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ABSTRACT

PHYSICAL STUDIES OF 

HISTONE - DNA INTERACTIONS

by

I r a  M ic h a e l  L e f f a k  

A d v i s e r :  P r o f e s s o r  H s u e h - j e i  Li

C i rcu la r  dichroism and thermal d ena tu ra t ion  have been used to  

i n v e s t i g a t e  the p ro p e r t i e s  of  the his tone-DNA i n t e r a c t i o n .  The s i m i l a r i t y  

o f  the thermal d ena tu ra t ion  p r o f i l e s  o f  nucleohis tones  r e c o n s t i t u t e d  from 

var ious  h is tones  with d i f f e r e n t  DNAs suggests common f e a tu re s  in  the 

binding of the a s so r ted  h is tone  spec ies  to  homologous mammalian or 

he terologous  b a c t e r i a l  DNAs. I t  i s  found in  p a r t i c u l a r  t h a t  the s l i g h t l y  

l y s in e  - r ich  h is tone  p a i r  H 2 and whole h i s to n e ,  when reannealed to  c a l f  

thymus DNA, y i e l d  nucleohis tones  in  which the thermal s t a b i l i t i e s  of  the 

DNA and the number o f  amino ac id  res idues  per  bound nuc leo t ide  are 

s i m i l a r  to  those o f  c a l f  thymus chromatin.

The a b i l i t y  of  the  p o s i t i v e l y  charged h is tone  res idues  to  s t a b i l i z e  

the  DNA a g a in s t  melting has been shown to  be r e l a t e d  to  the secondary 

s t r u c t u r e  o f  the hydrophobic amino acid  re s id u e s .  I t  i s  proposed t h a t  

the hydrophobic forces  of  a t t r a c t i o n  w i th in  the  his tone-DNA u n i t  

antagonize  the e l e c t r o s t a t i c  repu ls ive  forces  between phosphates or  between 

l ike  - cha rged  amino acids  and t h a t  the balance of  these  fo rces  i s  a f fe c ted



by the pH and io n ic  s t r en g th  of the medium, covalent m od if ica t ions  o f  the 

h is tones  and o th e r  phys io log ica l  agents  which modulate the dynamic s t a t e  

o f  the nuc leoh is tone .

C i rcu la r  dichroism revea ls  t h a t  the e x t e n t  of  the  d i s t o r t i o n  of  the  

B form of DNA towards t h a t  seen in chromatin ,  C form, i s  a l so  r e l a t e d  to  

the degree of  ordered secondary s t r u c t u r e  wi th in  the  h i s to n e s .  I t  is  

seen t h a t  the p ro t e in  conformation in h is tone  H2 - DNA complexes i s  

q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  s i m i l a r  to  the p ro t e in  conformation in 

chromatin while both the h is tone  and DNA conformations approach those  

of chromatin when whole h is tone  i s  reannealed to  DNA by s a l t  - urea -  t r i s  

g rad ien t  r e c o n s t i t u t i o n .

The formation o f  a s t a b l e  aggregate  o f  h is to n e  H2A, H2B,  H3 and 

H4 was shown to  occur in 2M NaCl a f t e r  the p ro te in s  were d i s so c i a t e d  

from one another by 5 M urea .  The reformed h is tone  u n i t  maintained i t s  

conformation upon binding to DNA and had the same conformation a f t e r  i t s  

d i s s o c i a t i o n  from the DNA by 2 M NaCl.

When DNAs o f  d i f f e r e n t  D+C co n ten t  were allowed to  compete f o r  var ious

his tones  during s a l t  - urea - t r i s  r e c o n s t i t u t i o n  i t  was found t h a t  each 

h is tone  t e s t e d  p r e f e r e n t i a l l y  annealed to  A + T - r i c h  DNA. In a d d i t i o n ,  the  

e x ten t  o f  the  s e l e c t i v i t y  decreased when mixtures o f  the h is tone  f r a c t i o n s  

were used in the compet it ion .  The s e l e c t i v i t y  was g r e a t e s t  fo r  h i s tone  

H2B and decreased in the order:  H 2 B > H 2 A > H 2  > w h o l e - H I  }

whole h i s to n e .  The e f f e c t  o f  omit t ing  urea from the  r e c o n s t i t u t i o n  medium 

was to decrease  the s e l e c t i v i t y  o f  h is to n e  b ind ing ,  sugges ting  t h a t  en­

hanced hydrophobic forces  cou n te rac t  the A + T s e l e c t i v i t y .  This leads  to  

the conclusion t h a t  under condi t ions  of r e v e r s i b l e  and io n ic  h is tone-DNA 

b ind ing ,  the  h i s tones  s e l e c t i v e l y  bind the  more h yd roph i l ic  A • T base



p a i r s .  Under condi t ions  promoting hydrophobic i n t e r a c t i o n  (high s a l t ,  

urea) the p reference  f o r  A • T p a i r s  decreases  while t h a t  f o r  the  more 

hydrophobic G • C p a i r s  i n c re a s e s .
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CHAPTER I 

INTRODUCTION

Repression of the  t r a n s c r i p t i o n a l  capac i ty  o f  DNA in chromatin i s  

due p r im a r i ly  to the  b inding  o f  the h is tones  ( 1 - 3 ) .  Although chromatin 

conta ins  both h i s tones  and non - h i s t o n e  p r o t e i n s ,  the h is tones  were the 

f i r s t  chromosomal p ro te in s  i s o l a t e d  ( 4 ) ,  and in the e a r ly  1950s the 

importance of  the  h i s to n es  in the  r e s t r i c t i o n  of DNA templa te  a c t i v i t y  

was r e a l i z e d  (5 ) .  At t h a t  time Stedman and Stedman (5) proposed t h a t  

a la rge  number o f  t i s s u e  - s p e c i f i c  h is tones  would be found. I t  is  now 

known t h a t  as ide  from a handful of  t i s s u e  or c e l l  - cycle  s p e c i f i c  

h i s tones  such as the H5 e ry th ro cy te  h is tone  ( 6 ), the  h i s tones  in general  

comprise a l im i ted  c la s s  o f  p ro te in s  r ich  in the b a s ic  res idues  Lys ,

Arg, His ,  which carry  a ne t  p o s i t i v e  charge a t  phys io log ica l  pH (6 ).  

Histones H2A, H2B,  H 3 and H 4 in chromatin were found to be approx i ­

mately in eauimolar q u a n t i t i e s  while H 1 , which i s  near ly  twice as 

l a r g e ,  i s  p r e s en t  in h a l f - m o l a r  q u a n t i ty  ( 6 ) .  Some of  the  fe a tu re s  

o f  the h i s tones  a re  shown in Table 1.

S e l e c t iv e  t r a n s c r i p t i o n  of  the euca ry o t ic  genome could conceivably 

be c o n t r o l l e d  by s o lu b le  r ep re sso rs  o r  a c t i v a t o r s  i n t e r a c t i n g  with the 

gene t i c  m a te r ia l  as in procaryotes  ( 7 ,8 ) .  However, in eucaryotes  

s t r u c t u r a l  m od if ica t ion  of  the  DNA conformation has been r e l a t e d  to  

a l t e r a t i o n s  in gen e t i c  a c t i v i t y  ( 9 - 1 1 ) .  The s t ro n g ly  conserved amino 

acid  sequence o f  the h i s tones  ( 6 ) implies  t h a t  mutations which r e s u l t  in 

change in the  primary s t r u c t u r e  o f  these  p ro te in s  would adverse ly  a l t e r  

s t r i c t l y  def ined  h i s t o n e - h i s t o n e ,  h is tone  -  non-his tone  o r  his tone-DNA 

i n t e r a c t i o n s .  Because o f  the  g re a t  homology between h is tones  o f  d i f f e r e n t

1



t i s s u e s  o r  organisms, the  t i s s u e -  and spec ies  - s p e c i f i c i t y  o f  chromatin 

t r a n s c r i p t i o n  appears to  be determined by the n o n - h i s t o n e  p ro te in s  

(12 - 14).

TABLE 1

PROPERTIES OF THE CALF THYMUS HISTONES

TOTAL MOLECULAR 
CLASS FRACTION LYS /  ARG RESIDUES WEIGHT

L y s -R ic h  H I  22.0 —215 - 2 2 , 0 0 0

S l i g h t l y  H 2 A 1.17 129 — 14,000
L y s -R ic h  H 2 B 2.50 125 - 1 4 , 0 0 0

A rg -R ic h  H 3 .72 135 — 15,000
H 4 .79 102 V"\ 1 1 , 0 0 0

The n o n - h i s t o n e  p ro te in s  are  a d iv e rse  s e t  o f  n ea r ly  one hundred 

p ro te in s  (depending on the  t i s s u e  of  o r ig i n  and the  method o f  a n a ly s i s )  

with average molecular weight ca.  100,000 (15, 16).  This c las s  o f  

p ro te in s  inc ludes  the RNA and DNA polymerases ,  DNA l i g a s e s ,  endonucleases ,  

h i s to n e  ace ty l  t r a n s f e r a s e s , methylases ,  k inases  and p r o t e a s e s ,  n o n - h i s t o n e  

kinases  and poly ADP - r ib o se  polymerases to  name a few ( 6 ) .  I t  has been 

observed t h a t  some o f  these  p ro te in s  bind s t ro n g ly  to DNA in a spec ies  - 

s p e c i f i c  manner ( 1 7 - 1 9 ) .  Due t o  t h e i r  g r e a t  h e te ro g en e i ty  the majo r i ty  

o f  the  non - h i s t o n e  p ro te in s  i s  only beginning to  rece ive  d e t a i l e d  s tudy.

While the  n o n - h i s t o n e s  have come to  be thought o f  as dynamic 

e f f e c t o r s  w i th in  chromatin ,  a t t e n t i o n  has a lso  turned t o  the n o n - s t a t i c  

a spec ts  o f  the  func t ion  o f  h i s tones  as w e l l .  I t  i s  known t h a t  the
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his tones  are bound to both t r a n s c r ib e d  and non t ransc r ibed  regions o f  the 

genome ( 2 0 ) and s u b je c t  to  a wide v a r i e ty  o f  s i t e -  and c e l l  - cycle  - 

s p e c i f i c  pos t  - s y n t h e t i c  cova len t  modif ica t ions  such as the methylat ion 

o f  l y s i n e ,  a rg in ine  and h i s t i d i n e  r e s id u e s ,  the a c e ty l a t i o n  of  lys ine  

and s e r i n e s ,  and the phosphoryla tion o f  s e r i n e ,  t h r e o n in e ,  lys ine  and 

h i s t i d i n e  amino acids  (21) .  I t  i s  known t h a t  the  phosphory la tion of  

s p e c i f i c  res idues  in the  H 1 h is tone  occurs during S phase ,  when both 

h is tones  and DNA are  syn thes ized  (22) while o th e r  s i t e s  are  phos- 

phory la ted  during metaphase (23) and dephosphorylated as the c e l l s  e n t e r  

G1 phase (24 - 26).  In c o n t r a s t  to the  rap id  tu rnover  of  many o f  the 

covalen t  h is tone  m o d i f i c a t io n s ,  these  p ro te in s  have long h a l f - l i v e s ,  

comparable to  t h a t  o f  the DNA i t s e l f  (27 - 28).

In s o l u t i o n ,  the  h is tones  tend to a s s o c ia te  s t ro n g ly  to  form 

dimers o r  t e t r a m e r s ,  depending on io n ic  s t r e n g t h ,  pH and concen t ra t ion  

(29 - 36).  The s t r o n g e s t  a s so c ia t io n s  are formed between the pa i rs  

H 2 A-H 2 B, H 2 B - H 4 and H 3 - H 4 (29 - 33). S k a n d r i a n i e t  a l .  (37) 

have repor ted  t h a t  h is to n e  H2A and H2B i n t e r a c t  dur ing guanidine  hydro - 

ch lo r ide  g rad ien t  chromatography on Amberli te .  By using p ro te in  c ro s s -  

l ink ing  reagents  i t  has been found t h a t  these  dimers may a lso  be 

i s o l a t e d  from chromatin ( 3 8 -  40).

The p a t t e rn  o f  h i s to n e  - h is to n e  a s s o c i a t i o n s  led  Komberg (41) and 

Kornberg and Thomas (42) to  propose t h a t  the  h i s tones  in chromatin were 

organized in to  an octamer p ro te in  co re ,  co n ta in ing  two each o f  h i s tones  

H 2 A, H 2 B, H3 and H 4 , around which the DNA was wound. Support fo r  

th i s  theory has come from the work o f  Weintraub e t  a l .  (34) and Wein- 

t raub  and Van Lente (43) who i s o l a t e d  a te t r am er  of  h i s tones  H2A,  H2B,

H 3 and H4 from chromatin and demonstrated s p e c i f i c  attachments  o f  the
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amino- and carboxyl - te rmin i po r t ions  o f  the h i s tones  to defined DNA 

segments.  Using endogenous and exogenous nucleases  as probes o f  the  in 

s i t u  s t r u c t u r e  o f  chromatin a number o f  l a b o r a to r i e s  have observed a 

rep roduc ib le  p a t t e rn  o f  d i s c r e t e  DNA fragments r e p re sen t in g  m u l t ip les  o f  

a b a s ic  150 -  200 base p a i r  u n i t  (42 - 47).

01 ins  and 01 ins (48) and Woodcock (49) have observed r e g u la r ly  

r e p ea t in g  80A p a r t i c l e s  in e l e c t ro n  micrographs o f  chromatin while 

Oudet e t  a l .  (50) have succeeded in r e c o n s t r u c t in g  the nodular  appearance 

of  chromatin by s a l t  g ra d ie n t  r e c o n s t i t u t i o n  of  DNAs to homologous o r  

he te ro logous  whole h is tone  dep le ted  of  h i s to n e  H 1 .  These r e s u l t s  r e l a t e  

the  h i s to n e  te t r a m e r  i s o l a t e d  by VJeintraub e t  a l . (34) to  the  appearance 

o f  the nodula r  nu bodies (48) or  nucleosomes (50) v i s u a l i z e d  by the  

e l e c t ro n  microscope.

Resul ts  provided by X - r a y  d i f f r a c t i o n  s tu d ie s  o f  chromatin reveal 

r e g u la r  repea ts  a t  i n t e r v a l s  o f  22A, 27A, 37A, 55A and 110A (51, 52) .

I t  was a lso  found th a t  a l l  fou r  h is tones  H2A,  H2B,  H3 and H4 were 

requ ired  to  achieve  the X - r a y  p a t t e rn  o f  chromatin (52,  53) .  Oudet 

e t  a l .  a l so  observed t h a t  a l l  four h i s tones  were requ i red  to  reproduce 

the nucleosome appearance o f  chromatin (51).  Using the technique of  

neutron d i f f r a c t i o n  Bradbury e t  a l .  (53) have concluded t h a t  the  27A 

and 55A rep ea t s  are  due to  DNA while  the  37A and 110A repea t s  are due to 

the p ro te in  c o n f ig u ra t io n .  Senior e t  a l .  (54) and Finch and Klug (55) 

b e l ie v e  the  110A repea t  t o  be due to  the  packing to g e th e r  o f  the nu 

bodies .  The l a t t e r  authors  have found t h a t  i s o l a t e d  monomer nucleosomes 

may aggregate  in so lu t io n  in a s i d e - b y - s i d e  fashion to  form p a t t e rn s  

o f  a s s o c i a t i o n  s i m i l a r  to  those seen in e l ec t ro n  micrographs o f  chromatin.
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Recent models o f  chromatin s t r u c t u r e  (41,  55 -  57) have been based 

on the  e x i s t en c e  o f  a core of  h i s tones  i n t e r a c t i n g  with each o th e r  through 

hydrophobic regions  o f  secondary s t r u c t u r e  and binding the  DNA through 

io n i c  and hydrophobic forces  which cause i t  to  conform to a d i s t o r t e d  

path def ined  by binding s i t e s  o r  grooves along the p ro te in  co re .  The 

most dynamic model of  chromatin s t r u c t u r e  (57) env is ions  the  nucleosomal 

p a r t i c l e  in e q u i l ib r iu m  with a more extended chromatin s u p e r c o i l ,  the 

d i r e c t io n  o f  the  e q u i l ib r iu m  being d i c t a t e d  by the environmental  pH, 

i o n i c  s t r e n g th  and presumably cova len t  h is to n e  m odif ica t ions  o r  p ro te in  

e f f e c t o r s .  The p i c tu r e  which emerges i s  t h a t  of  i n t e r a c t i n g  s i d e - b y  - 

s ide  p a r t i c l e s  each analogous to  a subuni ted  a l l o s t e r i c  enzyme where the  

balance  o f  i o n i c  and hydrophobic forces  determines the physica l  and 

chemical p ro p e r t i e s  o f  the  DNA s u b s t r a t e .  The purpose o f  the experiments 

to be descr ibed  i s  to i n v e s t i g a t e  the  na tu re  of  the fo rces  between 

h i s tones  and between h i s tones  and DNA.
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MATERIALS

CHAPTER II  

MATERIALS AND METHODS

DNA; Cal f  thymus DNA was purchased from the  Sioma Chemical Company 

and was f u r t h e r  p u r i f i e d  by phenol e x t r a c t i o n  o r  the  chloroform : i s o ­

amyl a lcohol procedure o f  Marmur (58) with minor m o d if ica t ion .  In 

some in s ta n ce s  the  c a l f  thymus DNA (2 mo/ml in 2 M NaCl, 0.01 M t r i s ,  

pH 3 .0)  v/as mixed with an equal volume of  p rev ious ly  au tod iqes ted  

pronase (Siqma Chemical Company, 100^g/ml in 2 M NaCl, 0.01 M t r i s ,  

pH 8.0) and s t i r r e d  ove rn igh t  a t  4°C p r i o r  to  the  chloroform : isoamyl 

alcohol p u r i f i c a t i o n .  The pronase t r e a tm en t  reduced the  number of  

e x t r a c t i o n s  necessa ry  to  i s o l a t e  DNA which showed no v i s i b l e  p ro te in  

contaminant during the  e x t r a c t i o n s  and which exh ib i ted  the melt ing  p r o f i l e  

and CD spectrum o f  pure DNA. This DNA was assumed p r o t e i n - f r e e .  The 

DflA was s to re d  in 0.15 M NaCl, 0.01 M t r i s ,  pH 8 .0  a t  4°C with no d e t e c t a b l e  

change in i t s  physica l  parameters  over a neriod o f  weeks.

Micrococcus lu te u s  DNA. and C lost r id ium p e r f r innens  DNA were 

purchased from Miles Labora to r ie s  or  Worthington Biochemicals anc! used 

without f u r t h e r  p u r i f i c a t i o n .

HISTONES; Cal f  thymus t i s sue  was frozen on dry ice  immediately 

a f t e r  s l a u g h t e r  and broken in to  sm a l le r  p ieces  to  ’>e s t o r e !  a t  -70°C 

u n t i l  used. Cal-F thymus chromatin was prepared by the  method oF Shih 

and Bonner (1 ) .  All procedures were c a r r i e d  out a t  4°C. Twenty-five 

grams o f  t i s s u e  were homogenized in a Waring b lends r  in 1 0 0  ml grinding  

medium (0.25 M su c ro se ,  1 mM MaClg, 0.01 M t r i s ,  pH 8 .0 )  a t  50 V f o r  2 

minutes ,  -Followed by the  addi t ion o f  a l i q u o t s  o f  g r inding  medium to  a
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t o t a l  o f  400 ml and f u r t h e r  homogenization.  The homogenate was 

f i l t e r e d  through ch eesec lo th ,  then Miracloth and c e n t r i fu g e d  (4000 rpm, 

20 minutes ,  Sorvall  SS-34 r o t o r ) .  The n u c lea r  p e l l e t  was washed with 

gr ind ing  medium u n t i l  the  supe rna tan t  was c l e a r .  The nuc le i  were 

lysed  in 0 . 0 1 M t r i s  (pH 8 . 0 ) ,  spun and washed twice with .01 M t r i s  

(pH 8 .0 ) .  The p e l l e t  was re-suspended in 0 . 0 1 M t r i s  (pH 8.0) and 

homogenized with a t e f l o n - g l a s s  homogenizer. This crude chromatin was 

f u r t h e r  p u r i f i e d  by sedim enta tion through 1.7 M s u c r o se ,  0.01 M t r i s ,  

pH 8.0 in a Beckman Spinco Model L SW25.1 r o t o r  (22,000 rpm, 2 hours ) .  

The p e l l e t  was homogenized in 0.01 M t r i s ,  pH 8 .0 ,  the  sucrose  removed 

by d i a l y s i s  and the h i s tones  e x t r a c te d  using a c id .  The chromatin was 

t r e a t e d  with H2 SO4  to a f i n a l  concen t ra t ion  of 0 . 4N (pH " = 0 .8 )  on ice 

and s t i r r e d  f o r  30 minutes a t  4°C. The DNA was p e l l e t e d  a t  12,000 g 

f o r  2 0  minutes and the  supe rna tan t  combined with 10 volumes o f  co ld ,  

abso lu te  e thanol and s to re d  a t  -20°C f o r  24 hours.  The p r e c i p i t a t e d  

whole h i s to n e  (F igure  1) was i s o l a t e d  by c e n t r i f u g a t io n  a t  2000 g , 20 

minutes ,  washed with cold abso lu te  e thanol and dr ied  under vacuum.

Whole h is to n e  minus h is to n e  H 1 (whole-H 1 ) was prepared  by 

d i s so lv in g  whole h is to n e  in 1 mM HC1 (4°C), adding concen tra ted  ( 5 . 5 N)  

p e r c h l o r i c  acid  (PCA) to  0 . 5 N (5%) and incubat ing  on ice  fo r  15 

minutes.  The sample was spun (10,000 g,  30 minutes) the  s u p e rn a tan t  

e x t r a c t e d  and d ia ly sed  a g a in s t  0 . 5 N H2 SO4 and then a g a in s t  ethanol 

(-20°C, 24 hours) followed by c e n t r i f u g a t io n  to c o l l e c t  the h is to n e  

H 1 - su lp h a te  p r e c i p i t a t e  (Figure 1).  The o r ig i n a l  PCA p r e c i p i t a t e  was 

washed with 5% PCA, d i s so lved  in 1 mM HC1, d ia lysed  vs. d i l u t e  ( 0 . 1 N)  

HC1 or H^SO^ and then vs. ethanol and the  p r e c i p i t a t e  c o l l e c t e d .  This
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i s  whole-H 1 h is tone  (F igure  1).

Histone H2 (H 2 A and H2B)  was p u r i f i e d  by chromatography o f

whole or whole-H 1 h is to n e  on Amber!ite CG-50 by the method of  Bonner

e t ,  a l . (5 9 ) .  Approximately 400 mg o f  crude h is tone  was d i s so lved  in 

10 ml o f  14% guanidinium hydrochlo r ide  (GuCl),  0. 1M sodium phosphate ,  

pH 6 . 8 , and app l ied  to a 5 x 5 5  cm column of  Amberlite CG-50 (type I ,  

Rohm and Haas Chemicals) p rev ious ly  e q u i l i b r a t e d  with 8 % GuCl, 0. 1M 

sodium phosphate ,  pH 6 . 8 . When the GuCl was Sigma p r a c t i c a l  grade i t  

was p u r i f i e d  by e l u t i o n  through a column o f  a c t i v a t e d  charcoal and 

C e l i t e .  GuCl concen t ra t ion  was determined by monitoring the  r e f r a c t i v e  

index o f  the s tock  s o l u t i o n ,  and using the equat ion:

( 1)

25° 25°
n / - n , X

(GuCl) (HO)
  = 0.00166

weight % GuCl in Ĥ O

where n = r e f r a c t i v e  index, which holds f o r  s o lu t io n s  up to  60% in 

GuCl. Ul t rapure  GuCl, purchased from Schwarz-Mann, was used d i r e c t l y .

A s tepwise  GuCl g rad ien t  o f  8 %, 10%, 13% and 40% was employed to  

e l u t e  the  h i s tones  from the Amberli te ,  a t  a flow r a t e  o f  40 - 45 ml/hr .  

F rac t ions  o f  10 ml were c o l l e c t e d  and h i s to n e -c o n ta in in g  f r a c t io n s  

i d e n t i f i e d  by t u r b i d i t y  a t  400 nm in 1.32 M t r i c h i o r o a c e t i c  acid  

(TCA) (F igure 2) .  The h is tone  H2 c o l l e c t e d  a f t e r  d i a l y s i s  vs. 0. 1N 

a c e t i c  ac id  (HAc) and ly o p h i l i z a t i o n  was f r eq u e n t ly  contaminated with 

small amounts o f  h is to n e  H 3 which could be removed by ox id iz in g  the 

e n t i r e  sample in 6 M GuCl, 0. 3M t r i s  HC1, pH 8 .3  with s t i r r i n g  a t  room
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(H3)

H3
H2B

H2A

H4

F ig u re  I .  Gel e l e c t r o p h o r e s i s  o* t h e  c a l f  thym us h i s t o n e s .

Gel A : whole  h i s t o n e .
Gel B : whole h i s t o n e  m inus  H 1 .
Gel C : h i s t o n e H 2
Gel D : h i s t o n e H 2 A.
Gel E : h i s t o n e H 2 f H 2 3 + H 2 A )



A400
8 % 40%10%

1 0 0 200

Fraction h i .

Figure 2. Amberllte column chromatogTMphv o f whole h*stone. 
Amberlite column, 5 x 5 5  cm.
Applied 400 mg whole h is tone.
10 ml /  f r a c t io n ,  40 ml /  hr.
Elution: GuCl in 0. 1M phosphate 

bu ffer ,  pH 6.80.
% o f  GuCl indicated.
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temperature fo r  24 hours (60) ,  d i a ly s in g  a g a in s t  0 . 0 1 N HC1, and e l u t i n g  

from a 1.6 x 200 cm Bio-Gel P-60 column with 0.01 N HC1 (Figure 3).  The 

e lu te d  h is tone  H 2 was e l e c t r o p h o r e t i c a l l y  homogeneous (61).  

A l t e r n a t i v e l y ,  h is tone  H2 was p u r i f i e d  by e l u t i n g  whole h is to n e  or 

whole histone-H 1 from a 1.6 x 300 cm Sephadex G-50 column with 0.02 N 

HC1 (Figure 4) .  This h is tone  H2 was a lso contaminated with H 3 ,  

n e c e s s i t a t i n g  oxida t ion  and f u r t h e r  gel f i l t r a t i o n .

Histone H2B was i s o l a t e d  from p a r t i a l l y  pure h is tone  H 2 by the 

procedure o f  O l ive r  e t  a l .  (62) ,  o r i g i n a l l y  devised f o r  the  p u r i f i c a ­

t io n  of  Drosophila h i s to n e s .  Histone H2 was e x t r a c t e d  with 

e thanol  - HCl (EtOH-HCl )  (400 ml abso lu te  EtOh, 10 ml conc. HC1, 90 ml 

H2 O) a t  4°C using a g lass  homogenizer,  and incubated fo r  10 minutes. 

A f te r  c e n t r i f u g a t io n  the  su perna tan t  conta in ing  H2A and some of the 

contaminating H3 was removed. The H2B p e l l e t  was red i s so lved  in 

1 mM HCl,  p r e c i p i t a t e d  with PCA and r e - e x t r a c t e d  with EtOH-HCl. Af te r  

s i x  such cycles the H2B was washed with acetone and dr ied  under 

vacuum. The H2B obta ined  was f u r t h e r  p u r i f i e d  from re s id u a l  H 3 

contamination by oxida t ion  and Bio-Gel P-100 gel f i l t r a t i o n  (Figure  5) .  

The h is tone  H 2 B sample was e l e c t r o p h o r e t i c a l l y  pure ,  did no t  show any 

dimeriz ing contaminant upon oxida t ion  and was completely c leaved by 

cyanogen bromide (CNBr) to give amino- and carboxyl - te rminal fragments 

with e l e c t r o p h o r e t i c  m o b i l i t i e s  e q u iv a len t  to  those p rev ious ly  

repor ted  f o r  H2B h a l f  - molecules (63) .

Histone H2A was p u r i f i e d  by adding s o l i d  cyanogen bromide (CNBr, 

Eastman Chemicals) to  w h o l e - H l  h is tone  (20 mg/ml in 0. 1N HCl) to  a 

f i n a l  CNBr concen t ra t ion  in excess o f  25 mg/ml. The mixture s t i r r e d
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F ra c t im  aa.

.6

.4

2

90

Fraction no.

F i^ u ^e  3. Gel f i l t r a t i o n  
chromatography o f  H2 + H3.

Bio-Gel P-60 
co lunn ,
1 . 6  x 2 0 0  cm.

Applied 50 mg 
ox id ized  
H 2 + H 3 .

2  ml /  f r a c t i o n ,  
2 0  ml /  h r .

E l u t i o n :
. 0 1 N HCl.

Figure *♦. Ge"V f i l t r a t io n  
chromatography o f  whole
h is to n e .  Sephadex G - 50 

column,
1.6 x 300 cm.

Applied 40 mg 
whole h i s to n e .

2  ml /  f r a c t i o n , 
2 0  ml /  h r .

E lu t io n :
. 0 2 N HCl.
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20 60 
Fractfan na.

100

Figure 5 . Gel filtration chrowatography of 
hiatonea H 2 B ♦ H 3 .

Bi o - Ge l  P - 100 column,
1.6 x 300 cm.

Applied 3 0 m g H 2 B  + H3 (o x id iz e d ) . 
2 ml /  f r a c t io n ,  10 ml /  hr.
Elution: .02 N HCl.
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fo r  a t  l e a s t  24 hours a t  room temperature  in a s ea led  v i a l ,  was 

l y o p h i l i z e d  and r e -d i s s o lv e d  in 0 .2  N HCl and appl ied  t o  a 1.6 x 300 cm 

Bio-Gel P-60 column (Figure  6 ).  The H 2 A was e l u t e d ,  d ia ly sed  vs.

0 .2  N H£S0 ^ and EtOH and the p r e c i p i t a t e  r e -d i s s o lv e d  in 0 . 9 N HAc - 25% 

sucrose  fo r  e l e c t r o p h o r e s i s .  The h is to n e  H2A was e l e c t r o p h o r e t i c a l l y  

pure ;  however, the p u r i f i e d  H2A band migrated s l i g h t l y  f a s t e r  than the 

analogous H2A band on whole h is to n e  g e l s .  For t h i s  reason the  amino 

ac id  con ten t  o f  the  h is tone  was analysed and found to agree with 

pub l ished  values (Table 2 ) .

METHODS

GEL ELECTROPHORESIS: The procedure followed was b a s i c a l l y  t h a t  of

Panyim and Chalkley (61).  Three s tock  s o lu t io n s  were prepared and 

r e f r i  ge ra ted :

So lu t ion  A: 60% acrylamide (w : w ) , 0.4% bis  -  acrylamide (w : w)

in H2 O (Bio-Rad L a b o ra to r i e s ,  E l e c t r o p h o r e t i c  grade) .  

So lu t ion  B: 43.2% HAc (w : w ) , 5% N,N,N' ,N'  -  t e t r a m e th y le th y len e -

diamine (v : w) in Ĥ O (Bio-Rad L a b o r a t o r i e s , 

E l e c t ro p h o re t i c  g rade) .

S o lu t ion  C: 10 M urea (U l t r a  Pure ,  Schwarz-Mann Biochemicals ) ,

0 . 1 1 8 M HCl.

