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Summary 

The denaturation of  subtilisin BPN' (EC 3.4.21.14) in guanidine hydrochlo- 
ride was studied in order to find possible reasons for the exceptional stability 
of this enzyme against the action of  denaturing agents including guanidine 
hydrochloride.  Chemically modified subtilisins, i.e., phenylmethanesulfonyl-  
subtilisin and thiol-subtilisin, were completely denatured in 2 M guanidine hy- 
drochloride at pH 7 wi thout  autolysis but  they were stable in 0.5 M guanidine 
hydrochloride for at least 60 h. On the other hand, once completely denatured,  
the subtilisins remained inactive and in highly unfolded conformations for 60 h 
or longer after transfer into 0.5 M guanidine solUtion at pH 7 or 9. No enzyma- 
tic activity was regained when the guanidine concentration was lowered to al- 
most zero. 

We concluded from these and other  results described in this paper that  this 
enzyme was thermodynamically unstable in 2 M guanidine hydrochloride at 
20°C and at pH 7. We wish to point  ou t  the possibility that  the denaturation 
of this enzyme could indeed be irreversible. 

Introduct ion 

The thermodynamic explanation of  the stability of  globular proteins has 
been one of  the major problems in biochemistry for some time. Recently some 
serine proteases have attracted the at tention of  several workers because of their 
exceptional stability against the action of  denaturing agents such as guanidine 
hydrochloride and urea [1--5].  This proper ty  has already been propitiously ex- 
ploited in the purification of  these enzymes [1] and in the use of proteolyt ic  
activity in some biochemical work [6,7].  Subtilisin BPN' (EC 3.4.21.14) and 
subtilisin Carlsberg are well documented  examples and it has been claimed that 
they are stable and active even in 6 M guanidine hydrochloride [2,3] .  Subtilisin 
BPN' is made of  275 amino acid residues with no disulfide or sulfhydryl 
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groups. It requires no prosthetic groups or metal ions for its activity. It is a very 
good example for study of the folding mechanism of polypeptide chains except 
that it is a proteolytic enzyme and self<ligestion could be expected to interfere 
severely with such a denaturation study. We, therefore, made extensive use of 
modified enzymes in this paper. One of them is phenylmethanesulfonyl-subtili- 
sin in which the active site serine (serine 221) is blocked by the phenylmeth- 
anesulfonyl group. The other is thiol-subtilisin in which serine 221 is chemical- 
ly replaced by cysteine. The reference for the properties and the preparation of 
these modified enzymes will be given in the following section. 

We have been interested in the folding and unfolding mechanism of this pro- 
tein and in our investigation of this we found that the apparent stability of this 
protein was very probably kinetic and not thermodynamic in nature. As a re- 
sult of this investigation we found it important to distinguish between kinetic 
and thermodynamic stability in the study of protein denaturation. 

Materials and Methods 

Subtilisin BPN' was purchased from Sigma Co. as Type VII Alkaline Protease 
and purified further by the carboxymethyl cellulose column chromatography 
according to the method of Ottesen and Svendsen [8]. Phenylmethanesulfonyl- 
subtilisin and thiol-subtilisin were prepared and purified according to the 
method of Polgar and Bender [9]. The esterase activity of the modified and the 
unmodified enzymes was measured by their method with p-nitrophenylacetate 
as substrate [9]. Phenylmethanesulfonyl fluoride and p-nitrophenylacetate 
were purchased from Sigma Co. and Wako Pure Chemical Industries, Ltd. re- 
spectively and used without further purification. Specially Prepared Reagent 
(Lot V5M8160) guanidine hydrochloride was purchased from Nakarai Chemi- 
cals, Ltd. and used in most studies. Guanidine hydrochloride of somewhat in- 
ferior quality purchased from Wako Pure Chemical Industries, Ltd. was used in 
column chromatogrpahy when the concentration of guanidine hydrochloride 
in the eluting solvent was higher than 1 M. Sephadex G-200 was the product of 
Pharmacia Co. All other reagents were of reagent grade. 

