
Vol. 9, 1976 Structure and Mechanism of Chymotrypsin 145 

Structure and Mechanism of Chymotrypsin 
David M. Blow 

MRC Laboratory of Molecular Biology, Hills Road, Cambridge, United Kingdom 

Received December 27,1974 

Our understanding of enzyme catalysis has ad- 
vanced steadily since x-ray diffraction results gave 
the first detailed information about the architecture 
of an enzyme molecule 10 years ago. The mechanism 
of chymotrypsin is probably understood in more de- 
tail than any other enzyme a t  the present time. As 
enzymes go, it is a very simple one, and it has proved 
accessible to  study by a wide range of different tech- 
niques. Although it is 7 years since the first molecular 
model of chymotrypsin was built,l it is only recently 
that  I have begun to believe that the major effects are 
qualitatively understood. A quantitatiye assessment, 
which will require a quantum mechanical description 
of the active site and a detailed thermodynamic anal- 
ysis of each step of the reaction, is still probably sev- 
eral years away. 

Chymotrypsin catalyzes the hydrolysis of peptide 
bonds of protein foods in the mammalian gut. I t  is se- 
creted in the pancreas as chymotrypsinogen, a single- 
chain protein of 245 amino acids,2 and is activated to 
chymotrypsin by the hydrolysis of a single peptide 
bond, catalyzed by t r y p ~ i n . ~  

Amino acid sequence analysis has shown that en- 
zymes which have a close homology to chymotrypsin 
are widespread. In addition to chymotrypsin B, tryp- 
sin, and elastase, all secreted in the pancreas, there 
are several similar enzymes in the blood-clotting sys- 
tem, including thrombin and blood-clotting factor X, 
and in the complement-fixing ~ y s t e m . ~ - ~  A trypsin- 
like enzyme occurs in the Pacific dogfish and the sea 
anemone, and the enzyme cocoonase used by the 
pupa of the silkworm to digest its cocoon is closely re- 
lated.7 Proteolytic enzymes in bacteria mostly show 
no sign of genetic relationship to chymotrypsin. Sub- 
tilisin, found in B. subtilis and B. amyloliquefaciens, 
has a completely unrelated structure,8 though it uses 
an almost identical catalytic me~han i sm.~  Chymo- 
trypsin-like enzymes have, however, been found in 
some species of soil bacteria, including Myxobacter 
495. In these enzymes, large tracts of the amino acid 
sequence, including the catalytically important resi- 
dues, show extensive homology with chymotrypsin, 
and there can be little doubt that the basic molecular 
architecture is similar.1° Possibly these enzymes have 
developed through the protozoa from a primitive an- 
cestral gene, but it seems more likely that some kind 
of genetic transfer has occurred from higher organ- 
isms. 

Chymotrypsin is a monomeric enzyme which ex- 
hibits no allosteric effects. The conformational 
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changes which occur in the process of normal proteol- 
ysis seem to be very small. One of the substrates in 
proteolysis is water, which has to be present in all ex- 
periments on the enzyme. These features have great- 
ly simplified study of the catalytic mechanism. 

The Acyl-enzyme Mechanism 
Chymotrypsin has a uniquely reactive seTine, Ser- 

195, which may be acylated by a variety of agents. 
When p-nitrophenyl acetate is used, a rapid “burst” 
of 1 mol of p-nitrophenollmol of enzyme is produced, 
followed by a slower steady release of nitrophenol as 
the acetyl-chymotrypsin is hydrolyzed.ll Both steps 
are slowed down a t  low pH, and at  pH 4 acetyl-chy- 
motrypsin is sufficiently stable to be isolated.12 Since 
the pKa of the reaction is about 6.7, it was early sug- 
gested that histidine was involved in the reaction.13 

Many substrates give similar kinetic behavior, and 
all esters of the same acyl group show the same 
steady-state rate of hydrolysis. This suggested that 
the same acyl-enzyme intermediate was formed in 
every case, and that hydrolysis of the common acyl- 
enzymes was the rate-limiting step. Amides, on the 
other hand, are hydrolyzed a t  slower rates, which de- 
pend on the amide group inv01ved.l~ This is consis- 
tent with Scheme I, in which CHzOH represents the 
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Ser-195 side-chain of the enzyme E, and RCOX is an 
amide or ester substrate. 

