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1. SUMMARY 

This study has confirmed the existence of 

pepsinogen D in extracts of pig gastric mucosae. It 

is present to the extent of about 5% of the potential 

proteolytic activity in extracts of the body regions of 

pooled gastric mucosae of a number of pigs and from the 

gastric mucosa of only one pig. 

The conditions required for the chromatographic 

isolation of pepsinogen D have been defined more 

precisely, and as a result it can be isolated with a 

purity which is probably greater than 95%. 

Pepsinogen D is present to the extent of about 15% 

in extracts of the pyloric regions of pig stomachs but 

the total yield of zymogen is so small as to make this 

an unfavourable source of the zymogen. 

Studies on pepsinogen D have shown it, like 

pepsinogen, to have a molecular weight of about 41,000 

and to have one amino -terminal leucine and one carboxyl - 

terminal alanine residue per mole. It does not contain 

phosphorus in phosphodiester linkage and analysis of the 

peptides obtained after digestion of the performic acid 

oxidised protein with a- chymotrypsin indicate that it is 

very similar to or identical with dephosphopepsinogen. 

Pepsinogen D also behaves in a similar manner to 

dephosphopepsinogen on chromatography on DEAE- cellulose 

at pH 6.9 and on electrophoresis in starch gel at pH 3.2. 

Like pepsinogen, pepsinogen D is activated at pH 3.7 

in accordance with autocatalytic kinetics, although at 
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pH 4.6 it is activated more slowly than is the main 

zymogen, 

On exposure to alkali, the potential ability of 

pepsinogen D to digest haemoglobin declines in a way 

which is similar to that of pepsinogen although its 

ability to digest N- acetyl -L- phenylalanyl -L -di- iodotyro- 

sine is much more stable. 

Pepsin D, the enzyme produced by activation of 

pepsinogen D, has been found to occur in commercial 

preparations of both crude and crystalline pepsin to the 

extent of about 10j0, and a method has been developed for 

its isolation by chromatography on DEAE- cellulose at 

pH 3.2. 

Like pepsin, pepsin D has a molecular weight of 

about 35,000 and, while it is also similar in having the 
Leu. 

carboxyl- terminal sequence.... Val. I -leu. AlaCOOH, it 

differs in having an amino -terminal leucine residue and 

no, phosphorus which is bound in phosphodiester linkage. 

Pepsin D is similar to pepsin in its ability to 

digest haemoglobin, N- acetyl -L- phenylalanyl -L -di- 

iodotyrosine and gelatin but its specific activity in the 

clotting of milk is twice that of pepsin. Its 

specificity in digestion of the B -chain of oxidised 

insulin cannot, however, be distinguished from that of 

pepsin. 

Activation of pepsinogen D produces a peptide which 

inhibits pepsin and pepsin D to the same extent as the 

peptide inhibitor produced by the activation of 
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pepsinogen. 

It was concluded that pepsinogen D was very similar 

to or identical with dephosphopepsinogen and that it 

gives rise on activation to an inhibitory peptide and an 

enzyme the latter of which is similar to although not 

identical with dephosphopepsin. 
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2. INTRODUCTION 

The ability of gastric juice to digest protein was 

known in the early part of the nineteenth century and it 

was Schwann in 1836 who gave the name pepsin to the 

ferment responsible for this property. 

Almost a hundred years were to elapse before it was 

conclusively shown that pepsin was a protein and in the 

interval there were a number of reports of protein -free 

'pepsin' preparations ( Brücke, 1875; Sundberg, 1885; 

Schrumff, 1905), and these may have some relationship to 

the recent reports of active fragments of pepsin (Perim. 

1954; Funatsu and Tokuyasu, 1959; Tokuyasu and Funatsu, 

1961 and 1962). 

The first reports indicating that gastric juice may 

contain more than one proteolytic enzyme were those of 

Takemura (1909) and of Hirayama (1910), both of whom 

found it had a greater proteolytic activity in the 

presence of weak acids than purified preparations of 

pepsin. Since then, :Freudenberg; and Buchs working in 

Basle and Taylor working in Oxford have determined the 

pH- activity curves of many samples of gastric juice and 

deduced the existence of more than one gastric protease. 

For a review see Taylor (1962). 

:.Michaelis and Davidsohn (1910) performed one of the 

few early experiments in which the pH was sufficiently 

controlled for the results to be valid even today. They 

subjected a preparation of pepsin to electrophoresis at 

various hydrogen ion concentrations and found that peptic 



5. 

components moved both to the anode and to the cathode at 

pH 1 and pH 3 but only to the cathode at pH 2. The 

components were detected by enzymic activity and it would 

appear that this was the first conclusive demonstration 

of the heterogeneity of pepsin preparations. 

Pekelharing (1896) and Fenger, Andrew and Ralston 

(1928) made attempts to purify pepsin and while both of 

these papers reported some measure of success the 

greatest achievement in this direction was announced in 

1929 when Northrop reported that he had been successful 

in obtaining crystalline preparations of the enzyme 

(Northrop,1929 -3ua). He carried out many tests on his 

preparations and finally concluded that the catalytic 

activity was a property of the protein itself and not of 

some contaminant (Northrop,1929 -30b). At the same time, 

however, he noted that Pekelharing (1896) and Ringer 

(1915) had both obtained preparations of pepsin which 

were free from phosphorus, and, as his preparations 

contained one gram -atom of phosphorus per 40,000 grams, 

he suggested that there may be several active forms of 

the enzyme. 

The fact that crystalline pepsin was contaminated 

by another enzyme was evident from Northrop's first 

report of the crystallisation where he found that the 

ability to liquefy gelatin could apparently be increased 

indefinitely by repeated crystallisation, while the 

activity as measured by other methods remained constant. 

In a later paper (Northrop, 1930) he noted that the 
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ability to digest gelatin was more stable to alkali than 

the ability to digest other substances and these obser- 

vations were taken to their logical conclusion when he 

isolated the enzyme gelatinase from crude preparations 

of pepsin (Northrop, 1931-32). 

In his original work on the solubility of crystal- 

line pepsin Northrop found that saturated solutions 

exhibited a constant solubility, although the solubility 

on approach to saturation could not be unambiguously 

interpreted as indicating the presence of only one 

component. Nine years later Steinhardt (1938) found 

the solubility of pepsin crystals in 0.002M hydrochloric 

acid to decrease regularly and continuously with 

successive extractions until less than ten per cent of 

the initial quantity of crystals was left and although 

Steinhardt believed that this finding was due to the 

presence of impurities of low molecular weight it could 

simply have been evidence for microheterogeniety of the 

enzyme molecules. 

The first indication that there might be four 

distinct gastric proteases is found in the work of 

Desreux and Herriott (1939) in which they studied the 

solubility of pepsin in acetate buffer pH 4.65. Their 

solubility diagram for crystalline Parke Davis pepsin 

indicated the following four components in order of 

decreasing solubility, A(5%), B(30%) and C+D(65%), and 

they were in fact able to isolate a sample of pepsin A 
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which was pure by solubility criteria. 

In 1950, Hoch reported that prolonged free boundary 

electrophoresis of crystalline pepsin also allowed the 

identification of four components and these separated 

more noticeably at pH 5.9 than at pH 3.9 or pH 8.0. He 

estimated the amount of each fraction and found values 

of 10%, 24%, 55%% and 11c/ in order of increasing mobility, 

and these amounts would appear to have more than a 

coincidental similarity to those of Desreux and Herriott 

(1J39). Unfortunately, Hoch did not isolate the 

components to test their enzymic activity. 

Williamson and Passman, in 1952, reported the 

resolution of crystalline pepsin into two components by 

electrophoresis at pH 4-.3 but these workers, like Hoch, 

did not attempt to discover whether each fraction 

possessed proteolytic activity. 

At the Second International Congress of Biochemistry, 

Simmonet, Labarre, Trochu and Sternberg (1952) reported 

that cod pepsin could be fractionated into two zones of 

proteolytic activity by paper electrophoresis in the 

presence of buffers in the pH range 2.5 to 3.5, although 

there was only a single, enlarged, but active zone when 

the electrophoresis was carried out in the presence of an 

alkaline buffer. Crystalline (pig) pepsin is completely 

inactivated even at neutral pH values, and the discovery 

of the alkali stability of cod pepsin emphasises the 

dangers involved in extrapolation of information from one 

species to another. 
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In what was probably the first application of 

chromatography to the study of the gastric proteases, 

Caputto, Schultz,, Karnes, and ','golf (1951+) separated on 

paper, two chromatographically distinct but enzymically 

active components from fasting human gastric contents and, 

in the same laboratory, these components were subsequent- 

ly isolated by column chromatography on Amberlite IRC 50 

(Richmond, Tang, Wolf, Trucco 2nd' Ca:putto, 1958). One 

of the enzymes was human pepsin but the other had distinct 

(although similar) properties and was named gastricsin. 

By precipitation methods, Veremeenko (1956) obtained 

two active fractions from pig pepsin and showed their 

individuality by a number of different methods and, in 

1958, Hakim was able to separate commercial (pig) pepsin 

into four active components by paper electrophoresis 

although he did not study the fractions further. 

nth this weight of evidence in support of the 

existence of more than one gastric protease it was not 

surprising that Ryle should observe the presence of three 

enzymes in the course of purifying crude pepsin on 

columns of DEAE- cellulose. The two additional enzymes 

were minor components and Foyle and Porter (1959) named 

them parapepsin I and parapepsin II in view of their 

close similarity to pepsin in physical, chemical and 

enzymic properties. 

Throughout Pyle and Porter's work on the parapepsins, 

two substrates were used and it was in their ability to 

digest these that the parapepsins differed most noticeably 
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from porcine pepsin and from each other. Pepsin was 

able to digest both haemoglobin and the synthetic 

substrate N- acetyl -DL- phenylalanyl -L -di- iodotyrosine 

whereas parapepsin I digested only the synthetic substrate, 

and parapepsin II digested only haemoglobin. The 

difference in the specificity of the two parapepsins 

could have been taken as an indication that they were 

intermediates in the conversion of pepsinogen into pepsin 

but this possibility was rendered most unlikely when 

Ryle (1960) reported the isolation of the zymogen para- 

pepsinogen II from pig gastric mucosa. At that time he 

found no indication of the existence of parapepsinogen I 

but this was apparently due to the extraction procedure 

and he has subsequently reported its isolation (Ryle, 

1963, 1965). 

At this juncture it should be noted that Ryle (1965) 

has decided to change the names of these minor components 

to bring them into accord with the recommendations of the 
the 

1963 Report of Commission on Enzymes of the International 

Union of Biochemistry. Parapepsin I and parapepsin II 

became pepsin B and pepsin C respectively and the names of 

the zymogens were correspondingly changed. Henceforth 

only this new terminology will be used. 

During the isolation of pepsinogen B, Ryle found yet 

another zymogen component. This zymogen was chromato- 

graphically distinct from pepsinogen, from pepsinogen B 

and from pepsinogen C and it has been named pepsinogen D. 

This dissertation is the result of an undertaking to 
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study its properties. 

Other reports on the heterogeneity of the gastric 

proteases have been published since the discovery of 

pepsinogen D, and amongst them is that of Tang and Tang 

(1960), who found four peaks of enzymic activity when 

they subjected either crude pepsin, twice crystallised 

pepsin or an extract of hog gastric mucosa to chromato- 

graphy on columns of rimberlite IRC 50. In contrast to 

this they could isolate only gastricsin and human pepsin 

when they chromatographed human gastric juice. However, 

when they subjected an extract of hog gastric mucosa to 

electrophoresis in starch blocks, they were able to 

detect the presence of only two zymogens. 

Orekhovitch, Ginodmann, Lokshina, Sklobovskaya, 

Sloviena and Shpikiter (1963) reported the observation of 

'several' components after electrophoresis of both 

crystalline pepsin and crystalline pepsinogen at pH 5.8, 

pH 7.5 and pH 9.7, and two years later, Levchuk and 

Orekhovitch (1963) reported the isolation of three 

chicken pepsins by a chromatography on DEAE- 
cellulose. 

Seijffers, Segal and Miller (1963a) also using 

DEAE -cellulose isolated three zymogens from human gastric 

mucosaebut one of those components appeared to be a 

mixture, as it gave rise to two enzymes after acidificatio 

(Seijffers, Segal and Miller, 1963b). These papers from 

Segal's group are interesting in that they show the four 

proteases of the human stomach to be present in 



approximately equal amount, and this is in contrast to 

the state of affairs in the pig where we have one major 

component accompanied by three minor ones. 

Kushner, Rapp and Burtin (1964) have used electro- 

phoresis in agar gel and have demonstrated the existence 

of four zymogens in extracts of human gastric mucosa, but 

their findings differ from those of Seijffers et al. 

(1963a) in that they show the presence of one major 

zymogen which is accompanied by three minor components. 

There is therefore much evidence to indicate the 

existence of more than one gastric protease but evalua- 

tion of these reports is made difficult because of the 

fact that pepsin is subject to autolytic degradation. 

Little weight can be placed on reports such as those 

of Hoch (1950) and of Williamson and Passman (1952) where 

the different components have not been shown to be 

enzymically active, and even where components have been 

shown to be active, it is not usually possible to decide 

whether they arose from different zymogens, whether they 

were autolytic degradation products or whether their 

resolution was simply the result of binding of different 

polypeptides to the same enzyme. 

The advent of ion exchange chromatography made 

possible the isolation of relatively pure samples of the 

different gastric enzymes and it was then possible to 

obtain a good comparison of their properties. Richmond 

et al. (1958) showed the similarity between gastricsin 

and human pepsin and Ryle and Porter (1959) demonstrated 
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the similarity between pepsins B and C and porcine 

pepsin. However, these facts take us little further 

forward as the properties of degradation products would 

be expected to be similar to those of pepsin and it is 

essential to know whether all of the enzymes arise from 

pepsinogen or whether they each have individual zymogens. 

Ryle (1960) was the first to isolate a zymogen other 

than pepsinogen from the gastric mucosa, and his demons- 

tration that it gave rise to pepsin C was the first real 

indication that pepsinogen was not the ultimate source 

of all of the gastric proteases. This was further con- 

firmed by his isolation of pepsinogen B (Ryle, 1963; 

1965). 

Independent support for Ryle's demonstration of the 

multiplicity of porcine gastric zymogens is found in the 

reports of Seijffers et al. (1963a; 1963b) and of 

Kushner et al. (19610 on the zymogens of the human gast- 

ric mucosa. It would appear that there are probably 

four zymogens in the stomach of both the human and the 

pig and that each of them gives rise to a distinct enzyme. 

The work of Rapp, Aronson and Burtin (1964) indi- 

cates that there is no connection between any of the 

four human gastric zymogens and either gastric carcinoma 

or gastric ulcer, but pH-activity curves of human gastric 

juice indicate that there may possibly be some connection 

between disease and the production of gastric zymogens 

(Taylor, 1962). 

The substrate specificity of the proteases from the 
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human stomach has not been studied in any detail, but 

the fact that Ryle found the specificities of pepsins B 

and C to differ both from each other and from that of porcine 

pepsin may indicate that the function of these enzymes 

is to give more extensive digestion of the protein in 

the diet. 



14. 

3. INTRODUCTION TO THE STUDY OF PEPSINOGEN D. 

At the time of the discovery of pepsinogen D it was 

known only that it was chromatographically distinct from 

pepsinogens B and C and from pepsinogen and that it 

possessed the ability to digest the haemoglobin and the 

synthetic peptide substrate at pH values close to 2. 

Its discovery, however, posed interesting questions 

as to whether it was a zymogen or whether it was simply 

a protease that was unusually stable at pH 6.9. Was it 

an active fragment of pepsin? Did it arise from the 

gastric mucosa of only one pig or was it present in the 

mucosae of all pigs? W'as its distribution in nature 

restricted to pigs or was it present in the gastric 

mucosae of other species? If it was a zymogen could it 

be a degradation product of pepsinogen? 

A zymogen must also give rise to an enzyme. Why 

had that enzyme not been detected by Dyle and Porter? 

If the enzyme could be isolated and purified it would be 

of interest to study its specificity in splitting 

peptide bonds. Could it be an enzyme with a 

specificity which would prove useful in the elucidation 

of protein structures? 

These were some of the questions which prompted 

this study and some of them are answered in this 

dissertation. 
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4. ABBREVIATIONS and CONVENTIONS 

All buffer solutions were prepared from sodium 

salts of 'Analar' grade and their concentration is 

expressed with respect to the anionic component. 

In all figures of chromatograms except Fig. 52, the 

closed circles represent the activity as determined 

against haemoglobin and the open circles represent the 

activity as determined against the synthetic substrate. 

The three letter abbreviations for the names of 

amino acids are those recommended for use in the 

Biochemical Journal (Suggestions and Instructions to 

Authors, 1965). 

The following abbreviations are used frequently 

throughout the text: 

DEAF- cellulose -- diethylaminoethyl- cellulose 

CM- cellulose -- carboxymethyl- cellulose 

APD -- N- acetyl- L- phenylalanyl -L- diiodotyrosine -- the 

synthetic substrate 

PU -- proteolytic unit (s) 

mPU -- milliproteolytic unit (s) 

N- terminal -- amino -terminal 

C- terminal -- carboxyl -terminal 

DNP -- 2,4- dinitrophenyl 

RNA -- ribonucleic acid 

FDNB -- 1 -fluoro -2,4- dinitrobenzene 



MATERIALS AND METHODS 
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5. MATERIALS AND METHODS 

5.1 Chromatography on columns of DEAE- cellulose. 

The DEAE- cellulose used in all experiments was 

prepared from Brown Company Solka -Flok (Lot BW 200) 

according to the method of Peterson and Sober (1956); 

it contained 0.6 milliequivalents of basic groups per 

gram of dry weight and was stored moist with ethanol to 

prevent bacterial growth. 

5.1.1 Preparation of columns of DEAE- cellulose for 

chromatography. 

In order to speed the equilibration of the DEAE- 

cellulose with the buffer solution, it was first 

stirred into a slurry with a solution which was ten or 

twenty times more concentrated than that used during 

chromatography. After this slurry had been allowed to 

stand at room temperature for about an hour, it was 

filtered through a Buchner funnel and the DEAE-cellulose 

was washed five times in quick succession with dilute 

buffer solution. The washed material was then slurried 

once more with dilute buffer, degassed at the water pump 

and packed under gravity into a glass tube of the 

required dimensions. The column of DEAE -cellulose was 

supported on a perforated 'Perspex' disc which was 

covered with a thin layer of cotton wool and a circle of 

filter paper. 

;'then the DEAE-cellulose was used in the chloride 

form the equilibration procedure was the same although 

the solutions used were slightly different. In this 
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case, the DEÀE- cellulose was first slurried with the 

buffered saline used to create the gradient for elution 

and, after equilibration, it was washed five times with 

the chloride -free buffer solution used to pack the 

column. 

5.1.2 The a.plication of the load to columns of DEAE- 

cellulose. 

In general, the protein was in solution in buffer 

of the same composition as that used to prepare the 

column and this solution was simply pipetted on top of 

the DEAE- cellulose and allowed to permeate into it under 

gravity, but, when the zymogens had just been extracted 

from the gastric mucosa the columns were loaded in a 

different manner which will be described in the section 

relating to the isolation of pepsinogen D (Section 6.1). 

5.1.3 Development of chromatograms at all pH values. 

In all of the work reported in this thesis the 

diameter of the columns of DEAE- cellulose was L-.8 ems. 

and the protein was eluted by means of exponentially 

increasing gradients of sodium chloride obtained by 

passing buffered saline into a constant volume mixing 

vessel which contained 2 litres of a buffer solution 

initially of the same concentration and pH as was used in 

preparation of the column. The contents of the mixing 

vessel were stirred by a magnetic stirrer and effluent 

fractions of constant volume were collected by a 

'Central' fraction collector which had been adapted in 

the workshop of the Department of Biochemistry for use 
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with a photoelectric fraction cutting device. This 

was operated by means of a light beam directed on to a 

photoelectric cell and fractions were collected when 

the -light was interrupted by the surface of the liquid 

in the collecting vessel. 

This method of collecting was far superior to the 

use of syphons which tended to dribble and to give 

fractions whose volume differed according to the protein 

content of the fractions being collected. 

The extinction at 280 mµ of all chromatographic 

fractions, diluted if necessary, was measured in the 

Unicam SP 500 spectrophotometer and the enzymic activity 

or the potential enzymic activity of suitable fractions 

was determined in the manner described in Sections 5.2 

and 5.3. 

The mixing vessel always contained 2 litres of the 

buffer solutions used to pack the column and the concentr- 

ation of sodium chloride in the effluent was calculated 

from the equation 

C = C' -De -k 

where C = the concentration of salt in the effluent at 

any point 

C' = the concentration of salt in the upper vessel, 

D = the initial difference in salt concentration 

between the upper vessel and the mixing vessel 

k = the ratio of the volume of the effluent at 

any point to the volume of the mixing vessel. 

In general, two gradients were used, that where the 
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buffer in the upper vessel was 0.45 M with respect to 

sodium chloride, and that where it was only 0.1 14 í. 

The calculated concentration of chloride in the 

effluent is shown in each figure, but, when the DEAE- 

cellulose had not previously been converted into the 

chloride form, it is probable that the concentration of 

chloride in the initial part of the chromatogram was 

much below the theoretical (Ryle and Porter, 1959). 

This discrepancy is probably due to conversion of the 

DEAE- cellulose into the chloride form and in cases where 

this form was used to prepare the column there was 

probably no discrepancy at all. 

5.2 Determination of activity using bovine haemoglobin 

as substrate. 

These assays were conducted according to the method 

of Ryle and Porter (1959) which is a modification of the 

method of Northrop, Kunitz and Herriott (1948). 

The substrate was Bovine Haemoglobin Enzyme 

Substrate Powder purchased from the Armour Pharmaceuti- 

cal Co. Ltd. It was dissolved in water and dialysed 

in order to remove material of low molecular weight 

which otherwise gave rise to high blank values in the 

assay. The dialysed protein was then diluted to give a 

concentration of 2.5% (w /v) and filtered through Tatman 

Io. 54 filter paper. 2.5 mg /100 ml. thiomersal was 

added as a preservative. 

The assays were carried out at pH 1.7 and for each 

set of assays with a given buffer, the haemoglobin 



TABLE I. Normality of hydrochloric acid used to 

acidify the haemoglobin solution for determination of 

the amount of enzyme in different solvent solutions. 

SOLVENT SOLUTION HCl NORMALITY 

water 0.300 

0.02 M phosphate pH 6.9 0.315 

0.10 M acetate pH 4.0 0.318 

0.10 M citrate pH 3.2 0.325 
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solution was initially diluted with one quarter of its 

volume of a solution of hydrochloric acid whose strength 

was such that the pH during the digestion would be 1.7. 

Table 1 shows the normality of hydrochloric acid used 

with each of the buffer used in this work. 

The acidified solution was brought to 35.5° in a 

water bath and allowed to incubate at this temperature 

for at least fifteen minutes when it was assumed that 

denaturation of the haemoglobin was complete. Duplicate 

0.2 ml. samples of the enzyme or zymogen were then 

brought to 35.5° in a water bath and to each was added 

1.0 ml. of the acid haemoglobin solution. After ten 

minutes the reaction was stopped by the addition of 5 

ml. of a li% (w /v) solution of trichloracetic acid and, 

after complete precipitation of the protein had been 

ensured by allowing the tubes to stand in the water bath 

for a further five to ten minutes, the mixtures were 

filtered through Vvhatman No. 3 filter paper. 

The extinction of the filtrate at 28041 was read 

in the Unicam SP 500 spectrophotometer and, after 

subtraction of a blank value obtained by the addition of 

trichloracetic acid prior to addition of the substrate, 

the net value of the extinction at 280mµ was converted 

into milliproteolytic units (mPU) by reference to 

standard curves prepared according to the method of 

Anson (1938). 

5.2.1 Preparation of the standard curves. 

Curve A in Fig. 1 shows the standard curve 
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Fig. 1. Standard curves for the digestion of haemoglobin by pepsin. 

o - pepsin in water. 

A - pepsin in 0.1 M acetate buffer pH 4+.0. 

- pepsin in 0.1 M citrate buffer pH 3.2. 
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obtained with an aqueous solution of the crystalline 

pepsin (Armour and Co. Ltd. , lot 25547; the same 

preparation was used by Ryle and Porter (1959) ) and it 

was used in all of the work concerning the zymogens. 

