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STRUCTURE A N D  F U N C T IO N  OF PORCINE PEPSIN

CHAPTER I 

IN T R O D U C T IO N

M any important discoveries have been made in the study of the 

structure and function of enzymes in the last two decades. As a result, we 

have reached a point o f understanding that, for at least a few enzymes, the 

detailed  mechanism of catalysis can be attributed to the functional groups in 

the three-dimensional model of the enzymes. There is a group o f pancreatic 

proteolytic enzymes such as trypsin, chymotrypsin, elastase, carboxypeptidase 

A which has been well studied. These investigations have contributed  

significantly to our understanding o f the structure-function relationship in 

enzymes. The experiences resulting from such studies have shown that infor­

mation from several major areas o f investigation are necessary. First, the 

primary structure provides a rational chemical frame work o f the enzyme 

m olecule. Second, a three dimensional model resulting from crystal I ographic 

studies gives the topological relationships o f the functional groups. Third, 

chemical modifications are instrumental in locating the active sites. And 

fin a lly , k in e tic  and other studies suggest a possible mechanism which can



pinpoint the roles o f the functional groups. Each of these studies contribute 

to the detailed mechanisms of enzymic catalysis.

However a group of acid ic proteoses from the stomach has not been 

well studied. There are several reasons for such deficiency: First, pure

acidic proteoses ore not readily ava ilab le . The problem of purity o f porcine 

pepsin was a serious problem and was not solved until quite recently (I), 

gastricsin was isolated only about ten years ago (2 ), and the best method of 

preparation of rennin yields a product which still contains two components (3). 

Second, porcine pepsin has a molecular weight o f 34 ,000 , consists o f 321 amino 

acid residues and is larger than the pancreatic proteolytic enzymes. It also 

contains a large number of acid ic residues which usually make sequence study 

d iffic u lt. Third, since acid ic proteoses are lab ile  in neutral and alkaline  

solution, there ore considerable restrictions on application of availab le  methods 

for their structure-function studies.

In spite o f these facts, acid ic  proteoses present a challenging pro­

blem. We have developed an interest specifically  for this problem as it  

relates to the structure and function o f porcine pepsin for several reasons.

First, most proteolytic enzymes whose structure and function hove been examined 

have neutral or slightly a lka line  pH . Included among this group of enzymes 

ore chymotrypsin, trypsin, elastase, subtilisin, carboxypeptidase A  and papain. 

Pepsin on the other hand, has on optimum at pH 2 which suggests a very 

different mechanism in its cata lytic  action from that o f a lka line  proteases. It 

would be interesting to understand the relationship between structure and



function in an acid ic protease. Second, just as the pancreatic proteases, 

chymotrypsin, trypsin and elastase, are structurally homologous, two gastic 

enzymes, pepsin and gastricsin, were also found to be homologous in their 

sequences (4 ). They are also found to be homologous to rennin, a milk 

clotting enzyme (4, 5 ), The study o f the structure and function of pepsin 

would be an extension o f such a comparison. More specifically , the structure 

o f porcine pepsin is particularly interesting. Most kinetic studies in acid ic  

proteases have been carried out in porcine pepsin. The sequences around 4 

methionine and 6 half-cystine residues in porcine pepsin are known (5). These

sequences provide the overlaps for ordering fragments from specific chemical 

and enzymic cleavages at these residues, thus encouraging the study o f the 

complete structure o f the pepsin m olecule. Additionally , a specific, substrate­

like  pepsin inh ib ito r,1 ,2 -epoxy-3 -(p -n itrophenoxy) propane (abbreviated as EPNP), 

which reacts a t the active site o f pepsin, has been discovered recently (6 ). This

provided on opportunity for the study o f the active site structure o f pepsin. The 

goal of this dissertarional research was to elucidate the partial structure o f 

porcine pepsin, by specifically taking advantage of the facts mentioned above,

A great deal of ground work on the structure of pepsin had been done. 

Porcine pepsin and its precursor pepsinogen hod been analyzed for amino acid  

composition by several investigators. The most recent data are in Table I ( I) ,

The total number o f amino acid residues per molecule in pepsinogen and pepsin 

are about 362 and 320, respectively. Porcine pepsin and its precursor, porcine 

pepsinogen each consists o f a single peptide chain containing 3 disulfide bridges.
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Table

a
Amino A cid Compositions o f Porcine Pepsinogen and Porcine Pepsin

Amino A cid Porcine Pepsinogen Porcine Pepsin

Lysine 10 1
Histidine 3 1
Arginine 4 2
Aspartic Acid 44 40
Threonine 26 25
Serine 46 43
G lu tam ic  Acid 28 26
Proline 19 16
G ly c in e 35 34
A lan ine 19 16
H a lf Cystine 6 6
V aline 23 20
M ethionine 4 4
Isoleucine 25 23
Leucine 33 28
Tyrosine 17 16
Phenylalanine 15 14
Tryptophan (5) (5)

Total 362 320
Amide 27 27

°  From Rajagopalan et a! . ( I ).



Their amino-terminal amino acid residues are isoleucine and leucine respec­

tive ly  and the carboxyl terminal amino acid  residue is alanine in both proteins 

(7 ). It is well established that pepsin is produced by removal o f a peptide 

portion from the amino-terminol sequence o f pepsinogen. The difference between 

the amino acid composition o f pepsinogen and pepsin (41 residues) is re lative ly  

high in their content o f basic amino acids (9 Lys + 2 His + 2 A rg). The 

sequence o f this 41 amino acid residue peptide which was removed on activation  

of the zymogen was elucidated by O ng and Perlmann (8 ). H ow ever, in a 

recent paper by Stepanov et o l_ (9 ), the peptide sequence o f Ong and Perlmann 

was shown to be incomplete. According to the survey made by K eil in 1970

(10), the data already published on the primary structure o f pepsin contained 

about 63%  of its residues in known sequences. Amino acid sequences around 

three disulfide bridges and four methionine residues o f porcine pepsin hod been 

determined by Tong and Hartley using diagonal electrophoretic methods (5).

The number o f tryptophan residues was not certain, and was reported to be four

(11). five  (12), and six (13). N o  tryptophan residues appeared to be removed 

from pepsinogen upon its activation (8 ). Amino acid sequences around 4  

tryptophan residues had been determined by Dopheide and Jones ( I I ) .  There is 

one phosphoserine residue in porcine pepsin. The amino acid sequence around 

this phosphoserine was revealed by several investigators (5, 14, 15). The 

sequence o f a peptide containing 9 residues from the amino terminus o f porcine 

pepsin was elucidated by Tang (16). The sequence o f a 37 amino acid fragment 

which occupies the carboxyl terminal position o f porcine pepsin, and is produced



upon cleavage o f pepsin with cyanogen bromide was determined by Kostka et_ 

a! (17). Earlier work had established the sequence o f shorter fragments (27 

residues) of the ccrboxyl-term inol sequence-of pepsin (18). Two arginines and 

the single lysine o f the entire porcine pepsin molecule ore located in the carboxyl- 

terminal 20 amino acid unit.

The approach we took for the elucidation o f the primary structure 

of porcine pepsin was as follows. Porcine pepsin was reduced with dithiothreitol 

in the presence o f 6 M  guanidine-hydrochloride, and S-ominoethylated with 

ethyleneim ine. These reactions convert 6 cysteines into 6 ami noethyl cysteine 

residues which are susceptible to tryptic digest (19). A fter dialysis and lyophi- 

liza tio n , the reduced and aminoethylated pepsin was subjected to cyanogen 

bromide cleavage in 70%  formic ac id . The fragments were separated by column 

chromatography with Sephadex G -7 5 . Five peaks were obtained. The peptides 

in each peak were further purified by DEAE-Sephadex A - 2 5 . The purified  

fragments were subjected to amino acid and terminal amino acid analyses. The

complete sequences of the porcine pepsin w ill be assembled from the sequences

of the fragments, using the sequences around 4 methionines provided by Tang 

and Hartley (5). A  44 amino qcid residue peptide fragment was obtained, and 

the structure o f this fragment was determined in this work. This sequence is 

the continuation o f the known carboxyl-term inal sequence o f 37 amino acid 

residues. Therefore, a 81 residue sequence at the carboxyl terminal end o f the

enzyme has been ascertained from this current work.

As to the ca ta ly tic  function o f porcine pepsin, it  is important to
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understand the nature o f cata lytic  groups. The pH optimum for peptic cleavage  

of acetyl dipeptides is near pH 2 .0 .  The a c tiv ity  of pepsin depends on the 

ionization o f two groups on the enzyme, one having an apparent pKa o f 1.0  

and the other o f 4 .7  (20,21). Possible candidates for these two groups are the 

carboxyl groups and the imidazole group o f the histidyl residue. Photocxidction 

of histidine does not affect the ac tiv ity  of the enzyme (22). Therefore carboxyl 

groups are probably involved in peptic catalysis. In order to identify  the active  

carboxyl groups o f pepsin, several specific inhibitors hove been found for pepsin. 

In 1965, diphenyldiazomethone was found to inactivate pepsin (23). Since 

then, 0  number o f diazo compounds hove been reported to inactivate pepsin 

(2 4 ,2 5 ), such as d iozoacety l-D L-norleucine  methyl ester and d iazo o ce ty l-L - 

phenylalonine methyl ester. It is clear that a ll diazo inactivators esterify a 

unique aspartyl residue which is contained in the sequence: lle -V o l-A s p -T h r-  

G ly -T h r-S er-L eu  (2 5 ,2 8 ). Due to the fact that these diazo compounds con 

completely inh ib it peptic a c tiv ity , this reactive aspartyl residue is lik e ly  to 

be involved in enzymic catalysis. Partial inactivation o f pepsin can be achieved 

by means o f p-bromophenacyl bromide, which also esterifies the carboxyl group 

of a d ifferent aspartic acid residue (26 ). This aspartic acid residue probably 

is not d irec tly  involved in peptic catalysis, as only partial inactivation resulted 

from the reaction. Several substrate-like epoxides were found to act as 

inactivators o f pepsin (6 ), The most potent among these, l ,2 -e p o x y -3 -(p -  

nitrophenoxy) propane, caused the specific and irreversible inactivation of all 

enzymic a c tiv ity . During this process, 2 molecules o f epoxide were covalently
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bound to each molecule o f enzyme. This study also demonstrated that one of 

the two reactive sites was located in the active center of pepsin. Two carboxyl 

groups o f the enzyme were proposed to be esterified each by one hydroxyl group 

of the glycol formed from the epoxide. Both o f the sites reactive to 1 ,2 -  

epoxy-3 - (p-nitrophenoxy) propane differed from the carboxyl group known to react 

with previously reported inactivators, d iozoacetyl-D L-norleucine methyl ester 

(24) and p-bromophenacylbromide (26). Thus the structure of the epoxide-reactive  

site had not been studied previously. Therefore, studies were undertaken in 

this work to identify the epoxide reactive residues in pepsin, to determine the 

omino^Qc.id sequence near the modified residues, and to elucidate the chemical 

linkages involved in the m odification. O ur results showed that one-o f the 

epoxide-m odified residues is an aspartic acid esterified on the carboxyl group. 

The other modified residue, however, is a methionyl residue which is located 

38 residues from the C O O H  terminus o f the m olecule. These current results 

hove recently been reported in the Journal o f Biological Chemistry (27).



CHAPTER il 

MATERIALS A N D  METHODS

M aterials  

Proteolytic Enzymes 

Porcine pepsin (2 x crystalline 2800 u/mg lot P M IB A ),‘̂ -c h y m o -  

trypsin (3 x crystalline), papain and diisopropylfluorophosphate-treated 

carboxypeptidase A  were purchased from Worthington Corp. Crystalline  

pepsin obtained from Pentex was also used. Thermolysin was obtained from 

Calbiochem . Pronase, fic in  and trypsin (I x crystalline, DCC treated, type 

X I)  were purchased from Sigma. Subtilisin was a product of Novo Terapeutisk 

Loboratorium, Copenhagen, Denmark. Aminopeptidase M  was obtained from 

GM BH Chemische FABRIK.

1, 2-Epoxy-3-(p -n itrophenoxy) Propane 

1, 2-epoxy-3-(p -n itrophenoxy) propane (EPNP) was obtained from 

Eastman Kodak Co.

