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Abstract

Viscometry, UV/Vis—centrifugation and dynamic light scattering (DLS) were used to monitor the coil—globule transition of calf-thymus
DNA by poly(ethylene glycol) (PEG) in aqueous/methanolic NaCl solutions. All three methods confirm that methanol and PEG promote the
transition synergistically. The PEG concentration at which the DNA collapses decreases as the methanol fraction of the solvent is increased.
The values found for the critical PEG and methanol concentrations agree quite well with those predicted by the modified Flory—Huggins
theory. This is rather surprising, because effects such as selective solvent adsorption or intramolecular charge repulsion are neglected. The
most informative experimental technique for the present investigations is DLS. The DNA molecules are not affected by outside forces and
DLS allows the measurement of molecular size as well as the distribution of the conformational states. It was observed that there are no
intermediate conformational states. A DNA molecule is either in the expanded coil state or in the collapse&u18&Elsevier Science
Ltd. All rights reserved.
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1. Introduction Bloomfield [8], a critical fraction of the DNA charge should
be neutralized by the counterions, which is in the order of

A DNA molecule packed into a virial capsid is hundreds 90% in pure water as well as in a 50% (v/v) methanol/water
of times more compact than when free in solution. An exam- mixture.
ple is the DNA of bacteriophage T4. In solution it has a  The aim of this paper is twofold, as follows.
worm-like coil structure and a radius of gyration ofuin,
while inside the T4 phage head, the DNA radius is only
50 nm. This compact, in vivo configuration is stabilized
by multivalent cations and positively charged proteins, but
can also be provoked in vitro by chemical agents [1-5].

Free DNA molecules having from about 400 to°18]
base pairs can be induced to collapse by the addition of
cations such as spermine, spermidine, or hexamine cobal-
t(111) [1-5]. The conformational transition is called conden-
sation or the coil—-globule transition [6,7].

The agents required for condensation in aqueous solution
are cations with valences of three or above or neutral poly-
mers such as poly(ethylene glycol) (PEG) with a molar mass
much smaller than the DNA molar mass. Divalent ions are
much less effective. To make them effective, both the linear
charge density of the DNA and the dielectric constant of the
solvent must be lowered simultaneously. According to

1. To thoroughly test the importance of electrostatics for
DNA condensation, a system was used which, besides
DNA and monovalent cations (N3 contains PEG and
methanol. The methanol content is varied to alter the
dielectric constant of the solvent and the PEG concentra-
tion is varied to answer the question as to whether metha-
nol acts synergistically with PEG. Since both additives
can separately cause transitions in the DNA structure, it
seems possible that the two work together cooperatively.
This has indeed been found for other combinations of
additives such as spermine with ethanol, which stabilizes
the A family [9,10] of DNA structures.

2. The second issue is a comparison of the experimental
results obtained here with the theoretical predictions of
a theory presented by us in a previous paper [11]. Model
calculations were presented on the widths that promote
DNA condensation through intramolecular Flory—
Huggins interactions, elastic Langevin forces, entropy
* Corresponding author. effects, and electrostatic repulsions which must be
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overcome by altering the salt concentration inside a 2.2. Viscometry

single DNA domain. S _ )
The intrinsic viscosity, 4], of DNA was determined by

thymus DNA M,, = 22X 10° kg mol !) was studied in  [15)

mixtures of water and methanol, where the salt concentration
CnaciWas kept constant at 0:510° mol m~3. Viscometry and s _ (1] + Ka[71%Cona 1)
UV/Vis—centrifugation were used to detect the exact position CbNA
of the PEG and methanol concentration that induced the onset, ..o
of condensation and allowed the extent and course of the
process to be followed. The third method applied was dynamic nsp = (solution/ Nsoivend — 1 = (tsolutiontsolvend — 1
light scattering (DLS). This measures the diffusion coefficient ) . ) )
distribution of DNA and shows whether condensation is a @nd Cona is the DNA concentrationky is the Huggins
direct transition from a coil to a globule or whether there are CONStaNtmsouion @nd tsouion are the viscosity and the flow
any intermediate states. As an additional parameter, we variedime of the DNA solution, respectively, anfloven@ndtsonent
the PEG degree of polymerization. This has also been done2'® the solvent viscosity and the solvent flow time, respec-
earlier [12], but to our knowledge not for calf-thymus DNA tively. Thatis, for a given data Set Betano Mu.pe Csarand
and not in the presence of methanol. Crea MspWas measured as a functionagf, and was used to
calculate fj] with Eq. (1) above. It should be pointed out
that by using Eq. (1), no densities are needed.
The apparatus was a Ubelohde capillary viscometer. It