However, when this curve was used for assays in which 

enzymes were dissolved in 0.1 Ivi acetate buffer pH 4.0 

or 0.1 M citrate buffer pH 3.2, it was found that the 

ratio of milliproteolytic units to the extinction at 

280mµ was lower than expected and it was necessary to 

prepare new standard curves in the following manner. 

An aqueous solution of the crystalline pepsin was 

assayed in the manner described above and then diluted 

to yield solutions of known activity in either 0.1 M 

acetate buffer pH 4.0 or 0.1 I;i citrate buffer pH 3.2. 

These solutions in turn were assayed and the extinction 

of the filtrate was plotted against the known activity 

to give curves B and C shown in Fig. 1. 

This effect is not related to the ionic strength of 

the buffer solutions and it appears simply to be a non- 

specific effect due to the anions. In all of the work 

carried out at pH 3.2 and 4.0 the appropriate standard 

curves were used for determination of enzymic activities. 

The standard curve prepared with crystalline pepsin 

was used throughout these studies but when a purified 

sample of pepsinogen D was prepared it was confirmed 

that it gave the same standard curve as that given by a 

solution of pepsin in water. 

5.3 Determination of activity using N- acetyl -L- 



TABLE II. Normality of hydrochloric acid used with 

different solvent solutions for determination of the 

ability to digest the synthetic substrate. 

SOLVENT SOLUTION HC1 NORMALITY 

water 0.050 

0.02 M phosphate pH 6.9 0.088 

0.10 M acetate pH 4.o 0.086 

0.10 M citrate pH 3,2 0.125 
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phenylalanyl- L- 4i- iodotyrosine as a substrate. 

In all the experiments presented in this disserta- 

tion the substrate used was N- acetyl -L- phenylalanyl -L- 

di- iodotyrosine (APD) from YEDA Research and Development. 

Co. Ltd. (lot PHTY6). 

Duplicate 0.5 ml. samples of the enzyme or zymogen 

were brought to 35.5° in a water bath and to them was 

added 0.25 ml. of a hydrochloric acid solution (at 35.5 °) 

of such concentration that the pH of the solution would 

be 2.0 after the addition, twenty seconds later, of 

0.25 ml. of a solution of 0.001 M APD in 0.01 N sodium 

hydroxide which was also at 35.5 °. Table 2 shows the 

concentration of hydrochloric acid used for the 

respective buffer solutions. 

After incubating for twenty minutes the reaction 

was stopped by the addition of 1.0 ml. of the pinhydrin 

reagent of Moore and Stein (1954) and the blue ninhydrin 

colour was developed by heating the tubes in a boiling 

water bath for fifteen minutes. They were then cooled 

by immersion in a bath of cold water, diluted with 5.0 

ml. 60¡ (v /v) ethanol and the extinction of the solutions 

at 57041. was read in the Unicam SP 500 spectrophotometer. 

For each assay, individual blank determinations 

were carried out using the same reaction mixture, save 

that the ninhydrin solution was added before the 

substrate solution and the incubation at 35.5° was 

omitted. The net value for the extinction at 570mµ 

was converted into milliproteolytic units by reference to 
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Fig. 2. Standard curve for the action of pepsin on 

Iv-acetyl-:,-phenyialanyl-L-di-iodotyrosine. 



23. 

a standard curve prepared in the manner described below. 

5.3.1 Preparation of the standard curve. 

:aqueous solutions of Armour crystalline pepsin 

(Lot No. 23547) of various activities were assayed using 

haemoglobin as substrate and again in the manner describi 

ed above. One milliproteolytic unit of activity against 

haemoglobin was then arbitrarily made equal to one 

milliproteolytic unit as determined by the use of LPD as 

a substrate, and a graph was prepared to relate the 

extinction at 57O41 to the enzymic activity. This 

graph is shown in Fig. 2. There was no indication 

that buffer anions or sodium chloride had any effect on 

the colour produced, so this single graph was used 

throughout the whole of the work presented here. 

When a pure sample of pepsin D was obtained it was 

confirmed that it gave the same standard curve as was 

found with crystalline pepsin. 

5.3.2 The relationship between the units defined above 

and those recommended by the Internation Union of 

Biochemistry. 

The units defined above are useful in that they 

make the units activity against haemoglobin numerically 

equal to those against the synthetic substrate. The 

International Union of Biochemistry (I.U.B.), however, 

has recently recommended a more general definition of 

the unit of enzymic activity in which one unit is 

defined as the amount which will catalyse the transforma- 

tion of lµmole of substrate per minute under standard 
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conditions (Florkin and Stotz, 1965). These new units 

were related to the old by observing the colour yield of 

known amounts of di- iodotyrosine and comparing this with 

the colour produced by known amounts of the enzyme 

defined in the previous manner (Fig. 2). 

Fig. 2 shows that 0.5 mPU of pepsin gave rise to 

an extinction of 0.193 and a standard curve prepared 

with known amounts of di- iodotyrosine showed that this 

extinction was also produced by 70 mµmoles of di- 

iodotyrosine. It follows that 1 mPU of pepsin will 

release 140 mµmoles of di- iodotyrosine in 20 minutes and 

hence 7 mumoles in one minute, and this defines one of 

the units used in this dissertation as being equal to 

seven of the units recommended by the I.U.B. This 

figure is in good agreement with the value of 6.8 found 

by Ryle (1965). 

5.4 Gel filtration using Sephadex. 

Sephadex is an insoluble cross -linked dextran 

marketed by Messrs. Pharmacia Ltd. in five grades 

differing in the degree of cross -linkage between the 

dextran chains. 

The dry material was allowed to swell in water, 

usually overnight but for a minimum of forty -eight hours 

in the case of Sephadex G100, and any fine particles 

were removed by decantation. 

In the early stages of the work, the columns for 

gel filtration were prepared by the method of Flodin and 

Kupke (1956). This technique was troublesome, however, 
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and it was found that equally good packing could be 

obtained by the technique used for preparation of 

columns of ion exchange resins, i.e. a glass column 

similar to that used for DEAE-cellulose chromatography was 

aligned vertically by the use of a plumb line and half 

filled with water into which an aqueous suspension of 

Sephadex was poured. The gel particles were allowed to 

settle under gravity and when the surface of packed gel 

had risen to about half the height of the column, a 

stopcock attached to the outlet was opened to allow a 

slow flow of water. Further quantities of Sephadex 

were added until the required column height had been 

attained and the surface of the bed was then covered with 

a circle of filter paper. 

The void volume of the gel bed was determined with 

India Ink in the following manner. The liquid was 

drained to the surface of the gel and a few drops of 

diluted (1 to 10) India Ink were added from a pipette. 

Elution was carried out with water and, if the band 

remained horizontal, the breakthrough volume was taken 

as the void volume of the column. When the band 

appeared skewed it was usually due to a disturbance of 

the vertical alignment during packing and it was neces- 

sary to repack the column. 

This method of determination of the void volume was 

not ideal as the columns were not packed in the buffer 

used for gel filtration, however, it was not possible to 

determine this volume in the presence of the buffers as 
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they caused India Ink to lose its colloidal properties. 

Throughout the work there was no indication that the voi 

volume changed significantly on the substitution of a 

buffer solution for water. 

Protein samples were applied to Sephadex columns 

in the minimum quantity of buffer solution and were 

allowed to penetrate the gel bed under gravity. When 

the surface of the bed just became dry, the glass side 

wall of the column was washed with a few millilitres of 

buffer solution, and, after this had penetrated the gel, 

elution was accomplished by passing buffer solution 

through the gel bed under a pressure head of up to two 

feet. 

Constant volume fractions of the effluent were 

collected with the 'Central' fraction collector and the 

extinction of all the fractions at 280 mµ was measured 

in the Unlearn SP 500 spectrophotometer. The enzymic 

activity or potential enzymic activity of the suitable 

fractions was determined in the manner described above. 

5.5 Determination of activity by the clotting of milk. 

The method followed was similar to that of Ryle 

(1960). 20 g. of Cayelord Hauser dried skim milk was 

worked into a paste with water and made up to 100 ml. 

after the addition of 10 ml. of 2.0 M acetate buffer 

pH )+.6 and 5 ml. of 0.2 M calcium chloride solution. 

The pH of the final solution was 5.1 and this served as 

the substrate for assays which were conducted in the 

following manner. 
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0.5 ml. of the enzyme solution was brought to 35.5° 

in a water bath and to it was added 5.0 ml. of milk 

solution which had been brought to the same temperature. 

The tube was shaken, a stop watch started, and at 

regular intervals thereafter the solution was inspected 

by tilting the tube about thirty degrees from the 

vertical and observing the film of milk which clung to 

the walls of the tube. The end point was taken as the 

time at which floccular material was first noted in 

this film. 

In this assay, one proteolytic unit was defined as 

that amount of enzyme which would clot the assay mixture 

in one minute. 

5.6 Concentration of solutions by ultrafiltration. 

This procedure involved the use of glass bulbs of 

about 500 ml. capacity which had two outlets positioned 

diametrically opposite each other. They were enclosed 

in wire mesh cages and one of the outlets was passed 

through a close fitting hole in a No. 18 rubber bung and 

the bung in turn was fitted into a length of 25/32" 

Visking dialysis tubing whose other end was knotted. 

The dialysis tubing was covered by a close fitting silk 

sleeve and both the tubing and the sleeve were secured 

to the bung with strong thread. 

The protein solution was poured into the bulb 

through the second inlet which was subsequently attached 

to a source of air pressure and the ultrafiltration was 

allowed to proceed in the cold room under a pressure of 
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about sixty centimetres of mercury. A small drop of 

toluene was added to the solution in order to maintain 

sterility as concentration of 500 ml. to a volume of 

about 10 ml. required two to three days. 

The recovery of the enzyme or zymogen was not 

always ascertained but when it was the recovery of 

activity against haemoglobin and the synthetic substrate 

was close to 100%. 

5.7 Concentration of solutions by the use of 

Carbowax .20M. 

Small volumes of solutions were poured into 

knotted sacs of Visking 25/32" dialysis tubing and large 

volumes were poured into similar sacs of Visking 14" 

dialysis tubing. These were then placed in stoppered 

measuring cylinders together with an appropriate amount 

of Carbowax 201v1 (molecular weight 15,000 to 20,000) and 

the cylinder was placed on a rocking device in the cold 

room until the required concentration had taken place. 

Concentration of 500 ml. to 10 ml. could usually be 

accomplished overnight and, although recoveries were 

not usually ascertained, the occasions on which they were 

showed that they were close to 100¡,. 

5.8 Electrophoresis in starch gel. 

The starch used in these experiments was purchased 

from the Connaught Medical Research Laboratories and was 

designated Lot 126. The concentration recommended for 

use was 12.8 g. /100 ml. of buffer and when the required 

amount of starch had been weighed out it was suspended 
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in buffer solution and gently heated over the Bunsen 

flame until it had passed the gel point. It was then 

heated for a few seconds longer and de- gassed at the 

water pump for fifteen seconds. After release of the 

vacuum, the gel was carefully poured into a 'Perspex' 

tray which was 0.6 cm. deep but of variable length and 

width and any air bubbles were removed by means of a 

spatula before the hot gel was covered by a thin sheet 

of polythene. In order to obtain a gel of uniform 

thickness a 'Perspex' lid was placed over the polythene 

sheet and held in position by weights. 

The gel was allowed to set for a period of four to 

twelve hours and at the end of this time samples of 

protein were inserted into the gel on pieces (0.4 x 1.0 

cm.) of Whatman No. 3 filter paper. These papers were 

inserted into individual slits in the gel made with a 

piece of razor blade and, after this had been done, the 

tray was placed horizontally between two vessels 

containing 200 ml. of the buffer used to prepare the 

gel. Electrical contact between the gel and the 

vessels was obtained by means of wicks of thick filter 

paper and similar wicks were used to allow electrical 

contact between these vessels and outer electrode 

vessels which contained 200 ml. of a buffer of a higher 

molarity than that used in the preparation of the gel. 

During electrophoresis the gel was covered with a thin 

sheet of polythene to prevent evaporation from the 

surface of the gel. 



30. 

No special attempt was made to cool the gel during 

the electrophoretic run but in order to avoid overheat- 
; 

ing it was necessary to keep the potential gradient 

below 5 V, /cm, 

When the electrophoresis had been completed the gel 

was removed from the tray and sliced horizontally with 

a razor blade in order to expose a fresh surface for the 

detection of the protein. 

Direct staining of the gel with Amidoblack 10B was 

found to be most unsatisfactory due to the poor affinity 

of the zymogens and enzymes for the dye and although the 

chlorine staining method of Ryle and Porter (1959) 

proved to be somewhat better, the limit of detection was . 

of the order of a few tenths of a milligram and its use 

was abandoned with the development of a staining method 

which allowed the detection of about ten micrograms of 

enzyme or zymogen. 

This method was a modification of that communicated 

to us by Dr I. '..ushner, but it has since been published 

(Kushner et al., 196+), and, although we are really 

detecting the ability to digest haemoglobin, for 

convenience, this technique will be referred to as 

'haemoglobin staining'. 

The gel was carefully covered with a piece of 

Vhatman No. 2 filter paper which had been soaked with a 

2% (w /v) solution of haemoglobin in 0.078 N hydrochloric 

acid, and, after making sure that there were no air 

bubbles between the paper and the gel, the enzymes were 
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allowed to digest the haemoglobin for fifteen minutes 

at room temperature. The filter paper was then re- 

moved and the gel was placed for two minutes in a 0.2¡% 

(w /v) solution of Amidoblack in methanol /acetic acid/ 

water (5/1/5,óy volume) and then washed with the same 

solvent mixture. The bands of enzymic activity 

appeared white against a blue background and were 

usually fully developed after washing for three hours 

with three changes (200 ml.) of the solvent. 

The load applied to the block of starch gel was 

generally of the order of 1 mg. but at pH 3.2 the 

haemoglobin staining method could readily detect 10 

µg. of enzyme or zymogen. 

5.9 Pepsinoen and pepsin. 

All of the pepsinogen used in the experiments 

described in this thesis was obtained by chromatography 

of gastric mucosal extracts on columns of DEAE- cellulose 

at pH 6.9 (to remove pepsinogens B, C and D) and was 

purified by gel filtration on columns of Sephadex G100. 

Unless otherwise stated, all of the pepsin used in 

experiments described in this thesis was obtained by 

chromatography of commercial crystalline pepsin on 

columns of DEAE- cellulose at pH 3.2, in order to 

remove pepsins B, C and D.. 
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6. PREPARATION AND PITRIFICATION OF PEPSIT?OGEN D 

6.1 Isolation of pepsinogen D from pig stomachs. 

The method used was fundamentally that of Ryle 

(1965) but it included some small modifications which 

enabled the procedure to be concluded in a shorter time. 

Pig stomachs were obtained from the abbatoir 

immediately after death, packed in ice and transported 

to the laboratory where they were treated in a cold 

room maintained at 2 °. 

The stomachs were washed with water and the red or 

brown part cut out for further treatment. The gastric 

mucosa of these so- called "fundic" or body regions was 

removed from the muscularis mucosae, scraped free of 

mucus with a stout piece of polythene, cut into small 

pieces, minced, weighed and suspended in four volumes of 

0.02 M phosphate buffer pH 6.9. To the suspension was 

added benzyl penicillin (20 units /g.), streptomycin 

sulphate (200 /g. ;, Hyflo Super -Cel (0.2 g. /g.) and 

Filter -Cel (0.4 g. /g. ). 

The mixture was stirred for an hour before 

centrifugation at 0° and 550 g for five minutes, and the 

residue was re- extracted for a further hour with a like 

volume of the same buffer. 

The pooled extracts were filtered on a Buchner 

funnel using `.:batman No. 54 filter paper, but the filter 

paper was found to clog up after each 500 ml. had passed 

and it was then necessary to use a fresh piece. 

Because of the large volume of the extract and 
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Fig. 5. Chromatography of the zymogens (14,000 mPU--) in 
the extract of the body region of one pig gastric 
mucosa on DEAE-cellulose in 0.02 M phosphate 
buffer pH 6.9. The diameter of the column was 
4.6 cm. and the zymogens were adsorbed on to DEAE- 
cellulose which gave a column of 5 cm. on top of 
a 5 cm. column of fresh DEAE- cellulose. 

Gradient 0 -3 0.45 M NaCl. 

Flow rate - 70 ml. /hr. 

Fractions - 35 ml. 

The bar indicates that portion of the effluent which was used for the isolation of pepsinogen D. 
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because it caused DEAE- cellulose chromatograms to run 

very slowly, it was necessary to remove the zymogens 

from the extract by adsorption on to DEAE -cellulose which 

could then be filtered off and packed on top of a column 

of 'fresh' DEAE- cellulose. 

A sample of the pooled extracts was taken for assay, 

before it was stirred for fifteen minutes with about 

100 g. of moist DEAE-cellulose which had previously 

been equilibrated with 0.02 M phosphate buffer pH 6.9. 

The suspension was then filtered through 'Alatman No. 51+ 

filter paper and the filtrate was stirred for fifteen 

minutes with a further 50 g. of buffered DEAE-cellulose. 

It was found that the filtrate then obtained contained 

only one or two per cent. of the original potential 

proteolytic activity and, as this proved difficult to 

adsorb on to DEAE-cellulose, the extract was usually 

rejected. 

The DEAE- cellulose to which the zymogens had been 

adsorbed was stirred into a slurry with 0.02 Id phosphate 

buffer pH 6.9, degassed at the water pump and poured on 

top of a column of fresh DEAE- cellulose which had been 

equilibrated with the same buffer. Elution of material 

from these columns was obtained with exponentially 

increasing gradients of sodium chloride and a representa- 

tive chromatogram is shown in Fig. 3. 

A series of early peaks normally showed no potential 

proteolytic activity under our assay conditions. Occa- 

sionally, however, there was a small amount of activity 
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Fig. 4. Rechromatography of the zymogens (2,500 mPUAPD) from the leading 
edge of the main zymogen peak shown in Fig. 3. The column of 
DEAE- cellulose (11 cm. by 4.8 cm. diam.) was packed in 0.02 M 
phosphate buffer pH 6.9. 

Gradient 0 0.45 M NaCl. 

Flow rate - 150 ml./hr. Fractions - 38 ml. 

The bar indicates the typical cut required to obtain pepsinogen D 
which was contaminated by only small amounts of pepsinogen, 
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in those earlier peaks, and in Fig. 3 a small amount of 

activity was detected at about 1500 ml. These inactive 

peaks were followed by the main zymogen peak at a sodium 

chloride concentration of about 0.3 Ivi and by the 

pepsinogen C peak at 0.38 M. The recovery of potential 

enzymic activity against haemoglobin obtained from these 

columns was usually within the range 70- W. 

It can be seen that there were some fractions at 

the leading edge of the main peak which showed slight 

activity against the synthetic substrate and none against 

haemoglobin and it was this observation which led Ryle 

(1965) to re- chromatograph the material from the leading 

edge, and hence to discover the zymogens pepsinogen B 

and pepsinogen D. 

In the present work, the chromatogram fractions 

containing material from the leading edge of the main 

zymogen peak were pooled, concentrated either by 

ultrafiltration or by the use of Carbowax 20M, dialysed 

against 0.02 M phosphate buffer pH 6.9 and applied to a 

column of DEAE- cellulose which had been packed in the 

same buffer. The chromatogram was developed with an 

exponentially increasing gradient of sodium chloride and 

Fig. 4 shows a chromatogram with good resolution of the 

three zymogens which were, in order of elution, 

pepsinogen B, pepsinogen D and pepsinogen. 

Recoveries from these columns were calculated in 

terms of extinction at 280 mµ and of potential enzymic 

activity against haemoglobin and the synthetic substrate 
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and were found to be about 90%, with good agreement 

between the three methods. 

6.2 Variabilit in the chromato:rauhic resolution of 

pepsinogen B, pepsinogen D and pepsinogen. 

It was found by Ryle (1965) and in the present 

work that the resolution achieved on re- chromatography 

was very variable but the reason for this was not at all 

apparent. Ryle had thought that it was necessary to 

use a less steep gradient of sodium chloride in order to 

achieve good resolution, but Fig. 4 is an example of a 

number of chromatograms which have shown that the 

zymogens can be separated by means of a gradient which 

was identical to that used in the chromatography of the 

stomach extract. 

The obvious factor of flow rate had no noticeable 

effect on the resolution up to rates of about 300 ml./ 

hr. but after many chromatograms had been run it was 

observed that the resolution seemed to depend on the 

amount of pepsinogen present in the load applied to the 

column. This can be seen from Fig. 4 where there was 

good resolution when the three zymogens were present in 

approximately equal amount, from Fig. 5 where there was 

poorer resolution when the amount of pepsinogen was 12 

times that of the pepsinogen D which was present, and 

from Fig. 6 which showed only a single peak of potential 

enzymic activity in spite of the less steep gradient of 

sodium chloride. Starch gel electrophoresis showed 

pepsinogen D to be present in the material from the 



36. 

leading edge of the peak shown in Fig. 6 and rechromato- 

graphy of the material from the leading edge gave 

separation of the three zymogens. 

On the basis of the above observations, good 

resolution was always obtained if the material taken for 

rechromatography was restricted so that it contained 

only 10 to 15% of the total potential proteolytic 

activity recovered from a chromatogram such as that 

shown in Fig. 3. 

It should be noted that, at least up to 30 Fe 

the size of the load was not critical for good resolu- 

tion; the ratio of the amount of the zymogens was the 

governing factor, and for good resolution they had to be 

present in equal amounts. 

This behaviour can be explained by the fact that 

pepsinogen is a polyvalent salt and, once the sodium 

chloride gradient has caused it to move down the column, 

it will contribute to its own elution and effect a 

slight widening of the protein band. ftihere the amount 

of pepsinogen greatly exceeds the amount of the other 

two zymogens, their presence will be masked but they 

will still move at the front of the zymogen peak due to 

a displacement effect. Displacement development in the 

chromatography of proteins has been well illustrated by 

Boman (1958). 

6.3 The partial activation of pepsinogen D during 

dialysis against distilled water. 

The solution of pepsinogen D obtained from 



0.4 

Concn. 0.3 

of NaC1 

E 

0.2 

280 

0 

0.15 

0 1.0 2.0 3.0 

Effluent Volume (litres) 

3 

2 

l 

mPrJ /ml. 

Fig. 7. Rechromatography of the pepsinogen D (500 mPU -) obtained by 
cutting a chromatogram such as that shown in Fig. 4 at the minima. 

The column of DEAE- cellulose (7.0 cm. by 4.8 cm. diam.) was 
packed in 0.02 M phosphate buffer pH 6.9. 

Gradient 0 -i 0.45 M NaCl. 

Flow rate - 130 ml./hr. Fractions - 33 ml. 



Table III. lilk clotting times of samples removed 

from a solution of pepsinogen D during its dialysis 

against distilled water. 

TIME OF 
CLOTTING TIME 

PtReri /ml. (mean of two determinations 
according to the standard 

assay procedure) 

DIALYSIS 

(days) 

0 > 5 hours >0.003 

1 35 min. 0.029 

2 20 min. 30 sec. 0.01+9 

3 8 min. 53 sec. 0.113 

4 5 min. 43 sec. 0.175 

5 3 min. 18 sec. 0.303 

6 3 min. 0 sec. 0.333 

7 2 min. 45 sec. 0.364 
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assayed at once by the milk clotting technique. 

The results are shown in Table 3 and it can be 

seen that there was a progressive decrease in the milk 

clotting time, and hence an increase in activation, as 

dialysis proceeded. After seven days, about 1c of 

the potential milk clotting activity was exhibited but 

it is not possible to say whether this indicated the 

direct activation of pepsinogen D or whether it was 

dependent on the prior activation of some contaminating 

pepsinogen. 

For this reason, therefore, all preparations of 

pepsinogen D were concentrated by ultrafiltration and 

exhaustively dialysed against 0.0005 N ammonium 

hydroxide before freeze drying. 

6.4 The purity of the pepsinogen D obtained by 

chromatography on DE.E- cellulose. 

