by other divalent cations such as Mn 2+ and Cd 2+, and to a lesser extent, by Zn 2+, 
Co S+ and Ca z+. 

(Na+-K+)-activated ATPase has been found in the membrane of mammalian 
cells and was considered to act in active transport of ions 36-37. The activity of the 
ATPase from thermophilic bacteria was not significantly affected by the addition of 
o.I M Na +, o.I M K + and o.I M Na+-o.i  M K+. 
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Fig. 3. Effect of p H  on the ATPase  activity. The act ivi ty was expressed in/~moles Pl per lO min. 
A, 80 mM Tris-aceta te  buffer; B, 8o mM Tris -maleate  buffer. 

Fig. 4. Inhibi t ion of  the ATPase act ivi ty by  ADP. The enzyme concentrat ion was 0.9/~g/ml. 
Activities were represented as a percentage against  the act ivi ty obtained wi thout  ADP. 
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T A B L E  I I  

EFFECTS OF VARIOUS COMPOUNDS ON THE A T P A s E  ACTIVITY 

T h e  c o m p o u n d s  w e r e  a d d e d  i n  a f i na l  c o n c e n t r a t i o n  o f  0. 5 m M ,  e x c e p t  in  t h e  c a s e s  o f  p e n t a -  
c h l o r o p h e n o l  a n d  o u a b a i n  w h e r e  o . I  m M  w a s  u s e d .  

Compounds /1 ctivity 
(#moles Pl 
liberated per 
zo min) 

N o n e  0 .55  
2 , 4 - D i n i t r o p h e n o l  o .54  
P e n t a c h l o r o p h e n o l  o .52  
N a 2 S O  3 o .68  
O u a b a i n  0 .54  
M o n o i o d o a c e t a t e  o .48  
P C M B  o. 55 
12 0 .07  
N a F  0 .46  
N a N  3 o. I o 
N a C N  0 .06  

Effects of various compounds on the activity 
As shown in Table II, Is, I%- and CN- strongly inhibited the activity. 12 and 

N a- are known to be potent inhibitors on the ATPases from mitochondria 34 and 
mesophilic bacteria31,3s, 39, while CN- has no effect on their activities. Sulphydryl 
reagents such as p-chloromercuribenzoate (PCMB) and monoiodoacetate have been 
shown to inhibit the mesophile ATPases 34-35, although the ATPase of Micrococcus 
lysodeikticus is not inhibited by PCMB31, 8s. The uncouplers such as 2,4-dinitrophenol 
and pentachlorophenol activate mitochondrial ATPase 34. The ATPase from thermo- 
philic bacteria, however, was not affected by  the sulphydryl reagents and uncouplers. 

The ATPase from thermophilic bacteria was inhibited by ADP, as shown in 
Fig. 4- The inhibition curve against the ADP concentrations was different from the 
typical hyperbolic form observed with the ATPase from mesophiles 24,~1,34. The curve 
may indicate that  the inhibition proceeds in two s tepsmi th  increase in the ADP 
concentrations. 

Amino acid composition 
As shown in Table III, the proline content of the purified ATPase was 4.2 g/Ioo g 

protein. This value was far smaller than that  reported with a-amylase produced from 
B. stearothermophilus (16.27 g/Ioo g protein) by MANNING ANn CAMPBELL 14, and 
similar to those of other proteins15, TM and a-amylase 10 from other strains of thermo- 
philic bacteria. The amounts of proline contained in the soluble and membrane 
fractions of this strain of thermophilic bacteria were found to be same, 4.1 g/Ioo g 
protein, and almost similar to those of the corresponding fractions of B. subtilis, 
3.8 and 2.6 g/Ioo g protein. As seen from Table I I I ,  the content of other amino acids, 
except alanine and methionine, of the proteins of thermophilic bacteria were also 
similar to those of mesophilic bacteria. 

optical rotatory dispersion 
The optical rotatory dispersion profile of the ATPase exhibited a prominent 
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T A B L E  I I I  

