
INFORMATION TO USERS

This dissertation was produced from a microfilm copy of the original document. 

While the most advanced technological means to photograph and reproduce this 

document have been used, the quality is heavily dependent upon the quality of 
the original submitted.

The following explanation of techniques is provided to help you understand 

markings or patterns which may appear on this reproduction.

1. The sign or "target” for pages apparently lacking from the document 

photographed is "Missing Page(s)". If it  was possible to  obtain the 

missing page(s) or section, they are spliced into the film  along with 

adjacent pages. This may have necessitated cutting thru an image and 

duplicating adjacent pages to insure you complete continuity.

2. When an image on the film  is obliterated with a large round black 

mark, it is an indication that the photographer suspected that the 

copy may have moved during exposure and thus cause a blurred 

image. You will find a good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being 

photographed the photographer followed a definite method in 

"sectioning" the material. It is customary to begin photoing at the 

upper left hand corner of a large sheet and to  continue photoing from  

left to right in equal sections with a small overlap. If necessary, 

sectioning is continued again -  beginning below the first row and 

continuing on until complete.

4. The majority of users indicate that the textual content is of greatest 
value, however, a somewhat higher quality reproduction could be 

made from "photographs" if essential to the understanding of the 

dissertation. Silver prints of "photographs” may be ordered at 

additional charge by writing the Order Department, giving the catalog 

number, title, author and specific pages you wish reproduced.

University Microfilms
300 North Zeeb Road 
Ann Arbor, M ichigan 48106

A Xerox Education Company



73-9150

ENOCHS, Mary Rebecca, 1943-
STUDIES OF PARTIAL STRUCTURE AND SYNTHESIS 
OF HEN’S OVALBUMIN.

The University  o f  Oklahoma, Ph.D., 1972 
Biochemistry

University Microfilms, A XEROX Company, Ann Arbor, Michigan

THIS  D ISSER TA TIO N  HAS BEEN M ICROFILM ED EXA C TLY AS RECEIVED.



THE UNIVERSITY OF OKLAHOMA 

GRADUATE COLLEGE

STUDIES OF PARTIAL STRUCTURE AND SYNTHESIS OF HEN'S OVALBUMIN

A DISSERTATION 

SUBMITTED TO THE GRADUATE FACULTY 

in p a r tia l fu lf illm e n t  o f  the requirements for  the 

degree of 

DOCTOR OF PHILOSOPHY

BY

M. REBECCA ENOCHS 

Oklahoma C ity , Oklahoma 

1972



STUDIES OF PARTIAL STRUCTURE AND SYNTHESIS OF HEN'S OVALBUMIN

APPROVED BY

/  ■ I / lAlL SJl

DISSERTATION COMMITTEE



PLEASE NOTE:

Some p a g e s  may ha ve  

i n d i s t i n c t  p r i n t .

F i l m e d  a s  r e c e i v e d .

U n i v e r s i t y  M i c r o f i l m s ,  A Xerox E d u c a t i o n  Company



ACKNOWLEDGMENTS

I wish to  express my appreciation and gratitude to a l l  those 

people who have offered  a s s is ta n c e , encouragement, and friendsh ip  during 

my work here.

Thanks are due to  Dr. Jordan Tang, my advisor, for h is  guidance 

and support in  th is  research .

I would a lso  lik e  to  express my appreciation of the h elp fu l d is 

cussions and suggestions given me by Dr. David Huang and Dr. Dobrivoje 

Marenkovic. Special thanks a lso  go to  Mr. Kirk Chen, for  h is  help and 

friendship  throughout my graduate student days.

I am indebted to  Dr. Jean Hartsuck, and to my husband, Mr. 

Stephen Enochs, for w riting  the computer programs needed for ca lcu la tion s  

in th is  work.

Appreciation i s  a lso  extended to Mrs. Vivian Davis, for a s s is t 

ance in  running the Amino Acid Analyzer; to  Mrs. Donnie Freeman, and to  

Mrs. Ruth Ann Reed, for th e ir  carefu l a ■ distance in cleaning glassw are.

Special gratitude i s  extended to Dr. Mary Carpenter, Dr. Martin 

G r iffin , and to Dr. Mark Kollmorgan, for th e ir  fr ien d ly , helpfu l advice 

and guidance.

F in a lly  I would l ik e  to  express my appreciation to the facu lty  

of the Department o f Biochem istry and Molecular Biology, for my formal 

education here, and e s p e c ia lly  to  Dr. Jordan Tang, Dr. Mary Carpenter,

i i i



Dr. Martin G r iffin , Dr. Leon Unger, and Dr. J iro  Nakano, who served as 

my d isse r ta tio n  committee.

iv



TABLE OF œNT ENTS

Page

LIST OF TABLES.........................................................................................................  v

LIST OF ILLUSTRATIONS........................................................................................  vi

Chapter

I. INTRODUCTION ............................................................................................ 1

II .  MATERIALS AND METHODS......................................................................... 10

I I I .  RESULTS......................................................................................................  20

IV. DISCUSSION.............................................................................................  68

V. SUMMARY......................................................................................................  83

BIBLIOGRAPHY .............................................................................................................  85



LIST OF TABLES

Table Page

1. Amino Acid Compositions of Cysteic Peptides ..............................  21

2. P a r t i a l  Amino Acid Sequences of Cysteic Peptides .................. 23

3. Amino Acid Compositions of Phosphopeptides ..............................  28

4. Sequences of Small Peptides Obtained from
Thermolysin Digestion of PF and P G .......................................... 32

5a. Comparison of E ffic iency  of Counting Spotted
Amino Acid Mixture, After E lution with NHg-Water,
or Counting Paper D irec t ly  in the Vials ..................................  51

5b. Comparison of E lution of a Peptide by Various Agents . . .  53

5c. Comparison of Paper Spots Versus Elution with 30%
Acetic A c id ............................................................................................  54



LIST OF ILLUSTRATIONS 

Figure Page

1. Comparison of Cysteic Acid Peptides from Thermo
lysin  Digested Ovalbumin, Before and After
Carboxymethylation ........................................................................... 24

2. Acidic Peptides Obtained from Papain Digestion
of Ovalbumin fo r  16 H o u r s ..........................................................  27

3. Electrophoretic  Pattern  of P a r t ia l  Acid Hydrolysates
Compared to  th a t  of a Phosphoserine S ta n d a rd .....................  27

4a. Thermolysin Digests of PF and PG, F i r s t  Dimension . . . .  30

4b. The Second Dimensions were Run a t pH 2 .1 , 3 KV,
for 35 M in u te s ...................................................................................  30

5. Fractionation of Ovalbumin on CM C ellu lose , Using
a Gradient of pH 4 -  pH 6 ..........................................................  33

6. Phosphoserine Peptides of Fractionated Ovalbumin .................. 34

7. Fractionation of Ovalbumin on DEAE-Sephadex .......................... 36

8. Polyacrylamide Disc Gel E lectrophoresis  of DEAE-
Sephadex Fractionated Ovalbumin ..............................................  37

9. Sephadex G-lOO Chromatography of Crude Ovalbumin,
Eluted with 0.02 M Tris  Buffer, pH 8 . 0 .................................. 39

10. DEAE-Sephadex Chromatography of Peak D from
Sephadex G-lOO ...................................................................................  40

11. Hydroxyapatite Separation of Peak b on the Left,
and Peak c on the R i g h t ..............................................................  42

12. Polyacrylamide Disc Gel E lectrophoresis of the
Steps in the P u r if ic a t io n  of Radioactive
Ovalbumin Fractions ....................................................................... 43

13. F ingerprin t Patterns  of Fractions from Hydroxy
ap a t i te  P u r if ic a t io n  ....................................................................... 46

14. Results of P a r t i a l  Acid Hydrolysis of Radioactive
Ovalbumin Fractions ....................................................................... 48

15. An Example of the Fingerprin t Pa tte rn  Obtained by
Digestion of b-a with Alpha-Chymotrypsin and
T r y p s i n ................................................................................................ 50

V I



LIST OF ILLUSTRATIONS—Continued 

Figure Page

16. Graphs of Peptides Showing Isotope Ratios, b-a,
Chymotryptic Digest . ..................................................................  56

17. Graphs of Peptides Showing Isotope Ratios, b - a , - - Con
tinued ...................................................................................................  58

18. Regression Line of Digest of Fraction b - a ..............................  60

19. Fingerprint P a tte rn  Obtained from 1 mg. of b-a
Plus 1 mg. of Crude ^4] P r o t e i n .............................................. 61

20. Fingerprint P a tte rn  of Oxidized b - a ' .  Digested
with Trypsin .......................................................................................  62

21. Graphs of Isotope Ratios of Tryptic Peptides from
Oxidized b -a ' ...................................................................................  64

22. Graphs of Isotope Ratios of Tryptic Peptides from
Oxidized b - a ' C o n t i n u e d ..........................................................  65

23. F ingerprint P a tte rn  of Oxidized Tryptic Peptides
from Mixture of Pure % b - a ' .  Plus Crude ^^C
P r o t e i n .................................................................................................... 6 6

24. Regression Line of Digest of b - a ' ............................................... 67

25. Graph of Gradient of Ratios (^^C/^H) in Peptides
from Digest of Fraction b - a ......................................................  79

26. Graph of Gradient of Ratios in Peptides from
Digest of Fraction b - a ' ..............................................................  80

V l l



STUDIES OF PA.ITIAL STRUCTURE AND SYNTHESIS OF HEN'S OVALBUMIN

CHAPTER I 

INTRODUCTION

Hen ovalbumin was one of the f i r s t  proteins to  be c r y s ta lliz e d ,  

having been f i r s t  c r y s ta lliz e d  by Hofm eister in 1890 ( l ) .  I t  i s  present 

in  r e la t iv e ly  large proportion, comprising about 65% of the to ta l  pro

te in  present in egg lA ite . Due to i t s  ready a v a ila b il i ty  and i t s  ease 

of c r y s ta lliz a t io n  using ammonium s u lfa te  p rec ip ita tio n  ( l ) ,  the protein  

has been widely studied  for  i t s  p rotein  structure and com position. Sev

era l reviews of such stu d ies  e x is t  in  the lite r a tu r e  ( l ,  2 ) .

In th is  laboratory, in te r e s t  in  the study of th is  p articu lar  

protein  was in it ia te d  for two main reasons. F ir s t , the e x is t in g  struc

tural stu d ies were inconclusive in several resp ects, sin ce  they had not 

been done with modern techniques. Uncertainty about the stru ctu re , and 

the b asis  of the apparent heterogeneity  of the p ro te in , suggested that 

these questions might be resolved  in  stu d ies using modern methodology, 

not ava ilab le  for  the e a r lie r  s tu d ie s . Secondly, egg ovalbumin was of 

in te r e s t ,  a s , in the mature hen oviduct i t  c o n stitu te s  64% (3) of the 

t o ta l  protein  synthesized . I t  would, th erefore, provide a good system 

for the id e n tif ic a t io n  of sp e c if ic  protein  b io syn th esis . Many stu d ies  

have been done with th is  system, prim arily from the aspect of i t s  hormonal

1
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reg u la tio n .

To study a l l  of the structura l and b iosyn th etic  prop erties of 

ovalbumin would normally involve a large  number of approaches with d i f 

feren t techn ica l f a c i l i t i e s ,  vrf’iich would not be fe a s ib le  for a d is se r ta -  

t io n a l study. However, i t  was f e l t  th a t a l l  these problems could be ex

plored using modern peptide mapping techn iqu es. Peptide mapping has 

proven to be a powerful to o l in modern m olecular b io logy . For example, 

t h is  technique was used to  show the stru ctu ra l d ifferen ce  between normal 

and s ic k le  c e l l  anemia hemoglobins (4 8 ) . Mapping techniques have been 

used ex ten siv e ly  in  the comparison o f  s tr u c tu r a lly  re la ted  p ro te in s .

More rece n tly , mapping by diagonal e lec tr o p h o re s is  (32) has provided a 

new approach to  fin d in g  overlaps during p rotein  sequencing. For these  

reasons th is  methodology was applied to s tu d ies  of the egg ovalbumin mole

c u le . The s p e c if ic  experimental design s which were used are d iscussed  

la t e r .

A review of the l ite r a tu r e  p erta in in g  to the stu d ies undertaken 

in  th is  work w ill  be g iven . F ir s t , the lite r a tu r e  covering the past 

stru ctu ra l stu d ies w ill  be p resen ted , and then stu d ies related  to  biosyn

t h e s is  of th is  p rotein .

Ovalbumin has a molecular w eight o f approximately 45,000 ( l ) ,  

and i s  an acid ic  p r o te in , having approximately 75 acid ic  amino acid  r e s 

idues and 39 basic  residues (4 ) .  I t s  amino-terminal has been found to 

be acetylated  (5) and, as shown by N arita  ( 6 ) ,  ^^C-acetate i s  incorpo

rated in to  the amino-terminal pep tid es synthesized  in mature oviduct 

m inces.

I t  has been reported by Lush (2) th at there were two g e n e tic a lly
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d is t in c t  forms of ovalbumin. These g en etic  var ian ts were shown to  d is 

play d iffe r e n t  e lec tro p h o retic  m o b ilit ie s . The slower moving type was 

termed A, and the fa s te r  termed B. These two stra in s  o f ovalbumins were 

found to  have s im ila r , but not id e n tic a l r e a c t iv i t y  to rabbit an tisera  

(7 ) , and a s in g le  peptide d ifferen ce  was observed. Although stra in  A is  

most predominant, in  some flo c k s  of ch ickens, Leghorns included, both A 

and B occur ( 8 ) .  I t  was a lso  demonstrated th a t q u an tita tive  d ifferen ces  

occur in  eggs la id  by the same hen on d if fe r e n t  occasion s, in d ica tin g  a 

p h y sio lo g ica l regu la tion  of heterogeneity  ( 8 ) .

Another source of heterogeneity  of ovalbumins, other than the  

g en etic  one, i s  in the carbohydrate m oiety. Ovalbumin c o n s is ts  of ap

proxim ately 3 . 2% carbohydrate ( l ) .  Sane heterogen eity  in th is  component 

has been found by Cunningham (1 ) , using Dowex-50 chromatographic sepa

ration  of g lycop ep tides obtained from d ig e st io n  with various proteases. 

Glucosamine resid u es have been reported to  range in  number from 2 -5 , and 

mannose from 5 or 6  to  12 ( l ,  4 ) .

The th ird  and most pronounced source of heterogeneity  l i e s  in 

the phosphorus con ten t. Longsworth ( l )  found, in 1941, th at ovalbumin 

gave three components in  free  boundary e lec tro p h o res is  between pH 5-10. 

