
CHEMICAL MODIFICATIONS OF 

THE SUBTILISINS WITH SPECIAL REFERENCE 

TO THE BINDING OF LARGE SUBSTRATES. 

A REVIEW. 

by 

IB SVENDSEN 

Department of Chemistry - Carlsberg Laboratory 

Gamle Carlsberg Vej 10 - DK-2500 Copenhagen, Valby 

Key words: Subtilisin, Chemical modifications, Secondary binding sites 

Subtilisin type Carlsberg and subtilisin BPN' are two well characterized extracellular proteases from Bacillus 

subtilis and Bacillus amyloquefaciens, respectively. The present review summarizes the various chemical modifica- 

tion studies which have been performed with these enzymes. Of special interest has been those modifications 

which lead to changes in the enzymatic properties with regard to the hydrolysis of polypeptide substrates but not 

small synthetic ester substrates. In this way it is possible to obtain information about how large an area of the sur- 

face of the enzyme is involved in the binding of natural substrates (e.g. clupein, gelatine, casein). Nitration, 

iodination, glutarylation or succinylation of the subtilisins leads to increases in the hydrolyses of clupein and 

gelatine, while modification of carboxyl groups leads to a decrease. In all these cases the hydrolysis of small ester 

substrates is almost unaffected. A section of the review deals with the comparison between the results obtained 

by chemical modification studies and the two other methods available for the study of "secondary binding sites": 

X-ray diffraction analyses and kinetic studies with synthetic polypeptides. The productive binding mode for 

polypeptides proposed by KRAUT and coworkers is in agreement with the results obtained by nitration of the sub- 

tilisins. However, results from our laboratory and the literature point towards more than one mode of productive 

binding. These results are discussed. Finally a comparison is made between the secondary binding sites in sub- 

tilisin and other proteolytic enzymes, especially the serine proteases. The importance of secondary interactions 

between enzyme and substrate is discussed. 
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His, Cys, etc : 

Tyr~o 

ATEE 
BAEE 
Boc 
BTEE 
Bz 
CMC 

DFP 
DIP 
DNA 
DPCC 
EDC 

NBS 
NBz 
NCDC 

NO2Tyr 
OMe 
PMS 
PMSF 
PTI 
TAME 
TLCK 
TNBS 
TNM 
TPCK 

Three-letter code for amino acids ac- 
cording to the recommendations 
of the CBN-Commission 
(see f.ex. J.BioI.Chem. 247, 977 (1972) 
refers to the position 
of the amino acid in 
question in the protein sequence 
N-acetyl-L-tyrosine ethyl ester 
N-benzoyl-L-arginine methyl ester 
t-butyloxycarbinol 
N-benzoyl-L-tyrosine ethyl ester 
benzoyl 
N-cyclohexyl-N' 13-(N-methyl 
morpholino)ethyl -carbodiimide 
diisopropylfluorophosphate 
diisopropylphosphoryl 
deoxyribonucleic acid 
diphenylcarbonylchloride 
N-ethyl-N'-1,3-dimethylaminopropyl 
carbodiimide 
N-bromosuccinimide 
p-nitrobenzyl 
2-nitro-4-carboxyphenyl-N,N-diphenyl 
carbamate 
3-nitrotyrosine 
methyl ester 
phenyl methyl sulfonyl 
phenyl methyl sulfonylfluoride 
pancreatic trypsin inhibitor 
N-tosyl-L-arginine methyl ester 
N-tosyl-L-lysine chloromethyl ketone 
2,4,6-trinitrobenzenesulfonic acid 
tetranitromethane 
N-tosyl-L-phenylalanine chloromethyl 
ketone 
benzyloxycarbinol 

1. I N T R O D U C T I O N  

The subtilisins (EN 3.4.21.14) are a group of ex- 

tracellular, alkaline proteases produced by 

various species of Bacillus. One of the first 

proteolytic enzymes of bacterial origin to be 

isolated was an enzyme from Bacillus subtilis 

which was able to transform ovalbumin into 

plakalbumin (59, 104, 105). 

This enzyme, now called subtilisin type 

Carlsberg, has since its isolation been studied at 

the Carlsberg Laboratory together with the 

closely related subtilisin type Novo which is 

identical to subtilisin BPN' (or ,,Nagarse~0 

originally isolated in Japan by HAGIHARA et al. 

(62). The identity of the two proteases was in- 

dicated from enzymatic studies (80) as well as 

amino acid composition (83) and conclusively 

demonstrated by sequence studies (136) and X- 

ray crystallography (41, 216). In the present 

review subtilisin type Novo and subtilisin BPN' 

are treated as one enzyme, and wilt be referred 

to as subtilisin BPN'. It was originally believed 

that both subtilisin type Carlsberg and subtilisin 

BPN' were produced by different strains of 

Bacillus subtilis, but it was later shown that sub- 

tilisin BPN' probably originates from another 

species: Bacillus amyloliquefaciens (212). An in- 

creasing number of alkaline proteases from 

different species of Bacillus have been 
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characterized (24, 61, 9293,  100, 120) and it 

appears that they resemble either subtilisin type 

Carlsberg or subtilisin BPN' in their amino acid 

composition and catalytic behaviour (93). Only 

the two best characterized enzymes, subtilisin 

type Carlsberg and subtilisin BPN' will be dis- 

cussed and only to the extent that the main ob- 

ject of the review will be fully intelligible. A 

broader discussion of the subtilisins is given in 

recent reviews (113, 142). 

The amino acid sequences of both subtilisin 

type Carlsberg and subtilisin BPN' were deter- 

mined by E. L. SMITH and coworkers (109, 182). 

Both enzymes consist of a single polypeptide 

chain and contain 275 residues (BPN') and 274 

residues (Carlsberg), respectively. The amino 

acid sequences are shown in Fig. 1. The 

homology between the enzymes is evident, 

although there are deviations in 85 positions, in- 

cluding the single deletion. Since cystine (or 

cysteine) is not present in these enzymes, di- 

sulphide bridges are of no importance for the 

tertiary structure. None the less, the subtilisins 

appear to have a very rigid structure, being 

SER VAL-SER-GLN PRO-ALA-LEU-HIS-SER 
ALA- GLN- THR-VAL-PR0- TYR- GLY- i L E PRO_LEU- I LE-LYS-ALA-AsP_LYS_VAL_ GLN_ALA- GLN- GLY- 

lO 20 

TYR-THR SEll o ILE SER ASP-SER 
PHE-Lys-GLY-ALA-AoN-VAL-LYS-VAL-ALA-VAL-LEu-ASP-THR-GLY- ILE-GLN_ALA-SER-HIS-PRO- 

3O 4O 

AO~ ~=~ LYS . ~ ALA ....... r^ o-~ MET ,~ PRO-SER ~. THR-PRO-ASN-PHE-GLN . . . .  
.,z-~u-ASN-V*U~-VAL- ~- ~,~-e~,~- o=.a-PHE-V.t~-ALA_ GLY- ~a~U-ALA_ ~ - TYR-ASN- THR-'t~ 

5O 6O 

ASP SER - . ASN SER-ILE 
GLy-ASN- GLy-HI S - GLY- THR- H I S-VA~-ALA- GLY- THR-VAL-ALA-ALA- LEU- ASP- AS N- THR - THR- GLY- 

70 80 

SER-ALA GLY-ASP-ALA - 
V.~-LEU- GLY-VAL-ALA-/~RO- SNR-vAL_ ~ER- J.~U- TYR-AL~-VAL-LYB-VAL- LEU-AsN_ SF2.t _ S.RR- GLY- 

9O i00 

ER L GLN TRP LE ILE-ASN LV L ILE-ALA ASN 
S -G Y-SER-TYR-SER-GLy-I -V~L_S~R-G . - I  E-GLU-TRP-ALAvTtttt_THR-ASN-GLy-I~T-ASP- 

llO 120 

PRO ALA LF.U ALA L 
V~.L- ILE-ASN-I~T-SER-LEU- GLY- GLY-ALA- SER- GLY- SER- TH~-ALA-i~T-LYS - GLN-A A-VAL-ASP- 

130 140 

LYS VAL SER GLU SER-THR 
ASN - ~ -  TYR - ~ - / k R G -  GLY-V/U~-VAL-V.~L-V/~-ALA-/kLA-ALA- GLY-ASN- SF.2t- GLY-ASN- SER- GLY- 

150 160 

SER-SER VAL GLY PRO 
SER- THR-ASN- THR- I LE- GLY- TYR- PRO-AL A- LYS- TYR-As P - SER-VAL- I LE- ALA-VAL- GLY-ALA-VAL- 

170 180 

SER-ASN-GLN ~ PRO ASP ~ 
ASP- SER-ASN_ SER-ASN- AR G-ALA- SER- PHE- SER- oER-VAL- GLY-AL A- GLU- LEU- GLu-VA t,-ME T -ALA- 

190 200 

VAL-SER-ILE-GLN - - LEU GLY - LYS GLY-ALA-TYR L - 
PRO- GLY-ALA_ GLY_VAL_ TYR-SER-THE- TYR-PRO- THR-ASN- THR- TYR-ALA_ THR_LEu-ASN-G Y-THR- 

210 220 

SER-MET-ALA- SER-PRO-HI S-VAL-ALA- GLY-ALA-ALA-ALA-LEU- I LE-LEU- SER-LYS-HI S- PR0-ASN- 

230 240 

TRP-THR-ASN-THR SER-SER GLU-ASN THR, LYS ASP 
LEU_ S N R _ ~ _  SBR- GLN-V/kL-ARG-ASN_ARG-LEU-sF, R_SFA:~- TI'~-ALA '- TttR- TYR-I~U- GLY- SER- S-~R- 

250 260 

TYR- TYR- GLY-LYS- GLY-LEU - ILE-ASN-VAL- ~-ALA-ALA-ALA- GLN PHE- 

270 275 

Figure 1. The amino acid sequences of subtilisin BPN' and subtilisin type Carlsberg. In those cases where the two 
enzymes differ in sequence the upper line refers to subtilisin BPN' and the lower line to subtilisin type Carlsberg. 
The deletion in position 56 is indicated by a m 
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stable in hydrogen-bond breaking media (e.g. 8 

M-urea) or media that weaken hydrophobic in- 

teractions (e.g. 50% alcohol) (141). The reason 

for this remarkable stability is probably that 

each of the two types of forces mentioned 

above are strong enough to keep the molecule 

together by itself, so that weakening of only one 

type will have no denaturing effect on the 

molecule. As mentioned above, crystallo- 

graphic studies of subtilisin BPN' (216) and sub- 

tilisin type Novo (41) have shown these 

enzymes to be identical. Subtle differences, 

observed with respect to the binding of anions 

and water molecules, may be due to the diffe- 

rent ways in which the crystals were produced 

in the two cases. 

While the three-dimensional structure of sub- 

tilisin BPN' is known it has been difficult to 

produce crystals of subtilisin type Carlsberg 

suitable for X-ray diffraction studies. TSERNO- 

GLOU and PETSKO (203) have recently obtained 

preliminary data on this enzyme measured to 

3.4A resolution. Therefore, an exact com- 

parison of the two structures seems possible 

within the near future. However, it was pointed 

out by WRIGHT et  at. (216) that all but one of 

the differences between the amino acid se- 

quences of the two enzymes occur on the sur- 

face of subtilisin BPN' while the amino acid se- 

quence comprising the interior of subtilisin 

BPN' is nearly identical to the corresponding 

sequence of subtilisin type Carlsberg. Further- 

more, the single difference in the interior was a 

conservative substitution of an isoleucine in 

subtilisin BPN' by a leucine in subtilisin type 

Carlsberg. On the basis of these observations, a 

three-dimensional model of the Carlsberg 

enzyme, based on the coordinates available for 

subtilisin BPN' and the assumption that the 

folding of the two enzymes were identical, was 

built at the Carlsberg Laboratory. No diffi- 

culties were encountered in constructing the 

model. The single deletion in position 56 oc- 

curs in a turn of the chain, and residues 55 and 

57 were connected through a peptide bond 

without difficulty. With the two models at hand 

(the BPN' model was also constructed), it was 

possible to study the topography of the enzyme 

surfaces and to make comparisons between the 

two enzymes. 
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Such comparisons were especially valuable for 

the approach chosen by the present author in 

the study of the subtilisins. Chemical modifica- 

tion studies have been performed with all of the 

functional amino acid side-chains except the 

guanidinium group of arginine, and section 2 

reviews the chemical modification studies of  

the subtilisins performed at the Carlsberg Lab- 

oratory as well as by other investigators. 

Some amino acid side-chains appear to be 

without importance for the function of the en- 

zymes, while chemical modifications of others 

impair or totally block catalysis. However, it 

was found that in some cases the rate of 

hydrolysis of certain large substrates is 

enhanced while that of small substrates is un- 

affected (85, 88, 188). Chemical modifications 

of proteases therefore appear to be one way of 

studying the binding of large substrates. 

Studies of the mechanism of action of proteo- 

lytic enzymes have to a very large extent been 

performed with small substrates. Since most of 

the proteases also function as esterases it has 

been common to use esters of amino acids as 

substrates in this kind of work, and much in- 

genuity has been shown in synthesizing sub- 

strates with especially labile ester bonds or con- 

taining chromophoric groups that facilitate the 

kinetic measurements. Proteolytic enzymes, 

however, are produced by the organisms with 

the purpose of hydrolyzing proteins and 

peptides. Therefore attention must be focused 

on these substrates as well, in order to obtain a 

more complete understanding of the catalytic 

behavior of the proteases. The complexity of 

their action on proteins was already anticipated 

by EMIL FISCHER who in 1903 wrote (45): 

,,Aus den vorstehenden Beobachtungen 

geht hervor, dass die Hydrolyse yon Di- 

peptiden und ihren Derivaten durch Pan- 

creatin von sehr verschiedenen Facto- 

ren, d.h. vonder  Natur der Aminos/iure, 

von ihrem sterischen Bau und endlich 

bei den Derivaten auch vonde r  Zusam- 

mesetzung des ganzen Molekfils ab- 

h~ingig ist. Dieses Unterschiede werden 

sich bei den H6heren Polypeptiden zwei- 

fellos in gr6sserer Mannigfaltigkeit 

wiederholen und man kann sich darnach 

ungef~ir eine Vorstellung dar/iber 
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machen, wie verschiedenartig der An- 

griff des Enzyme sich bei den noch viel 

complizirter zusammengesetzten Pro- 

teinstoffen gestalten muss,,. 

Some of the questions which have to be 

answered when discussing the binding of 

proteins to proteolytic enzymes are: How large 

an area of the enzyme surface is involved in the 

binding, and in which way does the binding at 

multiple points influence the rate of hydrolysis 

and the specificity of the enzyme? Are all large 

substrates bound in an identical manner, or are 

there different binding modes for different sub- 

strates? Are different binding modes for the 

same substrate a possibility? 

Different approaches to the study of binding of 

large polypeptides to proteolytic enzymes have 

been used. These include: 

1. Kinetic studies involving chemically modi- 

fied enzymes. 

2. Kinetic studies using synthetic polypeptides. 

3. Crystallographic studies of enzyme-inhibitor 

complexes. 

Although many investigations involving chem- 

ical modifications of proteases have been 

published, only few are discussed in terms of 

binding of large substrates. The main interest 

has usually been concentrated around the 

participation of functional side-chains in the 

catalytic process or in maintaining the tertiary 

structure of the enzyme. The enzymatic conse- 

quences of the chemical modifications of sub- 

tilisin (3, 88, 188) which have been shown to in- 

fluence specifically the binding of large sub- 

strates are discussed (section 3.4.4) in relation 

to those results obtained by other laboratories 

using methods 2 and 3. 

Kinetic studies involving synthetic polypeptides 

have been performed with the subtilisins (sec- 

tions 3.4.1 and 3.4.3) and a number of other 

proteases (section 4). In most cases peptides 

have been used in which side-chains, stereo- 

chemical properties, and the length of the 

peptide-chain have been varied. Kinetic studies 

of natural polypeptides of known sequence, as 

exemplified by the extensive use of the B-chain 

of oxidized insulin (85), may also give useful in- 

formation about the specificity. 

Chemical modifications of the side-chains in 

natural polypeptides seem to offer another 

possibility for studying the binding of large sub- 

strates to proteases, but no systematic studies of 

such an approach have been published. The B- 

chain of insulin appears to be very suitable for 

this purpose since it contains several amino 

acid side-chains (His, Cys, Glu, Tyr, Arg, Ser, 

Thr and Lys) which can be modified in various 

ways. 

Detailed crystallographic studies concerning 

the binding of synthetic polypeptide inhibitors 

to subtilisin BPN' (159, 160) as well as to 

chymotrypsin, trypsin and elastase (175, 179, 

196) have been performed. These results are 

compared in section 4. Binding of natural 

polypeptide inhibitors to proteolytic enzymes is 

of special interest, and results based on model 

building have been published for complexes of 

pancreatic trypsin inhibitor with trypsin and 

chymotrypsin (75). A recent preliminary study 

of the complex between subtilisin BPN' and an 

inhibitor from Streptomyces has also been re- 

ported (168). 

2. C H E M I C A L  M O D I F I C A T I O N S  O F  

T H E  S U B T I L I S I N S  

In this section the chemical modification 

] 'able  I 

The amino acid composition of subtilisin type Carls- 
berg and subtilisin BPN'. 

Amino acid Carlsberg BPN' 

Lysine 
Histidine 
Arginine 
Aspartic acid 
Asparagine 
Threonine 
Serine 
Glutamic acid 
Glutamine 
Proline 
Glycine 
Alanine 

9 
5 
4 
9 

19 
19 
32 

5 
7 
9 

35 
41 

Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Tryptophan 
Cysteine, cystine 

31 
5 

10 
16 
13 
4 
1 

0 

11 
6 
2 

11 
17 
13 
37 
4 

11 
14 
33 
37 
30 
5 

13 
15 
10 
3 
3 
0 
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studies performed with the functional side- 

chains of the subtilisins will be reviewed. The 

number and kind of functional side-chains in 

the two enzymes are given in Table I together 

with the total amino acid composition. In those 

cases where other methods have been used (for 

example potentiometric titration or spectro- 

photometric studies), these are also included. 

However, the discussion of those cases where 

the modifications led to changes in the binding 

properties of the enzymes with respect to large 

substrates will be postponed to section 3, where 

it is included in a general discussion of the 

binding properties of the subtilisins. 

2. I. Modification of Lysyl Residues 

Among the large number of reagents available 

for modification of lysyl residues (32, 208) the 

four acylating agents potassium cyanate, 

succinic anhydride, glutaric anhydride, and 

maleic anhydride have been used in the studies 

of the subtilisins. 

2. l. 1. Carbamylation 

Of the 11 lysyl side-chains in subtilisin BPN', 

10.3 were found to react with potassium 

cyanate to form homocitrulline groups (187). 

The large change in net charge that takes place 

by replacing 10 to 11 positively charged lysines 

with neutral homocitrullines did not influence 

the tertiary structure of the enzyme to any ma- 

jor extent as shown by the unchanged optical 

rotatory dispersion parameters, b o and ~ ,  and 

sedimentation velocity, s2o.w.~ The susceptibility 

of modified enzyme to acid denaturation was 

identical to that of the unmodified one, showing 

that a simple change of net charge cannot ex- 

plain the unfolding in acid medium (141). 

In addition to the E-amino groups of lysine, the 

N-terminal a-amino group was also modified. 

This was shown by carrying out an end group 

determination according to the method of 

STARK (191). These findings are in agreement 

with the proposed tertiary structure (216). All 

of the lysyl side-chains but one are freely 

accessible on the surface of the molecule. The 

side-chain of Lys94 is located in a surface 

crevice and probably reacts much more slowly 

with potassium cyanate than the rest of the lysyl 

residues. Inactivation took place concomitantly 

with the modification of the a- and E-amino 

groups. However, it was shown that modifica- 

tion of other groups must be responsible for the 

loss of activity, since reactivation was easily 

obtained in 1 M NH2OH at pH 7.5, conditions 

which do not affect the modified c- and a- 

amino groups. Furthermore the rate of inactiva- 

tion was strongly pH-dependent being much 

faster at pH 6 than 8, while the rate of reaction 

with the amino groups is pH-independent in the 

range 6 to 9 (192). Since the activity of 

reactivated subtilisin BPN' was identical to that 

of the unmodified enzyme towards 0.5% 

clupein it was concluded that the lysyl side 

chains, as well as the N-terminal amino group, 

were of no importance for the activity of this 

enzyme. 

2.1.2. Succinylation 
GOUNARIS and OxxEsen (56) have shown that 

10 of the 11 lysyl residues in subtilisin BPN' are 

susceptible to reaction with succinic anhydride. 

Among the other side-chains which could 

potentially be modified, tyrosyl residues were 

shown to be intact. No analyses were perform- 

ed, however, for possible reactions with 

histidyi, seryI, or threonyl residues. 

In subtilisin type Carlsberg, 6 to 7 of the 9 lysyl 

residues can be succinylated (88). Although the 

reaction between subtitisin type Carlsberg and 

succinic anhydride led to remarkable changes 

in the enzymatic properties of the enzyme (see 

section 3.4.4), it was shown that these were not 

related to modification of lysyl side-chains. 

2.1.3. Glutarylation 

JOHANSEN (88) also modified subtilisin type 

Carlsberg with glutaric anhydride and showed 

that 8 of the 9 lysyl residues were modified. The 

concomitant changes in enzymatic properties 

(see section 3.4.4) were also in this case un- 

related to the modification of lysyl residues. As 

in subtilisin BPN', all lysyl side-chains but one 

are freely exposed on the enzyme surface (as 

judged from the tentative three-dimensional 

model), the exception again being Lys94. 

2.1.4. Maleylation 

Maleylation of subtilisin BPN' has been 

performed with maleic anhydride and 2,3- 
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dimethyl maleic anhydride (48) and 10.7 of the 

11 lysyl residues were modified in this case. The 

enzymatic consequences of this modification 

will be discussed in relation to the hydrolysis of 

salmine sulphate (see section 3.4.4). 

2.1.5. Cross-linking with Glutaraldehyde 

Although glutaraldehyde is used as a cross- 

linking reagent (60, 150) rather than as a probe 

for the role of lysyl residues in the structure- 

function relationship of proteins, the reaction 

with this reagent is included in this section since 

it is believed that cross-linking takes place via 

lysyl residues. The reaction mechanism, how- 

ever, is not yet known. OGATA et al. (132) used 

glutaraldehyde to cross-link subtilisin BPN'. 

The insoluble derivative obtained was still 

enzymatically active although the rate of 

hydrolysis of various substrates was greatly 

reduced relative to that of the unmodified 

enzyme. 

