
ACCOUNTS OF CHEXICAL RESEARCH 
V O L U M E  7 N U M B E R  8 A U G U S T ,  1 9 7 4  

The Active Site of Pepsin 

Joseph S. Fruton 

Kline Biology Tower, Yule University, New Haven, Connecticut 06520 

Received March 4, 1974 

The two general properties of enzymes-their re- 
markable catalytic efficiency and exquisite specific- 
ity-offer some of the most challenging problems in 
modern chemistry. Although the wide variety of 
reactions effected by the many known enzymes can 
be rationalized in terms of a limited number of 
mechanisms ( e .g . ,  general acid-base catalysis, nu- 
cleophilic or electrophilic catalysis), the manner in 
which these catalytic mechanisms are expressed is 
determined by the specific interaction of the sub- 
strate with the active-site groups of the enzyme. 
Several complementary lines of attack are giving sig- 
nificant knowledge about the active sites of individu- 
al enzymes and about ‘ the way they interact with 
their substrates. They are, in addition to the deter- 
mination of the amino acid sequence of the enzyme 
protein, the study of its three-dimensional structure 
by X-ray crystallography, the selective chemical 
modification of enzymes, the spectroscopic study 
( e . g . ,  by nuclear magnetic resonance) of enzyme- 
substrate interaction, and the examination of the ef- 
fect of structural changes in the substrate on its in- 
teraction with the enzyme that catalyzes its transfor- 
mation. We have used the last approach to study the 
specificity and the mechanism of action of pepsin 
and related proteinases by devising peptide sub- 
strates whose structure has been varied systemati- 
cally. We have also attached groups that can act as 
fluorescent probes for changes in the environment of 
the substrate molecule. The results obtained thus far 
have led us to formulate several working hypotheses 
about the mode of enzyme-substrate interaction in 
the catalytic process effected by these proteinases. 

Acid Proteinases 
Gastric pepsin A is the best known member of a 

group of enzymes that cleave proteins in the pH 
range 2-5, and which are therefore termed “acid pro- 
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teinases.” Other acid proteinases are the milk-clot- 
ting enzyme rennin (chymosin), a number of mold 
enzymes ( e . g . ,  penicillopepsin, Rhizopus pepsin), 
and the cathepsin D of the lysosomes of animal 
tissues. These enzymes appear to have similar cata- 
lytic centers, since they are inhibited selectively by 
active-site-directed reagents such as diazoacetyl-L- 
phenylalanine ethyl ester and p-toluenesulfonyl-L- 
phenylalanyldiazomethanel or diazoacetyl-DL-nor- 
leucine methyl ester.2 In the case of gastric pepsin3 
and peni~i l lopepsin,~ it has been shown that the site 
of attack by such diazo compounds is the P-carboxyl 
group of an aspartyl residue in homologous se- 
quences (pepsin: Ile-Val-Asp-Thr-Gly-Thr-Ser; peni- 
cillopepsin: Ile-Ala- Asp-Thr-Gly-Thr-Leu) , More- 
over, considerable homology has been noted in the 
amino acid sequences of pepsin and rennin.5 The 
complete amino acid sequence of porcine pepsin has 
been reported recently,6 and the aspartyl residue 
sensitive to diazo compounds has been identified as 
Asp-215. In addition, Asp-32 has been identified as 
the residue sensitive to epoxides7 which inhibit pep- 
sin. 

These findings are relevant to the problem of the 
mechanism of pepsin action. Earlier suggestions re- 
garding the mode of pepsin action had invoked the 
participation of two enzymic carboxyl groups, one 
acting as a proton donor, the other (in its carboxyl- 
ate form) as a nucleophile,s and various mechanistic 
proposals have been offeredg in which a tetrahedral 
intermediate (I) is involved in the cleavage of a sub- 
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strate RCO-NHR’. The further fate of-this hypo- 
thetical intermediate is a subject of active discus- 
sion; we shall return to the problem at  the end of 
this article. We assume, as a working hypothesis, 
that  the acid proteinases related to pepsin operate 
by similar catalytic mechanisms, thus providing a 
counterpart to the serine proteinases (chymotrypsin, 
trypsin, elastase, subtilisin) which involve active-site 
seryl and histidyl residues. 

