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I 7.MM A I tY  

The interaction with divalent cations of the synthetic polynucleotides, polyadenylic 
acid and polyuridylic acid, has been studied by conductiometric titration. It is shown 
that  further binding of divalent cation by polynucleotide ceases when one equivalent 
of cation ha.~ been added per mole of polymcr phosphate, and that  the ti tration curve 
is the same for both polymers. This result is compared with that  obtained previously 
for DNA in distilled water, and it is shown that the anomalous end-point for DNA 
is eliminated if sufficient points are taken in the course of the titration. 

Tide interaction of polynucleotides with polylysine has also been investigated, 
both speetrophotomctrically and by condnctiometrie titration. It is shown that  a 
stoichiometrically well defined complex is lormed, and tha t  in the course of the 
reaction the polylysine is capable of displacing an equivalent amount  of divalent 
cation. 

I1WI'ROI)UCTION 

The ability of the synthetic polynucleotides, polyadenylic acid and p01yuridylic acid, 
to react with one another in solution is strongly dep0.ndel~t upon the ionic composition 
of the solution ~-:L This beh~tvior is partictflarly interesting because the two-stranded 
complex formed by p~ly A and poly U has properties resembling those of natural  
DNA~,~,g 

In this papt~r we describe studies of the interaction of polynucleotides with 
divalent cations and with tht: polycation, potylysine. It will be shown tha t  the 
evidence fi'om conductiomctric titrations and spectrophotometry indicates the for- 
mation of stoichiometrically well defined complexes in each case. 

ME'I 'HOI)S 

Spectrophotomctric studies were carried out in the Ca W Model r 4 recording spectre- 
photometer. Conductiometric titrations were performed using a bridge constructed 
from resistance and capacitance components supplied by General Radio Co,, Cam- 
bridge, MKss. All resistors used are stated by the manufacturer  to be accurate to 

• P a r t  of t h i s  p a p e r  w as  p r e s e n t e d  a t  t i m  S y m p o s i t t m  ~+n ( ' h c m i c n l  G e n e t i c s ,  A m e r i c a n  
C h e m i c a l  S~Jciety M e e t i n g ,  Chicag~J, .'qt'.pteml+er 8, 1958. 

"" P u b l i c ~ t i o n  No.  6o  <+f t h e  D e p a r t m e n t  of Bi<>physics. 
Ablhrevia t ionm:  p~+ly A, p o | y a d c u y l i c  ac id ;  platy U, p o l y n r i d y l i c  ac id  ; I}NA, deoxyr ib~+nucle ic  

acid .  

lte[crem~es ~. e42. 



VOL. 34 {z959) POLYNUCLEOTII )ES-CATION5 INTERACTION 235 

0.05 % at  IOO0 cycles A.C. Tb_e sonrce o'f the _r00o cycle signal was a General  Radio  
I2x4-A oscillator,  and the balance point  was de te rmined  wi th  a General Radio  I 2 1 2 - A  
amplifier-nuU detector .  A simple dipping- type conduct iometr ie  cell wi th  cell constant  
o.IIO em -t  was employed  wi th  electrodes unplat inized to avoid  problems of polymer  
adsorpt ion  on the electrode surface.  The current  across the cell was kept  l ow- -o f  the  
order  of I00 #A at  balance.  

Addi t ion of t i t ran t  solutions was made  with a tfipette, a lways delivering be tween  
the same two marks  on the  pipet te ,  or  in the case of small volumes of material  
(0.0~ ml or  less) b y  means 'o f  a Gilmont  Mieropipette  (total capac i ty  x ml). Tempera-  
ture  was  kep t  cons tan t  a t  27.2 ° in most  cases to :~ 0.02* with a water  b a t h  and 
Bronwill  cons tan t  t empe  l$~ture regulator.  

The polynucleot ides  ~ were prepared  b y  the authors  from polynucleot ide  
phosphory lase  isolated by  the au tho r s  from A zolobacler ~t~,ile according to a procedure  
kindly provided  by  Dr. S. OCHOA. The metal sed imenta t ion  coefficients of the  polymers  
were 8. 5 for poly  "A and 5,4 for poly  U. The polymers  were dia lyzed successively 
against  e thylenediamine  te t ra-acet ic  acid, sodium chloride, and triple-disti l led wa te r  
before  freeze-drying.  