He id e n tif ie d  the major component as A ,̂ and the minor components as A2  

and A3 . The phosphorus content of ovalbumin had been determined by 

Osborne and Campbell, in 1900, ( l )  to  be an uneven number, always le s s  

than two moles per mole of p ro te in , and varying s l ig h t ly  with each prep

aration . Perlmann (1 2 ), in 1952, determined a value of 1 .8  phosphorus 

for ovalbumin. She was the f i r s t  to  determine th a t the d iffe r e n t  e le c 

trophoretic components contained d iffe r e n t  numbers of phosphate groups
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e s te r if ie d  to  the p r o te in . Since there were no means to  fraction a te  the 

three components a t that tim e, she used enzymatic dephosphorylation to  

separate and is o la te  the three d iffe r e n t  e lectrop h oretic  forms. Pro- 

s t a t ic  phosphatase re leased  46% of the phosphorus from Ap y ie ld in g  an 

e lec tro p h o retic  component id en tica l to  A2 * In testin a l phosphatase re 

moved a l l  phosphorus from and A2  to  g ive  a product id e n tic a l to  A3 .

She found the r e la t iv e  amounts of these components in unfractionated  

ovalbumin to  be 85% of A p 14% of A2 , and a trace of A3 . The phosphorus 

content of t o t a l  protein  was 1 .8; of A2  i t  was 0 .9 ; and of A3  i t  was 0 .0 .

Although the evidence presented by Perlmann (12) was strongly  

in favor of a d ifferen ce  in phosphate content being the major source of 

h eterogen eity , i t  could not be im plicated as the only one. Lush, in h is  

study of g e n e t ic a lly  d if fe r e n t  ovalbumin fr a c t io n s , found electrop h oretic  

h eterogen eity  even in pure A3 . This would suggest that d ifferen ces  a lso  

e x is t  in  carbohydrate and other stru ctu ra l features of ovalbumin.

Although the d is tr ib u tio n  of cy ste in e  and half cy stin e  residues  

has been ex te n s iv e ly  studied ( 1 , 2 ) , the r e su lts  have been varied and 

in con clu sive . To determine the to ta l  of the two, Akabori (2) developed 

a procedure in which he s p e c if ic a l ly  converted both d isu lf id e  and s u lf -  

hydryl su lfu rs to  hydrogen s u lf id e , by heating the protein with hydra

z in e . He observed seven residues of hydrogen su lfid e  per mole of pro

t e in .  This was in agreement with the number of cy ste ic  residues deter

mined by taking the d ifferen ce  between to ta l  su lfu r  content and the num

ber o f methionine resid u e s . Amino acid  analyses have revealed values of 

seven residues ( l ) ,  and e ig h t residues (4 ) ,  for  the to ta l number of h a lf  

c y s t in e s .
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The number of sulfhydryl groups has been var iou sly  reported to  

be th ree , four, and f iv e  (2 ) .  I t  was found that dénaturation of the mol

ecu le exposed more su lfhydryl gro içs to  r ea ctiv e  agents than were appar

ent in the native p ro te in . Diez e t  (9) used four d iffe r en t methods 

of assaying for su lfh yd ry ls , with both n a tiv e , and denatured protein .

He c o n s is te n tly  found a value of four su lfhyd ryls when using denatured 

p rotein . This value i s  in agreement with th a t of Winzor and Creeth 

(1 , 2 ) , and of F o th erg ill and F o th erg ill (1 0 ) . Winzor and Creeth (1, 2), 

determined that there were two d is u lf id e  bonds by estim ating the amount 

of mercuric ch loride taken up by ovalbumin before and a fte r  reaction  with 

s u l f i t e .  In con trast, F o th erg ill and F o th erg ill (1 0 ), using d iffe r e n tia l  

lab e lin g  w ith iodo(^'^C)acetate before reduction and with io d o (^ )a c e ta te  

a fte r  reduction , found four su lfhydryls and one d is u lf id e . These authors 

further in d icated  th a t the d isu lf id e  bond was found in a peptide near the 

carboxy-terminal of the p rotein . Thus the number o f  sulfhydryls i s  s t i l l  

in  doubt, being probably four or f iv e ,  and the number of d isu lf id e s  being 

probably one or two. Flavin and Anfinson (11) found twelve d iffe r en t  

d ipeptides containing c y s te ic  acid . This could account for a minimum of 

s ix ,  or a maximum of th ir ty  cyste in e  or h a lf cy stin e  resid u es. Further 

stu d ies  to  help e lu c id a te  th is  problem w il l  be reported in the present 

work.

I t  has been w ell estab lish ed  that there are three forms o f oval

bumin, containing two, one, and no phosphorus m oieties (9 ) .  However, the 

poin ts of attachment of these phosphates were s t i l l  uncertain when th is  

study was begun. I t  was a lso  not c lear  whether or not the s it e s  o f  phos

phorylation are s p e c if ic  or random. Perlmann (12 ), c i t e s  evidence that
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at le a s t  one phosphate is  e s te r if ie d  to  the a lco h o lic  hydroxyl group of  

a ser in e  resid u e . She iso la ted  a peptide containing one phosphorus 

m oiety, p lus a serine r e sid u e . Since the removal o f the phosphorus from 

A2 , by in te s t in a l  phosphatase is  a much slower reaction  than removal of 

one phosphorus from by p r o sta tic  phosphatase, Perlmann hypothesized  

th a t th is  might be due to attachment of the second phosphorus to the 

quanido nitrogen of an arginine resid u e .

Flavin and Anfinson, a lte r n a tiv e ly  have presented evidence for  

both phosphorus atoms to  be e s te r if ie d  to serin e  resid u es (1 3 ). They is o 

la ted  phospho-peptides from p a r t ia l acid hydrolysis of ovalbumin, both 

before and a fter  removal o f  one phosphate with p r o s ta t ic  phosphatase.

Two p o ss ib le  sequences were in d icated  by the NH2 "terminal analyses of 

h is  iso la te d  peptides. These were Asp-Ser(p)-Glu and G lu-Ser(P)-A la.

The f i r s t  sequence was present both before and a f te r  treatment with phos

phatase and would thus appear to be the sequence present in A2 » The sec

ond sequence disappeared a f te r  enzymic d ig e stio n , in d ica tin g  i t  was the 

more la b ile  phosphorus peptide in A^. From the amino acid  com positions 

he obtained, the p ossib le  sequence of the f i r s t  peptide could be Asp- 

Ser(P )-G lu -Ile-A la , although sequence stu d ies were not reported. These 

sequences are sim ilar to  those found by M ilstein  (1 4 ), who determined 

two unique sequences contain ing phosphoserine from ovalbumin. These se 

quences have been confirmed in  t h is  study.

An additional u n settled  question regarding the phosphorylation  

of ovalbumin, was the s p e c i f ic i t y  o f phosphorylation. Since A2  contains 

only one phosphate, the f i r s t  p o s s ib i l i t y  was th at t h is  s in g le  phosphory

la t io n  s i t e  i s  randomly chosen between two s i t e s .  The a lte r n a tiv e  was
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that one of the s i t e s  must be phosphorylated f i r s t .  This has been c la r i

f ie d  in th is  work, vrtiich shows th at the la t t e r  is  the case.

By use o f radioautographs o f ex tra cts  of hen oviduct incubated 

for d iffe r e n t  tim es with L-^'^C-Phe, Sanger and Hocguard (15) have shown 

th a t ovalbumin A3  i s  an interm ediate in the b iosyn th esis  o f A .̂

Some of the e a r lie r  stu d ie s  of ovalbumin sy n th esis , using hen 

oviduct t is s u e  (16 -19), attempted to  define the c e l l  fraction s in which 

t h is  protein  and i t s  precursors were being synthesized . There i s  ev i

dence th at ovalbumin i s  synthesized  in a fra c tio n  sedimenting with some 

mitochondria p lu s microsomes. There i s  a lso  some disagreement over 

whether or not incorporation occurs in a lip op ro te in  precursor. In these  

e a r lie r  stu d ies the s p e c if ic  syn th esis  of ovalbumin was checked by frac

tio n a tio n  on a CM -cellulose column, as described by Rhodes at (20 ). 

Using th is  c r i t e r ia ,  Carey (19) found incorporation in to  ovalbumin A3  

and A2 i but not in to  A^. In th is  work incorporation was a lso  observed 

to  be prim arily in to  A3  and A2 » with some incorporation a lso  in to  Ap

Many stu d ies  have re la ted  the sy n th esis  of p rotein s in  oviduct 

t is s u e  to  the e f f e c t  o f hormones. Dingman e t  (21) reported in 1969, 

that estrogen and progesterone in je c t io n s  in to  immature chicks caused an 

increase in incorporation of lab eled  RNA precursors in to  nuclear high 

molecular weight RNA in  oviducts incubated ^  v itr o  a fter  such in je c t io n s .  

They a lso  observed an increased amount o f nuclear t-RNA in  oviduct t i s 

sue removed from hormone in jected  ch ick s. Further stu d ies indicated an 

increase in m-RNA syn th esis and increased numbers of polysomes (22 ,23 );  

although another study indicated  the e f f e c t  o f  progesterone might be on 

decreasing catabolism  (2 4 ). The induction of ovalbumin m-RNA by estrogen
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has been demonstrated by ex tractin g  RNA of polysome fra c tio n s  from ov i

ducts o f chicks p rev iou sly  in jec ted  with estrogen , and incubating these  

RNA fra c tio n s  in a c e l l - f r e e  system (2 5 ). The synthesis of ovalbumin was 

demonstrated in  t h is  system by measuring incorporation of ra d io a ctiv ity  

in to  a protein  fra c tio n  which formed a p r e c ip ita te  with antiovalbumin.

A s in g le  peak was a lso  seen a fte r  co -e lectrop h oresis  with cold ovalbumin 

on sodium dodecyl su lfa te  (SDS) polyacrylam ide g e ls . This group has 

a lso , re ce n tly  iso la te d  some protein  in it ia t in g  factors from washed poly

somes (26 , 2 7 ). According to  th ese  papers, ovalbumin p ep tid es , synthe

sized  in  a c e l l - f r e e  system, w il l  bind to  antiovalbumin when passed 

through an a f f in i t y  chromatographic column containing bound antiovalbumin. 

Further, P a lm iters' group (3) has demonstrated binding of ovalbumin syn

th esiz in g  polyswne fra c tio n s  to antiovalbum in. The use of immuno-precip- 

ita t io n  of s p e c if ic  p ro te in , p o lyp ep tid es, or o f a c tiv e ly  synthesizing  

polysome fr a c t io n s , i s  thus e sta b lish ed  as a very powerful to o l,  when used 

in conjunction with c e l l - f r e e  systems for  the determ ination of s p e c if ic  

m-RNA a c t iv i t y .  An ad d ition al c r ite r io n  of syn th esis of a s p e c if ic  pro

te in  has a lso  been reported by Rhodes e t  (2 8 ). He chromatographed 

try p tic  peptides o f oxid ized  p rotein  from the incorporating system, on 

Dowex ion exchange columns. The correspondence of peaks to those obtained 

using pure ovalbumin was used as a c r ite r ia  of ovalbumin sy n th esis .

The author's in te r e s t  in  the b iosyn th esis  of ovalbumin was in 

esta b lish in g  a d iffe r e n t  assay o f  the sy n th esis  of s p e c if ic  ovalbumin 

p ep tid es, which would be independent of the ccsnpletion of the polypeptide  

chain, or o f i t s  correct three-dim ensional stru ctu re . Many assays for  

protein  syn th esis  are described in  the l it e r a tu r e . In addition to  the



9

ones already described for oviduct system s, there are sim ilar reports for 

the b iosyn th esis o f myosin (29, 30 ). A unique system in which a m-RNA 

from one mammalian sp ec ies  i s  placed in a mammalian c e l l - f r e e  system of 

another sp ec ies to  d ir ec t  syn th esis  o f  a protein s p e c if ic  to t is s u e  of the 

f i r s t  sp ec ie s , was described by Lockard and L ingrel (3 1 ). In t h is  system 

separation of the in serted  messenger d irected  protein  was accomplished on 

CM c e llu lo se  columns and co-chromatographed with pure cold p rotein .

The assay which I have attempted to develop in  th is  work i s  

based on the fin gerp rin t mapping of s p e c if ic  protein  p ep tid es . These 

peptides can be id e n tif ie d  by th e ir  e lectrop h oretic  m ob ility  a t various 

pH's. To elim inate the need to  determine the y ie ld  of peptide obtained 

from b iosyn th etic  system s, peptid es were co-electrophoresed with tr it ia te d  

ovalbumin peptides as a referen ce . Losses due to  paper absorption or 

other causes, are thus le s s  inçjortant, as i t  i s  the r a tio  of carbon-14 

to  that o f tritium  in each peptide spot vAich i s  measured. This r a tio  

should g ive  a lin e a r  curve i f  the amount of tritium  is  constant, but the 

y ie ld  of carbon-14 peptide v a r ie s . Therefore i t  i s  proposed th at a pep

t id e  synthesized in  an in v itr o  system can be id e n tif ie d  as belonging to 

a s p e c if ic  p rotein , i f  i t  maps in the same p lace as the reference pep

t id e , and i f  i t s  r a tio  f a l l s  along the lin e a r  corre la tion  l in e

esta b lish ed  using pure ovalbumin p ep tid es with each la b e l.

The assay w il l  be d iscu ssed  in r e la tio n  to  other assays, as to 

i t s  r e l ia b i l i t y  and u sefu ln ess as an assay for s p e c if ic  protein  biosyn

t h e s i s .  I ts  u sefu lness in further demonstrating peptide syn th esis  in a 

u n i-d irec tio n a l manner from the amino to the carboxyl-term inals w i l l  also 

be d iscussed .



CHAPTER II  

MATERIALS AND METHODS 

M aterials

Carboxypeptidase A (diisopropylphosphofluoridate (DFP) trea ted , 

5X c r y s ta lliz e d  water suspension) was obtained from Mann Research Labo

r a to r ie s , New York, New York.

Dansyl ch loride (DNS), 5-dim ethyl-am ino-l-naphthalene sulfonyl 

ch loride was obtained from K&K Laboratories, I n c ., P lainview , New York.

Ninhydrin was obtained from P ierce Chemical Company, Rockford,

I l l i n o i s .

Phenylisothiocyanate (PITC) came from Fisher S c ie n t if ic  Co., 

Fair Lawn, New Jersey , and was d i s t i l l e d  before use.

Dye markers used in high voltage e lectrop h oresis  were Orange G 

and Xylene Cyanol Blue FF, obtained from K&K Laboratories, In c ., 

Plainview , New York.

