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D E O X Y P E N T O S E  N U C L E I C  A C I D  I N  R E L A T I O N  T O  I T S  S T R U C T U R E  

by 
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T h e  in f r a r ed  s p e c t r u m  of d e o x y p e n t o s e  nuc le ic  ac id  (DNA) ,  w h e n  o b t a i n e d  on a d r y  

fi lm or  f iber ' ,  2, shows  two  m a i n  g roups  of a b s o r p t i o n  bands ,  t h a t  b e t w e e n  155o a n d  175o 

c m - '  a s s o c i a t e d  w i t h  t h e  p u r i n e  a n d  p y r i m i d i n e  c o m p o n e n t s ,  a n d  t h a t  b e t w e e n  90o a n d  

13oo cm -1 a s soc i a t ed  w i t h  t h e  s u g a r - p h o s p h a t e  m o i e t y .  In  t h e  sol id  s t a t e  i t  is poss ible  to  

d i f f e ren t i a t e  D N A  f r o m  r ibose  nuc le ic  ac id  (RNA)  b y  v i r t u e  of a sma l l  b a n d  a t  lO25 

c m - '  1, b u t  t h e  s p e c t r a  of sol id  s amp le s  of D N A  of v a r y i n g  m o l e c u l a r  w e i g h t s  s h o w  no 

d i f fe rence  p r o v i d e d  t h e  deg ree  of sa l t  f o r m a t i o n  is t h e  same.  T h u s  an  e x p l a n a t i o n  of 

s o m e  a p p a r e n t  d i f fe rences  in s o m e  D N A  s p e c t r a ' ,  ~ lies in t h e  fac t  t h a t  t h e  spec t r a  

of sol id  s amp le s  of D N A  do v a r y  in t h e  r e g i o n  of 16o0 c m - '  d e p e n d i n g  on t h e  degree  

of sa l t  f o r m a t i o n .  

I n  o rde r  to  s t u d y  D N A  in a s t a t e  m o r e  c lose ly  a p p r o x i m a t i n g  t h a t  wh ich  ex is t s  in 

na tu r e ,  we h a v e  e x a m i n e d  i ts  i n f r a r e d  spec t r a  in a q u e o u s  so lu t ions  us ing  a t e c h n i q u e  

p r e v i o u s l y  d e s c r i b e d  3 and  w h i c h  has  been  app l i ed  to  p ro t e ins  4. I n  th i s  p a p e r  we r e p o r t  

t h e  effect  of (a) m o l e c u l a r  we igh t ,  (b) d e s o x y r i b o n u c l e a s e  ac t ion ,  (c) p H  changes  and  (d) 

h e a t  t r e a t m e n t  on t h e  i n f r a r e d  spec t r a  of D N A  so lu t ions*"* .  

EXPERIMENTAL 

Materials. Four different samples of DNA were used in this investigation. 
DNA-I was prepared in this laboratory from calf thymus (by M. ABBATE) using the method 

Of KAY, SIMMONS AND BOUNCE ~. I t  is a fibrous material which contained less than o.i % protein. 
DNA-2 was prepared in the Department of Chemistry, Harvard University, from calf thymus 

(by Drs. DoTY AND VARIN). I t  is a fibrous material which has a molecular weight of about four 
million 6. 

DNA- 3 was purchased from \Vorthington Biochemical Corporation where it was prepared from 
calf thymus by the method of IV[IRSKY AND POLLISTER 2. I t  is a fibrous material. 

DNA- 4 was purchased from Nutritional Biochemicals Corporation where it was prepared from 
herring sperm using the hot alkaline extraction method of LEVENE s. The product is a powder and 
does not give viscous solutions. I t  is of low molecular weight. 

Technique. A Perkin-Elmer Model 21 double beam spectrometer with a sodium chloride prism 
and slit widths of approximately o.o72 mm at  2ooo cm -1, o.125 mm at 14oo cm -1, and o.35o mm 
at 85o cm -1 were used. Solutions in D20 were examined in the region 14oo to 2000 cm -1, and solutions 
in HzO were used in the region 7o0 to 14oo cm -1. 

* Chemical Research Laboratory, Polaroid Corporation, Cambridge 39, Massachusetts. 
*~ Laboratoire de Physiologie G~n~rale, Sorbonne, Paris. 

