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THE PROTEIN O F  THE HEAD OF BACTERIOPHAGE LAMBDA 

ABSTRACT 

I n  l y s a t e s  prepared from Escher ichia  c o l i  lysogenic  f o r  

normal bacter iophage lambda, two types  of head a r e  present :  

t h e  normal lambda head, and a  smal ler  form, p e t i t  lambda. 

Both head types  a r e  t o t a l l y  absent  i n  l y s a t e s  only  when 

mutat ions occur i n  e i t h e r  of two phage genes (E o r  F ) .  

Th i s  work was undertaken t o  c h a r a c t e r i z e  t h e  s t r u c t u r a l  

p r o t e i n  of t h e  lambda phage heads and t o  determine t h e  

r e l a t i o n s h i p  between t h e  two types  of head. Also,  an at tempt  

was m3de t o  i d e n t i f y  t h e  genes r e spons ib le  f o r  t h e  product ion 

of t h e  lambda head p r o t e i n .  

P u r i f i e d  bacter iophage lambda heads have been produced 

from t a i l - l e s s  mutants by methods involving d i f f e r e n t i a l  

c e n t r i f u g a t i o n  and anion exchange chromatography. A 

sedimentat ion c o e f f i c i e n t  of approximately 480 S ,  and a  d e n s i t y  
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of 1.27 g/cm were determined f o r  t h e  empty normal lambda 

heads. Both t h e s e  va lues  a r e  ve ry  s i m i l a r  t o  those  of t h e  

p e t i t  lambda p a r t i c l e s .  Normal and p e t i t  lambda heads d i f f e r ,  

however, i n  t h e  su r face  charge they c a r r y  wi th  p e t i t  lambda 

being bound more t i g h t l y  t o  t h e  ECTEOLA anion exchange 



c e l l u l o s e  i n d i c a t i n g  t h a t ,  under t h e  condi t ions  of e l u t i o n ,  i t  

c a r r i e s  a  lower n e t  p o s i t i v e  charge. 

Breakdown wi th  a l k a l i n e  b u f f e r s  i n  t h e  presence of sodium 

dodecyl s u l f a t e  o r  a c i d i c  b u f f e r s  i n  t h e  presence of urea 

showed t h a t  both  normal and p e t i t  lambda heads c o n s i s t  of t h e  

same major p r o t e i n  monomer. The molecular weight of t h e  

p r o t e i n  subuni t  was determined by d i s c  g e l  e l e c t r o p h o r e s i s  and 

confirmed by t r y p t i c  pep t ide  mapping i n  conjunct ion wi th  amino 

a c i d  a n a l y s i s .  SDS d i s c  g e l  e l e c t r o p h o r e s i s  gave a  value of 

45,000 and amino a c i d  a n a l y s i s ,  43,000. 

A minor p r o t e i n  is  p resen t  i n  normal lambda heads and 

absent  i n  p e t i t  lambda. I t  has a  molecular weight of about 

14,000 a s  determined by SDS d i s c  g e l  e l e c t r o p h o r e s i s  and 

15,000, by amino a c i d  a n a l y s i s .  - -  

The reagen t s  used t o  break down t h e  heads i n d i c a t e  t h a t  

both  s a l t  and hydrogen bonds a c t  i n  maintaining head s t r u c t u r e ,  

bu t  of t h e  two, s a l t  bonds a r e  of g r e a t e r  importance. 

Pre l iminary  r e s u l t s  i n d i c a t e  t h a t  gene E codes f o r  t h e  

major p r o t e i n  of t h e  bacter iophage lambda head. 
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CHAPTER I 

THE PROTEIN OF THE BACTERIOPHAGE LAMBDA HEAD 

In t roduc t ion  t o  t h e  Genet ics  and Morpholoqy of Bacteriophaqe 
Lambda 

The temperate bacter iophage lambda can i n f e c t  c e r t a i n  

s t r a i n s  of Escher ichia  c o l i  i n i t i a t i n g  a  l y t i c  c y c l e  i n  which 

phage development t e rmina tes  i n  l y s i s  of t h e  hos t  b a c t e r i a l  

cell.  A l t e r n a t i v e l y ,  lambda, being a  termperate  phage, can 

e n t e r  a  lysogenic  s t a t e ' a n d  i n t e g r a t e  i t s  DNA i n t o  t h a t  of t h e  

hos t  bacterium w i t h  t h e  r e s u l t  t h a t  v i r u s  genome r e p l i c a t i o n  

is brought under hos t  c o n t r o l .  Induct ion  by var ious  agents  

r e l e a s e s  t h e  prophage and t h e  product ion of f r e e  phage ensues.  

Phage development f a l l s  i n t o  t h r e e  s t ages :  (1) t h e  s y n t h e s i s  of 

deoxyribonucleic  a c i d  (DNA),  ( 2 )  t h e  formation of morphological 

p r o t e i n  components and t h e i r  assembly wi th  DNA t o  produce 

i n f e c t i o u s  phage p a r t i c l e s ,  and ( 3 )  t h e  product ion of an 

enzyme which l y s e s  t h e  b a c t e r i a l  c e l l  f r e e i n g  t h e  progeny 

phage p a r t i c l e s .  The r e s u l t i n g  l y s a t e  con ta ins  whole 
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i n f e c t i o u s  phage, s e p a r a t e  phage heads and t a i l s ,  and a 

non-infect ious form, p e t i t  lambda ( p h )  , which resembles normal 

phage heads bu t  never becomes joined t o  a t a i l  (Karamata 

e t  a l . ,  1962; and Kemp e t  a l . ,  1968).  

Th i s  work was undertaken t o  c h a r a c t e r i z e  t h e  s t r u c t u r a l  

p r o t e i n  of t h e  lambda phage heads and t o  determine t h e  

r e l a t i o n s h i p  between t h e  two types  of phage heads, normal and 

p e t i t .  Also,  an a t tempt  was made t o  i d e n t i f y  t h e  gene 

respons ib le  f o r  t h e  product ion of t h e  lambda head p r o t e i n .  

S t u d i e s  of mutants of bacter iophage lambda have shown 

t h a t  d i f f e r e n t  s i t e s  on t h e  lambda chromosome a c t  i n  t h e  

development and maintenance of lysogeny, and i n  s t a g e s  occurr ing  

dur ing  v e g e t a t i v e  m u l t i p l i c a t i o n  of t h e  v i r u s  and l y s i s  of t h e  

hos t  c e l l .  The lambda chromosome may be d iv ided  i n t o  t h r e e  

regions  according t o  t h e  func t ions  they  r e g u l a t e  (Skalka,  1966) .  

These regions  a r e  a c e n t r a l  segment, a c t i n g  i n  lysogency, t h e  

r i g h t  arm, c o n t r o l l i n g  t h e  e a r l y  func t ions  of DNA s y n t h e s i s ,  

and t h e  l e f t  arm, c o n t r o l l i n g  t h e  l a t e  func t ions  of 

morphogenesis ( f i g u r e  1) . 
The l e f t  arm of t h e  lambda chromosome con ta ins  t h e  genes 

governing t h e  formation of t h e  main s t r u c t u r a l  components of 

t h e  phage ( f i g u r e s  1 and 2 ) .  The mature lambda phage 
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p a r t i c l e  i s  comprised of two p a r t s ,  t h e  head and t h e  t a i l  

( f i g u r e  3 ) .  A l l  t h e  mutants i n  t h e  l e f t  arm f a l l  i n t o  two 

groups: t a i l  donors i n  which t h e  DNA does not  become 

i n f e c t i o u s  and t h e  head morphogenesis i s  abe r ran t  and ( 2 )  head 

donors i n  which heads, b u t  no t a i l s  a r e  produced (Weigle, 

1966; and Parkinson,  1968) . 
Although t h e  lambda t a i l  i s  s t r u c t u r a l l y  and biochemical ly  

simple ( E i s e r l i n g  and Boy de l a  Tour, 1965; Kemp e t  a l , ,  1968; 

Mount 1965; Buchwald and Siminovitch,  1969;) , t h e  r eg ion  

governing i ts  morphogenesis i s  g e n e t i c a l l y  complex (Naha, 1968; 

Parkinson,  1968; Buchwald and ~ i m i n o v i t c h ,  1969; and Thomas 

e t  a l . ,  1967) . 
Mutants a f f e c t i n g  t h e  product ion of heads a r e  i n v e s t i g a t e d  

i n  t h i s  t h e s i s .  I n  l y s a t e s  of normal lambda lysogens,  two 

types  of head a r e  always p r e s e n t ;  t h e  normal head, which may 

o r  may not  be a t t ached  t o  a t a i l ,  and p e t i t  lambda, a smal ler  

form which is g e n e r a l l y  empty ( a s  determined by p e n e t r a t i o n  of 

negat ive  s t a i n )  and l acks  a t a i l  ( f i g u r e  3) . The product ion 

of f u n c t i o n a l  phage heads c o n s i s t s  of (1) t h e  s y n t h e s i s  of t h e  

p r o t e i n  subun i t s ,  and ( 2 )  t h e  assembly of these  i n t o  heads wi th  

t h e  incorpora t ion  of i n f e c t i o u s  DNA i n s i d e  them. I t  has been 

suggested t h a t  t h e  DNA is wound around p r o t e i n  spools  o r  "cores"  



Figure 3 

Electron Micrograph of Normal Lambda Bacteriophage 

The micrograph shows both f u l l  and empty normal lambda 

p a r t i c l e s  (n) and an empty p e t i t  lambda head (p) . m g n i f i c -  

a t i o n  200,000 x. (Photo courtesy of D r .  C.L. Kemp.) 
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d e t e c t e d  by t h e  e l e c t r o n  microscope i n  normal lambda heads 

(Kaiser ,  1966). The formation of t h e  p e t i t  lambda heads a l s o  

involves t h e  s y n t h e s i s  of p r o t e i n  subun i t s  b u t  t h e s e  have a 
I 

d i f f e r e n t  packing arrangement i n  t h e  f i n a l  s t r u c t u r e  (Kemp & 

a l . ,  1968) and DNA is never p resen t  w i t h i n  them (Karamata & - 
a l . ,  1962).  - 

S t u d i e s  of t h e  genes governing lambda head development 

suggest  a c l u s t e r i n g  of func t ions  wi th  genes A t o  D 

c o n t r o l l i n g  t h e  assembly of p r o t e i n  subun i t s  and E and F t h e  

s y n t h e s i s  of t h e  s t r u c t u r a l  p r o t e i n  of t h e  head ( ~ o u n t ,  1965; 

H a r r i s ,  1966) . Lysates  of lysogens of mutants i n  t h e  f i r s t  

group of genes produce both  heads and t a i l s .  However, t h e s e  

a r e  not  joined t o  form mature phage p a r t i c l e s  and t h e  heads 

show varying degrees of aberrance.  Mutants i n  gene A produce 

numerous p e t i t  lambda p a r t i c l e s ,  mutants i n  gene B produce 

l a r g e  numbers of aggregated heads and t u b u l a r  heads,  mutants 

i n  gene C produce l a r g e  numbers of tubu la r  heads,  while  mutants 

i n  gene D produce heads wi th  only  s l i g h t  s t r u c t u r a l  d e v i a t i o n s  

from t h e  normal (Kemp e t  a l . ,  1968) .  P o l a r i t y  occurs  among 

t h e  genes i n  t h i s  r eg ion ,  s p e c i f i c a l l y  i n  t h e  s e r i e s  W-B-C 

(parkinson,  1968) (Figure 2 )  . 
The major morphological components of t h e  head a r e  



8 

c o n t r o l l e d  by genes E and F. Temperature s e n s i t i v e  and 

suppressor  s e n s i t i v e  ( sus )  mutants i n  E produce no heads 

(Mount, 1965; Kemp e t  a l . ,  1968) . Also - sus  mutants i n  F  

appear t o  produce no heads,  a l though t h e  mutants a v a i l a b l e  i n  

t h i s  r eg ion  show a  high reve r s ion  r a t e ,  s o  no d e f i n i t e  

conclusion can be made. The number of major p r o t e i n  

components i n  t h e  head based on t h i s  g e n e t i c  evidence cannot 

exceed two. Thomas e t  a l .  (1967) ,  however, a t t r i b u t e d  a  

c a t a l y t i c  func t ion  t o  gene F ,  i n d i c a t i n g  t h a t  it a c t e d  somehow 

as a  c o n t r o l l e r  of head s y n t h e s i s ,  and a  s t o i c h i o m e t r i c  

f u n c t i o n  t o  gene E ,  which would suggest  t h a t  it c o n t r o l l e d  t h e  

head s t r u c t u r a l  p r o t e i n .  

Chemical s t u d i e s  on whole lambda ghos t  p r o t e i n s  have 

i n d i c a t e d  t h e  presence of a  major morphological component of 

molecular weight 47,000-55,000 which, on t h e  b a s i s  of i t s  

prevalence i n  whole phage, has been asc r ibed  t o  t h e  head 

( ~ y s o n  and van Holde, 1967; and V i l l a r e j o  e t  a l . ,  1967) . 

Statement of t h e  Problem 

The preceding l i t e r a t u r e  survey has ind ica ted  some 

i n t e r e s t i n g  f e a t u r e s  of bacter iophage lambda morphogenesis. 

I n  l y s a t e s  of wild-type lambda lysogens,  two k inds  of head a r e  
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always p r e s e n t ;  normal and p e t i t .  I n  l y s a t e s  of lambda 

lysogens mutant i n  l a t e  f u n c t i o n s ,  both  head forms a r e  absent  

only when gene E ,  o r  p o s s i b l y  gene F ,  a r e  d e f e c t i v e .  

What i s  t h e  r e l a t i o n s h i p  between t h e  normal and p e t i t  

lambda head types?  Are t h e s e  two head forms composed of 

d i f f e r e n t  p r o t e i n  s u b u n i t s ,  o r  a r e  they  both  formed from t h e  

same p r o t e i n  subuni t  packed d i f f e r e n t l y  t o  g ive  t h e  d i f f e r e n t  

o v e r a l l  s t r u c t u r e  seen  i n  normal and p e t i t  lambda? I f  

p u r i f i e d  normal and p e t i t  lambda heads can be degraded t o  t h e  

same major p r o t e i n ,  it becomes ev iden t  t h a t  they  a r e  b u i l t  from 

t h e  same p r o t e i n  subun i t .  P u r i f i c a t i o n  of  normal and p e t i t  

lambda heads f r e e  from one another  i s  necessary i n  o rde r  t o  

determine w i t h  c e r t a i n t y  t h e  number and na tu re  of t h e  p r o t e i n s  

p resen t  i n  each e n t i t y .  A s i n g l e  major p r o t e i n  i n  both  head 

types  would p o i n t  t o  t h e  involvement of only one gene coding 

f o r  t h e  s t r u c t u r a l  p r o t e i n  of both  k inds  of head. 

The experiments embodied i n  t h i s  t h e s i s  t h e r e f o r e  a r e  

aimed a t  answering t h e  fol lowing t h r e e  ques t ions :  

(1) What is  t h e  r e l a t i o n s h i p  between t h e  normal and p e t i t  

lambda head types  w i t h  r e s p e c t  t o  t h e i r  p r o t e i n  subun i t s?  

( 2 )  How many major p r o t e i n s  a r e  p resen t  i n  each type of lambda 

head, and what a r e  t h e i r  phys ica l  and chemical parameters? 

( 3 )  Which gene determines t h e  major p r o t e i n  of t h e  head? 



CHAPTER I1 

PREPARATION AND PURIFICATION OF BACTERIOPHAGE LAMBDA HEADS 

I n t r o d u c t i o n  

I n  t h e  p r e p a r a t i o n  of t h e  p u r i f i e d  normal and p e t i t  heads 

of bacter iophage lambda, both  head types  had t o  be prepared 

f r e e  from contamination by one ano the r ,  phage t a i l s ,  and o t h e r  

phage and b a c t e r i a  s p e c i f i e d  m a t e r i a l  p resen t  i n  a l y s a t e .  
, 

Two major methods w e r e  a v a i l a b l e .  The f i r s t  method was t o  
- - 

p u r i f y  i n f e c t i o u s  phage from a l y s a t e  of a normal lysogen, t o  

s e p a r a t e  heads and t a i l s  by chemical means, and then  t o  i s o l a t e  

and p u r i f y  each e n t i t y .  Brenner e t  a l . ,  (1959) app l i ed  t h i s  

procedure s u c c e s s f u l l y  t o  T-even phages. The second method 

was t o  p u r i f y  phage heads,  prepared from a l y s a t e  of c e l l s  of 

a mutant lysogen incapable  of producing morphologically normal 

t a i l s ,  and thus  circumvent t h e  problems a r i s i n g  i n  pur i fy ing  a 

mixture of components. Some a t t empts  t o  produce p u r i f i e d  
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lambda phage components by t h e  f i r s t  method were r epor ted  by 

V i l l a r e j o  e t  a l .  (1967) who i n d i c a t e d  t h a t  they had 

d i f f i c u l t y  d i s i n t e g r a t i n g  t h e  phage i n t o  morphologically 

d e t e c t a b l e  heads and t a i l s .  Dyson and van Holde (1967) 

l ikewise  could not  s e p a r a t e  i d e n t i f i a b l e  phage s t r u c t u r e s  

a f t e r  chemical t rea tment  of t h e  phage. 

Mutants of bacter iophage lambda a r e  a v a i l a b l e  i n  which 

s y n t h e s i s  of phage s t r u c t u r a l  components is  suppressed 

(Campbell, 1961; Weigle, 1966) . Such a  mutant,  d e f i c i e n t  i n  

t a i l  formation,  which produced heads only was u t i l i z e d  i n  t h e  

p repara t ion  of t h e  p u r i f i e d  heads, However, i n  o rde r  t o  s tudy 

t h e  p r o t e i n  of which t h e  normal lambda head i s  composed, it was 

s t i l l  necessary t o  remove t h e  p e t i t  lambda from t h e  mixture.  

Separa t ion  of p r o t e i n  and n u c l e i c  a c i d s  of t h e  T-even phages 

had been achieved by t h e  anion exchangers,  diethylaminoethyl  

c e l l u l o s e  (DEAE -ce l lu lose )  and ep ich lo rhydr in  tr iethanolamine 

c e l l u l o s e  (ECTEOLA-cellulose) (Creaser  and Taussig,  1957 ; and 

Taussig and Creaser ,  1957) .  The use of t h e s e  c e l l u l o s e  

d e r i v a t i v e s  was app l i ed  t o  t h e  s e p a r a t i o n  of t h e  normal and 

p e t i t  lambda heads. 



Mater ia l s  

B a c t e r i a l  and Phage S t r a i n s :  The b a c t e r i a l  and phage 

s t r a i n s  used a r e  l i s t e d  i n  Table I .  

Media: Growth medium conta in ing  per  l i t e r  of d i s t i l l e d  

wa te r ,  1 .0  g  NX4C1, 1.5 g  K C 1 ,  2.4 g  MgS04.7H20, 1 . 2  g  t r izma 

base ,  5.0 m l  80% l a c t i c  a c i d ,  1.6 m l  g l y c e r o l ,  and 1 m l  of a  

0.011 g / l  s o l u t i o n  of CaCl 
2. 

Th i s  mixture was autoclaved and 

then  20 m l  of a 50 mg/ml s o l u t i o n  of s t e r i l e  casamino a c i d s  

(Di fco) ,  0.5 m l  of a  5 mg/ml s o l u t i o n  of vitamin B thiamin,  1' 

and 5.0 m l  of s t e r i l e  ~ / 3 0  K HP04 were added. The mixture 
2 

was brought t o  p H  6.8-7.2 by t h e  a d d i t i o n  of 10 N KOH under 

a s e p t i c  cond i t ions .  Th i s  medium was der ived  from H medium 

(Hershey e t  a l . ,  1951).  

Nut r i en t  Broth: 89  Difco b a c t o  n u t r i e n t  b r o t h  and 5 g 

NaCl were added t o  one l i t e r  of d i s t i l l e d  water .  Nu t r i en t  

agar:  N u t r i e n t  b r o t h  con ta in ing  15 g  Difco bacto-agar per  

l i t e r .  Top a g a r  f o r  p l a t e s :  Nut r i en t  b r o t h  con ta in ing  6  g  

Dif co bacto-agar per  l i t e r .  

Buffers :  Tris-Magnesium: 0.01 M t r izma base brought t o  

p H  7.0 wi th  H C 1 ,  and made 0.01 M wi th  r e s p e c t  t o  Mg SO 
4 '  

Sodium Phosphate Buffer :  0.01 M NaH PO 
2 4: 

Na2HP0 pH 7.0. 
4 '  

Chromatographic Buffers :  S t a r t e r  Buffer :  0.01 M Sodium 



TABLE I 

BACTERIAL AND PHAGE STRAINS 

S t r a i n  Genotype Source Comment I 
I Bacter ia :  

C.R. Fuers t  The standard E. c o l i  K 12 s t r a i n  
used a s  an  i n d i c a t o r  f o r  X 
(Appleyard, 1954) . 

C.R. Fuer s t  E. c o l i  W3350 used a s  a non- 
permissive h o s t  f o r  sus mutants 
of (Campbell, 1961) . 

+ 
Y 10  Lac C.R. Fuer s t  A d e r i v a t i v e  of E. c o l i  K 12 

pm+f A+ lysogenic f o r  A + ,  induced by W 
and used a s  a source of  A +  (Mount 
e t  a l . ,  1968) . 

Bacteriophage : 
. - 

X s u s  M87 - C.R. Fuers t  A suppressor-sens t iv ie  mutant i n  
gene M d e f i c i e n t  i n  t a i l  syn thes i s  
used as a source o f  normal and 
p e t i t  lambda heads (Campbell, 1961) . 

C.R. Fuers t  A d e f e c t i v e  mutant i n  gene E 
d e f i c i e n t  i n  head production,  used 
i n  t h e  prepara t ion  o f  t a i l s  (Mount 
e t  a l . ,  1968).  
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phosphate b u f f e r ,  pH 7.0, conta in ing  0.01 M MgSO 
4'  

End b u f f e r :  

S t a r t e r  b u f f e r  made 0.5 M wi th  r e s p e c t  t o  NaC1. 

