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The functional consequences of DNA condensation are investigated. The recognition of
strands
complementary
is profoundly
modified
by this critical
phenomenon.
(1) Condensation of denatured DNA greatly accelerates the kinetics of DNA renaturation.
We propose a unifying explanation for the effects of several accelerating solvents studied
here including polymers, di- and multivalent cations, as well as effects seen with the phenol
emulsions and single-stranded
nucleic acid binding proteins. Optimal conditions for
renaturation at or above the calculated three dimensional diffusion limit are theoretically
consistent with a limited search space in the condensed phases. (2) In addition to these
effects on association of two single strands, similar condensation acceleration effects can be
seen in strand exchange experiments with double stranded DNA without proteins. These
may model a mechanism of recombinational protein function.
Keywords: excluded volume effects; phase transitions;

1. Introduction
The concept of complementariness
(Pauling &
Delbriick, 1940) is central in molecular biology. In
nucleic acids, the recognition of complementary
strands is a key functional property, essential in
biological processes such as replication, transcription and genetic recombination.
In the present
article we investigate two questions related to
complementary
recognition in nucleic acids: the
question of the optimal
conditions
for DNA
renaturation and the question of the physical basis
of genetic recombination.
(a) Renaturation

of DNA:

the optimization

problem

The kinetics of renaturation of DNA have been
extensively investigated in the last 30 years (for a
review, see Wetmur, 1976). DNA renaturation can
be modeled as an irreversible second order reaction,
characterized by a rate constant k,. To optimize

genetic recombination

this reaction means to maximize the rate constant.
The question of the optimization was first raised by
Marmur & Doty (1961) who investigated the effect
of temperature on the rate of renaturation: optimal
renaturation
occurred at about 25°C below the
denaturation
temperature.
This work and subsequent work on salt concentration effects on the
rate of renaturation
has led to the definition of
standard conditions for renaturation
(68 to 7O”C,
1 M-Nacl: see Wetmur & Davidson, 1968; Wetmur,
1976). How can we accelerate the rates of renaturation beyond this standard rate? According to the
literature, we can think of three possibilities.
(1) The volume exclusion approach relies on the
addition of inert polymers in the reaction mixture.
These polymers act by reducing the volume of the
solvent accessible to the DNA molecules, therefore
increasing their local concentration.
This steric
effect is usually referred to as an excluded volume
effect in polymer physics (Flory, 1953). IJsing molar
concentrations of NaCl and high (35% or more of
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the total volume) concentrations
of dextran sulfate,
Wieder & Wetmur
(1981) have achieved accelerations of loo-fold
of the renaturation
rate. This
volume exclusion approach has a possible biological
significance.
Indeed, over 25% of the Escherichia
coli intracellular
space is occupied
by macromolecules
(mostly
proteins
and RNA),
which is
similar
to the concentration
in macromolecular
crystals
(Minton,
1981, 1983). This volume occureferred
to as macromolecular
pancy
(often
crowding) has major consequences on the structure
and the functions of macromolecules
(Zimmerman
&
Harrison,
1987; Jarvis et al., 1990). Zimmerman
and
co-workers
have undertaken
the study of these
consequences
on the interactions
of nucleic acids
with themselves
or with proteins
(Zimmerman
8r
Harrison,
1987 and references therein).
(2) The second approach
relies on the Phenol
Emulsion
Reassociation
Technique
(abbreviated
PERT?)
described
by Kohne
and co-workers
(Kohne et al., 1977). PERT is a t,wo-phase system
composed of water and phenol: denatured DNA and
salt are added in the water phase. Shaking of the
two phases creates a phenol/water
emulsion
and
results in accelerations
of many thousand fold of the
rate of renaturation.
The mechanism of this effect is
not known and cannot be attributed
to a decreased
DNA
melting
temperature,
because the rate of
renaturation
is only weakly dependent on temperature between 20°C and 56°C. The reassociation
very
likely takes place at the phenol-water
interface: this
hypothesis
is supported
by the finding that singlestranded
DNA is physically
associated
with the
emulsion (Wieder & Wetmur,
1982). Kohne et al.
(1977) have mentioned
the possible biological
relevance of PERT,
in particular
for the problem
of
reassociation
of DNA at physiological
temperatures
and the possible importance
of similar systems in
the acceleration
of prebiotic
synthetic
reactions.
(3) The last approach relies on the use of singlestranded DNA binding proteins such as the gene 32
protein
of phage T4 (Alberts
Oz Frey, 1970). the
Escherichia
coli single-stranded
DNA binding protein (Christiansen
& Baldwin,
1977), the simian
virus 40 large tumor antigen (Schiedner et al., 1990).
the mammalian
heterogeneous
nuclear ribonucleoprotein Al protein (Pontius & Berg, 1990). or the
RecA protein (Weinstock
et al., 1979). These proteins can catalyze
the renaturation
of DNA at
physiological
temperature.
Their biological
importance
is well
documented
(see, for instance.
Kornberg,
1980; Chase & Williams.
1986; Cox &
Lehman, 1987).
(b) Critical

phenomena

involving

nucleic acids

Let’ us consider the volume exclusion approach to
the problem
of the acceleration
of renaturation

t Abbreviations
used: PERT, phenol emulsion
reassociation
technique;
PEO, poly(ethylene
oxide):
bp, base-pair(s);
DS, dextran sulfate.
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rates: the reactzion can be modeled
as a fourtwo
types
of polymers
component
mixture:
(denatured DNA and t,he added polymer), a solvent
(water) and salt (NaCl). Several types of critical
phenomena
can be expected in such a system: the
incompatibility
between the two polymers can lead
to a segregation
of the t,wo polymeric
species; also
we can expect, a change of conformation
of the
denatured DNA molecules from a swollen st,ate to a
more
compact,
configuration
(Flory,
1953; de
Gennes, 1985). In this article.
we use the t,erm
critical
for physical
phenomena
that result from
infinitesimally
small variations
of an appropriate
parameter
(such as the temperature
or the concrntration
of one of the components
of the system).
Examples
of such critical
phenomena
in a fourcomponent mixture composed of native DNA: poly(ethylene
oxide)
(abbreviated
PEG).
water and
NaCl have been described
by Lerman
and (Yworkers (Lerman, 1971; <Jordan et aE., 1972: see Figs
3 and 4 therein). The present, article deals with t,wo
main types of structural
transitions
(which (‘an
occur as critical phenomena,) involving
nucleic acids.
A schematic
representation
of these t,ransitions
is
shown in Figure 1. The first, type of transition
is the
helix-coil
transition
between
native
(doublrstranded) and denatured DNA molecules. This transition has been extensively
st,udied with DNA molecules in solution (transition
1 5 2 in Fig. I : for an
introduction,
see Cantor & Schimmel,
1980). The
second type of transition
is the coil-globule
transition. In the next, sections we briefly describe this
transition.
The coil-globule
transition
refers to the transition
of a flexible polymer
from an expanded
coil (ufiguration
to a collapsed globular state, This transition is a major focus of interest in polymer science
for experimentalists
and theoreticians
(for a review.
see Williams
et d.. 1981). Flory (1953) has studied
theoret.ically
the evolution
of the configuration
of a
neutral homopolymer
with an unknown radius (i.tk.
root-mean-squared
end-to-end
distance)
K, and a
degree of polymerization
N ($ is t.hr number ot
monomers
in the polymeric
chain).
In a good
solvent, the pair interactions
bet,ween t.wo segments
of a polymeric
chain are repulsive and tend to swell
the coil. The radius of the coil is determined
by tht
sum of the repulsive energy and an elastic (entropic)
energy, which prohibits
large deformations.
Flory
(1953) found R-i Y3” for di1ut.e (non-overlapping)
concentrations
of the chain. More generally,
if (1
defines t’he dimensionality
of the system. K-12”.
where V. called the critical
exponent.
is equal to
3/(d+2)
(de Gennes, 1985).
This relat,ion (K- N”) provides a typical example
of a scaling law. which is a power law characterized
by its critical exponent
v. In a poor solvent. the
segmentto-segment,
interactions
become at,tractive
and the complet’e collapse of the chain is hindered
only by steric constraints.
Two physical events (*at)
take place in an unfavorable
solvent’ environment:
collapse and/or aggregation.
Polymer collapse refers
to an intramolecular
event, leading t-o a collapsed
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structure
of a single polymer chain. For individual
collapsecl structures
(called globules)
one expects
R w Nil3 (and more generally
R - N1ld, where d is
the dimensionality
of the system (Williams
et al.,
1981; de Gennes, 1985). Individual
collapse is the
expected behavior for dilute (non-overlapping)
solutions of polymers.
Since the attractive
interactions
at the intramolecular
level also exist at the intermolecular
level, an unfavorable
solvent
environment can also lead to an aggregated polymer phase.
Polymer aggregation
refers to the co-existence
of a
solvent-rich
phase (with a few contracted
chains)
and a second polymer-rich
phase. Aggregation
is
expected to become more favorable at high polymer
concentrations.
The coil-globule
transition
of polynucleotides
has
been investigated
theoretically
and experimentally
by many authors. It differs from the coil-globule
transition
involving
neutral
homopolymers
in
several
aspects:
(1) polynucleotides
are usually
heteropolymers
rather
than
homopolymers;
(2) polynucleotides
are charged
polymers
(polyelectrolytes);
various cations can induce the coilglobule transition
of double-stranded
DNA in an
aqueous solvent, e.g. H+ (Dore et al., 1972), divalent
cations
(Knoll
et al., 1986) or trivalent
cations
(Gosule & Schellman,
1976; Widom
& Baldwin,
1983; see also Manning,
1989); (3) polynucleotides
can be double-stranded
or single-stranded:
in the
theoretical
framework
of the coil-globule
transition,
however, double-stranded
DNA can be considered
as a single-stranded
stiff homopolymer
chain (see
Grosberg et al., 1982). The coil-globule
transition
of
double-stranded
DNA can therefore be described as
a collapse from the non-compact
form (the coiled
state) to the compact
form (the globular
state);
(4) polynucleotides
are often
lyotropic
nematic
polymers:
t’he coil-globule
transition
of doublestranded or single-stranded
DNA can be coupled to
a disorder-to-order
transition,
an isotropic-liquid

transitions

studied in this article.