2.2. Modification of Tyrosyl Residues 

The phenolic side chain of tyrosyl residues is an 

excellent object for chemical modification 

since it can be substituted both in the ring 

(nitration and iodination) and at the phenolic 

hydroxyl group (acylation). The spectral 

characteristics of tyrosyl side-chains make them 

suitable for spectroscopic studies such as spec- 

trophotometric titration and solvent perturba- 

tion. The tyrosyl residues of the subtilisins have 

been studied by means of all the methods 

mentioned above and are therefore the best 

characterized functional groups in these 

enzymes. 

2.2.1. Nitration with Tetranitromethane 

The introduction of tetranitromethane (TNM) 

by VALLEE and coworkers (184) as a nitrating 

agent for proteins appeared at first very promis- 

ing in terms of selectivity and mild reaction 

conditions. TNM was thought only to react 

with tyrosyl side-chains by converting them into 

3-nitrotyrosyl residues, and to react with the 

sulphydryl group of cysteinyl residues in an ox- 

idation reaction leading to the formation of di- 

sulphide bonds or sulphinic acid. It was later 

shown that reaction with tryptophanyl, 

methionyl and histidyl residues can also take 

place (185, 186) at pH's higher than 8 or at large 

molar excesses of TNM. While these side 

reactions can be minimized or eliminated, 

reactions leading to polymerization products 

pose a more serious problem. According to 

BRUICE et al. (28) the nitration of tyrosine 

proceeds via a free radical mechanism. There- 

fore the reaction of the phenoxy radicals with 

one another may give rise to coupling 

products. If the reaction takes place between 

radicals from different molecules polymeriza- 

tion occurs. This is demonstrated in several 

cases (for example 20, 107, 209). 

WILLIAMS and LOWE (213) have shown that 

treatment of tyrosine at pH 9.0 led to formation 

of di-tyrosine, tri-tyrosine, and higher homolo- 

gues. They also isolated di- and tri-tyrosine 

from acid hydrolysates of insulin and 

ovotransferrin, provided that the ratio of TNM 

to tyrosine was 1:1. 

It was shown by SVENDSEN (188) that 9 out of 13 

tyrosyl residues in subtilisin type Carlsberg and 

8 out of 10 in subtilisin BPN' reacted with 

TNM. However, the sum of tyrosine and 3-ni- 

trotyrosine determined by amino acid analysis 

never exceeded 11 in subtilisin type Carlsberg 

except at very low degree of substitution. This 

observation suggested that cross-linking had 

taken place. It was shown by gelfiltration on 

Sephadex GI00 that polymerization took place 

to only a limited extent, and that the number of 

3-nitrotyrosines and tyrosines were the same in 

the monomer and the polymer (which presum- 

ably was a dimer) (190). The observed side reac- 

tion probably leads to intramolecular cross- 

links between tyrosyl residues situated close 

together on the surface of the molecule or to 

cross-links between tyrosyl residues in the 

molecule and tyrosyl residues in autolysis 

peptides which are always present in the reac- 

tion mixture. Although most of the tyrosines 

can be nitrated in both subtilisins they do not 

react with the same rate. Thus MARKLAND 

(111) has shown that five tyrosyl residues in sub- 

tilisin BPN' react readily with TNM. These 

were identified as tyrosyl residues 6, 21, 104, 

217, and 262. Tyrosyl residues 91, 263, and 

either/or 167/171 were partially modified (183). 

In subtilisin type Carlsberg the following 

assignments were made (190): tyrosyl residues 
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57, 104, 143, 206, and 209 were fully nitrated, 

tyrosyl residue 91 was partially nitrated, tyrosyl 

residues 167 and 171 were either both nitrated 

partially or only one was fully nitrated. 

Residues 6 and 214 were not modified. No 

assignment could be given to residues 256,262, 

and 263. 

In both enzymes Tyrio4 could be selectively 

modified (183, 190) but the reason for the high 

reactivity of this residue is still obscure. 

2.2.2. Iodination 

Iodination has been used for many decades as a 

means of modifying proteins. The reagent 

iodine in potassium iodide is not very specific 

since tryptophan, methionine, cysteine, 

histidine, as well as tyrosine can be modified. A 

systematic investigation by HUGHES and 

STRAESSLE (77) showed that the optimal reac- 

tion conditions for selective modification of 

tyrosyl residues were pH 9.4, low temperature 

(4~ and addition of the reagent in small in- 

crements. These conditions were adopted by 

SVENDSEN (190) for the modification of tyrosyl 

residues in the subtilisins. As in the nitration ex- 

periments, 9 of the 13 residues in subtilisin type 

Carlsberg and 8 of the l0 residues in subtilisin 

BPN' could be modified. Amino acid analysis 

showed only tyrosyl residues to be modified. 

However, since tryptophan was not determined 

in these analyses, it cannot be excluded that this 

amino acid was modified as well. The decrease 

in enzymatic activity of subtilisin BPN' 

observed when more than four tyrosyl residues 

were modified (190) may well be due to the un- 

detected modification of tryptophanyl residues. 

Tyro04 is the first residue to be iodinated in sub- 

tilisin BPN'. This was shown by WEBER and 

KRAUT (211) who used 12qC1 as modifying rea- 

gent. The segment of the polypeptide chain 

containing labelled Tyro04 was isolated from a 

tryptic digest, and X-ray analysis of the 

crystallized enzyme derivative also showed 

Tyrlo4 to be the only residue iodinated. In the 

crystalline state only four tyrosyl residues could 

be iodinated with an excess of iodine (216).X- 

ray diffraction studies showed that 2 iodine 

atoms were located near Tyr~o4 (indicating a 

diodotyrosyl residue), 2 iodine atoms close to 

Tyro, (disubstitution), one iodine between 

Tyro67 and Tyr,~ (monosubstitution of one of 

these residues), and one iodine atom close to 

Tyr2~ (monosubstitution). 

Both nitration and iodination led to pro- 

nounced changes in the enzymatic properties of 

the subtilisins. These changes will be discussed 

in detail in section 3.4.4. 

2.2.3. Acylation 

Acetylation of tyrosyl residues can be achieved 

by reaction with either N-acetylimidazole or 

acetic anhydride (156). Of these reactions N- 

acetylimidazole is the more selective since it 

preferentially reacts with tyrosyl residues while 

acetic anhydride reacts with a- and t-amino 

groups with equal rate. Since an acetyl tyrosine 

is easily converted to tyrosine by treatment with 

hydroxylamine at alkaline pH, the effect of 

acetylating lysyl residues alone can be studied. 

Using N-acetylimidazole, MYERS and GLAZER 

(119) acetylated all tyrosyl residues in the 

phenyl methyl sulfonyl fluoride (PMSF) in- 

hibited forms of both subtilisins. Inhibition of 

the enzymes prior to acetylation was found 

necessary because the active enzyme hydro- 

lyzed the reagent much too fast for modifica- 

tion of tyrosyl residues to take place at the same 

time. Preliminary experiments by SVENDSEN 

showed that acetylation of the active subtilisins 

at pH 7.0-7.5 and 3~ with an excess of acetic 

anhydride led to inactivation. Activity could be 

restored either by treatment with 1 M- 
hydroxylamine at pH 7.5 or by raising the pH to 

9.0. However, the reactivation was much slower 

with subtilisin Carlsberg than with subtilisin 

BPN'. Complete acetylation of the tyrosyl resi- 

dues was not achieved in these experiments as 

estimated from the decrease in absorbance at 

278 nm. It is noteworthy that spontaneous dea- 

cylation of the acetylated intermediate is very 

fast when N-acetylimidazole is used while an in- 

active derivative can be obtained with acetic 

anhydride as the acylating reagent. 

Although succinyl tyrosyl residues are unstable 

due to deacylation by autocatalysis (155) the 

latter process is slow enough for the number of 

residues initially modified in the subtilisins to 

be determined. JOHANSEN (88) found that 9 

residues could be modified in subtilisin type 

Carlsberg, and that deacylation took place in 
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such a way that three of the modified residues 

deacylated with a rate one third of the rate of 

the other six. In subtilisin BPN' all ten residues 

could be modified (JOHANSEN, personal com- 

munication), and in this case a difference in the 

rate of deacylation was also observed. 

In contrast to succinyltyrosyl residues the 

corresponding glutaryl derivatives were rela- 

tively stable in aqueous solution (88). 6.2 re- 

sidues were modified in subtilisin type Carls- 

berg, one of which deacylated abnormally fast. 

2.2.4. Spectrophotometric Titration 

of the DFP-inhibited subtilisins (112)showed 

that some of the tyrosyl residues have abnorm- 

ally high PKa-values. Thus, in subtilisin type 

Carlsberg, 6 residues had pKa(app ) of 9.92, 4 

residues pKa(app ) of 11.61 and 3 residues pK a 

above 12.5. In subtilisin BPN' 5 residues 

titrated with PKa(app ) of 9.74, 3 residues with 

PKa(app ) of 11.25, and 2 residues had pK a 

above 12.5. 

2.2.5. Solvent Perturbation 

Two papers have been published dealing with 

the solvent perturbation of aromatic side-chains 

in the subtilisins. MYERS and GLAZER (119) 

studied the effect of 20% ethylene glycol and 

concluded that 8.8 tyrosyl residues were ex- 

posed to solvent in both enzymes. This figure 

represented the summation of the effect on ful- 

ly as well as partially exposed residues. 

HERSKOVITS and FUCHS (69) used eight 

perturbants of increasing diameter in the study 

of subtilisin BPN'. They found 6.4 _+ 1 as the 

apparent number of residues exposed. With 

20% ethylene glycol the number was 6.0. This 

figure differ markedly from that obtained by 

MYERS and GLAZER, but the solvent composi- 

tion (apart from the 20% ethylene glycol) and 

pH was different in the two sets of experiments 

and may have influenced the accessibility of the 

tyrosyl residues. 

2.2.6. Circular Polarization of Fluorescence 

In a recent study by SCHLESSINGER et al. (172) 

using the technique of circular polarization of 

fluorescence, it was demonstrated that changes 

in the environment of some of the tyrosyl 

residues in subtilisin type Carlsberg take place 

in the pH range from 5.0 to 8.3. In subtilisin 

BPN' changes in the environment of both 

tyrosyl and tryptophanyl residues take place in 

the same pH interval. According to the authors 

the results indicate that local changes in con- 

formation may be of importance for the activity 

of the subtilisins. 

2.2.7. Comparison with the Models 

Inspection of the three-dimensional model of 

subtilisin BPN' shows that no tyrosyl side-chain 

is buried deep in the interior of the molecule. 

On the contrary, all are located at or close to 

the surface. HERSKOVlTS and FUCHS (69) have 

estimated the degree of exposure to range from 

70 to 80% (Tyr21 and Tyr262) to 30 to 40% (Tyr167 

and Tyr2~4). In subtilisin type Carlsberg all 13 

residues are also located at or close to the sur- 

face of the molecule. However, the hydro- 

phobic environments of some of the residues in 

both enzymes are so dominating that the pK a- 

values are drastically increased. The possibility 

of hydrogen bonding of some of the residues ex- 

ists and might also add to the increased pK a- 

values. 

Table II shows the number of tyrosyl residues 

that can be chemically modified by various 

reagents. There is a fair agreement between 

chemical reactivity and degree of exposure 

determined spectrophotometrically or by sol- 

vent perturbation. However, all residues can be 

modified by N-acetylimidazole (119), a result 

which shows that the terms ,,buried,, and ,,ex- 

posed,, side-chains are not fixed values, but de- 

pend on the experimental conditions. Size, 

charge and solubility of a chemical reagent are 

important in determining the reaction with 

functional residues in proteins. 

2.3. Seryl and Threonyl Residues 

By definition the classification of the subtilisins 

as ,,serine proteases,, (64) implies that the 

catalytic site contains a very reactive seryl 

residue, but chemical modification of other 

seryl and threonyl residues on the enzyme sur- 

face has also been reported. 

2.3.1. Active Site Seryl Residue 

In the original article on the purification of sub- 
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Table II 

Tyrosyl residues in subtilisin type Carlsberg and subtilisin BPN' available for various chemical modifications and 
for investigation by spectrochemical methods. 

Number of tyrosyl residues 
in subtilisin 

Kind of experiment Carlsberg Novo Ref. 

Amino acid hydrolysis 
Nitration (exhaustive) 
Nitration (mild) 
Nitration (mild) 
Iodination (exhaustive) 
lodination (mild) 
lodination (in crystals) 
Acetylation 
Glutarylation 
Succinylation 
Spectrophotometric titration 

PKin t 9.2- 9.4 
PKim 9.9-10.3 
PKintabove 12.5 

Solvent perturbation (residues exposed) 
Solvent perturbation (residues exposed) 

13 
9 
6 

9 
6-7 

13 
6 
9 

6.4 
3.6 
3 

8.8 

10 
8 
5 
5 
8 
4 
4 

10 

10') 

5.3 
2.7 
2 
6.4 
8.8 

(113) 
(188) 
(188) 
(183) 
(188) 
(188) 
(211) 
(119) 
(88) 
(88) 
(112) 

(119) 
(69) 

~) Johansen, personal communication 

tilisin type Carlsberg, GONTELBERG and 

OTTESEN (59) demonstrated that the enzyme 

was almost completely inactivated by diisopro- 

pyl fluorophosphate (DFP). OTTESEN and 

SCHELLMANN (138) crystallized the DFP- 

inactivated enzyme and demonstrated the in- 

corporation of one gram of diisopropyl 

phosphate (DIP-) per 27.400 grams of enzyme, 

corresponding to a 1 : 1 stoichiometry (113). The 

inactivation of crystallized BPN' with DFP, as 

described by MATSUBARA and NISHIMURA 

(114), also involved 1:1 stoichiometry. Peptides 

containing the active site serine were isolated 

and the sequences determined by SANGER and 

SHAW (167) after partial acid hydrolysis of 

DFP-inactivated subtilisin BPN' and by 

NOLLER and BERNHARD (131) after reaction 

with furylacryloylimidazole followed by 

enzymatic digestion. The sequence studies by 

SMITH and coworkers (109, 182) performed on 

the DIP-enzymes identified the seryl residue as 

Ser221 in both enzymes. 

Almost complete inactivation of subtilisin B PN' 

could be obtained with PMSF by reaction with 

Ser22, (129, 147). Treatment of this derivative at 

pH 5.2-5.5 with thiotacetate expels the 

phenylmethylsulfonyl moiety with formation of 

a thiol ester which decomposes spontaneously 

to form ,,thiol,, subtilisin according to the 

following scheme: 

subti[isin- OH 

subti lisin - SH ~-" 

+C6HsCHzSOzF 

-HF 

+ H20 

-CH3CO0- 

i subtiLisin- O- SO2CHzC6H5 

-C6H5CH2S03 1 +CH3COSH 

subtitisin - S- COCH 3 

Carlsberg Res. Commun. Vol. 41, No 5, 1976 247 



I. SVENDSEN: Chemical Modifications of the Subtilisins 

The subtle change of the OH-group of Ser~21 to 

a SH-group led to loss of activity towards all 

amide and peptide substrates (129, 147) and 

ester substrates which do not have a very good 

leaving group. Subtilisin type Carlsberg is also 

inhibited by PMSF and can be further modified 

to the thiol derivative, the enzymatic conse- 

quences being the same as for the BPN' enzyme 

(148). 

PMS-subtilisin BPN' can be completely 

reactivated by incubation with formohydrox- 

amic acid (206) while hydroxamic acid, being a 

weaker nucleophile, reactivates the enzyme to 

the extent of only 10% even after 15 hrs of in- 

cubation at pH 9. Reactivation of the DIP- 

enzyme was not possible with formohydrox- 

amic acid and no reports showing reactivation 

of DIP-subtilisin have so far been published. A 

difference is noted here between subtilisin on 

the one hand and trypsin and chymotrypsin on 

the other, since the DIP-derivatives of the latter 

two enzymes have been reactivated by 

nucleophilic reagents (33, 34). MORRISETT and 

BROOMFIELD (128) explained the inertness of 

DIP-subtilisin to reactivation by steric in- 

accessibility of the reagent to the susceptible 

bond. If this explanation is correct, the observa- 

tion by DRENTH and coworkers (40) that DIP- 

subtilisin BPN' loses one isopropyl group upon 

crystallization is interesting from the view-point 

of reactivation. The loss of a bulky isopropyl 

group would reduce the steric barrier con- 

siderably and thus make the serylphospate 

bond more liable for attack by a nucleophilic 

reagent. 

The inactivation of the subtilisins by KOCN 

most likely is due to carbamylation of Ser22~ 

(187). Although direct evidence is still lacking 

for the subtilisins, the active seryl residue in 

chymotrypsin was shown to be carbamylated 

after reaction with radioactive labelled KOCN 

(176). Inactivation of chymotrypsin has also 

been achieved with p-nitrophenyl cyanate (161) 

and alkylisocyanates (26) and in both cases 

reaction with Ser19 s w a s  demonstrated. 

However, in these two cases the rate of in- 

activation was faster at high pH while the 

opposite was the case in the inactivation of sub- 

tilisin (187) and chymotrypsin by KOCN (176). 

A satisfactory explanation of this ,,abnormal,, 

inactivation pattern is still lacking. The rate of 

inactivation of subtilisin BPN' depended on a 

group with a pK a pf about 7.7 and it was 

suggested (187) that a histidyl residue acted as 

the primary acceptor from which the carbamyl 

group was transferred to Ser2w However, such 

a reaction scheme was found most unlikely 

from model studies on carbamylation of imi- 

dazole by STARK (193). He suggested that it 

was the active seryl residue itself which acted as 

a nucleophile directly on cyanate. Since 

hydroxyamino acids react very poorly with 

cyanate (194) it was assumed that the high 

reactivity of Ser221 w a s  mediated by a general 

base catalysis involving the histidine in the 

catalytic center. To the present author such an 

explanation does not account fully for the pH- 

dependence of the inactivation. Since, 

according to STARK (194), the reaction will 

proceed via the following scheme: 

0 
- ~ | l  -Serzzl-OH+NCO +HzO,,--- Se~zI-O-C-NH2+OH- 

a decrease in pH will lower the concentration 

of both NCO- and activated Ser2~l which in 

turn will lead to a drastic decrease in rate of 

reaction. 

The reaction of HOCN with carboxylate groups 

depends on pH in a way compatible with the in- 

activation reaction of subtilisin and chymo- 

trypsin: 

0 0 
II II 

R-CO0- + HOCN + H20 ~ " R-C-O-C-NH2+OH- 

A decrease in pH will increase the forward reac- 
tion because more HOCN is available and 

decrease the backward reaction because of a 

decrease in OH-(192). Carbamylcarboxylates 

are likely to be poor carbamylating reagents in 

solution but, since they are in a fixed position 

relative to the active seryl residue in the 

enzyme molecule, it is reasonable to assume 

that the reactivity might be greatly enhanced. 

However, the answer to this puzzling question 

must await further experimentation. 

Inactivation of subtilisin has also been observed 

by reaction with hexamethylenediisocyanate 

(145). The inactivation in this case was also ex- 

plained by reaction with Ser2w 
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2.3.2. Other Seryl Residues 

JOHANSEN (88) has shown that treatment of sub- 

tilisin type Carlsberg with succinic anhydride 

led to modification of about 12 seryl and 

threonyl residues. Using glutaric anhydride, it 

was possible to modify 14 residues. The drastic 

changes in enzymatic properties resulting from 

these reactions will be discussed in section 

3.4.4. 

2.4. Modification of Histidyl Residues 

Inspection of the three-dimensional model of 

subtilisin BPN' shows that three of the six 

histidyl residues are deeply buried in the in- 

terior of the molecule. These a re  His39 , His67 

and His226. Although His,  is located at the sur- 

face of the molecule, it is oriented in such a way 

that protonation of the imidazole appears un- 

likely. Thus, only His64 and His238 are expected 

to respond normally to chemical modification 

and titration. Subtilisin type Carlsberg differs 

from the BPN' enzyme with respect to number 

and position of histidyl residues in the se- 

quence, only in that Hiss7 in the BPN' enzyme is 

replaced by a glutamine residue in subtilisin 

type Carlsberg. The two enzymes should 

therefore respond similarly to chemical 

modifications of their histidines. 

GOUNARIS and OTTESEN (56) suggested that 

some histidyl residues were located in the in- 

terior of subtilisin BPN'. Protonation of these 

residues would be one way of explaining 

denaturation of this enzyme at acid pH. More 

direct physical-chemical evidence came from 

the potentiometric titration performed on the 

PMSF-inactivated enzyme by OTTESEN and 

RALSTON (144) who showed that the best agree- 

ment between the experimental data and a 

theoretical titration curve was obtained by 

assuming four buried histidyl residues and four 

buried carboxyls. 

Chemical modification by means of photo- 

oxidation has been performed by OOSTERBAAN 

and COHEN (137) on subtilisin BPN'. One 

histidyl residue was modified, but the concomi- 

tant loss of activity could not be correlated with 

the loss of this residue alone, since the rate of 

inactivation was 1.7 times faster than the rate of 

disappearance of the histidyl residue. Simul- 

taneous modification of one tryptophanyl and 

one methionyl residue probably increased the 

rate of inactivation. Although the oxidized 

histidyl residue was not identified it is 

reasonable to believe that it was the catalytical- 

ly important His64. BISBY et aL (16) found that 

oxidation of one or more histidyl residues in the 

subtilisin by means of selective free radical 

reactions also led to inactivation. 

The present author has shown that the histidyl 

residues of the subtilisins are unreactive toward 

the alkylating agents iodoacetate and iodoace- 

tamide over a wide range of pH's. In addition 

neither bromopyruvate nor bromoacetate react 

with the subtilisins (113). 

Specific labelling of the histidyl residues in the 

catalytic center of trypsin and chymotrypsin 

has been obtained by alkylation with tosyl-L- 

lysine chloromethyl ketone (TLCK) (177) and 

tosyl-L-phenylalanine chloromethyl ketone 

(TPCK) (177), respectively. The present author 

has shown that at pH 7.5 and 30~ the con- 

ditions employed in the inactivation of 

chymotrypsin and trypsin, none of these active 

site directed reagents reacts with the subtilisins, 

probably due to poor binding. Similar results 

were obtained by SHAW and RUSCICA (178)who 

showed in addition that by substituting tosyl by 

benzyloxycarbinol in TPCK a slow inactivation 

of subtilisin BPN' took place, and if the 

chloromethyl moiety was replaced by a 

bromomethyl moiety, the rate of inactivation 

proceeded with a reasonable rate (50% inhibi- 

tion in 4-5 hours). Subsequent isolation of the 

peptide containing the reactive histidyl residue 

showed this to be His64 (110). Although TLCK 

and TPCK do not react with His6~, chloro- 

methyl ketones of various peptides do, and such 

derivatives have been used in the kinetic and 

crystallographic studies of the secondary bind- 

ing sites in subtilisin BPN' as discussed in sec- 

tion 3.4.1. 

