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Summary 

The ultraviolet circular dichroism of di-isopropylphophoryl-subtilisins Carls- 
berg and Novo (EC 3.4.21.14) has been examined as a function of  pH. The CD 
of these enzymes below 260 nm is invariant over the pH interval 4 to 12, below 
or above which spectral changes occur suggesting a transition to a random coil 
form. Above pH 8 contributions due to the ionization of  tyrosyl residues 
appear in the CD above 260 nm as bands shifted to longer wavelengths. Three 
independently titratable components ,  obtained by  matrix rank analysis, 
account  for the observed CD spectral changes above 260 nm of Dip-subtilisin 
Carlsberg in the pH interval 8 to 12. By contrast, two components  were derived 
for the Novo enzyme. The identities of  the matrix rank components  were 
surmised from their apparent PKa values. One component  of both subtilisin 
enzymes corresponds to the CD of  the "bur ied"  or irreversibly titratable 
tyrosyl residues of  the enzyme. The other matrix rank components  correspond 
to the CD of  the "exposed"  or freely ionizable tyrosyl residues. These residues 
are optically active only in the ionized state. Two types of  "exposed"  tyrosyl  
residues, arising because of  differing sensitivity to the ionization of  the "par- 
tially buried" or abnormally titrating tyrosyl residues, are evident in Dip-sub- 
tilisin Carlsberg. A pH-induced local conformational  change in this enzyme is 
proposed to account  for this behavior. The "partially buried" tyrosyl  residues 
of  both subtilisins appear to be devoid of  optical activity in either the tyrosyl 
or tyrosylate form. 
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Introduction 

The three dimensional structure of subtilisin Novo (EC 3.4.21.14) is known 
in considerable detail from high resolution X-ray studies [1,2]. Yet relatively 
little is known about  the conformational  details of  subtilisin enzymes in solu- 
tion and the X-ray structure of subtilisin Carlsberg (EC 3.4.21.14) has not  
been elucidated. With the exception of  a single conservative substitution all of  
the 84 amino acid substitutions (30% of the total sequence) existing between 
subtilisins Novo and Carlsberg occur on the solvent accesible exterior of the 
Novo structure; hence, the conformations of these enzymes are believed to be 
very similar [1,2]. This viewpoint is further supported by CD measurements 
taken below 260 nm and secondary structure preductions, which suggest iden- 
tical secondary structures for the subtilisin enzymes, except  for the sequence 
region containing the Pro-56 deletion in subtilisin Carlsberg [3]. By contrast, 
significant differences exist in the CD of these enzymes above 260 nm which 
imply differences in the conformations or environments of the aromatic resi- 
dues. In order to investigate the identity of  the optically active aromatic resi- 
dues the CD was perturbed by changes in pH and decomposed into indepen- 
dently titrating spectral components  by matrix rank analysis. The differences 
in aromatic residue ionization behavior in subtilisins Carlsberg and Novo and 
the low and high pH induced denaturation of  these enzymes are discussed in 
terms of conformational homology and the X-ray structure of  Dip-subtilisin 
Novo. 

Materials and Methods 

Crystalline subtilisins Carlsberg (lot no. 70-3) and Novo (lot no. 120-2) were 
obtained from Novo Industri, Copenhagen, Denmark, inactivated by reaction 
with Dip-F and purified as described previously [4]. Sodium acetate and gly- 
cine-NaOH buffers (0.06 M) were employed in the pH intervals 4--7 and 7--12, 
respectively, pH measurements were made in the CD cells immediately before 
and after recording spectra using a combination microelectrode (Instrumenta- 
tion Laboratory,  Inc., Lexington, Mass.) and a Radiometer  Model 26 pH meter. 
CD spectra were recorded using a Durrum-Jasco J-20 spectropolarimeter at an 
ambient temperature of  22--23°C as described previously [4] and are reported 
in terms of  mean residual molar ellipiticity (deg cm 2 dmol- ' ) .  Protein concen- 
trations were ca. 0.1 and 2 mg/ml for measurements made in the far and near 
ultraviolet spectral regions, respectively. Cells of path lengths 0.1 and 1.0 cm 
were used. The maximum absorbance did not  exceed 1.5. All the reported 
spectra represent the average of  at least two scans. Spectra were digitized 
manually at 1 nm intervals and smoothed using a nine point  cubic convolution 
least squares program [5]. Matrix rank analysis was performed using a modifi- 
cation of a published algorithm [6]. Linear regression fits of  the matrix rank 
components  to the experimental spectra were computed using a modification 
of the program REGRES [7]. 

