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Summary. - -  The paper reports a thermal denaturation analysis of calf thymus DNA 
associated ~¢¢ith synthetic basic peptides (di-, tri-, and tetra-) including the X-X structure 
(basic doublet, X = Arg of Lys) which appears to be characteristic of the primary struc- 
ture of all the known histones. 

Analogies in thermal behaviour between peptides with a basic doublet structure and 
aliphatie diamines of the series H_oN--(CH._,),,--NH.,, suggest that a positive doubly charged 
structure :of defined length is crucial for the interaction with double stranded DNA. 

A model is proposed for the interaetion between hiMones and DNA on the basis of the 
above-mentioned intereharge distance requirement (diamine model), which is detailed 
in the case of the arginine-rieh histone F2al. 

The role of the enzymatie acetylation and deacetylatiou of specific lysine residues in 
~he case of arginine-rich histones is discussed in terms of the described diamine model. 
A possible role of the residue His 18 of histone F2al is considered in connection with 
this model. 

Proton magnetic resonance studies of DNA associated with two model compounds, 
malouetine (a steroidal bis quaternary ammonium salt) and histidinamide, demonstrate 
lhat accurate description (magnetic, thermodynamic and kinetic) of the complexes can 
Oe obtained. 

Preliminary results, using the analytical ultracentrifugation technique, in the case of 
some diamine complexes with circulary elosed PM2 DNA are also reported. 

INTRODUCTION. 

Knowledge  of histon, e-DNA in terac t ions  is 
impor tan t  because of its re la t ion to ch~romosome 
s t ructure  and gene regulat ion in h igher  organisms.  
Although the i r  funct ion is not p~ecisely under-  
stood, histon~es are thought  to be involved  in the 
control  of ~enetic act ivi ty.  It has  been poin ted  out 
that  the role of his tones  is not mere ly  to cover  spe- 
cific por t ions  of DNA to be repressed  wi th  respect  
to p~rotein synthesis,  but also to help DNA to adopt  
prec ise  conformat ions ,  such as those found in 
chromaf in  and chromosomes  [1]. In fact, both 
aspects, funt ional  and structural ,  are cer ta in ly  
deeply in te rconnec ted .  

(*) Contribution n ° 2 from the Equipe de Recherche 
n ° 140 (C.N.R.S.). This work was presented by one of 
us (J.P,) at the Symposium on Chromosome Structure, 
organized by the Soci~td de Chimie Biologique and the 
Ddl~gation h la Recherche Seientifique el Technique, 
Strasbourg, 6-Tth april 1974. This investigation was 
supported in part by the D~'l~gation G~n~rule h la 
Recherche Scientifique et Technique (Convention 
n ° 73,7.1184). 

(**) Permanent address : Instituto de Biologia Fun- 
damental, Universidad Autonoma de Barcelona, Spain. 
Financial support from the C.S.I.C. (Spain) is greatly 
acknowledged. 

The  complex  chemica l  composi t ion  of chromo- 
t in has so fa, r prevanSed a de, ai led unders tand ing  
of i:ts or~a,n,isa~i'o'n .and functi,on. A descr ip t ion  of 
its gross org~nisati.on has l~oen .obtained through 
electron mic roscopy  [2, 3] and  X-ray dif f ract ion 
studies [4, 5]. 

It  appears  that  DNA adopts a ,tertiary s t ructure  
by folding long stretches of double s t randed DNA 
into more  or less regular  s t ructure  (for a discus- 
sion see J. A. Subirana  in the present  Symposium, 
and refs 6 and  7). The d is t r ibut ion  of his tones  on 
the DNA in chromat in  still remains  obscure.  The 
main ta inance  of ,the folded s t ructure  of DNA 
appears  to b.e related to the presence  of definite 
classes of his tones in the complex  (essentially the 
~rginine r ich  h~stones F2a l  a n d  F3) [4]. 

The heterogen, eity in amino acid d is t r ibut ion  
along the seqt~ences of his tones cer ta in ly  corres-  
ponds to a mul, t iple funct ional i ty  of the var ious  
pro te ins  in the chromat in  : DN~A binding,  prote in-  
pro te in  in teract ion,  enzyme recogni t ion,  so that  
definite regions of these pro te ins  could play dis- 
t inc t  roles in the chromat in  [8]. The study of 
model  in terac t ions  be tween  DNA and chromoso-  
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mal pro te ins ,  p ro t e in  f ragments  as wel l  as synthe-  
t ic  pep t ides  appea r s  the re fore  to be a poss ib le  
a p p r o a c h  to the desc r ip t ion  of ch roma t in  organi-  
zati+o.n [9-12]. 

In the p re sen t  s tudy,  r ep resen ta t ive  pep t ide s  of 
the p r i m a r y  s t ruc ture  of histories have been selec- 
ted. Tlrese inc lude  bas ic  pep t ides  (di-, t r i  and  
tetra-)  w i t h  the  X-X s t ruc ture  (basic doublet ,  
X = Arg or Lys) a n d  amino  ac id  ~er ivat ives .  
The i r  associa t ion  w i t h  D'NA has  been s tud ied  by  
the rmal  dena tu ra t ion  and p ro ton  NMR. The in ter -  
ac t ion  be tween  DNA and histon:es in the ch roma t in  
appea r s  to inc lude  not only  e lec t ros ta t i c  forces  
be tween  the negat ive ly  cha rged  DNA ph~osphates 
and .the bas ic  groups  of the p ro t e ins  but  also the 
p a r t i c i p a t i o n  of lower  ene rgy  in t e rmo lecu l a r  
forces  such as hyd rogen  bond ing  and h y d r o p h o b i c  
in te rac t ions  [13]. The la t ter  could  be i,nvolved in 
processes  of specif ic  loca t ion  of a given p ro t e in  
ins ide  the DNA-prote in  complex,  th rough  in ter -  
ac t ion betw.een nucleot ides  and amino  ac id  resi-  
dues. 

NM~R has p roved  to be ve ry  va luable  fo~ the des- 
c r ip t ion  of molecu la r  comptexes  in terms of in ter -  
molecu la r  forces  (,electrostatic cohlesion, h y d r o g e n  
bondi~ng, h y d r o p h o b i c  con.tact). In te rac t ions  stu- 
dies of DNA and  pro te ins ,  p ro te in  f ragments  and  
pep t ides  trave been repo~rted us ing  this  t echn ique  
[14-19]. The N~.R analys is  of tire DNA-malouet ine  
system (chosen because  of i.ts analogy w i th  the 
pep t ide  bas ic  doublets)  r e p o r t e d  in this  s tudy has  
1.ed to ,the full cha~acterizati .on of the  complex.  

The appea rance  of a D'NA t e r t i a ry  s t ruc tu re  in 
ch roma t in  is ce r t a in ly  re la ted  to local  changes  of 
the  DNA seconda ry  s t ruc ture  i nduced  by  his tone-  
DNA in te rac t ions .  A p rec i se  example  of confornla-  
t ional  dependence  be tween DNA t e r t i a ry  strnctu~e 
and a local ized a l t e ra t ion  in the  s econda ry  struc-  
ture is af forded by  tire in te rac t ion  be tween  in ter -  
ca la t ing  l igands  and sup,ercoiled ci, rcula,rly c losed 
DNA's [20, 21]. I~t has  been suggested that  super-  
coiled,  but  not nrecessarily ci~rcular DNA, is invol-  
ved in s t ruc tu ra l  and  func t iona l  uni t s  in the chro-  
mosomes of h ighe r  organisms  [1J. The s tudy of 
model  in te rac t ion  betvceen c i r cu l a r ly  c losed DNA's 
and pur i f ied  ch romosomal  componen t s  o r  analogs 
appea r s  therefore  to be re levant  to the s tudy  of 
c l r romat in  organiza t ion .  Detai ls  of the in4eract ion 
betvceen SV40 DNA and historic F2al  have a l r eady  
been publ i shed  [~2]. An analys is  of the  b i n d i n g  of 
two a l ipha t i c  d iamines  (H2NL--(C,H2)n--NH2,  n = 

10 and 12) and decame thon ium to bac te r iophage  
PM2 DNA is r e p o r t e d  us ing ana ly t i ca l  u l t r acen t r i -  
fugation.  These d ica t ion ic  l igands  we re  se lected 
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because  of s t ruc tu ra l  analogies  wi th  defined 
sequence regions  of histories.  

MATERIALS AND METHODS. 

1 - -  Preparation of DNA samples. 

Gulf thymus  DNA was  p r e p a r e d  fo l lowing the 
c lass ical  me thod  of Marmur  [23J. Ul t rason ic  
degrada t ion  of a DNA solut ion (1 m g / m l )  in 
0.017 M sod ium c i t ra te  pH 6.5 con ta in ing  0.15 M 
NaC1 was  c a r r i e d  out, us ing  a 100 wa t t  MSE ul t ra-  
sonic  desintegrato,r  for  10 mn at 4°C. DNA was 
precipi ; ta ted by  a d d i n g  two volumes of cold e tha-  
nol 95 ° and  cent r i fuged.  After  d ry ing  ,exhaustively 
unde r  v, acuum, son ica ted  DNA was r ecove red  wi th  
a 92 p. cent  yield .  

Bac te r iophage  PM2 DN+A was  k i n d l y  p r o v i d e d  
by  Dr. B. R6v~t ~Institut de Recherch,  es Scient i -  
fiqt~es sur le Cancer,  Villejuif,  F rance ) .  All  p r e p r a -  
t ions  used h~er.e con ta ined  more  than  80 p. cent 
c losed c i r cu l a r  molecules .  DNA samples  we re  
cha rac t e r i zed  by  s t a n d a r d  hydrodyn ,  amic  as wel l  
as op t i ca l  p r o p e r t i e s  (see l~esults). DNA concen-  
t ra t ions  we re  d etexmin, ed by  absorb  ance measure-  
ments  at 2,6+0 mn. A valu,e of A o6o = 20.0 for  1 mg 
DNA/ml  was  adopted .  

2 - -  LIGANDS. 

Aliphatic amines. Commercial reagents (Fluka, 
Buchs, Switzerland) were used without further 
purification. All amines not already supplied as 
salts (diamin.es H2N--(CH2) n -- NH 2 with n 
3, 7, 8, 9, 10, 12 as well as ]-aminopentane) wez'e 
dissolved in spectral grad methanol and neutrali- 
zed exactly using a methan,olic HCI solution. 
Exhaustive drying under wcuum afforded the cor- 
responding hydrochlorides. 

Quaternary ammonium salts. Decamethon ium 
b r o m i d e  was  a commerc ia l  ,reagent (Fluka).  
Malouet ine chlor ide ,  a b i s -qua te rna ry  s te ro ida l  
ammonium salt,  was k i n d l y  p r o v i d e d  by  Dr. F. 
Khuong-Huu Lathed. (I, ns t i tu t  de Chim4e des Sub- 
s tances Naturel les ,  Gif, Erance) .  Peptides and 
derivatives. Lys-Lys  t r i ace ta te  and Arg-Lys diace-  
tare commerc ia l  p r o d u c t s  f rom Cyclo Chemical  
(U.S.A.) w,ere pro:tried by  c h r o m a t o g r a p h y  us ing a 
Dowex 50-X4 i,onic exchange  resin.  Ac-Gly-Arg- 
Arg-GlyOCrH.~ d i h y d r o c h l o r i d e  (pept ide  I) and 
Ac-GIy-Arg-GlyOCH 3 h y d r o c h l o r i d e  (pept ide  II)  
we re  syn thes ized  by  means  of the Mevrifield solid 
phase  t echn ique  [24] us ing c lass ical  I~eagents and 
p ro tec t ive  groups  ( ' ) .  The  final pu r i t y  of both  syn- 

(+) Full details will be published elsewhere. 
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thetic peptides was checked by paper  electropho- 
rests, chromatography,  amino-acid  analysis  and 
field desorpt ion mass spectrometry [25]. Hist idina-  
mide hydroch lor ide  was a gift f~rom the Centre d.e 
Bioch~mie Macromol6cutaire (C.N.R.S., Montpel- 
lier, France) .  

Li~ands w~ere dissolved in appropr ia te  buffer 
solutions and their  eoncent ' rat ion was  determined 
either by weighing  or by amino  acid analysis  in  
tl~e case of peptides. 

3 - -  PnocnDunEs. 