Polyacrylamide gel electrophoresis in the medium containing 0.1% sodium 
dodecyl sulfate was performed according to the method of Weber and Osborne 
[10]. Sedimentation equilibrium experiments.were performed on a Beckman 
Spinco Model E analytical ultracentrifuge with Rayleigh interference optics. 
Fluorescence spectrum was recorded with a Hitachi 204 spectrofluorometer, 
and optical rotatory dispersion was recorded on a Jasco ORD/UV-5 Spectropo- 
larimeter. The optical density of the sample solution used in fluorescence ex- 
periment was always less than 0.10 at the excitation wavelength. Emission spec- 
tra were corrected for the wavelength dependence of photomultiplier sensitivi- 
ty. 

Results 

• )enaturation o f  modified and unmodified subtilisin 
The equilibrium effect of varying concentration of guanidine hydrochloride 

on the conformation of subtilisin BPN' could not be studied due to the inter- 
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ference of autolysis. Since autolysis was particularly extensive in the transition 
region, where the slow rate of denaturation and large accumulation of the de- 
natured protein culminated to almost complete self<ligestion, we used modi- 
fied enzymes to study the denaturation profile. In Fig. 1 we show the change in 
fluorescence intensity of phenylmethanesulfonyl-subtilisin and thiol-subtilisin 
against the change in guanidine hydrochloride concentration at pH 7.0. Even 
with these modified enzymes (twice purified by CM-cellulose column chroma- 
tography after modification in order to separate from the unmodified conta- 
minant) autolysis became significant after 60 h in approx. 1--1.5 M guanidine 
hydrochloride. The exact transition midpoint could not, therefore, be deter- 
mined, but two things were immediately clear from this study. 

First, denaturation in 2--5 M guanidine hydrochloride proceeded to com- 
pletion without self~ligestion (as confirmed by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis) and therefore the native conformations of 
the modified enzymes are thermodynamically unstable in 2 M guanidine hy- 
drochloride. This observation was duplicated with the unmodified enzyme 
when the protein concentration was less than 0.01 mg/ml. Secondly, the two 
modififed enzymes showed remarkably similar denaturation profiles although 
they bore quite different chemical groups at the active site. This result suggests 
that the unmodified enzyme would probably show the same denaturation pro- 
file were it not for the extensive autolysis. 

Denaturation in acidic solutions 
At pH 1, the unmodified and thiol-subtilisin enzymes were inactivated and 

unfolded as the fluorescence and optical rotation at 233 nm indicated (Fig. 2). 
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Fig.  1.  D e n a t u r a t i o n  p ro f i l e  o f  m o d i f i e d  sub t i l i s i n  BPN '  var ie t ies .  P h e n y l m e t h a n e s u l f o n y l - s u b t i l i s i n  a n d  
th io l - sub t i l i s in  were  d e n a t u r e d  in  g u a n i d i n e  h y d r o c h i n r i d e  s o l u t i o n  c o n t a i n i n g  0 . 0 5  M p h o s p h a t e  b u f f e r  at 
p H  7 .0 .  The  c h a n g e  i n  f l u o r e s c e n c e  p e a k  i n t e n s i t y  is  plot ted  against the concentrat ion  o f  g u a n i d i n e  h y d r o -  
c h l o r i d e  a t  d i f f e r e n t  t i m e  intelwals .  P r o t e i n  c o n c e n t r a t i o n :  0 . 0 4  m g / m l .  Exci ta t ion  wavelength:  2 8 0  n m .  
S y m b o l s  axe: O, p h e n y l m e t h a n e s u l f o n y l - s u b t i l i s i n  a f t e r  1 m i n ;  0), p h e n y l m e t h a n e s u l f o n y l - s u b t i l i s i n  after 
2 h ;  o~ p h e n y l m e t h a n e s t t l f o n y l - s u b t i l i s i n  a f t e r  3 0  a n d  6 0  h ;  A, t h io l - sub t i l i s i n  a f t e r  2 h ;  A, t h i o l - s u b t i l i ~ n  
a f t e r  3 0  a n d  6 0  h .  
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Fig.  2.  O R D  s p e c t r a  o f  sub t i l i s ins  a t  p H  1 .0 .  The  l e f t  f igttre is f o r  sub t i l i s in  a n d  th io l - sub t i l i s i n  a t  p H  7 .0  
( ) a n d  p H  1 .0  ( . . . . . .  ). The  f i g h t  f igu re  is f o r  p h e n y l m e t h a n e s t t l f o n y l - s u b t i l i s i n  a t  p H  7 .0  ( ) 
and p H  1 .0  ( . . . . . .  ). 