One volume o f  B and two of  A were mixed and spun a t  hioh speed in an 

IEC C l in ic a l  Centri fuge  f o r  ca.  10 minutes.  Ammonium p e r s u l f a t e  

(Eastman Chemicals) was d isso lved  (2 mg/ml) in th re e  volumes o f  water  

and d e s s ic a te d  under vacuum f o r  ca. 10 minutes.  Two volumes o f  

s o l u t i o n  C were added and mixed with the th ree  volumes o f  A + B. The

13
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Figure 6 . Gel filtration chromatography o f  CNBr-treate^ h iaton es

B i o - G e l  P - 60 column, 1.6 x 300 cm.
Applied 25 mg CNBr - treated whole - H 1 his tone.
2 ml /  f r a c t i o n , 10 ml /  hr.
Elution:  .02 N HCl.
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TABLE 2

AMINO ACID

lys ine

h i s t i d i n e

a rg in ine

a s p a r t i c  a c id /  
a sparagine

glutamic a c i d /  
glutamine

th reonine

se r in e

p ro l ine

glycine

a lan ine

cys te ine

valine

methionine

i s o leu c in e

leucine

ty ro s in e

phenyl a lan ine

OBSERVED

15

4 

13

8

13

5

4

5

14 

17

0

8

0

6

16 

3 

1

PUBLISHED (64)

15

4 

12

9

13 

6

■ 5

5

14 

17

0

9

0

6

17

3

1
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mixture was poured i n to  6 mmx8  cm g lass  tubes which had been s to red  

in ac id -d ichromate  c leaning  s o l u t i o n ,  r in sed  with w a te r ,  b o i led  in a 

s o lu t io n  of  1% sodium dodecyl s u l f a t e ,  r in se d  with d i s t i l l e d  water to 

remove v i s i b l e  t r a c e s  o f  de te rg en t  and oven-dr ied .

The tubes  were f i l l e d  to  a he ig h t  of  7 cm, the  gel so lu t io n  over­

l a i d  with 3M urea ( d i l u t e d  from s o lu t io n  C) and incubated in a 31°C 

w ater  bath f o r  30 minutes to  1 hour.  The polymerized ge ls  were prerun 

a t  room tem pera tu re ,  a t  2 mA /  7 cm gel u n t i l  the  voltage reached 110 v 

which normally took 5 to  6 hours.  Histone samples ( 5 - 2 0 ^ * 1 ,  2 - 4  

mg/ml) were ap p l ied  to the  ge ls  and run f o r  4 hours a t  2 mA /  7 cm ge l .  

The gels  were removed by cracking the tubes o r  i n j e c t i n g  a stream o f  

cold w a ter  between the tube and the ge l .  The gels  were s t a in e d  in 

0.1% Amido black in 7% a c e t i c  a c id ,  20% EtOH o r  in 0.1% Amido black 

7% a c e t i c  a c id ,  45% MeOH. The l a t t e r  s o lu t io n  gave sharper  bands.

The ge ls  were d e s ta ined  e i t h e r  e l e c t r o p h o r e t i c a l l y  o r  by d i f f u s io n  in 

the s t a i n i n g  s o lu t i o n  s o lv e n t  minus Amido b lack.

NUCLE0HIST0NE RECONSTITUTION: The fol lowing e x t in c t io n  c o e f f i c i e n t s

a t  260 nm were used to determine DNA co n cen t ra t io n :  Calf  thymus

6500 M"^cm” H  CJ_. p e r f r ingens  7400 M“ *cnf M. lu te  us 7000 M"*cm- -*- (65).  

An e x t i n c t i o n  c o e f f i c i e n t  o f  470 M"*cnf *at  230 nm was used to  determine 

h is to n e  concen t ra t ion  ( 6 6 ) .  DNA was d is so lved  in water or 0.01 M t r i s ,  

pH 8.0  o r  was d ia ly sed  from p u r i f i c a t i o n  so lven ts  in to  w a te r ,  0 . 0 1 M 

t r i s  pH 8 .0 ,  o r  0.15M NaCl, 0.01 M t r i s  pH 8.0 and ad jus ted  to

2 x 10"^ M by adding 2M NaCl, 5M urea ,  0.01 M t r i s ,  pH 8.0 .  In the

case of  s a l t - t r i s  complexes,  the  urea was omit ted .  Histone was

d is so lv ed  in water  and ad jus ted  to  8  x 1 0 “^ M by d i l u t i o n  with the same
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so lv en t  as the  DNA. The samples were e q u i l i b r a t e d  by d i a l y s i s  vs.

2M NaCl, 0.01 M t r i s ,  pH 8.0 ( -  5 M urea) fo r  ca.  2 hours a f t e r  

which a g r a d i e n t ,  continuously  decreasing  to  0.01 Ni t r i s ,  pH 8.0 

( -  5M urea) was app l ied .  For those nuc leohis tone  complexes made in 

urea ,  the s a l t  g rad ien t  was followed by a g rad ien t  to  0 . 0 1 M t r i s ,  

pH 8 .0 .  The complexes,  now in 0 . 0 1 M t r i s ,  pH 8 .0 ,  were d ia ly sed  

d i r e c t l y  with 4 - 5  changes vs.  .25 mM NaEDTA, pH 8.0 fo r  thermal 

d en a tu ra t io n  or  c i r c u l a r  dichroism s t u d i e s .

PHOSPHATE RECONSTITUTION: Histone and DNA, each in 2M NaCl, 5M

urea ,  5 mM Na - phosphate b u f fe r  (pH 7 . 0 ) ,  were mixed and d ia ly sed  

(4°C) by g rad ien t  (18 hours) to  0.3M NaCl, 5M urea ,  5 mM phosphate 

(pH 7.0) followed by g ra d ie n t  d i a l y s i s  to  0 .3  M NaCl, 5 mM phosphate 

(pH 7.0) (18 hours ) .  The samples were then d ia ly sed  d i r e c t l y  with 

four  changes a g a in s t  0 . 1 M NaCl, NaEDTA (pH 8 . 0 ) ,  and again with four 

or f ive  changes d i r e c t l y  a g a in s t  0.25 mM EDTA, pH 8.0 fo r  thermal 

den a tu ra t io n  and c i r c u l a r  dichroism s t u d i e s .

DIRECT-MIXED COMPLEXES: Histones ( 8 x l 0 " 4 M) were d is so lved  in the

a p p ro p r ia te  b u f f e r  and were added dropwise from a p ip e t t e  f i t t e d  with 

a hypodermic needle to a v igorously  s t i r r i n g  s o lu t io n  of DNA in the 

same b u f f e r .  The samples were d ia ly sed  in to  .25 mM EDTA, pH 8.0 fo r  

exper im enta t i  on.

THERMAL DENATURATION: The melting  of  nuc leoh is tone  complexes

ca.  0 .5)  was monitored a t  260 nm using a G i l fo rd  Model 2400 - S s p e c t r o ­

photometer.  The temperature  o f  the  Haake c i r c u l a t i n g  water bath was 

programmed to  r i s e  a t  a r a t e  of ca.  0.6 - 0.7°C /  min. The reco rder
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disp layed  the temperature  a t  ca.  0.4°C i n t e r v a l s .  At each 1°C in t e r v a l  

the hyperchromicity  (h) o r  d e r iv a t iv e  of  the hyperchromicity  with 

r e sp ec t  to  tem pe ra tu re ,  d h / d T ,  were c a l c u l a t e d  using the  equat ions  of 

Li and Bonner (63):

( 2 )

(A260, T " A260, T.,-) 
hT = ----------------------------------------  x 1 0 0 %

A260, Ti

(3)

dh (260, T) h (260, T+ 1) - h (260, T -  1)

dT

where _ = absorbance a t  260 nm, temperature  = T.'OU , I

A260 T- = absorbance a t  260 nm, temperature  = i n i t i a l
’ 1 temperature ,

dh f ocr\ t \
 ̂ * = r a t e  of  change of  the  260 nm hyperchromicity  with

dT temperature  a t  temperature T.

h ( 2 6 0  T - l )  = hyperchromicity  a t  2 6 0  nm, a t  1°C ab o v e /b e lo w  

temperature  T.

The accuracy o f  the d h / d T  va lues ,  cons ide r ing  the  accuracy o f  the 

G i l fo rd  spec t rophotom eter  and e r r o r s  in t roduced  during data  t r a n s f e r  

and c a l c u l a t i o n s  amount to  an es t im ated  e r r o r  range o f  - 0 . 1  u n i t  dh /  d t .
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Errors  in the de termina t ion  o f  the be ta  (Equation 9) value of  each 

s e r i e s  o f  complexes a r i s i n g  from (a) inaccuracy in ; (b) e s t im a ­

t io n  o r  p ro te in  or DNA c o n ce n t r a t io n ;  (c) choice o f  boundaries 

re p re se n t in g  end of f r ee  DNA thermal t r n a s i t i o n  a re  e s t im ated  to 

c o n t r ib u t e  a maximum o f  u n c e r ta in ty  o f  - 10%. For each DNA-histone 

complex a s e r i e s  o f  samples with i n c re a s in g  amino ac id  per n u c leo t id e  

r a t i o  ( a a / n )  from 0 to  3 (o r  4) was p repared .  To allow comparison of  

the peak he igh ts  o f  the various  samples upon d e n a tu r a t i o n ,  and reduce 

the  e f f e c t  o f  l i g h t  s c a t t e r i n g  on the apparent hype rch rom ic i ty , the 

t o t a l  hyperchromic ity  o f  each sample in a s e r i e s  was normalized to  the 

t o t a l  hyperchromic ity  o f  the  f r e e  DNA sample which had been used to  

prepare  the h i s to n e  - bound complexes o f  t h a t  s e r i e s .

CIRCULAR DICHROISM: The c i r c u l a r  dichroism (CD) s p e c t r a  o f  the

samples were taken on a Durrum - Jasco Model J - 20 sp ec t ro p o la r im e te r  a t  

room tempera ture .  The CD r e s u l t s  are repor ted  as

where and £  a re  the  molar e x t i n c t i o n  c o e f f i c i e n t s  f o r  the l e f t -

and r i g h t - h a n d e d  c i r c u l a r l y  p o la r i z ed  l i g h t .  The un i t s  o f  are 
1 1

M_i cm in n u c leo t id e  re s id eu s :

(5)

33.05 • C -1
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where:

0 = measured e l l i p t i c i t y  in degrees

c = concen t ra t ion  in m o l e s / l i t e r

1 = path length in cm

The e r r o r  in CD measurements v a r ie s  with  the change in no ise  to  

s ig n a l  r a t i o ,  which normally inc reased  with decreas ing  wavelength.

The maximum e r r o r  due to  t h i s  e f f e c t  as well  as to  inaccurac ies  

in t roduced  during the a n a ly s i s  of  the  raw da ta  amounts to  a maximum 

e r r o r  range of - 5%.

DNA concen t ra t ion  in nuc leopro te in  s o lu t io n s  cannot be eva lua ted  

d i r e c t l y  by measurements due to  the  e f f e c t s  o f  l i g h t  s c a t t e r i n g .  

D issoc ia t ion  of  the complexes in 0.1% sodium dodecyl s u l f a t e  did no t  

y i e l d  s a t i s f a c t o r y  r e s u l t s ,  nor was the s e n s i t i v i t y  o f  the diphenylamine 

procedure (67) found to  be s u f f i c i e n t l y  reproduc ib le  in the DNA 

concen t ra t ion  range employed. The method f i n a l l y  adopted was the 

hydro lys is  o f  the complex in 0 . 5 N HCIO^ fol lowed by UV spectroscopy 

(6 8 ) o r  the  procedure o f  Leach and Scheraga (69) .  In t h i s  method the 

log o f  the  absorbance a t  wavelengths f a r  from the  absorp t ion  maximum 

(normally 360 nm - 320 nm) i s  p l o t t e d  vs. log wavelength and e x t r a p o la t e d  

to  the  wavelength o f  i n t e r e s t  ( h e re ,  260 nm). On complexes t e s t e d  by 

both methods the discrepancy was no g r e a t e r  than 5% - 7% in  the A2 0 Q 

de te rm ina t ion .
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CHAPTER I I I  

THERMAL DENATURATION

INTRODUCTION

The physica l  p r o p e r t i e s  and template  a c t i v i t y  o f  chromatin are  

determined la rg e ly  by the i n t e r a c t i o n s  between i t s  c o n s t i t u e n t s  - 

DNA, h i s t o n e s ,  n o n - h i s t o n e  chromosomal p ro te in s  and RNA.

Thermal dena tu ra t ion  of a DNA-prote in complex, monitored by the 

change in o p t i c a l  absorbance,  i s  an extremely s e n s i t i v e  probe of  such 

i n t e r a c t i o n s ,  s ince  both q u a l i t a t i v e  and q u a n t i t a t i v e  aspec ts  of  the 

binding can be revea led .

In 1967 Ohlenbusch e t  a l .  (70) observed t h a t  c a l f  thymus nuc leo­

h is to n e  and s a l t  - d i s s o c i a t e d  p a r t i a l l y  deh is ton ized  nuc leoh is tone  

could be melted in a low io n ic  s t r e n g th  b u f f e r  (2 .5x lO ~^M  EDTA, 

pH 8.0) to  give m u l t iphas ic  melting p r o f i l e s .  The p rogress ive  removal 

o f  h is tone  sharpened the t r a n s i t i o n s  and f i n a l l y  decreased the number 

of  melts u n t i l  only the melting o f  f r ee  DNA was observed (Tm =

4 5 ° -  50°C).

Ansevin e t  a l . (71) the rm al ly  denatured r a t  l i v e r  chromatin in 

the  presence o f  urea and concluded th a t  a u to ly s i s  o r  t r y p t i c  d ig e s t io n  

of  h i s tones  p r e f e r e n t i a l l y  decreased the h ig h e s t  melt ing band. This 

in d i c a t e d  t h a t  the  prime t a r g e t s  f o r  t r y p t i c  d iges t ion  and p r o t e o l y s i s ,  

the most bas ic  p o r t ions  o f  the h i s to n e  molecules ,  were re spons ib le  fo r  

the high temperature  s t a b i l i z a t i o n  of  DNA.

In order  to more s p e c i f i c a l l y  c h a r a c te r i z e  the h is to n e  s t a b i l i z a ­

t i o n  of  DNA, p o ly ly s ine  was used as a polypeptide  model p ro te in  f o r
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the  p o ly c a t io n ic  h i s to n e s .  Tsuboi e t .  a l .  (72) observed t h a t  po ly lys ine  

complexes with poly I * poly C e x h ib i t e d  two melting  bands,  a t  57°C and 

89°C. Inc reas ing  r a t i o s  o f  ly s in e  /  n u c leo t id e  (+ / - )  caused enhancement 

of  the  89°C band a t  the expense o f  the 57°C band. At a + /  - r a t i o  of 

1.0 the 57°C band was e n t i r e l y  e r a d i c a t e d .  The add i t ion  of  f r ee  DNA 

to  a so lu t io n  of pre  - formed complex a t  low io n i c  s t r e n g th  r e s u l t e d  in 

no t r a n s f e r  o f  the  po lypep t ide  to the  f r ee  DNA, demonst ra ting  the 

i r r e v e r s i b i l i t y  o f  po ly lys ine  binding a t  low io n ic  s t r e n g t h .  The 

presence of  a b ip h as ic  mel t ing  p r o f i l e  was a lso  taken as evidence of 

b inding i r r e v e r s i b i l i t y  s ince  complexes o f  DNA and r e v e r s i b ly  bound 

l igands  ( s a l t ,  t e t r a l y s i n e ,  t e t r a a r g i n i n e )  showed e l e v a t e d ,  but 

monophasic thermal p r o f i l e s .

O l in s ,  Olins and Von Hippel (73) observed t h a t  during s a l t  

g rad ien t  r e c o n s t i t u t i o n  o f  p o ly ly s ine  - DNA or  p o lya rg in ine  - DNA 

complexes two thermal ly  d i s t i n g u i s h a b l e  forms o f  DNA were p resen t :  

e s s e n t i a l l y  f r ee  DNA and complexed, e l e c t r o s t a t i c a l l y  n e u t r a l i z e d  DNA.

The b ip h as ic  melting o f  the  complexes in d ic a te d  the coopera t ive  na ture  

o f  the polypept ide  b inding to DNA. In o l ig o ly s in e  (degree o f  polymer­

i z a t i o n  [ d , p . ]  8 )-Df'lA complexes no b iphas ic  melt ing  was seen merelv an 

e le v a t io n  o f  the  f r e e  DNA m el t in^  band. They concluded t h a t  a minimum length  

polypeptide  was needed to e s t a b l i s h  the  complex e x h i b i t i n g  the b ip h as ic  

type o f  thermal dena tu ra t ion  p a t t e r n .  Decreasing the  length  o f  the  

DNA by so n ica t io n  did not  change the  thermal c h a r a c t e r i s t i c s  o f  the 

complexes. The same au thors  extended t h e i r  s t u d ie s  to  inc lude  DNA 

complexes with polyhomoarginine and p o ly o rn i th in e .  In a l l  cases 

b ip h as ic  melt ing  was observed a t  + / -  r a t i o s  l e s s  than 1.0.  The low
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temperature Tm was c h a r a c t e r i s t i c  of  the DNA while the second t r a n s i ­

t i o n ,  Tm', was dependent on the s p e c i f i c  polypept ide  which was bound.

In 1973 Li (74) proposed a theory of h e l i x - c o i l  t r a n s i t i o n s  in 

DNA and nuc leop ro te in  which assumed the i r r e v e r s i b i l i t y  o f  complex 

formation a t  low io n ic  s t r e n g th  and a c h a r a c t e r i s t i c  Tm' o f  the 

melt ing  o f  any po lypep t ide  - bound DNA reg ion .  The in p u t  r a t i o  of 

amino ac id  to n u c l e o t id e ,  r ,  o f  a p a r t i c u l a r  p o lypep t ide ,  k,  was 

p ropor t iona l  to  the  f r a c t i o n  of  DNA bound by k (F^) : the  cons tan t  o f  

p r o p o r t i o n a l i t y  b e i n g ^ ,  the  amino ac id  t o  n u c leo t id e  r a t i o  ( a a / n )  

in the polypept ide  - bound region:

F is  de terminable  from a n a ly s i s  o f  the thermal melting p r o f i l e  o f  the

( 6 )

r.k A  pk

k
complex:

(7)

Fk

Then:

( 8)

r.k

For nuc leop ro te in s  with b ip h a s i c  mel t ing:

(9)

f t  k ^1 - A Tm/A T^
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Where A,, i s  the  area under melt ing band k,  AT is  the  a rea  beneath the 
K Tm

free  DNA peak, and A^ i s  the  t o t a l  a rea  beneath the melting curve.

In d i r e c t - m i x e d  or  s a l t  g rad ien t  r e c o n s t i t u t e d  DNA - po ly ly s ine  

complexes ^  = 1.0 a a / n .  D i r e c t - m ix e d  po lya rg in ine  complexes 

p r e c i p i t a t e  as f ib rous  aggregates  (73) while po lya rg in ine  - DNA complexes 

made in the presence of  urea have ^  = 1 .0 ,  and po lya rg in ine  - DNA 

complexes r e c o n s t i t u t e d  w i thou t  urea show = 1.4.  ( I t  i s  known t h a t  

the  a rg in in e  - r ich  h i s to n es  are  most s u s c e p t ib l e  to  aggregation  in a 

high s a l t  environment (75 ) ;  the  absence of  urea from the r e c o n s t i t u t i o n  

medium may allow the aggregation o f  p o lya rg in ine  and an in c rease  in 

the a p p a r e n t ^  . In pea bud nuc leohis tone  f t  = 3 .2 ,  whi le  in c a l f  

thymus nuc leoh is tone  = 3 .7  (76).

From the  mel ting p r o f i l e  the  pe rcen t  o f  f r ee  DNA in a complex can 

be determined by:

( 1 0 )

FDNA = ATm1 AT

where A^ i s  the  a rea  under the  melting  band of f r ee  DNA. By t h i s  

method the  f r a c t i o n  of  bound DNA in c a l f  thymus chromatin was e s t im ated  

to  be 75% - 8 % (74) ,  a value exceeding the 50% bound DNA proposed by 

Clark and F e ls en fe ld  (77) based on p o ly ly s in e  t i t r a t i o n .

In 1974 Li e t  a l .  (76) showed t h a t  p o ly ly s in e  could bind to 

h is tone  -  bound DNA sequences ,  leading to  o v e r - e s t i m a t e s  o f  the  

f r a c t i o n  o f  f r e e  DNA and hence under - e s t im ates  o f  bound DNA. I t  was 

shown t h a t  p o ly ly s ine  would bind c a l f  thymus nuc leoh is tone  with the 

fo llowing o rd e r  o f  p re fe ren ce :  A+T - r i c h  f r ee  DNA > G +C -r ich  f ree
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DNA >  DNA bound by le s s  - b a s ic  h a l f  o f  h i s tones  >  DNA bound by 

m o r e - b a s i c  h a l f  o f  h i s to n e s .

I t  was a lso  demonstrated t h a t  the removal of  h i s tones  by s a l t  

did not e l im in a te  the  two h ig h e s t  melt ing bands of  nuc leohis tone  

un t i l  p r a c t i c a l l y  a l l  the  h i s to n e  was l o s t  - in d i c a t i n g  t h a t  h igher  

order s t r u c t u r e s ,  such as s u p e r c o i l i n g ,  did no t  make a major c o n t r ib u ­

t io n  to  the  thermal d ena tu ra t ion  p r o f i l e .  This coincided with the 

r e s u l t s  o f  Shih and Lake (1972) (78) who found t h a t  in te rphase  

chromatin and metaphase chromosomes have i d e n t i c a l  mel ting p r o f i l e s .

In 1970 Shih and Bonner (1) found t h a t  complexes o f  p u r i f i e d  

in d iv idua l  h i s tones  with DNA were formed co o pera t ive ly  dur ing s a l t  

g r a d ie n t  d i a l y s i s  with urea ,  e x h ib i t e d  b ip h a s ic  melting  a t  sub­

e q u iv a l en t  aa /  n r a t i o s ,  and were i n a c t iv e  in  support ing  RNA sy n th es i s  

in an in v i t r o  t r a n s c r i p t i o n  system. Since t h e i r  complexes o f  

mixtures o f  h i s to n es  with DNA did no t  melt as sharp ly  as the pure - 

h i s tone  complexes with DNA, they concluded t h a t  the  mixed h i s tones  

were b inding randomly and heterogeneously  to  the  DNA with no extended 

regions  occupied e x c lu s iv e ly  by a s in g l e  h i s to n e  c l a s s .

Because both high - temperature  mel t ing  bands o f  nuc leoh is tone  

decreased s imul taneous ly  as h i s tones  were removed by e i t h e r  NaCl,

MgClg on H^SO^ (63) and each h is to n e  ap p aren t ly  co n t r ib u te d  to  each 

band, Li and Bonner (63) rec o n s t ru c te d  complexes o f  DNA with each h a l f  

o f  the h i s to n e  H2B molecule s e p a r a t e ly .  Each o f  these  complexes 

showed a s in g l e  c h a r a c t e r i s t i c  high temperature  band (al though 4° - 10°C 

lower than in whole H 2 B - DNA complexes; the  d i f f e r e n c e  in Tm1 was 

a t t r i b u t e d  to the shor tened  po lypep t ide  l e n g th ) .  I t  was th e r e f o r e

25



concluded t h a t  the charge asymmetry occurr ing  on h i s tones  is  

r e sp o n s ib le  fo r  the  s p l i t t i n g  o f  the high temperature  melt ing t r a n s i ­

t i o n  in to  a t  l e a s t  two sub -  bands.

In add i t ion  to complexes o f  DNA with h i s tones  o r  s y n t h e t i c  

homopolymers, thermal dena tu ra t ion  has been applied  to  DNA complexes 

with the b a s ic  sperm p ro te in s  o f  salmonid f i s h e s  - the  protamines .

These small (ca.  30 amino ac ids )  h ighly  b a s ic  p ro te in s  (70% o f  t h e i r  

amino acids  are  a rg in in e  re s idues )  e x h i b i t  a value o f  1.38 aa/n 

in complexes with DNA made by d i r e c t  - mixing (79) ,  corresponding to 

a lmost f u l l  charge n e u t r a l i z a t i o n  o f  the DNA phosphates ( a r g i n i n e /  

n u c l e o t i d e = 0 . 9 2 ) .  Protamine s t a b i l i z e d  DNA to  91°C (Tm1) in EDTA 

b u f f e r .  At h ighe r  io n ic  s t r e n g th s  the Tm o f  f r ee  DNA in c rease s  while 

the Tm' o f  protamine - bound DNA remains c o n s ta n t ,  i n d i c a t i n g  f u l l  

e l e c t r o s t a t i c  s h i e l d in g  o f  the  phosphates in the  protamine - bound 

reg ions .  S im i la r  r e s u l t s  have been found in p o ly ly s in e  - DNA complexes 

formed by d i r e c t  - mixing (76) .

Inoue' and Ando (80) observed b ip h as ic  melt ing  o f  DNA complexes 

with c lupe ine  (a h e r r in g  p ro tam ine) ,  which s t a b i l i z e d  DNA to  80° - 85°C. 

With s h o r t  po lya rg in ines  (d .p .  = 4 ) ,  however, they repor ted  monophasic 

m e l t ing ,  s i m i l a r  to  o l i g o ly s in e  (d .p .  = 8 ) and s a l t  s t a b i l i z a t i o n  of  

DNA. Po lyarg in ine  (d .p .  =20) d id  e x h i b i t  b ip h a s i c  m e l t ing ,  however. 

Biphasic  melt ing  has been used as a c r i t e r i o n  f o r  i r r e v e r s i b l e  complex 

formation in p o ly ly s in e ,  p o ly o r n i th in e ,  polyhomoarginine and h i s to n e  

to DNA complexes. Monophasic, e lev a te d  Tm melting  i s  taken to i n d i c a t e  

the r e v e r s i b i l i t y  o f  complex format ion.
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EXPERIMENTAL

Thermal dena tu ra t ion  p r o f i l e s  o f  various  DNAs complexed with 

ind iv idua l  or  mixed h i s to n e  f r a c t i o n s  reveal  c e r t a in  p ro p e r t i e s  o f  

each nuc leoh is tone  which are c h a r a c t e r i s t i c  of  the  DNA component and 

o th e rs  which are  determined by the h i s to n e s .  Some o f  the  f e a tu re s  o f  

the  thermal dena tu ra t ion  p r o f i l e s  to be d iscussed  are shown in Table 

3.

Figure 7 p re sen ts  the d e r iv a t iv e  thermal dena tu ra t ion  (T.D.) 

p r o f i l e  ( d h / d T  vs.  temperature)  o f  a s e r i e s  o f  h is to n e  H2B complexes 

with various  DNAs (nuc leoh is tone  H 2B) .  The lowest  melt ing band in 

each melting curve i s  due to  the h e l ix - r a n d o m  coi l  t r a n s i t i o n  o f  the 

DNA free  o f  p ro te in  binding (76) .  The temperature  o f  t h i s  t r a n s i t i o n  

(Tm) is  p rop o r t io n a l  to  the  percentage of  guanine and cy tos ine  base 

p a i r s  (% 6 + C) in the  DNA (65) .  The temperature  o f  the  Tm f o r  each 

DNA in the low io n ic  s t r e n g th  medium .25 mM NaEDTA, pH 8.0 (sodium 

s a l t ,  e thy lene  d i a m in e t e t r a a c e t i c  ac id )  i s  given in Table 3.

As in c re a s in g  amounts o f  H 2 B annealed to  the DNA th re e  h igher  

temperature  t r a n s i t i o n s  appear in the T.D. p r o f i l e ,  Tmll, Tmlll 

(6 8 °C and 91°C, Figure 7a; 70°C and 89°C, Figure 7b; and 87°C and 

105 - 110°C, Figure 7c) and a small shou lder  a t  a tempera ture  i n t e r ­

mediate to  the  f r e e  DNA and bound DNA melting  bands (56°C, Figure 7a; 

60°C, Figure 7b; 73°C, Figure 7c).  The two h ig h e s t  peaks Tmll,  Tmlll 

can be i n t e r p r e t e d  as due to  the melting  o f  DNA complexed with the 

l e s s  b a s ic  (Tmll) and more b a s ic  (Tmlll)  po r t ions  o f  the h is to n e  H2B 

molecule as p rev ious ly  done fo r  the d e r iv a t iv e  thermal d ena tu ra t ion  

p r o f i l e  o f  chromatin (6 3 ) ,  while the  s h i f t  o f  Tm from 47°C to  about
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Table 3. (a) Cl_. perfrlnqens ONA ( Tm = 37°C )

[ A l l  data re fers  to  r = 3 complexes unless noted ] 

Tm H I  A320 /  A26O (b) A320 /  A260 (a) hmax f

H2A (urea) 86°,103° 0 .22

COC\l —-

H2B (urea) 84°,92° 0.16 26% 4.2

H2 (urea) CO no 0 0.06 ( r - 2 ) 0.04 34% 3.7
0.12 (r -3) 0.13 42%

H2 (-urea) 77° 0.04 32% 4.1

W-Hl (urea) 82° 0.09 37% 6 .0

W-Hl (-urea)  76° 0.08 36% 4.5

Whole (urea) 83° 9.08 ( r - 2 ) 0.07 34% 3.7
0.19 (r-3) 9.19 42%

’.'hole (-urea) 79° 0.03 0.03 31% 3.2

Notes:

(a) » a f t e r  denaturation

(b) = before denaturation

28



Table 3. (b) C a lf thymus DNA ( Tm -  47° )

[ All data refers  to r 3 3 complexes unless noted ]
£

Tm n r  A32q/ A26q (b) A320/  A26q (a) hmax aa/n

H2A (urea) 83° ,  93° 0.32 31%

H2A (-urea)  86°-98° 0.38 18%

H2B (urea) 90° 0.20 21% 4 .2

H2B (-urea)  83° 0.08 26% 5.2

H2B (melted 85° ,  89° 0.21 19%
In urea)

H2 (urea) 99° 0.06 (r=2) 0.07 36% 3.7
0.13 (r*3) 0.20 50%

H2 (-urea)  89'D 0.12 30% 4.1

H2 (+ urea) 86 '3 0.14 18% —

H2 (phos) 92'3 0.15 38% c a .

H2 (d.m. NaCl) 85° ,  95*3 0.12 31% 3.9

H2 (d.m. EDTA) 96° 0.05 34% 4.4

H2 (melted 
in urea)

83° 0.09 25% —

U-'il (urea) 98° 0,20 27% 6 .0

W-Hl (-urea) 92° 0.24 24% 4.5

W-Hl (phos) 96° 0.21 29% 4.2

W-Hl (melted 
in urea)

89° 0.00 46% - - -

Whole (urea) 93° 0.04 (r=3) 
0.09 (r-4)

0.03
0.13

34%
40%

3.7

Whole (-urea) 87° 0.14 32% 3.2

Whole (phos) 90°-95° 0.12 0 .10 40% 3.2

Whole (melted 
in urea)

81° 0.00 58% mm tm

Chromatin 83° 0.05 25% 3.7
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Table 3. (c ) M. lu te us  DNA ( Tm * 63°C )

[ All data re fers  to r = 3 complexes unless noted ]

Tm III A320 1 A260 (b) A320 1 A260 hmax P
aa In

H2A (urea) 102°,  109° 0.27 22% wmmtm

H2B (urea) 101°,109° 0.22 13% 4.2

H2B (-urea)  93° 0.06 24% 5.2

H2 (urea) 103° 0.07
0.13

0.06
0.14

28%
30%

3.7

H2 (-urea) 96° 0.04
0.04

( r - 2 )
(r-3)

0.05
0.08

30%
34%

4.1

W-Hl (urea) 107° 0.17 31% 6 .0

W-Hl (-urea) 92° an 31% 4.5

Whole (urea) 102° 0.17 30% 3.7

Whole (-urea) 33° "i.OO 38:; 3.8
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50°C and the  appearance o f  the  in te rm ed ia te  melt ing (Tml) could be due 

to  the melting  o f  s h o r t  gaps o f  f ree  DNA between two h i s to n e  - bound 

segments. An a l t e r n a t i v e  ex p lan a t io n ,  which does not exclude t h i s  

p o s s i b i l i t y ,  i s  t h a t  the Tml t r a n s i t i o n ( s )  r ep re sen ts  a conformational 

change in the p ro te in  - bound DNA regions from C form to  B form.