*** A preliminary note has appeared in Biochim. Biophys. Aeta, 15 (1954) 303 . 
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The D20 solutions of DNA- 4 were prepared by simply dissolving the substance in D20. The 
presence of a large amount  of absorbed water in the high polymeric materials (DNA-I, 2 and 3} 
made a preliminary deuteration necessary. Therefore these samples were dissolved in D20 {approxi- 
mately 2 ° o by weight}, lyophilized, and redissolved in D20. Since it is necessary to use relatively 
thin ceils (o.025 mm to 0.075 mm), the concentration of the DNA must  be of the order of 7%- At 
this concentration the high polymers form t ransparent  gels. The pH upon solution, of all preparations, 
was near 5. 

RESULTS 

As in  t h e  so l id  s t a t e ,  t h e  i n f r a r e d  s p e c t r a  of D N A  in s o l u t i o n  s h o w  two  m a i n  g r o u p s  

of a b s o r p t i o n  b a n d s  : one  b e t w e e n  155o a n d  175o c m  -1 a n d  t h e  o t h e r  b e t w e e n  9oo a n d  

i 3 0 0  e m  -1. 

(I) The I55o to I75o cm-'  region. I n  t h i s  r e g i o n  s o l u t i o n s  of D N A  in D 2 0  s h o w  corn-  

p l i c a t e d  a b s o r p t i o n  s p e c t r a  w h i c h  di f fer  

(c/. Figs.  I .~, 2 & 2I~.) 
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Fig. IA. D20 solutions: (a) DNA-4; (b) DNA-3; 
(c) DNA-2; (d) DNA-I. 

Fig. In. H20 solutions: (a) DNA-4; (b) DNA-3; 
(c) DNA-2; (d) DNA-~. 
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lqg. 2A. DNA- 4 in D20 solutions: (a) p H ~  2 
{cloudy solution); (b) pH ~ 4; (c) pH ~ 7; (d) 

p H ~  Io; (e) pH > 11. 
Fig. 2B. DNA-I in D20 solutions: (a) pH ~ 5; 
(b) pH ~ 9; (c) pH > ~i; (d) solution c (pH 

> I i)  brought  to pH ~ 6. 

A. The lozu polymer. D 2 0  s o l u t i o n s  of D N A - 4  n e a r  n e u t r a l i t y  s h o w  t h r e e  d i s t i n c t  

b a n d s :  166o c m  1 (v.s.),  1625 c m  1 (s.) a n d  1575 c m  1 (m.) (Fig. 2A) .  F r o m  p H  4 to  p H  IO 
p r a c t i c a l l y  no  c h a n g e  a p p e a r s  in  t h e  a b s o r p t i o n  c u r v e s ,  b u t  b y  p H  I I  t h e  I625  c m  -1 

a n d  1575 c m  -~ b a n d s  h a v e  i n c r e a s e d  m a r k e d l y  in  i n t e n s i t y .  A t  p H  2 t h e  1625 c m  -~ b a n d  
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disappears and a new absorption appears in the form of a shoulder at 1685 cm -~ (Fig. 
2A, curve a). These changes are reversible. The intensity of the 166o cm -] band appears to 
remain unchanged with changes in pH. 

In the region between 155o and 175o cm -] the spectrum of low polymer DNA in 
D20 solution differs markedly from the spectrum of the same material  in the dry state. 
In order to determine the respective effect of deuteration and the solvation we have 
examined deuterated and non-deuterated DNA- 4 in the solid state. In this state the 
absorption bands of the deuterated neutral material lie at the same frequencies as in 
neutral D20 solution (166o, 1625 and 1575 cm-1), whereas the non-deuterated solid 
material  shows absorption bands at higher frequencies (17oo, 166o and 16oo cm-1). I t  is 
thus apparent  that  although deuteration produces spectral changes in low molecular 
weight DNA, solvation of the deuterated material does not change its infrared spectrum 
in this region (vide in/ra). 

B. The high polymers. The high molecular weight samples (DNA-I, DNA-2, and 
DNA-3) in D20 solution show distinctly different absorption maxima from the low 
molecular weight sample (DNA-4). Near pH 5, the two strong bands in all the high 
polymers are at 168o cm -1 and 1645 cm -1 (Fig. I A, curves b, c, and d), as compared with 
166o cm -1 and 1625 cm -1 for the low polymer. The band at 1575 cm -1 is constant in 
frequency. In addition two weak shoulders are observed at 1695 cm -~ and 1625 cm -1 
(Fig. 2B, curve a). The presence of IM sodium chloride does not affect the position of 
these absorption bands. 

In contrast  to the spectra ob- 
tained with the low molecular weight 
sample, DNA-4, all the high mole- 
cular weight samples have spectra 
in D20 solution which differ from 
those obtained with the same materi-  
als in the deuterated solid state. In 
the deuterated solid state the bands 
in both the high and low polymers 
lie at 166o, 1625 and 1575 cm -1, 
whereas in solution in D20 a shift to 
higher frequencies (bands at 168o and 
1645, 1575 cm -1) is observed in only 
the high molecular weight samples. 