Egg albumin, 5X c r y s ta lliz e d , came from Pentex, Kankakee,

I l l i n o i s .

Alpha chymotrypsin, 3X c r y s ta lliz e d , was purchased from 

Worthington Biochemical Corp., Freehold, New Jersey .

Trypsin, 2X c r y s ta l liz e d , L -(l-T osylam ido-2-phenyl)ethyl chlor- 

omethyl ketone (TPCK) in h ib ite d , came from Sigma Chemical Co., St. Louis, 

M issouri.

10
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Thermolysin, 3X c r y sta llize d , was obtained frwn Calbiochem.,

San Diego, C a liforn ia .

Papain suspension was obtained from Worthington Biochemical 

Corp., Freehold, New Jersey .

Dioxane, napthalene, ethlene g ly c o l ,  and methanol, a l l  s c in t i l 

la tio n  grade, were obtained fron Eastman C o., Rochester, New York.

PPO (2 ,5  d iphenyloxazole), POPOP (((p -b is ((2 -(5 -p h e n lo x a z o ly )))-  

b en zen e))), s c in t i l la t io n  v ia l s ,  standard ^^C-toluene and % -toluene so

lu t io n s , '̂̂ C and ^1 a lga l amino acid m ixtures, and Omnispray, a l l  were 

purchased from New England Nuclear, Boston, M assachusetts.

Kodak Royal Blue X-ray film  came from Greb X-Ray C o., Oklahoma 

C ity . X-ray film  holders, Kodak K-dl9 developer, R apidfix, and trays 

came from H ale's Photography Supplies, Oklahoma C ity , Oklahoma.

DL-O-Phosphoserine (Ser-P ), came from the C a liforn ia  Foundation 

for Bio-Medical Research, Los Angeles, C a liforn ia .

Gas mixture of 95Çé O2  -  ^  OO2  was obtained from Anesthesia 

S ervices In c ., Oklahoma C ity , Oklahoma.

Canalco Disc Gel E lectrophoresis equipment and accessor ies  were 

from Canalco Indu stria l Corp., Bethesda, Maryland.

Other laboratory chem icals were purchased from Fisher S c ie n ti

f i c  Company, Houston, Texas.

Methods

Carboxymethylation

Carboxymethylation of ovalbumin was done in a 6  M guanidine so

lu tio n , made in 0 .2  M N-ethyl morpholine (NTMAC) buffer , pH 8 .0 , con
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ta in in g  0.2^ EDTA. A 50X molar excess o f iod oacetic  acid over sulphydryls 

was added and th e  pH readjusted to 9 .5 . Ovalbumin was then added to a 

2.5% concentration and reacted at room temperature approximately 30 min

u te s . The reaction  mixture was then d ialyzed  against 0 .02  M a cetic  acid 

to  stop the reaction  and to  remove excess guanidine (4 3 ).

Carboxyl-Terminal Determination

Carboxyl-term inal determ ination by hydrazinolysis (3 5 ), was 

performed as fo llo w s . A so lu tion  containing 0 .1  -  1 .0  pmole of peptide 

was dried over NaOH in a vacuum d e ss ic a to r . Following co n str ic tio n  at a 

s u ita b le  p o s it io n , the tube containing the peptide was placed in dry ice  

and 0 .2  ml of 95% hydrazine added through the c o n str ic tio n . The tube was 

sea led  and the contents allowed to  react for 24 hours a t 8 0 *C. The tube 

was opened, the contents dried over HgSO  ̂ and d isso lved  in c itr a te

buffer pH 2 .2  and applied to  ion exchange chromatography on the column 

of the amino acid  analyzer.

Determination with carboxypeptidase A of the carboxyl-term inal 

amino acid was done as fo llow s (4 4 ). A 25 p i a liq u o t of (DFP)-treated  

carboxypeptidase A suspension was added to  one ml ic e  cold d i s t i l l e d  

water and centrifuged  fo r  5 minutes a t 2000 g to  remove contaminating 

amino a c id s. One hundred pi o f 1% NaHCOg were added to  the p r e c ip ita te . 

Three drops of fr e sh ly  prepared 0 .1  N NaOH were added to  d is so lv e  the 

enzyme. The pH was brought to  8-9 with 0 .1  N HCl, and the so lu tion  was 

d ilu ted  to 1 .25  ml with 0 .2  M NEMAC b u ffer , pH 8 .0 , g iv ing  an approxi

mate enzyme concentration of 1 .0  mg/ml. Thirty pi of enzyme so lu tion , 

containing approximately 0 . 0 2  pmoles of pep tid e, were added to  a 1 0 0  pi 

a liq u o t of NEMAC. The mixture was allowed to  react at 37*0 for 5 hours,
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dried , and applied to  the amino acid  analyzer column as above.

Amino-Terminal Determination 

Amino-terminals were determined using the dansyl technique of 

Gray and Hartley (3 3 ). DNS-amino ac id s were id e n tif ie d  by th in -la y e r  

chromatography on polyamide sheets (3 4 ) . Sequential an a ly sis  was made 

by the combined dansyl-Edman technique (48).

C ysteic Diagonals 

C ysteic diagonal e lectrophoreses were conducted fo llow ing the 

procedure of Brown and H artley (3 2 ) . A 1^ so lu tion  of protein  in  NEMAC 

b u ffer , 0 .02  M, pH 8 .0 , containing 0 .002  M CaCl2  was d igested  with ther

m olysin at an enzyme to  substrate r a t io  of l/bO . D igestion  proceeded for 

4 .5  hours at 3 7 *C. One drop of a c e t ic  acid was added to stop the reac

t io n . The f i r s t  dimension of e lec tro p h o res is  was run at pH 3 .5  for one 

hour. The band was cut out, oxidized with performic acid  vapors for two 

hours, then run in the second dimension at pH 3 .5 .

Papain D igestion  

A 20^ so lu tion  of protein  in 0.1 N pyridine acetate  b u ffer , pH 

6 .5 , was d igested  with papain. About 0.05% mercaptoethanol was added to 

p ro tect the sulfhydryl groups on the enzyme. An a liq u ot of a papain 

suspension was added to  make a su b stra te  to  enzyme r a tio  of 5 0 / l .  Any 

p r e c ip ita te  which formed during incubation was centrifuged and discarded. 

The a c id ic  peptides obtained by d ig estio n  with papain were p u r ified  by 

high voltage e le c tr o p h o re s is . The d ig e st  so lu tion s were applied as bands 

of 40 cm length on a f u l l  sheet of Whatman 3 MM paper. Sample loads were 

approximately 1 mg of s ta r tin g  p ro te in  per cm of paper. E lectrophoresis
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was performed at 3 k i lo v o l t s ,  (KV), in pyridine acetate buffer of pH 6 .0  

or 3 .5 . The lo ca tio n  of peptides was determined using the ninhydrin

cadmium reagent o f  Heilmen e t  (4 9 ) . M o b ilitie s  were determined r e l 

a tiv e  to asp artic  acid a t  pH 6 .0 , or serine at pH 2 .1 .

Fractionation

Commercial ovalbumin was p a r t ia l ly  fraction ated  in to  i t s  d if f e r 

e n tly  phosphorylated forms using two a lte r n a tiv e  columns. The f i r s t  was 

a carboxymethyl c e l lu lo s e  column, 2 x 14 cm, e lu tin g  with a Na-acetate  

buffer, with a pH gradient of 4 .0  to  6 .0 . About 50 mg of ovalbumin, 

disso lved  in 10 ml o f s ta r tin g  buffer was applied to the column. A lter

n a tive ly  a column of DEAE-Sephadex was ençloyed. The ovalbumins were 

elu ted  with 0 .05  M T ris b u ffer , pH 7 .5 , with a NaCl gradient o f 0 .05  to  

0 .5  M. The column was loaded with 100 mg o f protein  in  about 20 ml of 

sta r tin g  b uffer.

Protein Concentration  

Protein concentrations were determined spectrophotom etrically  

at 280 mp in a H itachi-Perkin-Elm er Model 139 spectrophotom eter. The 

molar ex tin ctio n  c o e f f ic ie n t  used, 67,000, was determined for  commer

c ia l ly  obtained ovalbumin. Protein concentration was measured in some 

experim ents, using the method of Lowry e t  a l .  (4 2 ).

Oxidation of Protein  

Oxidation o f  p rotein  was done according to  a m odification  of 

the method o f Hirs (4 5 ). Performic acid was prepared by adding one part 

of 5(% hydrogen peroxide to twenty parts o f 9(% formic ac id . The so lu 

tion  was allowed to stand for  two hours at room temperature in a stop
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pered f la s k . In another f la s k , 10 rag of protein  were d isso lved  in  250 [il 

of 90% formic acid , and 50 p i of anhydrous methanol. The two so lu tion s  

were cooled at 4* for  one h a lf  hour and then mixed togeth er . After a 

reaction  time of 2 .5  hours, the so lu tion  was transferred , with r in sin g , 

to  20 ml excess cold  water and ly o p h ilized . Remaining traces  of perfor- 

mic acid were removed by red isso lv in g  the dry protein in  more water and 

r e - ly o p h iliz in g .

Amino Acid Analysis 

Amino acid  a n a ly s is  was determined by the method of Spackman 

(5 0 ), with a Beckman Spinco Amino Acid Analyzer, Model 120B. This in

strument was equipped with a rap id-flow  system (flow  r a te  67 m l/hr) and 

a high s e n s it iv i t y  range card (5X a m p lifica tio n ). Standard amino acid  

m ixtures were chromatographed at frequent in terva ls  to  compensate for 

v a r ia b il ity  in d iffe r e n t  preparations of ninhydrin co lor reagent.

High Voltage E lectrophoresis  

For the high vo ltage  electrop h oretic  separation of peptides and 

amino a c id s, an apparatus commercially manufactured by Savant was used. 

The buffers used were; p y r id in e-a c e tic  acid-water (25:1:225, v /v ) pH 

6 .5 ;  p y r id in e-a ce tic  acid-w ater (1:10:90) pH 3 .5 ;  and formic ac id -acetic  

acid-w ater (1 :4:45) pH 2 .1 .

Counting of R ad ioactiv ity  

Counting o f r a d io a c t iv ity  was done on a Nuclear Chicago Mark 1 

S c in t i l la t io n  Counter. Sample m aterials were dissolved  in  about 10 ml of 

Bray's so lu tion  (3 6 ), and counted using channel A for % and channel B 

for  ^^C. E f f ic ie n c ie s  were obtained using e ith e r  a quench curve with the
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external standard, or using the in ternal standard method. The la tte r  

method was found to  be more r e lia b le  sin ce the values obtained from 

quench curves varied with the age o f the vo ltage regu lator, and also  

with manipulation of the machine when being repaired . Dpm determina

tio n s  were obtained using the fo llow in g  equations; dpm = cpm (ch B -  

b k g )/e ff  (ch B); % dpm = cpm A -  e f f  A x dpm B)/%  e f f  A. 

The ca lcu la tion  of these fig u res  was s im p lified  by using an O liv e tt i  

computer program. The average e f f ic ie n c y  for % was from 26% to  30%,

and for  i t  was 6 ^  to  70%.

Synthesis and P u r ific a tio n  of  
Radioactive Ovalbumin

Radioactive ovalbumin was synthesized  using a m odification of 

the method of Palmiter e t  (2 3 ) . White Leghorn laying  hens were k i l l 

ed by d ecap itation . The oviducts were removed and the magnum portion  

was cut in to  small p ieces  of 50-100 mg. The t is su e  was placed in an 

erlenmeyer fla sk  in a lOX volume of a so lu tio n  of Gibco Medium 199 pre

v io u sly  d ilu ted  1:10 with Hank's s a l t s  to  d i lu te  the amino acid concen

tra tio n . NaHCOg, (1 .2  mg/ml), was added for buffer. The pH was adjusted

to 7 .4  and the so lu tio n  passed through a m illip o re  f i l t e r .  Five hundred

units/m l o f p e n ic i l l in  and 1 0  pcuries/m l of %-amino acid or 2  |icuries/m l 

of '̂^C-amino acid mixtures were added. Since the rad ioactive  amino acids  

were in so lu tion  in 0 .1  N in HCl, an equal volume of 0 .1  N NaOH was added 

to  n eu tra lize  the so lu tio n . The minced t is s u e  was added to the medium. 

The f la sk s  were stoppered with g la ss  wool and placed on a shaker in a 

37* warm room, and incubated for  th ree  hours. A mixture of 95% O2  and 

5% CO2  was continuously passed through the medium.
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A fter incubation the t is s u e  was centrifuged at approximately 

10,000 X g for  20 m inutes. A 1(% w/v horaogenate was made w ith 1 mM 

Na^PO ,̂ 15 mM NaCl buffer , pH 7 .0 .  The t is s u e  was homogenized thoroughly 

with about 20 strokes in a P otter Elvehjem homogenizer. The homogenate 

was then so n ified  at a s e tt in g  of 5 , for  about three minutes, on a Bronson 

s o n if ie r .

The homogenate was centrifuged  at 30,000 x g for about 5 min

u te s . The supernate was brought to  5C% satu ration  with (NH^)2 S0 ^. After 

allowing p r e c ip ita tio n  to occur for about 2 0  m inutes, the p rec ip ita tio n  

was centrifuged and d iscarded , A supersaturated solu tion  o f (NH^)2 S0  ̂

was added to the supernate u n til  i t  became cloudy. The pH was adjusted  

to  the is o e le c t r ic  p o in t o f ovalbumin, pH 4 .6 , with d ilu te  H2 SO4 . Pre

c ip ita t io n  was allowed to occur overnight a t 4*C. This crude p rec ip i

ta te  was c o lle c te d  by cen tr ifu ga tion  and d isso lved  in 0 .02  M Tris buf

fe r , pH 8 .0 . The so lu tio n  was applied to  a Sephadex G-lOO column, 5 x 85 

cm. The s ix  peaks obtained were examined by polyacrylamide d isc  gel 

e lec tro p h o res is . The major ovalbumin containing peak was further puri

f ie d  on a column of DEAE-Sephadex (A-5 0 ), 4 x 85 cm. E lution was car

ried  out using 0.1 M Tris b u ffer , pH 8 .0 , with an increasing NaCl grad

ien t of 0 .1 -0 .5  M. The p ro te in  peaks were again analysed by d isc gel 

e lec tro p h o res is . Each of the two peaks were then separately  fractionated  

on columns of hydroxyapatite, 3 x 18 cm. E lution was done in a stepwise 

manner using phosphate b u ffer , pH 6 . 8 , in  the follow ing concentrations: 

0.025 M; 0 .05  M; 0.075 M; and 0 .10  M. Recovery from th is  column was 

about 985é. Three peaks were obtained, b -a , b -a ', and b-d.