Results 

pH dependence of Dip-subtilisin Carlsberg CD spectra. The CD of  Dip-sub- 
tilisin Carlsberg above 260 nm is insensitive to changes in pH in the interval 
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4 to 8, above which contributions from ionized tyrosyl residues are apparent. 
By contrast, the CD below 260 nm of  this enzyme is invariant over the pH 
range 4--12.  The changes that occur in the CD of  Dip-subtilisin Carlsberg below 
pH 4 are shown in Fig. 1A. Since the spectra exhibit a slow time dependence,  
over a period of  hours, the observed changes do not represent equilibrium 
behavior. In such cases spectra were recorded 30--45 min after solution prep- 
aration, before the occurrence of  significant time dependence changes [4] .  The 
native structure is replaced at low pH by a form exhibiting a single minimum at 
ca. 198 nm, with a broad shoulder extending to longer wavelength. An isos- 
bestic point at 206- -208  nm is evident, suggesting the occurrence of  a transi- 
tion between two independent spectral forms. The CD above 260 nm displays 
a proportional loss of  optical activity at all wavelengths at pH values less than 
4. The low pH induced changes in the optical activity of  Dip-subtilisin Carls- 
berg are partially reversible. 

Changes are also evident in the CD of  Dip-subtilisin Carlsberg at pH values 
greater than 12, as shown in Fig. lB.  The shape changes are similar to those ob- 
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Fig.  i .  A. Changes in the CD of  Dip-subtilisin Carlsberg induced by decreasing pH. Far ultraviolet  (UV)  
spectral region: p H  4 - - 7 ,  (g) ;  p H  3 . 2 5 ,  ( e ) ;  p H  2 . 7 9 ,  (o) ;  p H  2 . 6 9 ,  (o) ;  p H  1 . 6 9 ,  (A). Near ultraviolet  spec- 
tral region: p H  4 - - 7 ,  (1);  p H  3 . 6 9 ,  (e ) ;  p H  3 . 0 8 ,  (~); p H  2 . 7 0 ,  (o) ;  p H  2 . 1 4 ,  (A). B. Effect  of  increasing p H  
o n  the CD of  Dip-subtil/sin Carlsberg. Far ultraviolet  spectral region: p H  7 - - 1 2 ,  (o);  p H  1 2 . 2 0 ,  (o) ;  p H  
1 2 . 4 9 ,  (~); p H  1 2 . 8 7 ,  ($).  Near ultraviolet  spectral region: pH 7.0,  (m); pH 9 .08 ,  (A); pH 10.58 ,  (o); pH 
1 2 . 1 7 ,  (~);  p H  1 2 . 9 0 ,  (e) .  
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served below pH 4, with an isosbestic point at 206--208 nm. A diminution in 
optical activity is apparent at all wavelengths above 260 nm at pH values 
greater than 12. The high pH induced transition is time dependent and, in con- 
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Fig. 2. A. The CD o f  Dip-subti l isin Carlsberg vs. pH. pH 7.85, (~); pH 9.08, (~); pH 9.88, (©); pH 11.38, 
( s ) ;  pH  12.170 (4);  p H  12 .51 ,  (e) .  B. I n d e p e n d e n t l y  v a r y i n g  spec t ra l  c o m p o n e n t s  reso lved  f r o m  the  spec-  

t ra  s h o w n  in Panel  A by  m a t r i x  r a n k  analys is .  T h e  f i rs t  basis  s p e c t r u m  is a t  p H  7.85,  n o r m a l i z e d  at  278  

n m ;  the  s e c o n d  bas i s  s p e c t r u m  is a t  pH  12 .17  n o r m a l i z e d  at  290  n m .  C o m p o n e n t s  axe n u m b e r s  in  o rde r  

