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Abstract. In  the I g  spectra, the coupling of vibrations leads to band splitting and/or 
bands shifting in opposite directions which provides information on the mutual orientation 
of groupings. From such band shifts in the range 1800 to 1500 cm -1 one can draw conclusions 
on the double helix formation of polynucleotides. These band shifts are caused either by 
vibrational coupling of stretching vibrations within pairs of base residues or by coupling of 
stretching vibrations with the bending (scissor) vibration of the - -NHz groups; the latter 
is indicated by band shifts after deuterium substitution within the amino groups. Couplings 
of phosphate and libose vibrations in the range t300 to 1000 cm 1 provide information on the 
secondary structure of the backbone. 

In order to obtain information on the structure of the g N A  backbone, the I g  spectra of 
poly(ribonucleotides) were studied in neutral media in which they were single-stranded. The 
shift due to coupling of the band of the 2'OD bending vibration and that  of the antisymmetric 
stretching vibration of the ether group of the ribose residue proves that  ribose residues of 
the backbone are cross-linked via hydrogen bonds. These are formed between the 2'OD or 
2 'OH groups, respectively, and the O atoms of the ether group of the neighboring ribose 
residues. This is the reason for the difference between DNA and RNA as regards the 2 'OH 
group. The structure formation c~used by these hydrogen bonds results in a stiffening of the 
I~NA backbone. The tendency to form these hydrogen bonds increases in the order poly(U), 
poly(C), poly(A). This order of secondary structure stabilization is due to an interplay 
between the influences of (I[) the 2 'OH hydrogen bonds and (2) the base residues' stacking. 
Furthermore, the coupling of the antisymmetric stretching vibration of the ~ P O  2 groups 
with a vibration involving the 2 'OH group can result in a doublet structure of the band at 
about 1240 cm -1 if cations with strong fields are present. This probably shows that  these 
cations can turn the ~ P O  z- groups --  which are usually turned outward at the backbone, 
as shown by construction of molecular models -- toward the base residues. Thus they cause 
stiff monohelices which are right-handed screws. 

Key words: RNA Backbone Secondary Structure -- 2 'OK Group --  Cations -- II~ 
Spectra. 

I. Introduction 

N a t u r a l  R N A  ---  w i t h  t h e  e x c e p t i o n  of  doub le -he l i ca l  v i rus  l ~ N A  - -  u sua l l y  

con ta ins  non -base -pa i r ed ,  t h a t  is, s i ng l e - s t r anded  sect ions.  T h e  ques t i on  arises 

as to  w h e t h e r  these  sec t ions  h a v e  a s e c o n d a r y  s t r u c t u r e  and ,  i f  so, o f  w h a t  n a t u r e  
th is  s t r u c t u r e  is ? I t  w o u l d  seem t h a t  t h e  2'OI-I g roup  a t  t h e  r ibose  res idues  of  t h e  

b a c k b o n e  are  of  dec i s ive  i m p o r t a n c e  for  a s e c o n d a r y  s t r u c t u r e  f o r m a t i o n  of  t h e  

s ingle s t rands .  I t  is also k n o w n  t h a t  t h e  p resence  of  Mg ++ ions  is e ssen t ia l  for  t h e  

b io logica l  a c t i v i t y  of  R N A ,  as a l r e a d y  p o s t u l a t e d  b y  W a t s o n  ( t964) a n d  ver i f ied  

b y  v a r i o u s  e x p e r i m e n t s  (Ma tu re  et el., i 9 6 9 ;  W a c k e r ,  1969; R 6 m e r  et el., i 9 7 0 ;  

Me Qnil len,  1962). T h u s  one  can  a s sume  t h a t  ca t ions  p l a y  an  i m p o r t a n t  role  in  
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structure formation, too. These questions were studied by means of IR spectro- 
scopic investigations of poly(ribonucleotides). 

Poly(A) (Rich et al., i961; Beers and Steiner, i957; Holeomb and Tinoco, 
~965; Witz and Luzzati, i965; Adler et al., i969; Janik et al., 1972) as well as 
poly(C) (Akinrimisi, 1963; Langridge and Rich, 1963; Fasman et al., 1964) form 
double helices in a weak acidic medium. ORD measurements show (Holcomb and 
Tinoco, i965; Adler et al., 1969; Fasman et al., 1964) that  these helices "melt"  
within a rather small temperature interval, that  is, this structure exhibits a high 
degree of cooperativity. 

