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D E S O X Y R I B O N U C L E I C  ACID C O M P L E X E S  OF R A R E  E A R T H S *  

by 

K U R T  G. STERN AND MAYNARD A. STEINBERG 

Department o] Chemistry, Polytechnic Institute of Brooklyn, and Division o/ Neoplastic Diseases, 
~']~rontefiore Hospital, New York, N. Y. (U.S.A.) 

E. HAMMARSTEN observed in x924 s that  trivalent cations, viz., lanthanum in tile 
form of its nitrate and iron in the form of ferric sulfate, will form a precipitate when 
added in low concentrations to dilute solutions of the sodium salt of high-polymer 
desoxyribonucleic acid (STN), prepared essentially according to BANG'S method. Ad- 
ditional experiments on the precipitation of STN by lanthanum salts were performed 
b y  E.  HAMMARSTEN AND TEORELL 9, a n d  b y  CASPERSSON, E.  HAMMARSTEN AND H .  

HAMMARSTEN 2. The maximum precipitation occurs in the pH-range from 2.5 to 4. I t  
was shown that  the lanthanum nucleinate complex has a very low solubility and that  
it contains 7.37% phosphorus. 

Use was made of the reaction of lanthanum salts with nucleic acids in a number 
of subsequent investigations. Thus, lanthanum-containing reagents were employed for 
the fixation of nucleic acid structures in ultraviolet microscopy 3 and as electron stain 
of chromatin fibrils in electron microscopy 1. Lanthanum salts have also been used in 
analytical studies on nucleic acids 6, and for the purification of desoxyribonucleic acid ~. 

On chemical grounds, it is to be expected that  other elements of the rare earth 
group, in their tripositive ionized state, will behave towards nucleic acid in a manner 
similar to that  of lanthanum salts. Preliminary experiments in our laboratory, performed 
several years ago, showed that  the salts of various rare earths (praseodymium, erbium, 
and yttrium) formed precipitates with sodium desoxyribonucleinate in aqueous solutions. 

I t  was the object of the present investigation to obtain information on the com- 
position and properties of the complexes formed between lanthanum and other rare 
earths with high-polymer desoxyribonucleic acid. This information was desired in con- 
nection with parallel investigations dealing with the distribution of lanthanum in the 
tissues of normal and tumor-bearing animals upon parenteral administration 1° and with 
the biological effects of rare earth compounds on mammalian cells tl and micro- 
o r g a n i s m s  14. 

EXPERIMENTAL 
~,~1aterials and methods 

The rare earth compounds ( lanthanum, praseodymium, samarium, and yttr ium**) were obtained 
from Research Chemicals, Inc., Burbank,  California, in the form of the oxides. The pur i ty  in all 
cases was over 99 %. The chlorides of the rare earths were prepared from the oxides by means  of 
hydrochloric acid. 

Two preparations of high-polymer sodium desoxyribonucleinate (STN), obtained from calt 

* These experiments  form par t  of a research program conducted under  contract  (AT-3o-I-88o) 
between Montefiore Hospital and the United States Atomic Energy Commission. 

