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Departament d’Enginyeria Quımica, ETSEIB, Unï ersitat Politecnica de Catalunya, A¨. Diagonal 647, E-08028 Barcelona,´ `

Spain

Received 13 January 2000; accepted 28 March 2000

Abstract

We review the extra-helical guanine interactions present in many oligonucleotide crystals. Very often terminal
guanines interact with other guanines in the minor groove of neighboring oligonucleotides through N ?N hydrogen2 3
bonds. In other cases the interaction occurs with the help of Ni2q ions. Guaninernetropsin stacking in the minor
groove has also been found. From these studies we conclude that guanine may have multiple extra-helical
interactions. In particular it may be considered a very effective minor groove binder, which could be used in the
design of sequence selective binding drugs. Interactions through the major groove are seldom encountered, but might
be present when DNA is stretched. Such interactions are also analyzed, since they might be important for
homologous chromosome pairing during meiosis. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The study of chromosomal telomeres has shown
that they contain unique DNA sequences, re-
peated many times, which may have peculiar

Ž .structures, involving G and CG quadruplex4 2
associations. These associations of guanine have

qA contribution to the special issue of ‘Biophysical Chem-
Ž .istry’ 2000 dedicated to Prof. H. Eisenberg.
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w xbeen recently reviewed 1 . However, in view of
the interest of guanine interactions, it appears to
be timely to review other kinds of extrahelical
associations of guanine which have been found
during the study of oligonucleotide crystals in our
laboratory and elsewhere.

Most of the oligonucleotides which have been
crystallized have C ?G base pairs at both ends,
which in many cases show extra helical interac-
tions, often with a disruption of the C ?G pair.
Such extra helical interactions undoubtedly con-
tribute to stabilize the three-dimensional organi-
zation of the crystal.
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On the other hand very few oligonucleotides
with terminal A?T base pairs have been crystal-
lized. The fact that adenine has fewer hydrogen
bond forming sites than guanine and is much

w xmore soluble in water 2 may explain that se-
quences with terminal AT base pairs might be
more difficult to crystallize. In any case it cannot
be excluded that adenine might also form extra
helical associations, but little information is avail-
able on that matter.

As an example of the wide potential of guanine
to form hydrogen bonds, the structure of guanine
itself is shown in Fig. 1. Each guanine is hydrogen
bonded to three other guanines and two water
molecules, so that all the hydrogen bonding sites
of guanine are involved in the crystal structure.
All hydrogen bonded guanines lie in infinite
planes which are stacked as in graphite, showing
the high tendency of guanines to form continuous
stacks.

2. Methods

Coordinates for the structures reported are
available either in the Cambridge Structural

w xDatabase 3 or in the Nucleic Acid Database

w xFig. 1. Hydrogen bonding in guanine crystals 59 . Water
molecules are shown by crosses. Each guanine has all its eight
hydrogen bonding sites saturated, as indicated for the central
guanine. Coordinates have been obtained from the Cambridge

w xStructural Database 3 .

Ž . w xNDB 4 . Drawings have been prepared with the
w x w xCerius 5 and SETOR 6 programmes. Optimiza-

tion of the structure of parallel DNA has been
carried out with the XPLOR programme, version

w x3.851 7 . For this purpose the coordinates of
w xYagil and Sussman 8 were taken as the starting

model. The DNA sequence was changed and a 12
base pair duplex was sheared in order to diminish
to approximately 228 the inclination of the base
pairs with respect to the axis of the duplex. The
conformation was then optimized with the C19
atoms fixed, so that a fixed average inclination of
the bases was maintained. As a result of this
process the base pairs become buckled with a
significant propeller twist. The phosphodiester

Žbackbone shows an alternating conformation see
.Fig. 7a below . It should be noted that the confor-

mation obtained does not correspond to a free
energy minimum, since energy contributions due
to stretching are not taken into account. The only
purpose of these calculations has been to obtain a
stereochemically correct model with a limited in-
clination of the base pairs. The coordinates ob-
tained are given as supplementary material. In
vivo, a parallel conformation would be influenced
by the stretching forces and proteins present.