In contrast to the above, ORD (Holcomb and Tinoco, i965; Fasman et al., 
i964), UV (Leng and Felsenfeld, i966), and Raman spectroscopic measurements 
(Small and Petieolas, ~97i) in neutral medium showed with regard to poly(A) 
and poly(C) that  these polynueleotides form under these conditions a secondary 
structure which melts at temperatures higher than 20 ~ C. This occurs over larger 
temperature intervals. Cooperativity accordingly plays a less significant role for 
this structure. This is confirmed, in particular, by measurements of di-, tri-, and 
hexanucleotides of the adenosine where the melting behavior depends only to a 
slight degree oa the chain length (Leng and Felsenfeld, i966). Small angle X-ray 
scattering investigations showed that  po ly (A)  and poly(C)  are single-stranded 
in neutral medium. According to these investigations, these polymers contain 
relatively stiff, rod-like regions (Witz and Luzzati, t965; Gulik et al., 1970). This 
seems to contradict a flow birifringence investigation of the poly(A) (Wada, i967). 
The X-ray small angle scattering already indicates ordered regions at 100 A, the 
flow birifringenee, however, only indicates ordered regions above 500 A. Hence 
the length of the structured regions probably lies between these limits. I t  is one of 
the main purposes of this paper to investigate tlm structure formation causing the 
stiffening of the RNA backbone, observed by X-ray scattering investigations. 

The UV spectroscopic measurements (Richards et al., i963) as well as the 
Raman spectroscopic investigations (Small and Petieolas, i97i) of the po ly (U)  
showed that  the latter forms no secondary structure above 25 ~ C. On cooling down 
to 0 ~ C, however, with Mg++ ions a secondary structure is formed (Szer, i965) and 
slight hypoehromicity is found even when Mg++ ions are absent. The scattering 
curves obtained at 3 ~ C are similar to those of the poly(A) and poly(C) but show 
that  the poly(U) molecules are somewhat more flexible (Witz and Luzzati, i965). 

The nature of the double helices formed by the poly(A) and poly(C) in the 
acidic medium differ fundamentally from one another. This double helix for- 
mation is determined to a large extent by the nature of the bases. In contrast, 
the structures of poly(A), poly(C), and poly(U), formed in the neutral medium, 
appear to resemble each other. I t  therefore appears that  backbone properties 
determine the formation of these structures. 

II. Coupling of Vibrations and Structure 

Band splitting and/or bands shifting in opposite directions as a result of 
coupling between vibrations (Fermi resonance) are observed in the IR spectra 
of maeromolecules and may provide information on the secondary structure. 

Usually, such coupling effects are strongest when the coupling vibratious are 
caused by one and the same group. Coupling is, however, also observed between 
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vibrations of neighboring groups. Howard, Frazier and Miles (1969), for example, 
showed that  the two C=O stretching vibrations of guanine and cytosine couple 
in the (G d-C) pairs. 

Coupling is caused by an interaction of the vibrational transitions. This inter- 
action is either electromagnetical or mechanical. 

Electromagnetical coupling (see Dawydov, t965, p. 522ff.) is a dipole-dipole 
interaction between the transition dipole moments, i.e., an interaction via the 
electromaguetieal fluctuating fields. Hence eleetromagnetical coupling only occurs 
when the transition moments of both vibrations are largely parallel or anti- 
parallel. 

Mechanical coupling (see I-Ierzberg, 1945, p. 2t5ff.) is a coupling via the 
anharmonic terms of the potential. This coupliug is induced directly via the 
electron system by a contact of the neighboring groups with the coupling 
vibrations via intermolecular bonding, for instance, a hydrogen bond. 

When observing band splitting and/or bands shifting in opposite directions, 
it can in most cases not be decided whether electromagnetical or mechanical 
coupling is the reason. Therefore one considers the system under the assumption 
of electromagnetical as well as mechanical coupling. When assuming electro- 
magnetical coupling, one receives information on the mutual orientation of the 
groupings since with this type of coupling the trartsition moments must be either 
parallel or antiparallel. Under the assumption of mechanical coupling, information 
on the intermolecular bonding is obtained directly. As we shall see hi the following, 
often the same resnlts regarding the secondary structure are obtairted under both 
assumptions. Only then unambiguous results are obtained on the structure of the 
system investigated. 

Compared to X-ray analysis, I g  spectroscopic structure iuvestigations are of 
decisive advantage when maeromolecules cannot be crystallized. 

III. Helix Formation 

With D20 hydrated polynucleotides, stretching vibrations, which have more 
or less C=C, C=N,  and C=O character, are observed in the range t800 to 
1500 cm -1 (Tsuboi, t969). With H20 hydrated samples, stretching vibrations as 
well as the --NI-I 2 scissor vibration are observed. Furthermore, the H20 scissor 
vibration is superimposed at 1640 em -1. 

When the double helix forms, the following band shifts are observed: (1) Band 
shifts largely independent of deuteration due to coupling between the stretching 
vibrations. The double helix formation with the (G d-C) pair, for example, was 
studied in detail with the aid of such a splitting of the C = O stretching vibration 
bands of (G) and (C) (tIoward et al., 1969). (2) Band shifts sensitive to deuteration, 
caused by coupling between in-plane stretching vibrations and the - - N I t  2 scissor 
vibration. This may happen when the --]NH 2 groups are fixed in the ring planes 
in connection with the double helix formation, as studied and discussed in 
detail, for example, with the semi-protonated poly(C) (Zundel et al., 1972). The 
effect, however, disappears on deuteration. 

