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Abstract

In a certain unfavourable environment, a single DNA molecule undergoes a conformational transition from an expanded coil state to a
collapsed form. Here, this transition is induced by poly(ethylene glycol) (PEG) in a solvent mixture composed of an aqueous salt buffer and
methanol. A theoretical description is presented in terms of the free energy of mixing DNA, PEG, and solvent, the elastic part of the free
energy for DNA chains, and the translational entropy of the low molecular ions. Further effects taken into account are DNA—counterion
binding and solvent quality. The theoretical predictions are: (1) The transition between the coil and the collapsed state is discontinuous. There
exists a coexistence region where both states coexist side by side, but its width is very small. (2) The collapse takes place at a certain critical
PEG concentratiotpegc. The value of this PEG-concentration depends on the degree of PEG polymeriBgtiga, the molar fraction,

Xmethanot Of Methanol, and on the concentratiogy;, of the added salt. For given valuessfano@NdCsar, Cpege decreases with increasing

Pw.pec Thatis, itis easier to induce the DNA collapse with PEG of high molar mass than with PEG of low molar massPlf patlandcsyy

are constanipeq. increases as the methanol concentration decreases. This means that addition of methanol promotes DNA condensation. If
finally P, peg andXmetnanoi@re chosen constamgeg decreases as,; increases. Thus we can say, the collapsed DNA state is the more stabile

the higher ar®®,, pe, XmethanoiaS Well axsy,. That is, these three parameters act synergistically. (3) Theory gives some information about the
DNA-molecule size. While in the coil state the expansion facipis of the order of 1.8—2.4, itis of the order of 0.3 in the compact state. Results

of measurements presented in the companion paper affirm these r@sL®39 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction compounds to DNA reduces the repulsion between the
double-helical segments and produces a DNA-collapse in
An individual DNA chain possesses the conformation of vitro. Model systems studied in several laboratories include
an elongated coil if it is freely dissolved in an aqueous salt synthetic polypeptides plus salt [3—5], polyamines [6], tran-
solution. However, this is not the only conformation of a sition-metal ions plus polylysine [7], histones H1 [8], and
DNA-molecule. In biological cells DNA is packed into organic solvents plus salt [9,10]. In most cases, well orga-
ordered structures with distinct morphology. For instance, nised DNA toruses are produced, but the agents added must
in eukaryotes [1] DNA is folded 6—7-fold in comparison to not necessary be charged. A DNA condenses also to a
the state where DNA is free, 6Am of DNA must be compact, relatively dense state in systems that contain
compacted 600-fold to fit a virion of T2 or T4 bacterio- neutral low molar mass polymers, such as poly(ethylene
phages [2] whose largest dimensions are (ui) Still glycol) (PEG) [11,12] or poly(vinylpyrrolidone) (PVP)
more imposing is human diploid DNA. There 1.5m of [13]. This suggests that DNA-condensation is governed in
DNA must be compacted nearly 75 000-fold to fit into a some measure by DNA—polymer excluded volume interac-
nucleus. tions. Further, it seems that DNA by itself can bend to form

This DNA compacting or condensation is a collective
effect caused by mutual attraction of DNA-monomers. A
major role play electrostatic forces. Binding of cationic

* Corresponding author.

beaded structures with dimensions similar to nuclesome
dimensions. Griffith [14] described such structures in
DNA carefully isolated from prokaryotic cells. It is there-
fore proposed that the intrinsic properties of the DNA itself
govern compacting in vivo.
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A deeper understanding of this mature is obtained by or salt—polyion interactions are neglected or taken into
studying the problem theoretically. First, it seems that the account in a somewhat dubious way.
most unfavourable factor opposing DNA condensation is  The second theoretical concept is that of Marquet and
the electrostatic repulsion between DNA phosphates. Houssier [26]. It is an estimation of the main free energies
Thus, there must be a free energy which counterbalancesthat contribute to DNA condensation. They are: (i) DNA
these forces. A possibility is a binding of cationic bending; (ii) entropy of DNA segment mobility; (iii) repul-
compounds such as polyamines to DNA. Unfortunately, sion between neighbourly charged DNA segments; and (iv)
this assumption is not strictly valid. Porschke [15,16] has attraction forces between DNA segments due to correlated
shown that the binding of polyamines to DNA and the counterion fluctuations. If the sum of all these energies is
condensation of DNA-polyamine complexes are inde- negative a DNA-molecule can collapse, but if it is positive it
pendent phenomena. That is, DNA-condensation cannotcan not. The results are that: (a) DNA condensation takes
originate solely from the binding of multivalent cations. It place spontaneously in the presence of tri- and tetra-valent
is more likely, that cation binding decreases the repulsive cations; (b) condensation is possible for divalent cations, but
forces and enhances simultaneously some attractive forcesonly if the solvent is a mixture of water and an organic
A possible origin for these attractive forces are correlated solvent such as methanol; and (c) condensation takes not
fluctuations of bound cations as proposed by Oosawa [17]. It place at all when the counterions are univalent.
is also instructive to follow the ritual of Manning [18—-20]. The advantage of this method is that it takes into account
He postulates that the axis of the DNA double helix nearly all relevant energy contributions and that one arrives
becomes spontaneously curved when the DNA reached arelatively quickly to the answer of whether a polyion can
certain critical degree of neutralisation. The result can be collapse or not. The disadvantage is that it is very difficult, if
a smooth bending, but also sharp bends spaced at regulanot impossible, to determine exactly the point at which the
intervals. That is, there are essentially three main energetictransition should occur.
contributions to DNA condensation, namely charge The third theoretical model was developed by Vasilevs-
neutralisation, DNA-bending, and correlated cation kaya et al. [27—-29]. It may be the most interesting one,
fluctuations. because while the virial coefficient concept was developed