Polylys ine  hydrobromide ,  wi th  an average chain length of 50 residues, was 
p rov ided  b y  Dr, MICIIAEL SEI, A. 

In  cer tain cases indica ted  in the  text ,  no t ab l y  the  polylysine t i t rat ions,  a linear 
correct ion has  been appl ied to  the  da t a  to take  account  of the di lut ion of the  original 
so lu t ion  during the course of the titraLion. This correct ion becomes impor tan t  when 
the c o n d u c t i v i t y  of the  initial solut ion is high and the concent ra t ion  of Litr&nL is low. 
The correct ion al ters  slnpes, hu t  not  the  posit ion of changes in slope. 

Redist i l led wa te r  was  used in all exper iments .  
The DNA,  isolated from calf thymus ,  was sut.l;!ied .by the Sigma Chemical 

Company .  
Polylys ine  concentra t ions  were de te rmined  by  a modified Nessler method,  which 

is accura te  to  abou t  5%.  

I. D I V A L E N T  CATIONS 

RESULTS 

The conduc t iomet r ic  t i t ra t ion  of DNA with divalent  cat ions wa_s first performed b y  
SItACK G, who found tha t  in distil led water  there appeared  to be a sharp end-point  to 
the  t i t r a t ion  at  a b o u t  0.8 equiva lent  of Mg ++ or Ca ++ per mole of po lymer  phosphate .  
Under  similar condi t ions  involving the same number  of exper imental  points,  poly  U 
in dist i l led wa te r  appears  to have  the same end-point  when t i t ra ted  wi th  manganese 
chloride. However ,  if the  number  of exper imenta l  points  is increased sufficiently, it 
becomes  apparen t  tha t  the  t i t ra t ion  curve consists  in the  first approximat ion  of three 
regions ra the r  than  two (Fig. I). Tile in termedia te  region, which appears  to be satis- 
factori ly approximated ,  except  a t  i ts  extremes,  b y  a s t ra ight  line, was- not  obvious  
in earlier s tudies  because in these studies only one or  two exper imenta l  points  fell in 
this  region. The s traight  lines formed b y  the points  on either side of the in termedia te  
region intersect  a t  a b o u t  0. 7 equiv, of Mn+% the value  observed  in our  earlier experi-  
ments .  O,. the o the r  hand,  if one draws a s t raight  line through the  in termedia te  set  of 

ReJgvan¢~s p, a42. 
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Fig.  1. The conductiometric titration of 1.oo- 
- l o a M pol)uridylic acid with 2" l o ~t.ll ~[llCli~. 
The ~trrows sh~*w the breaks in the experimental 
curve, the dotted linesshow the end-point which 
would lm obtained if a smaller mimber of exper- 
imental point.~ ~ere taken. The upper straight 
line, marked "H~O". shows the curve for titra- 

tion of water with .MnCI z  ̀
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Fig. z. The difference between thecurve marked 
"H.~O" and the curve marked "U"  in Fig, t ,  

showing the double break. 

points  there are now two "end-po in t s" ,  one at about  0.6 equiv, and  t im other  a lmost  
exac t ly  at I.O equiv, of d ivalent  cat ion.  

The slope of tim second s t ra ight  line region is about  I. 7 t imes the  first, while t h a t  
of the th i rd  s t ra ight  line region is about  x.x5 t imes t h a t  of the  second. All of these  
differences are far beyond  the range of exper imenta l  error. The same t i t ra t ion  curve 
is observed over a ~o-fold range of poly U concentrat ion.  The t i t r a t ion  curve of poty U 
can bc replot ted (Fig. 2) to show the double break in tim curve even more d is t inc t ly .  