Let  us now discuss the coupling of the C=O  stretching vibrations in the 
(G d- C) pairs: Assuming that  the band splitting is caused by electromagnetical 
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Fig. t a--c. IR spectra of calf thymus DNA. a) films hydrated at 90 % relative humidity of 
the air - - - -  H20-hydrated; . . . . . .  D20-hydrated; b) the same films thoroughly dried; 

c) solutions (6 mg/ml) in D20 - -  at 25 ~ C, - . . . .  at 92 ~ C 

l~ig. 2. I g  spectra of the K+ salts of poly(C) at 75 % relative humidity of the air; 
hydrated; . . . . . .  D20-hydrated 

H20- 

coupling, this coupling occurs after the secondary structure formation since the 
transit ion moments  become oriented antiparallel when the double helix forms. 
]-Icnce the band splitting provides information on the mutual  orientation of  the 
C = O  groups of (G) and (C), thus showing the double helix formation.  Assuming 
tha t  the band  splitting is caused by  mechanical coupling, this coupling must  be 
induced by  bonding between the base pairs. Thus the hydrogen bonds formed 
between the base pairs, alld hence the double helix formation is shown by  the 
band  splitting. This means tha t  even if it cannot  he decided whether electro- 
magrletieal or mechanical  coupling is the co~se the same conclusion can be drawn 
under  both assumptions. 

On the basis of a typical "structure band" occurring at about  t700 em -1 with 
D N A  (Kyogoku et al., 1961; Shimanouchi et al., 1964; Fritsche, t972), double- 
helical t~NA (Tsuboi, t969), and R N A - D N A  hybrids (Higuchi et al., 1969) double 
helix formation is discussed in the publications mentioned. The nature  of  this 
band  can now be unders tood bet ter :  Band  splitting (t680, 1645 cm -1) is observed 
ir~ the D20-hydra ted  samples (Fig. I a and c) which disappears on melting (Fig. I c) 
and decreases on drying (Fig. I b), tha t  is, when the structure breaks down. With  
respect to the foregoing considerations, this splitting is caused by  a coupling of  
in-plane stretching vibrations of the base residues, especially by  a coupling of the 
C = O  stretching vibrations within the (G + C) pairs. The peak at the larger wave 
number  (1680 em -1) is the "s t ructure  band".  This "s t ructure  band"  appears with 
I-I20-hydrated samples at somewhat  larger wave numbers  than  with D20-hydra ted  
ones (Fig. I a). P robab ly  due to coupling with the - - N I t  2 scissor vibration, it is 
shifted even further  toward  larger wave numbers.  Another  reason for this shift 
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on I-I-~ D exchange could, however, be a slight par t ic ipat ion of D or H of the 
N H  or ND groups with the in-plane stretching vibrat ions  of the base residues. 

The couplings of in-plane stretching vibrat ions  of the base residues observed 
in  the range 1800 to i550 cm -1 indicate the double helix formation,  as shown 
above. 

IV. The Structure-Promoting Effect of the 2'0H Group 
Couplings of vibrat ions  of the ribose residues and  the phosphate groups, 

observed in the range i300 to t000 cm -1, supply informat ion  as to the secondary 
s t ructure  of the backbone.  The melt ing behavior  of the backbone of DNA and  
R N A  was studied earlier, uti l izing these bands (Tschirgadze et al., 1972; Thomas 
and  H a r t m a n n ,  1973; Thomas et al., 1973). 

In fo rma t ion  concerning the s t ruc ture-promot ing effect of the 2 'OH group is 
given by  shifts which occur due to coupling of a skeleton v ibra t ion  of the ribose 
residue and the bending v ibra t ion  of the 2 'OD group in the range 1i00 to 
t000 cm -1. This effect is studied in the following with homopoly(ribonucleotides).  

Let us first consider the assignment or the most important bands in this region (Fig. 2). 
The symmetrical stretching vibration of the ~ P O  2- group is expected at about 1080 cm 1, 
for it is observed there with other phosphorous-organic substances of the type R2PO 2- 
(Bellamy, 1958). The band at1085 cm 1 is accordingly assigned to this vibration (Shim~nouchi 
et al., t964; Tsuboi, 1963). 

Several ribose vibrations are likewise expected in this region. In the spectra of the H20- 
hydrated samples a broad shoulder is observed at the slope of the symmetrical stretching 
vibration band toward smaller wave numbers. Sometimes, for instance with the K + salt of 
the poly(C), this appears as a sharp band at t060 cm 1 (Fig. 2). This band is to be ascribed to 
the antisymmetric stretching vibration of the C--O--C ether grouping in the ribose, for with 
diethyl ethers the antisymmetric C--O--C stretching vibration is found at 1062 cm -~, and 
tetrahydrofurane absorbs at 1076 cm -~ (Bellamy, 1958). 