of  t he i r  d e r i v a t i o n  in  the  r a n k  ana lys i s :  c o m p o n e n t  1 ( ); c o m p o n e n t  2, ( . . . . . .  ); c o m p o n e n t  3, 
( . . . .  ). The  R M S  o f  each  s p e c t r u m  in the  r e d u c e d  m a t r i x  is s h o w n  in the  inse t .  T h e  RMS noise  level o f  the  

e x p e r i m e n t a l  sp ec t r a  is i n d i c a t e d  by  the  dashed  line. C. I n d e p e n d e n t l y  v a r y i n g  spec t ra l  c o m p o n e n t s  

r eso lved  f r o m  the  s p e c t r a  s h o w n  in Panel  A by  m a t r i x  r a n k  analys is .  T h e  f i rs t  bas is  s p e c t r u m  is a t  p H  
7 .85 ,  n o r m a l i z e d  at  278  r im;  the  s e c o n d  bas is  s p e c t r u m  was  de r i ve d  f r o m  the  pH  9 .88  s p e c t r u m ,  n o r m a l -  
ized a t  302  n m .  C o m p o n e n t s  are n u m b e r e d  in o rde r  o f  t he i r  d e r i v a t i o n  in  the  r a n k  analys is :  c o m p o n e n t  
I ,  ; c o m p o n e n t  2 ,  . . . .  ; c o m p o n e n t  3, - . . . . .  . The  d i f f e r e n c e  b e t w e e n  c o m p o n e n t s  2 and  3, nor -  

ma l i z ed  at  288  n m ,  is s h o w n  as the  f o u r t h  s p e c t r u m  . . . .  . 
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trast to the low pH induced transition, completely irreversible. 
Matrix rank analysis of  Dip-subtilisin Carlsberg CD changes. Titration of  the 

tyrosyl  residues of Dip-subtilisin Carlsberg results in the appearance of new 
spectral bands shifted to longer wavelength with respect to the neutral pH spec- 
trum. Representative spectral changes are shown in Fig. 2A. In the pH interval 
8--10.5 CD bands appear in the wavelength region 295--305 nm and the mini- 
mum at 278 nm in the neutral pH spectrum is displaced to the red and split 
into two components  centered at 281 and 286 nm. These minima persist to pH 
12, as does the small positive band at 293 nm. The optical activity at 300 nm 
does not  further increase above pH 10.5, but  instead diminishes almost to zero 
as the pH is increased. These CD changes are reversible to pH values as high as 
12, above which the previously mentioned irreversible changes become appar- 
ent. 

The complex band shifts associated with increasing pH in the CD of  Dip-sub- 
tilisin Carlsberg above 260 nm and the absence of  isosbestic points suggests the 
presence of  a number  of intermediate species exhibiting characteristic CD 
bands. We analyzed the CD shape changes induced by  variations in pH using 
matrix rank analysis [3,6,8,9] to obtain the number and spectral shape of  the 
independently titrating components.  Alternative procedures to matrix rank 
analysis have been described by Magar [9]. In the matrix rank method a set of  
experimental spectra that exhibit shape changes due to perturbation are digi- 
tized and arranged as the row vectors of  a D × N  matrix [0]j(~k), where ~k 
denotes the discrete wavelength (column} of the jm spectrum (row). One of  the 
spectra is chosen as a first basis spectrum, is normalized, and subtracted from 
all the subsequent  spectra in the matrix to yield an equivalent matrix with the 
first basis spectrum removed, denoted by [0 ]i(~k}. 

[o] '~(),k) = [O]~() ,k)  (1) 

[0]~>l(~k) = [O]j(~k)--Nj[O]l(~k) (2) 

where Nj = [0]j(~n)/[0 ] l(~n) is a normalization constant evaluated at a specific 
wavelength ~n. One of  the rows in the equivalent matrix is then selected as a 
new basis spectrum and the matrix reduction is again iterated according to 
eqns. I and 2. This reduction process is repeated until no statistically signifi- 
cantly shape differences exist among the set of  reduced spectra. One of these 
spectra is then retained as a final basis spectrum. The rank of  the spectral 
matrix is given by the number  of  nonzero rows in the equivalent reduced 
matrix and is equal to the number  of  linearly independent spectral components  
contained in the original set of  spectra. If approximations discussed elsewhere 
are applicable [3,9] the rank analysis also yields the shape of  the independent 
spectral components .  Since the basis set of  spectra derived from matrix rank 
analysis is complete,  the experimental spectra can be fit as a superposition of  
these components  