2. Experimental was thermostated af = 25+ 0.1°C in a water bath. A
. correction according to Hagenbach [16] was necessary,
2.1. Materials but the error in fy] in all cases was no larger than 3%.

This could have arisen because the reproducibility of the
Calf-thymus DNA was purchased from Sigma as a type | fow times was below 1%.

sodium salt. The residual protein content was determined

according to Lowry [13] and was smaller than 0.2%. DNA , 5 Light scattering

stock solutions at high concentrations were centrifuged at

10 000 rev min* for 30 min and then diluted to their final Static and dynamic light scattering [17,23,24] were

concentrations in 10 mol I”* HEPES buffer containing  performed simultaneously with the same spectrometer

0.5M NaCl, 10*M EDTA and varying amounts of alco-  consisting of an AL-Sp 81 goniometer and an ALV-5000

hol. The pH was adjusted to 7.2 with NaOH. The samples multiple tau digital correlator. The light source was a He—

were then kept in a refrigerator at® for no longer than  Ne laser (Spectra Physics) operating at a wavelength of

5 days, with occasional stirring. 632.8 nm and a power of 36 mW. Calibration was proved
DNA concentrations were determined photometrically by the volume-correlated scattering intensities of toluene in

with a Perkin-Elmer spectrometer using the standard extinc- the angular range from 30 to 150t was less than-1%.

tion  coefficient e = 650 nf m0|7l. at A=260nm and The measurements give the homodyne intensity—inten-
T =25C. At this wavelength, neither methanol nor PEG sity correlation functiongy(q,t), whereq is the amplitude
show any absorption. of the wavevector and the delay time. For a Gaussian

Highly purified PEG was purchased from Fluka and used distribution of the intensity profileg,(g.t) can be recalcu-

without further purification. The samples were dissolved in |ated into the electric field autocorrelation function [24],
the same solvent mixtures as the DNA. For the removal of g (q,t), by

dust and other high-molecular-mass impurities they were )
passed through 0.32m Millipore filters. The PEG concen-  0x(0,t) = B(1 + B|gs(a, H)[) (2

tration was not affected, because the PEG molar masses ) . . .
used were rather small. They were 0.9, 2, 4, 6, 8, and whereB is the baseline anfl a is constant that takes into

20 kg mol ™%, as given by the manufacturer. The uniformity account the number of coherence areas that generate the
L . . 2
coefficient is in the order of 1.7. More details and a compre- signal (0= p = 1). Wheng(R") <1, and when the samples

hensive study on PEG were presented by Bailey and are monodispersej(q,t) is a single exponential function
Koleske [14]. _ ey — o — 2

