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Reentrant condensation of DNA induced by multivalent counterions
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A theory of condensation and resolubilization of a dilute DNA solution with growing concentration
of multivalent cationsN, is suggested. It is based on a new theory of screening of a macroion by
multivalent cations, which shows that due to strong cation correlations at the surface of DNA the net
charge of DNA changes sign at some small concentration of cagn®NA condensation takes
place in the vicinity ofN, where absolute value of the DNA net charge is small and the correlation
induced short range attraction dominates the Coulomb repulsioN>All, positive DNA should

move in the opposite direction in an electrophoresis experiment. From comparison of our theory
with experimental values of condensation and resolubilization thresholds for DNA solution
containing Sp&", we obtain thatNo=3.2mM and that the energy of DNA condensation per
nucleotide is 0.07kgT. © 2000 American Institute of PhysidsS0021-96060)51305-1

I. INTRODUCTION entrant condensation behavior is schematically shown in Fig.
1. For a long DNA and smalh both transitions are very

terest in the phenomenon of DNA condensation with multi—Sharpalnd the ratio df,/N can be as large as 10Remark-

valent cations. The reason for this interest is the general eebly’ the decondensation threshdlglis almost totally inde-

fort of the scientific community to develop effective ways of pendent on the monovale_nt salt concentratlnn,O_n t_he
: . ; . . other hand, the condensation threshdld, grows with in-
gene delivery for the rapidly growing field of genetic

therapy. The DNA compaction should be fast, effective, east easngn- _
It has been understood for some time that, due to corre-

ily reversible and should not damage the DNA double helix. . . .
Y 9 lations between multivalent cations at the DNA surface,

All of these conditions are fulfilled in DNA condensation . .
two DNA molecules experience a short range attraction,

with multivalent cations, such as CoHeéx naturally occur- hich lead q o, M | ; h
ring polyamines Sptf, Spé* and their analogs which are Which can lea to con ensatlon.' onovalent ions are muc
less correlated and do not provide any attraction. Conven-

known to bind to DNA in the predominantly nonspecific ' . ) )
electrostatic manner. The DNA condensates obtained thilonal explanation for the condensation threshijds that it
way are indeed closely packed arrays of parallel DNAIS j.USt the bulk concentration &-valent cauons_Nz N,, at
strands. It was shown that the helical structure of the B-DNAWhiCh they replace monovalent ones and begin to produce a
is not perturbed within such condensate, and that the reactict1Ort range attraction. However, from this point of view it is
is easily reversed by the addition of monovalent salt, or simVery difficult to understand why at lardé=Ng, DNA mol-
ply dilution of the solution with water. Cations with larger €cules go back to the solution.
and more compact charge are more effective in condensing The above explanation also does not take into account
the DNA. This also suggests an electrostatic mechanism d%e net charge of DNA. The nonlinear Poisson—Boltzmann
the DNA condensation with multivalent cations. During €quation predict§-°a value for the net linear charge density
about 20 years of research, a significant amount of informa0f DNA, 7%, which includes the bare charge of DNA and
tion on DNA condensation has been accumulated. For lon§e charge of cations bound at the very surface of DNA with
DNA, as the concentration of-valent cations grows con- energy larger thakgT. This charge is negative and does not
densation happens abruptly at some critical concentratiorflepend onN. At N>N,, two situations are possible. The
N, which depends on the charge of cations and the concer¢nergy of the Coulomb repulsion can be smaller than the
tration of monovalent salt. A comprehensive review of the energy of the short range attraction. Then DNA condenses at
experimental and theoretical results fdg can be found in N=N, but never dissolves back. If the energy of the Cou-
Refs. 1, 2. lomb repulsion is larger than the energy of short range at-
The intensive study of the last few years revealed comiraction, condensation does not happen at all. Both possibili-
pletely new features of DNA condensation with multivalentties contradict experiments and therefore reentrant
cations>~® It was discovered that when the concentration ofcondensation cannot be explained in the Poisson—Boltzmann
cations grows far beyonbl. to some new critical valudly approximation.
>N,., DNA dissolves and returns to the solution. This re- In this paper we propose an explanation for the reentrant

