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Studies on Gastric Proteolysis
2. THE NATURE OF THE ENZYME-SUBSTRATE INTERACTION RESPONSIBLE
FOR GASTRIC PROTEOLYTIC pH-ACTIVITY CURVES WITH TWO MAXIMA*
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Department of Clinical BiocheMi8try, Radcliffe,Infirmary, Univer8ity of Oxford

(Received 23 July 1958)

Human gastric juice and swine and calf gastric-
mucosal extracts have been shown to digest
proteins other than egg albumin with two and
occasionally three pH maxima below pH 5, under
experimental conditions which exclude the possi-
bility that the maxima result from the presence of
buffer anions or of more than one substrate com-
ponent (Taylor, 1956, 1959).
The two maxima result therefore from the inter-

action of a gastric proteolytic enzyme or enzymes
with the substrate. The nature of this interaction is
now investigated further.

THEORETICAL

There are at least nine possible ways in which a
pH-activity curve with two maxima could be
produced.

(1) Two separate enzymes (E1 and E2) may be
present, each attacking the protein substrate at
different optimum pH values:

El+S E1S

E2+S E2S

This explanation has been adopted, initially at
least, by others who find that two pH maxima
genuinely occur (e.g. Freudenberg, 1940; Buchs,
1947; Merten & Ratzer, 1949). The two enzymes
are considered to be pepsin and a cathepsin.

(2) A single enzyme may be present which
possesses two types of active centre, each attack-
ing the same site or sites of the substrate optimally
at different pH values.

2Ea+b+2S EaS+EbS

(3) A single enzyme with two types of active
centre may attack, with each, a different type of
substrate site.

2Ea+b + 2S,+v -+ Ea S, + Eb Sv
(4) A single enzyme with only one type of active

centre may attack the substrate molecule at two
different types of site.

2E + 2S1+v -÷ ESx+ ESv
These four hypotheses have in common the idea
that pH-activity curves with double maxima
result from enzyme-substrate interaction at two
different sites.
The remaining hypotheses postulate that two

maxima may result from enzyme-substrate inter-
action at a single type of site.

(5) A single enzyme with only one type of active
centre may attack the substrate molecule at only
one site but, because of the presence of an inhibitor
with optimum activity at a pH between 2-5 and
3-2, a digestion optimum in this region might be
converted into a minimum with maxima on either
side.

(6) No attempt has yet been made to extend the
theories which account for the origin of single pH
maxima to the special case of double maxima. The
classical explanation of the effect of pH upon
enzyme activity is that of Michaelis (1914), who
found that pH-activity curves could be accurately
calculated on the assumption that the enzyme was
a weak acid or base and that the activity was due
either to the ion or the undissociated molecule,
depending on the nature of the enzyme. In terms
of the more modem zwitterionic theory one may
postulate, for example, an active part of the
enzyme consisting of basic and acidic groups* Part 1: Taylor (1959).
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NH3+ - - - CO2-. When acid is added, inactive
NH3+ - - - CO2H is formed; with alkali, inactive
NH2 - - - C02-. In such a case the typical bell-
shaped symmetrical pH-activity curve so often
seen would be predicted. If either of the last-
named two forms happened to be the active one, a
bell-shaped curve would similarly be obtained, one
limb being due to the formation of inactive
zwitterion and the other to denaturation of the
active form at the extremes of pH. In order to
explain a double maximum in terms of ionic effects
it is necessary to postulate that at least two ionic
forms of the enzyme are active, e.g. NH2 --- C02-
and NH3+ - - - CO2H, with the intermediate zwitter-
ion, NH3+ - - - C02-, inactive.

(7) It has been observed (Northrop, 1922;
Kunitz & Northrop, 1934) that the pH optimum of
endopeptidases such as pepsin varies with different
protein substrates, and the classical theory of
Michaelis has been extended to account for this by
postulating that the active ionic form of the
enzyme can combine with only one ionic form of
protein substrate. For pepsin, evidence from
titration curves (Northrop, Kunitz & Herriott,
1948) indicates that it is the positive protein sub-
strate ion that is involved. The occurrence of a
double pH maximum might therefore be postu-
lated if, for example, both positive and negative
substrate ions could form active enzyme-substrate
complexes but not the intermediate protein
zwitterion

E + S+ ES'
E + S- ES

(8) Gutfreund (1955) and Hammond & Gutfreund
(1955) have shown that when trypsin and chymo-
trypsin act upon synthetic substrates with a single
hydrolysable bond, the reaction of the enzyme with
its substrate involves two separate steps, first an
initial fast adsorption at the specificity site and
secondly a slow, rate-determining step involving a
reaction at the catalytic site, which are independent
of each other. It has been found that the Michaelis
constant, Ki,m is the true dissociation constant of
the initial step and varies with pH. Similarly, the
rate constant for the second step is also dependent
on pH. The resulting pH maximum is the resultant
of these two separate effects. In these examples
with trypsin and chymotrypsin, the two effects are
simple and combine to give a typical single pH
maximum. Clearly, however, if the variation of one
or both of these factors were complex, as when
papain hycdrolyses a-benzoyl -L-argininamide (Smith,
Finkel & Stockell, 1955), and the Km at 38.30
undergoes two minima and a maximum between
pH 4 and 9, or if the simple pH effects on each step
were optimum at widely differing pH values, a
double pH maximum might arise.