3. Results and Discussion

3.1. Extra-helical interactions of terminal guanines
in A and B form DNA crystals

Four typical-interactions are shown in Figs. 2
and 3. In the first dodecamer crystallized in the

w Ž .xB-form d CGCGAATTCGCG individual du-
plexes build infinite columns which are stabilized
by a close contact of their minor grooves, which
involves N ?N hydrogen bonding among the gua-2 3

w xnines in the two terminal base pairs 9 . This type
of interactions has been found in many other

w xcases, as reviewed elsewhere 10 . The C ?G base
w xpair is usually present, but in some cases 11,12

the terminal cytosine is disordered, which indi-
cates that the essential interaction takes place
through the guanine residues.

More recently in a decamer with a related
w xsequence it has been found 13 that terminal

guanines may abandon its paired cytosine and
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Fig. 2. Stereoviews of extra-helical associations of the termi-
nal guanines in the narrow groove of a neighboring duplex in

Ž .DNA crystals: a pairing of guanines in the two terminal base
Ž . w xpairs of d CGCGAATTCGGG . The data of Shui et al. 60

w xobtained from the Nucleic Acid Database 4 have been used;
Ž . Ž .b interaction of the terminal guanine in d CGTATATACG
w x Ž .22 ; c Van der Waal’s interaction of the terminal CG base

w xpairs with the phosphodiester backbone in the A-form 61 .

invade the minor groove of a neighboring duplex.
Again N ?N hydrogen bonds are formed with2 3
another guanine, as it is shown in Fig. 2b. This
type of interaction may occur in crystals of the
same dodecamers which show the interaction de-
scribed in the previous paragraph, although crys-

tallized in a different space group and in the
w xpresence of different counterions 14 . In fact the

terminal guanine interacts with the second gua-
nine of a neighboring duplex, as in the previous
case. However, the relative orientation of the
duplexes and of the interacting guanines is quite
different in either case, as it is apparent by com-
parison of Fig. 2a,b.

A third type of interaction which also involves
the minor groove is found in A-form DNA crys-
tals, as reviewed by Tippin and Sundaralingam
w x15 . In that case the terminal C ?G base pair is
apposed onto the minor groove of a neighboring
oligonucleotide. The interaction is mainly
stabilized by van der Waal’s forces with the phos-
phodiester backbone, since hydrogen bonds are
not always present. An example is shown in Fig.
2c.

Triple helix formation by terminal guanines is a
fourth case to be considered. It is found when a

Ž .sequence such as d GCGAATTCG is crystallized
w x16,17 . This nonamer sequence forms a duplex
with another nonamer. The duplex formed has
the first guanine residues at both ends unpaired.
The unpaired guanines form a triple helix with
the last CG base pair of a neighboring duplex, as
shown in Fig. 3. Such an interaction was first

w xdescribed in a receptorrDNA complex 18 . A
similar triple helix has also been found in a

w xlonger oligonucleotide 19 .

Fig. 3. Stereoview of triple helix formation between neigh-
Ž . w xboring d GCGAATTCG duplexes 17 .
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3.2. The recombination-like structure of CCGCGG

w xIn our laboratory we also found 20 that the
Ž .oligonucleotide d CCGCGG crystallizes with its

central tetramer in the Z-form, whereas the

terminal bases form Watson]Crick hydrogen
bonds with a neighboring molecule in the crystal
lattice. The extra-helical C ?G base pair is in the
B conformation, a feature which suggested that a
similar structure could be formed during site-
directed recombination. Although this is also an

2q Ž .Fig. 4. Ni mediated guanine interactions in oligonucleotide crystals: a guanine-phosphate interactions in the orthorhombic
Ž . w x Ž . w xcrystal form of d CGTATATACG 22 ; b guanine]guanine interaction in the tetragonal form of the same duplex 21 . The

duplexes are perpendicularly oriented, whereas the guanines that interact lie on the same plane. Water molecules are shown as red
spheres, Ni2q ions in light blue and the interacting phosphate group in brown. The guanines that interact through Ni2q are shown
in violet.
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extra-helical interaction of guanine, only standard
Watson]Crick base pairs are formed.