In the last several years there has been a revival of in
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FIG. 1. Schematical illustration of the reentrant condensation. The fraction
x of DNA molecules in solution is plotted as a function of logarithm of the | . .& . |
- . 0 "
cation concentration. 0.01 0.1 1 10 100 I

FIG. 2. Phase diagram of a dilute DNA solution in the plane of the bulk

. . cation concentratioMN (in units of mM) and variabley defined by Eq(1).
_condensatlon_ based on a new theory of screening of Macr@ne solid curve was plotted using E@3) with fitting parameters obtained
ions by multivalent cations, which emphasizes the strongrom the dataRef. 3 for long DNA screened by Sfie. Above the curve,

correlations of multivalent cations at the surface of DNA. all DNA molecules are in solutionx=1). Below the solid curve, the seg-
We explain why the condensed phase exists only within théegatic_m domain is located. Here the cqndensed phase of DNA appears and
. in regions far enough from the curve, it consumes most of DNAT).
limited range,N.<N=Ny and calculate botiN. andNy. The dotted line corresponds td=N,, where the net charge of DNA

It was shown in Refs. 16, 17, that the strong repulsionchanges sign from negative to positive.
between multivalent cations leads to their strong lateral cor-
relations. The resulting strongly correlated liquid of multiva-
lent cations at the surface of DNA has a large negativdarge thatN, is larger than the calculatéd, (which assumes
chemical potentialy, which describes the additional purely that replacement has happenethe condensation actually
electrostatic binding of cations to the surfade|&kgT).  happens only aN=N,. Thus, a large concentration of
This, in turn, leads to an exponentially small concentration ofnonovalent ionsp, acts as a “curtain.” It eliminates a part
cations above the surfacBly=Ngexp(|u|/ksT), whereN;  of the window predicted by our theory. We show below that
is the concentration of counterions within the condensedn the experiment of Ref. 3 the “curtain effect” starts to
layer. The concentratioN, can be still larger thai, , if n ~ work only atn>50 mM.
is not unrealistically large. Two central parameters of our theolyy ande, can be

According to Refs. 16, 17, when the bulk concentrationscalculated for a simple model of DNA as a uniformly
of multivalent cationsN, grows aboveN, , the net negative charged cylindet>*' They can be also directly measured in
chargen* decreases in absolute value and crosses zero #idependent experiments. The energywas measured in
N=N,. At N>N,, the net charge becomgmsitive and  Ref. 21.
continues to grow witlN. This effect is called charge inver- On the other hand, one can obtain these parameters from
sion. It is worth noting here that the charge inversion is not ¢he experimental values ®. andNy. Below we use con-
result of some specific chemosorbt@hbut rather a direct densation and resolubilization for DNA with Sffeto esti-

consequence of purely electrostatic interactions of multivamatee andNy. We obtaine =0.07 kgT andNy= 3.2 mM.
lent cations. The first number reasonably agrees with experimentaldata.

At N=N, there is no Coulomb repulsion at all, so that ~ Thus far we have talked about long DNA. For short
the short range attraction dominates and leads to condens@NA fragments, one should take into account the mixing
tion. This is actually the optimal situation for condensation.entropy of DNA molecules which makes their solution more
It is obvious that there is a range df aroundN, where  stable and makes the window betwedp and Ny smaller.
attraction still dominates and DNA condenses. CondensatiodVe calculate the phase diagram for the condensation of
thresholdsN, and N4 then are determined by the condition DNA olygomers consisting of /b bases [ is the length of
that the energy of the short range attraction is equal to thelygomer,b=1.7 A is length of double helix per phosphate
energy of Coulomb repulsion of negative and positive DNAThis phase diagram is shown in Fig. 2 on the plaNey),
molecules, respectively. This means that the concentratiowhere
N is located inside the windoM . <N=<Nj (see Fig. 1and KeTh  Crom
the width of the window grows with the strength of the short  y= In , (1)
range attraction. el c

Below we present an analytical theory, which calculatesC is the concentration of DNA molecules ar@, ., is its
both critical concentrationsl, and Ny in terms of the two  maximum valugequal to the inverse volume of a DNA mol-
main physical parameters of the system: boundary concerecule. Below the solid curve, in segregation domain, con-
tration of multivalent cationdN, and the energyg, of the  densed and dissolved phases coexist. Thinking about very
DNA binding within the DNA bundle per nucleotide. small concentrations of DNAC<<C,,.x, We completely ig-