A more or less intense band, depending on the nature of cations present (Fig. 4), is found 
with all poly(ribonucleotides) at the slope of the symmetrical ~ P O  2- stretching vibration 
toward larger wave numbers at about 1130 cm-L Tsuboi (1963) and Tsuboi et al. (1963) 

to the antisymmetric stretching vibration of the c ~ C - - O  grouping of the ribose. ascribe this 

The intensity of this ban depends strongly on the cations present. This shows that the 
conformation of the ribose changes as a function of the cations. To clarify the conformation 
occurring with the different cations normal coordinate treatments for the various confor- 
mations must be performed. The conformation of the ribose, varying from case to case, can, 
however, explain the finding that with the H20-hydrated samples the vibration of the ether 
group is either a band or only a more or less marked shoulder on the slope of the band complex 
at about t060 cm -1 (Fig. 4, H20-hydrated samples). 

The band observed with the D20-hydrated s~mples in the range 1050 to 1000 cm -I as a 
more or less marked shoulder (Fig. 4, D20-hydrated samples) is assigned to the in-plane 
bending vibration of the 2'OD group (Tsuboi, 1963). In the region 1450 to 1000 cm -1 with 
secondary alcohols, two bands are observed which are affected by deuteration. These bands are 
assigned to the in-plane OH bending vibration which couples with another vibration, for 
instance, with the C--O stretching vibration (Bellamy, 1958). With polynucleotides Tsuboi 
(t963) assigned corresponding bands at 14t2 and 1311 cm ~ to an analogous band pair which 
involves the 2'OH bending vibration. In the following we shall see that the 2'OH in-plane 
bending vibration must be involved in a doublet structure, sometimes shown by the broad 
band at about 1240 cm -1. 

]in Fig. 2 the spect rum drawn with a con.tinuous line is the K20-hydra ted  K + salt 
of poly(C), tha t  d rawn with a dot ted line represents the D20-hydra ted  salt. Wi th  
the H20-hydra ted  sample the v ibra t ion  of the ether group of the ribose residue 
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Table 1. Assignment of the bands and splitting of the band at about 1240 cm -~, dependent 
on the cations present 

Position of band cm -1 Assignment 

1300 

with H20 hydrated poly(U)at  1266 

t250 to 1220 sometimes doublett 

1130 

1080 

1060 to 1095 

t050 to 1000 
sometimes coupled 

probably glycosidic v N--C 

shift caused by coupling with the NH bending 
vibration 

v,~ ~ P O  2- 
sometimes coupled with a vibration in which 
the 2'OH bending vibration is involved 

v.~ of the C ~  
residues c ~ C - - O  groups of the ribose 

v~ ~ P 0  2- 

v~ C--O--C of the ether groups of the ribose 
residues 
rod of the 2'0D groups 

Substance Wave number em -1 
H20 D20 

Poly(A) 
Mg++ t242 t224 1236 
Ca++ 1242 1222 1235 
Ba++ 1241 t227 t236 
Li + 1245 1220 sh 1237 
Na+ 1241 1220 sh 1238 

Poly(U) 
Mg++ 1242 t219 sh 1235 

is observed  a t  1060 cm -1. On H -+ D exchange the  2 'OD bending v ib ra t ion  emerges 
a t  abou t  1030 em -1. F u r t h e r  one can see - -  and  this  is pa r t i cu l a r ly  i m p o r t a n t  - -  
t h a t  the  e ther  v ib ra t ion  is shif ted toward  larger  wave  numbers  b y  coupling wi th  
the  2 'OD bending vibra t ion .  Hence  the  v ib ra t ion  of  the  e ther  group merges wi th  
th is  b a n d  complex.  Due to  coupling the  bands  shif t  in opposi te  directions.  The 
2 'OD bending  v ib ra t ion  is shif ted all the  more  t o w a r d  smal ler  wave  numbers ,  the  
s t ronger  the  coupling is. I n  the  ease of s t rong coupling, as for instance,  wi th  a lmost  
all  poly(A) samples,  i t  becomes an  isola ted  band  (Fig. 4, D 2 0 - h y d r a t e d  samples).  

F requen t ly ,  however,  the  band  of the  e ther  v ib ra t ion  is ~lot pronounced.  I t  is 
only  observed as a b road  shoulder  on the  side of  this  band  complex (Fig. 4, H20-  
h y d r a t e d  samples).  N o t  in all  eases one can decide c lear ly  whe ther  th is  shoulder  
shifts t o w a r d  larger  wave  numbers  when the  2'OD bending v ib ra t ion  emerges in 
the  region 1050 to 1000 em -1. I-[owever, the  coupling - -  i f  present  - -  can a lways  
be c lear ly  recognized b y  the  shift  of the  2 'OD bending v ib ra t ion  to smal ler  wave  
numbers  (ef. in Fig.  4, t he  H20- and  the  D 2 0 - h y d r a t e d  samples).  