crystalline
transition
from the isotropic state to an
anisotropic
(mesomorphous)
phase, undergone
by
many rod-like
or semirigid
polymers
when their
concentrations
exceed a critical value (for an introduction
to the physics of liquid
crystals,
see de
Gennes, 1975).
We now turn back our attention
to Figure 1. To
distinguish
the coil-globule
transitions
involving
native DNA (1~4 in Fig. 1) and denatured
DNA
(2~3
in Fig. l), we shall use the term doublestranded DNA coil-globule
transition
for the first
transition
(1%4) and the term single-stranded
DNA
coil-globule
for the second transition
(253).
Also,
we shall use the terms condensation
and condensed
as generic terms covering the individual
collapse of
molecules as well as aggregated
states, either for
native or denatured
DNA (we follow here Post &
Zimm, 1982). In contrast to the vast body of literature available on transitions
1~2 and 1%4, the two
other transitions
shown in Figure 1 have been less
studied: the single-stranded
coil-globule
transition
is nevertheless
described in at least two publications: Dore et al. (1972) describe an acidic (protonation-induced)
transition
and Evdokimov
et al.
(1976) a polymer
and salt transition.
A helix-coil
transition
involving
condensed
DNA
(4~3)
is
mentioned
by Gosule & Schellman (1976).
(c) The relationship
between excluded volume effects
and critical phenomena
We have observed above that the search of an
excluded
volume
effect
in DNA
renaturation
through the addition
of inert polymers can lead to
critical phenomena
such as those found in genuine
thermodynamic
phase transitions
(phase transitions
are rigorously
defined by the existence of discontinuities
in derivatives
of an appropriate
thermodynamic
potential:
see Stanley,
1987, p. 17). More
generally,
there exists a strong analogy
between
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polymer
statistics
and phase transition
problems.
A polymer solution is similar to a magnetic system:
the chemical potential
associated with the concentration
of monomers corresponds
to the temperature of the magnetic
system,
and the chemical
potential
associated
with
the concentration
of
polymers
to the magnetic
field (see de Gennes,
1985). As observed by de Gennes, the discovery
of
this relationship
between
polymer
statistics
and
phase transition
problems
has allowed
polymer
science to benefit from the vast knowledge accumulated in phase transition
studies; in particular
a
number of remarkably
simple scaling properties
(i.e.
related to the size of the polymers by power laws)
have emerged (for a recent and accessible review on
scaling concepts, see Blumen & Schniirer, 1990).
The importance
of excluded volume effects in the
theoretical
existence
of phase transitions
in the
structural
transitions
shown in Figure
1 is well
documented:
Fisher (1966) has shown that, due to excluded
volume effects, the helix-coil
transition
can be a
phase transition
in three or in two-dimensional
systems.
Onsager
(1949) has shown that the isotropic
liquid crystalline
transition
can also be the consequence of excluded
volume effects (due to shape
asymmetry)
alone:
the intervention
of intermolecular
attractive
forces is not required (a two
dimensional
analogy can be made to the ordering of
logs floating on a pond) (for a review, see Odijk.
1986).
In the case of the coil-globule
transition,
the
importance
of excluded volume effects is also clear
(see Williams et aZ., 1981). However, the existence as
well as the nature (first order or second order) of a
phase transition
is apparently
still an open question
among theoreticians.
(d) DNA

condensation as a possible mean8 to
optimize renaturation

The relationship
between excluded volume effects
and phase transitions
prompted
us to formulate
the
hypothesis that, since excluded volume effects could
lead to a critical
phenomenon
(namely
DNA
condensation),
conversely DNA condensation
would
increase the rate of DNA renaturation.
This hypothesis was formulated
as a working hypothesis more
than as a true prediction.
Indeed, if we consider a
solution
containing
denatured
DNA molecules in
which we progressively
increase the salt concentration, two opposite phenomena take place: increasing
salt concentration
decreases the repulsion between
complementary
strands and can increase the rate of
renaturation.
On the other hand, this effect also
operates at the intramolecular
level and can lead to
of denatured
molecules
an increased
folding
(Studier,
1969a; Wilson et al., 1990), which may
inhibit renaturation
(Studier, 19693). We expect the
same two effects to act in condensed denatured
DNA:
the intermolecular
effect
should
favor
while the intramolecular
effect is
renaturation,

and G. M. Church

likely
to be unfavorable.
Moreover,
we must
distinguish
two situations:
dilute and concentrated
solution
of denatured
DNA.
Tn dilute
solution,
individual
coils are separated and do not overlap:
individual
collapse should precede aggregation.
and
involve
fully
renaturation
should
therefore
collapsed chains. In concentrated
solutions, on the
contrary,
overlapping
of the coils is experted
(at
least in a three-dimensional
system: see de Gennes.
1985). In this case. condensation
would dire&l>
result’ in an aggregate
of denatured
coils, which
would essentially
retain their original (i.e. solution
state) conformation.
Whether any motion of these
condensed denatured chains is possible is unknown:
due to entanglement
effects, a reptation
process
may be expected
(de Gennes, 1985). For all these
reasons is seems difficult t,o predict the consequences
of condensation
on renaturation.
We show, however.
in the present paper that
various experimental
conditions
that’ induce the
condensation
of double-stranded
I)NA also greatI)
accelerate
the rate of renaturat’ion
of denat,uretl
DNA. The diversity
of the conditions
used (thth
acceleration
of renaturation
can be induced
1,~
divalent
cations
(Knoll
et al..
1986). trivalent
cations (Gosule & Schellman.
1976: Widom
and
Raldwin,
1983)! ethanol and NaCl (Hury B Mohr.
1981) has led us to consider DNA condensation
as a
unifying
explanation
for
the
acceleration
of
renaturation
observed
in the
three
systems
described above (the excluded volume method. t’hr
catalysis by single-stranded
DNA binding proteins
and PERT). Tn particular,
we have investigated
the
effect of increasing salt concentrations
in T’ERT in
order to demonstrate
DNA condensation
in this
system.
This demonstration
enables us to provide a basic
answer to the question of the optimization
of DNA
renaturation:
optimal
conditions
are not, obtained
with DNA molecules in solution but with condensed
DNA molecules.
(e) !l’he biological signijkance
of condensed L)N,3.
the problem of the physical basis of
genetic recombination
From the biological
point of view, the study of
DNA condensation
is of interest for two structural
reasons: first, it is related to the problem of the
packaging
of DNA in a virus or a cell (for a recent
review,
see Yevdokimov
et al.,
1988): secondly.
because the condensation
of DNA can be coupled t,o
an isotropic-liquid
crystalline
transition,
this transition can lead to a self-organization
of matter, estab
lishing
ordered
patterns
over
large
distances.
comparable to cellular dimensions (Lerman & Allen.
1974). This transition
is therefore of interest for the
problem
of biological
morphogenesis
(Bouligand.
1985; for a review on morphogenesis,
see Gierer.
1981), particularly
in the case of the primitive
stages of life. where nucleic acids are often supposed
to be the
major
components
of replicative
organisms.

Accelerated

DNA

In the present article we are interested by the
functional properties of condensed DNA, in particular those that are related to the problem of the
physical basis of genetic recombination. The enzymatic approach to the problem of genetic recombination has led to the characterization
of protein
RecA (reviewed by Radding, 1989). This protein is
able to perform a strand exchange reaction in vitro;
the reaction can be stimulated by single-stranded
binding proteins such as Escherichia
coli singlestranded DNA binding protein or the gene 32 protein of phage T4. As observed by Radding (1989),
the physical basis for these actions of RecA has
remained obscure.
The observation that protein RecA is also able
(1) to accelerate the rate of DNA renaturation
(Weinstock et al., 1979), and (2) to condense singlestranded and double-stranded DNA (the terms of
aggregation and coaggregation are commonly used
to describe DNA condensation
by RecA: see
Radding, 1989) has led us to hypothesize that the
simultaneous condensation of single and doublestranded DNA molecules could suffice to permit
strand exchange reactions. We describe here a
strand exchange experiment
performed without
protein, which supports this hypothesis.

2. Theory
The DNA renaturation reaction can be separated
into a rate-limiting
nucleation event (characterized
by a rate constant k,,) that involves the formation
of the first few base-pairs and a faster propagation
reaction (the zippering reaction), which involves the
base-pair formation to the end of the molecule
(Wetmur, 1976). Here we study the renaturation of
DNA molecules devoid of repeating sequences
(which are therefore heteropolymers: the kinetics of
renaturation of homopolymers differ by the multiplicity of the nucleation sites). Among the various
variables that affect the nucleation rate, we shall
consider two of them that are important for the
present paper: the length (or degree of polymerization N) of the reacting complementary strands and
the salt concentration.
(a) Scaling

considerations

If we consider the renaturation of two complementary strands of size N, according to the description of the reaction given above, the rate constant
k2 is related to k,, by the equation:
k, = k,,N.