Several theoretical attempts to describe these effectsin analogy to the theory of the coil-globule transition for
exist. Essentially, three lines can be distinguished: (1) the solutions of neutral polymers, this approach takes explicitly
virial coefficient concept [21-25]; (2) the idea of Houssier into account the fact that DNA coils are polyelectrolyte
[26]; and (3) the idea to connect the problem with the theory chains. Beside the difference in PEG concentration inside
of the collapse of polyelectrolyte networks. The virial coef- the DNA coils and that in the outside solution, additionally
ficient concept was first introduced by Zimm [21] and later the theoretical analysis involves the Donnan equilibrium for
extended by Grosberg [24]. The fundamental quantity is the the added salt between the interior and the exterior domain.
free energy AF, for the mixing of an isolated DNA chain  Unfortunately, the mathematical formalism is rather
with solvent and PEG molecules. According to Zimm the complicated as a result of the fact that the physicochemical
solvent and the PEG molecules build a unit or a continuum, equations can be solved only numerically. However, the
respectively. The poorer the solubility force of this great advantage of this approach is that it is possible to
continuum the smaller is the DNA expansion coeffi- compute absolute values for the critical PEG-concentration,
cient, a =< R >Y?/ < R >3, where < R? >1? and Cpeaes both as a function of the degree of PEG-polymerisa-
<R >i’§ are thez-average DNA radii of gyration in the  tion, P, pec, as well as a function of the salt concentration,
continuum and under theta-conditions. The DNA equili- cg. The predictions obtained are really good. They agree
brium configuration is determined by the minimum 4f quite well with the experimental results.
with respect tox at a given Flory—Huggins parametey, In this paper, we study the collapse of a DNA-molecule
describing the interaction between the DNA and the conti- that is dissolved in a PEG—low molecular salt solution,
nuum. The collapse takes place wh&k changes from a  where the solvent is not pure water, but a mixture of
value ofa = 1 to a value ofe much less than one. To find water and methanol. We present the equations for the free
this pointAF must be expanded into a virial series up to the energy describing the equilibrium state and we compute the
third virial coefficient. Similarly, Grosberg works with the physical conditions for the state at which the DNA
chemical potentials of PEG and DNA links, where at the collapses. There are several parameters that must be varied,
equilibrium state the PEG chemical potential inside a DNA this is a laborious work. They are, among others, the total
domain is equal to that outside the domain. The calculation PEG-concentrationc}?E’}';, the degree of PEG-polymerisa-
procedure is a mixture of virial series developments and tion, P, peg, the total concentratiorgg,, of the added low
scaling theory. It explains among others the fact of DNA- molecular salt, and the molar fractio,ethanot Of methanol
condensation, the presence of a critical PEG-concentration,in the solvent mixture. The theoretical concept used, follows
Crege: and the dependence of the point of collapse on the with some minor alterations the line of Vasilevskaya et al..
degree of PEG-polymerisation. Unfortunately, the predic- However, (1) we use a slightly different notation. This is
tions are only qualitative. Effects such as chain flexibility necessary in order to make the thematic didactically more
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Fig. 1. Sketch of a DNA-domain surrounded by a number of PEG-molecules: (a) the DNA-molecule is in its expanded coil state; and (b) the DNA-molecule is
collapsed.

easier understandable and to remain in line with the notation 103 m® of solution. In this volume ar@pys DNA-mole-
used in our other papers; (2) Vasilevskaya works with the cules of molar mas#,, pna. Ipna IS the distance between
Gaussian-distribution for the end to end chain distances.two base pairsdpna the DNA-diameter, andisypna the
Instead of we use the more general Langevin-distribution, partial specific DNA volume. The volume of a DNA-repeat
taking into account that a DNA-molecule cannot be unitis then

stretched infinitely in length; (3) the effect of counterion

binding is involved; and (4) we use a solvent mixture of Viepeapna = (dona’2) Tona D
water and methanol, while Vasilevskaya works with pure 10
water. With [30] Ipya =3410 *m and M, pna = 2.2:10°