Here kllk-1 gives the binding constant K s  for for- 
mation of the Michaelis complex; k2, the acylation 
rate constant, is rate limiting for amide hydrolysis; 
and k3, the deacylation rate constant, is rate limiting 
for ester hydrolysis. 

Even quite recently, experimental data have been 
published which seemed to contradict the acyl-en- 
zyme me~han i sm, l~ - ’~  but further analysis has shown 
a particular disturbing effect in each case18-20 and 
the acyl-enzyme mechanism may be taken as estab- 
lished. 

The Tetrahedral Intermediate 
Formation and hydrolysis of an ester bond, as indi- 

cated by steps 2 and 3 of Scheme I, are supposed to 
proceed by a mechanism in which the trigonally coor- 
dinated C is attacked by the approach of a fourth li- 
gand, approximately perpendicular to the plane of 
c ~ o r d i n a t i o n . ~ l - ~ ~  This approach provides a fourth li- 
gand to C, which moves slightly out of the plane of 
the three original ligands to form a tetrahedrally 
coordinated form. The tetrahedral form may collapse 
to a more stable state, either by repelling the attack- 
ing ligand and returning to its original state or by re- 
pelling another ligand and forming a new three-coor- 
dinated state, by moving into the plane which the 
new ligands define (Scheme 11; Figure 1). 

Due to the relative instability of the tetrahedral 
form, it is not present in sufficient abundance to have 
a detectable effect on the kinetics of a normal hydro- 
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Figure 1. The carbon atom C moves between one planar trigonal 
state and another by passing through the center of the tetrahe- 
dron. 
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Figure 2. The charge relay system, indicating the transition be- 
tween the state characterizing the active enzyme and the (inactive) 
form which exists below pH 6.7, according to Hunkapiller e t  aL31 

lytic reaction. Until recently, only indirect evidence22 
for the existence of such a form had been obtained, 
but two crystallographic studies of complexes of 
trypsin with protein trypsin inhibitors have shown 
that these are stabilized in the tetrahedral form.24i25 
The Charge-Relay System 

The first interpretable electron-density map of 
chymotrypsin1 showed, with the aid of the amino 
acid sequence, that the side chain of His-57 was lying 
close to Ser-195. This gave satisfying agreement with 
the supposed involvement of histidine from the pH- 
activity curve. It was only when a more accurate elec- 
tron density map was obtained, after further crystal- 
lographic work, and a correction to the amino acid se- 
quence, that a far more interesting situation was re- 
vealed26 (Figure 2 ) .  

Ser-195 lies in a shallow depression on the enzyme 
surface, with its 0 7  a t  hydrogen-bond distance from 
one of the ring nitrogens (NE2) of His-57. The imidaz- 
ole ring of His-57 has its edge at the surface of the 
molecule, so that NC2 is accessible from the solvent; 
the other nitrogen (N61) is buried. Immediately be- 
hind N61, and completely buried from contact with 
the solvent, is the side chain of Asp-102, with its car- 
boxyl group a t  hydrogen-bonding distance from N6’. 
Two water molecules are buried close to the carboxyl 
group, but not hydrogen bonded to it;27 otherwise the 
environment of the carboxyl group is completely hy- 
drophobic. 