Dansyl Chloride

5 - Dimethyl am ino-l-nophthalene sulfonyl chloride (dansyl chloride) 

was obtained from K and K Laboratories, In c . , P lainview , N ew  Y ork .

9
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N inhydrîn

N inhydrin  was obtained from Pierce Chemical Company, Rockford,

Illino is .

phenyl isoth iocyonate 

Phenylisothiocyonote was obtained from Fisher Scien tific  Company,

Fair Lawn, N ew  Jersey, and was d istilled  before use.

Ethyleneimine

Ethyleneimine was obtained from K and K Laboratories, In c .,  and 

was d istilled  over barium oxide before use.

D ith iothreito l 

Dithiothreito l was purchased from Calbiochem.

Cyanogen Bromide 

Cyanogen bromide was obtained from Eastman Kodak Co.

O ther chemicals were o f the highest purity , availab le  from commercial 

sources and were used without further purification .
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Methods

Preparation o f EPNP-Pepsin

EPNP-pepsin modified at 3 0 °  was prepared a s described by Tong (6). 

The enzyme concentration was 4 mg/ml in 0,1 M  acetic  ac id . Excess EPNP 

powder was added to create a suspension in the incubation solution which was 

stirred constantly for 48 hours. The incubation mixture was then filtered , 

adjusted to pH 5 .0  with N H ^O H  solution, dialyzed at 4 °  against several 

changes o f w ater, and lyoph ilized . The product had about 90% inactivation  

and about 2 residues of EPNP were incorporated per molecule of inactivated  

enzym e. The inactivation was carried out in a similar manner at 10°, except 

that 120 hours of incubation was requried (29).

Proteolytic Digestion o f EPNP-Pepsin

a) Peptic digest; Lyophilized EPNP-pepsin (200 mg) was suspended 

in 25 ml of water. To this solution, concentrated formic acid was added drop 

by drop until the pH reached 2 .0 .  Crystalline pepsin (20 mg) was added to 

this insoluble EPNP-pepsin suspension, which was kept at 37° for 72 hr with 

rigorous stirring. A  small amount o f trubidity appeared during the a c id ifi­

cation, but it usually disappeared in the first few hours o f incubation. The 

digested mixture was d irectly  applied to a Sephadex G -2 5  column for peptide 

separation.

b) -Chymotrypsin digest: Lyophilized EPNP-pepsin (300 mg) from

o
the 30 modification reaction was digested by 15 mg o f the enzyme in 15 ml
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o f 0 .2  M  N -ethylm orpholine acetate buffer, pH 8 .0 ,  for 2 hr at 3 7 ° . When 

EPNP from the 10° modification reaction was used, tw ice the amount of 

starting material and digestion volume was used. A t the end of incubation, I 

ml o f g lac ia l acetic  acid was added and the digest was d irectly  applied to a 

Sephadex column for peptide separation.

c) Thermolysin and subtilisin digest: The conditions for digestion 

by these two enzymes were identical to those in the o^-chymotryptic digestion, 

except that in the case of thermolysin, C aC l2  (0.001 M ) was added.

d) Ficin digest: The conditions were identical to those in the

chymotryptic digestion except that the pH of the buffer was 7 .0 ,  the incubation 

time was 6 hr, and the solution contained 6%  m ercaptoethanol.

e) Papain digest: The conditions were identical to those in the 

o<-chymotryptic digestion except that 0 .2  M  pyrid ine-acetate  buffer, pH 6 ,

containing 6% mercaptoethanol was used. Incubation time was 5 hr.

f) Trypsin digest: The conditions were identical to the o(-chymotryptic

digestion, except the incubation time was 5 hr.

g) Aminopeptidase M  digest: The conditions were identical to o(- 

chymotryptic digestion except the enzyme to substrate ratio was 1:3, and 

incubation time was 24 hr.

G el Filtration on Sephadex Columns

a) Separation o f EPNP-peptides: A  3 x 150 cm column of Sephadex 

G -2 5  was equilibrated and eluted with 0.01 M  acetic  acid . Fractions o f lO-ml
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eluents were collected. The optical density of the fractions at 280 and 315 

nm was determined spectrophotometrically.

b) Separation of proteolytic digests of CB5: The separation was

performed the same as that for the EPNP-peptides except the tryptic peptides 

were eluted with 0.01 M  N H ^ O H , but only the optical density at 280 nm was 

determined.

c) Fractionation of cyanogen bromide fragments: The mixture 

containing approximately 800 mg of cyanogen bromide fragments from reduced 

and aminoethylated pepsin was dissolved in 50 ml of 0.1 M  ammonium acetate  

pH 9 .0 ,  (a few drops o f concentrated ammonium hydroxide was helpful) and 

applied d irectly  to a 4 x 200 cm column of Sephadex G -7 5 ,  which had been 

equilibrated w ith 0.1 M  ammonium acetate pH 9 .0 .  The eluting buffer con­

sisted o f 0.1 M  ammonium acetate pH 9 .0 .  The optical density o f the effluent 

fractions was read at 280 nm spectrophotometrically,

H igh-Voltage Paper Electrophoresis

a) EPNP-peptides: The apparatus and conditions for high-voltage  

paper electrophoresis were the same as previously described (4). In the tw o- 

dimensional peptide mapping, the peptide sample was applied as a spot on 

Whatman N o . I paper. The first-dimensional electrophoresis was performed 

at pH 3 .5  for 1 hr at approximately 60% /cm. A fter drying, the paper strip 

was stitched onto a full sheet o f Whatman N o . I paper and the direction of 

the second-dimensional electrophoresis was performed at right angles to the
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first, at pH 2 .0  for 45 min, using the some voltage. In the preparative 

purification o f peptides, peptide fractions (obtained from 200 mg of epoxide- 

modified pepsin in the Sephadex G -2 5  column chromatography) were applied  

as bands on Whatman 3 M M  paper. The two-dimensional electrophoresis was 

performed as just described, except that the time allowed for migration was 

increased 50%  to achieve better separation. The peptide bands were located 

by dipping a guide strip o f the paper into a solution o f codmium-ninhydrin 

reagent (30). Whenever necessary, high-voltage electrophoresis was also 

performed at pH 6 .0  for some of the peptides.

b) Peptides from CB5; In the preliminary peptide separation, the 

first dimensional electrophoresis was carried out a t pH 2 .0  for 30 min at a 

voltage of 6 0v /cm . The second-dimensional electrophoresis was performed 

at pH 3 .5  for I hr at a voltage of 60v /cm . In this short duration tw o- 

dimensional electrophoresis, no peptides moved out of the paper. In the 

preparative purification of peptides, the two-dimensional electrophoresis was 

performed as just described , except that the tim e allowed for migration was 

increased 50%  to 100% to achieve better separation. When necessary, 

peptides were also purified with pH 6 .0  electrophoresis.

M obilities  o f peptides after h igh-voltage electrophoresis were 

determined re la tive  to aspartic acid at pH 6 .0  or to serine at pH 2 , so 

that calculation o f the number of acidic groups could be made (31).

Identification o f EPNP-Peptides on Paper
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The positions of the EPNP-peptides on dried filte r paper could be 

directly  visualized after h igh-voltage electrophoresis and before staining with  

codmium-ninhydrin reagent. This was done by holding the paper against an 

u ltrav io le t lamp. The EPNP-peptide spots or bonds appeared os dark-brown  

shades. However, this procedure was dependable only in the absence of 

nearby fluorescent peptides. When confirmation was deemed necessary, the 

content o f EPNP was quantitatively determined by measuring the optical 

density of the purified peptide a t 315 nm.

Determination o f EPNP in Peptides 

The EPNP content o f a ll peptides was quantitated spectrophotometrically 

(6 ) . The optical density of an EPNP-peptide solution was determined at 315

nm. A molar extinction coeffic ient o f 11,000 for EPNP was used in the ca l­

culation.

Removal o f EPNP from EPNP-Peptides 

The purified EPNP-peptides were incubated in I N  N H ^ O H  at 45*  ̂

for 12 hr. When the resulting mixtures were subjected to h igh-voltage  

electrophoresis, the further purified peptides were not visible as dark-brown  

spots on the filte r paper when observed under u ltravio let ligh t. N o r did these

further purified peptides display absorption at 315 nm.

Amino A cid  Compositions 

The amino acid analyses were performed by the method o f Spackman
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(32) in a Spinco 120 B analyzer. Peptides were hydrolyzed in 5 .7  N  HCI 

for 18 hr at 108° in evacuated tubes. For the samples containing homoserine, 

the dried HCI-hydrolysate was dissolved in 100/( I o f 2 M  N H ^O H  and Incu­

bated at 37 ° for 3 hr. A fter each sample was dried under reduced pressure 

in a desiccator, the amino acid analysis was performed. For the analysis of 

homoserine, the first buffer used in the amino acid analyzer had a pH value 

o f 3 .10 instead o f the normal 3 .2 8 . Homoserine emerged before glutamic 

acid .

Am ino-Term inal Residue Determination 

The N H ^-term inal residues o f the purified peptides were determined 

after reaction with donsyl chloride according to the method of G ray and 

Hartley 0 3 ) .  The dansyl amino acids were identified by th in -layer chromato­

graphy on polyamide sheets (34).

Carboxyl-Term inal Residue Determination  

A  diisopropyifluorophosphote-treated corboxypeptidase A  suspension 

was washed and dissolved according to the method o f Ambler (35). Digestion 

o f peptides was carried out for 5 hr a t 37® in 0 .2  M  N -ethylm orpholine  

acetate buffer, pH 8 .0 .  The incubation mixtures were analyzed for free 

amino acids in an amino acid an alyzer.

Hydrazinolysis was carried out under conditions essentially the same 

as those described by Fraenkel-Conrat and Tsung (36). The amount o f C O O H -  

terminol residue remaining after hydrazinolysis was measured w ith on amino
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acid analyzer.

Edman Degradation 

Dansyl-Edman degradation was accomplished according to the 

method o f G ray (37).

Lithium Borohydride Reduction 

The reduction o f peptides by LiBH^ was carried out according to 

the method o f W ilcox (38). The peptide (0 .0 2  yU moles) was suspended in 0 .2  

ml o f freshly d istilled anhydrous tetrahydrofuron in a small test tube to which 

2 mg o f repurified LiBH^ was added. The material in the tube was frozen in 

a dry ice bath, evacuated w ith a vacuum pump, and sealed over a flam e.

The sample was heated in a 6 5 ° oven for 6  hr. A fter the tube was opened, 

the contents were dried in a vacuum desiccator over concentrated H2 S0 ^ and 

hydrolyzed with HCI for amino acid analysis.



CHAPTER I 

RESULTS

Part I: Amino Acid Sequence Around the
Epoxide-reactive Residues in Pepsin

Purification o f EPNP-Peptides (from EPNP-Pepsin Reacted at 30°)

The chromatographic pattern o f EPNP-peptides from a peptic digest 

on a column of Sephodex G -2 5  is shown in Fig. I .  The front peak appeared 

at 400 ml o f the e luent, thus occupying approximately the same elution  

position os pepsin. It was assumed that the materials contained in this peak 

were large-m olecular weight polypeptides resulting from incomplete digestion 

of EPNP-pepsin. This was confirmed by a prelim inary experiment using high- 

voltage electrophoresis at pH 2 . The material from this peak had very slow 

m obility. M oreover, marked "ta iling" o f the peptide spots occurred, con­

sequently, no further attempt was made to purify the peptides from this peak. 

The last peak in the chromatogram (Fig. I) was E P N P -O H , which was 

identified by th in -layer chromatography on polyamide sheets (6 ) .  Two EPNP- 

peptide peaks, P| and ?2i were found a t 700 and 900 ml in the effluent, 

respectively. The fractions under these two peaks were pooled, evaporated

18
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Fig. I -  Chromatographic patterns o f peptides from peptic digest 
EPNP-pepsin inactivated a t 3 0 °(A ) and a t IO°(B) on a column o f  Sephodex 
G -2 5 . The solid line represents optical density a t 280 nm and the broken 
line represents optical density at 315 nm.
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to dryness in a rotating evaporator, and further purified by two-dimensional 

paper electrophoresis. The electrophoretic patterns o f these pooled fractions 

are shown in F ig. 2 . The EPNP-peptides, P| and P2 , were clearly separated 

from the other peptides. A  minor peak, Pg, could not be observed on the 

paper and was not purified . The preparative electrophoretic separations were 

performed and the peptides P| and P2  were recovered from the paper by 

elution.

