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COMPARATIVE STUDIES ON THE SPECIFICITY 

OF HUMAN GASTRICSIN AND PEPSIN

CHAPTER I  

INTRODUCTION

Broadly speaking, the word " s p e c if ic i ty ” expresses the general 

idea th a t  enzymes catalyze some reac tio n s  but not o th e rs , and in  many 

cases, ca ta lyze  the re ac tio n s  of some compounds of a c la ss  much more 

e f f ic ie n t ly  than o th er members of the classo

Although a l l  p ro te o ly tic  enzymes cata lyze  the hydro lysis  of 

pep tide  lin k ag es, the s p e c if ic i ty  i s  o ften  a complex problem» Some 

p ro te o ly tic  enzymes are the  exopeptidases which requ ire  e i th e r  a 

te rm in al amino or carboxyl group fo r  c a ta ly s is .  These enzymes u su a lly  

hydrolyze resid u es from th e  ends of polypeptide chains in  a sequen tia l 

manner. The endopeptidases, on the o ther hand, do not req u ire  fre e  

term inal groups fo r  th e i r  a c t iv i ty .  This group of p ro te o ly tic  enzymes, 

though capable o f hydrolyzing an amino acid  residue from the end of a 

polypeptide chain , g en era lly  p re fe r  to  hydrolyze a long polypeptide 

in to  sh o rte r  p ep tid es . The s p e c if ic i ty  o f endopeptidases can a lso  be 

considered with resp ec t to  the type of amino acid  residues which are 

p re fe re n t ia l ly  se lec ted  by the enzymes fo r  the s i t e  of h y d ro ly s is . For 

some endopeptidases, the s p e c if ic i ty  i s  very narrow. Trypsin,

1
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fo r  example, a tta c k s  only the  peptide bonds on the carboxyl side of 

e i th e r  ly s in e  or a rg in ine  residues* I t  a lso  a tta c k s  the am inoethylated 

cy s te in e , which i s  analogous to  ly s in e . However, most o f the 

endopeptidases have a much wider s p e c if ic i ty .  They are  capable of 

hydrolyzing peptide linkages involving various amino a c id s . The study 

o f the s p e c if ic i ty  of th i s  type o f endopeptidase, such as pepsin , i s  a 

much more complex problem.

Although pepsin has been known and stud ied  ex ten siv e ly  over a 

period  o f more than th i r t y  y ears, the is o la t io n  and study of a second 

pro tease  p resen t in  the stomach of h igher mammals was in i t i a te d  only 

ten  years ago ( l ) .  In  the study of human g a s tr ic  p ro te o ly tic  enzymes, 

Richmond e t  (2) succeeded in  separating  two p ro te o ly tic  enzymes, 

pepsin and g a s tr ic s in ,  from human g a s tr ic  ju ic e ,  G as tric s in  was l a t e r  

c ry s ta l l iz e d  and p a r t i a l ly  charac terized  by Tang e t  a l ,  (3) ,  I t  was 

shown to  d i f f e r  from pepsin in  pH optimum, e le c tro p h o re tic  m ob ility  on 

paper and s ta rc h , and in  heat in a c tiv a tio n . In  1962, Tang and Tang (4) 

repo rted  the p u r if ic a tio n  and p ro p e rtie s  of a zymogen from human 

g a s tr ic  mucosa which upon a c tiv a tio n  produced both g a s tr ic s in  and pepsin . 

In  1964, M ills  (5 ) studied  several physicochemical p ro p e rtie s  of human 

pepsin , g a s tr ic s in  and th e i r  zymogen. This study included the 

determ ination  of the  sedim entation c o e f f ic ie n ts , d iffu s io n  c o e ff ic ie n ts , 

i n t r in s i c  v is c o s i t ie s ,  amino acid  com positions, m olecular weights by 

various methods and carboxyl term inal residue fo r  each o f these 

p ro te in s , G as tric s in  has a lso  been iso la te d  from porcine mucosal 

e x tr a c ts .  The p ro p e rtie s  o f porcine g a s tr ic s in  were found to  be s im ila r 

to  those of human enzyme (6),  Several p ro p e rtie s  o f th ese  two enzymes
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are  compared in  Tables 1 through 4 (7)o

G as tric s in  and pepsin  are  endopeptidases \diich hydrolyze 

p ro te in s  a t  various r a te s  depending on the  su b s tra te  used* For exançle, 

g a s tr ic s in  hydrolyzed bovine hemoglobin about 30^ f a s te r  than  pepsin  

(Table 2 ) , However, when egg albumin was used as the s u b s tra te , the  

r a te  of p e p tic  h y d ro lysis  was tw ice th a t  o f g a s tr ic s in .  In  order to  

exp lain  why g a s tr ic s in  hydrolyzed hemoglobin f a s te r  than  pepsin , one 

may assume th a t  th e re  are  more bonds in  hemoglobin which are  su scep tib le  

to  h y d ro lysis  by g a s tr ic s in  than by pepsin . Various sy n th e tic  

d ip ep tid es  have been te s te d  as su b s tra te s  o f g a s tr ic s in  and pepsin .

In  a l l  cases, pepsin  hydrolyzes the  sy n th e tic  su b s tra te s  a t  a h igher 

ra te  (Table 2 ) ,  I t  i s  in te re s t in g  to  note th a t  N -acety l-L -phenylalanyl- 

L -d iiodo ty rosine  (APDT), which i s  the b es t sy n th e tic  su b s tra te  ye t 

found fo r  p e p tic  h y d ro ly s is , was r e s i s ta n t  to  cleavage by g a s tr ic s in .

The study of the  s p e c i f ic i ty  o f pepsin  has a long and rewarding 

h is to ry .  Since th e  d iscovery o f the  f i r s t  sy n th e tic  s u b s tra te s , 

CBZ-Glu-Tyr (8) ,  by Fruton and Bergmann in  1939, sev era l in v e s tig a to rs , 

no tab ly  Baker (1951), have prepared pep tide  d e riv a tiv e s  th a t  have 

proved to  be v a lu ab le , Bergmann and Fruton (9) reviewed the  r e s u l ts  of 

work with d e r iv a tiv e s  of glutam ic a c id , glutam ine, ty ro s in e  and g ly c in e , 

and found th a t  N -protected d e r iv a tiv e s  o f glutamyl ty ro s in e  were 

d igested  by pepsin  most ra p id ly  with a pH optimum near 4*0, Peptides 

bearing  a f re e  amino group were hydrolyzed much more slowly than those 

in  which the amino group was masked, H arrington and P itt-R iv e rs  (lO) 

stud ied  p ep tides o f ty ro s in e  w ith cystine  o r cy s te in e , and found th a t  

the  d e r iv a tiv e s  o f cyste ine  were hydrolyzed nore ra p id ly  than the



TABLE 1

COMPARISON OF SOME PROPERTIES OF HUMAN GASTRICSIN AND PEPSIN (?)

Enzyme Optimal
pH

R ela tive
P ro te o ly tic
A ctiv ity *

R ela tive
M ilk-C lotting

A c tiv ity

R ela tive
E lec tro p h o re tic

M obility*
E fflu en t

PH°
% In a c tiv a tio n  
a t  70°, 10 min

G a s tr ic s in 3 .2 100 100 60 4 .4 80

Pepsin 1 .5 -2 .0 74 103 100 4 .0 33

^Bovine hemoglobin was used as  substra teo

^ ^ e c tro p h o re s is  was c a rr ie d  ou t in  s ta rch  g e l a t  pH 6.5 (sodium phosphate b u ffe r , 
io n ic  s tren g th  0 .1 ) .

*^Amberlite IRC-50 column e lu ted  w ith 0 .2  M sodium c i t r a te  b u ffe r .



TABLE 2

MAXIMUM VELOCITY IN THE HYDROLYSIS OF SYNTHETIC PEPTIDE AND 
NATURAL PROTEIN SUBSTRATES BY HUMAN GASTRICSIN AND PEPSIN (?)

S ubstrate G astric s in Pepsin

Synthetic  . ;amoles/mg/hr jm o lee /m g /h T

Carbobenzoxy-L-glutamyl-L-tyrosine®’ 0.017 0.034

Carbobenzoxy-glycyl-L-phenylalanine®’ .002 .006

Carbobenzoxy-L-glutamyl-L-phenylalanine® .001 .024

N -acetyl-L -phenylalanyl-L -tyrosine^ .230 .770

N -acety l-L -phenylalanyl-L -diiodotyrosine^ 0 3.920

Protein®

Bovine Hemoglobin 3850 2813

Egg Albumin 103 262

^ h e  reac tio n  m ixture contained 8.3 jimoles o f su b s tra te  and 
1 .6  mg of enzyme in  1 ml of 0 .1 M sodium c itra te -H C l b u ffe r , pH 2.5. 
The incubation  was ca rried  out a t  38° fo r  24 hours (36).

The reac tio n  m ixture contained 0.5 jumole of su b s tra te  and 
50 jag o f enzyme in  1 ml o f 0.005 M sodium c i t r a te  b u ffe r , pH 3»5.
The incubation  was c a rrie d  out a t  37° fo r  60 minutes (6),

°The hydro lysis  o f p ro te in  su b s tra te s  i s  expressed as jomoles 
of ty ro s in e  re leased  by the method of Anson and Mirsky (38).
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TABLE 3

PHYSICAL CONSTANTS OF HUMAN PEPSIN, 
GASTRICSIN AND ZYMOGEN (?)

D iffusion

G astric s in 31,000
d l/g
0.100 9.6 160

Pepsin 34,100 0.045 8 .7 6

Zymogen*^ 38,900 0.100 7.7 50

Average value from th ree  methods of determ inations
1 . Sedimentation equilibrium
2. Sed im entat ion-D if fu s io n
3. Calculated from amino acid  composition

^"Zymogen" was designated as  the common in a c tiv e  precursor 
o f g a s tr ic s in  and pepsin .

TABLE 4

AMINO- AND CARBOXYL-TERMINAL RESIDUES OF HUMAN PEPSIN, 
GASTRICSIN AND ZYMOGEN (?)

P ro te in Amino-t e rminal Carboxyl-term inal

Pepsin

G astric s in

Zymogen

Valine

Serine

Leucine

-  Leu -  Phe -  Ala

-  Thr -  Phe -  Ala

-  Val -  Ser -  Ala

^ e te n n in e d  by D initrophenyl and Carboxypeptidase methods 
according to  Frankel-Conrat e t  a l .  (40).



7

corresponding cystine  peptides» The carbobenzoxy d e riv a tiv e s  were 

hydrolyzed f a s te r  than  th e  fre e  d ip ep tid es  and hydro lysis  in  each case 

was f a s te r  a t  pH 4 .0  than a t  pH 1 .8 , Dekker, Taylor and Fruton ( l l )  

examined the  a c tio n  o f pepsin on carbobenzoxy-L-m ethionyl-L-tyrosine 

and on the corresponding fre e  d ip ep tid e  a t  pH 4 and found th a t  both 

were hydrolyzed, but the  fre e  d ipep tide  was hydrolyzed more slowly 

than  th e  N -su b stitu ted  d e r iv a tiv e . From these  s tu d ies  i t  appears th a t  

a fre e  carboxyl term inal residue i s  not e s s e n tia l  in  a syn th e tic  

su b s tra te  fo r  pepsin , and th a t th e  proxim ity o f an -amino group i s  

in h ib ito ry  to  varying degrees.

Baker (l2 ) te s te d  a v a r ie ty  o f su b s tra te s  in  i^ ic h  two arom atic 

resid u es  were linked  to g e th er and in  vdiich the  amino group was blocked 

by an a c e ty l o r carbobenzoxy group. She found th a t  these  su b s tra te s  

were much more ra p id ly  hydrolyzed than  those p rev iously  studied  with 

a pH optimum near 2 ,0 . Compounds in  which the amino acid  residue 

provided the carboxyl moiety o f the  pep tide  bond in  th e  D -configuration 

were not hydrolyzed. Baker ( l2 )  a lso  observed th a t  one of Bergmann*s 

s u b s tra te s , carbobenzoxy-L-glutam yl-L-tyrosine, was hydrolyzed 

op tim ally  a t  pH 2 .0 , when the  su b s tra te  concen tration  was as low as 

th a t  \Aiich she employed w ith her o th e r su b s tra te s  (0.002 M). The most 

ra p id ly  hydrolyzed of these  s u b s tra te s , N -acetyl-L -phenylalanyl-L - 

d iiodo ty rosine  was su ita b le  fo r  assaying pepsin .