phenylmethanesulfonyl-subtilisin, on the contrary, retained its tertiary struc- 
ture in 0.1 M NaC1 at pH 1. The optical ro ta tory  dispersion spectrum of 
phenylmethanesulfonyl-subtilisin at pH 1 is shown in Fig. 2 with that  of  the 
unmodified enzyme at pH 7. There is a shift of  the 233 nm trough to shorter 
wavelengths by  3--4 nm, bu t  the depth of the trough is about  the same as that  
of the unmodif ied enzyme at pH 7. In 2 M guanidine hydrochloride the trough 
was substantially destroyed.  In Fig. 3 we show the change in fluorescence in- 
tensity of  phenylmethanesulfonyl-subtilisin at pH 1 as a function of  guanidine 
hydrochloride concentration. The curve was constructed 30 h after the addi- 
tion of  guanidine hydrochloride.  It actually became constant within 10 h. Dilu- 
tion of  the denaturant  concentration or dialysis of  the solution to 0.1 M NaCI 
at pH 1 could almost restore the native flueorescence but  not  the ORD spec- 
trum, primarily because of  aggregate formation after reduction of guanidine hy- 
drochloride concentration. It was also confirmed that autolysis was non-exis- 
tent in all of  the samples after the 30-h denaturation experiment.  When we 
compare the results at pH 1 with those at pH 7, we notice that  the apparent 
stability of  phenylmethanesulfonyl-subtilisin after 30-h incubation in guanidine 
hydrochloride solution was, to our surprise, about  the same at pH 1 as at pH 6. 

Irreversible denaturation 
When modified and unmodified subtilisins were quickly denatured at acidic 

pH or in very concentrated guanidine hydrochloride at pH 7 the denaturation 
was irreversible involving little autolysis. In Fig. 4 we show how much of the 
esterase activity was recovered after transferring the unmodified enzyme from 
4 and 6 M guanidine hydrochloride at 6 different pH values to a strongly buf- 
fered solution of  p-nitrophenylacetate at pH 7. The final concentrat ion of  gua- 
nidine hydrochloride was always less than 0.3 M. The proteolyt ic  activity was 
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Fig. 3. D e n a t u r a t i o n  prof i le  of  phe ny lme tha ne s u l fony l - s ub t i l i s i n  a t  p H  1.0. The  f luorescence  p e a k  intensi-  
t y  m e a s u r e d  30  h a f t e r  the  onse t  of  d e n a t u r a t i o n  was p l o t t e d  against  guan id ine  c o n c e n t r a t i o n .  

Fig. 4. I r revers ible  inac t iva t ion  of  subti l isin BPN' in acidic m e d i a .  The  r e c o v e r y  of  es terase ac t iv i ty  of  the  
u n m o d i f i e d  e n z y m e  was m e a s u r e d  a t  p H  7.0 a f t e r  its br ief  exposu re  to  var ious  p H  values b e t w e e n  0 .5  an d  
6.0 w i th  4 a n d  6 M guanid ine  h y d r o c h l o r i d e .  Esterase  ac t iv i ty  was  usual ly  m e a s u r e d  wi th in  2 h of  d i lu t ion  
of  the  e n z y m e  solu t ion .  The  ze ro  ac t iv i ty  r e c o v e r y  be low p H  3.0 was n o t  i m p r o v e d  a t  all even  a f t e r  24- 
and  48-11 i n c u b a t i o n  in the  renat tu ' ing  m e d i u m .  ©0 5 m i n u t e s  exposure  wi th  4 M guanid ine  c o n c e n t r a t i o n :  