** Yttr ium, while not  strictly one of the rare earth elements, possesses closely similar physical 
and chemical properties and is therefore usually grouped with them. 
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t h y m u s ,  were used in these  expe r imen t s .  The  first was p laced a t  our  disposal  by  Professor  R.  SIGNER, 
Chemical  In s t i t u t e ,  U n i v e r s i t y  of Berne,  Switzer land.  I t  r ep resen t s  his  P repa ra t i on  No. ¥ I I ,  t he  
isolat ion of which  has  been descr ibed b y  SCHWANDER AND SIG~'ER 13. I t s  p ro te in  c o n t e n t  is below 1%.  
The  v iscos i ty  b e h a v i o u r  of the  mater ia l ,  as  a func t ion  of the  ve loc i ty  g rad ien t  t~, indica tes  t h a t  it  
r ep resen t s  h i g h - p o l y m e r  STN which  ha s  unde rgone  litt le or no degrada t ion  in the  course  of i ts  
p repa ra t ion .  The  second STN p repa ra t i on  was  a gif t  of Professor  D. O. JORDAN, D e p a r t m e n t  of 
Chemis t ry ,  Un ive r s i t y  of N o t t i n g h a m ,  Eng land .  I t s  des igna t ion  is T 5/4, and  it r ep resen t s  a second 
prec ip i ta t ion  of the  P repa ra t i on  T 5/I ,  which  ha s  been descr ibed by  GULLAND el al. ~. The  e l e m e n t a r y  
compos i t ion  of the  mater ia l ,  as de t e rmined  in Professor  JORDAN'S labora tory ,  is as follows: C, 37.7; 
H, 4.65; N, 16.3; P, 8.o 5 %. The  s o d i u m  c o n t e n t  of the  first p repa ra t ion  (T 5/1), was  7% ~ .  . Ul t ra -  
cen t r i fuge  and  diffusion s tudies  on T 5/1 yielded a va lue  for its molecular  weight  of 8.2. IO5. * I t  
follows t h a t  th is  mater ia l ,  too, represen ts  h igh -po lymer  sod ium desoxyr ibonucle ina te .  Bo th  p repa-  
ra t ions  dissolved slowly in disti l led wate r  to yield clear and  colourless, h igh ly  viscous solut ions.  

The  spec t ropho tome t r i c  m e a s u r e m e n t s  were m a d e  wi th  a Model DU B e c k m a n  qua r t z  spect ro-  
p h o t o m e t e r .  

The  n e o d y m i u m  concen t r a t ion  in s tock  solu t ions  of n e o d y m i u m  chloride was de t e rmined  b y  
m e a s u r i n g  the  opt ical  dens i t y  of the  so lu t ions  a t  522 mt~ and  employ ing  a va lue  of o.o3o for the  
abso rp t ion  coefficient of n e o d y m i u m  chloride a t  5218 A TM. In  t he  spec t ropho tome t r i c  e x p e r i m e n t s  
wi th  STN the  read ings  were m a d e  a t  79o m/~ where  a s teeper  absorp t ion  m a x i m u m  is s i tua ted .  
The  abso rp t ion  coefficient of NdC1 a a t  th is  wave  l eng th  was found  to be o.o8o, i.e. s o m e w h a t  h ighe r  
t h a n  ind ica ted  by  the  m e a s u r e m e n t s  of MOELLER AND BRANTLEY TM. Since t he  absorp t ion  m a x i m u m  
of n e o d y m i u m  chloride a t  th is  wave  l eng th  is ve ry  sharp,  it  was  located by  t a k i n g  five read ings  
in the  v ic in i ty  of th is  wave  l eng th  and  us ing  the  m a x i m u m  dens i t y  va lue  t h u s  obta ined .  

OBSERVATIONS AND RESULTS 

The rare earth complexes of desoxyribonucleic acid were prepared as follows: 
ioo mg of yt t r ium, samarium, or praseodymium chloride were dissolved in IO ml 

of water, 5 ml of this solution were added to 2o ml of sodium desoxyribonucleinate 
solution containing approximately 0.8 mg STN per ml, and the resulting mixture was 
shaken for several minutes, and then filtered. The fibrous precipitate was washed with 
several hundred ml of water and then placed successively in ethanol-water mixtures 
of 25, 50, 75 and 96% for five minutes at each concentration. Finally, it was immersed 
in ether for IO minutes, then removed and allowed to dry in the air. 

The complexes of neodymium and lanthanum with nucleic acid were prepared in 
a similar manner, except that  larger volumes of the rare earth and nucleic acid solutions 
were used. 

When moist, the nucleinates are tinged with the characteristic colour of the chloride 
of the rare earth salt employed, e.g., the neodymium nucleinate is a pale pink, praseo- 
dymium nucleinate, a pale green, and the yt tr ium, samarium, and lanthanum nucleinates 
are colourless. When in the dry state, all of the preparations are white in appearance 
and have the texture of asbestos fibers. 