The Primary Specificity of Pepsin 
Until recently, the specificity of proteinases was 

described in terms of the particular amino acid resi- 
dues whose participation in a peptide bond rendered 
that bond most sensitive to the enzyme under study. 
This view came from the discovery of the first syn- 
thetic substrates for well-defined proteinases such as 
pepsin, trypsin, chymotrypsin, and papainlo and the 
subsequent work on the specificity of these en- 
zymes.ll3l2 It is now clear, however, that in addition 
to the “primary” enzyme-substrate interactions in- 
volving the amino acid residues forming the sensitive 
bond of the substrate, there are important 
“secondary” interactions in which substrate groups 
relatively distant from the site of catalytic attack 
combine with the enzyme to produce large effects on 
its catalytic efficiency.12 Such secondary enzyme- 
substrate interactions must obviously be included in 
a description of the specificity of proteinases and, in- 
deed, of other enzymes that  act on oligomeric sub- 
strates. 

The first synthetic substrates for pepsin13 such as 
Z-Glu-Tyr14 or Ac-Phe-Tyr were rather resistant to 
enzymic cleavage, but recent work has provided 
more sensitive substrates, some of which are cleaved 
at  very high rates.12 For the study of the primary 
specificity of pepsin, a series of compounds of the 
type Z-His-X-Phe-OMe and Z-His-Phe-Y-OMe were 
prepared in which the nature of the amino acid resi- 
due at  the X or Y position was varied; in all cases 
the X-Phe or Phe-Y bond was the only one cleaved 
by the enzyme under the conditions of the study.l5 It 
was found that  with small substrates of the type 
AX-YB, where the X-Y bond is broken, pepsin ex- 
hibits a preference for a L-phenylalanyl residue in the 
(IO) M. Bergmann and J. S. Fruton, Adcan. Enzymol., 1,63 (1941). 
(11) H. Neurath and G. W. Schwert, Chem. Rec. ,  46,69 (1950). 
(12)  J .  S. Fruton, Advan. Enzymol., 33,401 (1970). 
(13) ,J ,  S. Fruton and M. Bergmann, J .  Biol. Chem., 127, 627 (1939); L. 

E.Baker, ibid., 193, 809 (1951). 
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Phe(N02), p-nitro-L-phenylalanyl; Pla, 8-phenyl-L-lactyl; OP4P, 344-pyri- 
dyljpropyl-1-oxy; Dns, dansyl, 5-dimethylamino-1-naphthalenesulfonyl; 
Mns, mansyl, 6-(iV-methylanilino)-2-naphthalenesulfonyl; TPDM. p-tolu- 
enesulfonyl-L-phenylalanyldiazomethane; Aac. 9-aminoacridine. The ab- 
breviated designation of amino acid residues denotes the L form. 

(15) G. E. Trout and J. S. Fruton, Biochemistry, 8,4183 (1969). 

X position and a L-tryptophyl, L-tyrosyl, or L-phenyl- 
alanyl residue in the Y position. Replacement of 
these aromatic amino acids by aliphatic ones ( e . g . ,  
Leu, Met) bearing hydrophobic side chains or by an 
alicyclic one (P-cyclohexyl-L-alanine) markedly re- 
duces, but does not abolish, the cleavage of the x-Y 
bond, except in the case of X = Val or Ile where 
branching at  the P carbon completely inhibits pepsin 
action. Moreover, pepsin exhibits an absolute re- 
quirement for the L enantiomer in both the X and 
the Y position of substrates such as A-Phe-Phe-B. If 
either phenylalanyl residue is the D enantiomer, the 
resulting compound is resistant to pepsin action and 
acts as a competitive inhibitor with a Kj value ap- 
proximating the K ,  value16 of the L,L s u b ~ t r a t e . ’ ~  
This indicates that the resistance of the L,D or I),L di- 
astereoisomer is not a consequence of poor binding to 
the enzyme, but rather one of faulty positioning of 
the sensitive peptide bond with respect to the cata- 
lytic groups of pepsin. 

For the determination of the kinetic parameters 
for the hydrolysis by pepsin of the sensitive CQ-NH 
bond in synthetic peptides, an automatic ninhydrin 
methodl8 was used in earlier work but has been re- 
placed by the recently developed fluorometric meth- 
od using f l u o r e ~ c a m i n e . ~ ~  Also, advantage was taken 
of the fact that  when the X unit in substrates of the 
type A-X-Phe-B is the p-nitro-L-phenylalanyl resi- 
due, the kinetic parameters are similar to analogous 
substrates of the type A-Phe-Phe-B. The cleavage of 
the Phe(NOz)-Phe bond at pH 4 is accompanied by 
a relatively large change in absorbance at 310 nm, 
thus providing a useful spectrophotometric method 
for studying pepsin kineties.l7 This method has been 
employed to demonstrate unequivocally the  ability 
of pepsin to act as an esterase, with Z-His-Phe(NO2)- 
Pla-QMe as the substrate.20 It has also been used 
for the determination of the Ki values for resistant 
substrate analogs or poor substrates, when these act 
as competitive inhibitors of the hydrolysis of Z-His- 
Phe(NQ2)-Phe-QMe.21 These data indicated that 
the principal contribution to the binding energy in 
the interaction of small substrates of the type A- 
Phe-Phe-B with the active site of pepsin is provided 
by the Phe-Phe unit. Direct binding studies, by gel 
filtration,22 gave strong support to this c o n c l ~ i s i o n . ~ ~  

