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Genetic recombination in eukaryotes requires the pairing of homologous
chromosomes to allow precise molecular exchanges between chromosome pairs
at intertwined structures called Holliday junctions, the formation of which
requires the action of the RecA protein. The mechanism behind the precise
pairing of structures as long as chromosomes remains mysterious. In yeast,
during the initial phases of meiosis, chromosomes are paired at approximately 65
kilobase intervals via paranemic interactions that do not involve strand breakage
nor the intervention of analogs of the RecA protein. It has been proposed that
these paranemic interactions could occur between G-rich chromosomal regions,
but putting in register stretches of homologous sequences hundreds of kb long
remains challenging. Recent developments on the theory of the physicochemical
properties of DNA in aqueous solutions, in presence of di- or multivalent
counterions, leads to the prediction that molecules with the same sequence tend
to pair spontaneously by paranemic interactions depending on the electrostatic
properties of DNA. Experimental support for this prediction has now been
provided in vitro with naked DNA. This newly discovered property of DNA
duplexes may thus provide a clue to solve the puzzle of the premeiotic pairing.
[DOI: 10.2976/1.2980374]
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Genetic recombination is essentially based
on the complementary properties of the struc-
ture of the DNA duplex, via the introduction of
double strand breaks (DSBs) in the involved
homologues and the formation of the Holliday
junction, the latter mediated by specific pro-
teins like the product of the Escherichia coli
RecA gene and its eukaryotic analogues. In
other words, two homologous sequences can
pair precisely thanks to the specificity of the
Watson and Crick pairing rules: a single-
stranded end produced in a molecule can in-
vade a nearby homologous duplex and anneal
to the complementary strand thanks to the cata-
lytic mediation of the RecA protein or its
analogs. But a very serious difficulty remains
unexplained by this (otherwise well demon-
strated) process: how do the two duplexes
involved align closely enough to allow this

molecular exchange to occur? The RecA-like
proteins require an identity length of 8 bp to
complete the process (Hsieh et al., 1992); can
we imagine the two homologous duplexes
exploring the whole length of the involved
chromosomes looking for this level of homol-
ogy? This is a particularly formidable task in
the eukaryotic organisms, where recombina-
tion occurring during meiosis requires the for-
mation of a close pairing of the whole homolo-
gous chromosomes in the synaptonemal
complex, i.e., the precise pairing of DNA mol-
ecules of an average size, in the human ge-
nome, of 130 Mb, or 40 mm in length.

Two other considerations rule out the
RecA-like proteins for assuring chromosome
pairing preliminary to recombination. Since
the length requirement for pairing via these
proteins is only 8 bp, approximately 100,000
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identities of this length are predictable in a genome like the
human one, hence, the possibility of mistakes would be enor-
mous. Furthermore, it is well demonstrated that chromosome
pairing during meiosis occurs before, and in absence, of
DSBs, an absolute requirement for RecA-mediated ex-
changes. How do living organisms achieve this precise pair-
ing? A development based on theoretical considerations of
the physicochemical properties of the DNA molecule and on
recent fascinating and intriguing experiments sheds a pos-
sible light on this mysterious and key aspect of the recombi-
nation process. But let us review briefly the current ideas on
this subject prior to the recent developments.

POSSIBLE MECHANISMS FOR LONG-RANGE
HOMOLOG RECOGNITION AND PAIRING
The first hypothesis proposed for solving this conundrum
was based on the known homology of centromeric and, par-
ticularly, of telomeric sequences and for the tendency of the
latter to interact: thus, pairing of these structures could begin
to align homologs (Loidl, 1990), whereas the subsequent in-
tervention of DSBs and RecA-like proteins could do the rest.
But this does not explain by itself the selection of homologs,
since those repetitive structures are common to all chromo-
somes, hence, a close vicinity of the specific partner should
be first assured (see also below); furthermore, even if the
problem of pairing telomeres and centromeres exclusively of
homologs were resolved, the lengths of these associated se-
quences would still be so high to be unable to meet the chal-
lenges exposed before for whole chromosomes.

