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The compactization of a single DNA molecule in polyethylene gly@@EGQ solution was
investigated both theoretically and experimentally. A theory is proposed taking into account the
polyelectrolyte effect and redistribution of PEG within DNA coils. This approach makes it possible
to describe the dependence of critical valogof PEG concentration at the point of DNA collapse

on the degree of PEG polymerizatioR, and on the concentration of low-molecular sai,
Observation of single DNA molecule in solution of PEG has been carried out by means of
fluorescence microscopy which allows one to observe the conformation of individual DNA directly.
Direct evidence that the coil-globule transition of DNA occurs as first order phase transition was
obtained. It was confirmed that the critical concentration of PEG decreases with an increase of the
degree of PEG polymerization and salt concentration. The width of the coexistence region of coil
and globule was found to be dependent on salt concentration and degree of polymerization of PEG.
It was found that DNA undergoes re-entrant globule—coil transition in concentrated solution of
high-molecular weight PEG. These experimental results correspond well to the theoretical
predictions. ©1995 American Institute of Physics.

I. INTRODUCTION important for DNA macromolecules, because they are
strongly charged in aqueous solutions. We have found only
The phenomenon of the collapse of DNA macromol-one paper, namely Ref. 6, where the fact that DNA coils are
ecules in an aqueous solution of polyethylene gliy&EG polyelectrolytes is explicitly taken into account. The corre-
has been discovered by Lermit was shown that DNA  sponding theoretical analysis involves the consideration of
coils swollen in water shrink abruptly when a suitable Donnan equilibrium between the interior of the DNA coil
amount of PEG is added to the solution. Since that time thisind the outside solution. However, another important factor,
effect attracted considerable attention both  fromnamely the difference in PEG concentration inside DNA
experimentalists and theoreticiarfs® because of its funda-  coils in comparison with that in the outer solution, was prac-
mental significance and important applicability for moleculartically not taken into account in Ref. 6. On the other hand,
biology. from our experience in the theory of the collapse of polyelec-
The general physical explanation of DNA collapse introlyte networks:>*?we know that this factor is very essen-
PEG solutions is very simple. The contacts between DNAjal and its accounting leads to drastic changes in the transi-
and PEG are considered to be thermodynamically unfavorion behavior. This was in fact initial motivation for the
able. Therefore the solvent quality for DNA becomes poorepresent study; we have discovered that our present under-
upon the addition of PEG, that is, the effective attractionstanding of the collapse phenomenon in other polyelectrolyte
between the segments of DNA macromolecule increases. Asystem$ =3 (mainly in polyelectrolyte gelsdoes not corre-
a result, at some critical concentration of PEG the abruptate with the older theories of DNA collapse. One of the aims
contraction of DNA coil occurs(coil-globule transition  of the present work is thus to develop the simple theory of
The theoretical consideration of collapse of DNA has beerDNA collapse, taking into account the factors which play the
developed in Refs. 48, analogously to the theory of coil-most important role in the related problems of the collapse of

globule transition in the solutions of neutral macromoleculegyolyelectrolyte gels and polyelectrolyte flexible macromol-
(see Refs. 9 and 10 ecules.

However, it is well-known that for the other problems of In the next section we will derive the free energy of
statistical physics of macromolecules, the presence of even@NA coils in PEG solutions. The results of the calculations
small fraction of charged links drastically changes the picturgor DNA collapse transition are presented in Sec. IlI.
of conformational transitions-*? This should be especially Recently we have published the result on the direct ob-
servation of DNA collapse in PEG solution by using fluores-

Apermanent address: Nesmeyanov Institute of Organoelement Compound<£Nce micr.osclolpjjf Observaﬁon_ of the _Conforrr_‘ational
Russian Academy of Sciences, Vavilova st.28, Moscow 117813, Russia. changes of individual DNA has given the direct evidence of
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6596 Vasilevskaya et al.: Collapse of single DNA molecule

N The free energy of DNA coili-, can be written as a sum
a) J = . b) . Yok of three termgcf. Refs. 11 and 12
s’o Y
S ,I \\é\ ‘i %r{ F:Fmix+ Fel+ I:tra (1)
“TI Ny S \o ) ¢ < whereF ,x describes the free energy of mixing of DNA and
o ! - " linear ponmer,Fe|.describes.the elastic pa}rt of the free en-
N l‘ S A < ergy for DNA chains, andr, is the translational entropy of
.- o Iy small ions in the systerfi.e., counterions and ions of low-
S /’ molecular salt Of course, direct electrostatic interactions
Y N PO between charged species should be also taken into account,
> e =) however, as it has been shown in Ref. 12 the direct electro-
¢ N static contribution to the free energy is always negligible in

comparison withF,, . Direct calculations show that this is

FIG. 1. Schematic representation of conformation DNA in a solution of,[rue for the present case as well.