We will use this  simplified description of the  t i t ra t ion  d a t a  because, a l though  the. 
points  (part icular ly those in the in termedia te  region) could be t hough t  of as ly ing on a 
cont inuous sl ightly non-linear curve,  our approximat ion  permits  us to  obta in  an  
accurate  description of the shape of the  curve in terms of E l and  E z, the two " b r e a k s "  
in the curve, and  21, 2z and ~,::, the slopes of tile three best s t ra ight  lines th rough  the  
points  (Table I). If  the  va!ues of these parameters  changed with  concent ra t ion  there  
would be considerable question concerning the desirabi l i ty  of the  approximat ion ,  
since the simplest  explanat ion of concent ra t ion-dependent  curva ture  near the  end- 
po,.'nt is a par t ia l  dissociation of the complex being formed, and  we might  be t te r  
conclude, as did SItACK, tha t  we were dealing wi th  a single end-point  a t  abou t  o. 7 
equiv. But  the fact  t ha t  the  parameters  remain cons tant  over  at  least a xo-fold 
concentrat ion range suggests t ha t  this is not the proper in te rpre ta t ion  (see DISCUSSION) 
and  the  description in terms of these parameters ,  par t icular ly  E~, seems a meaning-  
ful one. 

Polyadenyl ic  acid in distilled water  ad jus ted  to about  pH 7.6 has the  same 
t i t ra t ion  curve as poly U (Fig. 3), with a second end-point  a t  1.o equivalent  of Mn ++ 
per mole of phosphate.  However,  if the pH is lowered to 5.8 before s tar t ing the  
t i t ra t ion ,  most  of the combining groups on the  polymer  appear  to be rendered inact ive 

References  p, . '4 2. 
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F i g .  5- C a l f  t h y m u s  I ) N A  in  all.stilled w a t e r ,  t i t r a t e d  w i t h  M n C t  2. O . D .  ( 2 6 0 )  = . t .o .  

(Fig. 4). This is consistent  with the finding of  FREsco .x~D Dor~  "~ regarding transit ion 
of  poly  A to a new form below p H  6.5 in distilled water, and with the suggest ion of 
BEERS AND STr.X.~EI0 that  the phosphate  groups in the new structure are involved 
in internal "salt l inkages" with posi t ively  charged adenine groups in such a manner  
as to  reduce the affinity of the phosphate  groups for divalent  cations.  

Fig. 4 also shows  that  the shape of the t itration curve is essen~ially the s a n e  for 
t i trat ion wi th  Mg ++ as it is with Mn ++. 

In view of the preceding experiments  it is not  surprising that  calf t h y m u s  D N A  
in disti l led water (Fig. 5) shows the sam_ behavior as poly  A and poty U, under 
condit ions  of  concentrat ion similar to those  employed  by Stt,tCK. 

R~qere~wes p. 242. 
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DISCUSSION 

The t i t ra t ion  da ta  indicate tha t  it is necessary to revise previous conclusions about  the 
binding of divalent  cations to polynucleotides.  The point at  which the t i t r a t ion  curve 
finally becomc,~ parallel to t ha t  obta ined for the addi t ion of divalent  cat ion to water  
is the point at  which one equivalent  of cat ion has been added for each mole of phosphate .  
There is, in other  words, some binding of cation up to this point,  and  none beyond it. 
As we I,ave ment ioned in the previous section, it does not seem likely t ha t  the shape 
of the t i t ra t ion curve can 1,e explained in terms of partial  dissociation of the complex 
between the divalent  cat ion and  the polynucteotide.  The invariance iu tile shape of 
the c/:rve~ over a IO-fold range of polymer  concentra t ion is not consistent  wi th  this 
viewpoint,  A calculation shows tha t  easily measurable changes should occur with 
increasing polymer concentra t ion if this model were correct. The second "end-point ' "  
in any  case represents the point  of sa tura t ion  of binding sites on the polynucleot ide.  
"lhe simplest remaining in terpre ta t ion  is t h a t  this sa tura t ion  value is not at  o. 7 to o.8 
equiv, but  tha t  i equiv, of cation is bound s t rongly for each equi',', of negat ive charge. 