2.5. Modifications of Methionyl Residues 

Among the various methods available for 

chemical modification of methionyl residues 

(32, 208) oxidation by H202 has been applied to 

subtilisin type Carlsberg by STAUZFER and 

ETSON (195). Only one methionyl residue was 

found to be modified. Following denaturation 

and digestion with trypsin, a peptide was 
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isolated which contained the methionine sulf- 

oxide formed by the oxidation. This residue was 

identified as Met222, located next to the active 

Ser22r 

Kinetic studies showed that the oxidized 

enzyme was still partly active towards various 

substrates. While KM(app ) changed to a minor 

degree only (both decreases and an increase 

were observed), kca t decreased by a factor rang- 

ing from 2 (cinnamoyl imidazole) to l0 (acetyl 

tyrosine ethyl ester). According to STAUFFER 

and ETSON (195), the presence of the sulfoxide 

dipole of oxidized methionine near the active 

seryl and histidyl residues will alter the 

electronic configuration in such a way as to 

change the rate of hydrolysis. In the case of 

trans-cinnamoyl imidazole hydrolysis, it was 

possible to resolve kca t into kacylation and 

kdeacylation. It was shown that the deacylation 
step was affected to the largest extent. 

As already mentioned (section 2.4) inactivation 

of subtilisin BPN' by photooxidation led to 

modification of one methionyl residue (137). 

However, the modified methionyl residues 

were shown not to be Met222 in this case. 

Finally, N-bromosuccinimide (NBS) has been 

used in modification studies on subtilisin 

BPN'(133). The activity towards ATEE was lost 

concomitantly with modification of methionyl, 

tyrosyl and tryptophanyl residues. At low 

degree of modification (2-4 moles of NBS per 

mole of enzyme), predominantly a methionyl 

and a tyrosyl residue were modified with great 

loss of activity suggesting that the main reason 

for inactivation by this reagent is due to 

modification of a methionyl residue. It appears 

less likely that the modification of a single 

tyrosyl residue will give rise to loss of activity 

towards ATEE, since no tyrosyl residues are 

located in the catalytic region. 

2 . 6 .  M o d i f i c a t i o n  o f  T r y p t o p h a n y l  R e s i d u e s  

As mentioned above (section 2.4) one 

tryptophanyl residue in subtilisin BPN' was 

modified by photo-oxidation (137). Oxidation 
with a 10-fold excess of N-bromosuccinimide 

also led to modification of one residue (133). 

However, changes in other residues took place 

as well. The specific tryptophanyl reagent 2- 

hydroxy-5-nitrobenzylchloride (Koshland's rea- 

gent I) reacts with subtilisin BPN' only to a 

very limited extent. The present author found 

that only 0.1 mole of Trp per mole of enzyme 

was modified at pH 4.75 and a molar excess of 

reagent of 500, when estimated spectroscopical- 

ly. The result is in agreement with that of NEET 

and KOSHLAND (129). The water soluble 

modification of Koshland's reagent I: dimethyl 

(2-methoxy-5-nitrobenzyl) sulfonium bromide 

did not react with subtilisin BPN' either, show- 

ing that the lack of reaction with the 

tryptophanyl residues was not due to the poor 

solubility of Koshland's reagent I. However, it 

was found that in acid denatured enzyme 

approximately two out of the three possible 

residues in subtilisin BPN' were modified. 

The difference in the rates of inactivation of the 

two subtilisins by H202-dioxane was demon- 

strated by the present author in the following 

way: To a 800 ltl solution containing 5 mg sub- 

tilisin type Carlsberg or subtilisin BPN', 200 ~tl 

peroxide-free dioxane, 2 ml 1 M-NaHCO3, and 

800 ltl H20 was added 50 ~tl of a 3% H~O~ solu- 

tion. The reaction mixture was left at room 

temperature and 25 ~tl aliquots were removed 

every 15 min for activity assays on 0.5% clupein 

sulphate, using the pH-stat technique. As seen 

in Fig. 2, both enzymes lost their activity toward 

i I I I t I 

~-.~ ~.> ~>, 1080060 '~1 

.~  20  

k .  

I I I I I 30 60 90 120 150 
time of reaction (min) 

Figure 2. Inactivation of subtilisin type Carlsberg 
---(3-- and subtilisin BPN' - -O--  by H202 in a 
dioxane-NaHCO 3 mixture at room temperature. 
Clupein sulfate was used as substrate for activity 
assays. 
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clupein, but the rate of inactivation was much 

faster with subtilisin BPN' than with subtilisin 

type Carlsberg. 

According to HASHIMORI et aL (65) from whom 

the experimental procedure used above was 

adopted, the extent of modification of 

tryptophanyl residues can be followed by the 

decrease in absorbance at 282 nm. Although 

the characteristic isosbestic points at 267 nm 

and 297 nm were observed in the present ex- 

periments, the total decrease in absorbance at 

282 nm was larger than could be accounted for 

by modification of trytophanyl residues alone. 

An estimation of the degree of modification of 

methionyl residues has not been made in the 

present experiments, and it is therefore not 

possible to explain the cause of inactivation. 

The difference in rate of inactivation may, 

however, reflect a difference in stability of the 

two enzymes, especially since the BPN' enzyme 

contains three and the Carlsberg enzyme only 

one tryptopban per molecule. 

From solvent perturbation studies using 20% 

ethylene glycol MYERS and GLAZER (ll9) es- 

timated the number of exposed tryptophanyl 

residues in subtilisin BPN' to 1.6 and in the 

Carlsberg enzyme to 0.8. A similar result was 

obtained by HERSKOVITS and FUCHS (69). Using 

eight different perturbants the average value 

for exposed residues in subtilisin BPN' was 

found to be 1.9_+0.3. In 8 M-urea all three 

residues were freely exposed. 

Although the three tryptophanyl residues in 

subtilisin BPN' and the single residue in the 

Carlsberg enzyme are located near the surface 

of the enzyme molecule, they are still partially 

buried. Trplo6 in subtilisin BPN' was estimated 

from the three-dimensional model to be only 

30% exposed while the corresponding values 

for Trpm and Trp2~l were 30-40% and 50-70%, 

respectively. If the estimation of the accessibi- 

lity of these residues in the crystalline state also 

is valid for the enzyme in solution, the solvent 

perturbation experiments seem to overesti- 

mate the degree of exposure while the inert- 

ness of these residues towards Koshland's rea- 

gent becomes more understandable. Studies 

with model compounds indicate that the alkyla- 

tion takes place at C-3 in the indole ring (108). 

In a protein this would be close to the ,,back- 

bone,, of the peptide chain which usually is less 

exposed than the side-chains: 

I, 
0 ~'NH CO OH r "Cl'( OH 

~ +Try~ophan 
NO z NO 2 NO 2 

However, it must be remembered that the size 

of the reagent may be partly responsible for the 

lack of reaction with tryptophan. 

2.7. Modification of Glutamic and Aspartic Acid 

Residues 

ADAMS (3) has modified the free carboxyl 

groups in subtilisin BPN' according to the 

,,carbodiimide method,, of HOARE and 

KOSHLAND (72). It was found that when the 

native enzyme was treated with N-ethyl-N'-l,3- 

dimethyl aminopropyl carbodiimide (EDC) in 

the presence of glycineamide or glycinemethyl 

ester at pH 5.1, the maximum number of 

modified carboxyl groups was eight, while all 16 

groups reacted in the acid denatured enzyme. 

The lack of reactivity of eight carboxyl groups 

in the native enzyme may, in part, be explained 

by inaccessibility of the reagent as judged from 

an inspection of the three-dimensional model. 

It was also noted that four carboxyl groups 

were close to either lysyl or arginyl side-chains 

and could possibly form salt-bridges which in 

turn would decrease the reactivity of the 

carboxyl groups. However, it appears to the 

present author that such salt-bridges must be 

weak, since they are formed in aqueous sur- 

roundings. It therefore appears likely that the 

reactivity of the salt-bridged carboxyl groups 

should be affected only to a minor extent. 

ADAMS (3) has discarded the possibility that the 

enzyme denatures if more than eight groups are 

modified because the yield of modified enzyme 

was independent of the amount of EDC used. 

No stability experiments have been performed 

with the modified enzyme, but a smear was seen 

in polyacrylamide gel electrophoresis of the 

maximally modified enzyme, indicating that 

this is more unstable than the native or lightly 

modified enzyme. 

SVENDSEN and STACHOWITZ have attempted 

to modify subtilisin type Carlsberg under the 

following conditions: pH 4.75, 3 ~ glycine 
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methyl ester (600 mg), N-cyclohexyl-N' [13-(N- 

methyl morpholino) ethyl] -carbodiimide 

(CMC) (225 mg), enzyme (25 rag) in 7 ml HzO 

for 20 min. No incorporation of glycine was 

observed when an amino acid analysis was 

performed on a gel filtered, acid hydrolyzed 

sample. On the other hand, acid denatured sub- 

tilisin type Carlsberg incorporated eight glycine 

residues (out of possible 13) under the same 

conditions. The failure of a quantitative reac- 

tion is most likely due to the omission of 

guanidine hydrochloride from the reaction mix- 

ture thereby preventing complete random coil 

formation. 

Since nine of the carboxyl residues are located 

in identical positions in the two subtilisins it 

appears quite unlikely that their lack of reac- 

tion in subtilisin type Carlsberg is caused by 

molecular differences between the two 

enzymes. Since CMC is a bigger and more 

,,clumsy,, molecule than EDC it seems plausible 

that steric hindrance is the main reason for the 

lack of reactivity of CMC. It is possible that if a 

carbodiimide smaller than EDC could be used, 

more than eight carboxyl groups would react in 

subtilisin BPN'. The results discussed above are 

a warning against too categorical conclusions 

about ,,free,, and ,,buried,, functional groups in 

proteins. 

The interesting enzymatic consequences which 

result from modifying the carboxyl groups in 

subtilisin BPN' will be discussed in section 

3.4.4. 

3. B I N D I N G  S I T E S  O F  T H E  

S U B T I L I S I N S  

3. !. Definitions 

In this discussion of the binding of peptide sub- 

strates to the subtilisins it is useful to first define 

the terms related to the functioning of the 

enzyme as they are used in this thesis. It is appa- 

rent from the literature that different terms 

sometimes are used to express the same 

concept. 

The active site is that part of the enzyme which 

is involved in both the binding and hydrolysis of 

substrate. 

The catalytic site consists of those residues 

which are directly involved in the breakage of 

peptide or ester bonds. In the subtilisins the 

catalytic site consists of Ser2z~, Hiss4, and 

possibly Asp32 (see section 3.2). 

The binding site for a given substrate consists of 

that part of the enzyme surface which 

participates in the formation of the Micha61is 

complex between enzyme and substrate. As will 

be shown in this and the following section, the 

binding sites of proteolytic enzymes can be large 

and it is convenient therefore to divide it into 

subsites. The term ,,subsite,, was originally 

defined by SCHECHTER and BERGER (170) as 

,,the region on the enzyme surface which in- 

teracts with one amino acid of the substrate,,. 

The nomenclature for numbering the subsites 

introduced by the authors mentioned above will 

be used in the following and is illustrated by 

Fig. 3. The arrow indicates the bond which is 

hydrolyzed. S~ and S'~ are subsites 1 and 1', 

Substrote 
I 

I 

t I i I I 
i'NH-CH-CO]NH-CH-COTNH-CH-CO]NH-CH-COi 
I R 1 / R 2 t R 3 I R 4  I 

r..nzyme 

Figure 3. Binding between enzyme and substrate 
according to the subsite nomenclature of SCHECHTER 
and BERGER (170). The arrow indicates the bond to be 
hydrolyzed. St and Sz are subsites on the enzyme 
binding amino acid residues P~ and P2 located on the 
N-terminal side of the susceptible bond. S'1 and S~ are 
subsites binding amino acid residues P't and P~ on the 
C-terminal side of the bond to be hydrolyzed. For 
further details see text. 

respectively, which accept the two amino acid 

residues, P1 and P', that donate a carbonyl and 

amino group, respectively, to the susceptible 

bond. The subsites are numbered S~, $2,...S n 

towards the N-terminal end of the substrate and 

S'~, S~,...S~ towards the C-terminal end. The 

primary binding sites are subsites S~ and S'~ and 

the secondary binding sites are subsites $2 to S n 

and S', to S~, respectively. As seen from Fig. 3, 

a subsite accomodates both the side-chain and 

backbone part (-NH-CH-CO-) of a sub- 

strate amino acid residue. If the N- and C- 
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terminal ends of the substrate are blocked, the 

blocking groups are potential occupiers of sub- 

sites of their own. Therefore, the term P should 

not be restricted to amino acid residues alone, 

but also include possible blocking groups 

although these were not included in the original 

definition by SCHECHTER and BERGER. Dis- 

regard of the effect of blocking groups may lead 

to wrong interpretations of the effect of chain- 

elongation on the hydrolysis of synthetic 

peptides. 

Specificity. Operationally, specificity can be 

defined as kinetic specificity which is the 

,,dependence of kca t on the structure,, (46) and 

as binding specificity which is the ,,selectivity 

shown by an enzyme in the formation of an 

enzyme-substrate complex,, (46). Such 

selectivities are expressed in the preference of 

the enzyme for one type of side-chain over 

others, side-chain specificity, or in the preference 

for one of the stereoisomers (usually the L-form 

of an amino acid), stereochemical specificity. 

Recognizing that in large substrates multiple in- 

teractions between substrate and protein took 

place, NEIL et al. (130) distinguished between 

primary specificity which was the ,,minimum 

structure required for enzymatic specificity to 

be manifest,, and secondary specificity which is 

determined by the influence of all other in- 

teractions between enzyme and substrate on 

the hydrolytic action. In the case of the highly 

specific trypsin, the term ,,specificity site, 

seems appropriate, but since most other 

enzymes, including the subtilisins, hydrolyze a 

variety of bonds, all the interactions between 

enzyme and substrate must be taken into con- 

sideration in evaluating the specificity. Such a 

view, recently advocated by FRUTON (46) in the 

case of pepsin, also holds true for the subtilisins 

as will be apparent from the following discus- 

sion. 

Binding via secondary sites is not restricted to 

polypeptides alone, but may occur whenever 

hydrolyses of polymer compounds are taking 

place. Lysozyme serves as a relevant example 

of a carbohydrate hydrolyzing enzyme in which 

six subsites have been recognized (90, 164). 

Nine to ten binding sites were recognized in 

amylase from Bacillus subtilis (162) while five 

were seen in or-amylase from pig (163) and six in 

glucoamylase from Rhizopus delemar (71). Mul- 

tiple subsites have been recognized in the in- 

teraction between oligonucleotides and 

polynucleotide phosphorylase (30) and 

staphylococcal nuclease (35). No reports have 

been published on secondary binding sites of 

lipases. It is reasonable to assume, however, 

that the binding of the polymeric lipids takes 

place also via secondary bindings. 

3.2. Mechanism of Action of the Subtilisins 

The hydrolysis of peptide and ester bonds by 

the subtilisins (and other serine proteases as 

well) proceeds via an enzyme-substrate in- 

termediate in which a covalent bond is formed 

between the carboxyl group of the susceptible 

bond in the substrate and the seryl residue in 

the catalytic site (e.g. 12): 

E-H + R-CO-X~--~-Ks~----E-H �9 R-CO-X 

esterification, alcoholysis) or the a-NH 2 group 

of peptides (trans-peptidation, ammoniolysis) 

can also serve as nucleophiles attacking the 

acylated enzyme E-CO-R. Trans-esterification 

has been demonstrated in the action of sub- 

tilisin type Carlsberg on L-tyrosine ethyl ester 

(52), while no trans-peptidation has been 

reported with the subtilisins (113). However, the 

k z  
)E-CO-R+ HX (acylation) 

k 3 
E-CO-R + H20 )E-H + R-CO-OH (deacylation) 

K s is the dissociation constant for the Micha~lis 

complex, k2 and k 3 are the rate constants for 

acylation and deacylation of the enzyme, 

respectively. The deacylation step normally in- 

volves H20 (hydrolysis), but alcohols (trans- 

less than quantitative recovery of identifiable 

hydrolysis products following digestion of the 

B-chain of oxidized insulin by the subtilisins 

(85) can be interpreted as being due to 

transpeptidase action which gives rise to an 
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indeterminable ,,back-ground, of peptides. 
The catalytic parameters KM(app ) and kca t a re  

related to the constants referred to above in the 

following way: 

KM(app)=Ksk3  (1) 
k2+k3 

kca t = kzk3 
k2+k 3 (2) 

If the rate limiting step is acylation (k2 << k3) it 

follows that KM(app ) = K s, which means that 

the measured dissociation constant is identical 

to the true dissociation constant of the 

Micha61is complex and kca t = k2. This is 

generally accepted to be the case in hydrolysis 

of peptide bonds. However, in hydrolysis of es- 

ters k3<< k2, which makes deacylation the rate 

limiting step, and in this case kca t = k 3, and 
I ,  

KM(app ) = Ks~-~ and hence can be very far 
. 3  . , 

from the true dlssocmuon constant. 

Both KM(app) and kca t depend on differences 

between k2 and k a. However, dividing equation 

(2) by (1) gives 

C - O  
I 

kcat k2 
KM(app) Ks 

which shows that kcat/KM(app) is a true 

measure of catalytic efficiency. This ratio is 

therefore used in comparative kinetic studies 

when the individual rate constants k: and k 3 
cannot be obtained. 

Although the participation of Ser2n and His64 in 

the catalytic step (see sections 2.3.1 and 2.4) is 

well documented, a satisfactory explanation of 

the unusual reactivity of Ser221 has been lack- 

ing. However, BLOW et aL (19) suggested the 

participation of an aspartic acid residue buried 

in the hydrophobic interior of a-chymotrypsin, 

but oriented in such a way that hydrogen-bond 

formation to the histidyl residue in the catalytic 

site was readily established. Through a 

hydrogen bond system, electrons can fluctuate 

between this aspartic acid residue and the 

hydroxyl groups of the active seryl residue. This 

so called ,,charge relay system,, has also been 

suggested for the subtilisins based on the 

observation that the spatial orientation of 

Ser22, Hiss4 and Asps2 is identical to the one 
found in chymotrypsin (216): 

Asp-32 

I 
> 0 

I 

His 6 4 ~ 1  ~Ser 221 
~ ,  N'~H....0/ ~ 

0 

The enzymatic activity of the subtilisins 

depends on at group with a pK a of about 7, and 

His~ has until recently been accepted as that 

group. However, HtYNKAPILLER et aL (79) have 

shown that in a-lytic protease (which is a 

bacterial serine proteaso), an aspartic acid 

/ 

residue rather than the sole histidyl residue in 

this enzyme has a pK a of 6.7 - in fact the pK of 

the histidyl residue was lower than 4. The 

following mechanism for the operation of the 

,,charge relay system,, in serine proteases was 

proposed for the acylation step: 

/ 

0 CH 2 [ 
~ _ _  CH 2 

-c.{ 
R HN ~ c ~ R  

s CH-2 I 

C N ~  H o/CH2 
\CH/\O- H .... N~/,N . . . . . . .  , 

C 
R'HN / ~Oe~'R 
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The tetrahedral intermediate breaks down to 

the acylated intermediate expelling the leaving 

group NHR'.  In the deacylation step the se- 

quence is reversed by nucleophilic attack of 

H20. 

According to WOLFENDEN (214) the binding of 

substrate is much stronger in the transition state 

than in the Micha~lis complex. KRAUT and 

coworkers (160) have shown from model- 

building experiments with subtilisin BPN' that 

in the tetrahedral intermediate the carboxyl ox- 

ygen of the hydrolyzing bond can form two 

hydrogen bonds to amido groups in the enzyme 

in the so-called ,,oxyanion hole,, and an 

additional hydrogen bond can be formed be- 

tween the P~ amido group and the enzyme. 

Thus, the transition state is stabilized relative to 

the MichaElis complex and the acyl in- 

termediate by a decrease in free energy due to 

the formation of three hydrogen bonds, which 

in turn leads to an increase in acylation rate. 

Transition state analogs, which should give 

useful information about the correctness of a 

postulated transition state, have been studied in 

a couple of cases to verify the existence of a 

tetrahedral intermediate in catalysis by serine 

proteases. Thus THOMPSON (199) has shown 

that peptide aldehydes of good elastase sub- 

strates bind very strongly to the enzyme. For 

example, K I for Ac-Pro-Ala-Pro-Alaninal is 

8 x 10-TM at pH 7.0. The reason for the strong 

binding is believed to be the existence of a 

tetrahedral addition complex with the catalytic 

active serine: 

0 OH 
I! i 

R-C-H + HO-Enzyme :,R-C-O-Enzyme 
I 

H 

In this connection it is of interest to note (199) 

that a novel class of protease inhibitors, the 

leupeptins, were shown to be peptide aldehydes 

(7). 

A possible transition state analog for chymo- 

trypsin, the inhibitor 2-phenylethane boronic 

acid, was studied by KOEHLER and LIENHARD 

(96) who found a binding constant of 4 x 10-SM 

at pH 8. The rationale behind the choice of a 

boronic acid derivative was the tendency of 

boron to form tetrahedral adducts. The follow- 

ing addition product was visualized for 

chymotrypsin: 

o 
II + 

-C-O-. ...... H-N -H HO-B -O-CH 2 

OH 

ASPlo 2 His57 Ser195 

Subtilisin BPN' is inhibited to the same extent 

by p-bromobenzene boronic acid (K I = 

2.27 x 10-SM (146)). The degree of inhibition, 

which increases with pH depends on a group 

with a pK of about 7. This group was assumed 

to be His64 and two possible reactions (A and B) 

were considered: 

OH 

Ser221 His64 Ser221 His64 
(A) (B) 

(A) being favored because the reaction was 

very fast. However, in a recent study of the in- 

hibition of subtilisin type Carlsberg by various 

boronic acids LINDQUIST and TERRY (106) con- 

cluded that the formation of a covalent bond 

between Ser22, and boronic acid was more 

appealing. This assumption has been 

strengthened by X-ray diffraction studies by 

KRAUT and coworkers (115) who showed that 

tetrahedral adducts were formed when 

benzeneboronic acid or 2-phenylethaneboronic 

acid were bound to crystals of subtilisin BPN', 

and that a covalent bond was formed to Ser2~ 1. 