PEG. The broken line indicates the effective volume of the Di#\regime

of good compatibility;(b) regime of perfect segregation. T(:) Write_ down the termF, we will use the Flory—
Huggins lattice model,

the disprete character of coil-globule trans?tion. Before thi; Fmix _ & In %Jr(l_q)_(pp)m(l_q)_q)P)

study, it had been obscure whether the coil-globule transi- KT P P

tion of DNA is discrete or diffuse, since under use of another
methods, such as light scattering or viscosity measurement,
the values of radius of gyration, for example, were obtained
as averaging over ensemble of the moleciiie Ref. 15 +xpsPp(1-P—=Pp) |- 3, @

In the present paper we have extended the experiment to

know the dependence of critical PEG concentration at thaVhereT is the temperature is the Boltzmann constart, is
transition pointc on the degree of PEG polymerizatidh the volume of the DNA coil, and is the elementary spacing
and on the concentration of low-molecular salt. These exin the Flory—Huggins model which was defined to be equal
perimental results are presented in Sec. IV, where the conf the width of the DNA Kuhn segment. In E(R) @ is the
parison with theoretical results of Sec. Ill is given as well. volume fraction of DNA monomer links inside the DNA coil,
The comparison shows, in particular, that to understand ex@"d®p is the volume fraction of PEG molecules; due to the
perimental results it is necessary to take into account som@compressibility condition, the volume fraction of the sol-
specific features of the behavior of PEG in aqueous soluvent is thus equal to 1®—dp. The valuesy;; (i.]

+XNPP P+ xnsP (1P~ Dp)

tions. =N,P,S) are the Flory—Huggins interaction parameters be-
tween DNA chains ), PEG molecules B), and solvent

Il. FREE ENERGY OF DNA IN AQUEOUS PEG molecules §). Of course, Eq(2) is based on a very simpli-

SOLUTIONS fied model. However, any other equations of state for poly-

. . __mer solution can be used instead of EB3); this will not

We will consider DNA macromolecules as a long stiff change the main qualitative results. Therefore we prefer to
polyelectrolyte chain with a persistent flexibility mechanism. ,emain within the Flory—Huggins approach which is most
Let us suppose that this chain is immersed in the solution ofymijliar to polymer physics.
linear flexible polymeri.e., PEG and low-molecular salt. Following Ref. 10 the elastic free enerfy, can be writ-

Following the approach used in our theory of collapse ofien in the form
polyelectrolyte network$? we divide the total volume of the
system into two parts, the volume occupied by DNA coil and F_el _§ ( 2, i)
the external polymer solutiofsee Fig. 1 Flexible (PEG kT 2° a?)’
F:hams can pepetrgte inside DNA CO.IIS but their concentr.at|ogvherea is the expansion factors of the DNA coil with re-
in this region is different from that in the external solution. . . 12 . .
To describe DNA collapse we will write the free energy of spect o its |dea_l SizeRo=N “I: C?:R/RO (R being the

P i Sy Ol 4 ctual average size of the DNA cpil

DNA and free energy of external solution. The equilibrium

size of the DNA coil will be determined from the condition The first tgrm in Eq(3) is respon§|ble for the entrqpy
. loss of DNA coils when they expand with respect to the ideal
of the minimum free energy.

Let us introduce the following notatiom is the total size, while the second term describes the entropy change

) under strong contraction of the coils. The interpolation for-
number of Kuhn segments of lendtfandd is the character- mula (3) was first proposed in Ref. 16 and later successfull
istic diameter of DNA double-helical chain. As to PEG mol- prop ' y

ecules, we will assume that they are flexible and have thv'élsed to describe the collapse of polymer gels. By taking into

degree of polymerizatioR. To consider the effect that DNA account the following relationship:
macromolecules are strongly charged, let us denote the num- NI/d Nld? 3d?