Other agents were water, methanol and NaCl. Water Wasgl(q’ b= exp=t/n = exp(— 1) = exp—=q'Dy &
doubly distilled and filtered through Odm filters before wherer is the relaxation timel” = 1/7is the relaxation rate,
use. The methanol used was of high-performance chroma-andD = Iimqﬁo(l“/qz) is the translational diffusion coeffi-
tography grade and was passed through a (@2 cient.
membrane (Schleicher and SdhuNaCl (Merck) was However, our samples are polydisperse. Therefgfet)
used without further purification. must be expressed as an integral of the exponential decays
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Table 1 disturbance through a possible rotational diffusion coeffi-
Viscosity numbers f]pes (10 m* kg ™), of PEG as a function afpemanol cient.
andM,pee Static light scattering was evaluated according to the
My pec Xmethanol (Kg M™3) method of Zimm. The weight-average DNA molar mass
(kg mol™) and the second virial coefficient obtained wevg pya =
0 122 244 (22x10° +5x10°) gmol™t and A, =3.2x10 “*cm’
5 078+ 0.005 0.80+ 0.05 0.83+ 0.05 g2 !3_oth_values are in accordance with the manufacture’s
4 1.20+ 0.05 1.15+ 0.05 1.19+ 0.05 specifications. Thus, our DNA molecules contained an
6 1.53* 0.05 1.47+ 0.05 1.51+ 0.05 average of 3160 base pairs.
8 1.92+0.05 1.90+ 0.05 1.88+ 0.05 The refractive index increment was determinedlat
20+ 0.1°C using a Brice—Phoenix differential refract-
ometer. ForA = 6328 nm, the result wasrddc = 0.164,
weighted over the distributio®(t), of T which is the same as that found by Borochov and Eisenberg
[22].
Q) = JO A7) exp(—t/7) dr @ 2.4. UVIVis—centrifugation
This Laplace integral, i.e. its inversion, constitutes an ill-  Th€ idea of this method arose during a research journey at

posed problem. There exist a large number of possible solu-"€ BASF. Centrifugation experiments on DNA/PEG
tions, all of which fit the data within the experimental error. MiXtures using the analytical ultracentrifuge XL-A from
To stabilize the optimal solution, regularization is the best B&ckmann showed that DNA exists in only two conforma-

possible method. Its principle consists of expanding the tions. The one state can be described by the sedimentation

minimizing least-squares condition by an additional term CO€fficient sz, ~17sved and the other by
called the regularizer, favoring a certain type of solution Szapp= 0.2 Sved. Intermediate sedimentation coefficients
by implying any prior knowledge, e.g. the smoothness of were no.t obse_rved. Thus, DNA molecules can be separated
the solution. Here, we used the programntin 2pp DY Centrifugation. _ _
[25,26]. This program is easy to handle and the regulariza- In O_snabrnk we have no gnalytlcal ultracentrifuge, but
tion parameter is adjusted automatically. For the latter, the theré is a laboratory centrifuge (UD 15 from Heraeus
FisherF test is performed or the unregularized solution is CNrist). This centrifuge was used in connection with a
combined with the regularized one. As regularizer, the YV/Vis spectrometer in the following manner. Two DNA
second derivative approximation of the distribution function Solutions of equal composition were prepared. One sample
is used, which tends to protect against artifacts and penalizesVaS centrlfqg_?d with the laboratory ~centrifuge at
deviations from smoothness. In addition there is no need to 10 000 revmin™ while the other sample was used as a
adjust the sampling time. Blocks of eight channels with T€féerence. The UV/Vis absorption was measured at
contact sampling time will be built and the sampling time 260 nm and the results were compared. DNA molecules in
is doubled from one block to the next. For instance, with 320 the collapsed state become almost totally centrifuged so that
correlation channels, which we work with, delay times from the DNA absorption measured was close to zero. DNA
12.5 ns to many hours can be processed parallel with 39r_nolecules in the coil state do not deposit out and th(_a absorp-
different sampling times. tion does not change. C(_)nsequentl_y, the dlfference
The final translational diffusion coefficierd, was calcu-  Adit = Aref ~ Ares Where A is the residual absorption
lated by linear extrapolation @(q) to the zero wave vector after gentnfugatmn, gives the concentration of DNA mole—
g, i.e. we haveD = lim,_oD(q). An extrapolation to zero cules in the collapsed state. When gll molecules are in the
concentration was not necessary because the solutions wer&ollapsed  stateArs should theoretically be negligible.
dilute enough such that no concentration dependence could1OWeVer, in practicefesis never zero due to the presence

be observed. Special tests also showed that there was n&f residual proteins and small DNA fractions that do not
collapse, so thaf\sis finite, but smaller than 6%.