The finding t h a t  the  e ther  v ib ra t ion  and  the  2 'OD bending v ib ra t ion  couple 
proves  t h a t  the  2 ' O H  group is l inked wi th  the  neighbor ing r ibose residue v ia  a 
hydrogen  bond.  This conclusion is independen t  of the  na tu re  of the  coupling. 
I n  the  ease of mechanical coupling, the  coupling would be induced b y  the  hydrogen  
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Fig. 3a d. Models of poly(ribonueleotide) molecules, a) ~odel to demonstrate the coupling 
of the antisymmetrie stretching vibration of the C--O--C group and the bending vibration 
of the 2'OD group (yellow sticks). This indicates the formation of the hydrogen bond by the 
2'OD group on the backbone, b) Poly(A) double helix formed in acidic medium; c) poly(A), 
~ P O  2 groups turned away from the base residues; d) poly (A) monohelix, ~ P O  2 groups turned 

to the base residues as shown clearly in the case of the upper nucleotides 

b o n d  formed.  Assuming,  however,  electromechanical coupling, the  or ien ta t ion  of 
the  t r ans i t ion  momen t s  mus t  be considered. The t rans i t ion  m o m e n t  of the  ant i -  
symmet r i c  skele ton v ib ra t ion  of the  e ther  group is in the  C ( l ' ) ~ C ( 4 ' )  direct ion.  
Tha t  of  the  2 'OD bending  v ib ra t ion  is pe rpendicu la r  to  the  OD bond.  The eonstru o- 
r ion of molecular  models  shows t h a t  these  t r ans i t ion  momen t s  are or ien ted  para l le l  
to one ano ther  only when the  2 'OD groups are l inked v ia  a hydrogen  bond  wi th  
the  O-a tom of the  e ther  groups  of the  neighbor ing r ibose residues (Fig. 3a).  
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Differentiating between the mechanical and the eleetromagnetieal mechanisms 
is not possible considering the present results. I-Iowever, the formation of the 
hydrogen bond (Fig. 3a) is a necessary prerequisite to both mechanisms and is 
therefore indicated by the band shifts observed. This type of 2'OI-I group hydrogen 
bonding was postulated by t~abczenko and Shugar (i97i and 1972) for the struc- 
ture formed by Mg ++ poly(U) at low temperatures. 

The fact that these hydrogen bonds formed by the 2'OH group are of importance for the 
secondary structure formation is not in contradiction to the observation by Zmudzka and 
Shugar (1970), who found that the 2'--O-methylated Mg++ poly(U) also forms a secondary 
structure. The melting behavior of this structure is, however, completely different from that 
of the non-2'--O-methylated compounds. It  melts at higher temperatures and the melting 
curve is not steep. Thus the latter shows that in contrast to the structure formed by the non- 
methylated compound the cooperativity is not large. Hence the stabilizing forces of the 
structure of the 2'--O-methylated compound musi~ be quite different from those which 
stabilize the structure of the non-methylated ones. t~abczenko and Shugar (1971) suggested 
that hydrophobic interactions between the methyl groups and the base residues are of impor- 
tance for the stabilization of the structure formed by t~he methylated compounds. 

The observed backbone structure conforms well with the observation made by 
Melcher (i970) on NMR investigations, namely that  the 2'I-I of the ribose interacts 
with the z-electron system of the base, this as a result of hydrophobic interaction. 
Fig. 3 a shows that  this 2 ' t t  group is turned toward the aromatic n-electron system. 

The backbone o/the I~NA, in contrast to that o/the DNA, can accordingly become 
more rigid through the formation of hydrogen bonds between their 2 'OH groups 
and the 0 atom of the neighboring ribose residues. This result is of great signifi- 
cance for it shows that  the difference between D~qA and RNA, as far as this is 
due to the 2 'Ot t  group, is caused by the structure promotion of these hydrogen 
bonds. 

IV.1 Dependence on the Type o/Base Present 

Fig. 4 shows these bands for poly(A), poly(C), and poly(U) in the presence of 
various cations. The spectra of the It20-hydrated samples are shown in the top left 
of the figure, respectively, those of the D20-hydrated sample below. The corre- 
sponding samples which have been extensively dried are represented on the right- 
hand side. 

In the case of all D20-hydrated salts of the poly(A), the 2'OD bending vibration 
appears shifted toward smaller wave numbers as a separate band e,t 1030 cm-L 
That is, the hydrogen bonds, which form the 2'OD groups with the ether O-atom 
of the neighboring ribose residues, are well formed with all salts of the poly(A), 
thus stiffening the backbone. 

With the poly(C) the 2'OD bending vibration can only be recognized as a 
shoulder, that  is, the band is no longer shifted so markedly toward smaller wave 
numbers, due to the coupling. Furthermore, the band is somewhat broader, i.e., 
the tendency for the hydrogen bonds to form in the backbone has decreased from 
poly(A) to poly(C) ~. 