Evidence suppor t ing  th i s  view comes from the r e s u l t s  o f  Wilhelm e t .  a l .  

(81) who have followed the thermal dena tu ra t ion  o f  chick nuc leopro te in  

(chick DNA Tm=47°C) by changes in i t s  c i r c u l a r  dichroism spectrum.

These authors  observed a decrease  in the h e l i c a l  conformation of  the  

h is tones  a t  60°C as a necessary  p r i o r  condi t ion  to a C-*B conformational  

change in the DNA which occurs near  65°C. Their  data  suggested  t h a t  

changes in the secondary s t r u c t u r e  o f  the hydrophobic,  h e l i c a l  regions 

o f  the h is tones  may in f luence  the binding  o f  the more b a s ic  p ro te in  

regions and in f luence  the  conformational c o n s t r a in t s  imposed by these  

l a t t e r  regions  on the DNA.

Ivanov (82) has sugges ted  t h a t  the  C form o f  DNA re p re se n ts  a 

l e ss  hydra ted  s t a t e  o f  the  n u c le ic  ac id  while the more expanded B form 

accomodates a l a r g e r  amount o f  water o f  hyd ra t io n .  I t  i s  then p o s s ib le  

t h a t  a change in the  secondary s t r u c t u r e  o f  the hydrophobic p ro te in  

segments could a l t e r  the  balance o f  DNA hydra t ion  and induce conforma­

t io n a l  changes in the n u c l e i c  ac id .

I t  may a lso  be t h a t  the  in te rm ed ia te  melting i s  r e l a t e d  to the  

s t a t e  o f  aggregation of  these  complexes and the  a s s o c ia te d  l i g h t  

s c a t t e r i n g .  In complexes of  DNA with h i s tones  H2B, H 2 A o r  H 2 

(F igures  7, 10, 13) omission of  urea from the r e c o n s t i t u t i o n  medium 

decreases  the amount o f  in te rm ed ia te  melting (F igures  8 , 12, 16) as
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well  as the  value ^^20 ^ 2 6 0  (Table 3) • Since the A2 2 0  /  ^260 ra t l ' °  

is  an i n d i c a t o r  of the  e x t e n t  o f  l i g h t  s c a t t e r i n g  in the complex, i t  

appears t h a t  the in te rm ed ia te  melt ing may be r e l a t e d  to  t h i s  phenomenon. 

In whole h i s tone  complexes with DNA, however, the  minus - urea complexes 

(F igure 29) show enhanced in te rm ed ia te  melting over the plus - urea 

complexes (F igure (27) while the r a t i o  A-^g /  ^260 decreased s i g n i f ­

i c a n t l y  (Table 3).  I t  i s  t h e r e f o r e  impossible  to  d e f i n i t e l y  ass ign 

the in te rm ed ia te  melting t r a n s i t i o n s  exc lus ive ly  to DNA conformational 

changes,  e s p e c i a l l y  s ince  the hyperchromici ty  a s so c ia te d  with these  

changes i s  smal l .  However, the  e f f e c t  of  the hydrophobic res idues  on 

the conformation o f  the  DNA may be one of  the f a c t o r s ,  along with l i g h t  

s c a t t e r i n g ,  the  melting  of  sh o r t  DNA gaps and the  h e te ro g en e i ty  of  

r e c o n s t i t u t e d  complexes,  which co n t r ib u te s  to the  melt ing between the 

f ree  and bound DNA melting bands.

I t  may be noted t h a t  the Tml11 t r a n s i t i o n  in each nuc leoh is tone  

H2B (Figures  7 a ,b ,c )  i s  rep roduc ib ly  s p l i t  in to  two t r a n s i t i o n s .  

Examination o f  the amino ac id  sequence of  H2 B (6 ) revea l s  t h a t  the 

more b a s ic  "ha l f"  o f  the molecule may be considered as d iv ided  i n to  

two p a r t s ,  with loca l  accumulations o f  bas ic  re s idues  a t  each end o f  

the H2B molecule,  sepa ra ted  by a hydrophobic c e n t r a l  core region prone 

to ex tens ive  ordered secondary s t r u c t u r e  and through which segment the 

h i s to n es  are  be l ieved  to  i n t e r a c t  (87,  8 8 ) .  This general  arrangement 

has been observed f o r  each o f  the  main h is tone  spec ies  H2A,  H2 B,  H3 

and H 4 (89) .  I t  may be t h a t  Tmlll i s  s p l i t  as a r e s u l t  o f  the 

physica l  s ep a ra t io n  o f  these  regions  o f  h ighly  p o s i t i v e l y  charged 

res idues  along the h is to n e  molecule i t s e l f .  I t  i s  a lso  p o s s ib le  t h a t
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the s t r e n g th  o f  b inding o f  h is tone  H 2 B to  DNA in a r e c o n s t i t u t e d  

complex va r ie s  s l i g h t l y  between DNA segments o f  d i f f e r e n t  G + C con ten t ,  

giving r i s e  to  sub - bands with in  each major band.

When nuc leoh is tone  H2B is  r e c o n s t i t u t e d  in the absence of  urea 

(F igure  8 ) the  h ig h e s t  temperature t r a n s i t i o n s  now appear a t  82°C 

(C-DNA) and 93°C (L-DNA),  whereas p rev ious ly  they occurred a t  90°C 

(C - DNA) and 108°C (L-DNA).  These nuc leoh is tones  were annealed in a 

high s a l t  medium con ta in ing  no urea .  The absence of  urea in t h i s  

environment would be expected to promote hydrophobic i n t e r a c t i o n s  and 

secondary s t r u c t u r e  among the h i s to n e s .  I t  i s  reasonable  then to  

exp la in  the decrease  in temperature  o f  the h ig h e s t  melting t r a n s i t i o n  

by p o s tu l a t i n g  t h a t  the  s t r u c t u r e  o f  the  h is tone-DNA u n i t  i s  condensed 

and more co ns t ra ined  because o f  the enhanced hydrophobic a t t r a c t i v e  

fo rces  wi th in  the c e n t r a l  region of  the h i s to n e .  This leads  to  a 

decrease  in the a b i l i t y  o f  the more b a s ic  regions to s t a b i l i z e  the 

DNA due to the emergence of  e l e c t r o s t a t i c  r ep u ls iv e  forces  with in  the 

his tone-DNA un i t  which had p rev ious ly  been n e u t r a l i z e d  by s a l t  a t  the 

beginning o f  the  r e c o n s t i t u t i o n .

That the amino ac id  re s idues  are in f a c t  c lo s e r  to one another  

can be demonstrated by c a l c u l a t i n g  the number o f  amino ac id  re s idues  

pe r  nuc leo t ide  in the  p ro te in  bound regions o f  the  nu c leo h i s to n e ,  the

be ta  va lue ,  = a a / n .  Figure 9 i s  a graph o f  Equation 9 whose

slope  r e p r e s e n t s ^  . I t  can be seen t h a t  complexes r e c o n s t i t u t e d  in 

the  presence o f  urea have 4.2 a a / n  in the p ro te in  bound region while 

those r e c o n s t i t u t e d  in  the absence of  urea have ^  = 5 .2  a a / n .  I t  

should a lso  be noted t h a t  reg a rd le ss  o f  the DNA component o f  the

nu c leo h i s to n e ,  the r  vs. F ( f r a c t i o n  o f  DNA bound) values f a l l  on t he
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same l i n e .  This implies  a s i m i l a r i t y  in the  binding  of  the  h i s tones  

to both homologous mammalian c a l f  DNA as well  as to  b a c t e r i a l  DNAs.

This f e a tu re  i s  a lso  i l l u s t r a t e d  by the  general  resemblance o f  the 

melt ing p r o f i l e s  o f  the  nuc leohis tones  r e c o n s t i t u t e d  with the  widely 

d i f f e r e n t  DNAs. These f a c t s  suppor t  the view t h a t  the  h i s to n es  are  

n e i t h e r  sequence-  nor spec ies  - speci f i c  in t h e i r  binding (84) .

Another p o in t  which deserves  mention i s  b e s t  i l l u s t r a t e d  by 

Figure 7b. As in c re a s in g  amounts o f  p ro te in  are  annealed to  the DNA 

an upwards s h i f t  in Tm i s  no ted.  This may be due to  two f a c t o r s .

F i r s t ,  c a l f  DNA has been shown to  contain a s a t e l l i t e  f r a c t i o n  with 

G+C content h ighe r  than the average G+C content o f  the  DNA (55% vs. 

42%) (65) .  Although no t  sequence - speci f i c ,  h is tone  H2B p r e f e r e n t i a l l y  

binds A + T - r i c h  DNA regions  (Chapter V). As the A + T - r i c h  DNA i s  

bound the  remaining f r e e  DNA has a p ro g res s iv e ly  inc reased  G+C 

conten t  which s h i f t s  the  Tm upwards. Secondly,  in the high s a l t  

r e c o n s t i t u t i o n  medium h is tones  bi nd with l e s s  apparent c o o p e r a t iv i t y  

than i f  mixed d i r e c t l y  with DNA a t  low io n ic  s t r e n g th .  This r e s u l t s  

in f r ee  DNA regions  between p ro te in  - bound reg ions .  As the p r o t e i n /

DNA r a t i o  in c reases  these  regions  become s h o r t e r  and t h e i r  Tm inc reases  

(85) .

The thermal d ena tu ra t ion  p r o f i l e s  o f  nuc leoh is tone  H2A are  shown 

in Figure 10. Again, the general  Tm, Tml, TmlI, Tml11 p a t t e r n  i s  

d i s c e r n i b l e  although the  in c reased  amount o f  melting in the Tml - TmlI 

(45°C - 65°C, Figure 10a; 50°C-70°C,  Figure 10b; 70°C-90°C ,  Figure 10c) 

region considerably  camouflages peak d e l i n e a t i o n .  A p o s s ib le  explana­

t ion  fo r  these  e f f e c t s  i s  sugges ted  by the  amino acid composition of
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Figure 10a. Hietone RJ3 A, Cl. perfrlngens DMA 
in 0 .25  mM EDTA

S a l t ,  urea, t r i s  r e c o n a t itu t io n .
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Figure  10b
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Figure 10c.

Hiatona H 2 A, H. Lutaua BM4 
in 0.25 aM KDTA, pH 8.0 
Sale, uraa, till r«eautttuM«i.
aa/a * 0 --------

a ----------
3 - ~ 4 ------
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Figure 11. R v a lu e  determination.
Histone H2A nucleohistones .  
Numbers refer  to individual  

plus - urea complexes. 
Arrows denote average values 

o f  minus - urea complexes.
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histone H 2 A. H 2 A contains ca.  50% more o f  those hydrophobic 

residues c l a s s i f i e d  by Chou and Fasman (86) as strong a lpha-helix  

formers ( i . e .  Glu, Ala,  Leu) r e la t iv e  to  H 2 B (H 2 8 ,  29 o f  125 aa;

H 2 A , 47 o f  136 aa).  In addition O'Anna and Isenbero (32) have

reported that  the secondary structure o f  histone M 2 A i s  s i g n i f i c a n t l y

more s e n s i t i v e  to  low concentrations o f  s a l t  than that o f  H 2 8.

In sodium chloride  the amount o f  s a l t  required to  induce a change in

secondary structure  equal to 50% o f  the to ta l  poss ib le  chance i s

0.2  IF f o r  li 2 t  and 0.06 V fo r  !i 2 A. Phosphate i s  s t i l l  more

e f f i c i e n t  in inducing t ! i s  charge .  The values  in pf f a t e  -rr-

o.ro-Ac [/ fcr  I*! 2 G and 0,0019 I’ f o r  K 2 A. The g r e a t  enbanc-r ' /n t

o f  t ie  i r i te r rc ' i ' i a tc  temperatur<- r> 1 oty;  ray  v e i l  be due to  1 he

abundance c f  '.ydrnjf-cMc residues in K ? A. That hydrophobic a t t r a c t iv e

forces  play a large ro le  in the binding of  H 2 A to  DNA i s  evidenced

by Figure 11 vhich represents an attempt to evaluate ^  for nucleohistones

H 2 A. Either with or without urea a strong dependence o f  on the

input ra t io  o f  histone to DNA i s  observed. Without urea however, the e f f e c t

of  increasing input ra t io  appears to be s l i g h t l y  l e s s .  A poss ib le

explanation for t h i s  e f f e c t  i s  that  in the high s a l t  and urea r econ s t i tu t ion

medium the his tones  contain minimal amounts o f  ordered secondary

structure prior to  binding the DNA. Once s a l t  has been removed the

his tones  have bound the n ic le ic  acid and the subsequent removal

o f  urea allows the intramolecular hydrophobic forces  to form

regions o f  a lpha-helix  or beta-sheet  through which the histones

react intermolecularly .  The in teract ion  o f  histones  anchored

to physically  separate regions o f  the DNA would be expected to deform
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the conformation o f  the h e l i x .  As the hydrophobic regions become more 

ordered they may a l so  c o n to r t  the  DNA e i t h e r  by s t r a i n  imposed on the 

b a s ic  regions  o f  the h i s to n e  and t r a n s m i t t e d  to the  DNA or by d i r e c t  

dehydra tion e f f e c t s  on the  h e l i x .  When the h i s tones  are  reannealed to  

DNA in the absence o f  urea ,  however, the  hydrophobic h is tone  - h is tone  

i n t e r a c t i o n s  have taken place  p r i o r  to  the a c t  o f  binding and so may 

not have as g re a t  a s t r u c t u r a l  e f f e c t  on the  DNA conformation in the 

f i n a l  complex. Recons t i tu t ion  of  h i s tone  H2A to DNA in the absence 

o f  urea (Figure  12) reduces the amount o f  melting between Tm and Tmll 

(compare Figure 10b).

According to the  above model, r e c o n s t i t u t i o n  without urea does 

not deform the DNA to as g re a t  an e x t e n t ,  decreasing the  amount o f  

s t r a i n  which must be r e leased  during d en a tu ra t io n .  At the s t a r t  o f  

the r e c o n s t i t u t i o n  the high io n ic  s t r e n g th  environment s t a b i l i z e s  

hydrophobic i n t e r a c t i o n s  and n e u t r a l i z e s  l i k e - c h a r g e  repu ls ion  

between c a t i o n i c  res idues  on the  h i s to n e s .  As the s a l t  concen t ra t ion  

decreases the p ro te in s  bind the DNA. As the g rad ien t  proceeds to 

lower io n ic  s t r e n g th  an antagonism a r i s e s  between the  hydrophobic 

a t t r a c t i v e  forces  and e l e c t r o s t a t i c  rep u ls iv e  fo rces  wi th in  the  h is tone  

subun i t .  For t h i s  reason the b inding  of  the  b a s ic  res idues  to  DNA is 

not as s t a b l e  as i t  would be i f  the his tone-DNA binding had occurred 

in the presence of  urea with the hydrophobic forces  more e f f e c t i v e l y  

n e u t r a l i z e d .

When h is tone  H 2 , an equimolar combination of  H 2 A and H 2B ,  i s  

annealed to  DNA the fou r  main mel ting peaks are again d i s c e r n ib l e  

(F igure  13). The Tml 11 t r a n s i t i o n  now appears as a s in g l e  peak with 

each DNA, whereas i t  had prev ious ly  been s p l i t .  D'Anna and Isenberg
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Hlatone H 2 A, Calf thyvua D*A 
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Figure 13a.

llatoM ■ 2 ,  Cl. f«rfria§#q» BUI
u  o.25 m  ta rtk , * *  8.o
Belt, iiree, trie receeetltulAee. 
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Figure 13b.

Hlatoae H 2 ,  Calf thynua tm In 
0.25 «N IDTA, pH 8 .0  
Salt, urea, trie racooat1tution. 
aa/n » 0 ■■«■■«■■■»

80 100
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Figure 13c.

VlafcQM H 2 ,  M* lu taua  01U la  
0.25 hM BOA, pH 8 .0  
S a lt, u raa , t r i»  r t« M a tlt« tto a  
• a / a  -  0    —
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(3 2 ) ,  and ' l a r t inson  and McCarthy (38) have shown s t rong  in t e r a c t i o n s  

between H2A and H2B both in s o lu t io n  and in vivo r e s p e c t i v e l y .

Ev iden t ly ,  the  i n t e r a c t i o n  o f  these  h i s tones  c o n t r ib u te s  to  a modif­

i c a t i o n  o f  the  bindino of  t h e i r  more bas ic  renions  to  the  DMA 

molecule.

Examination of  Figure 13h and comparison with the  T.O. p r o f i l e  o f  

c a l f  thymus o r  r a t  l i v e r  chromatin (F igure  14) r ev ea l s  s i m i l a r i t i e s  in 

the  temperatures  o f  the  thermal t r a n s i t i o n s  nea r  uO°C, 75°C and 85°C.

Above 85°C a band i s  observed which is  appa ren t ly  due to  l i g h t  s c a t t e r i n n  

a r t i f a c t s .  In r=3 complexes (not shown) the  d e n a tu ra t io n  curve resembles 

t h a t  o f  chromatin even more c l o s e l v ,  however, th e re  appears a s tronn 

t r a n s i t i o n  (ca .  90°C-100°C) due to  l i g h t  s c a t t e r i n g .  The ^ 2 2 ^ ^ 2 6 0  

value  o f  the  r=3 complex, 0 .13 ,  i s  cons iderab ly  n r e a t e r  than the  value 

f o r  chromatin ,  0 .05 ,  and in c rease s  f u r t h e r  upon m e l t ing ,  to  0 .20 .  The 

e f f e c t  of  l i o h t  s c a t t e r i n n  i s  to  in c rease  the observed hyperchromicity  

and conseouently  the  maximum hyperchromic ity  o f  the  sample,  hmax, 

eguals  ca.  50% which i s  l a r g e r  than the  ca.  35% hyperchromicity  c h a r a c t e r -  

o f  c a l f  thymus DNA. For t h i s  reason complexes e x h ib i t i n g  e x ces s iv e lv  

high h^gx values  a re  not included in  the  va lue  de te rm ina t ion .

As Figure 15 i l l u s t r a t e s ,  the  value o f  nuc leoh is tone  H2 

complexes prepared  with u re a ,  = 3.7  a a /n ,  i s  the  same as the  value 

obta ined  f o r  c a l f  thymus chromatin bv Li e t  a l .  (75) .  Fioure 16 

shows t h a t  r e c o n s t i t u t i o n  o f  nuc leoh is tone  !!2 w ithout urea reduces the  

temperature  of the  Tm III t r a n s i t i o n  of  P-ONA from 82°C (Figure  13a) 

to  77°C (F igure  16a) ,  o f  C-DNA from 98°C (Figure 13b) to  8 8 °C (F igure  16b) 

and o f  L-DNA from 103°C (F igure  13c) to  96°C (Figure  16c).  That the  

r educ t ion  o f  the  tempera ture  o f  the  h ighes t  mel t ing  band i s  seen 

with each DMA sugges ts  t h a t  the  e f f e c t  i s  due to  the  h is tone  component 

o f  the  complex. Exclusion o f  urea in the  high s a l t  medium inc reases
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Figure 14a. Purified c a lf  thymus nucleohistone 
in 0.25 mM EDTA, pH 8.0.

(From the Ph.D. d issertation  of  
C. Chang, with permission)



Figure 14b.

Set liver chroaatla la 0.25 «N KPIA, pH 8.0
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Figure 15. Rvalue determination.
Histone H 2 nucleohlstones.

Open c ir c le s  ■ p lus*  urea complexes. 
F illed  c ir c le s  * minus-urea complexes. 
Arrows * average value for*

s a l t  -  urea - phosphate complexes.
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Figure 16a.

■lato** I 2, Cl. p«rfrlnf«aa 
in 0.25 m  SBKA* P* 8*0 
Salt, trie racoMtltutlaa.
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Figure 16b.
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Figure 16c.

Hiatoaa H 2, M. lutsua IMA 
in 0.25 *  MSA, pH 8.0  
Salt, tri* rccoaatltutioa. 
aa/n * 0 m m m m m u
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the ordered secondary s t r u c t u r e  of  the h is tones  and may cause them to 

bind whi le  in  a more condensed conformation.  Once bound, the 

reduc t ion  in the io n ic  s t r e n g th  of  the medium may inc rease  the  mutual 

r epu ls ion  between ne ighboring c a t i o n i c  res idues  which decreases  t h e i r  

a b i l i t y  to  s t a b i l i z e  the DNA. Histones reannealed to  DNA in  the  

presence o f  urea are  then p ic tu red  as binding in a more extended 

c o n f ig u ra t io n  and the g r e a t e r  d is tance  between l i k e - c h a r g e d  res idues  

in c reases  t h e i r  a b i l i t y  to  s t a b i l i z e  the DNA.

When nuc leohis tone  H2 i s  r e c o n s t i t u t e d  in s a l t  - urea - phosphate 

the Tml11 t r a n s i t i o n  i s  a l so  t r a n s lo c a t e d  to  lower temperature  (Figure 

17) r e l a t i v e  to  the s a l t  - urea - t r i s  complexes and the t r a n s i t i o n s  

between 60°C - 80°C are  enhanced. I t  is  known t h a t  phosphate b u f f e r  

maximizes the secondary s t r u c t u r e  o f  h is tones  (32) .  In the s a l t - u r e a  - 

phosphate r e c o n s t i t u t i o n  medium the h i s to n e s  bind as the io n ic  s t r e n g th  

i s  g radua l ly  reduced. Once the urea i s  removed the phosphate i s  able  

to  induce h igh ly  ordered secondary s t r u c t u r e  in the h i s t o n e s ,  which 

now i n t e r a c t .  The s i t u a t i o n  i s  analogous to  r e c o n s t i t u t i o n  in  the 

absence of  u rea ,  however, the s t rong  e f f e c t  o f  phosphate in s t a b i l i z i n g  

hydrophobic i n t e r a c t i o n s  can be seen by comparing the be ta  values  of  

the  plus - urea ,  m in u s - u r e a  and urea - phosphate r e c o n s t i t u t i o n s .  The 

0  values of these  complexes (Figure  15) inc reases  when the nucleo­

h is to n e  i s  r e c o n s t i t u t e d  w i thout  urea and inc rease s  f u r t h e r  when the 

r e c o n s t i t u t i o n  i s  c a r r i e d  out in  phosphate .  Also, the in c re a s in g  inpu t  

r a t i o  i s  seen t o  have a g r e a t e r  e f f e c t  on the  value slope in  the  

urea - phosphate nuc leohis tone  than in the minus - urea nuc leoh is tone .

When h is tone  H2 is  complexed to  c a l f  DNA by d i r e c t  - mixing in
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Figure 17.

Mlstone H 2, calf thyaus DMA la 
0 .2 5  * *  EOU, pH 8.0  
Salt, urea, phosphate recoast1t u tIon. 
aa/a * 0 ....... .
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.25 mM EDTA, pH 8.0 or in . 15M NaCl, .25 mM EDTA, pH 8.0  and dena tu red ,  

Figures  18 and 19 r e s p e c t i v e l y  r e s u l t .  The temperature  o f  the  h ig h es t  

t r a n s i t i o n s  of the  low ion ic  s t r e n g th  r e c o n s t i t u t e  (F igure  18),  87°C 

and 95°C, correspond to  Tmll and Tmlll of the s a l t  - urea - t r i s  nucleo-  

h is to n e  H 2 a t  8 8 °C and 97°C (Figure 13b). When d i r e c t  - mixing is  

done in  the presence of  .15 M NaCl the corresponding peaks occur a t  

79°C and 8 6 °C (F igure  19). In ad d i t io n  the re  i s  a la rge  inc rease  in  

the peak a t  67°C. In .25 mM EDTA the h is tones  e x i s t  as predominantly 

random co i l  (Chapter I I I )  and bind in  the most s t a b l e  conformation 

p o s s ib l e .  When the d i r e c t  - mixing occurs in the presence of  s a l t  and 

s a l t - i n d u c e d  hydrophobic i n t e r a c t i o n s ,  however, the most s t a b l e  b ind­

ing conformation i s  not the same as i t  is once the s a l t  i s  d ia ly sed  

away fo r  the  d e n a tu ra t i o n .  Consequently the h ig h e s t  temperature  

t r a n s i t i o n s  of  these  complexes occur a t  lower temperature  and the re  

a l so  appears a la rge  conformational change in the DNA in the 60°C - 70°C 

temperature  reg ion .  The beta  values of these  complexes (F igure  20) 

are = 4 .4  aa /  n fo r  d i r e c t - m i x e d  in  EDTA and 3.9 aa /  n fo r  

d i r e c t - m i x e d  in sa l t -EDTA. Both values are  h igher  than the  3.7 aa /  n 

derived fo r  s a l t  - urea - t r i s  nuc leoh is tone  H 2 presumably r e f l e c t i n g  

the  i r r e v e r s i b i l i t y  and apparent  c o o p e r a t iv i t y  o f  hi s tone binding in  

d i r e c t - m i x e d  complexes (72).  The s l i g h t l y  lower beta  value of  the 

sa l t -ED TA  complex may be due to  the  presence o f  s a l t  decreas ing  th i s  

coopera ti  vi ty .

Figure 21 i s  a composite melt ing  p r o f i l e  of  a nuc leohis tone  H2 

complex annealed in  the  absence o f  urea .  A con t ro l  a l i q u o t  was de­

na tu red  immediately upon p re p a r a t io n .  Another a l i q u o t  was mixed with
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Figure 18. Hi s tone  H2 , c a l f  thymus DNA 
in 0.25 mM EDTA, pH 8 .0 .
Di r e c t  - mixed in  EDTA. 
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Fiqure 19. Histone H2 , c a l f  thymus DNA 
in 0.25 mM EDTA, pH 8.0  
( p o s t d i a l y s i s ) .
D irec t -m ixed  in 0.15 M NaCl 

NaEDTA. 
r values indicated.
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Figure 20. & value determination.
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by d irec t  - mixing.
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Figure 21. Histone H2 , c a l f  thymus DNA in 
0.25 mM EDTA, pH 8 .0 .

denatured a f t e r  s a l t  - t r i s  reco n s t i tu t io n  
without further treatment.

mixed with equal volume o f  10 M urea and 
denatured in 5 M urea - EDTA.

mixed with equal volume o f  1 0 M urea, d ia lysed  
vs.  EDTA, denatured in EDTA.
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an equal volume of 10 M urea and denatured.  I t  can be seen t h a t  every 

peak has been s h i f t e d  to  lower temperature  in  the  l a t t e r  p r o f i l e .  This 

i s  e v id e n t ly  a d i r e c t  d e s t a b i l i z a t i o n  by urea o f  the  hydrogen bonds 

between base p a i r s ,  as a r t i f a c t u a l  e f f e c t s  on the  thermal d ena tu ra t ion  

p r o f i l e  of  nuc leopro te in  complexes by urea in  equ i l ib r iu m  with cyanate 

ion have been excluded a f t e r  ex tens ive  study by Ansevin and Brown (87) 

and Ansevin e t  a l . (71) .

The a d d i t io n  o f  an equal volume o f  10 M urea to  a t h i r d  a l i q u o t  

o f  s a l t - t r i s  n u c leoh is tone ,  followed by d i r e c t  d i a l y s i s  vs.  EDTA 

r e s u l t s  in  the remaining curve of  Figure 21. Although the  Tm t r a n s i ­

t io n  of  t h i s  p r o f i l e  co incides  with t h a t  of  the  c o n t r o l ,  a l l  o the r  

t r a n s i t i o n s  are  lowered. Since the t o t a l  hyperchromicity  and the % of  

f r ee  DNA are  e q u iv a l en t  f o r  these  two samples,  the % of  bound DNA and 

t h e i r  be ta  values must be e q u iv a l e n t ,  i n d i c a t in g  no ne t  s h i f t  o f  

p ro te in s  from one bound region to  ano ther .  The reduced temperature  o f  

the t r a n s i t i o n s  must then be the r e s u l t  of  the p ro te in s  changing to  a 

second conformation in urea (due to the reduced hydrophobic i n t e r a c t i o n s )  

and to  a t h i r d  conformation,  le s s  s t a b l e  than the  f i r s t ,  due to  the 

antagonism of  hydrophobic a t t r a c t i o n s  and e l e c t r o s t a t i c  repu ls ions  

upon removal of  the  urea .  When a nuc leohis tone  H2B complex prepared 

in  the absence of urea i s  melted in 5m urea (F igure  22) a minor s h i f t  

to  lower temperature  o f  the  h ig h e s t  mel ting t r a n s i t i o n  i s  seen.  The 

small  e f f e c t  of  urea  on t h i s  complex r e l a t i v e  to  the  u r e a - T . D .  o f  

nuc leoh is tone  H 2 may be due to  the absence o f  the H 2 A h i s to n e .

When whole h is to n e  munus h is to n e  H 1 (whole - H 1 ) ,  a combination 

o f H 2 A ,  H2 B,  H 3 ,  H 4 ,  i s  complexed with DNA and denatured by
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Figure 22.

Histone H 2 B, calf thyme DNA in 
5 M urea, 0.25 nM EDTA, pH 8.0 
Salt, trie reconstitution.
ae/n > J.O
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h e a t in g ,  the p r o f i l e s  p resen ted  in  Figure 23 are obta ined . While 

these  nuc leohis tones  d i sp la y  the four c h a r a c t e r i s t i c  mel ting 

t r a n s i t i o n s ,  the  p r o f i l e s  of  these  complexes do not resemble the 

p r o f i l e  o f  chromatin (F igure  14). The in c lu s io n  o f  the a rg in ine  - r ich  

h i s tones  apparen t ly  modifies the binding of  the  s l i g h t l y  lys ine  - r ich  

h i s tones  poss ib ly  by a l t e r i n g  the h is tone  - h is tone  i n t e r a c t i o n s  in  

the  complex. The a rg in in e  - r ich  h i s tones  are  known to have a s t rong  

tendency to aggregate  (34) .  This may be r e spons ib le  fo r  the high 

be ta  value observed in wh o l e - H I  nuc leoh is tone :  = 6  aa /  n (F igure

24).  When whole - H I  nuc leoh is tone  i s  r e c o n s t i t u t e d  in the absence 

of urea the amount o f  m a te r ia l  melting between Tm and the two h ig h e s t  

t r a n s i t i o n s  (Tmll,  Tmlll) i s  g re a t ly  reduced. This e f f e c t  is  most 

c l e a r l y  seen with c a l f  DNA (compare Figures 23 and 25) ,  and c o r r e l a t e s  

well with the  inc reased  hydrophobic na ture  o f  the  a rg in ine  - r ich 

h i s to n e s .  The t r a n s i t i o n s  Tmll and Tmlll al though s h i f t e d  to lower 

temperature  are  g en e ra l ly  inc reased  in amplitude.  The decreased 

melting in the 60°C - 70°C range and the  s h i f t  o f  the T m l l -T m l l l  

region to  lower temperature  may be due to  s t rong  hydrophobic i n t e r ­

ac t ions  between the a rg in ine  - r i ch  h i s tones  in high s a l t  which occur 

p r i o r  to  t h e i r  binding o f  the  DNA, while the  enhanced hydrophobic 

i n t e r a c t i o n s  between the  a rg in ine  - r ich  h i s tones  and DNA may be 

re spons ib le  fo r  the  inc reased  amplitude and complexity o f  the  melting 

in the  Tmll - Tmlll range.  That these  e f f e c t s  are  due to  the 

a rg in in e  - r ich  h is tones  gains credence from the r e p o r t  o f  Yu ( 8 8 ) who 

observed t h a t  r e l a t i v e  to  plus - urea complexes, DNA - (H 3 + H 4 )  

complexes r e c o n s t i t u t e d  in the  absence o f  urea showed enhanced Tmlll
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A Figure 23a

Whole h iston e  -  H 1, C l. perfrlngens DNA 
in 0 .25  mM EDTA, pH 8 .0  
S a lt ,  urea, t r i s  r e c o n stitu tio n .
aa/n = 0



Figure 23b.

