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1. Introduction 

Studies of the primary structure of chromosomal 
DNA have revealed an interesting structural feature. 
Palindromic regions (sections of double-helical DNA 
with an axis of 2-fold rotational symmetry) were 
found in DNA from eukaryotes [l-6] , prokaryotes 
and viruses [7-131. The length of palindromic 
regions varies from a few to several thousand base 
pairs. 

In the present paper the three-dimensional struc- 
ture (four-stranded helix) for palindromic regions is 
proposed. This structure differs from the cruciform 
structure suggested [ 141. The possible role of the 
four-stranded helical structure in the formation of the 
tertiary structure and functioning of the DNA mole- 
cule is discussed. For a preliminary description of our 
structure see [ 1.51 . 

2. Methods and results 

If we pair the Watson-Crick base pairs A-T with 
T-A and C-G and G-C as shown in fig. 1, the base 
tetrads will be formed, the bases of which lie in one 
plane. These base tetrads are sufficiently close to 
each other in the distribution of glycosidic bonds to 
allow the construction of regular four-stranded helix 
when the base tetrads are stacked on top of each 
other. Such a four-stranded helix in which two helices 
of the Watson-Crick type are related by a dyad axis 
parallel to the longitudinal axis was built [ 161. 

Four-stranded helical structures in the DNA mole- 
cule can be formed from homologous regions of the 
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double-helix. Homologous regions may be represented 
either by true repeats or by symmetrical sequences of 
palindromes. The building of four-stranded helices 
from repeats is impossible without knots. For this 
reason it is interesting to consider only the symmetri- 
cal sequences of palindromes which are able to form 
four-stranded helices without knots. Figure 2 shows 
the four-stranded helices which can be built from 
symmetrical sequences of a palindrome. 

Model building with CPK atomic models showed 
that it is quite possible to build a four-stranded helix 
from symmetrical sequences even if there is only one 
canonic base pair between them (n=l , fig.2; see Qg.3). 
This helix is built according to Scheme I (see fig.2). 
Formation of a four-stranded helix according to 
Scheme II needs the presence of three or even more 
base pairs between the symmetrical sequences. The 
backbone conformation in the four-stranded helix 
shown in fig.3 is similar to the B-form conformation 
of DNA. The base pairs are packed along the axis of 
the helix with a small tilt. The single base pair (in this 
case-c) at the apex of the four-stranded helix is packed 

in parallel to the other pairs, the guanine and cytosine 
of this pair forming a Donohue type system of 
hydrogen bonds [ 181.: guanine Nl -cytosine 02; 
guanine N2-cytosine N3. In the case of the A-T pair 
the following scheme of hydrogen bonds will take 
place : adenine N6-thymine 02; adenine Nl -thymine 
N3 (for standard atomic numeration see [ 181 and 
fig.1). The bent section of the backbone has a steri- 
tally allowed combination of rotational isomers 
which differs from a combination of the B-form 
rotational isomers only in a 9_, angle (see fig.3C). In 
our case this angle corresponds to a trans-isomer 
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Fig.1. The base tetrads A T - T A  and GC-CG which are built by a specific pairing of the Watson-Crick (canonic) base pairs. A - T  
is paired with T - A  (which is an inverted A - T )  and G - C  is paired with C - G  (which is an inverted G-C). In the base tetrads 
A T - T A  there are slight sterical hindrances caused by the methyl groups (see two hatched regions). Hydrogen bonding between 
canonic pairs is designated as (. • .); canonic hydrogen bonds in A - T  and G - C  pairs as ( -  - - )  and giucosidic bonds as (t-----3). 

n bose 
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Fig.2. The four-stranded helices formed from the symmetrical 
sequences of the palindrome. Schemes I and II are different 
variants of building era  four-stranded helix from symmetrical 

sequences. 6 u P y ~  are the canonic base pairs which form the 

base tetrads of the four-stranded helix. In Scheme I the bases 

which form the canonic base p a i r 6 u  Py ~ belong to different 

strands of the DNA molecule. In Scheme II both bases which 

form the canonic base p a i r : ~  belong to one of the two 
v 

strands of the DNA molecule. Hydrogen bonding between 
canonic pairs in the base tetrads is shown as (: " ""). The 
number of base pairs between the Symmetrical sequences can 
vary in a wide range (n ;~ 1). B is the bend of the double 
helix. In Scheme I the Cfick-Klug kinky helix can be used 
till .  
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Fig.3a AXIS OF FOtiR-STRANDED 
HELIX 

GC-CO (or AT-TA) base ietrad. 
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” 

Fig.3c nucleotlde from single base pair 
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while in the B-form it corresponds to agauche--isomer. 
The frans-isomer is observed in monomers [ 181. 