(9) Lastly, it is probable that the action of
pepsin upon proteins is a complex one. After an
initial splitting of the molecule at one or more
points, it may be that the products are themselves
further attacked by the enzyme. If the latter
reaction has a different pH maximum from that of
the initial reaction the overall process might show
two maxima at different pH values.

AtonepH E+S-*ES-÷E+P

At another E+P-EP-E+Q+R, etc.

Experiments designed to distinguish between
these various hypotheses are now described.

EXPERIMENTAL AND RESULTS

The materials and methods ased have been de-
scribed previously (Taylor, 1957, 1959).

Attempts to separate peptic and 'catheptic' activities

Fractionation with salt solutwn8. Repeated
fractionation of normal human gastric juice and
swine mucosal extracts with ammonium sulphate,
sodium chloride and magnesium sulphate and with
combinations of all three have failed to achieve
separation of the two maxima. Treatment with
these salt solutions sometimes caused the ratio of
proteolytic activity at the two maxima to vary
(Table 1), and such alterations were examined
carefully lest partial separation were occurring.
However, a rise in peptic or 'catheptic' activity
relative to the other in a precipitate or supernatant
was not usually counterbalanced by a relative
rise of activity at the other maximum in the
corresponding supernatant or precipitate. It is
concluded therefore that variations of the peptic/
'catheptic' ratio could not be interpreted as
removal or partial separation of either component,
but rather as the destruction or inactivation of the
activity at one or other maximum.

Adsorption studiees. Attempts were made to
adsorb material responsible for one or other pH
maximum on calcium phosphate gel and ion-
exchange resins. The former is perhaps not ideal for
the purpose, because formation of the gel is only
possible at pH values which also slowly inactivate
both postulated enzymes. However, by carrying
out the adsorption at as low a temperature, as low
a pH and for as short a time as possible, it was
found that activity could be obtained both in the
supernatant material and in the eluate from the
adsorption complex (Table 1). In all experiments,
however, it was found that the eluate, the super-
natant and the original juice had very similar pH-
activity curves, each with two maxima. No
separation of peptic and 'catheptic' activities was
therefore achieved by this technique.

374 1959



V7PEPSIN-SUBSTRATE INTERACTION
Wilkinson & Martin (1946) were able to demon-

strate the action of pepsin upon egg albumin after
its adsorption upon Amberlite IR-4. It is known
that pepsin is an anion, at least as low as pH 1
(Ringer, 1915; Northrop, 1925; Tiselius, Henschen
& Svensson, 1938), and it might therefore be
expected that separation from 'cathepsin' could be
achieved at low pH with a suitable resin. Gastric
juice was therefore shaken intermittently for 3 hr.
with the activated resins Amberlite IR-4 and
De-Acidite FF. The resins were then removed by
centrifuging and eluted. In each case activity was
present in both supernatant and eluate (Table 1),
but no separation of peptic and 'catheptic'
activities was obtained, nor were the ratios of
activity at the optima altered in such a way as to
suggest even a partial separation of one or other
activity (Fig. 1). Lack of separation would
suggest one of two possibilities: either 'cathepsin'
is also an anion at low pH or 'peptic' and 'cathep-
tic' activities are part of the same molecule.

Electrophore8is in the Tiselius apparatus. Normal
gastric juice and mucosal extracts contain proteins
other than enzymes, particularly mucoproteins,
which can only be removed with difficulty. The
techniques which have been used for this purpose
(see Northrop et al. 1948) sometimes alter the
properties of the enzymes that are present.
Acetone precipitation of mucoprotein, for example
(Norris & Elam, 1940), inactivates or destroys the
'catheptic' activity, yielding pepsin crystals with
only one pH maximum, around 2-0, instead of two,

so that purification in this way results in the
elimination of the very activity which it is hoped
to separate. A simpler means of freeing gastric
juice of its mucoproteins was therefore devised,
before the juice could be analysed electrophoretic-
ally.
The bulk of the mucoprotein of gastric juice can

be precipitated in the cold around pH 2-5. Such a
precipitation was combined with the concentration

-:Iso
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Fig. 1. Adsorption upon Amberlite IR-4 of the proteolytic
activity of normal human gastric juice. pH-activity
curves: 0, of original juice; 0, of the supernatant after
removing the resin; V, of the eluate from the resin.
Plasma protein as substrate; temp., 370; time, 3 hr.

Table 1. Effect of fractionation and adsorption procedures upon the proteolytic activity of
human gastric juice and swine Mucosal extracts at the two maxima

In this table and in the figures, the amounts of liberated amino acid nitrogen are those in the whole digest, consisting of
3 ml. of buffer, 1 ml. of enzyme extract or gastric juice, and 1 ml. of plasma or of 5% (w/v) albumin.