The problem was later investigated in detail in Saccharo-
myces cerevisiae, particularly by the group of Nancy
Kleckner in Harvard (Weiner and Kleckner, 1994; Burgess et
al., 1999); by fluorescence in situ hybridization analysis
these investigators observed the pairing of homologous
chromosomes before meiosis, without compaction of the
chromosomes, in absence of double-strand breaks and with-
out the intervention of RecA-like proteins. Also, the pairing
disappears during meiotic DNA duplication and is restored
immediately afterwards. The pairing occurs via multiple in-
terstitial interactions, one every �65 kb and these interac-
tions probably correspond to the subsequent recombination
events. The same type of pairing occurs also in vegetatively
cycling cells, in G1 and G2, disappearing in S. Thus, these
authors conclude that both premeiotic and somatic pairings
occur via paranemic interactions of homologous stretches of
the chromosomes, at sites spaced approximately 65 kb from
each other, prior to meiotic or vegetative DNA duplication;
pairing is dissolved by duplication, but it is reestablished im-
mediately afterwards in the same paranemic mode; during
meiosis, only later the DSBs required by recombination and
the action of the RecA-like proteins occur in the already
aligned stretches, leading to the plectonemic interactions in
the context of the synaptonemal complex.

This elegant process begins to dispel some of the mystery
of homologous chromosome pairing, but shifts the puzzle to
another level: what is the molecular nature of this paranemic
interaction? Is it purely determined by DNA sequence (at
some level, it has to be) or is it mediated by specific proteins
(that must in any way be able to distinguish the multiple pair-
ing sites)? The authors have no hypothesis on the molecular
basis of this periodic specific paranemic interaction, but em-
phasize the prerequisite of topographical vicinity of the ho-
mologous chromosomes for this finer interaction to occur, a
prerequisite in line with the mounting evidence for the pres-
ence of specific compartments for the different chromo-
somes in the nucleus.

What kind of sequence-specific paranemic interactions
can we envisage to explain these data? A possible candidate
is given by the unusual properties of stretches of G residues;
these are known to be able to form structures called
G-quartets held together by Hoogsten hydrogen bonds (see
Fig. 1) in which four strands can be linked together, either
with two parallel and two antiparallel strands, or with four
parallel strands (Marco-Haviv et al., 1999). Arrays of G are
interspersed throughout the chromosomes and one may en-
visage that they could (helped possibly by specific proteins)
bulge out as hairpins with a certain periodicity and form
four-stranded structures with a nearby homolog, without the
need of introducing breaks. These interactions can be rela-
tively dynamic and it could be predicted that they adapt to the
least hindered and most stable overall structure, when the
two homologous sequences are in register.

It is tempting to possibly identify these G-mediated inter-
actions with the sites of pairing identified by the work of
Kleckner and her collaborators, but this will require specific
investigation. A tantalizing hint in this sense comes from the
observation of a strong correlation between G-rich isochors
and presence of recombinational “hotspots” in yeast chro-
mosomes (Baudat and Nicolas, 1997).

Yet, putting in register DNA homologs with an average
periodicity of 65 kb would still pose serious problems for the
close alignment necessary to allow RecA-mediated explora-
tion for fine homology. The more so, since data obtained
in several systems, both prokaryotic and eukaryotic, indicate
the need for a 100–200 bp homology for achieving efficient
homologous recombination (Watt et al., 1985; Rubnitz and
Subramani, 1984). Can we identify other forms of parane-
mic, sequence-specific interactions, intrinsic to the DNA
structure?