In  i 960, Bovey and Yanari ( l3 ) reviewed th e  works on sy n th e tic  

su b s tra te s  which showed th a t  pepsin could hydrolyze bonds formed by the 

amino o r carboxyl groups of phenylalan ine, ty ro s in e , glutam ic ac id , 

cystin e  and cy s te in e . Other types of sy n th e tic  su b s tra te s  have not been
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examined in  d e ta i l ,  and the b e s t p ic tu re  o f the s p e c i f ic i ty  of pepsin 

has come from recen t s tu d ies  w ith p ro te in  substra teso  R« Lo H il l  (14) 

tab u la ted  a l i s t  of the bonds s p l i t  by pepsin in  seven p ro te in s  or 

polypeptides» This l i s t  includes tobacco mosaic v iru s , egg-white 

lysozyme, ribonuc lease , human hemoglobin ^ - c h a in ) ,  in su l in ,  human 

hemoglobin ch ain ), and^-m elanocyte s tim u la ting  hormone» The amino 

ac id  sequences of each of these substances has been e s ta b lish ed  (15-21).

In  1955, B ailey , Moore and S te in  (22) reported  on the  peptide 

products obtained by the p ep tic  h y d ro lysis  of ribonuclease A \diich 

had been oxidized by perform ic ac id . The products were examined by 

means of Dowex 50-X2-column chromatography. Eight pep tides were 

iso la te d  and the  amino acid  composition of each was determined»

In  1965 , Scheraga (23) reported  the r e s u l ts  of an in v e s tig a tio n  

of the p ep tic  d ig es tio n  products o f ribonuclease A. The p ep tic  d ig est 

was f ra c tio n a te d  using gel f i l t r a t i o n  column chromatography (Bio-Rex 70) 

and Dowex 50-X2-column chromatography» The s i te s  of p ep tic  cleavage 

have been p a r t ia l ly  id e n tif ie d  as  phe-asp / ” l2 0 -1 2 lJ7 , m et-ser ^79-80_7 , 

th r-phe ^ 4 5 -4 6 _ /, g ln -a la  /~55-56__7 and phe-glu 8 -9_ /.

In  1963 , Tang (24) proposed th a t  the  s p e c if ic i ty  o f pepsin can 

be accounted fo r  i f  i t  i s  assumed th a t  pepsin req u ire s  a "hydrophobic 

binding s i te "  near su scep tib le  bond. This suggestion was based on the 

ca lc u la tio n  of the frequency of appearance of amino ac id s  with 

hydrophobic side chains a t  p o s itio n s  on e i th e r  side of the bond which 

was hydrolyzed» This proposal was supported by a study of the k in e tic s  

of the com petitive in h ib itio n  of pepsin by a l ip h a tic  a lcoho ls  (25).  

A liphatic  a lco h o ls , from methanol to  amyl a lcoho l, were shown to  in h ib i t
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the h y d ro ly tic  a c t iv i ty  o f pepsin with both p ro te in  and syn the tic  

d ipep tide  substra tes»  The in h ib itio n  appeared to  increase  with the 

s ize  o f the alcohol molecules» TheA fo r  the  form ation o f a

conçlex between the  enzyme and the hydrocarbon chain of alcohols 

increased  l in e a r ly  with an increasing  number of carbon atoms in  the 

hydrocarbon chain of the in h ib ito r»  This was in te rp re te d  as supporting 

evidence th a t  pepsin forms a hydrophobic bond with the  side chain of 

the amino acid  in  the su b stra te  as the  f i r s t  s tep  of i t s  enzymic 

mechanism»

In  1966, Fruton (33) reported  the sy n thesis  o f several new 

peptide su b s tra te s  fo r  c ry s ta ll in e  swine pepsin . They include 

carbobenzoxy-L-histidyl-L -phenylalanyl-L-phenylalanine e thy l e s te r ,  and 

re la te d  peptide d e r iv a tiv e s , in  which one or both L-phenylalanyl 

resid u es  have been replaced by L -ty rosy l or L-tryptophanyl residues»

These compounds, as w ell as g lycyl-glycyl-L -phenylalanyl-L -phenylalanine 

e th y l e s te r ,  were cleaved rap id ly  a t  the pep tide  bond between the two 

arom atic amino acid  re sid u es , the pH optimum being near 4® Carbobenzoxy- 

L -histidy l-L -phenylalany l-L -phenyla lan ine was hydrolyzed by pepsin more 

slowly than the corresponding e th y l e s te r ,  w ith a pH optimum near 3® 

Thec^-carboxylate group ad jacen t to  the se n s itiv e  pep tide bond i s  

in h ib ito ry  to  pepsin  action»

In  1963, Lockshina e t  s^» (26) reported  th a t  pepsin has e s te ra se  

a c tiv ity »  They showed th a t  in  the presence of 0»027 mM pepsin , a c e ty l-  

L -phenylalanyly3-phenyl-L -Iactic acid  (2,7 mM) was 30^ cleaved in  

48 hours a t  37° and pH 2,0,  The ra te  o f hydro lysis  was followed by 

measuring the disappearance of e s te r  group by the hydroxamic acid
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reaction» In 1966, Fruton e t  a l ,  (27) confirmed the find ing  of Lokshina 

and found th a t  carbobenzoxy-L -h istidy l-p -n itro -L -pheny lalany l-^pheny l- 

L - la c tic  acid  methyl e s te r  was a lso  hydrolyzed by pepsin» The e s te r  

bond cleaved was the  one lin k in g  the carboxyl group o f p -n itro -L - 

phenylalanine and the  hydroxyl group o f^ -p h e n y l-L - la c tic  ac id  methyl 

e s te r .

The k in e tic s  o f the  pepsin-catalyzed  hydro lysis  of several 

sy n th e tic  d ipep tide su b s tra te s  have been stud ied  by severa l in v e s t i­

g a to rs  (28-33)» The M ichaelis constan ts of those su b s tra te s  are shown 

in  Table 5.

In  the p resen t in v e s tig a tio n , the  s p e c i f ic i t ie s  of pepsin and 

g a s tr ic s in  were stud ied  by using oxidized bovine ribonuclease A, 

glucagon and severa l sy n th e tic  d ip ep tid es  as su b stra te s*  The 

experim ental procedure included the  incubation  of each of these  

su b s tra te s  with each enzyme and the  subsequent is o la t io n  and id e n t i f i ­

ca tion  of amino ac id s  or pep tides re su ltin g  from the enzymic d ig estio n . 

The l a t t e r  along with the knowledge of the  prim ary s tru c tu re  o f glucagon 

and oxidized ribonuclease A (34-35) made i t  p o ssib le  to  id e n tify  those 

peptide bonds which were s p l i t  by each enzyme. The bonds suscep tib le  

to  both enzymes or to  e i th e r  one alone are  l i s t e d  in  Table 6,

The k in e tic s  of the g a s tr ic s in  catalyzed  hydro lysis of th ree  

sy n th e tic  d ipep tide su b s tra te s , CBZ-L-tyr-L-ala, CBZ-L-tyr-L-ser eind 

CBZ-L-tyr-L-thr, were a lso  in v e s tig a te d .
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TABLE 5

THE MICHAELIS CONSTANTS OF HOG PEPSIN 
ACTION ON SYNTHETIC SUBSTRATES

S ubstrate pH Optimum Km (M) Reference

CBZ—L—Tyr—L—Tyr 

CBZ—L—Tyr—L—TyrOEt

4 .0

4.0

1.89 X 10“^

1.78 X 10"3

L a id le r (1950) 
(28)

CBZ“L—Phe—L—Tyr 2.0 2.1 X 10-4 S ilv e r  (1965) 
(29)

Ac—L—Phe—L—Tyr 2.0 1.95 X 10-3

Ac—L—Phe—L—Tyr 2.0 2 .4 X 10-3 Baker (1954) 
(30)

A c-L-Tyr-L-Tyr 2 .0 6.3 X 10 ^

Ac-L-Tyr-L-Tyr 2 .0 6.1 X 10“3 Schlamowitz
(1965)

Ac-L-Tyr-L-Phe 2 .0 2 .0 X  10 3 (31)

A c-L-Phe-L-Tyr 2.0 2 .2 X 10-3

Ac-L-Phe-L-Phe 2.0 0.16
-3

X 10

Ac-L-Phe-L-Diiodotyr 2 .0 7.5 X 10-3

Ac-L-Phe-L-Dibromotyr 2 .0 9.3 X 10"3 K aiser (1966) 
(32)

CBZ—L—His—L—Phe—L—PhaOEt 4.0 1 .8 X 10-4 Fruton (1966) 
(33)

CBZ—L—His—L—Phe—L—TyrOEt 4.0 2.3 X 10-4

CBZ—L—H i  8—L—Phe—L—TrpOEt 4.0 2.3 X 10-4

CBZ—L—H18—L—Tyr—L—TyrOEt 4.0 2 .4 X 10-4

Gly-Gljr-L - c-; • -L-T y rOEt 4 .0 2.8 X 10-4



TABLE 6

THE SPECIFICITY OF PEPSIN AND GASTRICSIN FOR HYDROLYSIS OF 
PEPTIDE BONDS IN GLUCAGON AND OXIDIZED RIBONUCLEASE A

Bonds S uscep tib le  to  Both Enzymes Bonds S uscep tib le  to  E ith e r  Enzyme

Phe-Thr

Leu-Met /"26-27_7

Ala-Ala / ”4-5_7 

Asp-Leu /~34“35_7 

Glu-Ser 49-50_/

His-Glu /"4S-49_7

Arg-Glu 85-86_y

Glu-Ser / “74-75_7 

Phe-Asp / ”I20-121_7

Asp-Tyr /~9-10_7

G a s tric s in

Glucagon

Phe-Val /"22-23_7 Tyr-Ser / “lO -ll_ 7

Tyr-Leu /~13-14_7

Oxidized Ribonuclease A

Pepsin

HN>

Phe-Glu Z”8-9_7 Ser-Arg /"3 2 -3 3 _ /

Val—Asp ^^43—44_7 Thr—Phe ^^45—46_^

Leu-Ala /"51-52_7 Phe-Val / “46-47_7 

Ala-Asp / ”52-53_7 Glu-Ala C ^ 5 -5 6 _ J

S er-S er / “89-90_7 Met-Ser / ”79-80j7

Tyr-Pro /"92-93_7 Val-His /"U 8 -I1 9 _ 7

Tyr-Ser / ”76-77_7 Val-Ala / ”l08-109_7

Notes The numbers in s id e  b rackets  in d ic a te  the p o s itio n  of amino ac id  re sid u es  in  the  p ro te in  
moleculeo



CHAPTER I I  

MATERIALS AND METHODS 

M aterials

Human G astric  Ju ice 

Samples of human g a s tr ic  ju ice  were obtained from fa s tin g  

p a tie n ts  a t  the U n iversity  H osp ital and the Veterans A dm inistration 

H ospital in  Oklahoma C ity , Oklahoma. The g a s tr ic  ju ice  was m aintained 

a t  4°. Samples from several p a tie n ts  were pooled, d ialyzed  ag a in st 

d i s t i l l e d  w ater, and ly o p h ilized .

Carboxypeptidase A 

Carboxypeptidase A (d iisopropylphosphofluoridate  tre a te d  5 x 

c ry s ta ll iz e d  water suspension) was obtained from Mann Research 

L abora to ries, New York, New York.

Bovine Hemoglobin 

Bovine hemoglobin was obtained from Pentex Incorporated , 

Kankakee, I l l i n o i s .

Bovine Ribonuclease A 

Bovine ribonuclease A was obtained from Mann Research 

L abora to ries, New York, New York.

13
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C ry s ta llin e  Porcine Glucagon 

C ry s ta llin e  Porcine Glucagon was a g i f t  of E li  L i l ly  & Co., 

In d ianapo lis  (Lot No. 258-234B-167-1).

Dansyl Chloride 

5-Dimethyl am ino-l-naphthalene su lfony l ch lo ride  (Lot 52654) 

(dansyl ch loride) was obtained from K & K L abora to ries, I n c . ,

Plainview , New York.

Ninhydrin

Ninhydrin was obtained from P ierce Chemical Conqpany, Rockford, 

I l l i n o i s .

Phenylisothiocyanate 

Phenylisothiocyanate was obtained from F isher S c ie n tif ic  Conçany, 

F a ir  Lawn, New Je rsey , and was d i s t i l l e d  before use .

Synthetic  Peptides 

Chromatographically pure san ç les, as  te s te d  by the  conçany, 

were obtained from Cyclo Chemical C orporation, Los Angeles, C a lifo rn ia .

A l i s t  o f N-carbobenzoxy-dipeptides (N-CBZ-dipeptides) i s  shown as 

fo llow s.