The reason for the sharp increase in slope at  o.6 eql~iv, also remains in question.  
I t  is possible t h a t  this is tile point at  which sodium ion, about  half of ~-,hich is probably  
h<,ld t igh t ly  in the vicini ty of v.nti trated polynucleot id ;  ~ :i, begins ~,  be replaced with  
higher efficiency by divalent  cat ion,  or the break m a y  represent a major  shape ctlange 
in the  pol3-_xucleotide wi th  a t t e n d a n t  change in the conduc t iv i ty  increment  of 
neutra l iza t ion of the polymer.  I t  is known tha t  the viscosity of solutions of charged 
polymer is s t rongly depressed by  small amoun t s  of divalent  ion. Ii1 a n y  event ,  there 
is in teract ion between divalent  cat ion and  polynucleot ide until  the equivalence point  
is reached. 

I t  is interest ing to note tha t  the d a t a  of SHACK dealing with  the  effect of d ivalent  
cations on the optical  dens i ty  of DNA in distil led water  are consistent wi th  the 
t i t ra t ion  curves reported here. Though ~HACK 6 chose the end-point  of the spectre- 
photometr ic  t i t ra t ion  by  ext rapola t ion and  obta ined the value o.8o equiv.,  it appears  
equal ly  ,:Mid to choose the point  at  which fur ther  optical dens i ty  changes cease. 
S~Aci< s studies show tha t  this occurs at  about  x.I equiv. The d i scont inu i ty  of his 
spectrophotometr ic  t~tration curve at  0.6 equiv, is also consistent  wi th  our  present  
observat ions.  

VVhatever tile in terpre ta t ion  given to the shape of the t i t ra t ion  curves, it seems 
clear t h a t  these d a t a  do not support  the  suggestion ~° t ha t  purines in a polynucleot ide 
chain are involved in the  binding of divalent  cations, or t ha t  cat ions are bound more 
s t longly  at  sites involving a purine than  they  are at  sites involving a pyrimidine,  The 
identical  behavior  of polyadenyl ic  and  polyuridyl ic  acids a t  neut ra l  pH indicates 
t h a t  the binding properties of the polypurine and  the  polypyr imidine  are the  same, 
at  least within the l imitat ions of the present condit ions and techniques.  (The t i t ra t ion  
me thod  cannot  detect  chelation,  for example,  if the  affinity of divalent  cat ion for the  
phosphate  groups of the backbone is in itself very  great ,  so tha t  the  chelation does 
no t  increase the  amoun t  of bound ion measurably.)  The hypothes is  t ha t  the  purines 
are specially involved in the binding of divalent  cat ions has arisen from the previously 
anomalous  end-point  of the  DNA t i t ra t ion.  ZUBAY AND DOTY I° point  out  t ha t  DNA 
in distil led water  has a large par t  of its hydrogen bonded sys tem disrupted,  so t h a t  
bases would  be avai lable ' for  interact ion wi th  metal  ions. They  explain the  observed 

l~']ere~tces p. 242. 
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end-p~i,~t a t  o. 7 equiv ,  in t e r m s  of a r e l a t ive ly  weak  c o n t r i b u t i o n  to b ind ing  1,y those  
s i tes  i nvo lv ing  py r imid ines .  Our  presen t  e x p e r i m e n t s  ind ica te  t h a t  the  e n d - p o i n t  of  
the  t i t r a t k m  of " d e n a t u r e d "  D N A  occurs  a t  I equ iv . ,  so t h a t  the  a n o m a l y  is e l imina ted .  
F ina l ly ,  i t  shou ld  be n o t e d  t h a t  the  ev idence  f r o m  t i t r a t i o n  of po ly  A and  p o l y  U does  
no t  a p p e a r  to  s u p p o r t  the  sugges t ion  of Ztu-;Av z'- t h a t  po lyadeny l i c  acid can  fo rm 
c o m p l e x e s  which  invo lve  che la t ion  of d i v a l en t  ca t ions  b y  adenine.  I t  is of course  not  
possitfle to  d e t e r m i n e  the  co r rec tness  of Zvt~.~Y's p r o p o s e d  s t r u c t u r e  for the  th ree -  
s t r a n d e d  p o l y  (A + 2U) molecule  on this  basis,  bu t  it does  no t  a p p e a r  t h a t  t i t r a t i o n  
d a t a  p rov ide  a n y  ev idence  in f avor  of  a s t r u c t u r a l  r e q u i r e m e n t  i nvo lv ing  d iva len t  
c a t l o u  c h e l a t i o n  b y  adenine ,  