Pepsinogen D was initially obtained by cutting 

chromatograms like that shown in Fig. 4 at the minima 

and pooling the fractions which gave rise to the 

central peak. It was assumed that the displacement 

effect would allow little or no overlapping of the 

peaks but, in order to check this point, a preparation 

of pepsinogen D was subjected to re- chromatography under 

similar conditions. The result of such an experiment 

is shown in Fig. 7 and it can be seen that there was 

obtained only a single peak which showed potential 

enzymic activity. The origin of the inactive peak 

eluted first from the DEAF- cellulose is unknown 
but it 



'pepsinogen D' 

pepsin D 

Fig. 8. Haemoglobin staining of enzymically active proteins 
after electrophoresis of about 1 mg. of each preparation 
for 22 hr. at 4 V /cm. in a starch gel prepared with 0.05 Y 
citrate buffer pH 3.2. Electrode vessels contained 1.0 M 
citrate buffer pH 3.2. 
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could have originated from the cellulose itself. 

Thus, the purity of our preparations was 

established by one criterion but it was shown by 

electrophoresis in starch gel at pH 3.2 that these 

preparations were contaminated by a fair amount of 

pepsinogen. Fig. 8 shows the result of subjecting a 

sample of the freeze dried zymogen material from Fig. 7 

to electrophoresis in starch gel at pH 3.2, and it is 

evident that the pepsinogen D was contaminated by 

perhaps ten per cent. of another zymogen or enzyme. 

It will be shown later that this contaminant was 

probably pepsinogen (Section 7.2.3). 

It appeared that there could be little improvement 

in the resolution as the result of a change in the 

chromatographic conditions, as any lowering of the pH 

would introduce the hazard of activation and any 

increasing of the pH would have the attendant problem 

of alkaline inactivation. The only course of action, 

therefore, was to narrow the cut Which was taken from 

chromatograms such as Fige and a typical cut is shown 

in this figure. 

All of the subsequent studies on pepsinogen D were 

carried out on material obtained by taking narrow cuts 

from chromatograms which showed a good separation of the 

three peaks. Electrophoresis in starch gel at pH 3.2 

usually showed even these preparations to be contaminated 

by small amounts of pepsinogen and it is probable that 

this contamination would have been shown in all 
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preparations if a sufficiently large amount of zymogen 

had been subjected to electrophoresis. 

It was not easy to assess the exact amount of 

contamination by pepsinogen but it would seem likely 

that it was only of the order of one or two per cent. 

and although such contamination would have little effect 

on the chemical studies with pepsinogen D, it could have 

a marked effect on the properties of activation of the 

zymogen. 

6.5 The amount of pepsinogen D present in extracts of 

the body regions of pig gastric mucosae. 

It is evident from the above work on the variability 

of the chromatographic resolution that pepsinogen D is 

present only in the leading edge of the main zymogen 

peaks such as that shown in Fig. .3 and it follows from 

Figs., 4. and 5 that it is present in extracts of the body 

of the mucosa to the extent of only 5% of the total 

potential proteolytic activity. 

6.6 The isolation of pepsinogen D from the stomach of 

only one pig. 

Pepsinogen D was first isolated from extracts of 

the gastric mucosa of a number of pigs, but it was also 

present in the mucosa of only one pig. Figs. 3 and 4, 

in fact, were obtained from material extracted from the 

mucosa of only one pig and this shows that pepsinogen D 

cannot be an aberrant form of pepsinogen which was 

produced instead of pepsinogen in the mucosa of only 

some pigs. 
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It is still possible, however, that pepsinogen D 

is produced by only some of the chief cells in any one 

stomach. 

6.7 The extraction of zymogens from the pyloric region 

of pig stomachs. 

It was suggested by Taylor (1962) that pepsin C is 

secreted by the pyloric region of the pig stomach, and 

in accordance with this hypothesis Ryle (1961+) found 

that pepsinogen C accounted for about thirty per cent. 

of the potential enzymic activity in extracts from the 

pyloric regions of pig stomachs as opposed to the ten 

per cent, found in extracts from the body (fundus) of 

the stomachs. It was therefore of interest to assess 

the amount of pepsinogen D in the pyloric region of the 

pig gastric mucosa. 

It was difficult to remove the pyloric gastric 

mucosa from the underlying muscularis and in this 

experiment the whole pyloric region of the stomachs was 

minced. 

The pyloric regions of ten stomachs gave 191+3 g. 

of mince to which was added 200 g. of Filter -Cel, 200 g. 

of Hyflo Super -Cel and 10 ml, of toluene to act as a 

bacteriostat. The extract was stirred for one hour and 

left overnight before centrifuging for five minutes at 

500 g and 00. The supernatant obtained appeared to 

contain much mucus and it was stirred for two hours with 

a further 200 g. of Filter -Cel and 200 g. of Hyflo Super 

Cel before centrifugation as before. The extract was 



Effluent Volume (litres) 

Fig. 9. Chromatography of the zymogens in the extract of the pyloric 
regions of the stomachs of ten pigs on DEAF- cellulose in 
0.02 M phosphate buffer pH 6.9. The diameter of the column 
was 4.8 cm. and the zymogens were adsorbed on to DEAE- 
cellulose which gave a column of 6.5 cm. on top of a 15.5 cm. 

column of fresh DEAE- cellulose. 

Gradient 0 .9 0.45 M 

Flow rate - 90 ml./hr. Fractions - 45 ml. 

Note the change in the ratio of extinction to potential 
enzymic activity in the axes. 
The bar indicates that portion of the effluent which was 
used for rechromatography. 



then filtered through Whatman No. 54 filter paper which 

was changed after the passage of every 300 to 500 ml. 

It has been stated that proteins are adsorbed on 

to diatomaceous earth filter aids (Moore and Stein, 

1956) but it was noted here that the potential activity 

of the extract was the same before and after it had 

been stirred for the second time with the mixture of 

Filter -Cell and Hyflo Super -Cel. 

The filtered extract was stirred for fifteen 

minutes with about 50 g. of DEAE- cellulose which had 

been equilibrated with 0.02 M phosphate buffer pH 6.9, 

and 96.6% of the potential enzymic activity present in 

the extract was adsorbed on to the ion exchanger. This 

DEAE- cellulose was degassed at the water pump and 

poured on top of a column of fresh DEAE- cellulose in the 

usual manner, and the chromatogram was developed by the 

application of a concentration gradient of sodium 

chloride. The resulting chromatogram is shown in Fig. 9. 

It is seen from this figure that the potential 

enzymic activity applied to the column was eluted 

essentially as a single peak, but, it appeared from the 

extinction that there was much contamination by non - 

zymogen material. 

It was thought that rechromatography might give 

better resolution of any mixture of zymogens which was 

present, so the fractions containing zymogen were pooled, 

concentrated against Carbowax 20M, dialysed against 

0.02 M phosphate buffer pH 6.9 and rec1romatographed 
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Fig. 11. Haemoglobin staining of enzymic ally active proteins after 
electrophoresis of about 1 mg. of each preparation for 17 hr. 
at 3.4 V /cm. in a starch gel prepared with 0.05 M citrate 
buffer pH 3.2. Electrode vessels contained 1.0 M citrate 
buffer pH 3.2. 
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Note the change in the ratio of extinction to potential 
enzymic activity in this figure also. The two bars 
indicate the portions of the effluent from which the 
two zymogen fractions were obtained. 

mPU /ml. 
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under similar conditions to those used above. 

The second chromatogram is shown in Fig. 10 and 

it can be seen that there was still obtained only a 

single peak of potential enzymic activity although there 

had been some purification from non -zymogen material. 

It was interesting to note that there appeared to 

be no pepsinogen C present in this extract, and although 

it would have been expected to separate out on chromato- 

graphy, it was decided to search for its presence by 

means of electrophoresis in starch gel at pH 3.2. 

Fig. 10 shows the two cuts which were made in the 

chromatogram and the fractions in each cut were pooled, 

concentrated against Carbowax 20M, dialysed against 

0.0005 N ammonium hydroxide and freeze dried. The 

material from each cut was then subjected to electro- 

phoresis in starch gel at pH 3.2 and the result of 

haemoglobin staining of the gel is seen in Fig. 11. It 

can be seen that the zymogens in the first and second 

cuts were mainly pepsinogen D and pepsinogen respective- 

ly, although the chromatogram showed that they were 

contaminated by much non -zymogen material. The 

standard sample of pepsinogen D used in this experiment 

is seen to contain some pepsinogen as a contaminant. 

Pepsinogen C was known to run toward the cathode 

under these conditions of electrophoresis (Section 7.2.4) 

and it is quite evident from Fig. 11 that there was no 

pepsinogen C present in either of the fractions. This 

absence of pepsinogen C in extracts of the pyloric region 
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Fig. 12. Gel filtration of about 6o mg. of pepsinogen D on a column 
of Sephadex G75 (29.5 cm. by 1+.8 cm. diam.) which was pacxed 
in 0.02 M phosphate buffer pH 6.9. 

Flow rate - 30 ml. /hr. Fractions - 13 ml. 

The void volume. (indicated by the arrow) was 150 ml. 
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is in direct contrast to the finding of Ryle (1964). 

The amount of pepsinogen D found in the first cut 

indicated that this zymogen accounted for about 

seventeen per cent. of the activity recovered from the 

column and, while this was three -fold greater than the 

percentage found in the extracts of the body region of 

the mucosa, the small total amount of zymogen obtained 

from the pyloric region made it an unfavourable source 

of pepsinogen D. 

6.8 Gel filtration of pepsinogen D. 

Having elucidated the reason for the variability 

during chromatographic isolation of pepsinogen D, it 

was of interest to see whether it could be purified even 

further by the removal of non -zymogen material, and it 

was attempted to do this by gel filtration. 

A freeze dried sample of pepsinogen D was dissolved 

in 0.02 M phosphate buffer pH 6.9 and submitted to gel 

filtration on a column of Sephadex G75. The resulting 

chromatogram (Fig. 12) shows that there was no separatist 

from other macromolecular material and that the zymogen 

was completely excluded from the gel particles, indica- 

ting a molecular weight of 40,000 or more. 

The lack of purification in the above experiment is 

in accord with the work of Arnon and Perlmann (1963) who 

found that pepsinogen could not be purified by filtra- 

tion on columns of Sephadex G50, and it was expected 

that any polypeptides or polynucleotides of low 

molecular weight would have been lost in the dialysis 
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Fig. 13. Gel filtration of about 60 mg. of pepsinogen D on a column 
of Sephadex G100 (57.5 cm. by 4.8 cm. diam) which was packed 
in 0.02 M phosphate buffer pH 6.9 which was 0.1 M with 
respect to sodium chloride. 

Flow rate - 50 ml. /hr. Fractions - 13.3 ml. 

The void volume (indicated by the arrow) was 160 ml. 
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which preceded the freeze drying. 

As pepsinogen D was almost completely excluded 

from Sephadex G75 it was decided to study its behaviour 

on columns of Sephadex G100. A typical chromatogram 

is shown in Fig. 13 and it can be seen that this 

procedure allowed the separation of a small amount of 

material which had a molecular weight of 100,000 or more 

The position of the zymogen peak was in agreement with 

that expected of a protein of the same size as 

pepsinogen (i.e. 11,000) and this was confirmed by the 

fact that gel filtration did not allow removal of the 

small amount of contaminating pepsinogen which was shoe 

by electrophoresis in starch gel (Section 6.L4 -). 

The extinction pattern shows that there was also 

some purification, from material which fully penetrated 

the gel particles and the assays using the synthetic 

substrate showed that this material gave a very deep 

colour when it reacted with ninhydrin. This peak at 

700 ml. was obtained only when the ionic strength of 

the buffer had been increased by the presence of sodium 

chloride and it is thought that it was formed by the 

liberation of amino acids and small peptides which were 

bound to the zymogen molecule. 

All of the preparations of pepsinogen D used in 

subsequent studies were purified by filtration on a 

column of Sephadex G100 which was packed in 0.02 M 

phosphate buffer which was 0.1 M with respect to sodium 

chloride. 
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Fig. 14. The absorption spectrum of pepsinogen D in 0.02 M phosphate 

buffer pH 6.9. 
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7. PROPERTIES OF PEPSINOGEN D 

Having shown that our isolation and purification 

procedure gave rise to preparations which were in a high 

state of purity, it was of interest to study the 

properties of the zymogen and to compare them with 

those of the other zymogens of the pig gastric mucosa 

and with the zymogens of the gastric mucosa of other 

species. 

7.1 The absorption spectrum of pepsinogen D. 

It was possible that pepsinogen D differed from 

pepsinogen only in that it had bound some small non - 

protein molecule, and, in order to examine this problem, 

the absorption spectrum of a solution of pepsinogen D 

in 0.02 M phosphate buffer pH 6.9 was determined. 

The absorption spectrum (Fig. 14) is characteristic 

of that given by all simple proteins and probably 

indicates that pepsinogen D is not an artefact,although 

it does not give any information on the possibility of 

the binding of small molecules e.g. penicillin, which 

have no characteristic absorption in this region of the 

spectrum. This possibility is, however, unlikely as 

pepsinogen D has been isolated from stomach extracts to 

which no antibiotics have been added. 

7.2 The behaviour of pepsinogen D on electrophoresis 

in starch gel. 

The high resolving power of starch gel electro- 

phoresis is well known and it was decided to use this 

technique to discover whether we could characterise 
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pepsinogen 
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Fig. 15. Haemoglobin staining of about 1 mg. of the zymogens after 

electrophoresis for 5 hr.' at 2.8 V /cm. in a starch gel prepared 
with 0.02 M phosphate buffer pH 6.9. Electrode vessels 
contained 0.4 M phosphate buffer pH 6.9. 

r - o 2,Scm. + 

pepsinogen 

pepsinogen D 

Fig. 16. Haemoglobin staining of about 1 mg. of the zymogens after 
electrophoresis for 6 hr. at 2.8 V /cm. in a starch gel prepared 
with 0.05 M citrate buffer pH 5.6. Electrode vessels contained 
0.5 M citrate buffer pH 5.6. 
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pepsinogen D and hence, to assess whether or not our 

preparations were contaminated by other zymogens. 

It must be noted, however, that the pH value quoted 

in these experiments is the pH of the buffer solutions 

used in preparation of the gel, and that the "pH of the 

gel*t may have differed slightly from this value. 

7.2.1 Electrophoresis in starch gel at pH 6.9 and 

pH 5.6. 

The chromatographic resolution of pepsinogen D and 

pepsinogen was achieved at pH 6.9 but it is seen from 

Fig. 15 that both of the zymogens had the same electro- 

phoretic mobility in starch gel at this pH. 

Ryle (1960) used pH 5.6 for the chromatographic 

separation of pepsinogen C and pepsin C and it was 

thought that electrophoresis at this pH may have allowed 

characterisation of pepsinogen D. It is shown in Fig. 

16, however, that there was a close similarity in the 

mobilities of pepsinogen and pepsinogen D at this pH 

also. A separation could be achieved after the 

zymogens had migrated about 4+0 cm. but the handling of 

such gels was awkward and their use was abandoned. 

7.2.2 Electrophoresis in starch gel at pH 4.0. 

At pH values less than five, pepsinogen and the 

other gastric zymogens are converted into their enzymes, 

so that any reduction in the pH to values less than this 

brings in the complication of activation. Michaelis 

and Davidsohn (1910), however, observed that preparations 

of pepsin exhibited electrophoretic heterogeneity at 
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Fig. 17. Haemoglobin staining of enzymically active proteins after 
electrophoresis of about 1 mg. of each preparation for 12 hr. 
at 3 V /cm. in a starch gel prepared with 0.05 M acetate 
buffer pH 4.0. Electrode vessels contained 2.0 M acetate 
buffer pH 4.0. 
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much lower pH values and it was for that reason that it 

was decided to study electrophoresis below pH 5.6. It 

must be understood, however, that we were now observing 

the migration of an activated product of each zymogen. 

Fig. 17 shows that at pH 4.0 the mobility of 

'pepsinogen D' was only sixty -five per cent. of that of 

'pepsinogen', but streaking precluded the use of this 

pH for assessment of the purity of any preparation of 

pepsinogen D which was contaminated by pepsinogen and 

the use of this pH was abandoned. It will be shown in 

Section 12.2.2 that the streaking was probably the 

result of adsorption of the enzyme on to a small amount 

of protein which appeared to contaminate the commercial 

preparations of hydrolysed starch. 

Fig. 17 also shows the migration of samples of the 

enzymes of both zymogens which were obtained from 

crystalline pepsin (Section 10) and were presumably 

obtained by activation at a pH close to 2. It is 

interesting to note that there is a difference between 

the mobility of these enzymes and the products of activ- 

ation at pH 1+.0, and it would appear that this represent 

incomplete activation of the zymogens at the higher pH. 

The phenomenon of incomplete activation was noted 

previously by Ryle (1960) when he found that the milk 

clotting activity of pepsin C was not fully expressed 

after exposure of pepsinogen C to pH 4+.1 and, similarly, 

Neuman and Sharon (1960) observed that the enzyme 

produced by activation of pepsinogen at pH 3 lacked the 
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'pepsinogen D' 
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'pepsinogen' 

Fig. 18. Haemoglobin staining of enzymic ally active proteins after 
electrophoresis of about 1 mg. of each preparation for 34 hr. 
at 2.8 V /cm. in a starch gel prepared with 0.05 M citrate 
buffer pH 3.2. Electrode vessels contained 1.0 M citrate 
buffer pH 3.2. 

pepsin 

pepsin D 

'pepsinogen C' 

'pepsinogen B' 

Fig. 19. Haemoglobin staining of enzymically active proteins after 
electrophoresis of about 1 mg. of each preparation for 14 hr. 
at 3.5 V /cm. in a starch gel prepared with 0.05 M citrate 
buffer pH 3.2. Electrode vessels contained 1.0 M citrate 
buffer pH 3.2. 
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transpeptidase activity characteristic of the enzyme 

produced by activation at pH 2. It seems possible that 

both of these observations could have been due to 

combination of the enzyme with an inhibitory peptide 

but this is not in agreement with Herriott's observation 

that the pH optimum for digestion of the pepsin 

inhibitor is close to pH 4 (Herriott, 1941). 

7.2.3 Electrophoresis in starch gel at pH 3.2. 

The use of a gel prepared with 0.05 M citrate 

buffer pH 3.2 allowed the clean separation of 

'pepsinogen' and 'pepsinogen D' and a typical 

electropherogram is shown in Fig. 18. In this case 

it will be noted that the product of activation of each 

zymogen at pH 3.2 migrated with a mobility identical 

with that of the enzymes isolated from crystalline 

pepsin. 

This procedure was used routinely to assess the 

purity of preparations of pepsinogen D obtained by 

chromatography, and it has obviously provided another 

way of demonstrating the individuality of pepsinogen D. 

7.2.4 The behaviour of the other gastric zymogens on 

electrophoresis at pH 3.2. 

Having shown that pepsinogen D could be distingui- 

shed from pepsinogen by electrophoresis at pH 3.2, it 

was of interest to see whether these conditions would 

also allow separation from the other gastric zymogens 

and it can be seen from Fig. 19 that the activated 

products arising from all four of the gastric zymogens 



'pepsinogen D' 

human 'zymogens': Fraction II 

porcine ' pepsinogen' 

human 'zymogens': Fraction I 

Fig. 20. Haemoglobin staining of enzymic ally active proteins after 
electrophoresis of about 1 mg. of each preparation .for 13 hr. 
at 3.2 V /cm. in a starch gel prepared with 0.05 M citrate 
buffer pH 3.2. Electrode vessels contained 1.0 iii citrate 
buffer pH 3.2. 
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ran with a characteristic mobility. 

Fig. 19 also shows, however, that pepsinogens B 

and C (obtained from Dr A.P..Ryle) were contaminated 

by the presence of other zymogens. The contamination 

of pepsinogen B by the presence of pepsinogen D was not 

surprising in view of the fact that they move very 

closely on chromatography on DEAE- cellulose, but it was 

very surprising to find that pepsinogen C was contamina- 

ted both by pepsinogen B and by pepsinogen D. In view 

of the wide chromatographic separation of pepsinogen B 

and pepsinogen D from pepsinogen C it must be doubted 

whether chromatography on DEAD-cellulose will ever 

yield zymogen preparations which do not show slight 

contamination with the other zymogens. 

7.2.5 Starch gel electrophoresis of two zymogen 

fractions from human stomachs. 

By chromatography on columns of DEAE- cellulose, 

Ryle (1964) was able to separate the zymogens of the 

human gastric mucosa into two fractions, and it was 

those fractions which were subjected to electrophoresis 

in starch gel at pH 3.2. 

The fraction eluted first from DEAE- cellulose was 

termed Fraction I and it will be seen from Fig. 20 that 

it was resolved into three components by electrophoresis 

in starch gel. The enzyme from one of the components 

migrated with a mobility which was similar to that of 

porcine pepsin but the other two components gave rise to 

enzymes which were less acidic, although they did not 
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have the same mobility as pepsin D. 

Fraction II also appeared to give rise to more than 

one component on electrophoresis in starch gel but in 

this case the enzyme bands were less distinct than 

these found with Fraction I. 

This experiment, therefore, demonstrates the fact 

that there are at least three zymogens present in the 

gastric mucosa of the human and that none of these is 

identical with pepsinogen D. 

Kushner et al. (196+) demonstrated the presence of 

four zymogens in the human gastric mucosa by electro- 

phoresis in agar gel at pH 8.2, but, by chromatography 

on DEAF- cellulose, Seijffers et al. (1963a) were able 

to detect the presence of only three zymogens although 

one of these was probably a mixture as it gave rise to 

two enzymes (Seijffers et al. 1963b). 

7.2.6 Starch gel electrophoresis of the zymogens from 

the gastric mucosa of the rat. 

The stomach was removed from a white Wistar rat 

immediatly after death, washed with water and cut into 

pieces with scissors. The mince was suspended in 5 ml. 

of 0.02 M phosphate buffer pH 6.9 and left in the 

refrigerator for nine hours with occasional stirring. 

A sample of the supernatant was then examined by electro- 

phoresis in starch gel at pH 3.2 and it is seen from 

Fig. 21 that there were two zymogens present in the 

extract of the rat gastric mucosa, but neither of these 

migrated with the same mobility as any of the porcine 

enzymes. a ¡ ''`. 
r. 

G) 
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In conclusion, therefore, the gastric mucosae of 

the pig, human and the rat all appear to produce more 

than one zymogen showing potential proteolytic activity, 

but it is probable that none of the zymogens is 

identical. 

7.3 Determination of the amino -terminal amino acid 

residue of pepsinogen D. 

About 0.1 µmole of the protein was weighed in to a 

Quickfit and Quartz test tube, dissolved in 0.8 ml. of 

water and heated in a boiling water bath for three 

minutes in order to denature the protein. 1.0 ml. of 

ethanol, 0.2 ml. of 2% (w /v) aqueous trimethylamine and 

0.05 ml. of l- fluoro -2, 4- dinitroben_zene were added and 

the mixture was shaken in the dark and at room tempera- 

ture for two hours. 

After this dinitrophenylation, the mixture was 

taken to dryness at the water pump, resuspended in 2 ml. 

of water and extracted with three successive (2 ml.) 

portions of peroxide free ether in order to remove 

excess FDNB. The mixture was again taken to dryness, 

but on this occasion it was suspended in 2 ml. of 5.7 N 

hydrochloric acid, stoppered, and the protein was 

hydrolysed by heating the mixture for eighteen hours in 

an air oven held at 105 °C. 

When the hydrolysate had cooled, the 2,4.- dinitro- 

phenyl (DNP) amino acids were removed by extraction with 

three successive (2 ml.) portions of peroxide -free ether 

and the pooled extracts were taken to dryness. 2,4- 
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dinitrophenol was removed from the residue by sublima- 

tion (ivïills, 1952) and the DNP -amino acids were 

subjected to chromatographic identification on a sheet 

of Jhatman No. 4 chromatography paper using the t -amyl 

alcohol solvent system and the method of Blackburn and 

Lowther (1951) . 

A number of preparations were subjected to this 

procedure and, while the main spot always migrated with 

the same mobility as authentic samples of DNP -leucine, 

DT'1P- isoleucine and DNP -phenylalanine, there was 

occasional contamination with small amounts of DNP - 

aspartic acid, DNP -glutamic acid and DNP -methionine or 

valine. This contamination was completely removed, 

however, if the preparation had been subjected to gel 

filtration on a column of Sephadex G100 in 0.02 M 

phosphate buffer pH 6.9 which was 0.1 ìQî with respect to 

sodium chloride. 