At a small concentration of monovalent saif,the con-  nore the lower border of the segregation domain. Above the
densation thresholl. calculated in our theory is larger than solid curve, all DNA molecules are in solution. A solution of
the replacement concentratidfy . This means that the re- long DNA molecules corresponds to a horizontal lipe
placement of monovalent cations happens before the conderyy<<1. As concentration of DNA or its length decreases,
sation and by itself cannot lead to the condensation whiléhe window betweeiN. and N4 shrinks. Condensation pro-
Coulomb forces are still strong. On the other handh i§ so  vides largest gain of free energy M= N, where DNA mol-
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ecules are neutral. This is why the phase boundary curve The free energy per DNA molecule or the chemical po-
peaks alN=N,. The dotted lineN=N,, on Fig. 2 divides tential of the dissolved phase can be written as

the plane in two parts. AN<N, the net charge of a DNA N .

molecule is negative, while &8> N, it is positive. This net Ma=" 2¢07" L. ®)
charge by definition includes cations which are bound torg derive Eq.(5) one should add the energy of the electric
DNA with binding energy larger thakgT. Therefore, they field of the capacitor,

move together with DNA in gel electrophoresis. This means

that DNA should move in the direction opposite to the con- U= 3¢o7*L, (6)
ve_ntional_ one ifN>N.°'17 It would be interesting to verify_ to the change of the entropy term of the free energy of cat-
this predlct|on experimentally. We propose also t-o Comb'nlons when they move from the surface of DNA to the bulk of
experimental study of the condensation phase diagram wit

. olution
the gel electrophoretic measurement of the charge on the

dissolved DNA molecules. Ln* No
e KeTIngr=—eon"L ™
Il. CRITERION OF EQUILIBRIUM BETWEEN . L.
CONDENSED AND DISSOLVED PHASES [here Eq.(4) was usedl Equwalent. derivation can be found,
OF LONG DNA for example, in Ref. 22. Comparing E@) and Eq.(6) we

see that the change of the free energy of the capacitor is
In this section we consider long DNA molecules in anequal to the energy of an electric field with a minus sign.
aqueous solution containirgrvalent counterions of the bulk This is a realization of the general theorem valid for any
concentrationN. DNA condensation and resolubilization capacitor kept at constant volta@e.

take place when the chemical potential of DNA in its con-  The surface potential,, can be easily related to the net

densed and dissolved states are equal, i.e., charge densityy*. Indeed, at distance from its surface, a
X . . . .
o= g - 2) cylinder of radiusa and linear chargey* creates a potential
2y*  [a+r

For a long DNA we can neglect the entropy of DNA in both . @®)
phases. We view the condensed phase as a bundle of parallel a

molecules which stick together due to correlation induceqynerep is the dielectric constant of water. This potential
short range attraction to the nearest neighbors. The chemicgl hishes beyond the Debye screening length,

potential of DNA molecule in the condensed phase in this

approximation is determined by rs=(4mlg) YANZ*+ZN+2n)" 17, €C)

we=—¢L/b, (3) wherelg=e?/DkgT is the Bjerrum length. Therefore, sub-

i ) _ stitutingr =rg and ¢(rs) =0 into Eq.(8) one obtains
where L/b is the number of negative charges in a DNA

¢(r)=@o=—5In

molecule. _ 27" atrs 10
Each molecule of a large bundle is practically neutral. L) a

More exactly its charge is inversely proportional to the num- _— .

ber of molecules in the bundf@.This happens because the Substituting Eq(10) into Eq. (5) we get

total charge of a large bundle keeps counterions inside the _ (7*)?

bundle very effectively. ma=——p —LIn(l+rs/a). (12)

On the other hand, in the dissolved state, each molecuILeJ i h dition Eq(2 h ith th . ¢
acquires finite net charge density’ . This happens because sing the condition Eq(2) together with the expressions for

a finite fraction of its counterions moves to the Debye—the chemical potentials for both states, E@.and(11), we

Hiickel atmosphere in order to increase their entropy. ond&'rive at the final equation for the DNA reentrant condensa-

can view a single DNA molecule and its Debye-dkal at- tion transitions

mosphere as a cylindrical capacitor with linear charge den- P b(7*)?

sities #* (inside and — »* (outside. We recall that the net KeT —p In(l+rs/a). 12
linear charge density of DNAy*, includes the bare charge )
and the charge of cations residing at the very surface of DNA O Proceed further one has to know the net charge density,
and attached to the surface with binding energy larger tha®™ - The next section gives a review of current understanding
kgT. of this quantity.