Table 2
Viscosity number, §]ona, 0f DNA as a function of the methanol content 3. Results and discussion

Xmethanol [nlona 1. Vi metr
kgm) (kg 3.1. Viscometry

0 1.97+ 0.04 The viscometry measurements serve two purposes.
61 1.94+ 0.04 Firstly, [n] data are necessary to provide the Flory—Huggins
122 1.90+ 0.04 interaction parametengsandyps, described in the accom-
183 1.86= 0.03

panying paper [11]. Secondlyy] is needed to determine

244 1.80+ 0.03 . . )
the PEG concentration at which DNA condensation takes
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2.0 T T T T T T T T T Table 3
The critical PEG concentration and the width of the coexistence region as a
_ s function of the PEG molar mass
15 Cpeg o = 61 kg/m
' Parameter My pec (kg mol ™)
§ 0.9 2 4 6 8
ﬁé 10 - )
~ L . Creac(kg M) 150 95 61 50 45
= 05 L ) Acpes (kg m™3) 8 6 4 4 4
= .
0.0 ; — L :
0 20 40 60 80 100 poorer the solvent quality. This behavior is normal and is
Cone ! (kg/m?) v found not only for polyions but also for neutral polymers
[18].
Fig. 1. Viscosity numberf]ona, of DNA versus the PEG concentration, Fig. 1 shows]ona plotted against the total PEG concen-
Crea for My peg =4 kg mol ™, cyaci = 0.5 10° mol M2, Xnetnanoi= 0, tration, where M, pgc=4kg morl, Cnacl = 0.5 X
andT = 25°C. -3 ;
10° mol M3, Xpethano= 0, and T = 25°C. It can be seen

that at low cpeg the viscosity remains constant, then
suddenly drops, and finally converges at laigeg to a
constant value which is about a factor 15 smaller than at
the beginning. This sigmoidal curvature is typical for a
conformational transition. At lowepeg the DNA is in its
107NA/3 (5) coil state, while it is in the collapsed state whesig is
(My,ona/Ropna)® large. The critical PEG concentratiotees, iS the value

That is, [n]pna is relatively large in the random coil confor- Of Ceeq at which the DNA collapses. There the curvature

mation of DNA and comparatively small in the collapsed gfl [l:]g[;:éaversuscpEG has its turning point. HereGeec,cis

state. ) . . .
. . Fig. 2 presents the DNA vi it as a function of
Tables 1 and 2 show the viscosity of pure PEG and pure _ 9 < Presents the scosityalona, as a function o
. . Cpeg for various PEG molar masses. The other parameters
DNA for different methanol contents. The concentrations . _ 3 _
c — 05x 10° mol m™3 o — 1molm=  and were fixed at Xmethano=0Kgm °,  Cnaci = 0.5X%
Nacl — = 3 ' VHEPES™ 10* mol m™3, and T = 25°C. Three effects were observed,
Cepta = 1 mol m° were kept constant. It can be seen that as follows
[n] increases as the PEG molar malsk, peg is increased. '
However, within the experimental error of 5%, no depen- 1. Inthe coil state the value ofi[pna iS larger the smaller is
dence oXmethanoWas observed. For DNA, the situation was Mypee That is, in the presence of small PEG molecules,
slightly different. The f]pna decreases aSmethanol IS a DNA molecule is more expanded than when the PEG

increased, indicating that a DNA coil is less expanded the  molecules are large.

place. The intrinsic viscosityr] is proportional to the third
power of the hydrodynamic radiuB,, if it is assumed that
the particles are spheres. Thus

[Mlpna =

T T T T T T

2.0 5 .