Using randomly sheared DNA, Wetmur & Davidson
(1968) have investigated the relationship between k,
and N for various sizes of reassociating strands and
found that k, is proportional to the square root of N
(k, w N 1’2). This
result implies
a decreasing
availability
of nucleation sites with increasing N
(knu- N-‘12) which they interpreted as the consequence of an excluded volume effect (the longer a
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DNA strand, the more difficult it is for a second
strand to interpenetrate
and find complementary
sites). To generalize the scaling law obtained by
Wetmur & Davidson (1968, eqns (24) to (28)), we
consider two complementary strands of degree of
polymerization
N, with an identical root-meansquared end-to-end distance R, and which react in a
d-dimensional system. We obtain:
Rd
k nuwN2

and

k2wN.

Rd

This last relation predicts that the rate of renaturation is affected by the configuration of complementary strands. If we further hypothesize that R
follows a scaling law defined by a critical exponent v
(RN N’), we obtain the scaling law: k, - Nvd-‘.
Two values of v are of interest. The case v = l/2
corresponds to ideal (Gaussian) polymers (i.e.
without excluded volume effects). We obtain:
kz for d=3
and ford=2

@d/2)-

k, - N”2,
k, - No.

1

’

These relationships are in agreement with the
results obtained
in three-dimensional
systems
(Wetmur & Davidson, 1968; Hinnebusch et al,,
1978) as well as in the putative two-dimensional
system PERT (Kohne et al., 1977; Wieder &
Wetmur, 1982): in this case k, is known to be
independent of N.
The case v = l/d corresponds to a complete
d-dimensional collapse. We obtain k, - No for all
values of d.
This relation predicts that k, is independent of N
for all dimensions. In the case d = 2, this relation
does not discriminate
between an ideal and a
collapsed polymer.
In the case d = 2, another mechanism may also
account for the relation k, - No: we may hypothesize (1) that in the phenol/water interface the
denatured DNA molecules are aligned, extended stiff
rods (in other words that the transition from d = 3
to d = 2 coincides with an isotropic to a nematic
state transition), and (2) that the renaturation is a
diffusion-controlled
process. In this hypothesis, the
nucleation constant k,, would be proportional
to
D,, the translational
diffusion coefficient of each
strand (see Wetmur & Davidson, 1968, p. 364).
Since for a fully extended polymer LQ - l/N, this
mechanism would also account for the relation
k, - No.

We also observe that the relation k, - (R“/N)
implies that k2 should be affected by increasing
DNA concentration (since R is generally a function
of polymer concentration: see de Gennes, 1985) or
by salt concentration. At very low salt. concentration, for instance, we expect the DNA molecules to
be very stretched (v > l/2): k2 should increase faster
than N”’ (for d = 3).
Finally,
since v cannot be smaller than l/d,
according to this model we should never observe a
decrease of k, with N.
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We consider first denatured
DKA molecules in
solution: the effects of salt concentration
on the rate
of renaturation
have been extensively
studied
experimentally
(see Studier,
1969b) and are well
understood
in the theoretical
framework
developed
by Manning
for polyelectrolytes
(Manning,
1978).
The reaction is schematized
as follows:
A + A’%&,

+nucleation

-+ zipping,

where A and A’ are the separated complementary
strands and C, the non-bonded
precursor
to the
nucleated
form. The rate-limiting
step is the preequilibrium
between the separated strands and C,
(see Wetmur
& Davidson,
1968). The polyelectrolyte theory
of counterion
condensation
indicates
that the reaction in the pre-equilibrium
is at) the
molecular level:
xNa++A+A’sC,.
The reaction rate c’ is proportional
to C,; the relation between v and the concentration
of salt present
derives from the law of mass action; we obtain a
power law: v N (aNa+)I (where aNa+ is the activity
of
the sodium ion); plotting
the logarithm
of I’+ UYNUS
the logarithm
of salt concentration
should give a
straight
line. This prediction
is confirmed
experimentally;
Studier (19696) has found a value of .r
between 3 and 4 at low salt concentration
(lo-’
to
10-l M) and 25 to 35°C. The value of x can be used
to calculate the number of nucleotides aligned in an
unbonded configuration
in C, (Manning,
1978).
Now we consider the effect of salt concentration
on the condensation
of denatured
DNA molecules.
According
to Manning’s
theory, the transition
can
occur when a critical fraction of the DNA phosphate
charge has been neutralized
by the counterions.
Wilson &, Bloomfield
(1979) have applied this theory
to experimental
results and suggested
that. for
double-stranded
DNA
molecules,
the transition
takes place when 89 to 90% of the phosphate
charges have been neutralized.
regardless
of the
chemical nature of the counterion.
If the condensation of denatured
DNA molecules affects the kinetics of renaturation,
it is likely to be in a critical
manner, which should not be compatible
with a
power law dependence.
We can t.herefore expect
that the investigation
of salt concentration
effects in
a renaturation

system

where

plausible

will

enable

reaction

in

solution

and

denatured

DNA.

condensed

DNA

condensation

us to discriminate

3. Materials

a

reaction

bet’ween

is

a

involving

M13mp18 and replicative
forms I and 11 of 4X 174) were
from
New
England
Riolabs.
Hexamminecobalt(II1)
((CO(NH,),)~‘)
was obtained
from Fluka
as the trichloride salt.
(b) Methods
Standard methods were used in this article
rt al. (1989) for references).

(see Ausubrl

(i) Renaturation
studies
HindIII
cleaved I (c1857indLSam7)
DNA (2 pg) was
3’-end-labeled
with either the Klenow
fragment
of DNA
polymerase
I or T4 DNA polymerase.
Following
the roartion, the DNA was purified by gel filtration
on a Sephadex
C-50 (Pharmacia)
column equilibrated
in 5 rnN-Tris. HCI
(pH 7.5). 1 mM-EDT4.
DNA concentration
was estimated
from the U.V. absorbance.
The specific
radioactivity
obtained ranged between IO6 and IO’ cts/min per pg. Two
methods were used t’o denature
DNA: alkaline dena,turation consists of the incubation
of 9 parts DNA solution at
room temperature
with 1 part 1 Lv-NaOH during 5 t*o
15 min. The solution
was neutralized
with
5 parts
2 M-Tris. HCI (pH 4) (tinal pH 8.5). This first procedure
introduces
sodium ions. which can prevent DNA condensation in the presence of multivalent
cations. To avoid
this phenomenon.
heat denaturation
(3 min at 95°C’) was
also employed.
Renaturations
were carried out’ by incubating
the DN’A
material
(usually
100 ~1 placed in a I.5 ml Eppendort‘
t,ubr) in a thermostated
water bath set at the appropriate
temperat,ure.
The desired renaturation
temperat)ure
war;
obtained
in less than 30 s. Following
t,he appropriate
period of renaturation.
a portion
of the DNA material
was pipetted
and either kept on ice prior to loading 01
immediately
loaded onto a gel and electrophoresed.
When sodium dextran sulfate (M, .500.000. Fluka) wa,s
used in rrnaturation
studies. the direct loading of the
renaturat,ion
product,s was detriment,al
to the ensuing
elrrtrophoresis.
Dextran
sulfate
was removed
in thta
following
way: the rrnaturation
product, was diluted with
water to lower the dextran
sulfate roncentration
helo~
12’V0 (w/v). ?in equal volume of a 0.7 M solution of KC’1
was added. and t,he sample was kept on ice until a visible
drxtran
sulfate
preeipitjate
appeared
(these condit,ions
were derived from Kimizuka
et ccl., 1967). The precipitat,ta
was pelleted by centrifugation
and the supcrnat)ant
was
removed for elertrophorrkis.
Agarose gel electrophoresis
(1 ‘+0 (w/v) gel in 1 x Trisborate EDTA buffer) was used to analyze the products of
the rcnaturation.
Following
completion
of the elrct,rophoresis. the gel was tixed in IO”;, (v/v) acetic acsitl for
30 min at room t,emperaturc.
dried onto DEAE
papcbr
(DE81
Whatman)
and autoradiographed,
To qua,ntiti
the rate of renaturation.
direct autoradiography
(at room
temperature
and wit)hout int,ensifying
screens. excrpt~ as
nobed) was used. The films were analyzed by densit,omrtr>
scanning using autoradiograms
in the linear dose-responsr
zonk of t,he film and a coupled-charge
device c’amrra
(C(W).

and Methods

(a) iMateriaLs
Restriction
enzymes,
T4 DNA polymerase
and the
Klenow
fragment
of DNA polymerase
I were obtained
from New England Biolabs. E. coli single-strand
binding
protein and RecA protein were from Pharmacia.
Salmon
sperm DNA was from Sigma; the other nucleic acids
(Hind111
cleaved i DNA,
(+) strands of $X174
and

We have used the strand-transfer
assay developed
by
McCarthy
et al. (1988). The supercoiled
replicative
form
(RFI) of $X174 DNA was digested with Hpall
and 3’
end-labeled
with the Klenow
fragment
of DNA polymerase T or T4 DNA polymerasr.
The labeled material
was purified by gel filtration
on Sephadrx
(i-50 as above.

Accelerated

The recovered DNA
trated on Centricon
use. Following the
were processed by
graphy as described

DNA

was either used directly or concenmicroconcentrators
(Amicon) before
strand-transfer
assays the samples
gel electrophoresis and autoradioabove.