()

. . 3_ —
ber of charges per DNA chain &3. Of course,Q counteri- ‘—‘77R3d - PENENERE T AaaNT22,3 (4)
ons should be also present in the vicinity of each DNA coil 8 8
to compensate its charge. the formula forF can be expressed as

J. Chem. Phys., Vol. 102, No. 16, 22 April 1995
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3d?

Fe 3
47NY2 29

2/3 477N1/2| 2(1) 2/3
3d? '

©)

6597

@3/3@1/3(1 @5/3d

+® +(XnsT XPs— Xnp)

I=\r

The expression foF,, representing the translational en-
tropy of small ions can be written in the form

NI D3N
XODp+2(ng—nd)+(Pp—D2)(1—1/P)

1-9—Pp 2 2 0y21—
—=|| = ®+ng|In| — ®+ng|+ng In(Nng) |- =3, P
kT NI NI d
11y
wh_ere the_flrst term gives the translational entropy of_coun-—- In 0 —=In T30 —(xnst xps— xnp) @
terions[it is easy to understand that the concentration oiP P P
counterions i_nside t.he DNA coil is elq.ual t@d/N_I)Cb{d_e‘] +2xps(¢g_q,P):0, (12)
and the salt ions with the same positive sior simplicity
we assume that these ions are indistinguishable from thle I Qd | In(n
counteriong while the second term describes the transla—n(nS)Jr n n5+m @ |=2-In(ny), (13
tional entropy of the low-molecular salt ions of the opposite
sign. In Eq.(6) ng is the concentration of salt ions inside the where
DNA coils in dimensionless units, i.e., the actual concentra- 3d?
tion is multiplied byb®, whereb is the characteristic size of Po=71 777 (14)

an ion.

In conformity with the above-stated assumption the free

energy of the external solutiofoutside DNA coil$ should
be written in the form

Fex {cpg (cpo

| ZPa 2P ) 50
T 5 In 5 +(1—-®p)In(1-Dp)

!

+xps®(1—®2)+2n2 In(n?) o

()

whereV' is the volume of the solution outside the c(ihe
limit V'>V is taken in the final formulas®$ andn? are the

This system is solved numerically for different values of
the parameters. The results of calculations are presented in
the next section.

IIl. NUMERICAL RESULTS

The mathematical analysis of systeifid)—(13) show
that, depending on the parameters of equations, the system
has either one or three solutions; in the latter case only two
solutions are of physical meaning, since the third solution
corresponds to the maximum of free energy. Nevertheless the
solutions with physical meanin@rrespective of number of

PEG volume fraction and salt concentration in the outsideso|utions always obey two limiting situations. The first situ-

solution. We will assume here and below tdg} andn? are

ation is the regime of good compatibility between PEG and

also average values for all solution which is the case if vOl-pNA [see Fig. 1a)]. PEG molecules practically freely pen-

ume fraction occupied by DNA coils is very low.
Equilibrium values of®, ng, and®, are determined by
the following three equilibrium condition's:

(1) the equality of osmotic pressure,

F a(FIV AFIV AFIV
(FIV) o 0EN) ORIV o

V' 9P ang S obp P
t t, t, (8)
Fex +a(FQX/V') IFINV)

YZ an? s DY P

(2) the equality of flexible polymeftPEG chemical poten-

tials,
d(FIV) a(F*IV')
iPp  9DY

9
(3) the equality of low-molecular salt chemical potentials,

AFIV) a(FIV)

ang ond (19

By substituting Eqs(1)—(7) into the conditiong8)—(10)
the following system of three equations is obtained:

J. Chem. Phys., Vol. 102,

etrate inside the DNA coil, so that the composition of water/
PEG within the DNA coil is the same as the composition of
water/PEG in the external solution. In this regime DNA has
swollen coil conformation. It should be pointed out that ex-
istence of this regime is caused by the availability of free-
moving counterions creating osmotic pressure exerting
DNA. On the other hand, the presence of counterions leads
to the improvement of compatibility between two different
polymers since in the case of phase separation translational
loss is very high® The second limiting situation is the re-
gime of practically perfect segregation between the DNA
chain and PEG moleculesb,<®9 [see Fig. 1b)]. PEG
molecules segregate from the DNA coil and impose addi-
tional osmotic pressure which induces contraction of the
DNA to the globular state with an increase®®. If systems
(11)-(13) have three solutions, the transition from first re-
gime to second one occurs as a phase transition with a dis-
crete jump in DNA size. The phase transition point is deter-
mined according to the Maxwell rule.