Thermal  denatt~ration studies of ligand-DNA 
complexes were car r ied  out using a 2 mM phos- 
phate buffer pH 6.9 (room temperatt~re) 0.02 mM in 
Na2-EDTA, and  0.075 mM DNA-P. Complexes were 
pr, epared by mix ing  0.15 mM DNA-phosphate 
(DNA-P) and  var iable  concent ra t ions  of a given 
l igand in  equal  volumes. Controls at 400 nm were 
performed in  order to detect any  con t r ibu t ion  of 
the tu rb id i ty  effect to the measured absorbance.  
Measurements were  carr ied  out at 258 nm using a 
Gilford 2400 spect, rophotometer  equipped wi th  a 
variabke tempera ture  device. A l iaear  tempera ture  
increase of 0 .4° /mn was maintain~ed between 
25°C and  100°C. Solutions were previously satura- 
ted wi th  wet  he l ium gas before t ransfer  to cuvet- 
tes. Four  cells w,er,e used in the spectrophotometer  
block, on(e conta in ing  phosphate  buffer only, an 

other a DNA solution in  order  to define T ° (mel- 
t ing tempera ture  of fre.e DNA). The two r ema in ing  
were f,~lled wi th  l igand-DNA complexes of different 
R~ ratios (number  of l igand posi t ive charges per  
number  of DNA-phosphate negative charges ; R 
denotes the mol~ar ¢atio). No correct ion for volume 
expansion was inc luded  at this stage. All thermal  
t rans i t ion  curves are d,escribed by means of three 
parameters  : (i)hH25s, maximal  hyperchromic i ty  
at 2:5~8 nm represen t ing  the f ract ion of the total 
absorbance change from the reading  at room tem- 
perature  (ca 22°C) to the high- temperature  plateau 
valu, e (at any temper.ature, hyperchromic i ty  is 
d~fined as H:58 (t) = 100 x [A25 s (t °) - -  A258 (22°)/ 
A25 s (22°)] (it) Tm, melt ing temperatuce in  d, egrees 
cor responding  to the t rans i t ion  mid-poin t  tempe- 
rattme, so that  H2~ s (Tin) ---~ AH25s/2 ,and (iii)~1/~, 
tr,ansition half -width  in  degrees measured bet- 
ween  0.25 and  0'.75 of maximal  hyperchromic i ty .  
For  ,each R~ value, the v,ariation of mel t ing  tem- 
peratt~r,e between the ligand-DN'A complex and the 

free DNA is defined by AT m ~ T m - -  T °  

Analyt ical  ul tvacentr i fugat ion (at 35,000 rpm) 
was carr ied out us ing a MSE ul t racentr i fuge 
(1968 model) equipped wi th  a four cell rotor, ultra-  

violet absorpt ion optics and a scanner  device for 
direct  record ing  of absorbance.  Complexes were 
prepared  fol lowing the method of War ing  [26] 
in wh ich  successive increments  of a l igand solu- 
t ion (ca 10 ~l) were  added to the cell con ta in ing  
0.35 ml of PM2 DNA wi th  an absorbance of 0.75 
at ~60 nm. The same DNA sample was  used for up 
to 15 sedimenta t ion  runs  at increas ing  l igand 
concent ra t ions  (the samples were shak, en for 
20 mn  after tl~e addi t ion of the l igand).  Sedimen- 
tat ion coefficients were measured according to 
s tandard  procedures.  S., 0 values were direct ly 
de termined and  they have not b~en corrected for 
viscosity, buoyancy  ,or DNA concentra t ion.  

Proton  NMR spectra, were recorded a round  30°C 
using 5 mm precAsian tubes, un4er  cont inuous  
wave (CW) co~nd,it~on.s i,n a VarY,an HA-100 spectro- 
meter ,equipped wi,th a C.A.T.V.arian C-1024 devi.ce 
to improve  .the s ignal  to noise rati,o (Laboratolre de 
Mesures Physiques,  U.S.T.L. Montpellier).  Variable 
temperature  exper iments  were carr ied  out using 
a V-6040 temperature  control  device. In  order  to 
defin, e the relat ive amounts  of l igand and DNA 
molecules as precisely as possibl~e, the fol lowing 
procedure  w.as adopted. The total amount  of 
l igand was carefully weighed and dissolved in a 
giwen volume of H20. Vari,able por t ions  of this 
solution were then lyophylized in order  to get 
increas ing  amounts  of well dried l igand. A soni- 
cared calf thymus DNA solution was prepared  
using a D20-phosphate buffer. Aliquots (0.5 ml) 
were then poured  onto the lyophyli~ed residues, 
so that  D20 solutions were obta ined wi th  a cons- 
tant  DNA concen t ra t ion  and vari'able l igand con- 
centrat ions.  The solvant signal (residual HDO) 
was used as an homonuclear  pro ton  in te rna l  lock 
sign, al. When indica ted  chemical  shifts quoted 
in  Hz referred to in te rna l  DSS (sodium 2,2-dime- 
thyl-2-silapentane-5-sulfon,a,te). Signal half  wid ths  
are measured in  Hz. D corresponds to the observed 
half -width  for a given value of the l igand to DNA 
ratio R. When  R ---- 0 or ~ the half-width is 
4esignated by d and  h respectively.  In  the case 
of malouetine-DNA complexes, signals corres- 
pond ing  to the N-tr imethyl  groups (at posi t ions 3 
a nd  20 respectiwely, see formula in fig. 9) are 
mutual ly  owerlapping, as well as those corres- 
pond i ng  to the C-methyl groups (.at posi t ions 18 
and 19, see formula  in  fig. 9). In  order  to evaluate 
the relative con t r ibu t ion  of each componen t  to the 
whol, e signal, the expevimen¢a'l curves (see for 
ins tance  fig. 10) were  adjusted by means of a least 
square fitting treatment .  Calculations inc lud ing  a 
set of R vah~es afforded a near ly  l inear  relat ion- 
ship between Dg (global half-width of the corn- 

BIOCHIMIE, 1974 ,  56, n ° 6 -7 .  



970  M. G o u r d v i t c h  a n d  col l .  

posi~e signal)  and  D (ave rage  h a l f - w i d t h  of b o t h  
compon,ents)  w h i c h  w a s  used  in o r d e r  to get  D 
va lues  ~rom exp , e r imen ta l  ones  Dg. In  the  case  
of h i s t i d~namide -DNA c o m p l e x e s  sp in  d e c o u p l i n g  
c o n d i t i o n s  (double  ~and t r i p l e  r e s o n a n c e )  w e r e  
used in o r d e r  to elimir~a~e s p i n - s p i n  c o u p l i n g  con-  
t r i b u t i o n  to the  s igna l  h a l f - w i d l h .  

t ions  of i o n i c  s t r eng th  (2.0 mM) and  p H  (6.9) f ree  
s o n i c a t e d  DNA s h o w s  a t h e r m a l  t r a n s i t i o n  w i t h  

O = T~t : 51 _ 0.5°C, AH25 s 39 ± 1 p. c e n t  a n d  

~/~ = 8.5 ± 0.5°C, w h e r e a s  w i t h  f, ree  na t i ve  DNA 
O T o : 54'-55°C, AH2~ s : 36-37 p. cen t  and  ~l/e° II 

6.0°C (*). Thee l :ower ing  of  T m b e t w e e n  na t ive  
DNA (M w ca 7.8 X 106 da l tons)  and  s o n i c a t e d  DNA 

R E S U L T S .  

I .  - -  T h e r m a l  dena tura t ion  studies.  

T h e  i n t e r a c t i o n  of  DNA bas i c  l i g a n d s  w a s  inves -  
t iga ted ,  by  m e a n s  o f  h e l i x  to co i l  t r a n s i t i o n  absor -  
b a n e e - t e m p e r a t u r e  prof i les .  We  e x a m i n e d  the  the r -  
m a l  d e n a t u r a t i o n  of s o n i c a t e d  ca l f  t h y m u s  asso- 
c i a t ed  w i t h  hyd,roch~oridles of bas i c  p e p t i d e s  
Arg-Lys ,  Lys-Lys' ,  Ac-Gly-Arg-Arg-GlyOCH s (pep-  
t i d e  I), Ac-Gly-Arg-G]yOCH 3 (pep t i de  ]I) of a 
se r i e s  of  ,a l iphat ic  d i a m i n e s ,  H2N-(CH2)n-NH 2 
(n = 2-1~0, 12) as w e l l  as decam, e t h o n i n m  b r o m i d e ,  
m a l o u e f i n e  c h l o r i d e  and  1 -aminopen tane  hyd,ro- 
chlorid,e.  In  all  thte cases,  the  o b s e r v e d  th ,ermal  

35- 
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10 L 

o ~ ~'o - - - ~  ~o 
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Fie. 1 . -  Thermal denaturation parameters versus R,, 
(ratio of the number  of ligand positive charges to the 
number  of negative DNA-phosphate charges) for the 
DNA/1,5 - diaminopentane dihydrochloride complex 
(sonicated calf thymus DNA) in phosphate buffer, 
KH.~PO4 0.5 mM, Na2HPO~ 0.5 raM, Na2-EDTA 0.02 mM, 
pH 6.9 (room temperature) ; [DNA-P] = 0.075 raM. 
Symbo l s :  (&) melt ing temperature  var ia t ion ATm ; 
I • )  hyperehromiei ty AH_~ ; (×)  t ransi t ion half-  
width ~:/o. 

p rof i les  w e r e  u n i m o 4 a l .  H o w e v e r ,  w l l en  u s ing  a 
d e r i v a t i v e  rep¢esentaCi~on dH25s/d{ = f (t), i t  
c l e a r l y  appe,ars  t ha t  the  t h e r m a l  prof i les  a re  com-  
post.to w i t h  differ~ent def in i te  t r a n s i t i o n s  o w i n g  
to DNA seq tmnce  h e t e r o g e n e i t y .  NevertheLess,  t he r -  
ma l  t r a n s i t i o n s  w e r e  c h a r a c t e r i z e d  by the  g loba l  
p a r a m e t e r s  Tin, AH25 s a n d  ~1/2 (for  de f in i t ions  see 
Mate r ia l s  and  Methods) .  U n d e r  the  p r e s e n t  c o n d i -  
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FIG. 2. - -  Thermal denaturation parameters versus Ro 

for the DNA/Lys-Lys  complex. Conditions and symbols 
are identical to those in fig. 1. 

(M w ca 2.6 X 10 s da l tons)  is  in  a g r e e m e n t  w i t h  
e x p e r i m e n t a l  as w~ell as  t h e o r e t i c a l  r esu l t s  [27, 
28] (**). T w o  m a i n  types  of therm:al  b e h a v i o u r  
m a y  be  d i s l i n g u i s h e d  : 

1) hTm re,aches a c'o~nstant va lue  A T ~  as R 
inc reases .  F i g u r e s  1 and  2 are  r e p r e s e n t a t i v e  of 
th is  t y p i c a l  s a t u r a t i o n  prof i le ,  w h i c h  is o b s e r v e d  
fo r  all  the  a l i p h a t t c  d i a m i n e s  of t he  se~:i,es n = 2- 
10 ~s w e l l  fo r  the  d iba s i c  pieptid,es c o n s i d e r e d .  In  
genera l ,  AH25 s r e m a i n s  c o n s t a n t  t h r o u g h o u t  the  
s a t u r a t i o n  p rocess ,  w h e r e a s  ~ / e  dec rease s  h :om 

(~/2 to a l o w e r  s a tu r a t i on  valn, e. 

2) AT m r e a c h e s  a m a x i n m m  and  d,ecreases on 
e i t tmr  s ide  of th i s  o p t i m u m .  Th i s  is t he  case  of 
1 , 1 2 - d i a m i n o d o d e c a n e  (fig. 3), m a l o u e t i n e  (fig. 4) 
and  pep,t ide IL Tt~e p a r a m e t e r s  AHoss a n d  zl/2 
can  be e i t h e r  ind.ep,end,ent of  R c (pep t i de  II) ,  o r  
g rea t ly  d.eplend~ent on it. F o r  i n s t ance ,  in th,e case  
of 1 , 1 2 - d i a m i n o d o d e c a n e ,  AH~5s firs{ d e c r e a s e s  (ca 
30 p. cent)  and  t h e n  i n c r e a s e s  to v e r y  h i g h  va lues  
(ca 55 p. cent)  w h e n  R¢ is v a r i e d  f r o m  0 to 40 (fig. 

(*) The superscript symbol ° is used in order to 
characterize the DNA free state (Ro ---- O). 

(**) Tm versus ionic strength (log o f  Na ÷ concen- 
tration) shows that  native and sonicated DNA yield 
l inear  plots. T h e  slope of the lat ter  appears greater 
than that  of the former,  so that  the Tm difference 
between both DNA states is disminished as the ionic 
strength is increased (unpublished result  f rom our 
laboratory).  
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3). This  abnorma l  behaviour  is cer ta inly  re la ted 
to aggregation processes, a s i tuat ion wh ich  mani-  
fests itself by con t r ibu t ion  of scat ter ing to the 
absorpt ion of light. Nevertheless, the t rans i t ion  

• I & Tm Oc 
! 

2 0 -  ~ 

t 0 -  

~ ~ ~ x  ~ 

;o 2; 3'o 4 0  '~ 

Fro. 3. - -  Thermal denaturation parameters versus R,: 
for the DNA/1,I2-diaminododecane dihydrochloride 
complex. Conditions and symbols are identical to 
those in fig. 1. 