The unique juxtaposition of a buried acid group 
with the unusually polarizable system of the imidaz- 
ole ring, which in its uncharged form can carry a pro- 
ton on either of the two ring nitrogens, seemed a t  
first to be the key to the activity of the trypsin family 
of enzymes. This view was strengthened when it 
turned up again and again, not only in the crystal 
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structures of elastasez8 and of trypsin,29 but also in 
the structure of s ~ b t i l i s i n . ~ ~  

We proposedz6 that the function of the buried acid 
group was to  polarize the imidazole ring, since the 
buried negative charge would induce a positive 
charge adjacent to it. The exposed nitrogen, Nc2, 
would carry an excess negative charge, strengthening 
the hydrogen bond between Ser-195 and His-57. This 
gave a possibility of proton transfer along hydrogen 
bonds, which could possibly allow the hydroxyl pro- 
ton to be transferred to His-57 from Ser-195. A de- 
protonated Or would be highly reactive to attack the 
scissile peptide bond. There were, however, obvious 
difficulties about a scheme which involved proton 
transfer. The pKa of -CH20H is about 15, so that the 
amount of proton transfer from serine to histidine a t  
pH 7 is likely to be very small. Also, the system clear- 
ly has a pKa a t  about 6.5 to 7, which is absolutely 
normal for a histidine, while this particular histidine 
is in an extremely abnormal environment. In our 
1969 paper,26 therefore, the issue of proton transfer 
was carefully left open. 

These problems seem to have been resolved by the 
experiments of Hunkapiller et al.31 on the a-lytic 
protease of Myxobacter 495. Although little is known 
of the structure of this protein at  present, it is as- 
sumed that the homologies of active-site sequences 
imply that there is a similar Asp-His-Ser system in 
the active site. The important feature of the enzyme 
is that it contains only one histidine residue, so that 
the 13C magnetic resonance of the one Ca2 histidine 
atom can be clearly identified. The pH-dependent 
changes of chemical shift and coupling constant of 
this resonance were carefully analyzed, and they indi- 
cate that  the pKa of the histidine residue is about 4.2. 
The change at  pH 6.5 to 7 is ascribed to protonation 
of the carboxylate of Asp-102 by these workers (al- 
though others have criticized this i n t e r p r e t a t i ~ n ~ ~ ) .  

This means that the buried environment of Asp- 
102 perturbs its pKa strongly, making it much more 
difficult to ionize than a normal carboxyl group. His- 
57 is strongly perturbed by the adjacent protonated 
carboxyl group, and also becomes much more diffi- 
cult to ionize than normal. In terms of the proton 
transfer system, the new result is that below pH 7 t h e  
proton between His-57 and Asp-102 is localized on 
Asp-102 (Figure 2). Above pH 7 it is transferred to 
N*l, but the histidine remains electrically neutral by 
losing the proton on Ns2. The transition at  pH 7 thus 
reverses the polarization of the imidazole ring. Ndl 
shows the anomaly that it is deprotonated below pH 
6.7, but protonated above pH 7. 

In another series of NMR measurements, the pro- 
ton resonance due to the proton between Asp-102 
and His-57 of chymotrypsin has been observed. This 
shows a transition near pH 7, corresponding to the 
transfer of the proton.33 
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In the active form of the enzyme, the polarization 
of the imidazole ring above pH 7 creates an environ- 
ment which can readily accommodate the proton of 
Ser-195 when this attacks the scissile bond. The re- 
peated occurrence of the charge-relay system in neu- 
tral proteases leaves little room for doubt that this 
constitutes the proton-transfer system required to  
implement Scheme 11. But the discovery that the 
charge-relay system exists in identical form in the 
"inactive" precursor c h y m ~ t r y p s i n o g e n ~ ~ ? ~ ~  showed 
that this was not enough to  make an effective en- 
zyme. Trypsinogen and chymotrypsinogen do exhibit 
enzymatic activity, but a t  such a low level 
that  of trypsin) that  it can only be detected under 
special  condition^.^^^^^ 
The Substrate Binding Site 

Close to the active serine of chymotrypsin is a 
deeply invaginated pocket, large enough to accommo- 
date an indole or a toluene molecule. When an aro- 
matic group occupies this pocket, it is sandwiched 
between peptide bonds 190-191 and 191-192 on one 
side and 215-216 on the other. A hydrophobic group 
so accommodated can make numerous hydrophobic 
contacts, especially involving Ser-190, Cys-191-220, 
Val-213, Trp-215, and T ~ r - 2 2 8 3 ~  (Figure 3). This 
pocket does not exist in chymotrypsinogen, but is 
formed by the rearrangement of residues 191-194 
which occurs on a ~ t i v a t i o n . ~ ~  