Now let us discuss the results of numerical calculations.
Clearly the exact shape of the curdg ®%) can be cal-
culated only with precise knowledge of values of all param-
eters of these equations. It is known from the literature that

some of these parameters, for example;, depend on the

No. 16, 22 April 1995
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6598 Vasilevskaya et al.: Collapse of single DNA molecule

volume fraction of PEG and temperatusee e.g., Ref. 17 a)
But to understand the most essential features of DNA in PEG
solutions we would like to discuss some limiting cases as the a b
first step of theoretical analysis. Thus, let us suppose that
xps= Xns=0 because of good compatibility of DNA and d
PEG with water at room temperatures.
Parameters which characterize DNA molecules were 3F
chosen to be typical for the experimental investigation of
DNA compactization. We took data from Refs. 5 and 18 =
reported to us that the radius of gyratidn of T2DNA
(M=1.24x108%) in 0.2 M NaCl is equal to 2.5210 * cm.
Contour lengthL, of DNA can be roughly estimated as B
L.~Md/660 A; thediameter of DNA double-helical chain
is aboutd~20 A. Thus volume fractior® of DNA links 1t
within  the DNA coil can be estimated as
®d~L,d¥h®~10"% We took for our calculations, -
NI/d=M/660~10°, ®,~N"12~0.008,Qd/NI=0.1. Un-
der these values of parameters in the solution of low- 0.0 0.1 0.2 0.3 0.4 0.5
molecular salt with dimensionless concentratignequal to
0.0054, the system of Eq$11)—(13) gives an equilibrium p
value of ® approximately equal to 19, i.e., we varied pa-
rametersQ and®, to obtain a desirable value df. For the
case of NaCl, dimensionless concentration of 8g#0.0054 s -
corresponds to 0.2 M. As for parameteyp, it was chosen
as 0.4;x\p=0.4. 0.4F .
In Fig. 2 the dependencies af=(dy®)* (a) and p
(b) on ®9Y for different values of the degree of polymeriza-
tion P are presented. At small values Bf (curve 1 the 0.3 } .
regime of good compatibility is realized even at high values
of ®3. In this case the DNA coil exhibits only a small de- =]
crease of the size with an increasedd}. At higher values of 0.2 F
P (curves 2-4, systemq11)—(13) have three solutions and
curve a(P?) consists of the two parts with sharp transition 3
between them; the first part corresponds to good compatibil-
ity and swollen DNA coil; the second part describes com- ’ 4
pressed DNA and regime of perfect incompatibility. Rs - 1
increases the point of transitiohy shifts to smaller values > \
of @ 3. At the end, in the case of very high valuesfoPEG 0
and DNA are incompatible at all values &5 (the system ’
has only the solution corresponding to perfect segregation p
even at extremely small values @%). DNA contracts mo-
notonously and reaches a globular state at very low values &fG- 2. Dependencies of (a) and @, (b) on @7 at ng="5.4x10"° and
®3. These results are natural since incompatibility of stiff P =4(1), 602), 1503), 4504), 20005).
and flexible polymers is a well-known entropic effétand
this effect becomes more pronounced as the degree of poly-
merization increases. Figure 4 illustrates quantitative comparison of our theo-
Figure 3 illustrates the influence of low-molecular saltretical results with experimental data and the theoretical
concentratiomg on a(®%). Here, the less the salt concen- curve obtained in the framework of Frisch and Fesciyan
tration, the higher the valu®§ at the transition point, and theory (see Ref. & It should be pointed out that both the
the less the contraction of DNA before the discrete transitiorexperimental data and the theoretical cu¢i¢es drawn as a
into globule. This is due to the fact that the role of osmoticdashed ling are taken from the same pafen Fig. 4, the
pressure of counterions of DNA molecules is relativelydependence of PEG critical concentration corresponding to
smaller in the presence of other small ions. DNA compactization on ionic strength is presented. This
These theoretical results qualitatively coincide with thedependence was obtained far DNA with the molecular
experimental data reported in Refs. 1, 2, 5, and 20—22weight M=3x10’ in solution of PEG with the degree of
Namely, compactization of DNA is generated at sufficientlypolymerizationP~100 and NaCl. Our calculations were
high values of degree of polymerizatiéhof PEG and low- performed for the following parameters chosen to be in cor-
molecular salt concentratiary. The transition point shifts to respondence with experimental conditiods/d=45 000;
lower values of2 with the increase ofs. P=100; xynp=0.45; $;=0.01; Qd/NI=0.1. One can see