[1lp, | (MIKQ)

—o—e—=
100 150 200
Coeo ! (Kg/m®)

Fig. 2. Viscosity numbera{lona, 0f DNA versus the PEG concentratiapgg at various PEG molar masses (kg gl () My.pec = 8; (®) My, pec = 6; (A)
My pec = 4; (O) Mupec = 2; (O) My pec = 0.9 (Xmethano= 0; Csarr = 0.5X 10 molm ™3 T = 25°C).
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70 T T T T T T T
60 X M, e = 4 kg/mol i
€
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w
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0 50 100 150 200 250
3
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Fig. 3. Critical PEG concentration as a functionxgfano for two molar
masses of PEG.

2. The critical PEG concentration decreases Mgpeg
increases.

3. The conformational transition is sharp. There is a coex-
istence region within which both the coil and the
collapsed DNAs coexist, but the widtihcpeg oOf this
region is very small.

Table 3 shows thakcpegdoes not exceed 10 kg™ and
decreases with increasiMy, pec All these effects are inline
with the theoretical predictions given in the previous paper
[11]. They are also in accordance with comparable experi-
mental results of other groups [5,19].

A representative graph on the influence of the methanol
content Xmethanat ON the critical PEG concentration is shown
in Fig. 3. There, Cpeg IS plotted versuSXmethanol fOr
My.pec = 4 and 8 kg mol*. The ¢y, and T were fixed as
before,cyaciis 0.5% 10° mol m™2 andT is 25°C. The result
is thatCpeg cdecreases agnemanoiinCreases. The decreasing
increment is larger the lower 18, pec

4029

3.2. UV/Vis—spectroscopy combined with centrifugation

To confirm the viscometry results, an independent second
method is required. Ultracentrifugation experiments [20]
showed that condensed DNA molecules sediment to the
bottom of a centrifuge cell where they aggregate. The
DNA molecules that are in the coil state do not sediment
out. Therefore, DNA molecules can be separated by centri-
fugation with respect to their conformational state.

A typical UV/Vis centrifugation result is shown in
Fig. 4. The residual absorptior\.s is plotted versus
Crec WHere Xmethano= 183 kg m’3, Mwpec = 4 kg morl,
Csat=05molm 3, and T =25C. The curve can be
described by the empirical equation

Ares: kl arCtaﬂ(CpEG - kz)/kg,] + k4 (6)

where k, = —0.50186, k, = 56.7698 kg m 3,
ks =0.72119 kgm?, and k, =558436. The critical
PEG concentration is almost (5% 1) kg m™> which is
somewhat larger thagpgg: = (51 =+ 3) kg m 2 as deter-
mined by viscometry, but both are in the same order of
magnitude. The results found for the other PEG molar
masses are summarized in Table 4. As with the visco-
metry measurements, two effects were obsenggs.
decreases as botM,pec and Xmetanot iNCrease. That
suggests that both methods yield comparable results.
The data in Table 4 can be well described by multiple
regression. An appropriate fit formula is

(e )

where k; = 7754(kg m 3) — 344X Xmethanol— 0.0245
(m3 kgil) X (Xmethano)2 + 181 x 1075 (m3 kgil)z X
(Xmethano)ga Xmethano! € [0, 260 kg m’S], k2 = 0576, and
Muw.pec € [0.9, 20 kg mol 1]. This relationship holds only
for Cyac = 0.5 10° mol m™3, but similar relationships can

1gmolt
CreEGe = K1 (Xmethano) X g— (N

MW,F‘EG

T I
100 L) LA
80
X
/\‘2( 60 |-
Q
£ 40
NS
20 -
0 L 1 L 1

| n |

20 40

60 80 100

Cops ! (kg/m’)

Fig. 4.
Coatt = 0.5 10° mol m ™3, andT = 25°C.