; _ —27 3
We do not present any experiments as this is done in theKg/mol we findViepeapna = 1.07:10 °" m". The shape of
companion paper where we also present a comparison® DNA-domain is very similar to that of a cylinder or an
between the theory and experiment. ellipsoid. However, to describe these geometric structures,

two or three length parameters, respectively, are necessary.
Unfortunately, these lengths are not known a priori. There-
fore, we make a simplification. We describe the real DNA
domains by spheres having the same volume as the real
We start our study with the model presented in Fig. 1. The domains. This is an oversimplification, but it can be
solution contains DNA-macromolecules, linear flexible Shown that the calculations that follow depend predomi-
PEG-molecules, and a low-molecular salt which is Nately on the DNA-domain volume and only marginally

dissolved in a mixture of water and methanol. A DNA- ©n the DNA domain shape. _

molecule is a polyion chain, possessing a relatively large 1€ volume of such an equivalent sphere is

per_sstgnce length. It occupies a volume domaif,m, _ 4g w47 4 o

which is so large that the much smaller PEG-molecules Vdom = 3 < R >38a= 3OS R >0 ona (2

can penetrate inside. The solution contamg,s DNA-

molecules. We call the region of domains occupied by the where < R >23,, and < R* >Y2,\s are thez-average

DNA-molecules the inner domains. The remaining volume DNA radii of gyration at the actual state and under theta-

of the solution is free of DNA and constitutes the outer conditions. @ =< RZ >15a / < R’ >Yipna is the so-

domain. Additionally, we assume that the solution is dilute, called expansion coefficient. Its value depends among

i.e. there is no DNA-domain overlapping and there are no other parameters on the solvent composition, the salt

intermolecular DNA-interactions. concentration, and the PEG-concentration. The most impor-
The notation for this model is as follows: We consider tant parameter is the volume fractiapyy s, of the DNA in

2. Theory
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the inner domains. We have:

in _ eigenvolume of a DNA-molecule
DNA = Y,
dom
2
_ PupnaVimonaona _ 1 3lonalona

(©)

Vdom 216 <R >3 8

whereP,, pna is the degree of DNA-polymerisation.
Eqg. (3) can be recalculated into the DNA-concentration,

Cona, by

PONA MW ONA
m(dpna)?LonaNa

with Lpya the DNA contour length andll, the Avogadro-
number. '

There are npgg PEG-molecules in the inner DNA
domains.M,, pgg is their molar massP,, pgg their degree
of polymerisation|pgg their repeat unit length, ardpe the

in
CDNA =

4

PEG repeat unit diameter. Thus, the PEG volume fraction,

Pe in the inner DNA domains is

in (niIQEG'10_3m3)Pw,PEG7T(dPEd2)2|PEG

)

PEG ™ (4m/3)a® < R >, 400
Recalculation into the concentration gives
M
CPEG — d) G4 monaPEG (6)

m(dpec)?lpecNa

where Myepeapec IS the PEG repeat unit molar mass [31]
(Mrepeapec = 44.05 102 kg/mol).

“Finally, we need to establish the solvent volume fraction,
deovens IN the inner domains. It is simply obtained by the
law of conservation for the number of particles. We find
1— ¢pna — 0

Similarly, we calculate the volume fraction for the outer
domain. Obviously, we have 4 npyaVyom- Sincenpya is
the number of DNA-molecules per Idm?® and Vg, @
volume, this quantity is dimensionless. Totally, there are
npec PEG-molecules in 10° m® solution. n3Z; of these
molecules are in the outer domain amtg molecules are

in _ in
solvent — PEG

in the inner DNA domains. Thus, we find
N2 = Npec — Nona-10 3 mP e ®)
The corresponding volume fraction is
2
out NPEcPwpec™(dpe/2) lpec ©)
1 — npnaVdom
so that the concentration becomes
M 1
oo noutG( W,PEG) (10)
PE PE Na 1 — npnaVdom

Inside the outer domain are no DNA-molecules. Therefore,

d2na is zero and the solvent volume fraction is
out out
dsovent= 1

PEG 1y
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Next, we divide the solution volume into a numby,,
of lattice cells of equal size/.. Since our reference
volume is 10° m® it follows

Ntotal - 10 m Ncell - Ntotal + NpNA - 10 m (12)

otal

where NP, and N2, are the number of cells per DNA-

domain inside the inner DNA domains and the outer
domain, respectively. In detail we have

Nigtal = Veior/Veel 13
N = (L = Nona-10~° M* Vo) Veen (14
Nona = Nona 10~ m* Now- ¢Pna 15
Npee = Npna-107° NG dbec + Ntardptc (16
Noivent = NigtarTona @eonent + Notar donent an

Here,Npna, Npea andNgoent @re the number of cells that
are occupied with DNA-segments, PEG-segments, and
solvent-molecule segments, respectively.