Ce l lu lose  Ion Exchangers : ECTEOLA c e l l u l o s e  (Sigma 

Chemical Co.) was generated be fo re  us ing  by washing 15 rnin wi th  

1 M NaOH, 15 rnin w i t h  0.3 M NaH PO and then  2-3 t imes wi th  
2 4 '  

s t a r t e r  b u f f e r  u n t i l  t h e  pH and mola r i ty  had s t a b i l i z e d .  DEAE 

c e l l u l o s e  (Sigma Chemical Co.) was generated be fo re  us ing  by 

washing 15 rnin wi th  0.5 M NaOH, 15 rnin wi th  0.3 M NaH PO and 
2 4 '  

t h e n  2-3 t i m e s  w i th  s t a r t e r  b u f f e r .  

Methods 

Prepara t ion  of Phaqe Mutant Heads 

Five  m l  of an overnight  c u l t u r e  of E. c o l i  ~ 3 3 5 0 ( h  sus M87) 

i n  t h e  growth medium were added t o  500 m l  of . . prewarmed growth 

medium i n  2800 m l  Fernbach f l a s k s .  The c u l t u r e s  were grown a t  

0 
37 C i n  a water  b a t h  w i t h  vigorous shaking f o r  about 4 hours. 

The o p t i c a l  d e n s i t y  a t  650 nm on t h e  Coleman J u n i o r  spec t ro -  

photometer was then  between 0.2 and 0.3 u n i t s ,  corresponding t o  

8 
4-8 x 10 ce l l s /ml .  The c u l t u r e s  ( a s  125 m l  a l i q u o t s )  were 

i r r a d i a t e d  while  be ing  shaken i n  a pyrex d i s h .  The dose 

rece ived  from t h e  General E l e c t r i c  germicidal  u l t r a v i o l e t  lamp 

2 
(peak output  a t  254 nm) was approximately 350 ergs/mrn . 
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Induct ion  of t h e  lysogenic c e l l s ,  a s  determined by t h e  number of 

input  c e l l s  appearing a s  i n f e c t i o u s  c e n t e r s ,  was g e n e r a l l y  

g r e a t e r  than  95% under t h e s e  condi t ions .  Each 500 m l  c u l t u r e  

was then  added t o  1500-2000 m l  of prewarmed growth medium i n  3 

1 Ehrlenrneyer f l a s k s .  These were grown wi th  vigorous a e r a t i o n  

by compressed a i r  f o r  100 min, o r  u n t i l  f r o t h i n g  ind ica ted  t h a t  

l y s i s  had begun. Chloroform,50 m l  per  f l a s k ,  was added t o  

complete l y s i s  and s t e r i l i z e  t h e  c u l t u r e s .  

The concen t ra t ion  of inpu t  b a c t e r i a ,  i n f e c t i o u s  c e n t e r s  

a f t e r  U.V. t r ea tmen t ,  and of wild-type phage i n  t h e  l y s a t e s  was 

monitored by s tandard  techniques  (Adams, 1959).  Al iquots  of 

0.1-0.2 m l  of appropr ia t e  d i l u t i o n s  of induced b a c t e r i a  o r  of 

phage were adsorbed t o  0.2 m l  of s t a t i o n a r y  phase c e l l s  of t h e  

0 
permissive s t r a i n  RC600 a t  37 C f o r  15 min .  Pour p l a t e s  were 

then  prepared by over laying  n u t r i e n t  b r o t h  p l a t e s  w i t h  2.5 m l  

0 
of t o p  agar .  A f t e r  incubat ion  overnight  a t  37 C ,  t h e  plaques 

were counted. 

Prel iminary P u r i f i c a t i o n  and Concentrat ion 

The crude l y s a t e  was p u r i f i e d  and concent ra ted  t o  about 

1/80 of i t s  o r i g i n a l  volume by two c y c l e s  of low and high speed 
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c e n t r i f u g a t i o n .  The l y s a t e  was f i r s t  cen t r i fuged  a t  a  g  max 

of 10,400 f o r  20 min t o  remove b a c t e r i a l  d e b r i s  (GSA head, 

I 
S o r v a l l  R C 2 B ) ,  The supernatant  was then  cen t r i fuged  2 hours 

a t  a  g  max of 147,000 (35,000 rpm, A147 r o t o r ,  I n t e r n a t i o n a l  

B60 u l t r a c e n t r i f u g e ) .  Each p e l l e t  was resuspended i n  5  m l  of 

tris-magnesium b u f f e r  and l e f t  overnight .  A f u r t h e r  cyc le  of 

low and high speed c e n t r i f u g a t i o n  was performed wi th  each 

p e l l e t  be ing  resuspended f i n a l l y  i n  5  m l  of 0.01M sodium 

phosphate b u f f e r ,  pH 7.0. T i t e r s  of wild-type phage dur ing  

t h e  c e n t r i f u g a t i o n  s t e p s  a r e  shown i n  Table 11. 

I n  some of t h e  samples used i n  t h e  sedimentat ion ana lyses ,  

each p e l l e t  was resuspended i n  5  m l  of 0.01M sodium phosphate 

b u f f e r ,  0.01M MgS04, r a t h e r  than  tris-magnesium a f t e r  t h e  f i r s t  

high speed c e n t r i f u g a t i o n .  . - 

Comparative counts  were made of t h e  normal and p e t i t  

lambda heads i n  3 t y p i c a l  e M 8 7  l y s a t e s .  There were 966 

normal lambda heads and 2384 p e t i t  lambda heads over  10 p l a t e s .  

Separa t ion ,  F i n a l  P u r i f i c a t i o n  and Concentrat ion of Phage 
S t r u c t u r e s  

The normal and p e t i t  lambda heads were separa ted  on an 

ECTEOLA c e l l u l o s e  column. Generated ECTEOLA c e l l u l o s e  was 



TABLE I1 

TITERS OF LYSATES OF A+ (FROM Y 10)  AND INDUCED W3350 ( A  - SUS M87) ON THE 
PERMISSIVE HOST, RC600, AT VARIOUS STAGES OF CONCENTRATION 

Crude Lysate 
p.f.u./ml. 

+ 
Phage X 

1.19 x 10  
10  

X Sus M 87 

8.3 x 10  
4 

2.7 x 10 
4 

1.93 x 10 
4 

1.4 x 10 
4 

1.3 x 10 
3 

8.1 x 10 
4 

2.7 x 10 
4 

Lysate a f t e r  one high 
speed c e n t r i f u g a t i o n  

p.f .u./ml. 

Lysate a f t e r  two high 
speed c e n t r i f u g a t i o n s  

p.f.u./ml. 

Phage A+ was used i n i t i a l l y  becanse inc reases  i n  i n f e c t i v i t y  could be 
monitored e a s i l y .  No simple method ex i s t ed  f o r  q u a n t i t a t i v e l y  examining 
t h e  concentra t ion  of phage heads on p u r i f i c a t i o n  of - sus  M87, although t h e  
t i ters  of wild type phage p resen t  would give an i n d i c a t i o n  o f  t h e  amount 
of  phage heads p resen t  i n  t h e  s o l u t i o n s  i f  it is assumed t h a t  t h e r e  is  no 
l o s s  of i n f e c t i v i t y  dur ing  the  concentra t ion  procedures. 
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packed a s  a  s l u r r y  i n  a  2.5 x 45 cm column. The samples, 

g e n e r a l l y  100-110 m l  of concent ra ted  l y s a t e ,  were added and 

washed i n t o  t h e  column wi th  50-100 m l  of t h e  s t a r t e r  b u f f e r  

(0.01M sodium phosphate b u f f e r  pH 7 . 0 ) .  The phage s t r u c t u r e s  

were then  e l u t e d  wi th  a  continuous g rad ien t  of 0-0.5 M NaCl i n  

s t a r t e r  b u f f e r ,  150 m l  of each s o l u t i o n .  The e f f l u e n t  was 

monitored a s  it passed through a  flow c e l l  and t h e  o p t i c a l  

d e n s i t y  a t  280 nm recorded p r i o r  t o  c o l l e c t i o n  of 5  m l  

f r a c t i o n s  i n  a  f r a c t i o n  c o l l e c t o r .  The s a l t  concen t ra t ion  of 

t h e  f r a c t i o n s  was es t ima ted  by measuring t h e  r e f r a c t i v e  index 

of t h e  s o l u t i o n s  i n  a  r e f rac tomete r  and comparing wi th  a  

s t andard  curve.  

The tubes  from each peak of t h e  ECTEOLA column were 

e i t h e r  d e s a l t e d  d i r e c t l y  on Sephadex o r  pooled and concentrated 

by c e n t r i f u g i n g  2 hours a t  a  g  max of 147,000. The p e l l e t s  

were resuspended i n  1/10 t h e  o r i g i n a l  volume of sodium 

phosphate s t a r t e r  b u f f e r .  The p r o t e i n  concent ra t ion  was then  

300-500 wg/ml measured by t h e  Lowry technique (Lowry e t  a l . ,  

1951) o r  by r a t i o  of t h e  absorbance a t  280 and 260 nm (Layne, 

1957). 

The p u r i f i e d  phage e n t i t i e s  were d e s a l t e d  i n  50 m l  a l i q u o t s  

on Sephadex G-50 (2 .5  x 45 cm column) , e l u t i n g  wi th  d i s t i l l e d  



water .  Chloroform was added t o  s t e r i l i z e  t h e  d e s a l t e d  phage 

0 e n t i t i e s  and they  were s t o r e d  a t  4 C. Appropriate  a l i q u o t s  
I 

were taken and lyoph i l i zed  f o r  l a t e r  experiments.  

DEAE Ce l lu lose  Column 

The concentrated normal and p e t i t  lambda heads were a l s o  

app l i ed  t o  a DEAE Ce l lu lose  column. The g r a d i e n t  i n  t h i s  case  

was 0 -1.OM NaCl i n  t h e  sodium phosphate s t a r t e r  b u f f e r .  

Separa t ion  of Other Phaqe E n t i t i e s  by t h e  ECTEOLA Ce l lu lose  
Column 

Samples of concent ra ted  whole i n f e c t i o u s  phage ( A +  from Y 

10) and phage t a i l s  (from T 61) were a l s o  app l i ed  t o  ECTEOLA 

c e l l u l o s e  columns and e l u t e d  wi th  a 0 - 0.5 M NaCl i n  t h e  
- - 

sodium phosphate s t a r t e r  b u f f e r .  The i n f e c t i o u s  phage were 

assayed f o r  by convent ional  techniques (Adams, 1959) ,  and t h e  

presence of t a i l s  was monitored by t h e  e l e c t r o n  microscope. 

Densi ty  Gradient  Cen t r i fuqa t ion  of Lambda Heads 

F r a c t i o n s  con ta in ing  heads from t h e  ECTEOLA columns were 

p e l l e t e d  and resuspended i n  tris-magnesium b u f f e r .  To 8 m l  of 

t h i s  s o l u t i o n  were added 4 g of cesium ch lo r ide .  The  samples 

were cen t r i fuged  20 h r  a t  a g max of 300,000 (53,000 rpm i n  t h e  
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SB405 swinging bucket rotor of the International B60 

ultracentrifuge. After centrifugation, the position of the 

visible band in each tube was measured and compared to the 

meniscus of the solution. The bottom of the tube was pierced 

and 0.3 ml fractions were collected. The concentration of 

the cesium chloride was monitored by measuring the refractive 

index of a drop of each fraction in the refractometer. The 

three fractions lying in a position corresponding to the 

visible band were pooled, diluted to 45 ml with 0.01 M sodium 

phosphate buffer, pH 7.0, and sedimented for 2 hr at a g max 

of 105,000. The resulting pellets were resuspended in 1 ml 

phosphate buffer and examined in the electron microscope. 

The density of cesium chloride solutions of different 

0 concentrations was determined gravimetrically at 20 C and the 

0 
refractive index measured at 20 C to construct a standard 

curve relating the two values. 

Results 

ECTEOLA Cellulose Columns 

Yields of Phaqe from the Column 

Prior to using the ECTEOLA columns routinely, they were 

standardized using infectious wild type phage ( A + )  and assaying 
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f o r  peaks of i n f e c t i v i t y  of t h e  phage which were e l u t e d  by t h e  

s a l t  g r a d i e n t .  Phage y i e l d s  va r i ed  according t o  t h e  t rea tment  

of t h e  l y s a t e  p r i o r  t o  loading  it  on t h e  column. Crude l y s a t e s ,  

l y s a t e s  d ia lyzed  i n t o  s t a r t e r  b u f f e r ,  o r  given one high speed 

c e n t r i f u g a t i o n  and resuspended i n  s t a r t e r  b u f f e r  were app l i ed  

t o  var ious  columns. Complete recovery occured only  when t h e  

growth medium was removed from t h e  l y s a t e  e i t h e r  by d i a l y s i s  

i n t o  s t a r t e r  b u f f e r  o r  by high speed c e n t r i f u g a t i o n  followed by 

resuspension of t h e  phage p e l l e t  i n  s t a r t e r  b u f f e r .  The amino 

a c i d s  and o t h e r  n u t r i e n t s  i n  t h e  growth medium, i f  they  were 

not  removed p r i o r  t o  loading  t h e  column, appeared t o  hinder  t h e  

attachment of t h e  phage t o  t h e  ion  exchange c e l l u l o s e .  A peak 

f r a c t i o n  conta in ing  phage e l u t e d  from t h e  column be fo re  t h e  

g r a d i e n t  was begun i f  t h e  column was overloaded. An amount of 

m a t e r i a l  equ iva len t  t o  10 m l  of t h e  l y s a t e  concent ra ted  by two 

high speed c e n t r i f u g a t i o n s  ( equa l  t o  about 800 m l  of t h e  

o r i g i n a l  crude l y s a t e )  appeared t o  be t h e  maximum amount f o r  

an ECTEOLA column measuring 0.9 x  13  cm. The r e s u l t s  of 

experiments on s t a n d a r d i z a t i o n  of t h e  ECTEOLA c e l l u l o s e  columns 

a r e  shown i n  Table 111. 



X X X  X X X 
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Separa t ion  of Normal Lambda Heads on ECTEOLA Ce l lu lose  

Columns I 

The appearance of a sample of p u r i f i e d  concent ra ted  l y s a t e  

of ~ M 8 7  app l i ed  t o  t h e  ECTEOLA columns i s  shown i n  f i g u r e  4. 

I t  was separa ted  by t h e  column i n t o  two f r a c t i o n s  ( f i g u r e  5 ) .  

Examination of t h e  peak f r a c t i o n s  from t h e  column w i t h  t h e  

e l e c t r o n  microscope showed t h a t  t h e  f i r s t  peak contained only 

normal lambda heads (2028 normal lambda heads i n  p l a t e s  from 

20 columns) and t h e  second peak contained p e t i t  lambda heads 

contaminated by l e s s  than  5% normal lambda heads (3345 p e t i t  

lambda heads and 149 normal lambda heads i n  p l a t e s  from 28 

columns). I n  t h e  second ECTEOLA peak, a smal l  amount of non- 

phage p a r t i c u l a t e  ma t t e r  was d e t e c t e d ,  b u t  t h i s  i n  no i n s t a n c e  

exceeded t h e  amount of normal lambda p resen t .  The appearance 

of t h e  m a t e r i a l  i n  t h e  two ECTEOLA peaks i s  shown i n  f i g u r e  6. 

Separa t ion  of Other Phaqe S t r u c t u r e s  by a S a l t  Gradient 

The s a l t  concen t ra t ion  necessary t o  e l u t e  t h e  d i f f e r e n t  

phage s t r u c t u r e s  from t h e  ECTEOLA c e l l u l o s e  column was 

monitored by t h e  r e f r a c t i v e  index. The r e l a t i o n s h i p  between 

I 

t h e  r e f r a c t i v e  index and t h e  sodium c h l o r i d e  concen t ra t ion  i n  

t h e  s t a r t e r  b u f f e r  i s  shown i n  f i g u r e  7.  



Figure  4 

Sample of  Sus M87 a f t e r  Concentrat ion by High 
Speed Cen t r i fuga t ion  

Normal (n) and P e t i t  (p) lanibda heads a r e  p r e s e n t  and 

a r e  contaminated by  b a c t e r i a l  d e b r i s  (b) . bQgnification 

100,000 x. 



FIGURE 4 



Figure 5 

Separa t ion  of  Lambda Heads by  ECTEOLA Ce l lu lose  

Chromatography 

The f r a c t i o n s  e l u t i n g  from t h e  ECTEOLA c e l l u l o s e  

column were monitored by  absorbance a t  280 nm. The 

s a l t  concent ra t ion  was determined from t h e  r e f r a c t i v e  

index of  t h e  f r a c t i o n s .  

Absorbance a t  280 nm 

--------- Sodium c h l o r i d e  concent ra t ion  
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Figure  6 

E n t i t i e s  P resen t  i n  Peaks of  ECTEOLA Cel lu lose  

Column 

(a)  F i r s t  peak from t h e  ECTEOLA c e l l u l o s e  column. 

Only normal lanibda heads a r e  present .  m g n i f i c a t i o n  

100,000 x. 

(b) Second peak from t h e  ECTEOLA c e l l u l o s e  column. 

The f r a c t i o n  i s  mainly p e t i t  lambda b u t  approx- 

ima te ly  5% of  t h e  t o t a l  nurriber of  heads a r e  normal 

lambda. m g n i f i c a t i o n  100,000 x. 



FIGURE 6 



Figure  7 

Separa t ion  of Lambda Phage E n t i t i e s  on ECTEOLA 

Ce l lu lose  by a  Sodium Chloride Gradient  

This  f i g u r e  is a  composite of va r ious  phage 

e n t i t i e s  prepared from d i f f e r e n t  lambda mutants  and run  

on d i f f e r e n t  columns. 

The o p t i c a l  d e n s i t y  peak revea led  no i d e n t i f i a b l e  

phage s t r u c t u r e s  i n  t h e  e l e c t r o n  microscope and t h e  r a t i o  

of t h e  o p t i c a l  d e n s i t y  a t  280 and 260 nm was t h a t  expected 

f o r  n u c l e i c  a c i d s .  



FIGURE 7 

Sodium Chloride Concentration ( ~ o l e s l l i t e r )  



The d i f f e r e n t  phage components e l u t e d  i n  t h e  fol lowing 

o rde r  wi th  inc reas ing  s a l t  concent ra t ions :  normal heads 

sus  M87) , normal whole phage ( A + )  , p e t i t  lambda heads (s (- 

M87), and t a i l s  (T 6 1 ) .  The r e s u l t s  a r e  summarized i n  f i g u r e  

7. They i n d i c a t e  t h a t  t h e  n e t  negat ive  charge on t h e  phage 

s t r u c t u r e s  inc reases  i n  t h e  o rde r  s t a t e d .  The d e t a i l e d  d a t a  

from which f i g u r e  7 was cons t ruc ted  ar,e enumerated i n  Table Iv. 

The e l u t i o n  p a t t e r n s  of lambda components on an  ECTEOLA 

column i s  s i m i l a r  t o  t h a t  f o r  T 2 r  found by Creaser and Tauss ig  

(1957) where a  peak corresponding t o  phage p r o t e i n  occurred a t  

approximately 0.1 M NaCl and a  peak corresponding t o  n u c l e i c  

a c i d s ,  a t  0.25-0.3 M NaC1. The o p t i c a l  d e n s i t y  peak obta ined  

on chromatography of t h e  lambda heads, e l u t e d  a t  a  N a C l  

concent ra t ion  of about 0.2M and had an O.D..280/260 r a t i o  l e s s  

than  0.5, t h a t  of n u c l e i c  a c i d s  (Layne, 1957).  

DEAE Ce l lu lose  Column 

When DEAE c e l l u l o s e  was used t o  s e p a r a t e  a  concent ra ted  

sample of *M87 heads,  higher  s a l t  concen t ra t ions  were 

r equ i red  t o  e l u t e  t h e  phage s t r u c t u r e s ,  bu t  t h e  s e p a r a t i o n  was 

not  a s  marked a s  on ECTEOLA. DEAE was t h e r e f o r e  not  used 
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rout inely .  The p r o f i l e  of a DEAE ce l lu lo se  column is shown i n  

f i gu re  8. 

Pu r i t y  of the  Bacteriophaqe Lambda Heads 

The pu r i t y  of the  bacteriophage lambda heads was assessed 

by severa l  means t o  determine the  l e v e l  of p a r t i c u l a t e  and 

soluble  contaminants. 

The  e l u t i o n  of t he  normal lambda heads a s  a s i n g l e ,  well-  

defined peak from the  ECTEOLA ce l lu lo se  column i n  i t s e l f  

c o n s t i t u t e s  a c r i t e r i o n  of pur i ty .  The proximity of the  

second peak (mostly p e t i t  lambda) t o  the  l a rge  o p t i c a l  dens i ty  

peak ind ica tes  t h a t  the  degree of pu r i t y  i n  t h i s  l a t e r  peak is 

lowered by contamination w i t h  mate r ia l  e l u t i n g  i n  t he  l a rge  

o p t i c a l  dens i ty  peak. . . 

Contamination of the  heads by p a r t i c u a l t e  matter  is a t  a 

low l eve l .  Electron microscope counts of e n t i t i e s  v i s i b l e  i n  
I 

t he  f i r s t  and second ECTEOLA peaks have already been given, 

No contamination was seen i n  the  normal lambda peak, and less 

than 5% contamination i n  the  p e t i t  lambda f r ac t ion .  

Disc g e l  e lec t rophores i s  using standard and SDS ge l s  

containing 7 1/2% acrylamide ('chapter 111, p. 5 2 )  indicated 

t h a t  soluble  p ro te ins  were not present  i n  de tec tab le  amounts i n  



Figure  8  

P r o f i l e  of DEAE Cel lu lose  Column 

The e l u t i o n  p r o f i l e  is t h a t  of a  s i n g l e  DEAE c e l l u l o s e  

column. The f r a c t i o n s  e l u t i n g  from t h e  column were monitored 

by absorbance a t  280 nm. The s a l t  concen t ra t ion  was 

determined from t h e  r e f r a c t i v e  index of t h e  f r a c t i o n s .  