In equilibrium the electrostatic potential on the surface
of DNA, ¢q, is determined by the ratio of the cation con- IIl. NET LINEAR CHARGE DENSITY OF SCREENED

centration in the bulkN and the concentration near the sur- DNA
face of DNA,No: Conventional understanding of nonlinear screening of a
strongly charged cylinder is based on the Poisson—
Zepg=—kgT Inﬁo. (4) Boltzmann equation. Let us first consider a cylinder with a

negative bare linear charge densityy;, which is screened
This potential acts like a voltage difference applied to theby Z-valent cations it=0). Assume thaty> 7., where
capacitor. =ellg(n=4.2 7. for double helix DNA. Onsager and
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—0* /e At r=r4 the concentratioN(r) reaches its bulk valuey.
a) Substituting Eq(10) into Eq. (14) we obtain
2Z7n* [a+trg
N=Ngex In (15
7c a

0.0001  0.01 1/\ N
No

Expressingn* in terms of the bulk cation concentratidd
we arrive at Eq(13). This equation was used to plot solid
lines on Fig. 3.

At n=0 [Fig. 3@] one can s€€ that Manning’s limit-
ing value of * = — 5./Z holds only for the unrealistically
small N. At larger N the absolute value of the net charge
decreasesy* crosses zero and becomes positive.

At finite n, the screening radius, strongly decreases
0 VT om | 1 /N N and at smalN the net charge density; »*, becomes larger

: N/;\ than 7. /Z [see solid line on Fig.®)]. It was shown in Ref.
17 that wherN goes toN, , the densityy* becomes as large
FIG. 3. The dimensionless net linear charge densttyz, as function of @S 77¢, SO that at the replacement point the net densjty,
Z-valent cation concentratioN (in units of mM) at zero concentration of matches its standard value for monovalent ions. At laiger
monovalent salta) and at finiten (b). The solid curves are drawn according the role of the monovalent salt is smaller asitl is similar to
Eqg. (13) with parameters obtained from the d&Ref. 3 for DNA screened hat of n=0. The density,*, crosses zero di=N, and

by Spé*. Dotted curves represent conventional understanding of results o . h . il
the Poisson—Bolzmann equatid¥y is the concentration af-valent ions at ecomes positive. In the next section we will use El@) to

the surface of DNA andl, is the concentratiohl at whichZ-valent cations ~ find the condensation and resolubilization thresholds.
replace monovalent ones.

IV. REENTRANT CONDENSATION THRESHOLDS FOR

LONG DNA MOLECULES. COMPARISON WITH
Manning® argued that such a cylinder is partially screenedEXPERIMENT
by counterions residing at the very surface, so that the net
linear charge density of the cylinder*, is equal to the
negative universal value- 5./Z. The rest of the cylinder
charge is linearly screened at much larger distances accord- ¢ 1 In?(Ny/N)
ing to the linear Debye—Hikel theory. The net chargey*, keT 422 In(1+rs/a)
does not depend on the bulk concentration of catibhand ) ) _
is shown(in units of — 7,) by the dotted line on Fig.@. Hereé ¢=ls/b is the conventional Manning’s parametef (
The Onsager—Manning picture of condensation was Con_=4.2for DNA). Obviously, there eX|st_two solutioni, and
firmed by the solution of the Poisson—Boltzmann equatfon. Na, for the bulk concentrationN, which corresponds, re-

Let us now discuss a water solution, containing both sSpectively, to the condensation and dissolution transition

concentrationn, of monovalent salt and a concentratioh, ~ POINts. _ _ _ ,

of Z:1, salt. WherN grows to some well defined concentra- ~ ConcentratioN is usually so small}rll/grts is dominated
tion, N=N, , multivalent cations replace monovalent ones afty monovalentions and,=r,=(8lgn) = W't_h the help
the surface of DNA. According to conventional Of EQ-(16) we arrive at a simple equation fot. :