The central part of the theory are the free energies. We
have three terms: (1) the free energy of mixing the polymers
together with the solvent; (2) the elastic part of the energy
for the DNA chains; and (3) the translational free energy of
the salt ions. Of course there are further energies which
could be taken into account. For instance, there are electro-
static interactions between the charged species, conforma-
tional contributions of the PEG-molecules, or polymer—
solvent selective adsorption effects to name only a few.
We neglect these contributions because: (1) the solution is
assumed to be diluted (thus intermolecular DNA interac-
tions can be neglected); and (2) theoretical calculations
[43] and experimental results [44,45] show that these ener-
gies are comparatively small with respect to the main contri-
butions.

The expression for the free energy of mixing the solution
is easily obtained by the Flory—Huggins approach [32]. This
is a very simplified model, but it is the most familiar concept
in polymer physics. Here, we have two energies of mixing,
Fin. and FS  one for the inner domains and one for the

mix»
outer domain. The results can be written down as

F:’RIX kBT[nPEGIn( iIQEG) + nisnolvendn((bisnolvent)

in 4in in in 4in in
+ XDsPONANSovenPs T XDPPDNANPECPW PEG

+Xilg iIQEGnisnolven s] (18
and
Fr(#lj;( - I(B-I—[X(I;USt gllj—:thggItvenP s+ nglIJEtGln((bglIJ—:tG)

+nggltvenJ ( ggltven ] (19

where xbs, xbp, and xbs (with i = inner, outer) are the
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Fig. 2. The normalisation constarit, as a function of the number of
segments per chain.

Flory—Huggins interaction parameters between PEG and
solvent, DNA and PEG, and DNA and solvent, respectively.
ks is the Boltzmann constant, T the absolute temperature,
andPg the number of solvent molecule segments in a lattice
cell. It should be pointed out that a solvent segment is

defined so that it contains as much solvent molecules that

it is as large as a DNA-segment.
The absolute values gbsandyps depend on the solvent
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water and methanol [34] & = 25°C we find

Vmol,wateVmethanoI

= [18.1 + 0.17 Mo + 7.6:10 WP eqy + 4.7-107° meth]

10 5md
(21
with
Wineth = 0.1095%netn — 2.6643110 X ey
+ 6.1504510 8 o1 (22

wherewem andX e are the weight percent and the concen-
tration of methanol in kg/r

A problem is the Flory—Huggins parametegyp. Accord-
ing to literature [29]xpp is 0.54 and constant, but it is more
likely to assume that it depends on the degree of PEG-poly-
merisation.

The second energy contribution is the elastic free energy,
Feias Of @ DNA chain. We have two possibilities to calculate
it. First we can assume the DNA-chains are infinitely long
and second we can state they are finitely long. In the first
case we have to work with the Gaussian-segment distribu-
tion. The result is the well-known Flory expression [35]

composition and the temperature. We can calculate them by

the empirical relation of Kok and Rudin [33]. According to
these authors we have

3.24([nlis—[nl},) ,

T2 Mwyj[l + 0.81cj([n]}s—[”fl]},e)] !

mol,solvent

(20

where [n]is is the viscosity number of the polymer
dissolved in the solven§ [n];, the viscosity number
under theta-conditionsM,,; the weight average molar
mass of polymey, §; the polymer densityg; the polymer
concentration (unit: 1okg/cm®), and Viorsowent the molar
volume of the solvent (unit: 10 m®. For a mixture of

1000 4

Fig. 3. The reduced elastic free enerdidksT, as a function of the
expansion coefficienty, and the number of segments per chajg,

Fetas= ke T[In(a) + 1.5(1— o?)] 23
However, the second case is the more realistic one. The real
distribution is a Langevin-distribution [36]:

fm
W(T)Langevidr = NkeXpUO L‘l(r/rm)dr/l}4wr2dr

whereL ™! is the inverse Langevin-functiom, the actual
length of the polymer chair,, its maximal length, i.e. its
contour length, andll, the normalisation constant. To obtain
Ny the integral

(29

JV W(?)Langevirdv =1 (295
must be solved. This can be done only numerically where
W(7)LangeviN@s to be expanded into a series. As a conse-
guence, the absolute value Nf depends on the number
of terms used in this series. We restrain ourselves to the
first three terms, the result then obtained is

with X = r/r,, andngeqthe number of segments per chain.
This integral can be computed by Maple [46], a program
whose name can be derived from some combination of the
letters in the phrase 'Mathematical manipulation language’,
but in fact it is simply chosen as a name with a Canadian
identity.
A typical result is shown in Fig. 2, wheN 2, is plotted
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VErsusngg It can be quite well described by the function

1

473,

(111682 + 4.146161;’2@) 7

Nk(nseg) =

with ngeq € [10, 1000Q. Next, we transformw(r) angevin
into spherical coordinates and after that we follow the
procedure described by Treloar [37] to complRg,s
Thereby we assume that= a, = oy = oy, i.e. that the
expansion of the DNA chain is uniformly in all directions.
Then the final result is