1 In the case of the double helices formed by poly(A) and poly(C) in acidic medium, this 
2'OH group hydrogen bond in the backbone is found with poly(A) but not with poly(C) 
(KSlkenbeck and Zundel). Due to the considerable electrostatic repulsion of the excess 
protons in the double helix formed by semi-protonated poly(C), this double helix is extended 
strongly, thus preventing the formation of 2'OD hydrogen bonds. 
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75% relative humidi ty  of the  air; right side: the same films after thorough drying. 
a) - - - -  Li +, - . . . .  Na+, .  . . . . .  K+, �9 . . . . .  Cs + salts; b) Mg ++, - . . . . .  Ba ++, �9 . . . . .  Cs + 

salts 

W i t h  p o l y ( U )  t h i s  s h o u l d e r  is u s u a l l y  e v e n  w e a k e r ,  b u t  c a n  be  c l ea r ly  

r e c o g u i z e d  w i t h  t h e  Mg++ sal t .  L i  + sa l t ,  w h i c h  e x h i b i t s  a m a r k e d  b a n d  a t  

1040 em -1, is a n  e x c e p t i o n .  A c c o r d i n g l y  w i t h  p o l y ( U )  u s u a l l y  o n l y  few 2 ' O D  
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hydrogen bonds are formed in the backbone, that  is, with most salts of the 
poly(U) the stabilization of the backbone due to these hydrogen bonds plays only 
a minor role. 

The tendency of the 2 'OH group to form hydrogen bonds accordingly in- 
creases in the order poly(U), poly(C), poly(A). This is understandable on con- 
sidering that, in accordance with NMR investigations by Wagner (i972), base 
residue stacking increases in the above order. This base residue stacking favors 
formation of the secondary structure and thus, too, formation of the hydrogen 
bor~ds in the backbone. Structure stabilization due to the hydrogen bonds ob- 
served and stabilization due to base stacking favor each other mutually. This 
leads to the observed sequence of structure formation as a function of the type of 
base residues present. 

IV.2 Dependence on the Degree el Hydration 
Let us now compare the hydrated samples with the thoroughly dried ones in 

Fig. 4. The band or shoulder, respectively, of the 2'OD bending vibration is far 
less marked and has sometimes disappeared completely in the thoroughly dried 
samples. The shift of this band toward smaller wave numbers due to the coupling 
is accordingly less, that  is, the structure of the backbone breaks down on drying. 

V. Phosphate Group Orientation at the Backbone 
Fig. 5 shows the range at about 1240 cm -1 for poly(A), poly(C), and poly(U) 

in the presence of various cations. The spectra of the 1-120-hydrated samples are 
shown top left, below those of the D20-hydrated ones. On the right-hand side 
the corresponding dried samples are illustrated. 

The intense b~nd e~t about 1240 cm -I is ascribed to the antisymmetric stretch- 
ing vibration of the ~P02- groups (Shimanouchi et al., 1964). 

In  the case of the poly(U) an additional band is observed on I-I20 hydration 
at the slope of the former band toward larger wave numbers (Fig. 6). This is 
probably the glycosidic C- -N  stretching vibration, which on coupling with the 
NI-I bending vibration is shifted from 1300 em -~, where it is observed with the 
D20-hydrated sample, toward smaller wave numbers, that  is, to 1266 em -1 (see 
Bellamy, t958) (Fig. 6). The NH bending vibration emerges on the transition 
from DeO to H20 hydration at t422 em -1. The C(4)=0  stretehirtg vibration 
(Miles, 1964) is likewise shifted due to coupling with the N t I  bending vibration 
on transition from D20 to H20 hydration from 1658 em -1 toward larger wave 
numbers, and thus appears only as a shoulder at the band complex at about 
1690 cm -~. 

The band complex at t240 cm -1 sometimes exhibits doublet structure, espe- 
cially in the case of I-I20-hydrated poly(A). This doublet structure is never ob- 
served with the D20-hydrated samples 2. 

2 The band observed with the D~O-hydrated Li + salt of the poly(U) at 1217 cm -1 is not 
involved with this doublet structure and is probably not the ])20 scissor vibration. A cor- 
responding band is also found with this Li + salt at the slope toward large wave numbers of 
the symmetrical O--P--O stretching vibration complex at 820 cm -1, this in contrast to all 
other samples. The origin of these bands is not clear. However, it appears conceivable that i~ 
is connected with the structural peculiarity of the Li + poly(U), which is also seen in the 
hydrogen bond formation in the backbone (band at 1030 em -1 inFig. 4, D20-hydrated sample). 
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. . . . . .  Cs+ sa l ts  
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Fig. 6. IR spectra of poly(U), films hydrated at 75 % relative humidity of the air. - - -  
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H20- 

Table I shows that  the band observed on D20 hydration lies between the 
two doublet maxima found on H20 hydration. Thus no significant shift of the 
overall band complex is involved with the splitting. A vibration which disappears 
on deuteration must  participate in the coupling causing this splitting. In  this 
range only OtI  and N H  bending vibrations come into question. The only band 
common to all poly(riboaucleotides) and especially, too, to poly(A), is the in-plane 
bending vibration of the 2 ' 0 t t  group. I t  is known from investigations with 
secondary alcohols that  in the region i450 to 1000 cm -1 a band pair is observed 
in which the OH in-plane bending vibration participates (Bellamy, 1958). Analo- 
gous bands in which the 2 'OH in-plane bending vibration is involved are expected 
with polynucleotides. Thus the deuteratioa-sensitive splitting indicates tha t  one 
of these two vibrations in which the 2 'OH beading vibration is involved is con- 
tained in the band complex observed at about i240 cm -1. 