6H~ s % 

~ ~ -- .  - e  ~ / 6 0  

~ 5 0  

l.° 
t:o 
~ 5  

cor responding  studies were restr ic ted to lower 
values of R~ [29]. The profiles AT~ versus Re were 
analyzed by means  of the empir ica l  equat ion (I), 
AT m = (AT M × Re)/.(K + Rc) as previously  propo- 
sed by Mahler and Mehrotra [30] in their  thermal  
dena~turation studies .on al iphat ic  diamine-DNA 
complexes (K is a dimensionless  constant,  so tlmt 
when  R~ : K, AT m ~--- ATM/2). 

40- 

30" 

& I m ° C 

20 :2 4 110 20 

Fro. 4. - -  Melting temperature variation AT,~ versus 
R~ for the DNA-malouetine chloride complex. Condi- 
tions and symbols are identical to those in fig. 1. 

half-width ~/'2 shows a s imilar  var ia t ion  (fig. 3) to 
that of l igands wi th  a ,typical sattLration behaviour  
(fig. 1 and  2). 

In  the case of malouet ine,  AH258 rap id ly  
decreases when  R e increases,  so that no thermal  
t rans i t ion  is detectable for Re greater than 20. This  
observat ion is in  .agreement wi th  previous results 
4eal ing wi th  thermal  helix to coil t r ans i t ion  pro- 
files of malou.etine-DNA complex, es [29]. The 
appearance  of a AT m max imum value when  
R¢ ca 2 (fig. 4) was not not iced previously,  as the 

A sinfilar quant i ta t ive t rea tment  was proposed 
by Brown when  analyzing the thermal  profiles of 
complexes between DNA a nd  basic dipept ide 
methyl  ,esters [11]. Equat ion  (I) is readi ly  conver-  
ted into the l inear  double reciprocal  form (II), 

ATe1 AT~ + K (AT-1 : ~z X R~ 1). Exper imenta l  
data were analyzed by means  .of a least square 
programme. Except  for si,ngle charge structures 
(peptidle I a n d  1-aminopenta.ne), a good corre la t ion 
was found in most cases. Correlat ion coefficients 
better than 0.99 were observed in  all but a few 
cases (values between brackets  in table I). Strictly 
speaking, a quant i ta t ive  approach is not possible 

TABLE I. 

Ligand A T~t oC K 

H~N--(CH~)n--NH~ 

n ~  2 
n :  3 
n = =  4 
n :  5 
n :  6 
n :  7 
n -~-  8 
n :  9 
n : 1 0  
n : 1 2  

Malouetine 
Decamethonium 
Lys--Lys 
Arg--Lys 
Ac-- Gly--Arg--Arg--GlyOCHa 

33.6 
(36.3) 
37.4 
37.7 
35.7 
34.7 
32.7 

(29.5) 
27.6 
42.5 

37.9 
(25.6) 
34.6 
30.4 
23.9 

3.0 
(0.9) 
1.o 
0.8 
0.9 
0.8 
0.9 

(0.6) 
0 . 8  
0.7 

O. 09 
(1. o) 
1.7 
1.2 
0.22 

BIOCHIMIE, 1974, 56, n ° 6-7. 64 
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fo r  c u r v e s  s u c h  a s ~ t h o s e  o b t a i n e d  f o r  1, 1 2 - d i a m i -  
n o d o d e c a n e  (fig. 3 ) a n d  m a l o u e t i n e  (fig. 4) w h i c h  
d e v i a t e  f r o m  a t y p i c a l  s a t u r a t i o n  prof i le .  I f  i t  is  
a s s u m e d  t h a t  t w o  t y p e s  of c o m p l e x e s  a r e  i n d e e d  
p r e s e n t ,  t h e  p a r t  of  th, e c u r v e  c o r r e s p o n d i n g  to 
l o w e r  R~ v a l u e s  c a n  b e  a n a l y z e d  b y  m e a n s  of  t h e  
a b o v e  m e n t i . o n e d  .equat ion .  I.n b o t h  cases ,  R c v a l u e s  
w e r e  s e l e c t e d  in  t he  r a n g e  be tw.een  0..05 a n d  1.0. 

I I  - -  A n a l y t i c a l  u l t r a c e n l r i [ u g a t i o n  s t u d i e s .  

T h e  ,effects of  f o u r  d i c a t i o n i c  l i g a n d s  on  t h e  
s e d i m e n t a t i o n  c o e f f i c i e n t  of c i r c u l a r  PM2 DNA 
a re  p r e s e n t e d  i n  f igu res  5 to  8. T h e  r e l n o v a l  a n d  

35 i S20 

30 + 

25- 

20 'g i - * 

log R 

-1 O 1 

FIG. 5. - -  Ef fec t  of  1,10-diaminodecanc dihydrochlo-  
ride on the sed imenta t ion  coef f ic ient  of  PM2 DNA in 
tris bu f fer  2~ mM, Na~-EDTA 0.05 raM, pH 7.5. R repre-  
sents the  input  ra t io  of added l igand to DNA nueleot i -  
des. Open symbols  are reserved for  closed c i rcular  
duplex molecules,  whereas  closed symbols  are charac-  
ter is t ic  of the nieked c i rcular  molecules present  in the  
DNA prepara t ion .  Sed imenta t ion  coefficient S._~, are 
uncorrected values de te rmined  direct ly at 20°C. 

351 S20 

~o ? . . . .  - -  ~ , "  ..-:~ t,7 It-` "" "'\\i,,~, 
, ,  ° 

f 

t o j ,  ~ . .o  ?,\ ~ 20 - iL \ ' "" "- "° \ 
• - . ° • *" °., .o. 

log R 

,~_ . . . . . . . . . .  ~ ,~ - ~ - 

Fro. 6. - -  Ef fec t  of decamethon ium bromide on the 
sed imenta t ion  coef f ic ient  of PM2 DNA. Condi t ions  
and symbols  employed are the  same as in  figure 5. 

r e v e r s a l  of s u p e r c o i l s  of PM2  DNA w h e n  i n t e r a c -  
t i n g  w i t h  m a louet in ,e  h a s  b e e n  r e c e n t l y  d e s c r i b e d  
b y  W a r i n g  a n d  C h i s h o l m  [31]. T h e  p r e s e n t  r e s u l t s  
(see fig. 8) w e r e  o b t a i n e d  u s i n g  h i g h e r  i o n i c  

S~ 9 

30 j o - ~  

2s "-~ 
'\ 

20 _-- . _  o ~ - ~ .  / ,  * 

, . I° 9 R 

Fzm 7. - -  Ef fec t  of  1,12-diaminododecane d ihydro-  
ehtoride on the sed imenta t ion  coef f ic ient  of  PM2 DNA, 
in phosphate  buffet' ,  KH.,PO~ 5 raM, K._MPO4 5 mM, Na.,- 
EDTA 1 raM, pH 6.85. The same symbols  as in fig. 5 
are used. Larger  closed symbols  correspond to weigh t  
average S~0 values f rom a single bounda ry  formed by 
closed and  nicked circles sed iment ing  together.  

s t r e n g t h  c o n d i t i o n s  a n d  w e r e  e s t a b l i s h e d  fo r  t h e  
sake  of  c o m p a r i s o n  w i t h  NMR r e s u l t s  (see b e l o w ) .  
l ) e c a n m t h o n i m n  h a s  no  u n c o i l i n g  ef fec t  on  c i r c u -  
l a r  DNA, at  l eas t  f o r  R ~ 100 ( l i g a n d  to n u c l e o -  

r 
i S20 

i 

25~ 

r-  

~°t I 
! 

L 

\, 

i 

Ioq 

D 1 2 

Fro. 8. - -  E f fec t  of malouet ine  (chloride) on the 
sed imenta t ion  coefficient, of  PM2 DNA, in phosphate  
buffer ,  KH.~PO~ 25 raM, K,HPO4 25 raM, Na,_.-EDTA 
1 mM, NaC1 O.1 M, pH 6.5. The same symbols  as in 
figures 5 and 7 are used. 

t i d e  r a t i o ) ,  w h e r e a s  malou~etine g ives  a n  u n c o i l i n g  
e f fec t  a t  R ca 0.8 u n d e r  s i m i l a r  i o n i c  c o n d i t i o n s  
[31]. B o t h  c o m p o u n d s  n~evertheless  a p p e a r  c l o se ly  
r e l a t e d  s t r u c t u r a l l y ,  as f a r  us t h e  d i c a t i ~ n i c  a r r a n -  

BIOCHIMIE, 1974, 56, n ° 6-7. 
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gelnent is concerned.  1,10-diaminodecane has a 
behaviour  s imilar  to that  obse:rved for decametho-  
nium (see fig. 5). However ,  w h e n  1,12-diaminodo- 
decane is a l lowed to in terac t  w i th  PM2 DNA, 
removal  of sup ercoi l ing  is observed.  In compar i -  
son to malouet ine,  th, e equix~alenoe region for  

100  MH= 

T ppm 

t c-M~ 

FIC,. 9. - -  100 MHz CW 1H NMR spectrum at 27°C 
of #2 mM malouetine (chloride) in DeO. 

w h i c h  closed and nicked c i rcu la r  DNA molecules  
present  id,ent.ical $20 values, appears  mare  spread  
out and  no phage of supercoi.1, reg, en,eration was 
reached  even f, or  ra t ios  up to 100. It was' checked 

973 

that  no  impor, tant  t r ans format ion  f rom th,e cireu-  
la'rly cl.osed fo rm to t h e  n icked one had occured  
dur ing the exper iments .  

I I I - -  NMR STVDmS. 

Malouetine-DNA system. 

When malouet ine  was added to sonicated calf 
thymus DNA in DeO phosphate  buffer at constant  
concent ra t ion ,  ha l f -wid th  var ia t ions  of the signals 
in thee malouet ine  NMR spect rum vcere observed.  
Two main groups of signals were  selected for 
quant i ta t ive  t rea tment  because of thei r  re la t ive  
s impl ic i ty  (see figures 9 and 10) : thee one at h igher  
field cor responds  to the pro ton  resonances  of the 
angular  methyl  groups 18 and 19, the other  at 
lower  field to those of both the N-t r imethyl  groups 
at posi t ions 3 and  20. Signal over lapping  was 
observed in both cases, the chemica l  shift  diffe- 
rences  being less than th,e signal half-widths.  
However ,  as &escribed in Materials and Methods a 
conven ien t  p rocedure  can be appl ied to evaluate 
the cont r ibut ion  of each  componen t  to the who le  
sigrml. For  the C-Me resonances  and the N-Me 
resonances,  only an average ha l f -wid th  value D 
could be defined, and this was l inear ly  related to 
the global ha l f -widt f  Dg of th;e composi te  signal. An 
NMR binding  isoth,erm was obta ined by plot t ing R, 
l igand to nucleot ide  molar  ratio, versus (D-d) -1 
w h e r e  d represents  the ha l f -wid th  wh, en R = O. 
Two very  dis t inct  curves are observed  in figure 11 
for tt~e C-M~e .and N-Me groups respect ively ,  a fact  

1 0 0  MHz 

'c 5 H=:" 

N-~e 

N ~ 5 =  
~=26.1 

1 0 0  MH= 

C - M e  

R=26.1 

FIG. 10. - -  100 MHz CW IH NMR spectrum at #O°C of malonetine-DNA 
complex (sonicated calf thymus DNA), for R = 26.1 (input ratio of add,ed 
ligand to DNA nueleotides). [DNA-P] : 1.01 raM, in D~O-phosphate buffer, 
KH,..PO4 8.6 raM, K_,HPO4 29.6 raM, Nao-EDTA 0.93 raM, NaCI 0.101 M, pD ca 7.5, 
Right : expanded region related to the C-Me group resonances. Left : 
expanded region related to the N-Me group resonances. 

BIOCHIMIE, 1974, 56, n ° 6-7. 
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w h i c h  c l e a r l y  i n d i c a t e s  t h a t  n u c l e a r  r e l axa tLon  
a p p e a r s  to  be  q u i t e  d i f f e r e n t  f o r  e a c h  l i g a n d  p r o -  
t on  t y p e  w h e n  a s s o c i a t e d  to  DNA. T h e  l a r g e r  
r e l a x a t i o n  r a t e  is o b s e r v e d  fo r  t h e  C-Me g r o u p  
w h i c h  a r e  l o c a t e d  in  a v e r y  h y d r o p h o b i c  p a r t  of 

25!' 
2ol 
15 

10 

5 

/ 

II / II 

/ 

/ ' ! 

? 
I o /  I . .  