(a) The action o/ desoxyribonu- 
clease. The addition of a trace of des- 
oxyribonuclease to a gel of D N A - I  
(pH 5) at 37 ° C liquefies the gel com- 
pletely in 2]/2 hours. Concomitant 
with the liquefaction of the gel the 
infrared spectrum changes markedly 
in that  the 168o and 1645 cm-~ bands 
disappear and bands at 166o cm -1 
and 1625 cm -1 appear (Fig. 3 A). The 
new spectrum is the same as tha t  of 
DNA-4 in this region. 

e~ 

_o 

ct 

I 

I 

I 7 0 0  ~ 6 0 0  1 7 0 0  1 6 0 0  
CM'I CM-I 

Fig .  3A. (a) D N A - I  in  b 2 0  p H  ~ 5 (gel) ; (b) D N A - I  
ge l  a, t r e a t e d  w i t h  d e s o x y r i b o n u c l e a s e  for 2 ~z h o u r s  

a t  37 ° C p H  , ~  5- 

F ig .  3B. (a) D N A - I  in  D~O p H ~  5 (gel);  (b) D N A - I  
gel  a, h e a t e d  8 m i n u t e s  a t  IOO ° C;  (c) D N A - I  gel  a, 

h e a t e d  60 m i n u t e s  a t  IOO ° C. 
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(b) The effect o~ pH changes. In the concentrated DNA solutions we use for spectral 
studies, we were not able to prepare a solution more acidic than pH 5 with the high 
molecular weight samples. With increasing pH the gel becomes more fluid, but until pH 9 
the spectrum is practically unmodified. However, at pH > 9 the bands at 168o and 1645 
cm -1 disappear and the 166o and 1625 cm -1 bands appear along with an increase in 
intensity of the 1575 cm -1 band (Fig. 28, curve c). At this point, the spectrum is similar 
to that of DNA-4 at the same pH (Fig. 2 A, curve e). If the highly alkaline solution is 
neutralized to pH 6 the original spectrum at that pH is not observed. After going 
through the cycle pH 5 -+ pH < I I  -+ pH 6 the spectrum resembles that obtained with 
DNA- 4 at pH values between 4 and 7. 

(c) The effect o~ heat. By heating a gel of 7% DNA-I (pH 5) in DtO at IOO ° C for 8 
minutes, a stronger, more elastic gel is produced. Heating for as long as 6o minutes at 
ioo ° C did not further change the appearance of the material. However, the infrared 
spectrum of a sample so treated is different from that of the original gel. The bands at 
I68o and 1645 em -1 are weakened, and two strong bands at 166o and 1625 cm -1 appear 
(Fig. 3B). 

(2) The 90o to 13oo cm -1 region. All the DNA samples which we have examined showed 
similar absorption spectra in this region. The spectrum shows three main bands--one 
strong band at 1225 cm 1, a doublet at lO55 and Io85 cm -1 of which the lO85 cm -~ 
component is very strong, and a less strong band at 970 cm -1. In addition there is a small 
band at lO25 cm -~ (Fig. I B). Aqueous solutions of RNA show a strong shoulder at 112o 
cm -1. The differences shown in this region easily distinguish RNA from DNA in solution. 

The absorption bands of DNA in this region lie at the same frequencies despite 
variations in the molecular weight of the samples examined. Furthermore we have not 
observed any change in the spectra in this region of the high molecular weight DNA 
samples upon varying the pH through the range 3 to 12, or upon heating the samples 
in solution to IOO ° C, or with the action of desoxyribonuclease for relatively short time 
intervals. 

DISCUSSION 

The two main groups of infrared absorption bands shown by DNA have been 
correlated in a general way with (I) the purine and pyrimidine components (155o-17oo 
em -1) and (2) the sugar-phosphate parts of the molecule (9oo-13oo cm-1) 1. This general 
correlation is in accord with studies on simpler molecules containing phosphate groups 
9,10, n as well as those containing purine and pyrirnidine rings 1~-16. 

The most interesting phenomenon which has been observed with high molecular 
weight DNA in solution is that it has a characteristic in/rared spectrum which may be 
changed by physical, chemical, or enzymic treatment. Furthermore, it is important to 
note that after the action of very different agents, the resulting altered DNA's all show 
the same altered spectrum. 