N-CBZ-L-tyrosyl-L-serine (Lot M-2585)

N-CBZ-L-tyrosyl-L-tyrosine (Lot M-2601)

N-CBZ-L-tyrosyl-L-alanine (Lot M-2840)

N-CBZ-L-tyrosyl-L-leucine (Lot M-2603)

N-CBZ-L-tyrosyl-L-threonine (Lot M-2682)

N-CBZ-L-tyrosyl-L-glyclne (Lot G-1367)
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N -CBZ-L-tyrosyl-L-valine (Lot G-1883)

N-CBZ-L-seryl-L-tyrosine (Lot G-1400)

N-CBZ-L-alanyl-L-tyro s ine  (Lot M-2254)

N-CBZ-L-phenylalanyl-L-serine (Lot G-1124)

l-F lu o ro -2 ,4 -D in itro  Benzene 

l-F lu o ro -2 ,4 -d in itro  benzene was obtained  from Eastman Organic 

Chemicals, D is t i l l a t io n  Products In d u s tr ie s ,  R ochester, New York,

Dye Markers

The dye used a s  markers in  high vo ltage e le c tro p h o re s is  were 

Orange G and Xylene Cyanol blue FF which were obtained  from K & K 

L ab o ra to ries , I n c , ,  P lainview , New York,

Methods

P rep ara tio n  o f Human Pepsin and G a s tr ic s in  

Human pepsin and g a s tr ic s in  were prepared by f ra c tio n a tio n  of 

human g a s tr ic  ju ice  w ith an ion-exchange column o f Am berlite IRC-50 

(XE-64) using th e  procedure o f Richmond e t  a2 . (2) as modified by 

Tang e t  (3 , 3 6 ).

P repara tion  of Oxidized Ribonuclease A 

Oxidized ribonuclease A was prepared according to  the  procedure of 

H irs (37). Perform ic acid  was prepared by adding 0,5 ml o f 30^ hydrogen 

peroxide to  9.5 ml o f 99% formic acid  and the  re s u l t in g  so lu tio n  was 

allowed to  stand a t  room tem perature fo r  2 hours in  a stoppered t e s t  

tube . In  another g la ss  stoppered t e s t  tu b e , 200 mg o f ribonuclease A



16

were d isso lved  in  5«0 ml o f 99% form ic a c id , and 1 .0  ml o f anhydrous 

methanol was added to  prevent freez in g  o f the  so lu tio n  idien i t  was 

cooled as described  below. The q u a n tity  o f perform ic ac id  used was 

12 tim es th a t  requ ired  to  transform  3 cy stin e  resid u es  in  th e  p ro te in  

to  6 cy s te ic  ac id  re s id u e s , and a t  the  same time converted 3 methionine 

resid u es to  the  methionine su lfone . The p ro te in  so lu tio n  and perform ic 

ac id  were placed in  a bath  a t  -10°, and then mixed to g e th e r . A fter 

2.5 hours the contents of the  tube were r in se d , using  50 ml of ice  cold 

w ater, in to  a f la sk  contain ing  350 ml o f water a t  0°. The aqueous 

so lu tio n  was then f re e z e -d r ie d . Remaining tra c e s  o f perform ic acid  

were removed by d isso lv in g  th e  dry p ro te in  in  8 ,0  ml o f w ater, followed 

by r e p e t i t io n  of the  ly o p h iliz a tio n  s te p .

P ro te in  Concentration 

P ro te in  concen tra tion  was determined spectropho tom etrica lly  a t  

280 mp in  a H itachi-Perkin-E liaer Model 139 spectrophotom eter. The 

molar e x tin c tio n  c o e f f ic ie n ts  used were 52,104 and 47,952 fo r  human 

pepsin and g a s tr ic s in  re sp e c tiv e ly  (6) ,

P ro te o ly tic  A c tiv ity  

The procedure o f Anson and Mirsky (38) was used to  determine 

p ro te o ly tic  a c t iv i ty .  The incubation  m ixture contained 1,25% bovine 

hemoglobin and 0.01 ml enzyme so lu tio n  in  2 ml o f 0 ,2  M sodium c i t r a te  

b u ffe r , pH 2 .5 . At th e  end o f 10 minutes o f incubation  a t  37°, 1 ml of 

10% tr ic h lo ro a c e t ic  acid  was added and the  m ixture was f i l t e r e d .  The 

absorbance of the  f i l t r a t e  a t  280 nju was then determined in  a 

H itachi-Perkin-E lm er Model 130 spectrophotom eter. The o p tic a l  d en s ity
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of the  f i l t r a t e  a f te r  su b trac tin g  the  value o f the  blank, was used as 

a measure o f p ro teo lysis»  The sp e c ific  a c t iv i t i e s  (change in  o p tic a l  

d en s ity  a t  280 Qu per mg of enzyme per 10 minutes a t  37°) o f g a s tr ic s in  

and pepsin were 168 and 140 re sp e c tiv e ly  (6) .

Amino Acid Analyses 

The p u r if ie d  pep tides (0,02—0 ,2 jumole) were hydrolyzed with 

Ool ml of 5«7 N g la ss  d i s t i l l e d  HCl in  an evacuated tube (9o8 cm x $ cm) 

a t  110°i  1° fo r  24 hours. The hydro lysates were evaporated in  a 

vacuum d esicca to r a t  room tenç»erature, red isso lved  with a small amount 

of d i s t i l l e d  w ater, and the  evaporation repeated . The f in a l  resid u es  

were d isso lved  by the  ad d itio n  o f 50^  of w ater. A liquots vdiich 

represen ted  about one ten th  of th e  d isso lved  residue were spo tted  on 

Whatman No, 1 paper. High voltage paper e lec tro p h o res is  was ca rrie d  

out a t  pH 2,0 and 6000 v o lts  (120 volts/cm ) fo r  twenty m inutes. Known 

q u a n titie s  of several amino ac id s  were app lied  as standards. A fte r the 

e le c tro p h o re s is , the  paper was s ta in ed  with ninhydrin  c o llid in e  reagen t. 

The spots obtained were compared v isu a lly  w ith the  co lo rs  produced by 

the  standards to  estim ate the  amounts o f amino ac ids in  the samples.

This a lso  perm itted  an es tim ation  of the  volume of the remaining 

a liq u o ts  vdiich should be used fo r  q u a n tita tiv e  amino ac id  determ ination 

in  the  amino acid  analyzer. The proper volume of the  remaining so lu tion  

was then mixed with 0 ,2  N sodium c i t r a te  b u ffe r , pH 2 ,2  to  make a f in a l  

volume of 1 ,0  ml.

The amino acid  composition of each hydrolysate was determined 

according to  the procedure of Spackman, S te in  and Moore (39) w ith a
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Beckman Spinco Amino Acid Analyzer Model 120B, equipped with a rap id -flow  

system (flow ra te  6? m l/hour) and a high s e n s i t iv i ty  range card ($ x 

a m p lif ic a tio n ) . The s e n s i t iv i ty  o f the  instrum ent i s  about 0.001 ;imole. 

Id e n tic a l  amounts of the  hydro lysates were app lied  to  the  40 cm column 

and to  the 5 cm column.

The n e u tra l and ac id ic  amino ac ids were chromatographed on the 

40 cm column containing Amberlite IRC-120C re s in  (a very  f in e  pulverized  

8^ c ro ss-lin k ed  su lfonated  polystyrene r e s in ) ,  and e lu ted  i n i t i a l l y  

w ith pH 3.25 b u ffe r  fo r  48 m inutes, and f in a l ly  with a pH 4.2$ b u ffe r 

fo r  1 hour and 40 m inutes. The b as ic  amino ac id s  were chromatographed 

on the  5 cm column containing the  same re s in  but were e lu ted  with a 

pH 5.28 b u ffe r  fo r  1 hour.

Standard amino ac id  m ixtures were chromatographed a t  the 

beginning and the  end of each batch of n inhydrin  reagent used fo r  co lor 

development. Because of the v a r ia b i l i ty  in troduced by d if fe re n t 

p rep ara tio n s  of n inhydrin  co lor reagen t, i t  was necessary  to  

chromatograph standard amino acid  m ixtures a t  the beginning and the  

end of each batch o f reagent to  standard ize  the  co lo r co n stan ts . The 

average of the r e s u l ts  of the co lor y ie ld  f o r  each amino acid  was used 

to  ca lc u la te  i t s  constant by the  usual heigh t-w id th  method. One of 

th e  standard amino ac id s  analyses i s  shown in  Figure 1 ,

Amino-terminal Amino Acid Determ ination 

D initrophenyl method (40, Al ) . The pep tide was d isso lved  in  

0 .1  ml of 1% trim ethylam ine, and to  th i s  was added a so lu tio n  of 10 / i l  

o f l-f lu o ro -2 ,4 -d in itro b en zen e  (PDNB) d isso lved  in  0 .2  ml o f e th an o l.
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A fte r shaking a t  room tem perature fo r  overnight in  th e  dark room, a 

few drops of w ater and trim ethylam ine so lu tio n  were added and the 

excess FDNB was removed by th re e  tim es e x tra c tio n  w ith e th e r . The 

resid u e  was evaporated to  dryness under vacuum, and 0 .1  ml o f 5»7 N HCl 

was added. The tube was then sealed under vacuum and heated fo r  

16 hours a t  110°C. The hydrolysate was evaporated to  dryness.

A liquots o f the hydro lysates were subjected to  q u a n tita tiv e  amino acid  

a n a ly s is ,  and the  r e s t  o f the sançles were analyzed f o r  DNP amino ac ids 

by two dimensional th in  la y e r  chromatography. S i l ic a  ge l G was used as 

th e  supporting phase. The follow ing two so lven t systems were used:

( l )  Toluene /  py rid ine  /  ethylene chlorohydrin /  0 .8  N ammonium hydroxide 

(lOO g 30 2 60 : 6 0 )I (2) Chloroform /  benzyl a lcohol /  a c e tic  ac id  

(70 : 30 ; 3 ) .

Dansyl method (42). DNS-derivatives o f the p ep tid es  were used 

to  ch a rac te rize  the  am ino-term inal re sid u es  according to  Gray and 

H artley  (43). A liquots of the p ep tides containing from 1 to  3 mpmoles 

were evaporated to  dryness in  a vacuum d es icca to r a t  room tem perature, 

and d isso lved  in  20 j i l  o f 0 .1  M sodium bicarbonate in  ammonia free  

w ater. They were then  evaporated to  dryness in  a vacuum d e s ic c a to r.

Ten >il each of ammonia f re e  w ater and DNS-chloride so lu tio n  (2,5 mg/ml 

in  acetone) were added and the m ixture was incubated fo r  2 hours a t  37° .  

The re a c tio n  m ixture was dried  in  a vacuum d e s ic ca to r  and the  residue 

was red isso lv ed  in  20 ju l o f 6 N HCl and hydrolyzed in  a sealed  tube 

(0 .5  cm X 3 cm) a t  110°d: 5° fo r  16 hours. The product was evaporated 

in  a vacuum d es ic ca to r over NaOH p e l le t s ,  and 10 jol o f  IN ammonium 

hydroxide so lu tio n  was added. îhe  sample was spo tted  on Whatman No. 1
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paper (98 cm long with the o r ig in  30 cm from the cathode end), and 

subjected  to  e lec tro p h o res is  on a w ater cooled f l a t  p la te  in  a b u ffe r  

so lu tio n  containing 8 ml of pyrid ine and 10 ml of g la c ia l  a c e tic  acid  

per one l i t e r  of so lu tio n , to  make the  pH ex ac tly  4»55« The e le c tro ­

phoresis  was ca rried  out a t  6 k i lo v o lts  (6l  volts/cm ) fo r  th ree  hours 

a t  a cu rren t of 50 m illian p eres . The c irc u la tin g  water was a t  room 

tem perature. The standard DNS-derivatives o f amino ac id s  served as 

markers and a dye m ixture was a lso  spo tted  on both edges o f the  paper. 

The amino ac id  d e riv a tiv e s  were detected  by th e i r  fluorescence when 

illum inated  under u l t r a v io le t  l i g h t .  A ll th e  DNS-amino ac ids give a 

yellow fluorescence. Most o f the DNS-amino ac ids could be id e n tif ie d  

re a d ily  by e le c tro p h o re tic  separa tion  a t  pH A«55, except fo r  DNS-glycine, 

DNS-alanine, and DNS-serine which were o ften  masked by a strong blue 

fluorescence of the DNS-sulfonic a c id . Hence the p o s itio n  corresponding 

to  DNS-sulfonic ac id  and the th re e  DNS-amino acid  was cut out and was 

s ti tc h e d  to  Whatman No, 1 paper. F urther e le c tro p h o re tic  separation  

was ca rried  out a t  pH 2 and 6 k i lo v o lts  (120 volts/cm ) fo r  20 minutes 

in  a Savant h igh-voltage e lec tro p h o res is  tan k , DNS-serine, DNS-alanine 

and DNS-glycine could be id e n tif ie d  by th i s  procedure.