Absorbance a t  280 nm. 

------- Sodium Chloride Concentration. 



FIGURE 8 

Petit 
Lambda I 

Heads R 0 

Fraction Number (5 ml/fraction) 
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m a t e r i a l  e l u t i n g  i n  e i t h e r  t h e  f i r s t  o r  second peaks from t h e  

ECTEOLA c e l l u l o s e  column. The  d a t a  a r e  shown i n  Table V. 

The presence of t a i l  p r o t e i n  i n  t h e  l y s a t e s  i s  n e g l i g i b l e  

on t h e o r e t i c a l  grounds. I n  phage ghos t s ,  t a i l  p r o t e i n  has 

been es t imated  t o  be p r e s e n t  i n  amounts of approximately 15% 

of t h e  t o t a l  phage p r o t e i n  (Dyson and van Holde, 1967) . The 

amount of normal phage produced i s  ind ica ted  by t h e  t i ters  of 

t h e  l y s a t e s  on RC600, t h e  permissive hos t  f o r  sus mutants,  and 

4 
is  about  10 whereas t h e  amount of heads produced by W3350 

( sus  M87) i s  repor ted  t o  be more than  3  t imes t h e  normal amount 

of phage-speci f ic  s t r u c t u r e s  r e l a t i v e  t o  concen t ra t ions  i n  

normal l y s a t e s  (+++) (Kemp, Howatson and Siminovitch,  1968) , o r  

10 
about  10 . How much unpolymerized t a i l  p r o t e i n  i s  produced 

by t h e  gene M mutant is  n o t ,  however, known. I t  would, however, 

presumably be d iscarded wi th  t h e  supernatant  of t h e  high speed 

s p i n s .  Small amounts would be assumed t o  be n e g l i g i b l e  i n  

comparison wi th  t h e  formed heads produced. Other s o l u b l e  

p r o t e i n s  would a l s o  be assumed t o  be removed i n  t h e  high speed 

c e n t r i f u g a t i o n s  on t h e  same grounds un less  they  were a c t u a l l y  

t rapped w i t h i n  o r  adsorbed t o  t h e  heads. 



TABLE V 

PURITY OF BACTERIOPHAGE LAMBDA HEADS DETERMINED 
BY STANDARD AND SDS 74% ACRYLAMIDE GELS 

Untreated N o r m a l  
Lambda Heads 
( F i r s t  ECTEOLA 
Peak) 

Unt rea ted  P e t i t  
Lambda Heads 
(Second ECTEOLA 
Peak) 

Type 
o f  

G e l  

Standard 
Standard 
Standard 

SDS 

- - 

Appearance of  Gel 

No bands, b u t  starter 
g e l  s t a i n e d  d a r k l y  

N o  bands,  b u t  dark  
s t a i n  a t  t o p  of  g e l  
which d i d  n o t  e n t e r  
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Analy t ica l  Ul t racentr i fuqe Studies  

Three samples were run on the  analyt ica  .1 u l t r acen t r i fuge ,  

Spinco Model E .  The da ta  of the  runs a r e  summarized i n  Table 

V I  and the  Schl ieren pa t t e rns  of these  runs a r e  shown i n  

f i g u r e  9. The pu r i f i ed  normal lambda heads showed a  major 

peak of 468-493 S  and the  p e t i t  lambda f r a c t i o n ,  a  major peak 

a t  484 S. I n  add i t ion ,  the  normal lambda heads had minor 

peaks a t  718 and 148-191 S. 

Density of Bacteriophage Lambda Heads 

When empty normal bacteriophage lambda heads from the  

f i r s t  ECTEOLA peak were centr ifuged t o  equil ibrium i n  a  cesium 

ch lor ide  dens i ty  g rad ien t ,  a  s ing l e  band was observed, ly ing a t  

a  pos i t i on  38 cm from the  bottom of a  52  c m  .tube. Measurement 

1 of t h e  r e f r a c t i v e  index of f r ac t ions  containing t h i s  band 

# 

(1.3604 and 1.3608) when compared t o  the  standard curve 

r e l a t i n g  dens i ty  and r e f r a c t i v e  index (Figure 10) showed t h a t  

3 
mate r i a l  i n  the  band had a  dens i ty  of approximately 1.27 g/cm . 
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TABLE V I  

DETERMINATION OF SEDIMENTATION COEFFICIENTS 

OF NORMAL AND PETIT LAMBDA 

The b u f f e r s  used i n  t he  sed imenta t ion  c e n t r i f u g a t i o n  were 0.01 M Tris, 
pH 7 ,  o r  phosphate sed imenta t ion  v e l o c i t y  b u f f e r  ( con ta in ing  1.380 g 
Na3PO4 and 2.68 g Na2HP04. 7H20 per  l i t e r  of d i s t i l l e d  wa te r ) .  

Sample and 
Concentrat i on  

Normal lambda 
head from 
s u s  M87 - 
488 ,,,g/ml 

- - 

Normal lambda 
heads from 
sus M87 

496 ,,,g/rnl 

Mixture of 
normal and 
p e t i t  lambda 
heads from 
s u s  M87 - 
137 ug/ml 

Buffer  Temp- 
e r a t u r e  

O C 

2 0 

23 

2 0 

Speed of 
Run 

~ / m i n  

Peaks 

Major 
Slow 
Fast 

Major 
Slow 

S ing le  

Phosphate 30,000 

I 

Sedimentat ion 
Coef f i c i en t  
S 

20,w 

4 93 
191 
718 

468 
149 

484 1 

T r i s  20,000 

Phosphate 1 30,000 



Figure 9 

Sch l i e ren  P a t t e r n s  from U l t r a c e n t r i f u g e  Runs of Normal and 

P e t i t  Lambda Heads 

( a )  Normal Lambda Heads i n  Phosphate Buffer  from f i r s t  ECTEOLA 

Peak. The c e n t r i f u g e  was run a t  30,000 rpm wi th  t h e  

0 
temperature 23 C. The p i c t u r e s  were taken a t  2 rnin i n t e r v a l s  

0 
a t  a b a r  angle  of 50•‹ o r  10 . 

( b )  Normal Lambda Heads i n  T r i s  Buffer  from f i r s t  ECTEOLA Peak. 

The c e n t r i f u g e  was run a t  20,000 rpm wi th  t h e  temperature 

20•‹c. The p i c t u r e s  were raken a t  2 min i n t e r v a l s  a t  a ba r  

0 
angle  of 50•‹ o r  20 . 

( c )  P e t i t  Lambda Heads i n  Phosphate Buffer  from t h e  second 

ECTEOLA Peak. The c e n t r i f u g e  was run  a t  30,000 rpm, wi th  

0 
t h e  temperature 23 C. The p i c t u r e s  were taken a t  2 min 

0 0 
i n t e r v a l s  a t  a b a r  angle  of 50 o r  10 . 





E'igure 10 

Density Gradient Cent r i fugat ion  of Normal Lambda Heads 

The p o i n t s  superimposed on t h e  s tandard  curve correspond t o  

t h e  r e f r a c t i v e  index of t h e  f r a c t i o n  con ta in ing  t h e  v i s i b l e  band i n  

each run. The e r r o r  b a r s  i n d i c a t e  t h e  r e f r a c t i v e  ind ices  of t h e  

ad jacen t  f r a c t i o n s  ( a l s o  conta in ing  a  small  amount of lambda heads) 

which were pooled when t h e  sample was washed and concentrated 

fol lowing t h e  d e n s i t y  determinat ion.  
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Fraction Number 



Discussion 

Normal lambda heads, containing no DNA, have been 

prepared f r e e  from contamination by p e t j t  lambda and soluble  
I 

prote ins .  Differences i n  surf  ace q u a l i t i e s  enable t h e  normal 

and p e t i t  lambda heads t o  be separated on the  ECTEOLA 

ce l lu lo se  columns, The charge d i f fe rences  causing the  

d i f f e r e n t i a l  a f f i n i t y  towards the  ECTEOLA ce l lu lo se  may be 

ascribed t o  a minor p ro t e in  present  throughout the  head l a t t i c e ,  

t o  a small e n t i t y  s i t u a t e d  i n  a c e r t a i n  p a r t  of the  head, i . e . ,  

i n  t he  region where t a i l  attachment occurs,  o r  t o  t he  molecular 

conformation of t h e  capsid p ro te in  subunits  (Chapter 111, p.97 ) .  

A low~molecular weight f ac to r  must be present  i n  t he  medium i n  

order f o r  i n  v i t r o  head and t a i l  assembly t o  occur  o ode and 

Harrison, 1969) . This f a c t o r  may be at tached t o  a s p e c i f i c  

region of the  head, causing changes i n  the  surface  charges of 

normal heads. 

The immunological evidence shows t h a t  p e t i t  lambda heads 

can be p rec ip i t a t ed  by an antiserum t o  whole lambda (Karamata 

e t  a l . ,  1962) and normal lambda heads, by an antiserum t o  

p e t i t  lambda (Kemp, unpublished) . Although most of the  lambda 

antibody is d i r ec t ed  towards the  t a i l ,  a small amount is 

d i r ec t ed  toward the  head. T h i s  is  what is bel ieved t o  r e a c t  
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wi th  p e t i t  lambda i n d i c a t i n g  an a n t i g e n i c  r e l a t e d n e s s  between 

t h e  normal and p e t i t  lambda heads. The a n t i g e n i c  s i m i l a r i t y  

between t h e  two heads may be due t o  t h e  presence of t h e  same 
I 

major p r o t e i n  subuni t  w i t h i n  them. 

The p repara t ion  of p u r i f i e d  normal lambda heads has 

enabled de terminat ions  t o  be made f o r  t h e  va lues  of 

sedimentat ion c o e f f i c i e n t  ( i n d i c a t i n g  t h e  s i z e  o r  "molecular 

weight" of t h e  p a r t i c l e )  and d e n s i t y .  The few a t t empts  t h a t  

have been made t o  determine t h e s e  va lues  f o r  lambda have mostly 

involved complete lambda ghos t s  r a t h e r  than  i s o l a t e d  

s t r u c t u r a l  components (Kaiser ,  1966; V i l l a r e j o  e t  a l . ,  1967; 

and Dyson and van Holde, 1967).  

During sedimentat ion,  t h e  sample of normal lambda heads 

prepared i n  phosphate b u f f e r  sepa ra ted  i n t o  a  major and two 

minor S c h l i e r e n  peaks while  t h a t  prepared i n  tris b u f f e r  

showed only  t h e  two slower components. The presence of both  

f u l l  and empty heads i n  e l e c t r o n  micrographs of t h e  phosphate 

b u f f e r  p repara t ion  could account f o r  t h e  t h r e e  peaks i n  t h e  

f i r s t  run  if f u l l  heads separa ted  i n t o  empty heads and DNA 

sedimenting a s  s e p a r a t e  peaks. E lec t ron  micrographs of t h e  

tris b u f f e r  p repara t ions  revealed  only  empty heads. The f a s t  
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peak wi th  a sedimentat ion c o e f f i c i e n t  of approximately 718 S 

may have been caused by t h e  presence of some f u l l  heads i n  t h e  

sample i n  phosphate b u f f e r .  Weigle (1966) r epor ted  a S 
20,W 

of 650 f o r  lambda heads. The major peak i n  t h e  f i r s t  and 

second runs i s  assumed t o  be  empty heads which sediment more 

slowly than  f u l l  ones. No d e f i n i t e  conclusion can be made a s  

t o  t h e  na tu re  of t h e  

wi th  a sedimentat ion 

approximates t h a t  of 

and van Holde, 1967) 

smal l ,  slow-running peak i n  t h e s e  r u n s ,  

c o e f f i c i e n t  of 149-181, a l though it 

whole lambda ghos ts  (S = 141) , Dyson 
20,W 

Buchwald e t  a l .  (pe r sona l  communication) 

have i n d i c a t e d  t h a t  t h e  S20,W of empty normal lambda heads i s  

113 S .  Their  r e s u l t s  would i n d i c a t e  t h a t  t h e  major peak w i t h  

a S of about 480 S may c o n s i s t  of head aggregates ,  b u t  
20,w 

does not  e x p l a i n  why such aggregates  a r e  so .uni form i n  s i z e .  

The s i m i l a r i t y  between t h e  va lues  f o r  t h e  p e t i t  lambda 

peak and t h e  major peak f o r  normal lambda would g ive  r i s e  t o  

t h e  r a t h e r  u n l i k e l y  sugges t ion  t h a t  both  head types  can form 

e s s e n t i a l l y  t h e  same s i z e  and type of aggregate .  

The d e n s i t y  of t h e  normal lambda heads from t h e  ECTEOLA 

c e l l u l o s e  column is  t h e  d e n s i t y  of p r o t e i n ,  i n d i c a t i n g  t h a t  

these  heads a r e  f r e e  from DNA. Weigle (1968) r e p o r t e d ,  on 
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t h e  b a s i s  of d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  i n  cesium 

c h l o r i d e ,  a  va lue  f o r  t h e  d e n s i t y  of 

5 
p r o t e i n  only ,  of 1.28 g / m  , and f o r  

I 
lambda t a i l s  con ta in ing  

f u l l  lambda heads,  

3 
con ta in ing  DNA, of 1.53 g/cm , Kaiser  (1966) s t a t e d  t h a t  t h e  

3 
d e n s i t y  of DNA-free lambda ghos ts  is 1.3 g/cm . 

Once t h e  p u r i f i e d  normal and p e t i t  lambda heads were 

a v a i l a b l e ,  breakdown s t u d i e s  could proceed t o  determine t h e  

number and n a t u r e  of t h e  p r o t e i n  subun i t s  p resen t  i n  them. ' 

E a r l i e r  work ( V i l l a r e j o  e t  a l .  1967; and Dyson and van Holde, 

1967) on breaking  down t h e  phage t o  i ts  p r o t e i n  subun i t s  was 

done on whole ghos t s ,  where unequivocal r e s u l t s  a s  t o  t h e  

n a t u r e  of t h e  major head p r o t e i n  subuni t  could not  be made due 

t o  t h e  presence of contaminating t a i l  p r o t e i n .  

Summary 

P u r i f i e d  bac ter iophage  lambda heads have been produced 

from t a i l - l e s s  mutants by d i f f e r e n t i a l  c e n t r i f u g a t i o n  and 

anion exchange chromatography. Normal and p e t i t  lambda heads 

d i f f e r  i n  t h e  s u r f a c e  charge they  c a r r y ;  p e t i t  lambda i s  

bound more t i g h t l y  t o  t h e  ECTEOLA anion exchange c e l l u l o s e  

than  normal lambda, i n d i c a t i n g  t h a t ,  under t h e  cond i t ions  of 



43 

elution, it carries a lower net positive charge. The empty 

normal lambda heads have a sedimentation coefficient of 

3 
approximately 480 S, and a density of 1.27 g/cm . 



CHAPTER I11 

THE PROTEIN SUBUNIT O F  BACTERIOPHAGE LAMBDA HEADS 

In t roduc t ion  

S e v e r a l  chemicals,  known t o  a t t a c k  d i f f e r e n t  types  of 

bonds, have been used i n  a t t empts  t o  d i s s o c i a t e  t h e  p u r i f i e d  

normal and p e t i t  lambda heads i n t o  t h e i r  sma l l e s t  uniform 

p r o t e i n  components. 

Four k inds  of i n t e r a c t i o n  which determine t h e  quaternary  

s t r u c t u r e  of  p r o t e i n s  a r e  known: (1) s u l f h y d r y l  b r idges  

between two c y s t e i n e  r e s i d u e s  of t h e  same o r  d i f f e r e n t  cha ins ,  

( 2 )  hydrophobic a t t r a c t i o n  between apo la r  groups r e s u l t i n g  i n  

an i n f o l d i n g  of these, ( 3 )  hydrogen bonding between p o l a r  

groups,  and (4)  s a l t  bonding between a c i d i c  and b a s i c  r e s i d u e s  

exposed on t h e  s u r f a c e  of t h e  subuni t  molecule. Any o r  a l l  of 

t h e s e  f o r c e s  may hold t h e  phage subun i t s  toge the r .  

Reagents, known t o  break s p e c i f i c a l l y  t h e  va r ious  types  of 
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bonds, have been used t o  d i s s o c i a t e  v i r u s e s .  Reducing agen t s ,  

such a s  2-mercaptoethanol, d i t h i o t h r e i t o l ,  and l i t h i u m  

borohydride,  which break s u l f h y d r y l  b r idges  have been used t o  

degrade v i r u s e s  (Holowczak and J o k l i k ,  1967; Kel lenberger ,  

1968; and Hare and Chan, 1968) .  

Hydrophobic bonds may be d i s s o c i a t e d  by t h e  use  of organic  

s o l v e n t s  such a s  dioxane, b u t  l i t t l e  success  has been repor ted  

i n  v i r u s  breakdown us ing  t h e s e  r eagen t s  (Dyson and van Holde, 

1967) . 
Reagents such a s  concent ra ted  urea  (8M) o r  guanidine 

hydrochloride ( 6 ~ )  a r e  thought t o  d i s s o c i a t e  aggregated p r o t e i n s  

by r e p l a c i n g  one of t h e  p o l a r  groups involved i n  a hydrogen 

bond, thereby unfolding t h a t  r eg ion  of a pep t ide  and changing 

i t s  conformation s o  t h a t  subun i t s  can no longer  a t t a c h  t o  one 

another .  Urea has been used by a number of workers i n  t h e  

breakdown of v i r u s e s  (Kel lenberger ,  1968; Hare and Chan, 1968; 

Dann+larkert e t  a l . ,  1966; Duesberg and Rueckert ,  1965; and 

Lin e t  a l . ,  1967).  Guanidine hydrochloride has much t h e  same 

mode of a c t i o n  i n  breaking  down v i r a l  s t r u c t u r e s  a s  has urea  

(Kel lenberger ,  1968; and Nathans, 1965).  

The d e t e r g e n t ,  sodium dodecyl s u l f a t e  (SDS) , is  be l ieved 
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t o  break  down p r o t e i n s  t o  t h e i r  subuni t  s t r u c t u r e  by r e a c t i n g  

wi th  t h e  charged groups of d i b a s i c  amino a c i d s  (Lauwers, 1967) .  

I ts  e f f e c t i v e n e s s  is  thus  governed by t h e  a c c e s s i b i l i t y  of such 

groups,  Severa l  workers have succeeded i n  breaking  down 

v i r u s e s  wi th  SDS al though most of t h e s e  have occurred a t  a  pH 

g r e a t e r  than 10 o r  i n  t h e  presence of o t h e r  r eagen t s  such a s  

urea  or mercaptoethanol o r  i n  conjunct ion wi th  hea t ing  (Brenner 

et  a l . ,  1959; Carus i  and Sinsheimer,  1963; Holowczak and 

J o k l i k ,  1967; and Fine e t  a l . ,  1968) .  SDS has been used i n  

a t t empts  t o  d i s s o c i a t e  whole lambda ghos t s ,  bu t  t h e  r epor ted  

r e s u l t s  a r e  c o n t r a d i c t o r y .  V i l l a r e j o  e t  a l .  (1967) r epor ted  

t h a t  a t  n e u t r a l  pH, SDS had no e f f e c t  on t h e  lambda ghos t s ,  

while  a t  a l k a l i n e  pH it caused them t o  swe l l  without  

d i s r u p t i n g  t h e  in te r - subun i t  bonds. Dyson-and van Holde 

(1967) found t h a t  most of t h e  lambda ghost  p r o t e i n  d i s s o c i a t e d  

i n  t h e  presence of SDS a t  pH 7.5 i n  a  ma t t e r  of minutes. 

The r e a g e n t s  used t o  break s a l t  bonds a c t  a t  extremes of 

pH, i n  e i t h e r  t h e  very  a c i d i c  o r  very  b a s i c  ranges o u t s i d e  t h e  

secondary pK ' s  of t h e  b i f u n c t i o n a l  amino ac ids .  The 
A 

secondary d i s s o c i a t i o n  c o n s t a n t s  of those  amino a c i d s  a c t i n g  

i n  s a l t  bond formation,  i .e . ,  between pH 3.68-4.25 and pH 



47 

10.07-12.48 (Mahler and Cordes, 1966).  Below t h e  secondary 

P K ~  
' s  of t h e  a c i d s  and above those f o r  t h e  bases ,  t h e  

secondary f u n c t i o n a l  groups a r e  uncharged and no longer  t ake  

p a r t  i n  s a l t  bond formation. 

The p r o t e i n  of s e v e r a l  v i r u s e s  has been s o l u b i l i z e d  i n  

67% a c e t i c  a c i d  (Fraenkel-Conrat,  1957; Enger and Kaesberg, 

1965; Roberts and S t e i t z ,  1967; and Kellenberger ,  1968).  

Bacteriophage lambda has a l s o  been broken down i n  t h e  presence 

of a c i d i c  b u f f e r s .  V i l l a r e j o  e t  a l .  (1967) r epor ted  t h a t  

lambda phage ghos t s  d i s s o l v e d  slowly i n  c i t r a t e  b u f f e r  a t  pH 

2.5, and more r a p i d l y  i n  t h i s  b u f f e r  i n  t h e  presence of u rea ,  

t o  produce t h r e e  component p r o t e i n s  of whole phage. Dyson 

and van Holde (1967) desc r ibed  d i s s o c i a t i o n  of i n t a c t  lambda 

ghos ts  by a pH 2.5 glycine-hydrochloric  a c i d  b u f f e r .  

