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SUMMARY 

Papain (EC 3.4.4.1o) and succinyl-papain exhibit isoelectric points of 9.6 and 
4.3, respectively. 

The acid limb of the pH activity curve in the pH range of 3.5-4-5 of native 
papain and the basic limb in the pH range of 8- 9 of succinyl-papain are shifted by 
monovalent salts, whereas tile basic limb of native papain and the acid limb of succi- 
nyl-papain are not shifted by KC1. The Km and not the keat with benzoylglycine 
ethyl ester as substrate is affected by salt. The order of the effectiveness of the ions 
is I -  > NO 3- > Br-  > C1 and Li + > K +. These effects can be explained in terms 
of non-specific binding of cations and anions and electrostatic interactions. 

INTRODUCTION 

STOCKELL AND SMITH 1 examined the effect of KC1 upon the activity of papain 
(EC 3.4.4.IO), at pH 5.2 5.8, on benzoyl-arginine amide. They observed a small 
increase at low KC1 concentrations (up to 0.05 M KC1) and no change in activity 
between 0.05 and 0. 4 M KC1. Therefore 0.3 M KC1 was used as a standard medium 
for kinetic studies 2. 

~TOLTHERS3 observed that KC1 inhibited the activity at low pH, the inhibitory 
action increasing with decreasing pH. Because the inhibitory action on the hydrolysis 
of benzoyl-arginine ethyl ester and benzoyl-glycine ethyl ester was found to be due 
to an increase in Kin, and because plots of i /v  versus salt concentration proved to be 
linear, tile preferred explanation was a direct competitive inhibition by the anion, 
governed by the carboxyl group of Asp 158 at the entrance to the trough of the active 
site. 

The measurements of WOLTHERS 3 have now been repeated in a systematic 
manner and have been extended to the basic limb of the pH-activity curve and to 
succinylated papain. 

EXPERIMENTAL 

Mercuric papain was prepared by elution from an agarose mercurial column 4. 
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The KC1 and dimethylsulphoxide of the resulting papain solution were removed by 
dialysis in an ultrafiltration cell (Amicon Ltd, U.K., membrane UM IO). 

I f  most of the dimethylsulphoxide was not removed prior to succinylation, 
some denaturation occurred during this reaction. 

Succinylation 
The method of HABEEB et al. ~ was slightly modified. To a 20 ml suspension of 

I~o mercuric papain in o.I M pyrophosphate buffer of pH 8.0, 480 mg solid succinic 
anhydride (Merck) was added in small portions at an ambient temperature of 23 ° . 
Soon after the reaction had started, the suspension clarified. The pH was maintained 
within the limits of ~ o . I  pH units by addition of I M NaOH and was allowed to drop 
to about pH 6.5 after the addition of the last crystals of anhydride. The solution was 
dialyzed by ultrafiltration. Assay at pH 6.0 of benzoyl-glycine ethyl ester hydrolysis 
demonstrated a loss of activity of only IO%. 

Ninhydrin reaction 
The method was mainly that  recommended by MOORE ~. To a solution of 4 g 

ninhydrin and I g hydrindantin (both from Fluka, Switzerland) in 15o ml dimethyl- 
sulphoxide, 50 ml 0.4 M acetate buffer (pH 5.0) was added in an atmosphere of 
nitrogen. The mixture was stored at 4 °. Of this mixture, 2 ml were added to 0.2 ml 
protein solution containing up to 0. 7/~mole amino nitrogen, heated in boiling water 
for 15 rain, and cooled. After addition of 5 ml 5o% propanol the absorbance was read 
at  57 ° n m .  In succinyl-papain 68-700//0 of the amino groups proved to be acylated. 