Hence the doublet structure shows that  the antisymmetrie stretching vibration 
of the ~ P O  2- group can couple with a vibration with which the 2 'OH bending 
vibration is involved. This doublet structure, however, is only observed with some 
salts of the poly(ribonueleotides). Hence two different backbone conformations 
must exist, one whereby these two vibrations couple and another whereby they 
cannot couple. 

A comparison with the spectra of the double helix formed by poly(A) in 
acidic medium show sthe following: When this double helix is formed a similar 
doublet structure of the band near ~240 cm -1 is found. With this structure, 
however, the ~ P O  2 groups are turned toward the base residues (Rich et al., 1961), 
as illustrated in Fig. 3b. The transition moment  of the antisymmetric P02 
stretching vibration is parallel to the line connecting the two non-ester-bonded 
oxygen atoms. The transition moment  of the in-plane bending vibration of the 
2 'OH group is perpendicular to the OH bond and fixed in the furyl ring plane 
when - -  as previously discussed - -  the 2 'OH groups cross-link the ribose residues. 
Consideration of the double helix of poly(A) shows tha t  in this structure, i.e., if 
the ~PO2 groups are turned toward the base residues, the transition moments 
of these two vibrations are largely parallel. Hence eleetromagnetieal coupling of 
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these two vibrat ions  is p robably  the reason for the spli t t ing of the b a n d  at about  
1240 em 1. 

The same should be t rue if an  analogous spl i t t ing is observed with the spectra 
of the polynueleoti,c[es in neut ra l  medium. The molecular model (Fig. 3 d) shows 
tha t  the t rans i t ion  moments  of the two vibrat ions  become parallel  if the ~ P O  2 
groups are tu rned  toward  the base residues (this is clearly seen with the two 
upper  nueleotides). Hence, the observed band  spli t t ing probably  indicates this 
secondary s t ructure  of the backbone. This s t ructure  is a relat ively stiff mono- 
helix as the molecular model shows (Fig. 3 d). This mono-he]ix is a r ight -handed 
screw. This s t ructure  of the backbone influences the s t ructure  format ion of the 
double o1" triple helices formed by  poly(ribonucleotides) (K6lkertbeck and  Zundel ,  
Herbeek and Zurtdel). 

The - - C H  2 -  group in  5'ribose posit ion and  the phosphate group can be 
t u rned  about  their diester bond  in opposite directions. I n  this way  the phosphate  
group may  be tu rned  away from the base residues. The result  of this conformation 
change is shown in: Fig. 3 c. Wi th  this s t ructure  the t rans i t ion  moments  of the 
an t i symmetr ie  stretching v ibra t ion  of the ~ P O  2 group and  those of the vibrat ion 
with which the 2'OI-I bending v ibra t ion  is involved are oriented perpendicular  
to one ar~other. Hence, these two vibrat ions  can no longer couple. Thus when no 

spli t t ing of the b a n d  at about  t240 cm -1 is observed, probably  the conformation 
of the backbone shown in  Fig. 3 c is present. 

Similar band split,ring at 1240 cm -1 was observed by Sato et al. (I966) and by Tsuboi 
(t969) on investigating the double helical rice dwarf virus t~NA. These authors were able 
to orient the macromolecules in the films and then to study the samples with polarized ItS. 
They likewise found a band doublet on H20 hydration. The one component appeared pre- 
ferentially when the polarization plane was oriented parallel, the other when this plane was 
oriented perpendicularly to the helix axis. These authors assume that this splitting is the 
result of a coupling of the antisymmetric stretching vibration of all phosphate groups at the 
backbone. For Miyazawa's theory (Miyazawa, 1960 and 196t; Miyazawa et al., 1963) states 
that due to such coupling one vibration parallel to the helical axis and one vibration per- 
pendicular to the helical axis is to be expected. As with this investigation, the band splitting, 
however, disappears on H - - D  exchange (Sato et al., t966; Tsuboi, 1969). This finding does 
not conform with the explanation given. A further problem arises, since Miyazawa's theory 
regarding the polynueleotides predicts not only a splitting but a considerable shift of the 
whole band complex, which is observed neither in the case of the rice dwarf virus nor with the 
poly(ribonueleotides) (Table 1). On the other hand it can be assumed that diehroism would 
also be observed with the polymers we investigated if these could be oriented in the film. 

The question now arises as to the possibility of interpreting these observations homo- 
geneously and free of contradictions. 