Breakdown of v i r u s e s  has been achieved a t  high a l k a l i n e  

pH i n  systems con ta in ing  sodium hydroxide pH 11-13 e i t h e r  a lone 

(Rossomando and Zinder ,  1968) o r  i n  t h e  presence of 8 M  urea  

and a reducing agent  (Kel lenberger ,  1968).  A t  t h e  lower 

a l k a l i n e  pH of 10.5, s e v e r a l  v i r u s e s  and o the r  p r o t e i n s  have 

been degraded e i t h e r  a t  low i o n i c  s t r e n g t h  (Anderer e t  a l . ,  

1968) o r  i n  t h e  presence of s u c c i n i c  anhydride which r e a c t s  

s p e c i f i c a l l y  wi th  t h e  c-amino group of l y s i n e  (Friesham e t  a l . ,  



Before the  d i s soc i a t i on  of bacteriophage lambda was 

attempted, the  amino acid  composition of the  lambda heads was 
I 

a scer ta ined,  t o  determine which res idues  capable of 

contr ibut ing t o  t e r t i a r y  and quaternary s t r u c t u r e  w e r e  present  

i n  the  prote in .  The r e s u l t s  a r e  shown i n  Table X V I I I  (p.  8 5 ) '  

but  t h e  following s a l i e n t  fea tures  may be noted a t  t h i s  time: 

(1) Nearly one-half of t he  res idues  a r e  hydrophobic, 

sho r t  chain a l i p h a t i c  o r  aromatic amino acids .  

(2 )  Approximately one-third of t h e  amino ac ids  a r e  

d ibas i c  o r  d icarboxyl ic ,  and of these ,  the  

d icarboxyl ic  ac ids  and t h e i r  amides outnumber t he  

d i b a s i c  ones. 

( 3 )  There i s  an absence of cys te ine  i n  t he  lambda 

head i n  agreement wi th  t he  work of V i l l a r e j o  et 

a l .  (1967) and Dyson and van Holde (1967). - 
I n  add i t ion  t o  ind ica t ing  the  reagents  t h a t  might be 

usefu l  i n  phage breakdown, the  amino ac id  ana lys i s  i n  

conjunction with t r y p t i c  peptide da t a  may be used t o  ob ta in  a 

value f o r  t h e  molecular weight of t h e  p ro te in  subunit  (Hull et 

a l .  , 1969; Miki and Knight, 1968) . - 
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M a t e r i a l s  and Methods 

A n a l y t i c a l  Methods 

Following a  s p e c i f i c  chemical t r ea tmen t ,  t h e  phage heads 

were examined by t h r e e  methods: e l e c t r o n  microscopy, g e l  

f i l t r a t i o n ,  and d i s c  g e l  e l e c t r o p h o r e s i s  t o  determine t h e  

n a t u r e  and e x t e n t  of breakdown. 

E lec t ron  Microscopy 

The heads were examined f i r s t  i n  t h e  e l e c t r o n  microscope 

t o  s e e  i f  they  had undergone any g ross  s t r u c t u r a l  change. 

Procedure: Following chemical t rea tment  of t h e  heads,  

t h e  m a t e r i a l  was d e s a l t e d  on Sephadex G-100. It was then  

nega t ive ly  s t a i n e d  w i t h  2% phosphotungstic a c i d ,  pH 6.5, ( ~ e m p  

e t  a l . ,  1968) and examined i n  a  Ze i s s  EM 9A o r  RCA EMU 3H 

e l e c t r o n  microscope. Photographs o r  random a r e a s  were taken  

a t  instrument  magnif ica t ions  of about 20,000. 

G e l  ~ i l t r a t i o n  

Gel f i l t r a t i o n  on Sephadex of va r ious  p o r o s i t i e s  g ives  an 

es t ima te  of t h e  s i z e  and r e l a t i v e  amount of t h e  products  of 

chemical breakdown of t h e  lambda heads. I n  t h i s  s tudy 

Sephadex G-100 was used and t h e  columns s tandardized  w i t h  b lue  

dex t ran  2000 a s  t h e  t o t a l l y  excluded marker substance (Andrews, 
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1964).  Untreated heads and most forms r e t a i n i n g  some 

semblance of head s t r u c t u r e  a r e  t o t a l l y  excluded from t h i s  

Sephadex whereas breakdown products  a r e  g e n e r a l l y  r e t a r d e d  and 

may thus  be cha rac te r i zed .  

Procedure: Sephadex columns (0.9 x 30 c m  o r  2.5 x 45 cm) 

were e l u t e d  by downward flow and c a r e  was taken t h a t  t h e  

opera t ing  p ressu re  head d i d  no t  exceed t h e  maximum s p e c i f i e d  

by t h e  manufacturer.  The m a t e r i a l  from t h e  column was 

monitored by absorbance a t  280 nm a s  it passed through a  flow 

ce l l  (pa th  l eng th  3 mm) and 15 drop (approximately 1 m l )  

f r a c t i o n s  were c o l l e c t e d  i n  a  f r a c t i o n  c o l l e c t o r  (LKB Uvicord 

and U l t r a r a c ) .  I n  each column, void volume was determined 

and then  t h e  samples app l i ed ,  A q u a n t i t a t i v e  e s t i m a t e  of  each 

f r a c t i o n  could be made by eva lua t ing  t h e  a r e a  under t h e  peak. 

Disc Gel E lec t rophores i s  

D i s c  g e l  e l e c t r o p h o r e s i s  was used t o  determine t h e  number 

of p r o t e i n  types  p resen t  fol lowing a  s p e c i f i c  t rea tment  of t h e  

phage heads. I n  normal d i s c  g e l  e l e c t r o p h o r e s i s  (Orns te in  , 

1964) ,  p r o t e i n s  a r e  sepa ra ted  on t h e  b a s i s  of t h e i r  m o b i l i t i e s  

through a  porous g e l .  The mobi l i ty  is  r e l a t e d  t o  t h e  charge 
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on t h e  molecule and a l s o  i ts s i z e  (molecular diameter)  i n  

r e l a t i o n  t o  t h e  pore s i z e  of t h e  g e l ,  and hence i t s  f r i c t i o n a l  

r e s i s t a n c e  i n  t h e  system. The s tandard  g e l  system c o n s i s t s  
I 

of a l a r g e  pore sample g e l  i n  which t h e  m a t e r i a l  is  app l i ed ,  a 

spacer  g e l  i n  which t h e  components of t h e  sample a r e  

concentrated t o  narrow bands and layered  on t o p  of each o t h e r ,  

and f i n a l l y  t h e  smal ler  pore running g e l  i n  which t h e  p r o t e i n  

components a r e  sepa ra ted ,  The concen t ra t ion  of monomer 

(acrylamide) and c ross - l inke r  (bis-methylene acrylamide) may 

be va r i ed  i n  t h e  g e l s  s o  t h a t  t h e  s i z e  of t h e  molecules a b l e  

t o  p e n e t r a t e  t h e  pores  of t h e  g e l  may be c o n t r o l l e d .  

I n  t h e  presence of sodium dodecyl s u l f a t e  (SDS), t h e  

charge d i f f e r e n c e s  on t h e  p r o t e i n s  a r e  minimized and s e p a r a t i o n s  

occur on t h e  b a s i s  of molecular s i z e  (Shapiro e t  a l . ,  1967; 

Dunker and Rueckert ,  1969; and Weber and Osborn, 1969).  The  

theory  involved i n  t h i s  system i s  t h a t  r e a c t i o n  of t h e  p r o t e i n  

wi th  1% SDS a t  a r e l a t i v e l y  e l e v a t e d  temperature w i l l  cause 

unfolding of t h e  p r o t e i n  exposing t h e  charged groups of d i b a s i c  

amino a c i d s  (such a s  t h e  guanidino group of a r g i n i n e )  wi th  which 

t h e  SDS r e a c t s  t o  form a p r o t e c t i v e  cloud. I f  a l l  t h e  charges 

a r e  p ro tec ted  i n  t h i s  way t h e  p r o t e i n s  of a homologous s e r i e s  

w i l l  migrate  i n  a manner analogous t o  g e l  f i l t r a t i o n  except  
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t h a t  t h e  d r i v i n g  fo rce  w i l l  be  t h e  e l e c t r i c a l  a t t r a c t i o n  t o  

t h e  anode (+) of t h e  nega t ive ly  charged SDS enshrouded p r o t e i n .  

The r e s o l u t i o n  of t h e  p r o t e i n s  p resen t  i n  a  mixture is thus  

s o l e l y  on t h e  b a s i s  of t h e i r  s i z e  and shape. 

Procedure: Standard Gels: Standard a n a l y t i c a l  g e l s ,  

7vk acrylamide, w e r e  run  a t  pH 8.6 wi th  t r i s - g l y c i n e ,  pH 8.1,  

a s  t h e  t r a y  b u f f e r  and bromophenol b lue  a s  t h e  t r a c k i n g  dye 

(Steward e t  a l . ,  1965).  The chemicals used were obta ined  from 

Canalco. The g e l s  were run  i n  g l a s s  tubes  of 0.6 c m  i n t e r n a l  

d iameter ,  w i th  t h e  running g e l  2.8 m l ,  and t h e  s t a c k i n g  g e l  

0.2 m l .  The sample g e l  va r i ed  from 0.2-0.6 m l  and contained 

50-200 pg of p r o t e i n .  The g e l s  were run a t  5 mil l iamperes  

per  tube  f o r  about 1 hour o r  u n t i l  t h e  t r a c k i n g  dye had 

migrated 5  cm. The g e l s  were s t a i n e d  wi th  0.7% (w/v) a n i l i n e  

b l u e  b lack  i n  7% (v/v) a c e t i c  a c i d ,  and des ta ined  

e l e c t r o p h o r e t i c a l l y  i n  5% (v/v) a c e t i c  ac id .  

1% SDS Gels: G e l s  5-1% acrylamide, i n  which 1% SDS was 

incorpora ted ,  w e r e  used i n  e s t ima t ions  of  t h e  molecular weight 
1 

of t h e  p r o t e i n s  (Shapiro e t  a l . ,  1967). S t a i n i n g  was wi th  

a n i l i n e  b lue  b lack  a s  i n  t h e  s tandard  g e l  system. 

For both  types  of g e l ,  t h e  p o s i t i o n  of t h e  dye f r o n t  and 



of t h e  p r o t e i n  bands, and t h e  l eng th  of t h e  g e l  be fo re  and 

a f t e r  s t a i n i n g  were measured wi th  a mi l l ime te r  r u l e .  The 

r a t i o  of migra t ion  of  t h e  p r o t e i n  bands wi th  r e fe rence  t o  t h e  

dye f r o n t  (Rf) was c a l c u l a t e d  (Weber and Osborn, 1969).  The 

p o s i t i o n  and r e l a t i v e  i n t e n s i t y  of t h e  bands i n  l a t e r  g e l s  was 

measured w i t h  a Joyce-Loebl microdensitometer equipped wi th  an 

i n t e g r a t o r .  

The p r o t e i n s  used i n  t h e  s tandard  curves and t h e i r  source 

a r e  l i s t e d  i n  f i g u r e  11 (p. 58). 

Method o f  Breakdown of Phage Heads 

E a r l y  Experiments on Breakdown of Normal Lambda Heads 

Al iquo t s  of 0.1-0.3 m l  of p u r i f i e d  lambda heads (125-260 

pg p r o t e i n )  were t r e a t e d  w i t h  t h e  appropr ia t e  reagent :  1 2  M 

2-mercaptoethanol, 8 M u r e a ,  6 M guanidine hydrochloride,  1% 

(w/v) SDS, 67% (v/v) g l a c i a l  a c e t i c  a c i d ,  o r  1.25 N NaOH, pH 

13. The t r e a t e d  samples were examined by d i s c  g e l  

e l e c t r o p h o r e s i s ,  u s ing  s tandard  79k acrylamide g e l s .  

Standard A n a l y t i c a l  Treatment 

The m a t e r i a l  used i n  t h e  breakdown s t u d i e s  came from 

e i t h e r  t h e  f i r s t  ECTEOLA peak (normal lambda heads) o r  t h e  
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second ECTEOLA peak ( p e t i t  lambda heads contaminated by l e s s  

than  5% normal lambda heads) .  The m a t e r i a l  from t h e  second 

I 
ECTEOLA peak was used i n  t h e  o r i g i n a l  t rea tments  because it 

was p resen t  i n  l a r g e r  amounts than t h e  p u r i f i e d  normal lambda 

heads from t h e  f i r s t  ECTEOLA peak. The m a t e r i a l  from t h e  

second ECTEOLA peak which had been d e s a l t e d  on Sephadex G-50 

and showed no bands on 7v/o acrylamide SDS g e l s  ( chap te r  11) 

w i l l  h e r e a f t e r  be r e f e r r e d  t o  a s  " the  p e t i t  lambda p repara t ion"  

(bear ing  i n  mind t h a t  contamination from s o l u b l e  p r o t e i n  

e x t e r n a l  t o  t h e  head has n o t  been d e t e c t e d  i n  t h e  g e l s  and t h a t  

normal lambda heads a r e  p resen t  i n  an amount of 5% of t h e  t o t a l  

number of p a r t i c l e s )  . 
Desal ted lyoph i l i zed  heads, 1 o r  2 mg, were d i s so lved  i n  

1 m l  reagent  and r e a c t e d  30-60 min (Table V I I ) .  They were 

then  run through a Sephadex G-100 column (0.9 x 30 c m )  and 

e l u t e d  i n  t h e  appropr ia t e  b u f f e r .  Larger samples (9-13.2 mg) 

were d i s so lved  i n  2-3 m l  r eagen t ,  r e a c t e d  f o r  120 min and run  

through a 2.5 x 45 cm Sephadex G-100 column. The peaks 

e l u t i n g  a t  void volume were examined wi th  t h e  e l e c t r o n  

microscope. The peak f r a c t i o n s  were pooled, lyoph i l i zed  and 

run  on 5-10% acrylamide g e l s  con ta in ing  1% SDS o r  on s tandard  

79/o acrylamide g e l s .  
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TABLE "11 

TREATMENTS USED TO BREAK DOWN LAMBDA HEADS CHEMICALLY 

Treatment React ion Temp- 
Time e r a t u r e  
Min O C 

D i s t i l l e d  water  

8M u r e a  

1% SDS, pH 7 

1% SDS, pH 7 

0.1M C i t r i c  acid-  
N a  C i t r a t e ,  pH 2.6 

0.1M C i t r i c  ac id-  
N a  c i t r a t e ,  4M 
u r e a ,  pH 3.2 

0.1M G l  ycine-HC1, 
4M u r e a ,  pH 2.6 

O.1M NaH CO3- 
Na2C03, 1% SDS, 
pH 10.6 

O.1M NaHC03 - 
Na2CO3? 0.1% 
s u c c l n i c  anhy- 
d r i d e ,  pH 10.6 

1.25M NaOH 

Eluent  Used Type Acryl- 
on Sephadex of amide 
G-100 column g e l  % 

0.5M u r e a  Standard 

0.5M u r e a  Standard 

0.5M u r e a  Standard 

0.5M u r e a  Standard 

O.1M Formic 1% SDS 
acid-Na formate 

O.1M Formic 1% SDS 
acid-Na f ormate 

O.1M Formic 1% SDS 
acid-Na formate 

O.1M Formic 1% SDS 
ac  id-Na f ormate 

0.15M MI OH, 1% SDS 
p H 1 1  

0.15M NH40H, 1% SDS 
pH 11 

0.5M u r e a  Standard 
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Amino Acid Analysis  

Lyophil ized heads, 0.5-4.0 mg, were d i s so lved  i n  0.8 m l  

of 6N H C 1 ,  and hydrolyzed i n  sea led  tubes  under n i t rogen  18-24 

h r  a t  1 1 0 ~ ~ .  The H C I  was then  removed under n i t rogen  i n  a  

b o i l i n g  water  ba th .  The samples were taken up i n ' , c i t r a t e  

b u f f e r  pH 2.2, and analyzed on t h e  Beckman-Spinco amino a c i d  

analyzer  120B. 

Trypt  i c  Pept ide  Analys is  

Lyophil ized heads,  3-4 mg, w e r e  d i s so lved  i n  2% NaHCO 
3 ' 

pH 8.0,  c o n t a i n i n g  60-80 pg t r y p s i n  (Worthington) and r e a c t e d  

0 
under s ter i le  cond i t ions  f o r  48 hours a t  37 C (Brenner e t  a l . ,  

1959). Following hydro lys i s ,  t h e  samples were lyoph i l i zed  

and t h e  powder taken  up i n  25 of d i s t i l l e d  water  and s p o t t e d  

on a  s h e e t  o f  Whatman 3MM f i l t e r  paper (20 x 3 4  c m ) .  

E l e c t r o p h o r e s i s  was c a r r i e d  ou t  a t  20 ~ / c m  f o r  2% hours us ing  

t h e  b u f f e r ,  pyr id ine :  a c e t i c  ac id :  wa te r ,  25:l :  225, pH 6.4 

(Ingram, 1958) . The paper was then  d r i e d  overnight ,  and 

sub jec ted  t o  ascending chromatography i n  n-butanol: a c e t i c  

ac id :  wa te r ,  3: 1: 1 f o r  2%-3 hours. A f t e r  dry ing ,  t h e  

chromatograms were sprayed wi th  Ninspray, t h e  s p o t s  developed 

0 
a t  80 C ,  and recorded b e f o r e  fading  occurred. 



R e s u l t s  

S tandard iza t ion  of Acrylamide Gels f o r  Use i n  Determininq 

I 
Molecular Weiqhts 

Standard curves were cons t ruc ted  f o r  5  and 10% acrylamide 

g e l s  conta in ing  1% sodium dodecyl s u l f a t e  ( S D S )  by p l o t t i n g  

t h e  r e l a t i v e  migra t ion  of t h e  p r o t e i n s  (Rf) of known molecular 

weight a g a i n s t  t h e i r  molecular weight. The d a t a  from which 

t h e  s tandard  curves i n  f i g u r e  11 w e r e  drawn i s  enumerated i n  

Tables  V I I I  and I X .  

The amount of s t a i n a b l e  m a t e r i a l  d e t e c t e d  i n  t h e  g e l s  

v a r i e d  f o r  t h e  s tandard  p r o t e i n s .  Ovalbumin (125 pg) 

produced a  t o t a l  i n t e g r a t e d  value of 258 when t h e  g e l  was 

scanned; pepsin (250 p g ) ,  a  value of only  3 ;  and cytochrome 

c(125 p g ) ,  a  va lue  of 192. For any one p r o t e i n ,  however, a  

l i n e a r  r e l a t i o n s h i p  e x i s t s  between t h e  amount app l i ed  t o  t h e  

g e l  and t h e  i n t e g r a t e d  va lue  f o r  s t a i n a b l e  m a t e r i a l  on t h e  g e l  

(Wiens and Nai r ,  pe r sona l  communication). 

Chemical Breakdown of t h e  Normal and P e t i t  Lambda Heads from 

t h e  E C T E O m  Ce l lu lose  Columns 

The degree of p u r i t y  of t h e  two peaks from t h e  ECTEOIA 



Figure  11 

Standard Curves f o r  5 and 10% Acrylamide SDS Gels 

The molecular weights  of t h e  s tandard  p r o t e i n s  a r e  those  

l i s t e d  by Dunker and Rueckert (1969):  Bovine Serum Albumin 

(67,000) , Ovalbumin (45,000) , Pepsin (35,500) , Q-Chymotrypsin 

(24,500) , Trypsin (23,000) , p-Lactoglobulin (17,500) , Lysozyme 

(14,400) , and Cytochrome c (12,400) . The bovine serum albumin, 

ovalbumin, B-lactoglobulin,  and lysozyme were obtained from 

N u t r i t i o n a l  Biochemicals Corporat ion;  t h e  pepsin and cytochrome 

c ,  from General Biochemicals; and t h e  a-chymotrysin, and t r y p s i n  

from Worthington Biochemical Corporation. 

The e r r o r  b a r s  i n d i c a t e  t h e  maximum v a r i a t i o n  f o r  a l l  samples 

of any p a r t i c u l a r  p r o t e i n  run. 



FIGURE I I  

I 1 I a 1 a 

10 20 30 40 60 80 
Molecular Weight in Thousands 



TABLE V I I I  

RF'S OF PROTEINS OF 5% ACRYLAMIDE SDS GELS FROM WHICII  STANDARD 
CURVES WERE CALCULATED 

Standard 
P r o t e i n  

Bovine Serum 
Albumin 

Ovalbumin 

Lysozyme 

Sample 
S i z e  
(ug) 

5 0 
100 
Mean 

50 
100 
100 
125 

50 
125 
125 
500 
Mean 

5 0 
100 
100 
Me an 

5 0 

Migrat ion R e l a t i v e  
t o  Dye l?ront2 

Rf 

The molecular  weight  va lues  a r e  t hose  l i s t e d  by Dunker and 
Rueckert (1969) . 
The e r r o r  i n  measurement of t h e  p o s i t i o n  o f  both t h e  dye f r o n t  
and t h e  band d i d  n o t  exceed 1 mm. E r r o r s  i n  t h e  va lues  of 
t h e  R f ' s  t h e r e f o r e  ranged from ' .03 i n  a va lue  of .65 t o  

.05 i n  a va lue  of  1.19. 

Other  bands, presumably r e p r e s e n t i n g  h ighe r  polymers,  were 
p r e s e n t  i n  some g e l s .  Only t h e  two f a s t e s t  bands r ep re sen t ing  
t h e  monomer and t h e  dimer of  t h e  s t anda rd  a r e  l i s t e d .  
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TABLE I X  

RF'S OF PROTEINS I N  10% ACRYLAMIDE SDS GELS FROM WHICH STANDARD 
CURVES WERE CALCULATED 

Molecular 
Weight 1 

(Thousands) 

Standard 
h-o t e  i n  

Bovine Serum 
Albumin 

Ova lbumin 

Peps i n  

a-Chymotrypsin 

Tryps i n  

Sample 
S ize  
b s )  

125 

125 
100 
125 
12 5 
125 
12 5 

Mean 

12 5 
2 50 

125 
100 

Mean 
125 
12 5 

Mean 

12 5 
12 5 
125 
125 

Mean 

125 
125 
125 

Mean 

Migra t ion  Re l a  t ive  
t o  Dye Front  2 

Rf 

.43  (.5813 

.39  (.48-53) 
.34  .42 
. 34  . 4 1  ( .48)  
. 3 1  . 45  
.36 . 4 3  (. 53) 
.33  .42 

Outer  range  ( .48-. 58) 

No bands 
.45-. 50 
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TABLE I X  ( c o n t i n u e d )  

Molecular  
Weight 1 

(Thousands) 

S tandard  
P r o t e i n  

Lysozyme 

Cytochrome C 

Sample 
S i z e  
b g )  

125 
100 
12 5 
125 
12 5  

Mean 

12 5 

Migra t ion  Re l a  t i v e  
t o  Dye F r o n t  

Rf 

1. The molecu la r  w e i g h t  v a l u e s  a r e  those  l i s t e d  by Dunker and 
Ruecker t  (1969). 

2. The e r r o r  i n  measurement o f  b o t h  t h e  dye f r o n t  and t h e  p o s i t i o n  
o f  t h e  band d i d  n o t  exceed 1 mm. E r r o r s  i n  t h e  v a l u e s  o f  t h e  
R f ' s  t h e r e f o r e  ranged from f. 03 i n  a v a l u e  o f  .34  t o  f. 04 i n  a  
v a l u e  o f  .95.  

