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The Role of Backbone Oxygen Atoms in the Organization 
of Nucleic Acid Tertiary Structure: 

Zippers, Networks, Clamps, and C - H 0 Hydrogen Bonds 

Imre Berger and Martin Egli* 

Abstract: Tight packing between structural elements is a 
prerequisite for molecular recognition and catalysis. In 
proteins, cr-helices and ,B-sheets present the amino acid side 
chains on the surface while the polar amide bonds are 
buried. The opposite is found in double- and polystranded 
nucleic acids, where negatively charged phosphates occupy 
the surface and the side chains are hydrogen bonded in the 
core. Thus the question arises: How d o  densely packed 
nucleic acid molecules achieve close approach, despite the 
repulsion between phosphates that would appear to pre- 
clude tight contacts? One obvious answer is by mediating 
interstrand contacts through coordinated cations that can 
screen the negative charges. In this contribution, however, 
we highlight a variety of alternative direct interactions in- 
volving atoms of the sugar-phosphate backbone that can 
promote tight packing of R N A  and DNA into functional 
molecules. We have analyzed the existing nucleic acid crys- 
tal structures in terms of the presence of close contacts 
between backbone regions. In RNA, ribose 2'-hydroxyl 
groups were observed to  mediate such contacts in the ma- 
jority of cases. However, their absence in D N A  does not 
prevent oligodeoxynucleotides from packing tightly, aided 
by various interactions between backbone atoms. 

Keywords: DNA structures * hydrogen bonds * nucleic 
acids - RNA * tertiary structure 

Introduction 

The three-dimensional structure of a large R N A  molecule, the 
P 4 - P 6 domain of Tetrahyrnena therrnophilia group I self-splic- 
ing intron, features a sharp bend, generating side-by-side pack- 
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ing of helices. The recently determined X-ray crystal structure of 
this 160-nucleotide fragment has provided a detailed picture of 
the tertiary interactions stabilizing this fold."] Along with sever- 
al metal -ion binding sites, numerous novel structural motifs 
were observed.[', 31 In particular, ribose zippers, formed by adja- 
cent pairs of hydrogen-bonded ribose 2'-hydroxyl groups, were 
shown to mediate direct contacts between the sugar-phosphate 
backbones of neighboring helices. When the first structure of a 
large ribonucleic acid molecule, tRNAPh', was determined at  
atomic resolution, it became immediately clear that the 2'-hy- 
droxyls play a key role in the stabilization of R N A  tertiary 
structure.141 The intron domain, being only the third structure 
of a large R N A  molecule (after tRNA and the hammerhead 
ribozyme) to  be determined by X-ray crystallography to date, 
thus underscores this crucial function of the ribose 2'-hydroxyl 
group, the chemical moiety that distinguishes R N A  from DNA. 
Through conferring a large number of water molecules on the 
R N A  backbones and grooves, the 2'-hydroxyl groups are fur- 
thermore responsible for the higher thermodynamic stability of 
the R N A  duplex compared with DNA.151 In fact, incorporation 
of single 2'-hydroxyl groups in otherwise all-deoxy DNA du- 
plexes has been demonstrated to convert the duplex conforma- 
tion from the regular B- to  the A-form typical for RNA.['.'] 
Moreover, specific 2'-hydroxyl groups were shown to be impor- 
tant for protein-RNA[*] and RNA-RNA re~ogni t ion. '~]  

Interestingly, the essential structural features of the ribose 
zipper motif are also present in the crystal structure of an RNA 
oligonucleotide ''1 The observation that functional 
groups of the sugar-phosphate backbone can contribute to the 
stabilization of a particular fold in a large RNA domain and 
that similar hydrogen-bonding patterns also exist in the crystal 
lattices of small R N A  fragments prompted us to examine the 
crystal structures available in the Nucleic Acid Database" for 
further stabilizing direct contacts involving atoms of the sugar - 
phosphate backbone. Although the crystal siructurc of the P 4  ~ 