18

Preparation of Radioactive Fingerprint Maps

Two major methods for  preparing fin g erp r in t patterns were used. 

In the f i r s t ,  hydroxyapatite fraction  b-a was used. Q uantities of %- 

ovalbumin, ovalbumin, and commercial nonradioactive ovalbumin were 

mixed in various r a t io s , to ta lin g  two mgs. The protein  m ixtures were 

digested  in a 1% so lu tio n  of NEMAC b u ffer , pH 8 .0 . Enzyme to substrate  

ra tio  was l/SO , with try p sin  and alpha-chymotrypsin. D igestion  took 

place for  24 hours a t 37*. The d ig e st  was then applied as a 5 cm band 

on Whatman #1 paper, and subjected to high voltage e lectrop h oresis  at 

pH 3 .5 , 3 KV, for two hours. The band was then cut out and stitch ed  at 

righ t angles on a second sh eet of paper. High vo ltage  e lectrop h oresis  

was repeated a t  3 KV, pH 2 .1 ,  for  55 m inutes. Reference spots were ob

tained in the second dimension by applying DNS-Asp, DNS-Ala, and DNS-Leu, 

to  one s id e  o f the paper a t the o r ig in .

The second type o f d ig estio n  u t i l iz e d  hydroxyapatite fraction  

b -a ', which was oxidized as described above. Protein so lu tio n s  with 

mixed iso to p es were prepared at a f in a l concentration of 1 mg. D igestion  

was carried out fo llow ing the method of Campbell and Sargent (37) for  

serum albumin. Oxidized protein  was suspended in 1 ml of a so lu tion  of 

1% w/v of (NĤ ) ^ 0 3  contain ing try p sin . D igestion  was allowed to take 

place a t 37*0 for 16 hours. The d ig e st  was then ly o p h ilize d , r e d is 

solved 0 .1  ml water, and applied as a 5 cm band to Whatman #1 paper. 

E lectrophoresis was carried  out a t pH 6 .0 , 3 KV, u n t il  the blue dye 

marker reached a point 15 .2  cm from the o r ig in . The band was cut out 

and stitch ed  to  another paper. The second dimension was run a t 3 KV, 

pH 2 .1 , for  one hour.
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After sta in in g  the fin g erp r in ts  to  id e n tify  the peptide spots, 

i t  was necessary to remove the co lor  to  avoid color quenching of the 

r a d io a c t iv ity . The peptide spots were traced with pencil and lab eled . 

The mapped papers were then placed in a chamber which contained a beaker 

of saturated KMnO^zconc. HCl (1 :1 ) . The CI2  gas evolved e f f e c t iv e ly  

bleached the s ta in .

After b leach ing, the papers were allowed to a ir  dry to  remove 

excess Cl2  gas. The p rev iou sly  marked spots were cut out and elu ted  

with 30% a cetic  ac id . This was determined to  be most e f f e c t iv e  as an 

e lu tin g  agent for  these p ep tid es , and did not r e su lt  in  the return of 

co lo r .

Polyacrylamide Disc Gel E lectrophoresis  

Polyacrylamide d isc  ge l e lec trop h oresis  was carried out as pre

scribed by the Canalco l it e r a tu r e , using a 7-^ gel at pH 8 .7 . The g e ls  

were electrophoresed at room temperature, a t 3 milliaraps per tube.

Preparation of Radioautographs 

Radioautographs of fingerprin ted  peptides were prepared by 

spraying the papers with Omnispray to  in te n s ify  the s e n s i t iv i t y .  The 

papers were placed aga in st X-ray f ilm s , and stored in cardboard film  

holders, covered with aluminum f o i l  in  a -4*C cold room for  2 months.

The film s were developed for  3 m inutes, placed in a pH 6 . 8  stop bath for  

1  minute, a f ix a t iv e  bath for  1 0  m inutes, and then washed with running 

water for about 30 m inutes.



CHAPTER I I I  

RESULTS

The in i t i a l  goal of th is  study was to  reso lve  some of the ambig

u ity  regarding the structure and h eterogen eity  of ovalbumin. The f i r s t  

o b jectiv e  o f th is  study was to  a sc er ta in , using fingerprinting techniques, 

the number of cy ste in es  and d is u lf id e s  in ovalbumin. As an additional 

consequence, some cystin e  and cy ste in e  sequences were revealed. From the  

l i t e r a tu r e , s ix  to  e igh t cy ste in e  or c y stin e  residues were pred icted .

An a n a ly sis  of commericial ovalbumin, p a r t ia l ly  fractionated on a column 

of QEAE-Sephadex, gave a value of between seven and n ine. The diagonal 

e lectrop h oretic  method (32) was used to  s e le c t iv e ly  purify c y s te ic  acid  

p ep tid es . A thermolysin d ig estio n  was done and eigh t peptides, which 

migrated out from the diagonal l in e ,  were obtained. The amino acid  com

p o s itio n s  of these peptides are shown in  Table 1. The compositions of 

p eptides 3 and 3A, 4 and 4A, and 5 and 5A, are e s se n t ia lly  id e n tic a l.  

Evidence w ill  be presented showing th a t these peptides are cy ste in e  pep

t id e s ,  containing free  -SH groups. For th is  reason mixed d is u lf id e s  are 

formed upon a ir  oxidation follow ing d ig e st io n . These mixed d isu lf id e s  

m igrate to  d iffe r e n t  p laces in  the f i r s t  dimension of e lectrop h oresis. 

However, they migrate to the same d istan ce  in the second dimension a fter  

oxidation  to  c y s te ic  acid . Sequence determ ination confirmed th at these  

are the same p eptid es.

20
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TABLE 1

AMINO ACID COMPOSITIONS OF CYSTEIC PEPTIDES 

Peptide Composition

1 Ser, G1 u2 , Gly.» Al321, Lys

2 Cys, Ser, Gly, Phe, Lys, Arg

3 Cys, Ser, Pro, Gly, Tyr

3A Cys, Serg, Pro,, Gly, Tyr

4 Cys, G1 u2 , Leu

4A Cys, Glu, Leu

5 Cys, tSer, Phe

5A Cys, Ser, Phe

6 Cys, Asp, Ser, G1 u2 » Gly, Ala, H e , Phe

7 Cys, Asp, Thr, Ser2 » G1 u2 , Gly, Ala, Phe

8 Cys, Ser, Glu, Gly, Leu
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P artia l sequences, obtained using the combined procedures of 

Edman degradation and dansylation (33 , 34), are shown in Table 2. Car

boxyl-term inal residues were determined by the method of h ydrazino lysis  

(3 5 ). As seen in  Table 2 , peptide 8  i s  a longer version o f peptide 4 . 

Peptide 7 was not obtained in s u f f ic ie n t  quantity for sequence determin

a tio n . From i t s  composition i t  looks as i f  i t  may be from the same se 

quence as peptide 6 . I f  so , then f iv e  unique cys-p ep tid es have been 

demonstrated in ovalbumin.

As mentioned e a r lie r , there has been some disagreement in  the 

l ite r a tu r e  over the d is tr ib u tio n  of d is u lf id e  and cy ste in e  resid u es . To 

c la r i fy  th is  problem, the technique of carboxymethylation of free  s u lf -  

hydryl groups (43) was u t i l i z e d .  The protein  was denatured in urea or 

guanidine and reacted immediately w ith a 50X excess o f iod oaceta te .

This masking of cyste in e  su lfh yd ryls prevents the subsequent change in  

charge due to performic ox id ation , and prevents the cy ste in e  peptides  

from m igrating out of the diagonal in the second dimension. D isu lf id e s , 

however, w ill  not react with iodoacetate  unless f i r s t  reduced. There

fo re , the cystin e  bridged peptides should again migrate from the d iag 

onal a fte r  oxidation . Figure 1 shows the peptides obtained before and 

a fte r  carboxymethylation. Peptides 2 , 3, 4 , and 5 do not appear a fte r  

blockage of sulfhydryl groups with iod oacetate . This in d ica tes  th at  

there are at le a s t  4 cyste in e  resid u es in ovalbumin. Using the value  

of e ig h t c y ste ic  residues determined in  th is  laboratory fo r  ovalbumin, 

t h is  would leave 2 d is u lf id e s . Amino acid  an a lysis  o f carboxymethylated 

ovalbumin gave values o f three and four for CM-cysteine, and 4 h a lf  cys

t in e s .  I f  the protein were reduced with mercaptoethanol before carboxy-
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TABLE 2

PARTIAL AMINO ACID SEQUENCES OF CYSTEIC PEPTIDES

Peptide P a r tia l Sequence

2 Phe-G ly-Cys-(Ser, Lys, Arg)

3 or 3A Tyr-Cys-Gly-Ser-Pro

4 or 4A Leu-GIu-Cys

5 or 5A Phe-Cys-Ser

6 Phe-Gly-Asp-( Ser, GlU2 » Ala, H e)-C ys

7 Phe-(G ly, Asp, Serg, Glu2 , Ala, Cys, Thr)

8 Leu-G lu-Cys-(Ser, Gly)



ThD O
4 &  4A

5A

D i a g o n a l  o f  T h e r m o l y s i n  D i g e s t  
o f  O v a l b u m i n

D i a g o n a l  o f  T h e r m o l y s i n  D i g e s t  o f  
C a r b o x y m e t h y l a t e d  O v a l b u m i n

F i g u r e  1 -  C o m p a r i s o n  o f  c y s t e i c  a c i d  p e p t i d e s  f r o m  t h e r m o l y s i n  d i g e s t e d  o v a l b u m i n ,  b e f o r e  and 
a f t e r  c a r b o x y m e t h y l a t i o n .  P e p t i d e s  n u m b e r e d  f r o m  2 - 8  c o n t a i n  c y s t e i c  a c i d .  P e p t i d e  ThD c o n t a i n s  p h o s -  
p h o s e r i n e .
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m éthylation, to  expose S-S linked resid u es, 5 or 6  CM-cysteines and 2 

h a lf cy stin e  resid u es were observed. This in d ica tes  that there are 4 

su lfhyd ryls and 2 c y stin e  groups in  ovalbumin. One o f  the d isu lf id e  

bridges must be r e la t iv e ly  r e s is ta n t  to  reduction sin ce i t  did not be

come r ea ctiv e  with iod oaceta te . P eptides 6  and 7 are l ik e ly  derived from 

the same sequence, and from th e ir  paired p o s itio n s  in the pattern , i t  

would appear th at 6  and 7 may be linked in  a d is u lf id e  bridge to the se 

quence in peptide 8  or 4 in the fo llow ing manner:

Phe-G ly-Asp-(Ser, Glu2 » Ala, l ie ,) -C y s
SI
S

Leu-G lu-Cys-(Ser, Gly)

That the other h a lf  cy stin e  peptides did not appear in th is  pattern may 

be due to  severa l reasons: a) they are contained in large peptides which

did not move from the o r ig in , b) they may s t i l l  be present in the diag

onal due to a balance of the n ega tive ly  charged c y s te ic  acid by a p osi

t iv e  charge in  the pep tid e, making i t  n eu tra l, c) n on -sp ec ific  cleavage 

may have caused a y ie ld  too small to  be d etec ted . Other d ig e s ts  were 

done of ovalbumin to  fin d  these p ep tid es , but none of the c y s te ic  pep

t id e s  from th ese  other d ig e sts  have been sequenced.

The second goal of th is  work was to  study the phosphoserines in  

ovalbumin. The ob ject was to use fin gerp rin tin g  techniques to  answer the  

question of whether the two phosphorylation s i t e s  on the molecule were 

random or had a ccxnpulsory order. To determine t h is ,  the phosphoserine 

containing pep tid es must be f i r s t  mapped and characterized . Then the 

ovalbumin must be fraction ated  to i s o la te  the sp ec ies  containing one and
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two phosphoserine r e s id u es , {A2  and Ai, r e sp e c t iv e ly ) . These fraction s  

were fingerprinted  for  phosphoserine peptides. If there must be a com- 

pulsary order of phosphorylation of the two s i t e s ,  a s in g le  sp ecies of 

phosphoserine sequence would be observed in the m olecules containing one 

phosphate group (A2 ) .  On the other hand, i f  a random phosphorylation  

process takes p la ce , then both sp ec ie s  of phosphoserine sequence would be 

observed in ovalbumin A2 . The r e s u lt s  are described in  the follow ing  

paragraphs.

While examining the c y s te ic  peptides in the diagonal (Figure 1) 

i t  was noticed that one pep tid e, ThD, was negatively  charged in the f i r s t  

dimension. This suggested that ThD might be a phosphoserine containing  

p ep tid e . The peptide was obtained from preparative e lec tro p h o resis  and 

subjected to  p a r tia l acid  hydrolysis with 5 .7  N HCl fo r  one hour at 100*. 

The hydrolysate was applied  to a sheet of Whatman #1 f i l t e r  paper, along 

with a phosphoserine standard. The paper was electrophoresed at pH 3 .5 ,

3 KV, for  about 30 m inutes. A strong ninhydrin sta in in g  spot was found 

corresponding to phosphoserine.

To find the remaining phosphopeptides, a papain d ig e st  was made 

and applied as a band on a sheet of Whatman #3 MM paper. I t  was then 

electrophoresed at pH 3 .5 , 3 KV, for  about one hour. Seven major pep

t id e s  were obtained as shown in Figure 2. To determine which were phos

phopeptides, p a r tia l acid  hydrolysis was performed, and the resu ltin g  

hydrolysates electrophoresed with phosphoserine as standard. The r e su lts  

are shown in Figure 3. There were now a to ta l  of f iv e  phosphoserine con

ta in in g  peptides; ThD, PD, PE, PF, and PG. The amino acid compositions 

o f th ese  peptides are given in Table 3.
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PD PE trace

blue dye

Figure 2 -  Acidic peptides obtained from papain d igestion  of 
ovalbumin for  16 hours. Peptides were electrophoresed  at pH 3 .5 , 3 KV, 
for  about one hour. PA-PG represent papain p ep tid es . Origin (O), xylene 
cyanol b lue FF (blue dye).