When the DNP -amino acid from gel -filtered 

preparations of pepsinogen D was rechromatographed using 

the 1.5 ìvt phosphate system of Levy (1952+), it did not 

separate from authentic samples of DNP -leucine, but, 

this behaviour is also characteristic of DNP- isoleucine 

and in order to obtain complete identification it was 

run on a thin layer of Kieselgel G using the solvent 

system of benzene /pyridine /acetic acid (80/20/2, by 

volume) of Brenner, Niederwieser and Pataki (1961). 

On this occasion the DNP -amino acid did not separate 

from DNP -leucine and this identified the N- terminal 
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amino acid as leucine. 

The finding of only one N- terminal amino acid is 

usually taken as a good indication that a protein is 

pure but in this case that conclusion cannot be drawn 

as it has been shown by Van Vunakis and Herriott (1957) 

that the N- terminal amino acid of pepsinogen is also 

leucine. However, there was little or no contamination 

by pepsinogen B, as Ryle (1965) has shown this zymogen 

to possess N- terminal methionine and histidine residues. 

7.3.1 The number of polypeptide chains in the molecule 

of pepsinogen D. 

For the determination of the number of polypeptide 

chains in a protein it is necessary to relate the amount 

the DIN -amino acid released on hydrolysis to the 

amount of protein used in the dinitrophenylation, and in 

this study an internal standard was used to determine 

the extent of hydrolytic and chromatographic losses of 

DNP -leucine. The procedure was as follows. 

Two weighed samples of pepsinogen D were dinitro- 

phenylated in the manner described previously but, before 

hydrolysis, there was added to one of the tubes 0.02 ml. 

of a solution of DRIP -leucine in ethanol (6.7 
0 

/ml.). 

The protein was hydrolysed in the usual way and the DNP - 

amino acid released was subjected to chromatography in 

the t -amyl alcohol system. The spots of DNP -leucine 

were then eluted into 5 ml. of 15 (w /v) sodium bicar- 

bonate by heating in a water bath at 60° and the 

extinction of the supernatants was read at 360 mµ. 
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The DNP -leucine was rechromatographed using the 

phosphate buffer system, and in this case two yellow 

spots were obtained, that of DNP- leucine and another 

minor spot at the origin which might have been an 

artefact. Both of the spots were eluted and their 

extinction at 360 mµ was determined. 

Using a molar extinction coefficient of 18,800 

(Rao and Sober, 195+) it was calculated that 0.9 moles 

of DNP -leucine would have arisen from 41,000 g. of 

pepsinogen D, and this is a good indication that 

pepsinogen D, like pepsinogen, has only a single 

polypeptide chain in the molecule. 

It should be noted that no attempt was made to 

study the hydrochloric acid residue which remained after 

the extraction of the ether soluble DNP -amino acids but, 

from the results with other gastric zymogens, it seems 

probable that it contained only E -DIP- lysine, (Van 

Vunakis and Herriott, 1957; Ryle, 1960, 1965). 

7.4+ Determination of the carboxyl- terminal amino acid 

residue of pepsinogen D. 

In order to eliminate any tryptic and chymotryptic 

activity, a suspension of crystalline carboxypeptidase 

in toluol /water (Sigma, Lot C110B -055) was pre -incubated 

for one hour at 37° with a fifty -fold molar excess of 

di- isopropylphosphofluoridate in 0.1 M phosphate buffer 

pH 7.6. 

20 mg. of pepsinogen D was dissolved in 0.5 ml. of 

water and the solution was heated in a boiling water 
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bath for three minutes in order to denature the protein. 

After cooling, 0.63 ml. of 0.1 iii phosphate buffer pH 7.6 

and 0.13 ml. of the carboxypeptidase suspension were 

added, and the reaction mixture was allowed to incubate 

in a water bath at 37 °. 

0.13 ml. samples of the reaction mixture were taken 

at the time of adding the enzyme, and at 2, 1-, 6, 8, 10 

and 22 hours thereafter, and added to 0.13 ml. of 0.6 N 

hydrochloric acid in ethanol. The precipitated protein 

was then spun down in a bench centrifuge, and 0.05 ml. 

samples of the supernatant were applied to sheets of 

'.ihatman No. 1+ paper for chromatographic identification 

of the amino acids which had been released. Spots 

containing 0.025, 0.05 and 0.075 µmoles of alanine, 

leucine, valine and tyrosine were also applied to the 

paper in order to assess, semi -quantitatively, the amount 

of the amino acids released. 

Two chromatographic systems were used in the 

identification. The 80% (w /v) phenol /0.3`; ammonia 

system was used for primary identification of the amino 

acids, and their identity was confirmed by the use of 

the butanol /acetic acid/Water (1260/200/51+0, by volume) 

solvent. In both cases the development was stopped 

after the solvent front had moved about 40 cm. and, 

after drying, the papers were sprayed with a 0.25(w /v) 

solution of ninhydrin in ethanol which was 0.1% (v /v) 

with respect to pyridine. 

The amino acid released first was alanine, and by 
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comparison with the ninhydrin colour produced by the 

spots of authentic alanine, it appeared that one mole 

of the alanine would have been liberated from about 

41,000 g. of the zymogen. There was no increase in 

the amount of alanine liberated between the second and 

the twenty- second hours of the incubation, but there was 

a gradual appearance of two spots which could have been 

due to valine and either leucine or isoleucine. Even 

at the end of twenty -two hours, however, these spots 

were not nearly as strong as those of alanine. It 

should be pointed out, however, that in these chromato- 

graphic systems, the presence of both valine and the 

leucines could mask the presence of phenylalanine. 

It may be concluded that alanine occupies the 

carboxyl- terminal position in the molecule of pepsinogen 

D and that there appears to be only one such residue in 

every molecule of the zymogen. 

Van Vunakis and Herriott (1962) have reported that 

the carboxyl -terminal amino acid of pepsinogen is 

alanine and, in fact, their carboxyl- terminal sequence 

of Val.Leu.Ala.OH could well be present in 

pepsinogen D also. ----- 
0rekhovitch, Lokshina, Mant'ev and Troitskaya (1956). 

have also reported that the carboxyl -terminal amino acid 

of pepsinogen is alanine but they differ from Van Vunakis 

and Herriott in considering that the penultimate 

position in the pepsinogen molecule is occupied by a 

valine residue. 
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7.5 The specific potential activity of pepsinogen D. 

An aqueous solution of pepsinogen D (2 mg. /ml.) was 

prepared and the nitrogen content of 1 ml. aliquots of 

this solution were determined by the micro Kjeldahl 

method. The ammonia was trapped in 5 ml. of a 2%% (w /v) 

solution of boric acid which contained one drop of a 

mixed indicator (132 mg. methyl red plus 66 mg. 

bromocresol green in 100 ml. ethanol) and, by comparison, 

with a standard, the solution was titrated back from a 

green colour to its original red with 0.01 N hydrochlori.- 

acid. With triplicate determinations this procedure 

gave titres of 0.137 ± 0.03 ml. and from this result the 

nitrogen concentration was calculated to be 0.192 mg. /ml 

The zymogen solution was also assayed in the manner 

described in Sections 5.2 and 5.3 using haemoglobin and 

the synthetic substrate and the potential activities of 

the solution were found to be 35.4 mPU- 
i 

-/ml. and 1+8.1+ 

mPU-- D /ml. The corresponding specific activities are184 

mPUBb and 252 mPU`D /mg. nitrogen. 

The specific potential activity of pepsinogen has 

been reported (Northrop, Kunitz and Herriott, 1948) to 

be 222 mPU /mg. nitrogen, so it would appear that the 

specific activity of pepsinogen D is slightly lower than 

that of pepsinogen. 

From the definition of PUAPD it would be expected 

that the specific activity against APD would have been 

the same as that against haemoglobin, but it is seen 

that the activity against the synthetic substrate was 
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about 35% higher than expected. This, however, can 

be explained by the fact that there are peptides 

released on the activation of the zymogen which will be 

digested by the enzyme and will enhance the ninhydrin 

colour due to the liberated di- iodotyrosine. The 

specific activity of 252 mPD /mg. nitrogen is close to 
the value of 270 mPUA D /mg. nitrogen found for pepsinogen 

B (Ryles 1965). 

7.6 The stability of pepsinogen D to alkali. 

The existence of pepsinogen was discovered by 

Langley in 1882 as the result of his observation that it 

was much more stable to alkali than was pepsin. It was 

therefore of interest to study the stability of 

pepsinogen D in alkaline solutions. 

A solution of pepsinogen D in 0.02 M phosphate 

buffer pH 6.9 was diluted so that the final concentra- 

tion of phosphate in the solution was 0.0007 M. In 

the reaction mixture this solution (containing 0.25 mg. 

pepsinogen D /m1.) was diluted one to two with buffers 

whose concentrations were 0.05 and 0.1 molar and hence, 

the phosphate buffer in the zymogen solution made only a 

negligible contribution to the pH and the ionic strength 

of the reaction mixture. 

The buffer solutions were prepared according to the 

tables published by Gomori (1955), but sufficient sodium 

chloride was added to the solutions so that the ionic 

strength was brought up to 0.2, and this gave an ionic 

strength of 0.1 in the reaction mixture. 



TABLES IVa and IVb. Buffers used in the study of the 

stability of pepsinogen D to alkali and the concentrat- 

ions of acid used in the assay procedures. 

a) 0.05 M Phosphate buffers. 

pH 
Ionic Strength 
Assuming a pK 

of 7.2 

ìviolarity 

of NaC1 
to brin 
I to 0.2 

Normality 
of HC1 
for Hb 
assay 

Normality 
of HC1 
for APD 
assay 

6.5 0.067 0.133 0.358 0.166 

6.9 0.084 0.116 0.367 0.184 

7.2 0.100 0.100 0.375 0.200 

7.5 0.116 0.084 0.383 0.216 

7.9 0.133 0.067 0.392 0.234 

8.2 0.141 0.059 0.395 0.240 

b) 0.10 M Borate buffers. 

pH 
Ionic Strength 
Assuming a pK 

of 9.14 

tolarity 
of NaC1 
to bring 
I to 0.2 

Normality 
of HC1 
for Hb 
assay 

Normality 
of HC1 
for APD 
assay 

8.o 0.008 0.192 0.308 0.066 

8.2 0.021 0.179 0.321 0.092 

8.6 0.026 0.174 0.327 0.104 

8.9 0.039 0.161 0.339 0.128 

9.2 0.056 0.144 0.356 0.162 

9.8 0.091 0.109 0.391 0.232 

10.6 0.093 0.069 0.394 0.238 
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The fundamental procedure in this study was that 

the zymogen solution was exposed to buffers of alkaline 

pH for ten minutes at 35.5° and immediately thereafter 

the solution was brought to pH 1.7 in the presence of 

the haemoglobin or to pH 2 with the synthetic substrate. 

The assays were done in the usual manner and this meant 

that the hydrochloric acid added to the haemoglobin 

solution in one case and to the zymogen solution in the 

other had to be of such a concentration that it would 

bring the assay mixtures to the required pH. Tables 4a 

and 4b show the buffer solutions used, their concentra- 

tion and the concentrations of hydrochloric acid used 

to acidify the haemoglobin solution or, in the case of 

the synthetic substrate, to acidify the zymogen solution 

prior to addition of the substrate. 

For determination of the residual activity against 

haemoglobin, 0.2 ml. of the alkaline buffer solution was 

brought to 35.5° in a water bath and to it was added 0.2 

ml. of a solution of the zymogen which had been brought 

to the same temperature. After incubation for ten 

minutes, 2 ml. of the appropriate acidified haemoglobin 

solution was added and the residual activity of the 

mixture was determined according to the method described 

in Section 5.2. 

The residual activity against the synthetic 

substrate was determined by bringing 0.25 ml. of the 

alkaline buffer solutions to 35.5° and adding to each 

0.25 ml. of the zymogen solution which had also been 
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brought to this temperature. Ten minutes later there 

was added 0.25 ml. of hydrochloric acid of the approp- 

riate concentration, and 0.25 ml. of the substrate 

solution, and the residual activity was determined in 

the manner described in Section 5.3. 

The percentage residual activity at the various pH 

values is shown in rig. 22 and it can be seen that there 

was a fall off in the residual haemoglobin activity 

after exposure to a pH greater than 7.5. The shape of 

the curve obtained for pepsinogen D is similar to that 

obtained by Herriott (1938) for pepsinogen except that 

it appears to have been shifted to the acid side by one 

pH unit. It is probable, however, that this does not 

indicate the greater lability of pepsinogen D as the 

conditions used in the two cases were somewhat different 

and those of the present work were somewhat more severe 

than those used by Herriott. 

The residual activity against the synthetic 

substrate was not studied by Herriot but it is readily 

seen that pepsinogen D retains a lot more activity 

against the synthetic substrate than it does against 

haemoglobin. This behaviour is surprising although it 

is not difficult to find explanations for it. 

It could be that the longer assay time used with 

the synthetic substrate allowed greater reconversion 

into an active form but this seems unlikely in view of 

the fact that at pH 10.6, the activity against the 

synthetic substrate was seven times as great as that 
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against haemoglobin although there was only a two -fold 

difference in the digestion times. 

After exposure to a pH greater than nine, pepsino- 

gen D was converted into a form with the same potential 

activity as pepsinogen B and it is possible, although 

unlikely, that the conversion was brought about by the 

splitting of peptide bonds during exposure to strongly 

alkaline pH values. 

It is also possible, that exposure of the molecule 

to alkaline pH values caused a disruption of the secon- 

dary and tertiary structure of the zymogen such that the 

active centre was exposed without the splitting of 

peptide bonds, and it is not unlikely that such an event 

would lead to alteration of the specificity. 

Another possibility is that the secondary and 

tertiary structures were altered in such a way that a 

different enzyme was liberated after the zymogen had 

been activated by the normal method of splitting of 

peptide bonds. 

There is no evidence to allow choosing between the 

last three of these ideas, and in the meantime it appears 

simplest to continue with the hypothesis that, after 

exposure to alkali, the zymogen is still activated in 

the same manner as the native zymogen, but that the 

resulting enzyme is altered in such a way that its 

specificity is changed. Possibly, the sites which bind 

large substrate molecules to the active centre are no 

longer available to perform their function. 



0 8 16 24 

Time (min.) 

32 40 

Fig. 24. The activation of pepsinogen D (0.1+3 mg. /ml.) in 0.01 M citrate 
buffer ph 3.7. The open circle is not on the time scale and 
its significance is discussed in the text. 
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Fig. 23. The relationship of the milk clotting activity of a 

solution of pepsin D to the amount of enzyme present 

in the solution. 
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7.7 Activation of pepsinogen D in 0.01 M citrate 

buffer pH 3.7. 

In this experiment it was decided to follow the 

activation of the zymogen by estimation of the milk 

clotting activity of the solution at regular intervals 

after the activation had commenced. It was necessary, 

however, to confirm that pepsin D possessed the ability 

to clot milk and to assess a range of clotting times 

over which the milk clotting activity was proportional 

to the amount of pepsin D in the solution. To this 

end the milk clotting activity of aqueous solutions 

containing known amounts of pepsin D (prepared from a 

crystalline pepsin preparation) was determined as 

described in Section 5.5. The results are shown in 

Fig. 23 and it can be seen that the milk clotting 

activity was proportional to the amount of pepsin D 

for clotting times between two and seventeen minutes. 

For the study of the activation, a solution of 

pepsinogen D was brought to 35.5° in a water bath and to 

it was added an equal volume of 0.02 M citrate buffer 

pH 3.7 which had been brought to the same temperature. 

Samples were taken at regular intervals after mixing 

and were diluted with 0.2 M acetate buffer pH 4.6 which 

was 0.01 M with respect to calcium chloride. These 

dilutions were such that the solution gave a milk clot- 

ting time of about four minutes. 

Fig. 24. shows the rate of appearance of milk clot- 

ting activity and it is clear that the activation process 
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was of an autocatalytic nature. Determination of the 

milk clotting activity of the zymogen solution before it 

had been exposed to the citrate buffer of pH 3.7 showed 

that, at the pH of the milk solution (pH 5.1), the zymo- 

gen exhibited an activity of 0.055 
pORen 

ml., and the 

theoretical autocatalytic curve shown in Fig. 24 was 

obtained by substitution of this value and the equili- 

brium value of 8.36 PURen per ml. in equation (1). 

K A't log (A - 
e e 

A - A 

e A o) (1 ) 

o 

In this equation K is a constant, Ae is the 

activity when equilibrium had been reached, t is the 

time at which the activity A was observed and A0 is the 

activity of the zymogen solution in the milk solution 

of pH 5.1. 

This finding that the activation followed autocata- 

lytic kinetics is not in agreement with our preliminary 

observations (Lee and Ryle, 1963) but it is probable 

that the pepsinogen D used in that experiment was 

already partially activated by dialysis against water. 

In the present work, however, starch gel electrophoresis 

at pH 3.2 showed that the pepsinogen D was not free from 

contamination by pepsinogen and it could be that the 

latter zymogen was having a dramatic effect on the 

activation process. 

The open circle shown in Fig. 24 is not on the time 

scale and it indicates the milk clotting activity 

obtained when the zymogen solution was acidified to pH 2 



65. 

and left for five minutes at room temperature before 

being brought back to pH 5 by the addition of the 0.1 M 

acetate buffer used in the milk clotting assay. An 

identical activity was obtained when the pH 3.7 activa- 

tion mixture was acidified in the same manner and it 

would appear that the product of activation depends on 

the pH which is used for activation. 

The phenomenon of 'incomplete' activation has been 

noted previously by Ryle (1960) in his stúdies on the 

activation of pepsinogen C, and starch gel electrophore- 

sis at pH 4.0 has shown intermediate forms to exist in 

the activation of pepsinogen D (Section 7.2.2). Also, 

Neuman and Sharon (1960) have found that the enzyme 

produced by activation of pepsinogen at pH 3.0 lacks 

transpeptidase activity and it may be that this property 

resides only in the fully activated product. 

7.8 The activation of pepsinogen D in 0.27 M acetate 

buffer pH 4.6. 

It was reported in a preliminary publication (Lee 

and Ryle, 1963) that pepsinogen D was activated at pH 

4.6 in the same manner as was pepsinogen. The activa- 

tion followed autocatalytic kinetics and pepsinogen D 

was 50 converted into alkali labile material in about 

eight hours as compared with the seven hours taken for a 

similar conversion of pepsinogen at pH 4.5 (Herriott, 

1938). However, this result was obtained with material 

which was probably contaminated by pepsinogen and may 

also have been partially activated by dialysis against 
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Fig. 25. The increase in milk clotting activity of a solution of 

pepsinogen D (2.7 mg. /ml.) in 0.27 M acetate buffer pH 4.6. 



TABLE V. The activation of pepsinogen D in 0.27 M 

acetate buffer pH 4.6. 

Time of 
exposure 
to pH 4.6 

(hours) 

Net E of 
280 

haemoglobin 
assay 

filtrate 

Net E 
570 570 

ninhydrin 
colour of 

rsPD assay 

Prilk 

clotting 
time 
(min.) 

pURen /ml. 

0 0.975 0.422 ca.60 0.017 

1.0 - 0.132 (31.4) ca. 30 0.033 

1.5 0.837 (85.9) - - - 

3.0 0.767 (78.7) 0.134 (31.8) 13 0.077 

4.5 0.717 (73.5) 0.133 (31.6) 9 0.112 

6.0 - 0.135 (32.0) 7 0.143 

6.7 0.830 (85.1) - - - 

8.5 0.848 (87.0) 0.134 (31.8) 5.5 0.182 

10.5 0.943 (96.7) - 4.5 0.222 

11.5 0.943 (96.7) 0.114 (27.0) 4.0 0.250 

70.0 0.072 (7.4) 0.030 (7.1) 0.1 2.75 3.64 

The extinctions at 280mµ were obtained after subtrac- 

tion of blank values of about 0.140, and the blank values 

in the case of the extinctions at 570m1.1 were about 0.300. 

The figures shown in brackets are the values of the 

extinctions at these times expressed as percentages of the 

extinction at zero hours. 
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distilled water before freeze drying, and it was not 

surprising to find that there was a much slower 

activation of purer samples which had been dialysed 

against 0.0005 N ammonia before freeze drying. 

8 mg. of pepsinogen D were dissolved in 30 ml. of 

0.27 M acetate buffer pH +.6 and incubated at 35.5 °. 

A crystal of thymol was added in order to maintain 

sterility, and samples were taken at intervals and 

assayed for their milk clotting activity in the manner 

described in Section 5.5. The clotting times are 

shown in Table 5 and the activities obtained from them 

are plotted in Fig. 25. The increase in activity is 

seen to be linear but it was very slow, and even after 

11,5 hours the activity shown was less than five per 

cent. of the activity found (5.9 PURen /ml.) after the 

reaction mixture had been adjusted to pH 2 and kept at 

this pH for five minutes. 

Like pepsin, pepsin D is alkali- labile and in this 

experiment it was decided to follow the appearance of 

pepsin D by determining the residual amount of haemo- 

globin digesting activity after the solution had been 

exposed to alkaline pH. 0.1 ml. of the reaction 

mixture was incubated for ten minutes at 35.5° with 

0.1 ml. of 0.3 N borax (final pH 8.3) and, at the end 

of this time, the solution was assayed, in the usual 

manner, with a solution of haemoglobin which had been 

acidified with 0.517 N hydrochloric acid. 

The synthetic substrate assay was also used 
in the 
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determination of the amount of alkali -labile material 

and, in this case, 0.125 ml. of the reaction was 

incubated with 0.125 ml. of 0.3 N borax, and the 

concentration of acid used to acidify the assay mixture 

was 0.485 N. 

It was not desirable to convert the extinctions at 

280 and 570 mµ into proteolytic units because of the 

unknown effect of the acetate and borate ions, but it 

can be seen from Table 5 that the amount of alkali -labile 

material found depends on the method used to detect the 

residual activity. 

The ability of the partially activated alkali- 

treated material to digest haemoglobin appeared to 

decrease regularly up to four and a half hours after the 

start of the activation and it then began to increase 

again until it had reached the activity which it 

possessed at the start. There was no reason to doubt 

that this small variation in the amount of the alkali 

labile material was real and the effectiveness of the 

method was confirmed when it was shown that almost all 

of the pepsinogen D was converted into an alkali -labile 

form after exposure to pH 4.6 for seventy hours. 

The ability of the partially activated alkali - 

treated material to digest the synthetic substrate 

appeared to decrease dramatically in the first hour and 

then to stay constant over the subsequent ten hours. 

In this case too, however, almost all of the pepsinogen 

D was converted into an alkali labile form after exposure 
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to pH 4.6 for seventy hours. 

Thus, the activation of pepsinogen D at pH 4.6 

appeared to be a complex process which proceeded much 

more slowly than the activation of pepsinogen under 

similar conditions. However, it is not possible to 

say whether the more rapid activation of pepsinogen D 

in preliminarydexperiments was due to the pepsin formed 

by the more rapid activation of pepsinogen at this pH 

or whether it was due to the catalytic effect of the 

pepsin D formed during the dialysis of the pepsinogen D 

against water. 

7.9 The phosphorus content of pepsinogen D. 

Herriott (1938) found that pepsinogen contained 

one gram -atom of phosphorus per mole and it was of 

interest to see whether pepsinogen ID also contained 

phosphorus. 

Foyle (1965) had found it necessary to pass his 

samples of pepsinogen B through a column of Sephadex G25 

packed in 0.1 M sodium sulphate in order to reduce the 

content of inorganic phosphate in his preparation, and. 

freeze dried samples of pepsinogen D were also found to 

contain inorganic phosphate. In order to reduce this 

contamination the sample used for the estimation of bound 

phosphate was dialysed against 0.1 M sodium sulphate 

(at pH 7.5) and then dialysed exhaustively against 

0.0005 N ammonium hydroxide before being freeze dried. 

7.9.1 Estimation of phosphorus. 

The method used was that of Allen (191+0) but it was 



TABLE VI. The phosphorus content of pepsinogen D. 
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scaled down so that the final volume of the solution 

was 2.5 ml. 

About 5 mg of the protein was weighed into a small 

digestion flask, dissolved in 0.22 ml. 60% (w /w) 

perchloric acid and heated on a digestion rack until the 

solution was colourless. After the digestion, which 

took about an hour, 0.5 ml. of water was added and the 

flask was heated for a further thirty minutes in order 

to hydrolyse any pyrophosphate which had been formed. 

The solution was cooled and to it was added 0.2 ml. 