3.  Other  bands ,  r e p r e s e n t i n g  h i g h e r  polymers were p r e s e n t  i n  some 
g e l s .  Only t h e  two f a s t e s t  bands ,  presumably r e p r e s e n t i n g  t h e  
monomer and t h e  dimer o f  t h e  s t a n d a r d  a r e  l i s t e d .  
I n  t h e  c a s e  o f  ovalbumin t h e r e  was c o n s i d e r a b l e  range  o r  
s p r e a d i n g  o f  t h e  band. The p o s i t i o n s  o f  monomer and dimer have 
been c a l c u l a t e d .  

4. Some breakdown o f  t h e  a-chymotrypsin  s t a n d a r d  appeared  t o  have 
o c c u r r e d .  The f a s t e r  moving bands may cor respond  t o  the  B 
c h a i n  (MW 13,927)  and C c h a i n  (MW 10,157) (Weber and Osborn,  
1969). 



ce l lu lo se  column has been discussed i n  Chapter I1 (p.  3 1 ) .  I n  

review, t h e  f i r s t  ECTEOLA peak cons i s t s  of normal lambda f r e e  

from contamination by e i t h e r  p a r t i c u l a t e  matter o r  soluble  

p ro te ins  a t  the  l eve l s  examined. The second ECTEOLA peak 

cons i s t s  of p e t i t  lambda heads contaminated by normal lambda 

heads i n  an amount less than 5% of the  t o t a l  p a r t i c l e s ,  o ther  

p a r t i c u l a t e  matter  t o  an even smaller degree, and no soluble  

p ro te ins  a t  t h e  l e v e l s  examined. 

The r e s u l t s  of chemical degradation of both types of 

head have been c l a s s i f i e d  according t o  the  degree of breakdown 

the  var ious  chemical procedures produced. 

Treatments Producing N o  Breakdown of the  Heads 

A s  a con t ro l ,  the  p roper t i es  of the  p e t i t  lambda 

prepara t ion were examined. A l l  t he  mater ia l  e lu t ed  from t h e  

Sephadex G-100 column a t  void volume ( f igu re  1 2 )  ; t he  e l ec t ron  

microscope showed the  head forms t o  be unbroken ( f i gu re  1 3 ) ;  

and a s tandard 7v/o acrylamide g e l  revealed no bands. 

After  normal lambda heads were t r ea t ed  wi th  2-mercaptoethanol, 

no bands were seen on a s tandard 7v/o acrylamide g e l ,  a l s o  

ind ica t ing  t h a t  t h i s  reagent d id  not break down these heads t o  

products s u f f i c i e n t l y  small t o  en t e r  t h e  ge l .  



FIGURE 12 

EULTION PATTERN ON SEPlUDEX G-100 OF THE PETIT LAMBDA PREPARATION AFTER 
VARIOUS TREATMENTS PRODUCING NO BREAKDOWN, PARTIAL BREAKDOWN OR 

EXCESSIVE BREAKDOWN 

A 1 mg sample of  the p e t i t  lambda p r e p a r a t i o n  was d i s so lved  i n  1 
m l  of the a p p r o p r i a t e  r eagen t ,  r e a c t e d ,  a p p l i e d  t o  a  Sephadex G-100 column (0 .9  
x 30 cm), and e l u t e d  w i t h  the a p p r o p r i a t e  e l u e n t .  

Reagent 

d i s t i l l e d  water 

8M urea  
1% SDS 

0 . 1  M c i t r i c  ac id -  
sodium c i t r a t e ,  
pH 2 . 6  

1.25 N NaOH 

React ion t i m e /  
temperature  

n e g l i g i b l e /  
room temperature  

30 min/45OC 
30 min 
45' o r  80•‹c 

30 min /45 '~  

Eluent  

0.5 M urea  

0 .5  M urea  
0.5 M u rea  

0 . 1  M formic a c i d  - 
ammonium formate,  pH 2 . 6  

0 . 1  M formic a c i d  - 
ammonium formate,  pH 2 .6  

0 .5  M urea  



FIGURE 12 



E'igure 1 3  

E lec t ron  Micrographs of P a r t i a l l y  Broken Down Heads from t h e  P e t i t  

Lambda Prepara t ion  

The heads i n  t h e  photographs appeared i n  t h e  void volume peak 

from t h e  Sephadex G-100 volumns. The heads from t h e  p e t i t  lambda 

f r a c t i o n  (second ECTEOLA peak) were t r e a t e d  wi th  t h e  fol lowing 

reagen t s  be fo re  loading on t h e  column: 

( a )  D i s t i l l e d  Water 

(b )  8M Urea 

(c) Sodium Dodecyl S u l f a t e  

(d)  C i t r a t e  Buffer ,  pH 2 .6  

(e) Glycine-HC1 Buffer ,  pH 2.6.  

A l l  magni f ica t ions  a r e  100,000 x. 



FIGURE 13 
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Treatments Producinq P a r t i a l  Breakdown of t he  Heads 

Treatments of samples of t h e  p e t i t  lambda p repara t ion  w i t h  

u rea ,  guanidine, SDS a t  n e u t r a l  p ~ ,  and a c i d i c  b u f f e r s  a l l  
I 

produced p a r t i a l  breakdown of t h e  heads. Most of t h e  ma te r i a l  

i n  t he  r eac t i on  mixtures e l u t e d  from Sephadex G-100 a t  void 

volume although t h e r e  was evidence of a small  shoulder 

following t he  main peak i n  c e r t a i n  cases  ( f i g u r e  1 2 ) .  The 

ma te r i a l  e l u t i n g  a t  void volume resembled t h e  p e t i t  lambda 

heads although t h e  morphology had been a l t e r e d  t o  varying 

degrees ( f i gu re  13) . 
Very l i t t l e  m a t e r i a l  was re ta rded  by t h e  Sephadex G-100 

column of t he  p e t i t  lambda samples t r e a t e d  wi th  urea o r  SDS. 

However, i n  p e t i t  lambda p repara t ions  t r e a t e d  wi th  a c i d i c  

b u f f e r s ,  although most of t he  ma te r i a l  elut.ed from t h e  

1 Sephadex a s  a  broad peak a t  void volume, a marked shoulder  o r  

spreading of t h e  peak occurred. Most of t h e  ma te r i a l  from 

the  e a r l y  p a r t  of t h i s  peak d i d  not  e n t e r  5% acrylamide SDS 

ge l s .  The small  amount of ma te r i a l  migrat ing i n t o  t he  g e l s  

I 
corresponded t o  p ro t e in s  of molecular weights of 45,000 and 

higher .  I n  t h e  shoulder of t h e  peak, a  major band was present  

I corresponding t o  a  molecular weight of about 45,000  able X) , 
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TABLE X 

ACRYLAMIDE GEL PATTERNS OF PETIT LAMBDA HEAD PROTEIN FOLLOWING 
SEVERAL TREATMENTS WHICH PRODUCED PARTIAL BREAKDOWN 

TY pe 
of G e l  

Standard 
7 1/2 % 

Standard 
7 1 /2  % 

SDS 
5% 

SDS 
5% 

Treatment 

Urea, 8 M  
3 0 r n i n / 4 5 ~ ~  

1% SDS, pH 7,  
30 min/45 '~ 
30 min/800C 

Glyc ine-HC1 
Buffer ,  pH 2 .6  
30 min/45Oc 

C i  t r a  t e  
Buffer , 
pH 2.6 

Sephadex 
1 

F r a c t i o n  
Sample 

Size 

Not c a l -  
cu l a  ted 

I I 

I t  

144 u g  

173 A I ~  

350 ug 

Rf of I n t e g r a t e d  
Bands Value 

no 
bands 

1. From 0 .9  x 30 cm Sephadex G-100 column a s  descr ibed  i n  f i g u r e  12. 

2. Densitometer t r a c i n g s  were no t  made on these  ge l s .  
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I n  c o n t r a s t ,  treatment of the  normal lambda heads w i t h  

urea appeared t o  r e l ea se  a low molecular weight prote in   a able 

X I )  . (The bands produced may be compared w i t h  those i n  

f igure  19, p. 107) . Treatment with SDS alone may a l s o  have 

had the  same r e s u l t .  Guanidine and 67% a c e t i c  ac id  d id  not 

appear t o  r e l e a s e  t h e  low molecular weight p ro te in ,  but  t o  

r e s u l t  i n  t h e  production of small amounts of a p ro te in  w i t h  a 

mobil i ty corresponding t o  a molecular weight of 45,000. 

Treatments Causing Breakdown t o  a Major Subunit 

Two types o f  treatment were found t o  cause breakdown of 

both the  normal and p e t i t  lambda heads ( t he  f i r s t  and second 

ECTEOLA peaks respec t ive ly)  t o  a uniform major subunit.  They 

were a c i d i c  b u f f e r s  i n  t h e  presence of 4M urea and a lka l ine  

buf fe rs  conta ining e i t h e r  SDS o r  succ in ic  anhydride. The 

r e s u l t s  of these  experiments w i l l  be discussed i n  d e t a i l  i n  a 

l a t e r  sec t ion  of t h i s  chapter .  

I n  a l l  c a se s ,  however, t he re  were no heads recognizable 

when the  ma te r i a l  from the  peak e l u t i n g  a t  o r  near void volume 

from the  Sephadex G-100 columns was examined i n  the  e l ec t ron  

microscope. 



TABLE X I  i 
AcRYLAMI.DE GEL PATTERNS OF NORMAL LAMBDA HEAD PROTEIN FOLLOWING SEVERAL 

TREATMENTS WHICH PRODUCED PARTIAL BREAKDQWN 

TY pe 
of Gel 

S t a n d a r d  
&% 

SDS 10% 

SDS iox  

S tandard  
7+% 

Standard  
7+% 

Standard  
73% 

Treatment  

8M Urea 
3 0  min/45OC 

8M Urea,  
3 0  m i n / 4 5 ' ~  
+SDS G e l  
sample 
b u f f e r  

8M Urea,  
30 minI450C 
+ SDS Gel 
sample 
b u f f e r  
h e a t e d  t o  
60•‹c 

Guanidine- 
HC1 6M 

SDS, pH 7  
3 0  m i n / 4 5 O ~  

67% A c e t i c  
a c i d  

R f  o f  Bands 1 

33 .41 .53* .65* . 7 6  1 .02 

1 .  Densi tometer  t r a c i n g s  were n o t  made on t h e s e  g e l s .  
d e n o t e s  t h e  p resence  o f  a  band s t r o n g e r  t h a n  t h e  o t h e r s  i n  t h e  g e l .  

( ) d e n o t e s  t h e  p resence  o f  a  v e r y  f a i n t  band a t  t h i s  p o s i t i o n .  



Also,  t h e r e  were no bands p resen t  i n  SDS 5% acrylamide 

g e l s  of t h e  m a t e r i a l  from t h e  void volume peak of samples 

t r e a t e d  wi th  acid-urea  a able XVI, p. 8 2 ) .  The m a t e r i a l  was 

probably t o o  l a r g e  t o  e n t e r  t h e  g e l ,  and t h e r e f o r e  l a r g e r  than 

t h e  thyroglobul in  molecule (molecular weight 165,000) which is 

among t h e  l a r g e s t  p r o t e i n s  a b l e  t o  e n t e r  t h e s e  g e l s  (Shapiro 

e t  a l . ,  1967).  A f t e r  t rea tment  wi th  t h e  a l k a l i n e  b u f f e r s ,  a  

major band wi th  an Rf of  .88, was p resen t  i n  t h e  f i r s t  peak, 

which corresponded t o  a  p r o t e i n  of molecular weight about 

45,000 (Table X V I )  . 

Treatment Producinq Excessive Breakdown 

The normal and p e t i t  lambda heads were t r e a t e d  w i t h  1.25N 

sodium hydroxide a t  a  pH g r e a t e r  than  13,  a  procedure which 

degraded bacter iophage T4 t o  i t s  major subuni t  (Kel lenberger ,  

1968).  Th i s  t rea tment  r e s u l t e d  i n  breakdown of a l l  t h e  heads 

t o  m a t e r i a l  which was r e t a r d e d  by Sephadex G-100 ( f i g u r e  1 2 ) .  

One o r  two fast-moving bands running a t  t h e  dye f r o n t  were 

p resen t  i n  s tandard  7?/0 acrylamide g e l s  run on m a t e r i a l  t r e a t e d  

i n  t h e  same manner, b u t  not  separa ted  on Sephadex G-100. 

These bands,  a l though seen  i n  t h e  urea  t r e a t e d  samples, were 

enhanced by t h e  t rea tment  wi th  a l k a l i .  The bands were absent  
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i n  corresponding c o n t r o l  g e l s  lacking  p r o t e i n ,  run t o  check 

t h a t  they  were not caused by chemicals p resen t  i n  t h e  system. 

R e s u l t s  of t h e s e  experiments a r e  shown i n  Table X I I .  

Sedimentation a n a l y s i s  of a l i q u o t s  of t h e  same samples i n  

t h e  a n a l y t i c a l  u l t r a c e n t r i f u g e  (Spinco Model E) y ie lded  no 

S c h l i e r e n  peaks al though t h e  o p t i c a l  d e n s i t y  i n d i c a t e d  t h a t  

t h e r e  was s u f f i c i e n t  m a t e r i a l  i n  them (160-600 p,g/ml) t o  s e e  a 

uniform peak i f  it was p resen t .  

I n d i c a t i o n s  w e r e ,  t h e r e f o r e ,  t h a t  t h e  head p r o t e i n  was 

hydrolyzed t o  s e v e r a l  s h o r t e r  pep t ides  and amino a c i d s ,  no 

longer  d e t e c t a b l e  a s  p r o t e i n  by a n i l i n e  b l u e  b lack  s t a i n i n g ,  

and t h a t  t h e  e n t i t i e s  formed were t o o  heterogeneous i n  s i z e  t o  

sediment a s  a s i n g l e  peak i n  t h e  u l t r a c e n t r i f u g e .  

- - 

Breakdown of Normal and P e t i t  Lambda Heads t o  t h e i r  Major 

P r o t e i n  Subunits  

Experiments on P u r i f i e d  Normal Lambda Heads (Mate r i a l  from 

t h e  F i r s t  ECTEOLA Peak 

The p r o f i l e  of normal lambda heads degraded w i t h  a l k a l i n e  

SDS and e l u t e d  from Sephadex G-100 w i t h  ammonium hydroxide, pH 

11.0, is shown i n  f i g u r e  14. The f i r s t  peak e l u t e d  j u s t  a f t e r  



TABLE X I 1  

ACRYLAMIDE GEL PATTERNS OF NORMAL LAMBDA HEAD PROTEIN AFTER BREAKDOWN 
WITH STRONG ALKALI 

* ** 
The i n d i c a t e s  t h e  p r e s e n c e  o f  a  s t r o n g  band; a i n d i c a t e s  a n  
even  s t r o n g e r  band. These r e s u l t s  a r e  p r e s e n t e d  i n  a q u a l i t a t i v e  
manner because  o f  a  l a c k  o f  measur ing  equipment when t h e  e x p e r i m e n t s  
were performed. 

Treatment  

1 . 25  N NaOH 
30 min 
4 5Oc 

Rf o f  Bands on S tandard  7 1/2% Gel 

1.09** 
.98 :* 1.09, 
.96 1.09 



Figure 14 

E lu t ion  P a t t e r n  on Sephadex G-100 of Large Samples of Normal 

Lambda Heads Degraded by Alka l ine  S D S  

Two samples (9.0 and 13.2 mg) were d i s so lved  i n  2 and 3 m l  of 

1% SDS i n  0 . 1 ~  sodium carbonate  b u f f e r ,  pH 10.6. They were 

e l u t e d  from t h e  Sephadex G-100 column (2.5 x 45 c m )  w i th  0.1M 

N H ~ O H .  pH 11. The f r a c t i o n s  were normalized s o  t h a t  t h e  peaks of 

t h e  two samples corresponded. (F rac t ions  were based on drop 

number and t h e  drop  s i z e  va r i ed  because of t h e  presence of SDS i n  

some of t h e  samples.) 



0 \ 
'a. *\ 
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void volume, followed by a  second peak o r  shoulder  ( t h e  degree 

of sepa ra t ion  depending on t h e  amount of sample app l i ed  t o  t h e  

column), and a  t h i r d  peak a t  j u s t  under two void volumes. 
I 

Ma te r i a l  not  f r a c t i o n a t e d  on Sephadex a s  w e l l  a s  m a t e r i a l  

from these  peaks was examined by 10% acrylamide SDS g e l s .  

Densitometer t r a c i n g s  of t h e  g e l s  from one column a r e  compared 

wi th  a  t r a c i n g  of m a t e r i a l  not  f r a c t i o n a t e d  on Sephadex i n  

f i g u r e  15. The d a t a  a r e  t a b u l a t e d  i n  Table X I I I .  Both t h e  

f i r s t  peak and t h e  second peak o r  shoulder  c o n s i s t  mainly of a  

p r o t e i n  which migra tes  wi th  an Rf of  .41. The t h i r d  peak 

c o n s i s t s  almost e n t i r e l y  of a  d i f f e r e n t  p r o t e i n  migra t ing  w i t h  

an Rf of .91. Comparison wi th  t h e  s tandard  curve f o r  t h e  

10% acrylamide g e l s  i n  f i g u r e  11 i n d i c a t e s  t h a t  t h e  p r o t e i n  

migrat ing wi th  an Rf of .41 has a  molecular weight of 

approximately 45,000, whi le  t h a t  w i t h  an Rf of .91 has a  

molecular weight of approximately 14,000. 

The a n a l y s i s  of  breakdown products  of normal lambda heads 

degraded by s e v e r a l  a l k a l i  and a c i d  t rea tments  on 5% 

acrylamide SDS g e l s  i s  shown i n  Table X V .  Again, t h e  

presence of a  major p r o t e i n  of molecular weight about 45,000, 

and i t s  polymers, is  ev iden t ,  a s  w e l l  a s  t h e  presence of a  



Figure  15 

Densitometer Tracings of 10% Acrylamide SDS Gels of  ater rial 

Applied t o  and Separa t ing  a s  Peaks from t h e  Sephadex G-100 

Columns of Degraded Normal Lambda Heads 

Densitometer Tracings a r e  shown of var ious  peaks from t h e  

Sephadex G-100 column depic ted  by t h e  open c i r c l e s  (0) i n  

f i g u r e  14. 

( a )  M a t e r i a l  not  f r a c t i o n a t e d  on Sephadex - t r e a t e d  f o r  10 

'rnin a t  6 5 O ~  wi th  1% SDS. 

(b) The f i r s t  peak- F r a c t i o n  64 (normalized p o s i t i o n  6 4 ) .  

(c) The shoulder  - F r a c t i o n  74 (normalized p o s i t i o n  75) .  

(d)  The t h i r d  peak - F r a c t i o n  92 (normalized p o s i t i o n  98) .  



FIGURE 15 
I 

/ \ Sampfe 330 ug 

10 - 
-- 5 -  E Sample 300 J . I ~  
s 
C 
r 
cn 

Sample 3 0 0 y g  

2 t  Sample I 3 0  u p  



TABLE X I 1 1  

INTEGRATED VALUES OF AREAS UNDER PEAKS FROM DENSITOMETER TRACINGS OF 10% 
ACRYLAMIDE SDS GELS FROM PEAKS OF SEPHADEX SEPARATION OF DEGRADED NORMAL/ 

LAMBDA HEADS 

T o t a l  
Peak Column R f  o f  Band I n t e g r a t e d  

Number Number <.2 .34  . 4 0  .58  . 9 0  Value 

Unf r a c -  
t i o n a  t e d  

Sample 8 19 1249 87 302 2450 
(33%) (5  1%) (4%) (14%) 

2 o r  1 - 
Shoulder  - 

Column 1 i n  f i g u r e  14. 
Column 2 o i n  f i g u r e  14. 
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TABLE X I V  

RF'S ON 5% ACRYLAMIDE SDS GELS OF MATERIAL FROM THE BREAKDOWN OF NORIIAL 
LAMBDA HEADS (FROM THE FIRST ECTEOLA PEAK) 

Treatment  

SDS i n  Na-C03 
b u f f e r ,  
pH 10 .6  

F u r t h e r  t r e a t m e n t  
o f  f r a c t i o n s  6-8 
p r e c e d i n g  w i t h  SDS 
i n  Na-C03 b u f f e r  , 
pH 1 0 . 6  

F u r t h e r  t r e a t m e n t  
o f  f r a c t i o n s  9-10 
p r e c e d i n g  w i t h  
Glycine-HC1-Urea 

F u r t h e r  t r e a t m e n t  
o f  f r a c t i o n s  11-14 
p r e c e d i n g  w i t h  
Glycine-HC1-Urea 

Sephadex 
F r a c t i o n  

Sample 
S i z e  
Cug) 

I n t e g r a t e d  v a l u e /  
Rf of  band 

1. The Sephadex f r a c t i o n s  were 1 m l  from a 0 . 9  x 3 0  cm column. 
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p r o t e i n  of lower molecular weight.  The molecular weight of 

t h e  second p r o t e i n  could not  be est imated accura te ly  by t h e  

5% g e l s  a s  it was out  of t h e i r  range ( f i g u r e  11). 