Purification o f EPNP-peptides from other enzymic digests proceeded 

sim ilarly . The chromatographic separation o f the subtilisin digest of EPNP- 

pepsin is shown in Fig. 3A . The peptides in the fractions under the 315 nm 

absorption peaks S |, $2 , S2 A / and S3  were further purified in h igh-voltage  

electrophoresis from which EPNP-peptides S |, $ 2 , and S3 , were obtained. 

Fraction S2 ^  gave rise to an EPNP-peptide, S2 & , the sequence o f which was 

revealed, in further studies to be identical to that o f S2 . This peptide 

probably resulted from the cross-contamination by peak S2 , however. Peak 

S2 A may have contained a number o f other EPNP-peptides in small quantities. 

Data from the peptide S2 /^ experiments are thus not discussed in the paragraphs 

below.

The chromatographic pattern o f the papain digest o f EPNP-pepsin on 

a column of Sephodex G -2 5  is shown in Fig. 4A . Three EPNP-peptide peaks, 

Po|, Po2  and Pag appeared. The peptides giving rise to these peaks were 

purified on h igh-vo ltage electrophoresis.

The chromatographic separation o f fie  in digest o f EPNP-pepsin
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Fig. 2 -  Two-dimensional h igh-vo ltage electrophoretic pattern of 
peptides recovered under peak P| in F ig . I ( le ft), and peak ?2 Fig- I 
(right). The first dimension was obtained at pH 3 .5  and the second 
dimension at pH 2 .0 .  The positions o f peptide P| and ? 2  were observed 
as dark brown spots against u ltrav io le t lig h t. The peptides were then 
revealed using cadmium-ninhydrin reagent.



22

produced three EPNP-peptide peaks, F j, F2  and F3  (Fig. 5A ). Peptides F2  

and Fg were purified from high-voltage electrophoresis. Further purification  

o f material recovered from the fractions under peak F|, however, foiled to 

produce on EPNP-peptide. Since this peak emerged early in the chromato­

graphy, it probably represented a  number of large EPNP-containing peptides 

resulting from incomplete digestion o f EPNP-pepsin.

The thermolysin digest o f EPNP-pepsin produced several EPNP- 

peptide peaks, Thg, Th|, and Th2  on Sephodex column chromatography (Fig. 

6 A ). The re la tive ly  large peak o f EPNP-O H probably resulted from the 

hydrolysis o f the EPNP groups from pepsin by the esterase ac tiv ity  o f thermo­

lysin. Peptides Th| and Th2  were purified from the material recovered from 

the fractions under the peak. Peak Thg, however, contained large m oleculor- 

weight m ateria l. Attempts to purify EPNP-peptide from this peak were un­

successful .

oC-Chymotryptic digests o f EPNP-pepsin produced only one peak,

C | (F ig . 7 ) . An EPNP-peptide C | was obtained on high-voltage electro­

phoresis. The electrophoretic m obility and characteristics of the purified  

peptides ore listed in Table 2 .

Amino A cid  Sequences o f EPNP-Peptides 

The amino acid compositions and other characteristics o f the purified  

EPNP-peptides are shown in Table 2 .  Further studies on the sequence of these 

peptides revealed that each possessed one o f two unique sequences, and the
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Fig. 3 -  Chromatographic patterns o f peptides from subtil isin 
digest o f EPNP-pepsin inactivated at 30^(A) and at lO^(B) on a 
column o f Sephodex G -2 5 .  The solid line represents optical density 
at 280 nm and the broken line represents optical density a t 315 nm.
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Fig. 4  -  Chromatographic patterns o f peptides from papain digest of 
EPNP-pepsin inactivated at 30°(A ) and at 10 (B) on a column o f Sephodex 
G -2 5 . The solid line represents optical density at 280 nm and the broken 
line represents optical density a t 315 nm.
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Fig. 6  -  Chromatographic patterns o f peptides from thermolysin 
digest o f EPNP-pepsin inactivated a t 30 °(A ) and at IO®(B) on a column 
o f Sephodex G -2 5 .  The solid line represents optical density at 280 nm 
and the broken line represents optical density a t 315 nm.
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Fig. 7 -  Chromatographic patterns o f peptides from «(-chymotryptic 
digest o f 30°-reocted  EPNP-pepsin. The solid line represents optical density 
at 280 nm and the broken line represents the optical density at 315 nm.
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sequence dafa can be categorized accordingly (Fig. 8 ) . For convenience of 

comparison, peptides that arise from the same sequence w ill be discussed 

together hereafter.

EPNP-Peptide Sequence I and the Presence o f EPNP A lkylated  Methionine  

Peptide P|contained I residue o f EPNP and about 10 amino acid 

residues. The mobility o f P| on h igh-voltage electrophoresis at pH 2 .0 ,  hov/- 

ever, indicated that this peptide contained 2 positive charges. This was 

surprising, since peptide P| contained no basic amino acid. Therefore, the 

possibility was considered that EPNP might have alkylated a methionyl residue 

in this peptide, which had then become a sulfonium salt, thus providing an 

additional positive charge. It is known that the sulfonium salt o f methionine 

con be partia lly  converted to homoserine during hydrolysis in 6  N  HCI (39).

An analysis for homoserine in peptide P| revealed about 0 .15  residue after acid

hydrolysis. Therefore, the presence o f an EPNP-alkylated methionyl residue 

in P| was considered lik e ly .

The dansyl-Edman procedure showed the third and fifth  residues to

be va line . Since peptide Pj contained only one valine, the third residue or

fifth  residue possibly represented a lky la ted  methionine and the observed dansyl-  

valine may have come from contamination by another peptide. Consequently, 

peptide P| was incubated in I N  N H 4 O H  to remove EPNP from the peptide. 

When the resulting sample was subjected to high-voltage electrophoresis at pH 

2 .0 ,  2 new peptides were obtained. Peptide P|A| had a slower m obility and
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Fig. 8  -  Sequences o f EPNP-peptides from pepsin. The double­
headed arrows indicate the part o f the sequence covered by a given 
peptide. The perfix on the peptide number indicates the enzyme digest, 
where P=pepsin, Pa=popain, S=subtilisin, F=fic in , N=pronase, Th=thermolysin, 
and C=T5<-chymotrypsin.
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peptide P|A 2  a slightly faster m obility than P|. N either peptide contained 

EPNP. The amino acid compositions o f the peptides were identical except 

that P|A| now contained 0 . 6  residue o f methionine.

When the peptide P|A| was oxid ized with performic ac id , the 

resulting peptide, P |A |0 ,  showed 0 .6  residue o f methionine sulfone (Table 2). 

The sequence o f the first three residues o f peptide P |A |0 ,  using the donsyi- 

Edmon procedure, was established to be G lx -G ly -M e t0 2 ~ .  This confirmed 

the previous assumption that the third residue might prove to be methionine.

The chemical reactions involved, including those discussed below , are sum­

marized in Fig. 9 .

Peptide PjA^ contained two positive charges on h igh-voltage e lec­

trophoresis a t pH 2 .0 .  Therefore, the methionyl residue in this peptide must 

still have been a sulfonium salt. Because the incubation of peptide P| in 

I N  N H ^ O H  produced a bright ye llow  color in solution, we suspected that 

the phenoxy bond in EPNP was hydrolyzed to produce p-nitrophenol (F ig . 9). 

This was confirmed by the identification  o f p-nitrophenol, using th in -layer  

chromatography on a polyamide sheet and an authentic sample as the standard 

(solvents: benzene: g lac ia l acetic  ac id , 9:1, and n-heptane: n-butanol: g lacia l 

acetic  ac id , 3:1:1). N o  E P N P -O H  was observed in this th in -laye r chromato­

graphy. It seemed lik e ly , therefore, that peptide P|A2  contained a methionyl 

residue In the form of the sulfonium salt o f 1, 2-dihydroxy-propone (F ig . 9 ).

This was confirmed by the amino acid  analysis o f peptide P|A2  which contained 

0 .3  residue o f homoserine (Table 2 ). The formation o f homoserine from the



32

O
H IN NK4PH

+ S^CH2<JH-CHj 0 - ^ ^ 0 2

Jk ̂
H

EPNP-ALKYLATEO 
METHIONYL RESIDUE 

(PEPTIDE P̂ )

45,12 HRS

PERFORMIC^ 
ACID .

METHIONINE 

SULFONE 

(PEPTIDE l» A ^ )

A
H

METHIONYL RESIDUE 
(PEPTIDE P,A,)

35% YIELD

iH
■NO.

EPNP-OH (?)

j iN  N l^jO H

CH,

H H +

+  S-CH5 <|H-ÇHj 
CH 0 0

A
H

SULFONIUM SALT OF 
1,2 DIHYDROXYPROPANE 

(PEPTIDE P^Aj) 25% YIELD

I 6NHCI 
|100?20HRS

ÇHÿO 
CH. I

HOMOSERINE LACTONE 
30% YIELD

H O - ^ - N O j

p-NITRO-
PHENOL

2N NH^OH
CH; OH

HjNi . p ;ooH

HOMOSERINE

ï
H, 
1-CHr

8 8

Fîg. 9 -  Summary o f the possible chemical reacHons o f EPNP-alkylated  
methionyl peptide (P |).
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sulfonium salts o f methionine is known to occur in the cyanogen bromide 

treatment o f methionyl residues (40) and also in methionine alkylated by 

iodoacetamide (39 ,41 ). The lower y ie ld  o f homoserine in peptide Pj was 

probably due to the large alkylating group (EPNP) which hindered the c y c li-  

zotion o f homoserine lactone. Additional confirmation of the position o f the 

EPNP group in peptide P] was obtained by measuring optical density at 315 nm 

after each step in the Edman degradation. As indicated in Fig. 10, the 

removal o f methionine from the peptide caused a large drop in optical density 

(O .D .) a t 315 nm, in contrast to other Edman degradation steps, which produced 

only small changes.

Peptide P| was digested for 10 hr with subtilisin (substrate: enzyme= 

20:1) and subjected to high-voltage electrophoresis at pH 2 .0 .  Two peptides 

were obtained. Peptide P|S| contained 9 residues from the amino terminus of 

P|. The donsyl-Edmon procedure revealed the sequence o f the first 5 residues 

to be identical to that o f P j .  The carboxyl-te rm ina I residue was serine.

P| $ 2  was a d ipeptide, G ly -G lu .  Peptide P| was digested for 6 hr with  

pronase (substrate: enzym e=20:l). Separation o f the digestion mixture in high- 

voltage electrophoresis at pH 2 .0  resulted in 4  peptides. Peptide P |N | con­

tained 7 residues from the amino terminus o f Pj. The dansyl-Edman procedure 

yielded 6 residues: G lx-G I^ - (M e t)-A sx-V a j -P ro- . The carboxyl-te rm ina I 

residue was threonine. Peptide P |N 2 was Ser- Sê r- G l^ - G l u . Peptide PjNg  

was Ser - G ly - G l u, and P jN ^  was free serine.

The information described above was sufficient to construct the
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M«t Asp Vol 
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PEPTIDE P̂  IN EDMAN 
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Fig 10 -  The optical density at 315 nm o f peptide Pj during the 
Edman sequential degradation. The removal o f EPNP-alkylated methionine, 
the third residue, produced a I orge drop in optical density a t 315 nm.
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sequence o f P| to be G lu -G ly -M e t(E P N P )-A s p -V a l-P ro -T h r-S e r-S e r-G ly “G lu  

(see Table 2 ). The omino-terminal glutamic acid was assigned from the 

electrophoretic m obility . A fter removal o f the omino-terminal residue of 

peptide P|, the resulting peptide had a negative charge on paper electro­

phoresis at pH 6 .0  (Table 2 ). The aspartyl residue was assigned as the fourth 

residue based on two findings. First, peptide P| contained 2 negative charges 

on high-voltage electrophoresis a t pH 6 .0 .  A fter one-step Edman degradation, 

the peptide P|Ej contained I net negative charge. The results are consistent 

with both glutamic acids and aspartic acid occurring in the acidic form since 

the modified methionyl residue contains a positive charge. Second, peptide 

P|N | was neutral on high-voltage electrophoresis at pH 6 .0  after removal of 

glutamic acid from the amino terminus in Edman degradation. Since the 

sulfonium salt o f methionine contains a positive charge, again the aspartyl 

residue must have been in acid form.