'Amidol' (Johnsons Ltd., Hendon) solution followed by 

0.1 ml. of 8. (w /v) ammonium molybdate solution and 

sufficient water to bring the volume to 2.5 ml. Between 

five and thirty minutes after the addition of these 

reagents the extinction at 700 m.. was measured in the 

SP 500 spectrophotometer. 

The extinction was converted into microgram -atoms 

of phosphorus by reference to the standard curve prepar- 

ed with standard solutions of potassium dihydrogen 

phosphate. 

The results of two phosphateestimations (Table 6) 

show that there was still a fractional amount of 

phosphorus in this preparation. This result could 

indicate that the preparation was grossly contaminated 

by pepsinogen or that it still contained inorganic 

phosphate after dialysis against the sulphate anion, 

but, as starch gel electrophoresis at pH 3.2 showed 

that there was no massive contamination by pepsinogen, 
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it must be assumed that pepsinogen D has a great 

affinity for inorganic phosphate. 

There is also a possibility that pepsinogen D is 

a mixture of phosphorylated and non-phosphorylated 

forms but it will be seen from the rest of this 

dissertation that there is no evidence to indicate 

this as being likely. 

7.10 Summary of studies with pepsinogen D. 

It has been shown that pepsinogen D is a simple 

protein with the same amino and carboxyl -terminal amino 

acid residues as pepsinogen and that it has a similar 

specific potential activity to that zymogen. Pepsinogen 

D does not appear to contain any phosphorus which is 

bound in phosphodiester linkage, but the fact that its 

stability to alkali and its kinetics of activation are 

also similar to those of pepsinogen made it seem 

possible that pepsinogen D was, in fact, dephospho- 

pepsinogen. 

In order to study this possibility further it was 

decided to prepare some dephosphopepsinogen and to 

compare its properties with those of pepsinogen D. 
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8. PREPARATION AND PROPERTIES OF DEPHOSPHOPEPSINOGEN 

The phosphatase used in these experiments was one 

of two fractions obtained by Dr A. P. Ryle by chromato- 

graphy of commercial potato phosphatase on a column of 

CM- cellulose (Ryle, 1965). The fraction used was that 

named phosphatase B and it was used as a solution 

containing 0.025 units /ml. in acetate buffer pH 4.5 and 

ionic strength 0.02. The units quoted are those 

defined by the Enzyme Commission and are based on the 

release of p- nitrophenol from bis -p- nitrophenyl 

phosphate at 37° with a substrate concentration of 1 mM. 

8.1 The electr_horetic mobility of pepsinogen and 

pepsinogen D after subjection to-the action of 

phosphatase B. 

Solutions of pepsinogen and pepsinogen D were 

prepared using 0.2 M acetate buffer pH 5.6 which was 

0.02 M with respect to magnesium chloride, and the 

concentration of zymogen in each case was 7 mg /ml. To 

0.05 ml. of each solution was added 0.05 ml. of the acid 

phosphatase solution and the tubes were incubated at 37° 

for twenty -four hours. Control solutions without 

phosphatase were similarly incubated during this period. 

At the end of the incubation, small pieces (0.4 by 

1.0 cm.) of Aatman No. 3 filter paper were moistened 

with the contents of each tube and inserted into a block 

of starch gel prepared with 0.05 M citrate buffer pH 3.2. 

After electrophoresis the gel was sliced and the enzymic 

activity detected by the haemoglobin staining method. A 
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control pepsinogen 
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control pepsinogen D 

pepsinogen D + phosphatáse B 

Fig. 26. Haemoglobin staining of enzymically active proteins after 
electrophoresis of samples of the reaction mixtures for 21+ hr. 

at 2.8 V /cm. in a starch gel prepared with 0.05 M citrate 
buffer pH 3.2. Electrode vessels contained 1.0 M citrate 
buffer pH 3.2. 
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photograph of the electropherogram is shown in Fig. 26 

and it can be seen that the electrophoretic mobiility of 

pepsinogen D was unaffected by incubation with the 

phosphatase. It appeared, however, that incubation 

with phosphatase had almost completely converted 

pepsinogen into a form which migrated in starch gel 

with the mobility of pepsinogen D. 

It can be concluded, therefore, that dephosphopep- 

sinogen migrates in starch gel at pH 3.2 with a mobility 

which is almost half that of pepsinogen and is more or 

less identical with that of pepsinogen D. The fact 

that the phosphatase had no effect on the mobility of 

pepsinogen D supports the idea obtained from the direct 

determination of phosphorus that pepsinogen D does not 

contain phosphate in phosphodiester linkage. 

8.2 The chromatographic properties of dephosphopepsi- 

nogen. 

Using 0.2 M acetate buffer pH 5.6 which was 0.02 M 

with respect to magnesium chloride, a solution of 

pepsinogen was prepared such that the concentration of 

zymogen was 50 mg /ml. 2 ml. of this solution was added 

to 2 ml. of the phosphatase solution (in 0.02 I acetate 

buffer pH 4.5) and the mixture was incubated at 37° for 

20 hours. A control containing 2 ml. of the zymogen 

solution and 2 ml. of the acetate buffer pH 4.5 was 

similarly incubated. 

At the end of the incubation period both tubes were 

removed from the bath and to each was added 2 ml. of the 
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Fig. 28. Chromatography on ;)L E- celiuiose of a mixture of 100 mg. of pepsinogen 
which had been inou:;üted for 20 hr. at 37° and at pH 5.6, and an equal 
a^iount of pepsinogen which had been similarly incubated at 2 °. 

The column of DEJ,E.- cellulose (8.2 cm. by 4.8 cm. diam.) was packed 
in 0.02 ,v; phosphate buffer pH 6.9. 

Gradient 0 - .0.45 M NaCl. 

Flow rate - 200 ml. /hr. Fractions - 40.4 ml. 

`l'oie bar indicates that fraction of the effluent used to obtain the 
control sample of pepsinogen. 
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Fig. 27. Chromatography on a column of DEAE- cellulose of a mixture of 100 mg. 
of pepsinogen which had been incubated for 20 hr. at 37° and at pH 5.6 
with phosphatase B, and 100 mg. of pepsinogen which had been similarly 
incubated at 20 for 2G hr. but without the addition of the phosphatase. 

The column of tAE- cellulose (8.2 cm. by 4.8 cm. diam.) was 
packed in 0.02 :.t phosphate buffer pH 6.9. 

Gradient 0 -4 0.45 M NaCl. 

Flow rate - 200 ml. /hr. Fractions - 38.6 ml. 

The bars indicate the portions of the effluent used to obtain the two 
different zymogen fractions. 
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pepsinogen solution which had been stored in the cold 

room (2 °) during the incubation period. Each of these 

solutions was applied to similar columns of DEAE- 

cellulose packed in 0.02 M phosphate buffer pH 6.9. 

The chromatograms were developed in the usual way and 

the elution patterns are shown in Figs. 27 and 28 where 

it can be seen that the material from the control tube 

gave rise to only one peak while that from the reaction 

mixture gave two. 

It can be concluded, therefore, that the action of 

the phosphatase is to convert pepsinogen into a form 

which is chromatographically distinct from pepsinogen 

and is presumably dephosphopepsinogen. The resolution 

of these two zymogens has not been reported previously 

in the literature. 

The fractions giving rise to each of the peaks in 

Figs. 27 and 28 were pooled as indicated, dialysed 

against 0.0005 N ammonia and freeze dried, but it should 

be noted that there was no indication, at this stage, as 

to which of the peaks in Fig. 27 was dephosphopepsinogen, 

although it is less acidic than pepsinogen and would be 

expected to be eluted before it. 

8.3 Electrophoretic properties of the two fractions 

obtained after the chromato:ra.hic searation of 

pepsinogen and dephosphopepsinogen. 

Samples of the zymogens from each of the cuts made 

in Fig. 27 were examined by electrophoresis in starch gel 

at pH 3.2 and the resulting electropherogram is shown 
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'pepsinogen D' 

Fig. 29. Haemoglobin staining of enzymically active proteins after 
electrophoresis of about 1 mg. of each preparation for 12 hr. 
at 4.7 V /cm. in a starch gel prepared with 0.05 M citrate 
buffer pH 3.2. Electrode vessels contained 1.0 i4 citrate 
buffer pH 3.2. 
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in Fig. 29. It can be seen that the fraction eluted 

first was composed mainly of material which had an 

electrophoretic mobility identical with that of 

pepsinogen D, and that the material from the second peak 

consisted largely of material with the same mobility as 

the control sample of pepsinogen. 

Thus, the action of the phosphatase was to convert 

pepsinogen into a form which was chromatographically and 

ele ctrophoretically 'indistinguis .b e.from.pepsinogen. D. 

8.4 Comparison of the primary structures of pepsinogen 

D and dephosphopepsinogen by means of the fingerprinting 

technique. 

Having found that dephosphopepsinogen behaved in 

the same manner as pepsinogen D on chromatography on 

DEAE- cellulose at pH 6.9 and on electrophoresis in 

starch gel at pH 3.2 we had no evidence whatsoever that 

pepsinogen D was not identical with dephosphopepsinogen 

so, in an attempt to settle the question, it was decided 

to compare the primary structure of the two zymogens by 

digesting the molecules with a- chymotrypsin and 

separating the resulting peptides by two -dimensional 

chromatography and electrophoresis on paper. 

8.4.1 Preparation of dephosphopepsinogen for use in the 

fiAgerprint studies. 

Pepsinogen was dissolved to a concentration of 50 

mg /ml. in 0.2 M acetate buffer pH 5.6 which was 0.02 M 

with respect to magnesium chloride, and 2 ml. of this 

solution was added to 4 ml. of the phosphatase solution. 
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Fig. 30. Gel filtration of 200 mg. of dephosphopepsinogen 

on a column of Sephadex G100 (32 cm. by 4.8 cm. diam.) 

which was packed in 0.02 M phosphate buffer which was 

0.1 M with respect to sodium chloride. 

Flow rate - 50 ml./hr. Fractions - 17.5 ml. 
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The reaction vessel was placed in a water bath at 370 

for 24 hours and at the end of this period the reaction 

mixture was chromatographed on a column of Sephadex G100 

packed in 0.2 M phosphate buffer pH 6.9 which was 0.1 M 

with respect to sodium chloride. The chromatogram is 

shown in Fig. 20 and it can be seen that there was 

eluted first of all a small peak showing no potential 

proteolytic activity, then a large peak of zymogen 

material and finally a small peak of material which 

completely penetrated the gel bed. The fractions 

indicated by the bar in Fig.'13©1wpre pooled, dialysed 

against 0.0005 N ammonia and èreezé dried. 

It was not possible to detect any phosphatase 

activity in the peaks eluted before and after the main 

zymogen peak nor in the freeze dried zymogen when it was 

dissolved at a concentration of 1 mg /ml., but, fractions 

which showed little or no extinction at 280 mµ were not 

tested for phosphatase activity. However, from the 

work of Andreu, Alvarez and Tamayo (1960) it appears 

probable that the specific activity of the enzyme was so 

high as to make its extinction indetectable. 

8.+.2 Digestion of pepsinogen D and dephosphopepsinogen 

with a- chymotrypsin. 

In order to prevent disulphide bond interchange 

during digestion and to obtain simpler peptide patterns 

it was necessary to oxidise the disulphide bonds with 

performic acid. However, this might have resulted in 

the activation of the native zymogens so that it was 
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first of all necessary to inactivate them by exposure 

to alkali. 

Both of the zymogens were found to have no potential 

activity against the synthetic substrate (APD) after 

incubation in 0.02 N sodium hydroxide for ten minutes 

at 35.5° and in the present experiment the zymogens 

were dissolved in 0.02 N sodium hydroxide and placed in 

a water bath at 35.5° for fifteen minutes. At the end 

of the incubation, the solutions were neutralised by 

the addition of hydrochloric acid and freeze dried. 

Performic acid was prepared by mixing one volume 

of 30% (w /v) hydrogen peroxide and nine volumes of 98% 

(w /v) formic acid and allowing the solution to stand at 

room temperature for two hours before cooling to 00. 

2.5 ml. of the cooled solution were added to about 5 mg. 

of the inactivated zymogen and oxidation was allowed to 

proceed at 00 for two hours before 22.5 ml. of water was 

added to destroy the performic acid. The solution was 

then dialysed in a sac of Visking 24/32" dialysis tubing 

against two 1 litre volumes of distilled water and freeze 

dried. 

The method used for digestion of the oxidised 

protein and separation of peptides was similar to that 

of Katz, Dreyer and Anfinsen (1959). a,- chymotrypsin 

(Sigma Lot C49 -66) was dissolved to a concentration of 

0.5 mg /ml. in 0.2 M ammonium carbonate which had been 

adjusted to pH 8.5 and 0.1 ml. of this solution was used 

to dissolve about 2.5 mg. of the oxidised zymogen. 
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Fig. 31. Sketch of the ninhydrin stained protides obtained after 

separation of the peptides produced by digestion of 2.5 mg 

of oxidised dephosphopepsinogen with a- chymotzypsin. 
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Fig. 32. Sketch of the ninhydrin stained peptides obtained after 
separation of the peptides produced by digestion of 2.5 mg. 
of oxidised pepsinogen D with a- chymotrypsin. 
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Digestion was allowed to proceed for three hours in a 

water bath at 35.5° and at the end of this time the 

digest was applied to a sheet of 'Jhatman No. 3VIM chroma- 

tography paper. 

8.L.3 Separation of the peptides produced_by digestion 

with a -chyot psin. 

The separation was carried out in the first 

direction by high voltage electrophoresis between 

water- cooled metal plates (Miles Hivolt) using a 

pyridine /acetic acid /water - (100/4/1900, by volume) 

buffer of pH 6.5. The paper was then dried and 

subjected to chromatography in the second direction 

using the pyridine /iso -amyl alcohol /Water (35/35/30, by 

volume) system of Baglioni (1961). 

After drying, the peptides were rendered visible 

by spraying with a 0.25 (w /v) solution of ninhydrin in 

ethanol which was also 0.1% (v /v) with respect to 

pyridine and Figs. 31 and 32 are diagrams showing the 

ninhydrin positive spots observed in each case. Both 

of the zymogens gave rise to at least twenty -three 

peptides and the only significant difference between 

the two patterns appears to be the existence of an 

additional peptide (arrowed) in the fingerprint result- 

ing from oxidised dephosphopepsinogen. This peptide 

was rather faint and in the case of oxidised pepsinogen 

D it simply may not have shown up against the background. 

It would appear from this work, therefore, that 

pepsinogen D is very closely related if not identical to 
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dephosphopepsinogen, but it should be borne in mind that 

the amino acid composition of pepsinogen (Arnon and 

Perlmann, 1963) and the known specificity of ca,- chymo- 

trypsin allow for the production of almost fifty 

peptides in such a digest, and it may be that more 

refined techniques of peptide separation will allow 

better identification of any differences between 

pepsinogen D and dephosphopepsinogen. 

8.5 Discussion of the studies with pepsinogen D. 

The early part of our work was devoted to the 

confirmation of Fyyle's discovery of pepsinogen D, and 

although the isolation of the zymogen provided some 

difficulty at first, the reason for this was discovered 

to be the variable amount of pepsinogen present in the 

load applied to columns of DEAE- cellulose for the re- 

chromatography. The reasoning which led up to this 

finding is described in Section 6.2 and, once this 

condition had been discovered, there proved to be no 

occasion on which pepsinogen D was not found in extracts 

of pig stomachs. 

Pepsinogen D was first isolated from the extract of 

a number of pig stomachs and it was possible that it was 

an aberrant form of pepsinogen synthesised instead of 

pepsinogen in only one of the stomachs. It was proved 

that this was not so, however, when both pepsinogen D 

and pepsinogen were isolated from an extract of the 

gastric mucosa of a single pig, although, it could still 

have been produced by only some of the chief cells in 



79. 

the stomach of any one pig. 

Taylor (1962) suggested that pepsin C was produced 

mainly in the pyloric region of the pig stomach and it 

was interesting to note that Ryle (1964) found evidence 

to support this idea. It was possible, therefore, that 

pepsinogen D also was produced in a localised region of 

the gastric mucosa, and it was for that reason that the 

pepsinogen D content of extracts of the pyloric region 

was studied. 

It was shown in Section 6.7 that there was a 

greater percentage of pepsinogen D (relative to total 

zymogen) in the mucosa of the pyloric region of the 

stomach than in the mucosa of the body region but there 

was no indication that this was the main site of its 

synthesis. 

It is of interest to note that we could find no 

evidence for the presence of pepsinogen C in extracts of 

the pyloric region and this is in direct contrast to 

the findings of Ryle. It is possible, however, that 

the synthesis of. pepsinogen C is restricted to an area 

between the pyloric and the body regions and that, in the 

present work, the stomach was cut in such a way that 

this area was not included in our material. 

It is also possible to imagine that some primitive 

form of life produced four zymogens in equal proportions 

and that the development of different species allowed 

each to produce a greater amount of the one best suited 

to the digestion of the protein which occurred in its 
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diet. There proved to be no foundation in this idea, 

however, when it was shown that the 'zymogens' from the 

rat stomach migrated on electrophoresis in starch gel at 

pH 3.2 with mobilities which were different from any of 

those of the pig ' zymogens'. However, from their 

electrophoretic mobility, the amino acid composition 

of human pepsins appeared to be similar to those of 

porcine pepsin and pepsin D while those of rat pepsins 

appeared to be similar to those of pepsins B and C,and 

it could be that they all represent different branches 

of a 'family tree' with the same 'ancestor' molecule. 

The use of gel filtration in the study of pepsinogen 

D was advantageous from two points of view. Firstly, 

it was a means of removing contaminating peptides 

provided that the ionic strength of the buffer used was 

increased by the presence of sodium chloride and, 

secondly, that it was a means of estimating the 

molecular weight of the zymogen. In the latter respect, 

the fact that it was excluded from Sephadex G75 was 

indicative that it had a molecular weight greater than 

40,000 and the fact that it behaved on Sephadex 0.100 in 

the same manner as pepsinogen was a good indication that 

its molecular weight was very close to that of the main 

zymogen. 

Acred, Brown, Hardy and Aansford (1963) have shown 

that penicillin binds to proteins and for this reason it 

was important to show that pepsinogen D could be 

isolated without the addition of antibiotics to the 
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mucosal extract (Section 6.7). It was also possible 

that pepsinogen D was in combination with other small 

molecules (of an unknown nature), but this was rendered 

less likely when it was shown that pepsinogen D 

exhibited the absorption spectrum of a simple protein. 

Electrophoresis in starch gel at pH 6.9 and pH 5.6 

showed that pepsinogen D was indeed very similar to 

pepsinogen, and it was only as a last resort that it 

was decided to use the activated product as a means of 

identification of the zymogen. The mobilities of both 

'pepsinogen' and pepsinogen D' at pH 3.2 were always 

found to be constant at 0.0L5 and 0.027 cm2.Volt- Ihr 
-1 

hour irrespective of the time interval between dissolving 

the zymogen and its electrophoresis, and this is evidence 

for the rapid activation at this pH. It is interesting 

to note, however, that there were no significant 

differences between the mobility of the products of 

activation of pepsinogen or of pepsinogen D at pH 3.2, 

and of the corresponding enzymes isolated from commer- 

cial pepsin which were probably produced by the activa- 

tion at a pH close to 2. Neuman and Sharon (1960) 

reported that pepsin produced by ,the activation of 

pepsinogen at pH 3, lacked the transpeptidase activity 

characteristic of the enzyme produced by activation at 

pH 2, but it could be that these workers isolated a 

complex of pepsin and an activation peptide, and that 

their synthetic substrate was not able to split a 

complex which might be resolved by electrophoresis in 
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starch gel at pH 3.2. 

Electrophoresis in starch gel at pH 4.0 illustrated 

the difference between the product of activation at this 

pH and the enzymes obtained from commercial preparations 

of pepsin, and, while there was a possibility that the 

streaking of bands was due to the continual activation 

of the zymogens on their passage through the gel, it 

will be shown later (Section 12,2.2) that the streaking 

was probably due to other causes. 

The N- terminal leucine residue of pepsinogen D 

renders it quite distinct from pepsinogen B where Ryle 

(1965) has found N- terminal methionine and histidine 

residues, and from pepsinogen C where he has found 

N- terminal serine (Ryle, 1960). It is interesting, 

however, that pepsinogen also has an N- terminal leucine 

residue and that both pepsinogen and pepsinogen D have a 

residue of alanine in the carboxyl terminal position. 

The finding of leucine as the only N- terminal amino 

acid residue in our best preparations indicated that 

there was little or no contamination with pepsinogen B 

or with other non -zymogen proteins, and the finding that 

there was probably only one N- terminal and one C- terminal 

residue in each molecule of pepsinogen D is in accord 

with the findings for pepsinogen (Herriott, 1962). 

The specific potential activities of pepsinogen D 

are similar to those of pepsinogen, and in its stability 

to alkali pepsinogen D again behaves in the manner 

expected of pepsinogen, and these facts could be taken as 



83. 

an indication that any differences between the two 

molecules are not located at the active centres of the 

enzymes. 

The first indication of the similarity between 

pepsinogen D and dephosphopepsinogen was the finding 

that the phosphorus content of pepsinogen D was lower 

than the value of one gram -atom per mole found for 

pepsinogen (Herriott, 1938). This similarity was 

extended when it was shoe that the electrophoretic 

mobility of the activated product of dephosphopepsinogen 

was the same as that of the activated product of 

pep sinogen D, and it was further confirmed when it was 

found that dephosphopepsinogen separated from pepsinogen 

in the same way as did pepsinogen D on chromatography on 

DEAE- cellulose. 

After digestion of oxidised pepsinogen D with 

a- chymotrypsin and separation of the peptides by paper 

electrophoresis in one direction and by chromatography 

in the other, the pattern produced by staining of the 

peptides was very similar to that found when oxidised 

dephosphopepsinogen was subjected to the same treatment. 

The only significant difference between the two patterns 

was the existence of an additional faintly- stained 

peptide in the fingerprint from oxidised dephosphopep- 

sinogen, but it seems probable that this peptide was not 

present in sufficiently large amount to be identified in 

the digest of oxidised pepsinogen D. Thus, we have 

failed to show a significant difference between 
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pepsinogen D and dephosphopepsinogen by this technique 

also, although it must be remembered that digestion with 

a- chymotrypsin should theoretically produce almost twice 

as many peptides as was identified in our separation 

procedure, and it may be that the use of ion exchange 

chromatography would allow the identification of a 

greater number of peptides, some of which might indicate 

significant differences between pepsinogen D and 

dephosphopepsinogen. 

There have been no reports in the literature of 

the previous isolation of dephosphopepsinogen from pig 

stomachs although Perlmann (1958) prepared it by enzymic 

dephosphorylation of pepsinogen. Unfortunately, she 

did not report its properties further than to say that 

the removal of phosphorus did not affect its transforma- 

tion into an enzyme and that it did not affect the 

activity of the enzyme so produced, however, neither of 

these findings is at variance with the concept of the 

identity of pepsinogen D and dephosphopepsinogen. 

The fact that pepsinogen D was activated at pH 3.7 

according to autocatalytic kinetics is in agreement with 

the work of Herriott who found the activation of pepsino- 

gen to be "essentially autocatalytic in nature under all 

conditions "(Herriott, 1 939). Ryle (1960, 1965) found 

that the activations of pepsinogen C at pH 4.7 and of 

pepsinogen B at pH 4.0 were complex processes but they 

did show some autocatalytic character and pepsinogen C 

showed the same sort of incomplete activation as was 
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found with pepsinogen D at pH 3.7. 

The activation of pepsinogen D at pH 4.6 also 

appeared to be a complex process but the inconcordant 

results of three methods of following the activation 

precluded the drawing of any conclusion as to whether 

the activation would be catalysed by pepsin D at this 

pH also. Little weight should be placed on the 

preliminary report (Lee and Ryle, 1963) that the 

activation at pH 4.6 followed autocatalytic kinetics, 

as it is likely that the zymogen used for this study 

was partially activated by dialysis against distilled 

water and it may also have been contaminated by 

appreciable amounts of pepsinogen. The contamination 

by pepsinogen could have meant that we were observing 

the result of autocatalytic conversion of pepsinogen 

into pepsin and the possible activation of pepsinogen D 

by the pepsin so formed. 