Amino nitrogen 
The combination of the nitrous acid reaction and of gas chromatographic 

analysis of the resulting gases, recommended by BELEN'KII AND ORESTOVA 7, proved 
to be a convenient method, especially after a few modifcat ions had been introduced. 
In the reaction vessel the funnel, syringe, and flask were placed in a plane perpendicu- 
lar to the axis of the stopcock. The single bore in the plug of the stopcock was such 
that  funnel and syringe or syringe and flask could be interconnected. During the assay 
the nitrous acid in the bore was replaced by air-flee water. Between assays the flask 
was not disconnected from the helium inlet and was washed with air-flee water from 
the syringe. 

Results: papain; calculated, i i . o  amino groups; found, 11.6 groups; suecinyl- 
papain, 3.0 groups. 

Hydroxamate reaction 
The degree of esterification of the hydroxyl groups was determined according 

to the method of PILZ 8, with succinic monomethyl  ester as a standard. 3.8-4.o ester 
groups were found in succinyl-papain. 

Only a little transient acylation of tyrosines was observed by  absorption in the 
25o-3oo nm range. 

Activity 
Activi ty with benzoyl-glycine ethyl ester was determined by automatic t i tra- 

tion at 25 ° using Radiometer equipment (Copenhagen), consisting of t i t rator  TTTI ,  
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titrigraph SBR 2, and automatic burette ABU i2 (burette of 0.25 ml containing 
o.I M NaOH). 

For the determination of activity dependence on pH the reaction mixture con- 
tained 2.5 mM benzoyl-glycine ethyl ester, i mM EDTA and 2.5 mM dithiothreitol 
(Calbiochem) up to pH 8.0 or I mM dithiothreitol at pH >8.0. 

For the determination of the dependence of activity on salt concentration at 
pH 3-9 and at pH 8. 7 tile substrate concentration was somewhat increased: 5 mM at 
pH 3.9 and 4 mM at 8. 7. Furthermore I mM EDTA, 2.5 mM dithiothreitol at pH 3.9 
or I mM at pH 8. 7 were added with the required amount of salt. 

For the determination of activity dependence on substrate concentration at 
pH 4.0 and at pH 8.5 the substrate concentration was 4, 8, 12, 16, 20 and 32 mM, the 
other conditions remaining the same as above. The results were plotted as I/V versus 
I/S. Straight lines were drawn according to the method of least squares, calculated 
with a computer. 

Appropriate corrections to the reaction rates were applied, in the acid range 
for incomplete ionization of the product benzoyl-glycine (pK taken as 3.6, in accord- 
ance with ref. 9) and in the basic range for spontaneous hydrolysis of the ester. In all 
cases the initial rates were measured. 

Electro focusing 
An analytical column of IiO ml (LKB, Sweden) was employed. 
For native papain, 2~o ampholine (pH 8-Io) was used. The protein was 

dissolved in the light solution. The dense (sucrose) cathode solution contained ethanol- 
amine, the light anode solution contained phosphoric acid, in accordance with ref. IO. 

Succinyl-papain was run in ampholine (pH 3-6). Tile protein was dissolved in 
the dense solution. The dense anode solution contained phosphoric acid, the light 
cathode solution ethanolamine. 

All solvents contained IO% dimethylsulphoxide to prevent isoelectric papain 
from precipitating. All runs were carried out at 20 ° for 7 ° h. The maximum voltage 
was 600 V. pH values were read on a digital pH meter (Philips, type PW 9408); 
absorbance was measured at 280 nm in a Unicam SPISoo spectrophotometer. 

RESULTS 

Isoelectric point 
After electrofocusing, native mercuric papain exhibited a double isoelectric 

point (pI) at pH 9.55 and 9.75, the former peak being the higher one (Fig. Ia, 0 - - 0 ) .  
Addition of o.I M HgC12 to the ampholine buffer decreased the former and increased 
the latter peak (Fig. Ia, - - - ) .  