1

Fe|a5= kBT<Nk47TrI’?"I) i3 J Xzexp{ — §nse4:xzi2

a® Jo 2 o
JfLo()
3 1
Enseg{x2<? — 1) + x4(
33 1
) (1) ) e

3 s 33

+x* X
10a* 175

l
e

(28

A view on this formula shows that the system parameters

Xmethanol Pw,pEG @nd Csy are not explicitly present. They

influence the DNA-persistence length and thus they are

embodied in the number of segmentg,

Fig. 3 shows a three-dimensional plot lef.Jkg T as a
function of ngey and a. The most striking appearance is a
furrow. This furrow separates the region that can be suffi-
ciently well described by the Gaussian approximation from
the region where the Langevin-distribution should be
applied.

Finally, we come to the expressions for the translational
entropies of the small ions. First, we consider the inner
domains. There are two counterions per DNA base-pair.
That is, each DNA-molecule can set fr€g= 2-R, pna
counterions, but not all of these counterions are free.
Some counterions are territorially bound. According to
Manning [38] the average degree of counterion binding is

6, (29

1
Sl- @)
with z the counterion valence ani= e*/(4meyekg Tly)the

charge density parameter. Hezés 1,1, = 1.7-10 *°m, and
for the dielectric constant of the solvent it holds [34].

&= 80,6 — 485. methanol

100 (30

The salt added is of the “sthiometry v, : v,, and its
concentration inside the inner domains d§;. That is,
totally we haveN¢pya = (1 — 6,)Q counterions that come
from the DNA, Ngsai = VeCeaiNa Vaom COUNterions that are

from the added salt, andlp'sae = VhCesarNaVaom DYioNs.

G. Kleideiter, E. Nordmeier / Polymer 40 (1999) 4013-4023

The entropy of mixing is defined as

AS,, = —kB[In( ) + 'n( )]

with n, n_, andn, the number of positive, negative, and
ions totally present. Thus, we have

(bDNA
1- 9, |QrBNA
quNA

oo

n, n_

(3D

MNiotal Niotal

i V
ASTy = kg "

cell

+ VbC!snaItNA ]
w,DNA

in
] + VbcsaItNAVceII

+ VccisnaItNA In [ VccisnaItNA VceII ] } (32)

so that the free energy becomes

(e
ooy

+ VcCEsnaItNA In [ VcCisnaItNA Vcell ] }

in  __ Vdom

Ftrans -

ke T

+ VpClaiNa ]

cell

" _
P ONA -+ VpCaiNA Veer
\W,DNA

(33

At this point it should be noted th#ipya Vaon?(VeelPw.ona)
is unity.

Analogously, we can describe the outer domairlf} is
the salt concentration in the outer domain it holds

N = VoC2%NA (L — Nowa Vaom)-107n7 39

NS = VipCaiNa (1 — NonaVerom) 10~ (35

where N and NJ“ are the number of counterions and
byions in the outer domain, respectively. The total salt
concentration is

Csalt = (1 - nDNAVdom)ngItt + nDNAVdomCisnalt (36)

Thus, by combination of these equations we can recalculate
cn . into c2ak or vice versa.
For the translational free energy of the outer domain we

have

kg T _
Ft?laﬁws: Viu(l - nDNAVdom)']-0 3ms'{2\/c(:gglttl\|AVcell
ce
X |n[VcnglttNAVcell]} (37)
where the parametetis lacking because for NaCl it holds

Ve =V, =1.

Egs. (33) and (37) depend directly on the salt concentra-
tion employed, ¢, and indirectly on the dielectric
constant,, of the solvent, but there is no influence of the
degree of PEG-polymerisatid?, pec.

It is important to comment the quantities and parameters
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versus the expansion coefficiesmt

involved in the above equationSg,y, Cres Pwpes and
Xmethanol @r€ presented by the experimenter. They become
systematically varied. Also no problem is the DNA-concen-
tration, cpya, determining the numbenpya of DNA-
domains per 10°m® As long as the solution is dilute,
NonaVaor{(1, SO that in principle we consider a single
DNA-molecule.

In conclusion, there remain only three quantities that are
unknown a priori. They are the salt concentratiat},
inside the inner domains, the numbafcg, of PEG-mole-
cules in the inner domains, and the expansion coefficignt,
of a DNA-coil. All other quantities are constants or para-
meters that can be calculated or derived from literature data.