Peptide C| was apparently related to P j .  The amino acid com­

position showed that it  contained leucine in addition to the amino acids in 

P|. The amino-terminal sequence was G lu -G ly -  and the carboxyl-term inal 

residue was leucine. Logically , then, the sequence o f C| must be G lu -G ly -  

Met(E PN P )-A sp -V o l-P ro -T h r-S er-S er-G  ly -G  I u -L eu .

Peptide Th| had the same amino acid composition as P |N | but it  

contained an additional phenylalanine and was related to peptide P |N |. The 

donsyl-Edmon procedure showed the three omino-terminal residues to be Ph^- 

G lu -G ly - .  The carboxyl-te rm ina I residue was threonine. Therefore, the
— ^ — 7
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sequence of peptide Thj had to be P h e -G lu -G ly~ M et(E P N P )-A sp -V c l“ Prc- 

Thr.

From the sequences of the peptides described above, a unique 

sequence I con be constructed: P h e -G lu -G ly -M e t(E P N P )-A s p -V o l-P ro -T h r-

S e r-S e r-G ly -G lu -L e u  (see the summary o f Fig. 8 ).

EPNP-Peptide Sequence II

Peptide ?2 contained 6 amino acid residues and I EPNP group.

The dansyl procedure revealed the am in o -termina I residue to be aspartic ac id .

The carboxyl-term inal amino acid was asparagine with a minor contaminant of 

serine; these were released by carboxypeptidase A and were identified as dansyl 

derivatives. The following evidence mode it apparent that the modifying EPNP 

group was located on the amino-term inal aspartyl residue: a) Removal o f the 

omino-terminal residue by Edman degradation reduced the original optical 

density of EPNP at 315 nm by about 6 0 % . b) The peptide, which resulted 

from one-step Edman degradation and was purified using high-voltage electro­

phoresis a t pH 2 .0 ,  contained no EPNP. c) When EPNP was removed from peptide 

?2t fhe resulting peptide changed color on filte r paper after ninhydrin-cadmium  

treatment from its original brownish red (P2 ) to red, indicating a change of 

side chain In the amino-terminal residue.

The first residue o f peptide ? 2  could be only p artia lly  removed by 

Edman degradation, probably because o f a large modifying group. This peptide 

was therefore incubated in I M  N H ^O H  to remove EPNP (see Chemical Linkage,
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below) and repurified by high-voltage electrophoresis at pH 2 . This peptide 

was then subjected to the Edman procedure to remove the omino-terminal 

aspartyl residue (but the y ie ld  still below 50% ). The resulting peptide, P2 EI/ 

after repurification by high-voltage electrophoresis at pH 2 .0 ,  had an amino 

acid composition o f Asp| gThrj gSerj gG lyg  ç . The donsyl-Edmon procedure 

revealed the sequence o f P2 E1 to be: Th -̂ G l y -S e j-S e r -Asn. The asparagine

was again identified as a dansyl derivative after removal o f 4  residues o f P2 E1 . 

Since peptide P2 E1 showed a minor N H 2 ~terminal g lycine in addition to threonine, 

the amino acid compositiori was determined after removal o f the N H 2 -term inal 

residue by Edman degradation. The results showed a composition o f Asp| q 

Thro.2 Ser2  gG ly j | . The disappearance o f 0 .8  residue o f threonine confirmed 

that it  was located a t the N H 2 ~terminus o f P2 E1 . In order to confirm the 

results of Edman degradation, a partial hydrolysis o f peptide P2  was carried  

out (in 5 .7  N  HCI at ICO® for 25 m in). Two peptides were purified in high- 

voltage electrophoresis a t pH 3 .5  and 2 .0 .  Peptide p2 H| contained 4 residues 

(Table 2) and am ino-term inal aspartic ac id . This peptide corresponded to Asp- 

T h r-G ly -S e r. The dipeptide P2 H2  was found to be T h ^ G I^  by donsyl-Edmon 

procedures. The sequence o f  P2  was thus A sp(E P N P )-Thr-G Iy-S er-S er-A sn .

Peptides Po2 /  Fgf end S2  were apparently identical tripeptides.

The sequence of these peptides was determined by the donsyl-Edmon procedure 

to be: 11e- V o l-  Asp(E PN P). Since the carboxyl-term inal aspartic acid was

the only residue capable o f reacting with EPNP, we concluded that the EPNP 

had modified this aspartic ac id . This conclusion was supported by the fact
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that these peptides were neutral in high-voltage electrophoresis at pH 6 .0 .

Peptide Sg contained I mole o f aspartic acid for each mole of EPNP. Thus 

it  had to be EPNP-modified free aspartic ocid.

Two additional peptides, Th2  and Pag, were recovered from minor 

peaks in chromatography (Figs. 4A , and 6A ). The donsyl-Edmon procedure 

showed to hove the some sequence Vol - 11 e -  Phe-Asp (E PN P).

In the above sequences, the EPNP-osportyl residue was found either 

at the N H 2 " or C O O H -term inus o f the peptides (Fig. 8 ). These two types o f 

EPNP-osportyl peptides were mutually exclusive in a ll the digests used. We 

previously found that only two sites on pepsin reacted with EPNP(6), one of 

which (os demonstrated above) was a methionine residue. Therefore, these two 

types o f EPNP-osportyl peptides must hove belonged to the same continuing 

sequence. In attempts to obtain an overlapping sequence, other proteolytic 

digestions o f EPNP-pepsin were carried out (with elastose, streptococcal 

proteinase, and pronase). These experiments were unsuccessful, however, 

partly because the EPNP-peptides appeared to lose their EPNP group during incu­

bation— apparently due to the esterase ac tiv ity  o f the proteoses. Short-durotion, 

partial hydrolysis o f EPNP-pepsin with various proteoses also failed to yield  

on overlapping peptide. However, evidence supporting the overlapping EPNP- 

asportyl sequences was obtained from the quantification o f the EPNP peptides 

recovered from 10°-reacted EPNP-pepsin. These results ore presented in the 

following section.
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Overlap of EPNP-Aspartyl Peptides in Sequence II 

In a separate study (29 ), it  was found that when pepsin was inacti­

vated by EPNP at 4® or 10®, for up to 50 hr, the ratio in moles o f EPNP 

incorporation to each mole o f inactivated pepsin molecule approached a value 

of 1 .2 . This observation enabled us to quantify the recovery o f EPNP-

aspartyl peptides from IO °-reacted EPNP-pepsin. The digests o f IO°-reacted

EPNP-pepsin (having a ratio  o f EPNP/molecule inactive pepsin =1.40) which 

had been incubated with pepsin, subtilisin, papain, or thermolysin were sub­

jected to column chromatography on Sephodex G -2 5 . The chromatographic 

patterns are shown in ports B o f Figs. I ,  3 , 4 , and 6 . In general, the 

chromatographic patterns from IO °-reacted EPNP-pepsin contained fewer minor 

peaks. The absence o f peaks $ 2 /^ and Sg in Fig. 3 , and that o f peak Pag

in Fig. 4 , was most noticeable. Since most o f these peptides represented

a minor sequence V a l-lle -P he-A sp (E P N P ), this sequence must have been derived 

from a minor, nonspecific reaction o f EPNP with a site at 3 0 ° . This reaction 

did not occur at 10°. Therefore, this minor sequence must not hove over­

lapped with peptide Pg.

In the thermolysin digest o f IO°-reacted EPNP-pepsin (Fig. 6 B).

Peak Thj represented an EPNP-methionyl peptide (see Fig. 8 ). The other peak 

was E P N P -O H . This indicated that the aspartyl-bonded EPNP had completely 

hydrolyzed to E P N P -O H . The total amount o f EPNP in both peaks was 

quantified by using the total optical density at 315 nm; this showed a Thj 

to EPN P-O H  ratio o f 0 .4  to 1 .0 . In this chromatogram, 76%  of the original
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EPNP in pepsin was recovered. Since the thermolysin digest did not produce 

insoluble m aterial, a nearly uniform loss o f EPNP from a ll peaks during 

chromatography could be assumed. This indicated that o f the 1 .4  residues of 

EPNP in 10°-reocted EPNP-pepsin, 0 .4  residue hod reacted w ith the methionyl 

sequence 1 and 1.0 residue had reacted w ith an aspartyl residue. Q uantita­

tive estimation o f recovery in the chromatogram of subtilisin digest confirmed 

this (Fig. 3B). The recovery o f S |, on EPNP-methionyl peptide, was 0 .4 5  

residue. The combined recovery o f the EPNP-osportyl peptide (0 .4 5  residue) 

and EPN P-O H  (0.41 residue) was 0 .8 6  residue— again suggesting an in itia l

0 .4  residue o f EPNP-methionine and I residue o f EPNP-osportic ocid in the 

starting EPNP-pepsin. The amounts o f recovery of peptide Po2 , S2 , and P2  

are listed in Table 3 . Assuming a uniform loss o f EPNP, the recovery of the 

lle -V al-A sp(E P N P ) sequence in Po2  ond $ 2  was 1.0 and 0.51 residues, res­

pective ly . The actual recovery o f $ 2  was 0 .5 5  residue, since in this chroma­

tography almost a ll o f the original EPNP was recovered. It should be noted 

that the EPNP-aspartyl peptides spontaneously hydrolyzed to EPN P-O H  and 

peptides in the subtilisin digest due to a lka line  conditions and also possibly 

to the esterase ac tiv ity  o f the enzyme. Therefore, the value o f 0.51 residue 

for $ 2  should be a minimum, since no correction for hydrolysis loss was applied. 

The papain digest produced considerable amounts of insoluble material which 

accounted for only 0 .3  residues o f peptide Pog which was actually  recovered.

In this case, it  is uncertain whether uniform loss in the various fractions was 

applicab le . Therefore, the value o f I residue based on ratio  may not be
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Table 3

Recovery o f EPNP-Asportyl PepHdes from IO°-Reacfed  
Pepsin in Column Chromatography (Sephadex G -2 5 )

Peptide Sequence
N o . o f Residues 

Recovered °
N o . o f Residue: 

by Ratio

s / lle -V al-A sp(E P N P ) 0 .5 5 0.51

P-ag^ lle -V al-A sp(E P N P ) 0 .3 0 (1. 0 0 )^

P2 * Asp(E PN P )-T h r-G  ly-S er-S er-A sn 0 . 8 8 1.08

a . Number o f residues recovered was calculated based on the moles of 
peptide recovered from I mole o f EPNP-aspartic acid in the starting 
EPNP-pepsin.

b. Number o f residues by ratio  =(amount o f an EPNP-peptide recovered x 
1 .4 ) /  total amount o f EPNP-contoining material recovered. This calcu­
lation gives the number o f residues o f on EPNP-peptide ossumming that 
the total recovered EPNP m aterial corresponds to 1.4 residues in itia lly  
in pepsin.

c . C alculated from the chromatogram shown in Fig. 3B.
d . C alculated from the chromatogram shown in Fig. 4B.
e . Calculated from the chromatogram shown in Fig. IB.
f .  Papain digest produced insoluble m ateria l. This figure may not be re liab le .
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justifiab le . The actual recovery o f ?2 was 0 .8 8  residue; this represented 

1.08 residue if  uniform loss was assumed. It is apparent that any addition of 

the number o f residues o f N H 2 ” terminal EPNP-osportyl peptide to the number 

o f residues o f C O O H -term inol EPNP-osportyl peptide produces a value exceeding

I.  For exam ple, 0 .5 5  residue of $ 2  plus 0 ,8 8  residue of P2  would equal 1.43  

residue o f EPNP-osportyl peptide. The values o f this sum ranged from 1,18 

(Po2  +  P2  in actual recovered residue) to 1.59 ( $ 2  + P2  in residue by ratio ). 

Since the content o f EPNP-osportic acid was only I residue in EPNP-pepsin, 

these two sequences must hove belonged to the some EPNP-osportyl sequence. 

Therefore, sequence II is: 11 e -  Vol -Asp(E PN P )-Thr-G  I y -S er-S  er-A sn.