4. Results
(it)

Measurement

of renaturation

rates

The agarose gel electrophoresis
technique used in
this paper is illustrated
in Figure 2(a). The difference between migration
rates allows discrimination
between the native and denatured forms of the eight
restriction
fragments
of the HindITI
digest of I
DNA. The identification
of the denatured
species
(based on the relative migration
and on the intensity) is shown for five of the restriction
fragments
(125, 564, 2027, 2322 and 4361 base-pair fragments).
Let C,, be the molar concentration
of a doublestranded
DNA
fragment
(assuming
a molecular
mass of 31.5 x lo6 daltons for 1 DNA, a concentration of 1 pg/ml represents a concentration
of 31.7 PM
for each of the restriction
fragments).
The second-order
rate
constant
k, can be
obtained from a reciprocal second-order plot: calling
fss the fraction of DNA in single-stranded
configuration at time t:
1
-I‘ = k,C,t+

1.

JSS

I?, can therefore be deduced from the slope of the
straight
line obtained in this reciprocal
plot (note:
k, is often expressed
using the total phosphate
concentration
PT rather than the molar concentration; in this case a different value of k, is obtained).
Such a determination
is shown in Figure 2(b): the
fractions of the 564 bp fragment
in single-stranded
have
been
and
double-stranded
configuration
obtained from Figure 2(a). The corresponding
value
for k, is 2.6 x 10’ Mm1 s-l. The values obtained for
the five smallest restriction
fragments
(125, 564,
2027, 2322 and 4361 base-pairs) are shown in Figure
2(c). In this double logarithmic
plot the relationship
between log k, and log N is approximately
linear:
the straight line drawn in Figure 2(c) has a slope of
0.40, corresponding
to t’he scaling relation
k, N”.40.
(b) Acceleration

of the renaturation

rates

In this section we describe various means to accelerate renaturation
in aqueous buffers.
(i) Effect of poly(ethylene
dextrnn sulfate

oxide)

and sodium

Figure 3(a) illustrates
the consequences
of the
addition of PEO (average M, 8000, Sigma) on DNA
renaturation.
We observe (1) the presence of aggregates at the top of the gel; (2) the disappearance
of
DNA fragments
with a size superior to 4 kb in the
gel; (3) a lOO-fold acceleration
of the renaturation
of
the 564 nucleotides
fragment
(Table 1); this accel-

Renaturation

1091

eration is consistent
with the qualitative
observations
of Amasino
(1986).
The
rate
of the
renaturation
of the 125-nucleotide
fragment
is
roughly
ten times slower than that of the 564nucleotide fragment
(Table l), while the rate of the
renaturation
of the 2322 bp fragment
appears
similar.
A small but detectable
renaturation
of the 564nucieotide
fragment
takes place at room temperature (see lane 0 in Fig. 3(a)). The rate of renaturation of this fragment at 37 “C in the presence of 15 y.
PEO is greater than the rate obtained in standard
conditions
(see Table 1).
Figure 3(b) illustrates
the consequences
of the
addition of sodium dextran sulfate (abbreviated
DS)
on DNA renaturation.
We observe (1) the presence
of aggregates at, the top of the gel; (2) a decrease in
the amount of DNA fragments
with a size greater
than 4 kb in the gel; (3) a 50-fold acceleration
of the
renaturation
of the 564-nucleotide
fragment
(see
Fig. 3(c) and Table 1). Very little acceleration
(if
any) of the renaturation
of the 125 bp fragment
is
observed (as a rough estimate. the renaturation
rate
was considered as unchanged
in Table 1); and the
rate of the renaturation
of the 2322-nucleotide
fragment
is clearly slower than that of the 564.
nucleotide
fragment.
We have followed
the renaturation
kinetics for
various concentrations
of PEO and DS ranging from
5 to 40”/:, (w/v) (Fig. 3(c)). The 17.5?; (w/v) concentration used in Figure 3(a) and (b) corresponds
to
the optimal acceleration
of the renaturation
of the
564-nucleotide
fragment;
the logarithm
of the rate
constant
for this fragment
is proportional
to the
polymer (PEO or DS) concentration
between 5 and
17.5%. In the case of the 125 bp fragment,
optimal
conditions
are obtained for higher polymer concentration (about 35%). In addition, in the presence of
35% DS, the addition
of heterologous
DNA (at
250 pg/ml) can further accelerate the renaturation
of this fragment
by excluded
volume effects (see
Table
I). In these conditions
there is a large
decrease of the amount of the 564 bp fragment
in
the gel. The results obtained in these conditions are
similar to those of Wieder & Wetmur (1981): using
such
high
DNA
concentrations
(25Opg
and
1000 pg/ml) and DNA fragments
with an average
size probably
closer to 125 nucleotides
rather than
564 nucleotides,
they obtained a 100.fold acceleration, and the greatest acceleration
was obtained for
a DS concentration
of about 357;.
At PEO concentrations
between 25 and 30%, the
renaturation
of the 125-nucleotide
fragment
is
faster than that of the 564.nucleotide
fragment.
(The values corresponding
to 30% PEO are given in
Table 1.) As observed in the theoretical
section, this
result cannot be explained
by the proposed scaling
law.
(ii) Effect of divalent
Figure
at 68°C

cations

3(d) illustrates
a renaturation
carried out
in the presence of 50 mM-MgCl,
(under
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Figure 2. (a)
Lane N, native
incubation
time
fragment.
Data
fragments
(125,
logarithmic
plot.

Renaturation
kinetics of HindIII-cleaved
I DNA (concn 1 pg/ml) carried
DNA; lane D, alkali-denatured
DNA; following
lanes, renaturation
of the
at 68°C is indicated
(in s) above each lane. (b) Reciprocal
2nd-order
rate
derived from the experiment
of (a). (c) Correlation
between k, and the
564, 2027, 2322 and 4361 base-pair
fragments).
Data derived from the
The slope of the straight line drawn in this Figure is @40.

out at. 6X”{” in 1 M-XaCl.
alkali-denatured
DNA. The
plot for the 564-nucleotide
length N for 5 restriction
experiment
of (a). double
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Figure 3. (a) Renaturation kinetics of HindIII-cleaved
L DNA (concn 50 rig/ml) carried out at 68°C in 1 M-NaCl,
17.5% PEO. Incubation times are indicated above each lane. (b) Renaturation
kinetics of HindIIT-cleaved
1 DNA
(concn 100 rig/ml) carried out at 68°C in 1 ivr-NaCl, 175% DS. Incubation times are indicated above each lane. Lane N,
native DNA; lane D, denatured DNA. (c) Effects of various concentrations of polymers (sodium dextran sulfate (DS or
PEO) on the kinetics of renaturation of the 564-nucleotide fragment in 1 ivr-NaCl at 68°C. The rate of acceleration
(compared to the rate obtained in the absence of added polymer) was derived from the comparison of the half-times for
renaturation. The DNA concentrations used were 50 rig/ml for PEO concentration ranging between 15 and 25%, and
100 rig/ml otherwise. (d) Renaturation kinetics of heat-denatured HindIII-cleaved
1 DNA (concn 50 rig/ml) carried out
at 68°C in 50 m&r-MgCl,. Incubation times are indicated above each lane. (e) Renaturation kinetics (2nd-order rate plot)
for heat-denatured HindIII-cleaved
I DNA (50 rig/ml) at 60°C in 50 m&r-MgCl,. Data for the 564-nucleotide fragment.
(f) and (g) Renaturation
kinetics of heat-denatured
HindIII-cleaved
1 DNA (50 rig/ml) in the presence of
2 mM-hexamminecobalt(II1)
((f) 37°C; (g) 73°C). I ncubation times are indicated above each lane. (h) 2nd-order rate
plots for the 564 and 125-nucleotide fragments. Data from (f) and (g). (i) T em p erature dependence of the reaction rate k,
for the 125-nucleotide
fragment
(1 DNA concn 50 rig/ml) in the presence of 2 m&r-hexamminecobalt(III).
(j) Concentration dependence of the reaction rate k, for the 125nucleotide fragment at 68°C in the presence of
2 mM-hexamminecobalt(III).
In these experiments, a constant rate of -47 x lo9 Mm1 s-l was obtained. This Figure
shows that the half-time of the reaction is inversely proportional to the molar concentration Cc of 1 DNA (the slope of
the straight line drawn in this Figure is - 1.

conditions
derived from Knoll et al., 1986). Again,
we observe the formation
of aggregates,
the disappearance
of the larger DNA fragments
in the gel
and the acceleration
of the renaturation
of the 564nucleotide
fragment
(see Table
1). The
125
nucleotide
fragment
shows no detectable
renaturation. A striking
feature of the reaction is the existence of a small but significant
lag in the kinetics;
this lag is more clearly
demonstrated
when the
reaction takes place at 60°C (Fig. 3(e)). A progressive appearance of the aggregates occurs during this
lag; we found no detectable renaturation
of the 125.
nucleotide fragment at 60°C (data not shown). It is

clear from these experiments
that the renaturation
of the 564.nucleotide
fragment does not fully follow
second-order
kinetics:
the rate constant
derived
from the slope of the straight line drawn in Figure
3(e) only defines an apparent rate constant, equal to
62 X lo* M-l S-l.
(iii)