P6  domain constitutes the first example of an R N A  large 
enough to display intramolecular side-by-side helical packing, a 
similar intermolecular arrangement of helices is not uncommon 
in crystal structures of R N A  oligonucleotide fragments.[l3I 

In the following paragraphs, we provide examples of direct 
hydrogen-bonding interactions in crystal structures of R N A  
oligonucleotides that involve the sugar-phosphate backbone. 
In most cases, the specific contacts we found involve the RNA 
2'-hydroxyl group. We compare them to similar interactions in 
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regions. All of them involve segments of the molecule 
whose conformations deviate from the standard A- 
type helical structure typical for regular RNA duplex 
molecules. The sharp turn at the apex of the structure 
for instance is stabilized by an adenosine-rich bulge 
that is packed against the minor groove of the neigh- 
boring stem (Figure 2 a, center). A characteristic fea- 
ture of this bulge is that the bases are turned inside out 
with the phosphates coordinated to two magnesium 
ions in the core.[21 Intercstingly, this arrangement is 
somewhat reminiscent of the structural model for 
DNA proposed by Pauling and C ~ r e y , [ ’ ~ ]  featuring 
the bases on the surface and the negatively charged 
phosphates on the inside, with metal ions compensat- 
ing for Coulomb repulsion. The specific arrangement 
of a portion of this bulge in the minor groove of the 

adenosine residues to pair with riboses from cytidine 
Figure 1. Recently determined nucleic acid structures. Left: hammerhead-ribozyme [18,19] adjacent stem two consecutive from 
(backhonc and base atoms dark greeu and light green, respectively; 2’-oxygens red). Right: 
C-rich i-motif (“intercalated”) DNA [22-241 (atoms in the two parallel-stranded duplexes dark 
green and light green, respectively; 4-oxygens red). 

and guanosine residues of the neighboring stem ( ~ i ~ -  
ure 2 b) through their 2’-hydroxyl groups (0 2‘ atoms 
filled in black throughout). The hydrogen-bonding 

interactions between the ribose pair are asymmetric in the sense 
that the 2’-oxygen from the cytidine residue (Figure 2b, lower 
left) interacts only with the 2’-oxygen of the adjacent adenosine 
(Figure 2 b, lower right), which in turn is involved in a bidentate 
hydrogen bond to the minor groove base function of the adja- 
cent cytidine residue. The same pattern, though reversed, exists 

the structures of two larger RNAs, the hammerhead ribozyme 
(Figure 1,  left) and the group I intron P4-P6 domain (Fig- 
ure 2a). In addition, we illustrate, based on hydrogen-bonding 
interactions observed in the crystal structures of DNA frag- 

a b 
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Figure 2. RNA backbone interactions: a) Overall fold of the P4-P6 group I in- 
Iron domain [1,2]. b) Example of an 02’ ribose ripper (intron domain; 2’-oxygens 
black, hydrogen bonds dashed). c) Base 02’ interactions, intron domain. 

ments (e.g. the C-rich self-intercalated quadruplex motif, Fig- 
ure 1 b), that deoxynucleic acid, despite the lack of the versatile 
ribose 2’-hydroxyl group, can in fact overcome this handicap, 
and is also able to tolerate close contacts between backbones 
through a variety of hydrogen-bonding interactions involving 
the deoxyribose sugar atoms. 

Discussion 

between the guanosine and adenosine residues paired in the 
second step of this ribose zipper. A further asymmetry arises 
from the fact that the cytidine and guanosine riboses forming 
one half of the zipper are part of a canonical A-stem, while the 
adenosine sugars are situated in a single-stranded bulge. A very 
similar pattern of ribose pairing is found in another region of the 
P4-P6 domain, with two backbones approaching each other 
closely (Figure 2a, bottom of the helix on the right). Here, a 
hairpin tetraloop with the sequence GAAA reaches into the 
minor groove of the adjacent duplex region, the tetraloop recep- 
tor.“’ The resulting ribose zipper involves ribose sugars from 
adenosine residues in the tetraloop on the one hand and ribose 
sugars from uridine and guanosine residues from the receptor 
on the other. 