Chemical Linkage o f Asportyl Residue and EPNP 

Since the linkage o f EPNP to the ^-carboxyl group of asportyl 

residue in Sequence II was expected to be an ester bond, the electrophoretic 

m obility o f peptide P2  at pH 6 .0  was compared before and after the removal 

o f EPNP in I M  N H ^ O H . Fig. II shows that peptide P2  was essentially 

neutral a t pH 6 .0 .  A fter EPNP was removed, the peptide migrated toword 

the anode w ith a m obility corresponding to the gaining o f I negative charge. 

Sim ilar experiments were carried out for peptides w ith C O O H -term ino l EPNP- 

osportic acid (Th2  and Po2 ) .  The m obility change on h igh-voltage e lectro ­

phoresis a t pH 6 .0  is listed in Table 2 . A dd itionally , a fter the incubation 

o f peptide P2  in I M  N H ^O H  to remove EPNP, the incubation mixture was 

subjected to th in -layer chromatography on polyamide layers (6 ) . EPNP-OH



Fig . Il -  M o b ility  o f EPNP-pepfides Pj and P2  in h igh -vo ltage  
electrophoresis a t pH 6 .0  before and after treatm ent w ith  a lk a lin e  solution. 
The peptides were dissolved in I M  N H ^ O H  and incubated a t  4 5 °  for 12 hr
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was found, and no p-nifrophenol which is seen in cose of peptide P| was 

observed.

To further test the hypothesis o f the ester linkage, peptide ? 2  was 

reduced with LiBH^ according to the method o f W ilcox  (38). In this method, 

which Is specific for on ester linkage, the ^ -carboxyl ester o f an asportyl 

residue is reduced to homoserine. The amino acid composition o f reduced 

?2 showed a loss o f 0 .5 0  residue o f aspartic acid  and a gain o f 0 .3 3  residue 

o f homoserine. When peptide ? 2  was incubated in I M  N H ^O H  to remove 

EPNP before being subjected to the reduction by LiBH^, no homoserine was 

found in the resulting peptide. Both o f the above experiments indicated that 

EPNP was linked to the ^-carboxyl group o f asportyl residue in Sequence II 

by means o f on ester bond.
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Part 2 ; Amino A cid  Sequence o f A Cyanogen 
Bromide Fragment-CB5

Reduction and Am inoethylation o f Pepsin

The procedure used was a m odified form of that described by Slobin 

and Singer (42 ). To a 2% solution o f porcine pepsin (I gm, in 50 ml solution) 

in 6  M  guanidine hydrochloride-2 M  Tris-0 .01 M  EDTA, pH 8 .2 ,  d ith iothreito l 

was added so that the resulting solution 0.1 M . A fter flushing with nitrogen 

gas, the flask was closed with a rubber stopper and stirred for 3 hr at 3 7 ° . 

O ne m illilite r  o f ethyleneim ine (redistilled over BaO) was then added, and the 

flask was flushed w ith  nitrogen gas. This process was repeated after 30 min. 

After stirring for 30 more minutes, the content o f the flask was dialyzed  

against d istilled  water (thoroughly bubbled w ith  nitrogen gas) for 36 hr w ith  

several changes o f w ater, then lyo p h ilized . The pH of the reaction mixture 

after the first ethyleneim ine addition was 8 . 6  and after the second addition  

was 8 . 8 . Amino acid analysis o f the m odified pepsin gave 5 .8  residues of 

aminoethylcysteine (based on lysyl content o f I) .  The color value o f omino­

ethyl cysteine in the amino acid analysis was assumed to be 91% o f that for 

lysine (43 ). The residual cystine in the modified protein was neg lig ib le  in 

the amino acid analysis.

Cyanogen Bromide C leavage o f Aminoethylated Pepsin

The procedure used was that described by Steers e^a|_  (44). A  1% 

solution o f m odified protein was prepared by solubilizing the lyophilized
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aminoethylated pepsin in 90%  formic acid and then diluting this solution to 

70%  formic acid with d istilled w ater. A  5 0 - fold molar excess o f CNBr over 

methionine residues was used and reaction proceeded at room temperature for 

16-20 hr. A fter cyanogen bromide cleavage, the reaction mixture was diluted 

approximately 10-fo ld  w ith d istilled  water and lyophilized to complete dryness. 

The methionine content o f the sample as shown in the amino acid analysis was 

less than 5%  after 10 hr o f reaction .

G e l F iltration o f CNBr Fragments 

The lyophilized powder o f CNBr treated sample was fractionated in

a gel filtra tio n  column. The chromatogram of cyanogen bromide fragments on

Sephadex G -7 5  column was shown in Fig. 12. The successive peaks were 

designated as CBI, CB2, CB3, CB4 and CB5, respectively. The fraction 

contained under each peak was pooled and lyophilized separately. The reco­

veries o f these cyanogen bromide fragments from Sephadex G -7 5  column were

shown in Table 4 . The peak, CB5, which emerged alone late in the chroma­

tography, suggested that this is a re la tiv e ly  smaller and pure fraction . V/ork 

was thus undertaken to further purify this fraction and study its sequence.

Purification o f CB5 

About 350 mg o f lyophilized  CB5, which was obtained from Sephadex 

G -7 5  column chromatography, was dissolved in 15 ml o f 0 .0 5  M  Tris buffer -  

pH 8 .0  and applied directly  to a 2 x  60 cm column o f DEAE-Sephadex A -2 5 ,  

equilibrated w ith the same buffer. The chromatogram o f CB5 on DEAE-
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Fig. 12 -  Chromatogram o f cyanogen bromide fragments of 
800 mg o f  aminoethylated porcine pepsin on Sephadex G -7 5 .
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Table 4

Recoveries o f Cyanogen Bromide Fragments of 800 mg o f  
Aminoethylated Porcine Pepsin from Sephadex G -7 5  Column

Cyanogen Bromide 
Fragments Y ie ld  (mg)

Recoveries (percentage 
of total put on column)

CBI 75 9 .4

CB2 325 4 0 .6

CB3 85 1 0 . 6

CB4 60 7 .5

CB5 105 13.1

Total 650 81.2
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Sephadex A -2 5  shown in Fig. 13, contains two slightly overlapping peaks.

The fraction contained under each peak was pooled, lyoph ilized , desalted 

on a 3 X 150 cm column o f Sephadex G -2 5 ,  and then lyophilized again.

210 mg of peptide was recovered from the first peak and 70 mg from the 

second peak. It is obvious that the first peak represents the major products 

of the CB5 fraction. Therefore, only this fraction was studied during further 

structure determ ination. Am ino-term inal analysis of the purified CB5 (from 

the first peak) showed valine as N H 2 -te rm inus . An additional fluorescent 

spot which moved very close to the phenylalanine position on the polyamide 

layer and which was assumed to be due to unhydrolyzed D N S -vo l dipeptide. 

C O O H -term in o l analysis o f purified CB5 w ith corboxypeptidase A  (35) showed 

homoserine os the CO O H -term inus, w ith trace amounts o f g lyc ine , glutamic 

acid , phenylalanine, serine and threonine. The penultimate amino-terminal 

residue o f purified CB5 determined by the dansyl-Edman method was isoleucine. 

Amino acid compostion o f purified CB5 was shown in Table 5 . From the com­

position, the size of CB5 was calculated to be about 40 residues.

Isolation o f Peptides from Proteolytic Digest o f CB5 

In order to elucidate the amino acid sequence o f CB5, 60 mg of

purified CB5 in 6  ml buffer were digested separately w ith trypsin, thermolysin, 

o^-chymotrypsin and papain. The mixtures were acidified by adding I ml 

glacia l ace tic  acid , and applied to a 3 x 150 cm column o f Sephadex G -2 5  

which was equilibrated and eluted with 0.01 M  acetic ac id . In tryptic digest,
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Table 5

Amino Acid Analysis o f Purified CB5

. . . b N o . o f Nearest Found in
Amino Acid Residues Integer Peptide^

Am i noethyl cystei ne 1 . 2 0 1 2

Aspartic Acid 6 .17 6 6
Threonine 2.14 2 2
Serine 7 .5 5 8 8
Homoserine 0 .7 4 1 1
G lutam ic Acid 3 .2 5 3 3
Proline 2 . 2 0 2 3
G lyc in e 2 . 8 8 3 3
A lanine 1.07 1 1
Valine 2 .2 6 2 3
Isoleucine 3 .6 0 4 5
Leucine 2 . 8 6 3 3
Tyrosine 1.90 2 2

Phenylalanine 1.98 ' 2 2

N H g (2 )

Total 40 44

°  A c id  hydrolysis was conducted w ith  5 .7  N  HCl , 108° for 20 hr.

^ Serine residue was corrected for 15% loss during acid hydrolysis.

^ Actual amino acid composition determined in sequence studies.
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the mixture was applied to the same column directly and eluted with 0.01 M  

ammonium hydroxide. The chromatograms o f trypsin, thermolysin,p(-chymotrypsin 

and papain digests o f CB5 were shown in Figs. 14, 15, 16, and 17 respectively. 

From each chromatogram, 0 .2  ml o f sample was taken from each tube which had 

U V  absorption. The samples were dried first in a vacuum desiccator, redis­

solved in a small volume o f w ater, applied to Whatman N o . I paper and sub­

jected to separation in high voltage electrophoresis at pH 2 .0 .  Fig. 18 shows 

an example o f such an electrophoretic pattern of a tryptic digest. The peptide 

bonds revealed the distribution o f peptides in these tubes from which the pooling 

o f tubes were planned. W ith this type o f preliminary information, the fractions 

from each digest were subdivided into three to four ports; each part was pooled 

and dried in rotary evaporator. Further peptide separation on high voltage 

electrophoresis was then performed at pH 2 and where necessary, subsequently 

at pH 3 .5  and 6 .0  in order to obtain pure peptides. The peptides which were 

obtained were listed in Table 6 . The amino acid composition as w ell as se­

quence determination were also listed.

Amino A cid Sequence Determination

a) Tryptic digest:

Sequence o f peptide T|: Amino acid analysis (Table 5) showed that peptide 

T| contained 4  residues. The results o f dansyl-Edman analysis and hydrozino- 

lysis revealed the sequence to be V a l-lle -S e r-C y s (A e ).

Sequence o f peptide T2 : Amino acid analysis (Table 5) showed that peptide 

T2  contained II residues. From dansyl-Edman procedures, the first 4  residues
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Table 6

Summary o f Electrophoretic M o b ility , Amino A c id  Composition and Sequence Determ ination of Peptides from CB5

Peptide M o b ility  ° C d -N in N o . o f
Am ino A c id  Compositions ^ Sequence D eterm ination **N o . pH 2 .0 pH 6 .0 color Residues

T| 1 . 2 0 + 0 .2 8 red 4 Ser| _g V o l|, o lle g  pCys(Ae)o 5 V a l - 1 le -S er-C ys(A u)

T2

T3

0 .3 8

0 .3 2

“ 0 .4 4

- 0 . 2 2

brown 
— 4  red

yel 
—»red

II

14

Asp2 . 3 S e i - 3 . . gVol o . 7  

L « " |.|P h e | 0

Aspo^çThrQ^^Serj oG !uo,7PrO | 8  

G lyQ .gA loQ  g V a l, g lle , ,Leu, ,

M . 5

S e r -S e r -11 e-A sp-S  e r -  Leu- Pro-Asp-

lle -V o l-P h e  
4— < r-

T h r - l le -A ^ -G ly -V a l-G ln -T y r -P r o -  

L e u -S e r-P ro -S e r-^ lo -T y r

TSThI 0 .4 6 - 0 .3 2 yel 
—yred

8 ^ * P | . l ' ' ‘h ro .8 G ' ‘^ |.o P ''® l. l^ 'y | . 0

V a « 0 .8 " ® 0 .8 ^ y 0 .7

T h r - l le -A s p -G ly -V a l-G ln -T y r -P ro  
— + - >

% h lS I 0 .6 5 - 0 .4 7 yel
-^ r e d

5 Asp| o T h ro ,9 G ly | qV o Ii Q lleo 8 Thr-11 e -A s p -G  ly -  Val

T3THIS2 0 .7 5 N red 3 G lu | o P r o , j Iy r o . 9 G lji-T y f-P rQ

%



Table 6 -Continued.