Effect of trivalent

cations

In the experiments
described
here, denatured
DNA
was preincubated
for one minute
at the
desired
temperature,
prior
to the addition
of
hexamminecobalt(
III).
We have observed
(data
not shown) that additional
renaturation
takes place
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Table 1
Rates of renaturation
i, DNA
concentration
1 Wml
50

rig/ml

100 rig/ml
100 rig/ml
100 rig/ml
60 rig/ml
50 rig/ml
100 &ml
500 rig/ml
50 rig/ml
100 rig/ml

for the 546 and the 125 bp fragments

Reaction medium
I

Temperature
(“C)
68

M-NaCI

1 M-N&i

6X

175?$ PEO
1 M-N&l
309:) PEO
1 M-NaCl
17.5% DS
1 M-NaCl, 35% DS, 25Ofig
sss DNA/ml$
50 mwMgC1,

68
6X
68
6X

50 mM-cOIII$
1 M-NaCl
1 M-Naci,

68

37
37

17,50/b PEO

% mM-COIII$

%+3
1.4 (125 bp)
240
%3 (125 bp)
74
180 (125 bp)
140
- 1.4 (125 bp)
210 (125 bp)
350
470 (125 bp)
1.4 x 1om2
6.7

37

%dO

‘Jr-

2 M-NaCI, 3.50/6 ethanol, 100 pg
sss DNA/ml$

t R is the rate acceleration compared to the rate in 1 M-NaCI.
unspecified rate constants refer to the 564 bp fragment).
$ sss DNA, abbreviation for sonicated salmon sperm DNA.
$ CoIII, abbreviation for hexamminecobalt(II1).

if the reaction products are not Ioaded and electrophoresed immediately
(even if the reaction products
are refrigerated
at 0°C prior to loading).
For this
reason, the reaction
products
were loaded and
electrophoresed
immediately
after renaturation.
Figure
3(f) and (g) illustrates
renaturations
carried out at two temperatures
(37°C and 73°C) in
of millimolar
concentrations
of
the presence
hexamminecobalt(
III).
We observe again the formation
of aggregates,
the disappearance
of the larger DNA fragments
in
the gel and the acceleration
of the renaturation
of
the 564 and the 125nucleotide
fragments.
In addition, it is clear that at 37°C (but not at 73°C) the
amount
of DNA found in the gel for the 564nucleotide
fragment
is much less than the total
amount
present
at
the
beginning
of
the
renaturation.
The reciprocal
second-order
plots corresponding
to the renaturation
of the 125 and the 564nucleotide
fragments
are given in Figure 3(h). The
reaction rates (see Table 1) are clearly greater for
the smaller
fragment
(in the case of the 564.
nucleotide
fragment
at 37°C: since only a small
fraction of the input DNA is analyzed, the significance of the apparent rate is unclear).
The effect of the temperature
on the renaturation
rate of the 125-nucleotide
fragment
is shown in
Figure 3(i).
A bell-shaped
dependence
is observed
with a
maximum
rate of 4.7 x 10gM-1 s-l
at 68°C. In
contrast with the results obtained in the presence of
NaCl (see Studier,
19693), however,
there is less
than a twofold variation
in the renaturation
rates
between
37°C and 78°C. At high temperatures
(73°C and 78”C), the renaturation
rates of the 564nucleotide
fragment
(3.7 x 10’ M- ’ sP 1 at 73 “C and

k,,,, x IO-~’
(M-l
S-‘)

11

Rt
I
93
%Y
54

I 33
6x10
26

J

(195 bp)

4

68°C for the 564 bp fragment, (the

at 78°C) and the 125-nucleotide
(4.5x lo9 M--~ s-l
at
73°C:
and
fragment
4.4 x lo9 Map s-l at 78°C) are very close.
We have also investigated
the effect of various
DNA concentrations
on the renaturation
rate of the
125-nucleotide
fragment
at 68°C (Fig. 3(j); at low
concentrations
autoradiography
was performed
with preflashed
films and intensifying
screens at
-70°C).
The rate constant in these experiments
is
independent
of the concentration,
which confirms
that the reaction follows second-order
kinetics.
3%X109M-‘S-’

(c) Salt concentration

effects on renaturation

rates

In this section we investigate
the effects of
various salt concentrations
on the rates of renaturation in order to clarify
the mechanism
of t’he
reaction.
(i) Effects of trivalent

cations

Figure
4(a) shows the effects of increasing
hexamminecobalt(II1)
concentrations
on
the
renaturation
of denatured
DNA. We observe (1) the
appearance
of aggregates between 200 and 400 PM:
(2) this
appearance
correlates
with
the
disappearance of DNA fragment larger than 2 kb from
the gel, as well as a marked reduction of the amount’
of the 564-nucleotide
fragment
in the gel: and
(3) this appearance correlates with the renaturation
of both the 125 and 564-nucleotide
fragments.
The
renaturation
of the 125-nucleotide
fragment
has
been quantified
in Figure 4(b); it is clear that, in this
double logarithmic
plot, t’he curve obtained cannot
be fit with a straight line, this rules out a power-lawtype relationship
between the rate constant and the
salt concentration.
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CoUlI)

N
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Figure 4. (a) Effects of various hexamminecobalt(II1)
concentrations on the renaturation of heat-denatured i, IfKA
(100 “g/ml) at 37°C. Lane N, native DNA; lane D. heat-denatured DNA; following lanes cbommon incubation of I5 min.
The salt concentration (in PM) is indicated above each lane. (b) Q uantification of the renaturation of the 12.5nuc~leot~ide
concentration. Data from (a). Double logarithmic plot. (c) and (d)
fragment as a function of the hexamminecobalt(II1)
Effects of various NaCl concentrations on the renaturation of heat-denatured 1. I)K;A (50 rig/ml) at room temI)rrature in
the PERT system. Eppendorf tubes containing 80 ~1 of denatured DNA and salt plus 20 ~1 of !H13001C,
phrnol (added last)
were shaken for 20 s and left to stand for several minutes. Portions of t,he aqueous phases were’ analyzed b,s gel
electrophoresis. The use of 18% phenol guarantees the presence of an emulsion even at very low salt, c~oll(:~rltrations.
Lanes iY. native DNA; lanes D. heat-denatured DNA. KaC1 concentrations (in mM) are indicat,ed ahovr txa,(ahlane

(ii) Effects of NaCl in the phenol emulsion
reassociation techniqw
Figure 4(c) shows the effects of increasing
NaC1
concentration
on PERT.
A clear-cut
transition
occurs between 100 and 200 mM: very little reassociation can be detected below 100 mM and, except for
the 125 bp fragment,
the renaturation
is essentially
complete
above 200 mM. The renaturation
of the
125 bp occurs
only
at higher
concentrations
(between
300 mM and 500 mM). A refinement
of
Figure 4(c) is displayed in Figure 4(d). Using 10 mM
increments
of the NaCl concentration
between 100

and 200 rn.v makes it possible to define thp transitions more accura.tely.
JINA fragments
larger than
2 kb undergo
the transition
between
110 and
I50 mM. The transition
takes place bet’ween 150 and
190 rnM for the 5Wnucleotide
fragment,. Again. the
salt dependence
observed
is clearly inc*ompatjiblr
with a power-law-type
relationship
between the ratkl
constant, and the salt concentration.
To rule out. the
possibility
that these transitions
result from a
change of t,he melting temperature
we performed
the
following
experiments:
Eppendorf
tubes
containing
50 ng of native DNA/ml
and otherwise
components identical to those described in Figure 4

Accelerated

DNA

(i.e. 20% phenol and various
concentrations
of
NaCI) were incubated either at room temperature
or
at 37°C for ten minutes, vortexed
for 20 seconds at
the same temperature
and further kept ten minutes
at this t,emperature.
Portions of the aqueous phases
were analyzed
by electrophoresis;
we did not
observe
any denaturation
in these experiments
(data not shown).
(d) Ethanol

and salt accelerated

Renaturation
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k DNA concentration:

30
35%lv/v)

minutes

500

Ethonol,l00pg/ml

NoCl

rig/ml

at 37%

concentration

sssDNA
inM

renaturation

Above critjical concentrations
of ethanol and salt,
a DNA condensation
occurs, which can be monitored by circular dichroism
(Huey & Mohr, 1981).
At con&ant
35%
(v/v)
ethanol
concentration,
increasing
NaCl concentration
generates
first a
tj( + ) form (a condensed form with a positive ellipticity). which is converted
by further NaCl increase
into a $( -) form (with a large negative ellipticity)
via a series of intermediate
forms (see Fig. 6 of Huey
& Mohr, 1981). Figure 5(a) shows the effects of
increasing NaCl concentrations
at 37 “C in a medium
.
contammg
(1) 350,;, (v/v) ethanol
concentrations
and (2) double-stranded
sonicated
salmon sperm
to J. DNA. We
DNA (concn 100 pg/ml) in addition
observe (1) the appearance
of aggregates for NaCl
concentrations
higher than 1.2 M; (2) an increase of
the rate of renaturation
of the 564.nucleotide
fragment between (b2 and 2 MM-NaCl (the value at 2 M is
given in Table 1). This increase is approximately
proportional
t’o the NaCl concentration
increase
(data
not shown).
To demonstrate
that
the
renaturation
involved
condensed denatured
DNA
molecules
(at least for the higher salt concentrations),
we employed
a centrifugation
assay:
following
a 15 minute incubation
in the conditions
of Figure 5(a). the samples were centrifuged
for ten
minutes at’ 10,000 revs/min in a Sigma 2MK centrifuge. The radioactivity
present in the pellet and the
supernatant
of each
sample
was determined
(Fig. 5(b)) and portions
of these samples
were
further analyzed by gel electrophoresis.
Figure 5(b)
demonstrates
that more than 80% of the total DNA
is condensed at high salt concentrations
(1.7 and
2 M-NaCl). The gel analysis further indicates
that
the 125nucleotide
fragment
is never found in the
pellets but always in the supernatants
(data not
shown; according t’o Fig. 5(a), very little renaturation is detected for this fragment at any salt concentration).
In contrast,
the totality
of the 564nucleotide fragment is pelleted at these high concentrations.
Taken
together
these
results
clearly
demonstrate
that the renaturation
of the 564.
nucleotide fragment involves condensed molecules.