Repeated t reatment  of normal lambda heads wi th  e i t h e r  t h e  

alkaline-SDS o r  t h e  acid-urea reagents  d i d  not  inc rease  t h e  

number of p ro te in  types  present  a l though it d i d  inc rease  t h e  

amount of the  f a s t e r  migrat ing m a t e r i a l  a b l e  t o  e n t e r  t h e  g e l s ,  

a  r e s u l t  i n d i c a t i v e  of f u r t h e r  breakdown t o  t h e  -subunit  (Table 

XIV) . 
From a  comparison of t h e  Sephadex G-100 e l u t i o n  p r o f i l e  

and t h e  r e l a t i v e  amounts of t h e  p r o t e i n s  present  i n  t h e  peaks 

a s  determined by dens i tometr fc  t r a c i n g s  of t h e  10% acrylamide 

SDS g e l s ,  an es t ima te  of t h e  r e l a t i v e  amounts of t h e  two 

p r o t e i n s  present  i n  broken down normal lambda heads may be 

c a l c u l a t e d  (Table XV) . The high molecular weight p r o t e i n  

comprised 63-72%, and t h e  low molecular weight p r o t e i n  6-14% 

of t h e  heads e l u t i n g  from t h e  Sephadex column, which were 

degraded t o  m a t e r i a l  a b l e  t o  e n t e r  t h e  10% acrylamide g e l s .  

I n  comparison, t h e  unf rac t iona ted  m a t e r i a l  ( f i g u r e  15) showed 

56% a s  t h e  45,000 molecular weight p r o t e i n ,  25% a s  slower 

migra t ing  molecules,  and 15% a s  the  low molecular weight 

p r o t e i n .  



TABLE XV 

ESTIMATED RELATIVE AMOUNTS OF THE TWO PROTEINS I N  BROKEN DOWN NORMAL 
LAMBDA HEADS 

C O L U M N  I 

R e l a t i v e  Es t ima ted  Abso lu te  
Amount Amount o f  Amount 
i n  g e l  ' P r o t e i n  i n  of  

Peak P r o t e i n  
(Q (mg) (mg 1 

Major P r o t e i n :  

Peak 1 7 0  2 . 5  1 . 7 5  
Peak 2  8 5  1 . 9  1 .62  

T o t a l  3 . 3 7  
(72%) 

Low Molecu la r  Weight P r o t e i n :  

Peak 3 100 0 . 3  0.30 
(6%) 

T o t a l  P r o t e i n :  

1. From Table  X I I I .  

C O L U M N  I1 

R e l a t i v e  E s t i m a t e d  Abso lu te  
Amount Amount o f  Amount 
i n  g e l  ' P r o t e i n  i n  o f  

Peak p r o t e i n  
(%I (mi3 1 (mg) 

2.  The peak o r  s h o u l d e r  was r e s o l v e d  by eye and t h e  O.D.280 o f  t h e  
r e l e v a n t  f r a c t i o n s  t o t a l l e d  t o  g e t  a n  e s t i m a t e  o f  t h e  amount of  
p r o t e i n  i n  t h e  peak. 



Both prote ins  were run on 7vk acrylamide standard ge l s .  

Densitometer t r ac ings  a r e  shown i n  Chapter I V  (p.107). Both 

pro te ins  a r e  s imi la r  i n  t h i s  system, each having bands w i t h  

R f ' s  of -53 and -66. 

Experiments on P e t i t  Lambda Heads (Material  from the  

Second ECTEOLA Peak) 

The e l u t i o n  p r o f i l e  of p e t i t  lambda heads on Sephadex 

G-100 a f t e r  a lka l ine  SDS degradation is  shown i n  f i gu re  16. 

A s  i n  the  breakdown of the  normal lambda heads ( f i gu re  1 4 ) ,  

t he re  was a peak e l u t i n g  ju s t  a f t e r  void volume with a 

shoulder,  bu t ,  i n  con t r a s t  t o  normal lambda, there was no 

l a t e r  peak. 

The broken down p e t i t  lambda heads were s tudied by d i s c  

g e l  e lec t rophores is  on 5 and 10% acrylamide g e l s  containing 1% 

SDS. A n  a l iquo t  of the  e n t i r e  peak a f t e r  e i t h e r  alkaline-SDS 

or  acid-urea breakdown was applied t o  the  ge l .  Densitometer 

t rac ings  of 5 and 10% g e l s  show t h a t  p e t i t  lambda cons i s t s  

mainly of a s ing l e  p ro t e in  ( f i gu re  17 ) .  Results  of o ther  g e l s  

a r e  given i n  Table X V I .  Comparison of the  lambda pro te in  

bands i n  the  5 and lW acrylamide SDS g e l s  with the  standard 

curves ( f i gu re  11, p.58 ) showed t h a t  the  major p ro te in  had a 



Figure 16 

E lu t ion  P a t t e r n  on Sephadex G-100 of Large Samples of P e t i t  

Lambda Heads Degraded by Alkal ine  SDS 

P e t i t  lambda heads (from t h e  second ECTEOLA peak) , 12.0 

m g .  were d i s so lved  i n  2 m l  of 1% SDS i n  0.1M sodium carbonate  

0 
b u f f e r ,  pH 10.6. They reac ted  f o r  2 h r  a t  45 C. They were 

e l u t e d  from t h e  Sephadex G-100 column ( 2 . 5  x 45 cm) w i t h  0.m 

NH40H, pH 11, and f r a c t i o n s  of approximately 1 m l  were 

c o l l e c t e d .  
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Figure 17 

Densitometer Tracings of Acrylamide Gels of Mater ia l  Not 

F rac t iona ted  and Frac t ions  from t h e  peak a f t e r  Sepadex G-100 

Separa t ion  of P ro te ins  of Degraded P e t i t  Lambda Heads 

( a )  SDS Breakdown: The p e t i t  lambda heads were t r e a t e d  f o r  
10 rnin a t  6 5 O ~  with 1% SDS, and run  on a  10% acrylamide g e l .  

Rf of Peak I n t e g r a t e d  Value (%) 

(b)  Alkaline-SDS Breakdown6 The p e t i t  lambda heads were 
t r e a t e d  f o r  1 h r  a t  45 C with 1% SDS i n  sodium carbonate  
b u f f e r ,  pH 10.6,  and run on a  5% acrylamide g e l .  

Rf of Peak I n t e g r a t e d  Value (%) 

( c )  Acid-Urea Breakdown: The p e t i t  lambda heads were t r e a t e d  
f o r  30 min a t  4 5 O ~  with ~ lyc ine-HC1 b u f f e r ,  pH 2.6, 
conta in ing  4M Urea, and run ,on a  5% acrylamide g e l .  

Rf of Peak I n t e g r a t e d  Value (%) 



FIGURE 17 

5% Gel 

5% Gel 
Sample 274 yg 

. 
0.1 0 . 2  03 0 . 4  0.5 0.6 0.7 0.8 0 . 9  1.0 
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TABLE X V I  

RF'S ON 5% ACRYLAMIDE SDS GELS OF MATERIAL FROM THE BREAKDOWN OF PETIT 
LAMBDA HEADS (FROM THE SECOND ECTEOLA PEAK) 

Treatment  

C i t r a t e - U r e a  B u f f e r ,  
pH 3 . 2  

SDS i n  Na-C03 
B u f f e r ,  pH 1 0 . 6  

Succ i n i c  Anhydride 
i n  NaC03 B u f f e r ,  
pH 1 0 . 6  

Run I 

Run I1 

Sephadex 
F r a c t i o n  

1 
Sample 

S i z e  
(r-ls) 

I n t e g r a t e d  Value / 
Rf o f  band 

n i l  
33 /  . 5 1  
75/ . 7 5  
24 /  .86  

n i l  

1. The Sephadex f r a c t i o n s  were 1 m l  from a 0 . 9  x 3 0  cm column. 
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molecular weight of 45,000, although it was preceded by a 

smal l  peak corresponding t o  a molecular weight of about 40,000 

i n  t h e  case of t h e  5% g e l s .  I n  t h e  10% g e l s ,  t h e  f a s t e r  peak 

corresponded t o  a molecular weight between 30,000 and 35,000. 

The slower migrat ing peaks probably rep resen t  aggregat ion  

products  of t h e  major p r o t e i n  subuni t  ( s e e  d i s c u s s i o n ,  p. 92 ) .  

To fol low t h e  course of t h e  breakdown of t h e  p e t i t  lambda 

heads wi th  a l k a l i n e  SDS, samples were taken a f t e r  va r ious  

r e a c t i o n  t imes and examined on SDS 10% acrylamide g e l s .  The 

r e s u l t s ,  t abu la ted  i n  Table X V I I ,  i n d i c a t e  t h a t  breakdown of 

t h e  p e t i t  lambda heads is  complete a s  soon a s  they  d i s s o l v e  i n  

t h e  reagent .  The major p r o t e i n  peaks comprised about 80-90% 

of t h e  t o t a l  p r o t e i n  p resen t  i n  p e t i t  lambda heads. Other ,  

slower migrat ing bands could rep resen t  aggregat ion products  of 

t h e  major p ro te in .  

Amino Acid Analysis  and T r y p t i c  Pept ide Mappinq of Normal 

and P e t i t  Lambda Heads 

The amino a c i d  composition of normal and p e t i t  lambda 

heads and t h e i r  components i s  given i n  Table X V I I I .  The 

va lues  f o r  p e t i t  lambda and t h e  major (45,000 molecular weight) 

p r o t e i n  a r e  very s i m i l a r ,  t h e  v a r i a t i o n  of ana lyses  w i t h i n  
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TABLE X V I I I  

A M I N O  A C I D  COMPOSITION OF NORMAL AND PETIT LAMBDA HEADS AND 
NORMAL LAMBDA HEAD COMPONENTS 

Amino a c i d  

Lys i n e  
H i s  t i d i n e  
Arg in ine  
A s p a r t i c  a c i d  
Threonine  
Se r i n e  
Glu tamic  a c i d  
P r o l i n e  
Glyc i n e  
Alan ine  
Cys t e  i n e  
Va 1 i n e  
Me t h i o n i n e  
I s o l e u c i n e  
Leucine  
Tyros  i n e  
Phenyla l a n i n e  
~ r ~ ~ t o ~ h a n ~  

Average 
Minimum 
Molecu la r  
Weight 

Norma 1 Lambda 
1 

Molar Resi-  
R a t i o  dues  

Pe t i t  Lambda 1 

Molar Resi -  
R a t i o  dues  

Major P r o t e i n  1 

Molar Resi -  
R a t i o  dues  

Minor P r o t e i n '  
Molar Resi -  
R a t i o  dues  

1. The i n d i v i d u a l  r u n s ,  of  which t h e  molar r a t i o  v a l u e s  f o r  normal 
lambda, p e t i t  lambda, and t h e  major p r o t e i n ,  a r e  means a r e  g i v e n  
i n  Table  X I X .  

2 .  Value from a s i n g l e  r u n .  

3. Tryptophan was de te rmined  on d u p l i c a t e  r u n s  by t h e  method o f  S p i e s  
and Chambers (1948).  

N. D. Not Determined.  
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p e t i t  lambda f r a c t i o n s  be ing  a s  g r e a t  a s  t h e  v a r i a t i o n  between 

t h e  p e t i t  lambda and major p r o t e i n  f r a c t i o n .  The  i n d i v i d u a l  

runs  a r e  shown i n  Table X I X .  Comparison of t h e  amino a c i d  

composition of t h e  normal and p e t i t  lambda heads r e v e a l s  an 

excess  of threonine  and a l a n i n e  i n  t h e  normal lambda 

p repara t ions .  This  excess  can be accounted f o r  by t h e  excess  

of threonine  and a lan ine  i n  t h e  amino a c i d  composition of t h e  

minor p r o t e i n  a s soc ia ted  w i t h  t h e  normal lambda head. The 

average minimum molecular weight of t h e  lambda head p r o t e i n s ,  

based on t h e  amino ac id  compositions has been determined and 

included i n  Table XVIII. 

A composite map of t h e  t r y p t i c  pep t ides  found i n  normal 

and p e t i t  lambda heads i s  shown i n  f i g u r e  18. Comparison of 

four  s e t s  of t r y p t i c  pep t ide  maps has revealed  a maximum of 35 

pept ides  t o  be common t o  t h e  normal and p e t i t  lambda 

p repara t ions .  The minimum number of s p o t s  counted on a map 

of p e t i t  lambda was 29.  I n  a d d i t i o n ,  a maximum of 6 o t h e r  

s p o t s  was seen  on t h e  normal lambda maps. The number of 

d i s t i n c t  s p o t s  was dependent on t h e  amount of m a t e r i a l  app l i ed  

t o  t h e  paper;  smearing (incomplete r e s o l u t i o n )  accompanied 

t h e  i d e n t i f i c a t i o n  of weakly s t a i n e d ,  w e l l  separa ted  s p o t s  on 

heav i ly  loaded chromatograms. The va lue  of 35 pep t ides ,  

assigned as common t o  normal and p e t i t  heads is t h u s  a 



TABLE X I X  

INDIVIDUAL DETERMINATIONS OF AMINO ACID COMPOSITION OF NORMAL LAMBDA 
HEADS, PETIT LAMBDA, AND THE MAJOR PROTEIN I 

Amino Acid 

Lys i n e  

H i s t i d i n e  

Arg in ine  

A s p a r t i c  a c i d  

Threonine 

S e r  i n e  

Glu tarnic a c i d  

P r o l i n e  

Glyc ine  

Alan ine  

Cys t e  i n e  

Va 1 i n e  

1 
Methionine 

I s o l e u c  i n e  

Leuc i n e  

Tyros i n e  

Pheny l a  l a n i n e  

Normal Lambda 

Run 1 Run 2 Run 3 

1. Methionine peak o n l y .  

P e t i t  Lambda 

Run 1 Run 2 

Major P r o t e i n  

Run 1 Run 2 Run 3 

2. I n c l u d e s  peaks  f o r  meth ion ine  s u l f o n e s  and s u l f o x o n e s .  



Figure 18 

Trypt ic  Peptide Map of Hydrolyzed Normal and P e t i t  Lambda Heads 

The peptides w i t h  s o l i d  ou t l i ne s  a r e  common t o  both normal 

and p e t i t  lambda heads ( 3 5 ) .  The dot ted  peptides came e i t h e r  

from the  normal lambda head hydrolysate (lower case ,  6 

peptides)  o r  from the  p e t i t  lambda head hydrolysate (upper case ,  

3 peptides)  . 



FIGURE 18 

Chromatography 

C------ Electrophoresis + 
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composite number based on a l l  pept ide  maps made. 

The molecular weight of t h e  major p r o t e i n  of both  t h e  

normal and p e t i t  lambda heads i s  es t imated  t o  be 45,000 on t h e  

b a s i s  of migrat ion i s  SDS acrylamide g e l s .  S ince  t h e  p e t i t  I 

lambda head has been shown t o  be e s s e n t i a l l y  a  s i n g l e  p r o t e i n  

( f i g u r e  1 7 ) ,  an es t ima te  of t h e  molecular weight based on t h e  

amino a c i d  composition and t h e  number of t r y p t i c  pep t ides  is 

poss ib le .  The average minimum molecular weight obta ined  from 

t h e  amino a c i d  composition of p e t i t  lambda is 15,952. The 

es t imated  number of l y s i n e  r e s i d u e s  is  7 and of a r g i n i n e  

r e s i d u e s  8 ,  a t o t a l  of 15 p o t e n t i a l  s i t e s  of cleavage by 

t r y p s i n .  A maximum of 16 pept ide  s p o t s  i s  expected r a t h e r  

than  t h e  29-35 i d e n t i f i e d  on t h e  pep t ide  maps. Therefore ,  t h e  

molecular weight of t h e  major p r o t e i n  of p e t i t  lambda i s  

es t imated  t o  be 3  x  15,952 o r  about 48,000. 

Since t h e  maximum number of pept ide  s p o t s  is n o t  u s u a l l y  

de tec ted  by ninhydrin spraying  ( ~ u l l  e t  a l . ,  1969) ,  a  f a c t o r  of 

3  corresponding t o  a  t h e o r e t i c a l  t o t a l  of 48, r a t h e r  than  a  

f a c t o r  of 2 ,  corresponding t o  32, was used. I n  any even t ,  t h e  

maximum number of observed s p o t s ,  35, exceeded 32, r u l i n g  ou t  

t h e  f a c t o r  of 2.  

The amino a c i d  composition of t h e  i s o l a t e d  major p r o t e i n  

i n d i c a t e s  a  minimum molecular weight of 21,251. By anology 

wi th  t h e  p e t i t  lambda c a l c u l a t i o n s ,  a  molecular weight e s t ima te  
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f o r  t h e  major proteinmonomer of normal heads i s  42,500. The 

two va lues  a r e  i n  f a i r  agreement with each o t h e r  and wi th  t h e  

e s t i m a t e s  from SDS g e l s ;  t h e r e f o r e ,  t h e  molecular weight of 

about 45,000 f o r  t h e  major p r o t e i n  of both  p e t i t  lambda and 

normal lambda heads i s  reasonable.  

The minor p r o t e i n ,  accounting f o r  about 15% of t h e  p r o t e i n  

of t h e  normal lambda heads,  has a  molecular weight of about 

14,000 based on SDS acrylamide g e l  migrat ion.  From t h e  amino 

a c i d  composition, a  minimum molecular weight of 15,180, which 

agrees  w e l l  wi th  t h e  value from e lec t rophores i s ,was  c a l c u l a t e d  

(Table X V I I I )  . 

Discussion 

Many reagents  have been used i n  t h e  preceding experiments 

i n  t h e  a t tempts  t o  degrade normal and p e t i t  lambda heads t o  

t h e i r  sma l l e s t  uniform subun i t s .  A l l  t h e  t r ea tmen t s  r e s u l t i n g  

i n  any degree of breakdown (with t h e  except ion  of t h e  s t r o n g  

a l k a l i )  have r e l e a s e d  a  p r o t e i n  of molecular weight 45,000. 

This  p r o t e i n  migra tes  a t  approximately t h e  same p o s i t i o n  a s  

t h e  ovalbumin s tandard  (molecular weight 45,000) on 5 and 10% 

acrylamide SDS g e l s .  The es t imate  may n o t ,  however, be 

r e p r e s e n t a t i v e  of t h e  molecular weight,  s i n c e  g e l  f i l t r a t i o n  

techniques s e p a r a t e  on t h e  b a s i s  of molecular d iameter ,  and 

t h e  SDS g e l s  a r e  a  v a r i a t i o n  of g e l  f i l t r a t i o n ,  r a t h e r  than  
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e l e c t r o p h o r e s i s .  The molecular weight e s t ima te  of 45,000 by 

d i s c  g e l  e l e c t r o p h o r e s i s  i s ,  however, i n  good agreement wi th  

t h e  va lue  of 42,500 found by t h e  combined techniques of amino 

a c i d  a n a l y s i s  and t r y p t i c  pept ide  mapping. The value of 45,000 

i s  c l o s e  t o  t h a t  of 47,000 ( V i l l a r e j o  e t  a l . ,  1967) b u t  somewhat 

lower than  t h a t  of 55,000 (Dyson and van Holde, 1967) ,  

a t t r i b u t e d  t o  t h e  head p r o t e i n  on t h e  b a s i s  of s t u d i e s  us ing  

whole lambda ghos ts .  

A band corresponding t o  a  molecular weight between 

30,000-35,000 i n  10% g e l s  and 38,000-40,000 i n  5% g e l s  was 

found a f t e r  t r ea tmen t  of p e t i t  and normal lambda heads wi th  

0 
a c i d  and u rea ,  n e u t r a l  SDS a t  80 C ,  and SDS a t  pH 10.6. Th i s  

band appeared o n l y  when t h e  45,000 molecular weight f r a c t i o n  

was p resen t  and may be a ve r s ion  of t h i s  p r o t e i n  fo lded  

d i f f e r e n t l y  due t o  t h e  r a t h e r  harsher  t rea tments  of t h e  

combined reagen t s  o r  e l e v a t e d  temperature.  Th i s  band may thus  

r e p r e s e n t  a  d i f f e r e n t  conformational  form of t h e  45,000 

molecular weight p r o t e i n .  Buchwald e t  a l .  (pe r sona l  

communication) i n d i c a t e  t h a t  t h e  major p r o t e i n  of t h e  head of 

bacter iophage lambda has a  molecular weight of 37,500 by d i s c  

g e l  e l e c t r o p h o r e s i s .  The i r  method of breakdown, hea t ing  i n  a  

b o i l i n g  water b a t h  i n  t h e  presence of SDS and mercaptoethanol,  

may have produced a  change i n  molecular conf igura t ion  of t h e  
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major p ro te in .  

Bands corresponding t o  smal ler  e n t i t i e s  w e r e  a l s o  seen i n  

I 
t h e  g e l s ,  Af te r  s e v e r a l  of t h e  t r ea tmen t s ,  two f a s t  moving 

bands were p resen t  i n  t h e  s tandard 7v/o acrylamide g e l s ,  They 

correspond t o  t h e  two f a s t  bands of t h e  low molecular weight 

p r o t e i n  of molecular weight about 14,000 ( f i g u r e  19,  p.107).  

The p r o t e i n  of low molecular weight was seen only  i n  samples 

s f  broken down normal lambda heads. 

Also p resen t  i n  many of t h e  g e l s  from p a r t i a l l y  degraded 

normal o r  p e t i t  lambda heads was a  band corresponding t o  a  

molecular weight of about 70,000 (Tables X I ,  X I V  and X V I ) .  

I n  t h e  case  of p e t i t  lambda heads (Table X V I )  , breakdown 

r e s u l t e d  mainly i n  t h e  production of t h e  45,000 molecular 

weight p r o t e i n ,  a l though some 70,000 molecular weight p r o t e i n  

was present .  A band, a t  the  same p o s i t i o n  i n  t h e  ovalbumin 

s tandard  g e l ,  was probably caused by an  ovalbumin dimer 

(Shapiro e t  a l . ,  1967) , The 40,000 molecular weight lambda 

p r o t e i n  may l ikewise  r ep resen t  d imer iza t ion  of t h e  45,000 

molecular weight components. Changes i n  conformation dur ing  

d imer iza t ion ,  producing a  molecule smal ler  than  two s e p a r a t e  

monomer u n i t s  coupled, could r e s u l t  i n  an i n c o r r e c t  molecular 
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weight es t imate .  The molecules may assume t h e  "38,000 

molecular weight" conformation p r i o r  t o  d imer iza t ion .  