P-Ser

P-Ser

O
O
o

o
o o

0
o

blue dye 
"8T

orange dye 
S '

O
o

o o
0
o
o
o

Figure 3 -  E lectrophoretic pattern  of p a r t ia l acid hydrolysates, 
of papain p ep tid es , compared to  phosphoserine standard. E lectrophoresis  
took p lace  at pH 3 .5 , 3 KV, for 30 m inutes.
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TABLE 3

AMINO ACID COMPOSITIONS OF PHOSPHOPEPTIDES

Peptide Composition

ThD Ser, Glu, Gly, Ala, Val^^^*

PD Asp2 , Thr, Ser, Glug, Gly2 » He

PE Ser, G ly, Glu2 , Ala2

PF Asp, Ser, GlU2 » Ala, l i e

PG Asp, Ser, Glu, He

Val was determined to be 2 resid u es by 40 hour h yd ro ly sis .
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Sequence determ ination of th ese  peptid es was obtained using Edman 

degradation-dansyl procedures for amino-terminal a n a ly s is , and carboxy- 

peptid ase or h ydrazinolysis fo r  carboxy-term inal a n a ly s is . The aspartyl 

or glutamyl residues were determined by measuring m obility  of the peptide  

at pH 6 .0 , before and a fte r  removal o f the residue by Edman degradation.

Peptide PD: The sequence of PD was found to  be: Asp-Glu-Asp-

G ln-(Thr, Ser, Glu, Gly2 > H e ) .  The remainder of th is  sequence has not 

been worked out y e t.

Peptide PE: PE was found to have the sequence: Ser(P)-Ala-G lu-

Ala-Gly-Gln. Glu and Gin were estab lish ed  by m obility  a t  pH 6 .0 . A lso, 

the decrease in m o b ility  of the peptide a fte r  removal of the am ino-ter

minal Ser, ind icated  that t h is  residue was phosphorylated.

Peptide ThD: ThD was found to  be: Val-Val-G ly-Ser(P)-Ala-G lu.

I t  can be seen that t h is  peptide overlaps w ith PE, g iving the phospho

ser in e  containing pep tid e: Val-Val-G ly-Ser(P)-Ala-G lu-Ala-G ly-G ln.

Peptide PF: Sequence procedures gave the ambiguous sequence:

A sp-Ile-(S er)-G ly-G lu -A la-G lx . Glx r e fe r s  to  e ith e r  Glu or Gin.

Peptide PG: PG produced the sequence: A sp-Ser(P )-Ile-G lu.

Further v e r if ic a t io n  of the sequences of PF and PG was made in

order to  determine whether there were 3 or ( i f  these peptides overlap) 2

unique phosphate containing sequences. Thermolysin d ig ests  were made of 

PG and PF fo r  5 hours a t 37*. The separate d ig e sts  were then applied to  

paper as narrow bands and electrophoresed at pH 6 .0 .  These s tr ip s  were

cut ou t, s titch ed  to  another paper, and run a t r ig h t angles a t pH 2 .1 .

The r e su lt in g  p atterns are seen in Figure 4a ,b .

The m ob ility  of PG-Tl, and PF-Tl, ind icated  a negative charge
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— 0 u y u j r i r ^
V  PF-T5 PF-T4 PF-T3 PF-T2 PF-Tl
" A  O O  o  o

blue orange Glu Asp CysA

0

—
^  PG~ 2  0  o  PG-Tl

blue orange Glu Asp CysA

Figure 4a -  Thermolysin d ig e sts  o f PF and PG. F ir s t  dimension 
of e lec tro p h o resis  was run at pH 6 .0 . Neutral (N ), PF-Tl to  PF-T5 in d i
cate  peptid es obtained by thermolysin d ig e st io n  of papain peptide PF; 
PG-Tl and PG-T2 in d ica te  peptides obtained by therm olysin d igestion  of 
papain peptide PG.

Ser 0
Glu 0 
Asp 0

PG-T2
Asp 0

PF-T4
PF-T5

u. u. u. 
o. Q. a
O O P o PG-Tl

CysA

Figure 4b -  The second dimensions were run at pH 2 .1 , 3 KV, for  
35 minutes.
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of 2 . PG-T2, PF-T4, and PF-T5, appeared to  have negative charges of 1.

The sequence of each of th ese  small peptides was determined as shown in  

Table 4 .

I t  can be seen then that the sequence o f PF and PG, do indeed 

overlap as fo llow s;

PG -  A sp-Ser(p)-Ile-G lu

PF -  Asp-Ser(P)-Ile-G lu-Ala-G lu

Two unique phosphoserine p ep tid es , th erefore , occur in  ovalbumin. 

Val-Val-G ly-Ser(p)-Ala-G lu-Ala-Gly-Gln, was constructed from peptides  

ThD and PE, and Asp-Ser(P) - Ile-G lu-A la-G lu, came from peptides PG and PF.

Having id e n tif ie d  the peptides and the sequences to which they 

belong, i t  was p o ssib le  to  decide vdiich peptid es were sp e c if ic  for the 

two phosphorylated sp ec ies  of ovalbumin, i . e . ,  Â  and A2 » or whether the 

phosphorylation i s  random. To answer t h is  question i t  was necessary to  

obtain p u r ified  fra c tio n s  o f the two phosphorylated forms. The f i r s t  

attempt a t fraction a tion  was made on a column of carboxymethyl c e llu lo s e ,  

according to the procedure of Rhodes, A zari, and Feeney (20). The e lu 

tion  pattern  i s  shown in Figure 5. Peak CM A, which was eluted at pH 

4 .6 , corresponds to ovalbumin Â  (according to those authors). Peak CM B, 

eluted at pH 4 .9 , corresponds to  ovalbumin AQ. The only d ifferen ce  be

tween t h is  procedure and th at o f Rhodes e t  was that th is  procedure 

used a pH gradien t, as described in  Methods. Protein from peaks CM A and 

CM B was d igested  with papain in  the same manner as had been done to ob

tain  p ep tid es PA to PG. The peptides obtained are shown in Figure 6 .

As can be seen, both phosphoserine sequences are present in each fra c 

t io n .
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TABLE 4

SEQUENCES OF SMALL PEPTIDES OBTAINED FROM 
THERMOLYSIN DIGESTION OF PF AND PG

Peptide Sequence

PG-Tl Asp-Ser(P)

PG-T2 Ile-G lu

PF-Tl Asp-Ser(P)

PF-T2 Asp

PF-T3 Glu

PF-T4 Ile-G lu-(A la)

PF-T5 Ile -G lu -(A la , Glu^*)

t  r e fe r s  to a trace amount.



1.00

CM A

0 . 7 5  - -

238O.D

0 . 5 0  - -

6.0

CM B

0 . 2 5  - -
5 . 0

4 . 0
50 100 150

Tube n u m b er

F i g u r e  5  -  F r a c t i o n a t i o n  o f  o v a l b u m i n  on CM c e l l u l o s e .

E l u t i o n  was p e r f o r m e d  u s i n g  a N a - a c e t a t e  b u f f e r  w i t h  a  pH g r a d i e n t  o f  4 . 0  t o  6 . 0 .  
r e p r e s e n t  t h e  t w o  p e a k s  o b s e r v e d .  O .D .  r e f e r s  t o  o p t i c a l  d e n s i t y .

CMA and  CMB



P - S e r  

CM A 

CM B

P - S e r  +  

DS a

DS b
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PD PE

o e 0
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b l u e

PF
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PF PG 
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. o r a n g e  
> P - S e r

F i g u r e  6 -  P h o s p h o s e r i n e  p e p t i d e s  o f  f r a c t i o n a t e d  o v a l b u m i n .  F r a c t i o n s  w e re  d i g e s t e d  f o r  16 
h o u r s  w i t h  p a p a i n ,  t h e n  e l e c t r o p h o r e s e d  a t  pH 3 . 5 .  S h a d e d  s p o t s  i n d i c a t e  m o d e r a t e  i n t e n s i t y ,  f) ;  d a r k 
e n e d  s p o t s  i n d i c a t e  h i g h e s t  i n t e n s i t y ,  # ,  o f  p h o s p h o s e r i n e  c o n t a i n i n g  p e p t i d e s .
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To further t e s t  th is  apparent random d istr ib u tio n  of phospho

serine between the two fr a c t io n s , ovalbumin was fractionated  on a column 

of DEAE-Sephadex, using an increasing  s a lt  grad ien t. The e lu tion  pattern  

i s  seen in Figure 7. The p u rity  of these fra c tio n s  was tested  by poly

acrylamide gel e le c tro p h o res is , Figure 8. Although containing some high 

molecular weight contam inates, fra c tio n  DS a corresponds to  the d isc  gel 

p o s itio n  of ovalbumin A2  (4 ) .  There i s  very l i t t l e  Â  presen t. DS b is  

a lso  impure, containing la rg e ly  A ,̂ but in addition a su b stan tia l amount 

of A2  and higher m olecular weight contaminants. DS c contains small 

amounts of Ag and Ag, but mainly A^. The papain produced peptid es are 

shown in Figure 6 . This peptide pattern  d is tr ib u tio n  in d ica tes  that only 

the phosphoserine sequence found in  peptide PE and ThD i s  present in  

ovalbumin vrfiereas, as would be expected, both sequences are present 

in Aj.

The next phase of th is  work was the study of the syn th esis  of 

ovalbumin. The major purpose o f  th ese  experiments was to attempt to use 

protein  chemistry mapping techniques to  develop an assay for sp e c if ic  

ovalbumin p ep tid es. This assay could then be used to id e n tify  the syn

th e s is  of th is  protein  in an ^  v itr o  b io syn th esis  system.

The in i t i a l  step  was to  produce p u r ifie d , labeled ovalbumin, 

some of which was lab eled  with % and some with The p u r ified  pro

te in s  would be used to  e s ta b lish  the assay. Various r a tio s  of the pure 

labeled  ovalbumins would be mixed and d igested  together. The p o sitio n  in

fin gerp rin t maps and the r a t io  of these peptides would then be de

termined for each m ixture. A lin e a r  re la tio n sh ip  should e x is t  between 

the to ta l  isotope r a t io  of the p ro te in , and the r a tio  of la b e ls  in  the



2 8 0DS c O.D
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20110050
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Figure 7 — Fractionation of ovalbumin on DEAE-Sephadex. Eluted w i t h  0 . 0 5  M T r i s , pH 7 . 5  w i t h  
an increasing salt gradient from 0.05 to 0.50 M. DS a - DS c r e p r e s e n t  t h e  t h r e e  peaks observed.
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S t d . DS a DS c

F i g u r e  8  -  P o l y a c r y l a m i d e  d i s c  g e l  e l e c t r o p h o r e s i s  o f  DEA E -S e phadex  f r a c t i o n a t e d  o v a l b u m i n .  
A3 r e p r e s e n t s  n o n - p h o s p h o r y l a t e d  o v a l b u m i n ;  A2 , s i n g l y  p h o s p h o r y l a t e d  o v a l b u m i n ;  a n d  A%, d o u b l y  p h o s 
p h o r y la te d  ova lb u m in . S td . r e p r e s e n t s  th e  e le c t r o p h o r e s i s  o f  c o m m e r c i a l l y  o b t a i n e d ,  u n f r a c t i o n a t e d  
o v a l b u m i n .  G e l s  w e r e  s t a i n e d  w i t h  C o o m a s s i e  B l u e .
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n ootid es . I f  th is  could be estab lish ed , then the assay could be tested  

v v .  an impure protein  mixture labeled with This crude protein  was

d igested  along with pure %-ovalbumin. The p o sitio n  and isotope ra tio  

of ovalbumin peptid es should correspond to  the p o sitio n  and slope of the 

l in e a r  l in e  estab lish ed  with pure labeled ovalbumins.

Oviducts of a c tiv e ly  lay ing  White Leghorn hens were removed and 

incubated in t is s u e  cu lture medium, as described  in Methods. The p u r if i

cation  steps were then performed in  the fo llow in g  order. F ir s t ,  precip

ita t io n  of contaminating p rotein s were accomplished with saturation  

of (NH^)2 S0 ^. Crude ovalbumin was then p rec ip ita ted  with saturated  

(NH^)2 S0  ̂ so lu tio n , a t i t s  iso e le c tr ic  pH. This crude ovalbumin was then 

chromatographed on Sephadex G-lOO (Figure 9 ) .  The major ovalbumin con

ta in in g  peak was further chromatographed on DEAE-Sephadex (Figure 10).

The two peaks from DEAE-Sephadex were each sep arate ly  chromatographed on 

hydroxyapatite (Figure 1 1 ). The d isc  g e l  p a ttern s of these p u r ific a tio n  

step s  are shown in  Figure 12. The highest y ie ld  of ovalbumin A3  and A2  

was obtained by hydroxyapatite p u r ifica tio n  of peak b from the DEAE c o l

umn. This gave qu ite  pure preparations of A3  (b -a ) , and A2  (b -a ') .  Peak 

b-d , although i t  contained ovalbumin A ,̂ was very impure. These three 

fra c tio n s  were further ccmpared by th e ir  fin gerp rin t pattern s, and the 

r e s u lt s  of p a r t ia l acid  h y d ro ly s is . A good fin gerp rin t separation was 

obtained using three dimensions o f e lectrop h oresis. Each fraction  was 

d igested  with alpha chymotrypsin and tryp sin  for  17 hours. They were 

then applied to  paper as a narrow band and electrophoresed at pH 3 .5 .

This s tr ip  was then electrophoresed at r ig h t  angles at pH 6 .0 .  The neu

t r a l  band from pH 6 .0  was then cut out and further electrophoresed at
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Figure 10 -  DEAE-Sephadex chromatography of peak D from 
Sephadex G-lOO, Elution was with 0 .1  M T r is , pH 8 .0 , with a 0 .1 to  0 .5  
M NaCl grad ien t. Solid  l in e  represents p ro te in . Dashed lin e  represents  
dpm/50 p i .



F i g u r e  11 -  H y d r o x y a p a t i t e  s e p a r a t i o n  o f  DEAE p e a k  b  on  t h e  l e f t ,  a n d  DEAE p e a k  c on t h e  r i g h t ■ 
E l u t i o n  w as d o n e  i n  a  s t e p w i s e  m a n n e r  u s i n g  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  p h o s p h a t e  b u f f e r ,  pH 6 . 8 .
S o l i d  l i n e s  r e p r e s e n t  o p t i c a l  d e n s i t y  o f  p r o t e i n .  D a sh e d  l i n e s  r e p r e s e n t  d p m /2 5  p i .  H o r i z o n t a l  s o l i d  
l i n e s  i n d i c a t e  c o n c e n t r a t i o n  o f  e l u t i n g  b u f f e r .  A rro w s  a l o n g  a b s c i s s a  i n d i c a t e  c h a n g e  o f  b u f f e r  t o  i n 
d i c a t e d  c o n c e n t r a t i o n s .
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F i g u r e  12 -  P o l y a c r y l a m i d e  d i s c  g e l  e l e c t r o p h o r e s i s  o f  t h e  s t e p s  i n  t h e  p u r i f i c a t i o n  o f  r a d i o 
a c t i v e  o v a lb u m in  f r a c t i o n s .  G e l s  w e re  7 ^  a n d  w e re  r u n  a t  pH 8 . 9 .  F r a c t i o n s  A^, A2 » A3  s t a n d  f o r  
o v a lb u m in  f r a c t i o n s  c o n t a i n i n g  2 ,  1 ,  an d  0  p h o s p h a t e s .  50% p p t .  r e p r e s e n t s  ( 1̂ 4 ) 2 9 0 4  p r e c i p i t a t i o n ;  
S u p .  = s u p e r n a t a n t ;  G -lO O  = S e p h a d e x  G -lO O ; DEAE = DEAE S e p h a d e x  ( A - 5 0 ) ;  H .A .  = h y d r o x y a p a t i t e .  G e l s  
w e re  s t a i n e d  w i t h  G o o m a s s ie  B r i l l i a n t  B l u e .
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r ig h t angles at pH 2 .1 . These exten sive  fin gerp rin t patterns revealed  

that there are s ig n if ic a n t  d ifferen ces  in  the peptide patterns o f a l l  

three fr a c t io n s . The f in g erp r in ts  are shown in  Figure 13.