The substrates mentioned above have a site of 
protonation at  the imidazolyl group, rendering them 
moderately soluble in aqueous buffered media in the 
pH range 2-5, and the addition of an organic solvent 
is not required; such solvents have been shown to in- 
hibit the action of pepsin on synthetic  substrate^.^^ 

(16) The kinetic parameters mentioned in this article are defined by the 
equation u = Vn,(S)/K,,,  + (SI) for the process 

h, 

k-. 
E + § = = =  ES h E + P , + P ,  

where v = initial velocity, the maximal velocity V, = k,.,,, X total enzyme 
concentration. (S) = initial substrate concentration. K,,. == (kcat -k k - I ) /  
k l ,  and K ,  = k - l / k l  

(17) K. Inouye and J .  S. Fruton. Biochemistry, 6,1765 (1967). 
(18) T. R. Hollands and J .  S. Fruton, Biochemistry, 7,2046 (19683. 
(19) P. S. Sampath-Kumar and J .  S. Fruton. Proc iVat. Acad. Sci .  C. 

(20) K. Inouye and J. S. Frut0n.J. Amer. Chem. Soc., 89, 187 (1967). 
(21) K.  Inouye and J .  S. Fruton, Biochemistry, 7,1611 (1968). 
(22) G. F. Fairclough. Jr..  and J .  S.  Fruton, Biochemistry, 5,673 (1966). 
(23) R. E. Humphreys and J. S. Fruton, Proc ’Vat. Acnd. Sei. V. S., 59, 

519 (1968); E. V.  Kaju, R. E. Humphreys, and J .  S. Fruton, Biochemiatrq. 
11,3533 (1972). 

S., 71, 1070 (1974). 



Vol. 7, 1974 Active Site of Pepsin 243 

cH2cH2cH2 O H  - I 7 1 7 I 
Q CH, 

I 
0-CO-NHCHlCO-NHCHCO-NHCHCO-NHCHCO-0 

Z.Gly Ala.Phe.Phe.OP4P 
NO? 

H 
H,C CH, 

\ /  I 
\ I  I 

CH, y2 CH CH, CH, y? CH, 
+ ~ H , ~ H C ~ - ~ H ~ H , ~ ~ - N H ~ H ~ ~ N H ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ - N H C H C O - N H C ~ ~ ~ -  I I " m - o  I I  

Phe-Gly-His-Phe(~O,).Phe-Val-Leu-OMe 

Figure 1. Synthetic substrates for pepsin. 

Another series of substrates was devised in which the 
site of protonation is a pyridyl group as in A-Phe- 
Phe-OP4P.25 For the series in which the B group of 
Z-His-Phe(NO2)-Phe-B was varied, i t  was found 
that  the Z-His group could be replaced by the Phe- 
Gly-His unit, without marked changes in the kinetic 
parameters for the cleavage of the Phe(NO2)-Phe 
bond26 (Figure 1). 

The Secondary Specificity of Acid Proteinases 
In our studies on the secondary interactions of oli- 

gopeptide substrates with pepsin, the A group of A- 
Phe-Phe-OP4P1g,27 and the B group of Phe-Gly-His- 
P h e ( N o ~ ) - P h e - B ~ ~ , ~ ~  were varied; some of the kinet- 
ic data are given in Tables I and 11. It will be evident 
that the structural alterations lead to striking 
changes in catalytic efficiency (kcat) often without 
marked change in binding affinity (approximated by 
K m ) .  The data suggest that  the extended active site 
of pepsin may be long enough to bind a t  least seven 
L-amino acid residues; in a fully extended conforma- 
tion, such a heptapeptide would be about 25 A long. 
The chain length of substrates of the type A-Phe- 
Phe-B is clearly not the sole factor in determining 
the catalytic efficiency of attack a t  the Phe-Phe 
bond. A comparison of the kinetic data in Table I for 
the compounds in which A = Z-Gly-Gly, Z-Gly-Ala, 
and Z-Gly-Pro suggests that  the Z-dipeptidyl group 
interacts with pepsin as a unit without making a 
large contribution to the total binding energy in the 
enzyme-substrate interaction, since K ,  varied be- 
tween 0.1 and 0.4 mM, near the value of 0.25 mM for 
the dissociation constant of the complex of pepsin 
and the Phe-Phe ~ n i t . 2 1 > ~ 3  On the other hand, the 
values of kcat for these three substrates range over four 
orders of magnitude. These results are consistent with 
the view that the secondary interactions may affect 
catalysis by the utilization of the potential binding 
energy in the enzyme-substrate interaction to lower 
the free energy of activation in the catalytic process. 
This could arise by conformational change in the 
sybstrate, or the catalytic site of the enzyme, or 
both, leading to strain or distortion at  the sensitive 
bond. The conformational change in the substrate 
may produce a transition state for which the active 
site has greater affinity than for either the free sub- 