It  is known that the changes in DNA brought about by short alkaline treatment 1: 
at room temperature, or by desoxyribonuclease TM, result in a decrease in the viscosity 
and the molecular weight. Therefore it seems logical to associate the observed change 
in the infrared spectrum, upon treatment with alkali or desoxyribonuclease, with de- 
creases in molecular weight. However, the action of heat at pH's  near neutrality, which 
also changes the infrared spectrum of DNA in the same manner, results in no change 
in molecular weight but rather a change in configuration of the molecule. 19 
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It may be concluded therefore, that  the observed changes in the infrared solution 
spectrum of DNA, although related to its molecular weight, are more particularly 
related to its configuration. Furthermore, since the characteristic observed change in 
the spectrum lies in the region of strong absorption by the purine and pyrimidine com- 
ponents of DNA, this is indicative of the important role these bases must play in the 
configuration of the molecule. 

The exact physical meaning of the shift in the frequency of the bands (168o and 
1645 cm -1 ~ 166o and 1625 cm -1) with the action of the above-mentioned agents, is 
difficult to interpret. The strong bands in this region are caused by the component 
purines and pyrimidines involving principally the C ~ O, C ~ N and -NH2 bonds. These 
groups are almost certainly hydrogen bonded and if this shift in frequency is corre- 
lated with the strength of the hydrogen bonds, it must be concluded that in the altered 
DNA's the purines and pyrimidines are more strongly bonded than in the original high 
molecular weight DNA. This may be an unwonted conclusion because in the high 
polymer, it is thought that  structure is maintained by very specific and strong inter- 
molecular hydrogen bonding 2°. However, since the infrared spectrum of the original 
high polymer DNA and the altered DNA's in the deuterated dry state show the same 
bands at 166o and 1625 cm -1, it is suggested that  the characteristic absorption of the 
high polymer at 168o and 1645 cm -1 we observe in solution involves modification by 
hydration or solvation. If we assume that  the double stranded helical configuration 
of solid DNA 2° is maintained in solution, then hydration of the outer parts of the helix 
(the sugar and phosphate) might result in a force on the intermolecular purine-pyrimidine 
bonds which would tend to increase their absorption frequency. On treatment with heat, 
alkali, or desoxyribonuclease, we postulate that the specific helical configuration is altered 
(with or without change in the molecular weight) and this change in the configuration 
allows hydration o/the molecules without a distorting/orce on the purine-pyrimidine bonds. 
Spectral changes such as those observed, i.e. from higher to lower frequency, are gener- 
ally associated in hydrogen bonded species with increased strength of the hydrogen 
bond. Then, on this basis, one must assume that  in the altered DNA samples either the 
purine-pyrimidine hydrogen bonds are stronger than in the original material (because of 
of removal of a distorting force as just discussed) or that  the purine-pyrimidine hydrogen 
bonds are ruptured by the treatments and new bonds (purine-D20 and pyrimidine-D20 ) 
are formed which lie at the lower frequencies. 

A comparison of the infrared solution spectra of DNA and its component nucleotides 
and nucleosides ~ gives some information about the origin of the bands at 166o, 1625, 
and 1575 cm -1. The band at 1575 cm -1, which shows medium intensity in acidic or 
neutral D~O solution and strong intensity in alkaline D20 solution, can be attr ibuted to 
guanine since both deoxyguanosine and deoxyguanylic acid show a similar band with 
the same behavior. The other nucleotides present in DNA do not show this band. The 
bands at 166o and 1625 cm -~ probably are associated principally with thymine. Thymidine 
and thymidylic acid show the same strong bands with similar pH behavior. However, 
it is probable that  adenine also contributes to the absorption at 1625 cm -~ since the 
adenylic acids in D20 solution show a strong and sharp band at this frequency ~1. I t  
may be that  cytosine also participates in the absorption in this region, but  we have 
noted that the absorption maxima of deoxycytidylic acid solutions do not correspond 
exactly with any observed DNA absorption band. 

As noted previously the region 900 to 13oo cm -~ is primarily associated with the 
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sugar-phosphate part  of the DNA molecule. The position and intensity of the bands at 
97 ° cm ~ and Io85 cm -~, by comparison with model phosphate esters 22, shows that  the 
phosphate group is completely ionized at pH > 5. This is in agreement with the elec- 
trometric t i tration data on DNA 23. Furthermore the fact that  there is no change in these 
bands with the above described treatments indicates that  the phosphate groups do not 
play a pr imary role in the molecular configuration of high molecular DNA. 