60  m i n u t e s  exposu re  w i th  4 M guanid ine  c o n c e n t r a t i o n ;  12, 5 m i n u t e s  exposure  wi th  6 M guanine  con-  
cen t r a t i on .  Pro te in  c o n c e n t r a t i o n  in d e n a t u r i n g  m e d i a  was  1 m g / m l ;  t h a t  in ac t iv i ty  was 0 .05  m g / m l .  

also lost completely after acid denaturation. The denaturation in 8 M guanidine 
hydrochloride at pH 6 was also irreversible. The sodium dodecyl  sulfate poly- 
acrylamide gel electrophoresis of  the denatured protein revealed some autolysis 
products  in the case of  unmodif ied enzyme, bu t  the protein mainly remained 
undigested in these quick denaturation experiments,  particularly when the con- 
centration of  the protein was less than 1 mg/ml. 

In order to clarify the true cause of irreversibility of  subtilisin denaturation, 
combined studies of  sedimentation equilibrium, the sodium dodecyl  sulfate 
polyacrylamide gel electrophoresis and Sephadex G-200 gel chromatography 
were performed on the denatured enzyme under several defferent  conditions. 
Experiments at  pH 7 were performed in parallel for the native and phenyl- 
methanesulfonyl-subtilisin to avoid the interference of  autolysis in the inter- 
pretation of  the results. 

First we show the result of  gel chromatography.  Phenylmethanesulfonyl- 
subtilisin and unmodified subtilisin that  were solubilized in unbuffered water 
were first inactivated by bringing the pH of the solution to 1.0 for ten min- 
utes. Crystalline guanidine hydrochloride was then added to make the solution 
6 M, with the denaturant.  The solution was then neutralized either by adding 
crystalline Tris-(hydroxymethyl)-aminomethane or dialyzing the solution 
against 2 M guanidine hydrochloride buffered at pH 7 or 9. Abou t  1.5 ml of  
the protein solution was applied to a column (90 × 1.5 cm) equilibrated with 
an appropriate buffer. 

The elution profiles of  denatured and renatured subtilisins under several dif- 
ferent conditions are shown in Figs. 5 and 6. In Fig. 5, we show the elution 
profiles of  denatured phenylmethanesulfonyl-subtilisin in 2, 1, 0.5 M and zero 
guanidine hydrochloride solution with 0.05 M phosphate buffer  at pH 7. The 
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Fig.  5. Elut ion  prof i les  o f  denatured phenylmethanesulfonyl-subti l i~d~ in sephadex  G-200 c o l u m n  Chroma- 
tography at p H  7 .0 .  P h e n y l m e t h a n e s u l f o n y l - s u b t ~  was  first denatured in acidic m e d i u m  and chroma-  
tographed in phosphate  buffers  containing 4 dif ferent  concentrat ions  o f  guanidine h y d r o c h l o r i d e .  V 0 and 
V t represent  the vo id  vo lume  and the total  vo lume  of  the co lumn.  V e is the e lut ion v o l u m e  of  the native 
e n z y m e ,  a: no  guanidine hydroch lor ide ,  0 . 0 5  M phosphate ,  b: 0 . 5  M g u a n i d i n e  h y d r o c h l o r i d e ,  0 . 0 5  M 
phosphate ,  c: 1 .0  M g u a n i d i n e  h y d r o c h l o r i d e ,  0 . 0 5  M p h o s p h a t e ,  d :  2 .0  M g u a n i d i n e  h y d r o c h l o r i d e ,  0 . 0 5  
M phosphate .  