Tetrahedral adducts were also formed when 

arylsulfonic halides and arsonic acids were 

bound to crystals of subtilisin BPN' (15). GLA- 

ZER (54, 55) has studied the inhibition of both 

subtilisins by various arsonic acids (e.g. phenyl- 

arsonic acid) and found that the inhibition was 
time-dependent and also depended on a group 

with a pK a of 7.2 being most effective in the 

protonated state. This group was assumed to 

be His64, but in view of the recent finding by 
HUNKAPILLER et al. (79) mentioned above that 

the histidine probably has a pKa value lower 

than 4 also in the subtilisins, an alternative ex- 

planation must be sought. The time-dependent 
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inactivation of the subtilisins by arsonic acids 

(not observed with chymotrypsin) also remains 

to be explained. 

3.3. Specificity 

3.3.1. Synthetic substrates 

The specificity of the subtilisins is broad. It was 

shown by GLAZER (53), BAREL and GLAZER (11) 

and MORmARA and TSUZUKI (122) that esters of 

various N-terminal blocked amino acids were 

hydrotyzed, but with different rates. The 

enzymes hydrolyzed esters of aromatic amino 

acids considerable faster that those of aliphatic 

amino acids. This finding suggested that $1 in 

the subtilisins was hydrophobic, and X-ray 

crystallographic studies have later confirmed 

this suggestion. A hydrophobic ,,groove,, rather 

than a ,,pocket, was observed probably 

reflecting the broader specificity of the sub- 

tilisins compared to that of chymotrypsin and 

trypsin (159). 

A comparison of the Carlsberg and BPN' 

enzymes showed that Vma x values for aromatic 

ester substrates was higher for subtilisin type 

Carlsberg than for subtilisin BPN'. Since acyla- 

tion proceeds considerably faster than deacyla- 

tion in the hydrolysis of ester substrates (12), 

the differerence in Vma x probably reflected a 

difference in rate of deacylation. This sugges- 

tion was later strengthened when JOHANSEN et 

al. (87) demonstrated that the deacylation of N- 

trans-cinnamoyl imidazole and the indoleacry- 

loyl intermediates of the subtilisins is faster for 

the Carlsberg enzyme. These authors also de- 

monstrated the same difference in rate of de- 

acylation in chemically modified subtilisins. 

Thus, nitration, iodination, glutarylation and 

succinylation have no effect, supporting other 

evidence that lysyl and tyrosyl residues do not 

participate in the hydrolysis of small ester 

substrates. 

The esterase activity of the subtilisins is 

emphasized by the observations of GL'INTHEL- 

BERG and OTTESEN (59) who showed that me- 

thylbutyrate was hydrolyzed by subtilisin type 

Carlsberg, and by GRAAE (57) who found that 

the same enzyme hydrolyzed esters of fatty 

acids with chain-lengths ranging from three to 

eight carbon atoms. Methyl valerate was found 

to be the best substrate, further elongation of 

the chain led to a decrease in the rate of hydro- 

lysis. 

MORIHARA and TSUZUKI (122) followed the 

deamidation of a series of dipeptides of the type 

Z-GIy-X-NH2 by subtilisin BPN'. Although the 

results could be evaluated on a qualitative basis 

only, they showed that X=Tyr resulted in the 

fastest rate of hydrolysis, but dipeptides con- 

taining Phe or Leu in PI were also hydrolyzed 

at a reasonable rate. It appears therefore, 

that at least for dipeptides the same specificity 

pattern holds as for esters: a preference for 

aromatic or hydrophobic side-chains. Stereo- 

specificity of subsite S~ was demonstrated in ex- 

periments were L-leucine was substituted by D- 

leucine. 

ERLANGER and COHEN (42) showed that 

diphenylcarbamylchloride (DPCC) inactivates 

chymotrypsin about 75 times faster than 

trypsin, and a method for ,,all-or-none,, assay of 

chymotrypsin was developed using a chromo- 

phoric variant, 2-nitro-4-carboxyphenyl-N,N- 

diphenylcarbamate (NCDC) (43). Both 

reactants reacted with chymotrypsin in a 

stoichiometric ratio of l:l with concomitant in- 

activation. Because of the similarities between 

the subtilisins and chymotrypsin in their 

specificity towards synthetic ester substrates an 

attempt was made by the present author to use 

NCDC in an ,,all-or-none,, assay for subtilisins. 

However, both DPCC and NCDC proved to be 

fairly good substrates for the subtilisins and 

reliable estimations of enzyme concentration 

from the ,,burst,, or presteady-state reaction was 

not possible. It was shown that at pH 9.1 the hy- 

drolysis of NDCD (initial conc. 1.7 x 10-3i)  by 

subtilisin type Carlsberg (initial conc. 

7.9 x 10-SM) was about three times faster than 

that of subtilisin BPN' (same conc.). This result 

emphazises the quantitative differences in spe- 

cificity towards ester substrates which exist be- 

tween the two enzymes. 

3.3.2. Natural Peptides and Proteins 

In their action on peptides and proteins, the 
subtilisins show a very broad specificity, which 

is the reason for the utility of these enzymes in 

sequence work. 

The B-chain of oxidized insulin is the most 

commonly used peptide for determining the 
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(1) CySO3H-Tyr-Ile-Gtn-Asn-CySO3H-Pro-Leu-G!.n (205) 
t 

(E) His-Ser-G•n-G••y-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-Ser-Arg-Arg-A••-G•n-Asp-Phe-V•bG•n-Try-Leu-Met-Asp-Thr (18]) 
t t t t t t t t t t 

[l]I) Ite-Ile-Gtu-VoI-G[u-Asn-G[n-AIo-Asn-Pro-Thr-Thr-A[o-GLu-Thr-Leu-Asp-AIo-Thr-Arg (221) 
t t t t 

(5Z) Phe-Vot-Asn-Gtn-His-Leu-CySO3H-Gty-Ser-His-Leu-Vot-Gtu-Ata-Leu-Tyr-Leu Vot-CySO3H-Gty-Gtu-Arg-Gty-Phe-Phe-Tyr-Thr-Pro-Lys-Alo 
o t t t t t ? t t t t 1' t t 1' t t t (204) 

b t t 1' T t t 1' T t t t l" 1' t t (66) 

c 1' 1' ? t 1' t T f t t t t T (118) 

d ? t ~ t t (85) 
e 1" t 1" 1" 1" (122) 

Figure 4. Hydrolysis of various naturally occuring polypeptides by the subtilisins. The arrows indicate the bonds 
that are split. (I) Oxytocin, (II)glucagon, (llI) tryptic peptide from tobacco mosaic virus, (IV) B-chain of oxidized 
insulin. In IVb and c insulin with its disulfide bonds intact was used. For further details see text. 

specificity of proteolytic enzymes and the 

earliest investigations of subtilisin type Carls- 

berg were performed on this peptide. Such 

results are shown in Fig. 4, IVa-e. The works of 

TUPPY (204), HAUGAARD and HAUGAARD (66), 

and MEEDOM (118) all have been designed to 

give as complete a hydrolysis as possible (Fig. 4, 

IV a-c) and indeed a high percentage of the 

bonds were hydrolyzed. It should be noted that 

IVb and c were performed on insulin with the 

disulfide bridges intact. This does not appear to 

have any profound influence on the availability 

of susceptible bonds. A more complete 

hydrolysis of the B-chain of oxidized insulin (IV 

a), was observed, but in this case a longer in- 

cubation period and a higher enzyme con- 

centration was used. However, the difference in 

the resulting peptide pattern might also reflect 

a difference in availability of bonds in the two 

cases. Experiments designed to elucidate the in- 

itial steps in the hydrolysis of the oxidized B- 

chain of insulin are shown in Fig. 4, IV d and e. 

It is evident that the number of bonds which are 

rapidly hydrolyzed is very restricted (85, 122). 

Of special interest for the present discussion 

was the finding by JOHANSEN et al. (85) that the 

bond LeUls-Tyr16 was hydrolyzed much faster 

than any of the other bonds in the molecule. 

The specificity requirement deduced from 

hydrolysis of small synthetic substrates (3.3.1) 

would suggest hydrolysis between Tyr16 and 

Leu~7. The result strongly suggested that the 

secondary binding sites of the subtilisin type 

Carlsberg played an important role in this case. 

This suggestion will be further elaborated in the 

general discussion of the secondary binding 

sites in the subtilisins (see section 3.2.4). 

Both subtilisins have been used for hydrolysis 

of the B-chain of oxidized insulin (85). While no 

qualitative differences could be observed (both 

enzymes hydrolyzed the same bonds) quantita- 

tive differences were noted. Thus the bonds 

Serg-Hisl0 and Tyr2r were hydrolyzed 

faster with subtilisin BPN', while the opposite 

was the case with the bonds Gln4-Hiss and 

Leull-Val12.Some of the earliest investigations 

of the specificity of subtilisin BPN' showed a 

preference for acidic amino acids. This was 

found by TAZAWA (197) using ovalbumin and 

gelatine. However, UKUNUKO et al. (135) using 

oxidized lysozyme and oxidized a-amylase as 

substrates found no specificity differences be- 

tween neutral and acidic side-chains while only 

weak hydrolysis was found for bonds involving 

aromatic and basic amino acids residues. TuPPY 

(205), on the other hand, found that oxidized 

oxytocin was hydrolyzed on the C-terminal side 

of Gln and Leu (Fig. 4, I) by subtilisin type 

Carlsberg. This enzyme was also used in 

determining the sequence of glucagon (181) 

(Fig. 4, II). The effective hydrolysis of an Arg- 

Arg bond is noteworthy in this case. The further 

degradation of a tryptic peptide from tobacco 

mosaic virus protein by subtilisin BPN' is shown 

in Fig. 4, Ill (221). A big difference was 

observed between the subtilisins in their action 

on N,N-dimethylcasein (61), Finger-prints of 

the liberated peptides showed that only 20 
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peptides out of 60 liberated were common for 

subtilisin type Carlsberg and subtilisin B PN'. 

Limited proteolysis was observed in the 

classical experiment of OTTESEN (139) in which 

subtilisin type Carlsberg transformed ovalbu- 

min into plakalbumin by release of an internal 

hexapeptide. The same two bonds were 

hydrotyzed in ovalbumin by both subtilisins, but 

differences were noted in the further break- 

down of the hexapeptide (140). Another exam- 

ple of limited proteolysis is the hydrolysis of 

DNA polymerase by subtilisin type Carlsberg 

which eliminates the exonuclease activity while 

the polymerase activity is still intact (29, 95). 

Carboxypeptidase A can under appropriate 

conditions be hydrolyzed by subtilisin type 

Carlsberg in such a way that only two peptide 

bonds are broken (158). However, the enzy- 

matic properties of the product, which is called 

carboxypeptidase S, are altered in such a way 

that its esterase activity has increased 4-5 fold 

while the peptidase activity decreases to one 

half that of the native enzyme. 

A qualitative difference may exist between the 

subtilisins in their action on ribonuclease. Un- 

der suitable chosen conditions only one bond is 

hydrolyzed by subtilisin type Carlsberg (153), 

namely the one between, Ala20-Serzl in the se- 

quence: 

-Thr,7-Ser~8-Ala~9-Ala2o-Ser2~-Ser22-Ser23-Asn24- 

Subtilisin BPN', on the other hand, cleaved two 

bonds, those between Ala2o-Ser2~ and Ser2~- 

Serzz, respectively (58). The S-peptides 1-20 and 

1-21 were isolated in the ratio 2:1. The finding 

that the peptides 21-29 and 22-29, obtained 

from cyanogen bromide cleavage of the S- 

protein, were isolated in a ratio of 1:1 (38) or 

1:1.5 (58) were taken to indicate that the initial 

attack of subtilisin BPN' occured at the Ser2~- 

Ser22 bond. The further degradation of the 

isolated S-peptide (1-20) by subtilisin BPN' 

(149) involved hydrolysis of the Ala,9-Alaz0 

bond, indicating that the enzyme possesses 

carboxypeptidase actitivy. However, it should 

be pointed out that the free amino acids 

liberated in the experiments mentioned above 

have not been isolated, and that contamination 

of the subtilisin BPN' preparations by carbox- 

ypeptidase has not been ruled out. In two cases 

(204,205) the hydrolysis of a C-terminal peptide 

bond by subtilisin type Carlsberg has been 

observed (see Fig. 4) and in both cases the free 

amino acid residue has been isolated. 

The specificity shown in the limited proteolysis 

of ribonuclease is probably related to the three- 

dimensional structure of the substrate. The 

susceptible bond(s) is located in a loop on the 

enzyme surface, and therefore from steric 

reasons might be more accessible. Ribonu- 

clease from rat pancreas is not attacked at the 

bonds discussed above, probably because the 

loop does not exist due to replacement of Ser~s 

and Ser23 in the bovine enzyme by prolyl 

residues (94). 

As will be apparent from Fig. 4 and the discus- 

sion above, the specificity of the subtilisins 

towards aromatic side-chains as determined 

from the hydrolysis of small synthetic substrates 

is less clearly expressed when peptides and 

proteins of natural origin are used as substrates. 

This finding indicates that secondary in- 

teractions are important in determining the 

specificity of these enzymes. 

3.4. Secondary Binding Sites 

3.4.1. Kinetic Studies 

The first systematic investigation of the size of 
the active site of subtilisin BPN' was performed 

by MORmARA and coworkers (123). From ex- 

periments in which a series of peptides of vary- 

ing chain length and a tyrosyl residue in P~ were 

used as substrates they concluded that the 

enzyme had at least 6 subsities (S~ to $4 and S'~, 

S~). Some of the results are shown in Table III. 

Stereospecificity was observed for the subsites 

S z, S 3, S'~ and S~ although the change in rate of 

hydrolysis was not so pronounced in the last 

two cases. A large side-chain (Tyr or Phe) in S'~ 

inhibited hydrolysis while, on the other hand, 

such a side-chain in S~ enhanced hydrolysis. 

In a subsequent study, MORIHARA and co- 

workers (124) performed a more detailed ana- 

lysis of the individual subsites. The substrates 

used were of the type Z-A-Leu-NH2 and Z-GIy- 

Leu-B, the leucyl residue always occupying 

subsite Sr The results of the investigations can 

be summarized as follows: 

1) It was confirmed that subsites on the C- 
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Table III 

Side-chain specificity and stereospecificity of subtil- 
isin BPN' determined by the hydrolysis of various 
peptides. Data obtained from ref. (123). The arrow in- 
dicates the bond to be hydrolyzed. 

P, P3 P2 P ,~  P', 

Z-L- Ala- Tyr--NH z 
Z-D- Ala- Tyr--NH z 

Z-L- Ala- Gly- Tyr--NH 2 
Z-D- Ala- Gly- Tyr--NH z 
Z-L- Gly- Gly- Tyr--NH~ 

Z- Tyr-L-AIa-NH z 
Z- Tyr-D-Ala-NH2 
Z- Tyr-Gly-L-Ala 
Z- Tyr-Gly-D-Ala 
Z- Tyr-Gly-Phe 
Z- Tyr-Leu-NH2 
Z- Tyr-Tyr-NH2 
Z- Tyr-Phe-NH~ 

rate of hydrolysis 
aM/min x mg enzyme) 

0.920 
0.008 

15.200 
0.067 
5.000 
0.005 
0.000 
0.010 
0.004 
0.050 
0.016 
0.000 
0.000 

terminal side of the hydrolyzed bond did not ex- 

tend beyond S~. Only very weak stereospeci- 

ficity was observed in what would be subsite S'3 

when L-Ala was substituted by D-AIa. 

2) On the other hand, a subsite $4 on the N- 

terminal side of the susceptible bond was re- 

cognized by changing D-AIa for L-Ala in the 

peptide Z-AIa-GIy-Gly- Leu~-NHv 

3) The importance of $2 was demonstrated by 

exchanging a Gly with an Ala in the peptide Z- 

Gly-Gly-Leu-~NHv An increase in the catalytic 

efficiency (kcat/KM) of 14 was observed. How- 

ever, when Gly was replaced by Tyr a decrease 

in the rate of hydrolysis was observed as 

demonstrated by the peptides Z-Tyr-Leu-~NH2 

and Z-GIy-Leu-~NHv A subsite, Sz, apparently 

exists which is very restrictive with respect to 

the size of the amino acid side-chain that binds 

to it. Thus, Gly is too small to make ideal con- 

tacts, while Tyr is too large to be accomodated 

beneficially. Exchange of a bulky side-chain for 

Gly in S'1 has a similar effect. 

4) Determination of kca t and KM for a series of 

substrates showed that the effects of the 

secondary binding sites were mainly exerted on 

the rate of catalysis and to a much smaller ex- 

tent on the binding. Studies with peptide in- 

hibitors pointed toward the same conclusion. 

The substrate Z-GlyLeu-~Gly-Ala was hydro- 

lyzed in the presence of Z-Gly-Leu-Phe, Z-Gly- 

Leu-Leu, Z-Gly-Leu-Ala and Z-Gly-Leu-D- 

Ala. Competitive inhibition was observed and 

K I was of the same magnitude as K M for the 

substrate Z-GIy-Leu~-NHv Also the hydrolysis 

of Z-Gly-Leu�89 in the presence of Z-GIy-D- 

Leu-NH2 showed strong competitive inhibition 

with a Kl identical to the K M of the substrate. 

Since Kl's are more reliable measures of 

binding than are KM'S the close correlation be- 

tween the two values in the cited study suggests 

that the measured KM'S come close to the true 

binding constants of the substrates. 

The question then arises as to the nature of the 

effect of the secondary binding sites on the kca t. 

Unfortunately the authors do not offer any ex- 

planation. It appears to be a common feature of 

many studies on the secondary binding sites of 

proteolytic enzymes, that the changes in the 

rate of hydrolysis observed by changing amino 

acid side-chains of the substrates, are expressed 

in kca t rather than in K M. The explanation 

usually offered is that the binding of substrates 

at the secondary binding sites leads to subtle 

conformational changes in the catalytic site of 

the enzyme resulting in a more efficient attack 

on the susceptible bond. An experimental 

verification of this ,,induced fit,, explanation, 

however, is still lacking. 

The subtilisins are inactivated by carbobenzo- 

xyphenylalanine chloromethyl ketone (ZPCK) 

which reacts specifically with His64 in the 

catalytic site (see section 2.4). MORIHARA and 

OKA (125) prepared the chloromethyl ketones 

of carbobenzoxy-L-alanyl-L-phenylalanine 

(ZAPCK), and carbobenzoxy-L-alanyl-glycyl- 

L-phenylalanine (ZAGPCK), and compared 

the rate of inactivation of subtilisin BPN' by the 

three compounds. The relative rates of in- 

activation were ZPCK:ZAPCK:ZAGPCK = 

1:8:260. 

As in the earlier studies by MORIHARA and 

coworkers, it was demonstrated that elongation 

of the peptide-chain resulted in improved 

reactivity with the enzyme. The sharp rise in 

reactivity in going from ZAPCK to ZAGPCK 

could demonstrate the inability of S 3 to acco- 

modate a large side chain (as shown with $2) or 

the preference of $4 for a hydrophobic side- 

chain. 
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"Fable IV 

The rate of inactivation of subtilisin type Carlsberg and subtilisin BPN' by chloromethylketones of N-terminal 
blocked peptides of increasing chain-length. 

Rate of inactivation (k x 10-Ssec -~) 

Enzyme ZPCK ZAPCK ZAGPCK 

BPN '1) 
BPN '2) 
Novo ') 
Carlsberg l) 

3.5 
1.0 
4.6 
9.2 

9.3 
7.9 

11.9 
26.8 

311 
260 
367 
284 

t) ref. (126). 2) ref. (125). 

MORIHARA et aL (126) have also investigated 

the rate of inactivation of subtilisin type 

Carlsberg with the same chloromethyl ketone 

derivatives. Qualitatively the results agreed 

with those found for subtilisin BPN', namely 

that the rate of inactivation increased with in- 

creasing chain-length. Quantitatively, the rate 

of inactivation was faster with the Carlsberg 

enzyme when ZPCK or ZAPCK were used as 

inactivators (Table IV). In the case of the 

largest inhibitor Z A G P K  the rate of inactiva- 

tion was probably the same (considering the 

spreading of the results noted for the 3 ex- 

periments performed with subtilisin BPN'). 

SHAW and coworkers (31) have shown that the 

chloromethyl ketone of the tripeptide Phe-Ala- 

Lys (PALCK) inactivates subtilisin BPN'. This 

finding is interesting since the positively 

charged lysyl residue in P~ will not accomodate 

easily in the hydrophobic subsite $1 which bind 

the phenylalanyl residues in the chloromethyl- 

ketones used by MORIHARA. It is possible that a 

different binding mode exists for PALCK. 

Future kinetic and X-ray crystallographic 

studies might clarify this point. 

In the paper by MORIHARA and coworkers 

(126) a comparison was made between subtilisin 

BPN' and subtilisin type Carlsberg in their ac- 

tion on a series of amide substrates with either 

Tyr or Leu in position P~. Some of the data are 

given in Table V. Prolongation of the peptide- 

chain led also to an increase in the rate of 

Table V ~ ) 

Rate of hydrolysis of amides of N-terminal blocked peptides of increasing chain-length by subtilisin type Carls- 
berg and subtilisin BPN'. 

Rate of hydrolysis 
(tiM substrate/mg enzyme x min) 

P5 P4 P3 P2 P~ P~ BPN2) Novo 3) Carlsberg 

Z-Tyr- NH2 
Z-Gly- Tyr- NH 2 
Z-AIa- Tyr- NH2 
Z-Tyr- Tyr- NH2 

Z-GIy- Gly- Tyr- NH2 
Z-AIa- Gly- Tyr- NH2 

Z-AIa- Gly-Gly- Leu-NH2 

0.03 
0.10 
0.92 
0.02 
2.50 
7.05 
5.0 

0.04 
0.10 
0.95 
0.01 
2.26 
7.22 
7.70 

0.07 
0.09 
1.84 
0.04 
1.52 

4.78 
14.68 

~) From Ref. 126. 

5) Product of Nargase Company Japan. 

a) Product of Novo, Copenhagen, identical to subtilisin BPN'. 
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hydrolysis, when L-amino acids were used in the 

case of subtilisin type Carlsberg. 

Some quantitative differences between the ac- 

tion of the two enzymes are noted. Specially in- 

teresting is the large increase in the rate of 

hydrolysis (about 10 times) by subtilisin type 

Carlsberg in going from Z-GIy-GIy-Tyr-~NH2 to 

Z-AIa-GIy-Gly-Leu�89 z. If the conclusion that 

subsite S 1 accomodates Tyr better than Leu is 

also correct for subtilisin type Carlsberg, then 

the observed effect can be located at $4 or $5. 

No similar pronounced increase is observed 

with subtilisin BPN' for the substrates men- 

tioned above. This is also seen by comparing 

Z-Ala-GIy-Tyr-~NH: with Z-AIa-GIy-Gly- 

Leu-~NH2, the hydrolysis by subtilisin BPN' is 

the same, while an increase of threefold is noted 

with subtilisin type Carlsberg. 