Pairwise hydrogen bonding between 2’-hydroxyl groups was 
also observed in the crystal structure of the RNA duplex formed 
by the sequence U(UA),A.f’51 In this crystal lattice, the minor 
groove of one duplex is spanned by the backbone of a neighbor- 
ing, symmetry-related molecule (Figure 3 a). However, in con- 

RNA: In the p4-p6 domain structure, ‘lose contacts 
occur between the sugar-phosphate backbones of individual 

Figure 3. RNA backbone interactions: a) Two-helix junction, U(UA),A [11,15]. 
b) Three-helix junction, C,G, [16]. 
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trast to the situation in the P4-P6 group I intron domain, this 
interaction takes place between canonical A-form double helices 
and thus gives rise to a two-helix junction. The pairing does not 
involve any contacts between 2-hydroxyls and bases, as  the 
sugar -phosphate backbone segment crossing the minor groove 
of the adjacent duplex does not penetrate this groove suffcient- 
ly. Another close backbone- backbone contact mediated by 2'- 
hydroxyls is present in the crystal structure of the R N A  octamer 
r(C4G4).[lb1 This junction actually involves three tightly packed 
duplexes. The close arrangement of strands around a crystallo- 
graphic threefold axis is stabilized by direct hydrogen bonding 
between 2'-hydroxyls and additional interactions between 2'-hy- 
droxyls and phosphate groups at  adjacent sites (Figure 3b). 
These examples clearly underscore the important role 01' the 
2'-hydroxyl groups in mediating close backbone- backbone in- 
teractions, and illustrate the numerous ways how the ribose 
zipper and related motifs can provide for the tight intra- and 
intermolecular packing of RNA molecules. 

Being the only functional group in the sugar-phosphate 
backbone capable of acting as both an acceptor and a donor for 
hydrogen bonds, the R N A  2'-hydroxyl group can interact with 
backbone and base sites in many other ways besides the ribose 
zipper motif. For example, a three-way junction formed i n  the 
region of the adenosine-rich bulge in the P4-P6 domain (Fig- 
ure 2 a, center) features an adenosine residue nested against the 
minor groove or the adjacent helix region, forming a base 1 riple 
with a Watson--Crick C . G  base pair. 2'-Hydroxyl groups par- 
ticipate extensively in the network of hydrogen bonds that stabi- 
lize this junction, which involves a second guanosine residue 
(Figure 2c). The 2'-hydroxyl groups mediate intricate inter- 
residue contacts through forming numerous hydrogen bonds to  
bases, phosphare oxygens, and other 2'-hydroxyl groups, thus 
leading to a dramatic extension of the usually encountered pair- 
ing schemes between bases. The list of backbone interactions 
involving 2'-hydroxyl groups could easily be extended. In partic- 
ular, the sharp turn characterizing the structure of the P4-P6 
domain (Figure 2 a) is stabilized by several 0 2'-phosphate and 
0 2-base hydrogen-bonding interactions as well. 