~ F" (D-d)- I 

0125 0.150 0.75 

Fro. l l .  - - N M R  binding i so therm R verses (D-d)-~ 
at $O°C for  the malouet ine-DNA sys tem.  Open symbols  
and closed ones respect ively represen t  the C-Me and 
the N-Me l igand groups. Sonicated calf  t h y m u s  DNA 
concent ra t ion  is held cons tan t  a t  1.01 raM. Ionic condi- 
t ions  are the same as in  fig. 10. NMR f r e q u e n c y "  
100 MHz. 

t h e  m o l e c u l e ,  i n  c .oml~arisou w i t h  N-Me g r o u p s  
w h i c h  b e l o n g  to t h e  p o l a r  p a r t  of it. R, e l a x a t i o n  
d i f f e r e n c e  w a s  sti, ll m o r e  p r o n o u n c e d  w h e n  t h e  
m a l o l r e t i n e - D N A  s y s t e m  w a s  a n a l y z e d  u n d e r  

D e p a r t u r e  f r o m  lin, e a r i t y  i n  f igure  11 ( u p w a r d  
c u r v a t u r e )  c o u l d  be  due ,  e i t h e r  to t h e  p r e s e n c e  
of  a s i n g l e  t y p e  of c o m p l e x  s a t i s f y i n g  t h e  c o n d i -  
t i o n s  of  n e i g h b o u r i n g  e x c l u s i o n  as defin,ed b y  Cro-  
t h e r s  I32] o r  to t h e  p r e s e n c e  of m o r e  t h a n  o n e  t y p e  
of  c o m p l e x .  A q u a n t i t a t i v e  a n a l y s i s  of t h e  m a l o u e -  
t i n e - D N A  s y s t e m  m a k e s  i t  l i k e l y  t h a t  t w o  t y F e s  of  
c o m p l e x e s  do  ex i s t .  A fac t  w h i c h  i s  i n  a g r e e m e n t  
w i t h  t he  t h e r m a l  d e n a t u r a t i o n  r e s u l t s  r e p o r t e d  i n  

10 

/ 02 "0  C.. 
0 

D- 
o- 5, 

di 0 

"0. x 

54- e~e e e e  

e ~  
~ o  

o _ _  ° .  ° . .  

t o ¢  

- - i o  5 io ~6-~0 4'0 ~0 ~d  

FIG. 12. - -  Effect of temperature on lhe 100 MHz 
NMR signal half- ,width D for  the malouel ine-DNA 
sys tem :when R = 3.70 and [DNA-P] = 3.5~, raM. 
Ionic condi t ions  are as in  legend for  fig. 10. Open and  
closed symbols  arc related to C-Me and  N-Me reso- 
nances  respectively.  L~wer curves between 25 ° and 
55°C correspond to ha l f -w id th  d va r i a t ion  when  
[DNA-P] = O and  [malouet ine]  = 10 mM under  
s imi la r  ionic condi t ions  (open and  closed symbols  
represen t  C-Me and N-Me resonances  respectively).  

TABLE II.  

C h a r a c t e r i s t i c  m a g n e t i c  a n d  t h e r m o d y n m n i c  p a r a m e t e r s  f o r  m a l o u e t i n e -  
a n d  h i s l i d i n a m i d e - D N A  c o m p l e x e s  d e t e r m i n e d  b y  N M R .  (a) f o l l o w i n g  
m e t h o d  1 a n d  (b) m e t h o d  2. 

Matouctine (complex I) 

y. ca 2 X 1 0 - 1 M  

Hist idinamide 
l.t ca 2 X I 0 - 3 M  

Relaxation rate 
A in Rz 

220 (C-Me) 

60 (N-Me) 
AC.Me/A~_Me = 3.7 

10 (C4-H) 
16 (~-CH~) 

Thermodynamic 
para meters 

Ka (40% = 2 X 10 -~ M (a) 
l(d (40 °) = 9 X 10 -e M (b) 
A 1-14oo ca 8 Kcal/mole 

l(d ( 27 °) - -  6 X 10 -~ M (a) 
Ka (27 °) = 3 X 10 -~ M (b) 
AH27o ca 7.5 Kcal /mole  

v a r i a b l e  t e m p e r a t u r e  c o n d i t i o n s  as s h o w n  i n  
f igure  12. A v e r y  sali, en l  f e a t u r e  in  f igu re  11 is t h e  
f ac t  t lm t  R v e r s u s  (D-d)-1 p l o t s  a re  n o n - l i n e a r .  
I n t e r a c t i o n s  b , e tween  d r u g s  a n d  p r o t e i n s  u s u a l l y  
g ive  l i n e a r  p lo t s ,  a s i t u a t i o n  w h i c h  c o r r e s p o n d s  to 
t h e  e x i s t e n c e  of a d e f i n e d  c lass  of b i n d i n g  s i tes ,  
a n d  is c h a r a c t e r i z e d  t h r o u g h  a l i n e a r  S c a t c h a r d  
r e p r e s e n t a t i o n .  

BIOCHIMIE, 1974, 56, n ° 6-7. 

f igu re  4. A t h e r m a l  s t a b i l i z i n g  c o m p l e x  I is d e f i n e d  
at  l o w e r  ~ratios (R 1,ess t h a n  5) w h e r e a s  a less  t h e r -  
m, al s t a b i l i z i n g  c o m p l e x  H a p p e a r s  at  h i g h e r  r a t i o s .  
I t  is  pa r t i cu ,  l a r l y  i r~ te res t ing  to no t e  th,at  i n  c o m -  
pl 'ex I t he  C-Me a n d  N-Me ~elax, a t i o n  r a t e s  d i f f e r  

m a r k e d l y  (/~C_Me/hN.Me ca 3.7) (see t a b l e  II) .  A pos -  
s i b l e  e x p l a n a t i o n  is to a s s u m e  t h a t  t h e  m o s t  b u l k y  
face  of t he  s t e r o i d  l i g a n d  is i n  c lose  c o n t a c t  w i t h  
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the DNA mol,ecule. Cohesion could be par t ly  due to 
h y d r o p h o b i c  contact  be tween e lements  of both 
mol,ecules. 

Fur the rmore ,  if Dg is measured  under  i so therm 
condi t ions  ,at different  N'MR f requencies  (100 MHz 
and 60 MHz) it can be conc luded  that  c,omplex 
format ion be tween DNA ,and malouet ine  is not 
charac te r ized  by any significant  chemica l  shift  
effect. This  observat ion probably  excludes  a close 
p rox imi ty  b etw~een DNA bases and the C-Me 
groups of m,alonetine, ~i,eldi,ng complex cohesion 
through al iphat ic-arolnat ic  in terac t ions  as found 
in the t e r t i a ry  s t ructures  of pro tei, ns (see [33] and 
references  quoted herein) .  In par t icular ,  an 
in,tercalation type complex appears  to be very  
unl ikely on the basis of this exper imenta l  evi- 
d,enc,e. This  . interpretat ion is i,n full agreement  
wi th  previous  conclus ions  der ived  f rom interac-  
tions studies of s teroidal  diamines  wi th  nucleic  
acids [34, 35]. 
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FI6. 13. - -  NMR binding i so therm R versus (D-d)-1 
at 27°C in the case o[ the h i s t id inamide-DNA sys tem.  
Sonieated calf thymus concentration is held constant 
at [DNA-P] = 12.6 raM, in D20-phosphate buffer 
KH.PO~ 0.5 mM, Na_~HPOa 0.5 raM, Na,-EDTA 0.02 raM. 
D is measured under triple irradiation eonditions 
(see Materials and Methods). NMR frequency: 100 MHz. 

H i s t i d i n a m i d e - D N A  s y s t e m .  

Comple.~es ,of hi ' s t idinamide wi th  sonicat,ed calf 
thymus DNA w e r e  also studied by pro ton  NMR at 
100 MHz. Exper iments  were  ca r r i ed  out at low 
ionic  s t rength (2.0 raM) because of th,e reduced  
affi:nity of the lig, a~d f~r double s t randed DNA. 
NMR bind ing  isotherms (figures 13 and 14) as wel l  
as v,ariable t empera tu re  experir~ents (fig. 15) 
clearly indicate  that  the 4midazole protons  (C2-H 
and C¢-H) differ marked ly  f rom other  pro tons  in 
the s ide-chain (~-CH 2) in re laxa t ion  .as wel l  as che- 
micaI  shift ,effects. Particul,arly ou ts tanding  is the 

observat ion of downfield chemica l  shift  effects 
when  h i s t id inamide  interacts  w i th  double stran- 
ded DNA. These ,results suggest that  the imidazole  
moie ty  could in teract  w i th  DNA bases th rough 
hydrogen  bonding  (see discussion).  However ,  a 

~ ' P  H= 

B /  • 

/ • C2H 
X C 4 H 

• C N 2 

730 ~ "~ 

725 I 

330 t • ~ _ . . _ ~ _ ~  m. 
! 

325 1 
R-1 

j I 
0.5 1.0 

F r o .  14 .  - -  Chemical shi[t  variations ( H z )  o[ three 
dis t inct  proton groups o[ h i s t id inamide  at 27°C ~-CH~, 
Cd-H and Co-H, when interacting with waif thymus 
sonicated DNA. [DNA-P] = 12.6 raM. pD = 5.62 
0.07. Chemical shifts are referred to internal DSS. 
Temperature and ionic conditions are the same as in 
fig. 13. 

downfield shift could also be in te rpre ted  as the 
consequence  of an h i s t id inamide  pK var ia t ion  
under  the inf luence of negat ively charged DNA 
phospha te  groups, even  if the pH is held  constant  

at 5.62 _ 0.07. 

;4= 

\ 
5" • • C2H 

>.. 

a ~ ;~ 2'5 o's 

Fla. 15. - -  El fec t  of  temperature  on the global hal[- 
w id lh  Dg (no irradiat ion condi t ions were  used) [or 
three d is t inc t  proton groups of  h i s t id inamide ,  inter- 
acting with sonieated calf thymus DNA, when 1~ = 
1.65. Conditions are identical to those in figs 15 and 16. 

Changes in signal ha l f -wid th  appear  to be 
impar tan t  for pro tons  in tl~e [~-CH 2 group, whe reas  
no changes of  e i the r  imidazole  protons were  obser- 

B I O C H I M I E ,  1974 ,  56,  n ° 6 -7 .  
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r e d  w h e n  t he  t emp ,e ra t twe  w a s  v a r i e d  (fig. 15). 
T h e  exp , e r imen t s ,  p , e r f o r m e d  at  a singl, e f r e q u e n c y  
(100 MHz) do  n o t  .allow .one to d i s t i n g u i s h  b e t w e e n  
re laxu t i ,on  .and ch, e m i c a I  sh ' if t  e f fec t s ,  b e c a u s e  o f  
t h e  p o s s i b i l i t y  of ~a n, on-equiva l ,  enc.e hetw,  e en  tl~e 
p r o t o n s  in  t he  ~-CH 2 g r o u p  w h e n  i n t e r a c t i o n  of 
h i s t i d i n a m i d e  w i t h  DNA t a k e s  p l ace .  

Quanti tat ive t reatment  of NMR data. 

a) Determinat ion  of dissociation constants  K a 
(see table H). 

Method 1. - -  B i n d i n g  i s o t h e r m s ,  R v e r s u s  (D-d)-~ 
w.ere an ,a lyzed b y  m e a n s  of e q u a t i o n  (III)  w h i c h  
h a s  b e e n  w i d e l y  u s e d  in  NMR s t u d i e s  o f  l i g a n d -  
p r o t e i n  i n t e r a c t i o n s  [36], 

A - -  d K,1 
(III)  R = n - -  -- 

D - -  d A,, 

Method 2. U n d e r  r a p i d  e x c h a n g e  c o n d i t i o n s ,  
t e m p e r a t u r e  d e p e n d e n t  h a l f - w i d t h  v a r i a t i o n s  w e r e  
a n a l y z e d  .acc:0rding to t h e  V a n ' t  H~off p r i n c i p l e ,  
a s s u m i n g  th,at t h e  r e l ax ,a t ion  par, a m e t e r s  a n d  the  
c o m p l e x  f o r m a t i o n  en tha l l~ i e s  r e m a i n e d  c o n s t a n t  
in  t h e  t empe~ra tu re  r a n g e  c o n s i d e r e d  ( b e t w e e n  
250 a n d  55°C).  D i s s o c i a t i o n  c o n s t a n t s  w e r e  t h e n  
c a l c u l a t e d  fo r  a g i v e n  t e m p e r a t u r e .  

b)  Determinat ion  of magnet ic  parameters.  