The narrowness of the pocket defines the plane of 
the aromatic side chain of a Tyr, Phe, or Trp residue, 
including the CP atom. The shape of the mouth of the 
pocket leaves little freedom for the C" position. The 
whole conformation of the amino acid side chain in 
the primary specificity pocket is thus rather closely 
defined. The shape of the pocket corresponds exactly 
with the range of amino acids which define the pri- 
mary specificity of the enzyme. 

The substrate binding pocket does not restrict the 
conformational angle XI which defines rotation about 
the C"-CP bond and which thus controls the position 
of adjacent atoms of the polypeptide chain (Figure 
4). Possible values for XI  are partly restricted by the 
shape of the molecular surface outside the substrate 
binding pocket. A conveniently placed hydrogen- 
bond acceptor, the CO group of Ser-214, close to the 
mouth of the pocket, further controls XI. When the 
NH group of an amino acid in the primary binding 
site is directed toward this acceptor, its carbonyl car- 
bon is brought close to the side chain of Ser-195. 

If the above interactions are made, the orientation 
of the scissile bond depends on the conformational 
angle $, which defines rotation about the Ca-C bond 
(Figure 4). Once again, the adjacent surface of the en- 
zyme restricts the possibilities, and permits two 
ranges for this angle, about 180' apart. One of these 
brings the carbonyl oxygen of the scissile bond close 
to  two hydrogen-bond donors which are directed 
away from the enzyme surface. These are the peptide 
NH groups of Gly-193 and Ser-195.37f38 (The alterna- 
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Figure 3. Complex of chymotrypsin with formyl-L-tryptophan, as 
scissile bond would be adjacent to the carboxylate oxygen S. 
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Figure 4. The conformational angles X I ,  @, and $ which determine 
the orientation of the scissile bond when an aromatic side chain is 
located in the primary substrate binding pocket. 

tive range of $, which brings the N of the scissile 
bond into this position, is unfavorable for hydrogen 
bonding.) If the carbonyl oxygen accepts these hy- 
drogen bonds, the NH of the scissile bond is brought 
close to His-57 and Ser-195. The scissile peptide 
bond lies in a plane almost perpendicular to the 
plane of the charge relay system (defined by the car- 
boxyl oxygen, the center of the imidazole ring, and 
0 7  (195)). 

These interactions are sufficient to define a confor- 
(38) R. Henderson, J Mol B d ,  54,341-354 (1970). 

~~ ~ 

determined crystallographically by Steitz et al.37 In a substrate, the 

mation for a small molecular substrate, for example 
N-acetyl-L-tryptophan amide (Figure 4).  For trypsin 
substrates, an exactly similar mode of binding exists, 
in which a lysine or arginine side chain is stabilized 
by an acid group (Asp-189) which is a t  the bottom of 
the substrate binding pocket in t r y p ~ i n . ~ ~ 2 ~ ~  A much 
smaller pocket exists in elastase, due to the presence 
of two bulky side chains (Val-215 and Thr-226) 
which replace glycine in trypsin and chymotrypsin.28 
These will fill up most of the pocket, which can ac- 
cept the methyl side chain of an alanine residue, but 
little more. This small binding pocket does not com- 
pletely define the direction of the C'(-CP bond, nor 
does it give enough binding energy by comparison 
with other modes of binding. Secondary substrate in- 
teractions are far more important for elastase, which 
functions most efficiently with favorable polypeptide 
s u b ~ t r a t e s . ~ ~ - ~ l  

An extremely similar binding site exists for subtil- 
isin, except that the primary binding pocket is less 
well defined, being more clearly described as a shal- 
low g r o ~ v e . ~  