(0)

NaCl

concentration

(M)

( b)

(e) A protein,-free

strand exchange experiment

The strand-t’ransfer
assay used in this experiment
is essentially
the assay of McCarthy
et al. (1988). As
a double-stranded
DNA substrate,
we have used
HpaTT--cleaved. 3’-32P-end labeled 4X174 RF DNA.
This substrate consists of five restriction
fragments.
As shown in Figure 6 (lanes 1 and 2), agarose gel

Figure 5. (a) Effects of various NaCl concentrations
on
the renaturation
of heat-denatured
1 DNA (500 rig/ml) at
37°C in 35yb (v/v) ethanol plus 1OOpg native sonicated
salmon
sperm (sss) DNA/ml.
Lanes N, native
DNA;
lane D, denatured
DNA; following
lanes, common incubation time of 30 min. NaCl concentration
(in M) is indicated
above each lane. (b) DKA
condensation
assay for the
conditions
used in (a).
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Figure 6. Strand exchange experiments. All reactions were performed at 37 “C for 45 min. Lane 1, native DKA; lane 2.
alkali-denatured
DNA. The DNA used in these 2 lanes was end-labeled with T4 DNA polymerase (spec. radioact.
5 x lo6 cts/min per pg). The DNA used in the other lanes was end-labeled with the Klenow fragment of DNA polymerase I
(spec. radioact. 6.5 x 10’ cts/min per pg). Strand-transfer
reactions were carried out in a 20 /rl volume containing
25 mw-Tris.HCl
(pH 7.4), 10 m&r-MgCl,, 1 mivr-dithiothreitol and 1 mM-ATP (for lanes 3. 4 and 5). DNA concentrations
used were 2 ,ug/ml for HpaII-cleaved
(replicative form) $X174 DNA, and 1 pg/ml for @X174 viral (+) strand DNA
(lanes 3, 4 and 5); 10 pg/ml for HpaII-cleaved
(replicative form) 4x174 DNA (lanes 6, 7 and 8); 10 pg/ml for M13mp18
viral (+ ) strand (lane 8); 12.5 pg/ml for 4x174 viral ( + ) strand (lane 7). Protein concentrations used: RecA 260 fig/ml
(lanes 3 and 5); E. coli SSBP 230 &ml (lanes 4 and 5). Lanes 6, 7 and 8, the reactions were performed in 63 M-NaCI,
15% (w/v) PEO.

electrophoresis
allows the discrimination
between
native and denatured forms of these five fragments.
In particular,
the denatured
forms of the 374 and
348-nucleotide
fragments
are clearly distinguished
from their native counterparts:
they comigrate as a
broad band designated

In the presence of the (+) strand of 4X174, the
RecA protein catalyzes the formation
of joint molecules between the double-stranded
substrate
and
the single-stranded
substrate.
Figure
6 (lane 3)
shows that
several
slow migrating
32P-labeled

species appear. In addition,
we also observe the
appearance
of denatured
material corresponding
to
the 374+348
fragments.
This band is not detected
when E. coli single-stranded
binding protein is used
alone in the presence of the single and doublestranded substrate
(Fig. 6, lane 4); in this case we
observe only trace amounts of joint molecules. The
stimulation
of the RecA-strand
transfer by SSHP is
shown in lane 5 of Figure 6. The denatured material
corresponding
to the 374 + 348 fragment
increases;
the majority
of the joint molecules
consist of a
single band which, according to ethidium
bromide
staining,
comigrates
with the relaxed
replicative
form (RFII)
of (6X174 (data not shown; indicated
by the upper arrow on the left side of Fig. 6).

Accelerated DNA Renaturation
A crucial aspect of this strand-transfer
assay is
the absence of denatured DNA molecules for the
374 + 348 fragments
in the double-stranded
substrate. In the case of the reaction carried out in
the presence of E. coli SSB protein, for instance, we
observe the very weak appearance of joint molecules, although this protein is not known to be able
to perform strand-exchange
reactions. We may
interpret this reaction as the renaturation
of the
(partially)
denatured
219-nucleotide
fragment
present in the double-stranded
substrate
(the
denatured form of this fragment comigrates with
the native form of the 348-nucleotide fragment;
therefore its integrity cannot be assessed). To rule
out this possibility, we have looked for the presence
of denatured 374+348 fragments in the doublestranded substrate, and we have been unable to find
them even on overexposed autoradiography
(data
not shown). We therefore conclude that the
denaturation
of the 374+ 348 fragments observed
here is the consequence of the strand-transfer
reaction.
The protein-free strand exchange experiment is
displayed on lanes 6 to 8 in Figure 6. In the presence
of 15% (w/v) PEO and @3 iv-NaCl we observed the
associations of the double-stranded DNA substrate
and the (+) strand of $X174 (lane 7). Furthermore,
the presence of denatured material corresponding to
the 374+ 348 fragments can be noted. These two
phenomena are not observed in the absence of
single-stranded DNA or in the presence of M13mp18
single-stranded
DNA (lanes 6 and 8). This last
experiment demonstrates the necessity of homology
in protein-free strand transfer.
To investigate the structure of the joint molecules
obtained with the (+) strand of 4X174 ss DNA, a
portion of the reaction was submitted to the same
electrophoretic
analysis. Following
migration,
a
broad band corresponding to the joint molecules
(indicated by a bracket on Fig. 6) was sliced out of
the gel, The radioactive material, which represents
approximately
2% of the input
DNA,
was
recovered by the NaI technique (Vogelstein &
Gillespie, 1979), denatured in alkali and reanalyzed
by gel electrophoresis (Fig. 6, lane 9). The alkali
treatment releases three bands corresponding to the
2748, 1697 and 374 + 348 denatured fragments.
A trace amount of the 219 fragment is also detected.
In the case of the 2748 and 1697 fragments, the NaI
treatment alone was sufficient to release these fragments in their native configuration
(data not
shown); we interpret this fact as the consequence of
a partial transfer for these fragments.

5. Discussion
(a) Renaturation

of condensed DNA

In the present work we report an investigation of
optimal conditions for DNA renaturation.
If we consider the renaturation
of condensed
denatured
DNA molecules and show that it
proceeds faster than the similar reaction involving
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these molecules in solution, then we possess a basic
answer to the optimization
problem; indeed, the
excluded-volume approach works by reducing the
volume accessible to the denatured DNA molecules
and this volume cannot be reduced more than by
DNA condensation.
Therefore, the basic idea developed in these
studies was to investigate the helix-coil transition
involving
condensed DNA molecules (transition
3~4 in Fig. 1). Our experimental scheme, which
starts with denatured DNA molecules in solution, in
this study involves three successive steps: (1) the
condensation of denatured DNA; (2) the renaturation of condensed DNA, yielding condensed doublestranded DNA; (3) the “decondensation”
of doublestranded DNA, yielding
double-stranded
DNA
molecules in solution, which are analyzed by
electrophoresis.
In this scheme, the analysis of the kinetics of
renaturation can be affected by the preceding and
(or) the subsequent steps; we have observed, for
instance, that renaturation lags for several minutes
at 60°C in the presence of Mg2+ This lag can
probably
be attributed
to the condensation
reaction.
It is also important to observe that the conditions
of stable condensation may differ for single and
double-stranded DNA. This can be illustrated by
two examples: (1) Since single-stranded DNA has a
linear charge density lower than that of doublestranded DNA (see Manning, 1978), the condensation by multivalent ions is likely to require higher
concentrations
of these ions for single-stranded
DNA compared to double-stranded DNA. At intermediate concentrations, only double-stranded DNA
would be stably condensed. (2) In the PERT
system, on the contrary (as discussed below), only
single-stranded molecules are condensed.
(i) Demonstration that the renaturation experiments
involve condensed DNA
(1) Direct physical demonstration for the ethanol
and salt experiment. Various physical techniques
(reviewed by Williams et al., 1981) are available to
investigate the condensation of macromolecules.
Since we expected not only individual collapses but
also aggregation (and, indeed, the presence of aggregates at the top of the gels is a striking feature of
our experiments), we have employed a simple sedimentation assay to demonstrate condensation in the
ethanol and salt-induced renaturation experiments.
In the presence of 2 M-NaCl, more than 80% of the
denatured DNA sediments after a brief incubation
at 37°C. Furthermore, the non-reassociating
125nucleotide fragment does not precipitate; the precipitation of the 564 bp fragment is therefore essentially complete, which directly demonstrates its
condensed state. The same sedimentation studies
also strongly suggest that the renaturation
performed in the presence of PEO involves condensed
molecules (data not shown). In the presence of low
concentrations of polymers, however, it, remains to
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be seen if the acceleration
of the renaturation
rates
is accompanied
by DNA condensation.
In the presence of Mg2+ or hexamminecobalt(II1)
(following
a brief incubation
at SS”C), only 65 to 85% of the
DNA material is precipitated
by the same sedimentation assay (data not shown); since the precipitation was not always complete in this assay, we did
not rely on these experiments
solely to demonstrate
condensation
in these cases.
(2) Theoretical
arguments. We have shown that
trivalent
(hexamminedivalent
(Mg*‘)
or
cobalt(II1))
ions, which induce the condensation
of
double-stranded
DNA, increase the rate of renaturation. That the observed renaturations
may directly
involve condensed DNA molecules is supported
by
two arguments
below.
rate.
Ionic strength dependence of the renaturation
The first argument,
developed
in t’he case of
hexamminecobalt(III),
is the
fact
that
the
renaturation
rate does not follow a power-law-type
dependence on the salt concentration,
as observed
for DNA molecules in solution. The breakdown
of
this power law dependence shows that the reaction
different
mechanism.
operates
through
a
Furthermore,
the fact that increasing
salt concentration
operates
in such a highly
co-operative
manner is indicative
of a critical phenomenon.
The
coil-globule
transition
is the most likely candidate
for this critical phenomenon.
Scaling arguments.
The second argument
is a
scaling argument.
According
to the generalization
made here of the scaling law introduced
by Wetmur
&. Davidson (1968), the relationship
between k, and
N, the degree of polymerization.
is k2 - Rd/N,
yielding k, - Nvd-’ if R -NV.
In the presence of NaCl alone, the experimental
relationship
between
k, and N is k, -NO.*’
(Wetmur & Davidson,
1968). k, - N0’45 (in 0.18 MNaCl, at 60°C: Hinnebusch
rt a/., 1978). or k, No’4o in our experiments
(Fig. 2(c)). As observed in
the theoretical
section, salt effect or DNA concentration
effect could account
for the differences
between these three relationships,
which are all.
however,
roughly
in agreement
with the LV”‘50
scaling law introduced
by Wetmur
& Davidson
(1968).
It is clear that this No.”
scaling law is not
followed in the experiments
reported in the present
article. In a most general way: we interpret
the
breakdown
of this law as an indication
that the
reaction operates through a different mechanism.
The most spectacular
evidences for t,he breakdown of the scaling law are: (a) the description
of
conditions
(e.g. 30%) PEO),
where
the
125
nucleotide
fragment
renatures faster than the 564.
nucleotide fragment;
(b) the lack of renaturation
of
the 125.nucleotide
fragment in the presence of Mg*+
at 68°C and 60°C (well below the melting temperature; see Dove & Davidson,
1962); we explain this
lack of renaturation
by the fact that the 125.
nucleotide
fragment
is not’ condensed at 50 mMMg*+.
In the conditions
of the hexamminecobalt(III)