A c c o r d i n g  to e q u a t i o n  ( IH)  t h e  s lope  of a l i n e a r  
i s o t h e r m  R v e r s u s  (D-d) -1 y i e l d s  t h e  r e l a x a t i o n  
r a t e  of  a g i v e n  g r o u p  of l i g a n d  n u c l e i c  in  t h e  
c o m p l e x ,  p rov id , ed  t h e  s t o i c h i o m e t r y  r a t i o  is  
k n o w n .  F o r  a giwen m o l e c u l e  t h e  r a t i o  b e t w e e n  
v a l u e s  c h a r a c t e r i s t i c  o f  t w o  d i s t i n c t  g r o u p s  of  
nucl, ei  is  ind .ep .enden t  of  n.  R a t i o s  l a s t ' cad  of 
a b s o l u t e  v a l u e s  we,re o f t e n  u s e d  in  c h a r a c t e r i z e  
c o m p l e x  fo rma t i , on  [37]. F o r  t h e  m a l o u e t i n e - D N A  

Basic clustering in 

flistone 

F2a l  . . . . .  

F3 . . . . . .  

F2a2 . . . .  

F2b . . . . .  

F1 . . . . . . .  

TABLE I11. 

his tones  of knon ,n  sequence f rom calf thymtrs.  

M (a) N Ib) 

25 ] 
102 (27) 

- - % i -  
135 ( 3 3 )  _ _  

129 
26 

(3O) 

125 (31) 
- -  

N/M 

0.245 
I (0.205) 

0.230 
(0.244) 

0. 201 
(0.232) 

p Ic) 

60.0 (pc : 48.0 ; P3 : 12.0 
(59.3) (p._, : 29.6 ; p:~ : l l . 1 ; p ~ ,  : 18.5) 

51.6 (P2 ~ 51.6) 
(54.5) (p~ ~-  54.5) 

23.07 (p~ -~ 23.07) 
43.3 (pe ---~ 33.3 ; P3 : 10.0) 

0.224 53.6 (p,z ~-  35.8 ; p.~ : 17.9) 
(0.248) (54.8) (pe ~--- 38.8 ; p~ : 16.1) 

0.204 5 0 . 0  (p.~ : 1 8 . 2  ; p,~ : 1 3 . 6  ; P4 : 18.2 

(a) M : to ta l  n u m b e r  of residues.  
(b) N = tota l  n u m b e r  of basic  res idues  (Arg and  Lys). Figures  between 

brackets  include His as a basic  residue (F1 h is tone  has  no His residue).  
N m X n  N 

(c) p = percentage of basic  c lus ter ing defined by ~ - -  ~ p,. 
n = 2  N n = 2  

m is the  n u m b e r  of basic mul t ip le t s  wi th  mul t ip l ic i ty  n. 
(d) The 108 residues correspond in the  NH2- t e r m i n a l  ha l f  of r a b b i t  t h y m u s  F1 

h is tone  componen t  RTL-3 the sequence of which  was de te rmined  by  Jones  and 
Cole [4'1]. 

S y m b o l s  a re  as f o l l o w s  : R l i g a n d  to n u c l e o t i d e  
m o l a r  r a t i o ,  n n u m b e r  of b i n d i n g  s i t e s  p e r  n u c l e o -  
t ide ,  D s i g n a l h a l f - w i d t h  f, o r  .a g i v e n  R v a l u e  (d a n d  
A a r e  th,e c o r r e s p o n d i n g  h a l f - w i d t h s  w h e n  R = O 
a n d  R = o¢) ,K  a c o m p l e x  d i s s o c i a t i o n  c o n s t a n t ,  A o 
n u c l e o t i d e  nlola.r  c o n c e n t r a t i o n .  

F(~r t h e  b i n d i n g  iso~therms o f  ~fignre 11 o n l y  t h e  
c o m p l e x  I ,regi,(m w a s  t e n t a t i v e l y  a n a l y z e d  b y  
m e a n s  of e q u a t i o n  (II I ) .  

BIOCHIMIE, 1974, 56, n ° 6-7. 

sy s t em,  t h e  v a l u e  n = 0.25 w a s  a d o p t e d  a c c o r d i n g  
to p revi,  ons  r e s u l t s  b y  M a h l e r  et al [34] b a s e d  on  
UV s p e c t r o s c o p y  e v i d e n c e .  F o r  t h e  h i s t i n a m i d e -  
D N A  s y s t e m  the  ,assum, ed  ~zalue w a s  1. 

c) Kinet ic  information.  

W h e n  t h e  m a l o u e t i n e - D N A  s y s t e m  w a s  a n a l y z e d  
u n d e r  v a r i a b l e  t empera ,  t a r e  c o n d i t i o n s ,  i t  w a s  
o b s e r v e d  t h a t  h a l f - w i d t h s  r e a c h e d  a m a x i m u m  
v a l u e  in  t h e  t e m p e r a t u r e  r a n g e  b e t w e e n  '10 a n d  
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25°C (see fig, 12). The genera l  shape of the  exper i -  
menta l  curves  could  be p r e d i c t e d  sa t i s fac tor i ly  
by assumi~ng ,a l igand  exchange  be tween  two states 
free and DN~-bound .  Both .observed  maxdma (C-Me 
and  N-Me signals)  co r r e spond  t.o k ine t i c  t rans i t ion  
points .  At lower  t empera tu re s  the :exchange is s low 
on the NMR time scale, whe reas  i t  is r a p i d  at 
h igher  tempera tures .  

An .accurate quanti tat iwe an.alysis oI the curves  
in figure 12 could  not  be ob t a ined  on the basis  of a 
c lass ica l  NMR .exchange fo rmal i sm ~38], because  
of the con t r ibu t ion  of uncon t ro l l ed  v iscos i ty  
effects to the whole  phenomenon .  

However ,  an estimati.on of complex  average life- 
t imes could be ach ieved  : less than  1 msec at  tem- 
pe ra tu re s  h igher  than  20°C. F o r  the h i s t id ina -  
mide-DNA system, the  exchange  process  was  al- 
w a y s  r a p i d  in the  temp,erature range  cons ide red  
(see fig. 15). : 

DISCUSSION. 

I . --  The role of clustering of the basic residues 
in the primary structure o[ histones. 

It  h, as been la rge ly  emphas i zed  dur ing  the 
es tab l i shment  of the  p r i m a r y  s t ruc ture  of the 
ma in  his tone f rac t ions  f rom calf  t hynms  chro-  
mat in  that  the bas ic  res idues  Arg and Lys are 
concen t r a t ed  in wel l  deli,ned zones of the sequence 
and that  h igh ly  bas ic  c lus te red  reg ions  are 
observed  [39]. The s~,tuatio,n is p resen ted  in a 
quant i ta t ive  w a y  in table  III. Basic mul t ip le t s  are  
defined as partiqal sequences  of the type  X n, w h e r e  
X = Arg or Lys and n ~ 2. In  general ,  the clu- 
s ter ing percen tage  p p resen ts  a value h igher  than 
50 p. cent. The observ,ed d i s t r ibu t ion  of bas ic  mul- 
t ip le ts  deviates  significarrtly f rom expec ted  values 
on the bas is  of  a r a n d o m  bu i ld ing  process  of  the  
sequ,ence, at  least  i~n the  case .of hislon,es F 2 a l  and  
F2b [40]. As i nd i ca t ed  in  table  III ,  the most  fre- 
quent ly  obse rved  bas ic  mul t ip te ts  a r e  the double ts  
(n = 2) Arg-Arg, Arg-Lys,  Lys-Arg, and  Lys-Lys.  
Pep t ides  i nc lud ing  a bt~sic double t  the re fo re  
appea r  to be ve ry  sui table  models  to s tudy in ter -  
action's involv ing  the h is tone  bas ic  reg ions  in 
his~one-DNA complexes .  

Two bas ic  pept ides ,  Ac-Gly-Arg-Arg-GlyOCH a 
(pept ide  f) a~nd Ac-GIy-Arg-GIyOCH 3 (pept ide  II) 
were  selected.  The correspondi~ng DNA-complexe  
differ  m a r k e d l y  in the i r  t he rma l  beha'ciour,  as 
shown in figu:re 16. Pept ide . I -DNA complex  
r a p i d l y  r eaches  the  satu:rati.on value,  AT M = 24 ° 
(see table  I) when  Rc i,s in,creased. M~o~'e tha~n 
80 p. cent  of the total  s a tu ra t ion  value is ach ieved  

when  R c = 1, whe reas  pep t ide  II-DNA complex  
only  r eaches  .about 20 p. cent  of the total  s tabi l i -  
zation. Po r  the pu rposes  of compar i son ,  figure 16 
also descr ibes  the  thernml  behav iou r  of DNA com- 
plexes  wi th  1 ,5-d iaminopentane  and l - aminopen-  
tane. The monobas ic  l igand  af fords  a very  low 
s tabi l iz ing  capac i ty  when  c o m p a r e d  to the d ibas ic  
one. Acc.~rding to ch roma t in  compos i t ion  (see 
table IV) .it appea r s  that  R~ values are  ce r t a in ly  
lower  than 1 in the nuc leohis tone  complex.  Under  
these cond i t ions  a p ro te in  bas ic  double t  w o u l d  be 
able to s tabi l ize  the s econda ry  s t ruc ture  of double  

3,5" 

30 

20 

& Tm °C 

# 
_ - -  Alt~ 

FIG. 16. - -  Compared saturation profiles for soni- 
cared calf thymus DNA associated with (A) 1,5-diami- 
nopentane, ( A )  1-aminopentane, (W) Ac-Glv-Arg-Arg- 
Glv OGH~ and (V) Ac-Gly-Arg-Gh' OCHa. [-eft part  : 
O ~ Re ~- 20. Right part : expanded scale O --~ Re ~- 2 
for the two latter peptide ligands. Conditions are as 
described in the legend to fig. 1 as well as in Materials 
and Methods. 

s t r anded  DNA nmch more  eff ic ient ly  than a sin- 
glet s t ructure .  A s imi la r  resul t  was  ob t a ined  by  
Brown [11] w h e n  ,analyzing the the rmal  behav iou r  
of DNA complexes  w i th  bas ic  d ipep t ides  methy l  
esters.  M.on.obasic peptid,es w i t h  one Arg r e s idue  
a p p e a r e d  less efficient at s tab i l iz ing  the DNA struc-  
ture than a d ipep t ide  with: two Arg res idues .  Very 
closely rela~ed results  were  r ecen t ly  ob ta ined  by  
Gabbay  et al [18] using lysy l  t r ipep t ides .  The 
d i lysy l  pep t ides  i nc reased  the T m to a g rea te r  
extent  than  did the mono lysy l  ones. F u r t h e r m o r e ,  
on the basis  of equ i l ib r ium dia lys is  the same 
authors  showed  that  the d i lysy l  systems had  an  
enhanced  aff ini ty for  he l ica l  DNA when  the two 
lysy l  res idues  were  ad j acen t  to one another .  It can  
there fore  be assumed that  the  bas ic  mul t ip le t s  
observed  in  the p r i m a r y  s t ruc tures  of h is tones  
ce r t a in ly  act as p r e f e r r e d  regions  for  d i rec t  elec- 

BIOCHIMIE, 1974, 56, n ° 6-7. 
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t r o s t a t i c  i n t e r a c t i o n  w i t h  t he  DNA p h o s p h a t e  
b a c k b o n e .  

I f  ca lcu la t i .ons  a re  p e r f o r m e d  t a k i n g  i n t o  a c c o u n t  
c h r o m a t i n  c o m p o s i t i o n  (*) a n d  f e a t u r e s  of h i s t o n e  
p r i m a r y  s t ructu~re (see t a b l e  IV) i t  r e s u l t s  i n  a m a x i -  
m u m  n e u t r a l i z a t i o n  of ca 73 p. cen~t of  t h e  DNA- 
p h o s p h a t e  g r o u p s  i f  a l l  t h e  hi~sto.ne p o s i t i v e  
c h a r g e s  w e r e  i n t e r a c t i n g .  O n l y  35 p. c e n t  of t h e  
p h o s p h a t e  g r o u p s  a r e  ab l e  to i n t e r a c t  w i t h  p r o -  
r e in  b a s i c  mul t ip l ,  et  s t r u c t u r e s  as  d e f i n e d  in  

T h e s e  b a s i c  c l u s t e r s  c o u l d  be  r e p r e s e n t e d  b y  t h e  
g e n e r a l  f o r m u l a  (X-Aq), w h e r e  X = b a s i c  r e s i d u e ,  
A = .non-bas i c  r e s i d u e ,  q = 1,2 a n d  n ~ 2 (a m n l -  
t i p l e t  s t r u c t u r e  c o r r e s p o n d s  to q = 0). U n d e r  t h e s e  
c o n d i t i o n s  a c l u s t e r i n g  p e r c e n t a g e  of a b o u t  
85 p. c e n t  c a n  be  c a l c u l a t e d  fo r  h is ton.e  F2a2.  

A t e n t a t i v e  d . e l inea t ion  b e t w e e n  i n t e r a c t i n g  
bas.i,c r e s i d u e s  ( l o c a t e d  ~n b a s i c  c~usters ,  q = 0 
1,2) a n d  n o n , i n t e , r a c t i n g  b a s i c  r e s i d u e s  ( s ing le t s )  
h a s  b e e n  p e r f o r m e d  fo r  t h e  m a i n  h i s t o n e  f r a c t i o n s  

TABLE IV. 