(24) J. Tang, J.  B id .  Chem., 240,3810 (1965). 
(25) G. P. Sachdevand J. S. Fruton, Biochemistry, 8,4231 (1969). 
(26) K. Medzihradszky, I. M. Voynick, H. Medzihradszky-Schweiger, 

(27) G. P. Sachdev and J. S. Fruton, Biochemistry, 9,4465 (1970). 
(28) J. B. Ferguson, J. R. Andrews, I. M. Voynick, and J. S. Fruton, J. 

and J. S. Fruton, Biochemistry, 9, 1154 (1970). 

Bid. Chem., 248,6701 (1973). 

Table I 
Kinetics of Cleavage of the Phe-Phe Bond of 

A-Phe-Phe-OP4P by Pepsin at pH 3.5 and 37" l g 8 z 7  

koat, Km, 
A group sec mM KmtIKm 

Z- 
Z-Gly- 
Z- (G1y)z- 
Z-(Gb)r  
z- (Gb')4- 
Z-Gly-Ala- 
Z-Ala-Ala- 
Z-Gly-Pro- 

0.7 
3 . 1  

71.8 
4.5 
2 . 1  

409 
282 

0.06 

0.2  
0.4 
0 . 4  
0.4 
0.7 
0.11 
0.04 
0.14 

3.7 
7 . 8  

10 .1  
3 . 0  

180 

3720 
7050 

0.4 

Table I1 
Kinetics of Cleavage of the Phe(NOz)-Phe Bond of 

Phe-Gly-His-Phe (NO,) -Phe-B by Pepsin 
at pH 4.0 and 37' * 6 ' 2 8  

kcst, 
B Group sec-' 

-0Me 0 . 1  
-Ala-OMe 3.3 
-Ala-Ala-OMe 28 
-Ala-Phe-OMe 20 
-Val-Leu-OMe 62 

- 
Km, 
mM 

0.4 
0.4 
0.16 
0.04 
0.04 

Koat IKm 
0.25 
8 .3  

175 
500 

1540 

strate or the products. If the active site is not a rigid 
structure, but can undergo conformational change in 
response to its interaction with the substrate, a por- 
tion of the binding energy could be used to achieve a 
transition state in which the active site is strained or 
distorted, and catalysis would be favored by the ten- 
dency of the enzyme to return to its normal state. 

The available data on the cleavage of oligopeptide 
substrates by other acid proteinases (cathepsin D, 
rennin, Rhizopus pepsin) are not as extensive as for 
gastric pepsin A, but the importance of secondary 
enzyme-substrate interactions is also evident, al- 
though the response to structural variation may be 
different.1g,28 ,29 

Fluorescent Probes for Secondary Interaction 
Data of the kind shown in Table I indicated that 

the hydrophobic benzyloxycarbonyl group partici- 
pates in the productive interaction of a substrate 
such as  Z-Gly-Gly-Phe-Phe-OP4P with pepsin, al- 
though it did not appear to contribute significantly 
to an increase in total binding energy in the forma- 
tion of the enzyme-substrate complex. I t  seemed 
possible that  the amino-terminal hydrophobic group 
had been drawn into the extended active site of pep- 
sin by the strong affinity of the sensitive Phe-Phe 
unit for the catalytic site. To  test this possibility di- 
rectly, we replaced the amino-terminal benzyloxy- 
carbonyl group with either a dansyl or a mansyl 
group. This substitution in several of the pepsin sub- 
strates listed in Table I did not alter the relative sus- 
ceptibility of the Phe-Phe bond in substrates of the 
type A-Phe-Phe-OP4P, although the values of both 
k c a t  and K m  were found to be lower for the Dns- or, 
Mns-peptides than for the corresponding Z-pep- 
tides.30 931 

(29) I. M.  Voynick and J. S.  Fruton, Proc. Nut. Acad. Sei. U. S., 68, 257 
(1971); M. N. Raymond, J. Gamier, E. Bricas, S. Cilianu, M. Blasnic, A. 
Chaix, and P. Lefrancier, Biochimie, 54, 145 (1972); T .  Oka and K.  Mori- 
hara, Arch. Biochem. Biophys., 156,552 (1973). 