These data suggest that  the peak at pH 9-75 is mercuric papain with a blocked 
thiol group, which is in very slow equilibrium with papain having a free thiol group. 
Since the pK of the thiol group of papain is 8.6 (ref. II) ,  the group is almost fully 
ionized at pH 9.6. Its negative charge will therefore decrease the pI, apparently from 
9.75 to 9.55. Confirming this interpretation, papain prepared according to the method 
of t{IMMEL ANS SMITH 11 exhibits a single peak o f p I  9.6. In the latter case some papain 
molecules carry a free thiol group and some a thiol group combined with a half-cystine 
residue 11. Both the free thiol group and the half-cystine residue carry a net negative 
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Fig. I. Electrofocusing of  papa in  and succinyl-papain.  (a). Papain.  One fract ion equals 1.15 ml. 
( - - - - - )  in the  presence of  addi t ional  mercuric  chloride. (b). Par t ia l ly  succinylated papain.  One 
fract ion equals  2.0 ml. (c). Succinyl-papain.  One fract ion equals 2.1 ml. 

charge at pH > 9.0 and therefore have an equal effect on the pI  of papain. 
SMITH et al. 12 reported a pI  of 8.75, determined by the moving boundary methoa 

The difference between the latter and the present values may be due to the different 
electrolytes in the medium and to the difference in temperature (I.5 ° and 2o ° , 
respectively). 

Papain in which 8 amino groups and 4 hydroxyl groups had been succinylated 
exhibited a single peak at pH 4.3 (Fig. IC). Papain which had been less fully succinyl- 
ated (with half the amount of anhydride) exhibited three peaks. The smallest peak 
corresponded with the peak of Fig. IC, those of pI  4.35'and 4.45 were less succinylated 
papains. Small amounts of the latter material may still be present in the peak of Fig.Ic. 

For the present purpose it is sufficient to state that native papain has a pI  of 
9.6, and papain succinylated as described in the experimental part has a pI  of 4-3. 

Activi ty  
The overall activity was measured with benzoyl-glycine ethyl ester as an un- 

charged substrate, at a concentration of 2.5 mM, i.e. sufficiently below the K m  values 
(13 mM at pH 6, ref. 13) to be practically equal to keat/Km. 
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Fig. 2. a. Papa in  ac t iv i ty  as a funct ion of  pH.  b. Succinyl-papain act ivi ty  as a funct ion of  pH.  
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T A B L E  1 

A P P A R E N T  pIC V A L U E S  G O V E R N I N G  T H E  A C T I V I T Y  O F  N A T I V E  P A P A I N  ( p /  9 , 6 )  A N D  O F  S U C C I N Y L -  

PAPAIN (p l  4"3) 

No sa l t  
0. 3 bl KC1 
0. 3 M KI  

Acid limb Basic limb 

Native Succinyl Native Succinyl 

3.4 4.5 8.4 8.95 
4 .0 4.5 8.4 8.65 
4-5 8.6 --- 

At pH 6.o, o.3 M KC1 proved to have a small stimulating effect of 8%, whereas 
o.3 M KI  had no effect at all. 

The effects of pH in the absence and presence of o.3 M KC1 and KI  are shown 
in Fig. 2. The data are presented as values relative to their maximum value. In o.3 M 
KCI the acid limb of native papain reaches half its maximum at pH 4.0. However, 
in the absence of salt the apparent  p K  is shifted to 3-4. On the other hand, the basic 
limb of native papain of pK 8.4 is not shifted by KC1. Even more pronounced is the 
effect of o.3 M KI  : the acid limb is governed by a pK of 4.5, the basic limb is only 
slightly shifted, to pK 8.6. 

With succinyl-papain the opposite occurs: the acid limb is governed by a pK 
of 4.5 and is not affected by KC1, but the basic pK at 8.65 in o.3 M KC1 is shifted to 
pK 8.95 in the absence of the salt. 