Histone positive charge distribution in calf thymus ehromatin. 

Hislone 

biol. weight . . . . . . . . . . . . . . . . . . . . . . . . . .  (a) ca 21 ,~020 ] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( b ,  

Positives charges/protein  . . . . . . . . . . . . . .  (e) 65-66 

- - - - [  (el 
Positive charges in basic nmlt iplets  [ 

(q = 0) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (f)lca 31 

Posit ive charges in basic clusters (f) 
(q : 1,2) . . . . . . . . . . . . . . . . . . . . . . . .  

Total positive charges in clusters . . . . . . . . .  at  least 
(q ~--- 0 , 1 , 2 ) .  . . . . . . . . . . . . . .  _._. . . . . .  (f)[ 31 

I 
Pro te in /DNA (weight / weight) . . . . . .  [48.49]1 0.20 

i FI I F%I F2a2 
, J 

[421 I431 
_3,300 14005  

[47] [431 
102 129 

25 26 

15 

'_L 

20 

0 . 2 0  

3 

21 18 i 

[ 0 .20  

F'2b F3 

[4211 [421 
13,77015,229 

125 135 

29 32 

15 16 

l I  

27 

0 .20 

(a) f rom sequence de t e rmina t i on  (except for  F1) d is regarding acetvl  and 
me thy l  residues.  

(b) M = tota l  n u m b e r  of residues.  
(el Lys and Arg residues,  inc luding the NHe-terminal  group in the case of F3 

and  F2b. 
(d) calculated f rom amino-ac id  composi t ion  (see ref. [551). 
(el a ssuming  a c lus ter ing  percentage,  p = 47 p. cent, average value  for  the 

ma in  h is tone  f rac t ions  (see Table III). 
(f) a basic c lus ter  is defined by the sequence (X-At)n, X = basic, A = non-  

basic, q = 0,1,2, n ~ 2. 

t a b l e  III .  In  fac t ,  A r g  a n d  L y s  o f t e n  a p p e a r  in  
h i g h l y  b a s i c  regi .ons . a l though  t h e y  d.o n.ot c o r r e s -  
p o n d  to the  a b o v e  m . e n t i o n e d  d e f i n i t i o n .  T h e  s i t ua -  
t i o n  i.s p a r t i c u l a r l y  n o t i c e a b l e  in  t h e  ca se  of h i s -  
t o n e  F2a2 ,  f o r  w h i c h  p = 23 p. c e n t  (see t a b l e  I I I ) .  
N e v e r t h e l e s s ,  ,as p o i n t e d  ,out b y  Sauti6r,e et al. [43] 
v e r y  b a s i c  r e g i o n s  ,are o b s e r v e d  in  th,e p r i m a r y  
s t r u c t u r e  o f  .this pr~tei~n, s u c h  .as Lgs-Ala-Arg-Ala- 
Lys-Al, a-Lgs-Thr-Arg-Ser-S'er-Arg ( . res idues  9 to  20) 
a n d  Lgs-Ala-Lys-Gly-Lys ( res idu,  es  125 to 129). 

(*) A weight  ra t io  equal  to 1 between DNA and acid- 
soluble pro te ins  'was assumed [49]. 
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(see t ab l e  IV). 72 p. c e n t  of  t h e  b a s i c  r e s i d u e s  
beto~ng to t h e  tor turer  type .  T h e  calcul,  a f i o n s  all ,ow 
o n e  to  p r e d i c t  t h a t  a b o u t  50 p. c e n t  of t he  DNA 
p h o s p h a t e  g r o u p s  a re  p r o b a b l y  n e u t r a l i z e d  b y  
d i r e c t  , e l ec t ros t a t i c  , i n t e r a c t i o n  w i t h  h i s t o n e  b a s i c  
r e s i d u e s .  

R e c e n t l y ,  p r e c i s e  f e a t u r e s  h a v e  b e e n  d e r i v e d  
f r o m  e x p e r i m e n t a l  e v i d e n c e  i n  r e l a t i o n  to c h a r g e  
n e u t r a l i z a t i o n  ~in c h r o m a t i n  h i s t o n e - D N A  c o m -  
pLex.es. I-t a p p e a r s  , that  b o t h  DNA a n d  h i s t o n e s  
p o s s e s s  ,a s u b s t a n t i a l  p r o p o r t i o n  of t h e i r  p o t e n t i a l  
b i n d i n g  g r o u p s  i n  a f r ee  or  u n b o u n d  s t a t e  [50]. 
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Ti t ra t ion  measurements  [51], as wel l  as chemical  
[52] and  enzymat ic  [53] modificat ions of chro- 
matin,  all incticate that about 20-30 p. cent of the 
lysyl .and arginyl  residu.es .are unbound .  This value 
is to be compared to the his tone basic residues 
28 p. cent of wh ich  belong to singlet structures.  

Fur thermore ,  it appears  that large numbers  of 
DNA phosphate  groups. (values up to 50 p. cent  
have been found) ,are free to in te rac t  wi th  .exter- 
nal cat ionic  molecules [503. It  remains  to be esta- 
bl ished,if  this por t ion of the DNA is found ¢ throu- 
ghout the length of a DNA-chain (e.g. one phos- 
phate backbone free) or localized,in patch, es where  
both phosphate chains  are u n b o u n d  a l te rna t ing  
wi th  areas of total b ind ing  >> [503. Exp,erilnental 
evidenc.e on this point  is still unclear.  It appears  
l ikely that basic doublet  s tructures l ink both 
phosphate chains  through electrostatic in terac t ion  
involv ing  two << vertical)> phosphate  groups. 
Because of distance requ i rements  (the max imum 
d.istance between both, posit ively charged centers 
in the Lys-Lys doublet  does not  exceed 16 X) ;  
the in terac t ion  cer ta inly  takes pl'ace in the min~r  
groove. 

Figure 17 presents  a model for his tone F2a l  inter-  
action wi th  DNA. It is assumed that all the basic 
residu, es in clustered basic regions (for definit ion 
see (f) in table IV) .are in  direct  contact  wi th  DNA 
phosphate groups, whereas  basic singlet s t ruc-  
tures are supposed not to in terac t  wi th  DNA. 
Under  .these conditio,ns, hisl.one F2.al has about 
4 Lys and Arg non- in te rac t ing  residues among 25, 
yi,elding 16 p. cent free basic residu, es. The model  
makes apparen t  three impor tan t  non-basic  regions 
AB, BC and CD, located betw.een the clustered 
basic ,regions A, B, C and D. tt has usually been 
assumed that histones in chromat in  i, nteract  wi th  
DNA .at the basic ,ends of the molecules, leaving a 
central  helical non-bound  region [50J. Less sophis- 
ticated models have also been considered in  the 
caseof  hi.stone F2.al, a, ssum~ng the ,exi,sten.ce of two 
v, ery different parts  in the molecule : the first half  
(ami, no terminal )  contains  the essential  basic resi- 
dues wh,~reas the other residues are concentra ted 
in the second half (carboxyl terminal)  [4, 54]. 
How ev, er, th.e model proposed by Richards  and 
Pardon  t4] leaves the possibi l i ty  .of re .a t tachment  
of lfi.ston.e F2al  to DNA by means of the basic resi- 
dues 77, 78, 79 .as well as those at posi t ions 91, 
92 and 95 wh ich  belong to the C-terI~inal par t  of 
the molecule. In agreement wi th  thi's proposal,  
unpub l i shed  results by Palau et al. established 
that a 18 residue C-terminal  pept ide obtained from 
histone F2a l  by BrCN spli t t ing is abl, e to stabilize 
double s t randed DNA against tb, erlnal d.enatura- 

tion. The eventual  presence of loops of non-basic  
residues appear ing  between highly basic regions 
in his tone F2al ,  has a l ready been considered by  
PhilLips [56], .as well  as by Richards and  Par-  
don [4]. However,  these models do not dis t inguish 
basic residues located in mult iplet  :structures from 
those located in singlet structures.  Two extreme 
possibiliti,es can be considered in  the frame of 
the model features presented in figure 17 : e i ther  
a fully extended s t ructure  so that non-basic  
regions do not protude from the DNA, or a com- 
pact s t ructure  wh, ere the same regions are 
inc luded  in  external  loops. The latter a r rangement  
would :lead to .a weight ra t io  of histone F2al  to 
DNA of about 9, whereas  the former would  afford 
values much lower than l,  e.g. 0:5 as calculated by 

~02 

Fic~. 17. - -  Schematic representation of the structure 
of histone F2al interacting milh double slranded DNA. 
Horizontal circles represent basic residues, Arg (OI 
and Lvs (e ) ,  on interaction with DNA phosphate 
groups( Two consecutive basic residues belonging to a 
multiplet structure (for definition see (f) in table IV) 
certainly interaet ~eith two ¢ vertical * phosphate 
groups ~in the minor groove. No assumption is made 
about the secondary structure of protein intermediate 
regions such as AB, BC and CD. 

Richards  and Pardon  [4]. Rati.os (w/w)  of about  1 
observed in chromat in  [49, 4] favours an inter-  
mediate sittration, in wh, ich non-basic  residues 
would  in terac t  wi th  DNA (par t icular ly  the small 
loops in regions A, B and D ; see figu, re 17). This  
s tatement  however  is only vafid if values for the 
ind iv idua l  histones making  up the chromat in  do 
not de~-iate signifioantly from the re,can. This  is 
n.ot the ca, so for hi,stone F1, wh ich  cer ta in ly  adopts 
a mucL raor.e extended conformat ion.  Secondary 
s t ructure  features of these non-basic  regions have 
been considered- It has been emphasized that most 
of the BC region could be i,n .an u-helical confor- 
mat ion  [56, 4]. Smytl~ies et al. [57] have even 
assumed the 33-98 par t  of histo.ne F2a l  to be an 
a-helix. However,  exper imental  results by Li et 
al. [58] indica ted  that on.ly 17 residues of this 
his tone were able to undergo a t rans i t ion  from a 
random-coi l  to an a-helix conformation,  when  the 
medium was sa turated wi th  phosphate anions,  
although it is possible that the amount  of a-helix 
may be increased to a Larger extent on in terac t ion  
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with a specific DNA segment in chrom.atin. If 
his tone F3 is analyzed on the ,same basis as his- 
t~n,e F2al ,  s t r ik ing an~all0gi~es do appear  be tween 
both .argin~ne-rich his tones  in  the AB and  CD 
regions. P r imary  s t ructure  ana logies  between calf- 
thymus F2a l  and  F3 histon:es have been noti,~ed 
previ~ously by De Lange et al. [~5] wh ich  suggest 
h igher  order  s t ructure  analogies. In  par t icular ,  
the C, CD and  D ~egions i,n both prote ins  (resi- 
dues 75 .to 0,5 :an~d 113 to 131 of hhi:ston!es F2a l  and  
F3 respectively) as well  ,as the A, AB ,and B regions 
(re,sidu.es 16 to 45 a,nd 1'4 to 37 .of h is tones  F2a l  
and  F3 respectively) show a great deal of sequence 
analogy. 

In  one sense, the in te rac t ion  between histones 
(at least a rg in ine- r ich  histones) could be visual ized 
as involvi,ng two dis t inct  types of region, a very 
basic one for ining a cont inuous  positiwe polyelec- 
trolyte backbone in  direct  in te rac t ion  wi th  DNA 
phosphute groups, as in the case of protamines ,  
and  a less polar  ,one wh ich  would  he able to affo,rd 
compact  structures,  such ,as in globular proteins.  
The histone external  loops of defined ter t iary  
s t ructure  w i th in  the chromosomal  complex could 
act as sites of recogni t ion  b~etw,een enzymes 
(acetylases, methy~ases...) and  the nucleoprote in  
complex, as well  ~as loci for in te rmolecu la r  asso- 
ciat ion (histone-histone interact ions) .  Recent  r.e- 
suits by Krieger et al. [59] ,using F2a l  his tone frag- 

-Arg-Arg- 
R 
! 

H I H HH 2 

o ,J. h NH~ 

R' 

I . I z N ~ N H  2 n = 12 

R 
! 