It was also shown, that S'1 and S~ in subtilisin 

type Carlsberg were stereospecific, but not 

group specific. 

3.4.2. X-ray Crystallographic Studies 

The inhibition studies of subtilisin BPN' with 

chloromethyl ketone derivatives of various 

peptides were extended by KRAUT and 

coworkers to also include X-ray crystallogra- 

phic analysis (98, 159). The chloromethyl ke- 

tones of four peptides were used: Z-Ala-Phe, Z- 

Ala-Gly-Phe, Z-Gly-Gly-Phe, and Ac-Ala-Gly- 

Phe. Subtilisin BPN' inhibited with these 

reagents was crystallized and subjected to X- 

ray crystallographic analysis. As expected, all 

four inhibitors were found to react with His-64 

and they were bound to the enzyme in such a 

way as to form an antiparallel B-sheet type of 

hydrogen bonds with the back-bone part of 

residues nr 125-127 (see Fig. 5). 

Figure 5. The active site region S~-$4 in subtilisin BPN'. A hypothetical peptide Phe-Ala-Gly-Arg (P~-P4) is fitted 
according to the binding mode proposed by I~AUT and coworkers. The benzene ring of Phe is placed in the 
bydrophobic groove of $I above Ser~2~. The methyl side-chain of Ala (hidden behind the P: label) is pointing 
towards the enzyme surface. If an amino acid residue with a side-chain was located in S 3 the side-chain would 
have pointed towards the viewer. The side-chain of Arg in subsite $4 is extending towards Tyro04, under which 
phenol ring the guanidine moiety of Arg is seen. Three pieces of rubber tubing indicate the hydrogen bonds, 
mentioned in the text, between enzyme and substrate. 
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Subsite $1, which in all cases accomodated a 

Phe side-chain, was shown to be a hydrophobic 

crevice. This is in agreement with the studies 

already mentioned which pointed toward a 

preference of subtilisin BPN' for an aromatic 

side-chain (or leucine) in P~. Model building 

showed that it was not difficult to place a leu- 

cine side-chain in the crevice. 

The interaction of subsite Sz with P2 is much 

less specific. Van der Waars contacts are 

observed between the a-carbon of P2 and the a- 

carbon of Leu~26. With Ala in Pz the methyl 

side-chain makes van der Waal's contacts with 

Leu96 and His64. A larger side-chain than Ala 

(f.ex. a Tyr) would interfere with the proper 

alignment of the susceptible bond, while a Gly 

in P2 allows greater freedom of motion and 

therefore retards proper alignment. These 

findings are in agreement with the kinetic data 

of MORIHARA et al. (124) discussed in the 

preceding section. 

According to ROBERTUS et al (159) subsite $3 is 

more restrictive than $2 in its interaction with 

the peptides in the sense that hydrogen bonds 

are formed, one between NH of P3 and CO of 

Gly~27 (Fig. 5). On the other hand, the side- 

chain of P3 points out into the surrounding 

medium and its subsite should therefore be able 

to accomodate even large side-chains. This 

assumption is verified by kinetic data (124) 

since f.ex. Z-Phe-Gly-Leu-~NHz is a better sub- 

strate than Z-GIy-GIy-Leu~-NH2 (kcat/K M in- 

creases 6.5 times). Because the hydrogen bonds 

between substrate and enzyme must be identi- 

cal for the two amino acids in P3, the increase in 

catalytic efficiency most likely stems from van 

der Waal's contacts between the benzene ring 

and the enzyme surface as suggested by KRAUT 

and coworkers in the case of the Z-Ala-Phe 

derivative where the Z moiety occupies S 3. 

Finally, subsite $4 was recognized as another, 

very deep, crevice the deepest part of which 

was sealed off by Tyrl04. With a Z moiety in P4 a 

movement of the phenol-ring of Tyro04 was ob- 

served, but the new spatial orientation was 

difficult to locate precisely. It was possible to 

orient the tyrosine ring parallel to the benzene 

ring of Z at a distance of 3.5 A, which placed it 

in van der Waal's contact with this group. The 

inhibitor Z-Ala-Phe (160) was shown to bind in 

reverse of the chloromethyl ketones, that is, 

with Phe in subsite $4. In this case the new 

location of Tyrlo4 was clearly defined. It was 

shown that a hydrogen bond was formed be- 

tween the hydroxyl group of Tyro04 and the 

carboxyl group of Phe. If the N-terminal block- 

ing group was an acetyl group rather than a 

carbobenzoxy group, as in Ac-Ala-Gly-Phe- 

chloromethyl ketone, no movement of Tyrl04 

was observed. From these observations KRAUT 
and coworkers concluded that subsite $4 has a 

very strong affinity for a Phe side-chain and 

that this site ,,plays an important role in 

determining the cleavage point for polypeptide 

substrates,, (160). 

In the work just referred to (160), the La Jolla 

group extended their work also to include the 

following peptides: Z-Gly-Gly-Tyr, Z-Gly-Gly- 

Leu and Z-Gly-Gly-Arg. These peptides, call- 

ed ,,virtual substrates,,, are splits products of 

good substrates and are assumed to bind iden- 

tically with the substrates from which they are 

derived. Z-Gly-Gly-Tyr was bound in the same 

manner as was observed with the chloromethyl 

ketone derivatives, except for the lack of a 

hydrogen bond in the catalytic site, a feature 

which probably is of importance for the cataly- 

tic mechanism. As discussed in section 3.2. this 

bond is probably first formed in the transition 

state. 

The binding of Z-Gly-Gly-Leu was less clearly 

defined, but the data were still of good enough 

quality to show two binding modes of about 

equal strength for P~. One was identical to that 

observed for Z-Gly-Gly-Tyr, while in the other 

Leu was twisted down in the vicinity of His64, 

that is, away from the hydrophobic crevice of 

S~. Furthermore, considerable binding was 

observed in the vicinity of a surface depression 

formed by the side-chains of Tyr2~7, Met2z2 and 

His67, and also at another surface depression 

under Phe~89. These two areas were termed 

,,sticky spots,, and probably represent areas that 

bind substrates less firmly than the area de- 

scribed in detail above. 

The data for binding of Z-Gly-Gly-Arg were the 

most difficult to interpret. One binding mode 

identical to that of Z-Gly-Gly-Tyr and one 

identical to the second binding mode of Z-Gly- 

Gly-Leu were observed, but the second binding 
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mode was dominant. Binding at the ,,sticky 

spots,, was indicated as well. 

These results agree with the data from kinetic 

studies. Tyr in Pl makes the substrate a good 

one and therefore clear-cut X-ray data could be 

obtained with Z-Gly-Gly-Tyr. On the other 

hand the Leu and especially the Arg peptides 

are. less satisfactory substrates in agreement 

with the more diffuse X-ray data containing 

additional binding modes. It also appears 

reasonable that the positively charged Arg 

would have difficulties in accomodating to the 

same hydrophobic crevice as Tyr. 

Subsites S'1 and S; which have been demon- 

strated kinetically have not been located by 

direct X-ray diffraction studies, but model 

building shows that only a very limited number 

of stereochemical convincing possibilities exists 

for these sites. The ,,sticky spots,, appear to be 

likely candidates. Thus the region around Tyr2~ 7 
is tentatively identified as subsite S~; S~ is prob- 

ably located below Phe~89. Model building also 

showed that the existence of a S'3 subsite ap- 

peared quite unlikely. 

In a recent report (168) preliminary X-ray data 

have been published on the crystalline complex 

between subtilisin BPN' and a specific inhibitor 

isolated from Streptomyces albogriseolus S-3253. 

It will be very interesting to see how big an area 

of the subtilisin molecule is involved in the 

binding of this large inhibitor, especially the 

part corresponding to S~ and S~ for which con- 
vincing data still are lacking. 

3.4.3. Productive Binding Modes 

The X-ray crystallographic analyses discussed 

in some detail above provide convincing 

evidence for the existence of at least one way of 

binding peptides to subtilisin BPN' that leads to 

hydrolysis. However, is the productive binding 

mode demonstrated by KRAUT and coworkers 

the only possible one? Additional binding 

modes were shown for Z-Gly-Gly-Leu and Z- 

Gly-Gly-Arg, but these were considered to be 

non-productive. WRIGHT et aL (2t8) demon- 

strated that N-benzoyt-L-arginine (Bz-Arg) was 

bound in a way different from that of synthetic 

peptides, but they were unable to conclude 

whether it represented productive or non-pro- 

ductive binding. 

Recently WRIGHT (217) has argued that two 

binding sites exist near the catalytic site which 

are both productive. These binding sites were 

termed A and B. Binding site A is identical to 

subsite $1 and functions when large peptide 

substrates are hydrolyzed, because these sub- 

strates are able to form the ,,pleated sheet,~ type 

of interaction with subsites St to $4. Binding site 

B seems to bear close resemblance to subsite S'1 

and is operative in binding small aromatic in- 

hibitors and certain ester substrates. The site 

has been observed in crystals of PMSF in- 

hibited subtilisin BPN'(216), pipsyl- and trans- 

cinnamoyl subtilisin BPN', and Bz-Arg in- 

hibited subtilisin BPN'. The reaction with 

PMSF must be considered productive in the 

sense that the catalytic seryl residue is sul- 

phonylated, although desulphonylation does 

not take place under conditions normal for the 

enzymatic function of the enzyme. However, 

deacylation of the intermediate takes place in 

the reaction between N-trans-cinnamoyl im- 

idazole and the subtilisins, clearly demonstrat- 

ing that binding site B is productive. Thus X-ray 

diffraction data seem to provide evidence for 

more than one productive binding mode in sub- 

tilisin BPN', and kinetic evidences also point 

towards the same conclusion. 

Inhibition studies carried out by GLAZER (53) 

on both subtilisins showed that the hydrolysis of 

N-acetyl tyrosine ethyl ester (ATEE) was in- 

hibited competitively by certain aromatic com- 

pounds (phenol, indole, hydrocinnamate, and 

indolepropionate), while non-competitive in- 

hibition was observed when the substrate was 

N-benzoyl-L-arginine ethyl ester (BAEE). 

These findings suggested different modes of 

productive binding for the two substrates, and 

the broad specificity of the subtilisins could 

probably in part be explained in this way. 

WRIGHT (217) also conducted kinetic inhibition 

studies in conjunction with the X-ray analysis 

mentioned above. Competitive inhibition by Bz- 

Arg of the hydrolysis of TCI by subtilisin BPN' 

was observed suggesting that both compounds 

bind to the same site (site B). Competitive in- 

hibition was also observed with indole, while 

Bz-Gly inhibited the reaction noncompetitive- 

ly. Since N-acetyl-L-arginine had no effect on 

the hydrolysis of TCI, it was suggested that the 
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benzoyl moiety was mainly responsible for the 

binding of Bz-Arg. This inhibitor is apparently 

large enough to block binding site B, while Bz- 

Gly only distorts the substrate binding at this 

site. 

Finally, kinetic evidence for the existence of 

more than one productive binding mode in the 

subtilisins has been obtained by BOSSHARD 

(21). With subtilisin BPN' it was shown that the 

hydrolysis of Ala-Ala-Phe-OMe and Ac-Ala- 

Ala-Phe-Ala was inhibited competitively by Z- 

Ala-Ala-Phe, while non-competitive inhibition 

was observed with Bz-Arg. On the other hand 

the hydrolysis of TCI was inhibited com- 

petitively by Bz-Arg and non-competitively by 

Z-Ala-Ala-Phe. All these findings agree with 

the binding modes proposed already. Thus Ac- 

Ala-Ala-Phe, Z-AIa-AIa- Phe-OMe, and Z-Ala- 

Ala-Phe all bind at site A, while TCI and Bz- 

Arg bind at site B. From studies on the binding 

of D-amino acid residues to the subtilisins the 

same author (23) concluded that ,,no uniform 

binding mode exists,,. 

The hydrolysis of BAEE was inhibited non- 

competitively by both Z-Ala-Ala-Phe and Bz- 

Arg (21). These results were explained by 

binding of BAEE at both sites, but not simul- 

taneously. Since Bz-Arg binds at site B only, 

non-competitive inhibition is observed for 

BAEE bound to site A, while Z-Ala-Ala-Phe 

bound in site A inhibits BAEE bound in site B. 

However a third binding mode for BAEE could 

not be excluded. 

Identical results were obtained with subtilisin 

type Carlsberg except for inhibition by Bz-Arg, 

which inhibited all substrates competitively. It 

was suggested that in the Carlsberg enzyme 

both binding sites were covered partly by this 

inhibitor. Inspection of the three-dimensional 

model of subtilisin type Carlsberg shows that 

while no apparent differences exist between 

this enzyme and subtilisin BPN' with respect to 

Subsites S~ and $4, the binding areas correspond- 

ing to S'~ and S~ are not identical. This observa- 

tion suggests that the differences in enzymatic 

behavior between the subtilisins are mainly due 

to differences in binding of P'I and P~. It is there- 

fore quite reasonable that inhibition of sub- 

tilisin type Carlsberg by Bz-Arg is different 

from that of the BPN' enzyme. In a recent 

publication (22) BOSSHARD and BERGER argue 

that the $1 binding site of subtilisin type Carls- 

berg is much narrower than that of subtilisin 

BPN'. This conclusion rests on the finding that 

the inhibitor Z-Ala-Ala-CysS-diphenylmethyl 

binds strongly to subtitisin BPN' enzy- 

me(K I = 71,000M ,) while subtilisin type Cads- 

berg is inhibited to a much smaller extent (K I = 

13,000 M-I). According to BOSSHARD and 

BERGER the weaker binding is due to a 

narrower S~ which cannot accomodate the big 

diphenylmethyl group. However, the present 

author suggests that the diphenylmethyl group, 

because of its size, can bind to subsite S'1 equally 

well and that this subsite is more suitable in sub- 

tilisin BPN'. In this connection it is interesting 

to note that 2-nitro-4-carboxyphenyl-N,N-di- 

phenylcarbamate was hydrolyzed three times 

faster by subtilisin type Carlsberg than BPN' 

(see section 3.3.1 ). 

The qualitative results of the inhibition studies 

discussed above are summarized in Table VI. 

The unexpected finding that the bond between 

Leu~ and Tyro6 in the B-chain of oxidized in- 

sulin is hydrolyzed much faster than any other 

bond (85) can now be ration~ilized in terms of 

the binding modes proposed by KRAUT and 

coworkers. Although Tyro6 apriori would be ex- 

pected to bind in S~, Leu~5 is still a reasonably 

good candidate. Ala~4 is accomodated perfectly 

in $2. Furthermore, subsite, $3 is not side chain- 

specific and should easily accomodate Glu~3. 

Finally, Val~2 is expected to bind at the 

hydrophobic $4. If we turn to the C-terminal 

side of the susceptible bond, Tyro6 and Leu,7 

appear to be excellent candidates for occupying 

the ,,sticky,, subsite S'~ and S'2. Thus, the very 

rapid hydrolysis of the Leuls-TyrL~ bond in the 

B-chain of oxidized insulin can be explained by 

the excellent fit of the six residues around this 

bond with the subsites on the enzymes. 

3.4.4. Secondary Binding Sites Affected by Chemi- 

cal Modifications 

In the two preceding sections, the elucidation 

of secondary binding sites by means of X-ray 

diffraction studies of bound inhibitors or virtual 

substrates and by means of kinetic studies using 

various inhibitors has been discussed. We now 

turn to a third way in which information can be 
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Table VI 

Types of inhibition observed when substrates are hydrolyzed by subtilisin BPN' and subtilisin type Carlsberg 
in the presence of various inhibitors. 

Inhibitor 

(subtilisin B PN') 

Bz-Arg 
Phenol, Indole 
Bz-Gly 
Z-Ala-Ala-Phe 

(subtilisin Carlsberg) 
Bz-Arg 
Phenol,Indole 
Z-Ala-Ala-Phe 

TCI BAEE ATEE 

C NC -- 
C NC C 

NC -- -- 
NC NC -- 

C -- C 
- -  N C  C 

NC NC C 

Substrate 

AAPOMe 

NC 

C 

C 

C 

AcAAPA 

NC 

C 

Ref. 

217,21 
53,217 

217 
21 

21 
53 
21 

C = competitive inhibition, NC = non-competitive inhibition 

obtained about the secondary binding sites, 

namely chemical modifications of the enzyme. 

However, those reactions which have to do 

with modification of Ser22~ and His64 will not be 

discussed since these groups are part of the 

catalytic site. 

Nitration or iodination of tyrosyl residues with 

tetranitromethane (TNM) led to drastic chang- 

es in the hydrolysis of certain subsirates by both 

subtilisin type Carlsberg and subtilsin BPN' (84, 

188). It was found that the hydrolysis of the 

small synthetic ester substrates BTEE (84) and 

TAME (188) is affected only slightly by the mo- 

dification of tyrosyl residues in both enzymes. 

These results are in agreement with the X-ray 

diffraction studies which showed that no tyrosyl 

residues are found at the catalytic site. 

The substrate BTEE will most likely bind in 

such a way that the tyrosyl side-chain occupy 

subsite $1 (or binding mode A). The ethyl group 

in S'1 probably does not extent far enough to get 

into contact with Tyr21~ in subtilisin BPN'. Posi- 

tion 217 is not occupied by a Tyr in subtilisin 

type Carlsberg. Tyr209, which might be located 

in the active site region of this enzyme, is even 

further removed from the catalytic site than is 

Tyr2~7 in subtilisin BPN'. 

Table VII shows the catalytic parameters for 

the hydrolysis of TAME with subtilisin type 

Carlsberg and subtilisin BPN' and their nitrated 

and iodinated derivatives. Whether TAME is 

bound productively in mode A or B, its 

hydrolysis by the subtilisins is not influenced to 

any great extent when these enzymes are 

nitrated or iodinated. 

The picture becomes quite different when large 

Table VII 

Determination of the Micha61is-Menten constants K m and Vma x for toluenesulfonyl-L-arginine methyl ester with 
native and modified subtilisins. 

g~(M) 

Native subtilisin type Carlsberg 
Nitrated subtilisin type Carlsberg 
lodinated subtilisin type Carlsberg 

Native subtilisin BPN' 
Nitrated subtilisin BPN' 

3.7x 10 -2 
2.8x 10 -2 
2.0• 10 -z 

3.0x 10 -2 
2.4x 10 -2 

Vmax ~) 

1540 
1335 
1390 

100 
122 

1) Expressed as laeqv. H+ liberated per min per mg enzyme per ml in a 10 ml incubation mixture. The experiments 
were performed at pH 8.0 and 30~ 
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Figure 6. Hydrolysis of clupein sulphate, gelatine and casein by subtilisin type Carlsberg and its nitrated and 
iodinated derivatives. - -O--  unmodified enzyme, - -O- -  nitrated enzyme, - -x - -  iodinated enzyme. Abscissa: 
substrate concentration in per cent. Ordinate: rate of hydrolysis expressed as ~teq H + liberated per min per mg 
enzyme per ml in a 10 ml incubation mixture, pH = 8.0, t = 30~ 

peptide substrates are hydrolyzed by iodinated 

or nitrated subtilisins. Thus a sevenfold in- 

crease was observed in the hydrolysis of a 0.5% 

clupein sulphate solution after nitration or 

iodination of subtilisin type Carlsberg. 

A more detailed kinetic analysis showed that 

the enhancement of catalysis was due to a 

lowering of KM(app ) rather than an increase in 

Vmax, which was found to be nearly constant 

(see Fig. 6). These results are quite different 

from those of MORIHARA et al. (124) obtained 

by varying the individual amino acid residues in 

synthetic peptide substrates. They found that 

kca t changed and K M remained almost con- 

stant. 

A similar, but not so drastic effect was observed 

when gelatine was the substrate (188). In this 

case an increase in Vma x was found as well as a 

decrease in KM(app ) (Fig. 6). Finally, the 

hydrolysis of casein by subtilisin type Carlsberg 

was unaffected by nitration of the enzyme while 

iodination caused a decrease in Vma x (Fig. 6). 

The hydrolysis of clupein by subtilisin BPN' 

was also influenced by nitration or iodination. 

KM(app ) was decreased as was the case with the 

Carlsberg enzyme but, in contrast Vma x was 

decreased to about half of the value obtained 

with the unmodified enzyme (Fig. 7). Also the 

rate of hydrolysis of gelatine by the modified 

subtilisin BPN' was different since a minor 

decrease, instead of an increase, was observed 

upon iodination or nitration while the rate of 

hydrolysis of casein was totally unaffected (Fig. 

7). 

How do we interpret these results? First of all, 

it was clear that the chemical modifications of 

tyrosyl groups were the cause of the changes in 

enzymatic properties, since reduction of the 

derivative with sodium dithionite, which chan- 

ged the 3-nitrotyrosyl residues into 3-aminoty- 

rosyl residues, resulted in catalytic properties 

identical to those of the unmodified enzymes 

(188). The PKa of tyrosine is about 10 while the 

pK a of 3-nitrotyrosine is about 7 (184). Since 
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all the experiments discussed above 

were performed at pH 8.0, the tyrosyl residues 

in the modified enzymes carried a negative 

charge while they were neutral in the un- 

modified enzyme. It was therefore suggested 

that introduction of a negative charge at one or 

more locations on the enzyme surface created 

new binding sites for large peptides or im- 

proved already existing sites. 

All the experiments discussed above were per- 

formed with enzymes having a high degree of 

modification (5 to 7 residues nitrated or 

iodinated in subtilisin type Carlsberg, 4 residues 

modified in subtilisin BPN'). 

In order to determine if modification of all 

these groups was necessary for the maximal 

change in activities, subtilisin type Carlsberg 

was nitrated by addition of TNM in small in- 

crements and the corresponding activity to- 

wards 0.5% clupein determined. It was shown 

that the maximal change in rate of hydrolysis 

was obtained when between one and two 

tyrosyl residues had been modified. Thus the 

observed effect was probably local and not due 

to a general change in the charge pattern. 

When the tentative three-dimensional model of 

subtilisin type Carlsberg was built at the 

Carlsberg Laboratory, it appeared that there 

were two candidates for the specific nitration or 

iodination: Tyr209, already mentioned in con- 

nection with hydrolysis of ester substrates, and 

Tyrl04 which was identical in the two subtilisins. 

Tyrto4 is most likely the residue which, when 

modified, gives rise to the changes in enzy- 

matic properties of subtilisin type Carlsberg. 

First, TYh04 constitutes part of the important 

subsite S~ identified by KRAUT and coworkers. 

Second, Tyr~o4 is the first residue to be nitrated 

(111) or iodinated (211) in subtilisin BPN'. 