Our task is now to compute the critical PEG-concentra-
tion at which the DNA collapses. For this purpose we need
three equations. They are the following equilibrium condi-
tions:

e (1) We have the free energies

I:in F%x + I:elasdl' Ftrans (38)

-Cin

salt

700 2,3, 4.c.5 6
= atbat+ca +do +ea +Ho +go

600
500

400

C.r ! (Mol/m’)

300

Fig. 5. Salt concentratiorcis"a,t, inside the inner domains versus the expan-
sion coefficienty, whereP,, pec = 182, Cogg = 50 kg/NT, Xmethano= 0 Kg/

m?, o= 0.5M, T = 25°C,a = 234.60b = 259.14c= — 474.97d=
436.01,f = — 145.30, andy = 16.42.

olymer 40 (1999) 4013-4023 4019
and
t t
I:out Fr%Lllx + Ft?gns (39)

From these we calculate the chemical potentjals=
dF/oN, |,¢JVT of the PEG-molecules and the salt At

the equilibrium state it hold&pEG— uhts and pik, =
out

Msai SO that
in
(9(Fmix/(n|?NAVd0m)) _ AFs/(1 — NpnaViom)) 40
IPPeG IPREG
and
(Ftrans/(nDNAVdom)) AFAJ(1 — NpnaVeom)) 1
acsalt &ngltt
e (2) The osmaotic pressuré], is defined as
AFIV) F
= |y — — (42
Zi: ‘M’i ||7é],V,T i v
For the inner domains we find
&<Fmix/(nDNAVdom)) in " &(FinQix/Vdom) in
- i DNA - . ,in ___ WPEG
IPPNA IPPe
a(Fipans/nDNAVdom) Cisn Ftotal 43)
aCsaIt al r.'DNAVdom
and for the outer domains it holds
S F
v — 1 — npnaVdom out
IPRLG
a( Fifans )
1—pnaViom ) ou Fout,
IChi 21— npnaVaom
(44

At the equilibrium state both pressures are equal, i.e
1" = P

Egs (40) and (41), anA™ = I1°* build a system of three
equations. This system can be solved and used to determine
the three unknown parametersnpeg, andciy. Obviously,
this cannot be done analytically, but numerically. The
program used is again 'Maple'.

3. Results and Discussion

The calculation procedure is as follows. First, we solve
EqQ. (40) numerically for a number of values@fy, Py pec
Conas @ndcpeg. The output is a relationship between the
DNA-expansion coefficiente, and the number of PEG-
moleculesnpcg, inside the inner domains. Fig. 4 shows a
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Fig. 6. Free energy versus the expansion coefficientvhereP,, pec =
182 Cpeg = 50 kg/NP, Cop = 0.5 M, Xmetnano= 0 kg/n? andT = 25°C.

typical result. Theregpeg is 50 kg/nT, Xmethano! IS 0 kg/
m®Pypec = 182, andcg, = 0.5 M. The curve obtained
can be well described by the polynomial fit
niFTEG =a+ ba + ca? + do® (45
where the coefficients, b, cand d are— 17.85, — 85.31,
30.89 and 73832.5. It should be pointed out that these value
are dependent on the interval chosen doiFor certaina-
values npeg becomes negative or complex. SuoBes
values are unphysical and thus it is important to specify
the a-region for which thenpgg are physically reasonable.
Here, thisa-regime is 036 < o < 1.92.

The second calculation step is the determination of the
salt concentratiorcey, inside the inner domains. It is found
by solving Eq. (41). Again the result can be quite well fitted
by a polynom. Fig. 5 shows an example.

The last step is the computation@fFor this purpose we
insertnbe(a) andciy(«) into the condition/I" = I1°" and
then we varya as long as this condition is realised. Fig. 6
shows a typical result. We find three solutions fer a

fact also reported by Vasilevskaya et al. [29], but not all
of these threea-values are physically reasonable. Here
we get the solutions ¢y =0.38, «, =188, and
2.5 ; —r — -
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Fig. 7. The expansion coefficient, versus the PEG-concentratiaipgg,
wherePy, peg is 182,Csqt = 0.5 M, Xmethanoi= 0 kg/n® and T = 25°C.
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Fig. 8. The PEG-concentration inside a DNA-domain versus the total PEG-
concentration withP, peg = 182, Cgqr = 0.5 M, Xnethanoi= 0 kgm® and
T=25C.

az = 2.48, but a3 lies outside the definition region of
a. At a3, the ngggvalue becomes negative, so thaf

is unphysical. That is, there remain only twovalues,

aq and a,, Where oy describes the collapsed state and

the coil state. That means, in this special case we have two

*DNA-conformations present simultaneously, but this is not

generally the case. Mostly, we obtain only one solution for
a, i.e. one DNA-conformation, either the coil or the globule
state.