Whole h iston e - H I ,  c s l f  thymus DNA 
in  0 .25  mM EDTA, pH 8 .0  
S a lt ,  urea, t r i s  r e c o n s titu tio n ,  
aa/n  =» 0   ■



Figure 23c.

UM>U hiatOM - U 1, M. lutaoa m u
in 0.25 aM * * * * *  M  3.0
Salt, m t m , trii rsa««MikituCloa.
m / b » 0
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Figure 24. Rvalue determination.
Whole - H 1 histone nu cleohistones .
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Figure 25a.

Whole histone - H 1, Cl. perfringens DNA 
in 0.25 vH EDTA, pH 8.0 
Salt, trie reconstitution, 
aa/n ■ 0
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Figure 25b. Whole h i s t o n e - H  1 , c a l f  thymus 
DNA in  0.25 mM EDTA, pH 8 .0 .  

S a l t ,  t r i s  r e c o n s t i t u t i o n ,  
r  values i n d i c a t e d .
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Figure 25c.

Whole Histone - HI, M. lu teue Mfe 
in 0 .25 EWA, pK 6.0
• * l t ,  t r i e  reeo n stltm tiM . 
e* /n  m 0 11 mi 1 ■« 1 1—

" »   .........................« T
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t r a n s i t i o n s .  This suggests  a s i g n i f i c a n t  c o n t r ib u t io n  of  hydrophobic 

forces  to  the binding o f  these  h i s to n es  to DNA. Bar t ley  and Chalk ley 

(89) have observed t h a t  high concen t ra t ions  o f  urea (5 M - 6 M) are 

requ i red  before  the a rg in in e  - r ich  h i s tones  can be e x t r a c t e d  from 

h e a t - t r e a t e d  nuc leopro te in  by a c id .  Urea a t  lower concen t ra t ion  

(1M - 3M) was s u f f i c i e n t  to f a c i l i t a t e  the  removal o f  the  s l i g h t l y  

l y s i n e - r i c h  h i s to n e s .  (Urea had l i t t l e  e f f e c t  on the e x t r a c t a b i l i t y  

o f  h i s to n e  H I . )  These authors  a l so  invoked a high degree of  

hydrophobic ity  in the binding o f  H 3 and H4 to  DNA.

The e f f e c t  o f  omission of urea or inc lu s ion  of  phosphate during 

the  r e c o n s t i t u t i o n  of w h o l e - H I  nuc leoh is tones  on the be ta  value of 

the complex is  opposite  to the e f f e c t  o f  th e se  agents on H2A,  H2B or  

H2 nuc leoh is tones  (Figure  24). Without urea the be ta  value decreases 

to  4.5 aa /  n while phosphate causes a f u r t h e r  decrease ,  to  4 .2  a a / n .  

Ev iden t ly ,  in an environment which enhances hydrophobic i n t e r a c t i o n s  

the b inding  of the a rg in in e  - r i ch  h is tones  t o  the  DNA i s  s t reng thened  

more than the a t t e n d a n t  h is tone  - h is to n e  i n t e r a c t i o n s .  I t  should be 

recognized ,  however, t h a t  these  be ta  values are  s t i l l  h ighe r  than those 

of chromatin or r e c o n s t i t u t e d  H 2 n u c leoh is tone .

The T.D. p r o f i l e  of  whole -H 1 nuc leoh is tone  r e c o n s t i t u t e d  in 

s a l t  - urea - phosphate b u f f e r  (Figure  26) i s  q u i te  s i m i l a r  to  the 

whole -H 1 r e c o n s t i t u t e  without  urea .  R ela t ive  to  the  plus - urea 

complex however, the 87°C (Tmll) t r a n s i t i o n  (Figure 26) i s  e lev a ted  

from 83°C (Figure  23b) while the h ig h e s t  t r a n s i t i o n  (Tmlll)  i s  

d e s t a b i l i z e d  by approximately 3°C. This f u r t h e r  supports  the  hydro- 

phobic na ture  of  the b inding a s s o c i a t e d  with the  Tmll t r a n s i t i o n .  As
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Figure 26. Whole - H 1 h i s t o n e ,  c a l f  thymus 
DNA in 0.25 mM EDTA, pH 8 .0 .  

S a l t ,  u rea ,  phosphate 
r eco n s t i  t u t  ion.  

r  values i n d ic a ted .



the  hydrophobic a t t r a c t i o n s  wi th in  the h is tone  subuni t  are  enhanced the 

s t a b i l i t y  o f  the  second t r a n s i t i o n  i s  increased  while the  binding o f  

the more bas ic  h a l f  - molecule i s  d e s t a b i l i z e d .

When whole h is tone  i s  r e c o n s t i t u t e d  to  DNA in urea the  shape of 

the  melting p r o f i l e s  i s  changed d r a s t i c a l l y  r e l a t i v e  to urea - annealed 

whole -H 1 complexes (F igure  27). This e f f e c t  i s  seen most c l e a r l y  in 

Figures 27b and c .  The presence o f  h is tone  H 1 changes the i n t e r a c t i o n  

of  the o the r  four  spec ies  of h i s tones  such t h a t  a t  an aa /  n r a t i o  of 

t h re e  the C - DNA nuc leohis tone  p r o f i l e  (Figure 27b) resembles t h a t  of 

chromatin (Figure  14) q u i t e  c lo se ly .  With the in c lu s io n  of  H 1 the 

be ta  value of the  complex (F igure 28) becomes 3.7 a a / n ,  equal to  the  

value o f  chromatin ,  3.7 a a / n  (76) .  This ro le  fo r  H 1 appears to 

be unique,  however, many workers have observed s t r i k i n g  d i f f e r en c es  

between H 1 and the o the r  h i s to n e s .  I t  has been noted t h a t  the 

primary sequence o f  H 1 i s  the l a r g e s t  and most v a r i a b le  o f  the  

h is tones  (90) ,  i t  i s  the  most spec ies  - s p e c i f i c  o f  t h i s  group of 

p ro te in s  (91) ,  and i s  s u b je c t  to the g r e a t e s t  number of covalent 

m odif ica t ions  (22, 23).  H 1 has been found to  bind p r im ar i ly  to  the 

in ternucleosome DNA regions  (9 2 ) ,  i s  most a c c e s s ib le  to i t s  homologous 

ant ibody o f  a l l  the h i s tones  (93) ,  i s  not found in h is to n e  - h is tone  

complexes e i t h e r  in s o lu t io n  (94) o r  in vivo (38,  39),  and has 

e s s e n t i a l l y  no e f f e c t  on DNA conformation (95).

The presence of  H 1 a l so  changes the e f f e c t  o f  urea omission on 

the  r e c o n s t i t u t e d  nuc leoh is tone .  Whereas minus - urea whole -H  1 

nuc leoh is tones  e x h ib i ted  some s t a b i l i z a t i o n  of the  Tmll and Tmlll peaks 

the  minus - urea whole h is tone  complexes d isp lay  enhancement of  the low
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Figure 27a.
Whole h la toae, C l. perfringene DKA 

in 0.85 bM IOTA, pH 8.0 
Salt, urea, trie reeonetitution. 
aa/n - 0
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Figure 27B.

Whole histone, calf thymua DMA in 
0.25 mM EDTA, pH 8.0 
8alt, urea, tris reconstitution. 
»/n * 0 mmmmrnmmmmmmrm
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Figure 27c. Whole h i s t o n e ,  M. lu teus  DNA

S a l t ,  u rea ,  t r i s  
r e c o n s t i t u t i o n ,  

r  values i n d i c a t e d .
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Figure 28. R v a l u e  d e te rm ina t ion .
Whole h is tone  nuc leo h i s to n es .
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Figure 29a.

Whole histone. Cl. perfingens DMA 
In 0.2$ m  EDTA, pH 8.0 
Salt, tris reconstitution, 
ss/n » o  ... ini
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Figure 29b. Whole h i s to n e ,  c a l f

thymus DNA in 0.25 mM 
EDTA, pH 8 .0 .

S a l t ,  t r i s  recon s t i tu t ion ,  
r values ind icated .
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Figure 29c. Whole hi s tone ,  M. luteus  
DNA in 0.25 mFTEDtA, 
pH 8 .0 .

S a l t ,  t r i s  recon s t i tu t ion ,  
r values indicated.



temperature  t r a n s i t i o n s  apparen t ly  a t  the  expense of  the Tmll, Tmlll 

peaks.  This i s  seen most c l e a r ly  in Figure 29b. Thus H 1 has acted  

to  somewhat reverse  the  e f f e c t s  of  the  a rg in ine  - r ich  h i s to n e s .  When 

whole nuc leohis tone  i s  r e c o n s t i t u t e d  in s a l t  - urea - phosphate (Figure 

30) a very la rge  decrease  in Tmlll (90°C - 100°C) i s  observed but 

l i t t l e  change in Tmll (82°C) is  n o t i c e a b le .  The t r a n s i t i o n s  near  65°C 

and 77°C have inc reased  however, f u r t h e r  suppor t ing  the hypothesis  t h a t  

these  th ree  t r a n s i t i o n s  are r e l a t e d  to  conformational changes o f  the 

DNA due to the hydrophobic na ture  o f  the  hi stone co re .  Although d r a s t i c  

m od if ica t ions  of  the p r o f i l e s  are ev iden t  as a r e s u l t  o f  urea omission 

or phosphate in c lu s ion  the be ta  value of  the nuc leoh is tone  i s  r e l a t i v e l y  

cons tan t  (Figure 28).  Without urea |̂ > = 3 .6  a a / n ,  with phosphate 

= 3.1 - 3 .3  aa /  n ( i n i t i a l  s lo p e ) .  Again, phosphate r e c o n s t i t u t i o n  

inc rease s  the e f f e c t iv e n e s s  o f  h is tone  - h is to n e  i n t e r a c t i o n  so th a t  a t  

high inpu t  r a t i o s  o f  3 - 4  a a / n  the slope of  the b e ta  p lo t  inc reases  

sha rp ly .  This d r a s t i c  r i s e  p a r a l l e l s  the  enhancement o f  the p o s tu la ted  

low temperature  conformational  t r a n s i t i o n s .  A comparison of the  

thermal dena tu ra t ion  p r o f i l e  o f  p u r i f i e d  nuc leoh is tone  derived from 

c a l f  thymus (97) with the p r o f i l e  of the s a l t  - urea - phosphate whole 

h i s to n e  nuc leoh is tone  ( a a / n  = 4) shows t h a t  these  samples d isp lay  

n ea r ly  i d e n t i c a l  thermal t r a n s i t i o n s .  This r e s u l t  s t rong ly  im pl ica te s  

h is to n e  -  h is tone  hydrophobic i n t e r a c t i o n s  as a c en t r a l  force  in the  

maintenance of chromatin s t r u c t u r e .  As desc r ibed  below, the removal of 

th ese  fo rces  has the i d e n t i c a l  e f f e c t  on both the s a l t  - urea - phosphate 

r e c o n s t i t u t e  as on the  p u r i f i e d  nuc leoh is tone .

In 1974 Chang and Li (97) observed th a t  nuc leoh is tone  p u r i f i e d
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Figure 30. Whole h is ton e ,  c a l f  thymus DNA in 
0.25 mM EDTA, pH 8 .0 .

S a l t ,  urea, phosphate recons t i tu t ion ,  
r values ind icated .

806040
•c

86



from c a l f  thymus chromatin and melted in urea d isp layed  a general  

temperature  decrease  in a l l  thermal t r a n s i t i o n s  except one. There 

appeared a t  96°C a new t r a n s i t i o n ,  h igher  than any in the contro l  

nuc leoh is tone  melted in the  absence of urea.  The appearance o f  t h i s  

ad d i t io n a l  band was a lso  noted in 0.6 M NaCl t r e a t e d  nuc leohis tone  

denatured  in urea .  (0 .6  M NaCl removes h i s tone  H 1 and some n o n ­

h is tone  p r o t e i n s . )  In Figure 31 the  p r o f i l e s  o f  whole and who le -  HI  

nuc leoh is tones  r e c o n s t i t u t e d  without urea ,  but melted in u rea ,  are 

p re sen ted .  In the  whole h is to n e  complex, the re  appears a new peak 

(TmlV) a t  93°C (F igure  31) which i s  h igher  than any t r a n s i t i o n  in the 

p r o f i l e  of  the  minus - urea complex (F igure  29). In the  w h o l e - H I  

complex the re  i s  a peak a t  98°C which was p resen t  only as a shoulder  in 

the  minus - urea complex (F igure  25).  In the  H2B or  H 2 nuc leoh is tones  

r e c o n s t i t u t e d  minus - urea but melted in urea (Figure 21, 22) no new 

peak i s  observed which i s  h igher  than the h ig h e s t  t r a n s i t i o n  in the  

c o n t ro l s .  I t  seems p l a u s ib le  then t h a t  the  bulk of the  h is to n e  - h is to n e  

i n t e r a c t i o n s  are  destroyed in 5M urea and the h i s to n e  subun i t  is  

opened allowing the  high temperature  s t a b i l i z a t i o n  of  a small  f r a c t i o n  

of the  DNA bound by the a rg in in e  - r i ch  h i s to n e s .  In the  o r ig i n a l  work 

by Chang and Li (96) when p u r i f i e d  nuc leohis tone  was e x t r a c t e d  with 

1.6 M NaCl (a s a l t  concen t ra t ion  which removes some o f  the a rg in in e  - r ich  

h i s to n es )  and melted in urea the e x t r a  t r a n s i t i o n  did not appear.  

Comparison of  Figure 31 with the  melting  p r o f i l e  of p u r i f i e d  c a l f  

thymus nuc leoh is tone  in urea p resen ted  by Chang and Li (96) shows 

t h a t  the shapes o f  the p r o f i l e s ,  and more im p o r tan t ly ,  the  temperatures  

o f  each t r a n s i t i o n  a re  v i r t u a l l y  i d e n t i c a l .  This s t ro n g ly  sugges ts  

t h a t  i t  i s  the  d i f f e r e n c e  in the  s t r en g th  o f  the hydrophobic forces  

which d i s t i n g u i s h e s  in vivo nuc leoh is tone  from the  minus - urea r e c o n s t i -
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Figure 31. Thermal d e n a tu ra t i o n  in 5 M urea 
0 .25 mM EDTA, pH 8 .0 .

S a l t ,  t r i s  reco n s t i tu t io n .

DNA = Free c a l f  thymus DNA.
W = Whole h i s to n e ,  c a l f  

thymus DNA.
W - H 1,= Whole histone - H I ,  c a l f  

thymus DNA.
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t u t e d  whole h is tone  nuc leoh is tone .  Once these  d i f f e r en c es  have been 

e l im ina ted  by u rea ,  both samples show i d e n t i c a l  thermal s t a b i l i t i e s .  

Re la t ive  to whole h is tone  nuc leoh is tone  r e c o n s t i t u t e d  without urea ,  

melted in EDTA (Figure 29) ,  the  t r a n s i t i o n s  apparen t a t  78°C and 85°C 

are a l t e r e d  only s l i g h t l y  in the melted - in  -  urea complexes (78°C and 

81°C) (F igure  31),  but th e re  has occurred  a la rge  inc rease  in the 

amount o f  m a te r ia l  melting  between 55°C and 70°C. The appearance of 

t h i s  low melt ing  m ate r ia l  may c o r r e l a t e  with the  emergence of  the TmlV 

band. Li (57) has proposed a dynamic model fo r  chromatin s t r u c t u r e .

In i t  he proposes t h a t  al though h is tones  i n t e r a c t  with each o ther  

through hydrophobic regions o f  secondary s t r u c t u r e  to form a p ro te in  

octamer s u b u n i t ,  the subuni t  may open or  c lo se  depending on the 

environmental  pH, p o l a r i t y ,  ion ic  s t r e n g th  or  the d i s ru p t iv e  force  

imposed on i t  by the  DNA h e l i x  d i s t o r t e d  by h i s to n e  binding . The 

55°C - 70°C t r a n s i t i o n s  may rep re sen t  conformational changes in the 

double h e l i x  s p e c i f i c a l l y  r e l a t e d  to the  r e l e a s e  of  c o n s t r a i n t  imposed 

e i t h e r  d i r e c t l y  by the hydrophobic re s idues  o r  secondar i ly  via forces  

t r a n s m i t t e d  through the more b a s ic  reg ions .  The conformational change 

in the secondary s t r u c t u r e  o f  the h is tones  to a le ss  ordered posture  

would re l e a s e  t h i s  s t r a i n  allowing the e l e c t r o s t a t i c  repu ls ive  forces 

to dominate and extend the h is tone  subun i t .  This in tu rn  would allow 

the b a s ic  regions  o f  the a rg in ine  - r ich  h is tones  to s t a b i l i z e  the DNA 

to  a temperature  h igher  than t h a t  p o s s ib le  were the hydrophobic 

c o n s t r a in in g  fo rces  not r e l e a s e d .  Support  f o r  t h i s  view derives  from 

the  observat ion  by Weintraub e t  a l .  (34) t h a t  a t e t r a m e r ic  complex 

o f  h i s tones  H2A,  H2B,  H3 and H 4 which i s  s t a b l e  in 2M NaCl but
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d i s s o c i a t e s  in 0. 2M NaCl wi l l  remain i n t a c t  in 0 .2  M NaCl i f  the 

p o s i t i v e l y  charged, more bas ic  amino terminal arms (**2Q% o f  each 

h i s to n e )  are  f i r s t  d iges ted  away by t r y p s in .
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CHAPTER IV 

CIRCULAR DICHROISM

INTRODUCTION

In an at tempt to r e l a t e  the  s t r u c t u r e  o f  b io lo g ic a l  macromolecules 

to t h e i r  f u n c t io n ,  i n v e s t i g a t o r s  have sought means o f  o b j e c t iv e ly  

a s c e r t a in in g  the th re e  dimensional s t r u c t u r e  o f  p r o t e i n s .  Short  of 

p r e c i s e  s t r u c t u r a l  de termina t ion  by X-ray d i f f r a c t i o n  c ry s ta l l o g ra p h y ,  

c i r c u l a r  dichroism (CD) re p re se n t s  a most usefu l tool f o r  the  es t im at ion  

of  the secondary s t r u c t u r e  of  b io lo g ic a l  macromolecules.

Plane p o la r i z e d  l i g h t  may be d i s s e c te d  to  i t s  c i r c u l a r l y  p o la r ized  

v ec to r  components by pass ing  the l i g h t  through a b i r e f r i n g e n t  mate r ia l  

which serves  to  r e t a r d  one v ec to r  by 90° with r e sp ec t  to  the o th e r  in 

the d i r e c t i o n  o f  wave p ropaga t ion .  The magnetic moments o f  the  two 

c i r c u l a r l y  p o la r i z ed  vectors  a re  n o n - i d e n t i c a l .  When l i g h t  o f  the 

app rop r ia te  wavelength e x c i t e s  the  e l e c t ro n s  o f  a chromophore t h e i r  

e l ev a t io n  to an upper s t a t e  and the  d i s s i p a t i o n  o f  the  energy as hea t  

gives r i s e  to an absorp t ion  band. I f  the e x c i t e d  e lec t ro n  i s  d isp laced  

in a n o n l in e a r  fashion  from i t s  i n i t i a l  p o s i t i o n ,  the c i r c u l a r  component 

o f  the motion wi l l  induce a magnetic moment. The i n t e r a c t i o n  o f  the  

magnetic moment o f  the e l e c t ro n  with the  magnetic moments o f  the  

c i r c u l a r l y  p o la r i z e d  vecto rs  causes the  chromophore to  p r e f e r e n t i a l l y  

absorb e i t h e r  the  l e f t -  o r  r igh t -handed  component o f  the  c i r c u l a r l y  

p o la r i z e d  l i g h t  and genera tes  a CD response .  The CD response of  a 

chromophore ( * £  ) i s  rep o r ted  as the d i f f e r en c e  between the absorption 

o f  the  l e f t - ( £ - j )  and r igh t -handed  ( £  ) c i r c u l a r  p o la r i z ed  components:
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& £ = £ !  - £ r

( i d

Since the le f t -handed  and r igh t -handed  vectors  are  absorbed to 

d i f f e r e n t  ex ten t s  t h e i r  r e l a t i v e  v e l o c i t i e s  through the o p t i c a l l y  a c t i v e  

m ate r ia l  ( r e f r a c t i v e  ind ices )  wi l l  a l so  be unequal. The combination of 

d i f f e r e n t i a l  absorption and nonequal propagat ion v e l o c i t i e s  changes the  

p o l a r i z a t i o n  o f  the l i g h t  from c i r c u l a r  to e l l i p t i c a l .  I t  i s  the  

e l l i p t i c i t y  ( © )  which i s  measured in s t ru m e n ta l ly  and can be conver ted  

to  the  molar res idue  e l l i p t i c i t y  ( a £ )  by the formula:

( 1 2 )

A £  = © /  3305

There fore ,  while the  i n t e n s i t y  o f  absorp t ion  depends on the  e l e c t r i c  

d ipole  t r a n s i t i o n  moment, the  c i r c u l a r  dichroism response depends on 

both the  e l e c t r i c  and magnetic d ipo le  t r a n s i t i o n  moments. Thus,  the  CD 

s i g n a l ,  which appears only in regions  o f  an absorp t ion  band, may be much 

more in ten se  than the  absorp t ion  band a t  the  same wavelength.

To make CD measurements r e l e v a n t  to  the  conformations o f  b i o ­

molecules the CD spectrum o f  a sample must be compared to  some re fe rence  

spectrum which has been ass igned  a given s t r u c t u r e  by independent means, 

such as X-ray d i f f r a c t i o n .  For n u c le i c  a c i d s ,  the  work o f  Tunis-Schneider 

and Maestre (97) on the CD o f  DNA under cond i t ions  genera t ing  the  A, B 

and C forms o f  DNA (as determined by X-ray s tu d i e s )  have given the 

re fe ren ce  s p ec t ra  to which a re  compared the CD s p e c t r a  o f  DNA under a 

wide v a r i e ty  o f  c o n d i t io n s .  Some o f  the  physica l  parameters  o f  DNA in 

A, B and C forms are given in  Table 5.
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TABLE 5 (98,99)

FORM ANGLE OF
ROTATION
BETWEEN
BASE
PAIRS

INCLINATION 
OF BASES TO 
HELICAL 
AXIS

RESIDUES PITCH, A TRANSLATION 
PER TURN PER TURN

A 32.7° +2 0 ° 1 1 28.15 2.55

B 36° 0 ° 1 0 34 3.4

C 38.6° - 6 ° 9 .3 31 3.3

The c h a r a c t e r i s t i c s  o f  the  CD response to  the various  DNA conforma­

t ions  can be summarized as follows:

A form: a la rge  p o s i t i v e  band cen te red  near 270 nm, a small

naga t ive  band n ea r  235 nm and a c rossover  near  245 nm.

B form: n e a r ly  equal p o s i t i v e  band (275 nm) and nega t ive  band

(245 nm) with c rossover  near  260 nm.

C form: no p o s i t i v e  response between 260 nm - 300 nm, negat ive

trough near  245 nm. Spectrum between 210 nm- 250 nm 

i s  e s s e n t i a l l y  the same as B form spectrum.

Ivanov e t  a l .  (98) have observed t h a t  the  th ree  prime fo rces  determining 

DNA conformation are :

a) hydrogen bonding between complementary bases ,

b) s tack in g  i n t e r a c t i o n s ,

c) e l e c t r o s t a t i c  repu ls ion  of  the n e g a t iv e ly  charged phosphate groups.

93



With the add i t ion  of  s a l t  (NaCl, MgC^, KC1, NH^Cl, Li Cl,  CsCl) to  an 

aqueous s o lu t io n  o f  DNA, the B form o f  DNA is  p ro g r e s s iv e ly  d i s t o r t e d  

towards C form. Presumably,  the  s a l t s  n e u t r a l i z e  the phosphate repu ls ion  

by forming a Debye s h e l l  around the anion and allow a more compact 

s t r u c t u r e .  In methanol-water s o lu t io n s  the e f f e c t s  o f  s a l t  a re  en­

hanced. S a l t  concen t ra t ions  one o rder  of magnitude le ss  are  requ ired  

under these  l e s s  p o la r  con d i t io n s .  The repu ls ion  of  the  phosphates i s  

inc reased  by the a p o la r  environment but up to a f i n i t e  l i mi t  determined 

by the d i e l e c t r i c  con s tan t  o f  the  medium. In w a ter  - methanol the ca t ions  

form t rue  complexes with the  phosphates in the region o f  the  h ig h e s t  

charge d e n s i t y ,  the  narrow groove. The l a r g e s t  Q on  + hydra te  s h e l f j ,  

which i s  l i t h i um (Table 6 ) (98) ,  has the  sm a l l e s t  e f f e c t  on the  DNA 

conformation.  The cesium c a t i o n ,  which binds approximately 0.2 moles 

o f  a s so c ia t e d  water  per  mole, i s  ca. 50% sm al le r  and i s  s i g n i f i c a n t l y  

more e f f e c t i v e  in causing the compaction of the  narrow groove.

TABLE 6 (98)

Li+ Na+ Cs+

r a d iu s ,  A 7 .4  5.6 3.6

U^O, moles 12.6 8.4 0.2

In a p o la r  medium (dioxane - w a te r ,  ethanol  - water)  a t  low io n ic  

s t r e n g th  (10"^ M) th e  B form o f  DNA i s  a l t e r e d  towards the A form. In ­

creased  phosphate repu ls ion  overcomes the  weakened v e r t i c a l  s tac k in g  

i n t e r a c t i o n s  allowing a coopera t ive  change in the DNA conformation.
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These features are summarized in  Table 7.

TABLE 7

A FORM B FORM C FORM

medi urn a po la r aqueous more ion ic

phosphate
repu ls ion g r e a t e s t intermedi a te l e a s t

s tack in g
i n t e r a c t i o n l e a s t in te rm ed ia te g r e a t e s t

H - bonding g r e a t e s t i ntermedi a te l e a s t

narrow groove 
wi dth g r e a t e s t in te rm ed ia te l e a s t

t r a n s i  t ion cooperative  non-coopera t ive

Determination o f  the  app rop r ia te  re fe rences  f o r  ana lys is  o f  p ro te in  

CD s p e c t r a  has been less  su c c e s s fu l .  In g en e ra l ,  two approaches have 

been u t i l i z e d .  The s p ec t ra  o f  s y n th e t i c  polypeptides  such as p o l y - L -  

l y s in e  (100),  p o l y - o c - L  - glutamic acid  and copoly  ̂ L - g l u ^ l y s ^ ,
OA

a la  (101, 102) (under condi t ions  defined by X-ray d i f f r a c t i o n  or 

s tu d ie s  o f  o r i e n te d  f i lms)  were taken and compared to  the spectrum under 

a n a l y s i s .  Although the shapes o f  these  re fe ren ce  s p e c t r a  and the wave­

leng ths  o f  t h e i r  extrema agree very we l l ,  the abso lu te  amplitude o f  

the  response i s  q u i te  v a r i a b le .  In a d d i t i o n ,  s ince  the amount o f  

h e l i x  i s  chain - length dependent and the e x t e n t  o f  be ta  sh ee t  depends 

s t ro n g ly  on local  conformation,  e s t im ates  o f  secondary s t r u c t u r e  based 

on po lypep t ide  models should not be taken as q u a n t i t a t i v e  (103).  Chen
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e t .  a l .  (104) and Chen and Yang (105) have employed p ro te in s  o f  known 

s t r u c t u r a l  composit ion (by X-ray d i f f r a c t i o n )  in order  to  c a l c u l a t e  CD 

re fe ren ce  s p e c t r a .  Although t h i s  i s  an improvement on the use of 

s y n t h e t i c  polypeptides  the assumptions involved in ass ign ing  secondary 

s t r u c t u r e  to  various peptide  segments leads  to sp e c t r a  which are  

q u a l i t a t i v e l y  the same but q u a n t i t a t i v e l y  d i f f e r e n t  r e l a t i v e  to  o th e r  

r e fe ren ce  s p e c t r a .  Until o the r  p ro te in s  are inc luded in  s t a t i s t i c a l l y  

averaged s p e c t r a  the  most r e l i a b l e  conclus ions  which may be drawn are 

s t i l l  q u a l i t a t i v e  (106).

C i r c u l a r  dichroism has been used by a number o f  l a b o r a t o r i e s  to i n ­

v e s t i g a t e  the  i n t e r a c t i o n  between h i s tones  and DNA. Simpson and Sober 

(107) demonstrated t h a t  the  p o s i t i v e  DNA band near  275 nm i s  reduced 

and r e d - s h i f t e d  when the DNA is  complexed in n u c leoh is tone .  The 

bi ndi ng o f  the  p o ly c a t io n ic  h i s tones  n e u t r a l i z e s  the  DNA phosphates and 

condenses the DNA towards C form.

In a s e r i e s  o f  a r t i c l e s ,  Dr. G. Fasman and coworkers (108) have 

used CD to  examine complexes o f  DNA and i s o l a t e d  h is to n e  f r a c t i o n s .  When 

h i s to n e  H 1 was annealed to DNA by g rad ien t  d i a l y s i s  from 2.0  M NaF or 

KF to  0.14M NaF, la rge  B to C type t r a n s i t i o n s  were observed (108a).

When the a rg in in e  - r ich  h i s to n e  H4 was r e c o n s t i t u t e d  with DNA 

(108b) using a g rad ien t  from 5M urea ,  2M NaCl to  0.15M NaCl ,  la rge  

enhancements o f  the p o s i t i v e  CD o f  DNA were found in d i c a t i n g  a t r a n s i t i o n  

of  B t o  A type spectrum. Above amino ac id  to  n u c leo t id e  ( a a / n  = r)  

values o f  1.5 however, t h i s  A form spectrum decreased towards B form with 

in c r e a s in g  r .  For complexes in which the g rad ien t  was continued to 

0.15M NaCl p r i o r  to  urea removal,  no changes in  the  B type CD were seen. 

R eco n s t i tu t io n  o f  H 4 to  DNA using a s a l t  - urea g rad ien t  to  low io n ic
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s t r e n g th  led  Li e t .  a l .  (109) a lso  to the  conclus ion t h a t  H4 did not 

induce major conformational changes in the n u c le i c  ac id .

The reannea l ing  o f  h is to n e  H 2 A t o  DNA (108c),  using a 6 M to  

0.15M guanidinium hydrochlo r ide  (GuCl) g ra d ie n t  s h i f t s  the  DNA spectrum 

from B to  A form, s i mi l a r  to  the response seen with the H4 - DNA 

complexes r epo r ted  e a r l i e r .  With H 2 A, however, the rev e r sa l  of  the  

A type spectrum back to B type  did not occur un t i l  r > 2 . 0  a a / n .  When 

reduced h i s to n e  H 3 was complexed with DNA (108c) small B to A t r a n s i ­

t ions  were seen ,  however complexes o f  o x id ized ,  dimer H 3 with DNA 

showed only B to  C t r a n s i t i o n s .  When the H4 h is to n e  was r e c o n s t i t u t e d  

to  DNA using 6 M GuCl (108d),  la rge  B to  A t r a n s i t i o n s  were seen which 

did not decrease  as r  exceeded 1.5 a a / n .  On cleavage of  H 4 to 

ami no- ( N)  and carobxyl - terminus (C) fragments and reannea l ing  o f  the 

p u r i f i e d  fragments to  DNA in d iv id u a l ly  (108d) n e i t h e r  the  N nor C 

fragment,  or mixtures o f  M+ C fragments ,  was able to induce DNA con­

formational changes.  When H4 was mixed with DNA in 2M NaCl and

d i lu t e d  d i r e c t l y  to 0.14M NaCl, the  complexes e x h ib i ted  the  red s h i f t s  

and decreased p o s i t i v e  band amplitude a s so c ia te d  with the B to  C 

t r a n s i t i o n .  Using the GuCl g ra d ie n t  technique to a s s o c i a t e  h i s to n e  H2B 

to  DNA, Adler e t  a l .  (108e) showed B to  A type CD t r a n s i t i o n s  f o r  these

complexes as w e l l .  Leffak e t  a l .  (6 6 ) ,  however, demonstrated t h a t

H2 B - DNA complexes prepared by s a l t  g rad ien t  d i a l y s i s  in the presence 

o f  urea e x h ib i t e d  B t o  C type  t r a n s i t i o n s .