Fig.  6 .  E l u t i o n  pzof i les  o f  denatured subtil is in BPN'  ( u n m o d i f i e d )  in sephadex  G-200 c o l u m n  chroma-  
tography at p H  9 .0 .  a: n o  guanidine h y d r o c h l o r i d e ,  0 .1  M Tris .  b :  0 . 2 5  M g u n a i d i n e  h y d r o c h l o r i d e ,  0 .1  M 
"Iris. c: 0 . 5 0  M g u a n i d i n e  h y d r o c h l o r i d e ,  0 .1  M Tris .  d :  1 .0  M g u a n i d i n e  h y d r o c h l o r i d e ,  0 .1  M Tris.  

elution posit ion of  the peak with the largest elution volume had the value of  
V e / V o  = 1.50 + 0.03 in 2, 1 and 0.5 M guanidine hydrochloride solution, where 
Vc and 170 are the elution volumes of  the sample and that of  blue dextran. In a 
similar experiment bovine carbonic anhydrase with a molecular weight of  
3 0 0 0 0  was eluted with V e / V o  = 1.45 in 6 M guanidine hydrochloride at pH 7, 
where the protein is known to be in a randomly coiled state [11] .  When the 
denaturant concentrations were 1.0 and 0.5 M there was another peak at the 
void volume apparently due to the extensive aggregation. The elution profile 
obtained in the absence of the denaturant shows the aggregated material with 
V e / V o  = 1.35. The aggregates in this case had smaller Stokes radii than those in 
the presence of  0.5 and 1.0 M guanidine hydrochloride. The proof  that the 
peak with V e / V o  = 1.35 was aggregate came from the sedimentation study. At  
3 0 0 0 0  rev./min, all of  the solute precipitated to the bottom.  

The elution profiles of  the denatured subtilisin (unmodified) in 2.0, 1.0, 0.5 
M and no guanidine hydrochloride at pH 7 were virtually the same as those in 
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Fig. 5 except  that the amount  of aggregated material in lower guanidine con- 
centrations was much larger in this case. 

In Fig. 6, we show the elution profile of the denatured subtilisin (unmodi- 
fied) in 1.0, 0.5, 0.25 M and zero guanidine hydrochloride with 0.1 M Tris buf- 
fer at pH 9.0. In 1.0, 0.5 and 0.25 M guanidine hydrochloride the protein 
eluted with V e / V o  = 1.52 + 0.05 with a slight shoulder on the left. In the ab- 
sence of  the denaturant,  it came out  with V e / V o  = 1.30. The presence of aggre- 
gates was less pronounced at this pH. 

Summarizing the results from gel chromatography we conclude that, at least 
in 0.5 M guanidine hydrochloride and at pH between 7 and 9, the protein spe- 
cies with the largest elution volume had the value of  V ~ / V o  = 1.5. 

Sodium dodecyl  sulfate polyacrylamide gel electrophoresis was used to see 
the extent  of  autolysis in samples recovered from gel chromatography.  The 
dominant  band in all cases was the one that  corresponded to the unfragmented 
subtilisin. The peak that came out  at the void volume of  the column was entire- 
ly composed of  unfragmented protein. Phenylmethanesulfonyl-subtilisin, as 
was expected of  course, showed a negligible amoutn  of  autolysis product  either 
in the fraction with V ~ / V o  = 1.5 or in the fraction at void volume. 

Meniscus depletion-type sedimentation equilibrium studies [12] were carried 
out  on fractions in the peak with V e / V o  = 1.5 that  were shown to contain little 
fragmented protein in order to see whether  subtilisins in these fractions were 
aggregated or not. Typical experimental results of  such runs are shown in Fig. 7 
in the form of the natural logarithm of the fringe displacement versus r 2 type  
plots. The molecular weight of  the solute was calculated from the slope of  such 
plots as described by Yphantis [12]. As is summarized in Table I, proteins in 
the peak with V ~ / V o  = 1.5 were found to have molecular weights around 
29000  as long as the guanidine hydrochloride concentration was higher than 
0.5 M. The partial specific volume of subtilisins was calculated to be 0.73 from 
the amino acid composi t ion given in Ref. 8 according to the method of  Cohn 
and Edsall [13] and assumed to be independent  of  the change in solvent com- 
position. When the concentrat ion of  guanidine hydrochloride was lower than 
0.25 M, subtilisins invariably showed aggregation even at the lowest protein 
concentration observable in sedimentation studies using Rayleigh interference 
optics, i.e. about  0.1--0.2 mg/ml. The results of  sedimentation experiments 
were little affected by storing the sample solution either at 4°C for 24 h or at 
20°C for 24 h. 