A splitting is observed in the case of the DNA, too. The latter, however, is so slight that 
it appears merely as an extremely small band shift on investigation with an I ~  light oriented 
perpendicular or parallel to the helix axis (Shimanouchi et al., 1964). This splitting can be 
caused by the coupling of the antisymmetric stretching vibrations of the ~ P O  2- groups, 
since, according to Miyazawa's theory in the case of polynucleotides, if the splitting is small 
the shift of the whole band complex is small, too. 

The observations regarding the RNA could then be interpreted as follows: The relatively 
large splitting with t~NA is caused by the coupling of the antisymmetric stretching vibration 
of the ~ P O  2- groups and of the vibration with which the in-plane bending vibration of the 
2'Ott groups is involved. In addition, these coupled vibrations of the individual nucleotides 
are, according to Miyazawa's theory, coupled mutually, too. This coupling causes additional 
splitting of the individual components, which, however, is not observed, since -- as with 
the DNA -- it is small. This additional coupling, which is increased by the previously discussed 
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backbone stiffening in the monohelices, results, however, in the single doublet components 
obtaining a preferentiM direction. This interpretation would explain all experimental findings. 
t~urther studies, especially theoretical investigations, however, are necessary to provide a 
final interpretation of these coupling effects. 

V.1 The Dependence o/ the Orientation o/the ~ P O  2- Groups 
at the Backbone on the Cations Present and on the Degree o/Hydration 

Fig. 5 shows that  the splitting of the band at i240 cm -1 is observed with the 
Mg ++ and Ba ++ salt of the poly(A). The second band appears as a marked shoulder 
at the slope of the band toward small wave numbers with the Li + salt of the 
poly(A), with the Mg ++ salt of the poly(U), and finally as a somewhat less marked 
shoulder with the Na + and K + salt of the poly(A). According to the above, cations 
with strong fields probably turn the ~ P O  2- groups toward the base residues, 
thus inducing the stiff monohelical structure illustrated in Fig. 3 d. This is under- 
standable, for these cations caI~ interact in this structure with the phosphate 
groups. With this structure free enthalpy is gained by  the cation-phosphate group 
interaction, and especially since the negative charges of the phosphate group are 
screened to a large extent and do no longer repulse each other. In  the case of ca- 
tions with strong fields these free enthalpy gains evidently compensate for the lower 
free hydration enthalpy of the phosphate groups and the cations involved with 
this conformation. I t  is striking tha t  this splitting is never observed with poly(C). 
According to this, the cations with poly(C) can never turn the ~ P O  2- groups 
toward the base residues. 

The doublet structure disappears oil drying. This is understandable, for, as 
we already kllow, the backbone structure is disturbed on removal of the hydration 
water. 

VI. Experimental 
The synthetic polynueleotides poly(A), Foly(C), and poly(U) were obtained 

from Boehlinger, Mannheim, W. Germany. They were first passed through a 
K+-loaded ion exchanger in order to remove the coutaminatioI1 caused by divalent 
ions. Since poly(C) and poly(A) protonate in hydrous solutions depending on the 
concentration of CO 2 in the air, all procedures to which these solutions were 
subjected had to be carried out in a dry box. The solutions were first set to p i t  9 
with KOI-I, then passed through the iolI exchanger, subsequently dialyzed against 
distilled water of p t I  7 and then lyophilizcd. The a tom absorption analysis of the 
cleaned substances indicated COlltamination of less thall i mole% of divalent 
cations. 

A solution of 3 mg/ml in water of p i t  7 was prepared from the K+ salts. One ml 
of this was dialyzed against the solutions of the salts desired, Itormally for 24 hrs 
against 0.5 N solutions. The earth alkaline salts of the poly(A) and poly(U) 
tended to precipitate and for this reason they should only be dialyzed versus 
0.05 N solutions. Slight turbidi ty usually persisted, but vanished during the next 
step. The dialysis lasted 12 hrs against distilled water of p g  7, the outer solution 
being replaced several times. 

Films of reproducible thickness are made from these solutions on Ge sample 
carriers with the aid of a centrifugation drying procedure (Hofmalm alld Zundel, 
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i971). The water  was removed  during the centr ifugat ioa at  7% air humid i ty  
(saturated hydrous  NaOI-I solution). 

The samples are then  hydra t ed  in the  cells described by  Zuadel  (i969) at  
75% tel. air humidi ty ,  invest igated and subsequently invest igated again after 
thorough drying. All investigations were conducted in cells thermos ta ted  to  
25 ~ C. The D N A  spectra were plot ted with a liquid cell (layer thickness 50 [z). 
The concentrat ion of  the aqueous solution was 6 mg/ml.  The ordinate was ex- 
panded three times. 

The spectra were p lot ted  with the  I R  spectrophotometer  model 325, supplied 
by  Bodeaseewerk Perkin Elmer,  Uberiingen, W. Germany,  except for the  spectra 
in Fig. i a and I b which were p lot ted  with the  model  22i.  All spectra were plot ted 
with the  slit program 6.5 with response 3 and recording speed I wave number/s.  
The sensit ivity was checked several t imes during spectra plot t ing and the  ampli- 
fication adjusted accordingly. 
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