A more illustrative interpretation can be given as follows.
We distinguish three cases: (1)Avalue of the order of 1 or
larger predicts a good compatibility between the PEG and
DNA-molecules. PEG-molecules can, practically, freely
penetrate inside a DNA-domain. The DNA has a swollen
coil conformation and, therefore, the PEG-concentration
within the DNA-domain is nearly as large as in the outer
domain. (2)x is much smaller than 1. Then the DNAis in its
condensed state, and we have practically a perfect segrega-
tion between the DNA and the PEG-molecules. (3) We have
two a-values, i.e. we are in the transition or coexistence
region. Two DNA-conformations coexist side by side,

) T I T T T T
200 [ |
s> 150 Creaont = 3D (M, s /M, ) i
£
[<)] L
<
=~ 100
3 L
w
o 50}
0 L | 1 N 1 L
0 5 10 15 20 25
M, e ! (kg/mol)

Fig. 9. The critical PEG-concentratiofsegeritical, VErsus the PEG molar
mass Wher€g,is 0.5 M, Xmethano= 0 kg/m® andT = 25°C. Additionally, it
holdsM, = 1 kgm®, a = 19.22,b = 9493 andc = 0.556.
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Fig. 10. The critical PEG-concentratiothege, VersusM,, peg at various
methanol fractionS¢methanot Wherecs, is 0.5 M andT = 25°C. The upper
curve correspondents Witkyemano= 0 kg/n and the lowest curve with
Xmethanol= 240 kg/n?.

namely expanded DNA-domains wigh> 1 and contracted
DNA-globules witha < 1.

4021

Instructive is also a plot of the PEG-concentratidEEG,
inside the DNA domains versus the total PEG-concentration
Cpea Such a plot is shown in Fig. 8. As long as the DNA and
PEG-molecules are compatiblfg increases linearly with
cpeg Where Cig is nearly as large aspeg Then, in the
coexistence zonepgg drops sharply down to a value of
nearly zero. That is, the DNA-domains contract. There
remain some PEG-molecules inside a DNA-domain, but
their number is about two orders of magnitude smaller
than in the expanded state.

Fig. 9 illustrates the influence of the PEG molar mass,
Mw.peG: ON Cpege- We see, the lower the molar mass the
higher is the PEG-concentration at which the DNA
contracts. Sincepegc behaves abl,, B2 it is very difficult
if not impossible to deteatpeg, for PEG samples, having
molar masses smaller than 9402 kg/mol. Theoretically,
Cregc Cannot be larger than the density of pure PEG. Thus,
the smallest possibl®l,, pec-value at which condensation
can take place is 4050 ° kg/mol. This value is nearly as
large as 44.05.0"2 kg/mol being the PEG repeat unit molar

The questions are now: (1) What are the influences of the mass. That is, theoretically also ethylene glycol should

system parametergpeg, Csar @andP,, peg 0N DNA-conden-

induce the transition, but at a very high concentration. The

sation and (2) how do the theoretical predictions agree with upper limit forM,, peg iS achieved whegpgg, converges to
the experimental results? We can only address the secondero. According to Fig. 9 this situation is given at

question in this paper.

We start our discussion with the dependence oh Cogc.
A typical plot is shown in Fig. 7. For PEG-concentrations
smaller than 57.5 kg/inthe regime of good DNA-PEG
compatibility is realised. The values of are of the order
of 1.9 and do not depend on the absolute valueggf. In
the narrow range of 55.0 kgfn< cpeg < 60 kg/nT we

Muw.pec =70 kg/mol. However, the value of this upper
molar mass M, e depends on the actual value af
Whena converges to zerdl,'bes converges to infinite. It
is therefore not surprising that experiments [39] exist where
DNA-condensation is observed with PEG-molecules having
molar masses larger than 100 kg/mol.

The most interesting quantity that influencggg. may

observe both DNA-conformations side by side. This is the be the solvent quality, i.e. the solvent composition. Here, we
coexistence zone. Unfortunately, theory says nothing aboutuse a mixture of water and methanol where we have varied
the prozentual ratio of both states. Therefore, we define thethe methanol contenmemanot PetWeen 0 and 240 kgfn

middle point of this region, i.e., the concentration
Cpege = 57.5 kg/m® as the critical PEG-concentration.
There, probably 50% of the DNA-molecules are in the
coil-state and the other 50% in the contracted state.

100 . : . , .
CPEG,G!I? = k1 +k2/(csal()
—~ T5F
£
()]
<
3
o 50
Ol
25 1 1 " 1 n |
0.0 0.5 1.0 15 2.0
c_.IM

salt

Fig. 11. The critical PEG-concentration versusg, for M, peg = 6 kg/mol,
Xmethano= 0 kg/m® and T = 25°C. The parameters of the fit formula are
ki = 3213 kgm® andk, = 12260 kg moim®.

This corresponds to mass fractiong,emanot PetWeen 0 and
25.2%. The calculation is somewhat more complicated than
for pure water because methanol alters a number of para-
meters. They are among others the Flory—Huggins interac-
tion parameters, the molar volume, the dielectric constant of
the solvent, the DNA persistence-length, and the cell
volume of the solution. A measure for the change of the
cell volume is the ratio of the DNA radius of gyration in
pure water to the corresponding radius in the methanol—
water mixture. To this approximation it holds

Vcell(xmethano)

1/2
< SZ > 2DNA t(Xmethanol = 0)]

12
<& >ZDNA

)3

(46)

= Veell(Xmethano™ 0)
(Xmeth ano)