The highly developed primary binding site made it 
relatively easy to study the binding of substrates to 
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the enzyme on one side of the scissile bond. The 
binding of the other part of the substrate, X, has to 
be studied by less direct means. Scheme I shows the 
course of a reaction in which the solvent contains 
only water. If the solution is enriched in XH, the 
acyl-enzyme can break down in one of two ways: 

ECH,OH + RCOOH x 
3 

ECH,OCOR 

ECH,OH + RCOX 
and the relative efficiencies of various XH as de- 
acylating agents can be compared.42 Glycinamide and 
alaninamide were shown to be 10-100 times more po- 
tent deacylating agents than water, while hydrazine, 
a very reactive nucleophile in nonenzymatic reac- 
tions, was only as effective as water. This indicated a 
preferred mode of binding of a peptide group X to 
the enzyme, believed to involve hydrophobic contacts 
with the cystine bridge 42-58. There was no evidence, 
however, of strong binding of alaninamide to the 
acyl-enzyme. The binding energy was thus responsi- 
ble for accelerating the reaction, rather than assisting 
with binding the product XH. 

Two crystallographic studies of complexes of tryp- 
sin .with protein trypsin i n h i b i t ~ r s ~ ~ p ~ ~  confirmed 
these ideas in a striking way. The inhibitors bind 
very much like a peptide substrate, but the deacyla- 
tion step is prevented (or diminished) by the exclu- 
sion of water from the active site and by the high sta- 
bility of the complex. Both the studied inhibitors, al- 
though completely different molecules, make the an- 
ticipated interactions on both sides of the scissile 
bond. But in order to make all these interactions si- 
multaneously, the atomic arrangement a t  the active 
site is forced into a very crowded situation. Both 
studies showed that this crowding results in stabiliza- 
tion of the tetrahedral intermediate (Scheme 11), in 
which four atoms are all within covalent bond dis- 
tance of the carbonyl carbon.24 In this conformation, 
the carbonyl oxygen is optimally aligned toward the 
two hydrogen-bond donors NH-193 and NH-195. 
The partial negative charge which it probably carries 
will strengthen these bonds and help in delocalizing 
the buried negative charge. 

It has been found that many inhibitors bind about 
equally strongly to anhydrotrypsin, a form of trypsin 
in which Ser-195 is converted to d e h y d r ~ a l a n i n e . ~ ~ > ~ ~  
In this case no chemical bond can be made between 
enzyme and inhibitor; but the removal of the serine 
Or relieves the overcrowding a t  the active site, and in 
other respects the close fit between the surfaces of 
enzyme and inhibitor is not d i ~ t u r b e d . ~ ~  Crystallo- 
graphic analysis confirms this.45 The chemical 
changes a t  the active site, stabilizing the tetrahedral 
intermediate, involve little net energy change, since 
the affinities of inhibitors for trypsin and anhydro- 
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trypsin are ~ i m i l a r . ~ ~ ? ~ ~  The energy gained from the 
two polarized hydrogen bonds from NH-193 and 
NH-195, and from the delocalization of the buried 
negative charge, evidently balances the energy of for- 
mation of the strained bond between enzyme and in- 
hibitor (see below).25 

Transition-State T h e ~ r y ~ ~ - ~ ~  
In each step of a chemical reaction, reactants pass 

from one relatively stable state to another through a 
state of higher energy. The state of highest energy 
through which the reactants must pass, to get from 
one stable state to another, is the transition state. 
The additional free energy needed to reach the tran- 
sition state is the activation energy of the reaction. 

Part  of the activation energy is enthalpic: for ex- 
ample, the work which needs to be done to bring two 
atoms close enough that a covalent bond begins to be 
formed between them. Another part is entropic, and 
expresses the additional order which needs to be im- 
posed on the system to reach the transition state: for 
example, the chance that two atoms would approach 
sufficiently close to react. Obviously the entropic 
component for a unimolecular reaction of two atoms 
which can collide by bond rotation is less than it is 
for a bimolecular reaction of two atoms floating free- 
ly in a box. 