N a t u r a l l y ,  these  resu l t s  a p p l y  on ly  to  the  case of  po lynuc leo t ides  or  D N A  in 
dis t i l led wa te r .  T h e r e  is good  reason  to  bel ieve 'a t h a t  a t  phys io logica l  concen t r a t ions"  
of s o d i u m  chlor ide ,  for e x a m p l e ,  a smal le r  a m o u n t  of d iva !en t  c a t i on  is hc!d b y  
d e n a t u r e d  D N A  t h a n  is he ld  in dist i l led wate r .  U n d e n a t u r e d  D N A ,  as Ztu~.w .xxt~ 
D o r y  h a v e  s h o w n ' "  has  a t i t r a t  ion c u r v e  e n t i r e l y  d i f ferent  f rom t h a t  of  d e n a t u r e d  DNA.  
T h e  r e l a t ive  r ig id i ty  of  the  u n d e n a t u r c d  ina ter ia l  should  h a v e  a m a r k e d  effect upon  
i ts  b ind ing  p r o p e r t i e s  '°,~*, so t h a t  these  p rope r t i e s  m a y  differ  f r o m  those  s h a r e d  by  
the  s i n g l e - s t r a n d e d  po l ynuc l eo t i de s  a n d  d e n a t u r e d  D N A .  

I I .  P O I , Y I , Y S I N E  

RESULTS 

I f  a smal l  excess  of  Mn +* is a d d e d  to  a m i x t u r e  of p o l y  A a n d  p o l y  U in I :I  m o i a r  
T 9 

ra t io ,  t h e  c o m p l e t e  f o r m a t i o n  of  the  p o l y  (A r!. U) t w o - s t r a n d e d  s t r u c t u r e  occurs- .  I f  
we n o w  p e r f o r m  a c o n t i n u o u s  v a r i a t i o n  expe . r iment  wi th  a solu t ion  of polylys ine* 
which  has  the  s a m e  c o n c e n t r a t i o n  (residues of  lys ine  moles  of  p o l y m e r  p h o s p h a t e )  
as the  p o l y  (A ~- U), keep ing  the  t o t a l  c o n c e n t r a t i o n  of ( p h o s p h a t e  ~ lysine) cGnstant  
a n d  v a r y i n g  t im ra t io  of  nuc leo t ide  to  a m i n o  acid,  the  series of a b s o r p t i o n  cu rves  
shown  in Fig.  5 is ob ta ined .  Po ly lys ine  a t  this  c o n c e n t r a t i o n  has  negligible a b s o r p t i o n  
in t he  region 230-300  m/z, a n d  a t  m o s t  r a t i o s  of pol .vnucleot ide to  po ly lys ine  the  
a b s o r p t i o n  c u r v e  shows  a l inear  d i lu t ion  effect  u p o n  the  p o l y  (A -}- U) s p e c t r u m .  

• Polyl~.,sine hydrohromhie. 

,Re jercures  l". 24" .  
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However,  in the range of ratios a round  x :x, there is a general elevation of the entire 
curve on the optical dens i ty  scale. This m a y  be a t t r ibu ted  to the format ion  of aggre- 
gates with great scat ter ing power ; the aggregates will precipi tate  over a period of 24 h. 
The range in which such aggregation occurs is l imited under  these condit ions to 
several percent on ei ther  side of the 50°,/0 point .  

0,~i , [ ~ -- ~ 1 , i 
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Fie .  5- A b s o r p t i o n  s p e c t r a  of  m i × t u r t : s  of  p o l v  (A + U) a n d  p:fl3"lysine. T h e  n u m b e r s  a d j a c e n t  t o  
t h e  c u r v e s  s h o w  t i le  f r a c t i o n  of t h e  t o t a l  c o n c e n t r a t i o n  (base  + a m i n o  ac id )  wl~ieh is p o l y l y s i n e .  