Now we can substitute E413) into Eqg.(12) and obtain
an explicit equation for the threshold concentrations:

(16)

understanding?® this replacement of the condensed € 1 In?(Ng/N,)
. . &
monovglent ions changes » /77_C frqm 1to 12_ [see 'Fhe keT  4Z2EIn(1tr/a)" a7
dotted line on Fig. @)]. In logarithmic scale this transition
looks quite abrupt. To obtain an equation foNy, we take into account that in

In recent papefé!” the influence of strong correlations the case of S@é cation? the condensed phase dissolves at

of multivalent cations at the surface of a macroion on its nefNa=150 mM. At such a large concentration 2f1 salt we
charge,*, was studied. The general expression for the nefan neglect the monovalent salt concentratioim Eg. (9).

linear charge densityy*, was derived: Even then according to E¢9) screening radius, turns out
to be 0.2 nm, much smaller than the average distance be-
« 7 In(Ng/N) tween anions in the bulk of solutionN@) ~**=1.3 nm. This
(13 means that the Debye—kkel theory does not work even in

T T 2Z In(1+r./a)
the bulk. Strictly speaking for such largé¢ our theory as

This equation takes into account correlations with the help ofvell as results of Refs. 15—17 should be modified. Two cor-
the new boundary conditioN(r =0)= N, for the Poisson— relation effects should be considered in such a nonideal
Boltzmann equation. To remind derivation of this result letplasma.
us write down the Boltzmann formula First, strong repulsive correlations between cations can
substantially increases. Role of these correlations can be
illustrated qualitatively assuming that anions form a uniform

Ze
N(r)=N0ex;< a qu_T((P(r)_(’DO) ' (14 background and cations are pointlike particles or, in other
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words, using a concept of one-component plag@@pP. For
such a model, role of cation correlations depends on the pa-
rameter I'=(Ze)?%/(DrykgT), where ry=(47N/3)" 1% 1 U
Debye—Huwkel theory works only fol'<1. At Z=4 and .

N=N4=150 mM one finds thal’~8. At suchI’ thermody- Ne
namic properties of OCP are closer to that of Wigner crystal
than to the ideal gas. In particular compressibility of OCP
becomes negative. This dramatically changes the character of
screening by Z:1 salt. In the sum on the right side of q.

the large positive terrhl Z? gets replaced by megativevalue 0.01 Lk —_— s
describing contribution of OCP. Thuss becomes even Monovalent salt concentration 7
larger thaanfO.S nm- which .Debye_HLkel theory gives. IG. 4. The condensation threshdi} (in unit of mM) as a function of
when only anions are taken into account. Note that Ca_tlongonovalent salt concentration, The solid curve corresponds to H49).
Spd* and Spé&" are 1.5 and 2 nm long polymers, not point- Experimental dat&Ref. 3 are shown by the large dots.

like ions. Therefore, application of OCP can be considered as

a crude illustration only.

Second, monoval_ent anions can b_e incompletely OIISSOC'ﬁ>50 mM, condensation happens simultaneously with the
ated fromZ-valent cations. This effect is not very strong for replacement of monovalent cations by multivalent ones, i.e.,
cations Spd* and Spé" because they are quite large. Stillit _'\ N as was assumed in Ref. 25

Cc rs . .