The r e s u l t s  o f  Dr. Fasman's group have been examined in d e t a i l  

because a u n i f i e d  p i c tu r e  begins to  emerge to exp la in  the  e f f e c t  o f  

each h i s to n e  as well  as the  e f f e c t  of the  r e c o n s t i t u t i o n  medium employed
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on the DNA conformation.  The e f f e c t  o f  b inding o f  H 1 on the  DNA con­

formation i s  s i m i l a r  to t h a t  o f  p o ly ly s in e .  The ion ic  i n t e r a c t i o n s  

between pep t ide  and DNA cause a d i s t o r t i o n  of  B form towards C and 

f i n a l l y  form. When h i s to n e  H2B,  H 2 A, H4 or  H 3 are r e c o n s t i t u t e d  

to  DNA in the  presence o f  GuCl, t h i s  s a l t  may enhance the  hydrophobic 

c h a r a c t e r  of  the b inding  o f  the h i s tones  to the  DNA. As the apo la r  

re s idues  b ind the  n u c le ic  a c id ,  water  i s  excluded to  the medium and the 

bases f ind  themselves in an in c r e a s in g ly  a p o la r  environment. The r e s u l t  

i s  a d i s t o r t i o n  o f  the  h e l ix  towards A form. As the  GuCl concen tra t ion  

decreases to 0. 15M the  more b a s ic  amino acids  bind to  the  DNA, however 

the  io n ic  s t r e n g th  o f  the  environment helps mainta in the A form. I f  a 

0.15M complex i s  placed in a low io n ic  s t r e n g th  medium the A form 

g radua l ly  d isappea rs .

When H4 i s  r e c o n s t i t u t e d  to  DNA in 5M urea ,  2M NaCl the  h i s tone  

binds i o n i c a l l y  as the  s a l t  i s  decreased to  0.15 M. Once the  urea has 

been removed however, hydrophobic i n t e r a c t i o n s  between the H4 and DNA 

again promote the A form. At r a t i o s  above r = 1 . 5  however the  A form 

re tu rn s  towards B form. This may be due to  h i s to n e  - h is tone  i n t e r a c t i o n  

through hydrophobic res idues  which reduces t h e i r  e f f e c t  on the  DNA 

conformation.  Em pir ica l ly  i t  i s  found t h a t  the  tendency f o r  h i s tones  to 

s e l f  - a s s o c i a t e  follows the sequence H 4 >  H 2 A^H 2 B. I t  i s  i n t e r e s t i n g  

then t h a t  H4 shows the A to  B r e v e r sa l  a t  r = 1 . 5  (108d),  H2A shows 

t h i s  e f f e c t  a t  r = 2 . 0  (108c) and H2B does not demonstrate the  r eve rsa l  

even a t  r =  3.0 ( 108e).

Fu r the r  suppor t  fo r  t h i s  model o f  hydrophobic b inding der ives  from 

H 3 dimer complexes. These complexes show only the  B to  C t r a n s i t i o n  

while monomer H 3 - DNA complexes show only the  B t o  A t r a n s i t i o n .
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The f ind ing  t h a t  H 2 B - DNA complexes ( 6 6 ) show only the B t o  C 

t r a n s i t i o n  may then be due to the  b inding o f  h is to n e  H2 B to  DNA which 

has a l ready  been d i s t o r t e d  towards the C form by the reannea l ing  

condi t ions  o f  high s a l t  and urea (96) .  Once the s a l t  has decreased to  

ca .  1.0 M NaCl the  h is to n e  b inds .  Fur ther  i oni c  s t r e n g th  reduction to 

low i on i c  s t r e n g th  (0 . 0 1 M t r i s )  p r i o r  t o  urea removal allows only i on i c  

c o n t r ib u t io n s  to the  b inding  (110).  Inc reas ing  h i s to n e  content t h e re fo re  

y i e l d s  in c re a s in g  amounts o f  C form DNA.

In some complexes examined h e r e in ,  the r a t i o  ^ 3 2 0 / ^ 2 6 0 ’ an 

e s t im ate  o f  the  l i g h t  s c a t t e r i n g  o f  the complex, i s  high.  That the  

r e s u l t s  repor ted  are  not a r t i f a c t s  o f  l igh ' t  s c a t t e r i n g  i s  supported by 

the f a c t  t h a t  both spec t rophotom etr ic  and chemical de te rmina tion  o f  the 

c o n cen t ra t ion  o f  the complexes agree c l o s e ly .  P a r t i c u l a t e  m a t te r  would 

be expected to  give c o n s i s t e n t ly  h igher  values f o r  the  chemical 

de termina t ion  than fo r  the  o p t i c a l .  Adler e t  a l .  (108c) have repor ted  

t h a t  measurements made in a UV c e l l  designed to  e l im in a te  s c a t t e r i n g  

a r t i f a c t s  agree with s p ec t ra  made under o rd inary  c i rcumstances .  When 

measurements are  made in CD cuvet tes  o f  varying pa th length  and normalized 

to  a 1 cm pa th ,  a l l  r e s u l t s  agree w i th in  experimental  l i m i t s .  As we l l ,  

when a r t i f i c i a l  s c a t t e r i n g  media ( c o l l o i d a l  s u l f u r ,  alumina) were added 

to  complexes the  DNA CD was unaffec ted  (108b, 111, 112). To f u r t h e r  

obv ia te  the a r t i f a c t u a l  co n t r ib u t io n  o f  l i g h t  s c a t t e r i n g  to th e se  

r e s u l t s ,  those parameters o f  the  CD s p e c t r a  were used as monitors which 

a re  independent o f  concen tra t ion  (6 8 ) namely: ^ 2 7 8  ^ “^ 2 4 6 ’

^ m a x "  the wave^en9 'th o f  maximum peak ampli tude; and X c - the  wavelength 

o f  c rossove r .

99



EXPEP.IFENl AL

Hhen h i s tone  H2A i s  annealed to o?A h'-' salt .  + urea n ra d ie n t  a

p rog res s ive  red s h i f t  o f  the  peak and c rossover  wavelenpths i s  observed

(Figure  32).  These chances a re  c h a r a c t e r i s t i c  o f  the  R to  C chance in

D;JA conformation.  I t  i s  p o s s i b l e ,  us ing the equation  of  Li e t  a l .  (109)

to  s u b t r a c t  the  f r e e  H'lA spectrum (r= 0 ) from the  soectrum the  complex

and a r r i v e  a t  an e s t im a t io n  o f  the  shape o f  the  CO of  bound h is tones  in

the complex (d i f f e r e n c e  spectrum) :

a £  = + r A£  (13)
m DMA n ro te in

and r A £ = . / > .  ( 1 3 a)
p ro t e in  m A c .  OHA

where , A £  , and &£. a re  the CD responses  o f  the complex,
m DMA pro te in

f r ee  DNA and bound p r o t e i n ,  r  i s  the  amino ac id  /  n uc leo t ide  r a t i o  and

r  & £  i s  the  c a lc u la t e d  C.D o f  the  bound h i s tones  ( the  d i f f e r e n c e
p ro te in

spectrum).  The assumptions involved in t h i s  e s t im a t io n  are  t h a t  a) the 

r=0 DNA spectrum does not vary g r e a t l y  in the region 210 nm - 250 nm 

(98) ,  the region o f  p ro te in  CD response ;  b) the  c o n t r ib u t io n  o f  l i g h t  

i s  sna i l .

Disregarding the  abso lu te  amplitude of  the  d i f f e r e n c e  spec t ra  

we may compare the  shape o f  these  curves to  those  of s tandard  r e f e re n c e s .

Figire 33a p re sen ts  the  CO curves o f  nolv  -  L -  ly s in e  in  the  alpha - 

h e l i c a l  (<*.), be ta  -  sh ee t  (^>) and random co i l  ( r c )  conformations ( 1 0 0 ) .

In Figure 33b the  data  of  Figure 33a has been r e p lo t t e d  to  show the  

c a l c u l a t e d  CD s p e c t r a  o f  poly -  L -  ly s in e  under cond i t ions  of  50%-<

+ 5025y$, 50%/$+ 50% r c ,  and 50%«+50% rc .

A comparison o f  the  shape and wavelength o* the most nega t ive  response 

o f  the  d i f f e r e n c e  s p ec t ra  o f  Figure  32 with the  spec t ra  Figure 33b 

demonst ra tes  t h a t  the  M2A h is to n e  i s  in a form resembling t h a t  of
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Figure 33.

a. CD spectra  of  poly - L - ly s ine  in 100% ex.- h e l ix
100% 3  - sheet
100% random coil  conformations.

b. Calculated CD spectra o f  poly - L - ly s in e  in
(A) 50% o< - h e l ix  + 50% (b  -  sheet
(B) 50% • < - h e l i x +50% random c e i l
(C) 50% s h e e t +50% random co i l  conformations.
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poly - L - ly s in e  with 50% <* + 50%|*>. I t  should a lso  be noted t h a t  the 

conformation o f  H2 A is  the same rega rd le ss  o f  the DNA component o f  

the complex.

From Figure 33a i t  i s  ev iden t  t h a t  only the c< - h e l i x  and be ta  - 

shee t  conformations are negat ive  a t  220 nm. There fore ,  by monitor ing 

the change o f  e l l i p t i c i t y  o f  each complex a t  2 2 0  nm, we may es t im ate  

the r e l a t i v e  amount o f  secondary s t r u c t u r e  in the  complexes. In Figure 

34a are  p l o t t e d  the change in 2 2 0  comP^ex a g a in s t  the  value

^  ^ 2 7 8  I  ~ ^ 2 4 6 -  This l a t t e r  value i s  a measure o f  the B t o  C t r a n s i ­

t i o n .  I t  i s  ev iden t  (F igure  34a) f i r s t  t h a t  th e re  i s  a l i n e a r  r e l a t i o n  

between the  amount o f  secondary s t r u c t u r e  in the bound h i s to n e  and the 

e x t e n t  o f  the  B to  C t r a n s i t i o n .  Secondly ,  the s lopes  o f  these  l ines  

re p re se n t  the  amount to B to  C t r a n s i t i o n  per u n i t  change in secondary 

s t r u c t u r e .  A p lo t  o f  the s lopes  o f  these  l ines  a g a in s t  the  G+C content  

of  the  DNA component in each complex shows a l i n e a r  r e l a t i o n  between 

the G+C co n ten t  and the deformabi 1 i t y  o f  the  DNA due to  the h is tone  

secondary s t r u c t u r e .  I t  i s  seen t h a t  in c re a s in g  G + C content renders  

the DNA more s u sc e p t ib l e  to deformation.  Since the  number o f  phosphates 

pe r  base p a i r  i s  i d e n t i c a l  f o r  each DNA the  d i f f e r e n c e  in de form abi! i ty  

must be r e l a t e d  e i t h e r  to  the  g r e a t e r  number o f  hydrogen bonds between 

G+C p a i r s  r e l a t i v e  to  A + T p a i r s ,  o r  to the  hydrophobic i ty  o f  G+C 

p a i r s  r e l a t i v e  to A + T p a i r s .  In DNA hydrogen - bonding i n t e r a c t i o n s  

are  weakened during the  B to  C t r a n s i t i o n  (98) .  I f  hydrogen-bonding 

p layed  a c r u c i a l  ro le  during the H 2 A - in d u c e d  B t o  C t r a n s i t i o n  then 

M. lu teus  DNA would be expected t o  be le ss  deformable than c a l f  DNA.

I t  has been shown, however, t h a t  A + T p a i r s  bind two a d d i t io n a l  molecules 

o f  hydra te  w ater  r e l a t i v e  to  G + C p a i r s  (108a).  This implies  g r e a t e r



o

CO 
a KI «
OJ
<J

mo

- a b T~  246

Figure 34. Deformabi 1 i t y  o f  h is tone  H2A n u c l e o h i s to n e s . 

a.
1 =  c a l f  thymus DNA, s a l t ,  u rea ,  t r i s  r e c o n s t i t u t i o n

2 = c a l f  thymus DNA, s a l t ,  t r i s  r e c o n s t i t u t i o n

3 = _C1_. p s r f r i n g e n s  DNA, s a l t ,  u rea ,  t r i s  r e c o n s t i t u t i o n

4 = M. lu te  us DMA, s a l t ,  u rea ,  t r i s  r e c o n s t i t u t i o n
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hydrophobic ity  f o r  G+C p a i r s  and s t ro n g e r  s tack ing  i n t e r a c t i o n s .  A 

p l a u s ib le  conclusion  then i s  t h a t  the a b i l i t y  o f  the DMA to  i n t e r a c t  with 

regions  o f  secondary s t r u c t u r e  in the h is tones  determines i t s  deform­

abi l i t y .  I t  i s  known t h a t  the  regions  o f  ordered secondary s t r u c t u r e  in 

h i s tones  comprise the le ss  b a s i c ,  c e n t r a l  hydrophobic por t ion  o f  these  

p r o t e in s .  Li e t  a l .  (95) have demonstrated t h a t  i t  i s  the  l e s s  b a s ic  

h a l f  of the  h i s to n es  re spons ib le  f o r  both the  major por t ion  o f  the CD 

trough a t  220 nm and reduc t ion  in  the  275 nm peak seen in  chromatin.

These r e s u l t s  suppor t  the  i n t e r p r e t a t i o n  t h a t  during reannea l ing  the 

h i s tones  bind i o n i c a l l y  upon lowering of  the  s a l t  concen t ra t ion  and t h a t  

once urea i s  removed the hydrophobic i n t e r a c t i o n s  between ordered h is to n e  

and DNA lock the complex i n t o  i t s  f i n a l  conformation.

When H2A is  complexed w i thou t  urea to c a l f  DNA (Figure 35) the  

s lope  of  the l in e  in Figure 34a becomes more n e g a t iv e ,  r e l a t i v e  to the  

p l u s - u r e a  c a l f  DNA complex. In t h i s  r e c o n s t i t u t i o n  the  h is to n e  H2A 

is  in  high s a l t . p r i o r  t o  mixing with the DNA. This s t reng thens  the 

hydrophobic h is to n e  - h i s to n e  i n t e r a c t i o n  so t h a t  these  regions o f  

secondary s t r u c t u r e  a re  l e s s  a v a i l a b l e  fo r  DNA binding and so cause less  

deformation per  4 ^ 2 2 0  urn' t ’ ^he d i f f e r e n c e  spectrum o f  Figure 35 

in d i c a t e s  t h a t  the type o f  secondary s t r u c t u r e  i s  the  same as observed 

in Figure 32, however th e  r e l a t i v e  amplitude i s  enhanced as would be 

a n t i c i p a t e d  i f  the  h i s to n es  are  allowed to  i n t e r a c t  under cond i t ions  o f  

high io n ic  s t r e n g th  while  f r e e  in s o lu t io n .

The CD s p e c t r a  of  h i s to n e  H2B complexes are p resen ted  in Figure 36. 

The da ta  o f  Figure 36b, when p l o t t e d  as A (&&2Z0^ VS' ( “ 4 £ 278 246^

again reveal  the  l i n e a r  r e l a t i o n s h i p  between secondary s t r u c t u r e  and the 

B to  C t r a n s i t i o n  (F igure 37).  Also,  the  t rend  o f  in c re a s in g  deform-
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a b i l i t y  with in c re a s in g  G + C con ten t  i s  recognizable  (F igure  36).

Since f u l l  complexes o f  Cl_. pe r f r ingens  and M. lu t e  us DNAs ( r = 0 ,  1,

2, 3) were not ana lysed ,  a q u a n t i t a t i v e  p l o t  as in Figure 34b i s  not 

a t tempted .  (The d e fo rm ab i l i ty  da ta  can be c a l c u l a t e d ,  however. See 

Table 4 and the  d iscuss ion  of  Figure 41.

I f  the H 2 B - c a l f  DMA complex ( r  = 3) i s  c en t r i fuged  (10,000 g,

30 min) the  o r i g i n a l  complex may be s epa ra ted  i n to  two f r a c t i o n s ,

su p e r n a ta n t  and p e l l e t .  From thermal dena tu ra t ion  p r o f i l e s  ( 6 6 ) i t

has been shown t h a t  the p e l l e t  has more and the  su perna tan t  le ss

h i s to n e  bound. This i s  observable  in the  CD sp e c t r a  as well (F igure

38).  The s u p e rn a tan t  curve resembles t h a t  o f  f r ee  DNA more c lo se ly

than does the p e l l e t  spectrum, which shows decreased amplitude a t  278

nm and red s h i f t s  o f  A and \  . As expec ted ,  the  values o f
max '  c

A ( 2 2 0  ̂ VS‘ (~ A£ 2 7 8  /  246^ f ° r  b° th suPe r n a t a n t  and P e l l e t  f a l l

on the  l in e  f o r  the  o r ig i n a l  complex. The s lope  of  t h i s  l i n e  i s  -5 .5

f o r  H2B,  which compares well with the s lope  o f  -5 .4  f o r  H 2 A - c a l f

DNA complexes. This r e s u l t  agrees with the rep o r t s  o f  Li e t .  a l .  (95)

and Wilhelm e t .  a l . (81) t h a t  a l l  h i s tones  except H 1 are  e q u iv a len t

in t h e i r  e f f e c t  on DNA conformation.  When H 2 B - DNA complexes are

r e c o n s t i t u t e d  in the  absence of  urea (F igure 39) the  d e fo rm ab i l i ty  (m^)

o f  the  DNA decreases  (F igure 37) ,  as with H 2 A - DNA complexes. The G + C -

r ich  M. 1uteus DNA i s  s t i l l  more s u sc e p t ib le  to the  B t o  C t r a n s i t i o n  than

the c a l f  DNA. In th e se  minus - urea complexes the slope o f  the  de fo rm ab i l i ty

p l o t  (m^) (Figure  37) f o r  H 2 B - c a l f  DNA i s  no longer equal to  the  s lope

f o r  H 2 A - c a l f  DNA complexes r e c o n s t i t u t e d  w i thout  urea (F igure  34a).  This

a pparen t ly  r e f l e c t s  the d i f f e r e n t  tendencies  o f  H 2 A and H2B to  s e l f -

i n t e r a c t  in  the  s t ro n g ly  p o la r  r e c o n s t i t u t i o n  medium.
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Histone H 2 , an equimolar mixture of  H 2 A and H2B,  y i e ld s  the CD 

s p e c t r a  of  Figure 40 when r e c o n s t i t u t e d  to  DNA in  the  presence of  s a l t  

and urea .  The d i f f e r en ce  s p ec t ra  of  these  complexes now appear to  

conta in  a s u b s t a n t i a l  amount o f  random c o i l  in  add i t ion  to  alpha h e l i x

(compare Figure 33). When A ( 2 20) i s  P1otted  v s* ( - A€-278 /A€-246^ 

(F igure  41) the slope (m^) o f  the  c a l f  DNA l in e  i s  found to equal 11.0 - 1. 

This i s  in e x c e l l e n t  agreement with the sum o f  the  s lopes  o f  the H2B - 

c a l f  DNA plus H 2 A - c a l f  complexes ( -5 .5  - 5 . 4 = -  10 .9) .  Since the 

c o n t r ib u t io n  o f  each h is tone  to the  DNA deformation i s  presumed t o  be 

e q u a l ,  t h i s  r e s u l t  i s  not s u r p r i s i n g .  Although the d e fo rm ab i l i ty  s lopes  

( nijj) o f  H 2 B - pe r f r ingens  DNA and H 2 B - 1 uteus DNA were not c a l c u l a t e d ,  

i t  i s  ev iden t  t h a t  the values fo r  the  H2 complexes with these  DNAs are 

twice the  values fo r  the  H2B complexes. Therefore  the h is to n e  e f f e c t s  

on these  DNAs are  i d e n t i c a l  to  t h e i r  e f f e c t s  on c a l f  DNA. Also,  the 

l i n e a r  r e l a t i o n  between m̂  and the G+C content i s  the same as with 

h i s to n e  H2B.  As observed p re v io u s ly ,  the m i n u s - u r e a  h is tone  H2 - c a l f  

DNA complex (F igure  42b) shows less  de fo rm ab i l i ty  than the  p l u s - u r e a  

complex (F igure  41).

When phosphate b u f f e r  (5 mM) i s  s u b s t i t u t e d  f o r  t r i s  in  the 

r e c o n s t i t u t i o n  medium (Figure  43) a change in the  CD d i f f e r e n c e  spectrum 

o f  the H2 - c a l f  DNA complex i s  observed. The negat ive  peak above 

220 nm is  deepened while the companion peak between 210 nm-215 nm 

s h i f t s  to  more p o s i t i v e  va lues .  By comparison to  Figure 33 t h i s  change 

appears to  r e p re se n t  a s l i g h t  enhancement of  the amount o f  be ta  s t r u c t u r e  

a t  the  expense of  the random co i l  of  h e l i c a l  con ten t .  Figure 47 

i l l u s t r a t e s  t h a t  the  slope o f  the  de fo rm ab i l i ty  p l o t  f o r  t h i s  complex 

has a value m = 8.9 - 0 . 3 .  This i n d i c a t e s  t h a t  during s a l t  - urea - phos-
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figur* %0b. Hietnne H 2,
c a l f  th ym e BMA in 0.25 nm
EOTA, pH S 9
^ • I t ,  u rea . t r i s  reco n st-
itut^on.
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Figure 41. Deformability of  his tone H2 complexes, 

a.
0 = c a l f  thymus DNA; s a l t ,  urea, t r i s  reconst i tu t ion

1 = Cl_. perfrinqens DNA; s a l t ,  urea, t r i s  reconst i tu t ion

2 = M. luteus DNA; s a l t ,  urea, t r i s  reconstution

3 = c a l f  thymus DNA; s a l t ,  t r i s  reconst i tu t ion
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Fft?ure U2b.
Histone H 2 , c a l f  thymus 
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phate r e c o n s t i t u t i o n  the phosphate b u f f e r  enhances the  secondary 

s t r u c t u r e  of the h i s to n e  so as to in c rease  i t s  e f f e c t  on the DNA 

conformati  on .

The s p ec t ra  o f  H 2 - c a l f  DNA complexes ( r = 3 )  p resen ted  in Figures

40b, 42b and 43 each c lo se ly  resemble the CD spectrum o f  p u r i f i e d

n uc leoh is tone  in shape,  X * ar1d ^  (95,  107). This s i m i l a r i t y  is
max c

q u a n t i t a t i v e  in  the  p ro te in  conformation region (below 250 nm) , however, 

the  reduction  of the  DNA ampli tude ,  which i s  g r e a t e s t  in the  phosphate 

complexes (Figure 43) y i e l d s  a value of  ^ ^ 2 7 8   ̂ ~ ^ 2 4 6  = ^  ŵ e

278 !  ~ a£-246 = *33 f or chromatin (95) .  There fore ,  while the  s l i g h t l y  

l y s i n e - r i c h  h is to n e  p a i r  H2A + H2B is  able  to assume the general 

p ro te in  conformation seen in chromatin o th e r  agents must be respons ib le  

fo r  the f u r t h e r  d i s t o r t i o n  of  the DNA s t r u c t u r e .

When h is tone  H2 and c a l f  DMA are  mixed d i r e c t l y  a t  low ion ic  

s t r e n g th  ( 2 . 5 x l O “^M EDTA) the CD s p e c t r a  of the complex (F igure 44) 

show only small d i s t o r t i o n  of  the  B type CD. In t h i s  complex the 

i n t e r a c t i o n s  are  expected to  be p r im ar i ly  io n ic  in n a tu re .  The 

conformation of  the  h i s to n e  immediately p r i o r  to  complexing (F igure  45) 

i s  predominantly random c o i l .  Af te r  complexing the  d i f f e r en c e  spectrum 

o f  the  r  = 3 complex (Figure 46) appears to  be a type o f  deformed 

a l p h a - h e l i x ,  poss ib ly  due to the  conformational c o n s t r a in t s  imposed on 

the  h i s to n e  by i t s  b inding along a p a r t i c u l a r  path around the DNA h e l ix .  

Figure 47 shows t h a t  t h i s  complex has a d e fo rm ab i l i ty  s lope = -35 - 10 

in d i c a t i n g  a very small e f f e c t  o f  the hydrophobic res idues  on the  DNA 

conformati on .

When the same h is to n e  and DNA are each d i s so lved  in 0.15M NaCl - 

NaEDTA p r i o r  to  complexing the  r e s u l t i n g  nuc leop ro te in  complex has a
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Figur« l»'*- Htstoo® H 2, 
c a l*  thymua DMA In 0.25 mM 
EDTA, pH 8 .0  .
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Figure 45. CD Spectra o f  hi stones in solution  

Legend appears on page 128a.



Figure 45. CD sp e c t r a  o f  his tones in s o lu t io n  

H 2

1 = i n H 2 0

2 = in EDTA o r  .15 M NaCl, EDTA

3 = in  1M or 2M NaCl, .01 M t r i s ,  pH 8.0

Whole -H 1

1 = in EDTA, a f t e r  d i a l y s i s  from 5 mM phosphate

2 = in  0.15 M NaCl /  EDTA

3 = in 0.15 M NaCl /  EDTA, a f t e r  24 h r .

4 = in  EDTA

5 = in . 15M NaCl /  EDTA, a f t e r  d i a l y s i s  from 5 mM phosphate 

Whole

1 = in EDTA, a f t e r  d i a l y s i s  from . 15M NaCl /  EDTA

2 = in 0.15 M NaCl /  EDTA

3 = in  0.15M NaCl / 5  mM phosphate /  EDTA

(in  a l l  cases EDTA r e f e r s  to  a so lu t io n  of 
0.25 mM EDTA, pH 8.0)
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220  240

1
Figure 4G. CD d i f f e r e n c e  s p e c t r a  of  h i s tone  H 2 -  c a l f  thymus

n u c l e o h i s t o n e s .

A = d i r e c t - m i x e d  in 0.25 mM EDTA

B = d i r e c t  - mixed in 0.25 mM EDTA/ .  15 NaCl ( p o s t d i a l y s i s )

C = d i r e c t - m i x e d  in  0.25 mM EDTA /  .15 M NaCl ( p r e d i a l y s i s )
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curve 2 * s a l t ,  urea, phosphate r ec o n stitu tio n
curve 3 * d ir e c t -m ixed in 0 .15  M NaCl /  EDTA

( oredialysis )
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d r a s t i c a l l y  d i f f e r e n t  shape (F igure  48) compared to  the d i r e c t - m i x e d  

complex without  s a l t  (Figure  44).  Although the i n i t i a l  h i s to n e  conforma 

t io n  i s  the  same fo r  both complexes (F igure  45) the  e f f e c t  o f  s a l t  is  

to inc rease  the  hydrophobic na ture  of  the his tone-DNA i n t e r a c t i o n .  The 

d i f f e r e n c e  spectrum of  t h i s  complex before  the NaCl is  d ia ly sed  away 

(F igure  46) demonstrates t h a t  the  h i s to n e  conformation con ta ins  mainly 

ordered secondary s t r u c t u r e ,  i . e . ,  - h e l i x  and beta  s h ee t  (compare

Figure 33). Once t h i s  complex i s  d ia ly sed  to 2 . 5x l O~^M EDTA, the  

s t r u c t u r e  of the complex changes back towards the B form, accompanied 

by a loss o f  beta  conformation in  the p ro te in  (Figure  49).  This r e s u l t  

agrees with the r e p o r t  o f  Shih and Fasman (108b) t h a t  complexes r e ­

c o n s t i t u t e d  to  f in a l  ion ic  s t r e n g th  o f  0.15M NaCl reve r ted  t o  a less  

d i s t o r t e d  s t r u c t u r e  (towards B form) when d ia lysed  a g a in s t  a low ion ic  

s t r e n g th  b u f f e r .

Figure 46 shows t h a t  the  conformation of the p ro te in  in the  s a l t -

EDTA d i r e c t - m i x e d  complex a f t e r  d i a l y s i s  to low ion ic  s t r e n g th  i s  simil

to  t h a t  of  the p ro te in  when mixed with DNA a t  low io n ic  s t r e n g th

d i r e c t l y .  The e f f e c t  o f  these  hi s tones  on the d e fo rm ab i l i ty  o f  the DNA

is  comparable (F igure 47) whi le  the  h i s tones  in the  s a l t  -EDTA complex
+before  d i a l y s i s  have a h ighe r  d e fo rm a b i l i ty  s lo p e ,  m̂  = -15 - 2.

Figure 50 p resen ts  the  CD s p e c t r a  o f  complexes o f  whole h is to n e  

dep le ted  of  h is tone  H 1 (whole - H I )  with DNA. In c o n t r a s t  to  the 

d i f f e r e n c e  sp ec t ra  o f  the  h i s to n e  H2 - DNA complexes (F igure  40) the 

h is to n e  conformation in these  complexes shows r e l a t i v e l y  more be ta  

s t r u c t u r e .  The d e fo rm ab i l i ty  p lo t s  (Figure 51) show the  same t r en d ;  

with in c re a s in g  G + C c o n te n t ,  inc reased  d e fo rm ab i l i ty .  The values o f
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Fiqure 48. Histone H 2 , c«.!f thyaua DNA in 
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D irect -  mixed in 0.15 N NaCl / 
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Fi^ure 49. Histone H 2 , c a l f  thvmua DMA In 
0.25 n»M EDTA, pH 9 .0  . (  Postdial, vain > 
Dlract -  mixed in 0.15 M MaCl /  EDTA. 
r value* in d icated .

300260

133



0,1

- 2 -

- 6-
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Figure 50b . Whale - H I  h is to n e , c a l f  
thymus DHA in 0 25 n»M EDTA, pH 8 ,0  .
S a lt ,  urea , tr i.s  r e c o n s titu tio n ,  
r va lu ss  in d ica ted .
—— a d ifferen ce  spectrum : *>*U comnlex .
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Fit»ure 50c . Whole •  H 1 hi s to n e s ,
M. lu teu s  DNA in 0.25 mM EDTA, pH A.O 
S a lt ,  urea , t r i s  r e c o n s titu tio n , 
r values in d ica ted .
. . . .  ■ d ifferen ce  spectrum ; 

r*1* complex .
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a .  D eform ability o f  Mfeole - H I  h fsto a e  n u cleo h isto n es . 
S a l t ,  u r e a ,  t r i s  r e c o n s titu tio n s .
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the s lopes  o f  th e se  l i n e s ,  however, are  i d e n t i c a l ,  w i th in  experimental  

e r r o r ,  with  the comparable values fo r  H2 complexes. Since the deform­

a b i l i t y  s lope  (m^) was a d d i t iv e  f o r  the H2 A+ H2 B  p a i r ,  we would expect 

the f o r  whole -H 1 to  be twice as la rge  as m̂  o f  H 2 . E i th e r  the m̂

values f o r  the  a rg in in e  - r i ch  h i s to n es  (H 3 and H 4 )  are zero so t h a t

m . + m , = m, o r  some f r a c t io n  o f  the hydrophobic
(H 2 ) (H 3 + H.4 ) d (H 2 )

res idues  in the  w ho le -H  1 u n i t  are  involved in h is tone  - h i s to n e  i n t e r ­

ac t ion  and not in his tone-DNA binding . The former a l t e r n a t i v e  is  

d issonan t  with r e sp ec t  to  the  f ind ing  t h a t  each h is tone  makes an equal 

c o n t r ib u t io n  t o  the  deformation of  the  DNA (95) .  This leaves us to 

p o s tu l a t e  t h a t ,  s t a t i s t i c a l l y ,  ca.  50% o f  the res idues  c o n t r ib u t in g  to  

the A& 2 2 0  are i n v o k e d  in h i s to n e  - h i s to n e  binding  and ca .  50% in 

his tone-DNA binding  (o r  50% o f  each hydrophobic res idue  i n t e r a c t s  with 

o th e r  h is tones  and 50% i n t e r a c t s  with the DNA).