J~. ~ ' ~ . , ~ x . ~  ~ .  ~NH 

R' 

Fro. 18. - -  Comparison between two peptide basic 
doublets (-Arg-Arg- and -Lys-Lys-) and 1,12- diamino- 
dodeeane. 

ments  have shown that calf- thymus d eacetylase 
failed to remove acetyt groups w h e n  us ing a 
heptapept ide  con ta in ing  the Lys 16 residue, 
whereas  1.ar~e ~-termi, nal  fragments  were active 
as substrates for the enzyme. It appears that  a 

ra ther  ,long sequence of the lfistane F2a l ,  i, nc lud ing  
the AB region would  he requi red  for recogni t ion  
by the deacetylat ing enzyme. Exper iments  us ing 
ni`trox~de spin label l ing of calf thymus his tone 
F3 showed that cy.steinyl ~esidues at posi t ions 96 
a nd  110 belong to a non-polar  ,region of the pro- 
tein wh ich  cer ta inly  ,adopts ,a precise ter t iary  
s t ruc ture  [60]. This  ,r,eg~on appears  an,al, oguous to 
the BC region depicted i~n figure 17 for calf thy- 
mus histo,n,e F2~al. It i,s -¢ery inte'resti,ng to note that  
the F2al-H,ke his~one from male gonads of the 

aT M °C 

~=12 
I 40- / 

~ - l .  v / 
I r "o. I / 

.=2 / 

30-- I\~1~ I/ 
~G=10 

20" 5 110 [ 11.6 115 d/,~ 
Fro. 19. -- Plot of ATM versus the maximal distance 

dv/>- between both the positively charged nitrogen 
centers in the follo,wing ligands : ( • )  diamines of the 
series H.2N-(CH_~):NH~, n ---- 2-10 and 12, (A) deeame- 
thonium and (V) malouetine (dN/~ = 11.6 ,~,). 

sea-urchin Parechinus angulosus possesses a cys- 
te inyl  residue at posi t ion 73 [611 w h i c h  appears 
to be analogous to cysteine 110 ill calf thymus 
histone F3. Thins observat ion suggests that  F2a l  
and  F3~ histories have a common origin,  and that  
the BC loop ill histone F2al  appears  to be an 
appropr ia te  ,region for ter t iary  structure.  

Comparative th'ermal dena tu ra t iun  studies of 
DNA complexes wi th  d iamines  of the series H2N- 
(CH2)n-NH 2 and dibasic peptides clearly .establish 
an analogy betwee~n both types of l igands  (see 
fig. 1 ,and 2). The s imi l i tude  in  thermal  behaviour ,  
cer ta inly  reflects s t ructural  armtogies. As shown 
i,n figure 18,, the pepltide basic d,o,ubl, ets appear  to be 
s imi lar  to thee .aliphatic di.ami,ne n = 12, as far as 
the distance dN/N between both tire p,o,sitive'ly char- 
ged c~e,nters is concerned.  Mahl'er and Mehro t r a  
[30] and Tabor  [62] have shown that the stabiliza- 
t ion :of ,the compt,exes defined by AT~ w, as depen- 
d en~t on d~,-/N for thee .series of a, l iphat ic  diamines,  
n = 2 -10 .  When  AT M versus n was plotted a 
max imum was observed ~or n = 5 [30, 62]. The 
present  work  reports  s imilar  results obta ined wi th  
the same series of d iamines  in a med ium of dif- 
feren,t ionic  strength. A max inmm stabil izat ion 
also appears  when  n = 5 (see figure 19). The 
analysis  has been ,extended to 1-12-diaminodode- 
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cane, decamethonium and  malouetine.  A quant i -  
tative analysis  was  performed as described in 
tabl~ I. Figure 19 represents  .the var ia t ions  of 
AT~I versus' dN/.~-, assum~ng thee mo~s't ex tended  all 
t rans  conformat ion  for each diamine.  It is l ikely 
that conformat ions  wi th  shorter  distances are 
present  w h e n  in te rac t ion  wi th  DNA takes place, 
especially for the larger n values. Malouetine, 
wh ich  is a r igid stero,idal d ica t ionic  molecule 
(see formula in  figure 9), has a well defined N/N 
distance, d ca 11.6 ?~, [29]. This molecule was 
chosen to s tandardize the curve in figure 19. It 
appears that ATxt is much greater for this r igid 
steroidal l igand than for non-r ig id  d iamines  of 
s imilar  distance (n = 8 or 9). The difference is 
cer ta inly not due to the presence of a qua te rnary  

+ 
ammonium cation (C-N(CHz)3) in the first case 

+ 
and an ammonium cat ion (C-NIi z) in the second 
o n e :  decamethonium and 1, 10-diaminodecane 
do not differ significantly in  their  s tabil izing 
effects (AT~ = 25.6 ° and 27.6 ° respectively,  see 
table I). Under  ,the ~same ionic s t rength ~ondit ions,  
1,12-di.aminodod.ecane, affords a greater stabiliza- 
t ion of the DNA complex, AT M = 42.5 °. The shape 
of the curve in  figure 19 suggests that  two stabili- 
zation maxinm are present  w h e n  DNA interacts  
with a l iphat ic  d iamines  of the series HzN-(CH2) ~- 
NH e. The first ma~imunl  .at ,n = 5 (dN/s ca 7.5 A) 
may correspond to a charge neutra l iza t ion bet- 
ween ~the l igand and two consecutive phosphates  
bel.onging to the same DNA strand,  the second one 
appears at higher  N/N distances (n ca 12) and 
might  involve two <(vertical >> phosphates in  dif- 
ferent DNA strands.  The distance between two 
consecutive phosphate  atoms in the same s t rand 
is about 6.5 A, whereas  m in ima l  d.istanees bet- 
ween phosphates in  two different s t rands are 
about 12 X .and 19 X for the mino r  and  major  
grooves respectively,  w h e n  using coordinates  for 
helical  DNA as given by Langridge et al. [63] ( ' ) .  
This  would imply  that DNA retains its secondary  
s tructure dur ing  complexation.  However, a DNA 
hyperchromic  ,effect is observed in  the UV spec- 
t rum at 258 nm when both ligands, n ~ 10 and n = 
12, are added .to DNA under  isotherm condi t ions  
(ca. 22°C), suggesting conformat ionat  var ia t ions  
of the DNA bases. Other l igands wi th  lower n 
values do not give rise to this hype rch romic  
mix ing  .effect. In  the case of s teroidal  d iamine-  
D N A  complexes, character is t ic  DNA changes in  
optical propert ies  (UV and CD) were also reported 
by Mahler et at. [34]. Fur thermore ,  the thermal  

(*) A recent refinement of the structure of B-DNA 
by Arnot and Httkins [64] retains essentially the same 
nositions for the phosphate groups as in the model of 
Langridge et al. 

behaviour  of 1-12-di, aminododecane  and maloue- 
t ine differs markedly  from that found for shorter  
d iamines  (n = 2 -10) .  A saturat ion curve AT,n 
versus liga,nd to DN~A ratio is character is t ic  of the 
latter case (see fig. 1 as a representat ive  example).  
Curves wi th  a max imum (see figu,r,es 3 and 4) as 
observed in the former case, cer ta in ly  cor respond 
to the appearance  of more than  once complex w h e n  
the l igand to DNA rat io is ,carted. AT M (23.9 °, see 
table I) for the pept ide I-DNA complex appears 
to be qvite different from that expected on the 
basis of s t ruc tura l  a, na~logi:es wi, th d iamine  n = 12 
(AT~ I = 42.5 °) as suggested in  figure 18. It could 
be assumed that a conformat ional  r ea r rangement  
is responsible  for the lower ing of hT~l. Peptide I 
appears to be more s imilar  to d iamine  n ----- 10 
(AT~r = 27.6°). Steric effects due to the substi- 
tu t ion of both carbon atoms a and ~' wi th  bulky 
groups could favou,r con$ormations other  than 
the all  tran.s one depicte.d in  figure 18. The thermal  
behaviour  of peptide I-DNA oomplexes is of the 
normal  type wi th  a typical  saturat ion curve hTra 
versus l igand to DNA ratio. When  other dibasic  
peptides, such as Lys-Lys and Arg-Lys were com- 
pared  to peptide I, impor tan t  differences in  AT~I 
were again observed (34.6 ° and  30.6 ° respectively).  
In fact, different d iamine  configurat ions are pos- 

sible for both compounds,  (i) N ~/N= (first resi- 

due), (it) N a/N~'(secorrd residue) a nd  (iii) N ~ /N ~' 
Configur,ation (i) appears to be s imilar  to that 
encountered  in d iamine  n = 5 for w h i c h  AT~ 
37.7 ° . On the basis of the above ment ioned  results 
the N/N distance appears  to be an impor tan t  para-  
meter  when  dica t ionic  l igands in terac t  wi th  heli- 
cal D~A. However,  this single parameter  is not  
sufficient to explain the reported exper imenta l  
results. In par t icular ,  the AT:i difference between 
a r igid dicat ionic  l igand such as malouet ine  and 
a non-r igid  one such as decamethonium cannot  
be on ly  expla,ined on the basis of a d~-/N difference 
between both compounds.  Both l igands differ 
strongly in  the chemical  nature  of the molecule 
moiety located between the posit ively charged 
ni t rogen centers. It is highly hyd,roph,obic in the 
first case (C21H36, malouetine)  and less hydro-  
phobic  in the second (CloH2o, d ecamethonium).  It 
might be also that the very p ronounced  hydro-  
phobic ch,aracter of 1,12-diaminododecarLe could 
cont r ibute  signif icantly to the thermal  s tabi l izat ion 
of DNA complexes, as the thermal  behaviour  of 
this d iamine  differs markedly  from that of other  
a l iphal ic  diamines  in the series. Although peptide 
basic doublets may have conformat ions  wi th  N/N 
distances s imi lar  to that of d iamine  n = 12, they 
appear  t~ be more polar  because of the presence 
of the central  amide bond. 
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II. - -  DNA conformational changes induced 
by histones through localized interactions. 

The observat ion that  coi l ing and unco i l ing  of 
c i rcu lar ly  closed DNA's can be achieved by ste- 
roidal  d iamines  appears  to be very in teres t ing  
[21, 31]. When bacter iophage PM2 DNA interacts  
wi th  malouetine,  reversible  a l tera t ions  of the 
superhel ix  s t ructure  s imilar  to that found duri,ng 
the in terac t ion  wi th  intercal~ating l igands are 
observed [31]. This  effect is depicted in figure 8 
were the mal.ou:etine-PM2 DNA system was ana-  
lyzed using diffarent ionic  strength condi t ions  
f rom those used by War ing  a n d  Chisholm [31]. 
It was. observed that  1-12-diaminododecane is also 
ab4e to uncoi l  the superhei ix s t ructure  of PM2 
DNA as shown in  figure 7. However,  in  compa- 
r ison wi th  the ,above steroidal  l igand, no regene- 
ra t ion  .of the supercoi l  configurat ion is achieved 
even at very high l igand to D~A ,ratios. Neverthe- 
less, the b ind ing  appears to be .reversible as shown 
in  exper iments  where  the ionic  s trength is var ied 
[65]. No uncoi l ing  effect of PM2 DNA is. observed 
when  diamine n = 10 as well  as decamethonimn 
(see figures '5 rand 6 respectively) are used as 
l igands. 

Even if n.o detailed mechan i sm of the inter-  
ac t ion betw,een diamines  trnd DNA is known  up to 
now, it  is l ikely that hyd,rophobic forces contr i -  
bute to the total energy of in terac t ion .  It is inte- 
res t ing  to n,ote that in  the case ,of the malouet ine-  
DNA complex, character is t ic  pro ton  groups (C-CH z 
at posi t ions 18 and  19) belonging to the most 
hydrophob ic  par t  of the l igand molecule have a 
much  shorter  re laxat ion t ime T 2 than proton  
groups belonging to the polar  par t  of it  (see 
table II). This  ,result can be tentat ively int.erpr.eted 
.as being the consequence of an  approach  of the 
steroidal  l igand through its more bulky B-face. 
A close contact  between hydrogens  of the liga.nd 
C-CH 3 groups and CH e groups (probably  at posi- 
t ion 5') of DNA de.oxyribose ( and /o r  methyl  
groups of thymi.nefs) could explain the observed 
difference [66]. 

When in te rac t ing  wi th  DN~, malouet ine  and 
1,1'2-diaminododecane cer ta inly  involve two dis- 
t inc t  types of forces, electr.ostatic and  hydropho-  
bic. 

In  this  light, par t ia l  his tone sequences of the 
type (X-Aq) n where  X = basic residue, A = non-  
polar  residue, q = 1,2 and n ~ 2, could have a 
precise funct ion.  The non-pola;r .residues A could 
in terac t  wi th  DNA .through hydrophob ic  forces, in  
connec t ion  wi th  electrostat ic cohesion afforded by 
the adjacent  basic residues. 
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A very par t icu la r  basic region is that  observed 
in  histon~e F2,al between residues 16 and  20 
( - - L y s - - A r g - - H i s - - - A r g - - L y s - - ) .  There  is an 
impor tan t  c luster ing of basic residues .and enzy- 
nlatic modif icat ions of the e-amino groups by ace- 
tylat ion ,and methyla t ion  ,respectively occur in  the 
lysine residues 16 and 20. The residues Arg and 
Lys, inc luded  in  basic doublet  s tructures,  are cer- 
tain:ly involved in a direct  electrostatic in te rac t ion  
wi th  DNA phosphate  groups. 