Enzyme
Hog-stomach extract
0-50% ammonium sulphate fraction
50-100% ammonium sulphate
fraction
Human gastric juice

50-100% NaCl fraction
Supernatant from 100% NaCl
fraction
Human gastric juice
0-50% magnesium sulphate fraction
50-100% magnesium sulphate
Human gastric juice
Eluate from calcium phosphate gel
Supernatant after adsorption on gel
Human gastric juice
Eluate from Amberlite IR-4
Supernatant after adsorption

Substrate
Plasma protein

Human serum
albumin

Plasma protein

Plasma protein

Plasma protein

pH
maximum

2-2
2-1
2-0

Amino
acid N

liberated
(mg.)
0-63
0*23
0-58

2-2 0-36

2-2 0*68
2.1 0*22

2*3 0 77
2-2 0-71
2-3 0-25

1.9 0-63
2-0 0-12
2*0 0-49
1-8 0-50
2-1 0-13
1-8 0-48

pH
maximum

3.3
3.3
3.3

Amino
acid N

liberated
(mg.)
0*61
0-17
0*58

3-3 0.32

3-2 0*70

3*1 0-20

3.4 0-84
3-2 0-65
3.4 0-22
3.4 0 59
3-3 0*09
3-2 0-50
3.5 0*44
3.5 0 10
3.3 0*42

Peptic/
' catheptic'

ratio
1-03
1-35
1-00

1'12

0-97
1-10

0-92
1-09
1*14
1-07
1-33
0-98
1-14
1-30
1*14
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of the juice by dialysis against 50% (w/v) gum
arabic. Dialysis at 0-5° and at pH 2-5 was con-
tinued until the juice was reduced to one-fiftieth of
its original volume. The resulting supernatant
liquid was very powerfully proteolytic and di-
gested human-serum albumin with two maxima at
pH 2-0 and 3-6. It no longer gave Molisch's test
and did not reduce Benedict's solution upon
hydrolysis. Its mucoprotein content was therefore
thought to be minimal.
Two experiments were carried out in the Tiselius

apparatus on different batches of gastric juice
prepared in this way. Both showed at pH 2-5 in
33 mM-acetate-HCl buffer one major component
moving slowly towards the anode and a smaller
component also moving towards the anode. The
pH of 2-5 was chosen in order that pepsin alone
would be likely to migrate to the anode, whereas
mucoprotein and any other proteolytic enzymes
might move to the cathode. Samples of the two
migrating components were obtained separately in
the usual way and their proteolytic pH-activity
curves ascertained (Fig. 2).
Although both are apparently homogeneous

electrophoretically at pH 2-5, they each exhibited
two pH maxima. The maxima of the original juice
and of the larger anodal component had similar
pH values, but those ofthe smaller component were
different, occurring at somewhat lower pH values.
Pepsin is the only known component of gastric
juice which is an anion at a pH as low as 2-5. It
seems likely therefore that both components were
chiefly or wholly pepsins, rather than inert proteins
with a small amount of adsorbed enzyme(s)
attached as an impurity, and these experiments
would suggest that, in its natural state, each
pepsin component carries out its proteolytic
activity with maxima at two different pH values.
Again no evidence was obtained to support the
existence of a separate 'cathepsin' in gastric juice.

Ultracentrifugal studies. It is known that in
gastric mucous membrane, pepsin exists mainly as
pepsinogen granules in the chief cells, and that
when an aqueous extract is made, these granules or
at least the pepsinogen from them, go into solution.
The location of 'catheptic' activity is, however,
unknown. Cathepsins are usually only to be found
intracellularly, and if gastric 'cathepsin' were to be
bound to cell particles other than the pepsinogen
granules, differential ultracentrifuging of mucosal
extracts might separate peptic and 'catheptic'
activities. Accordingly, normal gastric mucosa was
obtained within 2 hr. of death from a subject who
had suffered fatal injury on the roads. An extract
of it in 2 % (w/v) NaCl, at 00, was subjected, after
removal of debris by centrifuging at 2000 rev./min.
for 20 min., to 38 000 g for 30 min. in the Spinco
ultracentrifuge. Four layers were now obtained,

'959
a clear supernatant layer, a layer consisting mainly
of microsomes, a layer mainly of mitochondria and
a layer mainly of partly damaged cells. The com-
ponents of each layer of the precipitate were
identified microscopically but there was contami-
nation of each layer and of the supernatant by
particles of other layers engulfed in shreds of
mucus.
The proteolytic activity of each of these layers is

shown in Fig. 3. It will be observed that the
original extract and the clear supernatant layer

0-4 r
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Fig. 2. pH-activity curves of two anodal-moving com-
ponents separated from concentrated human gastric
juice in the Tiselius apparatus. *, Major, faster com-
ponent, mobility 2-99 x 10-6 cm.2/v/sec.; 0, minor,
slower component. Electrophoresis was carried out in
33 mm-acetate buffer, pH 2-5. Protein concentration,
051 g./100 ml. Human serum albumin as substrate;
temp., 370; time, 3 hr.
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Fig. 3. pH-activity curves of normal human gastric.
mucosal extract and of cell particles obtained from it by
differential ultracentrifuging. *, Original extract;
A, supernatant layer from ultracentrifuge; 0, micro-
somal layer; A, mitochondrial layer. Human serum
albumin as substrate; temp., 370; time, 3 hr.
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PEPSIN-SUBSTRATE INTERACTION

each have two pH maxima and that the mito-
chondrial layer shows slight activity, without well-
defined maxima, between pH 2 and 4. This
probably results from contamination with the
supernatant fluid. The microsomal layer could only
be obtained mixed with supernatant fluid, from
which it could not be distinguished proteolytically.
These findings would indicate that proteolytic
activity at pH 3-4 cannot be easily separated from
that at pH 2 by differential centrifuging and is
therefore unlikely to be bound to cell particles.