(30) G. P. Sachdev, M. A. Johnston, and J. S. Fruton, Biochemistry, 11, 
1080 (1972). 

(31) G. P. Sachdev, A. D. Brownstein, and J. S. Fruton, J.  Biol. Chem., 
248,6292 (1973). 
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Table I11 
Fluorescence Measurements on the Interaction 

of Mansyl Compounds with Pepsina 

Pepsin Fluorescence intensityb 

additions Mns-NHr Phe-OP4P 

preparation 
and Mns-Gly,Phe- 

None 0 .03  (505) 0.07 (505) 
Pepsin 0.20 (470) 3 . 1  (475) 

+ pepstatinC 0.57 (465) 1 .8  (475) 
Acet y 1-pepsin 0 .%5 (465) 4 0 (475) 

+ pepstatinC 0 .18  (470) 0 .4  (490) 
TPDM-pepsin 0.55 (465) 2 . 3  (475) 

+ pepstatinc 1 . 3  (445) 3 . 8  (465) 

pH 2.35, 25'. The concentrations of mansyl compound 
and of pepsin (or of modified pepsin) were 10 pcM. b Expressed 
as arbitrary units at maximum of corrected emission 
spectrum (given in nanometers in parentheses) normalized 
with 1.9 pM quinine sulfate in 0.1 N H2SOa as the standard 
(1.0 at 450 nm). "Pepstatin concentration, 10 pM.  These 
data are corrected for the small effect of 2% methanol 
(needed to introduce inhibitor) on the fluorescence intensity 
in the absence of pepstatin. 

The dansyl group has been widely used as a probe 
for hydrophobic interaction because of the enhance- 
ment of its fluorescence and the shift of its emission 
maximum to a shorter wavelength, when this group 
is transferred from an aqueous environment to a sol- 
vent of low polarity or when it is bound to pro- 
t e i n ~ . ~ ~  Another widely used reagent is B-p-toluidino- 
2-naphthalenesulfonate, but the reaction of its acid 
chloride with amines is attended with d i f f i ~ u l t y . ~ ~  
We therefore turned to the closely related mansyl 

which has been employed less extensively 
but offers advantages because of its greater sensitivi- 
t y  to changes in the polarity of its e n ~ i r o n m e n t . ~ ~  
Thus, in a solvent of low dielectric constant (e .g . ,  
dioxane), the quantum yield of the fluorescence of 
Mns-Phe-Phe-OP4P is about three times as great as 
that for Dns-Phe-Phe-OP4P. 

There appear to be in pepsin at  least two potential 
loci for binding a mansyl group. One of these sites 
exhibits intrinsic affinity for mansylamide (11) or the 

CH1 

I1 

mansyl group of Mns-Gly-Gly-OP4P, as judged by 
the enhancement of its fluorescence when mixed 
with pepsin in 1:l molar proportion near pH 2.5; 
with dansylamide (even a t  20-fold excess of protein) 
no change in dansyl fluorescence was noted. When a 
dansyl or mansyl group is located a t  the amino ter- 
minus of a pepsin substrate of the type A-Phe-Phe- 
OP4P, however, the fluorescence of the probe group 
is markedly enhanced when mixed with pepsin in a 

(32) L. Stryer, Science, 162, 526 (1968); G. M. Edelman and W .  0. 
McClure,Accounts Chem. R e s . ,  1, 65 (1968). 

(33) R. R. Cory, R. R. Becker, R .  Rosenbluth, and I. Isenberg, J .  Amer. 
Chem. Soc., 90, 1643 (1968). 

(34) I t  should be noted that  although the static interpretation of the flu- 
orescence change in terms of transfer to a hydrophobic environment is 
probably correct in many cases, attention must also be given to the alter- 
native dynamic interpretation in terms of transfer to an environment in 
which polar groups are present but do not undergo movement during the 
lifetime of the excited state. 

1:l molar ratio.31 Data for some of the mansyl com- 
pounds are shown in Table 111. By measurement of 
the change in fluorescence intensity as a function of 
protein concentration, a t  a constant concentration of 
Mns-Gly-Phe-Phe-OP4P, the dissociation constant 
(K,) of the pepsin-ligand complex was estimated to 
be 0.03 mM, the value also found for K ,  in the hy- 
drolysis of this substrate by the enzyme.31 This pro- 
vides additional evidence for the view that the kinet- 
ically determined value of K ,  approximates K ,  and 
that the rate-limiting step in the catalysis is the con- 
version of the initial enzyme-substrate complex. It 
may be added that the value of KII for Mns-KHz or 
Mns-Gly-Gly-OP4P is about 0.2 mM. 