A M I N O  A C I D  C O M P O S I T I O N S  OF T H E  A T P A s I ~  A N D  O F  T H E  P R O T E I N S  OF T H E  S O L U B L E  A N D  M E M B R A N E  

F R A C T I O N S  O F  T H E R M O P H I L I C  A N D  M E S O P H I L I C  B A C T E R I A  

Bacterial cells (wet wt., 35 g) were suspended in a ioo ml of io mM Tris-HC1 buffer (pH 7.2) 
containing 5 mM MgC1 v and disrupted wi th  a French pressure appara tus .  Undisrupted  cells 
were discarded after centrifugation at  15oo × g for io rain. The resulting cell-free extracts  were 
divided into the soluble and membrane  fractions by  centrifugation at  ioo ooo × g for 4 ° min. 
After removal  of lipids, nucleic acids and salts f rom both  fractions 4°, the samples were sub- 
jected to amino acid analyses. Data  represent  g / Ioo  g protein. 

Amino acid A TPase B. stearothermophilus B. subtilis 

Soluble Membrane Soluble Membrane 
fraction fraction fraction fraction 

Asp 9.5 lO-7"  9-3 lO.4 7-3 
Thr  4.9 5-4 5.1 5.3 3-9 
Ser 3.8 3.7 3.3 4.3 3 .1 
Glu 14. 3 13. 9 14. 9 14. 3 17. 9 
Pro 4.2 4.1 4.1 3.8 2.66 
Gly 4.5 4 .2 4.4 4.4 3.4 
Ala 6.2 6. 4 7.2 6.0 11. 3 
Val 7-3 7.3 7 .2 7 .o 4-9 
Met 2.8 2 .8"  4.2 2.9 13.2 
Ile 8.0 7.2 6.9 7.6 5.8 
Leu 8.2 7.8 8. 7 8.0 6. 3 
Tyr  4.o 4.2 5.1 4.5 3.2 
Phe 4.9 4 .2 5 .2 4 .1 5.4 
Lys 6. 3 7.6 7.6 8. 7 5.8 
His 2.9 2.8 2.8 2.8 1.8 
Arg 7.9 7 .6 5 .o 5 .8 4 .o 

Cotton effect in the ultraviolet region as shown in Fig. 5A. The curve showed a trough 
at 232 m/~ and the specific rotation, m', at this wavelength was estimated to be --4606 °. 
The results clearly indicate the presence of a-helical conformation in the enzyme. 
From the values of m'~3 ~ m/~ for complete random-coiled and a-helical structures 41, 
the s-helix content of the ATPase was estimated to be 20.3 %. From the Moffitt-Yang 
plot of optical rotatory dispersion of the enzyme (Fig. 5B), the values of a 0 and b 0 
were, respectively, estimated to be +84  and --147.4 °. The 40 value was assumed to 
be 212 m/~. 

Effect of  temperature on the activity 
As shown in Fig. 6, the enzyme exhibited essentially no activity below 5 ° , and 

above io ° the activity increased almost in proportion to the temperature increase up 
to about 5 o°, probably indicating a general feature of a chemical reaction. Above 5 o°, 
however, the activity increased abruptly and above 65 ° the activity decreased, per- 
haps due to the heat denaturation of the protein. When the enzyme was incubated 
at 65 ° for i h, no loss of the activity was observed. These results may indicate that the 
enzyme is not only thermostable but also thermophilic. In addition, the results 
suggest that the thermostability of the ATPase is ascribable to the protein structure 
itself, and that the attachment or association of the enzyme with the membrane 
appears not to be an important factor in conferring thermostability. As shown by 
Curve B in Fig. 6, the membrane-bound ATPase also exhibited its optimum temper- 

Biochim. Biophys. Acta, 2o6 (197 o) 426-437 



434 A. HACHIMORI et al. 

6 

o 4 
x 

q= 2 

O) ~, 0 

.o C - 2 

n. 