These studies established that  subtilisins in the peak with V e / V o  = 1.5 were 
minimally fragmented, no t  aggregated and had Stokes radii close to those of  
random coils of  similar molecular weights as long as the concentration of  gua- 
nidine hydrochloride was higher than 0.5 M. 

S p e c t r o s c o p i c  e x p e r i m e n t s  
The fluorescence spectra of  the native, denatured and renatured forms of  

Pms-subtilisin are shown in Fig. 8. Although there was little difference between 
the results obtained for the unmodified and phenylmethanesulfonyl-subtilisins, 
there were clear differences between the three spectra of  the same protein in 
different states. We are particularly interested in the difference between the 
spectra of  the native and "renatured"  proteins. The fluorescence spectrum of  
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Fig .  7. Men i scus  d e p l e t i o n  s e d i m e n t a t i o n  e q u i l i b r i u m  of  d e n a t u r e d  sub t i l l s ins .  The  u p p e r  f igu re  is  f o r  
p h e n y l m e t h a n e s u l f o n y l - s u b t i l i s i n  in  2 M g u a n i d i n e  h y d r o c h l o r i d e  a t  p H  7 .0  (L ine  1)  a n d  in  0 . 5  M guan i -  
d ine  h y d r o c h l o r i d e  a t  p H  7 .0  (L ine  2) .  The  l o w e r  f igure  is f o r  u n m o d i f i e d  sub t i l l s in  in  2 M g u a n i d i n e  h y -  
d r o c h l o r i d e  a t  p H  9 . 0  (L ine  1)  a n d  in  0 . 5  M g u a n i d i n e  h y d r o c h l o r i d e  a t  p H  9 . 0  (L ine  2) .  r is t h e  d i s t a n c e  
f r o m  the  r o t o r  c e n t e r  a n d  r b is t h e  d i s t a n c e  o f  t h e  eel] b o t t o m  f r o m  t h e  r o t o r  c e n t e r .  

T A B L E  I 

M O L E C U L A R  W E I G H T  O F  D E N A T U R E D  S U B T I L I S I N S  

T h e  w e i g h t  ave rage  m o l e c u l a r  w e i g h t ,  Mr,  was  c a l c u l a t e d  b y  us ing  t h e  f o l l o w i n g  e x p r e s s i o n  g iven  in  r e f .  
12:  

d l n y  
2 R T  • - -  

d r 2 
Mr 

(1 - -  ~p)co2 

w h e r e  (d  in  y / d r  2) is t h e  s lope  o f  a p l o t  s u c h  as  t h e  o n e s  g iven  in  F ig .  7, v-is t h e  pa r t i a l  spec i f i c  v o l u m e  o f  
subt | l i~ in  (= 0 . 7 3 ) ,  p is  t h e  s o l v e n t  d e n s i t y ,  co is t he  a n g u l a r  v e l o c i t y ,  R is t h e  gas  c o n s t a n t  a n d  T is t h e  
t e m p e r a t u r e  in  Kelvin .  

G u a n i d i n e  P h e n y l m e t h a n e s u l f o n y l -  U n m o d i f i e d  U n m o d i f i e d  
c o n c e n t r a t i o n  subtfl i~i~ sub t i l i s in  sub t i l i s in  
(M) pH 7 . 0  pH 7 . 0  pH 9 . 0  

0 . 5  2 8  7 0 0  27  5 0 0  2 8  1 0 0  
1 .0  29  6 0 0  29  5 0 0  2 8  7 0 0  
2 .0  27  7 0 0  - -  2 7  5 0 0  
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Fig. 8. Fluorescence spectra of native, denatured and renatured phenylrnethanesulfonyl-subt~ at pH 
7.0 and at 20°C. Curve i: native in 0.05 i%4 phosphate buffer. Curve 2: renat~ed in 0.5 M guamdd[ne so- 
luUon at pH 7.0 from 6 M guanidine solution at pH 1.0, and from 6 M guanidine so|u~on at pH 7.0 
( ...... ). Curve 3: Denatured in 6 I%4 guanidine solution. Excitation wavelength: 280 nm. Protein concen- 
tration: 0 . 0 1  m g / m l .  