With the exception of the lanthanum salt, pellets of the complexes, immersed in 
glycerol and transilluminated with a beam from a tungsten source, exhibited strong 
absorption bands in the visible region when viewed with a Zeiss hand spectroscope at 
room temperature.  In the instance of the neodymium nucleinate complex, the bands 
were situated at 5Io-512, 520-525, and 57o-59o m~ respectively, whereas the praseo- 
dymium complex exhibited absorption bands at 44o-45 o, 465-47 o, and 475-48o m/z. 
The "d idymimn"  complex, obtained by adding a mixture of neodymium and praseo- 
dymium chloride to a STN-solution, showed bands at 44o-45o, 465-47 o, 520-525, and 
57o-575 m/z. When the absorption spectra of the corresponding rare earth chlorides in 
aqueous solution were projected in a position adjacent to that  of the spectra of the 
nucleinate complexes, no band shifts due to complex formation were detectable visually 
or photographically. However, the absorption bands of the nucleinates appeared to be 
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somewhat broader and less sharply defined than the corresponding bands of the simple 
rare earth salts. The selective spectral absorption of rare earth nucleinates may lend 
itself to the development of a "staining" procedure for the microscopic study of chro- 
matin and other nucleo-protein structures in cells and tissues. 

Since samarium and europium exhibit fluorescence (c/. 1~) nucleinates of these 
metals were prepared in the usual manner and exposed to radiation from a mercury 
-source, fitted with a filter which transmit ted ultraviolet radiation of 366 m/x. No visible 
fluorescence was observed under these conditions. 

Preliminary experiments to determine the solubility of neodymium nucleinate, 
were performed by treating weighed amounts of the complex with NaOH-H3BO 3 buffer 
solutions, the pH of which ranged from 7.7 to 11.2. An additional tube containing the 
nucleinate and distilled water, was included as control. All tubes were shaken for twelve 
hours. The suspensions were then filtered and spectrophotometric determinations for 
neodymium and nucleic acid were made on the filtrate at 79 ° m/x and at 26o m/x re- 
spectively. In all instances, the concentration of neodymium present in solution was 
too low to be determined. The amount of nucleic acid in solution was found to be 
smallest in the water filtrate and greatest in the buffer of pH 9.o, indicating decompo- 
sition of the complex at this pH. 

The elementary composition of an air-dried preparation of neodymium nucleinate, 
as found by micro-analysis (TIEDCKE) w a s :  C, 26.14; H, 4.oo; N, 11.21; P, 5.26; water, 
7.15 and 7.08; ash, 20.76 and 20.67%. The corresponding values, after correcting for 
moisture, are: C, 28.1; H, 4.3; N, 12.1; P, 5.7" ash, 22.3 o//o. 

Several methods were tried to determine the content of rare earth and of nucleic 
acid in the neodymium nucleinate preparations. Hydrolysis of the compound in I.O N 
HC1, heated in a water bath  for 45 minutes, left a very slight residue. Measurement 
vf the optical density values at 79 ° m/~ indicate that  the complex contained lO.O7% 
neodymium, corresponding to the combination of I mg neodymium with 8.93 mg DNA 
(average value obtained in four separate hydrolysis experiments). 

If, on the other hand, the optical density of the hydrolysates was determined at 
260 m/x, i.e., at the nucleic acid absorption maximum, excessively high values for DNA- 
content were obtained. This may be due, in part,  to the hydrolysis of the nucleic acid 
into free purine and pyrimidine bases, which are known to have higher extinction 
coefficients than STN at that  wave-length, and to the absorption of neodymium salts 
in this region of the spectrum 12. 

At tempts  to determine the concentration of nucleic acid in the HC1 digest by means 
of the Dische diphenylamine reaction were unsuccessful. 

Because of the difficulties involved in the direct determination of the amount of 
nucleic acid in neodymium nucleinate preparations, an indirect method was tried which 
consisted in adding an excess of STN solution to a solution of neodymium chloride and 
shaking the mixture vigorously for several minutes to minimize the occlusion of STN 
in the precipitate. The excess STN in the filtrate was estimated colorimetrically by the 
Dische reaction at 620 m/x, employing a calibration curve prepared with the aid of a 
highly purified STN preparation placed at our disposal by Professor E. HAMMARSTEN, 
Karolinska Institute,  Stockholm. The values thus obtained were lower than those 
obtained in the experiments described in the following section. 