Of special importance was the finding that the 
large enhancement of fluorescence observed upon the 
addition of equimolar pepsin to a mansyl peptide 
such as Mns-Gly-Phe-Phe-OP4P was reduced by 
equimolar pepstatin to values similar to that ob- 
served with mansylamide (Table 111). Pepstatin is a 
naturally occurring peptide which acts as a powerful 
competitive inhibitor of pepsin35 and other protein- 
ases.28 On the other hand, the addition of pepstatin 
to a 1:l mixture of pepsin and mansylamide (or 
Mns-Gly-Gly-OP4P) did not alter the fluorescence 
significantly. Since pepstatin forms a tight 1:l com- 
plex with pepsin ( K ,  ea. M ) ,  it may be inferred 
that the inhibitor had blocked the active site of the 
enzyme, thus preventing the access of the mansyl 
peptide, in particular its Phe-Phe unit. It may be 
suggested therefore that the mansyl (or dansyl) 
group attached to a pepsin substrate having a Phe- 
Phe unit is drawn into the extended active site of 
pepsin and that the fluorescent probe is now located 
in an enzymic region of low dynamic polarity that 
has little inherent intrinsic affinity for the mansyl 
group. 

Further evidence for this hypothesis was provided 
by studies on the change in the fluorescence of man- 
sylamide or Mns-Phe-Phe-OP4P in the presence of 
pepsinogen that is undergoing activation to pepsin, 
It had been known that the fluorescence of 6-p-tolui- 
dino-2-naphthalenesulfonate, closely related structu- 
rally to mansic acid, is decreased (about 50%) upon 
the autocatalytic conversion of pepsinogen to pep- 
sin.36 A similar result was obtained with mansylam- 
ide; with Mns-Phe-Phe-OP4P (or Dns-Gly-Pro-Phe- 
Phe-OP4P), however, the fluorescence of the probe 
group was markedly increased (about threefold) dur- 
ing the activation p r o c e ~ s . ~ ~ ~ ~ ~  I t  would appear, 
therefore, that the conformational changes accompa- 
nying the autocatalytic conversion of pepsinogen to 
pepsin led to an alteration in the binding site for 
mansylamide that  is distinct from the alteration in 
the locus for the interaction with a mansyl group 
that is drawn in by a Phe-Phe unit of a peptide sub- 
strate. 

These results suggest considerable conformational 
flexibility a t  the active site of pepsin and raise the 
possibility that a substrate-binding cleft in pepsin is 
formed through conformational changes arising from 
the interaction of a suitable peptide substrate or in- 
hibitor with active site groups of the enzyme. Such a 

(35) H. Umezawa, "Enzyme Inhibitors of Microbial Origin," University 

(36) J .  L. Wang and G. M .  Edelman, J.  H i o l .  Chem., 246, 1186 (1971). 
ofTokyo Press, Tokyo, 1972. 
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cleft may be present in pepsinogen, but may be oc- 
cupied by the amino-terminal portion that  is re- 
moved by proteolysis during the activation process; 
upon conversion to pepsin, the cleft may be nar- 
rowed or closed after the release of the activation pep- 
tides and made inaccessible to the mansyl group of 
mansylamide. The specific interaction of a suitable 
peptide substrate with the catalytic site of the en- 
zyme, in widening the cleft, thus may allow an at- 
tached mansyl group to enter an enzymic region of 
lower polarity. The intrinsic proteinase activity of 
pepsinogen37 may therefore be a consequence of the 
competition between a protein substrate and the 
amino-terminal portion of pepsinogen for the extend- 
ed active site of pepsin. 

I t  was noted above that  the enhancement of the 
fluorescence of mansylamide by the addition of equi- 
molar pepsinogen is greater than with pepsin, 
suggesting that  blockage of the active site had al- 
tered the separate binding site for mansylamide. A 
similar result was obtained with pepsin that had 
been stoichiometrically inactivated by means of the 
diazo reagent TPDM. Such TPDM-pepsin caused a 
marked increase in the fluorescence of mansylamide, 
as compared with untreated pepsin (Table 111). This 
increase in fluorescence is not a consequence of 
tighter binding of mansylamide, since the K D  for the 
complex of this ligand with TPDM-pepsin is about 
0.7 mM. It was known from earlier work1 that the 
reagent specifically attacks the active site of pepsin, 
and binding studies23 had shown that Phe-Phe pep- 
tides are bound much less strongly by TPDM-pepsin 
than by pepsin itself. It would appear, therefore, 
that  in TPDM-pepsin the active site had not only 
been blocked, but that  the conformation of the pro- 
tein had been altered so as to decrease the polarity of 
the mansylamide binding site, which also accepts the 
mansyl group of mansyl peptides when they are ex- 
cluded from the active site. 