The th ree  fra c tio n s  were then each subjected to  p a r tia l acid  

hydrolysis for one and on e-h alf hours. They were then electrophoresed  

at pH 2 .1  along with standard phosphoserine and phosphothreonine. As 

can be seen in Figure 14, fra c tio n s  b-a' and b-d appeared to contain  

phosphothreonine instead o f phosphoserine. Fraction b-a had a spot which 

ran s l ig h t ly  fa s te r  than phosphoserine toward the anode. These spots 

were cut out and counted in  the s c in t i l la t io n  counter to  d etect any radi

o a c t iv ity  in th ese  phosphorylated amino a c id s . R ad ioactiv ity  was detec

ted in  the spot from b-d (235 cpm). To further t e s t  whether th is  was 

rad ioactive  phosphothreonine, or whether the r a d io a c t iv ity  came from some 

peptide at the o r ig in , p a r t ia l acid  hydrolysates were then electrophoresed  

at pH 3 .5 . The r e s u lt s  o f t h is  experiment confirm the presence of phos

phothreonine in fra c tio n s  b-d and b -a '. Fraction b -a , however, did not 

show any phosphoserine or phosphothreonine. The spot in  pH 2 .1  was prob

ably c y s te ic  a c id . No r a d io a c t iv ity  was detected  in  any of the phospho

threonine sp o ts. Therefore, b-a i s  probably ovalbumin A3 , the unphos- 

phorylated form. Fractions b-a' and b-d contain phosphothreonine instead  

of phosphoserine, however, these are not r a d io a c tiv e . There was defin 

i t e l y  a d ifferen ce  in  phosphorus conten t, and, as shown in the fingerprint  

p a ttern s, there are some peptide stru ctu ra l d iffe r e n c e s . It  was there

fore decided th a t each fra c tio n  should be used sep arate ly  in the assay 

procedures.

The assay procedure involved two d ig e s t s .  The f i r s t  one was an



F i g u r e  13  -  F i n g e r p r i n t  p a t t e r n s  o f  f r a c t i o n s  f r o m  h y d r o x y a p a t i t e  p u r i f i c a t i o n .  Top ro w  w as 
e l e c t r o p h o r e s e d  a t  pH 3 . 5  a s  a  b a n d ,  t h e n  r u n  a t  r i g h t  a n g l e s  a t  pH 6 . 0 .  B o t to m  r o w ,  show s n e u t r a l  b a n d  
f r o m  pH 6 . 0 ,  r u n  a t  r i g h t  a n g l e s  a t  pH 2 . 1 .  b l .  -  b l u e  r e f e r e n c e  d y e ;  o r .  -  o r a n g e  r e f e r e n c e  d y e .  A s p . ,  ^  
( a s p a r t i c  a c i d ) ,  a n d  S e r ,  ( s e r i n e )  w e r e  u s e d  a s  r e f e r e n c e s .
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F i g u r e  14 -  R e s u l t s  o f  p a r t i a l  a c i d  h y d r o l y s i s  o f  r a d i o a c t i v e  o v a l b u m i n  f r a c t i o n s .  O = o r i g i n ;  
b l .  = b l u e  d y e ;  o r .  = o r a n g e  d y e .  D a r k e n e d  s p o t s  r e p r e s e n t  p h o s p h o s e r i n e  o r  p h o s p h o t h r e o n i n e .
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alpha-chymotrypsin d igestion  of fra c tio n  b-a. Identica l d ig e sts  were 

made of ^H-ovalbumin plus ^^C-labeled ovalbumin, mixed in various pro

p o rtio n s. After d ig estio n  for 24 hours, an a liq u ot was taken from each 

d ig e st  to  provide the to ta l r a d io a c t iv ity  of each isotope in the d ig e s ts .  

This was used to obtain the " theoretica l"  isotope ra tio  for the d ig e s t . 

The remaining so lu tion  was applied to  Whatman #1 paper, and electrophore

sed as a band at pH 3 .5  for 2 hours. The band was then cut and sewn to  

another sheet of paper and run at pH 2 .1  for 55 m inutes. The patterns  

obtained in th is  way were often  v ar ied , although the main features o f the 

p atterns remained s im ila r . This made i t  d i f f i c u l t  to id e n tify  c lo se ly  

p osition ed  peptides from one e lec tro p h o res is  to  another. A typ ica l pat

tern  i s  shown in Figure 15. A radioautograph was made of the fingerprin t 

to  determine where the m ajority of r a d io a c t iv ity  was loca ted , and to  t e s t  

for separation of r a d io a c t iv ity  along with the ninhydrin se n s it iv e  spot.

The assay was dependent on determ ining the ra tio  of dpm of 

to  the dpm of % in each spot. So i t  was necessary to determine an e f f i 

c ie n t means of counting the ra d io a ctiv e  sp o ts. Three separate t e s t s  

were used. The f i r s t  (Table 5a) was a comparison of a d ir e c t  count of 

paper spots in the s c in t i l la t io n  v ia ls  with th at of a water-NHg e lu a te . 

Spots of % and of amino acid  m ixtures were applied to  paper. They 

were allowed to  dry, then e lu ted , or cut out for counting. Elution gave 

a c o n s is te n tly  higher e ff ic ie n c y  of counting. However, when elu ting  

spots from a fin gerp rin t pattern NHg-water could not be used since i t  

would bring back the strong ninhydrin c o lo r , thus producing strong co lor  

quenching. Therefore, a d iffe r e n t  e lu tin g  agent was necessary. A pep

t id e  so lu tio n  was spotted on paper in id e n tic a l amounts. The spots were
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Figure 15 - An example o f the fin gerp rin t pattern obtained by 
d ig estio n  of b-a with alpha-chymotrypsin and tryp sin . The f i r s t  dimen
sion was at pH 3 .5 , and the second at pH 2 .1 .  Numbered peptides are 
those which occurred most reproducibly in the p o sitio n s  ind icated . There 
are three peptides labeled (6 ) ,  because these peptides were im possible to  
separate w e ll. Dashed lin e s  merely in d ica te  peptides which had an orange 
or yellow  co lo r , instead of red, wàen sta ined  with ninhydrin. Shaded 
peptides are those which showed up in radioautograph of th is  fin gerp rin t. 
Darkness of shading in d ica tes the in te n s ity  of the spot on the radioauto
graph. 0 = or ig in  at pH 3 .5 .
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TABLE 5a

COMPARISON OF EFFICIENCY OF COUNTING PAPER DIRECTLY 
IN THE VIALS ELUTION WITH NH3 -WATER

Isotope
dpm % of Total Total 

Applied 
in PCiElution Paper Elution Paper

127,382 69,306 57% 31% 1 x1 0 "!

h i 535,029 227,527 6 (% 26% 4x10-1

h i 1,122,843 557,472 51% 25% 1

h i 1,479,923 917,425 44% 28% 1.5

i^ c 19,730 16,297 89% 73% 1 x1 0 - 2

58,737 46,411 1 0 0 % 84% 2.5x10-2

Duplicate a liq u o ts  of labeled amino acid mixtures were spotted  
on f i l t e r  paper and dried . One se t  of spots was then cut out and counted 
d ir e c t ly  in the s c in t i l la t io n  v ia l .  The second se t of spots were eluted  
and then d isso lved  in s c in t i l la t io n  f lu id  before counting.
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then elu ted  with the reagents shown in  Table 5b. The e lu a tes  were dried, 

hydrolyzed, and put in the amino acid analyzer. The quantity of each of 

four amino acids detected  was compared. F in a lly , several spots from a 

fin gerp rin t pattern were d ivided  in h a lf .  Half was elu ted  with 30% 

a c e tic  acid , and the other h a lf  was placed in the v ia l  without e lu tio n . 

Although a l l  the counts were low, the elu ted  halves c o n s is te n tly  had 

higher counts (Table 5 c ).

The peptides given numbers in Figure 15, were those most con

s is t e n t  in p o s it io n . These peptides were e lu ted  and counted, using 

d oub le-label s e t t in g s . The r a t io  of counts of the two iso topes for each 

peptide was then p lo tted  versus the id ea l r a tio  for each proportional 

d ig e s t . These graphs (F igures 16, 17) in d ica te  that there appears to be 

a lin e a r , i f  not a 1 : 1  correspondence, of the th eo re tica l to the experi

mental r a t io s . The mean value of each p o in t, taken from a l l  the peptides 

mapped, was computed. The route mean square (rms) was computed to show 

variance. The regression  l in e  obtained using these values was drawn from 

the slope and y -in te r ce p t obtained from the O liv e t t i  computer program for 

a regression  l in e .  The average degree of correspondence of the theoret

ic a l  to  experimental was a lso  obtained. This data i s  presented in Fig

ure 18.

There i s ,  from th ese  data, a 1 to  1 correspondence between the 

th e o re tic a l and the experim ental va lu es. To t e s t  whether th is  slope  

could be used to id e n tify  authentic ovalbumin p ep tid es, a d ig est was 

made using 1  mg of pure % b-a plus 1 mg of an impure, crude protein  

mixture obtained by tr ic h lo r o a c e tic  acid p rec ip ita tio n  of to ta l protein  

from a mince incubated with ^^C-amino a c id s. The peptides obtained from
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TABLE 5b

COMPARISON OF ELUTION OF A PEPTIDE BY VARIOUS AGENTS

Eluate
pmoles of Amino Acids

Asp Glu Gly Ala

6  N HCl 0.2405 0.5027 — —

0.1 N NaOH 0.1314 0.2069 — —

6% Acetic A.* 0.4538 0.6604 0.5409 0.3393

3(% A cetic A. 0.3546 0.8501 0.7420 0.4176

*Ref. (39, 4 0 ) .

Identica l a liq u o ts  o f  a peptide solu tion  were spotted on f i l t e r  
paper. The spots were e lu ted  with the indicated agents, dried , hydrolyz
ed , and then quantitated by amino acid  an alysis.
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TABLE 5c

COMPARISON OF DIRECT COUNT OF PAPER SPOTS VERSUS 
THAT OBTAINED AFTER ELUTION 

WITH 30% ACETIC ACID

Spot
#

^  -  bkg. dpm %
Increase

1 4 c - bkg. dpm %
Increase

Paper Eluate Paper Eluate

1 1 2 59 80% 39 84 54%

2 6 16 65% 83 129 36%

3 1 2 33 63% 90 1 0 0 9%

F ingerprint spots were divided in h a lf. One h a lf  was elu ted  
with 30% a c e t ic  acid and counted. The other h a lf was placed in the v ia l  
on the paper. Dpm's are expressed a fter  subtracting the background.
The percent in crease  o f  the e lu ate  over the paper = % in crease.



F i g u r e  16 -  G r a p h s  o f  p e p t i d e s  s h o w in g  i s o t o p e  r a t i o s ,  b - a ,  c h y m o t r y p t i c  d i g e s t .  T h e o r e t i c a l  
r a t i o s  w e r e  o b t a i n e d  f ro m  a l i q u o t s  o f  t h e  t o t a l  d i g e s t s  f o r  e a c h  m i x t u r e .  E x p e r i m e n t a l  r a t i o s  w e re  o b -  
t a i n e d  f ro m  p e p t i d e  e l u t i o n  a n d  s c i n t i l l a t i o n  c o u n t i n g .  S m a l l  u p p e r  l e f t h a n d  n u m b e rs  r e p r e s e n t  i n d i v i -  ^
d u a l  p e p t i d e s .
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F i g u r e  17 -  G r a p h s  o f  p e p t i d e s  s h o w in g  i s o t o p e  r a t i o s ,  b - a — C o n t i n u e d  m
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a fin gerp rin t map of th is  d ig e st  are seen in  Figure 19. The darkened 

spots are those vdiich correspond in p o sitio n  to  peptid es seen in the 

standard map. These pep tid es, plus several o th ers, were elu ted  and 

counted to obtain isotope r a t io s . These r a tio s  compared to the theore

t ic a l  r a t io  were then p lo tted  on the graph of the regression  l in e . Sev

eral peptides f a l l  w ithin s t a t i s t i c a l  range of the l in e ,  but a large num

ber do not. Several reasons for  th is  w ill  be d iscussed  la te r .

Due to  the d i f f ic u lt y  of unambiguously id e n tify in g  the peptides 

by loca tion  in the chymotryptic map, i t  was decided to use an enzyme with  

s p e c if ic  cleavage. Also, sin ce the peptides had rather low counts, with 

high est counts in the large peptides a t the l e f t  on the map (see  radio

autograph, Figure 15 ), i t  seemed advantageous to  break down the secondary 

structure o f the protein  before d ig estio n , so th a t perhaps more peptides  

would be formed from these high count areas. Therefore, the protein of 

ovalbumin fra c tio n  b-a' was oxidized, as described in Methods, and d i

gested with try p sin . A very reproducible and c le a r  map was obtained 

(Figure 20 ). A radioautograph of th is  fin gerp rin t ind icated  clear corre

spondence of rad ioactive  with ninhydrin s e n s it iv e  sp o ts. These spots 

were not as dark as those in Figure 15, but they were more uniformly 

lab e led . Isotope r a tio s  were again obtained for  four d iffe r e n t  propor

t io n s  o f iso to p e . The graphs o f these are found in  Figures 21-22. It 

i s  evident th at the correspondence between th e o re tic a l and experimental 

r a tio s  i s  much l e s s  in  th ese  p ep tid es. Several p o ss ib le  reasons for th is  

w il l  be d iscussed  la te r . Again, a regression  l in e  was ca lcu lated  and 

peptide r a tio s  from a crude plus pure % m ixture were p lo tted  on the  

l in e .  The peptide pattern i s  seen in Figure 23 and regression  lin e  in 

Figure 24.
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Figure 18 -  Regression lin e  of d ig e st  o f fraction  b-a. Slope 
equals 0 .7 8 , degree of correspondence, r ,  equals 1 .0 , X equals the un
known peptides from crude d ig e s t ,  p lo tte d  against the th e o re tic a l r a tio  
of th at m ixture.
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Figure 19 -  Fingerprint pattern obtained from 1 mg ^ - b -a  plus  
1 mg crude p ro te in . Darkened areas correspond to  spots in the stand
ard pattern . D igestion  was with alpha-chymotrypsin plus tryp sin . The 
f i r s t  dimension was electrophoresed a t pH 3 .5 , the second at pH 2 .1 .
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Figure 20 -  F ingerprint pattern  of oxidized b - a ' , d igested  
with tryp sin . The f i r s t  dimension was run at pH 6 .0 , the second at pH 
2 .1 . 0 = orig in  a t pH 6 .0 .  Shaded peptides are those v\Aiich showed up
in radioautograph of t h is  fin g erp r in t. Darkness of shading in d ica tes  
the in te n s ity  of the spot on the radioautograph.