In summary, it appeared that pepsinogen D was very 

similar to if not identical with dephosphopepsinogen and 

as the "function" of a zymogen is to produce an enzyme, 

it was obvious that there had to be further study into 

the properties of the enzyme produced by activation of 

pepsinogen D. 
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9. INTRODUCTION TO THE STUDY OF PEPSIN D 

Having studied pepsinogen D and shown its great 

similarity to pepsinogen, it was of interest to study 

the enzyme formed after activation. However, it would 

have been a very laborious procedure to have used pig 

stomachs as the source of the enzyme and it was for that 

reason that various batches of commercial preparations 

of both crude and crystalline pepsin were subjected to 

electrophoresis in starch gel at pH 3.2. The prepara- 

tions subjected to this procedure were various batches 

of crystalline pepsin produced by the Armour Pharmaceu- 

tical Co. Ltd., a batch of alcohol crystallised pepsin 

produced by the Mann Research Laboratories Inc. and 

various batches of crude pepsin produced by the British 

Drug Houses Ltd., and all of them showed the presence of 

an enzyme with the same electrophoretic mobility as 

'pepsinogen D' at this pH. 

This enzyme was named pepsin D solely on the basis 

of its electrophoretic mobility in starch gel at pH 3.2, 

but it was decided to try to isolate the enzyme and to 

try to prove its identity with the enzyme formed after 

activation of pepsinogen D. 
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Fig. 33. Chromatography of 600 mg. of Armour crystalline pepsin (lot HL 0ò90 
on a column of DEAE-celluiose (12.5 cm. by 4.8 cm. diam.) which was 
in the chloride form and was packed in 0.1 it acetate buffer pH 4.0. 

Gradient 0 -i 0.45 M NaCl. 

Flow rate - 90 ml./hr. Fractions - 44.5 ml. 
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10. THE ISOLATION OF PEPSIN D FROM COhMYERCIAL P 

PARATIONS OF PEPSIN BY CHROMATOGRAPHY ON COLUMNS 

OF DEAE -CELLULOSE 

10.1 Chromatography on columns of DEAE- cellulose in 

0.1 M acetate buffer pH 4.0. 

Ryle and Porter (1959) had found no indication of 

the presence of pepsin D when they chromatographed 

either crude or crystalline pepsin on columns of DEAE- 

cellulose which were buffered with 0.1 M acetate buffer 

pH 4.0 and this observation was confirmed in the present 

work. 

It was thought that the separation of pepsin D may 

have been achieved at pH 4.0 if the DEAE- cellulose was 

used in the chloride form, but it is seen from Fig. 33 

that only a single peak of enzymic activity was obtained 

under those conditions also. The chromatogram shown in 

Fig. 33 is identical with those found when the columns 

were prepared according to the method of Ryle and 

Porter (1959). 

The presence of pepsin D could simply have been 

masked by the presence of a large amount of pepsin as 

pepsinogen D was masked by large amounts of pepsinogen, 

but it was found that this was not the case when 

rechromatography of the enzyme from the leading edge 

of the main peak in Fig. 33 gave rise to only a single 

peak as well. 

10.2 Chromatography on columns of DEAE- cellulose in 

0.1 M citrate buffer pH 3.2. 

As no satisfactory resolution could be achieved 
by 
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Fig. 35. Chromatography of 1.5 g. of Mann alcohol crystallised pepsin 
(lot J 2211) on a column of DEAE- cellulose (16.0 by 4.8 cm. diam.) 
which was in the chloride form and was packed in 0.1 M citrate 
buffer pH 3.2. 

Gradient 0 -4 0.1 M NaCl. 
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The bar indicates that portion of the effluent which yielded 
a sample of pepsin D which was almost entirely free of pepsin. 
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chromatography at pH 4.0 it was decided to alter the pH. 

There was nothing to suggest that any benefit would be 

achieved by the use of a higher pH, but the fact that 

the starch gel separation was achieved at pH 3.2 

indicated that some success might be expected from the 

use of this pH. 

Fig. 34 shows that chromatography of crystalline 

pepsin on a column of DEAE -cellulose in 0.1 M citrate 

buffer pH 3.2 unfortunately gave rise to only a single 

peak of enzymic activity. However, the leading edge 

of this peak did show some suggestion of a shoulder 

and it was thought that there may be some improvement in 

the resolution if the column was prepared with DEAE- 

cellulose which was in the chloride form. This was 

duly done and Fig. 35 shows the great improvement in 

resolution. Before the main peak of enzymic activity, 

there was eluted a small and fairly well resolved peak 

of material which showed activity against both haemo- 

globin and the synthetic substrate and accounted for 

about 10% of the activity recovered from the column. 

The fact that it was eluted before the main pepsin peak 

indicated that this material was of a less acid nature 

than pepsin, and this was confirmed by electrophoresis p. 4c 

in starch gel at pH 3.2 (Fig. 1ywhere it was seen to 

migrate with a mobility which was almost half of that of 

pepsin and was identical with that of 'pepsinogen D'. 

A typical cut used in the isolation of pepsin D is 

shown in Fig. 35 and the volume of these cuts was usually 
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Fig. 37. Rechromatography of 35,000 mPI pepsin (which had been separated from 
pepsin D) on a column of DEÁE- cellulose (13.5 cm. try 4.8 cm. diam.) in 
the chloride form which was packed in 0.1 M citrate buffer pH 3.2. 

Gradient 0 -- 0.45 M NaCl. 
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such that the solution could be directly dialysed 

against distilled water and freeze dried. 

The use of such a low pH for chromatography means 

that one must consider seriously the dangers of auto - 

digestion of the enzymes and the possibility that the 

material in one of these peaks was an artefact produced 

by autolytic degradation of material in the other. 

The material from these peaks, therefore, was 

rechromatographed under almost identical conditions and 

it is shown in Figs. 36 and 37 that, in each case, there 

was obtained only a single peak of enzymic activity in 

the position in which it was expected. 

10.3 Purification of Pepsin D by gel filtration. 

Pepsin is one of the most acidic proteins which is 

known and it was unlikely that the pepsin or pepsin D 

obtained after chromatography on DEAE- cellulose would be 

contaminated by other proteins but, in order to make 

sure of this point, preparations of pepsin D were 

subjected to gel filtration. 

10.3.1 Gel filtration of .e.sin D on a column of 

Sephadex G75. 

Gelotte and Krantz (1959) obtained a four -fold 

purification, of crude. pepsin by gel filtration on a 

column of Sephadex G50 but this filtration medium is 

not ideal as it does not allow separation from molecúles 

whose size is greater than that of pepsin. 

There was no reason to suppose any significant 

difference in the sizes of pepsin and pepsin D and it wa 
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hoped that filtration on a column.of Sephadex G75 would 

allow separation from contaminants of both greater and 

smaller molecular size. 

The result of this experiment is shown in Fig. 38 

and it can be seen that there was only one peak of 

enzymic activity and that this pertained to a molecule 

which penetrated the gel bed to a small extent and thus 

had a molecular weight which was not significantly 

different from that of pepsin (i.e. 35,000). The 

extinction at 280 mµ also showed some slight purifica- 

tion from material which completely penetrated the gel 

bed and this was confirmed when it was found that the 

blank for the synthetic substrate assay in this region 

was almost double that found elsewhere. 

. It may be concluded, therefore, that the pepsin D 

obtained after chromatography on DEAE- cellulose was in 

a high state of purity but that some slight further 

purificatidh could be obtained by filtration through a 

column of Sephadex G75. 

10.1+ The purity of the pepsin D obtained after chroma- 

tography and gel filtration. 

It was shown in Fig. 38 that the pepsin D obtained 

by chromatography on DEAF- cellulose was contaminated by 

only small amounts of non -enzymic material and this was 

to be expected from the very acid nature of the protein. 

Fig. 18 showed that the pepsin D obtained in this 

manner was not contaminated by pepsin and it was only on 

very rare occasions that there was observed to be any 

,; 
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contamination by this enzyme, and even then it was 

barely detectable. 

It appears, therefore, that the pepsin D obtained 

by the use of ion exchange chromatography and gel 

filtration was in a very pure state, but it will be 

shown by N- terminal amino acid analysis, that it was 

not as pure as it appeared from chromatographic methods. 
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11. THE IDENTITY OF PEPSIN D AND THE ENZYME PRO- 

DUCED BY THE ACTIVATION OF PEPSINOGEN D. 

Having isolated pepsin D from crystalline pepsin, 

it was necessary to confirm that this enzyme was 

produced by the activation of pepsinogen D, and one 

method of doing this was by comparison of the pattern 

of peptides produced after the oxidised proteins had 

been digested with a- chymotrypsin. 

11.1 The oxidation of pepsin D and the enzyme produced 

by activation of pepsinogen D, and the comparison of the 

peptides produced after they were digested with a- chymo- 

trypsin. 

The pepsin D from commercial preparations of pepsin 

was isolated and purified in the manner described 

previously, and pepsin D from the activation of pepsino- 

gen D was obtained in the manner described in Section 

14-.3. 

The disulphide bonds of the enzymes were oxidised 

with performic acid in the manner described for the 

oxidation of the disulphide bonds of pepsinogen D but, 

in this case, there was no necessity for alkaline 

inactivation, and the oxidation was carried out simply 

ì 

by dissolving about 10 mg. of the enzyme in 2.5 ml. of 

chilled performic acid and allowing the oxidation to 

proceed at 00 for two hours. The performic acid was 

then destroyed by the addition of 22.5 ml. of water but, 

in this case, the solution was frozen and freeze dried 

without prior dialysis. 



Electrophoresis at pH 6.5 

Fig. 39. Sketch of the ninhydrin stained peptides obtained after 
separation of the peptides produced by digestion of about 8 mg. 
of the enzymce produced by activation of pepsinogen D with 
a- chymotrypsin. The dashed lines represent fainter spots. 

Electrophoresi_ at pH 6.5 

Fig. 40. Sketch of the ninhydrin stained peptides obtained after 
separatrion of the peptides produced by digestion of about 
8 mg. of pepsin D (isolated from crystalline pepsin) with 
a- chymotrypsin. The dashed lines represent fainter spots. 
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Digestion of the enzymes and separation of the 

peptides was carried out in the same manner as described 

in Sections 8.6 and 8.7; a- chymotrypsin (Sigma Lot C1+9- 

66) was dissolved in 0.2 M ammonium bicarbonate (pH 8.5) 

to a concentration of 0.5 mg/ml. and 0.1 ml. of this 

solution was used to dissolve 5 -10 mg. of the oxidised 

protein. The digestion was allowed to proceed for 

three hours in a water bath at 35.5° and at the end of 

this time the digest was applied to a sheet of ';rhatman 

No. 3ìfî "_ chromatography paper. 

The separation of peptides was carried out in the 

manner described in Section 8.7, the high voltage 

electrophoresis in the first direction being carried out 

in the pyridine /acetic acid /water buffer of pH 6.5 and 

the chromatography in the second direction involving 

the use of the pyridine /iso -amyl alcohol /,Water solvent. 

In order to render the peptides visible the papers 

were sprayed with ninhydrin and diagrams of the patterns 

obtained are shown in Figs. 39 and 40. These two 

patterns could not be claimed_to be identical but the 

differences between the two are small and they are 

confined to the ill- defined group of acidic peptides 

which migrate rather slowly on chromatography. It is 

po$.sible that the differences could be due to the 

reproducibility of the separation technique but it is 

equally possible that the enzyme isolated from commercial 

pepsin has been subjected to a greater amount of auto - 

digestion than the enzyme produced by the controlled 
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activation of pepsinogen D. 

In view of the similarity in pattern of the 

peptides obtained in this experiment, and in view of 

the similarity in the electrophoretic mobility at 

pH 3.2 between 'pepsinogen D' and the pepsin D isolated 

from commercial preparations of pepsin, it was conclu- 

ded that the pepsin D in commercial pepsin was probably 

produced as a result of activation of pepsinogen D, and 

that it could be regarded as a representative sample 

of the product of its activation. 
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Fig. 42. Haemoglobin staining of enzymically active proteins after 
electrophoresis of about 1 mg. of each preparation for 12 hr. 
at 3 V /cm. in a starch gel prepared with 0.05 M acetate 
buffer pH 4.0. Electrode vessels contained 2.0 M acetate 
buffer pH 4.0. 
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Fig. 41. The absorption spectrum of pepsin D (0.16 mg. /ml.¡ in water. 
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12. THE PROPERTIES OF PEPSIN D 

Unless stated otherwise, the following studies on 

the properties of pepsin D were carried out on samples 

of the enzyme which were isolated from commercial 

preparations of pepsin. 

12.1 The absorption spectrum of pepsin D. 

There is no evidence to indicate the presence of 

a prosthetic group in any of the other gastric enzymes, 

and in an effort to assess whether pepsin D was excep- 

tional in this respect its ultra -violet absorption 

spectrum was determined and is shown in Fig. 41. The 

maximum at 278 7 mµ is typical of that given by all simple 

proteins and probably indicates that pepsin D has no 

prosthetic and requirement for a coenzyme. 

12.2 Electrophoresis of pepsin D in starch gel. 

12.2.1 Electrophoresis of pepsin D in starch gel at 

pH 4.0. 

The result of such an experiment is shown in Fig. 

42 where it can be seen that both pepsin and pepsin D 

migrated with mobilities which were greater than those 

of their respective zymogens. In the case of pepsino- 

gen, this was not surprising as it is well known that 

pepsin is more acidic than its zymogen. 

In view of the order in which they 
were eluted 

from columns of DEÀE- cellulose it was not 
surprising 

either that pepsin D migrated more slowly 
than pepsin 

and that 'pepsinogen D' migrated more slowly 
than 

pepsinogen, but it was unfortunate that gels 
run at 
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'pepsinogen D' 

pepsin 

pepsin D 

Fig. )3. Haemoglobin staining of enzymically active proteins after 
electrophoresis of about 1 mg. of each preparation for 6 hr. 
at 2.8 V /cm. in a starch gel prepared with 0.05 M citrate 
buffer pH 5.6. Electrode vessels contained 0.5 M citrate 
buffer pH 5.6. 
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were subject to so much streaking as to preclude 

__re use as a test of purity of the enzyme 

prepay tion. 

12.2.2 Electro ;'horesis of pe +sin D in starch ,el at 

zu 5.6. 

2'ßg. 4.3 shows the result of electrophoresis at this 

and it can be seen that pepsin and pepsin D migrated 

with mobilities which were similar, although pepsin D 

TES still seen to move slightly more slowly than pepsin. 

This figure also shows how the respective zymogens 

igrated and it can be seen that there was a suggestion 

_hat pepsinogen D migrated more slowly than pepsinogen. 

The most interesting point about Fig. 43, however, 

_. the fact that there was no streaking of the zymogen 

Yis ile the enzyme bands streaked very badly, and 

this gives a clue to why the enzyme bands are found to 

streak at ph values greater than 3.2. 

It would appear that the hydrolysed starch contains 

a small amount of protein, and that the enzymes adsorb 

on to this protein as they migrate through the gel. 

If the pH of the gel is sufficiently low the enzyme will 

digest all of the protein before it moves on, but if 

the pH is remote from the optimum for the enzyme some of 

the molecules will remain bound to the protein and hence 

to the gel matrix, and this will cause streaking. 

Further evidence for this theory comes from the chlorine 

staining method of Ryle and Porter (1959), where the 

area over which the enzyme has passed shows a lighter 
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background colour than does the rest of the gel. It 

is possible that this problem of streaking could be 

overcome by enzymic digestion of the protein prior to 

the preparation of the gel. 

12.3 The amino terminal residue of pepsin D. 

Samples of pepsin D were dinitrophenylated and 

hydrolysed in the manner described for pepsinogen D and 

the ether -soluble DNP -amino acids present in the hydro - 

lysate were identified by comparison with the behaviour 

of authentic samples of the 2,2- dinitrophenyl derivative 

of leucine, valine, alanine, serine, aspartic and 

glutamic acids on two dimensional chromatography. The 

t -amyl alcohol solvent system was used in the first 

direction and the 1.5 M phosphate system in the second. 

The main DNP -amino acid was found to be a deriva- 

tive of phenylalanine or of one of the leucines, but 

there were noticeable amounts of other ones, especially 

those resulting from aspartic and glutamic acids and 

from valine. 

Each of the spots was cut out, and the DNP -amino 

acid was eluted into 5 ml. of 1% (w /v) sodium bicarbon- 

ate solution by heating in a water bath at 60° - 70° 

for twenty minutes. The extinctions of the extracts 

at 360 mµ were determined, and the net values of the 

extinctions, after subtraction of blanks of 0.02 to 0.03, 

are shown in Table 7. These extinctions were converted 

into micromoles of thé appropriate DNP -amino acid by use 

of the molar extinction coefficients published by Rao 
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and Sober (1954). 

It can be seen from Table 7 that 0.38 µmoles of 

DNP -amino acids arose from only 0.2 µmoles of pepsin D 

and it would appear that the large amount of DNP -amino 

acid was due to contamination of the enzyme with amino 

acids or peptides of small molecular weight. It is 

interesting to note, however, that 0.16 µmoles of DNP - 

leucine or isoleucine arose from 0.2 µmoles of the 

enzyme and, when it is taken into account that the 

enzyme preparation would contain about fifteen per cent. 

water, it would appear that most, if not all, of this 

originated from the enzyme molecule. 

In order to discover which of the leucine isomers 

was present at the amino terminus of pepsin D, the DNP - 

amino acid was applied to a thin -layer plate of 

Kieselgel G and subjected to chromatography using the 

benzene /pyridine /acetic acid (80/20/2,by volume) system 

of Brenner et al. '1961).1" It migrated in this system 

with a mobility which was less than that of DNP -isoleu- 

cine and was identical with that of DNP -leucine, and it 

would appear that the N- terminal amino acid in pepsin D 

is different from that in pepsin where isoleucine has 

been found to occupy this position (Van Vunakis and 

Herriott, 1957; Heirwegh and Edman, 1957). 

This experiment was repeated with a sample of 

pepsin D obtained by controlled activation of pepsinogen 

D (Section 14.3) and a similar result was found. 

As with pepsinogen D, no attempt was made to study 
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the IJNP -amino acid content of the hydrochloric acid 

residue after its extraction with ether but, from 

studies on the other gastric proteases, it seems 

unlikely that pepsin D would give rise to any acid - 

soluble DNP -amino acid other than E -DNP- lysine (Van 

Vunakis and Herriott, 1957; Heirwegh and Edman, 1957; 

Ryle and Porter, 1959). 

12.3.1 The amino -terminal amino acid residue of pepsin. 

In contrast to the findings of Van Vunakis and 

Herriott (1957) and Heirwegh and Edman (1957), it has 

been reported by ',dilliamson and Passman (1952) that the 

N- terminal residue of pepsin is occupied by a residue of 

leucine, and in order to clarify the point it was 

decided to submit a sample of chromatographed pepsin to 

the sama N- terminal analysis as had shown leucine to 

occupy the N- terminal position in pepsin D. 

Two dimensional chromatography using the t -amyl 

alcohol and the 1.5 Iv1 phosphate solvent systems again 

showed that the main DNP -amino acid released on hydro- 

lysis was derived from one of the leucines but, in this 

case also, there was contamination by other DNP -amino 

acids, notably those derived from aspartic and glutamic 

acids, and from valine. 

Chromatography on a thin layer of Kieselgel G 

showed the bulk of the material in the main spot to 

migrate with the same mobility as DNP -isoleucine in the 

solvent system of Brenner et al. (1963), but a small 

amount migrated with the mobility of DNP -leucine. 
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The findings related above are therefore in support 

of the claim of Van Vunakis and Herriott that the N- 

terminal amino acid residue of pepsin is isoleucine, but 

they also show that pepsin D and pepsin differ in their 

N- terminal amino acid residues. The difference 

between the two leucine isomers is, of course, small 

and it will be shown subsequently that it is only small 

differences which can be detected between pepsin and 

pepsin D. 

12.11- Determination of the carboxyl terminal amino acid 

residue of pepsin D. 

Pepsin D was subjected to the action of carboxy- 

peptidase in exactly the same manner as was described 

for pepsinogen D. In this case, however, equal amounts 

of three amino acids were released after two hours of 

digestion. One of these was alanine and the others 

appeared to be valine and one of the leucines, and each 

of them was released in an amount which indicated that 

one mole of each would be released from about 35,000 g. 

of the enzyme. Nhen the digestion was continued for 

a further twenty hours the amounts of these amino acids 

did not increase and there appeared to be only a slight 

release of an amino acid which could have been either 

tryptophan or methionine. 

Thus, there was a much more rapid release of amino 

acids than was found with pepsinogen D and it seems 

probable that this indicates that pepsin D is more 

readily denatured by heat or by the pH of the digestion 
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mixture than is its zymogen. 

In order to identify the amino acid which occupied 

the carboxyl terminus, the experiment was repeated and 

samples were withdrawn from the reaction mixture at the 

time of mixing, and at intervals of 10, 25 and 4-0 

minutes thereafter. In this case alanine was the first 

amino acid to be released and it was followed by one of 

the leucines but, even after 4.0 minutes, there was no 

sign of the release of valine. 

It can be concluded, therefore, that the carboxyl 

terminal amino acid sequence in pepsin D is 

Val. 
I- leu.Ala000H, 

and this sequence could be 
Leu 

identical with the sequence Val.Leu.Ala000H found 

by Van Vunakis and Herriott (1962) in both pepsin and 

pepsinogen. 

The carboxyl terminal sequence in pepsinogen D 

could be identical with that found in pepsin D, and this 

could be taken, as in the case of pepsinogen, as an 

indication that the enzyme formed after activation of the 

zymogen occupied the carboxyl terminal position in the 

zymogen molecule. 

It might also be noted, however, that Russian 

workers are of the opinion that valine occupies the 

penultimate position in the peptide chains of both 

pepsin and pepsinogen (Stepanov and t4.44epi, 1963; 

Orckhovi ' rte 1956). 

12.5 The pH optimum of pepsin D. 

The optimum pH for the activity of pepsin is around 
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rr 
pH 2 (Northrop1922- 2gbut there have been claims for 

the existence in gastric juice of a second enzyme, 

gastric cathepsin, which has a pH optimum about pH 3.5. 

The question of the existence of gastric cathepsin is 

still in a state of flux (see Glass, 1964) and it was 

therefore of interest to determine the pH optimum for 

the action of pepsin D. 

12.5.1 The optimum pH for the action of pepsin D on 

haemoglobin. 

These determinations were conducted in a manner 

based on the routine haemoglobin assay. The pH of the 

reaction mixture was varied, however, by alteration of 

the concentration of hydrochloric acid used to acidify 

the haemoglobin, and the reaction was stopped after 

varying time intervals in order to obtain the initial 

velocity of the reaction. 

The pH of the reaction mixtures was determined on 

control solutions prepared with a sample of the enzyme 

which had been denatured by heating in a boiling water 

bath for fifteen minutes. One volume of this enzyme 

solution was mixed with an equal volume of hydrochloric 

acid and four volumes of a 2.5% (w /v) solution of 

haemoglobin and the pH of the resulting mixture was 

determined with a Pye (model 605) pH meter. 

Having found the pH of the reaction mixtures, it 

was necessary to determine the initial velocity of the 

action of pepsin D at each pH and this was done in the 

following manner. 
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Fig. 45. The effect of pH on the digestion of haemoglobin by pepsin D. 



TABLE VIII. The pH optimum for the action of pepsin D 

on haemoglobin. 

pH of 

assay 
solution 

N of Normality 
HC1 used 
to acidify 

haemoglobin 
solution 

Slope of the 

line relating 
E280 of 
trichloracetic 
acid filtrate 
to digestion 

time. 

Slope 
expressed 

as a 
percentage 

of that 
at pH 2.16 

1.25 1.00 0.166 53.8 

1.55 0.50 0.261 85.7 

1.82 0.30 0.303 98.4 

1.87 0.25 0.303 98.- 

2.16 0.20 0.308 100 

2.32 0.15 0.302 98.2 

3.10 0.10 0.182 59.1 

3.85 0.05 0.033 10.7 
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Fig. 44. The course of digestion of haemoglobin by pepsin D 

at different pH values. 
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A 2.5% (w /v) solution of haemoglobin was acidified 

with hydrochloric acid and brought to 35.5° in a water 

bath. Duplicate 1.0 ml. samples of this solution were 

added to duplicate 0.2 ml. samples of a solution of 

pepsin D and the reaction was allowed to proceed for one, 

two or three minutes before being stopped by the 

addition of 5 ml. of 4% (ww) trichloracetic acid. 