Further evidence for the considerable conforma- 
tional flexibility of catalytically active pepsin was 
obtained in fluorescence experiments with pepsin 
whose tyrosyl groups had been partially acetylated. 
Earlier studiesls had shown that  such acetyl-pepsin 
exhibits a markedly increased k,,, for the hydrolysis 
of the Phe-Phe bond of Z-His-Phe-Phe-OEt, without 
marked change in K,. The data on the effect of ace- 
tyl-pepsin on the fluorescence of mansylamide and of 
mansyl peptide substrates (Table 111) indicate that 
the potential mansyl binding locus associated with 
the interaction of a Phe-Phe unit a t  the active site is 
intact, and that  the other locus, which can bind the 
mansyl group of mansylamide and of mansyl-pep- 
tides, has become responsive to enzyme-inhibitor in- 
teractions at  the active site. These results suggest 
that, upon acetylation, the pepsin molecule may be- 
come more flexible, possibly as a consequence of the 
rupture of carboxylate-phenol hydrogen bonds that 
are important in maintaining the three-dimensional 
structure of the protein. 

From the foregoing evidence it would seem that 
pepsin has a flexible extended active site that  can 
interact with a mansyl (or dansyl) group when it is 
drawn in by a Phe-Phe unit, but that i t  is not possi- 

(37) M. Bustin and A Conway-Jacobs, J Biol Chem , 246, 615 (1971); 
P McPhie, Biochem Biophys Res Commun , 56,789 (1974). 

ble to specify a “subsite” that  binds the fluorescent 
probe. Since the three-dimensional structure of pep- 
sin is still unknown, more detailed speculation on 
this question is premature. It should be noted that  
attempts have been made38 to “map” the extended 
active sites of proteinases by denoting the enzyme 
area that  binds a single amino acid residue a “sub- 
site.” In such mapping, it is implicitly assumed that  
the active site of an enzyme has a relatively rigid 
structure. Although such formulations of the results 
of kinetic studies on a series of oligopeptide sub- 
strates lend themselves to graphical representation, 
they are probably oversimplifications of a more com- 
plex situation in which the conformational flexibility 
of the active site in response to interaction with the 
substrate (“induced fit”) makes the mapping of the 
complete binding area in terms of subsites a task of 
doubtful validity. 

The conclusions drawn for pepsin appear to be 
applicable to Rhizopus pepsin, which binds sub- 
strates of the type A-Phe-Phe-B more tightly than 
does pepsin. Recent fluorescence studies39 on the in- 
teraction of Rhizopus pepsin with dansylamide and 
Dns-peptide substrates have given results entirely 
comparable to those summarized above for pepsin. 
Moreover, it has been shown that the dansyl group 
of Dns-peptide substrates of carboxypeptidase A is 
also drawn into a region of lower polarity by virtue of 
specific enzyme-substrate interactions a t  the active 
site.40 Recent work has indicated that  carboxypepti- 
dase A has much more conformational flexibility a t  
the active site than had previously been surmised 
from X-ray diffraction studies.41 

The approach outlined above is also applicable to 
the labeling of the B portion of a pepsin substrate of 
the type A-Phe-Phe-B. This has been effected by the 
use of peptide hydrazides such as Gly-Gly-Phe-Phe- 
NHNH-Mns. This compound is cleaved by pepsin a t  
the Phe-Phe bond; the fluorescence of the mansyl 
group is greatly enhanced upon the addition of equi- 
molar pepsin, and is reduced to the low level ob- 
served with mansylhydrazide or mansylamide by the 
further addition of equimolar p e p ~ t a t i n . ~ ~  I t  may be 
added that  substrates such as Z-His-Phe-Phe-Aac 
also have been tested, and it was found that  the ac- 
ridine group is drawn into a region of lower polarity 
whereas the comparable 9-acetylaminoacridine did 
not appear to interact significantly with the enzyme 
under the experimental conditions employed.42 The 
limited solubility of these compounds restricted, 
however, their utility for the study of the active site 
of pepsin. 