F i g u r e  21 -  G r a p h s  o f  i s o t o p e  r a t i o s  o f  t r y p t i c  p e p t i d e s  f ro m  o x i d i z e d  b - a ' .  T h e o r e t i c a l  
v a l u e s  came f r o m  a l i q u o t s  o f  d i g e s t i o n  m i x t u r e s .  E x p e r i m e n t a l  v a l u e s  came f ro m  e l u t e d  p e p t i d e s .  P e p -  ^
t i d e s  a r e  n u m b e re d  i n  u p p e r  l e f t h a n d  c o r n e r s .
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Figure 23 -  Fingerprint pattern of oxidized tryp tic  peptides  
from mixture of pure ^  b -a ' ,  plus crude C protein . Darkened spots  
are those which correspond to  the standard map.
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Figure 24 -  Regression l in e  of d ig e s t  of b - a ' .  Slope equals 
0 .59 , degree of correspondence, r ,  equals 0 .71 , X equals the unknown 
peptides from crude d ig e s t ,  p lo tted  against the th e o re t ic a l  ra t io  of  
that mixture.



CHAPTER IV

DISCUSSION

The application of the peptide fingerprinting technique to the 

present study of the protein  ovalbumin, a r e la t iv e ly  unexplored molecule, 

has been useful in c la r ify in g  certa in  aspects of the structure and syn

th e s is  of th is  protein . F i r s t ly ,  the number of d isu lf id e  and sulfhydryl  

groups have been ascertained , as w ell  as p ar t ia l  sequences identify ing  

some of them. Secondly, the order of phosphorylation of two phospho- 

serine s i t e s  has been es ta b l ish ed .  Thirdly, two phosphothreonine con

taining ovalbumin frac t ion s  have been found. There i s  apparently no 

phosphoserine content in these f r a c t io n s .  F ina lly ,  a radioassay method 

has been devised, which i s  su ita b le  for the study of b iosynthesis  of 

th is  protein in various systems. These aspects of t h is  study w i l l  be 

discussed separately.

Discussion of the Cysteic Peptides 

Some of the e a r l ie r  work done by F othergill  (10) and Akabori 

(2 ) ,  indicated that there were a t o ta l  of 6  or 7 resp ect ive ly ,  cy ste ic  

residues in ovalbumin. Later an a lys is  by Weintraub and Schlamowitz (4 ) ,  

based on values obtained from three hydrolysis  times, gave a value of 

e ig h t .  This i s  in agreement with the value reported here. The present 

study showed 4 sulfhydryl p ep tid es ,  which i s  in agreement with the studies

68
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of Diez ^  a l .  ( 9 ) .  I t  i s  apparent from h is  studies that some of the 

controversia l values reported for sulfhydryl groups have been due to  the 

fact that the su lfhydryls  are p a r t ia l ly  inaccess ib le  to reaction in the 

native protein conformation. After extensive  dénaturation, they obtained  

4 su lfhydryls , using four separate rea ct iv e  agents. The presence of two 

d is u lf id e  linkages i s  suggested by the to ta l  of eight residues for the  

molecule. As mentioned in the R esu lts ,  peptides s ix  and e igh t may form 

one such linkage. They are not sulfhydryl peptides as they do not d i s 

appear following carboxymethylation. F o th erg il l  has a lso id e n t i f ie d  at 

lea s t  one d is u l f id e  (1 0 ) near the carboxy-terminal o f  the molecule.

Although the present work does not prove the ex istence  of two 

d is u l f id e s ,  i t  does strongly  support that probability . It i s  quite pos

s ib le  that one of the d is u l f id e  linkages i s  very inaccessib le  to proteo

ly t i c  d igestion  due to s t e r ic  hindrance, and i s  thus undetected within 

the diagonal. This p o s s ib i l i t y  i s  already suggested by the n ecess ity  of 

strenuous dénaturation to unmask a l l  the sulfhydryl groups. A very in

triguing suggestion was made by D e litzer  and Lobachevskaya (2 ) .  They

had obtained values of 5 su lfhydryls  and 1 .5  d is u lf id e s .  To explain

this they speculated that ovalbumin actu a lly  consists  o f  an equimolar 

mixture of two prote ins ,  each with e igh t  sulfur containing residues.

They reasoned that i f  one chain contained 4 sulfhydryl and 2 d is u lf id e ,  

and the other contained 6  sulfhydryl and 1 d is u lf id e ,  t h is  would give

average values of 5 and 1 .5 .  Although a s in g le  carboxy-terminal only

has been detected ( 2 ) ,  the p o s s ib i l i t y  of two chains containing iden tica l  

carboxy-terminal peptides , but d if fe r in g  in ternally , must not be d i s 

missed. This observation may be pertinent to the heterogeneity found in
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phosphorylation and in f ingerprint maps of the protein . I t  may a lso  have 

a bearing on the finding of phosphothreonine species of ovalbumin, in ad

d it ion  to  the known phosphoserine sp ec ie s .  Also, as was reported by 

Baker ( 8 ) ,  there are two genetic  species present in egg white of some 

White Leghorn f lo ck s .  This was even further suggested by the work of 

Lush (2 ) ,  in which he detected e lectrophoretic  heterogeneity in the A3  

form of ovalbumin. Since t h is  form contains no phosphorus, i t  indicates  

some other structural heterogeneity , perhaps in some amino acids, or in 

the carbohydrate structure, or both.

Discussion of the Phosphopeptides

Two unique phosphoserine sequences have been found; a) Asp- 

Ser(P)-Ile-Glu-Ala-Glu; and b) Val-Val-Gly-Ser(P)-Ala-Glu-Ala-Gly-Glx. 

These sequences confirm the r e su lt s  obtained independently by M ilstein  

(14).

The object of t h is  study however, was not merely the elucidation  

of the amino acid sequences surrounding the Ser(P) residues , but to de

termine whether the individual s i t e s  were phosphorylated in a random 

manner, or, due to some structural or b io lo g ica l  cause, obeyed a compul

sory order of phosphorylation.

Perlmann (12) found evidence of the e s t é r i f ic a t io n  of at least  

one of the phosphates of the molecule to  a serine residue. She iso lated  

a peptide containing the amino acid composition: Asp, Glu, Ala, Leu,

Ser, and about 50% of the phosphate from a p ro teo ly t ic  d igest  of oval

bumin. This peptide probably belonged to sequence (a) above. Since at 

the time of her study, the second s i t e  of phosphorylation of ovalbumin 

was unknown, Perlmann studied the s p e c i f i c i t i e s  of the enzymes which
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could dephosphorylate t h i s  protein . She found that p ro sta t ic  phosphatase, 

which w il l  remove 46% of the phosphorus from ovalbumin, was most active  

at pH 5 .3 .  I ts  s p e c i f i c i t y  was only for -0-P- bonds of monoester l in k 

ages. On the other hand both in te s t in a l  phosphatase, and potato phos

phatase release 46% of the ovalbumin phosphate within about one-half  

hour. They then commence to re lease  the remaining phosphorus content of 

ovalbumin over a period of about 14 hours. The pH optimum of potato  

phosphatase i s  5 .6 ,  but in te s t in a l  phosphatase has two optimas, one at 

pH 5.3 and one at pH 9 .0 .  Hydrolysis i s  very s l i g h t  at pH 7 .0 .  Both 

of these enzymes w i l l  cleave both -0-P- and -N-P- bonds of monoester 

linkages. Since the p rosta t ic  enzyme w il l  c leave only one phosphate, 

and the other enzymes w i l l  cleave both, Perlmann conceived the p o s s ib i l 

i ty  that the second linkage was an -N-P- linkage to the guanido group of 

an arginine residue , or to  a free amino group. She further suggested  

that t h is  C-N-P- bond could be shifted to a -C-O-P- bond during acid  

hydrolysis therefore giving the appearance of both phosphates being bound 

to hydroxyl groups.

The work of Flavin (13), M ilstein (14 ) ,  and the present work, 

a l l  show that both phosphates in ovalbumin are bound to serine residues.

To account for the fa c t  that prosta t ic  phosphatase w i l l  only cleave at  

one of these points of attachment, i t  may be fe a s ib le  to  postu late  that  

the three dimensional structure of the protein surrounding these Ser(P) 

sequences may be s u f f i c i e n t ly  d ifferen t  as to block the approach of the 

prosta t ic  enzyme to one s i t e .  This conformational d ifferen ce  might also  

account for the very slow cleavage at th is  s i t e  by the in te s t in a l  and 

potato enzymes. The length of the polypeptide chain and the posit ion  of
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the phosphate in r e la t ion  to  the chain length might also influence sen s i

t i v i t y  to phosphatases.

Flavin (13) reported finding short peptides with compositions 

s im ilar  to  that o f  sequence (a) reported in th is  work. His peptides were 

present both before and a f te r  treatment with prostatic  phosphatase. He 

therefore concluded that th is  peptide belonged to the r e s is ta n t  phos

phorylation s i t e  remaining a f te r  dephosphorylation of ovalbumin A}.

Flavin also found the peptide Ser(P)-Ala, which he showed to  disappear  

a fte r  prostatic  phosphatase treatment. Ser(P)-Ala belongs to sequence 

(b) above, and i s  proposed by Flavin to be the phosphatase la b i l e  moiety 

of ovalbumin A%.

Despite the fa c t  that dephosphorylation of ovalbumin A]̂  leads to 

an increased appearance o f  a sp ec ies  of ovalbumin with an electrophore

t i c  mobility s im ilar to that of ovalbumin A2 , i t  could not be certain  

that phosphorylation might not be a random process. Two p o s s i b i l i t i e s  

could lead to  t h is  r e s u l t .  F i r s t ,  although dephosphorylation of Â  g ives  

a peak in the posit ion  of A2 , t h is  does not rule out the p o s s ib i l i t y  that  

in a natural heterogeneous mixture, some sp ec ies  of ovalbumin which con

ta in  only one phosphate, and so would appear in the same e lectrophoretic  

peak p osit ion  as A2 , might have th e ir  s in g le  phosphate at the other s i t e .  

This would be the case i f  there are, as the l i tera tu re  has suggested  

(12, 8 ) ,  more than one g e n e t ic a l ly  d i s t in c t  ovalbumin sp ec ie s .  The A2 

sp ec ies  produced by Perlmann was found by cleavage of one phosphorylated 

s i t e .  This was probably due to s e n s i t iv i t y  of that s i t e  to  déphosphory

la t io n .  However when b iosyn th es is  of the molecules occurs, the rate  of 

phosphorylation may not be influenced in the same way (or order) as de-
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phosphorylation.

To help c la r i fy  th is  question the three species of ovalbumin 

were p a r t ia l ly  purified  in th is  laboratory, from a heterogeneous mixture 

purchased commercially. The r e s u l t s  of fraction ation  with DEAE-Sephadex 

appear to be conclusive . Although fra c t io n s  b and c contained both A2  

and Ap as seen from d isc  gel e lec trop h ores is ,  they contained both Ser(P) 

peptide sequences, as would be expected from any fraction  containing A .̂ 

Fraction a, however, although s l i g h t ly  contaminated, contains about 90% 

A2 . This fraction  contained only one sequence, sequence (b). This ind i

cates that phosphorylation i s  not random. Had the two sequences been 

present, one could say that within the same fract ion , d ifferen t  protein  

molecules had th e ir  only phosphopeptide in one sequence, and others in 

the other sequence. This was not the case. However, i f  phosphorylation 

of the two s i t e s  are accomplished by two separate enzymes, then the pos

s i b i l i t y  cannot be excluded that the enzyme phosphorylating sequence b is  

k in e t ic a l ly  more a c t iv e  than the other enzyme. This would also re su lt  

in an ovalbumin fraction  containing predominantly t h is  sequence.

An in teres t in g  feature o f  these r e su lt s  i s  that they are contra

d ic tory  to  those of F lavin (13), who found that the Ser(P)-Ala peptide 

of sequence b was not present in This may be due to a s p e c i f ic i ty  

d ifferen ce  between the dephosphorylating enzymes and the natural phos

phorylating enzymes. Also, i f  a s tructural conformation i s  responsible  

for slow dephosphorylation of sequence a, t h is  may not mean that th is  

sequence wasn't phosphorylated f i r s t .

The work reported here would have been enhanced had enzymatic 

dephosphorylation of the two sequences been performed to t e s t  the sen s i-
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t i v i t y  of each sequence to  p ro sta t ic  and in te s t in a l  phosphatases. How

ever th is  s p e c i f ic i ty  might not be the same on a small peptide substrate, 

as on the complete protein .

After p u r if ica tion  of fra c t io n s  b-a, b-a ',  and b-d, by hydroxy- 

ap at ite ,  i t  was shown th at  fract ion s  b-a' (A2 ) ,  and b-d (Ag plus A%), 

contain phosphothreonine but no phosphoserine. A p oss ib le  explanation 

of th is  i s  that threonine is  the f i r s t  moiety to be phosphorylated, and 

that l a t e r ,  as the molecules assume th e ir  correct three dimensional struc

ture, transacylation occurs from the threonine to adjacent or nearby ser

ine residues. I t  could a lso  be that the protein i so la te d  in t h is  work 

may be a minor genetic  variant or a contaminant. A minor contaminant 

would be normally eliminated during commercial purification  procedures, 

and so phosphoserine only is  observed in commercial preparations. If  

th is  protein were a minor genetic  variant of ovalbumin, i t  would imply 

that the conditions of incubation used in t h is  work caused a s h i f t  in 

the normal ra tio  of variants synthesized so that the usually  minor spe

c ie s  were synthesized as the major spec ies  in this system.