The characteristic absorption spectrum of neodymium chloride in aqueous so- 
lutions t2 made it possible to study the binding of neodymium chloride by sodium 
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desoxyribonucleinate spectrophotometrically, by the following procedure : to an aqueous 
STN solution, usually containing approximately o.8 mg STN/ml, was added an excess 
of neodymium chloride solution (0.5 to 1.5 ml containing 5.8 to 6.1 mg Nd/ml), the 
optical density of which had previously been determined at 79 °m/ , .  This mixture was 
shaken for several minutes, the precipitate, consisting of neodymium nucleinate, was 
filtered off, and the amount of neodymium remaining in the supernatant solution was 
determined by spectrophotometry. 

TABLE I 
REACTION OF NEODYMIUM CHLORIDE WITH SODIUM DESOXYRIBONUCLEINATE (STN) 

I I1 I i l  IV V 

N d * *  Nd. N d * * *  DNAt  
Expl. DNA * residual bound bound 

t o t a l  (supernatant) by S T N  per mg Nd 

No. mg mg mg mg mg 

I 6.98 3.313 2.487 0.826 8.45 
2 6.98 6.626 5.894 0.732 9-54 
3 6.98 9.393 8.510 0.883 7-90 
4 7.58 2.906 I "993 0-913 8'30 
5 7.58 2.906 1.119 0.787 9.63 
0 7.68 2.9o6 1.981 0.925 8.30 
7 7-69 2.900 1.98 t 0.925 8.30 
8 7.69 2.906 1.981 o,925 8.30 

Average 8.55 

* Amount of desoxyribonucleic acid contained in the STN used, calculated on the 
sodium content. 

** Amount of neodymium in the neodymium chloride used. 
*** Calculated as difference between the values in Column II and in Column III. 

t Calculated by dividing the values in Column I by the values in Column IV. 

basis of 7.o % 

It  was found (see Table I) by this differential method that i mg neodymium binds, 
on the average, 8.55 mg of DNA. This would correspond to a neodymium content of 
the compount of Io.47°/o. 

The micro-analysis (TIEI)CKE) of an air-dried lanthanum desoxyribonucleinate 
preparation showed the following elementary composition: C, 26.84 and 26.68; H, 4.o5 
and 4.28; N, 6.74 and 6.82; P, 6.26 and 6.49; water, 7.24 and 7.37; ash, 25.7 ° and 
25.51%. The subsequent analysis of another, carefully dried (at 1IO ° C) lanthanum 
nucleinate preparation yielded an appreciably higher nitrogen content: N, 9.89 and 
9.78 %. Since it is known that substances of this type tend to form nitrogen-containing 
residues on combustion, the higher nitrogen values are probably more nearly correct. 
The P-content of this preparation was 6.52 and 6.39%. Correcting for moisture and 
using the higher nitrogen values yields the following elementary composition for the 
lanthanum nucleinate: C, 28.8; H, 4.5; N, 9.83; P, 6.67; ash, 27.6%. 

The combination of lanthanum with desoxyribonucleic acid was also studied with 
the aid of radio-lanthanum (l~°La), added as a tracer to stable lanthanum (lagLa). From 
z.o to 5.0 ml of an STN solution containing o.8o6 mg STN/ml were added to a constant 
volume, viz. 2.o ml, of a lanthanum chloride solution containing o.228 mg La/ml. The 
amount of lanthanum bound by the nucleic acid was determined by standard counting 
methods, measuring the amount of residual lanthanum in the supernatant solution as 
well as the lanthanum content of the lanthanum desoxyribonucleinate precipitate after 
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acid hydrolys is .  I t  was found t ha t  I mg l a n t h a n u m  combines  wi th  8.03 mg D N A  (see 
Table  II) .  On this  basis,  the  l a n t h a n u m  nucle ina te  complex  conta ins  II .O 7 % l a n tha num.  