I n  t h e  case of normal lambda heads, repeated  t rea tment  

decreased t h e  70,000 molecular weight band and r e s u l t e d  i n  

r e l a t i v e  increases  of bo th  t h e  45,000 and 14,000 molecular 

weight bands (Table X I V ) :  The r e s u l t s  may i n d i c a t e  t h e  

presence of a complex w i t h i n  t h e  caps id  of t h e  14,000 and 

45,000 molecular weight p r o t e i n s ,  i n  a d d i t i o n  t o  t h e  p o s s i b l e  

dimer of 45,000 u n i t s .  The p e r s i s t e n c e  of t h e  70,000 

molecular  weight band i n  c e r t a i n  ins tances  may, however, 

i n d i c a t e  t h e  presence of y e t  another  minor p r o t e i n  of molecular 

weight about 70,000, 

The most prevalent  components produced by degradat ion  of 

t h e  lambda heads have now been d iscussed .  What a r e  t h e  f o r c e s  

which a c t  t o  hold them t o g e t h e r ?  The measure of  success  i n  

t h e  degradat ion  of t h e  heads by var ious  r eagen t s  may g ive  an 

i n s i g h t  i n t o  t h e  types  of bond c o n t r i b u t i n g  t o  head s t r u c t u r e .  

Urea and SDS, known t o  break hydrogen bonds, when a c t i n g  alone 

have l i t t l e  e f f e c t  on t h e  morphology of t h e  heads al though they  

r e l e a s e  t h e  minor p r o t e i n  from normal lambda heads. It is 

i n t e r e s t i n g  t o  note  t h a t  Buchwald e t  a l .  (pe r sona l  

communication) r epor ted  us ing  urea t o  remove p e t i t  lambda from 
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t h e i r  normal lambda head p repara t ions  and c o i n c i d e n t a l l y  

de tec ted  no minor p r o t e i n  i n  t h e  normal lambda head. I n  our 

system, t h e  r eagen t s  used i n d i c a t e  t h a t  hydrogen bonding has 

l i t t l e  e f f e c t  on t h e  i n t e g r i t y  of e i t h e r  t h e  normal o r  p e t i t  

lambda caps ids ,  b u t  d i s s o c i a t e s  t h e  14,000 molecular p r o t e i n  

from t h e  normal lambda head. 

More important  i n  holding t h e  caps id  subun i t s  toge the r  a r e  

s a l t  bonds. Alka l ine  and a c i d i c  s o l u t i o n s  a t  pH's beyond t h e  

secondary d i s s o c i a t i o n  c o n s t a n t s  of t h e  d ica rboxy l i c  and 

d i b a s i c  amino a c i d s  r e s u l t  i n  d e s t r u c t i o n  of t h e  morphology of 

both types  of head wi th  t h e  r e l e a s e  of t h e  45,000 molecular 

weight subunit .  Complete breakdown occurred r a p i d l y  wi th  

combined s a l t  and hydrogen bond breaking reagen t s  i n d i c a t i n g  

t h a t  hydrogen bonds a l s o  have a r o l e  i n  maintaining head 

s t r u c t u r e ,  bu t  t h e y  cannot be broken u n l e s s  they  a r e  f i r s t  made 

a c c e s s i b l e  by d i s r u p t i n g  t h e  s a l t  bonds. 

What a r e  t h e  p o s s i b l e  r o l e s  of t h e  45,000 and 14,000 

molecular weight s u b u n i t s  i n  t h e  lambda heads? The 45,000 

molecular weight p r o t e i n  is c e r t a i n l y  t h e  major s t r u c t u r a l  

p r o t e i n  of t h e  normal lambda head and poss ib ly  t h e  only 

s t r u c t u r a l  p r o t e i n  p resen t  i n  t h e  p e t i t  lambda head. Gel 
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d a t a  suggest  t h a t ,  i n  p e t i t  lambda, t h e  45,000 molecular weight 

subuni t  molecules could form dimers which could then  aggregate  

I 
by s e l f  assembly t o  produce t h e  icosahedra l  p e t i t  lambda heads, 

The func t ion  of t h e  14,000 molecular weight p r o t e i n  is not  

s o  e a s i l y  def ined .  It could be a minor s t r u c t u r a l  p r o t e i n  

loca ted  on t h e  su r face  of t h e  normal lambda caps id .  The 

minor p r o t e i n ,  which appears t o  be more b a s i c  ( c a r r y i n g  a  

higher  p o s i t i v e  charge,  V i l l a r e j o  e t  a l . ,  1967) ,  would exp la in  

t h e  d i f f e r e n t i a l  a f f i n i t y  of ECTEOLA c e l l u l o s e  f o r  t h e  two 

types  of head. Normal lambda, conta in ing  t h e  minor p r o t e i n ,  

+ is l e s s  t i g h t l y  bound t o  t h e  N groups of t h e  anion exchanger 

and p e t i t  lambda, more t i g h t l y  bound. 

0 
A t  42 C ,  o r  upon removal of magnesium, t u b u l a r  head forms . 

of lambda can conver t  from those  wi th  a  p e t i t  lambda type  of 

packing t o  t h e  normal lambda head type of packing ( ~ e m p ,  

unpublished) .  The conversion could be explained i f  t h e  

longheads contained an abnormal low molecular weight p r o t e i n  

which assumed a  more normal shape i n  t h e  absence of magnesium. 

I n  t h e  presence of magnesium, t h e  subun i t s  con ta in ing  t h e  low 

molecular weight p r o t e i n  would appear i d e n t i c a l  t o  t h e  45,000 

dimers and t h u s ,  on assembly, t h e  two would assume t h e  p e t i t  
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lambda type of packing. I n  t h e  absence of magnesium t h e  

d i f f e r e n c e  of t h e  two types of subun i t s  would be manifested a s  

a change t o  t h e  normal lambda type of packing. Magnesium 

concentrat ion has been found t o  a f f e c t  t h e  conformation of 

p r o t e i n  subuni t s  i n  t h e  8-galactosidase system (Ullman and 

Monod, 1969) . 

The amount of t h e  14,000 molecular weight p r o t e i n ,  i f  it 

is a s t r u c t u r a l  component on t h e  caps id  s u r f a c e ,  would be 

expected t o  be cons tan t ;  b u t  t h e  amount of t h e  minor p r o t e i n  

v a r i e s  i n  d i f f e r e n t  p repara t ions  ( f i g u r e  1 4 ) .  I f  t h e  minor 

p r o t e i n  is  s i t u a t e d  on t h e  su r face  of t h e  head, it i s  broken 

o f f  r e l a t i v e l y  e a s i l y  by urea  without  a f f e c t i n g  t h e  head 

morphology. The l4,OOO molecular weight p r o t e i n  is  thus  

probably not  an i n t e g r a l  p a r t  of t h e  caps id  s t r u c t u r e  b u t  may 

be a morphopoietic f a c t o r  p resen t  on t h e  s u r f a c e  of t h e  caps id  

b u t  not  necessary f o r  i t s  s t r u c t u r a l  i n t e g r i t y  once it is  

formed (Kellenberger , 1968) . 

A l t e r n a t i v e l y ,  t h e  minor p r o t e i n  might not  be p resen t  i n  

t h e  caps id  of normal lambda heads, b u t  be s i t u a t e d  i n s i d e  t h e  

head a s  a core around which t h e  DNA is wound (Kaiser ,  1966).  

Such c o r e s ,  i f  a t t ached  t o  t h e  DNA, would be expected t o  be 
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l o s t  with it r a t h e r  than remaining wi th in  t h e  heads. The 

3 
d e n s i t y  of  t h e  heads described i n  t h e  experiments,  1.27 g/cm 

( f i g u r e  l o ) ,  i nd ica ted  the re  was no DNA remaining wi th in  them. 

Also,  no evidence of cores  has been de tec ted  i n  t h e  samples by 

t h e  e l e c t r o n  microscope, the  e l e c t r o n  micrograph shown i n  

f i g u r e  4  be ing  t y p i c a l  of the  appearance of t h e  p u r i f i e d  

normal lambda heads. I f ,  however, t h e  minor p r o t e i n  of t h e  

normal lambda head i s  core p r o t e i n ,  i t s  presence i n  l i m i t i n g  

amounts would r e s u l t  i n  t h e  formation of normal lambda heads 

when it is presen t  and p e t i t  lambda when i t  i s  absent .  I t  

could form some type  of morphopoietic core  such a s  Kellenberger 

e t  a l .  (1968) have pos tu la ted  f o r  t h e  T-even phages. 

The minor p r o t e i n  does, a s  pointed ou t  e a r l i e r ,  a f f e c t  

t h e  s u r f a c e  p r o p e r t i e s  of the  normal lambda head. The presence 

of a  morphopoietic core wi th in  t h e  heads could a f f e c t  t h e  

conformation of t h e  p r o t e i n  (45,000 molecular weight form or 

38,000 molecular weight form) p r i o r  t o  aggregat ion t o  form a  

normal o r  p e t i t  lambda head. The f o l d i n g  of t h e  p r o t e i n  

subun i t s  i n  t u r n  could a f f e c t  t h e  su r face  charge and 

a n t i g e n i c  p r o p e r t i e s  of the  whole head. The change i n  

molecular conformation could a l s o  exp la in  t h e  longhead 



conversion on the  b a s i s  of a change of t h e  major p r o t e i n  from 

t h e  "45,000" t o  t h e  "38,000" molecular weight form o r  v ice  

I 
v e r s a ,  

If t h e  14,000 molecular weight p r o t e i n  forms p a r t  of an  

inner  co re ,  t h e  experimental r e s u l t s  show t h a t  t h e  caps id  i s  

r e s i s t a n t  t o  urea degradation while  t h e  co re  can be broken down 

when urea pene t ra te s  t h e  capsid.  

The 45,000 molecular weight p r o t e i n  is t h e  major 

s t r u c t u r a l  component of both normal and p e t i t  lambda heads. 

The P4,000 molecular weight p r o t e i n  may have e i t h e r  a su r face  

o r  an i n t e r n a l  o r  core  r o l e  i n  t h e  formation of t h e  normal 

lambda head, bu t  t h e  e x p e r i m e n t a l . r e s u l t s  do not  enable  

d i s t i n c t i o n  between t h e  two. I n  a normal l y s a t e ,  t h e  p e t i t  

lambda heads could r e s u l t  from t h e  low molecular weight 

p r o t e i n  being p resen t  i n  l i m i t i n g  amounts, condensation of both  

types  of p r o t e i n  leading  t o  the  f u n c t i o n a l  normal lambda head, 

and self-assembly of t h e  major p r o t e i n  subun i t s ,  t o  t h e  

nonfunct ional  p e t i t  lambda. 
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Summary and Conclusions 

(1) Both normal and p e t i t  lambda heads c o n s i s t  of t h e  same 

major p r o t e i n  monomer a s  determined by d i s c  g e l  

e l e c t r o p h o r e s i s  of t h e  products of chemical degradat ion ,  

and a l s o  by t r y p t i c  pept ide  mapping. 

( 2 )  The major p r o t e i n  has a  molecular weight of about 45,000 

a s  determined by SDS d i s c  g e l  e l e c t r o p h o r e s i s .  Amino 

a c i d  a n a l y s i s  of t h e  i s o l a t e d  major p r o t e i n  from normal 

lambda heads a s  w e l l  a s  amino a c i d  a n a l y s i s  of p e t i t  

lambda heads i n  conjunct ion wi th  t r y p t i c  pept ide  mapping 

gave a  value of approximately 43,000 f o r  t h e  molecular 

weight.  

( 3 )  A minor p r o t e i n  of d i f f e r e n t  amino a c i d  composition is 

p resen t  i n  normal lambda heads only.  I t  has a  molecular 

weight of about 14,000 a s  determined by d i s c  g e l  

e l e c t r o p h o r e s i s  and about 15,000 by amino a c i d  a n a l y s i s .  

The funct ion  and p o s i t i o n  of t h e  minor p r o t e i n  w i t h i n  t h e  

normal lambda head i s  no t  e l u c i d a t e d  by our  experiments.  

I t  may be present  i n  t h e  normal lambda caps id  l a t t i c e  

confe r r ing  su r face  charge and a n t i g e n i c  p r o p e r t i e s  o r  it 

may be t h e  p r o t e i n  of t h e  core  around which it is 

pos tu la ted  t h a t  DNA is wound. 
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(4)  Salt; bonds a r e  of prime importance i n  maintaining t h e  

s t r u c t u r a l  i n t e g r i t y  of both normal and p e t i t  lambda 

heads. Hydrogen bonds p lay  a minor r o l e ,  b u t  s a l t  bonds 

must f i r s t  be broken i n  order  t o  make them a c c e s s i b l e  t o  

t h e  r eagen t s .  Hydrogen bonds appear t o  a c t  i n  b inding  

t h e  minor p ro te in  loose ly  t o  the  normal lambda heads. 



CHAPTER I V  

THE GENE DETERMINING THE MAJOR PROTEIN SUBUNIT 
OF BACTERIOPHAGE LAMBDA HEADS 

In t roduc t ion  

There a r e  no head-like s t r u c t u r e s  i n  l y s a t e s  of induced 

Escherichia  c o l i  c e l l s  lysogenic f o r  bacter iophage lambda when 

mutations a r e  p resen t  i n  lambda genes E, o r  possib1y.F (Kemp & 

a l . ,  1968; Mount e t  a l . ,  1968) . The major p r o t e i n s  present  - 
. - 

i n  t h e  normal and p e t i t  lambda heads have been i d e n t i f i e d  by 

d i s c  g e l  e l e c t r o p h o r e s i s  (Chapter 111). Therefore ,  a 

comparison of t h e  g e l  p a t t e r n s  of c e l l - f r e e  e x t r a c t s  prepared 

from wild type ,  abso lu te  d e f e c t i v e  and c o n d i t i o n a l l y  l e t h a l  

mutant s t r a i n s  should i n d i c a t e  which of t h e  two genes a c t u a l l y  

c o n t r o l s  t h e  product ion of t h e  major p r o t e i n .  

Gels of c e l l - f r e e  e x t r a c t s  a r e  contaminated by b a c t e r i a l  

p r o t e i n s ,  The extraneous bands should be diminished by 



r e a c t i n g  t h e  c e l l - f r e e  e x t r a c t  w i t h  an ant iserum prepared 

a g a i n s t  t h e  homologous non-lysogenic hos t  b a c t e r i a l  s t r a i n .  

Ce l l - f r ee  e x t r a c t s  of condi t ional ly  l e t h a l  mutants p r e t r e a t e d  

w i t h  p u r i f i e d  a n t i s e r a  were used i n  an at tempt  t o  i d e n t i f y  

phage s p e c i f i e d  p r o t e i n  bands by d i s c  g e l  e l e c t r o p h o r e s i s .  

Mate r i a l s  and Methods 

B a c t e r i a l  and Phage S t r a i n s  

The b a c t e r i a l  and phage s t r a i n s  used a r e  l i s t e d  i n  Table 

XX. 

Prepara t ion  of Cell-Free Extract  

Cel l - f ree  e x t r a c t s  of various b a c t e r i a l  s t r a i n s  and 

b a c t e r i a  lysogenic f o r  lambda mutants were prepared fol lowing 

i r r a d i a t i o n  of t h e  c u l t u r e s  a s  described i n  Chapter 11. The 

c e l l s  were f u r t h e r  incubated f o r  an opt imal  time a s  

determined by l y s i s  curves and then concent ra ted  by 

c e n t r i f u g i n g  i n  t h e  cold  f o r  20 min a t  a  g max of 10,400. 

The p e l l e t s  were washed twice w i t h  s t e r i l e  d i s t i l l e d  water t o  

remove t h e  c u l t u r e  medium and f i n a l l y  resuspended i n  10 m l  

s t e r i l e  d i s t i l l e d  water .  The c e l l s  were d i s r u p t e d  i n  a  

2 
French p r e s s  a t  a  p ressu re  of 10,000 l b / i n  . The b a c t e r i a l  
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TABLE XX 

BACTERIAL AND PHAGE STRAINS 

S t r a i n  

Bac te r iophage :  

Genotype 

B a c t e r i a :  

594 

Y10- 1 

Sus E4 - 
Sus F96B - 

pm; ( suI1- ) 
s m 

+ 
Pm 

Sus E214 - 
Sus F204 - 

Source 

R. Thomas 

C.R. F u e r s t  

C .  R. F u e r s t  

C.R. F u e r s t  

R. Thomas 

Commen t 

E. c o l i  594,  a  s t r e p t o m y c i n  
r e s i s t a n t  non-permiss ive  h o s t  f o r  
s u s  m u t a n t s  o f  ?, (Weigle ,  1966) .  - 
A c u r e d  d e r i v a t i v e  of  Y10 and a 
p e r m i s s i v e  h o s t  f o r  ?, (Thomas et 
a l . ,  1967; Mount e t  a l . ,  1968) .  - 

A t e m p e r a t u r e  s e n s i t i v e  mutan t  i n  
gene E d e f i c i e n t  i n  head p r o d u c t i o n  
d e r i v e d  from Y 1 0  (Mount e t  a l . ,  
1968) .  

Sus mutan t s  o f  lambda d e f i c i e n t  i n  - 
head p r o d u c t i o n  (Campbel l ,  1961) .  

mutan t s  of  lambda d e f i c i e n t  i n  
head p r o d u c t i o n  (Thomas e t  a l . ,  
1967) .  

Only t h e  s t r a i n s  n o t  a l r e a d y  l i s t e d  i n  Table  I have been l i s t e d  h e r e .  



d e b r i s  was then  removed by c e n t r i f u g i n g  15 min a t  a  g  max of 
I 

4,000. 

Lys is  Curves 

Lys is  curves were done on t h e  mutant s t r a i n s  mentioned i n  

Table XX, i n  o rde r  t o  determine t h e  optimum i n t e r v a l  between 

induct ion  of bacter iophage s y n t h e s i s  by u l t r a v i o l e t  l i g h t  and 

t h e  p repara t ion  of t h e  c e l l - f r e e  e x t r a c t .  Lys is  occurred a t  

0 
60-70 min i n  temperature s e n s i t i v e  s t r a i n s  a t  42 C and a t  80 

min i n  d e f e c t i v e  s t ra ins ,80-90 min i n  - sus  s t r a i n s  i n  W3350, 

0 
and 100 min i n  - sus  s t r a i n s  i n  594 a t  37 C.  The c e l l - f r e e  

e x t r a c t  was prepared j u s t  be fo re  l y s i s ,  when optimum 

product ion of  phage e n t i t i e s  had occurred and concen t ra t ion  of 

whole c e l l s  r a t h e r  than  p r o t e i n s  was poss ib le .  

P repara t ion  of Antiserum t o  Host B a c t e r i a l  S t r a i n s  

Ce l l - f r ee  e x t r a c t s  of E .  c o l i  W3350, 594, and Y 10-1 were 

prepared f o r  use a s  an t igens .  I n j e c t i o n s  of 1-2 mg t o t a l  

p r o t e i n  ( a s  determined by t h e  method of Lowry e t  a l . ,  1951) 

were given in t ramuscular ly  t o  r a b b i t s  a t  weekly i n t e r v a l s  f o r  

8 weeks and a  boos ter  i n j e c t i o n  6 weeks a f t e r  te rminat ion  of 

t h e  r e g u l a r  schedule.  The serum was then harves ted  a t  weekly 



i n t e r v a l s  and pooled i f  it gave a  p o s i t i v e  r i n g  t e s t  wi th  t h e  

homologous ant igen .  A p u r i f i e d  gamma g lobu l in  f r a c t i o n  was 

prepared by separa t ion  of t h e  serum p r o t e i n s  on a  DEAE 

c e l l u l o s e  column (Sober e t  a l . ,  1956).  This  f r a c t i o n  gave a  

p o s i t i v e  r i n g  t e s t  when r e a c t e d  wi th  an equiva lent  amount of 
I 

an t igen  p r o t e i n  ( i . e . ,  1 mg of ant ibody p r o t e i n  p r e c i p i t a t e d  

approximately 1 mg of an t igen  p r o t e i n . )  

Treatment of t h e  Cell-Free e x t r a c t s  P r i o r  t o  Gel Analysis  

Two series of g e l s  were run on c e l l - f r e e  e x t r a c t s  of t h e  

mutants. 

Antigen only.  Gels were run  us ing  an t igens  only  (200 pg 

p r o t e i n  i n  t h e  sample).  

Antigen excess  and a l k a l i n e  SDS t rea tment .  Antigen 

(approximately 2 mg) was t r e a t e d  wi th  0 .1  m l  p u r i f i e d  gamma 

g lobu l in  (0.9-1.1 mg/ml) i n  a  t o t a l  volume of 2 m l  f o r  60 h r  

0 
a t  4 C.  The r e a c t i o n  mixture was cen t r i fuged  30 min a t  a  g  

max of 4,000 rpm and t h e  supernatant  was then  lyoph i l i zed .  

The p r o t e i n  was taken up i n  1 m l  of 1% SDS i n  0.1M NaC03 

0 
b u f f e r ,  pH 10.6, and reac ted  f o r  30 min a t  45 C. The excess  

reagent  was removed by d i a l y s i s  overnight  i n t o  0.01 M sodium 

phosphate b u f f e r ,  pH 7 .  Samples, 0.2 ml, conta in ing  
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approximately 400 pg p r o t e i n ,  were run on t h e  g e l s .  

Disc Gel E lec t rophores i s  

Standard 7vk acrylamide g e l s  and SDS 5% acrylamide g e l s  

were run a s  o u t l i n e d  i n  Chapter 111. 