3.3. Interactions of guanine through Ni2 q ions

Recently in our laboratory we have crystallized
Ž .the oligonucleotide d CGTATATACG in the

2q w xpresence of Ni ions 21,22 . As expected the
ions are associated with the N atom of guanines7
w x 2q23 . In some cases solvated Ni ions are at-
tached to the oligonucleotide without showing
any further interactions. However, in other cases
they may interact with neighboring molecules in
the crystal lattice, as shown in Fig. 4. The Ni2q

ion may form either guanine]guanine or
guanine-phosphate bridges between two neigh-
boring duplexes. Such interactions undoubtedly
stabilize the crystal matrix and might be related

2q w xto the toxicity of Ni ions 24 .

3.4. Guanine]netropsin stacking

In order to improve the quality of our crystal
Ž . w xdata on d CGTATATACG 21 , we decided to

w xcrystallize it in the presence of netropsin 22 . To
our surprise, a different space group was found
with a quite different crystal organization. In par-
ticular one of the terminal guanines invaded the
minor groove of a neighboring oligonucleotide
and became stacked on netropsin, as shown in
Fig. 5. Such an interaction is reminiscent of the

minor groove binding features of some drugs,
which may associate in tandem forming a double

w xstack in the minor groove 25 .
In this case guanine is stacked between the

netropsin drug and the phosphodiester backbone
of the duplex. At the same time its N and N2 3
atoms form hydrogen bonds with consecutive ade-
nine and thymine bases of an AT step, as shown
in Fig. 5.

3.5. Guanine as a minor groo¨e binder

As shown in Fig. 2b and Fig. 5 guanine has
several modes of binding inside the narrow groove,
either associated with guanine or with adenine]
thymine through hydrogen bonding. The interac-
tion is further stabilized by van der Waal’s con-
tacts with the phosphodiester backbone and
stacking with netropsin in one case. Thus, it ap-
pears that guanine might be a useful compound
to consider in the design of sequence selective
minor groove binding drugs.

An important feature of guanine]guanine in-
teractions is that they are often not coplanar.

Ž .Interactions at the minor groove Fig. 2a,b in-
volve either guanine molecules or G ?C base pairs
which are not coplanar and, furthermore, the
relative orientation of guanine rings is different
in each case. These observations indicate that
guanine]guanine hydrogen bonds may form in a
variety of orientations, a feature which is of inter-

Ž . Ž . Ž . w xFig. 5. Stereoview of guanine violet stacking on netropsin brown in the narrow groove of a d CGTATATACG duplex 22 . The
Ž . 2qguanine forms hydrogen bonds black dotted lines with adenine and thymine. A hydrated Ni ion associated with guanine is also

shown in the figure.
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est for the model we will show in the last part of
this paper.

3.6. Minor groo¨e ¨s. major groo¨e interactions of
guanine

The interactions we have described always take
place on the minor groove side of guanine. Simi-
lar minor groove]minor groove interactions of
C ?G base pairs have also been described in a

w xDNA hairpin 26 . Again in this case the C ?G
base pairs involved are not coplanar, they form an
angle of approximately 408. On the other hand,
interactions involving the major groove of gua-
nine have not been found thus far in oligonu-
cleotide crystals. However, they have been de-
scribed in a quadruplex structure studied by NMR
w x27 and in co-crystals of cytosine and guanine

w xderivatives 28,29 . The eventual interaction
through the major groove offers great interest,
since the pattern of hydrogen bonding might al-
low a recognition of identical Watson]Crick base
pairs as shown in Fig. 6. This type of interaction

w xhas been suggested by several authors 30]33 as
a possibility for the recognition of identical DNA
molecules during genetic recombination in meio-
sis, a question which we will now review. It should
be noted that the four possible quadruplexes are
stereochemically equivalent, so that a continuous
tetrastranded DNA with any sequence could be
built as we will show below.