Secondary Interactions and the Mechanism of 
Pepsin 

Clearly, the catalytic action of many enzymes that 
effect the reaction of an oligomeric substrate with 
water, or with an alternative nucleophile in group 
transfer, depends importantly on the interaction of 

(38) A .  Berger and I. Schechter, Phil. Trans. Roy. Soc. London, Ser. B, 

(39) Unpublished results of G. P. Sachdev and A. D. Brownstein in this 

(40) S. Latt ,  D. S. Auld, and B. L. Vallee, Proc. Nut. Acud. Sci. U. S., 

(41) W. N. Lipscomb, Proc. Nat. Acad. Sei. U. S., 70,3797 (1973). 
(42) G. P. Sachdev, A. D. Brownstein, and J. S. Fruton, J .  Biol. Chem., 

257,249 (1970). 

laboratory. 

67,1383 (1070). 

249,420 (1974). 
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the substrate with regions of the enzyme relatively 
distant from the catalytic site, with the virtually si- 
multaneous formation or scission of several non- 
covalent bonds (multiple cooperative interaction). 
Evidence for this conclusion is available not only for 
pepsin and pepsin-like enzymes, but also for other 
proteinases, notably papain,38 elastase,43 and chy- 
m0trypsin.4~ Moreover, enzymes acting on oligosac- 
charides (lysozyme,45 a-amylase46) are known to 
have extended active sites. I t  is noteworthy that all 
these enzymes catalyze both hydrolytic reactions and 
transpeptidation or transglycosylation reactions4? 
and it appears likely that secondary enzyme-sub- 
strate interactions may play a significant role in the 
catalytic mechanisms that are involved. In particu- 
lar, transfer reactions such as AB + HX s AX + 
BH require an ordered release of the A and B por- 
tions of AB, and significant differences in the energy 
of the interactions of A and B portions in a series of 
substrates for a given enzyme may have considerable 
effect on the kinetics of that enzyme. In the special 
case of pepsin, transpeptidation experiments have 
suggested that substrates such as Ac-Phe-Tyr are 
cleaved with the apparent prior release of the Ac-Phe 
portion and that the kinetic equivalent of an "imino- 

(43) R. C. Thompson and E.  R. Blout, Biochemistry, 12, 57 (1973); D. 

(44) W. K. Baumann. S. A. Bizzozero, and H. Dutler, Eur. J .  Biochem., 

(46) D. M. Chapman and N.  Sharon, Science, 165,454 (1969). 
(46) J. F. Robyt and D. French,J.  Biol. Chem., 248, 3917 (1970). 
(47) J. S. Fruton, Harueq Lect., 51,64 (1957j. 

Atlas and A. Berger, ibid., 12,2573 (1973). 

39,381 (1973). 

enzyme" (E-Tyr) can react with a ,suit,able carboxyl- 
ic acid to form RCO-Tyr. Several hypotheses have 
been ~ f f e r e d ~ , ~  to rationalize the transformation of 
the presumed tetrahedral intermediate I to  an 
imino-enzyme, with the release of the acyl portion of 
the substrate. The status of these hypotheses is un- 
certain, however, since neither Ac-Phe-Tyr-NM2 nor 
Ac-Phe-Phe-OEt gives transpeptidation products, 
raising doubt about the occurrence of a covalently 
bound E-Tyr intermediate.48 

Clearly, the further study of the mechanism of  
pepsin action requires closer study with substrates of 
the type A-Phe-Phe-OP4P and Phe-Gly-His- 
Phe(NO2)-Phe-B, where the A and B groups contain 
amino acid units that  enhance the catalytic efficien- 
cy of the enzyme. Moreover, an examination of  the 
action of pepsin on comparable ester substrates, 
where the sensitive Phe-?he unit has been replaced 
by Phe-Pla, is needed. It will be of interest t o  corn- 
pare the results with those for carboxypeptidase A, 
whose mechanism appears to resemble that of pepsin 
in several respects.49 
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Much progress has been made recently in the 
theory of liquids.1 The principal physical concept 
associated with this progress originated with the 
work of van der Waals long ago. It is the idea that, 
for a dense fluid, the repulsive forces (which are 
nearly hard-core interactions) dominate the liquid 
structure. This means that  the shape of molecules 
determines the intermolecular correlations. Attrac- 
tive forces, dipole-dipole interactions, and other 
slowly varying forces play a minor role. As a result, if 
a dense liquid is composed of spherical (or nearly 
spherical) molecules, the intermolecular structure 
should be very similar to that  of a fluid made up of 
hard spheres. 
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Most of the modern theories of liquids have f'o- 
cussed attention on this concept, and calculations 
have shown that the idea is quantitatively accurate 
for many 1iquids.l-9 Further, it has been shown by 
Longuet-Higgins and VCTidom7 and by others1! that 
liquids freeze when the density becomes high enough 
that  steric effects (not attractive forces) lock the 
molecules into a structure for which particle diffu 
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