SUMMA]RY 

High molecular weight deoxypentose nucleic acid (DNA) in aqueous solution has a charac- 
teristic infrared spec t rum which may be changed by physical, chemical, or enzymic t rea tment .  
The region of the spec t rum in which the most  impor tan t  changes occur is tha t  associated with the 
purine and pyrimidine components .  In particular,  two s t rong absorpt ion bands at  168o and 1645 cm -1 
disappear  upon (a) raising the p H  over 11, or (b) heating the solution for a few minutes  at  Ioo ° C, 
or (e) upon shor t  t r ea tmen t  with desoxyribonuclease. Concomitant  with the disappearance of the 
absorpt ion bands  at 168o and 1645 cm 1 is the appearance of two new bands at ~66o and I625 cn1-1. 
We have not  been able to reverse these changes in the infrared absorption spectra of DNA in solution 
once they have occurred. 

The observed infrared spectral changes of DNA in solution, with the t rea tments  described 
above, lie in the region where purine-pyrimidine absorpt ion occurs and are indicative of the impor tan t  
rote these bases mus t  play in the molecular configuration of DNA. The nature  and extent  of the 
spectral  shifts are such as to lead us to postulate  tha t  such t rea tments  irreversibly alter the specific 
double s t randed helical configuration of the original high molecular weight DN.\ .  

R~;SUM~; 

Un acide dfsoxypentosenucl f ique  (DNA) de poids mol6culaire 61ev6 possfde, en solution 
aqueuse, un spectre infrarouge caractfr is t ique qui peut  6tre modifi6 par  t ra i tement  physique, 
chinlique ou enzymatique.  La r6gion du spectre off ont  lieu les modifications les plus impor tan tes  
est  celle qui est assocife avec les eons t i tuants  puriques et pyrimidiques.  En particulier, deux bandes 
d 'absorp t ion  fortes /t 168o et 1645 cm -1 disparaissent  (a) quand  on 616ve le p H  au dessus de I i ,  
ou (b) quand  on chauffe la solution quehtues minutes  5, lOO ° ou enfin (c) apr f s  un t ra i tement  bref 
avec la dfsoxyribonuclfase.  En m f m e  temps  que disparaissent  les bandes ~ i68o et 1645 cm 1 
appara issent  deux nouvelles bandes /~ t66o et /~ 1625 cm -1. Les auteurs  ont  observ6 que ces modi- 
fications du spectre infrarouge du DNA en solution sont  irrfversibles. 

Les modifications du spectre infrarouge du DNA en solution, observfes au cours des t ra i tements  
dfcri ts  plus haut ,  se produisent  dans la rfgion o6 absorbent  les purines et les pyrimidines et sont  
un signe du rdle impor t an t  que ces bases doivent jouer dans la s t ructure  molfculaire du DNA. La 
na ture  et l ' importance des dfplacements  spectraux sont  telles qu'elles pe rmet ten t  de supposer  que 
ces t ra i tements  a l t f ren t  i r r fvers iblement  la configuration spfcifique en double hflice du DNA de 
poids molfculaire 61ev6 initial. 

ZUSAMMENFASSUNG 

Desoxypentose-Nukleins~ure (DNA) von hohem Moleknlargewicht besitzt in \~Tasserlfsung ein 
charakterist isches infrarotes Spektrum, welches durch physikalisehe, ehemische oder enzymatische 
Behandlung ver~indert werden kann. Die bedeutendsteu Ver~tnderungen kommen an jenen Stellen 
des Spekt rums  vor, welche mit  Purin- und Pyr imidinkomponenten  verbunden sind. So verschwinden 
z.B. zwei starke Absorptionsstreifen (168o und 1645 cm 1), wenn man (a) den pH- W er t  fiber I I  
erhOht, oder (b) die L f s ung  einige Minuten lang auf ioo ° C erhitzt, oder (c) dieselbe kurz mit Desoxy- 
ribonuklease behandelt .  Gleichzeitig mit  dem Verschwinden der Absorptionsstreifen (168o und 
1645 em -1) erscheinen zwei neuen Streifen auf 166o und 1625 cm -1. Diese Erscheinungen im infraroten 
Absorp t ionsspek t rum von DNA in LOsung konnten nicht mehr  rfickg/ingig gemacht  werden. 

Die beobachteten,  durch obige Behandlung hervorgebrachten Ver/inderungen des infraroten 
Spekt rums  von DNA in LOsung befinden sich in der Absorpt ionsgegend yon Purin und Pyrimidin 
und weisen daher  auf die wichtige Rolle hin, welche diese Basen in der molekularen Konfiguration 
von DNA spielen dfirften. Art und Ausmass  dieser spektralen Ver/inderungen fiihren zu der Annahme,  
dass die genannten  ]3ehandlungen in der spezifischen, gewundenen Doppelschraubenkonfigurat ion 
der urspr/inglichen DNA mit  hohem Molekulargewicht eine unwiderrufliche Verwandlung hervorrufen.  
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