These results simw tha t  tlmr6 is in teract ion between the polynucleot ide  and  the  
polypeptide,  bu t  one question which is not  answered is t h a t  of the  i n t imacy  of the  
lys ine-phosphate  linkage. Are the positive charges located fair ly close to  the  negat ive  
charges along the  entire lengths of the chains? In  Fig. 6 are given the  results  of an 
exper iment  in which a solution of poly (A + U) which had  been brought  toge ther  wi th  
a small excess of Mn ++ was t i t r a t ed  wi th  a poiyiysine solution. The first par t  of the  
curve is parallel to the line obta ined  by  adding  Mn ++ to water ,  while the  second pa r t  is 
parallel to the line ob ta ined  by  adding polylysir,  c to a di lute  NaCI solution.  The results 
show tha t  for every mole of lysine residue added,  an equiv,  of meta l  ion is displaced. 
The end-point ,  which occurs at  x equiv, of polylysine within the  exper imenta l  error, 
is consistent  with the format ion  of a s toichiometric  poly  (A + U)-polylys ine  complex*. 

I t  should be noted  tha t  poly A or poly U alone, to which excess Mn ++ has been 
added, show similar t i t ra t ion  behavior  but  somewhat  different  spectral  behavior  in the  
presence of poiytysine. Details of these studies will bc discusscd in ano ther  paper.  

DISCUSSION 

Though the result of the spectrophotometr ic  s t u d y  is not  par t icular ly  surprising,  since 
it reflects the  relative insolubil i ty of a molecule at  the isoelectric point,  it a t  least 
suggests t ha t  non-mat ted ,  only loosely cross-linked s t ructures  are beitlg formed. There  

* I t  is pos s ib l e  to  i n t e r p r e t  t i m  s l i g h t l y  h i g h  v a l u e  of  t h e  e n d - p o i n t  po l ) . l y s ine  e o n c e t ~ t r a t i o n  i n  
t e r m s  of  o n e  of  t h e  i r r e v e r s i b l e  m o d e l s  for p o l y m e r  i n t e r a c t i o n  p r o p o s e d  in  r eL  5. H o w e v e r ,  t h e  
e m i r s  it~ d e t e r m i n i n g  t h e  c o n c e n t r a t i o n s  of  t h e  s e v e r a l  c o l r t p o u ~ d s  i n v o l v e d  in tl~e t i t r a t i o n  a r e  
su f f i c i en t  t o  a c c c m n t  for  t h e  r e su l t s .  T h e  s m a l l  d i s c r e p a n c i e s  in  s lope  m u s t  b e  v i e w e d  in  t h e  t i g h t  
of t h e  r a t h e r  I~rge d i l u t i o n  c o r r e c t i o n  w h i c h  h a s  b e e n  a p p l i e d  in  t h i s  e a s e  ( s r c  ,~IBTVtOOS a n d  
T a b l e  I). 

T h e  use  of t h e  h y d r o b r o m i d e  of p~f lylys ine  r a t h e r  t h a n  t h e  h y d r o c h l o r i d e  s h o u l d  a f fec t  t h e  
c o n d u c t i v i t y  i t ~ c r e m e n t  emly s l i g h t l y .  

Relerences p. e4  2. 
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is good reason to expect such behavior from polytysine--polynucleotide mixtures  in 
the  work of CH:XRC.AVF and his collaborators ~5 and  others an. The stoichiometric 
solubil i ty dependence is very  much  like tha t  observed in a.nother manner  by SvvrN IK, 
LIPSHITZ A,N'D CHARGAVV for DNA-polylysine ~a. 

4,5 ~,.a . ' "  Mn 

Equiv ,  • 1'0 5 

F i g .  0.  T i t r a t i o n  o f  4 . ~ - : o  "~ .11 W i l y  f A -~- [ ' ) .  ! t o t a l  b a s e  c o n c e n t r a t k m  I b r o u g i l t  to.~t~thor w i t h  
.MnCI~, w i t h  4 . 0 .  t o  ~ 31 pot3" l ' , ' s ine .  M i s  t h c  c , t r v e  fo r  a d d i t i o n  o f  M n t ' l ,  t o  w a t e r .  1. is  t h e  c u r v e  f~.~ 
n d d i t i o n  o f  p o l y l y s i t ~ e  t o  4" to  .t .1I N a ( ' l  sottiti<+n. Al l  c u r v e s  a r e  c o r r e c t e d  fo r  d i l u t i o n  {see 

~I 1". T H O i ) S I .  