If there are several base pairs between the symmet- 
rical sequences some other possibilities of DNA 
bending exist which may be relatively easily analyzed 
with atomic models. The choice of the type of a four- 
stranded helix (see Schemes I and II in fig.2) depends 
on the length and the primary structure of the spacer 
region which is located between symmetrical 
sequences of the palindrome. This choice may depend 
also on the proteins interacting with the palindromic 
region under in viva conditions. All these questions 
are outside the scope of a short paper. Below we 
consider the structural properties of the four-stranded 
helices which are common for both types of these 
helices. Therefore, we shall take into account both 
the Schemes I and II on an equal basis and the term 
‘four-stranded helix’ will imply both the Schemes I 
and II without discriminating between them. 

3. Discussion 

The proposed structure is in good agreement with 
the available experimental evidence. The hydrogen 
bonds shown in fig. 1,3 were observed in crystals of 
bases and nucleosides [16,18,19]. A similar structure 
has been recently suggested on the basis of X-ray 
diffraction studies of polyinosic acid molecules which 
form four-stranded helices [20]. Hairpin folds and 
thick filaments are often observed in electron micro- 
graphs of double-stranded DNA molecules (e.g. [2 l] ). 
And, finally, a branched structure has been observed 
for double-stranded DNA in which the bending points 
apparently occurred in the palindromic regions 
[22,23]. 

It is seen in fig.3 that the suggested model of 
palindromic regions is a very compact structure. There 
are several axes of 2-fold rotational symmetry. 
The conformation of the region located between the 
symmetrical sequences strongly depends on its 

Fig.3. The palindromic region three-dimensional structure 
assembled from CPK models: (a) view from the side; (b) view’ 
from the apex, (c) rotational isomers of the bent section of a 
polynucleotide backbone chain. t, rrans; g- , gaucha- ; g+, 
gauche*. 
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Fig.4. Conformational transitions of the palindromic region: 
double-helix (1) & four-stranded helix (2) T_ dena- 
tured (fully unwound) state (3). (1 + 2) and (1 +-- 2) 
are intermediate states at transitions (1) --+ (2) and 
(2) --+ (1) respectively, which are accompanied by W, 
and W, angle rotations of the palindromic region termini 
relative to the double helix axis. In both cases IW, I + IW,I 
rt 72O.N degrees, where N is the number of four-stranded 
helix turns. The transitions (2) e (3) are not accom- 
panied by a rotation of the palindromic region termini. 

primary structure. Due to these properties the 
proposed structure seems to be more favourable for 
interaction with proteins (especially with oligomeric 
ones) as compared with the usual DNA double-helix. 

It follows from the stereochemical analysis that at 
conformational transitions (double-helix) e 
(four-stranded helix) the palindrome termini will 

rotate relative to the double-helix axis (fig.4). In the 
case of covalently closed circular or high molecular 

linear double-stranded DNA such rotations may 
promote the formation of superhelical structures 
from double-helix (figSa,b), which could be addi- 
tionally stabilized by proteins. Consequently, elements 
of the tertiary structure of DNA (different types of 
superhelical structures) may be formed by building 
or breaking of the palindromic four-stranded helices. 
Loop structures may be formed also if the four- 
stranded helix is built from the symmetrical sequences 
which are far from each other along the DNA thread 
(see fig.%). In particular these symmetrical sequences 
may be ‘loop recognition sequences’ in the process of 
the formation of loops of eukaryotic chromatin [24]. 

Thus the following conclusion can be made within 
the framework of the suggested model: the distribu- 
tion of palindromes along the DNA thread is the 
‘primary structure’ which codes the three-dimensional 
structure of a DNA molecule. 