Resu l t s  

The major bands produced by breakdown products  of normal 

lambda heads on s tandard  79k acrylamide g e l s  a r e  shown i n  

f i g u r e  19. They g ive  an i n d i c a t i o n  of t h e  p o s s i b l e  products  

of phage formation t h a t  might be de tec ted  i n  c e l l - f r e e  

e x t r a c t s  of induced lysogenic  b a c t e r i a l  s t r a i n s .  

E f f e c t  of I r r a d i a t i o n  on Non-Lysoqenic B a c t e r i a l  S t r a i n s  

Non-lysogenic s t r a i n s  given an "inducing" dose of 

i r r a d i a t i o n  and l e f t  t o  incubate  a  f u r t h e r  50 min p r i o r  t o  

p repara t ion  of t h e  c e l l - f r e e  e x t r a c t  gave g e l  p a t t e r n s  

e s s e n t i a l l y  i d e n t i c a l  t o  u n i r r a d i a t e d  c o n t r o l s .  

Treatment of Ce l l - f r ee  E x t r a c t s  w i t h  Antiserum 

Phage s p e c i f i c  bands i n  t h e  g e l s  of t h e  c e l l - f r e e  

e x t r a c t s  from suppressor  s e n s i t i v e  mutants of lambda, normal 



Figure 19 

Densitometer Tracings of Standard 7vk Acrylamide Gels of 

t h e  Two P r o t e i n s  Found I n  Normal Lambda Heads 

(a) The 45,000 Molecular Weight P r o t e i n  (Samples both  37 pg) 

R f I n t e g r a t e d  Value of Peak 

G e l  1 Gel 2 

(b) The Low Molecular Weight P r o t e i n  (Sample 100 pg) 

I n t e g r a t e d  Value of Peak 





and d e f i c i e n t  i n  head product ion were obscured because of 

contamination by b a c t e r i a l  p r o t e i n s .  Some diminut ion of 

I 
bac ter ia -spec i f ied  bands i n  t h e  nonlysogenic hos t  s t r a i n s  w a s  

achieved by reac t ing  t h e  c e l l - f r e e  e x t r a c t  wi th  an ant iserum 

t o  t h e  host  s t r a i n  p r i o r  t o  s e p a r a t i n g  t h e  p r o t e i n s  on t h e  g e l s  

 a able XXI)  . However, under t h e  cond i t ions  used, t h e  

ant iserum d i d  not r e a c t  t o  any g r e a t  degree w i t h  t h e  b a c t e r i a l  

an t igen  i n  the  c e l l - f r e e  e x t r a c t s  of mutant phage lysogens.  

P ro te ins  Detected i n  Defect ive - Mutants of Lambda 

A s e r i e s  of c e l l - f r e e  e x t r a c t s  was prepared of induced 

b a c t e r i a l  s t r a i n s  lysogenic f o r  mutants of lambda d e f e c t i v e  

and normal i n  head product ion.  Densitometer t r a c i n g s  of 

s tandard  7?? acrylamide g e l s  of t h e  an t igen  from t h e  d e f e c t i v e  

head mutant a r e  shown i n  comparison wi th  t h a t  from t h e  

background nonlysogenic s t r a i n  and a head producing mutant 

(Figure 20) .  T i t e r s  of l y s a t e s  of t h e s e  mutants a r e  shown a t  

t h e  bottom of Table X X I I  t o  g ive  an e s t i m a t e  of t h e  number of 

wi ld  type  phage present .  I n  f i g u r e  20, t h e  bands migra t ing  

wi th  R f ' s  of .16 and .82 a r e  enhanced i n  T 1 ( d e f e c t i v e  i n  gene 

M b u t  normal w i t h  r e s p e c t  t o  head formation) and absent  i n  T 61  

( d e f e c t i v e  i n  gene E ) .  Bands corresponding t o  both t h e  major 



TABLE X X I  

NONLYSOGENIC BACKGROUND BACTERIAL STRAINS AND EFFECTS O F  TREATMENT WITH 
ANTISERUM ON GEL BANDS 

S t r a i n  

E.  c o l i  
W3350 

E. c o l i  
5  94 

Treatment 

Antigen only  

Antigen excess ,  
a l k a l i n e  SDS 

Antigen only  

Antigen excess ,  
a l k a l i n e  S D S  

R f ' s  of Bands seen  i n  the g e l s  

The t rea tments  a r e  descr ibed  i n  the t e x t  under m a t e r i a l s  and methods. 



Figure 20 

Densitometer Tracings of Standard 7yb Acrylamide Gels 

of Mutants Defect ive i n  Head and T a i l  Production 

Legend S t r a i n  

- - -  - -- 

Lambda 
Phenotype 

Nonlysogenic 

Heads only  

T a i l s  only 

P e t i t  lambda 
and t a i l s  

Sample S i z e  
1 

(p,g p r o t e i n )  

1. I t  is seen  from t h e  t r a c i n g  t h a t  t h e  same amount of 
p r o t e i n  d i d  not  e n t e r  a l l  t h e  g e l s .  

2 .  The T 7 g e l  was run i n  a  d i f f e r e n t  experiment and thus  
cannot be compared q u a n t i t a t i v e l y  wi th  t h e  o t h e r  t r a c i n g s .  

The t i ters  of wild type phage p resen t  i n  t h e  l y s a t e s  of 
T 1 and T 61 a r e  ind ica ted  a t  t h e  bottom of Table XXI. 





and minor p ro te ins  were found i n  a  de fec t ive  mutant i n  gene A ,  

bu t  which produces mainly p e t i t  lambda p a r t i c l e s  (T 7 ,  Kemp e t  - 
a l . ,  1968) . - 

The experiment was repeated  with another  s e t  of c e l l - f r e e  

e x t r a c t s  and t h e  r e s u l t s  were s i m i l a r .  I n  t h i s  case ,  a l l  of 

t h e  dye f r o n t s  were n o t  equiva lent  s o  t h a t  t h e  densi tometer  

readings  could not  be superimposed. The Rf 's  were c a l c u l a t e d  

and t h e  a r e a s  under peak regions  i n t e g r a t e d  and s u b t r a c t e d  from 

those  of t h e  background s t r a i n .  The r e s u l t s  a r e  shown i n  

Table X X I I .  Densitometer t r a c i n g s  of t h e  7vA acrylamide 

s tandard  g e l s  run w i t h  sample g e l s  ind ica ted  t h a t  about h a l f  

t h e  m a t e r i a l  app l i ed  remained i n  t h e  sample g e l s  ( t o t a l  

i n t e g r a t e d  value f o r  sample g e l  was equiva lent  t o  t o t a l  

i n t e g r a t e d  value f o r  running g e l s ) .  

From Table X X I I ,  it is seen t h a t ,  i n  t h e  gene E mutant 

which f a i l s  t o  syn thes ize  lambda heads, no p r o t e i n  i n  excess  

of t h a t  p resen t  i n  t h e  background b a c t e r i a l  s t r a i n  was seen 

running a t  R f ' s  of .53 and .66, t h e  p o s i t i o n s  expected f o r  t h e  

major p r o t e i n  ( f i g u r e  1 9 ) .  P ro te in  was p resen t  which 

migrated a t  .82 and a t  t h e  dye f r o n t ,  two of t h e  p o s i t i o n s  

expected f o r  t h e  minor p r o t e i n  ( f i g u r e  19) b u t  not  a t  t h e  o t h e r  

p o s i t i o n ,  .93, expected.  I n  t h e  gene M mutant, bands 



TABLE XXII 

INTEGRATED VALUE OF BANDS I N  STANDARD 7 112% ACRYLAMIDE GELS OF CELL- 
FREE EXTRACTS OF DEFECTIVE LYSOGENIC STRAINS OF BACTERIOPHAGE LAMBDA I 

1. T h e r e g i o n f r o m . 3 3 - . 4 2 i n T l w a s p r e s e n t a s a s i n g l e p e a k  
w i t h  s h o u l d e r s  s o  t h e  v a l u e s  have been b r a c k e t e d  i n  t h i s  c a s e  

Rf  o f  Bands 

.13-. 1 5  

. 2 0  

.27-.  28 
- 3 3  
.37-.  42 
.48  
.51- .  57 
.63- .  68 
.70-.  76 
.82-.  88 
.98- 1 .00  

2. The t o t a l  i n t e g r a t e d  v a l u e  i n d i c a t e s  t h a t  d i f f e r e n t  amounts 
o f  m a t e r i a l  e n t e r e d  t h e  g e l s .  The background t o t a l  (due 
presurnab l y  t o  background b a c t e r i a l  p r o t e i n )  i s  r e l a t i v e l y  
c o n s t a n t ;  t h e  e x c e s s  p r o t e i n  e n t e r i n g  t h e  g e l s  i s  t h u s  
phage- s p e c i f i e d .  

The w i l d  type phage p r e s e n t  i n  the  mutant l y s a t e  i s  i n d i c a t e d  
by t h e  t i t e r  on a lawn of t h e  pe rmiss ive  h o s t  s t r a i n ,  RC600: 

T 1 - 5.0 - 9 . 8  x lo2 p . f .u . / rn l  
T 6 1  - 3 . 5  x lo3 p . f .u . /ml  

S T R A I N  A N D  P H E N O T Y P E  

Y 10-1 
Background 

T o t a l  

137 
70 
62 
37 

159 
90 

12 1 
8 5 
7 9 
7 6 
4 5  

T o t a l  
I n t e g r a t e d  
Value 2 

Background T o t a l  

Sample S i z e  (ug)  

T 1 
Heads 

T o t a l  Net 

277 140 
63 N i l  
64 N i l  

lo3h 116 
209) 

37 N i l  
180 60 
173 138 
101 2 2 
105 2 9 
47 N i l  

1359 505 

8 54 

2 52 

9 6 1  

240 

T 6 1  
T a i l s  

T o t a l  Net 

8 6  N i l  
108 38 

7 9 17 
7 0 4 2 

163 N i l  
48  N i l  

115 N i l  
82 N i l  
71  N i l  
9 8 22 
5 9 14 

988 133 

855 

24 5 



corresponding t o  both t h e  major and minor p r o t e i n s  were 

p resen t  a t  .53, .66, and .82. 

I f  t h e  c e l l - f r e e  e x t r a c t s  were p r e t r e a t e d  wi th  a l k a l i n e  

SDS (Chapter 111) p r i o r  t o  running on t h e  g e l s ,  q u a l i t a t i v e  

examination showed s i m i l a r  r e s u l t s  except  t h a t  a l l  t h e  

m a t e r i a l  migrated f a r t h e r  i n t o  t h e  g e l s ,  The slower moving 

bands were reduced, b u t  produced t h e  same f a s t e r  bands. 

P r o t e i n s  Detected i n  Suppressor and Temperature S e n s i t i v e  

Mutants of Lambda 

Gels were run on c e l l - f r e e  e x t r a c t s  of lysogens ca r ry ing  

suppressor  and temperature s e n s i t i v e  mutants of lambda. 

Densitometer t r a c i n g s  of p r o t e i n  produced by mutants i n  head 

product ion (genes E and F)  and a mutant i n  gene M a s  a c o n t r o l  

producing heads,  a r e  shown i n  f i g u r e  2 1 .  The t i t e r s  of t h e  

phage mutants used i n  t h e s e  experiments is shown i n  Table X X I I I  

t o  g ive  an es t ima te  of wi ld  type phage, and hence contaminating 

head p r o t e i n ,  p resen t .  

The r e s u l t s  of t h e  mutants i n  gene E a r e  v a r i a b l e ,  bu t  

a l l  s t r a i n s  show r e l a t i v e l y  l i t t l e  inc rease  i n  t h e  major 

p r o t e i n  bands a t  -53 and .66 ( i f  t h e  amount of p r o t e i n  e n t e r i n g  



Figure 2 1  

Densitometer Tracings of Standard 7v/0 Acrylamide Gels 

of Sus and &Mutants  Def ic i en t  i n  Head Production 

(a) Background B a c t e r i a l  S t r a i n  

(b) Gene E Mutants: phenotype t a i l s  only 

t s  2 1  (E)  

......... s u s  E214 - 
(c) Gene F Mutants: phenotype t a i l s  only  

sus  F96b 

--------- sus  F204 - 
(d )  Gene M Mutant: phenotype Heads only  

sus  M87 





TABLE X X I I I  

TITERS OF LAMBDA PHAGE MUTANTS I N  HEAD PRODUCTION UNDER PERMISSIVE AND 
RESTRICTIVE CONDITIONS 

S t r a i n  

W3350 ( h  - sus  E214) 

W3350 ( A  sus E4) 

W3350 ( h  sus F96b) 

594 ( A %  E214 

594 ( h  - sus  F204) 

Permissive Host 
(E. c o l i  RC600) 

R e s t r i c t i v e  Host 
(E .  c o l i  W3350) 

Permissive Host 
(E. c o l i  RC600) 

R e s t r i c t i v e  Host 
(E. c o l i  594) 

Permissive 
Temperature 

(30•‹C) 

R e s t r i c t i v e  
Temperature 

(42Oc) 

(T i t e r ed  on E.  c o l i  RC600) 



t h e  g e l s  i s  s tandardized  s o  t h a t  3 E214 has t h e  same 

background l e v e l ) .  No band was produced a t  -80 and only  a  
I 

s l i g h t  peak occurred a t  .20 i n  sus E4. The r e s u l t s  a r e  thus  - 
s i m i l a r  t o  those f o r  t h e  gene E de fec t ive  mutant. 

The t r a c i n g s  of t h e  gene F  mutants had a  somewhat 

d i f f e r e n t  p r o f i l e .  Sus F96b, which i s  leaky (Weigle, 1966) , 
7 

showed t h e  presence of bands of R f ' s  .20, .53, and .66, bu t  

very l i t t l e  a t  .80 o r  -93,  i n d i c a t i v e  t h a t  it could make t h e  

major p r o t e i n  which was then  aggregating t o  higher  polymers. 

The gene M mutant used a s  a  c o n t r o l  showed bands i n  a l l  

t h e  regions  expected f o r  bo th  the  major and minor p r o t e i n s .  

The bands were no t  marked, presumably because t h e  p r o t e i n  

polymerized i n t o  l a r g e r  aggregates  which d i d  not  e n t e r  t h e  g e l .  

Discussion 

The r e s u l t s  i n d i c a t e  t h a t  the  major p r o t e i n  subuni t  of 

t h e  head i s  c o n t r o l l e d  by gene E ,  r a t h e r  than gene F. Bands 

corresponding t o  t h e  major p r o t e i n  subuni t  were no t  found t o  

an apprec iable  e x t e n t  i n  t h e  gene E mutants,  b u t  were found i n  

t h e  gene F mutants. The .80 band corresponding t o  t h e  minor 

p r o t e i n  a l s o  does not  appear t o  be p resen t  i n  t h e  gene E mutants 



and t h e  r e s u l t s  a r e  inconclusive regarding i t s  presence i n  t h e  

gene F mutants. The same conclusion can be reached concerning 

t h e  .93 band. 

Thomas e t  a l .  (1967) have ascr ibed  a  s t o i c h i o m e t r i c  

func t ion  t o  gene E ,  i n d i c a t i n g  t h a t  i t  would code f o r  t h e  

major s t r u c t u r a l  p r o t e i n  of t h e  head; while  they  asc r ibed  a  

c a t a l y t i c  r o l e  t o  t h e  gene F product i n d i c a t i n g  t h a t  it had a  

r e g u l a t o r y  r o l e  i n  head morphogenesis. The presence of t h e  

major p r o t e i n  i n  t h e  gene F mutants and i t s  absence i n  t h e  

gene E mutants ( f i g u r e  2 1 )  would s u b s t a n t i a t e  t h i s  assumption. 

The absence of t h e  minor p r o t e i n  i n  both  gene E and gene F 

mutants i n d i c a t e s  t h a t  t h e  c o n t r o l  of i t s  product ion is more 

complex. No conclusion can be reached on t h e  b a s i s  of t h e  

d a t a  presented a s  t o  whether t h e  func t ion  of gene F is  t o  

c o n t r o l  t h e  formation of t h e  minor p r o t e i n .  

Gene A ,  on t h e  b a s i s  of t h e  d e f e c t i v e  mutant s t u d i e d ,  does 

no t  seem t o  a f f e c t  t h e  product ion of e i t h e r  p r o t e i n  p resen t  i n  

t h e  caps id ,  a l though mainly p e t i t  lambda heads a r e  produced 

( f i g u r e  20) .  Th i s  would i n d i c a t e  t h a t  something more than  t h e  

major and minor p r o t e i n s  i s  requi red  f o r  normal lambda head 

syn thes i s .  The o t h e r  genes involved i n  head product ion ,  t h e  



W-B-C polar  group (Parkinson,  1968) and genes A and D l  have 

not a s  y e t  been given d e f i n i t e  func t ions  i n  head morphogenesis, 

al though t h e  conversion of t h e  t u b u l a r  s t r u c t u r e s  (Chapter 111) 

may i n d i c a t e  t h a t  t h e  gene determining t h e  minor caps id  

p r o t e i n  is  found i n  t h e  W-B-C reg ion .  Salzman and Weissbach 

(1967) have i n d i c a t e d  t h a t  genes A and D may have a  r o l e  i n  

making t h e  lambda i n f e c t i o u s  . 

Summary 

I n d i c a t i o n s ,  on t h e  b a s i s  of t h e  d i s c  g e l  e l e c t r o p h o r e s i s  

d a t a ,  a r e  t h a t  gene E determines t h e  major p r o t e i n  (of 

molecular weight 45,000) p resen t  i n  t h e  caps id  of bacter iophage 

lambda. No conclus ion  can be made from t h e  d a t a  a s  t o  t h e  

r o l e  of gene F, 



CHAPTER V 

THE RELATIONSHIP BETWEEN NORMAL AND PETIT LAMBDA HEADS 

Two types  of head a r e  found i n  a  l y s a t e  of Escher ichia  

c o l i  lysogenic f o r  normal bacter iophage lambda. The normal 

lambda heads may be f i l l e d  wi th  DNA and u n i t e  wi th  a  t a i l  t o  

form i n f e c t i o u s  bacter iophage.  The smal l e r ,  rounder p e t i t  

lambda heads,  a l though they a r e  t h r e e  t imes  a s  numerous a s  t h e  

normal lambda heads i n  t h e  l y s a t e  of A s u s M 8 7 ,  do not  con ta in  

DNA and never have a  t a i l .  

I n  t h i s  t h e s i s  c e r t a i n  a s p e c t s  of t h e  r e l a t i o n s h i p  

between t h e s e  two k inds  of p a r t i c l e  have been e luc ida ted .  

The two types  of head can be separa ted  on ECTEOLA c e l l u l o s e  a s  

a  r e s u l t  of t h e  d i f f e r e n c e s  i n  t h e  s u r f a c e  charges they  ca r ry .  

P e t i t  lambda is l e s s  p o s i t i v e l y  charged and is  t h e r e f o r e  bound 

more t i g h t l y  t o  t h e  anion exchange c e l l u l o s e  than  is  normal 

lambda. Both normal and p e t i t  lambda heads a r e  s i m i l a r  i n  

t h a t  they a r e  composed of the  same major p r o t e i n .  

Normal lambda heads, f r e e  from DNA, however, conta in  two 
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p r o t e i n s .  The major p r o t e i n ,  comprising about 80% of t h e  

t o t a l ,  has a molecular weight of 45,000 a s  determined by SDS 

acrylamide g e l  e l e c t r o p h o r e s i s ,  and amino a c i d  a n a l y s i s  and 

t r y p t i c  pept ide  mapping. The minor p r o t e i n ,  about 15% of t h e  

t o t a l ,  has a d i f f e r e n t  amino ac id  content  and has a molecular 

weight of about 14,000 a s  determined by d i s c  g e l  e l e c t r o p h o r e s i s  

and amino a c i d  a n a l y s i s .  

Only t h e  major p r o t e i n  has  been found i n  p e t i t  lambda 

heads. They have a t r y p t i c  pept ide map s i m i l a r  t o  t h a t  of 

normal lambda heads, and t h e  molecular weight of t h e i r  p r o t e i n  

subuni t  i s  about 45,000. 

The minor p r o t e i n  may determine whether normal o r  p e t i t  

lambda heads a r e  formed. I ts  presence i n  l i m i t i n g  amounts 

could exp la in  t h e  formation of nonfunct ional  p e t i t  lambda heads 

as t h e  "by-products" of normal head syn thes i s .  The minor 

p r o t e i n  may be p resen t  i n  t h e  normal lambda caps id  l a t t i c e ,  

causing t h e  su r face  charge d i f f e r e n c e s  between t h e  two types  

of head. A l t e r n a t i v e l y ,  t h e  minor p r o t e i n  may be t h a t  of t h e  

core  around which DNA i s  thought t o  be wound i n  normal lambda 

heads. The  s u r f a c e  charge and s t r u c t u r a l  d i f f e r e n c e s  of t h e  

normal and p e t i t  lambda heads could be t h e  consequence of 
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e i t h e r  a d i f f e r e n t  conformation o r  a d i f f e r e n t  packing 

arrangement of t h e  major p r o t e i n  i n  t h e  presence o r  absence of 

a core .  

A t  t he  o u t s e t  of t h e  t h e s i s  t h r e e  ques t ions  were asked,  

of which two can now be d e f i n i t e l y  answered: 

(1) Normal and p e t i t  lambda heads c o n s i s t  of t h e  same major 

p r o t e i n  subuni t .  

( 2 )  The normal lambda head con ta ins  a major p r o t e i n  and a 

minor p r o t e i n  whi le  t h e  p e t i t  lambda head c o n s i s t s  only  

of the  major p r o t e i n  subuni t .  The major p r o t e i n  subuni t  

has a molecular weight of about 45,000 and t h e  minor 

p r o t e i n ,  about 14,000. The two d i f f e r  i n  t h e i r  amino ' 

a c i d  composition. 

The t h i r d  ques t ion  can be t e n t a t i v e l y  answered: 

Disc g e l  e l e c t r o p h o r e s i s  d a t a  i n d i c a t e  t h a t  gene E and not  

gene F is  t h e  s t r u c t u r a l  gene f o r  t h e  major p r o t e i n  of 

both types  of bacter iophage lambda head. 
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