When whole h i s t o n e - H  1 i s  annealed to  DINA in the absence o f  urea 

(F igure 52) the  d i f f e r e n c e  s p e c t r a  again show be ta  shee t  as the  p re ­

dominant form of  secondary s t r u c t u r e .  The fo r  the  c a l f  DNA complex 

i s  - 5 . 0 -  0 .5  (F igure  53).  This r e p re se n t s  a s i g n i f i c a n t  inc rease  in  the  

m̂  value over the  plus - urea complex (F igure  51,  m = - 1 1 - 1 ) .  Whereas 

with H2A,  H2B and H2 : DNA complexes the  omission of urea decreased the 

m^, here  the  oppos i te  e f f e c t  i s  observed. The inc rease  in the deform­

a b i l i t y  o f  the  DNA upon the  in c lu s io n  o f  the a rg in in e  - r i ch  h i s to n es  in 

the  m i n u s - u r e a  complex s t ro n g ly  po in ts  out the  hydrophobic n a tu re  o f  

the  h i s to n e  binding to  DNA. The b inding  of  the  a rg in ine  - r i c h  h i s tones  

(H 3 and H 4 )  to DNA i s  known t o  have more hydrophobic c h a r a c t e r  than the 

b inding o f  the  o th e r  h i s to n es  ( 1 1 0 ) and the  annea ling  o f  the whole - HI
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Figure 52a. Whole - H I  histories*
Cl. perfrlngens DMA In 0.25 mM EDTA
p f f " 0  v  1,9—
S a lt ,  tr * s  r e c o n s titu tio n ,  
r va lu es in d ica ted .
— -  » d if feren ce  spectrum ; 

r*3 comolex .
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Figure 52b. Whole - H I  h’ s to n es ,
c a lf  thymis DNA in 0.25 »H EDTA, pH 8 .0  
S a lt ,  t r l s  r ec o n stitu tio n , 
r values in d icated .
 ----  s d ifferen ce  spectrum ;

r*3 comolex .
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( n r * )



Figure 52c. Wiola - H I  M atonaa,
M. lutaua OKA in  0 .25  «N EDTA, 
pff’O T "
S a lt ,  t r la  racanatttuH on. 
r v a i« H  Indleatad  
— .  ■ d tff«ranca apaetpum ; 

p«3 ccmplax .
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Figura 53. D sform ability  o f  whol* -  H ! hi sterna, e s l*  thymus TWA 
nucIeoh i sto n es .

curve o * s a l t ,  t r i s  r e c o n s r t l t u t i s s  ..............
( s  = su p e rn a tan t  ; p = p e l l e t  ) 

curve •  = s a l t ,  u re a j  t r i s  r e c o n s t i t u t i o n  ;
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f r a c t i o n  in the high s a l t  w i thout  urea enhances the i n t e r a c t i o n  o f  the 

hydrophobic h is to n e  moie ties  with the n u c le ic  ac id .

As with h i s to n e  H2 B,  t he w h o l e - H I  minus - urea complex was 

cen t r i fu g ed  to y i e l d  the superna tan t  and p e l l e t  f r ac t i o n s  (F igure  54).  

Again, the s u p e rn a tan t  and p e l l e t  m̂  values f a l l  on the  same l in e  as the 

o r ig i n a l  complex, al though the p e l l e t  i s  seen to conta in  more h is to n e  - 

bound DNA and the  sup e rn a tan t  l e s s  bound DNA.

The w hole -H  1 minus - urea complexes so f a r  d iscussed  were prepared 

by mixing the h is to n e  f r a c t io n  (in 2M NaCl) with the DNA f r a c t io n  (a l so  

in 2M NaCl) and d ia ly s in g  the  s a l t  ou t by g ra d ie n t .  In another  e x p e r i ­

ment h i s tones  and DMA were prepared in 2M NaCl, 5M urea to  d i s s o c i a t e  

the  p r o t e i n s ,  followed by removal o f  the urea p r i o r  to  the s a l t  g ra d ie n t .  

The r a t i o n a l e  f o r  t h i s  experiment i s  t h a t  i f  th e re  e x i s t s  a most s t a b l e  

complex f o r  the  h i s t o n e s ,  i t  should  reform upon removal o f  urea and the 

s a l t  g r a d ie n t  should then y i e l d  a complex equ iv a len t  to the complex 

prepared in the  t o t a l  absence of urea .  The r e s u l t s  are p resen ted  in 

Figure 55. This complex has a s e t  o f  CD s p ec t ra  v i r t u a l l y  i d e n t i c a l  to 

the minus - urea complex (F igure  52b).  Figure 53 i l l u s t r a t e s  t h a t  the m̂  

l in e s  f o r  the  two complexes are  a lso  i d e n t i c a l .  Chang and Li (96) came 

to  the same conclusion concerning the  s t a b i l i t y  o f  the  h is tone  -  h is tone  

i n t e r a c t i o n  through experiments on the  p e r tu rb a t io n  of  nuc leoh is tone  

s t r u c t u r e ,  namely: th e re  e x i s t s  an aggregate  conformation fo r  the  

h is tones  which i s  h igh ly  s t a b l e  and reforms upon removal of  the  p e r tu rb a n t .

The conformation of the  h i s to n e  in 2M NaCl /  EDTA contains  a 

s i g n i f i c a n t  amount o f  be ta  secondary s t r u c t u r e  (Figure  45b).  The 

d i f f e r e n c e  spectrum o f  the  r = 4  complex prepared w i thout  urea (F igure  54b)
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Fisjure 55. Whole - H I  htetene, calf 
thyme BRA In 0.25 «ff £BTA, yH 9.0 . 
Urea • «it * firee reconetltetlen. 
r veluee Indicated.
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i s  the same as the  r  = 4 complex prepared urea - out - f i r s t .  Both o f  

these  are the  same as the  spectrum o f  unbound whole -H 1 in 2 M NaCl.

I f  an equal volume o f  4M NaCl i s  added d i r e c t l y  to the  m in u s - u r e a  

complex the  h i s to n es  are  d i s so c ia t e d  and the  CD spectrum becomes a 

composite of  f ree  DNA and w ho le -H  1 h is tone  in s a l t  (F igure  56).  Sub­

t r a c t i n g  the DNA spectrum from t h a t  of  the complex y i e l d s  a d i f f e r en ce  

spectrum again i d e n t i c a l  to  t h a t  of  f ree  whole -H 1 h is tone  p r i o r  to 

annealing or  whole - H I  h is tone  bound to  the DNA a f t e r  annea l ing .  This 

provides physica l  support ing  evidence f o r  the observation by Weintraub 

e t .  a l .  (34) t h a t  a complex o f  whole-H 1 h is tone  may be removed from 

chromatin by 2 M NaCl which r e t a i n s  the n a t iv e  h is tone  conformations and 

h is tone  - h i s to n e  a s s o c i a t i o n s .

When whole - H 1 i s  r e c o n s t i t u t e d  to  DNA by s a l t ,  phosphate (Figure 

57) the d i f f e r en c e  s p e c t r a  (F igure  58) i n d i c a t e  a s i g n i f i c a n t  increase  

in the amount of b e ta  s t r u c t u r e  in the complex. A comparison of  the m̂  

fo r  t h i s  complex (Figure  53) with t h a t  of  the  analogous complex recon­

s t i t u t e d  by s a l t  - urea  - t r i s  (F igure 51) revea ls  a s i g n i f i c a n t  inc rease  

in the a b i l i t y  o f  the  phosphate r e c o n s t i t u t e d  h is tones  to a l t e r  the 

conformation o f  the DNA. Presumably, t h i s  i s  due to  the  inc rease  in be ta  

s t r u c t u r e  observed in the phosphate r e c o n s t i t u t e s .  I f  the  r = 4  phosphate 

complex i s  removed from the DNA with 2M NaCl the d i f f e r e n c e  spectrum of  

the  h is tone  conformation i s  not the same as i t  i s  p r i o r  to  s a l t  a d d i t i o n ,  

nor  i s  i t  e q u iv a len t  to  who le -H  1 (non - phosphate t r e a t e d )  in s a l t .  The 

phosphate b u f f e r  must e x e r t  e f f e c t s  on the  h i s to n e  which leaves the 

p ro te in  in a s t r u c t u r a l  conformation d i f f e r e n t  from t h a t  induced by NaCl. 

On the a d d i t io n  of  NaCl the s p e c i f i c  phosphate - induced a s s o c ia t i o n s  are 

enhanced, as evidenced by the la rge  depth o f  the 2 2 0  nm trough in the
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Figure 58. Whole - H I  h is to n e . c a lf
thvmus DMA la  2 M NaCl,  0 .2 5  raM EDTA, 
pH 8 . 0  .
Urea -  o u t  -  f i r s t  r ec o n stitu tio n .
curve 0 » free  DNA .
curve % » coop le x  o f  r»*» .
curve A •  d if feren ce  apoetrun in 2 M

HeCl o f  r*e urea -  out -  f i r s t
complex .

curve A •  d iffe re n c e  spectrum in  0.25 mW 
EDTA o f  r»e urea •  out -  f i r s t  
coaplex .
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Figure 57 .
Whole histone - H I ,  oalf thynus 
DMA in 0.25 *M COTA, pH 8.0 .
Salt, urea, phosphate reoonatitution. 
r values indicated.
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Figure 58 .
Whole h iston e  -  H 1 ,  
c a l f  thymus DNA*
S alt*  urea , phosphate 
reco n stitu tio n *  
r  a 4 .

curve At complex in  0.25 mH EDTA* pH 8 .0  . 
curve B: complex in 2 M NaCl,0 .2 5  mM EDTA 

a fte r  r e c o n s t itu t io n .
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curvea a & b are the r esp e c tiv e  d if fe r e n c e  sp ec tra .
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d i f f e r en c e  spectrum. I t  stands to  reason then t h a t  s ince  NaCl 

s t reng thens  hydrophobic i n t e r a c t i o n s  and s ince  phosphate i s  known to 

i n c rease  the  ordered secondary s t r u c t u r e  of  h i s t o n e s ,  the phosphate 

b u f f e r  has i n t e n s i f i e d  the  hydrophobic i n t e r a c t i o n  between h i s to n e s .

That the  phosphate b u f f e r  a lso  heightens  the hydrophobic his tone-DNA 

i n t e r a c t i o n  i s  supported  by the data o f  Figure 53. The d i f f e r en ce  spec t ra  

o f  Figures 50, 52,  54,  56,  57 and 58 sugges t  t h a t  the be ta  shee t  type of 

secondary s t r u c t u r e  i s  re spons ib le  fo r  the observed B to  C DNA t r a n s i t i o n s  

in  whole - H I -  DNA complexes.

The CD s p e c t r a  of  whole h is tone  reannealed to  DNA is  shown in 

Figure 59. The in c lu s io n  of  h is tone  H 1 in the complex has caused a 

s i g n i f i c a n t  change in the shape o f  the  d i f f e r en ce  spec t ra  in t h i s  Figure .  

Whereas in whole - H 1 complexes the h is tones  appeared to  have a high 

degree of  be ta  s t r u c t u r e ,  whole h is tone  -DNA complexes show inc reased  

amounts o f  random co i l  (compare Figure 33). In a d d i t i o n ,  i t  i s  now the 

Cl. pe r f r ingens  - whole h is to n e  complex which is  most deformable (Figure 

60a) .  Figure 60b i l l u s t r a t e s  t h a t  the slopes o f  the  de fo rm ab i l i ty  p l o t s ,  

m^, a re  now in v e r s e ly  r e l a t e d  to  the  G + C con ten t  whereas in h i s to n e  .H 2 B, 

H2 A and whole - H I  complexes inc reas ing  G+C con ten t  was accompanied by 

inc reased  d e fo rm ab i l i ty .

The CD s p e c t r a  o f  Figure 61 show increased  random coil  con ten t  in 

those whole h is to n e  complexes r e c o n s t i t u t e d  in the  absence of  urea as 

w e l l .  Figure 61a a lso  i n d ic a te s  t h a t  the a b i l i t y  o f  whole h is to n e  to 

deform c a l f  DNA is  unchanged in the  plus - urea and minus - urea complexes. 

Whole h is tone  in EDTA conta ins  s i g n i f i c a n t  amounts o f  random coil  (Figure  

45).  This i s  presumably the c o n t r ib u t io n  of  h is tone  H 1 .  When whole
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Figure 59 a .
Whole histone. Cl. perfringena OKA 
in 0.25 «M EDTA, plTS.O .
Salt, urea, tris reconstitution, 
r values indicated.
— —  denotes difference spectrum 
of r * 3 complex .
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Whola h il to M t c a l f  t h y u a  
DMA ift 9 .25  aM COTA, pH 9 .0  . 
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rigur« 59 e .
Whole hirtoos, If. lutsu* DMA in 
0.25 mn EDTA, pH 8.0 .
Salt, urss, tris rscoootitstion 
r vsluss U d l u t s i i  
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F ig u r e  61 b .
Whole h istoric , c a l f  thynus DNA la  
0.25 mM EDTA, pH 8 .0  .
S a lt ,  t r ia  r e c o n s titu tio n , 
r values in d ica ted .
  denotes d iffe re n c e  spectrum

o f r » 3 complex .
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- 10- Figure 61 c .
Whole hintone, M. luttui DMA 
in  0.26 »M EDTA, pH 8.0 .
Salt,trie reconstitution, 
r values indicated.
  denotes difference

epeetren of r « 3 coapis*
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h is to n e  i s  added to DNA a t  low io n ic  s t r e n g th  (F igure 62) the  d i f f e r en c e  

sp e c t r a  do not show the doub le t  trough seen in g ra d ie n t  r e c o n s t i t u t e d  

complexes. In t h i s  complex, d e sp i t e  the  apparent enhancement o f  beta  

s t r u c t u r e ,  the  m  ̂ decreases  to  - 1 5 - 2  (F igure  63).  When the p ro te in  

and DNA components are mixed in  0.15M NaCl /EDTA (Figure 64) the  trough 

near  220 nm is  f u r t h e r  magnified .  This in c rease  in i n t e n s i t y  o f  the  220 

nm response is  c o r r e l a t e d  with a s t rong  red s h i f t  o f  the CD spectrum 

and the appearance of a small nega t ive  band near  295 nm, c h a r a c t e r i s t i c  

of the  C type DNA spectrum. Since concen t ra t ions  o f  NaCl in excess o f  

4M are  r e q u i re d  to  reduce the  CD of  DNA to  A & = l  and produce the

nega t ive  peak a t  295 nm (9 8 ) ,  the  0.15M NaCl p re sen t  in the medium 

cannot be the  cause of  t h i s  d r a s t i c  conformational a l t e r a t i o n .  The 

presence o f  h is tone  H 1 and i t s  i n t e r a c t i o n  with the o th e r  h i s tones  i s  

apparen t ly  re spons ib le  f o r  the  B to  C conversion seen in Figure 64. The 

a b i l i t y  o f  H 1 to  d i s t o r t  the B type DNA CD towards C type a t  H 1 

r  = 0 .75 aa /  n in 0.14 M NaF has a l ready  been documented (108a).  At a 

t o t a l  r = 3 ,  the  H 1 concen t ra t ion  in the complexes p ic tu re d  here i s  ca.  

0.6 a a / n .  Furthermore,  when the  d i r e c t - m i x e d  sa l t /ED TA  complexes are 

d ia ly sed  to low ion ic  s t r e n g th  (F igure 65) the  CD s igna l  in the  DNA 

region 260 nm re tu rn s  to  the  B type spectrum. A s i m i l a r  response to  

decreased io n ic  s t r e n g th  was observed by Fasman e t  a l .  (108a) in 

h is to n e  H 1 - DNA complexes. Although the e x te n t  o f  B to  C conversion is

the l a r g e s t  o f  any complex p resen ted  here in  ( Af: = 0 . 2 3 ) ,
278 24d

the  re v e r sa l  of the t r a n s i t i o n  under d i a l y s i s  to low io n ic  s t r e n g th  i s  

no t  unique to  h i s to n e  H 1 complexes (F igures  48,  49).  However, the  

s y n e r g i s t i c  i n t e r a c t i o n  o f  h is to n e  H 1 with the o th e r  h is tones  i s
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Figure 62,
Whole h is to n e , c a l f  thymus.DNA 
in 0.25 mM EDTA, pH 8 .0  .
D irect- n ix e d  in  0.25 aM ED?A. 
r value* ind icated  
— — denote* d ifferen ce

•pectrua o f  r * 3 coaplex .

220 260 300
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Figure 63. Deform ability o f  whole h iston e n u cleoh ieton ss, calf 
thymus DNA.

0 a d ir e c t -  mixed, 0 .15 H NaCl, EDTA ( p r ed ia ly e is  )
1 * " H H " H ( p o s td ia ly s is  )
2 * d ir e c t*  mixed, 0.15 M NaCl, 5 mM phosphate, EDTA ( p o s td ia ly s is  )
3 _ •« »» »• •• » " "  ( p r e d ia ly s is  )
H a d ir e c t*  mixed, EDTA

( in  a l l  ca ses  EDTA r e fe r s  to  a so lu tio n  o f  0.25 mM EDTA, pH 8 .0  )

J*9PlS -Jd-
 0 .............. -1 5 *  2
 1 .............. -15 d: 2
 2 ..............-15 ± 2
 3 ............. - l l i l
**............. - 1 5 ±  2
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Figura (4 ,
H iatt

tkgm um  OHA la  0.25 mM EDTA 
pH 8.0 .
Dirack- mlMad in  0 .15 H 
NaCl, 0 .29  rtf EDTA.
( p ra d ia ly a is  ) 
r valaaa indicated.
— —  denotes difference 
ipaetna of r • 3 complex.

220 260
T 300

\  C t w )
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220

riftn 65.
Wwla hiatoaa, calf tbyaua 
DMA in 0.25 sM EDTA, 
pH 8.0 .
Diract- ainad la 0.15 M 
NaCl, 0.25 aM EDTA.
( poatdialyaia ) 
r valuta indicated.
— —  daaatae dlffanwnoa 
aptctrai of r • 1 ooaplax.

2 S o  '  3 0 0

\  ( n w i



c e r t a i n l y  im p l ica ted .

The values f o r  the  complexes o f  Figures 64 and 65 are  the  same 

(Figure  63).  The C to  B t r a n s i t i o n  may then be r e l a t e d  to  the s h i f t  in 

wavelength minimum o f  the 223 nm trough (Figure 64) to  217 nm (Figure 65).  

By comparison with Figure 33, t h i s  change may r e f l e c t  a decrease  in the  

amount of  be ta  shee t  conformation.

When whole h is tone  i s  d i r e c t - m i x e d  with DNA in 0.15M NaCl /  EDTA/ 

phosphate b u f f e r  (F igure  6 6 ) and d ia lysed  to  EDTA (Figure  67) the  a b i l i t y  

o f  the h i s to n e  to  cause the  B to  C t r a n s i t i o n  decreases (Figure  63).  In 

phosphate b u f f e r  the 2 2 0  nm trough is  deeper and broader  than a f t e r  the 

d i a l y s i s .  This change in conformation a f t e r  d i a l y s i s  may be determined 

both by the DNA, as well as by the i n i t i a l  (pre  - complexing) conformation 

of the  h i s to n e .  In d i r e c t  - mixing experiments where the  i n i t i a l  condi­

t ions  favor  a mixture o f  h e l ix  and random co i l  conformations (F igure 45) 

( e . g . ,  EDTA, EDTA-.15M NaCl) the  d i f f e r en c e  spectrum o f  the f i n a l  

complex shows a la rge  induc t ion  o f  be ta  s t r u c t u r e  (Figures  62, 64) which 

i s  r e t a in e d  even a f t e r  d i a l y s i s  to  low io n ic  s t r e n g th  (Figure  65).  In 

phosphate d i r e c t  •• mixed complexes, the f r ee  whole h i s to n e  conta ins  a 

mixture of ex’ and ^3 s t r u c t u r e s  (F igure 45).  Upon complexing, the 

d i f f e r en c e  s p e c t r a  again reveal an enhancement o f  the  3̂ s t r u c t u r e  (Figure 

6 6 ) ,  however, some of  the  h e l i c a l  conformation is  r e t a i n e d .  I t  appears 

then t h a t  the  binding to  DNA imposes some a d d i t io n a l  amount o f  be ta  

s t r u c t u r e  on the  h i s to n e .  This f ind ing  tends to suppor t  the notion 

t h a t  hydrophobic fo rces  are  important in the  binding  o f  h is to n e  to  DNA.

The observa t ion  (F igure 63) t h a t  the  m  ̂ values fo r  the  complexes: 

a) d i r e c t - m i x e d  in EDTA (Figure  62) ;  b) d i r e c t - m i x e d  in NaCl /  EDTA, 

p r e d i a l y s i s  (Figure 64) ;  c ) d i r e c t  - mixed in NaCl /  EDTA, p o s t d i a l y s i s
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Figura 66. Vlhola hiatona, calf thymus 
DMA la 0.25 mM EDTA, pH 8.0 
DirM*- miaad la 0.15 M NaCl 
5 »M phosphata buffar.
( pradialysis ) 
r valuaa iadioatad.
 daaotas diffaranoa

•pactrum of r * 3 
cooplax.

220  ' 260 ' 300
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Figure 67. tthole h is t  on*, c * l f  t h y w  W A  
la  O.M eft EDTA, pH 8 .0  . 
D irect- mined 1» 6 .15 II H a d ,
5 mM phoaphat* b u ffer .
( peetdialysis ) 
v values indicated.
-— —  denotes d ifferen ce

spectrum o f  r*3 complex.

220 260 300
A  C"*v>



(F igure  65 ) ;  and d) d i r e c t - m i x e d  NaCl /  EDTA phosphate ,  p o s t d i a l y s i s  

(F igure  67) are  the  same i n d i c a t e s  the e x i s t en ce  o f  some common 

c h a r a c t e r i s t i c  to  h is to n e  b ind ing ,  de sp i t e  the  d i f f e r e n t  conformations 

o f  the  h i s to n e s  p r i o r  to  complexing and the  v a r i a b l e  condit ions  under 

which these  complexes were formed. An observat ion  which may be p e r t i n e n t  

here  i s  t h a t  whole h is tone  complexes r e c o n s t i t u t e d  with and w i thou t  urea 

(F igures  59b, 61b) have i d e n t i c a l  d e fo rm ab i l i ty  p lo t s  (Figure  60 ) ,  while  

whole h i s t o n e - H  1 complexes (F igure  50b, 52b) a re  g r e a t ly  a f f e c t e d  by 

the  omission of u rea ,  which causes a 50% in c rease  in (Figure  51,  53).  

Apparent ly ,  the  presence of H 1 s t a b i l i z e s  the  b inding  conformation of 

th e  remaining h i s to n e s .
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TABLE 4

CD CHARACTERISTICS OF NUCLEOHISTONES

HISTONE DNA CONDITIONS aa /  n Am A c
A&278 /

~ AE.246 md

H 2 A P S - U - T ^ 0 276 258.5 . 8 6

1 
+r 

1
i

1 276 259.0 .79

2 279 261.0 .65

3 282 262.0 .51

H 2 A C S - U - T 0 275 258.0 .81 - 5 . 5 -  .5

1 276 259.5 .63

2 280 262.0 .49

3 283 265.5 .39

4 286 267.5 .31

H 2 A L S - U - T 0 273 257.5 1.4 -2 .4  - .2

1 274 257.5 1.32

2 275 259.5 .94

3 277.5 262.5 .75

4 288.5 263.0 .61

H 2 A C S - T ^ ) 0 277 258.0 .82 - 1 0  - 1

1 278 259.0 .75

2 280 259.5 .70

3 281 261.0 .57

H 2 B P S - U -T 0 275 259.5 . 6 6 -7 - . 7 (ca lc)

3 280 260.5 .60
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TABLE 4 CONTINUED

HISTONE DNA CONDITIONS aa /  n A m A c
^ £ 2 7 8  /  - a«246

H 2 B C S - U - T 0 275 257 .9

1 175.5 257 .72

2 280 259 .62

3 285 263.5 .41

H 2 B L 0 274 258 1 . 0

3 278 264 .34

H 2 B C S - U - T 
superna tan t

3 277 258 . 6 8

S - U - T 
p e l l e t

3 283 268.5 .26

H 2 B C S - T 0 278 258.5 . 8 8

1 278 259 .82

2 278 259 .78

3 278 259.5 .74

H 2 B L S - T 0 272.5 257.0 .97

1 272.5 257.0 .94

2 272.5 257.5 . 8 6

3 272.5 257.5 .84

H 2 P S - U -T 0 278 260 .73

1 278 259.5 . 6 6

2 279 260.5 .57

3 283 261.5 .48

m

-5.4 - .5

- 2 .4  - .2 ( c a lc )

- 5 . 4 -  .5

-5.4 - .5

+
-13 - 1

-11 -  1

-14 .
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TABLE 4 CONTINUED

HISTONE DNA CONDITIONS aa /  n A m A c
A £  278 ! 

- A t  2 4 6
md

H 2 C S - U -T 0 275 257.5 1.03 - 1 1 - 1

1 277 257.5 .97

2 278 258.5 .85

3 281 258 .79

4 281 258.5 .71

H 2 L S - U - T 0 272.5 256 1.70 -4 .8  +

1 273 258 1.14

2 275 258 1.03

3 277.5 260.5 .75

H 2 P S - T 0 280 260.5 .62

3 281.5 261.5 .43

H 2 C S - T 0 277 258 .82 - 1 2  - 1

1 278 258.5 .76

2 280 259.0 .74

3 281 259.5 .65

H 2 L S - T 0 272.5 258 1.03

3 274 259 . 6 8

H 2 s -  u - p ( ° ) 0 275 257.5 .97

1 276 259 .77

2 277 260 .71

3 277 260 .56

4 280 260.5 .56

•8.9 + .5
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TABLE 4 CONTINUED

^ ^ 0 7 0  /
HISTONE DNA CONDITIONS aa /  n A *  >

- A £ 246 ^

H 2 C dm - EDTA ' 0 277 258 .83

1 277 258 .78

2 277.5 258.5 .73

3 278 259.5 . 6 6

H 2 C dm NaCl / 0 275 258 .83
EDTA

(pred ia ly s i s ) 1 275 259 .71

2 276 259.5 .61

3 276 259.5 .59

H 2 C dm NaCl / 0 276 258 .81
EDTA

(p o s td ia ly s i s ) 1 277 258.5 .79

2 277.5 258.5 .76

3 277.5 258.5 .76

- 3 5 - 1 0

+
- 1 5 - 2

- 8 3 - 2 0

0 277 260.5 . 6 6

1 278 261 .59

2 280 262 .53

3 280 262 .49

0 275 258.5 .83

1 277 259.5 .78

2 280 259.5 .77

3 280 260.5 .70

4 282 261.0 .62

0 273 258 1 . 1 2
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TABLE 4 CONTINUED 

HISTONE DNA CONDITIONS aa /  n ) c  ^

1 273 258.5 1 . 0

2 274 258.5 1.27

3 273 259 .89

4 276 260 .82

p S - T 0 280 260.5 . 6 6

3 280 260.5 .57

c S - T 0 276 258 .83

1 279.5 259.5 .70

2 279.5 260 .67

3 281 261 .61

L S - T 0 272 258 1 . 1

3 273 259 . 8 6

C urea -  out - 0 275 258 .83
f  i rs  t

1 279 259.5 .71

2 279 259.5 . 6 8

3 280.5 260.5 .61

4 281 261 .59

C S -  U- P 0 277.5 258 .94

1 279 259.5 .79

2 279 259.5 .76

3 281 261 .61

4 282 262 .57
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Whole

Whole

Whole

I t t B L t  4 LU IN  1 1 IN U t  U

DNA CONDITIONS aa /  n A  m A  c
A f  278 /  

-£.£.246 md

P S - U - T 0 275 260 .82 -9 - 1

1 276.5 261 . 6 6

2 279 261 .55

3 281 263 .47

C S - U - T 0 275 258 .89 - 1 1 - 1

1 276 258 .83

2 277 259 .69

3 277 259.5 .67

4 278 259.5 .50

L S - U - T 0 273 258 1.04 - 2 1 - 2

1 273 258 1.04

2 273 259 .96

3 273 259 .93

P S - T 0 280 260.5 .62

3 281 263 .46

C S -T 0 277 258 . 8 8 - 1 1 ^ 1

1 278 258.5 .85

2 279 260 .72

3 280 260 .69

L 0 273 258.5 1.03

3 273 258.5 .84

C dm - EDTA 0 275 258 . 8 8 - 1 5 - 2

1.5 276 258 .79

3 277 259.5 .69
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TABLE 4 CONTINUED

HISTONE DNA CONDITIONS a a / n X m A c A? 278 1 
- A £246 md

Whole C dm NaCl / 0 275 257 .82 -15 +-2
EDTA

(pred ia ly s is ) 1.5 276 259 .71

3.0 277.5 263.5 .23

Whole C dm NaCl / 0 275 257.5 .93 -15 - 2
EDTA

(po s td ia ly s i s ) 1.5 276 258.5 .79

3.0 277.5 259.0 . 6 6

Whole c .15 M NaCl /' 0 275 258 .77 - 1 1  - 1
phosphate

(p red ia ly s is ) 1.5 275 258 . 6 8

3.0 276 259.5 .61

Whole c .15 M NaCl / 0 275 258.5 .77 -15 -2
phosphate

(po s td ia ly s i s ) 1.5 277 258.5 .72

3.0 277 258.5 .69

(a) s a l t  - urea - t r i s  r e c o n s t i t u t i o n

(b) s a l t - t r i s  r e c o n s t i t u t i o n

(c) s a l t  - urea -  phosphate r e c o n s t i t u t i o n

(d) ' d i r e c t  - mixed complex
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APPENDIX

CALCULATED CD PARAMETERS o f  CALF THYMUS NIJCLEOHISTONES

Employing the  equat ions  formulated by Li e t  a l .  (109) and 

Chang and Li (96) the  CD response of  a nuc leohis tone  complex may he 

separa ted  in to  the  CD o f  the  p ro te in  comDonent (Equation A-I) and the 

CD o f  the  hi stone-bound DNA base p a i r s  (Enuation A - I I ) :

= &8> m  ~  a £  jdaJa  (A-I)
r

b = A &  m -  ( 1 -F) A £ °  (A-II)
F

n ro t e in  CD. 

measured CD.

DMA CD.

CD o f  his tone-bound base p a i r s .

CD o f  f r e e  DMA.

f r a c t i o n  o f  DNA hound by h i s to n e .

f r a c t i o n  o f  h i s to n e - f r e e  DMA.