The precipitated protein was removed by filtration 

through Whatman No. 3 filter paper and the extinction of 

the filtrate at 280 mµ was read in the Unicam SP 500 

spectrophotometer. Blank values were obtained by 

addition of the trichloracetic acid to the enzyme prior 

to the addition of the substrate and the mean value for 

the blank was subtracted from the mean value of the 

extinction obtained after digestion for one, two or 

three minutes. Plotting the net value for the 

extinction against the time of digestion showed the 

linear course of the reactions at all the pH values 

studied and the course of the reaction at three 

different pH values is shown in Fig. 41+. 

The slopes of the lines obtained at different pH 

values are given in Table 8 and the resulting pH- 

activity curve is shown in Fig. 4+5 where it can be seen 

that the pH optimum for the action of pepsin D on haemo- 

globin was pH 2.15. This is identical with the value 

found by Northrop (1922) for the action of pepsin on 

haemoglobin. 

The shape of the pH- activity curve was also similar 
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to that of Northrop although the fall off in activity 

on approach to neutral pH values is greater with pepsin 

D than it is with pepsin. This difference could be 

due to the fact that the measurement of extinction is 

a less sensitive criterion of small amounts of enzymic 

activity than is Northrop's method involving determina- 

tion of the release of amino nitrogen, and this idea 

is supported by the fact that Seijffers, Miller and 

Segal (1964) found no activity at pH 1+ when they 

determined the pH optima of human pepsins I, IIA, IIB 

and III by a technique similar to that used in the study 

of pepsin D. 

12.5.2 The optimum pH for the action of pepsin D on 

N- acetyl- L- phenylalanyl- L- di- iodotyrosine. 

The pH optimum for the action of pepsin on 

proteins is known to differ according to the substrate 

used for the study (Northrop,1922- 23;Buchs and 

Freundenberg, 1961) and similar(' variations have been 

found in the study of its action on synthetic substrates. 

Fruton, Bergmann and Anslow (1939) found optima of 3.8 

and 4.1+ for its action on benzyloxycarbonyl -L- glutamyl- 

L- tyrosine and benzyloxycarbonyl -L- glutamyl -L- phenylala- 

nine respectively, and Baker (1951) found an optimum 

pH of 2 for its action on N- acetyl- L- phenylalanyl -L -di- 

iodotyrosine. 

It was therefore of interest to determine the pH 

optimum for the action of pepsin D on a peptide 

substrate and as N- acetyl -L- phenylalanyl -L-di- 



TABLE IX. The pH optimum for the action of pepsin D 

on .APD. 

Slope of the line 

Normality of relating E570 of Slope 
pH of HC1 used 

the 
expressed as 

assay to acidify 
colour 
by the 

a percentage 
solution reaction produced 

digest to 
of that at 

mixture 
digestion 
time 

1.25 0.40 0.143 83.7 

1.52 0.20 0.158 92.4 

1.85 0.10 0.171 100 

2.10 0.05 0.158 92.4 

2.20 0.04 0.165 96.7 

2.45 0.03 0.169 98.8 

2.70 0.02 0.149 87.2 

3.85 0.01 0.106 62.0 

1.68 0.150 0.165 102.5 

1 .85 0.100 0.161 100 

1.98 0.080 0.157 97.5 

2.80 0.015 0.132 82.0 

6.00 0.008 0.029 18.0 
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iodotyrosine was the one used throughout this work, 

it was decided to use this substrate for the study. 

The method used was that of the routine assay except 

that the concentration of the hydrochloric acid was 

varied in order to obtain reaction mixtures of varying 

pH and that the reaction was stopped after one or after 

two minutes in order to determine the initial velocity 

of the reaction.. 

The pH of the reaction mixtures was first determi- 

ned by use of a solution of pepsin D which had been 

denatured by heating in a boiling water bath for 

fifteen minutes. A sample of this solution was mixed 

with half its volume of hydrochloric acid and with half 

its volume of the substrate solution (0.001 M APD in 

sodium hydroxide) and the pH of the resulting solution 

was measured with a Pye (model 605) pH meter. The 

concentrations of the hydrochloric acid used and the 

resulting pH values are shown in Table 9. 

The progress of the reaction at the different pH 

values was determined in the manner described in 

Section 5.3 except that the reaction was stopped after 

one or after two minutes. Blanks were prepared in the 

usual fashion and the ninhydrin colour was developed by 

heating in a boiling water bath for fifteen minutes. 

After dilution with 5 ml. of 60% (v /v) ethanol the 

extinction at 570 mp was read in the Unicam SP 500 

spectrophotometer. Blank values were duly subtracted 

and the net value of the extinction was plotted against 
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Fig. 46. The course of digestion of 

N- acetyl -L- phenylalanyl- L- di- iodotyrosine 

by pepsin D at different pH values. 
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the time of digestion. 

The progress of the reaction at three different pH 

values is shown in Fig. 1+6 and it can be seen that there 

was a slight deviation from linearity as the reaction 

proceeded. This deviation was not serious and it was 

decided to obtain an approximation to the initial 

velocity by drawing a regression line through the points 

obtained. Baker (1951+) noted a similar slight 

deviation from linearity in her studies of the action 

of pepsin on N- acetyl -L- phenylalanyl -L- tyrosine. 

This experiment was done in two parts and it will 

be seen from Table 9 that there was a slight difference 

in the slopes obtained at pH 1.85 in the two cases. 

It was decided, however, to consider the slope at this 

pH as representing 100% activity in both cases and the 

slopes of the lines found for other pH values were 

expressed as a percentage of the maximum found in each 

part. 

Fig. 47 shows a plot of the percentage of the 

maximal activity found at each pH value and it can be 

seen that the optimum pH appeared to lie close to pH 2. 

The suggestion of a maximum on either side of this 

value was not thought to be significant. 

Baker (1951) found that the pH optimum for the 

action of pepsin on this substrate was also at pH 2 but, 

the curves obtained with the two enzymes differ in the 

activity shown at pH values greater than the optimum. 

The fall off in activity is much steeper in the case of 
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pepsin where Baker found it to fall almost linearly 

from the maximum to a value of less than twenty per 

cent. at pH 4. Pepsin D, on the other hand, still 

exhibited sixty per cent. of its maximal activity at 

this pH and, indeed, still exhibited twenty per cent. 

activity at pH 6. 

The shape of the curve in Fig. ¿47 is similar to, 

although broader than that shown by Northrop (1922) for 

the action of pepsin on haemoglobin. 

It can be concluded that pepsin D acts in a manner 

similar to pepsin in its behaviour toward both haemo- 

globin and the synthetic substrate but that it retains 

a greater part of its activity toward the synthetic 

substrate as the pH is raised toward neutrality. 

12.6 The specific activity of pepsin D. 

An aqueous solution of pepsin D was prepared 

(about 2 mg /ml.) and the nitrogen content of the 

solution was determined in the manner described for 

pepsinogen D. Quadruplicate titrations to determine 

the ammonia formed during the digestion were in good 

agreement at 1.50, 1.50, 1.52 and 1.56 ml. of 0.01 N 

hydrochloric acid, and the mean value of 1.52 ml. was 

used to calculate the nitrogen content. A result of 

0.213 mg.N /ml. was obtained. 

The enzyme solution was also assayed against both 

haemoglobin and the synthetic substrate as described in 

Sections 5.2 and 5.3 and values of 43.5 mPUP /ml. and 

4$.0 mpD /ml. were found. These figures lead to 



108. 

specific activities of 0.20 PUS /mg.N and 0.23 PO 

mg. N. 

The specific activity of 0.20 PUHb/mg.N is close 

to the 0.18 PU 
H 

/mg.N found by Anson and Mirsky (1932) 

for the action on haemoglobin of pepsin which had been 

crystallised five times, and it will be noted that, in 

contrast to the findings with pepsinogen D, the specific 

activity of pepsin D was almost the same numerically, 

irrespective of which substrate was used for the assay. 

12.7 The activity of a solution of pepsin D as 

determined by various assay procedures. 

An aqueous solution of pepsin D was prepared 

(1 mg /ml.) and assayed against haemoglobin and the 

synthetic substrate in the manner described in Sections 

5.2 and 5.3. The activities were found to be 24.6 mPU 

Bb/Ml. and 23.2 mPUAPD /ml. and it is probable that these 

two values are not significantly different, within the 

experimental error of the methods. When this solution 

was assayed by the standard milk clotting technique it 

was found to have an activity of 66.6 PURen 

The gelatin liquifying activity was determined 

against a sample of gelatin (lot 141) gifted by Mr A.G. 

Ward, of the British Gelatin and Glue Research Associa- 

tion, to Dr A.P. Ryle. 

The method used was that of Ryle and Porter (1959), 

in which 0.3 ml. of the enzyme solution (diluted 1 to 2 

with 0.2 M acetate buffer pH 5.6) was mixed in a boiling 

tube with 15 ml. of a 2.5% (w /v) solution of gelatin and 
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filtered through a sintered glass disc (Pyrex SF1g1) 

into an Ostwald viscometer which had a flow time for 

water tF (T1 0) of 27.07 seconds. All the solutions 
2 

and glassware had previously been equilibrated in a 

water bath at 35.5° and over the next hour the viscosity 

at this temperature was determined at intervals of five 

to ten minutes. 

The flow times at various intervals after mixing 

the enzyme and substrate are plotted in the graph shown 

in Fig. 48 and from this it was ascertained that the 

flow times at the time of mixing (T0) and at twenty -five 

minutes thereafter (Ti) were 61.15 and 60.06 seconds 

respectively. 

In this case one unit of enzymic activity (Peel 

V 
) is defined as the amount which, in 5.2 ml. of the 

reaction mixture, will cause a one per cent. fall in the 

reduced viscosity in one minute and it is conveniently 

found by substitution in the equation of Northrop (1932). 

PUGel 
V- 100(To - Tt) 

t (To - TH2O) 

10061.15-60.06 
- 2561.15 - 27.08 

4.36 

= 34.07 

= 0.128. 

This value gives an activity of 2.56 PUel 
V - 

/ml. 

In general, the activities found above are in 

agreement with the values found for pepsin by Ryle and 
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, and, in particular, the activities 

against haemoglobin and the synthetic substrate 

(25 mPU /mg. and 23 mPUA 
h 
D /mg.) are in good agreement 

with their value of 23 mPU /mg. for both substrates. 

In its activity against gelatin, pepsin D gave a 

value of 0.1 for the ratio PUGel 
V / /PUNb and this is 

much more close to the ratio of 0.15 reported for pepsin, 

than it is to the values of 12.1 and 2.5 reported for 

pepsin B and pepsin C respectively (Ryle and Porter, 

1959) . 

The ratio PU(eri /mPUNb for pepsin D is 2.7 and 

although this is somewhat higher than the value of 1.2 

found for pepsin by Ryle and Porter, it should be borne 

in mind that the conditions used in the milk clotting 

assay with pepsin D were slightly different from those 

used with pepsin. As a chéck on the difference, how- 

ever, a sample of pepsin was assayed both by the haemo- 

globin method and under the new conditions of the milk 

clotting assay, but the ratio found in this case was 

still only 1.4. It would appear, therefore, that 

there is a real difference in the milk clotting 

abilities of pepsin and pepsin D, but this was the only 

significant difference which was found. 

At the request of Dr F.S. Steven of the University 
Ì 

of St. Andrews, a sample of pepsin D was sent to him in 

order that he could study its ability to reduce the 

viscosity of soluble calf skin collagen. The enzyme 

sent to him was obtained by the controlled activation of 



pepsinogen D and he found that this enzyme was more 

efficient than any of the other enzymes of the pig 

stomach in reducing the viscosity of soluble collagen, 

although it could not be classed as a collagenase 

(Steven, 1963). 

The difference in the abilities of pepsin and 

pepsin D to reduce the viscosity of soluble collagen 

and to clot milk are no doubt based on differences in 

the specificity of the two enzymes and it could be that 

this is the functional significance of the synthesis of 

a small amount of pepsinogen D in the gastric mucosa of 

the pig. 

12.8 Digestion of the B -chain of oxidised insulin by 

pepsin D and by pepsin. 

A sample of the B -chain was prepared by oxidation 

of 500 mg. of six times recrystallised insulin (Lot CBI 

)+21+5LL, kindly gifted by Boots Pure Drug Co. Ltd.), with 

10 ml. of performic acid which had been prepared by 

mixing 9 ml. of formic acid and 1.0 ml. of 3c (w /v) 

hydrogen peroxide and allowing the mixture to stand at 

room temperature (19 °) for ninety minutes. 

The oxidation was allowed to proceed for one hour 

at room temperature before separation of the two chains 

on a column of DEAE -Sephadex A50 according to the method 

of Fitkau (1963). The chains were then precipitated 

from the effluent fractions by the addition of a 50;, 

(v /v) mixture of ethanol and ether, washed by centrifu- 

gation in absolute ether and dried in air. The yield 
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of the B -chain was 68 %, and its high purity was 

confirmed when the use of 1- fluoro -2,4- dinitrobenzene 

showed phenylalanine to be the only N- terminal amino 

acid which was present in the preparation. 

The B -chain was dissolved in 0.02 IAN hydrochloric 

acid to a concentration of 10 mg /ml. and 1 ml. of this 

solution was diluted with an equal volume of an aqueous 

solution of either pepsin or pepsin D which contained 

0.34mPUBb/ml. The pH of the solutions was checked as 

being close to two with indicator paper, and they were 

then incubated in a water bath at 35.5° for three hours. 

At the end of the digestion period the reaction 

mixtures were frozen and dried from the frozen state 

under vacuum. The dry residues were dissolved in the 

formic acid and applied as a 7 cm. streak to a strip 

of Whatman No. 3MM paper for high voltage electrophor- 

esis in a pyridine /acetic acid /water (1004/1900, by 

volume) buffer of pH 6.5. 

In this case, the electrophoresis apparatus used 

was that described by Ryle, Sanger, Smith and Kitaì 

(1955) and, after the electropherograms had been dried, 

guide strips were cut from the edge of the paper and 

were stained with a 0.25, (w /v) solution of ninhydrin 

in ethanol which also contained 0.1% (v /v) pyridine. 

A diagram of the ninhydrin staining bands is shown 

in Fig. 49 and it is seen that seven bands could be 

identified. The patterns obtained were similar to 

those obtained by Ryle and Porter (1959) for pepsin, 
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except that band C appeared to have split into two and 

there was no obvious separation of bands G and H. The 

guide strips were used to cut the bands from the 

unstained part of the paper and it was decided to 

divide the fastest anodically moving band into two 

equal parts. The peptides were obtained in solution 

by overnight elution into 5 ml. of 1.0 N acetic acid. 

2 ml. samples of the acetic acid solution of the 

peptides were taken to dryness in vacuo at ¿0° and the 

residues were taken up in 0.2 ml. of 5.7 N hydrochloric 

acid for hydrolysis at 105° for eighteen hours. 

The hydrolysate was then applied directly to a 

sheet of ';5hatman No. 1+ chromatography paper and 

subjected to chromatography with the solvent system 

butanol /acetic acid /water (12600200/540, by volume). 

After the solvent front had moved about forty centi- 

metres, the paper was removed from the tank, dried at 

about 80 °, and subjected to chromatography in the 

second direction using the solvent system 80% (w /v) 

phenol /0. ammonia. From the behaviour of authentic 

samples of amino acids in these two chromatographic 

systems, it was possible to identify most of the amino 

acids present in each peptide, and from the known amino 

acid sequence of the B -chain of oxidised insulin, it 

was possible to deduce the structure of the peptides 

which had been separated by electrophoresis. There 

appeared to be no difference in the peptides obtained 

from pepsin and from pepsin D and the probable 
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structures of the peptides obtained are shown in 

Table 10. 

This experiment was repeated in the manner 

described above, except that digestion of the B -chain 

was allowed to proceed for twenty hours and, in order to 

inhibit bacterial growth, a trace of thiomersal was 

added to the digestion mixture. 

A diagram of the ninhydrin stained bands of guide 

strips is also shown in Fig. 49 and it can be seen that 

there was a great deal of similarity between the 

peptides obtained after three and after twenty hours of 

digestion. The probable structures of the peptides 

obtained are shown in Table 11 and it would appear that 

the only major difference between the two patterns was 

the appearance of band D with increased time of 

digestion. 

A control reaction mixture, which did not contain 

any enzyme, was also incubated for twenty hours, and 

after it was subjected to electrophoresis, ninhydrin 

staining showed the presence only of a heavily stained 

band at the origin and a faint band which migrated with 

the mobility of band E. It would appear, therefore, 

that even after twenty hours incubation, the B -chain has 

been subjected to only a small amount of acid hydrolysis. 

It will be seen that it was not possible to detect 

any difference between the specificity of pepsin D and 

that of pepsin, and almost all of the bonds found to 

be split were in agreement with the findings of Sanger 
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of the pepsin molecule and it was of interest to 

discover whether pepsin D behaved in the same manner. 

In both of the aforementioned studies the 

solutions were not buffered. The pH was adjusted 

simply by the use of sodium hydroxide and this proce- 

dure is open to the criticism that, on mixing, the 

pepsin molecule would be subjected locally, to pH values 

which were much higher than those of the final solutions. 

In the work with pepsin D, therefore, the pH was main- 

tained by the use of 0.1 M phosphate buffers whose 

ionic strength had been brought up to 0.1 by the 

addition of sodium chloride. 

The procedure used in this experiment was the same 

as that described for the study of the alkali stability 

of pepsinogen D. 

For the determination of the residual activity 

against haemoglobin 0.2 ml. of the buffer solution was 

brought to 35.5° in a water bath and to it was added 

0.2 ml. of a solution of pepsin D which had been brought 

to the same temperature. After incubation for ten 

minutes there was added 2.0 ml. of an acidified 

solution of haemoglobin and the mixture was incubated 

for a further ten minutes. At the end of this time 

the reaction was stopped by the addition of 10 ml. of 

a 4% (w /v) solution of trichloracetic acid and the 

precipitated protein was removed by filtration through 

a piece of 'Whatman No. 3 filter paper. The extinction 

of the filtrate at 280 mp was read in the Unicam SP 500 
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Fig. 50. The stability of pepsin D at pH values approaching 
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TABLE XII. Buffers used in the study of the stability 

of pepsin D at pH values approaching neutrality and the 

concentration of acid used in the assay procedures. 

0.2 M Phosphate Buffers 

pH 
Ionic Strength 
assuming a pK 

of 7.2 

Conc. of NaC1 
to bring 
I to 0.2 
(m of ark 

Normality 
of HCl 
for Hb 
assay 

Normality 
of HCl 
for :APD 
assay 

5.7 0.106 0.091+ 0.352 0.153 

6.o 0.112 0.088 0.353 0.156 

6.2 0.118 0.082 0.355 0.159 

6.3 0.122 0.078 0.356 0.161 

6.4 0.128 0.072 0.357 0.164 

6.5 0.134 0.066 0.358 0.166 

6.7 0.148 0.052 0.362 0.174 

7.0 0.178 0.022 0.369 0.189 

7.2 0.200 - 0.375 0.200 



117. 

spectrophotometer and, after subtraction of the blank 

value, this was converted into proteolytic units by 

reference to the standard curve prepared with a solution 

of pepsin in water (Fig. 1). 

The residual activity against the synthetic 

substrate was determined by adding 0.25 ml. of the 

enzyme solution to 0.25 ml. of the buffer solution and 

incubating at 35.5e for twenty minutes. At the end of 

this time the solution was acidified by the addition 

of 0.25 ml. of hydrochloric acid and twenty seconds 

later 0.25 ml. of the substrate solution was added. 

Any reaction was allowed to proceed for twenty minutes 

before being stopped by the addition of 1.0 ml. of the 

ninhydrin reagent. 

The ninhydrin colour was developed by heating in a 

boiling water bath for fifteen minutes and, after 

dilution with 5 ml. of 60% (v /v) ethanol, the extinction 

at 570 mµ was read in the Unicam SP 500 spectrophoto- 

meter. These extinctions were converted into proteo- 

lytic units by reference to the standard curve shown in 

Fig. 2. 

The concentrations of the hydrochloric acid 

solutions used to acidify the haemoglobin solutions in 

the first case and the buffered enzyme solutions in the 

second case are shown in Table 12. 

The residual activities at various pH values 
are 

shown in Fig. 50 and it can be seen that there was only 

a slight fall in the activity on exposure 
to pH 6.3 and 
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in this behaviour pepsin D is similar to pepsin. Above 

this pH there was a very rapid denaturation of pepsin D 

and there was no residual activity after exposure to 

pH 7 for ten minutes. 

In the two investigations mentioned previously, 

pepsin retained a considerable part of its activity at 

pH 7 but it seems probable that this does not represent 

a real difference between pepsin and pepsin D as the 

ionic strength, temperature and time of incubation were 

greater in the present work than they were in the studies 

made with pepsin. 

It is also interesting to note that the residual 

activity was the same irrespective of whether it was 

determined by the use of haemoglobin or by the synthetic 

substrate and in this respect the behaviour of pepsin D 

is different to that of its zymogen, where the residual 

activity toward the synthetic substrate was much greater 

than against haemoglobin. 

12.10 The phosphorus content of pepsin D. 

Having shown that pepsinogen D did not contain any 

phosphate which was bound in phosphodiester linkage it 

was necessary to determine the phosphorus content of the 

pepsin D which had been isolated from commercial prepa- 

rations of pepsin. 

The method of preparation of commercial pepsin 

probably does not involve the exposure to large amounts 

of phosphate anions and, as it is not exposed to 

phosphate during our chromatographic isolation, the 



control pepsin 

pepsin + phosphatase B 

control pepsin D 

pepsin D + phosphatase B 

Fig. 51. Haemoglobin staining of the enzy-micallk active 'proteins after 
electrophoresis of samples of the reaction mictures for 12 hr. 
at 3.5 V /cm. in a starch gel prepared with 0.05 M citrate 
buffer pH 3.2. Electirode vessels contained 1.0 M citrate 
buffer pH 3.2. 



TABLE XIII. The phosphorus content of pepsin D. 

µmoles of 
Weight of pepsin D Phosphorus 
pepsin D assuming content g-atoms/mole 

mg. an M.W. 
of 35,000 

(µg-atoms) 

3.4 0.097 0.030 0.31 

4.4 0.126 0.035 0.28 
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phosphorus content of our freeze dried Pepsin D should 

be minimal. 

The method used for the determination of phosphorus 

was exactly the same as that described for pepsinogen D 

and the results obtained are shown in Table 13. 

It is seen that, on a molar basis, the phosphorus 

content of pepsin D was less than that of pepsinogen D 

but there was sufficient phosphate there for about one 

third of the enzyme molecules to be phosphorylated. 

However, from the results of electrophoresis in starch 

gel, there could not be contamination with pepsin to the 

extent of thirty per cent., and it seems that this 

simply represented inorganic phosphate which was 

avidly bound to the enzyme. In order to throw further 

light on this matter, however, it was decided to subject 

pepsin D to the action of phosphatase B. 

12.11 The action of phosphatase B on p epsin D. 

In exactly the same manner as described for 

pepsinogen and pepsinogen D, samples of pepsin and 

pepsin D were exposed for twenty -four hours at 37° to 

the action of the phosphatase B prepared by Dr A.P. Ryle 

arid, at the end of this time, samples of the solutions 

were applied to pieces (0.1+ cm. by 1.0 cm.) of -hatman 

No. 3 filter paper and inserted into a block of starch 

gel prepared with 0.05 Prï citrate buffer pH 3.2. The 

enzymes were subjected to electrophoresis in the usual 

manner and the gel was stained by the haemoglobin stain. 

A photograph of the stained gel is shown in Fig. 51 and 
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it is seen that after incubation with the phosphatase, 

pepsin was almost completely converted into a form with 

a mobility identical with that of pepsin D. On the 

other hand, the mobility of pepsin D was completely 

unaffected by the incubation. 

It is thus interesting to note that the result of 

incubation of pepsin and pepsin D with the phosphatase 

is exactly what would be expected from the knowledge of 

their respective zymogens and the conclusion can be 

drawn that pepsin D is probably not phosphorylated, and 

that it migrates on electrophoresis in starch gel at 

pH 3.2 with the same mobility as dephosphopepsin. 
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13. DISCUSSION ON STUDIES VQITH PEPSIN D 

Electrophoresis in starch gel at pH 3.2 indicated 

that pepsin D was present in all commercial preparations 

of pepsin but it was not possible to isolate this enzyme 

by chromatography on DEAE- cellulose, in either the 

acetate or the chloride form, at pH 4.0. It would 

have been desirable to try to isolate it by means of 

chromatography at a higher pH but there was no 

indication that this would have been successful, and it 

was for this reason that a lower pH was chosen. 