N
1
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which leads to a decrease of the effective charge of DNA
6 I . (parameterQ). Besides, our experiments on direct observa-
5 i tion of DNA conformation(see Sec. IY show that at high
salt concentration the coexistence region of coil and globule
states is rather wide. Thus, the discrepancy between experi-
mental and theoretical results at high salt concentration can
4} - be explained by the fact that experimental determination of
the transition point is somewhat ambiguous. To conclude,
= although the fit of experimental data of Ref. 6 to the theo-
retical predictions of the present paper shows rather strong
. deviations, however, the qualitative behavior is described
2 | i quite satisfactory.
3 To obtain the experimental verification of theoretical re-
sults and to receive deeper insight into the features of DNA
1r - coil—globule transition in PEG solution, we have carried out
L ] an investigation of DNA conformation with fluorescence mi-
ol v vy croscopy. In the next section we discuss the results of our
0.0 0.1 0.2 0.3 0.4 0.5 experimental exploration.

@0

IV. EXPERIMENT

FIG. 3. Dependencies af on @S for P=60 andng=10"3 (1); 4x1073(2); TADNA (M=1.08x10% was obtained from Takara
1072 (3). Shuzo Co., Ltd., and from Nippon Gene. PEG was partly
purchased from Kishida Chemical Co., Ltd., and in part was
gifted by Nihon Qils and Fats Co., Ltd., and it was used
without additional purification. The fluorescent dye,
4' 6-diamidino-2-phenylindole (DAPI), and antioxidant,
2-mercaptoethandR-ME), were purchased from Wako Pure

that the theory proposed predicts more pronounced depe
dencec(u) which at low values ofu deviates strongly from
the nearly linear dependencéw) obtained in Ref. 6; this
fact has better correlation with the experimental data. On theChemicaI Industries. Ltd

other hand, at high values @f our theory predicts stronger The sample solutions were prepared in accordance with

dependence on u and lower critical values in comparison . ; . L
with experimental data. It suggests that to describe the defpllowmg procedure. At first, PEG was dissolved in distilled

N e . water (~55 °C); then other components were added to the
pendences(n) quantitatively it is necessary to take into ac- aqueous solution of PEG on the following consequence:
count also the nonzero values of the parameigrs, xns, q g g '

" - . NA, DAPI, 2-ME, and NaCl. The final concentration of
and additional factors such as condensation of counterio NA. DAPI. and 2-ME were kept constant in all experi-

ments; DNA in nucleotide, 0.aM; DAPI, 0.6 uM; 2-ME,
4% (v/v). The concentrations of PEG and NaCl were ad-
! ! justed as desired. The sample prepared stood still for 35 min
before direct investigation and then observations were car-
ried out at room temperature-20 °C) in buffer solution to
keeppH.
i Fluorescence images of DNA molecules were observed
by use of Nikon TMD microscope equipped with a 200
oil-immersed objective, and were recorded on videotapes
with a high sensitive Hamamatsu SIT TV caméseae Fig. 5,
I). The data were analyzed with an image processor, Argus
10 (Hamamatsu Photonigs
- To characterize the DNA sizes we have measured the
lengthL of long axis of DNA defined as the longest distance
in the outline of the DNA image. To find the distribution lof
the values oL were averaged over a hundred different mol-
ecules. In the region of coil—globule transition of DNA this
distribution has two maxima and it is this fact that proves
directly the discrete character of DNA conformational
transition®*
B, M Figure 5 shows fluorescence images of the DNA mol-
ecule(l) and the corresponding quasi-three-dimensional rep-
FIG. 4. Comparison of theoretical and experimental data. Dependence glagentatior(l| ), wherel is the intensity of fluorescence light.
critical PEG concentration on ionic strengthu; closed circle, experimental

data from Ref. 6; dashed line, theoretical curve from Ref. 6: solid line, GIVEN here are the imprin_ts of DNA SFaying in céa, glol_o-
theoretical curve calculated by Eq41)—(13). ule (c) conformation, and in the situation when both coil and

mg/ml

c,

100

J. Chem. Phys., Vol. 102, No. 16, 22 April 1995
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6600 Vasilevskaya et al.: Collapse of single DNA molecule