Two further rather frequently encountered folding motifs in 
R N A  molecules are the so-called U-turn, first observed in 
tRNA"he, and the G N R A  tetraloop (R: purine, N:  any base). 
Structural features common to both have recently been pointed 
out and have inspired the notion that G N R A  tetraloops will in 
fact form a sharp bend resembling a U-turn.["] I n  the tRNAPhe 
crystal structure, the U-turn occurs in the anticodon loop and 
the T-loop. It came as a major surprise that the hammerhead 
ribozyme also features the U-turn motif a t  a functionally impor- 
tant location, namely, adjacent to the cleavage site.['*, '''I Con- 
formational characteristics as well as conserved interactions in 
the U-turn motif are illustrated in Figure 4 a  (see also ref. [ I  7]), 
depicting the GUAA tetraloop[lyl in the hammerhead ribozyme 
(Figure 1 a, bottom). The sharp turn in the backbone goes along 
with the formation of a hydrogen bond between the imino pro- 
ton of the guanine (GNRA) and a phosphate oxygen atom 
(GNRA). In addition, a hydrogen bond is formed between the 
2'-hydroxyl of the guanosine ribose and the N 7 of an adenosine 
(GNRA). Perhaps the most striking feature of the U-turn motif 
is the phosphate group (GNRA) sitting on top of the guanine 
base. As pointed out in some detail below, this stabilizing 

a b 'i 

5' 

Figure 4. RNA backbone interactions: a) U-turn, hammerhead (oxygen lone pairs 
black) 1191. b) 0 4 " . . 0 2 '  interactions, hammerhead. 

n + 7c* conjugative effect is not only restricted to the interaction 
between a phosphate group and a base, but is also operative in 
a sugar .--base stacking motif frequently encountered in non- 
canonical nucleie acid structures.[*'. '11 The geometry of the 
U-turn motif is particularly enlightening in terms of how R N A  
overcomes repulsion between negatively charged phosphates 
that could result from tight turns in the backbone, or close 
backbone-backbone interactions in general. In addition to the 
interactions within the U-turn motif, the wishbone-like overall 
structure of the hammerhead ribozyme (Figure 1 a) is stabilized 
by many contacts between 2'-hydroxyls and base atoms in the 
core. An interesting set of interactions is depicted in Figure 4b,  
featuring a guanosine residue forming hydrogen bonds via its 
2'-OH to both the 2'-hydroxyl and a ribose 4'-oxygen from con- 
secutive residues of an adjacent strand; this highlights the po- 
tential of the 4-oxygen atom to participate in mediating close 
backbone contacts as well. 

DNA: DNA, in contrast to  RNA, lacks the hydroxyl group at 
the 2'-position of its deoxyribose sugar ring. Thus, it was rea- 
soned that D N A  by its chemical nature would be less apt to 
form tertiary interactions mediated by the sugar phosphate 

However, careful investigation of nucleic acid crys- 
tal structures reveals that D N A  can bypass the lack of a 2'-hy- 
droxyl group in an elegant fashion. By utilizing the 4-Oxygen 
atom of the deoxyribose sugar ring, in addition to oxygen atoms 
of the phosphodiester linkage, D N A  is indeed able to allow for 
close-packing contacts between nucleic acid molecules. 

Systematic interactions involving 4-oxygen atoms were ob- 
served in crystals of four-stranded intercalated cytosine-rich 
DNA, an unusual nucleic acid motif recently described.[22 -241  

In these structures with stretches of cytidine residues, two paral- 
lel DNA duplexes, each forming hemiprotonated cy- 
tosine,cytosine+ (C .C') base pairs, are intercalated into each 
other with opposite polarity to form a quadruplex. Conserved 
features of this quadruplex structure are a slow, right-handed 
helical twist of 12-20", an average stacking distance of 3.1 A 
and the existence of two broad and two narrow grooves.[23. 241 

A characteristic cross-section through the four-stranded inter- 
calated C-rich motif including two adjacent C .C+ base pairs is 
displayed in Figure 5 a .  This representation illustrates the lack 
of stacking between the cytosine heterocycles of neighboring 
base pairs. Stacking is confined to the exocyclic keto and amino 
groups of the cytosines, resulting in a stacking distance between 
adjacent C . C f  base pairs of approximately 3.1 A. This is less 
than the 3.4 8, stacking distance encountered in regular B-DNA, 
where overt stacking of the aromatic rings occurs. A striking 
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Figure 5.  DNA backbone interactions: a) Cross-section of the I-motifquadruplex 
[20]. b) C-H. . .Ozipper  in thenar rowgrooveof the i -mot i f (Cl ’andC4 hydro- 
gens and 4-oxygen lone pairs black, hydrogen bonda dashed). c) Sugar-base stack- 
ing I. i-motif. d) Sugar base stacking 11, i-motif. 