[0]°bs(~kk) = ~jCij [0]j(j--1)'(~k) (3) 

where Cij is the coefficient of  the jth basis spectrum in the i th experimental 
spectrum, and [0]~J--1)'(kk) is the jth row in the reduced matrix. The relative 
statistical significance of  the matrix rank components  can be assessed by corn- 
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paring the root  mean square (RMS) of  each row in the reduced matrix with the 
RMS error of  the experimental spectra. 

Three statistically significant spectral components  account for the observed 
pH-induced spectral changes of  Dip-subtilisin Carlsberg within experimental 
error (Fig. 2B, inset). 

We chose a spectrum obtained at pH 7.9 (i.e., no ionized tyrosyl contribu- 
tion) as the first basis spectrum (designated component  1) since the spectral 
shape is constant  from pH 4 to 8. Our choice of normalization wavelengths was 
governed by plots of  ellipticity vs. pH for various wavelengths, which suggested 
certain spectral regions (278 ,290  and 302 nm) to be monitors of the three 
independently titrating spectral components.  By normalizing at 278 nm and 
subtracting the pH 7.9 spectrum from the other spectra a set of  spectra is ob- 
tained with component  1 removed. 

Our choice of  a second basis spectrum from the equivalent matrix of  reduced 
spectra was governed by an examination of the ratio of  ellipticity at 302 and 
290 nm plot ted as a function of  pH {Fig. 3). Since the ratio [0]3o2/[0]290 is 
relatively constant over the pH range 9--10.5 the remaining two components  
must be linearly dependent  over this pH interval and associated with a distinct 
physical species or a stable mixture of  difference species. Above pH 10.5, how- 
ever, the ellipticity ratio changes, implying that the red shifted spectral com- 
ponents are linearly independent above this pH. The constant ratio [0]302/ 
[0]290 above pH 12 implies the presence of  another distinct physical species 
(with respect to tyrosyl  ionization) at higher pH values. The transition between 
the physical species existing at ca. pH 10 and above 12 obeys the Henderson- 
Hasselbalch equation ( P K a p  p = 11.6). The fact that  the CD at 302 nm is very 
small above pH 12 implies that  spectra recorded above this pH most likely cor- 
respond to a single spectral component  upon reduction and removal of compo- 
nent 1. We performed the rank analysis using two choices for the second basis 
spectrum, corresponding to the species which exist at pH values above and 
below the pKapp 11.6 transition. Similar spectral components  were derived in 
both cases. Using a spectrum obtained at pH 12.2 (taken before the occurrence 
of  significant time dependent  CD changes) as a second basis spectrum in the 
rank analysis and normalizing at 290 nm we obtained the components  shown in 
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Fig. 3. Mean residual m o l a r  e l l ipt ie i ty  ratio [0] 302 / [8 ]290  vs. pH d e t e r m i n e d  f r o m  CD spectra  o f  Dip- 
subtil isin Carlsberg recorded  at d i f f erent  pH values.  Th e  solid l ine is ca lcu la ted  us ing the  Henderson-Has-  
se lbalch e q u a t i o n  assuming  a PKap p o f  11.6. 
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T A B L E  I 

I N D E P E N D E N T L Y  T I T R A T I N G  
A N A L Y S I S  

SPECTRAL COMPONENTS R E S O L V E D  BY M A T R I X  RANK 

C o m p o n e n t  Wavelength  [ 0 ] ( d e g  c m  2 drool  -1 ) 
e x t r e m a  ( n m )  

Carlsberg 
1 278 - -  75 + 10 

286 --  53 +- 7 
293 + 7 +- 3 

2 2 8 9  - -  3 5  ± 10 
3 300 -- 25 ± I0 

Novo 

1 278 --145 ± 20 

286 --124 ± 16 

296 -- 84 ± 10 
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Fig. 4. Multiple l inear  regress ion fit of  Dip-subti l isin Carlsberg e x p e r i m e n t a l  CD spec t ra  w i th  the  m a t r i x  
r ank  c o m p o n e n t s  s h o w n  in Fig. 2B. The  spec t ra  were  f i t ted  as a l inear  c o m b i n a t i o n  of  the  fo rm:  [ 0 ]  o b s  