A) a)

B)

a
1008

1 see

FIG. 5. Fluorescence images of TADNA) and corresponding three-dimensional representaf®)n | is the intensity of fluorescence lighta) coil
conformation;(b) coexistence of coil and globule conformatidn) globule conformation.

globule states coexigb). To make sure that each obstacle in concentration of PEG of a different degree of polymeriza-
the fluorescence image actually represents the single DN#ion. Since under high concentration of PEG the intermixing
molecules, we have integrated the intensity of fluorescendf PEG, DNA, and other species is rather slow, we have
light over individual obstacles. From this procedure, we haveprepared the mixed sample with gentle heating. Namely, a
found that the total intensity of fluorescence light of sepa-mixed solution was kept at 55 °C for 15 min; then it stood
rated obstacles approximatelyvithin experimental error for 20 min at room temperature~20 °C) before observa-
about 10% equal to each other for different obstacles whichtion. In this experiment we used 10 mM tris-HCI bufigH
show up DNA on coil and globule states. It confirms that we=7.9).
really observe the compactization of single DNA molecules, In the solution of PEG with a degree of polymerization
and that the transition of DNA from coil to globule state is P=186, sharp first-order phase transition of DNA to the
not accompanied by the process of intermolecular aggregaylobule state was observed at PEG concentratiopqual
tion. approximately to 250 mg/njFig. 6(@)]. In the case of longer

Figure 6 shows the dependencies of DNA dizen the  macromolecules of PEG with a degree of polymerization
P=454, the DNAcollapse occurs at smaller values of PEG
concentrationc~3 mg/ml[Fig. b)]. This kind of experi-
mental trend coincides with previous experimental
data®?%-?2and theoretical results discussed in Sec. Ill.

Figure @b) has another interesting and striking feature;
DNA returns to the expanded coil state at high values of PEG
concentration. This transition is realized also in a jumplike
1 manner as first order phase transition. To our knowledge the
effect of re-entrant decollapse of DNA in concentrated PEG
solution has never been observed until now. Experimental
methods used allows an estimate of the width of the region
1000 of the coexistence of coil and globule state; in this region
distribution of the size of DNA coils has two maxima. One
can see that the region of coexistence of coil and globule
DNA is somewhat wider in the case of longer PEG macro-
molecules. On the other hand, it is worthwhile to mention
that, with an increase of time the coexistence region becomes
narrower in both cases; metastable coils and metastable glob-
ules gradually change to more stable globule and coil states,
respectively.

We also studied the dependence of critical PEG concen-
. . . tration c of the DNA collapse on the NaCl concentration. We
0.1 1 10 100 investigated DNA in solution of PEG with degree of poly-

[PEG], mg/ml merizationP equal to 200 and of 10 mM phosphate buffer

FIG. 6. The dependencies of DNA long akison PEG concentration with a (pH:7'2)' Obtained .resu.lts are shown in Fig. 7; h?re theo-
different degree of polymerizatio = 186 (a); 454 (b). Open circles indi- ~ '€tical dependence is given as well. The theoretical curve
cate the coil state; solid circles indicate the globule state. was calculated by Eq$11)—(13) with the following values

)
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.

long axis,

o
pm
IS o

long axis,
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ng (or ionic strengthu). The fact thaty parameters are not
constant is familiar to polymer science, for example, this is
the main feature of the so-called “new Flory theoR?”
B However, in the present case the dependengg-gfon vari-
ous parameters should be very complex because in addition
to the usual dependence gfs on % we should take into
200 F account the influence of polyelectroly®NA and DAP)) on
Xps- Indeed, it is known that PEG is compatible with water
because in aqueous solution water molecules associate with
O oxygen groups of PEG and form a solvation la§fethis
layer is destroyed if a low-molecular electrolyte is added in
100 } solutior®~?8 and compatibility of PEG and water becomes
poorer. One can expect that the similar effect is observed for
O PEG molecules near the DNA coil because DNA is a strong
—O— polyelectrolyte. This effect can be taken into account by
simple renormalization of the parameter of the interaction of
) PEG and water. Namely, we should introduce the additional
0.0 0.5 1.0 parameter of interaction of PEG and water within the coil of
(NaCl], M DNA which will be different from xps; x%s > xps. The