Thirdly, reaction of subtilisin type Carlsberg 

with a tenfold excess of TNM followed by 

tryptic digestion of the derivative showed that 

800 CL O0 

600 / 150 

: _ 

4-00 100 

200 50- 

I I I 
1 2 3 

I I 

GELATINE 1oo 

/ . . . . . . . . . . - - - ~  

r/ 5o 

25- 

CASEIN 

x x O x  
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O-  
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Figure 7. Hydrolysis of clupein sulphate, gelatine and casein by subtilisin BPN' and its nitrated and iodinated 
derivatives. - - �9  unmodified enzyme, - - e - -  nitrated enzyme, - -x - -  iodinated enzyme. Abscissa: substrate 
concentration in per cent. Ordinate: rate of hydrolysis expressed as/aeq H § per min per mg enzyme per ml in a 10 
ml incubation mixture. Note the difference in scale for the three substrates, pH = 8.0, t = 30~ 
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in this enzyme Tyr,04 also reacts faster than any 

of the other tyrosyl residues (190). 

Therefore, it is quite safe to assume that nitra- 

tion or iodination of Tyr~o4 is the main cause of 

the lowering of KM(app) for the subtilisin type 

Carlsberg - clupein complex, although it can- 

not be excluded that nitration or iodination of 

Tyr2o9 might play a role. 

It should be pointed out that although Tyr,o4 

was the first residue to become nitrated in sub- 

tilisin BPN', modification of additional tyrosyl 

residues was necessary in order to obtain max- 

imal change in the rate of hydrolysis of clupein 

(l l l). It is possible that nitration of both Tyro04 

and Tyr2~ 7 is needed in this case for maximal 

,,efficiency,,. 

Subsite $4 is specially suited for the accomoda- 

tion of a phenylalanyl side-chain. However, 

clupein does not contain any aromatic side- 

chains which would be likely candidates for 

association with subsite S, or $4. On the other 

hand, the high percentage of Arg makes it 

probable that an Arg will try to fit in $4. 

However, such a complex will be energetically 

unfavorable when the enzyme is unmodified, 

but introduction of a negative charge at this site 

by nitration of Tyro04 will facilitate the binding 

of an arginyl side-chain. It is possible that the 

combination of an extended hydrophobic chain 

(-CH2-CH2-CHz-CH2-) and a positive charge on 

the substrate with a hydrophobic crevice plus a 

negative charge on the enzyme will create bind- 

ing of reasonable strength. 

If we now turn to subtilisin BPN', the same 

argument should apply since subsites St and S~ 

seem to be identical to those in subtilisin type 

Carlsberg. The marked decrease in KM(app ) is 

also observed when clupein is hydrolyzed, but 

Vma x decreases concomitantly. The simulta- 

neous decrease in KM(app ) and Vma x has been 

interpreted as indicating non-productive 

binding (47). If this is the case, the observed 

effect is most likely caused by nitration or 

iodination of Tyr2,7 since it is located in the S', 

area of the active site and since subtilisin type 

Carlsberg does not have a tyrosyl residues in 

position 217. 

A 0.5% solution of clupein sulfate is hydrolyzed 

about 10 times faster by subtilisin BPN' than by 

subtilisin type Carlsberg at pH 8 and 30 ~ On 

the other hand the opposite was found to be the 

case (188) with the ester substrate TAME under 

the same conditions. This apparent paradox 

may be explained in different ways. It is gener- 

ally accepted that the rate determining step in 

ester hydrolysis is deacylation of the enzyme- 

substrate intermediate. As mentioned in section 

3.3.1 deacylation of this intermediate is faster 

with the Carlsberg enzyme than with the BPN' 

enzyme. On the other hand acylation is usually 

the rate determining step in amide hydrolysis. 

The apparent paradox therefore disappears if 

acylation is fastest for subtilisin BPN' in the 

hydrolysis of clupein sulfate. An alternative ex- 

planation would be that clupein and TAME are 

bound differently and therefore are not directly 

comparable. 

Probably, the faster hydrolysis of clupein sul- 

fate by subtilisin BPN' compared to subtilisin 

type Carlsberg is partly due to the presence of 

more negative charges near the active site re- 

gion in this enzyme. Although no aspartyl nor 

glutamyl residues are included in the subsites S~ 

to S, determined by KRAUT and coworkers, it is 

very likely that the extented side-chains of 
arginyl residues can get into contact with such 

negative residues and add to the binding of the 

substrate. 

The hydrolysis of each of thethree components 

in clupein by the subtilisins was investigated in 

detail (190a). Two of the components, clupein 

YII and Z differ only slightly in their primary 

structure. These polypeptides were hydrolyzed 

with identical rates by subtilisin BPN'. The in- 

vestigations was concentrated on the initial 

stage of hydrolysis and it was shown that two 

bonds, a Ser-Arg and an Ala-Ser, were 

hydrolyzed faster than any of the other bonds 

(see Fig.8), the Ser-Arg bond being most readily 

attacked. The same two bonds were hydrolyzed 

by subtilisin Carlsberg, but at a much slower 

rate. Again, the quantitative rather than quali- 

tative differences between the two enzymes are 

emphasized. When clupein Z was hydrolyzed 

by nitrated subtilisin Carlsberg the specificity 
for the bond Serz~-Argz3 had increased. This 

finding is compatible with an Arg bond placed 

in subsite $4 when this bond is being 

hydrolyzed, while a Thr is bound in $4 when the 

bond Alas-Set 9 is hydrolyzed (Fig. 8). 
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L•-R-R-R-R-S-R-R-A-S-  
R-P-V-R-R-R-R- P-o- R-R-V-S- R-R-R-R-A-o- R-R-R-R 

P~ R-R-R~o~- TR-R-A-S- R-P-V-R-R-R-R-P-o-R- R-V-S-R-R-R-R-A-�9 R-R-R-R 

YI 

Z 

yII 

Figure 8. The amino acid sequence of clupein yl, Z and Yllarranged to give maximal homology. �9 indicates 
presumed deletions. 1" principal points of attack in clupein yIl and Z. + : points of attack in clupein yI. A = Ala, R 
= Arg, S = Ser, T= Thr, I =[le, G = Gly, V = Val and P = Pro. 

When clupein YI was hydrolyzed by the un- 

modified subtilisins a complicated pattern of 

peptides was obtained. Some of the hydrolyzed 

bonds were identified (Fig. 8) but no major 

point of attack was detected as with clupein YII 

and Z. However, when clupein YI was hydro- 

lyzed by nitrated subtilisin Carlsberg the 

specificity for the bond Args-Ser + was greatly 

enhanced. It is not clear why this bond is 

preferred by the nitrated subtilisin since the hy- 

drolysis of the other bonds which are attacked 

by unmodified enzyme also places an Arg in 

subsite S+. 

The protamine salmine has been used by 

GERTLER (48) as substrate for a subtilisin shown 

by amino acid analysis to be the BPN' type 

enzyme. Salmine is closely related to clupein, 

having a high content of arginyl residues. 

Modification of the enzyme by maleylation of 

the lysyl residues led to changes in the 

hydrolysis of salmine sulphate. The maximal 

rate of hydrolysis was unchanged, but K M in- 

creased five times. This result is surprising since 

one would expect a decrease in K M when the 

enzyme was made more negative, an effect 

observed with maleylated elastase in its action 

on salmine sulfate. It was also found that the 

hydrolysis of casein and hemoglobin were un- 

affected. However, elastin was hardly hydro- 

lyzed at all, which was explained by the loss of 

binding capacity for this substrate. Since no 

changes were observed in the hydrolysis of the 

ester substrates ATEE or N-acetyl-Ala-Ala- 

Ala-methyl ester it was concluded that the 

catalytic region was not affected, and the 

results are also in agreement with the subsite 

model of KRAUT and coworkers since no lysyl 

residues are found in the S t to S+ region on the 

enzyme surface. 

However, the apparent involvement of lysyl 

residues in the binding of salmine to subtilisin 

BPN' is unexpected since lysyl residues are un- 

important in the binding of clupein. One ex- 

planation would be that salmine binds to sub- 

tilisin in a way quite different from that of 

clupein. A more likely interpretation appears to 

be that other groups were modified in addition 

to the lysyl residues. It was shown (48) that 

maleylation of elastase resulted in a temporary 

inactivation of the enzyme, but that full activity 

towards the trialanyl ester substrate was 

recovered by a short preincubation of the 

modified enzyme before assay. It is conceivable 

that more stable derivatives could be obtained 

with subtilisin BPN'. JOHANSEN (88) showed 

that deacylation of succinyltyrosyl residues in 

subtilisin type Carlsberg proceeded with diffe- 

rent rates, three residues deacylating with a rate 

one third of that observed with the remaining 

six residues. Although maleylation was used by 

GERTLER (48) instead of succinylation because 

of its selectivity for lysyl residues, it cannot be 

excluded that certain tyrosyl residues could be 

in such a microenvironment that the fast hy- 

drolysis usually observed with maleyl-tyrosyl 

residues does not take place. JOHANSEN (88) 

atso has shown that the glutarylation of tyrosyl 

residues in subtilisin type Carlsberg inhibited 

the hydrolysis of clupein, gelatine and casein. 

Although the argument is speculative, it cannot 

be excluded that similar modification of one or 

more tyrosyl residues (possibly Tyrto+ and 

Tyr2tT) by maleic anhydride might lead to 

changes in the binding capacity of subtilisin 

BPN' towards salmine sulfate resulting in an in- 

crease in K M. 
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That the introduction of negative charges in 

strategically important locations on the enzyme 

surface is the cause of enhanced proteolytic 

activity of the subtilisins is further substantiated 

by succinylation or glutarylation of subtilisin 

type Carlsberg (88). Although the reagents 

used, succinic and glutaric anhydride, are 

quite unspecific since they react with lysyl, 

tyrosyl as well as threonyl/seryl residues, it was 

demonstrated that the marked changes in 

proteolytic activity of the enzyme was caused 

by modification of seryl and/or threonyl 

residues. The changes in enzymatic behaviour 

were similar to but even greater than those 

found upon nitration or iodination. From a 

comparison of the distribution of negative 

charges and seryl/threonyl residues in the active 

site region of the two subtilisins it was suggested 

that the modification leading to the changes in 

enzymatic activity most likely took place at 

Ser~56 in the Carlsberg enzyme. In subtilisin 

BPN' this residue is replaced by a negatively 

charged glutamic acid residue. If the area 

around residue 156 is of importance in the 

binding of clupein the introduction of a 

negative charge by succinylation or glutaryla- 

tion of Ser~56 in subtilisin type Carlsberg might 

well improve the catalytic efficiency. 

The participation of Glu~6 in the binding of 
clupein to subtilisin BPN' has been suggested 

also from studies iri which carboxyl groups were 

esterified (3). At a degree of modification which 

hardly affects the rate of hydrolysis of TAME, 

the rate of hydrolysis of clupein sulfate (0.5%) is 

less than 15% of that obtained with the un- 

modified enzyme. Casein (0.5%) is hydrolyzed 

with a rate 50% of that obtained with the un- 

modified enzyme. Thus it appears reasonable to 

conclude that the secondary binding of 

polypeptide substrates is affected. No similar 

studies have been performed with subtilisin 

type Carlsberg. If the hydrolysis of clupein sul- 

fate in this cace turns out to be not affected by 

the same degre~ of modification, additional 

support for the importance of Glu~56 in sub- 

tilisin BPN' will be gained. However, it should 

be pointed out that Asp9 s in subtilisin BPN' 

(which is a seryl residue in the Carlsberg 

enzyme) appears also to be a likely candidate 

for participation in a subsite. 

Glu156 is not included as part of a subsite in the 

binding site region proposed by KRAUT and 

coworkers for subtilisin BPN'. However, these 

investigators have shown (4) that binding of the 

dipeptide Lys-Tyr to crystals of subtilisin 

BPN' takes place via a hydrogen bond be- 

tween Glums6 and the tyrosyl residue. Although 

this finding does not prove that productive 

binding takes place in this way, it at least 

demonstrates that the area around Glu~56 is a 

potential binding site. If, on the other hand, the 

suggestion is correct that Glu~56 forms part of a 

productive binding site, then an alternative 

mode of binding to that proposed by KRAUT 

and coworkers for polypeptides exists, and this 

alternate mode might be the one indicated from 

kinetic studies. 

It is interesting to note that two of the chemical 

modification studies discussed above, nitration 

or iodination of tyrosyl residues on the one 

hand and succinylation or glutarylation of seryl 

and/or threonyl residues on the other, although 

qualitatively leading to the same changes in 

enzymatic activity, introduce functionally im- 

portant negative charges at different locations 

on the enzyme surface. Since clupein is a large 

peptide of about 30 residues, it is possible that 

the chemical modifications alter two binding 

sites of the same binding mode (probably $4 and 
S~). Hence, it is not necessary to postulate two 

different productive binding modes for clupein. 

However, it should be noted that nitration of 

glutarylated subtilisin type Carlsberg did not 

lead to any further changes in the rate of 

hydrolysis of clupein sulfate. Thus, the changes 

obtained by the two types of modification are 

not additive. 

3.4.5. Effect of Neutral Salts 

Improved binding of clupein to the subtilisins as 

a result of introduction of negative charges into 

these enzymes showed that charge-charge in- 

teraction in some way was involved. In order to 

get a better understanding of these interactions, 

experiments were performed in which increas- 

ing concentrations of various neutral salts were 

added to reaction mixtures of clupein sulfate 

and either subtilisin type Carlsberg or subtilisin 

BPN' (143). A tenfold decrease in Km(app ) was 

calculated from Fig. 9 for both enzymes at salt 
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Figure 9. The effect of high concentrations of salt on the rate of hydrolysis of clupein sulfate by subtilisin type 
Carlsberg and BPN' at pH 8.0 and 30~ Ordinate: rate of hydrolysis expressed as ~teq H § liberated per min per 
mg enzyme per ml in a 10 ml incubation mixture. Abscissa: per cent clupein sulfate. 

concentrations of 2 M. The simplest way of ex- 

plaining the salt effect is that of a general 

decrease in the repulsion between the enzyme 

and substrate both of which are positively 

charged. However, it is difficult to reconcile 

such an explanation with the observation that 

carbamylation (187) of almost all lysyl residues 

in subtilisin BPN' or succinylation (88) of the 

lysyl residues in subtilisin type Carlsberg has no 

effect on the rate of hydrolysis of clupein. 

These chemical modifications changes the 

isoelectric points of the subtilisins from pH 

about 9 to about pH 4-5. Therefore, the salt 

effect must be considered primarily to be a 

local effect. 

If electrostatic attraction played a major role in 

the binding of substrates a decrease in 

hydrolytic efficiency would be expected upon 

salt addition. However, both the kinetic and 

crystallographic evidence already discussed 

point toward hydrophobic interactions being 

mainly responsible for substrate binding. Clu- 

pein having a high content of positively char- 

ged arginyl residues can be visualized as having 

difficulties in accomodating the peptide chain 

in such a way that good contact is obtained with 

the enzyme surface while at the same time all 

the positive charges in the particular segment 

bound point away from the enzyme surface. 

In experiments with the ester substrates TAME 

and ATEE it was demonstrated for both enzy- 

mes that the pK of the prototropic group on 

which the activity depends increased from pH 

7.0 to about 7.5 when the salt concentration was 

increased from 0.1 M to 2.0 M. An increase in 

the rate of hydrolysis of TAME by subtilisin 

type Carlsberg was concomitantly observed 

while the hydrolysis by subtilisin BPN' was al- 

most unaffected. One of the effects of salt is 

therefore on the catalytic step. A similar con- 

clusion was made by KAHANA and SHALITIN 

(91) based on the rate of hydrolysis of ATEE by 

subtilisin BPN' in 0.1 and 2.0 M NaC1, 

respectively. The much more pronounced 

effect seen with the peptide clupein can only be 

explained by an additional effect on the secon- 

dary binding sites for this substrate. The posi- 

tioning of a positively charged arginyl residue in 

a hydrophobic environments is energetically 

very unfavorable. However, it is possible if the 

rest of the forces involved in the substrate bind- 

ing are strong enough to counteract  this. This 

was demonstrated in the case of pancreatic 

trypsin inhibitor (PTI) (76), which binds to both 

trypsin and chymotrypsin in the same way. 

Since the bottom of the $1 ,,pocket,, is occupied 

by an aspartyl residue in trypsin a strong salt 

bridge can be made with the functional impor- 
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tant lysyl residue of PTI. In chymotrypsin, S~ is 

hydrophobic throughout and will not easily 

accomodate a charged amino acid side-chain. 

However, about 400 contacts, predominantly 

van der Waals contacts, can be made between 

PTI and chymotrypsin and the association 

energy is therefore great enough to supply the 

energy needed to place the positive charge in 

the hydrophobic pocket. The association ener- 

gy is lowered by about 4 kcal compared with 

trypsin. It is possible that what we observed in 

the case of the subtilisins is a strengthening of 

the hydrophobic contacts with clupein (,,salt- 

ing out,,) which to a large extent overcome the 

repulsion of the positive charge in arginine. 

That the salts primarily exert their effect on the 

binding of substrate is demonstrated by the 

observation that casein which binds well to the 

subtilisins without addition of salt is not hydro- 

lysed at a different rate in the presence of salts. 

If salts had effected primarily the catalytic step 

in protein hydrolysis, similar effects would be 

observed with clupein and casein. 

KAHANA and SHALIT|N (91) made the in- 

teresting observation that in 2.0 M-NaCI poly- 

lysine became a good substrate for a-chymo- 

trypsin. However, this substrate was not de- 

graded lower than to octamers. These authors 

suggested that the high salt concentration led 

to formation of new binding modes for the sub- 

strate. A similar observation was made by 

BRETZEL (25) in the case of pepsin, clupein is 

not digested by this enzyme in the absence of 
salt, but becomes a substrate in 2 M-NaCI. 

3.4.6. Effects of Alcohols and Ouanidine Hydro- 

chloride 

Further evidence for the dominance of 

hydrophobic interactions for enzyme-substrate 

complex formation by the subtilisins was 

provided by experiments in which alcohols, 

various organic solvents and guanidine hydro- 

chloride were added to the digestion mixture 

(189). 

In one series of experiments straight chain, 

aliphatic alcohols ranging from methanol to 

pentanol were added in increasing amounts to 

reaction mixtures of subtilisin type Carlsberg or 

subtilisin BPN' and ATEE, TAME, or clupein 

sulfate. In all cases inhibition was observed, but 
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Figure 10. Hydrolysis af ATEE and clupein sulfate by 
the subtilisins in the presence of straight-chain, 
aliphatic alcohols. A: subtilisin type Carlsberg and 2.5 
mM ATEE, B: subtilisin BPN' and 2.5mM ATEE, C: 
subtilisin type Carlsberg and 0.45% clupein sulfate, 
D: subtilisin BPN' and 0.45% clupein sulfate, pH = 
8.0, t = 30~ Abscisse: alcohol concentration 
(moles/I). Ordinate: relative rate of hydrolysis. 
- -x--  methanol, -- |  ethanol, --(3-- propanol, 
--@-- butanol, - -~ - -  pentanol. 

it was considerably stronger when clupein sul- 

fate was the substrate (Fig. 10). If S~ was the 

only important binding site for both the ester 

substrates and clupein sulfate one would expect 

that the more strongly bound substrate would 

be influenced less by addition of alcohols. 

However, clupein sulfate is bound about ten 

times better than TAME to subtilisin type 

Carlsberg (K M is 5 x 10-3M and 4 x 10-2M, 

respectively (143)). With subtilisin BPN' the 

difference is even more pronounced (~ 

8 x 10-4M for clupein sulfate and 2.5 x 10-2M for 

TAME). The alternative explanation, that 

hydrolysis of clupein sulfate is inhibited more 

strongly than that of the ester substrates 

because clupein interacts with additional sub- 

sites on the enzyme surface appears more 

likely. Since the subsites identified by KRAUT 

and coworkers are hydrophobic (the ,,sticky 
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spots,, S'~ and S~, the hydrophobic pocket in $4 

and the hydrophobic crevice in S~), binding of 

alcohols to these subsites seems likely. A 

pronounced increase in inhibitory power was 

observed in going from methanol to pentanol 

(Fig. 10). This observation is compatible with 

the difference in both size and hydrophobicity 

between the two alcohols. 

The observation that the logarithm of relative 

rate of hydrolysis always gave a straight line 

when plotted against alcohol concentration 

(189) was explained in terms of multiple binding 

sites for the inhibitors in a theoretical treatment 

of RALSTON (151). 

No inhibition by alcohols was observed when 

casein, even at concentrations as low as 0.09%, 

was hydrolyzed by subtilisin type Carlsberg. 

The BPN' enzyme was inhibited only weakly by 

n-pentanol and n-hexanol. These results are 

compatible with a much better multiple site 

binding of casein (KM(app)~10-SM) compared 

to that of clupein sulfate. 

Competitive inhibition by dimethylformamide 

has been observed by MORmARA et al. (124) in 

the hydrolysis of Z-GIy-Leu-NH 2 by subtilisin 

BPN'. Thus K M increased 10 fold in 15% 

dimethylformamide over that in uninhibited 

solutions. In the comparative study of the 

hydrolysis of a series of peptides by subtilisin 

BPN' the reaction mixtures always contained 

15% dimethylformamide in order to keep the 

substrates in solution. Such a procedure pre- 

supposes that the binding of all peptide sub- 

strates is affected to the same degree by 15% di- 

methylformamide. This is not necessarily the 

case as demonstrated by the hydrolysis of clu- 

pein and casein, and care should be taken in in- 

terpretation of experiments in which organic 

solvents of various kinds have been added with 

the purpose of keeping the substrate in solu- 

tion. It has been shown (189) that, in addition to 

the alcohols discussed above, subtilisin type 

Carlsberg is inhibited to a varying degree by 

acetonitril< dioxane< tert-butanol< n-butyric 

acid< valeric acid, cyclohexane. 

Guanidine hydrochloride which acts as a 

denaturing agent was also added to reaction 

mixtures of the subtilisins and various sub- 

strates (189), but in concentrations at which the 

enzymes are still in their native state. Inhibition 

patterns similar to but not identical with those 

obtained with aliphatic alcohols were observed. 

Thus the inhibition of ATEE and TAME 

hydrolysis was more pronounced with subtilisin 

BPN'. The action of subtilisin BPN' on c|upein 

sulfate was also inhibited more than that of the 

Carlsberg enzyme, but the enzymatic activity of 

the latter was increased at low concentrations 

of guanidine hydrochloride probably due to the 

function of this compound both as an 

~,activating,, salt and as an inhibitor (143). The 

hydrolysis of casein by both enzymes was 

totally unaffected by addition of guanidine 

hydrochloride even in concentration as high as 

2.5 M, again demonstrating that the inhibitor 

affects the binding step rather than the hydro- 

lytic step. 