and G. M. Church

(a highly
dilute
DNA
solution
01
reactions
5 x lo-* g/ml), 1‘t is very likely that denatured DNA
molecules are not entangled
(in other words are
below the overlap threshold
concentration
C*: see
de Gennes. 1985). In such conditions,
individual
collapse of the denatured
molecules
should take
place before any aggregation;
the renaturation
should
therefore
involve
completely
collapsed
denatured
molecules
(since the small size of the
hexamminecobalt(II1)
ion should not cause any
steric hindrance to a full collapse). The generalized
scaling law predicts k, - No (since we expect’ R N1ld). The renaturation
of the 125 and 564.
nucleotide fragments occurs at very similar rates in
the presence
of hexamminecobalt(III)
at high
temperature
(73 and 78°C); we view these experiments as a confirmation
of this prediction.

(b) Considerations
(i) PERT

involves

on the mechanism
condensed denatured

of’ PERT
D:V.4

We have investigated
the salt dependency
of t)hr
renaturation
rate in PERT. Tn this syst.em we have
shown that the acceleration
of the renaturation
rates occur over a strikingly
narrow range of Na,Cl
concentration.
These results are clearly incompat,ible with a power-law-type
relationship
between the
salt concentration
and the renaturation
rat’e; we
conclude
that in this system also, renaturation
involves
condensed denatured
molecules.
Tn addition t’o this salt, concentration
effect,, a typical
scaling effect shows up: the longer DNA fragment
renatures
first.
higher
NaCl concentrations
arr
required to renat,ure smaller fragments.
(ii) Further

considerations

The mechanism
of PERT
requires
a special
discussion.
because
the
concept
of a t.wodimensional
renat,uration
raises specific t,opological
problems; indeed, the renaturation
process yields a
double-stranded
structure with intertwining
strands
(a plectonemic
structure: see Radding,
1989). This is
a three-dimensional
process, which is topologically
forbidden
in t,wo dimensions.
It. may be dealt with
bv considering the interface as having a tinite thretdimensional
thickness
with small probabilit,ies
of
DNA
strands
coming
various
distances
of? the
surface. AlternaGvely,
one could hypothesize
that
only the creation
of a double-stranded
structurcb
without intertwining
(a paranemic structure)
occurs
at the interface.
and that this structure,
which is
not stably condensed, is expelled from the interface.
In this hypothesis
the int~ertwining
would occur in
the wat.er phase.
Finally.
we want, t,o add another
argument
tjo
favor the possible biological
significance
of PFKT:
PERT apparently
operates through a reduction of
dimensionality
in the renaturation
system from
d = 3 to d = 2. From this point) of view, the possible
biological
relevance stems from the general impor
tance of the reduct,ion
of dimensionality
in biological diffusion processes (Adam & Delbriick,
1968).

Accelerated

(c) DNA

condensation as a unifying
explanation
th,e acceleration of renaturation

DNA

of

Taken together,
all our results have led us to
consider DNA condensation
as a unifying
explanation of the acceleration
of renaturation
described in
the experiments
reported here or in the literature.
In particular,
we believe that the acceleration
of
renaturation
by single-stranded
DNA binding proteins involves condensed molecules. Other types of
explanations
have
been
proposed
for
these
accelerations.
(1) The acceleration
could result from a decrease
of t’he melting temperature
(t,); this is the case in
the catalysis by the gene 32 single-stranded
binding
protein (Alberts & Frey, 1970), or the ethanol/salt
catalysis (see Herkovits
et al., 1961, for the t, in this
system); however, this explanation
does not apply
to PEO, Mg2+ or hexamminecobalt(III),
since all
these reagent’s are known to increase rather than
decrease melting t,emperatures
(see Laurent
et al.,
1974; Dove & Davidson,
1962; Karpel et al., 1980).
(2) A different type of explanation
would rely on
the specificity
of the interaction
between
the
accelerating
compound
and single-stranded
DNA
molecule.
Single-stranded
DNA binding
proteins,
for instance,
would
increase
renaturation
rate
because of their high affinity
for single-stranded
DNA molecules. Again, this explanation
does not
apply
to Mg2+ or hexamminecobalt(III),
which
have a higher affinity
for double-stranded
DNA
molecules
rather
than for single-stranded
DNA
molecules (Dove & Davidson,
1962; Karpel
et al.,
1980). Furthermore,
the variety
of the chemical
compounds
able to promote
the acceleration
does
not encourage the search for an explanation
based
on the specific chemical
nature of each of these
compounds
(the same argument
has been set
forward by Manning (1989) for DNA condensation).
We believe that DNA condensation
differs from
these explanations
in terms of explanatory
power
and predictive
value. This explanation
has a higher
predictive
value; all compounds
that can condense
single-stranded
DNA molecules should also be able
to accelerate their renaturation.
In addition
to the
conditions
described
here we have also obtained
accelerations
of renaturation
with polyamines
(such
as spermidine3 + or spermine4+ ) and by protonation
(data not shown). These compounds
are known to
condense DNA molecules (see Gosule & Schellman,
1976; Dore et al., 1972). The importance
of a specific
chemical
structure
reappears
when one needs t,o
explain
the differences
observed
between various
compounds,
for instance, the collapse induced by a
single-stranded
DNA
binding
protein
is not
completJe (i.e. leading to a globule with a radius
II - X”3), probably
because of the steric hindrance
introdued
by the shape of the protein; this leads to
collapsed
DNA
molecules
which
can be in an
unusual extended configuration.
This configuration
may explain (1) the lack of detectable
aggregation
of such systems and (2) different scaling laws for the
renaturation
rates (see Christiansen
& Baldwin,
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1977; note, however,
that Pontius
& Berg (1990)
have also observed that k, is independent
of N in
the renaturation
performed
by the mammalian
heterogeneous
nuclear
ribonucleoprotein
Al
protein).
The study reported here provides a basic answer
to the problem of the optimization
of renaturation;
optimal
conditions
are not obtained
with DNA
molecules in solution,
but rather with condensed
molecules. It should be noted, however, that conditions optimal for a given size of DNA molecules are
not necessarily
optimal
for all sizes (compare the
renaturation
rates for the 125 and 564-nucleotide
fragment in the presence of PEG).
Our investigation
leaves
unanswered
several
questions
dealing
with
the mechanism
of the
renaturation
of condensed DNA molecules. We have
seen that in various cases the rate of renaturation
can be greater for the smaller fragments; this cannot
be explained
by the law k, - Rd/N.
In the presence of 30% PEO, for instance, the
coil-globule
transition
involves
denatured
DNA
molecules with a high local concentration
(due to
the excluded volume effect by PEO), and therefore
strongly entangled.
It is reasonable to expect that
following the transition,
DNA molecules will diffuse
by a reptation-type
motion (de Gennes: 1985; Odijk,
1983). Such a motion may provide an explanation
for this unexpected
scaling effect.
For the cation effects that lack many of the above
uncertainties,
it is worth noting that the highest
rates obtained
here (for instance,
for the 125 bp
fragment, 5 x lo9 Mpl ski) are near the limits set. by
the theoretical
rates
expected
in a diffusion
controlled reaction. Using a modified Smoluchowski
equation
(eqn (3) of von Hippel & Berg, 1990), the
maximal
association
rate
for the bimolecular
association of compounds A and B is equal to:
k aSSOL= 4mcaf(D,+

DB)NO/lOOO.