Attempts to vary activity independently
at the two pH maxina

If the activity at one pH maximum could be
altered without altering that at the other, support
would be given to those explanations of double-
maximal pH-activity curves which postulate a
double enzyme-substrate interaction. Evidence
from the preceding section has already indicated
that small changes in the ratio of-activity at the
two maxima may be produced by treatment with
salt solutions, but these changes are non-specific.
If the maximum at pH 3-3-4-0 is caused by
'catheptic' activity, activation by H2S, cysteine

0.9r

0-7

05

(a)

or the cyanide ion might be expected. Repeated
observations with concentrations of these sub-
stances over a tenfold range have shown, however,
that cysteine exerts no effect on either pH maxi-
mum (Fig. 4) but that H2S and the cyanide ion
mildly activate both maxima equally. The activity
at both maxima is also rapidly destroyed by incu-
bating at 370 for short periods at pH values greater
than 7. No differential effects on either maximum
have thus been demonstrated.

Chromatographic analysis of digestion mixtures
If the optimum proteolytic activity of gastric

juice at pH 3-3-4 0 is in fact due to a second
'catheptic' enzyme it might be expected that the
peptide or amino acid end-products of its action
would differ from those obtained at pH 2-0 by the
action of pepsin. Accordingly, the digestion mix-
tures of gastric juice and plasma at pH 2-2 and 4 0
(Table 2) were analysed chromatographically on
paper. It is seen that there are several differences
in the number, size and distribution of the spots.
The constituents of individual spots have not been
analysed but it is apparent that with both samples
of gastric juice, digestion, as judged by the end
products, runs a different course at the peptic and
'catheptic' pH maxima.
These observations confirm and extend those of

Bramstedt & Kroger (1954) and give support to
those theories which postulate two distinct types of
site for enzyme-substrate interaction.

Preparation of a homogeneous gastric proteinase
exhibiting two pH maxima

3 - ° The proteolytic pH-activity curve exerted by a
homogeneous gastric proteinase should provide

*1 important evidence about the nature of the two pH0 maxima. Attempts to prepare from human gastric
orpH juice or mucosal extracts a pepsin satisfying the

necessary criteria of homogeneity were unsuccessful
8- because of scarcity of material. The best achieved

(b) were the apparently homogeneous anodal-moving
electrophoretic components described above. Cryst-
alline swine pepsin is commercially available,
however, and contains two principal components

4 which account for about 96% of the whole
(Herriott, Desreux & Northrop, 1940; Hoch, 1950).
It is a suitable material from which pepsin A can be

2 ~ S prepared (Herriott et al. 1940; Herriott, 1955).
Crystalline swine pepsin (Armour and Co., Ill.,

° 2 3 U.S.A.) was found to contain two electrophoretic1 2 3 4 components on paper at pH 3-5 in 0-2M-acetate
pH buffer, pH 7-9, in 01 M-diethyl barbiturate buffer.

Effect on the pH-activity curve of saturating At both pH values both components move to-
human gastric juice with H2S: 0, with H2S; At th anodelues woth expects ovepto
Lout H2S. (b) Effect of 33 mM-cysteine upon the wards the anode, as would be expected of pepsin.
ivity curve of normal human gastric juie: o, The pH-activity curves which result from the
cysteine; A, with cysteine. Human serum action of this sample of crystalline pepsin upon
as substrate; temp., 370; time, 3 hr. plasma, bovine crystalline plasma albumin, bovine

- O.
E
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O
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O

Fig. 4. (a)
normal
o, with
pH-acti
without
albumin
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Table 2. Paper chromatography of product8 re8ulting from the action of two 8amples of
normal human ga8tric juice on plam protein at pH 2-2 and 4-0 at 370 for 2 hr.

I959

Chromatogram in 78% (w/v) phenol-water, ninhydrin stain. The symbols + to + + + + are a semiquantitative indi.
cation of the size and density of the spots. B,

pH 2-2

A B
0-05 ++ 0-05 ++

0-15 + +

0-24 +

0-42 +

0-52 + + +

0-63 + +

0-79 + + + +

0-92 ++++

0-15 ++

0-24 + +

0-52 +

0-62 +
0-68 +

0-79 + + + +

0-92 + +

pH 4-0

A
0-06 + +
0-08 +
0.12 ++

0-19 +

0-25 + +
0-33 +

0-42 +

0-54 +

0-78 ++++
0-91 +++

B
0-06 + +

0.12 ++

0-19 +

0-25 +
0-34 +

0-42 +

0-55 +

0-67 +
0-74 +

0-79 +++

0-92 +

1-4 r

1-21-

bo
E

z

VD

m
-v

0

1-0I
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0-6

0-4

0-2

I I

1 2 3
pH

Fig. 5. pH-activity curves of crystallix
(Armour and Co.) upon protein substra
time, 3 hr. A, Crystalline bovine p
*, crystalline bovine plasma albumin
plasma protein; 0, egg albumin. Enzy]
10 mg./100 ml. of digest.