The t i t ra t ion  of po~y (A L- U) with polylysine demonst ra tes  tha t  a polycat ion is 
capable of completely replacir,g s t rongly bound divalent  metal  ions under  the condi- 
t ions of the  experiment .  The fact t ha t  the curve remains parallel to the line representing 
addi t ion of Mn +* to wate r  until  the end-point  is reached is confirmation t h a t  x equiv. 
of manganese  ion . . . . . . . . . . .  is ho,,, ,d ~;,~. +J"~.,.~ polynucleotides for each mole of phosph~*,~.....~ . . . . . . . . .  ~ . . . .  
spect rophotometr ic  studies by  the authors  also indicate tha t  one equivalent  of di- 
valent  ion must  be bound  to complete the format ion of poly (A + U), and tha t  excess 
divalent  ion is required to drive this reaction to completion. Two-s t randed rigid poly 
(A + U) thus  does appear  to have  a lower affinity for divalent  ions than  do the 
single-stranded polynucleotides,  though this difference is not apparent  in the  t i t ra t ion  
exper iments  described here. 

The fact t h a t  there is only one break in t_he cu, re, and tha t  this occurs a t  tile 
x-equiv, point,  is consistent  with the idea of a stoichiometric polylysine-poly-  
nucleotide complex. On the o ther  hand,  it is possible t ha t  there is binding of polylysine 
to  polynucleot ide heyond the equivalence point,  and  tha t  this is undetec ted  in the 
t i t ra t ion  because the conduc t iv i ty  increment  is the s,".me whether  the addi t ional  poly- 
lysine binds to the  electrically neutra l  polynucleotide-pols~peptide complex or remains 
free in solution. This excess binding can only  occur if sites are available because of 
"over lapping"  a t t a c h m e n t  of polylystne to the  poly (A -'-- U) (see ref. ~). I t  does  not  
seem likely tha t  this overlapping occurs to a great  extent ,  since in t ha t  case the 
displacement  of manganese  ion in the first part  of the curve would presumably  be 
much  smaller. Howevec, as much as io.% of overlapping and  excess binding could 
occur undetected,  and  as ment ioned  in tim footP.ote of the preceding section, might  
account  for the sl ightly high end-point.  I t  might  also account  for the nar row range 
of ratios which produce aggregation in the spectrophotometr ic  studies, though this 
m a y  be a ma t t e r  of a relat ively insensitive technique.  

Refcvc*~ce.¢ p, 24..% 



242 a. FELSEI~VELD, S. HUA~'~ vet. .  34 (19591 

The charge-for-charge replacement  soggests  tha t  each of the  posi t ively  charged 
lysine residues is capable  of coming close to a negat ive ly  charged phosphate .  This is 
par t icular ly  interest ing because the s t ruc tura l  s tudies  of WtLKtNS 17 indicate  tha t  the  
lysine-rich fract ion of histone can be combined  wi th  D N A  to give a c o m p o u n d  which 
has an X- ray  diffraction pa t t e rn  like tha t  of nucleoprotamine,  so tha t  i t  is l ikely tha t  
the  lysine-rich his tone lies in the small groove of D N A  in a regular  manner .  I t  seems 
reasonable tha t  in the case of the  two-s t randed  poly  (A + U )  molecule a similar s t ruc-  
ture should form. The t i t ra t ion  results are  consis tent  with this s t ruc ture ,  bu t  the  fact 
tha t  poly  A and po ly  U separa te ly  exhibi t  the same behavior  suggests  tha t  the  me thod  
establishes only  a necessary  condit ion.  Fur the r  invest igat ion,  including s t ruc tu ra l  
studies,  will be necessary ~o de te rmine  whe ther  we are  dealing wi th  a syn the t i c  analog 
of natura l  nucleoprotein.  
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