Taking
the diffusion
constants
DA = D, = 1.3 x
10m6 cm2 s-i for the 125 bp fragment, f= 1 (no net
electrostatic
effects), IC= l/125 for the fraction
of
the interactions
resulting
in one correct base-pair,
and interaction
distance a = 5 nM, we obtain k,,,,, =
8 x 10’ M-l s-‘.
It is therefore
clear that in optimal
conditions,
the observed renaturation
rate is at or even above
the calculated
three-dimensional
diffusion
limit,
which is theoretically
consistent
with a limited
search space in the condensed phase. This phase
would merely consist of two or more molecules
bound together
at sites other than correct basepairs.
(d) The structure

of the DNA

aggregates

The existence of aggregated
structures
is an important
feature of the experiments
described here.
According
to gel analysis,
the aggregates
involve
essentially
large (greater
than 2 kb) DNA fragments. What is the structure of these aggregates? In
the case of the renaturation
of randomly
sheared
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(a)

(b)

Figure 7. (a) Schematic representation of a gel produced by the renaturat,ion of randomly sheared DriA molecules.
(b) Schematic representation of a gel produced by the renaturation of DriA molecules obtained by enzymatic restriction

cleavage.

DNA
molecules,
aggregation
may clearly
result
from the formation
of giant molecules as schematized in Figure 7(a); the term hyperpolymer
has
been proposed to describe these structures
(Britten
et al., 1974). Figure 7(a) schematizes
two possible
components
of these structures:
long, linear chains,
in which branching
may occur. The branched structures, however, are not expected to be stable, due to
strand displacement,
unless strand displacement
is
prevented
by entanglement
effects. In the present
study we have used a mixture
of DNA molecules
obtained
by enzymatic
restriction
cleavage, which
cannot produce the long linear chains shown in
Figure 7(a). In Figure 7(b) we propose a topological
arrangement
which can explain the structure of the
aggregates. It can be seen that this is the structure
of “Olympic
gels” (see de Gennes, 1985, p. 132),
which are known as catenanes for circular single or
double-stranded
DNA molecules. It is important
to
remark that such a structure could be obtained even
with a single restriction
fragment
molecule.
In
the
contrast
with
three-dimensional
reactions,
experiments
carried out with PERT differ in two
respects:
(1) no aggregates
are detected;
(2) the

renaturation
of the larger DNA fragments
is effciently
performed
(see Fig. 5(b)). These two facts
are strong arguments
in favor of the strict twodimensional
nature of this reaction: (1) polymers are
expected
to be strongly
segregated
rather
than
entangled
in two dimensions
(de Gennes, 1985.
p. 61); (2) the structure
described in Figure 7(b) is
forbidden
in two dimensions.
(e) The physical

basis of genetic recombination

The idea that th e d ou bl e -h e1’ica 1 bt rut ture of DNA
may provide an explanation
for genetic recombination traces back to the original description
of t,his
structure
(for a historical
account.
see Holliday,
1990). The overwhelming
stability
of the DNA
double-helix
in solution is a major physical obstacle
to a strand-exchange
reaction in vitro. How is this
The
biochemical
obstacle
overcome
in vivo’t
approach to this question has led to the description
of proteins
such as RecA protein.
which
are
involved
in vivo in genetic recombination
and can
perform strand-exchange
reactions in vitro. The fact
that the RecA protein can condense single-stranded

Accelerated DNA Renaturation
as well as double-stranded
DNA molecules has
prompted us to hypothesize that the simultaneous
condensation of these molecules may suffice to
perform a strand-exchange reaction. To test this
hypothesis, we have induced the condensation of
$X174 DNA molecules (( + ) strand and HpaIIcleaved replicative
form) by addition
of polywe have
(ethylene oxide). In this experiment
observed the transfer of the 348+ 374 nucleotide
HpaII fragments as well as a partial transfer of the
two largest HpaII fragments (1697 +2748 nucleotide fragments). The interactions between PEO and
nucleic acids are essentially repulsive (see Lerman,
1973); therefore, in order to explain this result, we
cannot rely, as in the case of the RecA protein, on
specific associations of the agent that permit the
strand-transfer reaction with nucleic acids. As in the
case of the acceleration of DNA renaturation,
we
believe that DNA condensation offers a unifying
explanation for these experiments as well as for
various highly co-operative phenomena that have
been observed with RecA or similar proteins.
In other words, at the molecular level, genetic
recombination is made possible by DNA condensation; an explanation of the physical basis of genetic
recombination will originate from an understanding
of the particular structural and functional properties of condensed DNA. The condensation of nucleic
acids (whether by PEO or RecA) increases their
local concentration and therefore should favor the
kinetics of the strand-exchange reaction. To explain
the strand-exchange reaction, we further need to
show that the secondary structure of the doublehelix is destabilized in condensed DNA.
First, a major and well-established fact is that the
double-helical structure of DNA differs in fibers and
in solution; B-form crystalline DNA contains 10.0
base-pairs per helical turn versus 10.4 to 10.5 per
helical turn in solution
(Wang, 1979). Here,
however, we are not directly interested in the
crystalline state of DNA, which is devoid of functional properties, but rather with the liquidcrystalline state, which retains the fluidity necessary for chemical reactions. Zimmerman & Pheiffer
(1979) have shown that the structural helical parameters of DNA fibers are conserved under extreme
conditions of hydration. Because these conditions
are those expected to prevail in liquid-crystalline
DNA, it is reasonable to hypothesize that the
secondary structure of DNA in a liquid crystalline
form is that of B-DNA fibers.
Several types of investigations further favor the
idea that the transition
from solution to liquid
crystalline DNA greatly alters the secondary structure: (1) DNA inside bacteriophage heads is known
to be in a partially
denatured
conformation
(Tikchonenko
et al.,
1966, 1971); (2) DNA
condensed by PEO (Laemmli, 1975) is cleaved by a
single-strand-specific endonuclease (see also Marx &
Reynolds, 1982: this cleavage can, however, be
explained solely by the existence of local “kinks”,
i.e. dislocations (see Kleman, 1989) in liquid crystalline DNA); (3) the polymer and salt condensation of
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DNA possesses a fairly sharp thermal transition
whose mid-point (tk) is correlated linearly with the
G + C concentration of the condensed DNA (Cheng
& Mohr, 1975), as does the melting temperature (t,);
(4) finally, the experiments of Svaren et al. (1987)
demonstrate that the condensation of small DNA
fragments in an aqueous solvent can induce the
denaturation of these fragments (note that the title
of the article of Svaren et al. (1987) is slightly
misleading, since ethanol is not required to induce
denaturation).
All these experiments clearly point
to the fact that the double-helix is destabilized in
liquid crystalline DNA and therefore accessible to
strand exchange reactions. The nature of the physical interactions responsible for this phenomenon
may be guessed. It is known that DNA molecules
strongly repel each other when their interaxial
distance is about 35 A or shorter; these repulsive
forces, called hydration forces, probably arise from
the local ordering of the water molecules near the
DNA surface (Podgornick et al., 1989; Reddy &
Berkowitz, 1989). We hypothesize that the local
ordering of water molecules and the subsequent
dehydration of the DNA molecules are the physical
causes of the destabilization
of the double-helix.
The importance of local dehydration in condensed
DNA has also been stressed in the case of the
transitions between the various types (A, A’, B, C,
2, 2’) of double-helices in the fiber and crystalline
state (Drew et al., 1980).
(f) The functional

properties

of condensed

DNA

In the present paper, we have seen that condensation profoundly modifies complementary recognition in single-stranded and double-stranded DNA
molecules. Because complementary recognition is
such a major functional property in nucleic acids,
we believe that the importance of the modifications
described here are sufficient to advocate the systematic study of the functional properties of condensed
DNA. Because of the relationship between macromolecular crowding and DNA condensation, this
proposal joins the research program set out by
Zimmerman and co-workers (see Zimmerman &
Harrison, 1987). As an example of a possible investigation, we shall mention here the study of DNAprotein interactions (e.g. the lac-repressor-operator
interactions: see Riggs et al., 1970; Richter & Eigen,
1974), how are these interactions affected by DNA
condensation!
Striking examples of the functional properties of
condensed DNA can readily be found in the literature (see, for instance, Srivenugopal et al., 1987;
Baeza et aZ., 1987).
Finally, according to the experiments described
here, condensed nucleic acids possess an unwinding
activity that is of interest for the problem of the
origin of life (a major problem associated with the
self-replication of nucleic acids is that of reduplication, as observed by Joyce (1989), the appearance of
an unwinding activity would have been a priority
during early evolution).
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6. Conclusion
In the present article we have studied the consequences of a critical phenomenon,
DNA condensation, on the functional
properties of these molecules.
We have shown that obstacles that appear insuperable with single or double-stranded
DNA in solution can be overcome
in condensed
D1;A. The
experiments
described here raise the recurrent question of the definition of realistic physiological
conditions for in vitro experiments;
it is possible that, the
physiologically
relevant form of DNA might be the
condensed, not the solution. form.
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