subjected to a constant-solubility test in 0-60
saturated magnesium sulphate solution and 20 mM-
acetate buffer, pH 4-8 (Taylor, 1959), only one

component was present. This sample of pepsin A
digests itself, heat-denatured plasma albumin
fraction V and heat-denatured crystalline plasma
albumin with two maxima (Taylor, 1959).
In these instances it seems likely that a single

enzyme component is attacking a single substrate
component and in each instance the pH-activity
curve has two pH maxima. There is thus positive
evidence that a double pH maximum may arise
from a pure enzyme derived from swine gastric-
mucosal extracts. There is therefore no necessity to
postulate the existence of a second 'catheptic'
enzyme in the pig to account for the maximum at
pH 3-3-4-0 which has been previously observed
with swine gastric-mucosal extracts, and by

4 5 analogy the existence of a human gastric 'cathep-
sin' would seem to be unnecessary, thus reinforcing

ne swine pepsin the evidence leading to this conclusion which has
tes. Temp., 370; already been derived from the electrophoretic
lasma albumin; experiments on human gastric juice.

JA. U I+U;U v. Airacionvc;A,
me concentration

plasma albumin fraction V and egg albumin are

shown in Fig. 5. Double maxima are found with
each substrate other than egg albumin. These
results resemble those reported for human gastric
juice and swine gastric-mucosal extracts (Taylor,
1959). Pepsin A, prepared from crystalline
pepsin, consisted of only one electrophoretic
component at the same two pH values. When

Enzyme and 8ub8trate titration curvas

If the two maxima result from the inactivity of
the zwitterionic form ofthe enzyme and the activity
of the anionic and cationic forms (hypothesis 6), or

from the inability of the enzyme to form an active
complex with the substrate zwitterion but only
with the anionic and cationic forms of the sub-
strate (hypothesis 7), it should be possible, by
observing the titration curves of the enzyme, the
substrates and mixtures of the two, to find out
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PEPSIN-SUBSTRATE INTERACTION

heterogeneity. The lack of evidence of two com-
ponents is in keeping with the view that only one
enzyme component, capable of digesting proteins
with two pH maxima, is present, although not, of
course, affording definite proof of the absence of
two.

Effect of 8ub8trate concentration
upon the pH maxima

v
1 2 3 4

pH

Fig. 6. Titration curves of: V, bovi
fraction V; A, eggl albumin; *,
immediately titrated mixtures of su

at room temperature. *, Egg i

0, fraction V +pepsin A. For eact
sents the volume of acid required tc
the pH of the abscissa, in excess of t
an equal volume of water to the sa

centration of substrates, 0-1 g./100
tration of pepsin A, 0-2 g./100 ml. (i

whether there is any coincidence
with the pH range over which
substrates or mixtures of both
cationic or zwitterionic forms. I

curves of pepsin A, substrates
titrated mixtures of enzyme a

shown. With pepsin A it is seen

part of the titration curve occur

and 4-5, that is to say, at the pH
proteolytic activity of the en

markedly. Whatever the ionic fo:
that is being produced, it is cl

form, in comparison with the
pH 2 5. There are no inflexions
curve in the range pH 2-03-5, v

cate that the two maxima found
could be caused by the activity
forms of enzyme. These results
very simply into an explanatio
maximum, as Michaelis found,
quately explain a double maximi
curves of substrates are simila
afford no evidence of changes o:
could explain the existence of t
The titration curves of mixtures c

strate similarly provide no help. I
out that even though only one

found with egg albumin, the tit:
very similar to those of substrateE
again indicating that an explanat
pH maximum is not to be found i
ionic changes of enzyme and subs
of pH. It should be noted too tha
really a mixture of pepsin and cx
have yielded evidence in the titra

If the existence of two pH maxima were to
i--Y depend upon the different effects of pH upon the

initial combination of enzyme and substrate and

ine pla1ima alb .' upon its subsequent decomposition (hypothesis 8),

pepsin A; and of the hypothesis could be tested by using the same
ibstrate with enzyme methods as Gutfreund (1955) and Hammond &
1bulmin + pepsinL A; Gutfreund (1955) used for trypsin and chymotrypsin.

h the ordinate repre- Unfortunately the first step in such an investiga-
) bring the system to tion would be the determination of the Michaelis
what required to bring constant Ki, for this, if the hypothesis be true, is
6me pH. Initial con- the dissociation constant of the initial step.
ml. Initial concen- Several attempts have been made to measure a

approx.). Michaelis constant for the reaction of pepsin with

protein substrates, but in no instance has this been
of the pH maxima satisfactorily achieved. Such a result is not
the enzyme, the surprising when it is remembered that a protein
exist in anionic, substrate presents several different peptide bonds

En Fig. 6 titration for hydrolysis and that these may perhaps be
and immediately attacked at differing stages or in differing se-

nd substrate are quences. It was found that the initial velocity (v)
that the steepest for digestion of protein substrates is not related to
s between pH 3-5 the substrate concentration (8) in such a way that
range over which I/v plotted against 1/8 yields a straight line (Line-
zyme falls most weaver & Burk, 1934). It is thus not possible to
rm of the enzyme pursue, after the manner of Gutfreund and Ham-
early an inactive mond, the hypothesis under investigation. Simple
form existing at synthetic substrates cannot be used as they give
in the titration only one pH maximum.