Residual absorbencyies = Apnacit — Aona: Versus the critical PEG concentration {Ofenano= 183 kg m 3,

Mupec = 4 kg mol ™,
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The critical PEG concentrationgeg (kg m3) as a function of the PEG molar masé, pec (kg mol %) and the methanol contemtyeani(kg m™>) for cyaci =

0.5% 10° mol m™3 and T = 25°C, determined by UV/Vis—centrifugation

MW‘PEG
0.9 2 4 6 8 20
Xmethanol CPEG,c Xmethanol CPEG,c Xmethanol CPEG,c Xmethanol CPEG,c Xmethanol CPEG,c Xmethanol CPEG,c
0 166+ 2 0 100.5* 2 0 70+ 15 0 57+ 15 0 47+ 1.5 0 315+ 1
62 158.5+ 2 63.2 97+ 2 62 66.5+ 1.5 63 55+ 1.5 62 45+ 1.5 62 30+ 1
123.9 149+ 2 126.3 91+ 15 123.9 63t 1.5 125.9 51+ 15 123.9 42+ 1 123.9 29+ 1
185.9 136+ 1.5 189.5 82+ 15 183 57+ 15 188.9 46+ 1.5 185.9 3751 185.9 27t 1
247.9 121+ 1.5 252.6 72+ 15 247.9 51.5£ 1.5 252.8 41+ 1 252.3 34+ 1 247.8 24+ 1

be derived for other salt concentrations, and it is also

distributions are equally large. This can be done, but a

possible to formulate a general expression which containsDNA coil and a compact DNA globule are different parti-

all four relevant parameterspeg o Xmethanot Mw,pec @Nd Ceapy,
but this is beyond the scope of this paper.

3.3. Dynamic light scattering

This method gives the distribution of the DNA diffusion
coefficients. A good example is the sample
CDNA = 03 kg m_s, CNaCI = OSX 1§ mOI m_g, MW,PEG =
4 kg mol !, Xmethano= 0 and T = 25°C, where the PEG

concentration was changed step by step. The results are

shown in Fig. 5, where the probability(D), of finding a
DNA molecule having a diffusion coefficie? is plotted
versus D. At low PEG concentrations, such as
Cpec = 10 kg m 3, there is only one distributionw(D),
and the correspondin® values are low, i.e. in the order
of 102s m 2 or lower. According to the Einstein—Stokes
relationship, R, = kg T/67mD, the hydrodynamic radius,
R., is inversely proportional t®. Thus,R, is large and all
DNA molecules are in the coil state. Apgg increases, a
secondw(D) distribution is seen to occur, whogevalues
are much larger than those of the primary distribution. They
are in the order of 0.1 up to 1 sthand the corresponding
DNA molecules are in the collapsed state. This second
distribution is first observed at the concentration
Creg =~ 50 kg mi 3. This concentration can thus be defined
as the critical PEG concentration. Other values are given in
Table 5.

When the PEG concentration is further increased, the
primary distribution vanishes and the second distribution
becomes dominant. This is achievedcats = 90 kg m 3.

At this final state we have only the collapsed DNA
conformation.

cles. They behave differently hydrodynamically, so such a
definition seems incorrect.

The most important result of DLS is that there are only
two DNA states. There is unequivocally no intermediate
state between the coil and the condensed DNA form. If
such a conformation existed, there would be three or more
peaks, but only two are observed.

3.4. Comparison between experiment and theory

In the accompanying paper [11] a theoretical model was
presented using which the critical PEG concentration can be
calculated. The model parameters such as the cell volume,
the DNA persistence length, the Flory—Huggins interaction
parameters, and the molar volume of the solvent were
chosen so that they describe the DNA/PEG system studied
here as realistically as possible. A comparison between
experiment and theory is therefore possible.

We start with the dependence of the PEG molar mass on
the critical PEG concentration. The results are of equal
quality. Thus, we discuss only one system, namely the situa-
tion where Xpethanoi= 0, Csar = 0.5X 10° mol m~3, and
T =25C. A summary of the results is given in Fig. 6.
The solid line is computed according to the theoretical
model. The other lines represent the experimental results
obtained by UV/Vis—centrifugation and viscometry, respec-
tively. All three curves can be well fitted by hyperbolic
functions

)

103 kg mol !