4. B I N D I N G  SITES IN O T H E R  

P R O T E A S E S  

The increasing number of publications dealing 

with the size of the active site of proteases 

clearly demonstrates that the importance of 

secondary binding sites is being fully 

recognized. In most studies synthetic polypep- 

tides have been used and, in those cases where 

the three-dimensional structure of the enzyme 

is known, studies similar to those described for 

subtilisin BPN' have been performed. Since the 

hydrolytic mechanism appears to be identical in 

the subtilisins and the phylogenetic unrelated 

mammalian serine proteases it is of interest to 

investigate how far the similarities extend also 

with respect to secondary interactions with sub- 

strates. In this section, therefore, the secondary 

binding sites of chymotrypsin, trypsin, and 

elastase are discussed, but many examples of 

secondary interactions in other proteases are 

included as well in order to give a more com- 

prehensive picture of the similarities and 

differences in the interaction between 

proteases and peptide substrates. 

4.1. Chymotrypsin 

The high specificity of chymotrypsin for sub- 

strates having aromatic amino acids in P, is well 

documented (67), but several investigations 

have also been performed with respect to the 

secondary binding properties of this enzyme. 
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YOSHIDA et al. (220) studied the hydrolysis of 

ester substrates of the general formula GlY(n )- 

Tyr�89 and peptides of the general formula 

Gly(n)-Tyr-~Gly(n)(n=l-4). It was shown that in- 

crease in chain length led to changes in rate of 

hydrolysis. Maximal rate was obtained with the 

peptide Gly(E)-Tyr~-Gly(4) among the peptides 

tested, but the ester substrates were always 

hydrolyzed with a much faster rate. Since the 

terminal groups were not blocked in the 

peptides the increase in rate of hydrolysis was 

explained mainly by the decrease in 

electrostatic interaction with the catalytic site 

as the chain became longer. However, it should 

be noted that the ester substrate Gly(2)-Tyr~-OEt 

was hydrolyzed much faster than both GlY(3 )- 

Tyr~-OEt and Gly(4)-Tyr�89 the decrease in 

rate being reflected almost entirely in K M. 

MORIHARA et al. (123) have investigated both 

side-chain and stereospecificity of a-chymo- 

trypsin. Stereospecificity was observed in five 

subsites ($1-$3 and S', S~) indicating that the ac- 

tive site covered at least 18A. The side-chain 

specificity was compared with that of subtilisin 

BPN' and interesting differences were noted. 

While Ala in P2 gave optimal conditions for hy- 

drolysis by subtilisin BPN' a decrease in rate 

was observed with chymotrypsin when Ala was 

substituted for Gly in Ac-Ala-Tyr-~NH2. 

Another difference was noted in S'r The 

hydrolysis of Z-Tyr-Tyr~-NH2 was the fastest 

among the substrates tested with chymotryp- 

sin, while it was resistant to attack by subtilisin 

BPN'. 

Crystallographic studies on chymotrypsin Ay 

which had reacted with peptide chloromethyl 

ketones have been performed by SEGAL et al. 

(173). Similar to what was found with subtilisin, 

the contacts between enzyme and substrate 

formed an antiparalle113-pleated sheet involving 

Ser2~4, Trp21~, and Gly2~ in chymotrypsin. Three 

hydrogen bonds, two of which were connected 

to P3 and one to P~, were formed. Since both the 

C=O and NH of P2 pointed away from the 

enzyme, and the corresponding groups on the 

enzyme pointed towards the interior, no 

hydrogen bonds were formed with Pz: 

o 
II II 

- C-~H-(~- C-- N- C H- C-N-CH- C - ~  R21 H~I ( ~  011 

o H ,0, 
-~-~-CH2-- N-C- C, H- N- C-C,H-N- 

H ~ R 5 ~ R 4 H 

GIY216 TrP215 Ser214 

These observations are in remarkable agree- 

ment with what was found for subtilisin BPN' 

by KRAUT and coworkers (98). They rotated the 

coordinates of 27 atoms for the catalytic 

residues Ser, His, and Asp and the back-bone 

atoms of S ,  Sz, and S 3 in chymotrypsin until the 

best least square fit to the same atoms in sub- 

tilisins BPN' was obtained. The average 

difference in atom position was 1.0A with a 

maximal difference of 2.1A. The close resem- 

blance is indeed impressive, but since the sub- 

sites in the two enzymes include many other 

side-chains the differences in specificity of Sz 

and S 4 (see below) is understandable since no 

homology exist between the mammalian and 

bacterial enzymes. Furthermore, nothing has 

been deduced from the crystallographic studies 

about the subsites S'~ and S~ in chymotrypsin ob- 

served by NEIL et al. (130) and MORIHARA et aL 

(123). It would be interesting to know if the si- 

milarities found with S1, $2, and $3 also extend 

to S'~ and S~. 

Crystallographic studies also show that the 

antiparallel B-pleated sheet is not expected to 

extend beyond Glyz~6 since a sharp bend of the 

enzyme back-bone away from the inhibitor is 

observed at Gly216. However, kinetic studies of 

the inhibition of chymotrypsin with peptide 

chloromethyl ketones (99) have shown that if a 

Z or Boc moiety were placed in P4 the rate if in- 

activation was decreased. This was explained 

by an interaction of the hydrophobic groups in 

P4 with Trp~7~ on the enzyme. This interaction 

was probably so strong that the hydrogen bond 

between S~ and P~ was disrupted which in turn 

led to decrease in the rate of reaction with the 

essential histidine. A big difference is observed 

between chymotrypsin and subtilisin with 

respect to $4. As discussed in section 3.4 this 

274 Carlsberg Res. Commun. Vol. 41, No 5, 1976 



1. SVENDSEN: Chemical Modifications of the Subtilisins 

site is important in the latter enzyme. In con- 

trast to what was found with chymotrypsin good 

contacts at this site means more efficient 

catalysis. 

In addition to preference of S~ in chymotrypsin 

for a Tyr, the crystallographic study (173) also 

explained the specificity of $2 for aliphatic 

residues having a large, bulky side-chain. This 

had already been demonstrated by NEtL et al. 

(130) who showed that Val, Ile, Lys, and Pro in 

P2 favoured hydrolysis. The X-ray data showed 

that good van der Waars contacts could be 

obtained between a Leu in P2 and the enzyme. 

The deductions made from crystallographic 

studies were reinforced by kinetic studies with 

either peptide chloromethyl ketones (99) or N- 

acetyl peptide methyl esters (174). Thus a Leu 

in P2 increased the rate of inactivation with 

chloromethyl ketones substantially (99). How- 

ever, a tosyl group in this position made the in- 

hibitor slightly less effective than one having an 

acetyl group. In subtilisin maximal enzymatic 

efficiency was obtained with an Ala in P2. 

In the studies on chymotrypsin discussed above 

only one binding mode for peptides has been 

observed crystallographically as well as kineti- 

cally. This may be the result of the very strong 

specificity of subsite S~: having P~ always fixed 

in the same position restricts the possibilities of 

the following residues for binding to alternative 

binding sites. 

4.2. Trypsin 

The first report on hydrolysis of synthetic 

peptides by trypsin was published in 1959 by 

IZUMIYA and UCHIO (81). Peptides of the 

general formula Gly(n)-Lys-~NH2 (n=l-4) were 

used as substrates. Large increases in kcat/KM 

were observed with GIy-GIy-Lys-~NH2 relative 

to Gly-Lys-~NH2. However, GIy-GIy-GIy-Lys- 

~NH2 was hydrolyzed with the same rate as GIy- 

GIy-Lys�89 Extension of the peptide-chain 

by one more Gly to GIy-GIy-GIy-GIy-Lys-~NH2 

resulted in a decrease in hydrolysis by a factor 

of two. 

In a subsequent work YAMAMOTO and IZUMIYA 

(219) investigated the influence of chain elonga- 

tion at the C-terminal end by means of sub- 

strates of the type Gly-Gly-Lys-~Gly(n) (n=l-4). 

While Gly-Gly-Lys�89 was a very poor sub- 

strate, probably due to the CO0-  group of Gly, 

addition of one or two glycyl residues raised 

kcat/K M by a factor of 140 and 700, respective- 

ly. Addition of yet another Gly decreased 

kcat/K M relative to (Gly)~-Lys�89 Thus, 

trypsin was found to have at least seven subsites 

for binding peptides. 

Although the three-dimensional structure is 

known (196), very few experimental data have 

been published on the binding of large sub- 

strates to crystals of trypsin. However, it is 

reasonable to expect results similar to what was 

found with chymotrypsin. First, trypsin is very 

specific with regard to Lys or Arg which 

probably restricts the number of binding modes 

to one only. Second, the segment Gly2~6-Trp~l~- 

Ser2~, shown to form antiparallel 13-sheet type 

contacts with peptide substrates in chymotryp- 

sin is identical in trypsin. In addition, the 

possibility of formation of a fourth hydrogen 

bond exists due to a deletion at residue 218. By 

model building, STROUO et al. (196) showed that 

the binding of pancreatic trypsin inhibitor (PTI) 

involved the segment Gly2~6-Tyr~rSer2~ 4. A 

similar result was obtained by HUaER et al. (75) 

with chymotrypsin, which is also inhibited 

strongly by PTI.As pointed out by HUBER, the 

contribution to the binding energy from the 

hydrogen bonds may be small, the main con- 

tribution coming from van der Waal's contacts, 

but the hydrogen bonds may be important for 

the proper alignment of the inhibitor. By 
analogy, one could expect the subtilisins also to 

bind PTI. Indeed, a model building study of 

ROBERTUS et al. (160) demonstrated a 

remarkably good fit of the PTI recognition site 

into the binding channel of subtilisin BPN'. 

However, PTI is not bound by subtilisin (76). 

According to KRAUT and coworkers (160) this is 

due to overlap of the inhibitor with a loop on 

the enzyme outside the binding channel. 

4.3. Elastase 

The secondary binding sites of elastase were in- 

vestigated by BERGER and coworkers (8). They 

showed that six to seven subsites (S~-$4 and S'l, 

S~/S~) were operative. Subsite $4 was found to 

be very important. In going from Ala-Ala-Ala ~- 

Lys-Phe to Ala-Ala-Ala-Ala~-Lys-Phe, an in- 

crease in kcat/KM of 1440 was observed with a 
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Table Viii 

Hydrolysis of some synthetic peptides by elastase. 

;ubstrate kcat/K M kcat (sec-') KM (AM) Ref. 

P4-- P3"" P~'- Pl-- P'l-- P~ 
l) Ala- Ala- Ala- Lys--Phe 
~) Ala- Ala- Ala- Ala- Lys- Phe 
~) Ala- Ala- Ala- Ala- Ala- Ala 
]) D-- Ala~ Ala- Ala- Ala- Ala- Ala 
~) Ac- Ala- Ala- Ala- NHz. 
') Ac-- Ala- Ala- Ala- Ala- NH2 
5) Ac- Ala- Pro- Ala- Ala- NH~ 
a) Ac-- Pro- Ala- Pro- Ala- Ala- NH2 

100 
144000 
15000 
3250 

15 
2070 
520 

25500 

2.5 
32 
60 
13 
0.038 
6.0 
2.5 

37 

25 
0.22 

4 
4 
2.5 
2.9 
4.6 
1.5 

( 8 )  
( 8 )  
( 8 )  
( 8 )  
(198) 
(198) 
(198) 
(198) 

large contribution from a decrease in K M and a 

smaller contribution from an increase in kca t (a 

and b in Table VIII). However, the stereospe- 

cificity of $4 was reflected exclusively in kca t (c 

and d in Table VIII). The importance of Lys 

and Phe in subsites S' 1 and S 2 was demonstrated 

by step-wise exchange of these residues by Ala 

leading to a 10 fold decrease in kcat/KM. It was 

further concluded that the importance of Lys in 

P'~ was due to the hydrophobic part of the side- 

chain and not to the E-amino group. 

Trifluoroacetylation of this group had no 

qualitative effect on the hydrolysis of the Ala- 

Lys bond. 

THOMPSON and BLOUT (197) also concluded 

that binding of the substrate in $4 was of great 

importance for hydrolysis of ester, amide, and 

peptide substrates. However, an analysis of the 

kinetic data showed that the primary effect of 

chain elongation was to increase the rate of 

acylation (Table VIII, e-h). The kinetic data 

were best explained by an ,,induced fit,, (97). 

This means that binding at P4 alters the enzyme 

conformation to give a more favourable align- 

ment of P~-P't at St-S'~. In principle, this could 

also be obtained by a movement of the whole 

substrate chain, but such an explanation was 

discarded (199). 

Further evidence for the importance of S 4 was 

given by ATLAS and BERGER (9) who studied the 

hydrolysis of p-nitrobenzyl esters of various 

peptides. However, it was shown that Ala-Ala- 

Ala-Leu-ONbz was a better substrate than Ala- 

Ala-Ala-Ala-ONbz, which at first sight 

appeared puzzling in view of the preference of 

S, for Ala. A separation of kcat/K M into the two 

constants showed that the Leu derivative was 

bound less tightly than the Ala derivative, but 

that kca t of the former was much higher. With 

Ala or Val in P ,  kca t did not change with an in- 

crease in chain length, but a sharp increase was 

observed with Leu, Gly, or Phe in P1. These 

observations were tentatively explained by 

strain on the scissil bond if the side-chain of P~ 

did not fit well into S 1. The necessary activation 

energy was thereby lowered and kca t increased. 

However, a tightly anchored residue in S'1 (the 

Nbz moiety) was also necessary. If this group 

was replaced by the dipeptide Lys-Ala the 

hydrolysis proceded ~normally,,, that is, Ala- 

Ala-Ala-Ala-~Lys-Ala was hydrotyzed much 

faster than Ala-Ala-Ala-Leu~-Lys-Ala. These 

results show that wrong conclusions can be 

made about specificity if too few substrates are 

investigated. 

Kinetic studies on the inhibition of elastase by 

peptide chloromethyl ketones (201) also 

demonstrated the dependence of hydrolytic 

rate on chain-length. 

From studies on the hydrolysis of tri- and 

tetrapeptide amides THOMPSON and BLOUT 

(202) concluded that the effect of P4 on both 

binding and hydrolytic rate could be separated. 

The effect on binding arose mainly from the in- 

teraction between enzyme and side-chain of the 

amino acid in P4, while the effect on rate mainly 

resulted from interaction between enzyme and 

the amino acid a-amino group. 

The binding of peptide inhibitors to crystals of 

elastase has been studied by SHOTTON et al. 
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(179). Unexpectedly, it was found that these in- 

hibitors were bound in a way different from that 

observed with chymotrypsin and subtilisin. 

While Ala-Ala-Ala and Ac-Pro-Ala-Pro-Ala 

were bound in one way only (occupying sub- 

sites SI-SJS4), Ac-Ala-Ala-Ala was bound in 

two ways, one similar to that observed with the 

two other inhibitors, the other occupying $2-S 4 

and resembling the mode of binding of peptide 

substrates to chymotrypsin. The importance of 

$4 was tentatively explained from observed 

movements of side-chains which were part of S 3 

and $1 upon binding of inhibitors. Binding of 

the peptide Lys-Phe in subsites S'~ and S~ was 

not observed although this was expected from 

the finding that Ala-Ala-Ala-Ala-+Lys-Phe is a 

good substrate and Lys-Phe is a good com- 

petitive inhibitor. 

A similarity between subtilisin and elastase is 

found in the importance of subsite $4, a site 

which is of minor importance in chymotrypsin 

and trypsin. While a major contribution to the 

binding energy in chymotrypsin and trypsin 

probably arises from the perfect fit of the side- 

chain of P~ in the ,,pocket,, (S~), this will hardly 

be the case for subtilisin and elastase. In sub- 

tilisin the S~ is much more open than in 

chymotrypsin and trypsin, and in elastase the 

entrance to the ~,pocket,, is blocked by a Val 

(210). The best fit to S~ is obtained by Ala which 

therefore to a large extent determines the 

specificity of elastase. However, the relative 

weak forces of binding give other subsites a 

possibility of playing an important role as well. 

4.4. Carboxypeptidase 

The earliest reported investigation of the in- 

fluence of substrate chain length on the rate of 

hydrolysis was made by [ZUMIYA and UCHIO 

(82) who studied the hydrolysis of the 

homologous series Gly(n)~-Tyr (n=l-5) by 

carboxypeptidase. While Gly-Tyr was hydro- 

lyzed very slowly, addition of one more Gly to 

the N-terminal end led to an increase in kcat/K M 

of 200. Further addition of Gly to the chain had 

no effect. 

However, BERGER and coworkers (1,171) 

showed that the active site could be divided 

into at least 5 subsites (S, to S'1) extending over 

about 18 A,. It was concluded that the active site 

as a whole was hydrophobic since a benzyl 

group, independent of which position it 

occupied, always led to a decrease in K M. On 

the other hand exchange of L-amino acids with 

D-amino acids only had a minor effect on KM, 

while kca t decreased between 3 and 50 fold. 

Like the endopeptidases, carboxypeptidase A 

functions both as a peptidase and as an esterase. 

No difference has been observed in the binding 

modes of peptides and esters to the endopepti- 

dases, but such a difference exists in carboxy- 

peptidase A, and a model for substrate binding 

taking this into account has been proposed 

(207). The conclusions about the difference in 

substrate binding were based on studies with 

modifiers which influenced the rate of hydro- 

lysis of peptides and esters differently (36) and 

ori chemical modifications of the enzyme. Thus, 

acetylation of tyrosyl residues with either N- 

acetyl imidazole or acetic anhydride (154, 180) 

increased esterase activity and greatly 

decreased peptidase activity. Similar results 

were obtained by modification of a single 

tyrosyl residue with tetranitromethane (157). In 

agreement with the proposed model for sub- 

strate binding it was found that the hydrolysis of 

peptides like Cbz-Gly-Gly-~Phe and Bz-Gly- 

Gly~-Phe was inhibited non-competitively by 

competitive inhibitors of ester hydrolysis. 

A new technique for kinetic studies as well as 

for distance measurements at the active site has 

been introduced by LATT et al. (101). It is based 

on the use of spectrochemical probes and has 

the advantage that distances can be measured 

while the enzymatic reaction is in progress thus 

making sure that it is productive binding which 

is observed. It was found that the distance be- 

tween the Co atom in the catalytic center of 

Co-carboxypeptidase and the probe (a N- 

terminal dansyl group) was less than 8 ,h, for 

dipeptides and about 18 A for pentapeptides. 

Substrate fitting to the three-dimensional 

model agreed with the measured distances 

when the peptides were in their extended form. 

Maximal catalytic efficiency was obtained with 

the tripeptides, while a decrease in kcat, but not 

in K M was observed with the tetra- and 

pentapeptides used in this study. 

In a recent study ABRAMOWlTZ-KURN and 

SCHECHTER (2) have demonstrated good agree- 
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ment between results obtained from the 

hydrolysis of numerous synthetic substrates and 

a proposed model for substrate binding based 

on model building. 

4.5. Pepsin 

In a series of papers FRUTON and coworkers 

(46, 117, 166, 215) have elucidated the binding 

of oligopeptide substrates and inhibitors to 

pepsin. These authors do not use the term 

,,subsites,,, which in their opinion involves the 

assumption that ,,these loci of interaction are 

associated with a relative rigid structure of the 

binding area of pepsin,, (73). Also the terms 

,,primary,, and ,,secondary binding sites,, are 

used to designate binding of the substrate 

molecule as a whole at the active site and at 

other regions on the enzyme surface, respec- 

tively (78). Oligopeptides are described by the 

general formula A-X-Y-B, where X and Y are 

the residues adjacent to the susceptible bond 

and A and B the rest of the amino acids and 

terminal blocking groups on the N- and C-ter- 

minal side, respectively. A and B are treated as 

units. 

The determination of the catalytic parameters 

K M and kca t for a series of substrates showed 

that the difference in reactivity rested almost 

exclusively in kca t while only small changes in 

K M were noted. The explanation appears to be 

that the major contribution to the binding 

comes from X and Y as long as one of these 

Table IX 

residues is aromatic. Table IX shows data that 

illustrate the importance of secondary binding 

of the substrate. Thus, prolongation of the 

peptide chain by one and two glycyl residues 

towards the N-terminal end (b and c) increased 

kca t relative to (a) by a factor of 4,5 and 115, 

respectively. The exchange of the Gly's by 

Ala's had also a remarkable effect on kcat/K M 

(d). An interesting specificity for cationic side- 

chains is illustrated in (e) to (g). The hydrolysis 

of (e) and (f) was pH-dependent while that of 

(g) was not, and the change in position of Gly 

and His had a pronounced effect on kca t. (h) to 

(k) illustrate the importance of the secondary 

interactions on the C-terminal side of the 

susceptible bond. While a moderate increase in 

catalytic efficiency is observed by blocking the 

Ala in P~ by methylation, a large increase 

occurs on addition of one more methylated Ala. 

Non-productive binding was observed in 

several of the studies. Direct binding studies 

were performed with the inhibitor Z-His- 

Phe(NO2)-Pol (Pol = Phe in which the -COOH 

group is replaced by a -CH2OH group). More 

than 5 molecules were bound per mole of 

enzyme (78), but with different strength. The 

most strongly bound molecule was assumed to 

occupy the region around the catalytic group(s) 

on the enzyme, the others bound at sites outside 

the catalytic region. Some of these binding sites 

were abolished upon acetylation of the enzyme 

with acetylimidazole. Since acetylation also led 

Hydrolysis of some synthetic peptides by pepsin. 

k~at KM 

Substrates (sec-l) 

P4-- P3-- P2-- P,- . . . . . .  P'~-- P'~-- P~-- P~ 
(a) Z-- Phe ....... Phe- OP4P 1) 
(b) Z--- Gly- Phe ....... Phe- OP4P 
(c) Z-- Gly-- Gly- Phe ....... Phe- OP4P 
(d) Z-- Ala-- Ala- Phe ....... Phe- OP4P 
(e) Z--- His- Phe ....... Phe- OEt 
(f) Z-- Gly-- His- Phe ....... Phe- OEt 
(g) Z-- His-- Gly- Phe ....... Phe- OEt 
(h) Z--- His-Phe(NO2)-Phe-Ala 
(i) Z-- His--Phe(NO2)-Phe-Ala- OMe 
(k) Z--- His-Phe(NO2)-Phe-Ala- Ala- OMe 

0.49 
2.2 

56.5 
260. 

0.47 
2.62 
0.03 
2.9 
3.3 

28. 

(rnM) 

0.71 
1.1 
0.8 
0.04 
0.18 
0.34 
0.17 
0.8 
0.4 
0.13 

1) OP4P = 3-(4-pyridyl)propyl-l-oxy, Phe(NO~) = p-nitro-L-phenylalanine 

k(cat)/KM 

Ref. 