The rate of a chemical reaction depends on the ac- 
tivation energy, according to the Arrhenius equation. 
Although an absolute rate can be calculated in some 
idealized cases, these are rare. We do not know 
enough about the modes of vibration of the reactants, 
nor about the range of possible configurations which 
will still allow the reaction to occur. In enzyme reac- 
tions the correct orientation of the substrate can 
greatly reduce the entropy of a ~ t i v a t i o n . ~ ~  The 
charge distribution a t  the active site and the geome- 
try of the binding site reduce the enthalpy of the 
transition state. 

The appearance of a tetrahedral adduct in the two 
crystalline trypsin-inhibitor c o m p l e ~ e s ~ ~ 2 ~ ~  gives 
clear evidence about the catalytic mechanism of the 
enzyme. The tetrahedral form, which in normal hy- 
drolytic reactions exists too briefly to be observed, 
has been stabilized to exist permanently in crystals. 
Huber’s results24 show that the stabilized form has 
an abnormal bond length-a form which might be as- 
sumed to be even less stable. The observed conforma- 
tion gives us some idea of how the reduction in the 
activation energy has been achieved, as detailed a t  
the end of the last section. 

The energy profile as the tetrahedral complex de- 
velops must be rather flat. Probably the Or-C bond 
can only shorten to a normal value of 1.5 A in the tet- 
rahedral intermediate by straining adjacent bond an- 
gles. In the trypsin-inhibitor complexes, where nu- 
merous secondary interactions are optimal, the com- 
plex is actually stabilized by 17 kcal with its abnor- 
mally long Or-C bond. Small substrates of chymo- 
trypsin, which make a few favorable secondary inter- 
actions, need 10-15 kcal of activation energy for acyl- 

(46) M. I. Page and W. P. Jencks, Proc. Natl. Acad. Sci. U.S.A., 68, 
1678-1683 m 7 i ) .  ~ ~ ~~.~ ~~. ~ , .  

(47) R. Wolfenden, Acc. Chem Res., 5,lO-18 (1972). 
(48) G. E. Lienhard, Science, 180,149-154 (1973). 
(49) A. R. Fersht, Proc. Roy. SOC. London, Ser. R, 187,397-407 (1974). 
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Figure 5.  The relative positions of key amino acids at  the active site of (a) a complex of bovine chymotrypsin with the substrate analogue 
formyl-L-tryptophan,': (b) the complex of bovine trypsin with bovine pancreatic trypsin inhibitor,24 (c) the complex of pork trypsin with 
soybean trypsin inhibitor;25 (d-f) show the same atoms from a viewpoint 90° away. The orientation and structures have been arranged to 
give, as nearly as possible, an exactly comparable view in each case. These diagrams are derived from three completely independent crys- 
tallographic structure determinations of three different pairs of molecules. The largest difference is in the position of the histidine ring, 
confirming the idea that this side chain is able to move after the substrate is bound. With this exception, all homologous atoms are similar- 
ly placed within less than 1 .&. I thank Dr. R. Huber for providing the unpublished coordinates used to generate (b) and (e). 

ation,2Q and the tetrahedral complex has only a tran- 
sient existence. These differences of stabilization en- 

contact areas in the complexes which the enzyme 

Proposed Catalysis in Subtilisin 
Subtilisin has a similar charge-relay system, and 

around the substrate.51 I t  has been pro osed that the 
ergy can be reasonably explained by the different there is a similar arrangement of reacting groups 

forms with an inhibitor or a small s ~ b s t r a t e . ~ ~  subtilisin substrate moves by about 1 K in the transi- 
(51) J D Robertus, R A Alden, J J Birktoft, J Kraut, J C Powers, 