The values  o f  and A £  have been c a lc u l a t e d  f o r  wavelenoths

a t  which the  e x t e n t  o f  p ro t e in  secondary s t r u c t u r e  and the  degree o f

B t o  C t r a n s i t i o n  o f  the  DMA can be ev a lu a te d ,  namely 220 nm and 

278 nm, r e s p e c t i v e l y .  These values  a re  presented  in Table 1 and may be 

compared to  the  values  obta ined from the  nuc leoh is tone  complex p u r i f i e d  

from c a l f  thymus chromatin by Chano and Li (96) .
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where:

C ?A C  =

=

A  8  1A= 
iv»A

and:

A £ b = 

-

F * 

1-F =



Appendix Table 1 Calcula ted  CO Parameters o f  Calf  Thymus
Nucleohis tones

[All values  r e f e r  to  r=3 complexes un less  noted]

. o p ro te in  a C bound DNA
*  c  220 c  278

H2A (+urea) -1 .3 1.5
( -u rea ) -2 .3 2.3

H2B (+urea) -0 .5 1.3
( -u rea ) -1 .7 2 . 8

H2 (+urea) - 1 , 8
-2 .9

r=l
r = 2

- 2 . 8 r=3 2.3

( -u rea ) - 3 .3
- 3 .3

r=l
r =2

-3 .3 r=3 2.3

(phosphate) 1 ro • 2 . 0

(d.m. EDTA) -3 .2
r- 0 . 0

r=l
r =2

-3 .2 r=3 2 . 1

(d.m. NaCl/EDTA, -3 .0 r=l
p r e d i a l y s i s ) -2 .9 r = 2

- 2 . 0 r=3 1 . 6

(d.m. NaCl/EDTA, - 2 . 8 r=l
pos td ia l .y s i s ) -3 .0 r =2

-2 .9 r=3 2 . 6

Whole -  HI (+urea) -1 .5
-1 .3

r=l
r = 2

-1 .3
-1 .3

r=3
r=4

2 . 6

( -u rea ) -1 .5
-0 .9

r=l
r = 2

-0 .7 r=3 1.5
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Appendix Table 1 (continued)

C bound 
^ 2 7 3

Whole (+urea) - 2 . 5
- 2 . 5

r=l

- 2 . 3
- 2 . 2

r=3
r=4

2.3

Whole ( -u rea ) -1 .3
-2 .3

r=l
r = 2

-2 .5 r=3 2.3

Whole d.m. EDTA -2 .7
-2 .4

r=l .5
r=3

Whole d.m. NaCl/ -3 .0 r=l .5
EDTA - 2 . 8 r=3.0

( n r e d i a l y s i s )

Whole d.m. NaCl/ - 2 . 8 r=l .5
. ■ iT ̂ - 2 . 0 r=3.0

( ; o s t d i a l y s i s )

'-/hole d.m. NaCl/ - 1 . 4 r=1.5
Phos. - 1 . 2 r=3.0

(p red ’ a ly s in )

Whole d.m. NaCl/ -0 .7 r=l .5
Phos. - 0 . 8 r=3.0

( p o s t d i a l v s i s )

P u r i f i e d  Calf -4.1 0.7
thymus Nucleohis tone 

fax)(96)
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F i r s t ,  i t  i s  c l e a r  t h a t  the  r e c o n s t i t u t i o n  procedures in neneral  

a re  only p a r t i a l l y  success fu l  in  d u p l i c a t in o  the p ro te in  response 

found in p u r i f i e d  nuc leo h i s to n e .  In a d d i t i o n ,  the  h i s tones  in r e c o n s t ­

i t u t e d  comolexes a re  not ab le  to  d i s t o r t  the  PNA towards the  C form 

c h a r a c t e r i s t i c  o f  nuc leoh is tone  and chromatin.  The exp lana t ion  f o r  t h i s  

observa t ion  i s  unknown, however, o th e r  l a b o r a t o r i e s  have repor ted  

t h a t  chromatin ,  d ia ly sed  a p a i n s t  2 M NaCl, 5 M urea to  d i s s o c i a t e  the 

nuc leopro te in  components and r e d ia ly se d  to  low ion ic  s t r e n o th  to  permit  

reanneal in n ,  showed only small d i s t o r t i o n s  o f  the  B type ON/5 CD (81) .

Examination of  Table 1 shows t h a t  minus-urea complexes o f  h is tone  

H2A (or  H2R) e x h i b i t  more ordered secondary s t r u c t u r e  than do nuc le-  

h i s tones  r e c o n s t i t u t e d  in the  presence o f  u rea .  The minus-urea nucleo- 

p ro te in s  a re  l e s s  capable  o f  d i s t o r t i n g  the  R type DNA CD towards C form.

Histone M2 (H2A + H2B) a l so  shov/s increased  ordered secondary

s t r u c t u r e  r e l a t i v e  to  p lu s -u rea  complexes. I t  may be noted t h a t

value o f  A c  i s  co n s tan t  with in c re a s in g  r  value f o r  minus-urea M2 
220

nuc leoh is tones  sugqes tino  t h a t  the  i n t e r a c t i o n  of  H2A and H2B allows the  

formation of  a s t a b l e  u n i t  which a lso  has more secondary s t r u c t u r e  than 

would be seen in a mixture  o f  n o n in te ra c t io n  h i s tones  H2A and H2B. The 

g r e a t e s t  B to  C t r a n s i t i o n  caused by h is to n e  H2 i s  seen in nuc leoh is tones  

prepared by mixino the  p ro t e in  and n u c le i c  acid  components a t  n ea r -  

phys io log ica l  ion ic  s t r e n g th  and measuring the  CD under the  same 

c o n d i t io n s .  Once the  sample i s  dialysed t o  low ionic s t r e n g th

the  DNA p a r t i a l l y  r e v e r t s  towards D form sugpes ting a s y n e r g i s t i c  

a c t io n  o f  the s a l t  t.rd H  s tones  cn 1 ’ f- DMA con fern at'ion s ince  g.lf i ?■’

I'aCl alone has a w-fjiqi!.  l e  e f f e c t  cn the CD of  aqueous DNA s o l u t i o n s .

When whole-Hl h is tone  i s  annealed to  DNA in the  presence  o f  urea
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the  p ro te in  response i s  nea r ly  con s tan t  with inc reas ing  r  va lue .  When 

the  same mixture  o f  h i s tones  i s  annealed to  DNA in the  absence of  urea 

inc reas ing  amounts o f  h is to n e  cause p ro g res s iv e  changes in the  p ro te in  

secondary s t r u c t u r e .  Figure 52b shows t h a t  t h i s  s h i f t  i s  towards i n c r ­

eas ing  amounts o f  b e t a - s h e e t  s t r u c t u r e  w i th in  the  p ro te in  aggrega te ,  

probably due to  the  presence o f  the  a r o i n i n e - r i c h  h i s tones  s ince  the 

s l i g h t l y  lv s in e - r1 c h  h i s to n e s  H2A and H2R do not show t h i s  e f f e c t .  

Annealing o f  whole-Hl h i s to n e  to  DNA in a high ion ic  s t r e n g th  env i ron­

ment in the  absence o f  urea i s  seen to  cause a g r e a t e r  d i s t o r t i o n  o f  the  

DNA conformation than the  r e c o n s t i t u t i o n  in the  presence o f  urea .  This 

implies  t h a t  hydrophobic fo rce s  may be important in the  c o r r e c t  bindino 

o f  h i s to n es  to  DNA and the  de te rm ina t ion  o f  the  DNA conformation.

I t  i s  s u r p r i s in g  then t h a t  the  p ro t e in  secondary s t r u c t u r e  and DNA 

conformation o f  whole h is to n e  nuc leoh is tones  a re  near ly  i n s e n s i t i v e  to  

the  presence or  absence of  urea in the  g r a d i e n t  r e c o n s t i t u t i o n  medium.

I t  may be t h a t  the  f u l l  complement of  h i s to n e s  i s  ab le  to  i n t e r a c t  nro-  

ducing a s t a b l e  aggreoate  u n i t  the  c h a r a c t e r i s t i c s  o f  whose bindino 

to  DNA dur ing g r a d ie n t  r e c o n s t i t u t i o n  a re  determined more by the  

p r o t e i n - p r o t e i n  i n t e r a c t i o n s  than by p r o t e i n - s o l v e n t  i n t e r a c t i o n s .
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CHAPTER V 

SELECTIVITY OF HISTONE BINDING

INTRODUCTION

Result s  from a number of l a b o r a to r i e s  have in d ic a ted  t h a t  the  

a f f i n i t y  of  var ious  h i s tones  is  not the same fo r  d i f f e r e n t  DNAs o r  f o r  

the  e n t i r e  base p a i r  popula t ion  o f  a s in g le  spec ies  o f  DNA (65, 113, 114, 

115, 116). Under condi t ions  which promote the r e v e r s i b l e  a s s o c ia t i o n  of 

polypept ide  and DNA, Leng and Fe lsenfe ld  (113) observed t h a t  po ly lys ine  

p r e f e r e n t i a l l y  i n t e r a c t s  with A’T base p a i r s  while po lyarg in ine  s e l e c t i v e ­

ly binds G'C p a i r s .  Li e t  a l .  (65) a lso  observed the A*T s e l e c t i v i t y  o f  

p o ly ly s ine  b inding  when t h i s  polypeptide  was annealed to  DNA by s a l t  

g rad ien t  d i a l y s i s .  Recently ,  Hwan e t  a l . (114) have demonstrated t h a t  

the chicken red blood c e l l  h i s to n e  H5 p r e f e r e n t i a l l y  binds to A + T - r i c h  

C l . p e r f r i  ngens DNA in a mixture of  Cl_. pe r f r ingens  and M. lu te  us DNAs 

(31% and 70% G + C, r e s p e c t i v e l y ) .  The H5 h is tone  i s  found ex c lu s iv e ly  

in e ry th ro c y te s  but i s  s i m i l a r  to  the l y s i n e - r i c h  H 1 in s i z e ,  s t r u c t u r e  

and high p o s i t i v e  charge d e n s i ty .  Combard and Vendrely (115) have 

rep o r ted  t h a t  the  ly s ine  - r i ch  h i s tone  H 1 tends to  be a s so c ia te d  with 

A + T - r i c h  DNA in vivo while the a r g i n i n e - r i c h  h i s tones  are a s so c ia te d  

with G + C - r i c h  DNA. Clark and F e lsen fe ld  (116) have a lso  found the 

a rg in in e  -  r i ch  h i s tones  bound to  a f r a c t i o n  o f  DNA in c a l f  thymus 

chromatin which has a h ighe r  G + C con ten t  (75% G + C) than the  o v e ra l l  

average % G + C o f  the DNA (42% G + C).

I t  appears then t h a t  the  binding  of  po ly lys ine  to  DNA may serve  as a 

model f o r  the binding o f  the l y s i n e - r i c h  h is to n e  H 1 .  Both o f  th e se
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polycat ions  have s i m i l a r  s e l e c t i v i t i e s , so lu t io n  conformations and

i n t e r a c t  p r im ar i ly  through ion ic  forces with the DNA. The a rg in in e  - r ich

h is to n es  and po lyarg in ine  s e l e c t  G + C - r i c h  DNA under r e v e r s i b l e  binding 

cond i t ions .  Since the binding of  the a rg in ine  - r ich  h i s tones  to DNA is  

be l ieved  to  involve hydrophobic as well  as io n ic  forces  ( 1 1 0 ) i t  is

p o s s ib le  to  surmise t h a t  the  hydrophobic re s idues  o f  these  h is tones  are

seeking out the more hydrophobic environment of  the G*C p a i r s .  Since 

po lyarg in ine  a lso  p r e f e r e n t i a l l y  binds G*C p a i r s ,  e i t h e r  hydrophobic 

b inding i s  not o f  importance in the po lyarg in ine  - DNA i n t e r a c t i o n  or the 

a rg in ine  re s idues  are  capable of hydrophobic i n t e r a c t io n  with the  nuc le ic  

ac id .

EXPERIMENTAL

The experiments to be descr ibed  below have been performed by mixing 

h i s tones  and two DNAs o f  d i f f e r e n t  G + C content to g e th e r  in a medium of  

high s a l t  or high s a l t  plus urea .  As the s a l t  concen t ra t ion  i s  lowered 

by g rad ien t  d i a l y s i s ,  the  h i s to n e  i n t e r a c t s  r e v e r s i b ly  with the  DNA and 

ev en tua l ly  b inds .  Since the  G + C content o f  a DNA determines i t s  melting 

temperature  (65) the amount o f  each DNA remaining unbound in the mixture 

may be determined by thermal d e n a tu r a t i o n . In Figure 6 8  a mixture  o f  

C l . pe r f r ingens  DNA and M. lu teus  DNA has been r e c o n s t i t u t e d  with the  

s l i g h t l y  l y s i n e - r i c h  h is to n e  H 2 B. Free Cl_. pe r f r ingens  DNA (31% G + C) 

and M. lu teus  DNA (70% G + C) have Tms near  37° and 61° r e s p e c t iv e ly .  As 

each DNA i s  bound i t s  f r ee  DNA peak decreases  in amplitude and i s  rep laced  

by a thermal t r a n s i t i o n  a t  h igher  temperature .  The area  beneath each peak 

is  equal to  the  i n t e g r a l  o f  the dh /  d t  curve,  the  hyperchromicity  between
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Figure 68.

Histone H 2 B, Cl* perfringens end 
M. luteus ONAe In 0.25 mM EDTA, pH 8.0
S a lt ,  urea, t r i s  r e c o n stitu tio n , 
r values indicated.
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the high and low temperature  boundaries o f  t h a t  t r a n s i t i o n .

I t  i s  poss ib le  then to  q u a n t i t a t e  the  loss  o f  DNA from each thermal 

t r a n s i t i o n  by measuring the decrease  in hyperchromicity  between s e t  

tempera tures .  A na tu ra l  trough i s  ev iden t  a t  45°C-50°C,  between the  Tms 

o f  the  Cl_. pe r f r ingens  and M. lu teus  DNAs. The i n t e r v a l  s e l e c t e d  to  

monitor the  decrease  in Cl_. pe r f r ingens  melt ing  i s  30°C-45°C,  t h a t  fo r  

M. lu teus  DNA 50°C - 64°C. As the Cl_. pe r f r ingens  DNA i s  bound, a small 

f r a c t i o n  of  t h i s  DNA does melt in the  50°C -  64°C range.  To c o r r e c t  f o r  

t h i s  e f f e c t  the f r a c t i o n  o f  the  £1_. pe r f r ingens  DNA melt ing  between 

50°C - 64°C r e l a t i v e  to  the  f r a c t i o n  melting between 30°C - 45°C i s  e s t im ated  

from the thermal dena tu ra t ion  p r o f i l e s  o f  h i s tone -C l_ .  p e r f r ingens  DNA 

complexes. This f a c t o r  i s  m u l t ip l i e d  by the amount o f  C l . pe r f r ingens  

DNA melting between 30°C - 45°C in the  mixed DNA complexes and i s  sub­

t r a c t e d  from the melting  in the M. lu teus  range ,  50°C-64°C:

(14)

A h (m!CI I )  = A h(m, I I )  '  D A h (P, I I )  / A h (P, I ) ) x ( A h (m! I ) ! ]

Where:
C Q 1 C

A h^m j j j  = c a lc u la t e d  hyperchromici ty in  the  mixture of  DNAs (m) 

in the temperature  i n t e r v a l  II (50°C -64°C ) .

A h?bs TT, = observed hyperchromici ty in the mixture in  the 
(m, I I )

temperature  i n t e r v a l  I I .

A h(p = hyperchromici ty  in the second temperature  i n t e r v a l  in

C l . pe r f r ingens  DNA complexes.
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A h  = hyperchromicity  in  the  f i r s t  temperature  i n t e r v a l  in
(P,  0

C l . pe r f r ingens  DNA complexes.

A h°^s . = hyperchromicity  observed in the  mixture o f  DNAs in
(m, IJ

In te rv a l  I ,  where none of  the  f ree  or bound M. lu teus  

DNA mel ts .

This c o r r e c t io n  i s  not p e r f e c t i  s ince  the amount o f  Cl_. pe r f r ingens

DNA bound a t  a given his tone /DNA r a t i o  in a complex with Cl . pe r f r ingens

DNA alone i s  more than the amount of  C1_. p e r f r i  ngens DNA bound in the

mixed DNA complexes. S ince ,  however, a t  a r a t i o  of r  = 3 aa /  n l e s s  than

10% o f  the t o t a l  hyperchromici ty of  the Cl_. p e r f r i  ngens complexes occurs 

in the 50°C-64°C range,  the use o f  the c o r r e c t io n  of Equation 14 is  

warranted.

The e f f e c t  of unequal amounts of each DNA in the competi t ion mixture

and the d i f f e r e n t  hyperchromic i t ies  fo r  the two DNAs can be mathematically

compensated fo r  by d iv id ing  the hyperchromicity  observed or c a lc u la te d

fo r  each temperature  i n t e r v a l  by the hyperchromicity  w i th in  t h a t  in te rv a l

in  the  f r ee  DNA mixture.  A p lo t  of  A h ,  , / A h .  ft. vs. r  where:
( r )  ( r  = 0 )

A h , .  = hyperchromi ci ty d i f fe rence  o f  complex with input  r a t i o  
( r )

r  between defined temperature l im i t s

A ^ ( r - 0) = Nyperchromicity d i f f e r en c e  o f  f r ee  DNA mixture ( r = 0 )  in 

the same temperature i n t e rv a l

w i l l  q u a n t i t a t i v e l y  r e f l e c t  the r a t e  o f  decrease  o f  each melting band with 

in c re a s in g  amino acid  per nuc leo t ide  coverage.  Such a p l o t  i s  shown in 

Figure 69. When h is tone  H2B is  r e c o n s t i t u t e d  to  Cl_. pe r f r ingens  DNA
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Cl. pe r f r ingens

r

Figure 69. S e l e c t i v i t y  of  Histone H2 B binding  to  
Cl. pe r f r ingens  and M. lu teus  DNAs. 
S a l t ,  urea ,  t r i s  r e c o n s t i t u t i o n .

SJ

hr / h 0  = r e l a t i v e  hyperchromicity 
open c i r c l e s  = s in g le  DNA complexes 
f i l l e d  c i r c l e s  = mixed DNA complexes

M. lu teus

r

P« s lope = - .14
P# s lope = - .27  P •  /  P« = 1.93
L* s lope = - .21
L« s lope * - .0 6  L* /  Lo = .29

( a l l  values ± . 0 2  )



alone (F igure  69a, l in e  P ) the r a t e  of  decrease ,  r e f l e c t e d  in the 

s e l e c t i v i t y  s lo p e ,  ms , i s  - . 1 4 - . 0 2 .  When H2B i s  r e c o n s t i t u t e d  to  a 

mixture of Cl_. p e r f r i  ngens and M. 1 uteus DNAs, the Cl_. pe r f r ingens  mg 

decreases  to  - .27  - .02.  The r a t i o  o f  the  s lopes  of  the l in e s  P« and 

P0  i s  a measure of  the p reference  of  binding fo r  the Cl_. pe r f r ingens  DNA. 

For H2B P*/ PQ = 1.93.  A value of 2.00 would in d i c a t e  p e r f e c t  s e l e c t i v i t y ,  

while a value o f  1.00 would r e s u l t  from binding with  no A + T or G + C 

p re fe rence .  Accordingly,  the M. 1 uteus DNA’ e x h ib i t s  a r a t i o  L#/  LQ 1,

i . e . ,  i t  is s e l e c te d  a g a in s t .  Here,  Le / L Q =0.29  (Figure  69b).  When 

c a l f  DNA (42% G + C) and M. lu te  us DNA (70% G + C) compete f o r  H2B 

(Figure  70a) the value / C  = 1.64.  The decrease in  the  d i f f e r en ce  

o f  G + C content between c a l f  and M. 1 uteus DNA (70% - 42% = 28%) r e l a t i v e  

to  Cl_. pe r f r ingens  and M. lu teus  DNA (70% - 31%= 39%) r e s u l t s  in a de­

crease  in the s e l e c t i v i t y  fo r  the A + T - r i c h  DNA. That the d i f f e r en ce  

in  s e l e c t i v i t y  is  due to  the decrease in the  d i f f e r en c e  in  G + C content 

between the  DNAs i s  i l l u s t r a t e d  by the graph of  Figure 70b which shows 

t h a t  the r a t i o  of the  s e l e c t i v i t y  slopes f o r  the  DNA p a i r s  CJ_. pe r f r ingens  

+ M_. lu teus  and C l . pe r f r ingens  + c a l f  thymus f a l l  on a s t r a i g h t  l i n e  which 

passes  through the p o in t  o f  zero s e l e c t i v i t y  (P# /  P = 1) a t  zero pe rcen t  

d i f f e r en c e  in G + C con ten t .  When c a l f  + M_. lu teus  DNAs compete fo r  H2B 

in a r e c o n s t i t u t i o n  medium lacking urea ,  the s e l e c t i v i t y  o f  the  h is tone  

f o r  the A + T - r i c h e r  c a l f  DNA decreases  to C /  CQ = 1.2 (Figure  71). This 

i n d ic a te s  t h a t  in a r e c o n s t i t u t i o n  medium where hydrophobic s e l f - i n t e r ­

ac t ions  and in te rm o lecu la r  a s s o c ia t i o n s  o f  h is  tones a re  magnified the 

s e l e c t i v i t y  f o r  A • T base p a i r s  decreases .

When h is tone  H2A is  al lowed to  s e l e c t  between £1_. pe r f r ingens  and
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Fi gure 70 

a S e l e c t i v i t y  of h is tone  
H 2 B binding to c a l f  
thymus DNA and M. 
lu teus  DNA.

S a l t ,  u rea ,  t r i s  
re cons t i  t u t i o n .

h r  /  ho = r e ^a t ^ve
hyperchromi ci ty 

open c i r c l e s  = s in g le  
DNA complexes 

f i l l e d  c i r c l e s  = mixed 
DNA complexes

CQ s lope  = - .25

C9 s lope  = - .41

C# /  C0 = 1.64

Relation  between s e l e c t i v i t y  
C c / o )  and d i f f e r en c e  
in G+C con ten t  Q ^ ( G + C ) cr]
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Figure 71. S e l e c t i v i t y  o f  h i s tone  H2B binding to c a l f  thymus and 
M. 1 uteus DNAs.

S a l t ,  t r i s  r e c o n s t i t u t i o n .

hr / h 0  = r e l a t i v e  hyperchromi ci ty

open c i r c l e s  = s i n g l e  DNA complex

f i l l e d  c i r c l e s  = mixed DNA complex

CQ s lope  = - .2 3

C# s lope  = - .27

C . / 'C 0  = 1.2

( a l l  values - . 0 2 )



M. lu teus  DNAs in the  presence of  urea (Figure 72),  the prefe rence  fo r  

C l . p e r f r ingens  DNA i s  not as g rea t  (Figure 73) as when h is tone  H2B was 

the p ro t e in  component of the  mix ture .  The value P# / P  fo r  these  complexes 

i s  1 .5 ,  compared to  1.93 fo r  H2B r e c o n s t i t u t i o n s .  I t  may be t h a t  the  

g r e a t e r  percentage  o f  secondary s t r u c t u r e  inducing re s idues  in H2A 

decreases  i t s  s e l e c t i v i t y  fo r  the Cl_. p e r f r i  ngens DNA. The hypothesis  

t h a t  the  number o f  res idues  in ordered forms of  secondary s t r u c t u r e  r e ­

l a t e s  to  the s e l e c t i v i t y  o f  h i s tone  binding i s  supported by the s e l e c t i v i t y  

of complexes o f  h is tone  H2 (H2A + H2B)  with various  DNAs (Figure 74).

H2 chooses between £1_. pe r f r ingens  and M. lu teus  DMA with a s e l e c t i v i t y  

value P# / P  =1 .32  (F igure  75). This i s  smal ler  than the  s e l e c t i v i t y  

value of e i t h e r  H2B ( P^ /  PQ = 1193) o r H 2 A  (P# /  P = 1.5) f o r  C l . 

p e r f r i  ngens DNA over M. lu teus  DNA. D'Anna and Isenberg  (32) have ob­

served t h a t  the complexing and i n t e r a c t i o n  of  the  h is tone  f r a c t i o n s  H2A 

and H2B with each o th e r  induces add i t io n a l  secondary s t r u c t u r e  in one 

or both pa r tn e r s  o f  the aggrega te .  They f ind  15 re s idues  o f  a l p h a - h e l i x  

beyond t h a t  found in i s o l a t e d ,  n o n in te ra c t in g  h is tone  H2A and H2B 

s o l u t i o n s .  The a d d i t i o n a l  secondary s t r u c t u r e  induced in the  s l i g h t l y  

lys ine .  - r i c h  h is tone  p a i r  may be re spons ib le  f o r  the  measured decrease 

in s e l e c t i v i t y .  When H2 s e l e c t s  between the  s y n th e t i c  double - s t randed 

polymer poly aAT poly dAT and c a l f  DNA the s e l e c t i v i t y  value dAT# /  dATQ = 

1.35 (F igure 76).  The d i f f e r e n c e  in G + C content f o r  these  DNAs is  42%. 

When Cl. pe r f r ingens  and c a l f  DNA (G + C = ll%) compete fo r  h is tone  H2 the

s e l e c t i v i t y  value P# /  PQ decreases  to 1.15 (F igure 77).  The r e s u l t s  o f  

the  th ree  s e l e c t i v i t y  complexes are  summarized in  Figure 78 which shows 

t h a t ,  as with h i s to n e  H 2 B, the re  i s  a l i n e a r  dependence o f  the  e x te n t  o f
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Figure 72.

Hiatona H 2 A, Cl. parfrlngana and 
M. lutaua DMAs in 0.25 «M EDTA, pH 8.0 
Salt, uraa, tria raaonatitution. 
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Figure 73. S e l e c t i v i t y  o f  h is tone  H2A binding to Cl_. 
S a l t ,  u rea ,  t r i s  t r e c o n s t i t u t i c n s .  
hr / h Q = r e l a t i v e  hyperchromi ci ty 
open c i r c l e s  = s in g l e  DNA complex 
f i l l e d  c i r c l e s  = mixed DMA complex

perf r ingens  and _M. 1 uteus DNAs, 

P.

lr

slope = - . 2 2  
slope = - .3 3  
s lope = - .2 8

P /  P9 '  r o

Lc s lope V 7( a l l  values - . - 2 )

1.5

Lt / L  = .61
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F i g u r e  7 4 .

Histone H 2 # Cl. perfringens end 
M. lu teu s  DNAs in 0.25 mM EDTA, pH 8*0 
S a lt ,  urea, t r i s  r e c o n s titu tio n , 
r va lu es in d ica ted .
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Figure 75. S e l e c t i v i t y  o f  h is tone  H2 binding to  Cl_ 
S a l t ,  u rea ,  t r i s  r e c o n s t i t u t i o n .

hr / h 0  = r e l a t i v e  hyperchromi c i t y  
open c i r c l e s  = s in g le  DNA complex 

f i l l e d  c i r c l e s  = mixed DNA complex

pe r f r ingens  and M. lu teus  DNAs.

Pn slope = - .19
P. s lope = - .25  P. /  P0  = 1.32
L0  s lope = - .25
L* s lope = - .19  La /  L0  = .30

(al 1 values ±  . 0 2 )
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Figure 76. S e l e c t i v i t y  o f  h is tone  H2 binding to
poly dAT • poly dAT end c a l f  thymus DNA.
S a l t 5 urea ,  t r i s  r e c o n s t i t u t i o n .  

hr  /  h0  = r e l a t i v e  hyperchrormcity

open c i r c l e s  = s in g le  DNA complex

f i l l e d  c i r c l e s  = mixed DNA complex

poly dAT • poly dAT 0 slope = - .17
poly dAT* poly dAT • s lope  = - .2 3

poly dAT* poly dAT « /  poly dAT* poly dAT 0 = 1.35
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Figure 77. S e l e c t i v i t y  o f  
h i s to n e  H 2 binding to 
C l . pe r f r i n u e r s and 
c a l f  thymus ONA.

s a l t ,  u rea ,  t r i s  
r e c o n s t i  t u t i o n .

h /  Hq = r e l a t i v e
hyperchromic ity  

open c i r c l e s ^  s in g l e  DNA 
complex 

f i l l e d  c i r c l e s  = mixed DNA
complex

Pq s lope = - . 2  
P, slope = - . 2 3  Pe

- 1.15

( a l l  values t  . 0 2 )

Figure 78. Rela t ion  between 
s e l e c t i v i t y  and 
d i f f e r e n c e  o f  G+C %.



s e l e c t i v i t y  on the d i f f e r en c e  in  G+C content,  a (G + C)%,between the

competing DNAs. The s e l e c t i v i t y  values each f a l l  on a s t r a i g h t  l i n e

which i n t e r s e c t s  zero s e l e c t i v i t y ,  a  h.  . /  a  h. = 1 .0 ,  a t  0% a ( G  + C).
(r)  (0)

As with H2B complexes, when urea i s  omitted from the r e c o n s t i t u t i o n  mix­

tu re  the s e l e c t i v i t y  o f  the  h is tone  decreases (F igure 79) r e l a t i v e  to  the 

p l u s - u r e a  compet it ion .

The s e l e c t i v i t y  o f  whole - H 1 h is tone  i s  seen to be even less  than 

t h a t  of the h is tone  H2 p a i r  (F igure  80).  In Cl_. pe r f r ingens  vs. M_. 

lu teus  complexes the value P# / P  = 1 .2 4  (Figure 81). When urea i s  ex­

cluded from the r e c o n s t i t u t i o n  medium the value P# / P  =1.19 (Figure  82) .  

This rep re sen ts  a decrease  of ca.  4% due to  the omission of urea.  In 

H2B compet it ions  the decrease  in the  s e l e c t i v i t y  value upon d e le t io n  of  

urea is  ca.  37% while in H 2 complexes the  omission o f  urea leads to  a 

decrease  o f  ca.  14%. This t rend  sugges ts  t h a t  in the s e r i e s  H 2 B > H 2 >  

w h o l e - H I  the hydrophobic i n t e r a c t i o n s  between h is tones  are p ro g res s iv e ly  

more s t a b l e  so t h a t  the inc lu s ion  or d e le t io n  of urea has a reduced e f f e c t .

When whole h is to n e  is  r e c o n s t i t u t e d  to  a mixture of  Cl_. per f r ingens  

and M. lu teus  DNA (Figures  83, 84),  or Cl_. pe r f r ingens  and c a l f  thymus 

DNA (Figure 85 ) ,  or C l . pe r f r ingens  and E_. col i  DNA (Figure  8 6 ) the value 

of the s e l e c t i v i t y  q u o t i e n t  P  ̂ /  PQ remains constant a t  ca.  1.15.  Evident­

ly  the p re fe rence  of  A + T - r i c h  DNA is  so small t h a t  d i f f e r en ces  between 

these  various  competing s e t s  o r  o b l i t e r a t e d .  When urea is  excluded from 

the r e c o n s t i t u t i o n  pro tocol  (F igure 87) the s e l e c t i v i t y  value s t i l l  

remains a t  1.15.  The lack of  any observable  d i f f e r en ce  in the p reference  

of  whole h is to n e  fo r  DNAs o f  d i f f e r e n t  G+C content with and without 

urea f u r t h e r  supports  the content ion  t h a t  the i n t e r a c t i o n s  o f  the  h is tones  

inc rease s  the amount o f  ordered secondary s t r u c t u r e  with in  the h is tone
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Cl. pe r f r ingens

r

Figure 79. S e l e c t i v i t y  o f  h is to n e  H2 binding t o  Cl_. 
S a i t ,  t r i s  r e c o n s t i t u t i o n .

h r / h 0 r e l a t i v e  hyperchromi ci ty 
open c i r c l e s  = s in g le  DNA complex 

f i l l e d  c i r c l e s  = mixed DNA complex

M. lu teus

r

perf r ingens  and M. lu teus  DNAs.

P© slope = - .25
P .  s lope  = - .29  P .  /  P .  = 1 . 1 6
L 0  s lope = - . 3
L« s lope = - .15  L • / L 0  = .50

( a l l  values ±  . 0 2 )
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Figure 80.

Whole h istone -  H 1 ,  a .  perfringens end 
H. luteus DMAs in  0.25 SM EDTA, pH 8 .0  
Salt, urea, trie reconstitution, 
r values indicated*
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Cl. pe r f r ingens

r
Figure 81. S e l e c t i v i t y  o f  Whole - HI h is tone  binding to Cl. pe r f r ingens  and M. lu teus  DNAs. 

S a l t ,  u rea ,  t r i s  r e c o n s t i t u t i o n .  Pc s lope = - .21
hr  /  hg = r e l a t i v e  hyperchromi ci ty  P# slope = - .26  P. /  P0 = 1.24
open c i r c l e s  = s in g le  DNA comolex Lo s lope = - .19
f i l l e d  c i r c l e s  = mixed DNA complex La slope = - .25  L # / L o  = *76

( a l l  values ± . 0 2 )



Cl. pe r f r ingens
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Figure 82. S e l e c t i v i t y  o f  whole - HI h is to n e  binding to  Cl. p e r f r ingens  and M. lu teus  DNAs. 
S a l t ,  t r i s  r e c o n s t i t u t i c n . P0  s lope  = - .26

*V /  = r e l a t i v e  hyperchromici ty  Pp s lope = - .3 1  P# /  Pe  = 1.19
open c i r c l e s  = s in g le  CNA complex L o s lo p e  = - .29

f i l l e d  c i r c l e s  = mixed DNA complex L* s lope = - .1 7  L# /  L 0  = .59
( a l 1 values + . 0 2  )



Figure 83.