INTRINSIC SEQUENCE HOMOLOGY RECOGNITION
BY DNA DUPLEXES
In the last decade, the study of the physical and physico-
chemical properties of DNA duplexes has addressed, in par-
ticular, the a priori unexpected tendency of DNA duplexes to
associate in aqueous solutions, at least in certain conditions,
like the presence of divalent or multivalent positive counteri-
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ons, compensating the overall negative charge of this “acid”
given by the phosphate residues. Experimentally, Parsegian
and collaborators, at NIH (Gelbart et al., 2000) observed
that, in the presence of these cationic counterions, DNA mol-
ecules display a surprising tendency to closely associate, a
property for which the quantum-mechanically elicited Ca-
simir force was invoked (or, more prosaically, old fashioned
van der Waals interactions). At the same time, Leikin, also at
NIH, and Kornyshev, now at Imperial College, by a combi-
nation of theory, computer simulations, and model experi-
mental approaches, identified the importance of short range
electrostatic interactions in favoring this association, a force
not alternative to the van der Waals interactions, but possibly
more important (Kornyshev and Leikin, 2001).

These authors brought forward this initial intuition by
first developing an accurate a priori theory of the interac-

tions of DNA duplexes in presence of divalent or multivalent
counterions (Cherstvy et al., 2004; Kornyshev et al., 2007);
the essential elements of this theory predict, in the first place,
that, as, concentration rises, the molecules will tend to align
along the major axis; not surprising, since this property is
what allows the formation of the essentially one-dimensional
crystals (or fibers) that allowed Franklin to obtain the crucial
diffraction radiographs that brought to the discovery of DNA
structure.

On top of this, the most surprising prediction issuing
from the theoretical treatment was that the sequence of base
pairs would influence the orientation of counterions sponta-
neously concentrated in the major and minor grooves, with
accompanying slight local alterations of the base tilt and he-
lical pitch that reflect the base pair sequence. But this was not
all: this specific helical distribution of the counterions, with
its sequence-dependent vagaries, would cause difficulty
(thermodynamic barriers) in achieving the longitudinal asso-
ciations to which the duplexes tend; difficulties, that is, un-
less the sequences are identical: in this case, the longitudinal
interactions become optimal and the lowest energy state for
association is achieved. In other words, optimal, thermody-
namically favored association is achieved only between mol-
ecules of identical sequence. Actually, according to the
theory, the optimal association is achieved between two du-
plexes, one longitudinally and azimuthally displaced from
the other by the distance and azimuthal angle necessary to
bring the phosphate residue of one base pair in front of the
counterion present in the major groove of the corresponding
(identical) base pair of the partner (see Fig. 2).

Figure 1. „A… Three possible structures formed by bulged-out
G-hairpins in nearby molecules. �B� Structure of the hydrogen-
bonded G-quartets. Reprinted from Marco-Haviv et al. �1999�. DNA
molecules can drive the assembly of other DNA molecules into spe-
cific four-stranded structures. �Reprinted from J. Mol. Biol. 286, 45–
56, with permission from the American Chemistry Society.�

Figure 2. „a… If two molecules with identical sequences are
exactly aligned with a reciprocal azimuthal orientation „�1

and �2… that puts the counterions bound in the grooves in
juxtaposition with the phosphate chain, the two molecules
specifically attract each other, whereas, if they are aligned in
azimuthal orientations such that the phosphate chains face
each other, the repulsion is predominant. The base sequence
determines small variations in helical pitch whereby the most ther-
modynamically favored situation occur when the sequences of the
two duplexes are identical. Reprinted from Baldwin et al. �2008�.
Double helices recognize mutual sequence homology in a protein
free environment. �Reprinted from J. Phys. Chem. B 112, 1060–
1064, with permission from Elsevier.�
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This exciting prediction has recently received experimen-
tal confirmation; in the first place, the group of Ohyama at
Waseda University studied in vitro association of DNA frag-
ments of �200 bp by electrophoresis and atomic force mi-
croscopy and they detected a preferential association of like
over nonlike molecules at 10 nM concentrations and in pres-
ence of Mg ions (Inoue et al., 2007). They interpreted this
association as mediated by local formation of bubbles and
base flipping with subsequent association of the fleetingly
opened stretches, an interpretation that begs the question of
how specific can the interaction be if you cannot anneal for a
certain length the flipped out bases.