(k) = f l  [0 ] l ( k )  + f2 [0 ]2 (k) + f3 [0 ] 3 (k) whe re  f l ,  /2 ,  a nd  f3 are  t h e  n o r m a l i z e d  coef f ic ien t s  for  the  th ree  
basis spec t r a  der ived  f r o m  the  regress ion analysis.  The  amp l i t udes  of  the m a t r i x  r a n k  c o m p o n e n t s  are 
ind ica ted  b y  the  dashed  lines, the  solid lines r ep re sen t  the  ca lcu la ted  su m of  the  c o m p o n e n t s  and  the  o p e n  
circles r ep r e sen t  the  e x p e r i m e n t a l  d a t a  poin ts .  
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Fig. 2B. The matrix reduction was also performed using the pH 9.9 reduced 
spectrum as the second basis spectrum with normalization at 302 nm. The three 
derived components  are shown in Fig. 2C. In this case the second matrix rank 
component  is a linear combination of  the components  derived from the rank 
analysis using the pH 12.2 spectrum as the second basis spectrum. If we nor- 
malize component  3 to component  2 (Fig. 2C) at 290 nm and subtract it, we 
obtain a CD spectrum similar to component  3 of  Fig. 2B. Since we are able to 
derive similar spectral components  independently of  our choice of  the second 
basis spectrum the uniqueness of  the derived components  is established. The 
wavelength extrema and amplitudes of  the matrix rank components  are sum- 
marized in Table I. 

The experimental spectra were fit as a superposition of  the derived basis 
spectra by multiple linear regression. A few representative fits are shown in 
Fig. 4. The derived components  are both necessary and sufficient to describe 
the experimental spectra; if components  are removed from the basis set the 
error of  fit is increased significantly. 

pH dependence of the amplitudes of the matrix rank components of Dip- 
subtilisin Carlsberg. It is possible to fol low changes in the matrix rank com- 
ponents directly from the ellipticity of  the experimental spectra at 278 (com- 
ponent 1), 290 (component  2) and 302 nm (component  3), respectively. Plots 
of  the amplitude of  each matrix rank component  present in the experimental 
spectra as a function of  pH are depicted in Fig. 5. The amplitude of  com- 
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ponent  1 is invariant from pH 4 to 12; below or above these values an irrevers- 
ible loss in optical activity of all matrix rank components  occurs. The pH mid- 
point  for the low-pH induced denaturation is ca. 3 and the value for the high- 
pH mediated transition is ca. 12.5. Component  2 appears with a pKapp of ca. 
9.3 and persists to pH 12, above which a decrease occurs. Component  3 appears 
with the identical pKap p as component  2 but  does not  persist up to the point 
of  irreversible denaturation; a loss of  optical activity is apparent at pH values 
greater than 10.5; decreasing to almost zero at pH 12. The pKapp for this 
decrease is ca. 11.6. Rotational strength is not  conserved upon tyrosyl ioniza- 
tion, i.e., the appearance of  components  2 and 3 is not  paralleled by a propor- 
tional decrease in the amplitude of  component  1. The changes in the CD at 220 
nm (Fig. 5) parallel exactly those of  component  1 at all pH values and compo- 
nent 2 at high pH. 

pH dependence of Dip-subtilisin Novo CD spectra. The CD below 260 nm of 
Dip-subtilisin Novo is essentially identical to that  of  Dip-subtilisin Carlsberg 
and is constant within experimental error over the pH range 4--12. The CD of  
Dip-subtilisin Novo above 260 nm is different from that of Dip-subtilisin Carls- 
berg in that it lacks the 293 nm (+) band and is pH-dependent  over the range 
4--8. Above pH 8 contributions from tyrosyl residue ionization are apparent in 
the CD of both  enzymes. 