the renatured form had a peak at 337 nm, that  is, 5 nm and 10 nm lower than 
those of  the native and the denatured forms respectively. Its peak intensity was 
lower than that  of  the native but  higher than that  of  the denatured protein.  
Moreover the shoulder at around 310 nm was lost. This spectrum was obtained 
when the guanidine concentra t ion was equal to or less than 1.0 M. A similar 
spectrum was obtained for the inactively renatured enzyme that  had been de- 
natured by acetic acid and 2-chloroethanol.  

The clear difference between the fluorescence spectrum of the native protein 
and that  of  the renatured protein remained intact at the lowest protein concen- 
tration we employed for the renaturat ion,  that  is, 0.003 mg/ml, and the addi- 
t ion of  1--10 mM CaC12 did not  alter the result. Fluorescence spectra tha t  were 
taken within 30 s of  dilution of guanidine hydrochlor ide concentrat ion already 
had characteristic differences f rom either the native or the denatured subtilisin. 
In order  to  eliminate the possibility that  the observed irreversibility of  subtili- 
sin denaturat ion was caused by exposure of  this enzyme to acidic pH, the fluo- 
rescence spectrum of  subtilisin that  had been first denatured in 6 M guanidine 
hydrochlor ide at pH 7 was taken after 12-fold dilution of  the protein solution 
with 0.05 M phosphate buffer.  The result is also shown in Fig. 8. The result 
confirmed that  the irreversible denaturat ion of  subtilisin was no t  due to the 
alteration of  covalent structure of this enzyme under  acidic denaturing condi- 
tions. 

The optical ro ta tory  dispersion spectra of  the renatured protein had no 
trough around 230 nm and revealed that  the renatured protein was essentially 
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in a randomly coiled state in 0.5 M guanidine hydrochloride.  When the con- 
centration of  guanidine hydrochloride was lower than 0.25 M, the spectrum of  
the renatured enzyme changed drastically showing a new trough at 227 nm but  
we think this was due to the aggregated material and of no significance here. 

Almost duplicate results were obtained in the spectroscopic studies using 
unmodif ied subtilisin instead of  phenylmethanesulfonyl-subtilisin. The renatur- 
ed subtilisin showed a fluorescence spectrum superimposable on Curve 2 in 
Fig. 8 in 0.5 and 0.1 M guanidine solution at pH 7.0 with the lowest  protein 
concentration of  0.003 mg/ml. 

Discussion 

In 0.5 M guanidine hydrochloride phenylmethanesulfonyl-subtilisin main- 
tained its native conformation for 60 h or longer. On the other hand, once it 
had been denatured in acidic guanidine hydrochloride or in concentrated guani- 
dine hydrochloride or in concentrated guanidine solutions at neutral pH values, 
it remained in highly unfolded states again for 60 h or longer after being trans- 
ferred to 0.5 M guanidine solution at pH 7. The latter observation was also re- 
peated with the unmodified enzyme. Either the denaturation or the renatura- 
tion of this protein must  be excessively slow in this solvent compared with 
other  single chain proteins such as cy tochrome c [14],  lysozyme [15] and ribo- 
nuclease A [16].  Denaturation of  the native subtilisin at higher guanidine con- 
centration was also slower than similar processes for many other proteins, but  
proceeded to  complet ion at least in 2 M guanidine solution without  fragmenta- 
tion. 