TABLE II 
REACTION OF LANTHANUM CHLORIDE WITH SODIUM I )ESOXYRIBONUCLEINATE,  USING L[I  1t0 AS TRACER 

I I I  [ I I  I V  P 

A xpt. D N A  * La * * La La * * * La D N A  ~f 
residual bound bound bound 

lotal (supcrnatant) b), S T N  by STN per mg La 

No. mg mg C .P .M.  C .P .M.  mg mg 

t 0.750 o. 504 13188 3103 0.0958 7.83 
2 1.500 0.504 10490 6095 O. I 8 5 0  8. I I 
3 2.250 0"504 7244 8929 0"2782 8.27 
4 3 .000 0.504 4260 12989 0'3795 7.91 
5 3.75° 0.504 1204 15784 0.4682 8.01 

Average 8.03 

* Amount of desoxyribonucleic acid contained in the STN used, calculated on the basis of 7.0 % 
sodium content. 

** Amount of lanthanum in the lanthanum chloride used. 
* * *  Determined in the hydrochloric acid hydrolysate of the lanthanum desoxyribonucleinate pre- 

cipitate. 
t Calculated by dividing the values of Column I by the values in Column V. 

DISCUSSION 

The chemical  s t ruc ture  of the  complexes  formed be tween  rare  ea r th  sal ts  and  
desoxyr ibonucle ic  acid  remains  to be e luc ida ted  in detai l .  On the  a s sumpt ion  t h a t  t hey  
represent  sal ts  which are analogous  to sodium desoxyr ibonucle ina te ,  the  rare  ea r th  ions 
would  be expec ted  to combine wi th  the  acidic phospha te  groups  of the  po lynuc leo t ide  
chain.  P re l imina ry  de te rmina t ions  wi th  a flame pho tomete r ,  using l i t h ium as in ternal  
s t anda rd ,  indica te  t ha t  in the  compounds  here p repa red  the sodium a toms  are largely  
bu t  not  comple te ly  rep laced  by  rare ea r th  atoms.  Thus,  one of the  L a - D N A  prepa ra t ions  
a p p e a r e d  to conta in  a p p r o x i m a t e l y  o .3% N a  while one of the  N d - D N A  samples  showed 
a res idual  sodium conten t  of a p p r o x i m a t e l y  o.6 %, as compared  wi th  a sodium con ten t  
of 7% of the  or iginal  STN-prepara t ion .  I t  is possible t h a t  the  res idual  sod ium con ten t  
is due to the  mechanica l  occlusion of some STN in the  rare e a r t h - D N A  prec ip i ta tes .  

Considering the  difference in valence and  a tomic  weights  be tween  sodium and  the  
rare ear ths ,  the  L a - D N A  complex  would  be expec ted  to conta in  a p p r o x i m a t e l y  i 4 %  
l a n t h a n u m  by  weight ,  whereas  our exper imen t s  wi th  r a d i o - l a n t h a n u m  as t racer  indica te  
a l a n t h a n u m  conten t  of abou t  I I  %, i.e., 80% of the  theore t ica l  value.  I n  the  ins tance  
of the  N d - D N A  complex,  the  corresponding figure, based  on the spec t ropho tomet r i c  
exper iments  using an excess of n e o d y m i u m  ions, amoun t s  to 7o% of the  theore t ica l  
value.  I t  is not  possible to  ca lcula te  the  rare ea r th  conten t  of the  solid compounds  f rom 
the e l emen ta ry  analyses  since the  exac t  na tu r e  of the  ash has  no t  been de te rmined .  