This interpretation is not shared by Kornyshev, Leikin,
and their collaborators who performed very ingenuous ex-
periments in which they concentrated, with poly-ethylene
glycol, mixtures of two 294 bp fragments of the same base
composition but different sequence, one labeled with a
green-fluorescent and the other with a red-fluorescent tag
(Baldwin et al., 2008). The condensed droplets, or “spheru-
lites,” were kept at room temperatures for two weeks and
showed eventually an unambiguous spontaneous separation
of the two colors in the concentrated solutions, demonstrat-
ing that the fragments with the same sequence preferentially
associated to each other (see Fig. 3). These authors note that,
from previous data, the associated fragments are separated

by layers of water molecules between 1 and 3 nm thick, mak-
ing it unlikely that they associate by base flipping.

More work will certainly be necessary to demonstrate to
general satisfaction that the association of like molecules is
mediated by the electrostatic interactions described by
Leikin and Kornyshev, as there are obvious limitations to this
work, considering that the experiments are performed with
naked DNA (as opposed to chromatin, which constitutes the
actual chromosomes), and that the incubation required to ob-
serve the spontaneous pairing is very long. Nevertheless, the
hypothesis proposed by Leikin and Kornyshev appears par-
ticularly attractive for its apparent general applicability, for
having been derived from a thorough theoretical treatment of
the matter from first principles (Kornyshev et al., 2007) and
from the elegant experimental confirmation of a theory
(Baldwin et al., 2008). Another element in favor of this inter-
pretation is that the theory predicts that, for the electrostatic
interactions between two identical duplexes to be most ther-
modynamically favored, fragment lengths of at least
100–200 bp are necessary; this agrees well with the above-
mentioned requirements of a minimal length of 100–200 bp
homology for efficient homologous recombination.

CONCLUSION
McClintock stated in 1933 that “there is a tendency for chro-
mosomes to associate 2-by-2 in the prophase of meiosis.”
With all the data collected subsequently on the process and
the novel observations summarized here, we can dare to
indicate a possible five-step flow of events in meiotic recom-
bination. (1) In the first place, chromosome pairs acquire a
topographical closeness within a nuclear compartment, via
specific interactions concerning nuclear functional architec-
ture that have yet to be understood. (2) Telomeres and cen-
tromeres may now realize an initial chromosome pairing not
disturbed by the presence of other chromosomes. (3)
G-arrays distributed along the chromosomes may begin to
interact and find a more stable paired structure when the se-
quences are in register (do the 65 kb-spaced interstitial pair-
ing interactions described in yeast correspond to the
G-arrays?). (4) At this point, the electrostatically determined
pairing interactions described above bring the duplexes in
close paranemic, sequence-specific contact. (5) Breaks of the
DNA sequence provide the substrates for the RecA-mediated
reciprocal exploration of the two aligned duplexes for pre-
cise Watson-and-Crick determined exchanges, eventually
leading to plectonemic interactions in the context of the syn-
aptonemal complex.

Future work will show if this picture is realistic; in any
case, molecular biologists working with the DNA molecule
cannot afford to ignore or neglect this important, until now
unsuspected, property of the double helix.

A final note: this brilliant passage from physical theory,
based on first principles, to experimental validation and to
contribution at understanding the mechanism and function of

Figure 3. Droplets „spherulites… containing concentrated mix-
tures of two 294 bp DNA fragments with the same base compo-
sition but different sequences, one „A… labeled in red „DNA- R…

and the other in green „DNA-G…, or the reverse „B…, after two
weeks at room temperature show a clear separation of colors at
confocal microscopy; each molecule appears to preferentially
associate with molecules of the same sequence. Reprinted from
Baldwin et al. �2008�. Double helices recognize mutual sequence
homology in a protein free environment. �Reprinted from J. Phys.
Chem. B 112, 1060–1064, with permission from Elsevier.�
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a crucial biological process, cannot fail to remind an out-
standing precedent: I refer to the development from first
principles of the theory of the x-ray diffraction pattern of he-
lical structures (Cochran et al., 1952) that brought a brilliant
physicist to collaborate with a bright biologist in discovering
the structure of DNA.
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