Carboxyl-term inal Amino Acid Determ inations 

A 25 }fL  a liq u o t o f D FP-treated carboxypeptidase A suspension 

was removed from i t s  con tainer using a sy ringe. One ml ice -co ld  

d i s t i l l e d  water was added, and the suspension was cen trifu g ed .

One hundred / i l  o f 1% sodium bicarbonate so lu tio n  were added to  the 

p r e c ip i ta te .  Three drops of f re sh ly  prepared 0,1 N NaOH so lu tion  were 

added to  d isso lve  the enzyme. An equal number of drops o f 0 ,1 N HCl
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so lu tio n  was then added to  n e u tra liz e  the enzyme so lu tio n . This was 

followed by d ilu tin g  the  so lu tio n  to  1.25 ml with 0.2 M N -ethyl 

morpholine ac e ta te  b u ffe r , pH 8 .0 . The re su ltin g  enzyme so lu tio n  had 

the  concentration  o f about 1 mg/ml. T h irty  / i l  o f  th i s  enzyme so lu tio n  

were added to  100 ; i l  o f the 0 .2  M N-ethyl-m orpholine a c e ta te  so lu tio n , 

pH 8 .0 , contain ing a su ita b le  amount of pep tide (0.02 /m ole to  

0 .1  /m o le ). The m ixture was incubated a t  37° fo r  5 hours. When the 

k in e t ic s  of amino ac id  re le a se  were s tu d ied , a liq u o ts  were taken fo r  

q u a n tita tiv e  amino ac id  an a ly s is  a t  various time in te rv a ls  ranging from 

2 to  6 hours (A l).

Edman Degradation 

Edman degradation (45) was ca rried  out by the p h en y liso th io - 

cyanate procedure described by S joqu ist (46). The d ried  pep tide was 

added to  0 .2  ml o f 50^ r e d i s t i l l e d  pyrid ine  and 0 .1  ml o f 5^ PITC 

(phenyliso th iocyanate) in  p y rid in e . The m ixture reac ted  a t  37° fo r  

2.5 hours. Then the  product was ex trac ted  3 tim es with 2 ml each o f 

benzene in  o rder to  remove the  unreacted reag en t. The so lu tio n  was 

d ried  in  a vacuum d e s ic c a to r. To the residue o . l  ml o f t r i f lu o ro a c e t ic  

acid  was added and th e  m ixture was allowed to  re a c t fo r  1 hour a t  room 

tem perature. The reac tio n  product was d ried  over NaOH p e l le t s  in  the  

d e s ic a to r .

Ninhydrin Method 

The q u a n tita tiv e  determ ination  o f f re e  amino groups was ca rried  

out according to  the  procedure of Rosen (47). The re ac tio n  mixture 

consisted  of 1 .0  ml sample, contain ing  0 .02  to  0 .4  /m ole o f pep tide ;
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0.5 ml o f 4M sodium a c e ta te  b u ffe r  (pH 5*3) containing 2 x 10”^ M NaCNj 

and 0.5 ml o f 3^ n inhydrin  so lu tio n  in  methyl ce llo so lv e . The reac tio n  

m ixture was heated 15 minutes in  a b o ilin g  w ater b a th , and 5 ml o f 

isopropy l a lcohol-w ater so lu tio n  ( l  : l )  was added a t  the  end o f th i s  

p erio d . A fte r the  so lu tio n  cooled to  room tem perature, the co lor was 

read in  a H itachi-Perkin-E lm er spectrophotom eter a t  570 igi.

High-Voltage Paper E lec tro p h o resis  

For the  high vo ltage  e le c tro p h o re tic  separa tion  of pep tides 

and amino ac id s , an apparatus s im ila r  to  th a t  designed by Michi (48) 

(1951) was used. The b u ffe rs  were: pH 6.5 p y rid in e -a c e tic  acid-w ater

(25 : 1 : 225 by volume); 3 .5  p y r id in e -a c e tic  acid -w ater ( l  : 10 : 90 

by volume); pH 2.0 form ic a c id -a c e tic  acid-w ater ( l  : 4 : 45 by volume).

Ninhydrin-Cadmium A cetate Reagent 

The cadmium a c e ta te  reagent (49) fo r  s ta in in g  pep tides was 

prepared by mixing 6 g of cadmium a c e ta te , 300 ml o f g la c ia l  a c e tic  

ac id  and 6OO ml of w ater. F if te e n  ml of cadmium a c e ta te  reagent was 

mixed with 100 ml o f 1^ n inhydrin  in  acetone.

N inhydrin-C ollid ine Reagent 

The spray reagent o f n in h y d rin -co llid in e  (50) fo r  s ta in in g  

amino ac ids was prepared by mixing 10 ml of 1$ ninhydrin in  acetone,

40 ml of d i s t i l l e d  acetone and 2 ml o f c o llid in e  (2 , 4 , 6- tr im e th y l-  

p y r id in e ) .

Pauly Reagent

The Pauly reagent (5I )  fo r  s ta in in g  ty ro s in e  and h is t id in e  was



24

prepared by mixing 3 volumes of 1% s u lf a n i l ic  ac id  in  1 N HCl, 2 volumes 

of 5^ sodium n i t r i t e  so lu tio n , and 5 volumes of 15^ sodium carbonate 

so lu tio n . This was prepared ju s t  before use.



CHAPTER I I I  

RESULTS 

H ydrolysis of Glucagon

D igestion of Porcine C ry s ta llin e  Glucagon 

The d ig estio n  of glucagon was ca rried  out a t  the  resp ectiv e  

optim al pH of each enzyme: in  pH 2,1 b u ffe r  ^ fo rm ic  acid  /  a c e tic

acid  /  water ( l  : 4 : h 5 ) J  fo r  pepsin; and pH 3 .1  b u ffe r  pyrid ine /  

a c e tic  acid  /  w ater ( l  s 14 s 85)_7 fo r  g a s tr ic s in .  The r a t io  of 

su b stra te  to  enzyme was 50 to  1 (w/w). A liquots of d ig est (O .l ml) 

were removed a t  in te rv a ls  and th e  increase  in  f re e  ami.no groups due to  

enzymic hydro lysis  was determined by the ninhydrin re a c tio n . The r a te  

o f the  hydro lysis  o f glucagon by pepsin and g a s tr ic s in  i s  shown in  

Figure 2. I t  i s  apparent th a t  th e  hydro lysis  was completed a f te r  

10 hours of incubation .

Peptide Iso la tion  

The glucagon peptides in  the d igestion  mixtures were separated 

using high voltage paper electrophoresis. The resu lts  on lifhatman No» 1 

paper at pH 6.5 are shown in  Figure 3 . After the paper was stained  

with ninhydrin cadmium acetate reagent (49), the peptides appeared as 

pink, red, or orange spots. A separate run was made and treated with

25



26

G astric s in

0.3oc-
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Pepsin
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10

Time (Hours)

Figure 2. Time course of d ig es tio n  of glucagon by- 
pepsin  and g a s tr ic s in .  The incubation  m ixture (3 m l), 
containing 30 mg glucagon and 0 .6  mg of enzyme, was incubated 
a t  37° fo r  10 hours. A liquots (O .l ml) were removed fo r  
ninhydrin co lor re a c tio n .
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Pauly reagent in  o rder to  lo c a te  ty ro sin e  and h is t id in e  containing 

peptideSo With each e le c tro p h o re s is , the dye marker and flu o rescen t 

markers were included with each e lec tro p h o re tic  run . These markers 

were used as  re fe ren ces  fo r  e le c tro p h o re tic  m o b ility .

GN and PN mark the p o s itio n s  of n e u tra l p ep tid es . The p a tte rn  

o f a c id ic  and b asic  p ep tides appeared to  be d if fe re n t  in  the  two d ig e s ts . 

Peptides P I, G1 and G5 were r e la t iv e ly  pure as judged from th e i r  

m o b ility  and amino ac id  com positions. The n e u tra l p ep tides (PN, GN) 

and the  slow moving pep tides (P2, G2, G3) were fu r th e r  separated  by 

high voltage e lec tro p h o res is  a t  pH 2 .0  and pH 3 .5  re sp e c tiv e ly . The 

e le c tro p h o re tic  p a tte rn s  of th ese  pep tides a re  shown in  Figure 4. Both 

PN and GN were fu r th e r  separated  in to  3 spo ts (PNl, PN2, PN3, and GNl, 

QJ2, GN3) by th i s  procedure. The pep tides which moved slowly a t  pH 6.5 

(02, G3, and P2) were a lso  separated  from minor in ç u r i t i e s .  P reparative 

runs were c a rr ie d  out in  which the  d ig estio n  m ixture was applied  on 

Whatman No. 3 MM paper as a band, and the p u r if ic a tio n  ca rried  out as 

described above. The pep tides were e lu ted  from the paper, d ried  in  

th e  d e s ic c a to r , and saved fo r  fu r th e r  analyses.

S tru c tu re  o f Glucagon Peptides 

Each p u r if ie d  pep tide  was subjected to  amino acid  a n a ly s is , and 

then  to  N -term inal amino ac id  an a ly s is  by dansyl method. The dansyl 

amino ac id s  were id e n tif ie d  using a w ater cooled f l a t  p la te  high- 

voltage e le c tro p h o re tic  apparatus. The r e s u l ts  on Whatman No. 3 MM 

paper are  shown in  F igures 5 and 6 .

Amino ac id  composition o f glucagon p ep tid es . The amino acid  

compositions o f the p u r if ie d  pep tides from the  glucagon hydrolysate are
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Figure 4 . High vo ltage paper e le c tro p h o re tic  sep ara tio n  o f n e u tra l p ep tid es  derived 
from th e  h y d ro ly sis  o f ^u cag o n  by pepsin  and g a s tr ic s in .  O  red co lo r spot 

PNs stand  fo r  n e u tra l  p ep tid es  from th e  h y d ro ly s is  glucagon by pepsin  
GNs stand fo r  n e u tra l  p ep tid es  from th e  hyd ro lysis  glucagon by g a s tr ic s in
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shown in  Table 7. The data are expressed as number of amino acid  

residues per peptide. The an a ly tica l resu lts  show the number of amino 

acid residues close to  in tegral numbers. Most peptides appeared to be 

reasonably free  from contamination, as judged by the fact that most of 

the values are near an in tegral number, and contain a single amino- 

terminal amino acid .

Sequence o f glucagon peptides. From the amino acid conposition  

and the N-terminal amino acids of the peptides, the sequences of these 

purified  peptides could be established from the known sequence of 

glucagon, as shown in  Table 8 . Five pure peptides were id en tified  in  

the pepsin d igest and s ix  peptides were id en tif ied  in  the g a str icsin  

d ig ests .

The S ite  o f Bond Cleavage 

From the data described above, i t  was thus possib le to  

reconstruct the s it e s  of bond cleavage by the two enzymes, as shown 

in  Figure 7. The sequence of glucagon i s  shown in  the two l in e s  of 

Figure 7o The so lid  arrows show the peptides resu lting  from pepsin

d igestion , and the dotted arrows indicate the peptides resu lting  from

g a str icsin  d igestion . Four peptide bonds were cleaved by pepsin.

They are: phe-thr / ”6-7_7» asp-tyr ^ 9 -1 0 j7 , phe-val 22-23_/,

leu-met 26-27_/. Six peptide bonds were cleaved by g a str ic s in . They 

are; phe-thr / ”6 -7 _ /, asp-tyr /~9-10_7, ty r-ser  /~10-11_7, tyr-leu  

13-14_7, phe-val /~22-23_7, leu-met 26-27_/. Particu larly  

in terestin g  i s  the finding that ty r-ser  / ”lO -ll_7  and ty r-leu  /~13-14_7  

were only cleaved by g a str icsin  and not by pepsin.