which might indi- The problem can fortunately be attacked from
within this range another angle. If the initial reaction of enzyme and
of different ionic substrate has a dissociation constant which varies
would in fact fit with pH, the effect of pH can be minimized by
n of a single pH carrying out the reaction at high substrate concen-

but do not ade- trations, so that the initial velocity (v), whatever
um. The titration the pH, approaches the maximal velocity (V) and is
Lrly smooth and therefore more or less the same at any individual
f ionic form that pH value, provided that none of the enzyme or

two pH maxima. substrate has become inactivated by change of pH.
f pepsin and sub- If the effect of pH upon the initial step can thus be
It may be pointed eliminated or reduced, the effect upon the pH-
pH maximum is activity curve would be to reduce or eliminate one

ration curves are of the maxima, if, as is supposed, one of them
3 which show two, depends upon this reaction. Fig. 7 shows the
tion of the double effect of substrate concentration upon the two
from study of the maxima which occur when gastric juice and
'trate with change crystalline bovine plasma albumin interact. It
st if pepsin A were will be observed that although the maximum in the
athepsin it might region of pH 2 shifts to a slightly higher pH at the
Ltion curves of its highest albumin concentration, the two maxima

-
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are still well delineated. It may be noted that the
ratio of activity at the two maxima (pH 3 2 :pH 2 0)
falls as the substrate concentration rises. This
indicates that activity at the maximum around
pH 2-0 rises more rapidly with increasing substrate
concentration than at the higher pH maximum,
and implies that hydrolyses at the two maxima are
chemically different processes. The curves do not,
however, provide evidence to support the hypo-
thesis that the two maxima are caused by differ-
ential effects of pH upon two different steps in an
essentially single hydrolytic process.

Dige8tion of partially digested protein substrates

To investigate the hypothesis that the pH
optimum of initial proteolysis might differ from the
optimum for subsequent splitting of the products of
initial proteolysis and in this way cause an overall
pH-activity curve with two maxima, experiments
have been carried out on the pH-activity curves for
digestion by gastric juice of previously partly
digested substrates. Fig. 8 shows such a curve for
the digestion of plasma which had been incubated
with gastric juice for 1 hr. at pH 3-8 and at 37°. It
will be observed that digestion is relatively slight
and that only a faint pH maximum is discernible
in the region of pH 2, but that there is an un-

056 I-

mistakable maximum at pH 3.7. This seems to
indicate that digestion in the region of pH 3-5
continues to occur optimally even after 1 hr.,
whereas digestion at pH 2 is carried out without
any optimum once it has been initiated at pH 3-5.
The reverse experiment, digestion at varying pH
values after preliminary digestion at pH 2-3,
yields a curve with three maxima. These experi-
ments require further work for their proper inter-
pretation, but they do not provide evidence that of
the two pH maxima, one arises from a rapid pro-
teinase action with only a little further splitting of
the polypeptide products and the other from only
a relatively slow proteinase action with rapid
splitting of the polypeptides liberated.

If one of the maxima were caused by a rapid
proteinase action it would be expected that this
maximum alone would be present after short
periods of digestion. It has been found, however,
that two distinct maxima occur with digestion
periods of as little as 10 min. (Buchs, 1947), and
that variation ofthe digestion time between 30 min.
and 6 hr. is without appreciable effect upon the
position and relative magnitude of the two maxima
(Taylor, 1959). There is thus further evidence that
the hypothesis under investigation is unlikely to be
correct.

DISCUSSION

It seems unlikely that the occurrence of two pH
maxima in the proteolytic pH-activity curves for
gastric juice is caused by two separate enzymes,
pepsin and 'cathepsin', for it has not been possible
to separate the two substances nor to distinguish
adequately between them from studies on activa-
tion and inhibition. On the other hand, evidence

0
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Fig. 7. Effect of substrate concentration upon the pH-
activity curves of normal human gastric juice digesting
crystalline bovine plasma albumin; temp., 370; time,
3 hr. 0, 0-2 g.l100 ml. of digestion mixture; 0, 0-4 g./
100 ml.; A, 1.6 g./100 ml.

pH
Fig. 8. pH-activity curves for digestion by normal human

gastric juice of partly-digested plasma protein; temp.,
370; time, 3 hr. 0, Previously incubated for 1 hr. at
pH 3-8; 0, previously incubated for 1 hr. at pH 2-3.
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has arisen, in attempting to separate the two
postulated enzymes, that electrophoretically homo-
geneous components of gastric juice may produce
pH-activity curves ofproteolysis with two maxima,
and that there are two such components. Attempts
to confirm this evidence, using crystalline pepsin
as starting material, have shown that the purest
component of crystalline swine pepsin that could be
prepared exhibited both pH maxima when acting
upon a single substrate component. The conclusion
that two pH maxima result from the action of a

single enzyme component is thus supported by
positive evidence as well as by the negative evidence
of failure to isolate or separate components which
are responsible for either one of the two pH
maxima.