-6 

B 

i i 

21o ' 0'.s 1:0 

3 0 0  

1.0 

fo .8  
°>"~ ~0.6 
>~ Ul 

100  ° ~  #0.4 

~0.2 

20 ° 40  ° 60  ° 80  ° 
T e m p e r a t u r e  

Fig. 5. Ul t ravio le t  r o t a t o r y  dispers ion of  the  A T P a s e  and  i ts  Mof f i t t -Yang  plot.  The  sample  
con ta ined  io  m g / m l  e n z y m e  and  5 ° mM  p h o s p h a t e  buffer  (pH 7.o). A. Optical  r o t a to ry  dispersion.  
The  l ight  p a t h  was io  m m  or o.i  m m ,  respect ively,  below and  above  250 m/~. The  curve  on the  
uppe r  pa r t  o f  t he  figure represen ts  the  background .  B. Mof f i t t -Yang  plot. 

Fig. 6. Effect  of  t e m p e r a t u r e  on the  A T P a s e  ac t iv i ty .  The  ac t iv i ty  was  expressed  in /*moles  Pi  
per  io  min.  The  concen t ra t ions  of t he  A T P a s e  purif ied and  m e m b r a n e - b o u n d  ( m e m b r a n e  ghosts)  
were, respect ively,  o.9 and  15o/~g/ml. A, purified A T P a s e ;  B, m e m b r a n e - b o u n d  ATPase .  

b 

6 ° ature at 5 , and no loss of the activity was observed on heating the sample at 65 ° 
for I h. 

When the ATPase both in purified and membrane-bound states was pre- 
incubated at various temperatures (30-65 °) for io rain, the activities measured after 
cooling immediately from the incubation temperatures to 3 °° were all the same as the 
activity measured at 3 °0 without pre-incubation. The result indicates that the enzyme 
does not exhibit heat activation similar to the activations reported with catalase and 
malate dehydrogenase from a thermophilic bacterium by NAKAMURA AND TAKAMIYA 42 
a n d  NAKAMURA et al. aa. 

The ATPases from most mesophiles are labile to cold treatment either in the 
presence or absence of ADP~4,~6, ~s, although the ATPase from M. lysodeikticus is very 
stable at 4 ° (ref. 31). The activity of the ATPase from thermophilic bacteria was not 
affected by storing the enzyme at 0-4 ° for I week, both in the presence and absence 
of 4 mM ADP. 

Thermodynamic quantities for the ATPase 
The enthalpy change (AH) for formation of the enzyme-substrate (ES) complex 

was calculated from the relationship between the Michaelis constant (Kin) and temper- 
ature (T), assuming Km is equal to the association constant (Ks) of the ES complex 44. 
As shown by Curve A in Fig. 7 the graph has a discontinuity of slope and approximates 
to two lines meeting at an angle, indicating a change from one value of AH  to another 
at the transition temperature, 55 °. The AH values calculated below and above 55 ° 
were, respectively, --6900 and --14 700 cal/mole. The free energy change (AF) cal- 
culated from Kin, also assuming that Km is equal to Ks (ref. 44), increased continuously 
with increasing temperature, but an abrupt increase occurred at 55 ° (Table IV). The 
entropy change (AS) calculated from the equation, A F  = AH  -- TAS, was also differ- 
ent at temperatures below and above 55 °. The results may imply that some confor- 
mational change of the enzyme molecule occurred at the transition temperature 55 °. 
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Fig. 7. Effects  of  t e m p e r a t u r e  on Km and  k+ 2 for the  ATPase .  A, log (I/Km) ; B, log (h+2). 

When the reaction velocity depends on the velocity constant (k+2) for the 
activation of the ES complex only, the absolute values of k÷2 were obtained as the 
enzyme concentrations were known 44. A H for activation of the ES complex, therefore, 
was calculated from the relation between k+2 and T (Fig. 7). The AH values were 
different between the temperature ranges below and above 55 ° (Table IV). T h e / I F  
values calculated from k+2 at various temperatures exhibited an abrupt change at 
55 ° , and the AS values were also different at temperatures below and above 55 ° . 