TABLE 7

AMINO ACID COMPOSITIONS OF PEPTIDES DERIVED FROM HYDROLYSIS OF GLUCAGON BY PEPSIN AND GASTRICSIN

Pepsin
P eptides

G as tric s in

Amino Acids PI P2 P3 PNl PN2 PN3 G1 G2 G3 Oil GN2 GN3 G5

A sp artic  Acid 
Glutamic Acid

1 .2 0 1.14 2.29
1.19 1.03 l . : 3 0.98

1.39 1 .0 0 1.31
1.26

1.15
1.03

2 .40
1.75

2.14
1.14

Threonine
Serine

1 .00
0.84

0.80
1.74

1 .0 0
1.41

0.92
1 .0 0

1 .00
0.74

1 .0 0 2.32
1.87

1 .02 6.67
1.36 1 .0 0 1.01

Glycine
Alanine
Valine
Methionine
Leucine

1 .0 0

1.15

0.78

0.87

1 .0 0

0.68

0.93

0 .88

1.01

1.34

1 ,0 0
1.29
1.18

0.67
1 .00

0.95

1.08

1 .0 0
Tyrosine
Phenylalanine
Tryptophane

2.05
0.89

1 .0 0

0.70
1 .0 0 0.92

0,95
1.30

1 .0 0
1 .48 0 .6 0

0.91

H is tid in e
Lysine
A rginine

1 .0 0
2 .30

0.32
0.52

1.34 1 .00 0.35

2.03 1 .6 8 1 .00

T o ta l Residues 3 3 13 4 6 4 3 9 7 9 3

wVjJ
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TABLE 8

SEQUENCE OF PEPTIDES DERIVED FROM THE HYDROLYSIS 
OF GLUCAGON BY PEPSIN AND GASTRICSIN

Peptide
Sequences

PI Thr-Ser-Asp

P2 Met-Asn-Thr 27-29_/

P3 Tyr-Ser-Lys-Tyr-Leu-A sp-Se r-Arg-Arg-Ala-Gln-A sp-Phe 10-22_y

PNl Val-Gln-Trp-Leu ^23-26_%

PN2 +  Leu +  f  1 0 -1 3  J
PN3 His-Ser-Gln-Gly-Thr-Phe

G1 Thr-Ser-Asp-Tyr { ^ 1 - l O j

G2 Met-Asn-Thr /" 2?-29_7

G3 His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp

GNl Val-Gln-Trp-Leu-Met-Asp-Thr / “23-29_/

GN2 GN3+ His —  —  Phe /[“l-6 _ 7

GN3 Leu-Asp-Ser-Arg-Arg-Ala-Gln-Asp-Phe / ^ l k - 2 2 j

G5 Ser-Lys-Tyr [^ 1 1 -1 3  J
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Figure 7» Primary S tru c tu re  o f Glucagon (34) and th e  
S ite s  of Bond Cleavage by Pepsin and G a s tric s in .



36

H ydrolysis o f Oxidized Rlbonuclease A

Enzymic D igestions 

D igestion of oxidized rlbonuclease A by human pepsin and 

g a s tr ic s in  were c a rried  out a t  pH 2 ,0  (0 ,2  N N a-citrate-H C l b u ffe r) and 

37° fo r  p e p s li i ;  a t  pH 3 ,1  (0 ,2  N sodium c i t r a te  b u ffe r) and 37° 

fo r  g a s t r i c s i n .  The incubation  m ixture contained 10 mg oxidized 

rlbonuclease A and 0 .2  mg of enzyme in  a volume o f 1 ml b u ffe r  so lu tio n . 

At various stages of the d ig es tio n , 0 ,1  ml a liq u o ts  of the  so lu tio n s  

were removed, and the increase  of f re e  amino groups in  th e  so lu tio n  

was determined by ninhydrin  re a c tio n . The d ig estio n  was consisted  

a f te r  24 hours incubation , as  judged by th e  course of hy d ro ly sis  shown 

in  Figure 8 ,

Peptide Separation and Iso la tio n  

Chromatography on a column o f Amberlite IR-120B was se lec ted  

as  the  method to  separate  pep tides from the  d ig es t o f oxidized 

rlbonuclease A, A column of 0,9 x 50 cm was used and the  re s in  was 

prepared according to  the  procedure o f Spackman, Moore and S tein  (52), 

The column was f i r s t  e lu ted  with pH 3 ,25 , 0 ,2  N c i t r a te  b u ffe r  fo r  

3 hours, then w ith pH 4 .25 , 0 ,2  N c i t r a te  b u ffe r  fo r  another 3 hours. 

Prolonged e lu tin g  w ith pH 4,25 b u ffe r o r pH 5.28 b u ffe r  did not produce 

fu r th e r  n inhydrin p o s itiv e  substances.

The separa tion  p a tte rn s  o f th e  two enzymic d ig e s ts  o f oxdized 

rlbonuclease A were f i r s t  in v e s tig a te d , using the autom atic recording 

system o f a Beckman Spinco Model 120B amino acid  analyzer with a flow 

ra te  of 30 ml per hour. As shown in  Figure 9, the chromatographic
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F igure 8 . Time course of d ig estio n  of oxidized 
ribonuclease A by pepsin and g a s tr ic s in .  D igestions o f oxidized 
ribonuclease A were ca rried  out w ith pepsin a t  pH 2.0 and 37 
fo r  24 hours, and with g a s tr ic s in  a t  pH 3 .1  and 37° fo r  24 hours. 
A liquots (0 ,1  ml) were removed fo r  ninhydrin co lor re ac tio n .
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Figure 9. E lu tio n  p a tte rn  o f the  p ep tides derived  from the 

hyd ro lysis  o f oxidized ribonuclease A by g a s tr ic s in  and pepsin* The 

enzymic d ig e s ts  were chromatographed a t  50° on a column o f IR-120B 

(0 ,9  X 50 cm), 200 to  400 mesh, w ith 0*2 N sodium c i t r a te  b u ffe rs , a t  

a flow r a te  of 30 ml p e r hour*
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p a tte rn s  of the pep tides re su lt in g  from d ig estio n s  by th e  two enzymes 

a re  sim ilar» Several major peaks from pepsin  d ig estio n  (P l, P2, P3,

P4, P8 and P9) coincide w ell w ith those re su lt in g  from g a s tr ic  

d ig estio n  (Gl, G2, G3, G4, G8 and G9). Minor d iffe ren ces  could be 

observed between the two p a tte rn s . Among them were GIA, P5 and P7.

The two chromatographic p a tte rn s  were h igh ly  reproducib le . In  order 

to  id e n tify  the  major p ep tid es , p rep ara tiv e  runs were made using 50 mg 

of oxidized ribonuclease A in  each enzyme d ig est under the same 

fra c tio n a tio n  cond itions. The f ra c tio n s  were pooled, d esa lted  with 

Dowex-50 re s in , and fu r th e r  p u r if ie d  by means of high voltage paper 

e le c tro p h o re s is . Before a p p lic a tio n  of th e  sançles to  the paper, the  

pep tides were d esa lted  by passing  through a Dowex 50 x  2 (H"*” form) 

column. This was done by a d ju s tin g  the  pool o f peptide peaks to  pH 2,2 

w ith 6 N HCl, and in troducing  th i s  in to  a column (0,9 cm x  15 cm) of 

Dowex 50 X  2 re s in  (H"*" form ). C itr ic  ac id  o r mono sodium c i t r a te  were 

washed out thoroughly with d i s t i l l e d  w ater. This was followed by 

e lu tio n  with 0,8 N ammonium hydroxide so lu tio n  to  ob tain  th e  p u r if ie d  

p ep tid es . The p a tte rn  o f high voltage e lec tro p h o res is  i s  shown in  

Figure 10. The so lid  c i r c le s  rep resen t major spots and the  dotted  

d i r d e s  rep resen t minor sp o ts . E lec trophoresis  was ca rried  out in  a 

so lu tio n  of pH 3,5 pyrid ine a c e ta te  b u ffe r  (pyrid ine /  a c e tic  acid  /  

w ater 1 : 10 : 90) a t  4000 v o lts  (80 volts/cm ) fo r  100 m inutes. For 

p rep ara tiv e  purposes, the samples were app lied  on the middle lin e  of 

the  papers. A fter e le c tro p h o re s is , th e  separated  bands were e lu ted  

with d i s t i l l e d  water and saved fo r  fu rth e r  analyse 3,

In order to  have an independent separation  method fo r  th i s
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Figure 10, High vo ltage  paper e le c tro p h o re tic  sep ara tio n  o f p ep tid es  derived  from the 
hyd ro lysis  of oxidized ribonuclease  A by pep sin . The e lec tro p h o re s is  was c a rrie d  out a t  
AGOG v o lts  (8G volts/cm ) a t  pH 3.5 fo r  IGG m inutes. The so lid  c i r c le s  in d ic a te  th e  major spo ts , 
and th e  d o tted  c i r c le  in d ic a te  tra c e  p e p tid e s .
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study, two dim ensional high voltage paper e lec tro p h o res is  was ca rried  

out on both enzymic d igests»  The conditions of incubation  were much 

the  same as p rev io u sly  described  except fo r  a switch to  v o la t i le  

b u ffe rs  : pH 2.1 formic acid  /  a c e tic  ac id  /  w ater ( l  : 4 : 45)_7 fo r  

pepsin; and pH 3 .1  pyrid ine /  a c e tic  acid  /  w ater ( l  : 14 : 85)_7 fo r  

g a s tr ic s in .  The f in g e rp r in t  p a tte rn s  are  shown in  Figure 11, The f i r s t  

dimensional high vo ltage paper e lec tro p h o res is  was c a rrie d  out a t  pH 6 ,5 . 

The second dimension was run a t  pH 3 .5 . The shaded spo ts are  those 

found a t  id e n tic a l  p o s itio n s  in  the two p a t te rn s .  The l ig h t  spo ts are  

those found to  be a t  d if fe re n t  p o s itio n s .

For p rep ara tiv e  purposes, the  samples were app lied  as a band 

near the middle of a f u l l  sheet o f Whatman No. 3 MM paper. A fter 

e lec tro p h o res is  a t  pH 6 ,5 , a narrow guide s t r ip  was cut out and sta ined  

with ninhydrin-cadmiurn reagent to  lo c a te  pep tide bands. Each band 

was cut out se p a ra tly  and s titc h e d  to  another sheet of Whatman No, 3 MM 

paper. The second e le c tro p h o re s is  was ca rried  out a t  pH 3 .5 . Each 

p u r if ie d  peptide band was e lu ted  with w ater, and d ried  in  a d es ic ca to r 

over concentrated s u lfu r ic  a c id . The p u r if ie d  pep tides were saved fo r  

fu r th e r  analyses.

Analyses o f D igestion Products 

The p u r if ie d  p ep tid e s , obtained from column chromatography and 

two dimensional high voltage paper e le c tro p h o re tic  procedure, were 

analyzed fo r  th e i r  amino acid  compositions and fo r  th e i r  N-term inal 

amino ac ids using e i th e r  d in itropheny l o r dansyl method. From th i s  

inform ation , the amino acid  sequence o f p ep tides could be in fe rre d  from
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Figure H o Two dim ensional high voltage paper e lec tro p h o res is  

o f the p ep tid es  derived from th e  hyd ro lysis  o f  oxidized ribonuclease A 

by pepsin  and g a s tr ic s in .  L eft s id e : the p a tte rn  o f g a s tr ic s ii; . d igests^

Right s id e : the  p a tte rn  o f p ep tic  d igests*  The shaded spots are  those

found a t  id e n tic a l  p o s itio n s  in  the two p a tte rn s . The l ig h t  spots are  

those found to  be a t  d if f e re n t  p o s itio n s .
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the known sequence of ribonuclease A» The amino acid composition as 

w ell as the sequence of the peptides are shown in  Tables 9» 10, 11 and 

12 ,

The S ite  o f Bond Cleavage 

From the data obtained above, i t  was p o ssib le  to  in d ica te  the  

s i t e  o f pep tide bond cleavage by these  two enzymes (Figure 12), The 

so lid  arrows show the p o in ts  of cleavage by both enzymes, and the 

do tted  arrows in d ica te  the  bonds cleaved by e i th e r  enzyme alone,

A number o f d if fe re n t  pep tide bonds were s p l i t  by both enzymes 

(Table 6 ), The ty r - s e r  bond /~76-77_7 was cleaved only by g a s tr ic s in ,  

not by pepsin , \d iile  v a l-a la  /"l0B -109_/ was cleaved only by pepsin , 

not by g a s tr ic s in .

H ydrolysis o f Synthetic D ipeptides

The H ydrolysis o f CBZ-dipeptides 

I t  has been shown in  the  above experim ents th a t  two pep tide 

linkages in  glucagon were hydrolyzed only by g a s tr ic s in .  They are 

ty r - s e r  and ty r - le u  bonds. In  the  case o f oxidized ribonuclease A, 

the bond, ty r - s e r ,  was cleaved only by g a s tr ic s in .  The r e s u l t  seem to  

in d ic a te  th a t  g a s tr ic s in  has c e r ta in  degree o f s p e c i f ic i ty  fo r  ty r -x  

bond.