feature is the close proximity of the deoxyribose sugar rings in 
the narrow grooves on both sides of the molecule. In fact, adja- 
cent 0 4 atoms in these narrow grooves are positioned at  hydro- 
gen bonding distance to the H 1’ (and in some cases also H4’) 
hydrogen atoms of the neighboring sugar ring. Thus, a system- 
atic network of hydrogen bonds involving Hl’ ,  04, and in 
some cases H4‘ atoms is found in the narrow grooves of the 
molecule (Figure 5 b). This C-H . . ’ 0  hydrogen-bond zipper 
links closely spaced backbones of the intercalated parallel du- 
plexes and illustrates a n  elegant possibility to bring DNA 
strands in close proximity through their sugar-phosphate back- 
bones. Another example of closely spaced D N A  backbones in- 
volving C-H . . ‘ 0  hydrogen bonding was observed in the re- 
cently reported crystal structure between the anticancer drug 
cisplatin and a D N A  duplex.[25] In that structure, a series of 
hydrogen bonds were found between C4‘-H and a nonbridging 
phosphate oxygen on the one hand and between 0 3‘ and C 5‘-H 
on the other. 

Crystals of four-stranded intercalated D N A  revealed two fur- 
ther examples of 04-mediated close contacts (Figures 5 c  and 
5d). One of these, the stacking of a sugar on a base, can be 
interpreted as an n + K* conjugative effect, as illustrated in Fig- 
ure 5 c  for a deoxyribose 04 lone pair and the C 8 = N 7  double 
bond from a stacked adenine This Figure also de- 
picts an intracytidine 0 4 ‘ .  . . H 6 - C 6  hydrogen bond. Similar 
n + K* interactions occur between closely spaced thymidine 
residues. Here, the 4’-oxygen lone pair of one thymidine residue 
is positioned approximately normal to the base plane of the 
neighboring residue and vice versa (Figure 5 d). This is consis- 
tent with the existence of partial N 3 = C 2  and N 3 = C 4  double 
bonds and the positioning of the 0 4 ’  lone pairs between the K* 
orbitals associated with them.[201 Interactions of this kind are 
regularly observed in crystals of A-DNA fragments, where the 
base-on-ribose stacking between terminal base pairs of the A- 
form duplexes that rest in the shallow minor grooves of adjacent 
molecules actually appears to be the main intermolecular inter- 
action stabilizing the three-dimensional crystal lattice. 

In crystals of DNA fragments that form short B-type helices, 
an interaction of a different kind is observed, involving phos- 

phate oxygen atoms of the phosphodiester linkage of the back- 
bone,[26, 271 In these crystal structures, stacked B-DNA duplex- 
es form infinite quasi-continuous helices. Unlike in the case of 
the majority of D N A  oligonucleotide crystals, the infinite he- 
lices here are not aligned in a coaxial fashion in the lattice, but 
cross at an angle next to each other forming regions of close 
contact between adjacent DNA duplex molecules. The “inter- 
section” formed by two infinite helices in the crystal is shown in 
Figure 6 a  in a ribbon representation. This arrangement is rem- 

a h 3’ L5” - 
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Figure 6. DNA backbone interactions: a )  Diagonally packed B-DNA helices. 
d(CCGGCGCCGG) [26]. b) Molecular clamp at the intersection of duplexes 

