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It was found that in papain one of the subsites of the active site - namely * S+ - 
specifically interacts with phenylalanine residues. The evidence is that: (a) the 
presence of Phe in positions three or higher from the C-terminal of the substrate 
enhances the susceptibility of a peptide to hydrolysis; (b) Phe directs the enzymic 
attack to the bond next-but-one to it towards the C-terminal; (c) peptides containing 
Phe as the second residue from the C-terminal are strong competitive inhibitors of 
papain C??. NlO*M-3. It i s assumed that these inhibitors occupy part of the active 
site (St, &, etc.) in the same manner as substrates. Thus they may help, by means 
of X-ray analysis of their complexes with papain, to show how peptide chains are 
bound to the active site of the enzyme. 

In previous work (Schechter and Berger, 1967; Abramowitz et al., 1967), we 

showed that the size of the active site of proteolytic enzymes could be measured by 

comparing the rates of hydrolysis of a series of pairs of peptides, in which composi- 

tion was systematically varied. In the case of papain, diastereoisomeric pairs of 

alanine peptides (up to the size of hexapeptides) were used, and it was concluded that 

the size of the active site corresponds to that of seven amino acid residues. The 

whole binding site was visualized as subdivided into subsites, and it was assumed 

that the substrate is lined up in the site so that each of its amino acid residues 

occupies one subsite. T&e residues were designated P,, P,, etc. and Pi , Pi , etc. 

(counting from the bond cleaved towards the amino- and carboxyl terminal respectively), 

and the corresponding sub&es were designated f$, ,5$, Sz, S, and S; , sz) , Si (see 

Fig. 1). The three-dimensional structure of papain worked out by Drenth and his 

group (1968) may make it possible to test this picture and identify the subsites on 

either side of the reactive sulfhydryl group. 

In continuation of these studies we now attempted to map the active site by 

identifying specific interactions in the various subsites. 

RESULTS. A number of peptides containing L-alanine plus a single residue of L- 

phenylalanine and/or L-lysine were prepared and checked for hydrolysis by papain. 
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All reaction products were identified by comparison with authentic samples, using 

chromatography in butanol-acetic acid-water and high voltage paper electrophoresis at 

pH 1.5 and 6.5. The results are given in Table I. 

It is seen that peptides in which Phe is the third or further residue from the C- 

terminal end are good substrates for papain. Peptides containing Phe as the second 

residue from the C-terminal are hardly attacked. The bond split is always the next-but- 

one to the Phe residue in the direction of the C-terminal. In our terminology: whenever 

a split occurs the Phe residue is ASP+ of the substrate, i.e., it always occupies subsite 

S, on the enzyme (see Pig. 1). This means that S, has a definite preference for the Phe- 

side chain. This is also seen from the fact that the introduction of Phe into an approp- 

riate position (third or further from the C-terminal) markedly increases the suscepti- 

bility of a given substrate to hydrolysis. It is interesting to note that the fl specific” 

splits are always purely hydrolytic, whereas in the peptides Ala,, Alal, AlazPhe and 

AlalPhe transpeptidation occurs (Schechter and Berger, 1961). 

The evidence for strong interaction of Phe in subsite S, raised the possibility that 

peptides with Phe as the penultimate residue, while not undergoing cleavage, might 

bind strongly to subsites S,, Sz and S, on the one side of the active sulihydryl group of 

the enzyme (see Pig. I). By blocking part of the active site they would act as competitive 

inhibitors. Indeed it was observed (by semiquantitative paper electrophoresisl that the 

hydrolysis of Alab (DL4) (kcaJKmw6 see-* M-l, Schechter and Berger, 196’7) was 

inhibited to an extent of about 50% by 10m3 M AlaPheLye, AlazPheAla or AlazPheLye 

(Table Il. 

SUBSTRATES 

I 
~Alo.Aio~Phr~Lys.AIaNH~ 

H~AI~Phr~Ala~L~~Alo~NM~ 
HPhcAlo.AloLyv AIwNH2 

btAla~PkAlo.Ala-OH 
t+PhuA~oAlo~Alo~Oti 
HPhr.Alo.Lys~OH 

INHIBITORS 

li~Alo.Alo~Ptm~Ala-OH 
WAlo.Alo.Pho.LywOH 

Ii-Alo.Phr.Alo~Oli 
Alo.Ph.Lys-OH 

0 , I I I r 
“2r;rF.s Pa % Pp PI P; P2 P, P4 Ps OOH H2NPs Pa Pa P2 P, COOH 

Mg, 1. - Mode of binding of substrates and inhibitors in the active site of papain. 
The Phe-residue always occupies Sz. The drrow indicates the point of cleavage. 
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TABLE 1. Specificity of papain in the hydrolysis of peptides containing phenylalanine 
and their inhibitory effect. 

Hydrolysis: Reaction mixtures (364 contained peptide (0.02 MJ, citrate-phosphate 
buffer pH 3.7 (citric acid 0.025 M; Na$IPO, 0.016 M), EDTA (0.002 Ml, 
2-mercaptoethanol (0.01 M). Arrows indicate the bond split. “tpn : transpeptidation. 
Inhibition of hydrolysis of Ala,(DL,): medium a8 above. Ala, (0.01 Ivl), test peptide 
(0.001 M). Inhibition of hydrolysis of BAEE: see Text. 