Fig. 6. Quadruplex structures with major]major groove inter-
Ž .action: a observed by NMR in a triple repeat quadruplex

w xstructure 27 , the amino group of cytosine interacts by hydro-
gen bonding with two acceptor atoms of a neighboring gua-

Ž .nine; and b a similar interaction which might be present in
AT base pairs. Watson]Crick hydrogen bonds between base
pairs are not shown. In order to diminish the steric interfer-
ence of the thymine methyl groups, the base pairs should show

Žeither propeller twisting, inclination or both not shown in the
.figure .

3.7. Homologous recombination in meiosis

While the molecular structures involved in
w xsite-specific recombination are rather clear 34 ,

little is known about the detailed molecular events
in homologous meiotic recombination. During
meiosis homologous chromosomes are paired, a
process which requires that identical sequences of
double stranded DNA recognize each other. In a
later stage recombination takes place, which oc-
curs at a high level in ‘hot spots’. Double strand

Ž .breaks DSB occur in the neighborhood of these
hot spots, which appear to have no sequence

w xspecificity 35 . The known molecular events asso-
ciated with these processes have been discussed

w xby different authors 36]39 , where reference to
previous extensive reviews is also given. In bacte-
ria recombination appears to be facilitated by the
RecA protein, as discussed for example by Malkov

w xand Camerini-Otero 40 . In eukaryotes this
w xprocess appears to be different 38 . Nevertheless

many proteins which play a role in strand ex-
change have been described in different species
w x41]48 , some of which appear to be related to
the bacterial RecA protein. On the other hand
very little is known about the initial process of
homologous chromosome pairing. Several pro-

w xteins appear to be involved in this process 47,48 ,
but the details of their mode of action are not

w xclear. According to Kleckner 36,49 direct homol-
ogous DNA]DNA contacts between intact du-
plexes are facilitated by proteins, but no known
RecA homolog is involved.

3.8. Stretched DNA

Stretching the DNA molecule may facilitate its
interaction with homologous sequences. Stretched
DNA has been recently studied by different au-

w xthors 50,51 who have demonstrated that individ-
ual DNA molecules can be stretched in a re-
versible manner without breaking with a maxi-
mum increase in length of approximately 70%. If
the force is increased, very little further stretch-
ing is achieved. The change in length observed
corresponds to an increase in the rise per base

˚pair from 3.4 to 5.8 A. Since stretched DNA
appears to have both strands parallel and the
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bases exposed, it is of interest to determine
whether such stretched DNA might be able to
associate with an homologous molecule and form
a tetrastranded DNA molecule with the four DNA
strands organized in a parallel fashion.

DNA stretching has been modelled by different
w xauthors. Lebrun and Lavery 52 find that upon

stretching the Watson]Crick base pairs are dis-
rupted and individual bases form hydrogen bonds
with non-complementary bases. These authors
have carried out a very detailed analysis, allowing

Ž .different degrees of stretching up to 90% by
pulling DNA both at the 39]39 and 59]59 ends.
Different sequences of DNA have also been stud-

w xied. Konrad and Bolonick 53 have modelled the
distortion of DNA under the influence of a force
and find a considerable distortion of the DNA,
with an increase in length of over 100%. The
Watson]Crick base pairs are partially preserved.
From these model studies it is not clear up to
what extent Watson]Crick base pairing is main-
tained upon stretching DNA.

A related model was presented several years
w xago by Yagil and Sussman 8 , who aimed to

obtain a model for non-helical DNA. However,
their model can be considered as an alternative
for stretched DNA. A similar model was already

w xconsidered by Watson and Crick 54 as an even-
tual solution to the replication problem of the
double helix.