Below pH 4 and above pH 12 t ime<lependent changes occur in the CD of 
Dip-subtilisin Novo. The native spectral form is replaced below pH 4 by a form 
exhibiting a minimum at ca. 198 nm, with an isosbestic point at 206--208 nm 
(Fig. 6). A proportional diminution in optical activity occurs at all wavelengths 
greater than 260 nm with decreasing pH. The low-pH induced transition of  Dip- 
subtilisin Novo is irreversible, on contrast to the behavior of  Dip-subtilisin 
Carlsberg. 

The CD spectra of  Dip-subtilisin Carlsberg at a series of  pH values above neu- 
trality are depicted in Fig. 6B. Changes analogous to those observed at low pH 
are evident above pH 12. The high-pH induced transition is time dependent  
and, as in the case of Dip-subtilisin Carlsberg irreversible. 

Matrix rank analysis of Dip-subtilisin Novo CD changes. The existence of  an 
isosbestic point  at 283 nm for the spectral changes occurring in the pH interval 
8--12 (Fig. 6B) implies that the changes observed in the pH region of  tyrosyl 
ionization are due to a pH-induced transition between two spectral forms. No 
such isosbestic point  is evident in the CD spectra of Dip-subtilisin Carlsberg 
recorded in the same pH interval. The observed spectral changes are reversible 
to pH values as high as 12. No time dependence of  the CD above 260 nm was 
noted in this pH range. 

The spectra of  the linearly independent  matrix rank components  were 
derived in a straightforward manner. Since two spectral components  account  
for the observed pH-induced changes (Fig. 7, inset) it is necessary only to find a 
spectrum which is unperturbed and can be normalized to the set of perturbed 
spectra at a wavelength accurately reflecting the amount  of  the first basis spec- 
tral contribution in the set of  remaining perturbed spectra, Using a spectrum 
recorded at pH 5.7 and normalizing it to the set of  other  spectra at 278 nm we 
obtain upon subtraction the components  'shown in Fig, 7. The  wavelength 
extrema and amplitudes of  the two derived matrix rank components  are sum- 
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marized in Table I. The experimental spectra were fit as a superposition of  the 
two derived basis spectra using multiple linear regression. The derived compo- 
nents are sufficient to account  for the observed CD spectral changes within 
experimental error. Representative fits are shown in Fig. 8. 

pH dependence o f  the amplitudes o f  the matrix rank components o f  Dip- 
subtilisin Novo. The presence of the two-matrix rank components  can be fol- 
lowed from the experimental ellipticity at 278 and 300 nm (Fig. 9). The CD 
due to component  1 appears sensitive to the ionization of the protein over the 
entire pH range considered. Below pH 4 and above pH 12 irreversible structural 
transitions occur characterized by pH midpoint  values of ca. 3 and 12.5, respec- 
tively. In the pH interval 4--12, where the CD below 260 nm is stable, the ellip- 
ticity at 278 nm (component  1) is maximal at pH 5--7, decreasing more or less 
continuously from pH 7--12. Component  2 (300 nm) appears with a pKap p of  
9.6 and persists to pH 12. The CD changes at 220 nm parallel those of compo- 
nent I at low and high pH and component  2 at high pH. 

Discussion 

Interpretation o f  the CD matrix rank components. The CD of Dip-sub- 
tilisins Carlsberg and Novo above 260 nm originates from the tyrosyl and tryp- 
tophyl  residues, since phenylalanine and its derivatives are devoid of  optical 
activity above 270 nm [10,11] and cysteine is absent. To discriminate between 
those optically active residues sensitive to pH changes and those that  are not, 
we utilized the known titration behavior of  the tyrosyl residues [12] to perturb 
the CD and decomposed the spectra using matrix rank analysis into linearly 
independent  sets of  titratable components.  Superposition of two spectral com- 
ponents accounts for the observed CD spectra (recorded above 260 nm) of Dip- 
subtilisin Novo at all pH values in the region of tyrosyl ionization (pH 8--12), 
whereas three components  are necessary for Dip-subtilisin Carlsberg. 