iniscent of the situation associated with genetic recombination, 
where a crossover between adjacent D N A  duplexes occurs a t  
so-called Holliday junctions.[26, The detailed contacts 
formed between two adjacent duplexes at  the intersection are 
shown in Figure 6 b. Two backbone phosphate oxygen atoms 
from a duplex in one infinite helix (only a section is shown with 
black bonds) form hydrogen bonds to the N 4  amino groups of 
cytosine bases in the major groove of a neighboring D N A  du- 
plex (two adjacent base pairs are depicted). Thus, the cytidine 
residues build a tight “clamp” around the phosphate oxygen 
atoms of a neighboring sugar phosphate backbone, forming a 
specific major groove- backbone interaction between adjacent 
D N A  molecules. Similar interactions were observed in other 
crystal structures of B-DNA fragments and a possible role in 
D N A  self-recognition has been implied for such molecular 

In crystals of coaxially packed helical DNA fragments, water 
molecules or  hydrated metal ions were often observed to medi- 
ate indirect contacts between closely spaced molecules by bridg- 
ing backbone oxygen atoms of the phosphodiester linkage. In 
contrast, in crystals of side-by-side arranged left-handed Z-type 
duplexes (Figure 7 a), phosphate oxygen atoms were found to 
form direct close contacts with duplexes of neighboring infinite 
helices. A detail of the interaction involving a phosphate group 
and a guanine base from closely spaced Z-DNA duplexes is 
shown in Figure 7 b. Guanines in Z-DNA with alternating 
dG-dC sequence appear to be electronically strongly polarized. 
This is consistent with the Z-DNA-specific coordination of 
metal or organic cations to 0 6  and N 7  atoms of the guanine 
base, and also with the observation of extensive intramolecular 
base-on-ribose stacking involving the guanine heterocycle in 
Z-DNA crystal structures.[2 ‘ I  The polarization of the guanine 
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Figure 7. DNA backbone interactions: a) Side-by-bide packcd Z-DNA helices. 
d(CG), 1211. b) C - H . . . O  hydrogen bond at the interface between duplexes. 

base in Z-DNA is thought to give rise to  a partially positively 
charged C 8 carbon, rendering its hydrogen slightly acidic. Evi- 
dence for this is provided by adjacent negatively charged phos- 
phate oxygen atoms that are located at  distances from the C8 
carbon that are consistent with the formation of a C-H ' ' 0  
hydrogen bond to the H 8  hydrogen atom as depicted in Fig- 
ure 7 b. This interaction occurs systematically in crystals of left- 
handed Z-DNA fragments, and provides another example of 
close contacts between tightly packed nucleic acid molecules 
mediated by backbone atoms other than the R N A  2'-hydroxyl 
group. 

Conclusion 

The interactions described in this contribution, involving vari- 
ous backbone oxygen and hydrogen atoms, highlight recurrent 
stable motifs in nucleic acid structures. They are likely to be 
encountered frequently in large and elaborately folded mole- 
cules, both R N A  and DNA.  Each interaction represents a way 
to stabilize close contacts between backbones, or backbones and 
bases, that allow for tight packing of adjacent nucleic acid mol- 
ecules or their structural domains. It is of particular interest that 
the chemically uniform, repetitive sugar-phosphate back bone 
may contribute in various ways to a selective and potentially 
even specific self-recognition of neighboring nucleic acid seg- 
ments, making versatile use of 0 2 ' ,  0 4 '  and phosphate oxygen 
atoms. 

Nucleic acids are currently the focus of intensive research 
efforts, as potent catalysts of many chemical reactions as well as 
specific diagnostic markers for numerous biologically relevant 
molecules, including those on the surface of cancerous cells. 
Detailed knowledge of the nature of the inter- and intramolecu- 

lar interactions governing the structural assembly of nucleic 
acids besides the known base-pairing rules will be invaluable, 
not only for more accurate folding predictions of important 
RNA and DNA molecules In the cell, but also for a rational de 
novo design of aptamers and catalytic nucleic acid molecules, 
tailor-made to  recognize a particular epitope or catalyze a 
specific chemical reaction. 
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