I t  was decided then to  t r y  a se r ie s  of ty ro sy l d ipep tides as 

su b s tra te s  fo r  the enzymes. I f  th e  observed d iffe re n c es  in  th e  

hydro lysis  of glucagon and ribonuclease A by the  two enzymes could be 

demonstrated in  sy n th e tic  d ip ep tid e , some of the ty ro sy l-d ip e p tid e s
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TABLE 9

AMINO ACID COMPOSITIONS OF PEPTIDES FROM THE 
OXIDIZED RIBONUCLEASE A HYDROLYSATES

Amino Acid P eptides

P3 P4 ?4A f4D P6 P7

A spartic  Acid 1.01 1.12

Glutamic Acid 1,13 0,98

Alanine 1.04 1.01 1.27

Valine 1.02 0.92

Leucine 0.95

Serine 0,95 2.02 1.10

Threonine 1.04 0.91

Tyrosine 0,85

Phenylalanine 0.95

Methionyl
Sulfone 1,00

Lysine 0,95

T otal Noo of 
Residue 4 4 5 2 4 1



47

TABLE 10

PROBABLE STRUCTURES OF PRODUCTS FORMED BY THE 
ACTION OF PEPSIN ON OXIDIZED RIBONUCLEASE A

Peptide or 
Amino Acid Sequence P o sitio n  in  

Ribonuclease A

P6 Lys-Glu-Thr-Ala 1-4

P? Phe 46

Pad Ser-Leu 50-51

P4 Ala—Asp—Val—GUn 52-55

V Ser-Tyr-Ser-Thr-M et SO2 75-79

P3 A sp-Ala-Se r-V al 121-125

Note:

N -term inal amino acid  of each pep tide  was determined by 
d in itro p h en y l method»



TABLE 11

AMINO ACID COMPOSITION OF PEPTIDES DERIVED FROM THE HYDROLYSIS 
OF OXIDIZED RIBONUCLEASE A BY PEPSIN AND GASTRICSIN

Ami no Acid GNl GN2 GN3B GN3C GN3D ' GBl GB2 GB3 GAl GA2 GA3 PA3

A spartic  Acid 1 .10 1.08 1 ,36 1.00 1.11 2.84 3.20^
Glutamic Acid 1.06 1.00 1.00 1.03 1.06 1.34 2.61 2.20
Threonine 0.936 1.00 0.99 1.12 1.00 1.25
Serine 0.98 0.83 0.84 1.09 0.78 1 .36 1.34
Glycine 1.13 1 .0 7 1.38
Alanine 1 .0 0 1 .0 0 2.09 2.26
Valine 1 .0 0 1 .01 1 .00 2.09 2.30
Methionine 0.94 1 .0 2 0.83
Leucine 1 .0 0 0.77 1 .00

0 c 8 0 ^  O o 7 ^Tyrosine
Phenylalanine

1.25
0.78 0.92________ 0.99

H is tid in e  
Lysine 
A rginine 
C ysteic Acid

0.92 0.95
1 .0 0  0 ,97 1 .64  1.70

1.00
2.61  2.90

T o ta l Residue

^Tyrosine xas determined as  a C -term inal amino acid  followed by se rin e .

^Glutamine was determ ined as  a C -term inal amino ac id  followed by ty ro s in e .
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TABLE 12

PROBABLE STRUCTURE OF PRODUCTS FORMED BY THE ACTION 
OF GASTRICSIN ON OXIDIZED RXBONÜCLEASE A

Peptide No» Sequence

GNl Leu +• Asn-Thr 44-45_/

GN2 Asn-Thr [~kU-k5_J

GN3B Val-Gln [  ?4-55_7

GN3C Arg-Asp 33-34_y +- Phe +  Ala-Leu-Ser-Glu 49-5

GN3D Phe-His /fl2 0 -1 2 1 _ 7 +  Glu-Thr-Gly-Ser ^ 8 6 -8 9 j7

GBl Ser-Lys-Thr ^ 9 0 -9 2 j7

GB2 Phe-Val-His-Glu-Ser-Leu / ”46-$l_7

GN3 Lys-Glu-Thr-Ala / ”l-4_7

GAl Asp-Ala-Ser-Val /" l21-124_/

GA2 Ala-Asp-Val-Gln ["52^55J

GA3 Ala-Val-Cys-Ser-Gln-Lys-A sn-Val-Ala-Cys-Lys-A sp- 
Gly-Gln-Thr-Asn-Cys-Thr-Gln-Ser-Tyr 56-76_/
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Figure 12, The amino ac id  sequence o f bovine p an c re a tic  ribonuc lease  A (35), 
and th e  p o s itio n  of cleavage by pepsin  and g a s tr ic s in .

The s i t e s  o f bond , a ttack ed  by both ensjTnes,
_ ___ X  The s i t e s  o f bond a ttack ed  by e i th e r  enzyme alone.



51

such as CBZ-tyr-ser o r CBZ-tyr-leu would be hydrolyzed by g a s tr ic s in  

but not by pepsin» In th i s  s e r ie s  o f experiments , 0 .2  mg to  1 mg of 

the  pep tide was d isso lved  in  0.5 ml of 0 ,1  N citra te -H C l b u ffe r , pH 2 .0 . 

Due to  low s o lu b i l i ty  of most o f the  p ep tid es , i t  was necessary  to  

heat th i s  pep tide  so lu tio n  to  60°C fo r  5 minutes with vigorous shaking. 

An h ighest amount of each pep tide  th a t  would d isso lved  completely by 

th i s  procedure was used as s u b s tra te . Enough o f each peptide was used 

to  produce near sa tu ra ted  so lu tio n . F if ty  ^  o f enzyme so lu tio n  

(a  mg/ml aqueous so lu tion ) was added to  each tube containing 0.5  ml of

0 .1  N citra te -H C l b u ffe r  and a su b s tra te . A fte r incubation  a t  37° fo r 

5 to  8 hours, the reac tio n  was stopped by heating  the  mixture in  a 

b o ilin g  w ater bath fo r  5 m inutes. The p r e c ip i ta te  of in ac tiv e  enzyme 

was f i l t e r e d  o f f  and 0 .2  ml a liq u o ts  o f the  f i l t r a t e  were analyzed 

with th e  amino acid  analyzer.

In a p re lim inary  experim ent, i t  was found th a t  during the 

incubation  a t  37°  fo r  7 hours, th e re  was e s s e n t ia l ly  no hydro lysis of 

th e  peptide in  th e  absence of the  enzyme. However, the incubation of 

e i th e r  human pepsin or g a s tr ic s in ,  in  the  absence o f the  su b stra te  

p ep tid e , re su lte d  in  a s lig h t increase  of n inhydrin  p o s itiv e  substance, 

in d ic a tin g  the  presence o f some au to d ig estio n  o f th e  enzyme. I t  was 

thus necessary  to  d is tin g u ish  between the tru e  hydro lysis  of the 

p ep tid e , and the ninhydrin p o s itiv e  substances formed by au tod igestion  

of the  enzymes. This was accomplished by means of a Beckmann Spinco 

Model 120B amino acid  analyzer. The chromatograms from amino acid  

analyses are shown in  Figure 13. Small n in h y d rin -p o sitiv e  peaks were 

always observed in  th e  record from th e  amino acid  analyzer, perhaps



52

Figure 13» The chromatograms from amino acid  analyses of the 

hydro lysis  of CBZ-L-tyrosyl-L-alanine by g a s tr ic s in  and of the  con tro l 

experiment of enzyme incubation alone»
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due to  th e  au to d ig estio n  of th e  enzymeo Since the ra te  o f hydro lysis 

of sy n th e tic  p ep tides was measured a f te r  only 2 to  8 hours o f incubation- 

the e f fe c t  o f au to d ig estio n  was assumed to  be in s ig n if ic a n tc  The 

chromatogram from amino acid  an a ly s is  o f incubation  w ith enzyme alone 

in d ica te  severa l low peaks a t  th e  p o s itio n  of a s p a r tic  ac id , se rin e , 

th reo n in e , g lycine and a lan in e . The amino acids a n a ly s is  chromatogram 

of the  CBZ-tyr-ala hydrolysate  showed a high peak of a lan in e  conçared 

with small peaks o f au to d ig estio n  products. I t  i s  apparent th a t  th i s  

high peak of a lan ine  was the  product of th e  h yd ro lysis  o f CBZ-tyr-ala, 

The a n a ly t ic a l  r e s u l ts  obtained fo r  CBZ-dipeptides are  shown in  

Table 13» The f i r s t  f iv e  sy n th e tic  d ip ep tid es  were the  r e s u l ts  o f work 

p rev iously  repo rted  by Tang (7, 36). Other CBZ-dipeptides were shown 

in  the decreasing  o rd er o f the  sp e c if ic  a c t iv i ty  o f g a s tr ic s in .

The H ydrolysis o f lo d in a ted  D ipeptides 

lod in a tio n  o f p ep tid es . In  o rder to  study the s te r ic  e f fe c t  of 

iodine atoms incorporated  in to  the  pep tide  su b s tra te s  on the  s p e c if ic i ty  

of the two enzymes, th re e  d ip ep tid es , CBZ-L-tyr-L-ala, CBZ-L-tyr-L-ser, 

CBZ-L-tyr-L-thr, were io d in a ted  according to  the  procedure o f Hughes 

and S tra e ss le  (53) w ith s l ig h t  m od ifica tion . The d ip ep tid es  (5 mg) 

were d isso lved  in  a ml o f 0 ,1  M sodium bicarbonate  so lu tio n . To th is  

so lu tio n , iod ine so lu tio n  (lOO mg Kl-f- 100 rag Ig -f- 5 ml HgO) was added 

dropwise with vigorous shaking a t  room tem perature u n t i l  the s l ig h t ly  

yellow co lo r p e rs is te d . Next sev era l drops of 6 N HCl was added to  

make the so lu tio n  a c id ic  and th e  white p re c ip i ta te  th a t  appeared was 

washed tw ice w ith sev era l drops of water to  remove potassium  iodide
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TABLE 13

THE HYDROLYSIS OF SYNTHETIC DIPEPTIDES 
BY GASTRICSIN AND PEPSIN

S ubstrate G as tric s in Pepsin

N -acety l-L -phe-L -tyr 

N -acety l-L -phe-L -d iio ty r 

CBZ—L—glu—L—ty r  

CBZ-gly-L-phe 

CBZ—L—glu—L—pli6

S p ec ific  A ctiv ity^

.23 =77 

0 3.92 

.0168 .0342 

.0018 .0060 

.0012  .0240

CBZ—L—ty r —L—a la .0910 .002

CBZ—L—ty r —L—th r .0521 .002

CBZ—L—ty r —L—lau .0272 .002

CBZ-L-tyr-L-ser .0193 .002

CBZ—L—ty r —L—val ,0084 .0042

CBZ-L-tyr-L-tyr .0076 .0337

CBZ—L—ty r —L—phe .0021 .0212

CBZ-L-tyr-gly .0002 0

CBZ—L— ser—L—ty r 0 0

CBZ—L—a la —L—ty r 0 0

CBZ—L—phe—L—ser 0 0

_pmole amino acid  re leased  per mg enzyme per hours
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and hydrochloric acid» The washed p re c ip i ta te  was then dissolved in  

pH 2o0 a t  60°C to  make a sa tu ra ted  so lu tio n .

Enzymic d ig estio n  of iod ina ted  p ep tid es. F i f ty  ;nl of e i th e r  

pepsin or g a s tr ic s in  so lu tio n  containing 0 .2  mg o f enzyme was added to  

each 0.5 ml of sa tu ra ted  so lu tio n  o f iod inated  d ip ep tid e . The mixture 

was incubated a t  37° fo r  5 hours. The reac tio n  was stopped by heating  

in  a b o ilin g  water bath  fo r 10 m inutes to  in a c tiv a te  th e  enzyme.

A liquots (0 .2  ml) were taken fo r  amino acid  a n a ly s is . The sp ec ific  

a c t iv i ty  of g a s tr ic s in  toward the iod inated  d ip ep tid es  was 3056 lower 

than  with the CBZ-tyrosyl d ip ep tid es as  su b s tra te s . Although pepsin 

d id  not hydrolyze CBZ-L-tyrosyl-L-alanine, CBZ-L-tyrosyl-L-serine and 

CBZ-L-tyrosyl-L-threonine, pepsin could hydrolyze the iod inated  CBZ- 

ty ro sy l-d ip ep tid es  to  the ex ten t o f 50^ o f th e  sp e c if ic  a c t iv i ty  of 

g a s tr ic s in  toward CBZ-tyrosyl d ip ep tid es.