I t  i s  un likely  that the frac t ion s  are actually  contaminants and 

not ovalbumins, for they gave the same peptides as commercial ovalbumin 

in fingerprint maps. Also a c y s te ic  diagonal was made of the radioac

t iv e  protein , and the pattern produced was identica l to  that obtained 

using commercial ovalbumin. Therefore the cysteic peptides of the two 

proteins are the same. This does not ru le  out the p o s s ib i l i t y  that minor 

genetic  variants of ovalbumin were synthesized and iso la ted ,  which con

tain phosphothreonine rather than phosphoserine. An a ltern a tive  explan

ation might be that these  proteins are ac tu a lly  ovalbumin fractions of
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the usual sp ec ies;  but that s ince the protein conformation i s  probably 

not the same, or not completed in t is s u e  incubation, the normal s p e c i f i 

c i ty  of phosphorylating enzymes was affected  d i f fe r e n t ly ,  leading to 

phosphorylation of threonine rather than serine m oieties . The altered  

conformational properties of the synthesized proteins may also  have in

creased the l a b i l i t y  of phosphoserine residues to dephosphorylation, 

therefore phosphoserines may be formed and then dephosphorylated faster  

than phosphothreonines.

Discussion of the Assay 

The purpose of t h is  assay was to provide a r e l ia b le ,  reproduc

ib le  means o f  identify ing  the synthesis  of a sp e c if ic  protein, by means 

of i t s  peptide components. I f  a f u l l ,  three diraensionally completed pro

te in  structure were not id e n t i f ia b le ,  then an assay, such as w i l l  be d is 

cussed, would provide a method of fo llowing the p art ia l  synthesis  of the 

protein by identify ing  and, or, quantifying the presence of s p e c if ic  

peptides belonging only to  th is  protein . The assays used to  date , as 

outlined in the Introduction, have included id e n tif ic a t io n  of a protein 

by d isc  gel e lec troph ores is ,  comparison of elution patterns of peptides 

from digested proteins passed through columns, and most s p e c i f ic a l ly ,  

immunoprécipitation by a s p e c i f ic  antibody. These methods are usefu l,  

in conjunction with te s t in g  of iso la ted  RNA fractions in a c e l l - f r e e  sys

tem, for the detection of mRNA a c t iv i ty .  The immunoprécipitation tech

nique i s  e s p e c ia l ly  well adapted to th is  purpose (25). The assay pre

sented in t h i s  work, i s  uniquely applicable to a study of the k in e t ic s  

of the tran sla t ion a l  process of protein b iosynthesis ,  for which the 

author i s  unaware of an e x is t in g  assay. By assaying, at varied time in
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ter v a ls ,  the sp ec if ic  peptides synthesized, one could study the k in e t ic s  

of transla tion  along the length of a prote in , and determine the degree 

of uniformity or v a r ia b i l i ty  in rate  of tran sla t ion  of each protein  seg

ment.

Theoretically , th is  assay i s  designed to s p e c i f ic a l ly  id en tify  

peptides from a mixture of synthesized proteins or polypeptides by three  

means: a) the location of the peptide in fingerprint maps as compared

to standard peptides; b) the coincidence of t h is  peptide spot with a 

p o s it iv e  spot in a radioautograph; and c) the ra tio  of label in the 

unknown peptide with "H label from the standard peptide. I f  a peptide  

was tru ly  from the protein  under study then the ra tio  of ^^C/% for th is  

peptide should c lose ly  correspond to  the slope of the curve established  

from ra tio s  of pure preparations of t h is  peptide in various proportions  

of and %-labeled m ater ia l .  Although the y ie ld  of in the un

known peptide might vary, i t s  ra t io  to  a known amount of % should f a l l  

on the l in e ,  i f  i t  i s  a peptide from th is  protein . If  not, the ra tio  

should give a spurious value, as any ^  present would represent back

ground picked up from t a i l in g  on the paper maps or some sim ilar a r t i 

fa c t .

Several problems, however, remain inherent in the assay at the 

present time, although with better procedures, and more time, these could 

probably be minimized. The f i r s t  problem was in producing an evenly and 

completely labeled protein  for p u r if ica t io n  and assay procedures. The 

time of incubation o f  oviduct minces was three hours, with ^^C-amino 

ac id s ,  and with %-amino ac id s. In t h is  time period some to ta l  protein  

was surely labeled. However, i t  would have been much better  to es ta b l ish



7 7

the optimal time period for la b e lin g  of ovalbumin compared to to ta l  pro

t e in .  This optimal time period most l ik e l y  a lso d if fe r s  when using d i

amine acids from that using '̂^C-amino a c id s .  This might occur due to  a 

d ifferen ce  in the k in e t ic s  of the chain elongation step due to the i s o 

tope e f f e c t  on the reaction at the carboxyl- and amino-groups of the 

jo in ing  amino acids. The rate  of incorporation into ovalbumin a lso  var

ied due to physio logica l cond itions . The keeping of chickens in the 

animal wing was found to cause degeneration of the oviduct of a c t iv e ly  

laying hens within 3 to 4 days. This was most l ik e ly  due to  trauma and 

shock from close a ssocia t ion  with barking dogs. To bypass keeping hens 

in the animal wing, they were purchased from the farm immediately before 

use. However the condition of the oviduct was s t i l l  not uniformly 

swollen as i t  i s  in a c t iv e ly  laying hens.

To minimize these problems in the future, two a ltern a t iv e  

methods of labeling  would be preferab le .  F i r s t ly ,  i f  one used the same 

oviduct, divided in h a l f ,  for incubation with each lab e l,  then the phys

io lo g ic a l  factor would at l e a s t  be id en tica l  in both incubations. Also 

i f  the minced t is su e  were allowed to  preincubate, without labeled amino 

acids for a period of time, t h i s  would allow completion of nascent poly

peptide chains with cold endogenous amino ac id s. 'iNhen the labeled  amino 

acids were then added, a higher proportion of completely labeled chains 

should be synthesized. A second a lte r n a t iv e  would be to in je c t  labeled  

amino acids into l i v e  laying hens kept under conditions conducive to con

tentedness of the animals. Injection  might a lso be made into immature 

chicks which have been previously  in jected  with estrogen to induce oval

bumin synthesis  (22, 23, 25). Either of these procedures should lead to
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more even and complete labe ling  of protein in the oviduct, as protein  

synthesis  would occur in the natural phys io log ica l  environment and optimal 

hormonal stim ulation.

To check the degree of uneven lab e lin g  of peptides obtained in 

t h is  work, the peptides were p lo tted  in order of th e ir  increasing i s o 

tope r a t io s  (Figures 25, 26). As the degree and evenness of label of 

the two isotopes increases  (approaching l )  the peptides must be c loser  

to the carboxyl-terminus of the protein , as nascent polypeptide chains 

would be completed with labeled amino a c id s .  These graphs were made in 

a manner sim ilar to that used by Campbell, Sargent and Brew (37, 38) to 

e s ta b l ish  the synthesis  of proteins from the amino- to  the carboxyl- 

term inals. A c lear , but not steep gradient was seen in r a t io s  of pep

t id e s  from fraction  b-a (Figure 25 ) .  The gradient i s  a lso  consistent  

and a l ik e  for each d i f f e r e n t  proportion of iso to p e s .  Those peptide 

r a tio s  which f a l l  g r o ss ly  o f f  the gradient were a lso  those peptides which 

had very low count recovery, and so th is  e f f e c t  might be blamed on non- 

s t a t i s t i c a l  counting. The low recovery of counts from peptides of th is  

fraction  and d igest  may be due to  two fa c to r s .  F ir s t ,  the peptides did 

not separate c leanly in to  d iscr e te  areas on the f i l t e r  paper during e le c 

trophoresis . There was therefore some t a i l in g  of both rad ioact iv ity  and 

of ninhydrin s e n s it iv e  m ateria l .  For t h is  reason, vAen peptide spots,  

id e n t i f ie d  by ninhydrin s ta in in g ,  were cut from the paper, some lo ss  of 

r a d io a c t iv ity  belonging to t h is  peptide occurred due to t a i l in g .  There 

must have been some additional lo s s  due to  absorption of counts on the 

paper. Since the t o t a l  r a d io a c t iv ity  applied to the paper was low, the 

combination of lo ss  due to  t a i l in g  of peptides plus absorption by the
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paper could give lower counts in some peptides since not a l l  peptides 

ta i le d  equally  badly. When low counts are measured, even though e f f i 

ciency of counting i s  corrected fo r ,  the s t a t i s t i c a l  accuracy is  lowered.

The gradient of lab e ls  in the peptides could be used, as sug

gested by Campbell e t  (37, 38) to give an indication of where pep

tid es  are located in the polypeptide chain in re la t ion  to  the terminals. 

The fa c t  that the gradient was f a ir ly  uniform for each isotope mixture in 

Figure 25 accounts for the high degree of correlation in the regression  

l in e  for  th is  d ig e s t ,  desp ite  some uneven labeling  of the molecule.

On graphing the peptides from tryp tic  d igestion  of fraction  

b-a ',  however, a steeper gradient was seen. Moreover, the gradients for  

each isotope mixture were very inconsisten t (Figure 26). This agrees 

with the general lack of correlation  in the r a t io  graphs of peptides  

from t h is  d ig e s t .  Several things may have influenced these r e s u l t s .  A 

number of peptides from th is  d igestion  had very low counts and so there 

is  more s t a t i s t i c a l  error in counting in t h is  d ig e s t .  The reason for 

th is  was that a smaller amount of material was applied to the f i l t e r  

paper in an e f f o r t  to  reduce smearing and t a i l in g  of ra d io a c t iv ity  (which 

accounted for some error in the f i r s t  d ig e s t ) .  However, although the 

pattern was much c learer ,  the y ie ld  was also low. Another poss ib le  ex

planation i s  that fraction  b-a' may be a g e n e t ic a l ly  d i s t in c t  species  

from b-a, and therefore i t s  synthesis  may be regulated d i f f e r e n t ly ,  or 

be more influenced by physio log ica l factors ( 8 ) .

One further, and very serious problem remains inherent in th is  

assay. Some peptides which were eluted from the fingerprint of combined 

pure % -labeled  and crude ^'^C-labeled protein , were id en tica l  in position
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to  pure peptid es . Yet these  peptides gave isotope r a t io s  which f e l l  away 

from the s t a t i s t i c a l  range o f  the regression  l in e .  On the other hand, 

several peptides which never appeared in standard maps, and so might not 

belong to ovalbumin, f e l l  c lo se  to the regression l in e .  Therefore a more 

p o s it iv e  means of id e n t i f ic a t io n  of these peptides i s  necessary. For ex

ample, a comparison of the amino acid compositions to see i f  the same 

amino acids are labeled with each iso top e . Also, the range of error 

within the regression l in e  would need to be lowered, e sp e c ia l ly  in the 

second d ig e s t .  This could be accomplished by incorporating the improve

ments in methodology discussed above, i . e . ,  lab e lin g  of pure proteins  

more evenly and completely, using optimal time and conditions, improving 

the physio log ica l parameters involved; and using more labeled material 

on the cleaner separating map.

In conclusion the assay described hero i s  useful in the id en ti

f ic a t io n  of s p e c if ic  peptide syn th es is .  This id e n t i f ic a t io n  i s  based on 

e lectroph oretic  m obility , correspondence of ninhydrin p o s it iv e  spots to 

rad ioactive  exposure of radioautographs, and correspondence of isotope  

ratio  to that o f  pure mixtures. The use of the regression l in e  i s  s t i l l  

problematic as the methodology needs to  be improved. As an assay for  

protein synthesis  directed by an iso la ted  mRNA in a c e l l - f r e e  system, i t  

i s  far in fe r io r  to such refined techniques as immunoprécipitation. How

ever, i t s  usefu lness as an assay of the k in e t ic s  of the tran sla t ion a l  

step of protein  b iosynthesis  would seem to be worth developing.
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SUMMARY

Five unique c y s te ic  acid peptides were p a r t ia l ly  sequenced.

Four of these were determined to  be sulfhydryl containing p eptid es , due 

to  th e ir  r e a c t iv i ty  with iodoacetate . The remaining sequence, plus three 

others, not determined, are most l ik e ly  involved in d is u l f id e  linkages.  

This would account for a maximum number of e ight c y s te ic  residues deter

mined by th is  laboratory, and at le a s t  one other (4 ) .

Two phosphoserine containing sequences were determined, account

ing for the two phosphorylated m oieties  of ovalbumin A^. Id e n t if ic a t io n  

of the sequences in fraction ated  material indicated that phosphorylation  

i s  probably not random. This assumes that there i s  only one amino acid  

chain of ovalbumin, and that heterogeneity i s  due only to  the d ifferen ces  

in phosphates. There i s  good evidence that t h is  may not be the case since  

heterogeneity has been found in the dephosphorylated frac t ion  (2 ) .  In 

t h is  laboratory, d if feren ces  in many peptides were observed on f in g e r 

pr int patterns compairing the fra c t io n s .  Therefore, the p o s s ib i l i t y  re

mains that there i s  structura l heterogeneity due to genetic  or physio

lo g ic a l  controls  or both.

The use of hydroxyapatite was found to  be an e x c e l le n t  means of 

fractionating  heterogeneous proteins by means of th e ir  phosphorus content

83
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(42).

The ovalbumin fraction s  A2  and A ,̂ formed by incubation of  

minced oviduct in t is su e  culture media, with radioactive amino acids,  

displayed the presence o f  phosphothreonine. I t  i s  suggested that phos

phothreonine may be transacylated to  phosphoserine at la te r  s teps . Oval

bumins A3  and A2  were both observed as intermediates in the synthesis of 

Ai-

The use of fingerprint mapping techniques to id en ti fy  peptides  

synthesized in v itro  may be usefu l in corroboration with other means of 

id e n t i f ic a t io n .  It i s  not a p o s it iv e  id e n t i f ic a t io n  however, as d i f f e r 

ent peptides may have very s im ilar ,  or even id en tica l  m o b il i t ie s  during 

e lec trop h ores is .  The usefu lness o f  dual isotope r a t io s  as an i d e n t i f i 

cation of s p e c i f ic  protein  peptides has not been conclusively  demonstrated 

in t h is  work. However i t  should not be dismissed as a valuable assay 

procedure, i f  technical problems can be worked out. The technique is  

usefu l in q u a l i ta t iv e ly  determining the pos it ion s  of synthesized peptides  

along the growing polypeptide chain. The usefulness of th is  assay in 

studying the k in e t ic s  of transla tion  i s  proposed for future study.
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