Whols hiatonat Cl. psrfringtns and
H. lutaua DNAs in 0.25 aM EDTA, pH 8.0 
Salt, uraa, trls rscenstitutioa. 
r valuas indicated.
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Cl. pe r f r ingens
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M. lu teus

I
Figure £4. S e l e c t i v i t y  o f  .Whole h is tone  binding to  Cl. p e r f r ingens  and lu teus  DNAs 

S a l t ,  u r e a j t r i s  r e o c n s t i  tu r . ion .  P o  s l o p e  ~ - . 2 7
h /  hp = r e l a t i v e  hyperchromicity  

open C irc le s  - s in g le  DNA co:co!eyec. 
f i l l e d  c i r c l e s  = mixed DNA c o in i e x e s .

D e s l one --- - . S I  
No  s l o p e  = - . 2 9  
L • s l o p e  = - . 2 3  

211 v a l u e s  + . 0 2  )

r a / - o  = 1 . 1 :  

L e /  Lo = .79



Cl. pe r f r ingens
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Cl. pe r f r ingens
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Figure 35. S e l e c t i v i t y  o f  Whole h is tone  binding 
to  Cl. p e r f r i n gens and c a l f  thymus 
DNAs.
hr /  ho = r e l a t i v e  hyperchromicicy 

open c i r c l e s  = s in g le  DMA complex 
f i l l e d  c i r c l e s  = mixed DNA complex

Figure 8 6 . S e ^ e c t iv i t y  o f  whole h is tone
binding tc  Cl. p e r f r i n oens and 
E. co l i  DMAs.

P o s lcpe  = - .2 7  P© si ope = - .27
P • si o d e  = - .32  P» slope = - .31
P. /  Pa =1.17 P .  /  Pa = 1.15



Cl. pe r f r ingens
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Figure 87. S e l e c t i v i t y  o f  whole h i s t c r e  binding to
S a l t ,  t r i s  r e c o n s t i t u t i o n .
hf / h 0  = r e l a t i v e  hyperchromi ci ty

open c i r c l e s  = s in g l e  DMA complex 
f i l l e d  c i r c l e s  = mixed DNA complex

M. lu teus

r
per f r ingens  and M_. 1 uteus DNAs.

P 0  s icpe  -  - .2 7
? •  s lope = - .3 1  P.  /  P# = 1.15
Le slope = - .32
L .  s lope = - . 2 4  L . / L e = .75

( a l l  values t  . 0 2 )



un i t  which in tu rn  s t a b i l i z e s  the h is tone  - h is to n e  and his tone-DNA 

hydrophobic a s s o c ia t i o n s  and leads to decreased s e l e c t i v i t y  f o r  the  

r e l a t i v e l y  more h ydroph i l ic  A*T p a i r s .



CHAPTER VI 

DISCUSSION

The b a s i c  assumption underlying the work descr ibed  here in  i s  t h a t  

in v i t r o  experiments  may reproduce some f e a tu re s  o f  the  in vivo chromatin 

system d e sp i t e  major d i f f e r en c es  in the packing and concen tra t ion  of  the 

g e n e t i c  m a t e r i a l .  Evidence t h a t  t h i s  assumption i s  nonetheless  va l id  

comes from experiments with in  s i t u  chromatin or whole c e l l s  o r  nuc le i  

which compare favorably  with in v i t r o  r e s u l t s .  For example, nuc le i  may 

be d ig e s t ed  with endogenous o r  exogenous nucleases  and the DNA product 

found to  conta in  fragments o f  d i s c r e t e  s i z e  c las ses  (45) .  The same 

r e s u l t  i s  observed when i s o l a t e d  chromatin i s  d iges ted  in v i t r o  (46).

When h i s to n e  c ro s s l i n k i n g  agents are admin is te red  to  whole c e l l s  or  

i s o l a t e d  chromatin ,  the  h is tone  dimers produced are i d e n t i c a l  in each case 

(38,  39). In a d d i t i o n ,  h is to n e  - h is tone  i n t e r a c t i o n s  in s o lu t io n  have 

been shown t o  favor  complexes of  the i d e n t i c a l  h i s tones  ob ta ined  in 

c ro s s l in k e d  form from nuclei  ( 2 8 -  32). These r e s u l t s  sugges t  t h a t  the 

h is tone-DNA and h i s to n e  - h i s tone  i n t e r a c t i o n s  occur r ing  in  chromatin 

in vi vo can be reproduced in v i t r o . The experiments descr ibed  in t h i s  

d i s s e r t a t i o n  r e p re se n t  an a ttempt to i n v e s t i g a t e  some of  the  dominant 

fo rces  involved in the  maintenance o f  chromatin s t r u c t u r e  by r e c o n s t i t u t i n g  

var ious  spec ie s  o f  h i s tones  to  DNA.

R econs t i tu ted  nuc leoh is tones  e x h i b i t  thermal p r o f i l e s  which are 

q u i t e  s i m i l a r  d e sp i t e  the  o r ig in  of the  DNA component. Each mel ting 

spectrum shows a low temperature  melt ing  band a s so c ia te d  with the 

h e l i x - c o i l  t r a n s i t i o n  of  f r ee  DNA, two melting bands a t  h igher  temperature
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r e p re se n t in g  the melting  o f  h is tone  - bound DNA, and a region of  i n t e r ­

mediate melting  o f  v a r i a b le  e x te n t  (63) .  The r e t e n t io n  of t h i s  general  

p a t t e r n  in a l l  the  nuc leoh is tone  complexes implies  a s i m i l a r i t y  in the 

h is tone-DNA i n t e r a c t i o n s  o f  each complex. In concer t  with the changes 

observed in the conformations o f  the  h i s tones  and DNA by c i r c u l a r  

d ichro ism, modif ica t ions  of  the melting p a t t e rn  of  the  nuc leohis tone  

complex have been used to  i n v e s t i g a t e  the  c h a r a c t e r i s t i c s  o f  the h i s t o n e - 

h i s to n e  and his tone-DNA i n t e r a c t i o n .  When h i s tones  H2A, H2B o r  H2 

(H2A+ H 2 B) are r e c o n s t i t u t e d  to  DNA the thermal dena tura t ion  p r o f i l e  

o f  each complex shows the four main thermal t r a n s i t i o n s  descr ibed  above. 

The H2A nuc leoh is tones  have r e l a t i v e l y  more in te rm ed ia te  melting than 

the H2B or  H2 nucleon s to n e s .  Of these  th ree  spec ies  o f  h i s to n e ,  H2A 

has the  g r e a t e s t  tendency to  s e l f  - i n t e r a c t  and aggregate .  Accordingly,  

the  A3 2 0  /  A^go values fo r  nuc leohis tone  H2A complexes prepared with o r  

without urea i s  g r e a t e r  than f o r  any o th e r  nuc leoh is tone  complex described 

here (Table 3).  Due to  the ex tens ive  s e l f  - i n t e r a c t i o n  i t  i s  no t poss ib le  

to  derive  a value f o r  the H2A n uc leoh is tones .  The cause of  the  la rge  

amount o f  melt ing observed between Tm and Tmll probably a r i s e s  from some 

a spec t  o f  t h i s  h i s to n e  -  h i s to n e  i n t e r a c t i o n .  When h i s to n e  H2B binds DNA, 

le ss  o f  the  nuc leoh is tone  i s  denatured in the  in te rm ed ia te  temperature  

range.  The ^  value fo r  nuc leoh is tone  H2B is  ca.  4.2 a a / n .  I t  should 

be noted t h a t  nuc leoh is tones  cons t ruc ted  with d i f f e r e n t  DNAs have r  vs.

F ( f r a c t i o n  o f  DNA bound) values which are  c o l i n e a r ,  i n d i c a t in g  a 

s i m i l a r i t y  in the  way the h is to n e  binds to  the mammalian and b a c t e r i a l  

n u c le ic  a c id s .  When h i s to n e  H2B is  reannealed to  DNA in the absence of 

urea the (b value o f  the  nuc leohis tone  i n c r e a s e s ,  i n d i c a t in g  an i n t e r -
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act ion  between h is to n e  molecules which allows a g r e a t e r  amount o f  p ro te in  

bound to a given segment o f  DNA. At the  same t ime,  the melting  temperature  

of  melt ing band I I I  decreases .  This may be due to  the  repu ls ion  between 

l i k e - c h a r g e d  amino acid  res idues  lead ing  to  a decrease in the  e x t e n t  of 

n e u t r a l i z a t i o n  of  the  DNA phosphates.  P r io r  to  annea l ing ,  the  DNA and 

h is to n e  are  in a high s a l t  environment which precludes  b inding and reduces 

the e f f e c t  o f  l i k e - c h a r g e  repu ls ion  on the h i s to n e .  The high io n ic  

s t r e n g th  o f  the  medium a lso  i n t e n s i f i e s  hydrophobic in t r am o lecu la r  and 

in te rm o le c u la r  i n t e r a c t i o n s .  A decreas ing  s a l t  g rad ien t  allows h i s t o n e - 

DNA b ind ing ,  however, the  p ro te in  has bound the  DNA in a more compacted

s t a t e .  Fur ther  decreases  in the  io n ic  s t r e n g th  o f  the medium coupled with

the hydrophobic microenvironment o f  h i s tones  w i th in  the DNA h e l i x  serve 

to  magnify the repu ls ion  of  those charged re s idues  not f u l l y  n e u t r a l i z e d  

by complexing. Thus the h is tone  is  not ab le  to  s t a b i l i z e  the DNA to as 

high a temperature  as i f  i t  had bound the  DNA whi le  in a urea - induced, 

re laxed  random coi l  conformation.  Examination of  the m̂  values o f  the 

minus -  urea complexes shows a reduction in the  a b i l i t y  o f  those re s idues  

in ordered secondary s t r u c t u r e s  to deform the  DNA r e l a t i v e  to  p l u s - u r e a  

complexes. Evidently  they are more involved in h is to n e  - h i s tone  r a t h e r  

than h is tone-DNA i n t e r a c t i o n .  The CD s p e c t r a  o f  the H2B nuc leoh is tone  

suppor t  t h i s  conclus ion .  In the  minus - urea complexes,  th e re  i s  more 

secondary s t r u c t u r e  observable  in the  region o f  p ro te in  response ( 2 0 0  nm -

250 nm) bu t  le ss  reduc t ion  of  the  275 nm peak amplitude which would

in d i c a t e  a B form to  C form t r a n s i t i o n .

S im i la r  e f f e c t s  are observed in H2 nuc leoh is tones .  When r e c o n s t i t u t e d  

in 5 F! urea ,  2M NaCl, NaEDTA, nuc leoh is tone  H2 e x h ib i t s  a thermal de- 

n a tu r a t i o n  p r o f i l e  whose shape i s  q u a l i t a t i v e l y  s i m i l a r  to  t h a t  o f  chromatin,
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although the melting  temperatures  in nuc leoh is tone  H 2 are e l e v a te d .

The CD spectrum of  the H 2  nuc leoh is tone  a lso  displays  f e a tu re s  s i m i l a r  

to  the  CD o f  chromatin ,  namely a la rge  negative  trough near  220 nm and 

a reduced 275 nm p o s i t i v e  peak. When h is tone  H2 is r e c o n s t i t u t e d  to  

DNA from 2 M NaCl, NaEDTA, however, the  Tmlll thermal t r a n s i t i o n  i s  

s eve re ly  reduced, and, while more secondary s t r u c t u r e  i s  ev iden t  in the  

CD spectrum, less  o f  a B to  C deformation i s  observed in the  Tong wave­

length region.  As with nuc leohis tone  H2B the  value o f  the  m in u s - 

urea complex is  inc reased  r e l a t i v e  to  the p l u s - u r e a  r e c o n s t i t u t e .  This 

may be due to  the  tendency o f  the s l i g h t l y  l y s i n e - r i c h  h is to n e  p a i r  to

form oligomers ,  (H2A - H2B) , in s o lu t io n  (42) .
n

The md values o f  H 2 B, H 2 A and H 2 a l l  decrease in minus - urea 

complexes r e l a t i v e  to plus - urea complexes. The amount of  reduc t ion  in 

the Â 0 -.0 /  -^£0 response to inc reases  in secondary s t r u c t u r e  (monitored
<L /  O CHD

a t  220 nm) decreases  in the order  H2B (140% decrease) >  H2A (80% de­

crease)  > H 2 (14% decrease ) .  This in d i c a t e s  t h a t  the binding  to  H 2 B to 

DNA is  high s a l t  i s  m o re -d i f f e ren t  from i t s  binding in s a l t  - urea than 

the binding o f  H 2 A or  H2 which c h a r a c t e r i s t i c a l l y  have more hydrophobic 

n a tu re .  This i n t e r p r e t a t i o n  i s  supported by the f ind ing  t h a t  the 

formation of  a complex of the s l i g h t l y  l y s i n e - r i c h  h i s tones  induces 

a d d i t io n a l  secondary s t r u c t u r e  in one or both members o f  the  complex (32).  

Furthermore,  the r e c o n s t i t u t i o n  of  nuc leohis tone  H2 in s a l t  - urea  - p h o s - 

phate r e s u l t s  in a 2 2 % inc rease  in the  a b i l i t y  o f  those hydrophobic 

res idues  involved in regions  o f  ordered secondary s t r u c t u r e  to  induce the 

B to  C t r a n s i t i o n  in DNA. Presumably, in the  s a l t  - urea - phosphate 

medium the h i s tones  are  d iso rde red .  Lowering of  the  s a l t  concen t ra t ion  

allows binding bu t  in an extended form due to  the presence o f  urea .  When
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the  urea is  d ia ly sed  away the  hydrophobic re s idues  respond to the  e f f e c t  

of  phosphate b u f f e r  which induces regions  o f  ordered secondary s t r u c t u r e .  

These lo c a l i z e d  hydrophobic regions  may now i n t e r a c t  bu t  in  doing so 

they deform the  DNA to which they are anchored. Ev iden t ly ,  the  hydro- 

phobic i n t e r a c t i o n s  which occur a f t e r  the h is tone  has bound the DNA 

c o n t r ib u te  more to  the  d i s t o r t i o n  of the B form s t r u c t u r e  while  those  

hydrophobic i n t e r a c t i o n s  which take place  p r i o r  to  binding have a g r e a t e r  

e f f e c t  on the conformation o f  the  h i s to n e .  When the  H2 h is tone  p a i r  

is  complexed with DNA by d i r e c t  mixing in low io n ic  s t r e n g th  b u f f e r  the 

h is tone  and DNA i n t e r a c t  i r r e v e r s i b l y  and i o n i c a l l y .  The r e s u l t  i s  t h a t  

al though la rge  amounts o f  h e l i x  or  be ta  type s t r u c t u r e s  are  ev iden t  

in the  CD s p e c t r a ,  l i t t l e  change in the  DNA conformation i s  observed.

I f  the h is tones  and DNA are  d is so lved  in a b u f fe r  o f  p hys io log ica l  

io n ic  s t r e n g th  (0.15 M NaCl) p r i o r  to  complexing s i g n i f i c a n t  conforma­

t io n a l  d i s t o r t i o n  o f  the DNA occurs although the amount of  p ro te in  

secondary s t r u c t u r e  in the  complex i s  much less  than in the complexes 

made by d i r e c t  mixing a t  low i o n i c  s t r e n g t h .  Once the 0.15M NaCl i s  

d ia ly sed  away, hov/ever, the  e f f e c t  o f  the h is tone  on the DNA conforma­

tion decreases s eve re ly  whi le  the  conformation of  the h is to n e  i s  a l t e r e d  

from one con ta in ing  s i g n i f i c a n t  amounts o f  beta  s t r u c t u r e  to a con­

formation s i m i l a r  to t h a t  found in complexes prepared by low io n ic  

s t r e n g th  d i r e c t  mixing, i . e . ,  alpha h e l ix  and random c o i l .  These r e s u l t s  

i l l u s t r a t e  the dynamic na tu re  o f  the conformation of  the  h i s to n e .  Fur ther  

evidence f o r  t h i s  conclusion comes from nucleohis tone  H2  complexes 

prepared in  the absence of  urea but mixed with urea a f t e r  annea l ing .  

Although urea causes no n e t  s h i f t  o f  p ro te in  from one bound DNA region 

to  an o th e r ,  the  conformation of  the  bound h i s to n e  i s  a l t e r e d  so t h a t  on
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removal of  the urea and thermal dena tura t ion  of  the complex the de­

creased  s t a b i l i t y  o f  the h is tone  - bound DNA regions  i s  apparent.  Evident­

ly the h is tone  in t e r a c t i o n s  which occur during the o r ig i n a l  minus - urea 

r e c o n s t i t u t i o n  are  o f  a s t a b l e  na tu re .  Dis ruption o f  these  i n t e r a c t i o n s  

while the  h is tones  are  bound may allow some freedom o f  motion in the DNA 

h e l i x .  On urea removal the h is tones  are no longer able  to r e e s t a b l i s h  

those a s so c ia t io n s  which promote the  s t a b i l i t y  o f  DNA binding.

As the decrease  in m̂  values and the  ion ic  n a tu re  of  the  h i s t o n e - 

DNA binding follows the  s e r i e s  H2B > H 2 A  > H2 , so does the s e l e c t i v i t y  

o f  each h is tone  spec ies  fo r  A + T - r i c h  DNA. The s e l e c t i v i t y  values are 

H2B = 1.93,  H 2 A = 1 . 5 ,  H2 = 1 .3 2 .  This sugges ts  t h a t  an A+T p a i r ,  

which binds two a d d i t io n a l  moles o f  water r e l a t i v e  to  a G + C p a i r ,  might 

r e p re se n t  a less  hydrophobic environment than a G + C p a i r  and so i s  

p r e f e r e n t i a l l y  bound by the  H2B h i s to n e .  As the io n ic  n a tu re  of  the  

b inding decreases ,  so does the A + T s e l e c t i v i t y .  As expec ted ,  the  

s e l e c t i v i t y  o f  s l i g h t l y  l y s i n e - r i c h  h is tone  binding decreases  when the 

r e c o n s t i t u t i o n  i s  performed without urea.  The inc reased  io n ic  n a tu re  of  

the medium magnifies hydrophobic i n t e r a c t i o n s  and decreases  the io n ic  

i n t e r a c t i o n s  lead ing  to  s e l e c t i v i t y .  The decrease  in the H2B s e l e c t i v i t y  

i s  ca.  40% while the decrease  in H2 s e l e c t i v i t y  i s  ca.  12%, presumably 

r e f l e c t i n g  the d i f f e r e n c e  in the inhe ren t  hydrophobic c h a r a c t e r  of t h e i r  

DNA binding.

When the  a rg in ine  - r i c h  h is tones  H 3 and H 4 a re  added to  the  

s l i g h t l y  l y s i n e - r i c h  h i s tones  to form the w ho le -H  1 h is to n e  f r a c t i o n ,  

the c h a r a c t e r i s t i c s  o f  the nuc leoh is tone  formed between DNA and these  

h i s tones  are s i g n i f i c a n t l y  d i f f e r e n t  from H2 nuc leo h i s to n es .  The most 

no tab le  r e s u l t  may be t h a t  the  thermal dena tu ra t ion  p r o f i l e s  and CD
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s p ec t ra  of  the  whole -H 1 nuc leoh is tones  do not reproduce those o f  

chromatin.  The jb value f o r  complexes prepared in urea i s  ca.  6 a a / n .

This i n d i c a t e s  s i g n i f i c a n t  h is to n e  - h is to n e  a s s o c ia t i o n s  in the  bound 

DNA reg ions .  When whole - H 1 i s  r e c o n s t i t u t e d  t o  DNA in the  absence of 

urea or in a s a l t  - urea - phosphate r e c o n s t i t u t i o n  the value o f  the 

complex decreases .  This behavior i s  ex ac t ly  opposite  t o  t h a t  o f  the  H2B 

or  H2 n u c leo h i s to n es .  A p l a u s ib le  explana t ion  may be t h a t  during a 

s a l t  - urea - t r i s  r e c o n s t i t u t i o n  the h is tones  bind the DNA coopera t ive ly  

and during removal o f  the urea n o n sp ec i f ic  h is to n e  - h is tone  aggregations  

occur as evidenced by the g r e a t e r  amount o f  p ro te in  secondary s t r u c t u r e  

observed in plus - urea r e l a t i v e  to minus - urea whole - H I  nuc leoh is tones .  

Thus, the  binding o f  the  h i s tones  in the form o f  a d i s so c ia te d  complex 

r e s u l t s  more in t h e i r  d i s t o r t i o n  than in the  d i s t o r t i o n  o f  the  DNA.

When w ho le -H  1 h i s tones  are d is so lved  in s a l t  w i thout  urea the h is tones  

aggrega te ,  but only to  a f i n i t e  l i m i t ,  a t e t r a m e r  (34) .  This s t a b l e  

s t r u c t u r e  now deforms the DNA as i t  binds r a t h e r  than being deformed i t ­

s e l f .  Consonant with the r e s u l t s  o f  Weintraub e t  a l .  (34) i t  i s  found 

t h a t  the  w ho le -H  1 h i s to n e  complex i s  in the same conformation f r ee  

in 2M NaCl s o lu t io n  or  bound to  DNA a f t e r  m in u s - u r e a  r e c o n s t i t u t i o n .  

Fur ther  evidence fo r  the  s t a b i l i t y  o f  the  whole-H 1 te t ram er  is  

p resen ted  by experiments in which the whole-H 1 h is to n e  f r a c t io n  i s  

sub jec ted  to d i s s o c i a t i o n  in 5M urea ,  2M NaCl followed by removal of 

the urea p r i o r  to  the  s a l t  g r a d ie n t .  The whole -H 1 h is to n e  complex 

reforms and binds to  DNA to  y i e l d  nuc leohis tones  with physica l  p ro p e r t i e s  

v i r t u a l l y  i d e n t i c a l  to  the minus - urea r e c o n s t i t u t e .  The explana t ion  

f o r  the  decrease  in the  j3 value o f  w ho le -H  1 nuc leohis tones  r e c o n s t i t u t e d  

without urea o r  with urea in  the presence of phosphate b u f f e r  i s  t h a t  a 

l i m i t  i s  p laced  on the  e x t e n t  o f  aggregation  o f  the  h i s tones  in the
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l a t t e r  complexes. This d i f f e r s  from the response o f  the s l i g h t l y  l y s in e  -

r ich  h i s tones  to  r e c o n s t i t u t i o n  without urea s ince  these  h is tones  are

be l ieved  to  form oligomers in so lu t io n  (42) .  When whole -H 1 h is tone

i s  r e c o n s t i t u t e d  to  c a l f  DNA in the presence o f  urea two thermal
o o

t r a n s i t i o n s  are  ev iden t  between Tm and Tmll,  a t  70 C and 79 C. In 

minus - urea r e c o n s t i t u t i o n s  the 70°C peak d isappears  while the  79°C peak 

i s  enhanced. I f  these  t r a n s i t i o n s  may be a t t r i b u t e d  to DNA conformational 

changes then the  binding o f  whole-H 1 to  DNA in the  absence o f  urea 

must al low a deformation o f  the  DNA by the  h is tone  which i s  more s t a b l e  

to  hea t  d i s ru p t io n  than those  conformational changes induced in urea.

When whole -H 1 i s  r e c o n s t i t u t e d  to  DNA in the presence o f  phosphate 

b u f f e r  both the Tmll t r a n s i t i o n  a s s o c ia t e d  with the b inding o f  the 

hydrophobic h a l f  - molecule and the 79°C in te rm ed ia te  melt ing t r a n s i t i o n  

a re  i n t e n s i f i e d  as w e l l .  This exp lana t ion  i s  supported by the observa­

tion from CD s p e c t r a  t h a t  the values o f  minus - urea and s a l t - u r e a - 

phosphate complexes are s i g n i f i c a n t l y  in c reased  over the m̂  value o f  the 

pi us - urea complex.

The d ev ia t io n  in s e l e c t i v i t y  values between p l u s - u r e a  and m in u s - 

urea whole -H 1 nuc leoh is tones  (4%) i s  even sm a l le r  than f o r  h is to n e  

H2 nuc leoh is tones  (12%). This implies t h a t  the d i f f e r e n c e  in the  e x te n t  

of  hydrophobic h i s to n e  - DNA binding in  who le -H  1 complexes i s  s i m i l a r  

withe or w i thou t  urea.  Since urea d e s t a b i l i z e s  hydrophobic bonds but has 

l i t t l e  apparen t  e f f e c t  on the  s e l e c t i v i t y  o f  the whole -H  1 f r a c t i o n  i t  

may be t h a t  in the  presence of  urea we see the  sum o f  the  s e l e c t i v i t i e s  

o f  the s l i g h t l y  l y s i n e - r i c h  and a rg in in e  -  r ich  h i s tones  which tend to 

n e u t r a l i z e  each o t h e r ,  al though o the r  exp lana t ions  are p o s s ib le .
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The f a c t  t h a t  the whole -H 1 nuc leohis tones  do not show the same 

melting p r o f i l e s  and CD sp e c t r a  as chromatin deserves mention. Weintraub 

e t .  a l .  (34) have r e c o n s t i t u t e d  whole -H 1 h is to n e  to  DNA by s a l t  d i a l y s i s  

and found t h a t  the  p a t t e rn  o f  nuc lease  - r e s i s t a n t  DNA fragments in  the 

complex i s  the  same as derived from the  nuclease  d iges t ion  of  chromatin.  

This r e s u l t  suggests  t h a t  although the  w h o l e - H I  complex may be annealed 

to  DNA in such a way as to  allow the  c o r r e c t  spacing between w ho le -H  1 

un i ts  and the c o r r e c t  exposure o f  the  DNA to  exogenous n u c lea se s ,  o the r  

agents are  req u i red  to  achieve the proper d i s t o r t i o n  of the  h is to n e  and 

DNA conformations observed in chromatin.  One o f  these  agents may be the  

ly s ine  - r ich  h i s to n e  H 1 .

The urea r e c o n s t i t u t e d  complexes o f  c a l f  DNA with whole h i s to n e  

( H I ,  H2A, H 2B ,  H 3 ,  H 4 )  show thermal dena tura t ion  p r o f i l e s  and CD 

s p ec t ra  which are  s i m i l a r  to those o f  c a l f  thymus chromatin. In a d d i ­

t i o n ,  the p  value o f  these  complexes, 3.7 a a / n ,  i s  the  same as the  

value of  chromatin (76).  The temperature  of  the  thermal t r a n s i t i o n s  o f  

the whole h i s to n e  nuc leohis tones  are  s t i l l  h igher  than those  observed in 

chromatin ,  however. Some i n s i g h t  i n t o  the fo rces  r e spons ib le  f o r  t h i s  

e f f e c t  i s  ga ined when nuc leoh is tone  p u r i f i e d  from chromatin and r e ­

c o n s t i t u t e d  whole h is tone  nuc leoh is tone  are melted in 5M urea .  Under 

these  cond i t ions  the  melting  p r o f i l e s  o f  both samples are  v i r t u a l l y  

i d e n t i c a l  both in shape and in  the temperatures  o f  each melt ing band. I t  

i s  impl ied ,  t h e r e f o r e ,  t h a t  under cond i t ions  where the hydrophobic 

forces  o f  each nuc leoh is tone  a re  broken,  both samples behave i d e n t i c a l l y .

I t  appears l i k e l y  then t h a t  the  bas is  f o r  the e leva ted  melting  temperatures  

observed in whole h i s tone  nuc leoh is tone  and poss ib ly  h is tone  H 2 nuc leo ­

h i s tone  i s  the  absence o f  those hydrophic forces  which,  in chromatin ,
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d e s t a b i l i z e  the  DNA r e l a t i v e  to  r e c o n s t i t u t e d  nuc leoh is tone .  I t  should 

be r e c a l l e d  t h a t  in whole h is to n e  nuc leohis tones  as well as H2A, H2B,

H2 and w ho le -H  1 complexes,  exclusion of  urea from the r e c o n s t i t u t i o n  

mixture and the  concomitant enhancement o f  hydrophobic fo rces  lowers the 

tempera ture  o f  the  h ig h e s t  melting  t r a n s i t i o n .  Fur ther  evidence f o r  the  

ro le  of hydrophobic fo rces  in the  maintenance o f  chromatin s t r u c t u r e  comes 

from d i rec t -m ix ing  r e c o n s t i t u t i o n  in  0.15M NaCl. Large reduc t ions  in 

the p o s i t i v e  CD peak near  275 nm are observed in these  complexes. 

Equivalent reduct ions  in the  value 4 ^ 2 7 8  ^ ” ^ 2 4 6  were observed by 

Ivanov e t  a l . (98) in 80% NleOH /  Ĥ O in 0.1M NaCl. The requirement fo r  

a so lven t  of such low p o l a r i t y  and the induction o f  s i m i l a r  changes by 

h is tones  in aqueous s o lu t io n s  o f  s i m i l a r  s a l t  concen t ra t ion  suggests  th a t  

the microenvironment of  the  h is tone  - DNA aggregate  i s  considerab ly  le ss  

p o l a r  than t h a t  o f  the medium a t  l a rg e .  When the 0.15 M NaCl is  

d ia lysed  out of  the medium, the  DNA o f  the  whole nuc leoh is tone  re v e r t s  

towards the  normal B form. This implies  t h a t  hydrophobic forces  in  

add i t ion  to  those  suppl ied  by the h i s to n es  a re  requ i red  to achieve the 

d i s t o r t i o n  o f  the DNA observed in  chromatin.

The r e c o n s t i t u t i o n  o f  whole h i s to n e  to  DNA in  the  absence or presence 

o f  urea does not a l t e r  the  a b i l i t y  o f  the hydrophobic h i s to n e  res idues  to 

e f f e c t  changes in  the  DNA conformation.  This i s  probably a r e f l e c t i o n  

o f  the  s t a b i l i t y  o f  the whole h i s to n e  complex and impl ies  t h a t  the 

ind iv id u a l  h i s to n e  c o n s t i t u e n t s  may s t i l l  i n t e r a c t  with each o th e r  as 

they bind the  DNA, even in the presence of  urea .  Also i t  i s  noted t h a t  

the presence or  absence of  urea has not e f f e c t  on the s e l e c t i v i t y  of  

whole h is to n e  binding.

Although the  r e s u l t s  o f  many experiments on the  phys ica l  p ro o e r t i e s
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o f  hi stone:DNA complexes suqqes t  the  involvement o f  hydrophobic fo rces  

in  the  de te rm ina t ion  o f  the  c h a r a c t e r i s t i c s  o f  the  nuc leoh is tone  complex 

th e  view t h a t  hydrophobic fo rces  play a r o l e  comparable in mapnitude 

t o  t h a t  o f  the  ion ic  fo rce s  w i th in  the  p r o t e i n : n u c l e i c  ac id  u n i t  i s  

s t i l l  h iqhly  specu la t iv e .T h e  prime conclus ion to  be drawn from t h i s  work 

i s  t h a t  the  ba lance  o f  io n ic  and hydrophobic fo rce s  wi th in  the  h is tone  

subuni t  and w i th in  the  histone:DNA complex determines the  h is tone  and 

DNA conformations as well  as the  s t a b i l i t y  o f  the  p r o t e i n t p r o t e i n  and 

protein:DMA i n t e r a c t i o n s .  A l t e r a t i o n s  of  these  fo rce s  due to  chanpinn 

environmental  co n d i t io n s  (pH, s a l t ,  d i e l e c t r i c  cons tan t )  o r  covalent  

m odif ica t ion  o f  the  h i s to n e s  w i l l  n e c e s s a r i l y  chanoe the  p ro p e r t i e s  o f  the  

nucleohi s tone .
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