Since subtilisin Novo contains 3 t ryptophyl  residues whereas subtilisin Carls- 
burg has only one t ryptophyl  residue, the similar shape of  the CD of both  Dip- 
subtilisin enzymes between 260 and 290 nm suggests minimal t ryptophyl  con- 
tributions in this spectral region. The similarity of the CD of Dip-subtilisins 
Novo and Carlsberg above 260 nm to that  of  ribonuclease and tyrosyl model 
compounds  [13,14] further strengthens our interpretation of a predominant 
tyrosyl contribution. The 0--0 and 0--800 cm -1 vibronic transitions of tyrosine 
are apparently manifested in the CD of Dip-subtilisins Carlsberg and Novo at 
286 nm and 278--279 nm. The 0--0 band appears as a shoulder due to the con- 
tributions of higher vibronic components  to the CD in the 280 nm region [14] 
and has not  been observed at wavelengths longer than 289 nm in proteins [14, 
15]. Thus it is reasonable to assign the 293 nm band of  Dip-subtilisin Carls- 
berg to the single t ryptophyl  residue at position 113. Since Trp-113 is con- 
served in both  homologous subtilisins the absence of  the 293 nm band in the 
CD of Dip-subtilisin Novo implies a somewhat  different environment for this 
residue, although fluoresence studies suggest the indole ring of Trp-113 is 
"buf fed"  in both  enzymes [16]. 

The pH dependence of component  I of Dip-subtilisin Novo in the pH inter- 
val 5--8 probably reflects the ionization of two of the six histidyl residues [17] 
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while the dependence in the range 8--12 may reflect the ionization of  acces- 
sible tyrosyl or lysyl residues, or may be due to the diminution of small contri- 
butions to the ellipticity at 278 nm from the reversibly ionizable tyrosyl resi- 
dues. The CD of  Dip-subtilisin Carlsberg due to component  1 displays no such 
dependence in the pH interval 4--12. The major contribution to the neutral 
pH CD of both enzymes appears to be due to the "bur ied"  tyrosyl residues 
since the amplitude of the neutral pH component  1 persists to pH 12, above 
which a large decrease in optical activity is evident. 

The higher matrix rank components represent the CD spectra of ionized 
tyrosyl residues in the native protein structures. The sign of  the tyrosyl CD of 
subtilisins is negative and unchanged upon ionization, as observed for tyrosyl 
model compounds and ribonuclease [13,14,18]. The second matrix rank com- 
ponent  of Dip-subtilisin Novo corresponds to the CD of  tyrosyl residues that  
are freely ionizable with a pKapp of  9.6, in agreement with the value of  9.7 
determined by ultraviolet difference spectroscopy [12]. The appearance of red- 
shifted CD bands due to tyrosyl ionization is not  paralleled by a proportional 
decrease in the amplitude of component  1 at 278 nm, implying that the freely 
ionizable tyrosyl residues have no, or very weak, optical activity in the un- 
ionized state. The relatively low pKapp values derived in this study for the 
freely ionizable tyrosyl residues of Dip-subtilisins Novo and Carlsberg are con- 
sistent with stabilization of the tyrosylate form. An examination of the X-ray 
structure of Dip~subtilisin Novo reveals that  many of  the tyrosyl residues are 
in close proximity to the basic amino acids lysine and arginine. It is possible 
that charge-charge interactions occur upon tyrosyl ionization which enhance 
optical activity. 