(50) C H Chothiaand J Janin J Mol Bioi 100, 197-212 (1976) and P E Wdcox, Blochemutry 11,2439-2449 (1972) 
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Figure  6. A stereochemically realistic series of drawings,54 indicating the proposed steps in formation of the acyl-enzyme, following the 
scheme proposed p r e v i ~ u s l y . ~ * * ~ ~  Bonds between atoms in the substrate are indicated in black. (a) Rotation of Or (Ser-195) to  attack the 
carbonyl carbon of the substrate, which moves into a tetrahedral conformation. This must be accompanied by some displacement of His- 
57, since otherwise Or-195 would pass too close to C"-57.55 (b) The tetrahedral intermediate, as observed in the inhibitor complexes. (c) 
The hydrogen bond from the displaced His-57 is transferred from 07-195 to  the leaving group X. After the proton has been transferred 
from His-57 to X, the leaving group is expelled. (d) The tetrahedral carbon moves into the plane defining the ester group of the acyl en- 
zyme. The leaving group is replaced by a water molecule hydrogen bonded to His-57, which can move in to attack the ester group. Further 
steps of the process would be indicated by (c), (b), (a), where this water molecule (or an OH group) takes the place of the leaving group. 

tion from the Michaelis complex to the acyl-enzyme. 
In this process, the distance from the substrate NH 
to CO-125 (the analogue of chymotrypsin's CO; see 
Figure 2) shortens from about 4 A to a hydrogen- 
bond distance. I t  has been suggested that the tighter 
binding of the substrate which results from this 
movement provides a driving force for catalysis.52 By 
analogy, it is argued that a similar process might op- 
erate in trypsin and chymotrypsin. 

Such a movement appears unlikely in chymotryp- 
sin, since the substrate-binding pocket greatly re- 

(52) J. D. Robertus, J. Kraut, R. A. Alden, and J. J. Birktoft, Biochemis- 
t ry ,  11,4293-4303 (1972). 

stricts possible movements of the substrate. More- 
over, the chemical changes in the various steps of the 
reaction provide no obvious mechanism which would 
explain a change in the length of the hydrogen bond 

The structural results for the two trypsin-inhibitor 
complexes confirm that the substrate movement pro- 
posed for subtilisin does not occur in trypsin. In Fig- 
ure 5 we show comparable views of the complex of 
chymotrypsin with the pseudosubstrate formyl-L- 
tryptophan (which we take as a model of a Michaelis 
complex)37 and of the two trypsin inhibitor com- 
p l e ~ e s . ~ ~ ~ ~ ~  The Ca atom in the mouth of the primary 

to CO-214. 
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binding site is in the same position (relative to mean 
enzyme coordinates) within experimental error. The 
NH-CO-214 hydrogen bond is shorter in both inhib- 
itor complexes (3.324 and 3.2 h;25) than in the pseudo- 
substrate complex (at least 3.5 &, but this difference 
is probably a t  the level of experimental error. 

Stereochemistry of an Enzyme-Catalyzed 
Reaction38*53*54 

When the scissile bond lies in the orientation dic- 
tated by the primary binding site and by the hydro- 
gen bonds made from NH-193 and NH-195 to the 
carbonyl oxygen 0’, the carbonyl carbon C’ is near 
C@-195, and the amide nitrogen N’ is close to NC2-57 
and Or-195. The leaving group X cannot be brought 
into the position observed in the trypsin-inhibitor 
complexes, because these contacts would become too 
short. 

Development of the Tetrahedral Intermediate 
(Figure 6a). In the first step of the reaction, the ser- 
ine 07 rotates about its C“-Cp bond. This rotation 
must involve a small displacement of His-57, since 
otherwise 07 would pass too close to CC1 57.55 When 
07 begins to come in contact with C’, i t  is moving 
roughly perpendicular to the plane defined by the 
three ligands of C’. On closer approach to C’, bonding 
will develop, and as a consequence C’ will be dis- 
placed toward Or, out of this plane and into a tetra- 
hedrally coordinated conformation. 

In this conformation, observed in the trypsin in- 
hibitor complexes, the NC2-0 distance is still suitable 
for a hydrogen bond (Figure 6b). I t  is now possible 
for the full leaving group interactions to be made, be- 
cause of the closer approach of C’ to Ca-195 which 
follows from the C’-Or-C@ bonds. The relaxation of 
the planarity of the peptide group which results from 
formation of the additional bond may assist in devel- 
oping the leaving group interactions. 