Peptide M o b ility  ° C d -N in N o . o f
Am ino A c id  Compositions ^ Sequence D eterm in atio n ^

N o . pH 2 . 0 pH 6 .0 color Residues

T3TH2 0 .6 2 N red 6 Set2 . 2 Pro, ,A la , gLeuo pTyrg g Leu -S er- P ro -S er-A I o -T  yr 
— > —> —> —^ <— 4 —

T3TH3 0 .7 6 N red 4 Ser2 . 2 P'-0 | o L eu ,.o Leu-S er-P ro -S er

T3TH4 0 .9 3 N red 2 A l a i . o V i . o A lo -T y r  
— >

U 0 .7 5 - 0 .4 8 red 8 Asp2 . 5$erQ  g G lu , qHc, qLcu, q  

Cys(Ae)Q 5

lle -l.e u -G ln -A s p -A s p -A s p -S e r-

^ s (A e )

T4E3HI 1.65 +0.51 brown 
—»red

2 Ser, oCys(Ae)Q 5 Sej--Cy§(Ae)

TS 0 .5 3 -0 .3 1 yel 
—>red

7 Thro. sSeri _ q G Iu , _ qG  ly , . gPhoQ 9  

^*® 0 . 8

T h r -S e r -G ly -P h e -G lu -G ly -H s e

Th, 0 .5 5 + 0 .2 3 red 6 V a l - 11 e-S  er-C ys (A e)-S  er-S  er 
— > —?» —> f —

Th2 0 .5 4 - 0 .6 0 red 6 Asp2 .oSePQ^ çProj q I le , gLeu, _ q 11 e-A sp-S  e r -  Leu- Pro-Asp 
— ^ — y



Table ô-ÇonHnyed.

Peptide M o b ility ® C d -N in N o . o f
Am ino A c id  Compositions ^ Sequence D eterm ination  ^

N o . pH 2 .0 pH 6 .0 color Residues

Th2 E| - - 0 .6 9 red 5 Asp-S e r -  Leu- Pro-Asp

Th2 E2 - - 0 .3 9 brown 
—>red

4 Ser-Leu-Pro-A sp

Thg 0 .6 4 N red 4 T h r i jV o lg  ^ lle g  gPhe, Q lle -V a l-P h e -T h r  ^ ^

Th4 0 .4 8 - 0 .3 0 red 7 Asp, 2 G Iu , gProQ ç G ly , ,

v o i | , o ' ‘® i .o T y o . 6

lle -A s j3-G I^ -V c d -G ln -T )y -P ro

Th4E2 - N yel 5 G ly -V o l-G ln - Iy r -P r o

Ths 0 .7 6 N red 4 Ser, çPro, ,Leu, Q Lej^-Sej^- Pr^-Se^

Th6 0 .9 7 N red 2 A I° | .o T y o .9 A la -T y ^

. Thy 0 .7 7 - 0 .4 3 red II AsP3 .oThro .gSer, y G lu , g G ly , 2  

lle | oLeu| oCys(Ae)Q 5

l l^ -L e y -G ln -A ^ -A s ^ -A s p -S e r -  

Cys (Ae ) ~ |h r -$ e r -  (p ly

Thg 0 . 6 6 - 0 .4 3 red 4 G lu i o G ly , 2 PheQ 9Hseo 8 P h ^ -G ly -G lj,/-H s ^



Table 6 *Continued

Peptide M o b ility  ° C d -N in N o . o f
Am ino A c id  Compositions ^ Sequence D eterm ination  ^

N o . pH 2 .0 pH 6 .0 color Residues

ThgE2

Cj 0 . 6 6

N

-0 .1 7

yel

red

2

15 Asp2  oSer4 3Proo ç V a li 6 lle 2  6

Leu| oPhe, oCys(Ae)o 5

G ly -H s e

V c ^ -ll^ -S e ^ -C y s (A e )-S e r-S e r-lle -  

Asp-S e r -  L eu -P ro -A sp -M e- N âl -  ÿ e

C 2 0.41 - 0 . 2 1 yel 
—>red

9 ^ P | . I^'^’0 . 8 ^ ' " 0 .9 '" '’° l . 2 ^ 1/ 0 . 8  

V a l| o lle i oLeU| oTyro 7

Thr- l le -A s ^ -G  ly - V a l - G I  n -T y r-  

Pro-Leu

C 3 0 .5 0 N brown 
—>red

5 ^®'‘i . 9 A h . o P ~ i . i ^ y i . o S er-P ro -S er-A I g -Tyr

C 4 0 .7 4 - 0 .3 6 red 12 "^P2 . 8 Thro pSer; y G lu , g G ly , Q 

' •® l.0 ‘-® ^l.0P^®0.8^y®^^®^0.5

11 L e jj-G  In -A sp-A sp-A sp-S  e r -  

Cys(A e)-Thr-S  e r -G  1 y -^ h e

^ 5 0 .7 7 - 0 .5 6 red 3 ^ ‘“ l .0 ^ 'y i .0 ^ * '® 0 .7
G I^ -G I^ -H s ^

PO| 0 .7 2 - 0 .5 0 brown
red

4 Aspj oSer2  Q lle, 0 S er-S e r-lle -A s p  
— > —>»

&



Table 6 - ConHnued.

Peptide M o b ility  ° C d -N in N o . o f
Am ino A c id  Compositions^ Sequence D eterm ination  ®

N o . pH 2 . 0 pH 6 .0 color Residues

Po2 0 .5 2 - 0 .3 0 red 6 ^ P | . o P ''° I. |V °» 0 .7 " ® 0 .7 L ® “ I.O

Pheo ,9

Leu -  P ro -A sp -II e - Va 1 -  Phe

Pag 0 .5 4 - 0 .3 6 yel
- f r e d

6 Asp| gThro y G  Iu q . ç G ly^  7 V a l, ,

"® I.O

Th^— 11 ̂ -A s ^ -G  ly -  ̂ i|^ -G  In

Po4 0 .7 5 N red 3 P«-®l.|L®U|.oTy''o.9 Tyr-Pro-Leu

P °5 0 .5 5 N brown 
—>red

7 Ser2  ,P rO |y k la , oLeU| oTyro . 6 T y r-P ro -L e y -S e r-P ro -S e r-A la

P° 6

Po7

0.61

0 .9 0

N

—0 . 6 6

red

red

4

7

G lu | o H e o ,9 L e u o .9 Ïy ro  7

Aspg oThro y S e rj _ QCys(Ae)Q 5

T y r - l le -L e u -G In  
#  ^  ^
A s^ -A s^-A sp -S er-C ys(A e)-Thr-S er

Pag 0 .4 0 - 0 .6 0 red II AsP2 . 6 T h r|. gS eri^yG lu j o'*®0 . 7

L eu o .7 Îy ro  6 Cys(Ae)o 5

T y r -  l ie -  L e u -G  1 n -A sp -A sp -A sp -  

S er-C ys(A e)-T h r-S er

Poç 0 . 6 6 - 0 .4 8 red 4 G 1 Uj 0 ®  ly  1 gPhej qHsOq ç P h e -G lu -G ly -H s e  
— ► —> —y

o
w

a . E lectrophoretic m obilities are re la tiv e  to serine (=1 .0 ) a t pH 2 .0  and to aspartic ac id  a t pH 6 .0 .  ( N ) —
(Continued on next cage)



Table 6  -  Continued -  Legend 

indicates the peptides which ore considered neutral in electrophoresis a t pH 6 ,0 .
The amino acid  analyses are molar ratios. Serine was corrected for 15% o f loss during the hydrolysis. 
Hse and Cys(Ae) are the abbreviations for homoserine and am inoethylcysteine, respective ly .
Sequences determined by the dansyl-Edman procedure are indicated as arrows toward the rig h t(—>) under 
the residues. Am ino acids released by carboxypeptidase A  are ind icated  as arrows toward the le ft  (4—) 
under the residues. The residues determ ined by hydrazinolysis are ind icated  by arrows containing the 
le tte r H (<—).

H
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from the NH^-term inus were S er-S er-lle -A sp -. From o short time carboxy­

peptidase A  digestion, 3 residues from CO O H-term inus were ile -V a l-P h e .

The sequence o f the other 4 residues was not determined in this peptide 

but it was revealed by a thermolysin peptide (see thermolysin digest 

below).

Sequence of peptide Tg: Peptide Tg contained 14 residues. From dansyl-

Edman procedures, the first 3 residues from the N H 2 ~terminus were found 

to be T hr-lle -A sp . Carboxypeptidase A  digestion revealed the 2 residues 

from the CO O H-term inus to be A lo -T yr. A digest of peptide T<j with 

thermolysin and further purification by paper electrophoresis at pH 2 .0 ,  

gave peptides Tgyhl' % h 2 ' ^3Th3 ' ^ 3 Th4 * % h l '  which contained

8  residues os shown in Table 6 , was further digested with subtilisin. A fter 

purification with paper electrophoresis at pH 2 .0 ,  two peptides, Tgy|^|g| 

and T2 Yh|S2  were obtained. The amino acid sequences o f the peptides 

were determined to be Tgyi^igj: T h r -lle -A s p -G ly -V o l and T2 j|^|^2 ‘ G ln -  

Tyr-Pro. Peptide Tgy^|g| had one negative charge as demonstrated by 

paper electrophoresis at pH 6 .0 ; thus the ac id ic  form was assigned to Asp. 

^3ThlS2 was neutral by pH 6 .0  paper electrophoresis, thus amide was assigned 

to G in . The sequence o f Tgy^j, based on the above information, was 

established to be T h r - lle -A s p -G ly -V a l-G ln -T y r-P ro . By the combination 

of dansyl-Edman and carboxypeptidase A  digestion, sequences of peptide 

^3Th2/ ^3Th3 ^3Th4 determined os listed in Table 6 . From this

information, the sequence o f T3  was thus established to be T h r-lle -A sp -
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G ly -V a l-G ln -T y r-P ro -L e u -S e r-P ro -S e r-A la -T y r .

Sequence o f peptide T^: The sequence o f peptide was revealed from 

dansyi-Edmon analysis and hydrazinolysis to be 11 e -  Leu- G I n-Asp-Asp (Asp ; 

Ser)-C ys(A e). D irect evidence o f glutamine in this sequences was pro­

vided in a  peptide from a pcpoin digest which w ill be described below .

The m obility o f T4  on h igh-voltage electrophoresis a t pH 6 . 0 ,  indicated  

that this peptide contained 2 negative charges. This meant a ll the three 

aspartyl residues were in the acid ic  forms. This finding was further 

supported by the amino acid analysis o f a digest o f T4  w ith aminopeptidose 

M  which showed the aspartyl residues to be in the acid ic forms. A fter 

removal o f the first three residues from the N H 2 “ terminus of T^ by Edmon 

degradation, partial acid hydrolysis was performed (5 .7  N  H C I, 100®,

15 m in .) . A  d ipeptide, Ser-Cys(Ae) was obtained. The aminoethylcysteine 

was identified  as dansyl derivative without HCI hydrolysis, after the removal 

of serine from this d ipeptide. Thus the sequence o f T4  was assigned showed 

in Table 6 .

Sequence o f peptide Tg: Peptide Tg contained 7 residues, apparently derived

from the C O O H -term inus o f CB5. The sequence o f Tg was determined to be 

T h r-S e r-G ly -P h e -G lu -G ly -H s e . A t pH 6 .0 ,  paper electrophoresis indicated  

Tg had one negative charge; thus the ac id ic  form was assigned to G lu .

b) Thermolysin digest:

Sequence o f peptide Th|: Peptide Th| contained 6  residues. From donsyl-

Edman procedures and corboxypeptidase A  digestion, this peptide was
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determined to be V a l-lle -S e r-C y s (A e )-S e r-S e r.

Sequence o f peptide Th2 : Peptide Thg contained 6  residues. The

sequence was shown to be lle-A sp-Ser-Leu-Pro-A sp. Th2  showed 2 

negative charges by paper electrophoresis at pH 6 ,0 .  A fter removal of 

the second residue. Asp, only one negative charge remained as was shown 

in Table 6  (Th2 ^ |). Thus both aspartyl residues were assigned to be in 

the acidic forms.

Sequence o f peptide Thg: Peptide Thg is a tetropeptide with the sequence

o f lle -V a l-P h e -T h r.