The derivation of three-components by matrix rank analysis of the Dip-sub- 
tilisin Carlsberg pH-induced spectral changes in the CD above 260 nm is due to 
the sensitivity of the "exposed"  or freely ionizable tyrosyl residues to the ioni- 
zation of the "partially buried" tyrosyl residues. The appearance of both com- 
ponents 2 and 3 is characterized by a pKapp of  9.3 which is somewhat lower 
than that  expected for a freely ionizable tyrosyl residue. A PKap p of  9.9 for the 
"exposed"  tyrosyl residues of Dip-subtilisin Carlsberg using ultraviolet differ- 
ence spectroscopy has been reported [12]. It is interesting that  components  2 
and 3 of Dip-subtilisin Carlsberg have identical pKap p values and yet  are distin- 
guishable in terms of  their red shifts and behavior at higher pH values. Compo- 
nent  2 persists up to pH 12--12.2 and decreases in amplitude only upon titra- 
tion of  the "bur ied"  tyrosyl residues and irreversible disruption of the protein 
structure at high pH. The amplitude of compoenent  3, however, steadily 
decreases at pH values greater than 10.5. The fit of  [0 ]302/[0 ]290 to the Hender- 
son-Hasselbalch equation over the pH range where component  2 is invariant 
suggests that  a single proton ionization is responsible for the disappearance of 
component  3, although multiple independent  ionizations are not  ruled out. The 
pK~pp for this process is 11.6 and corresponds to the pKapp determined by 
Markland [ 12 ] for the titration of  the "partially buried" tyrosyl residues. Com- 
ponents 2 and 3 must therefore both correspond to the CD of  the "exposed"  
tyrosyl residues of  Dip-subtilisin Carlsburg. The "partially buried" tyrosyl resi- 
dues of  both subtilisin enzymes appear to be devoid of optical activity in either 
the tyrosyl or tyrosylate forms. 
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A local conformational change in the vicinity of some of the "exposed"  
tyrosyl residues triggered by the ionization of  one or more "partially buried" 
tyrosyl residues is suggested to account  for the difference in pH behavior of 
components  2 and 3 of  Dip-subtilisin Carlsberg. The resolution of only two 
components  by rank analysis of  the Dip-subtilisin Novo CD changes suggests 
that the above mentioned conformational  change is peculiar to the Carlsburg 
structure and does not  occur in the gubtilisin Novo molecule. The "bur ied"  
class of  tyrosyl residues is responsible for the optical activity of both subtilisin 
enzymes at neutral pH (component  1), as previously discussed, and is the only 
group of  tyrosyl residues which displays optical activity in the unionized state. 
Disruption of the native protein conformations by highly alkaline solutions 
results in the titration of  the "bur ied"  tyrosyl residues and loss of optical activ- 
ity at all wavelengths above 260 nm. 

Low- and high-pH induced denaturation of  subtilisin enzymes. At pH values 
below 4 and greater than 12 conformational  transitions occur to a form whose 
CD at short wavelengths is similar to that exhibited by denatured proteins 
[19]. The parallel changes that  occur in the CD above 260 nm are consistent 
with disruption of  secondary and tertiary structure. 

The midpoint  of the low-pH induced denaturation of  Dip-subtilisins Novo 
and Carlsberg (ca. 3) suggests the participation of  carboxyl and/or imidazole 
side chains. The potentiometric  titration curve of  phenylmethanesulfonyl-sub- 
tilisin Novo between pH 5 and 8 is best fit by  two histidyl residues which are 
protonated only upon acid induced denaturation of  the protein [17]. It is also 
possible that carboxylate side chains are involved in the acid denaturation of 
subtilisins, since the potentiometric  titration curve of  phenylmethanesulfonyl-  
subtilisin Novo is consistent with the ionization of four carboxyl groups which 
remain protonated to high pH values [17].  

The irreversible denaturation of  subtilisin enzymes above pH 12 results in 
the ionization and disruption of  interactions involving a small number  of tyro- 
syl residues, although the role of overall electrostatic factors in the high pH 
induced denaturation is not  precluded by the experimental data available at 
present. The tyrosyl residues of  subtilisin Novo are located at or near the sur- 
face of  the enzyme [1,2] and are highly exposed to solvent [20,21].  The 
phenolic hydroxyl  groups of  four tyrosyl residues ( 6 , 1 0 4 , 1 7 1  and 162) appear 
hydrogen bonded to the peptide backbone [2]. The donor  and acceptor 
moieties of  these hydrogen bonds occur in sequentially distal regions of the 
polypept ide chain and are invariant in subtilisins Novo and Carlsberg, despite 
the high degree of  "surface" residue substitution. It is possible that  these tyro- 
syl residues constitute the "partially buried" and "bur ied"  groups of Dip- 
subtilisin Novo. This suggestion appears to be consistent with studies of  the 
nitration and iodination of  subtilisins Novo and Carlsberg [22,23].  

Since the abnormally titrating tyrosyl residues of  subtilisin Novo are most 
likely at or very near the solvent-protein interface the participation of  phenolic 
side chains in the high pH induced denaturation of subtilisins draws attention 
to the importance of  surface interactions in the stability of these and possibly 
other proteins. The arbitrary nature of  the adjectives "exposed"  and "bur ied"  
in reference to abnormally ionizing functional groups in proteins is well illu- 
strated by the subtilisin enzymes. 
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