These results prompted  us to stress that  the well documented  stability of the 
native conformation of  subtilisin BPN' against the action of  denaturant must  be 
understood in a kinetic sense rather than in a thermodynamic one. It is still 
beyond  our experimental reach to answer which of  the two conformations,  the 
native of  the random coil, is thermodynamical ly stable in 0.5 M guanidine so- 
lution. We believe it is still very significant that  subtilisin was found in highly 
extended states in 0.5 M guanidine hydrochloride after complete  denaturation 
in acidic guanidine hydrochloride solutions. The folding of  this protein in 0.5 
M guanidine hydrochloride must  be very difficult if at all possible. The result 
obtained in 2 M guanidine hydrochloride,  on the other  hand, clearly proved 
that preferred conformations of  phenylmethanesulfonyl-subtilisin in this sol- 
vent at pH 7 and those of the unmodified subtilisin in the same solvent at pH 7 
and 9 were indeed nonaggregated and randomly coiled ones. We can at least say 
that the transition point  of subtilisin is less than 2 M guanidine hydrochloride 
at pH 7 and at 20 ° C, which is not  at all significantly different from the transi- 
tion point  of  many other proteins under similar external conditions [17].  

The fluorescence spectrum of the renatured subtilisin was different from 
that of  the native subtilisin even at a protein concentration of  0.003 mg]ml. 
Here and in the following discussion the term "renatured subtilisin" will be ap- 
plied to the subtilisin that  was transferred to solutions of  less than 1.0 M guani- 
dine concentration after complete  denaturation in acidic guanidine and similar 
solutions, though such proteins were not  " renatured"  at all in a usual sense. A 
similar spectrum was obtained for the renatured subtilisin from 2-chloro- 
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ethanol, a well known helix-forming solvent [18,19]. The difference between 
denatured conformations has, therefore, little to do with the observed irrevers- 
ibility of  subtilisin denaturation. 

Since the refolding process to the native state is a very slow reaction if at all 
possible, we are forced to think about the efficient process that  must be em- 
ployed in vivo, in order to produce the active subtilisin within a short time. The 
possibility of proenzyme formation with subsequent activation by proteolysis 
can not  be denied. To the best of our knowledge, however, the proenzyme 
formation has been observed with multicellular organisms but not,  so far, with 
bacteria. Participation of intracellular materials such as ribosomes can be con- 
sidered but not  easy to establish. We are still making continued efforts to 
understand the folding mechanisms of this protein. 

The ORD of renatured subtilisin showed that  the peptide was in randomly 
coiled states, in agreement with the result from gel chromatography. The fluo- 
rescence spectrum of  subtilisin under the same condition indicated, however, 
that  the aromatic residues were not  in full contact  with water below 1 M guani- 
dine hydrochloride. The fluorescence spectrum of t ryptophyl  residues in full 
contact with water has been known to display a maximum at around 350 nm 
[20], whereas the spectrum of subtilisin in less than 1 M guanidine solutions 
had a maximum at 337 nm. It is therefore most likely that,  while the overall 
configuration of the polypeptide chain was close to a random coil, local inter- 
actions between aromatic residues and other hydrophobic residues were pre- 
ferred to some extent.  If such local interactions were preventing the poly- 
peptide chain from directing itself to the correct folding pathway, we may re- 
gard them as unwanted interactions leading the protein to incorrectly folded 
states [14,21] in 0.5 M guanidine solution and to aggregation at lower guani- 
dine concentrations. It is also possible to conjecture that  the polypeptide chain 
of this enzyme fails to form favorable intermediate states that  would bridge the 
transformation of  a random coil to the native conformation. 

Finally we like to point out  the remarkable stability of phenylmethanesulfo- 
nyl-subtilisin at pH 1. The inactivation and denaturation of the native subtilisin 
BPN' at acidic pH occurred at around pH 3.5. This acidic inactivation was stu- 
died by Matsubara et al. [22] and by Gounaris and Ottesen [23] and docu- 
mented in the Ref. 8. The driving force for the acid denaturation of subtilisin 
is, according to Gounaris et al., the protonation of masked histidine residues in 
the interior of the molecule. The stability of phenylmethanesulfonyl-subtilisin 
at acidic pH indicates that  those histidine residues could not  be protonated or 
that  their protonation could not  be the driving force for unfolding in phenyl- 
meth anesulfonyl-enzyme. 
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