Specific interaction of proteins with palindromic 
regions may lead to large three-dimensional changes 

C 

Fig.5. Elements of the DNA molecule tertiary structure 
which can be formed as a result of the transitions (double- 
helix) x (four-stranded helix). (a) Transition (double- 
helix) ---+ (four-stranded helix). In this case right-handed 
superhelical structures will be generated to the left and to 
the right of the four-stranded helix. (b) Transition (four- 
stranded helix) --+ (double-helix). In this case left-handed 
superhelical structures will be formed. (c) Loop structures are 
formed with the four-stranded helices 1, m, n. 

in the DNA structure. For example, it may happen 
that condensation or decondensation of the whole 
chromosome or its parts in the process of cell fission 
and transcription is carried out mainly by the 
formation or breaking of four-stranded helices, in 
particular, of those enriched with A-T pairs. Such 
four-stranded helices are easily broken because the 
base tetrad AT-TA is less stable than the base tetrad 
CC-CC due to sterical hindrance caused by the 
methyl group of thymine (see fig.1). Thus the stabil- 
ity of four-stranded helices will vary depending 
on the content of A-T pairs. 

The transition (1) e (2) c (3) (see fig.4) 

can play an essential role in the replication and 
transcription of the DNA molecule. For example, the 

121 



Volume 88, number 1 FEBS LETTERS April 1978 

[a bl 

‘y= 

I 
[a’ b'l 

b v 
a’ 

[a’bl 

Fig.6. Pairing of two homologous DNA molecules by forma- 
tion of the intermolecular four-stranded helices. t and t’ are 
homologous palindromic regions (in the four-stranded helical 
state) belonging to different DNA molecules. Homologous 
strands belonging to t and t’ are designated by the same letter 
(a is homologous to a’ and b to b’). [ ab] , [a’b’] , [ab’] , [a’b] 
are the four-strand helices. A, transition of four-stranded 
helices [ab] and [a%‘] into the denatured state; B, transition 
of the denatured palindromic regions into the intermolecular 
four-stranded helices [ab’] and [a’b] . The intermolecular 
four-stranded helices [ab’] and [a’b] can be formed according 
to Schemes I and II (see fig.2). 

replication fork can be formed with the transition 

(2) --+ (3). This transition is not accompanied by 
a rotation of the palindrome termini. Therefore the 
replication fork can be formed from a separate 
palindromic region without a change in the secondary 
and tertiary structure of the rest of the DNA molecule. 

It is possible to suggest a simple mechanism of 
pairing homologous DNA molecules in the process of 
genetic recombination based on our model. According 
to this mechanism a pairing of DNA molecules occurs 
by a formation of the intermolecular four-stranded 
helices from homologous palindromic regions. 

Let us consider two such homologous palindromic 
regions belonging to different DNA molecules. 
Suppose that before pairing of DNA molecules these 
palindromes exist in a four-stranded helical state (see 
t and t’ in figb). One of these four-stranded helices is 
built from the strands a and b while the other from 
the strands a’ and b’. The a strand and the a’ strand 
are identical. The b strand and the b’ strand are 
also identical. Therefore, besides the four-stranded 
helices [ab] and [a’b’] , the intermolecular 

four-stranded helices [ab’] and [a’b]. can be formed 
from the strands a, b, a’, b’. The formation of the 

intermolecular four-stranded helices [ab’] and [a’b] 
may proceed in 2 steps (see the transitions A and B in 
fig.6). The transitions A and B occur in the same way 
as the transitions (2) F==- (3) which are not 
accompanied by a rotation of the palindrome termini. 
Therefore DNA molecules will pair with each other 
without a change in the three-dimensional structure 
of the interpalindromic regions which constitute the 
greater proportion of their sequences. 

The study of the mechanisms of homologous 
chromosome pairing in meiosis has shown that only a 
very small part of the chromosomal DNA, Z-DNA, 
participates in interchromosomal recognition (e.g., 
about 0.3% of all the LiZium cell DNA) [25,26]. 
Moreover, it has been shown that the process of DNA 
molecule pairing occurs in the presence of unwinding 
proteins [25,26]. Within the framework of our 
mechanism these proteins can initiate the transition A 
(see fig.6). 
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