At this stage we may assume the proton originating 
from the serine OrH to be localized on Ne2, leaving 
His-57 and Asp-102 electrically neutral, and with a 
negative charge developing on 0’, as in Scheme 11. 

Collapse of the Tetrahedral Intermediate to 
the Acyl Enzyme (Figure 6c) .  The structures of the 
inhibitor complexes show that NC2 is too far from N’ 
for a hydrogen bond, and probably His-57 must 
swing back slightly toward the substrate, away from 
Or. During the process the hydrogen bond is trans- 
ferred from 07 to N’. The proton can now be trans- 
ferred onto N’, initiating the collapse of the tetrahe- 

(53) R. Henderson, C. S. Wright, G. P. Hess, and D. M. Blow, Cold 
Spring Harbor Symp. Quant. Eiol., 36,63-70 (1971). 

(54)  D. M. Blow and J. M. Smith, Philos. Trans. R. SOC. London, Ser. E ,  
272,87-97 (1975). 

(55) Huber et al.24 have suggested that,  in the active enzyme at  neutral 
pH, 07 is in a different orientation from that observed in crystals, for which 
this movement of His-57 would not be needed, 

dral intermediate toward the acyl-enzyme. Protona- 
tion of N’ implies the repulsion of N’ from C’, leaving 
C’ three-coordinated, so that it will be pulled a few 
tenths of an angstrom into the plane of Or, 0’, and 
C”. This plane also includes Cp-195, as is usually 
found in esters. 

The repulsion of N’ from C’ must move it far 
enough to bring it to a nonbonded distance from C’, 
while accommodating the proton accepted from NC2. 
The movement of N’ is sufficient to dislodge the in- 
teractions made by the leaving group X, facilitating 
diffusion of the leaving group into the solvent. As 
soon as possible, N’ will pick up a further proton 
from the solvent, becoming NH3+. The Asp-His sys- 
tem again polarizes His-57 because N61 is permanent- 
ly protonated (above pH 7) and NC2 is now depro- 
tonated. This polarization causes a water molecule to 
be strongly hydrogen bonded to NC2 a t  site W (Figure 
6d). 

Deacylation. This water molecule also forms a hy- 
drogen bond to CO-40, and in this position its lone- 
pair electrons point toward C’, from a direction 
roughly perpendicular to the plane of the ester 

The attack of these electrons on C’ causes it 
to revert to four-coordination, with development of a 
negative charge on 0’ and movement of C’ back to its 
“tetrahedral” position. The tetrahedral conformation 
can collapse by expulsion of Or. The proton is trans- 
ferred from the water molecule first to NC2, then to 
Or,  as His-57 and 07 move back to their starting po- 
sitions. C’ and its ligands now form a carboxylate 
group, and the remaining product of hydrolysis 
leaves the enzyme in this form. 
Conclusion 

The activity of chymotrypsin can be considered to 
derive from several different effects: (i) chemical ap-  
paratus  (the charge relay system) which, by polariz- 
ing hydrogen bonds facilitates the proton transfer 
steps which occur in different steps of the reaction; 
(ii) a binding site,  which immobilizes the scissile 
bond of a substrate a t  the active site; (iii) a precise 
orientation between the two, which permits each re- 
action step to involve only a small rotation about a 
single bond, and which aligns the attacking groups 
near to optimal directions; (iv) lowering t h e  actiua- 
t i on  energy of the reaction by features which reduce 
the energy of the enzyme-substrate complex, at  the 
transition state. 

All of these effects are, however, different aspects 
of the structure of the active site, and cannot really 
be separated from one another. Together they in- 
crease the rate of the hydrolytic reaction and cause 
the enzyme to function as a catalyst. 

The rather simple nature of the reaction, and the 
small number of atoms which need to move, allow us 
to define the process in detail. 