Ina smuch  as the  phospha te  groups  of the  polynucleo t ide  chain are s epa ra t ed  from 
each o ther  b y  a l inear  d is tance  of abou t  6 A along the  backbone  of the  molecule,  the  
combina t ion  of a single rare ea r th  a tom with  three  phospha te  residues bui l t  in to  the  
same nucleot ide  chain  would  require  the  assumpt ion  of a t i gh t ly  coiled po lynuc leo t ide  
helix wi th  the  rare ea r th  a toms  forming the  core. Al te rna t ive ly ,  the  rare  ea r th  a toms  
migh t  combine wi th  phospha te  groups  of adjacent nucleot ide  chains,  thus  p roduc ing  
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a network of nucleic acid threads cemented together by rare earth atoms. This might 
explain the insolubility of these complexes. 
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S U M M A R Y  

The  reac t ion  of l a n t h a n u m  and  o ther  rare  e a r t h  sa l t s  (neodymium,  p r a s e o d y m i u m ,  s a m a r i u m ,  
and  y t t r i um)  wi th  the  h i gh -po l ymer  sod i um sal t  of desoxyr ibonucle ic  acid ha s  been s tud ied  by 
s p e c t r o p h o t o m e t r i c  and  t racer  me thods .  

I t  was found  t h a t  one p a r t  of l a n t h a n u m  or n e o d y m i u m  combines  wi th  a b o u t  9 pa r t s  of desoxy-  
r ibonucleic  acid and  t h a t  ill th is  reac t ion  a large f ract ion of the  sod ium con t en t  of the  desoxy-  
r ibonucleic  is replaced by  rare  e a r t h  a toms .  The  e l e m e n t a r y  compos i t ion  of the  insoluble  complexes  
p roduced  ill th i s  m a n n e r  ha s  been de te rmined .  The  t e n t a t i v e  s t r uc tu r e  of the  c o m p o u n d s  formed 
be tween  t he  rare  e a r t h  e l emen t s  and  desoxyr ibonucle ic  acid ha s  been briefly discussed.  

R~SUM~ 
La  r~act ion des sels de terres  rares  ( lan thane ,  nCodyme,  prasCodyme,  s a m a r i u m  et  y t t r i u m )  

avec  le sel de sod ium d ' u n  acide dCsoxyribonucl~ique f o r t e m e n t  polymCris5 a ~t6 6tudiCe pa r  spect ro-  
photomCtr ie  et p a r  les t raceurs .  

Une  pa t t i e  de l a n t h a n e  ou de n~odyme  s ' u n i t  $ env i ron  9 par t ies  d 'ac ide  d~soxyribonuclCique 
et, au  cours  de eet te  r~act ion,  une  f ract ion i m p o r t a n t e  du sod ium est  remplacCe pa r  des a t o m e s  de 
terre  rare.  La  compos i t ion  616mentaire des complexes  insolubles  formCs de cet te  faqon a 6t6 dCtermin~e. 
L a  s t r u c t u r e  hypo thCt ique  des composCs formCs en t re  les ter res  rares  et  l 'acide dCsoxyribonuclCique 
es t  b r iCvement  discutCe. 

Z U S A M M E N F A S S U N G  

Die R e a k t i o n  yon  L a n t h a n  und  ande ren  Salzen der  Sel tenen E rden  (Neodym,  P r a s e o d y m ,  
S a m a r i u m  u n d  Y t t r i um)  mi t  d e m  h o c h p o l y m e r e n  de soxy r ibonuc l e in sau rem N a t r i u m  wurde  mi t  
spek t roskop i sehen  u n d  " T r a c e r " - M e t h o d e n  u n t e r s u c h t .  

Es  wurde  ge funden ,  dass  sich ein Tell des L a n t h a n s  oder des  N e o d y m s  m i t  ungef i ihr  9 Teilen 
Desoxyr ibonuc le ins~ure  ve rb inde t  u n d  dass  bei dieser R e a k t i o n  ein grosser  Tell des N a t r i u m g e h a l t e s  
der  Desoxyr ibonuc le insSure  du rch  Sel tene E r d a t o m e  erse tz t  wird. Die E l e m e n t a r z u s a m m e n s e t z u n g  
der  au f  diese Weise  e rzeug ten  un16slichen K o m p l e x e  wurde  b e s t i m m t .  Die versuchsweise  ange-  
n o m m e n e  S t r u k t u r  der  von  den  Sel tenen E r d e l e m e n t e n  und  der  Desoxyr ibonuc le insSure  ge fo rmten  
V e r b i n d u n g e n  wurde  kurz  besprochen.  
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