tendency of destruction of the solvation layer for high
FIG. 7. The dependence of the critical concentratiaf PEG withP=200  enough values of molecular weight between PEG can lead to
O”I '\:ag'bcogcgat{?ﬁa’g) CiTrrffhgng:gFS;? ;Eg??r:igshggiggggs'szmz (C:f"the fact that the lower critical temperature of separation PEG
icnudi:gtes);heqwidth of tHe coexistence region ofgcoil and globule states at Q‘nd water becomes_ lower th_an t_he room .te_mperature; P_EG
fixed PEG concentration. and water become incompatible in the vicinity of DNA coil

at room temperatures. As soon as water and PEG are incom-

patible PEG molecules will try to segregate from the regions
of parameters: NI/d=10% @,=0.008; Qd/NI=0.1; i the vicinity of DNA coils. Therefore, the osmotic pressure
xnp=0.45. In this experiment we have determined the congf pEG will decrease drastically and DNA can undergo a

centr_ation _of N_aCI at which DNA undergoes c_ollapse in t_hesharp reentrant decollapse. Thus, the PEG—water interaction
solution with given values of PEG concentration. To defmemay be of crucial importance for the re-entrant decollapse
critical concentration we obtained distribution DNA over effect

length for different salt concentration. Critical concentration In. fluorescence microscopy measurements we have used
was estimated as concentration at which distribution of DNAy zp| 45 3 dye strongly attached to DNA® Another im-
over length has two maxima, i.e., coil and globule Statesportant effect is that the complexation of the ions of DAPI

coexist. At low PEG concentration region of salt concentra-_ . . " T .
: S . ) .. which contain two positively charged amidinium groups with
tion where this distribution has two maxima is rather wide P y g group

. ) o . 'DNA induces the release of monovalent Kounterions of
the width of this region is indicated by horizontal bars. In the . . o
. , : . I?NA to the external solution. The resulting gain in the trans-

case of higher PEG concentration a region of coexistence L tional entropy of these counterions is very higlh Refs
coil and globule is rather small; its width is smaller than size12 13. Thus we should take into account this ion-exche.mge
of a printed circle. In correspondence with results of Sec. Ill,”~" ~7" ; I ) . .
it was obtained that the more the salt concentration is the Ieggacn'or'] while descrlbmg the DNA |mmersed n the solution
the value of PEG concentration at the point of DNA coIIapseC,Oma'r"n,g DAPI and this can modify essentially the equa-
transition(compare Figs. 4 and)7The dependenceon salt 10N obtained above. o
concentration was found to be rather strong at small values Recently we have shown that availability of DAPI at the
of NaCl concentration, and these experimental results aréoncentration used in our experiment does not lead to change
consistent with theoretical calculations and experimentaPf DNA radius of gyratiori! Nevertheless its presence will
data of Ref. 20. However, at high salt concentration, the fit ofndify the parametergps, xns, and xyp of interaction
experimental data to the theoretical prediction is not satisfacceéfween DNA, PEG, and water. In fact, the interaction of
tory; theory gives smaller values of critical concentration.PEG with DAPI seems to be very advantageous from the
We have already discussed possible reasons for this diffegnergetic point of view because of the attraction between
ence in Sec. lIl. In addition, just point out that the experi-0Xygen groups of PEG and DAPI groups containing nitro-
mental ambiguity on the definition of the transition point on gen. This effective attraction increases with the increase of
the high values of NaCl concentration is rather high. the degree of polymerization of PEG and of PEG concentra-

Thus experimental results on the dependence of DNAion ®2. At high values ofP and ®} it can lead to a con-
collapse on PEG and NaCl concentration are in good agresiderable effective decrease of binding constant between
ment with data discussed in Sec. lll. As to the re-entranDAPI and DNA. This factor may also contribute to the re-
transition of DNA from globule to coil state in the concen- entrant decollapse of DNA.
trated solution of high-molecular weight PEG, this effect can  To make clear what is the main effect causing the re-
be caused by the change pis with the increase o2 and  entrant transition, additional experimental and theoretical ex-

300 T T T T T T T T

C, mg/ml
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ploration should be carried out. We are planning to perform?A. R. Khokhlov, S. G. Starodubtzev, and V. V. Vasilevskaya, Adv. Polym.

such analysis in one of the forthcoming papers. Sci. 109, 123(1993.
BV, V. Vasilevskaya, S. G. Starodubtzev, and A. R. Khokhlov, Wsok. Soed.

29B, 930(1987).
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