can substantially INCrease . For the purpose of a_crude We would like to emphasize that at low monovalent salt
estimate we assume thafis ?,‘;the order of average distance ,ncentrationsi<50 mM, there is a broad range of concen-
betwqen anionsd=(NgZ) *=1.3nm atN=Ng. Then trationsN.>N>N, in which multivalent cations cover the
equation forNg has a form DNA surface, but condensation does not happen. In this
P 1 In?(Ng/Ng) range, the Coulomb repulsion of negative DNA molecules is
kB_T_ 472 In(1+dla) (18 st_rong enough to prevent condensation bec_ause, as shown in
Fig. 3b), the absolute value of the net negative charge on the
The same two correlations effects lead to another revision Of_f)olymer, — *, does not abruptly decrease frap to 7./Z
our theory. Strictly speaking in the numerator of the rightgt N.~N;, but still stays larger tham./Z in the large in-
side of Eq.(18) the concentration of cationd should be tgrya] of N>N, .
replaced by its active fractioN®®, which can be substan- In contrast withN,, the resolubilization thresholtll
tIaIIy smaller thanN. We could not find values dNaCt for practica”y does not depend on This happens because at
such large concentratiomé of Spd** or Spé” in the litera-  N=N,, screening is dominated by multivalent cations and
ture. Therefore, for the purpose of estimate, we proceed uggrees with our Eq(18).
ing N instead ofNG™. Let us now discuss another experimental sfuidyvhich
In practice, the concentratiord; and Ng are known  DNA solution was condensed with trivalent Spdcations.
from experiments, so that important parameteafidN, can  |n this case, forn=4 mM, the threshold concentrations
be found with the help of Eqs17) and(18). For example, equal N;~2mM and Ng=~60mM, which vyields N,
No can be found by eliminating from Egs.(17), (18). Inthe  ~11mM ande/kgT~0.02. This value ofe/kgT is about
specific experimental situation of Ref. 3 where long DNA three times smaller than for Spe This is quite reasonable,
molecules condensed with a 4-valent cation, “SpeN.  if attraction has an electrostatic nature.
=0.025mM andNy=150mM at the lowest concentration The concentrationsy,, we obtained above, are substan-
n=10mM of NaCl. Using these values we obtain from Egs.tjally larger than concentrations 0.3 mM angM predicted
(17), (18) Ng=3.2mM ande/kgT~0.07. The last value fa- py the microscopic theoty for the pointlike 3- and 4-valent
vorably agrees with the energy of attraction between the Cocations, respectively. This can be related to approximations
Hex condensed DNA obtained in the osmotic stresspade both in theoretical calculation Nf, and in the above
experiment,' =0.08 kgT. procedure of extraction dfl, from the experimental data.
Knowing No ande, we can try to reproduce the experi- ~ On the theoretical side, as we mentioned above, cations
mental dependence of the condensation thresNpldn con-  spd* and Spé* are quite long linear polymerd.5 and 2.0
centration of NaC|, obtained in Ref. 3. This can be done Wltl’hm, respectivew Their |ength is approximate|y equa| to the

0.1 3 °

the help of Eq(17): average distance between cation centers in two-dimensional
e 12 strongly correlated liquid of cations on the surface of DNA.
INNg,=InNy— 422§ﬁln(1+ rila)| . (19 As aresulfu| can be smaller for SPd and Spé* than for
B

pointlike ions, what in turn can lead to exponential growth of
The calculated functiomN.(n) is shown in Fig. 4 together Ngy. Thus, to obtain a more reliable theoretical prediction of
with the experimental points from Ref. 3. It is clear that Eq.Ny, one has to study the thermodynamic properties of the
(19) closely reproduces experimental behavior until  strongly correlatedpossibly nematicliquid of these ions on
<50 mM. The later value is close to the concentration ofan uniform negative background by numerical methods.
monovalent cations which is needed to replace 4-valent cat- On the experimental side, in the correct procedure one