0.69 (165) 
2.0 (165) 

70.6 (165) 
6500. (165) 

2.65 (73) 
7.76 (73) 
0.17 (73) 
3.6 (117) 
8.3 (117) 

215 (117) 
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to a diminished rate of hydrolysis of proteins 

(165), it was concluded that some of these 

secondary sites for the inhibitor were also 

binding sites for parts of a big molecule like 

hemoglobin. The catalytic site, however, is not 

abolished since the hydrolysis of small sub- 

strates like Z-His-Phe(NO2)-Phe-OMe were 

actually increased in rate, probably due to 

favourable changes of the structure in the 

catalytic site. 

Hydrolysis of synthetic peptides has also been 

studied by OKA and MORIHARA (134). They 

demonstrated that the enzyme was able to 

accomodate at least seven amino acid residues. 

In these studies S I was always occupied by Phe. 

The enzyme responded to changes in Pz to P4 

and P'I to P'3. In contrast to FRUTON and 

coworkers (73) these authors found that the 

enzyme was stringently stereospecific for the 

amino acid residues in P2 and P3. Stereo- 

specificity was observed for P'2, but not for P'r 

4.6. Chymosin (Rennin) 

When x-casein is hydrolyzed by chymosin the 

only attack is on a Phe-Met bond whereby 

para-K-casein and K-casein macromolecules 

are formed (152). This finding suggested a high 

specificity for Phe-Met bonds, but the peptide 

methyl esters Phe-Met-OMe, Phe-Met-Ala- 

OMe, and Leu-Phe-Met-Ala-OMe were hy- 

drolyzed only to a negligible extent (70). These 

results showed that the mere existence of the 

dipeptide, even with the end-groups blocked, 

was not enough for hydrolysis to take place. 

The same conclusion was reached by VOYNICK 

and FRUTON (215). 

RAYMOND et al. (152) synthesized a series of 

peptide methyl esters closely resembling the 

structure around the susceptible Phe-Met bond 

in K-casein: -Leu-Ser-Phe-Met-Ala- and 

studied the hydrolysis of these by chymosin. 

The results can be summarized as follows: Only 

bonds of the type Phe-X or Phe(p-NO2)-X were 

hydrolyzed. Replacement of Met by lie was 

without importance. On the other hand, 

replacement of Ser by Ala led to a drastic 

decrease in the rate of hydrolysis. The effect of 

this subtle change (replacement of a -OH group 

by a H) can hardly be related to the change in 

size of the side-chain, especially since the rate 

of hydrolysis decreased. Most likely an impor- 

tant hydrogen bond could no longer be formed 

between substrate and enzyme. The same effect 

was found with a peptide in which the CH2OH 

side chain of Ser was replaced by a NH 2 group. 

In this case hydrogen bonding should in princi- 

ple be possible, but the distance from the amino 

nitrogen may be too long, or ifa hydrogen bond 

in fact was formed, this led to distortion in the 

catalytic site large enough to impair hydrolysis. 

Finally, a very dramatic increase in catalytic 

efficiency was observed when the peptide chain 

was extended by one more residue, a Leu at the 

C-terminal end. In the terminology of SCHECH- 

TER and BERGER the substrate recognized at 

least 5 subsites ($2 to S~) on the enzyme. In 

those cases where the kinetic parameters kca t 

and K M w e r e  determined, the major effect of 

the changes in amino acid side-chains was 

observed on kca t while only minor changes were 

found with K M. It was concluded that the rapid 

preferential cleavage of the Phe-Met bond in K. 

casein was a consequence of secondary in- 

teractions between substrate and subsites on 

the enzyme. 

Preliminary results have been published by 

SCHATTENKERK et al. (169) from studies similar 

to those discussed above. These authors ex- 

tended the substrate so that a larger portion of 

the K-casein chain was covered: 

-Leu-Ser-Phe-Met-Ala-Ile-Pro-Pro-Lys- 

The results were only qualitative but in agree- 

ment with those discussed above. It was found 

that reversal of the sequence Leu-Ser in the 

pentapeptide Leu-Ser-Phe-Met-Ala- led to a 

drastic decrease in rate of hydrolysis. 

4.7. Thromhin 

Thrombin shows a remarkable specificity in its 

action on fibrinogen. The only bonds cleaved 

are four Arg-Gly bonds located in the a(A) and 

fl(B) chains of the hexamer [a(A) 13(B) ~']2 

(14,17). The hydrolysis of the two a(A) Arg-Gly 

bonds leads to blood clotting while the rate of 

hydrolysis of the two fl(B) Arg-Gly bonds first 

becomes maximal when the formation of fibrin 

is complete (18). The Arg-Gly bonds of insulin, 

B-chain of insulin (10), glucagon (51) or hen 

eggwhite lysozyme (50) are not cleaved. The 

hydrolysis of the Arg-Gly bonds in isolated a(A) 
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and 13(B) chains show that the three-dimen- 

sional structure of fibrinogen is not needed for 

the specific action of thrombin (68). Therefore, 

it was assumed that the specificity must be 

determined by the sequence on both sides of 

the susceptible bond. In order to test this 

possibility SCHERAGA and coworkers (6) syn- 

thesized peptides of varying length having the 

correct sequence around the scissile bond, the 

longest peptide being 

Gly-Gly-Gly-Val-Arg-Gly-Pro-Ala-NH 2 

It was observed that thrombin acted both as an 

endopeptidase and as an aminopeptidase (Arg*- 

Gly-Pro-AIa-NH2), and that (NO2) Arg-Gly 
bonds were also hydrolyzed showing that the 

positive charge of the Arg side-chain was not 

essential for hydrolysis. It was suggested that 

the specificity was connected with the sequence 

Gly-Gly-Gly in the a(A) chain. These three 

residues in series might permit the entry of the 

chain into a narrow active site cleft in 

thrombin. More bulky side-chains in P3-P5 

might not be accomodated and hydrolysis 

therefore not take place. However, in a subse- 

quent paper (102) it was demonstrated in a 

more detailed kinetic analysis that S~-$3, but 

probably not S, and Ss were involved in binding 

of substrates. 

A recent study (103) shows that at least three 

subsites on the C-terminal side of the suscepti- 

ble bond (S'~-S'3) are important for hydrolysis. 

However, the rate of hydrolysis of all the 

peptides investigated is still several orders of 

magnitude lower than that of fibrinogen. Thus, 

thrombin must have an unusual extended active 

site or the substrate must have a size large 

enough for a necessary folding to be accom- 

plished, although, as pointed out above, the 

native conformation of fibrinogen is not 

mandatory. 

4.8. Papain 

Papain was the first enzyme in which 

SCHECHTER and BERGER (170) measured the 

size of an active site. This was estimated to ex- 

tend over 25 A and to consist of 7 subsites (SI-S~ 

and S'~-S;) each of which occupied 3.5/k. Sub- 

sites $1, S~ and S'~ showed very strong 

stereospecificity. Subsite Sz was of particular 

interest since it showed a strong preference for 

the side-chains of Phe and Tyr (and to a smaller 

degree Leu). In this way these amino acid side- 

chains directed the hydrolysis to take place at 

the bond indicated by the arrow: 

-Phe - X -~ Y - 

Thus, the specificity was not determined by the 

residue occupying St, the subsite usually re- 

sponsible for strong side-chain specificity. 

The specificity-directing effect of Phe and Tyr 

was abolished if X was a valyl residue. Subsite 

$1 apparently cannot accomodate the bulky 

isopropyl side-chain of Val. The consequence 

was that Val occupied S 2 and had the same 

effect as Phe. JOHANSEN and OTTESEN (86) 

observed the same kind of specificity towards 

the B-chain of oxidized insulin, as did 

DESMAZEAUD (37) using glucagon as substrate. 

Streptococcal protease (201) hydrolyzed 

carboxymethylated B-chain of insulin and 

proteinase A 2 from Actinidia chinensis (116) 

hydrolyzed the oxidized B-chain of insulin in a 

similar manner. 

From binding studies involving peptide in- 

hibitors BERGER and SCHECHTER (13)were able 

to determine the relative preference of subsites 

Sl to $4 for amino acid side-chains. $2 was again 

shown to prefer hydrophobic side-chains. The 

same conclusionwas reached with regard to S~ 

but the binding here was not as strong as in $2. 

BRUBACHER and BENDER (27) studied the in- 

fluence of glycineamides of increasing chain 

length on the deacylation of trans-cinnamoyl 

papain and concluded that three subsites ex- 

isted on the C-terminal end of the susceptible 

bond. 

The conclusions arrived at from kinetic studies 

could be accounted for by model building using 

the known three-dimensional structure of 

papain (39). The picture arrived at in this way 

(13), however, did not agree with preliminary 

X-ray diffraction studies on papain-inhibitor 

complexes. It was pointed out that the ~static,, 

picture arrived at by X-ray analysis did not 

necessarily reflect the ,,dynamic,, conclusions 

based on kinetic studies. 

4.9. Microbial Proteases 

Pronase was shown by HARPER and BERGER 

(63) to have an active site consisting of five sub- 

sites. The active site of three neutral proteases 
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obtained from Bacillus subtilis, Bacillus thermo- 

proteolyticus, and Pseudornonas aeruginosa have 

been measured by MORIHARA and OKA (121). 

Both diastereoisomeric peptides and peptides 

in which the side-chains were varied were used, 

and it was concluded that the active sites in all 

three enzymes could be divided into at least six 

subsites (St-S 3 and S'~-S'3). 

A recent review by MORIHARA (127) includes a 

number of other microbial proteases for which 

the size of the active site has been determined. 

This includes trypsin-like serine proteases from 

various strains of Streptomyces, the metal-chel- 

ator-sensitive alkaline protease from Pseudo- 

monas aeruginosa, and acid proteases from 

Cladosporium, Aspergillus niger, Rhizobium 

chinensis, and Rhodotorula glutinis. 

5. C O N C L U D I N G  REMARKS 

The renewed interest in the study of hydrolysis 

of large peptides by proteolytic enzymes has 

provided much valuable information both 

about the size and the specificity of the active 

sites. While it is evident that active sites are 

rather large, extending from about 18 to 25 A, it 

has not yet been proved that only one binding 

area or set of subsites participates in productive 

binding. In the subtilisins, for example, kinetic 

studies as well as certain chemical modification 

studies point to the existence of more than the 

single binding mode deduced from X-ray 
crystallographic studies by KRAUT and co- 

workers. The discrepancies appear mainly to 

rest in the binding sites on the carboxyl-side of 

the susceptible bond, the region which is ex- 

plored to the least extent by X-ray crystallo- 

graphy. Differences in this region between the 

two subtilisins are probably the reason for the 

quantitative differences in specificity observed 

between them. 

The influence of secondary binding sites on the 

specificity of proteases varies. Trypsin, which is 

very side-chain specific in S,  is not influenced 

with respect to specificity by changes in amino 

acid residues in other positions although the 

rate of hydrolysis of the specific bond changes 

with changes in adjacent amino acid residues. 

The reason for this is probably that the main 

contribution to binding is derived from the 

residue in St while the proper alignment of the 

susceptible bond can be influenced by 

neighboring residues. If enough contacts can be 

made between enzyme and substrate, the 

dominating role of the specific side-chain in S~ 

can be overcome as exemplified by the binding 

of pancreatic trypsin inhibitor to chymotrypsin 

in which case a lysyl residue occupies the 

hydrophobic S~ subsite. 

When the side-chain specificity becomes less 

dominant as in subtilisin and elastase, the in- 

fluence of secondary binding sites on specificity 

will be more pronounced. Although the sub- 

tilisins have a hydrophobic S~ subsite, strong 

binding at other subsites can easily outweigh 

the contribution of S~ and therefore give rise to 

hydrolysis of a greater variety of bonds than 

observed with trypsin and chymotrypsin. 

Hydrolysis of the Leuts-Tyr~6 bond in the B- 

chain of oxidized insulin exemplifies this 

suggestion. Although Leu has a hydrophobic 

side-chain, hydrolysis of small ester substrates 

showed that the subtilisins were much more 

specific for Tyr than Leu, and hence one would 

expect Tyrt~ bound in S t rather than Leuts. 

However, the nice fit of the neighboring 

residues with the other subsites contributes so 

much binding energy that Leux~ become the 

preferred residue in S~. The determination of 

the tertiary structure of the subtilisin BPN' 

complex with an inhibitor produced by 

Streptomyces (168) will be very interesting with 
respect to the residue bound in S r With the 

many more contacts expected in this case, the 

occurence of a Tyr, Trp or Phe in S~ is even less 

certain than in the case of the B-chain. 
Most of the work on the size of the active site in 

proteins has been performed by kinetic studies 

involving synthetic peptides. Precautions must 

be taken in interpreting the results. For exam- 

ple, the inclusion of various organic solvents in 

the reaction mixture with the purpose of keep- 

ing the substrate in solution might influence the 

subsites on the enzyme surface differently. 

Non-productive binding may not always be easy 

to detect and resolve, but may influence the 

results markedly as recently demonstrated by 

FASTREZ and FERSHT (44) for the hydrolysis of 

substituted anilides by chymotrypsin. The 

results obtained with synthetic substrates give 
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information about the maximal binding area of 

an enzyme, but they do not identify the spatial 

positions of the individual subsites. However, 

this question can be answered from X-ray 

crystallographic studies or chemical modifica- 

tion studies. One draw-back in crystallographic 

studies is that they, for obvious reasons, are not 

performed with substrates, but with inhibitors 

(covalently bound, virtual substrates, or transi- 

tion state analogs). Therefore information on 

the mode of binding on the carboxylic site of 

the susceptible bond can only be deduced from 

model building. Another draw-back is that the 

enzyme-substrate interactions deduced from X- 

ray studies do not necessarily reflect the in- 

teractions in solution as demonstrated recently 

by VALLEE and coworker (89) for carboxy- 

peptidase. 

Chemical modification studies in conjunction 

with sequence determinations will in certain 

cases provide useful information about the 

secondary binding sites in enzymes. Thus, in the 

subtilisins a tyrosyl residue, Tyrlo4, has been 

shown to be part of an important subsite, and 

certain seryl/threonyl and carboxyl groups also 

take part in the binding of substrates. In the 

latter two cases, however, the position in the se- 

quence has not been determined. While the 

identification of Tyro04 as part of subsite $4 in 

the subtilisins was in agreement with the 

crystallographic data, the suggested implication 

of Ser156 in subtilisin type Carlsberg as part of S~ 

was not. This region is, however, less well 

defined in the crystallographic studies and the 

chemical modification studies, since an actual 

identification of the residue has not been made. 

Therefore it is premature to make any conclu- 

sion about the correct spatial arrangement of 

subsites S~ and S~ or the possibility of more than 

one productive binding mode. It should be 

pointed out, however, that kinetic studies using 

various inhibitors indicate that indeed more 

than one productive binding mode exists in the 

subtilisins. 

One draw-back in the use of chemical 

modifications is that one cannot be sure of 

whether an already existing binding mode is 

modified or a new one is created. Another dis- 

advantage is that it often is difficult to modify 

one residue selectively. This was possible with 

Tyrl04 in both subtilisins, but the evidence for 

participation of Ser m in subtilisin type 

Carlsberg as part of a subsite is based on com- 

parison with the spatial arrangement of the 

amino acid side-chains on the surface of sub- 

tilisin BPN'. 

Apart from the results with the subtilisins, only 

a very limited number of data concerning the 

influence of chemical modifications on the 

secondary binding sites in proteolytic enzymes 

are available. When secondary binding sites 

were studied no chemical modification of the 

enzyme had been performed. When chemically 

modified enzymes were tested for activity, this 

had in most cases been donewith small synthetic 

substrates in which case only changes in or 

close to the catalytic site could be detected. It 

is the hope of the present author that future 

experiments with chemically modified enzymes 

will include assays on large peptide substrates 

or proteins as well as small synthetic substrates. 

Valuable new information about the interac- 

tions of large substrates with proteases can un- 

doubtedly be obtained in this way, and much 

more information is certainly needed in order 

to get a more complete understanding of these 

interactions. The concerted effort of kinetic, 

crystallographic, and chemical studies is also 

necessary for a more complete picture of the in- 

teractions of proteolytic enzymes with their 

natural substrates, the proteins. 

6. S U M M A R Y  

Subtilisin type Carlsberg and subtilisin BPN' 

(which is identical to subtilisin type Novo) are 

two alkaline, extracellular proteases from Ba- 

cillus subtilis and Bacillus amyloliquefacient, re- 

spectively. Both enzymes are well 

characterized: their amino acid sequences are 

determined, and the three-dimensional 

structure of subtilisin BPN' is known as well. 

The two enzymes are homologues, but differ in 

85 positions in the amino acid sequences. All 

differences (except one) are localized on the 

surface of the molecule in the subtilisin BPN' 

enzyme, and it is therefore assumed that the 

three-dimensional structure of the two enzymes 

are nearly identical (section 1). 
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Chemical modification of functional side- 

chains in amino acids is one of the methods 

available for the investigation of structure-func- 

tion relationships of biologically active 

proteins. The subtilisins have been extensively 

investigated by means of this method, and the 

results are reviewed in section 2. Modification 

of lysine side-chains by f.ex. carbamylation 

(section 2.1.1) does not influence the enzymatic 

activity of the subtilisins while modification of 

the catalytically important serine and histidine 

side-chains (section 2.3.1 and 2.4) leads to total 

inactivation. A partially inactivated enzyme 

results from modification of a single methionine 

side-chain (section 2.5). Although the 

tryptophanyl side-chains are located near or on 

the surface of the enzyme molecule they are 

very unreactive (section 2.6). 

Nitration or iodination of tyrosyl residues led to 

the surprising result that the enzymatic activity 

of subtilisin type Carlsberg towards certain 

polypeptide substrates (clupein, gelatine) was 

increased, while towards low molecular weight 

ester substrates it remained almost constant. 

Similar although not identical results were 

obtained with subtilisin BPN'. The nitrated 

tyrosines in subtilisin type Carlsberg were 

identified, and in addition it was shown that one 

tyrosyl side-chain, Tyrlo4, reacted much faster 

with the nitrating reagent tetranitromethane 

than any of the other tyrosyl residues. A com- 

parison with the nitratable tyrosyl residues in 

subtilisin BPN' shows that tyrosyl residues 

which are located at identical positions in the 

sequences do not necessarily react identically 

with tetranitromethane. 

The changes in the enzymatic properties of the 

subtilisins by nitration or iodination are ex- 

plained by changes in the ability of the enzymes 

to bind substrate. In section 3.1 some 

definitions relating binding and hydrolysis of 

substrates are presented. Special emphasis is 

put on the concepts ,,subsites,, and ,,secondary 

binding sites,, developed by SCHECHTER and 

BERGER. These sites play an important role in 

the binding of polypeptides to proteolytic 

enzymes. Section 3.2 is a short description of 

the enzymatic mechanism. The substrate 

specificity of the subtilisins is the topic of sec- 

tion 3.3, where it is shown that the specificity 

demands determined by means of small syn- 

thetic ester substrates become more diffuse 

when polypeptides are hydrolyzed. This can be 

explained by the important role played by 

secondary binding sites. 

Section 3.4.1 is a review of the systematic 

kinetic investigations in relation to secondary 

binding sites which have been conducted using 

synthetic polypeptides. It was concluded that 

the enzyme can ,,feel,, at least 6 amino acid 

residues around the bond which is hydrolyzed. 

This conclusion is, in part, confirmed by X-ray 

crystallographic investigations which are de- 

scribed in section 3.4.2. In this case 4 subsites 

on subtitisin BPN', binding 4 residues on the N- 

terminal side of the susceptible bond, have been 

identified. 

The question of whether only substrates bound 

to these subsites, are hydrolyzed is discussed in 

section 3.4.3. Various kinetic as well as 

crystallographic investigations indicate that 

more than one productive binding is possible. 

In section 3.4.4 the influence of chemical 

modification on the binding of large substrates 

to the subtilisins is discussed. The increase in 

activity of subtilisin type Carlsberg towards 

clupein and gelatine which resulted from nitra- 

tion or iodination of Tyrl04 is explained by 

modification of a secondary binding site in such 

a way that better binding is obtained for large 

substrates. However, small synthetic substrates 

are too small to include this binding site upon 

binding to the enzyme, and consequently the 

kinetics are not changed. 

The very reactive Tyro04 appears to be part of 

one of the subsites localized by means of X-ray 

crystallography. Thus, in this case, good agree- 

ment is found between the two types of in- 

vestigation. However, succinylation and gluta- 

rylation of the subtilisins, which also lead to 

enhancement of enzymatic activity, indicate 

that substrates can bind in a different pro- 

ductive mode. 

Modification of certain carboxyl groups (sec- 

tion 2.7) seems also to influence the binding of 

peptide substrates. In this case a decrease, 

rather than an increase, in the enzymatic 

activity is observed. 

At a degree of modification at which the 

residual activity of subtilisin BPN' towards 
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clupein is very low, the activity towards small 

synthetic ester substrates is hardly affected at 

all (section 3.4.4). 

Nitration or iodination of Tyrlo4 lowers the pK of 

the phenolic group enough that it will carry a 

negative charge at the pH at which activity 

assays of the subtilisins normally are performed 

(pH 8.0). While this negative charge is impor- 

tant for the binding of certain substrates, the 

main contribution to binding comes from 

hydrogen bonds and hydrophobic interactions. 

This has been verified by the author in ex- 

periments involving addition of high con- 

centrations of neutral salts (section 3.4.5) and 

alcohols or guanidine hydrochloride (section 

3.4.6). Addition of salts has the same enzymatic 

effect as nitration or iodination, and it is ex- 

plained as a ,,salting out effect.. Alcohols and 

guanidine hydrochloride act as inhibitors, the 

effect of which is stronger on large substrates, 

an observation which is in agreement with 

binding of alcohol to secondary binding sites. 

Section 4 is a discussion of a series of proteases 

which have been investigated with respect to 

secondary binding sites. Of special interest are 

chymotrypsin, trypsin and elastase since the 

enzymatic mechanism of these enzymes are 

identical to the one found in the subtilisins. It is 

therefore of interest to investigate if this 

similarity also extends to binding of large 

substrates. 

Our knowledge about binding of large sub- 

strates is summarized in section 5. For several 

proteases, it is known how many amino acid 

residues of a peptide chain can be bound, but it 

is still uncertain how large an area of the 

enzyme surface takes part in the binding 

process. An evaluation of the advantages and 

disadvantages of the three methods - X-ray 

crystallography, kinetic studies with synthetic 

peptides and chemical modifications - which 

have been described for determination of 

secondary binding sites in proteases has been 

attempted. None of the methods alone can give 

all the answers, but by using them con- 

comitantly we might get a more complete 

picture of substrate binding to proteases. 
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