K inetic  Measurements 

From the r e s u l ts  shown above, i t  i s  c le a r  th a t  pepsin does not 

hydrolyze the  d ip ep tid es , CBZ-tyr-ala, CBZ-tyr-ser and CBZ-tyr-thr. I t  

was thus decided to  study the  k in e tic  o f the  h y d ro lysis  of these 

p a r t ic u la r  su b s tra te s  by g a s tr ic s in .

D eterm inations o f enzymic hydro lysis were c a rrie d  out in  the 

same manner as described p rev io u sly . The incubation  mixture contained 

0o2 mg of p u r if ie d  g a s tr ic s ii^  and su b stra te  a t  th e  d esired  concentration , 

in  a t o ta l  of 0.55 ml of 0 .1  N sodium c i t r a te  b u ffe r , pH 2 .0 . This i s  

th e  optim al pH fo r  the hyd ro lysis  o f syn th e tic  su b s tra te s  by g a s tr ic s in .  

The samples were incubated a t  37° fo r  2 to  7 hours depending on the
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r a te  of h y d ro ly s is . A fter incu b a tio n , th e  enzyme vias in ac tiv a te d  by 

p lacing  the  tubes in  a b o ilin g  w ater bath  fo r  10 m inutes. The saoiples 

were then  f i l t e r e d ,  and a liq u o ts  o f the  f i l t r a t e s  (0 ,2  ml) were 

adsorbed on the column (0 .9  x  40 cm) of th e  amino acid  analyzer and 

e lu ted  with 0 ,2  M sodium c i t r a te  pH 3«25, Two con tro l saiqjles were 

used. One contained the enzyme w ithout su b s tra te , and the  o ther 

contained the  su b s tra te  a lone. The enzyme con tro l saaçle  showed the  

presence of severa l small n inhydrin  p o s itiv e  peaks appearing a t  the 

p o s itio n s  of a s p a r t ic  ac id , th reo n in e , s e r in e , g lycine and a lan in e .

Since the peaks in  t h i s  blank re su lte d  from au to d ig estio n , they  were 

su b strac ted  from the fre e  amino acid  values determined in  the d ig estio n  

m ixture. The su b s tra te  co n tro l showed no peaks of ninhydrin p o s itiv e  

substances.

The Time Course o f H ydrolysis o f A Synthetic  

D ipeptide w ith G astric s in  

When CBZ-L-tyrosyl“L -serine  (1 ,8  umole) was incubated with 

g a s tr ic s in  (0 ,4  mg) in  1 ml o f 0 ,1  M sodium citra te -H C l b u ffe r  a t  pH 2 ,0  

and 37° ,  an apparent l in e a r  in crease  of n inhydrin co lor re ac tio n  w ith 

time was observed (Figure 1 4 ), Under th ese  experim ental conditions 

only  2 , 7% of su b s tra te  was hydrolyzed a f te r  6 hours of incubation ,

pH -A ctivity  Curve 

The p H -ac tiv ity  curve fo r  the  hydro lysis  o f CBZ-L-tyr-L-ser by 

g a s tr ic s in  was obtained by measuring q u a n ti ta t iv e ly  th e  ninhydrin co lo r 

re a c tio n  a f te r  incubating  enzyme and su b stra te  a t  pH values ranging 

from 1,5 to  4 .5 . The incubation  m ixture (0 ,5  ml) contained 0 ,2  mg of
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Figure 14. H ydrolysis o f N-CBZ-L-tyrosyl- 
L -serine  by g a s tr ic s in  (0 .4  mg) a t  pü 2 and 37° .  
The ex ten t of h y d ro ly sis  was determined by the 
ninhydrin method. A liquots (O .l ml) were analyzed 
a t  one hour in te rv a ls .
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Figure 15. The pH- 
a c t iv i ty  curve o f g a s tr ic s in  
toward CBZ-L-tyrosyl-L-serinec
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g a s tr ic s in  and a sa tu ra ted  so lu tio n  of CBZ-L-tyro sy l-L -serin e  ( lo 8 mM) 

in  Ool M sodium citra te -H C l buffer® The maximum a c t iv i ty  was observed 

a t  pH 2o0 (Figure 15), \riiich d iffe re d  from the optimum pH 3oO of 

g a s tr ic s in  idien hemoglobin was used as substrate®

The Rate o f H ydrolysis Versus Enzyme Concentration 

F iv e-ten th s  ml each of 0®5 mM CBZ-L-tyr-L-ala was incubated with 

f iv e  d if f e re n t  concen trations o f enzyme a t  pH 2®0 and 37° fo r  two hours® 

The r a te  o f hyd ro lysis  was measured by q u a n tita tiv e  amino acid  analysis® 

Figure 16 shows th a t  the ra te  o f hydro lysis  was s t r i c t l y  p roportional 

to  enzyme concentration®

The Graphical Determ ination o f %  and V^

For each su b s tra te , the  ra te  of hydro lysis  was measured a t  five  

d if f e re n t  su b stra te  concentrations® In  a l l  experim ents, the i n i t i a l  

r a te  o f the reac tio n  was measured by lim itin g  the h y d ro lysis  below 15% 

o f th e  t o t a l  su b s tra te  concentration® A ll k in e tic  experiments were 

p lo tte d  according to  the method of Lineweaver and Burk (54) (Figures 17, 

18 and 19)® The values o f and were g rap h ica lly  determined from 

these  p lo ts ,  and a l i s t  o f the  values of K3 and -AF° are  shown in  

Table 14®
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Figure 16, P ro p o rtio n a lity  o f v e lo c ity  to  enzyme 
concen tra tion  in  th e  g a s tr ic s in  assay® The ex ten t o f pep tide  
h y d ro ly sis  was determ ined by amino ac id  analysis® The sub­
s t r a te  was Oo5 mM CBZ-L-tyr-L-ala® Hydrolyses were performed 
in  0 .1  M sodium c itra te -H C l b u ffe r , pH 2 .0 , and 37°.
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Figure 17» G raphical determ ination  o f %  and Vm fo r  the 
ac tio n  of g a s tr ic s in  on CBZ-L-tyr-L-ala, Enzyme concen tra tion  was 
Go4 mg/ml. Hydrolyses were performed a t  37^ , in  0 ,1 M sodium 
c i t r a te  HCl b u ffe r , pH 2 .0 , The a lan ine  re leased  from h y dro lysis  
was determined by amino acid  a n a ly s is .
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Figure 18o G raphical d e te r­
m ination o f Km and Vm fo r  th e  ac tio n  
of g a s tr ic s in  on CBZ-L-tyr-L-ser « 
Enzyme concentration  was 0 ,4  m^mlo 
Hydrolyses were performed a t  3 f , in  
Ool M sodium citra te -H C l b u ffe r , 
pH 2 .0 . The se rin e  re le a se d  from 
d ip ep tid e  was determined by amino 
ac id  a n a ly s is .
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Figure 19o G raphical determ ination o f %  and 
fo r  the  a c tio n  o f g a s tr ic s in  on CBZ-L-tyr-L-thro Enzyme 
concen tra tion  vas Oo4 mg/mlo Hydrolyses were performed 
a t  37^, in  O d  M sodium citra te-H C l b u ffe r , pH 2<,0o The 
th reonine re leased  from d ipep tide  vas determined by 
amino ac id  a n a ly s is .
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TABLE 14

KINETICS OF PEPSIN AND GASTRICSIN ACTION 
ON SYNTHETIC DIPEPTIDES AT pH 2 .0

D ipeptide S ubstra tes of 
Pepsin Km («) Kj sec-1

_AF°
Kcal/mole

N -acetyl-L -phenylalanyl 
-L -d iio d o ty ro sin e(31) 7.5 X lO"^ 20 X 10 ^ sec ^ 5.85

N -acetyl-L -phenylalanyl 
-L-dibrom otyrosine(32) 9.3 X 10"5 1.97 X 10-^ sec“l —

N -acety l-L -ty rosy l-L - 
phenylalanine (31) 2 .0  X 10“^ 0.3 min”^ 3.8

N -acety l-L -tyro  syl-L 
- ty ro s in e  (31) 6 .1  X 10"^ 0.88  min”^ 3.8

D ipeptide S ubstra tes  of 
G astrics in Km (M) K3 h r“^

-AF° ^ 
Kcal/mole

CBZ-L-tyro sy l-L -alan ine 7.7 X 10“^ 15.40 4.41

CBZ-L-tyro sy l-L -ser 2 .0  X 10”^ 2.38 3.83

CBZ-L-tyro sy l-L - 
threonine 8 .3  X 10"^ 3.09 2.95

^ h e  standard fre e  energ ies  o f combination o f g a s tr ic s in  
w ith each su b s tra te  f-AF°) were ca lcu la ted  on the assmq^tion th a t  K% 
(M ichaelis constant) i s  equal to  Kg (D issociation  constant) and 
using  the expression -AF°= 2.303 HT log  K where R =  1,986 ca l x 
deg-^ X mole-1, T =  310°, K = - i - .



CHAPTER IV 

DISCUSSION

The p resen t study was undertaken to  ob ta in  d e ta ile d  inform ation 

on the  s p e c if ic i ty  of g a s tr ic s in  and pepsino As reviewed in  the  

in tro d u c tio n , i t  has been es ta b lish ed  th a t  th ese  two enzymes d i f f e r  

from each o th er in  many p ro p e r tie s , such a s  optim al pH, e le c tro p h o re tic  

m o b ility , m olecular w eight, N -term inal amino a c id , th e  sequence o f the  

C-term inal f i r s t  3 amino acid  re s id u es , amino ac id  congaosition, and 

even the o v e ra ll conformation of the  molecules»

Several questions seem to  be re lev an t to  t h i s  cu rren t study»

(a) How does the s p e c i f ic i ty  of g a s tr ic s in  d i f f e r  from pepsin and 

through >diich sp e c if ic  amino ac id  s id e  chains i s  t h i s  re f le c te d ?

(b) Are th e re  bonds th a t  are  su scep tib le  to  a tta c k  by both enzymes?

(c) Can the s p e c i f ic i ty  o f pepsin and g a s tr ic s in  observed with p ro te in s  

a lso  be demonstrated w ith sy n th e tic  d ip ep tid e  su b s tra te s?

In  th i s  in v e s tig a tio n , to  th ese  questions the  answer are  

provided by th e  experim ental r e s u l ts  obtained from the  h y d ro lysis  o f 

oxidized ribonuclease A, glucagon, and from the  k in e t ic  s tu d ie s  w ith a 

s e r ie s  of sy n th e tic  d ip ep tid es , CBZ-L-tyrosyl-L-alanine, CBZ-L-tyrosyl- 

L -se rin e , and CBZ-L-tyrosyl-L-threonine.
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H ydrolysis o f P ro te in  S ubstra tes  

On th e  b a s is  o f th e  r e s u l ts  obtained from th e  id e n t i f ic a t io n  

o f the  pep tid es  from glucagon and oxidized ribonuclease A hydro ly sa tes , 

common s i t e s  o f bond cleavage by both enzymes could be in ferredo  Those 

su scep tib le  bonds a re  shown in  Table 6 »

Pepsin and g a s tr ic s in  cleave s im ila r  bonds» There are  only  a 

few bonds cleaved by g a s tr ic s in  but not by pepsin  and vice versa 

(Table 6 )» The ty ro sy l-s e r in e  bond was cleaved in  both p ro te in s  by 

g a s tr ic s in ;  ty ro sy l- le u c in e  was cleaved only  by g a s tr ic s in  Wien glucagon 

was used as  the  su b s tra te  molecule»

Although th e re  a re  s ix  ty ro s in e  resid u es  in  th e  oxidized 

ribonuclease A m olecule, f iv e  o f them are  linked  w ith unfavorable amino 

ac id  re s id u es , such as  cy s te ic  ac id  o r a b as ic  amino acid» Only the  

ty ro s in e  residue  a t  p o s itio n  has two se rin e  re sid u es  on e i th e r  side» 

Therefore ty r - s e r  J  i s  su scep tib le  to  g a s tr ic s in  hydrolysis»

The amino ac id s  on e i th e r  side  o f th e  common su scep tib le  bonds 

in  both p ro te in  hydro lysa tes  contain  hydrophobic side  chains» This 

suggests th a t  hydrophobic in te ra c tio n s  may be requ ired  fo r  hydro lysis  

to  occur in  e i th e r  case»