ions at the surface of DNA fal~0.01 mM. It seems that at should replaceNy by N3®. This can lead to substantial de-
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crease of experimental value Nf. As we saw above\yis  solved DNA(above i} from the region where the condensed
extremely important parameter which can be used in mangnd dissolved phases of DNA coexiselow it). Within the
experimental situations. Therefore, we suggest to study acseparation domain the fraction of dissolved DNA is given by
tivity of Spd®" and Spé&" in the vicinity of 100 mM to  Eq. (22).
correct the experimental values Nf. The dotted lineN= N, divides the phase diagram of Fig.
Note that Ref. 3 also contains information on the single2 into two regions where the DNA molecules have opposite
and triple stranded DNA helices, which condensed in thesigns. Positive net charge of dissolved DNA can be mea-
narrower and wider range pSpé™] than the double helices, sured in an electrophoresis experiment because cations in-
respectively. This tendency agrees with idea that correlationsluded in this charge are bound to DNA with a binding en-
play the major role in this phenomenon. ergy larger tharkg T and therefore move together with DNA
Concluding our discussion, we would like to emphasizemolecule. AtN>N, one should see that DNA molecules are
that there is another reason why application of our theory t@ositive both above and below phase boundary of Fig. 2.
the experimental dat4 is not completely convincing. In- However, below the boundary, intensity of corresponding
deed, our theory assumes that that the concentration of DNAlectrophoresis peak should decay rapidly with the distance
phosphateN,, is smaller thanN, so that the DNA charge from the boundary. This intensity is picked up by slowly
can be easily compensated Byvalent cations. Actually in  moving bundles of DNA molecules, which at large enodgh
experimental conditioid the condensation threshold,  can be also positive.
happens to be close td,,. This situation deserves special The position and the shape of the phase boundary obvi-
theoretical treatment which will be a subject of a futureously depends on the values of the paramelys e/kgT
work. For more reliable comparison with the theory of thisand 2Z2¢£. For double-helix DNA with Sp& we find
paper we need experiments at smaller concentrations &Z2?¢=134. Using the estimates/kgT=0.07 and N,
DNA phosphates. ~ 3.2 mM obtained above we can calculate the phase bound-
ary for condensation of the DNA fragments of the arbitrary
length if we knowrg as function ofN. Because of poor
V. CONDENSATION OF SHORT DNA MOLECULES understanding of screening at lariye(see abovewe do not

In this section we explicitly deal with the mixing entropy have such a general expressionifor Therefore, only for an
of DNA molecules in the dissolved state, and calculate thdllustration, we plotted the phase diagram on Fig. 2 using
phase diagram for the DNA solution. We consider double’s="1 for N<Ng andrs=(N2) =" at N>Nj.
helix DNA molecules of length., with L/b bases each.

The free energy per DNA molecule in solution with con-

centrationC is VI. CONCLUSION

The theory of DNA condensation and resolubilization by
multivalent cations presented above makes several novel,
well defined predictions which have not been confirmed by
experiment yet. The main results of the study are summa-
rized in the phase diagram presented in Fig. 2. There are only
two physical parametersandNg on which the shape of the

~ 21
?}NA phase pelzr molefcile SLRNA'IHeﬁ@m":‘I}h Vmra'L olls hase boundary depends. Therefore measuring just a few
the inverse volume of the molecule. The second MMy, o qho|q concentrations of multivalent catioNs and Ny

in Edq. (ZOLis the g"z;‘?‘gi frzifenergybper mole;:]ule in thefor solution of DNA fragments of different length and/or
condensed state. Herels the difterence between the energy ., canrations should yield several independent determina-

of shor.t range attr;\ctloa and thle frede enEergki,zlLd( L of the tions of these quantities, and at the same time provide the
screening atmosphere per nucleotidee Eq(11)]: test for the self-consistency of our model. Experimental stud-

C
L

L
Cx _(1_X)BA' (20

F= —kaT< In(

where 1-x is the fraction of DNA molecules in the conden-
sate. The first term in Eq20) is the entropy of the dissolved

A € 1 In?(Ny/N) ies of DNA phase diagram with different multivalent cations

kB_T: kB_T_ 472 In(1+r./a) (21 would provide the values of the attractive energy for differ-
o ) ) ent ions. In the present theory the origin of parametesad
Minimizing Eq. (20) with respect toax, we find No was not specified and they were treated as phenomeno-

o AL logical parameters. Comparison of experimentally deter-

X="c exp{ T kT B) . (22 minede andN, values for different counterions should yield

B . . . .

information about the nature of the attraction. It is worth

Then the boundary of two-phase domair 1 corresponds noting here that the value efis determined by the balance
to the condition of the attraction due to the correlations of multivalent cations

KeTb Cpoa keT  IN2(Ng/N) vyith all of .the _repulsi\{e non—Coqur_nb DNA-DNA ir]terac—

L ¢ 1 472 In(1+r./a)’ (23)  tion. The first interaction decays with DNA—DNA distance

slower than the second one. Then the binding energy
Eqg. (23) specifies the conditions when the chemical poten-determined by correlations. In this case, the two quantities
tials of the condensed and dissolved states of DNA are equaand N, are not independetit!” namely InNyxe. For the
The curve described by E@23) forms a boundary on the model of the uniformly charged cylinder and pointlike cat-
phase diagram on Fig. 2, separating the region of the disens both parameters were calculated microscopicafty.
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