Additionally, water and methanol interact with each
other. They build cluster molecules so that in the statistical
average the mass of a solvent—monomer unit increases
while simultaneously the number of solvent particles per
unit decreases. This coordination effect alters the degree
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3 T T T T T T y The correlation between the expansion coefficiengnd

coil conformation Csai 1S @lso quite interesting. For the expanded coil state (see
Fig. 12) @ increases as, increases while for the collapsed
statea decreases or is nearly salt independent. The intersec-
tion point of both curves determines the limiting salt
concentration below which no DNA condensation takes
az ko) place. The electrostatic repulsion forces are then so strong
1 T that a DNA contradiction becomes impossible. A similar
statement was given by Grosberg [25]. He points out that

Sollapsed conformation a minimal salt concentration is necessary to induce DNA

0 . L . L : L . condensation where we see that this concentration decreases
00 05 1.0 15 20 with increasing methanol content.
Coar/ M According to Fig. 12« rises axg,; increases. This result

. . . _ is opposite to what will be observed when the DNA is
Fig. 12. The expansion coefficient, versus the salt concentratiogy, for di ved i uti f f PEG. Th it that
both the coiled and the collapsed state. The system parameters are: ISSolved In a solu I(_)n ree o o us, It seems that a
Xmethanoi= 0 KGIN®, My, pec = 6 kg/mol andT = 25°C. DNA-molecule may first expand before it collapses. Such an
effect is not unusual. It is also observed for neutral polymers

of polymerisation,P, of the solvent. For simplicity we  in mixed solvents [41].

assume that We finish this section with some statements about the
coexistence zone. According to the present model neither
Ps = 1+ XmethanofMmethanofMater A0 the methanol concentration nor the salt concentration have

whereM ethano@NdMyater are the molar masses of methanol  @n influence on thg wi_dth of the coexistgnce zone. Our
and water, respectively. Further effects, such as the interac-€xperimental investigations do suggest this prediction, but
tions between solvent and the small salt ions, are neglected Other authors [29] propose that there is a slight increase in
Fig. 10 presents some results. We see a plotsgf. the width with increasing salt concentration. The quantity
versusM,, peaWhere each curve describes a different metha- that alters the extension of the coexistence zone is the PEG
nol concentration. In comparison k4, pe the influence of ~ Molar mass. lts width increases a8, pec increases.
Xmethanol ON Cpege IS rather small. This may be somewhat However, the width of the coexistence zone is in all cases
surprising, but it is in line with the results of measurements. rather small. It exceeds never 3 kginTherefore, we can
To describe the dependenceaag. ON Xmethano/as Well state the process of DNA-condensation is a sharp transition,
as onM,pee, @ multiple regression fit is possible. For Probably of first order.
instance, forc; = 0.5 M we have

103 kg/mol | 4. Conclusions
CpeGge = kl(xmethano) + kz(xmethano)( 79/) (48)

MW,PEG . . . .
The compacting of a single DNA-molecule dissolved in
with Ky (Xmethana) = —19.2 + 0.0071 X ethanot Ko(Xmethano! an aqueous—methanolic salt solution of PEG-molecules was
= 9500— 6.08Xnethanol k3 =0556, M, pec€E [0.9, investigated theoretically. A statistical thermodynamic
20 kgmol], andXmethanol € [0 2 40 kgm?]. model calculation is presented that directly yields the criti-

Finally, we come to the influence of the low molar salt. cal PEG-concentratiorgeege, for the point at which the
We can expect that,alters not onlycpeg., but alsoa. The coil-globule transition takes place. The most important
higher the salt concentration the stronger the DNA charges predictions are: (1) the critical PEG-concentratigdge,
are electrostatically screened from each other so that which is a function of the system parameters, such as the
should decrease. PEG degree of polymerisationP, pgs, the methanol

Fig. 11 shows a plot ofpgge Versuscg,. We seegfpege content,Xmethanot @Nd the concentratiort,;, of the added
decreases continually as;,; decreases. That is, DNA salt increases aB,, pgg decreases, it decreasesxX@ganol
compacting is generated at sufficiently high values of increases, anthgg is the more smaller the higheg,is. (2)
Mypona and low salt concentration. The transition point There exists a coexistence region where DNA-coils coexist
shifts to lower values ofpgge the highercg,; becomes. side by side with collapsed DNA-globules. The width of this
The curvature is asymptotic and converges to the limit coexistence zone is very small and more or less independent
Crege = 32 kg/nt. This is understandable because at high on the system parameters. Thus, the transition is discrete and
enough salt concentration the DNA charges are nearly not gradual. (3) The average size of a condensed DNA is both
completely neutralised so that,; has no influence any independent on the solvent conditions as well as on the
more. The same effect can be observed for the DNA-persis-degree of PEG polymerisation. The latter influences only
tence length [40]. Above the limitsy = 1M, I, no longer the position ofcpege. The expansion coefficienty, is of
depends Oftgy. the order of 0.4 for the contracted state and of the order of
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