In te rac t ion  wi th  h is t id ine  18 may differ mar-  
kedly, because of the lower pK value of this resi- 
due (imidazole group). His t id ine  could afford 
in terac t ions  wi th  DNA, owing to the abi l i ty  of the 
imidazole moiety to form hydrogen  bonds  (the 
b i func t iona l i ty  .of the group yields two possibil i-  

ties for hydrogen  bonding,  as the / ) C  --= N - -  

groupe could act as an electron donor  and the 

\" N'~-H gronp as a proto.n donor) .  

When  the complexes between h is t id inanf ide  and  
sonicated DNA were analyzed by NMR, re laxat ion 
and chemical  shift effects were observed (fig 13, 15 
and 14). The system appears  to be character ized 
by a high dissociat ion constant  value even in  a 
low ionic  medium (see table II). When  the DNA 
to l igand rat io is increased,  berth C o-H and  C4-H 
imidazole protons  ar.e shif ted to lower field, 
whereas g-CH 2 protons in  the s ide-chain remain  
unaffected. N~MR an,alysis of complexes between 
DNA and small molecules is character ized ei ther  
by chemical  shift effects (upfield or downfield) or 
by no shift effect. The latter case was observed 
for the malouetine-DNA system. Upfield effects 
have been ,reported and  they have been related to 
the fact that the  l igand is able to be in tercala ted 
between two consecutive base pairs  [19, fiT]. The 
downfi.eld shift reported for the h i s t id inamide-  
DNA system might  be in terpre ted  as due to the 
fact that the imidazol:e r ing  and a nucleic  base 
lie in  the same plane. Hydrogen bond ing  as depic- 
ted in figure 20 satisfies this geometrical  condi t ion.  
However,  complex format ion might also induce  
chemical  shifts by var ia t ion  of the im.idazole pK 
even unde r  constant  pH condit ions.  

A model is presented to describe the in terac t ion  
between DNA and the N-terminal  par t  of his tone 
F2a l  (residue.s 16: to 20). Evidence  is derived from 
gen,eral chemical  pr inciples ,  model  buildi,ng as 
well  as from the NMR results wi th  h is t id inamide-  
DNA complexes reported above. 

1) The posi t ively charged s ide-chain guanid ines  
and  amino  groups from residues Arg and Lys 
respectively,  would  lie in close contact  wi th  four 
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negatively charged phosphate  groups belonging 
to different DNA strands.  A similar  ,arrangement 
was previously proposed by Richards  and Par-  
don E41. 

2) The peptide backbone  between residues 16 
and 20 of his tone F2a l  is a, ssum, ed to adopt  a con- 
format ion such th~at the s ide-chaine of h is t id ine  
18 is directed towards the inne r  s t ructure  of DN~A. 

I 
H ~ c~'C~" C~f0"'" H~.N~H 

I I 

C H. C N I 

. , .  u I li . C - - H  
/ H t C ~ N ~ C ~ N /  

A 

complexes between h is t id ine  a n d  nucle ic  acid 
bases is not avaiLabLe to our  knowledge.  It is, 
however,  k n o w n  that  imidazole affords molecular  
crystals in wh ich  molecules in teract  in  monodi-  
mens iona l  chains  through hydrogen  bond ing  [681. 
Owing to complex formation,  the cor responding  
DNA base pai r  elements are probably  displaced 
towards  the per iphery  of thee double helix. Under  
these, condi t ions,  bend ing  or k i nk i ng  of the DNA 
regular  s t ructure  appears feasible as depicted in  
figure 21. 

Inspect ion  of molecular  models (*) suggests that 
the imidaz<fle gr(>up of His 1'8 J,n tfi.'st~ne F2:al can 
in terac t  through hydrogen  bond ing  wi th  two 
nucleic  base pairs  as schematical ly depicted in  
figure 21. 

I!I • . 2.0 deacefyJotion~"~H .20 

. d "2 

" - - \X  // \ \  

i N-- H 

A 
Fro. 20. - -  Hydrogen bonding between the F2al  his t i -  

dine residue 18 and the components  of a DNA base 
pair. Upper part : Watson-Crick A.T base pair. Louver 
part : ternay complex between the imidazole moiety 
of the histidine residue, adenine and thymine. 

"\ N - -  3) Prox imi ty  between the : NH and  ~ C  

imidazoLe groups of h is t id ine  18 and ~ C  = O 

and - - N H  2 groups of the DNA bases could allow 
the format ion of new hydrogen bonds y ie ld ing a 
te rnary  complex as shown in  figure 20. Energy 
cons idera t ions  suggest that a n  A.T pai r  should be 
more favou, red than  a G.C pair ,  as in the case of 
the former the two broken  hydrogen  bonds  arc 
fully re-established when  in te rac t ion  wi th  His 
takes place. Exper imenta l  evidence for t e rnary  

e Lyt(Me)t, , O A~ 
® Ly~Ac) $ Ly5 

FIG. 21. - -  Schematic  DNA conformot ional  changes 
induced by enzymat ic  acelylat ion and deacetylat ion of 
F2al  lysine residue 1~. 

The proposed mechanism affords a way of dis- 
rup t ing  the double s t randed DNA regul, ar struc- 
ture through a local nucle ic  acid-prote in  interac-  
t ion. It  provides  no  regular  bend ing  of the DNA, 
but ra ther  a dislocation of the DN~A secondary  
s t ruc ture  at specific points.  This  localized per tur-  
bat ion could be integrated in  more or less complex 
ter t iary  structures.  

According to the results of Richards  and Pa rdon  
E4~, histories involved in  the ma in t a inance  of 
DNA ter t iary  s t ructure  in chromat in  do conta in  
His residues.  In  contrast,  historic F1 which  is not 
related to DN'A folding, is devoid of this residue.  
It is n.ol possible to assess if the mechan i sm is res- 
t r ic ted to the single His .residue 18 in  his tone 
F2al .  The presence of ha,s'Lc amLn, o-acid res idues  
adjacent  to h is t id ine  ,appears to be essential  as 
suggested by the respective affinities of a dica- 
t ionic  l igand (malouetine) .and h i s t id inamide  

(*) One turn of double helical DNA and the N-ter- 
minal part of histone F2al (residues 1 to 22) were 
built using polysterene models according to the pro- 
cedure of Thomas [69]. 
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towards  double s t randed DNA. In  the sequence 
- - L y s - - A r g - - H i s - - A r g - - L y s - - ,  the central  His 
res idue would  be forced to in terac t  wi th  DNA, if 
only wi th  low energy in te rmolecu la r  forces, 
because of the presence of adj..acent basic ~esidues 
s trongly in te rac t ing  wi th  DNA by means of elec- 
trostatic forces. 

If the electrostatic in te rac t ion  was ,altered, this 
could lead to the loss of the His-DNA interac t ion .  
Enzymat ic  modificat ion .of lys ine  e-amino groups 
through acetyla t ion is indeed ,observed for the 
argin~n,e-r.ich hi.stones F2al  ~an4 F3, i n  relat ion to 
the control  of genetic ac t iv i ty  in  the cells of higher  
organisms [70]. In  calf thynms,  acetylat ion a nd  
deacetylat ion of the ,residue lysine 1~6 appear  to be 
the ma in  .enzymatic s t ructural  modi~fi~ati.ons of 
hist tme F2al .  By .acetyiatio,n, the hasic doublet  
- - L y s - - A r g - -  is t ransformed into a singlet - - L y s  
( A c ) - - A r g - -  y ie ld ing  .a reduced  affinity between 
DNA .and this region  of the historic. As a conse- 
quence,  the adjacent  residue His 18 would  lose its 
abi l i ty  to in terac t  wi th  DNA bases by hydrogen  
bonding,  so ,that a .normal base pai r  could be re- 
established, followed by a DNA st ructural  modifi- 
cations.  

DNA confarmat iona l  changes induced  by  post- 
synthet ic  his tone modifications,  such as acetyla- 
t ion of the a rg in iue- r ich  histories, could be rela- 
ted, among other things, to reversible chromat in  
changes f, rom a condensed ,or << inactive>> state In 
a diffuse ,or << active>> one. It  has been  observed 
in  some biological systems that  aeetylat ion indeed  
occurs  at the bound,aries between condensed and  
diffuse chromat in  [701. 

Acetylat ion ,and deacetylat ion of Lys 16 in  his- 
tone F2a l  co.uld correspond to a general  swi tch  
Inechanism involved in the control  of  genetic acti- 
vi ty in the cells of higher  organisms, by a l lowing 
reversible DNA conformatiDnal changes to occur. 
Specific interacticms between chromosomal  com- 
ponents  could then take place, as a consequence of 
ter t iary  s t ructure  var ia t ions  in  l:a, rge regions of 
DNA. 

CONCLUSION. 

An exper imental  strategy directed towards  the 
unde r s t and ing  of the molecular  organizat ion of 
nucleoprote in  complexes wi th in  ch, romat in  has 
been developed. 

Because of the heterogenei ty in  amino acid dis- 
t r ibu t ion  ,along the sequence of histones, the s tudy 
of i n d e p e n 4 e n t  prote in  por t ions  seems re levant  to 
features in  the  whole s tructure.  Histone-like syn- 
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thet ic  peptides,  ,as well as chromosomal  pro te in  
fragments  appear therefore to be suitable models 
to analyze histone-DNA interac t ions  in  molecular  
terms. 

Circular ly  closed DNA's also appear as adequate 
models for DNA in  the ch,roinosomes. Por t ions  of 
chromosomak DNA could adopt  topologically rela- 
ted structures [11. 

ADDENDUM. 

After thds manusc r ip t  was wr i t t en  a paper  by 
De Santis el al. (1974, Biopolymers, 13, 313-326) 
appeared on the in te rac t ion  between DNA and  the 
N-te:rlr~i, nai  p(~rtian ,of his tone F 2 a l  (residues 16 to 
20). Thei r  conclusions  we,re reached essent ial ly on 
the basis of energy calculations.  In some ~aspects 
they appear  to be closely related to those presen-  
tly reported : locat ion of the pepti4e in  the DNA 
mi no r  groove, l ink ing  of both DNA s t rands  by 
electrostatic interact ions.  However  impor tan t  dif- 
ferences do appear.  The his t id ine  residue 18 is 
supposed to int,eract by its imidazole moiety wi th  
a negat ively charged phosphate  group. No confor- 
mat ional  changes are assumed for DNA when the 
in terac t ion  takes place. 

A p re l imina ry  study by analyt ical  u l t racentr i -  
fugation of complexes between bacter iophage PM2 
DNA a nd  a histone-l ike synthet ic  pept ide (Ac- -  
G l y - - H i s ~ A r g - - A r g - - V a l N H o )  suggests that some 
sort of DN~A packing occurs when  molecules 
in terac t  (unpubl i shed  result  from our laboratory) .  
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R~sw~. 

On d~erit la d~naturation thermique de complexes 
form,s entre ADN de thymus de veau et peptides 
basiques de synth~se (di-, tri- et t~tra-peptides) poss~- 
dant la structure X-X (do.ublet basique, X = Arg ou 
Lys) earaet6ristique des histones de structure primaire 
eonnue. Des analogies de eomportement vis-h-vis de 
la d~naturation thermique entre ee type de peptides et 
des amines aliphatiques de la s6rie H~N--(CH~),--NH2 
suggbrent qu'une structure h double charge avee une 
distance appropri~e entre les deux eentres portant les 
charges positives, est tr&s adapt6e pour interagir avee 
I'ADN dans sa conformation en double h~liee. 

Un modble d'interaetion entre histones et ADN est 
propos~ sur la base des exigenees st~riques mention- 
n~es (modUle diaminique) ; il est d~erit en d6tail dans 
le cas de l'histone F2al. 
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Le rble de processus enzymatiques  d'ac~tylation et 
de d~sac~tylation de certains r6sidus lysine dans le 
cas d 'h is tones  riches en arginine est discut6 dans le 
cadre du module diaminique.  Un r61e possible du 
r6sidu His 18 de l 'his tone F2al est envisag6 en relat ion 
avee ee module. 

Une 6tude par r6sonanee magn6tique protouique de 
complexes entre ADN et deux d6riv6s mod61es, la 
malou6tine (st6roide ayant  deux fonct ions ammonium 
quaternaire)  et l 'h is t idinamide,  montre  qu'une descrip- 
t ion pr6cise de ees complexes est possible du point  de 
vue magn6tique, the rmodynamique  et cin6tique. 

Des r6sultats prdliminaires,  ayant  t ra i t  h l '6tude 
par u l t racent r i fugat ion  analyt ique de complexes entre 
I'ADN de bact6riopbage PM2, de structm-e eirculaire 
ferm6e par  covalence, et des diamines  sont 6galement 
discut~s. 
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