At least three other groups of workers (Buchs,
1947, 1954; Milhaud & Lepine, 1949; Merten,
Schramm, Grassmann & Hannig, 1952) have
attempted unsuccessfully to separate pepsin and
' cathepsin'. None has employed all the procedures
that have been used here. Merten et al. (1952)
concluded that of three components recognized on

paper electrophoresis from a hydrochloric acid
extract of swine mucous membrane, one contained
the bulk of the pepsin activity but no 'catheptic'
activity, the second gave maxima at pH 1-8 and 3-5
(haemoglobin as substrate) and the third was

inactive. Crystalline swine pepsin was investigated
similarly and found to contain two components,
one of which exhibited only peptic action and the
other peptic and 'catheptic', thus resembling the
first two components from the extract. Their
results differ from those presented here in that a

pepsin without a 'catheptic' action was obtained,
but are similar in that 'catheptic' activity was not
obtained alone. Buchs (1947) has tried to separate
peptic and 'catheptic' actions by adsorption on

charcoal, kaolin, fuller's earth, cholesterol, barium
sulphate and ferric oxide at widely differing pH
values, but the two activities always ran in parallel.
He also prepared crystalline pepsin by Northrop's
(1930) method, hoping thus to eliminate 'cathepsin',
but peptic and 'catheptic' activities were both
present in the crystals and markedly so, for
' cathepsin' after 'reactivation' by hydrogen
sulphide or by potassium cyanide. Milhaud &
Lepine (1949) found that crystalline pepsin (The
Armour Laboratories, and therefore presumably
from swine) contained equal amounts of pepsin and
'cathepsin', but that ultracentrifuging did not
permit separation of the two under the conditions
employed. They concluded that the two ferments
have similar molecular weights or that a single
ferment has double activity. It is apparent that
the results of many groups of workers lead to
the conclusion that both pH maxima are the
function of a single enzyme, and the positive proof

attempted in the present investigation enhances
this possibility.

Previous attempts to alter the activity at one or
other pH maximum have given variable results.
Buchs (1947) found that heating to 700 and
exposure to uranyl ions inhibited respectively the
peaks at pH 2-0 and 3-5. These effects were, how-
ever, explained by Geilenkirchen & Elbers (1950)
and Crebolder, Engel & Otten (1951) as resulting
from the more rapid destruction of enzymic
activity at pH 2-0 with heating and at pH 3-5 with
precipitation by uranyl ions. Buchs also described
activation at pH 3-5 but not at pH 2-0 by hydrogen
sulphide, cysteine and potassium cyanide. Ramer
(1954) confirmed this, using hydrogen sulphide and
potassium cyanide. Geilenkirchen & Elbers (1950)
observed, however, that both pH maxima were
equally activated by hydrogen sulphide, and this
conclusion is supported by the results presented
above. In contrast, Milhaud & Epiney (1951),
using edestin as substrate, and Merten et al. (1952),
using haemoglobin, found that hydrogen sulphide
and cysteine exerted no effect upon either enzymic
action. The concensus of opinion, other than that of
Buchs and Ramer, would thus incline towards the
view that hydrogen sulphide, cysteine and potas-
sium cyanide do not exert a specific effect upon the
optimum at pH 3-5. Attempts to vary the activity
at one or other maximum by the use of specific
activators or inhibitors does not therefore seem to
support those hypotheses (1 to 4) that postulate
two enzymes or two types of active enzyme centre.
On the other hand the different effects upon the
two maxima that have been noted during attempted
fractionation with salt solutions would best be
explained if two enzymes or two types of enzyme
centre were present.
The possible mechanisms by which a single

enzyme could digest a single protein with two pH
maxima have not been considered by previous
workers. The experimental evidence presented
above lends no support to those mechanisms which
are modifications of the current hypotheses of the
origin of pH-activity curves with single maxima.
Also, in that these modifications imply a single
site for enzyme-substrate interaction, they are
negatived by the evidence that different proteo-
lytic products are formed at the two maxima and
that increasing substrate concentrations affect the
rate of proteolysis at the two pH maxima differ-
ently. It has also been shown that different pH
optima for digestion of proteins and of proteolytic
products do not account for the two maxima, even
though it is established that synthetic peptides are
split by gastric juice in the range pH 3-5-4-0
(Taylor, 1959).
That an inhibitor acting between pH 2-5 and 3-2

might cause a pH-activity curve with two maxima
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is also unlikely, for it would mean that the true
pH optimum of 'uninhibited' pepsin is around 2-9,
whereas values much nearer pH 2 have usually been
found experimentally in pH-activity curves with
only one optimum. In the experiments with
pepsin A described above, it is unlikely that an
inhibitor, whether protein or non-protein, could
be present, for a protein inhibitor would be detected
as an impurity in the electrophoretic and solubility
tests, and a smaller molecule would have been lost
during the dialysis to which pepsin A was several
times subjected during its preparation. In gastric
juice or mucosal extracts two possible inhibitors
might be present, pepsin inhibitor and mucoprotein.
The former is, however, inactivated rapidly in the
presence of pepsin with a pH maximum near 3-5
(Northrop et al. 1948). Since all samples of gastric
juice used in this investigation have been secreted
at pH 2-5 or less and stored at between pH 3 and 4,
it is unlikely that pepsin inhibitor could have been
responsible for the presence of two pH maxima of
proteolysis. After removal of at least the major
part of the mucoprotein, as in the electrophoretic
experiments, two pH maxima are still found. This
is in agreement with the observation of Heatley
(1956) that the peptic activity of swine pyloric
juice is uninfluenced by the addition ofmucoprotein
previously separated from it. The above evidence,
taken together, would seem to indicate that two
maxima may exist in the absence of substances
that may possibly inhibit gastric proteolysis.