The various effects are summarized in Table I. At a single pH in the acid limb 
of native papain, at pH 3-9, and at a single pH in the basic limb of succinyl-papain, 
pH 8.7, the effect of the concentration of a few salts has been examined. The results 
are plotted as Vo/Vi (Vo, rate in the absence of salt; vi, rate in the presence of salt) 
versus  salt concentration in Fig. 3a and 3b. At pH 3.9 straight lines are obtained, as 
observed by Wolthers for this and a few other low pH values. The slope of the lines 
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Fig. 3. a. P a p a i n  a c t i v i t y  as a func t ion  of sa l t  concent ra t ion ,  b. Succ iny l -papa in  a c t i v i t y  as a 
func t ion  of sa l t  concen t ra t ion .  
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T A B L E  I I  

T H E  E F F E C T  O F  S A L T S  U P O N  T H E  R E A C T I O N  P A R A M E T E R S  O F  P A P A I N  A N D  S U C C I N Y L - P A P A I N  

Km (raM) V (relative) 

p H  .l.o, native papa in  : 
No sa l t  13. 5 ~ o. 5 Loo ± o.o 3 
o. 3 M KCI 25.o ± o.7 o.95 ± o.o3 

p H  8.5, succinyl-papain : 
No sa l t  19.o ~ 1.6 i .oo -k o.o7 
o.o3 M LiC1 37.o ± 4.o i .oo A_ o.o9 

increases with the following order of anions : C1- < Br -  < NO a- < I- .  The inhibitory 
effect of LiC1 is less than the effect of KC1. 

At pH 8. 7 with succinyl-papain some of the effects are reversed: LiC1 inhibits 
more strongly than does KC1, whereas KC1 inhibits more strongly than KI.  Further- 
more the effects are much less, and saturation occurs with KC1 and KI.  

In order to find out whether the Krn or the kea t is affected by salt, the effect of 
KC1 at various substrate concentrations was examined at pH 4.0 with native papain, 
and that  of LiC1 at pH 8.5 with succinyl-papain. The results were plotted as double 
reciprocal plots, after Lineweaver and Burk. Both at pH 4.0 (in accordance with 
WOLTHERS 3 results) and at pH 8.5, the Km was affected without significant change 
in the keat (see Table II). 

DISCUSSION 

I t  is not surprising that  succinylation of papain should cause a change in p I  as 
large as 5 units, since 4 neutral hydroxyl groups and 8 positive amino groups are 
converted into negative groups. 

The singleness of the peak of succinyl-papain in Fig. IC, unlike the apparent 
non-homogeneity of the material of Fig. I b ,  indicates that  the remaining amino 
groups in succinyl-papain are rather resistant to succinylation. Examination of the 
molecular model of papain 14 shows that  the majori ty of the eleven amino groups, 
including the N-terminal group, are located at the surface of the molecule and point 
outwards. There are four exceptions. The side chain of Lys IOO lies flat against the 
surface, and its amino group touches the benzene ring of Tyr 87. This lysine is capable 
of reacting with phenyl isothiocyanate 15, possibly via absorption of the reagent on the 
nearby tyrosine residue. Lys 39, though at the surface, is sunk slightly below the 
surrounding surface and forms a hydrogen bond with the carboxyl group of Gly I I .  
Lys 17 too is not quite free and forms a salt bridge with Glu 5o. Lys 174 is buried and 
hence is quite inaccessible. 

All things considered, the lack of reactivity of some of the lysines can be under- 
stood from the model, though a more detailed analysis is desirable. 

The salt effects can be readily explained by non-specific cation and anion bind- 
ing and electrostatic interactions. In the absence of added salt the only electrolyte 
is I mM EDTA. At approx, pH 9 dithiothreitol is also partially ionized. 

Native papain, owing to its high p I  of 9.6, will carry a strong net positive 
charge at pH 3-4 which will tend to repel positive ions such as protons. This repulsion 
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will lead to a low p K  of 3.4 for the group concerned in the activity in the absence of 
salt. 