These various models can be used to interpret
the fiber diffraction diagrams of stretched DNA

Ž w x.obtained by Wilkins reported by Arnott, 55
w xand Fornells et al. 56 . The experimental dia-

grams are rather poor. They show a single layer
˚line at a spacing of approximately 6"0.6 A with

a single off-meridional spot. A sharp equatorial
˚spot at 13.3"0.9 A is also present. These fea-

tures are consistent with the various models which
have been proposed and which have been dis-
cussed in the previous paragraphs. The presence

˚of a single layer line at approximately 6 A with an
off-meridional maximum indicates that the bases
are parallel and inclined, with a displacement

˚along the molecular axis of 6 A.
A conspicuous feature of the experimental fiber

diagrams is the very well defined equatorial spot
mentioned above, with a spacing much smaller

˚than the 20 A found in helical DNA. This feature
in itself is a strong argument in favour of a
parallel arrangement of the DNA strands, since
the projection of DNA has a much smaller cross-
section.

3.9. A tetrastranded from of DNA may appear during
meiosis

The parallel, stretched DNA molecules may
associate through their major grooves in a specific
manner, using the hydrogen-bonding schemes
shown in Fig. 6. A possible model is presented in
Fig. 7. It should be noted that in such models only
a moderate inclination of the bases is allowed,
further inclination will interfere with specific hy-
drogen bond formation. So the DNA molecules
cannot be fully stretched. Thus, quadruplex for-
mation appears to be optimal with partially
stretched molecules, far from the 70% maximum
value experimentally observed as described in the
previous section.

In the model shown in Fig. 7, the interaction
between homologous base pairs is not coplanar,
whereas in the triple repeat quadruplex structure
w x27 , shown in Fig. 6, the bases are coplanar.
However, as we have discussed in the first part of
this paper, quadruplexes are not always coplanar,
as it is evident in Fig. 2a, and it has been found in

w xa hairpin 26 and in a related cyclic oligonu-
w xcleotide 57 .

The evidence reviewed shows that pairing
between homologous DNA sequences might be
possible through the major groove if moderately
stretched DNA molecules are involved. In fact
there is some evidence that DNA is stretched in

w xthe synaptonemal complex 39,49 . Such te-
trastranded pairing scheme will allow pairing of
homologous DNA duplexes of any sequence which
are locally stretched. Since pairing requires un-
twisting of the double helix, only short DNA
sequences should be expected to participate in
quadruplex formation. The process would be fa-
cilitated by a break in one of the DNA strands
involved. Such quadruplex regions would be ex-
pected to be widely spaced along the chromo-

w xsome. In fact Kleckner 49 has estimated that
interstitial interactions occur once every 65 kb on
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Ž . Ž .Fig. 7. a Parallel conformation of a DNA duplex with the sequence d TCAGTCAG . Watson]Crick hydrogen bonds are indicated
Ž .as dashed lines, some additional bifurcated hydrogen bonds are also present. b Tetrastranded model formed by two such duplexes

viewed in projection. Only hydrogen bonds formed between the two duplexes are shown in this case. The quadruplexes in this model
w xare not planar, but show a significant inclination, similar to that found in a cyclic oligonucleotide 57 .
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the average. In Drosophila it has also been found
w x58 that chromosome pairing proceeds through
multiple independent initiations at random points.
Nevertheless, further evidence is required in or-
der to determine if tetrastranded DNA molecules
are actually formed during meiosis.

Alternatively specific sequence dependent local
conformations may be involved, as the bi-loop
w x w x57 , local Z-DNA formation 20 or other pecu-
liar DNA associations. Whatever the mechanism
used for specific DNA recognition in meiosis, it is
likely that the process will be facilitated by pro-
teins whose mode of action remains to be discov-
ered.
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