Papain 

Hydrolysis 

Peptide % hydrol . 
hwrox) 

Inhibition (vi/ v) 

Substrates 
Ala&DLJ BAEE 

330 &ml 

(7 hrs) 

330 &ml 

(45 min) 

100 &ml 

(3 hre) 

30 &ml 

(3 hrs) 

30 pg/ml 

(1 hr) 

AlaAlaAla 

PheAla!Ala 

Ala&Ala 

AlaAlaPhe 

AlaAlaAlaAla 
+ ph,“Ala AlaAla 

+ AlagAla Ala 

AlaAlazAla 

AlaAlaAlaPhe i 

AlaAlal%&Ly e 

AlaAlaLys 

Alal?&Ly s 

AlaAlaLyaAlaNI-Iz 
+ PheAla LysAlaNHz 

f AlaeLysAlaNHz 

AlaAlaAlaLyeAlaNH, 
+ PheAlaAlaLysAlaNHz 

+ Ala&%&Ala LyeAlaNHz 
+ AlaAla~LysAlalW& 

40 tp 

60 

trace 

30 tp 

50 tp 

90 

90 

trace tp 

tp 

0 

0 

5 

0 

0 

5 

30 

0 

60 

60 

60 

1.02 

0.87 

1.00 

0.94 

0.79 

0.5 pG5-~ 

* Wetrate 6paringly 6oluble 2 0.80 at pH 5.6; 0.93 at pH 7.0. 
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The inhibitory effect of AlaPheLys on the hydrolysis of benzoylarginine ethyl 

ester (BAEE) at pH 4.35 was studied in more detail in the pH-stat (36O, KC1 0.33 M, 

2-mercaptoethanol 0.01 M, EDTA 0.002 M, BAEE 0.01 to 0.05 M). In a Lineweaver- 

Burk plot the substrate gave a Km of 3 x IO-’ M (Slqyterman, 1964; Wbitaker and 

Bender, 1965). Inhibition by AlaPheLys was purely competitive and gave an inhibition 

constant gi = 2500 M-l (determined at [I] = IO-’ Ml. Determinations of relative 

inhibition at [d = 0.02 M and !I] = 1O-3 M for other peptides are given in Table I. 

Strong inhibition is shown by AlazPheLys $- 2500) AlaPheAla (Eiw 1000) and 

AlazPheAla (?$Y 1000). The inhibition by AlaPheLys was also checked at higher pH: 

at pH 5.6 vi/v = 0.80 and at pH 7.0 vi/v = 0.93. This indicates that like in the case of 

benzoylarginine, (I?,=33 at pH 4.35 ; Quyterman, 1964; Whitaker and Bender, 1965) 

inhibition is mainly due to the protonated acid form. At pH 4.35 (about one pH unit 

above the pK) the protonated form of AlaPheLys would then have an association co&ant 

of about 3 x 10’. 

DISCUSSION. Papain is considered to have a very wide specificity (Smith and Kimmel, 

1960; Hill, 1965) which is one way of stating that it shows little specificity. Peptide 

bonds formed by the carboxyl groups of u-amino substituted lysine and arginine are 

said to be most susceptible to papain (Hill, 1965). The experiments reported here 

define a new kind of specificity, namely -Phe-XiY- where the bond between X and Y 

is split specifically if X is preceded by phenylalanine. In our peptides containing both 

phenylalanine and lysine the Phe-specificity as defined above dominates the pattern of 

hydrolysis. The same conclusion can be reached from the inhibition experiments: 

whereas AlaPheAla is a strong inhibitor, AlaAlaLys does not inhibit at 10e3 M (although 

it does seem to inhibit at much higher concentrations). However, it can be seen that 

Lys is bound (in Si) stronger than Ala since in both cases (AlaPheLys vs. AlaPheAla 

and AlatPheLys vs. Ala,PheAla) it more than doubles the association constant. This 

corresponds to about 0.5 Kcal/mole of free energy of binding in favor of the lysine 

side chain over the methyl group of alanine. As to the nature of the interaction of the 

Phe-residue with the active site, there may be aromatic interaction, possibly with the 

tryptophane residue 176 (Drenth et al., 1968) in the active site in addition to “hydro- 

phobic bindi*. There are indications in the literature (Hill, 1965) that bonds of the 

type Val-X?Y and Leu-XiY are frequently attacked by papain. This type of specificity 

is similar to the one described for streptoooccal proteinase (Gerwin et al,, 1966), but 

seems to have been overlooked in the case of papain. 

An essential step towards the understanding of enzyme action (binding and 
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catalysis1 is the elucidation, by X-ray crystallography, of the precise geometrical 

relationship between substrate and enzyme in the active complex. Since the latter is 

not stable, enzyme-inhibitor complexes are the second best choice. However, in 

order to yield relevant information, the inhibitor should interact with the active site, 

or with part of it, in the same manner as the substrate, i.e. utilize the same points 

of attachment. The inhibitor should also be large enough to interact with as many 

subsites as possible. It seems that inhibitors like AlaAlaPheLys meet these require- 

ments and it is hoped that the mode of substrate binding in one part of the active site 

can be elucidated. Prom there on one might be able to fit the substrate in the whole 

of the active site using the three-dimensional structure of the enzyme and information 

such as stereochemical requirements of the various subsites. We intend to do this in 

collaboration with the Groningen group. 

Acknowledgment. Thanks are due to Mr. I. Jacobson, Miss Nava Rosenbach and 

Miss Etty Dascal for competent technical assistance. 
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