In the presence of salts the binding of anions will be stronger than the binding 
of cations, because of the net positive charge of the protein and the intrinsically 
stronger binding of anions than cations16,1~. The excess binding of anions will decrease 
and eventually more than compensate for the initial positive charge of the protein, 
thus decreasing the repulsion of protons and increasing the pK of the essential group 
from 3.4 to 4.o in o.3 M KC1 and to 4.5 in o.3 M KI. The effectiveness of the anion 
binding I -  > NOa- > Br -  > C1 (Fig. 3a) exhibits the same order as observed in 
the case of gelatin 16. The ratio of the slopes of the lines for KI  and KC1 is 4.15. This 
is quite near to the ratio 3.85 of I -  and CI- binding observed with serum albumin 's. 

Despite the net positive charge, some binding of cations will also occur, for 
instance near negative centres, as exemplified by the protons. Such binding partially 
cancels the effect of the anions. This is evident from the data of KC1 and LiCk Since 
Li + is known to bind more strongly than K ÷ (ref. 16), more Li + will be bound at a 
given concentration than K ÷. Hence Li + will more effectively oppose the effect of the 
anions than K +, and therefore the LiC1 curve will lie below the KC1 curve, as is in 
fact observed (Fig. 3a). 

The basic limb of the activity curve of native papain lies at pH 8-  9, i.e. not far 
below the pI .  Therefore the net positive charge will be only small and no large salt 
effect is to be expected; this is, in fact, observed: no effect of KC1, a slight effect of 
KI .  

Since the pl  of succinyl-papain is 4.3, the acid limb of the activity curve occurs 
in the pH range of no net charge. Therefore there is no repulsion of protons, in contrast  
to what is found with native papain. Hence the pK value of succinyl-papain, 4.5, is 
higher than the value of 3.4 of native papain (Fig. 3b). The lack of net charge does 
not lead to a salt shift of the pK value, similarly with the basic limb of native papain. 

The basic limb of the activity curve of succinyl-papain is more than 4 units 
above its pI .  Therefore the enzyme carries a strong net negative charge. This charge 
impedes removal of protons and increases the p K  value from 8. 4 in native papain to 
8.95 in succinyl-papain in the absence of salt. This limb is shifted back to pK 8.65 by 
o.3 M KC1, owing to partial  charge compensation, this time by stronger cation binding 
than anion binding. The effect of Li +, again owing to its better  binding ability, is 
stronger than that  of K + (Fig. 3b). The cation effect is partially counteracted by 
anion binding; the binding of I -  is again stronger than binding of C1-. Hence KI  has 
a smaller effect than KC1 (Fig. 3b). 

With proteins, cation binding is less pronounced than anion bindinglG, 17. 
Therefore the salt effects on the negatively charged succinyl-papain are less pro- 
nounced (Fig. 3 b) than on the positively charged native papain (Fig. 3a). The effects 
of KC1 and KI  on succinyl-papain even tend towards a plateau. In the other cases 
such a plateau is not evident in the salt concentration range examined, indicating 
more extensive binding. 

The observation that  salt affects the Km fits in with previous observations that  
t h e  keat of benzoyl-glycine ethyl ester remains constant* in the range of pH 3.6 to 8. 7, 

* In  ref. 9 an increase in keat has been reported at  pH <4 .  This increase has now been 
found to be absent  if the papain  is purified on a column of Sephadex G 75 (Pharmacia,  Sweden) 
or of  agarose-mercurial  4. 
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whereas the Km increases at both ends of the pH range (Table X of ref. II). Since 
salts affect the ionization of the essential groups and the ionization of these groups 
affect the Kin, salts affect the Km at fixed pH values in the vicinity of  the pK values 
concerned. 

A practical consequence of the present observations is that one should be 
cautious in interpreting small differences in pK values with different substrates or 
inhibitors if the salt composition of the medium is not the same. 
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