The pep tide  bonds ty r - s e r  and ty r - le u  were cleaved only  by 

g a s tr ic s in  bu t not by pepsin» This in te re s t in g  fin d in g  le d  us to  t e s t  

a s e r ie s  o f CBZ-tyrosyl d ip ep tid es  and o ther re la te d  dipeptides»  The 

reason th a t  pepsin  does not hydrolyze ty r - s e r  o r ty r - le u  bond may be 

th a t  th e  binding of t h i s  p a r t o f side chain o f amino ac id  to  pepsin  i s  

not as strong as to  g a s tr ic s in »
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H ydrolysis o f Synthetic  D ipeptides 

The r e s u l ts  obtained in  the  study of the h y d ro lysis  o f d ipep tides 

by g a s tr ic s in  and pepsin agree with th e  observation  made when glucagon 

and oxidized ribonuclease A were used as  substra teso  I t  may be re ca lled  

th a t  th e re  were th re e  linkages in  glucagon and oxidized ribonuclease A 

cleaved by g a s tr ic s in  but not by pepsin» They are  a l l  ty ro sy l-x  

pep tide linkages» I t  i s  c le a r  from th e  r e s u l ts  th a t  some of the  ty ro sy l 

d ip ep tid es , i»e» , CBZ-tyr-leu, C B Z-tyr-thr, CBZ-tyr-ser, and CBZ-tyr-ala 

are  sp e c if ic  sy n th e tic  su b s tra te s  fo r  g a s tr ic s in  but not fo r  pepsin»

Since the  hyd ro lysis  of peptide bonds by pepsin i s  known to  be dependent 

on the  hydrophobic in te ra c tio n  of the  enzyme and the  hydrocarbon side 

chain o f the  su b s tra te  (24) ,  i t  I s  in te re s t in g  to  see the  e f fe c t  of the  

s ize  of the  hydrophobic side chain o f the su b stra te  on the hydrolysis 

by g a s tr ic s in »  From the r e s u l ts  given in  Table 13, i t  was found th a t  

v a r ia tio n s  in  the nature of the amino acid  on e i th e r  s ide  of the 

su scep tib le  pep tide bond could a f f e c t  the s u s c e p t ib i l i ty  o f the  bond 

to  hydro lysis  by g a s tr ic s in »  CBZ-ser-tyr and CBZ-ala-tyr were 

r e s is ta n t  to  hydro lysis  by g a s tr ic s in ;  while CBZ-tyr-ser and CBZ-tyr- 

a la  were r e a d ily  hydrolyzed by g a s tr ic s in .  When phenylalanine was 

su b s titu te d  fo r  ty ro s in e  in  a CBZ-tyrosyl d ip ep tid e , th e re  was a la rg e  

decrease in  the  ra te  of h y d ro ly s is . Although a side chain of 

phenylalanine i s  a good hydrophobic group, CBZ-phe-ser vras r e s is ta n t  

to  g a s tr ic s in  a t ta c k . This observation  may be explained by s ta tin g  th a t 

hydrogen bonding may p lay  some ro le  in  the  binding of d ipep tide  

su b s tra te s  with g a s tr ic s in ;  o r some residue of ty ro s in e  in  the 

g a s tr ic s in  molecule may e x is t  in  the ac tiv e  s i te  o f the molecule.
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The fa c t  th a t  N -acety l-L -phenylalanyl-L -diiodotyrosine was 

hydrolyzed by pepsin but not by g a s tr ic s in  may be accounted fo r  by the 

s te r ic  hindrance of the L -d iio ty ro sin e  side chain of th e  su b stra te  to  

the enzyme-subs tr a te  b inding of g a s tr ic s in o  From th i s  d iffe ren ce  in  

s p e c if ic i ty ,  i t  might be explained th a t  pepsin probably req u ire s  

hydrophobic regions on th e  second amino acid  in  the  peptideo This i s  

a lso  supported by th e  evidence th a t  CBZ-L-tyr-L-tyr and CBZ-L-tyr-L-phe 

were re a d ily  cleaved by pepsino

When CBZ-diiodotyrosyl d ip ep tid es were used as su b s tra te s  fo r  

pepsin , pepsin hydrolyzed them 50- 70^ as  w ell as  g a s tr ic s in  could 

hydrolyze the same non-iodinated substrates»  An explanation i s  th a t  

io d in a tio n  of ty ro s in e  increased  the p ep s in -su b stra te  binding» On th e  

o th er hand, g a s tr ic s in  hydrolyzed CBZ-diiodotyrosyl d ip ep tid es  a t  70^ 

of the hydro lysis  r a te  o f the  CBZ-tyrosyl dipeptides» This observation  

may be explained by s ta t in g  th a t  s te r ic  hindrance overcomes hydrophobic 

e f fe c t in  case of g a s tr ic s in »

The K inetic  Data 

From th e  data in  Table 13, CBZ-tyr-ala, CBZ-tyr-ser, CBZ-tyr- 

th r  were found to  be good sy n th e tic  su b s tra te s  fo r  k in e t ic  investiga tion»  

The prim ary purpose of th ese  s tu d ies  was to  a sse ss  the  in fluence of 

a lan in e , se rin e  and th reon ine  on th e  k in e tic  param eters o f the  hydro lysis  

of d ipep tides by g a s tr ic s in »

Since the  h yd ro lysis  ra te  o f d ipep tides was r e la t iv e ly  slow, 

we assumed th a t  the  observation  made on the g a s tr ic s in -c a ta ly z e d  

hydro lysis  of CBZ-L-tyrosyl d ip ep tid es f i t s  the follow ing k in e tic
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scheme i

%  . SE +  S = = S = i ES   E +  Pn 4- Pr
' T T  ^ '

E rep resen ts  g a s tr ic s in ;  S rep re sen ts  the CBZ-dipeptides; P^ i s  CBZ- 

ty ro s in e , and P2 rep resen ts  e i th e r  se rin e , a lan in e  o r threonine» 

K inetic  data  have been p lo tte d  throughout the  p resen t study according 

to  the  equation» and Vjjĵ  were obtained from the  p lo t according to  

the  method o f Lineweaver and Burk, and K3 was ca lcu la ted  from Vj^^x s s  

shown in  F igures 19, 20 and 21»

r ^ j + -

K3 +  «2 T,
Km = -------——— K3 = -

max

Ki f E j

In  o rder to  c a lc u la te  standard  fre e  energ ies  of a s so c ia tio n , i t  

was assumed th a t  Kg K3 and, th e re fo re . Km i s  num erically  equal to  

Kg» Values fo r  K  ̂ fo r  d if f e re n t  enzyme-subs tr a te  systems have been 

reported  to  vary  from 2»1 x  10^ to  6 x  10^*  ̂ M ^ min”^ (54) (Eigen and 

Hammes 1963)» I f  i t  i s  assumed th a t  K]_ in  t h i s  g a s tr ic s in  su b s tra te  

system l i e s  w ith in  th i s  range, then Kg should be between I 6 x  IcA and 

48 X lo'^ min”^« The observed value o f K3 i s  le s s  than 1% of the 

ca lcu la ted  Kg» Then standard  fre e  energ ies o f a s so c ia tio n  were 

ca lcu la ted  using th e  expression  -AF°=: 2.303 RT lo g  K, where 

R = .lo986  cal x deg“^ x  mole T =  310° and K, a s so c ia tio n  co n stan t,
1 Q

The ca lcu la ted  -4F are  shown in  Table 14. With reference“  Km
to  in fluences on b inding, i t  i s  observed th a t  the  b inding energy of 

d ip ep tid es ( - 6F°) in c reases  in  the follow ing o rd er: CBZ-tyr-thr
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CBZ-tyr-ser ^C B Z -tyr-alao

With reference  to  th e  in fluence on th e  c a ta ly t ic  h y d ro ly sis  of 

CBZ-dipeptides, the  values of in  Table 14 in d ic a te  th a t  the nature 

of amino ac id s  a t  th e  C-term inal end i s  im portan t. The values fo r  

the  th re e  d ip ep tid es  increase  in  the  follow ing o rd er: CBZ-tyr-ser <_

CBZ-tyr-thr <C CBZ-tyr-ala.

The conç»actness of th e  hog pepsin molecule has been a t t r ib u te d  

to  hydrophobic bonding due to  th e  high percentage o f amino ac id s  w ith 

nonpolar side  chains (55)® Hydrogen bonds a re  r e la t iv e ly  uninportan t 

in  m aintaining th e  conform ational s tru c tu re  o f a c tiv e  pepsin  ( 55)®

The s im ila r i ty  in  amino ac id  composition and physica l p ro p e rtie s  

between hog pepsin and human pepsin  suggests a s im ila r  ing)ortance of 

hydrophobic bonding in  m aintaining th e  s tru c tu re  o f human pepsin . The 

r e la t iv e ly  lower percentage of leu c in e , iso leu c in e  and va lin e  resid u es 

in  g a s tr ic s in  may account fo r the  more re lax ed , elongated s tru c tu re  of 

g a s tr ic s in  (56)® I t  i s  h igh ly  probable th a t  th ese  s tru c tu ra l  

d iffe ren ce s  are  responsib le  fo r  th e  s p e c i f ic i ty  d iffe re n c es  found in  

th i s  study of pepsin  and g a s tr ic s in .  In  o th e r words, th e  t e r t i a r y  

s tru c tu re  as w ell as  the probable amino acid  sequence d iffe ren ce s  are  

a lso  re f le c te d  in  the  s p e c i f ic i ty  o f th ese  two enzymes as expressed in  

s tren g th  o f binding and h y d ro ly tic  rate®



CHAPTER V 

SUMMARY

Studies were made on th e  s p e c i f ic i ty  o f human g a s tr ic  

p ro te o ly tic  enzymes, pepsin and g a s tr ic s in  using  oxidized ribonuclease A 

and glucagon. The two enzymes show a broad s p e c if ic i ty  toward these  

su b s tra te s  in  cata lyz ing  the hyd ro lysis  o f ty ro s y l,  phenylalanyl, 

le u c y l, glutam inyl and a sp a rty l  pep tide bonds e tc .  The bonds cleaved 

by both enzymes were s im ila r in  most case. However, th re e  peptide 

linkages were found to  be hydrolyzed only by g a s tr ic s in .  They are  

ty ro sy l-s e r in e  and ty ro sy l-leu c in e  in  glucagon and ty ro sy l-se r in e  in  

oxidized ribonuclease A. Since a l l  th re e  bonds were ty ro sy l-x  peptide 

lin k ag es , they  may r e f le c t  a d iffe ren ce  in  th e  s p e c if ic i ty  of the  two 

enzymes. A s e r ie s  of sy n th e tic  ty ro sy l d ipep tides were then used as 

th e  su b s tra te s  o f g a s tr ic s in  and pepsin in  o rder to  see whether the 

s p e c i f ic i ty  d iffe ren ce  observed in  the  hyd ro lysis  o f these p ro te in  

su b s tra te s  by the  two enzymes was a general phenomenon.

Three sy n th e tic  d ip ep tid es , CBZ-L-tyr-L-ala, CBZ-L-tyr-L-ser, 

CBZ-L-tyr-L-thr, were found to  be hydrolyzed by g a s tr ic s in  but not 

pepsin . This observation thus agrees with the r e s u l ts  obtained when 

glucagon and oxidized ribonuclease A were used as su b s tra te s .

K inetic measurements were ca rried  out using these  th re e
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sy n th e tic  substra teso  The pH optimum o f g a s tr ic s in  toward the sy n th e tic  

d ip ep tid es was found to  be pH 2oO* Values o f ^  and were determinedo 

These values were 7*7 % 10“^ M, =  15*40 hr"^  fo r  CBZ-L-tyr-L-ala, 

Km =  2oO X 10"^ M, K3 =. 2,38 h r-1  fo r  CBZ-L-tyr-L-ser, and Kĝ = 8,3 x  

10“^ M, K3 =z 3*09 h r”^ fo r  CBZ-L-tyr-L-thr re sp e c tiv e ly . The natu re  and 

th e  p o s itio n  o f the  amino ac id s  in  d ipep tide  was found to  a f fe c t  the 

Km and K3 va lues. The s ig n ifican ce  of the d iffe ren ces  as w ell as  the 

general s im ila r i ty  in  s p e c if ic i ty  between the  enzymes was d iscussed .

Most observations on th e  s p e c i f ic i ty  and k in e tic  param eters o f th e  two 

enzymes can be explained, a t  le a s t  in  p a r t ,  on the  hydrophobic nature 

o f the  binding of th e  su b s tra te  and enzyme, and on the  s te r ic  e f fe c t  o f 

the  side  chains of amino acid  resid u es  in  the  su b s tra te s .
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