Section 10.2 shows that it was not possible to 

isolate pepsin D by chromatography at pH 3.2 either, 

except when the DEAE- cellulose was in the chloride form 

and although this seemed strange at first, it can be 

explained by assuming that the DEAE-cellulose removes 

chloride ions from the effluent of the mixing vessel 

until it is completely converted into the chloride 

form. Evidence for the withdrawal of chloride is 

found in the paper of Pyle and Porter (1959) where they 

show that the initial effluents from a column of DEAE- 

cellulose in the acetate form do not contain any 

chloride but, that the chloride suddenly increases to 

approach very closely the theoretical amount expected 

from the gradient applied. In the case of chromato- 

graphy at pH 3.2 this increase must be to such a 

concentration as will elute pepsin as well as pepsin D, 

and this will not allow the separation of the two 

enzymes. 
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The use of pH 3.2 for the chromatographic 

isolation of pepsin D made it possible that pepsin D 

was an artefact of the isolation procedure. This was 

unlikely as the procedures used for the crystallisation 

of pepsin involve exposure to pH values lower than 3, 

but the possibility was checked, and it is seen from 

Figs. 36 and 37 that neither pepsin nor pepsin D was 

changed into a chromatographically distinct enzyme 

during the exposure to pH 3.2. 

Gel filtration of pepsin D on a column of 

Sephadex G75 showed, as expected, that the enzyme was 

free from contamination by non -enzymic proteins, and 

starch gel electrophoresis at pH 3.2 showed that there 

was usually no contamination by pepsin. The fact that 

pepsins B and C are much less acidic than pepsin or 

pepsin D makes it unlikely that there was contamination 

by either of these enzymes although they were not looked 

for by electrophoresis in starch gel. 

The concept of pepsin D as a pure protein was 

shattered, however, when it was discovered (Section 

12.3) that it contained appreciable amounts of N- termina 

amino acids other than leucine. It was possible that 

some of these arose from molecules of pepsin D which 

had been subject to autolysis but, in view of the 

amounts which were found, it would appear that there 

was also contamination by small peptides or amino acids 

in spite of the fact that these appeared to have been 

removed by gel filtration. 
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This spectrum of amino acids found on N- terminal 

analysis may also have some relationship to the small 

differences between the fingerprints obtained from 

pepsin D and from the enzyme produced by controlled 

activation of pepsinogen D. 

The present finding of leucine in the N- terminal 

position of pepsin D is not in agreement with our 

preliminary observation that it was a valine residue 

which occupied this position (Lee and Ryle, 1963). It 

is not possible to offer any explanation for this 

discrepancy other than to say that the zymogen may have 

been partly activated by dialysis against distilled 

water before exposure to pH 2, but the fact that 

leucine has always been found subsequent to this single 

observation is taken as indicating that leucine is the 

true N- terminal amino acid of pepsin D. 

The fact that the C- terminal amino acid sequence 

could be identical in pepsinogen D and pepsin D makes 

it seem likely that pepsinogen D is activated by 

removal of peptides from the N- terminal part of the 

zymogen molecule, and while pepsinogen D may be 

identical with dephosphopepsinogen, the fact that 

pepsin and pepsin D have different N- terminal amino 

acids makes it impossible for pepsin D to be identical 

with dephosphopepsin, even although it was shown in 

Section 12.11 that pepsin D is probably not phosphory- 

lated. The difference in N- terminal amino acids is 

not, however, at variance with the conclusion of 
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Perlmann (1958) that the removal of phosphate from 

pepsin rendered it more liable to autodigestion. 

The lack of any detectable difference between the 

specificity of pepsin and pepsin D (as judged from the 

results of digestion of the B -chain of oxidised insulin) 

made it seem unlikely that the active centre of pepsin 

D differed from that of pepsin and this was confirmed 

when it was found that the activity ratios for the 

action of pepsin D on a number of substrates were 

similar to the published values for pepsin. There was 

a difference in the ability of the two enzymes to clot 

milk, however, and the fact that pepsin D was twice as 

active as pepsin leads one to wonder whether there is 

any connection between pepsin D and rennin, although 

the latter enzyme is not supposed to occur in the 

gastric juice of adult animals. 

The pH optimum for the action of pepsin D was 

determined only on haemoglobin and the synthetic 

substrate, but the fact that it lay close to two in 

both of these cases was a good indication that this 

enzyme has no relationship to gastric cathepsin. 

The retention of a considerable amount of activity 

against the synthetic substrate at pH 1+ emphasises the 

effect which substrate binding groups can have on the 

activity of an enzyme, and it would appear that the 

properties of the groups which bind proteins to the 

active centre of pepsin D are quite different from those 

which are involved in the binding of a small molecule 
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si ch as APD. 

In the studies on the stability of pepsin D at pH 

values approaching neutrality, the activity against 

both haemoglobin and the synthetic substrate decrease 

in a regular fashion and it would appear that, in this 

case, we were observing the disruption of the active 

centre of the enzyme rather than the disruption of 

substrate binding sites. 

In conclusion, it may be said that the similarity 

between pepsinogen and pepsinogen D is also reflected 

in their respective enzymes, although the greater 

ability of pepsin D to clot milk and to liquefy 

collagen could indicate some functional significance 

for the existence of pepsinogen D in the gastric mucosa 

of the pig. 



STUDIES ' IITH PEPTIDE INHIBITORS 



TABLE XIV. Inhibition of the milk clotting activity 

of pepsin D by the pepsin inhibitor. 

Amount of 
enzyme 
present 
pURen 

Activity observed after 
incubation with 0.38 g. 

of the inhibitor. 
PURen 

Percent age 
inhibition 

0.238 

0.1 24- 

0.194_ 

0.104+ 

23 

19 
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THE STUDY OF PEPTIDEE II;HIBITORS 

In 1941, Herriott isolated one of the peptides 

liberated during the activation of pepsinogen and 

showed that it possessed inhibitory activity towards 

pepsin. Ryle and Porter (1959) observed that this 

peptide could inhibit the milk clotting activity of 

pepsin C, although it had no activity toward pepsin B, 

and it was of interest to determine whether it had any 

influence on the activity of pepsin D. 

14.1 Inhibition of pepsin D by the pepsin inhibitor. 

The inhibitor used in this experiment was a gift 

from Professor R. Herriott to Dr A. P. Ryle. It had 

been stored in the cold for some years as a solution of 

100 

. 

/mi. in glycerol and before use it was diluted 

with water to give a concentration of 1.52 j, /ml. 

The inhibitory effect was assessed by determination 

of the milk clotting activity of 0.25 ml. of a solution 

of the enzyme after it had been allowed to incubate for 

twenty minutes at 35.5° with 0.25 ml. of the diluted 

inhibitor solution. This was done twice, in the first 

case the molar inhibitor /enzyme ratio was about three, 

and in the second case it was about six. 

The results are shown in Table 14- and it would 

appear that there was no significant difference in the 

percentage inhibition observed in the two cases. This 

was the sort of result which might be expected when 

there was an excess of the inhibitor but, as a precau- 

tion, it was confirmed that the inhibition was 
not due 



TABLE XV. Inhibition of the milk clotting activity 

of pepsin and pepsin D by the pepsin inhibitor. 

Ì 

Enzyme 

Activity 
expected 

from assay 

PURen 

Activity found 
after incubation 
with 2.5 L of 
inhibito 

Percentage 
inhibition 

Pepsin D 

Pepsin 

0.)1)i11 0.244 

0.228 

45 

40 0.381 
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to the glycerol present in the inhibitor solution. 

Having shown that the inhibitor arising from 

pepsinogen had the ability to inhibit pepsin D it was 

of interest to compare the extent of this inhibition 

with that found with pepsin. 

1L1.2 Comparison of the inhibition of pepsin and 

pepsin D by the pepsin inhibitor. 

As in the previous experiment, 0.25 ml. samples of 

the enzymes were incubated for 20 minutes at 35.5° with 

0.25 ml. of a diluted inhibitor solution (10 ] /ml.) and 

assayed in the usual manner. Q 

The results are shown in Table 15 and it would 

appear that there was no significant difference in the 

extent of the inhibition observed with the two enzymes. 

The extent of the inhibition of pepsin D, however, has 

increased to forty -five per cent., and, as the molar 

ratio of inhibitor to enzyme has been increased to 

about ten, it now appears that the extent of the 

inhibition may, in fact, be dependent on the amount of 

inhibitor which is present. 

We have thus seen that the inhibitory peptide from 

pepsinogen inhibits pepsin and pepsin D to the same 

extent and the question naturally arises as to whether 

the activation of pepsinogen D would produce an 

inhibitor, and whether this inhibitor would inhibit 

both pepsin and pepsin D to the same extent. 

11+.3 The liberation of an inhibitory peptide on 

activation of pepsinogen D. 

Twenty -three mg. of pepsinogen D were dissolved in 
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on a column of Sephadex G50 (24 cm. by 4.8 cm. diam.) which was packed 
in 0.1 M acetate buffer pH 5.6 which was 0.1 M with respect to sodium 
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of the ninhydrin colour produced by the peptides 

of activation. 
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3 ml. of water and the pH of the solution was brought 

down to 1.3 by the addition of 3 ml. of 0.12 N hydro- 

chloric acid. This pH is close to the optimum found 

by Herriott (1939) for the transformation of pepsinogen 

into pepsin and it was maintained for five minutes at 

room temperature before being raised to pH 4.2 by the 

addition of 0.67 ml. of 1.0 M acetate buffer pH 5.6 

which was 1.0 M with respect to sodium chloride. 

The products of activation of pepsinogen D were 

then applied to the top of a column of Sephadex G50 

which had been packed in 0.1 M acetate buffer pH 5.6 

which was 0.1 M with respect to sodium chloride and the 

chromatogram was developed using this buffer. The 

result is shown in Fig. 52 where it can be seen that 

there was eluted first of all, a peak of material which 

showed milk clotting activity and was completely 

excluded from the gel bed. The ratio of extinction at 

280 mµ to the milk clotting activity was approximately 

the same in all of the fractions in this peak and this 

is a fairly good indication that there was no zymogen 

left at the end of the five minute activation period. 

The extinction of the fractions at 280 mp. showed 

that there were two extremely small peaks of material 

behind the enzyme peak and their existence was confirmed 

by use of the ninhydrin reagent. 1.0 ml. samples of 

these fractions were mixed with 1.0 ml. of the modified 

ninhydrin reagent of Moore and Stein (1954) and the 

colour was developed by heating in a boiling water bath 



TABLE XVI. Inhibition of the enzyme produced by 

activation of pepsinogen D by the peptides of activation. 

0.25 ml. of a solution of the enzyme in 0.1 M 

acetate buffer pH 5.6 which was 0.1 M with respect to 

sodium chloride was diluted with an equal volume of the 

same buffer and the activity of the solution was found 

to be 0.47 PORen 

The activities found when it was diluted with 

solutions containing the peptides of activation of 

pepsinogen D are shown below. 

Chromatogram 
fraction 
providing 
inhibitor 

Mean 
of two 

clot ting 

(min.) 

pUxen of 

solution 
of 

enzyme+ 
inhibitor 

Amount of inhibitor 

PURen 

15 2.42 0.41 0.47 -0.4 -1 = 0.06 

17 3.58 0.36 0.47 -0.36 = 0.11 

19 4.00 0.25 0.47 -0.25 = 0.22 

21 3.62 0.28 0.47 -0.28 = 0.19 

23 2.92 0.34 0.47 -0.34 = 0.13 

25 2.40 0.42 0.47 -0.42 = 0.05 

27 2.33 0.43 0.47 -0.43 = 0.04 

29 2.25 0.45 0.47 -0.45 = 0.02 

31 2.25 0.45 0.47 -0.45 = 0.02 

33 2.25 0.45 0.47 -0.45 = 0.02 

35 2.10 0.46 0.47 -0.46 = 0.01 

37 2.25 0.45 0.47 -0.45 = 0.02 
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for fifteen minutes. After dilution with 5 ml. of 

6c (v /v) ethanol, the extinction of the solutions at 

570 mil was read in the Unicam SP 500 spectrophotometer. 

The extinctions obtained are indicated in Fig. 52 and 

it can be seen that there were two peaks, but they have 

not separated completely. 

In order to find out which, if either, of those 

peaks possessed the ability to inhibit the milk clotting 

of pepsin D, 0.25 ml. of every second fraction was 

incubated for twenty minutes at 35.5° with 0.25 ml. of 

a suitable dilution of the enzyme from the fraction in 

the chromatogram showing the highest extinction at 

280 mµ. At the end of the incubation 5 ml. of milk 

solution was added and the time taken for the milk to 

clot was noted. 

The clotting times are shown in Table 16 and they 

have also been converted into milk clotting units. 

Subtraction of the activity found in the presence of 

the inhibitor from that found in its absence gave a 

measure of the inhibitor present in each fraction. The 

inhibitor activity is shown in Fig. 52 and it can be 

seen that the inhibitor peak emerged from the column 

between the enzyme peak and that formed by the peptides 

which appear to penetrate the gel bed completely. This 

behaviour would be expected from a molecule whose 

molecular weight is in the range 3000 to 10,000 and it 

is interesting to note that the molecular weight of the 

inhibitor obtained from pepsinogen was reported to be 

3,100 (Van Vunakis and Herriott, 1956). 



130. 

The inhibitory activity of the peptide towards 

pepsin was also determined in the manner described above 

and it was found that it inhibited pepsin to the same 

extent as it inhibited pepsin D. 
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15. DISCUSSION ON THE ACTION OF INHIBITORY PEP- 

TIDES ON PEPSIN AND PEPSIN D 

If pepsin D was closely related to dephosphopepsin, 

it was partly to be expected that it would be inhibited 

by the pepsin inhibitor. This was not, however, a 

foregone conclusion, as Herriott (1941) has shown that 

the inhibitor obtained from chicken pepsinogen had the 

ability to inhibit both swine and bovine pepsins 

although it could not inhibit chicken pepsin. This 

species difference may have resided in the enzyme 

molecule, however, as chicken pepsin could not be 

inhibited by the swine inhibitor either. 

It thus of interest to find that pepsin D was 

inhibited by the swine pepsin inhibitor, and the fact 

that it was inhibited to the same extent as pepsin 

would appear to be additional evidence in support of 

Perlmann's inference that the phosphate group is not 

concerned in the activity of pepsin (Perlmann, 1958). 

Perlma.nn found an indication that the phosphate 

tended to stabilise the pepsin molecule, and it was 

possible that dephosphopepsinogen would be activated in 

a different manner from pepsino gen. This possibility 

was rendered unlikely, however, when it was found that 

activation of pepsinogen D gave rise to peptide which 

inhibited both pepsin and pepsin D to the same extent. 
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16. GENERAL DISCUSSION 

It has been shown that pepsinogen D is present to 

the extent of 5 -10% of the zymogen content of extracts 

of the gastric mucosae of one or more pigs and, while 

the body region of the stomach is the main source of 

the zymogen, it is present in a slightly higher propor- 

tion in extracts of the pyloric region. There is, 

however, no reason to suppose that its synthesis is 

restricted to any one region of the stomach. 

The difficulties encountered in obtaining good 

chromatographic resolution of pepsinogen D were shown 

to be due to masking by large amounts of pepsinogen, 

but it was also shown in Section 6.4 that a large excess 

of pepsinogen D could prevent the chromatographic 

resolution of a small amount of pepsinogen and, while 

these findings were troublesome in the present work, 

they have further -reaching implications by rendering 

some doubt about the technique whereby small amounts of 

radioactive material are identified by their chromato- 

graphic behaviour in the presence of large amounts of 

non -radioactive carrier. However, the fact that the 

chromatographic resolution of pepsin D was not subject 

to masking by pepsin shows that masking is not a general 

feature of chromatography. 

Pepsinogen D appears to be identical with pepsino- 

gen except for the fact that it does not contain any 

phosphate which is bound in phosphodiester linkage but 

there is no report in the literature to indicate whether, 
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the phosphate is incorporated into pepsinogen as a 

phosphoseryl residue or whether it arises from the 

phosphorylation of dephosphopepsinogen. If the latter 

is correct, and if pepsinogen D is, in fact, dephospho- 

pepsinogen, then it appears that we have isolated an 

obligatory intermediate in the synthesis of pepsinogen. 

If phosphorus is incorporated as phosphoserine, 

however, it seems probable that pepsinogen D is an 

artefact produced by dephosphorylation of pepsinogen 

during the isolation procedure and, in this respect, 

it is of interest to note that there have been reports 

of the histological detection of an acid phosphatase 

in the gastric chief cells (Correia, Filipe and Santos, 

1963; Ragins, Dittbrenner, Diaz and State, 1964). 

However, the fact that pepsinogen D was always present 

in the same proportion irrespective of the time of 

extraction of the mucosae would appear to indicate that 

it is not an artefact of the isolation procedure. 

Ryle (personal communication) has also found 

pepsinogen D to be present in all samples of pig gastric 

contents which he has subjected to electrophoresis in 

starch gel at pH 3.2 and it would appear that pepsinogen 

D exists as such in the pig gastric mucosa and that it 

is secreted from the chief cells along with pepsinogen. 

If pepsinogen D is not identical with dephospho- 

pepsinogen, it could represent the result of an error 

in reading the messenger RNA which directs the synthesis 

of pepsinogen, but Loftfield (1963) has shown that there 
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is little error in reading the messenger in hen oviduct 

tissue. Alternatively, it could arise from catheptic 

digestion of pepsinogen but this also seems unlikely in 

view of the fact that the N- terminal and C- terminal 

amino acid residues are the same as those of pepsinogen. 

If pepsinogen D does have an amino acid sequence 

which is different from that of pepsinogen and if it 

is genetically controlled, it would be expected that the 

synthesis of the zymogen would confer some advantage 

over and above those obtained by the synthesis of 

pepsinogen, but it is seen that there were only a few 

indications that this was so, and even then, the 

apparent differences in the specificity of pepsin and 

pepsin D could have arisen simply as the result of 

dephosphorylation of the pepsin molecule. 

In agreement with the work of Perlmann (1958), on 

dephosphopepsinogen, there is no evidence to indicate 

that pepsinogen D is not activated in the same manner 

as pepsinogen, and the finding that the resulting 

enzymes have almost the same specific activities 

against haemoglobin and the synthetic substrate is also 

in accordance with her work. 

Perlmann did not report any extension of her studies, 

to the digestion of other substrates by dephosphopepsin 

and this is unfortunate, as it is in its milk clotting 

activity and in its ability to liquefy collagen that 

pepsin D differs most noticeably from pepsin. Pepsin D 

is more efficient in both of these activities, but it 
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seems doubtful as to whether this could indicate any 

survival advantage in the synthesis of pepsinogen D. 

The enhanced milk clotting ability of pepsin D 

immediately brings to mind rennin - the milk clotting 

enzyme of the fourth stomach of the calf. Rennin has 

a specificity which is similar to that of pepsin in 

its ability to digest the B -chain of oxidised insulin 

(Fish, 1957) and although its pH optimum and isoelectric 

point are higher than those of pepsin D it may be that 

these are species differences. Foltmam has recently 

shown that the amino acid composition and the molecular 

weights of rennin and prorennin are similar to those of 

porcine pepsin and pepsinogen respectively (Foltmann, 

196)+; Djurtoft, Foltmann and Johansen, 1964). 

Rennin is not supposed to occur in the stomachs of 

adult animals but this could be attributed to a 

variation in isozyme pattern with increasing age. 

Markert (1962) has shown the lactic dehydrogenase isozyme 

pattern of mouse kidney to change with increasing age 

and it might be interesting to study the relationship 

between rennin and bovine pepsin and also the amount of 

pepsinogen D in the stomach of the young pig. 

The definition of isozymes requires that they all 

have identical function and, although the substrate 

specificities of pepsin D and pepsin do not appear to be 

identical, it is probably justifiable to call pepsin D 

an isozyme of pepsin. 

The fact that the N- terminal amino acid of pepsin D 
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is not the same as that of pepsin indicates that pepsin 

D is not simply dephosphopepsin but the similarity in 

the electrophoretic mobility of the two enzymes in 

starch gel at pH 3.2 indicates that there can be little 

difference in their amino acid compositions. 

Perlmann (1958) found that dephosphopepsin was 

more subject to autolysis than was pepsin and it may be 

that the removal of phosphate from pepsinogen allows a 

slightly more extensive release of peptides from the 

N- terminal part of the molecule. However, the 

fundamental mechanism involved in the activation of 

pepsinogen D must be similar to that of pepsinogen as 

both processes result in the release of a peptide which 

inhibits pepsin and pepsin D to the same extent. 

It is also possible that the N- terminal leucine of 

pepsin D arises from the substitution of a leucine 

residue for the isoleucine residue which occurs in pepsin, 

and it should be noted that there could be a fairly 

large number of such substitutions before there was any 

noticeable effect on the chromatographic and electro- 

phoretic properties of the enzyme. 

In the light of the studies reported in this 

thesis, therefore, there would appear to be little 

point in studying pepsinogen D further than to confirm 

its apparent identity with dephosphopepsinogen and to 

clarify its relationship to prorennin. However, the 

very existence of the non -phosphorylated pepsinogen D 

makes one wonder as to how (and perhaps why) porcine 

pepsinogen is phosphorylated in vivo. 
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17. CO2dCLUSIONS 

From results described in this thesis it has been 

possible to define more clearly the conditions required 

for the chromatographic isolation of pepsinogen D from 

neutral extracts of pig gastric mucosae, and it appears 

to be present to the extent of about 5% of the total 

zymogen content of the body regions of all mucosae. It 

is present in a slightly higher proportion in the 

extracts of the pyloric region of pig stomachs, although 

this region is not the main site of its synthesis. 

Pepsinogen D is not present in preparations of the 

zymogens from the gastric mucosa of the human or the rat, 

and this indicates that there is no common gastric 

zymo gen in different species at the present stage of 

evolution. However, the fact that the electrophoretic 

mobilities of the human pepsins were similar to those of 

pepsin D and porcine pepsin, while those of the rat 

pepsins were similar to those of pepsins B and C, may 

indicate that there was two, or possibly only one 

zymogen, in early evolutionary periods. 

k study of the properties of pepsinogen D showed 

that it could be obtained in a state which was probably 

95% pure and that it was contaminated only by small 

amounts of pepsinogen (and perhaps some pepsinogen B). 

The weight of evidence of the similarity of the 

N- terminal and C- terminal amino acids, fingerprint 

patterns, chromatographic and electrophoretic behaviour 
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all indicated that pepsinogen D is very similar to, if 

not identical with dephosphopepsinogen and, if this 

identity is correct, it is the first report of the 

isolation of dephosphopepsinogen from the pig gastric 

mucosa. The indications are that it was not an 

artefact of the isolation procedure. 

About 5-10% of the enzymic activity of commercial 

crude and crystalline pepsins resided in an enzyme 

which probably resulted from the activation of 

pepsinogen D, although it was different from dephospho- 

pepsin in that its N- terminal amino acid was leucine 

instead of the isoleucine found in pepsin. This 

enzyme migrated in starch gel at pH 3.2 with a mobility 

which was about half that of porcine pepsin and it did 

not appear to contain any phosphate which was bound in 

phosphodiester linkage, but it was similar to pepsin in 

most other ways. However, it must have a slightly 

different substrate specificity, as it was twice as active 

as pepsin in its ability to clot milk. 

The similarity between pepsin and pepsin D was also 

confirmed by the fact that they were both inhibited to 

the same extent by the pepsin inhibitor, and the 

similarity of their zymogens was further extended when 

it was found that the activation of pepsinogen D gave 

rise to an inhibitory peptide which inhibited pepsin 

and pepsin D to the same extent. It was concluded 

therefore that pepsin D was very similar to although not 

identical with dephosphopepsin. 
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The existence of pepsinogen D in extracts of pig 

gastric mucosae may encourage investigation into the 

mechanism of phosphorylation of pepsinogen and the 

difference between pepsin and pepsin D in their 

abilities to clot milk may indicate some relationship 

between pepsin D and rennin. 
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