Sequence o f peptide Th^; By using dansyl-Edman procedure> the sequence 

o f peptide Th^ was established to be 11 e -A sp -G  I y -  Vol - G I  n -T y r- Pro. It 

contained one negative charge as shown by paper electrophoresis at pH 6 .0 .  

A fte r two steps o f Edman degradation, this peptide became neutral in 

m obility a t pH 6 .0  electrophoresis. Therefore acid form was assigned to 

the aspartyl residue, w hile  the amide form was assigned to the glutamine.

Sequence of peptide Thg: This is a tetropeptide with the sequence o f

Leu-Ser-Pro-Ser.

Sequence of peptide Th^: Th^ is a dipeptide A la -T y r.

Sequence o f peptide Thy: This peptide contained 10 residues. The partial

sequence was determined to be 11e-Leu-GI n-Asp-(Asp, Asp, Ser, Cys(Ae))- 

T h r-S e r-G ly . The identity  o f three residues from C O O H -term inus were 

revealed by corboxypeptidase A  digestion at pH 5 .7  (45 ). However, it 

was clear that this peptide is related to peptide T^ whose sequence was
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known. Therefore, the determination o f complete sequence of peptide 

Thy was not pursued.

c) o(-Chymotryptic digest:

Sequence o f peptide C|: C| contained 15 residues. From dansyl-Edman

analysis and carboxypeptidase A digestion, it  was obvious that this peptide 

was derived from NHy-terminus of CB5 and would provide the overlap for 

T| and Ty- Therefore, only the partial sequence of this peptide was 

established as shown in Table 6 .

Sequence o f peptide Cy: Peptide C 2  contained 9 residues. The partial 

sequence o f this peptide (Table 6 ) revealed that it is related to peptide 

T3  which had been sequenced.

Sequence o f peptide Cg: The sequence o f peptide Cg was found to be 

Ser- P ro -S er-A lo -Tyr.

Sequence of peptide C4 : From partial sequence determination (Table 6 ),

this peptide was obviously an extention o f that o f Thy. The complete 

amino acid sequence was therefore not determined.

Sequence o f peptide Cg: This is a tripeptide w ith the sequence of G lu -

G ly -H s e .

d) Papain digest;

Sequence o f peptide Po|: This is a tetropeptide with the sequence o f Ser- 

S er-lle -A sp .

Sequence o f peptide Po2 : By using the dansyl-Edman procedure, the

sequence o f peptide Po2  was established to be Leu- Pro-Asp-11 e -  Vo I -  Phe.
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known. Therefore, the determination o f complete sequence of peptide 

Thy was not pursued.

c) o(-Chymotryptic digest;

Sequence o f peptide C|: C| contained 15 residues. From dansyl-Edman

analysis and carboxypeptidase A  digestion, it was obvious that this peptide 

was derived from N H 2 “ terminus o f CB5 and would provide the overlap for 

T| and T2 . Therefore, only the partial sequence o f this peptide was 

established as shown in Table 6 .

Sequence o f peptide C 2 : Peptide C 2  contained 9 residues. The partial 

sequence o f this peptide (Table 6 ) revealed that it  is related to peptide 

Tg which hod been sequenced.

Sequence o f peptide Cg: The sequence of peptide Cg was found to be

Ser- Pro-Ser-A I a -T y r.

Sequence o f peptide C4 : From partia l sequence determination (Table 6 ) ,

this peptide was obviously on extention o f that o f Thy. The complete 

amino acid sequence was therefore not determined.

Sequence o f peptide Cg: This is a tripeptide with the sequence of G lu -  

G ly -H se .

d) Papain digest:

Sequence of peptide Pcj: This is a tetropeptide w ith the sequence of Ser- 

S er-lle -A sp .

Sequence o f peptide Po2 : By using the dans^rl-Edmon procedure, the

sequence of peptide Po2  was established to be Leu- Pro-Asp-11 e -  Vo I -  Ph e .
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Sequence of peptide Pog: From dansyl-Edman procedures and carboxy­

peptidase A digestion, this peptide was determined to be Thr-lle -A sp - 

G ly -V a l-G ln .

Sequence o f peptide Pa^; This is a tripeptide with the sequence of Tyr- 

Pro-Leu.

Sequence of peptide Pa^: This sequence is obviously a port of sequence

o f Tg. Its partial sequence was determined as shown in Table 6 .

Sequence o f peptide Po^; This is a tetropeptide w ith the sequence o f 

T y r-lle -L e u -G ln . It remained at the origin during electrophoresis at 

pH 6 .0 ;  thus the amide form was assigned to G in .

Sequence of peptide Poy: This peptide contained 7 residues. It was a

part o f the sequence o f peptide Thy. It contained two negative charges 

a t pH 6 .0  electrophoresis, thus acid form for a ll three aspartyl residues 

was assigned.

Sequence o f peptide Pag: This peptide contained 10 residues. It provided

the overlap for Pa^ and Pa^. Therefore, only the partial sequence of

this peptide was established as shown in Table 6 .

Sequence of peptide Pa^: This peptide is exactly  the same as peptide Thg.

Its sequence was determined to be P h e -G lu -G ly -H s e .

Amino Acid Sequence o f CB5 

From the amino acid sequence o f the peptides described above, 

the complete sequence o f 44  residues was assembled os shown in Fig. 19.



ro |— 4  r

( I)  (5) ( 1 0 ) (15) (2 0 ) (25)
V a l- l le -S e r -C y s (A e )“ Ser-“S e r-lle -A s p -S e r-L e u -P ro -’A s p - l le -V a l-P h e -T h r - l le -A s p -G ly -V a l-G ln -T y r -P ro -L e u -S e r -

^ ----------------------TgThi----------------------- -> <—
é— TsThlSl-------- ■> 4—T3ThlS2i><—T3Th3—

4" Thg  ̂ ----------------------Th^-------------------------- Thg—

^ ----------------Poo------------------- y -<-----Pax------^

(30) (35) (40) (44)
P ro -S e r -A la -T y r - lle -L e u -G ln -A s p -A s p -A s p -S e r -C y s (A e )-T h r -S e r -G ly -P h e -G lu -G ly -H s e

------------------------•> ^ T 4 E 3 H |-" >
 ^  4rT3Th4->'

- C 3 ------------------------6 --------------------------------------------------C 4 -------------------------------------------^  — Cg—
 P ------  ̂ ^ --------------Pay---------------------------------------------- C-----------Poÿ-------- y

----------------------------------------------------------------- Pag------------------------------------------»

Keys o f  digests: I :  T ryp tic  d igest, Th: Thermolysin d igest, C ;A (-C h ym o tryp tic  d igest. Pa: Papain digest,

S: S ubtijis in  d igest, H: Partial acid  hydrolysis.

F ig . 19 -  Amino A c id  Sequence o f CB5



CHAPTER IV

DISCUSSIO N

EPNP reacts with pepsin a t room temperature (or 30°) at a methionyl 

residue and an aspartyl residue in the following sequences:

Sequence I: P h e -G lu -G ly -M e t -A s p -V a l-P ro -T h r-S e r-S e r-G ly -G lu -

Leu

Sequence II: lle -V o l-A s p -T h r-G ly -S e r-S e r-A s n

The m odification o f methionine is due to alkylation by EPNP while  

the modification o f aspartic acid is accomplished by the estérification o f a 

^-carboxyl group. In acid ic  solutions, the protonoted intermediate o f on 

epoxide ore w ell known to react w ith various nucleophiles (46). The thioether 

o f methionine and the ^ -carboxy la te  o f aspartic acid apparently serve as 

nucleophiles near the EPNP binding sites o f the enzyme, and thus are reactive  

with EPNP.

The methionine sequence given above agrees with the known 

sequence o f a methionine peptide: M e t-A sp - Vol -  Pro-Thr-Ser (5). It also 

agrees with the N H 2 -term inal sequence o f a cyanogen bromide fragment (17) 

which presumably was derived from the some methionyl sequence. Therefore,

71
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the modified methionine is located 38 residues from the carboxyl terminus of 

the enzyme (17). However, this current sequence does not agree with the 

overlap sequence o f this methionine (5 ). The le ft side o f this methionine 

sequence was previously thought to be T y r -G ly -T y r -G ly -S e r -M e t. However, 

the correspoinding sequence found in this study is P h e -G lu -G ly -M e t. The 

reason for the discrepancy is not en tire ly  c lear. A  critica l evaluation of 

data from the previous work o f Tong and Hartley (5) showed that the overlap  

was based on one peptide, the sequence o f which was not completely established. 

Thus, their evidence was re la tive ly  weaker than that o f the present study in 

which the sequences o f several methionine peptides were fu lly  determined. 

Therefore, we suggest that the methionine overlap shown in Sequence I is the 

correct one.

Although on overlapping peptide for EPNP-osportyl residue was not 

found, evidence for the overlap appears sufficient from quantitative estimation 

of recoveries. Two peptides with the sequence I le -V a  I-Asp (EPNP) and Asp 

(E P N P )-Thr-G ly-S er-S er-A sn  were obtained separately in yields o f 0 .5 5  and

0 .8 8  residues from I residue o f EPNP-ospartic acid in pepsin m olecule. Also, 

in the various digest o f EPNP-pepsin, an EPNP-aspartyl residue was found 

either a t the N H 2 ” terminus or the CO O H -term inus of the peptides. In no 

case, were these two types o f peptides found in the some digest, os one would 

expect if  two EPNP-aspartyl sites were present in modified pepsin. A  search 

o f the literature indicated that this EPNP-aspartyl sequence has not been pre­

viously reported. Therefore, the location o f this site in the primary structure
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of the enzyme remains uncertain.

It is interesting that a striking homology exists between the EPNP- 

reactive aspartyl sequence (Sequence II) and the previously known ac tive -  

center aspartyl which is reactive to diazo inactivators (25 ,28 ).

The EPN P-reactive aspartyl sequence is 11 e -  Vo I -  Asp- Thr-G  I y -S e r-

Ser-Asn.

The d iazo -reactive  aspartyl sequence is lle -V a l-A s p -T h r-G ly -T h r-  

Ser-Leu. Since only 2 among 8  residues d iffered , we evaluated the possi­

b ility  that they might indeed be the same sequence. This seemed un like ly , 

however, as discussed below;

The Possibility of Differences due to a Sequencing Mistake

W e obtained peptide P2  (sequence: A sp(E P N P )-Thr-G ly-S er-S er- 

Asn) from 20 d ifferent preparations, and its composition was always the same.

In no case were 2 threonine residues or I leucine residue found. Previous 

data on the d iazo -reactive  aspartyl sequence studies also appeared to be 

convincing. Bayliss e t o l. (25) isolated a tripeptide Thr-G ly -T h r from par­

tia l acid hydrolysis of a d iazo -reactive  peptide, which agreed with the 

content o f 2 threonine residues in the d iazo -reactive  sequence. The position 

of leucine was reported by Fry e t a l .  (28) in an octapeptide containing I 

residue o f leucine. A fter one-step Edman degradation, the content of leucine  

remained essentially unchanged. Carboxypeptidase A  released I residue of 

leucine from the octapeptide. Thus, a sequencing error appeared improbable.
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The Possibility o f Differences due to Different Pepsins 

Previous studies have shown that d iazoacetyl-D L-norleucine methyl 

ester and EPNP completely inactivated the same pepsin preparation, resulting

in 0  stoichiometry o f m odification o f I in the former case and 2 in the latter 

(6 ) .  This excludes the possibility that the two types o f inactivators each 

react specifically with one type o f pepsin.

The Possibility o f Differences due to G enetic  Variants of Pepsin 

We hove used 4  d ifferent batches o f pepsin from Worthington and

2 batches from Pentex. In no cose, was an EPNP-peptide with a d iazo -reactive

aspartyl sequence found. M oreover, the d iazo -reactive  sequence reported by 

Bayliss et o l. (25) and Fry et a l . , (28) who used pepsin from different sources 

(Koch-Light Labs. L td ., Colnbrook, Buckinghamshire, and Mann Research L ab ., 

N .  Y . ) , agreed in their results. A dd itionally , a large number o f laboratories 

have engaged in determination o f the partial sequence o f pepsin. Keil (10) 

reviewed most of these results; he reported that about 15 separate studies were 

done on the sequence near the carboxyl-term inal region. A number o f separate 

studies also performed on the phosphoserinyl and cystyl sequences. To the best 

o f our knowledge, no genetic variants in porcine pepsin hove been reported.