After excluding the possibilities that two en-
zymes are present and that interaction of enzyme
and substrate occurs at only one site, there remain
three mechanisms for consideration, each involving
a double enzyme-substrate union. Of these, the
first, that an enzyme with two active centres may
attack the same type of substrate site with each
centre, fails to account for several observed facts:
it does not explain why different hydrolytic pro-
ducts are formed at the two pH maxima, nor why
egg albumin should show only one pH maximum
with the same sample of gastric juice or pepsin that
gives two when acting on other substrates, nor
why only one pH maximum should be shown with
many synthetic substrates, nor why a wider
variety of the peptide bonds of insulin should be
split (Sanger & Thompson, 1953) than would be
expected from a knowledge of the action of pepsin
on synthetic substrates.
The second possible mechanism is the reverse of

the first, namely that a single enzyme centre should
attack two sorts of substrate site with different pH
maxima. This hypothesis would account for
occurrence of different digestion products at the
two pH maxima, and for the existence of substrates
with only one pH maximum, by supposing that in
such substrates only one substrate site is repre-

sented. The hypothesis does not, however, provide
a very adequate explanation of the present obser
vations that gastric juice can be altered by salt
solutions in such a way that the ratio of activity at
the two maxima is changed, nor of those of Norris
& Elam (1940) that the pepsin molecule can be so
altered by different methods of preparation that
only one of the two maxima occurs.
To account adequately for all the observations

presented in this paper and for the results of
previous workers, it is necessary to adopt the third
explanation that two active enzyme centres each
attack two different types of substrate bond
maximally at different pH values. The production
of curves with single maxima as a result of modi-
fying the enzyme may then be explained as an
inactivation of one of the enzyme centres. The
results of Baker (1951) on the hydrolysis by pepsin
of synthetic peptides lend additional support to
this explanation. She divides the synthetic sub-
strates of pepsin into two groups, 'those in which
a phenylalanine or tyrosine residue is linked to
certain non-aromatic amino acids and those in
which two aromatic amino acid residues are linked
to each other'. The first are hydrolysed slowly by
pepsin with a pH optimum around 4, whereas those
in the second group are hydrolysed rapidly with a
pH optimum between 1-8 and 2 0. There is thus
independent evidence of the existence of two types
of substrate site which may each be attacked at the
two different pH values at which proteins are
maximally digested.
The evidence which is at present available thus

favours the hypothesis that pepsin has two active
enzyme centres which attack substrates at two
particular groups of peptide bonds, and that a
separate gastric cathepsin does not exist. Final
proof of the existence of two enzyme sites can,
however, only be obtained either by a complete
knowledge of the structure of pepsin and identifica-
tion of the sites, or by the fragmentation of the
pepsin molecule into units that possess only one of
the active sites. In other words, pepsin and
' cathepsin' have still to be separated, but now from
fragments of a single molecule.

SUMMARY

1. Fractionation of human gastric juice and
swine gastric-mucosal extracts with ammonium
sulphate, sodium chloride and magnesium sulphate
has failed to achieve separation of enzymes re-
sponsible for the two proteolytic pH maxima which
these materials exert at values below pH 5-0; nor
could separation be achieved by adsorption on
calcium phosphate gel, on ion-exchange resins, by
electrophoresis in the Tiselius apparatus and by
differential ultracentrifuging.
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2. During electrophoresis of gastric juice, two
anodal-moving homogeneous components at pH 2-5
were isolated. Each digested proteins with two pH
maxima below pH 5-0. The maxima of the smaller
component occurred at lower pH values than the
corresponding maxima of the larger.

3. Hydrogen sulphide caused an increased
liberation of amino groups by gastric juice from
human serum albumin at all values between pH 1 5
and 5 0. Cysteine was without effect on proteolysis
over this range.

4. The ratio of activity at the two pH maxima
was changed during treatment of gastric juice with
salt solutions, indicating that one maximum could
be altered independently of the other.

5. Paper-chromatographic analysis revealed that
the end products of digestion at the two maximal
pH values are different.

6. Crystalline swine pepsin, like human gastric
juice, digests plasma protein, bovine crystalline
plasma albumin and bovine plasma albumin
fraction V, with two pH maxima below pH 5-0, but
egg albumin with only one. Pepsin A was isolated
from crystalline pepsin, was found to be homo-
geneous by paper-electrophoretic and solubility
tests, and to digest single component substrates
with two maxima.

7. Attempts to explain the existence of two pH
maxima in terms of enzyme-substrate union at a
single site were unsuccessful.

8. It is suggested that the two proteolytic pH
maxima which may be exhibited by gastric juice
and gastric mucosal extracts below pH 5.0 result
from the action of a single enzyme, pepsin, which
achieves this effect because it possesses two sorts
of active centre, each of which attacks maximally
at a different pH a different type of substrate
site.
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F.R.S., for facilities for differential ultracentrifuging;
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D.M. thesis from which the material of this paper is
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