T A B L E  IV 

T H E R M O D Y N A M I C  Q U A N T I T I E S  F O R  T H E  ATPAsE 

Quantity Temperature 

65 ° 6o ° 5 °0 4 °0 3o ° 

For formation of the ES  complex 

/ t H  (cal/mole) --  14 7oo - -69oo  
z iF  (cal/mole) 155 ° 128o 92o 720 560 
zlS (cal/mole per  degree) - - 48  - -48  - -24  - -24  - -24  

For activation of the ES  complex 

A H  (cal/mole) E 18 9oo 82oo 
A F  (cal/mole) 95oo 9600 9760 964o 95o0 
AS (cal/mole per  degree) 28 28 - -5  - -5  - - 4  

DISCUSSION 

The investigations on the enzymes of thermophilic bacteria have so far been 
concerned with their thermostable properties, and none have been reported about 
the thermophilic properties of the enzymes. As shown in Fig. 6, the activity of the 
ATPase purified from B. stearothermophilus increased abruptly above 5 °0 and the 
temperature coefficient above 5 °0 was about 3 times greater than that below 5 o°. 
This fact may indicate that the ATPase becomes more reactive at high temperatures 
than at low temperatures, suggesting the thermophilic property of the enzyme. This 
may probably be the first observation on the thermophilicity of the enzymes from 
thermophiles. As the growth of the bacteria becomes rapid above this temperature, 
5 o°, the thermophilic property of the ATPase seems to be of physiological significance. 
As shown by Curve B in Fig. 6, however, the membrane-bound ATPase did not 
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exhibit such a thermophilic property as was observed with the purified enzyme. This 
may  indicate that  conformational change of the ATPase is restricted due to the 
a t tachment  or association of the enzyme with the membrane,  and the enzyme appears 
not to exhibit the thermophilic property in intact cells. 

As suggested from the thermodynamic quantities presented in Table IV, the 
thermophilic property of the thermophile ATPase may  be due to some conformational 
change in the protein structure. A change from one value of AH to another at the 
transition temperature has also been reported by  MASSEY 45 for mesophile fumarase 
(EC 4.2.1.2). This author suggested that  subunit dissociation of the enzyme occurs 
at the transition temperature. A demonstration of a probable conformational change 
in the thermophile ATPase at the transition temperature (55°), therefore, is now 
undertaken. 

MANNING AND CAMPBELL14,15 suggested that  the thermostabili ty of a-amylase 
produced from B. stearothermophilus is ascribable to an extraordinary protein structure 
of a high proline content and of a random-coiled form. Protease produced from Bacillus 
thermoproteolyticus exists as a compact structure with many  tyrosine and t ryptophan 
residues buried inside the molecule, although the protein has too small a helical 
contentlL Rigid structure of the protein, probably due to the characteristic high 
content of tyrosinO*, may  account for the thermostabili ty of the enzyme. The mem- 
brane-bound ATPase of B. stearothermophilus, on the other hand, was shown to con- 
tain about 20% of the a-helix form and no peculiarity in the amino acid composition 
can be seen in the case of this enzyme. I t  seems likely, therefore, that  the thermo- 
stability of the thermophile ATPase is due to some factor other than an extraordinary 
protein structure of a peculiar amino acid composition and protein conformation, 
such as those of a-amylase and protease. The mode of ADP inhibition of the thermo- 
phile ATPase was found to be different from that  of mesophiles. In addition, the 
thermophile ATPase exhibited some characteristic properties, for instance cold 
stability and inhibition by Is, which are not observed with most of the mesophile 
ATPases. The thermostabili ty of the thermophile ATPase, therefore, may  be ascri- 
bable to some micromolecular difference in the protein structure between the thermo- 
phile and mesophile ATPases. 
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