The involvement of the com pletely d ifferent genetic varients appeared to be 

u n like ly .

On the other hand, a previous study (6 ) indicated that EPNP-modified  

pepsin still reacts with I residue o f d iazoacetyl-D L-norleucine methyl ester. The
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reversed order o f reaction also produced the some stoichiometry of incorpo­

ration o f the two inactivators. These results suggested that pepsin contains 

two different aspartyl sites which each react specifically  with either EPNP or 

diazo inactivators. In a separate study (29 ), it  was found that the pKa o f  

the EPNP-reactive carboxyl group (2 .8 5 ) was distinctly lower than that of 

the d iazo -reactive  carboxyl group (4 .7 ) .  These findings support the conclusion 

that the differences in the two sequences are genuine and that both ore 

present in pepsin.

The EPNP-reactive aspartyl sequence apparently differs from that 

of the p-bromophenacyl bromide reactive site found by Erlanger et a l.  (26), 

which is in a peptide composed of G ly 2 , Asp|, Ser), G lu |.  This confirms 

the previous findings which showed that a ll three inactivators react a t d if­

ferent sites in the pepsin molecule.

The modification o f the p -carboxyl group of the aspartyl residue 

apparently produces on ester linkage to one o f the hydroxy groups o f EPNP- 

O H , os ascertained from the following evidence: a) the lab ility  o f EPNP- 

aspartyl peptides in basic solution; b) the removal o f EPNP from EPNP- 

aspartyl peptides, resulting in a gain o f a negative charge; and c) the 

specific reduction of the p-corboxyl ester o f the aspartyl residue to homoserine.

A  minor sequence Vol - 11 e -  Phe-Asp (EPNP) resulted from modification  

at higher temperatures (20°-30® ). The absence o f this peptide in the EPNP- 

pepsin modified at 10° confirms data from a separate study (29); i . e . ,  EPNP 

m odification is more specific a t a lower reaction temperature.
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After careful examination o f the electrophoretic m obility data in 

Table 2 , an unusual pKo of the EPNP reactive aspartyl residue was found.

It is known that the charge and molecular weight o f peptides can be related  

to their electrophoretic m obilities. Based on Stoke's law , O f  ford demon­

strated the interrelationships o f  re lative m obility, charge, and mass o f peptides 

during electrophoresis (31): a) Relative m obility o f a  peptide is proportional 

to the charge which the peptide contains when the mass o f the peptide Is 

constant; b) The logarithm of the re lative  m obility is inversely proportional to 

the logarithm o f the mass of the peptide when the charge which the peptide 

contains is constant. He collected a number of peptides and plotted the 

logarithm of the re la tive  eletrophoretic m obility at pH 2 .0  and pH 6 .5  

against the logarithm of the molecular weight. Straight lines were obtained 

and each represented a  given number o f charges. The pKo o f the p-carboxyl 

group in proteins ranges from 3 .0  to 4 .7  (47). If  the pKa's o f the carboxyl 

groups in peptide P2 , after the removal o f the EPNP group, (peptide P2 -EPNP), 

were normal in pH 2 .0 , this peptide should contain only one positive charge 

from the N H 2 - termina I amino group. W ith a molecular w eight o f 579 it 

should hove a re lative m obility to serine equal to 0 .7 1 . However, the actual 

observed value was 0 .3 6 . This means that partial ionization o f the carboxyl 

groups o f P2 -EPNP occurred during the electrophoresis a t pH 2 .0 .  Based on 

Offord's first generalization, the percentage o f ionization o f carboxyl groups 

in peptide P2 -EPNP can be calculated to give a value o f 50% ionization of 

a carboxyl group. In order to determine which carboxyl group had an abnor-
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m ally low pK a, Edman degradation procedure was performed to remove the 

N H 2 “ terminal Asp and the m obility in pH 2 .0  was again determined. The 

re la tive  m obility was found to be 0 .6 7 , w h ile  the theoretical value was 0 .8 0 .

The percentage o f ionization o f the C O O H -te rm in o l carboxyl group, now the 

only carboxyl group remaining is 16% based on the above calcu lation . If 

the removal o f the first N H 2 ~terminal aspartyl residue does not affect the 

ionization of the C O O H -te rm in a l osporoginyl residue, then the percentage of 

ionization of the ^-carboxyl group o f the N H 2 "terminal aspartyl residue is 

35% . Using this information and the Henderson-Hasselbalch equation, a pKa of 

2 .2 7  was found for the carboxyl group o f  the aspartyl residue in peptide 

P2 “ EPNP. In order to know whether the N H 2 “ terminol amino group induced 

the lowering o f the pKo on the ^-carboxyl o f the N H 2 “ terminal aspartyl 

residue, P2 -EPN P was dansyloted, then subjected to electrophoresis a t pH 2 .0  

on 0  f la t p late  apparatus to determine the m ob ility . This information was 

calculated in the same manner as described above and a value o f 50%  ioni­

zation o f carboxyl groups was also found. The inducing effect o f the amino 

group appeared to be u n like ly . Since this epoxide reactive aspartyl residue 

has to be charged in the enzyme molecule when it reacts with EPNP, a low 

pKo is expected for this residue. It seems possible that a low pKo o f this 

p-carboxyl group might have been 0  unique result o f the sequence o f this 

p ep tid e , which may produce a specific interaction o f side chains in the peptide. 

For example, hydroxyl groups o f threonine or serines might form o hydrogen

bond to the ^-carboxyl group, thus lowering the pKa o f the aspartyl residue.

It is not c lear, however that the low pKo o f the aspartyl residue
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o f this pepHde has fhe same cause as fhe low pKo of this group on |-he

native enzyme, which has been determined to be 2 .8 5  (29). M ore informa­

tion is needed to reach a firm conclusion on this.

The active  site o f pepsin was suggested to contain two functional

groups, one o f which has a slightly high pKa of about 4 .7  and another one 

has on abnormal pKa o f 1.0 (20 ,21). A  mechanism for pepsin action wos 

proposed by Knowles (22) in which a  tetrahedral intermediate was formed by 

on ocid -nucleophilic  catalysis, (the carboxyl group with a pKo o f 1 .0 , serving 

os the nucleophile, that with a pKa o f 4 .7 ,  as the ac id ). Ami no-enzyme was 

postulated to be formed from this tetrahedral intermediate. Using this hypo­

thetical am ino-enzym e, the hydrolysis and tronspeptidotion, which pepsin 

catalyzes, can be explained. In the recent epoxide inactivator studies con­

ducted by Hortsuck and Tang (29 ), the EPNP-reactive aspartyl residue, in 

the Sequence II o f this current work, was shown to be in the active  site of 

pepsin, and its ^-carboxyl group had a low pKo which would be at least 

partia lly  charged during peptic digestion. They proposed a new mechanism 

for peptic catalysis. In this proposal, the epoxide-reactive aspartic acid  

in the active site was considered to be a nucleophile, while the d iazo -  

reactive aspartic acid served as a proton donor to the amide nitrogen of the 

substrate. They also postulated that the lower pKa of the epoxide reactive  

carboxyl could be due to the hydrogen bonding o f another n ear-b y , protonated, 

carboxyl group. The involvement o f an arginyl side chain, in polarization  

of the carbonyl group of the substrate, was also suggested. This was further
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supported by the recent finding that the biocetyl modification o f arginyl 

residue, tw elfth  residue from the C O O H-term inus, caused a loss o f 85% of 

peptic a c tiv ity . In addition, this arginine was thought to be located near 

the active center o f the enzyme (48). Formation o f an amino-enzyme inter­

mediate would not be expected from this mechanism. Transpeptidation 

catalyzed by pepsin can be explained in the following way. There is a 

strong interaction with the side chain on the imino side of the scissile bond, 

so that this product remains in the active  center, and is availab le  for sub­

sequent transfer. Although the final mechanism of catalysis of pepsin must 

w ait for other information ( i . e . .  X -ra y  crystal I ographic studies), the invol­

vement o f the aspartyl side chain in Sequence I I , determined in this study, 

appeared to be certain (6).

The Sequence 1 near the EPNP-alkylated methionine, actually  

provided the overlap for CB5 and the carboxyl terminal sequence of 38 

residues previously completed (17). Thus the sequence o f CB5 is located in 

residue numbers 241 to 284 o f porcine pepsin. This gives a combined amino 

acid sequence o f 81 residues (residue number 241 to 321) in the C O O H -  

terminal end of porcine pepsin, as shown in Fig. 20 . It is obvious that 

neither o f the active center sequences is present in this portion o f the molecule. 

The role o f this structure in pepsin function must w ait for further studies.



241 245  250  255 260
-V o  I - 11 e -S e r—C^s-S er-S  er-11 e- Asp-S e r -  Leu-Pro-Asp-1 l e - V o l-P h e -T h r-1  le -A s p -G  ly -V o l-G In -T y r -P ro -L e u -

265  ^ 270  275  ̂ 280  285
Ser-Pro-Sei—A la -T y r - l le -L e u -G ln -A s p -A s p -A s p -S e r -C y s -T h r -S e r -G ly -P h e -G lu -G ly -M e f-A s p -V o l-P ro -

290  295 300 305 310 o
T h r -S e r -S e r -G iy -G lu -L e u -T rp - lle -L e u -G ly -A s p —V o l-P h e - ile -A rg -G ln -T y r -T y r -T h r -V o l-P h e -A s p -A rg -A la -

315 320  321
A s n -A s n -L y s -V o i-G ly -L e u -A la -P ro -V o l-A lo -C O O H

Fig. 20 -  Corboxyl Terminal Sequence o f Porcine Pepsin (Residue 241 -  321)



CHAPTER V  

SUMMARY

The amino acid sequences around two sites reactive with the speci­

fic  pepsin inactivator, 1 ,2 -epoxy-3-(p -n itrophenoxy) propane (EPNP), were 

determined to be:

Sequence I: P h e -G lu -G ly -M e t(E P N P )-A s p -V o l-P ro -T h r-S e r-S e r- 

G ly -G lu -L e u .

Sequence II: I l e - Vol -Asp (E PN P )-Thr-G  ly -S er-S er-A sn .

EPNP-pepsin was digested separately by proteoses and EPNP-peptides 

were purified by Sephadex column chromatography and h igh-voltage e lectro­

phoresis. When the sequences o f the peptides were determined, they fe ll into 

one o f the two groups shown above— Sequence I or Sequence I I .  The modifi­

cation o f methionine in Sequence I represented on a lkylation  by EPNP to form
%

a sulfonium salt. This methionine residue is located 38 residues from the 

carboxyl terminus o f pepsin. The modification o f the p-carboxyl group of the 

aspartyl residue in Sequence II was an estérification reaction . The location of 

this aspartyl residue in the primary structure o f pepsin is uncertain. Extensive 

homology exists between EPNP-aspartyl Sequence II and the previously reported

81



82

diazo -reactive  aspartyl sequence; however we believe them to be unique. The 

sequence confirmed data from a previous study (Tang, J . 1971 J . Biol. Chem. 

246:4510) which indicated that EPNP reacts with two main sites o f pepsin and 

that these sites d iffe r  from those reactive with diazo and p-bromophenacyl 

bromide inactivators o f pepsin.

Porcine pepsin was reduced, S-am inoethylated, and then subjected

to cyanogen bromide cleavage. Reaction mixture was separated on a column of 

S ep hadex-G -75. Five peaks were obtained. One o f the cyanogen bromide 

fragments, CBS was digested separately by proteases and the resulting peptides 

were purified by Sephadex column chromatography and high voltage electro­

phoresis. The sequence o f CBS was determined to be: Vo I - 11 e-S  er-C ys-S er- 

S e r-lle -A s p -S e r-L e u -P ro -A s p -lle -V o l-P h e -T h r-lle -A s p -G ly -V o l-G ln -T y r-P ro -  

Leu-S er-P ro-S er-A I o -T yr-11e -L eu -G  In -A sp -A sp -A sp -S er-C ys-Thr-S er-G ly-P he- 

G lu -G ly -M e t .  The carboxyl-term inal methionine o f this fragment is the 38th 

residue from the corboxyl-terminus o f porcine pepsin.
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