MW,PEG

Cpege = K1 + kz( €)

where the values of the constahisk,, andk; are given in

It can thus be concluded that DLS can be used efficiently the figure caption. The experimental curves are in good

to detect the transition of a DNA coil into its collapsed form.
The dependences found for the critical PEG concentration

agreement with the theoretical one, but there are discrep-
ancies depending on the PEG molar mass. At

are qualitatively the same as those detected from viscometryM,, pec = 1 kg mol !, the difference betweepeg ¢ theory
and UV/Vis—centrifugation. There are some quantitative andCpeg ¢ uvnvisis 25 kg m 3, which is in the order of 10%,
discrepancies, which may be due to the different definitions and forM,, pec = 20 kg mol, the deviation is in the order

of Cpege FOr DLS, it is unclear whether it is realistic to
define cpegc SO that the areas under the twe(D)

of 30%. The reason for this is that the reference values found
for the DNA persistence length, the Flory—Huggins
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80 T T T T T T T T T
The Cpeg ¢ values determined by dynamic light scattering as a functonof |  —— p—
Xmethanol fOF MW.PEG =4 kg morl - — — spectroscopy
theory
Xmethanol CpEG.c 60 —‘ - -..
kgm™ kg m™® e —— T
(kgm™) (kgm™) (\EJ) M, e = 4 kg/mol ~-Cln
X
0 64 g
62 60 s
125 55 £
183 %0 [ M, pec = 8 kg/mol
20 " 1 " 1 " 1 L 1 " 1 "
. . 1 1 2 2
parameters and the other parameters differ from one litera- 0 50 00 80 00 %0 300
. . 3,
ture source to the next and show different functional depen- X methanot | (KQ/M")
dencies.

We have chosen the system parameters in such _away_thag ﬁy ;n dctrr']tg:g ;ﬁyﬁ%ﬁj:ﬁfioz l\(/;er;lflfq]a;;gi;ir:lnidgeépargpfn-
the agreement between theory and UV/Vis—centrifugation 4t ¢, = 0.5x 10 mol m * andT = 25°C. ’
is exact forM,, peg = 6 kg mol *. For the other PEG molar
masses the system parameters were kept constant. However,
it is seen that this assumption is not correct. Probably, the secondary structure from a double helix to a partially dena-
DNA persistence length and also the other parametersturated form, but aggregation could take place too. Theory
depend orM,,pec Exact agreement can be obtained,jf does not take the possibility of aggregation into account. For
Xbs: Xps andxpp are varied appropriately. The only problem  Xmethanoi= 200 kg m ° these effects are not present but they
is the correct choice of the experimental reference method.may become important as the MeOH concentration

Since this is as yet unclear, we have omitted such anincreases.

analysis.

No measurements were performed to study the influence

Fig. 7 illustrates the comparison between theory and of the salt concentration apeg, Theory predicts that in the

experiment for the dependence @z on the methanol
concentration. Theory predicts a linear decreasepgf .
as Xmethanol iINCreases. This linearity is indeed found but
only as long a%memanoiS Small. Qualitatively, the theoretical

absence of MeOH for given values M, peg Cpeg cbehaves

as Cpege = ki + (Ko/Cga). This behavior agrees with the
theoretical predictions of Yevdokinow and Skundin [18]
and agrees with the experimental results of Vasilevskaya

and experimental curves correspond well with each other, et al. [19]. To date, there appear to be no measurements in

suggesting that the model applied is realistic. However,

mixed solvents with varying salt content. This will be the

there are some quantitative differences. The quantitative subject of a future study.

agreement is best at higW, pec

However, the discrepancy between theory and experi-
ment increases with increasing MeOH concentration. This
could be explained if the solvent quality decreases at high

Xmethanot A DNA molecule could then not only alter its
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Fig. 6. Plot of the critical PEG concentration versus the PEG molar mass,
determined experimentally by viscometryk, & 9.36 kgm 3, k, =
115432 kgm 3 k; = 0.567), UV/Vis—centrifugation K, =~ 0 kg m3;

k, = 77542 kg m 3; k; = 0.567), and computed according to our model.

3.5. The coexistence zone

Experiments have shown that the width of the coexistence
zone is rather small and more or less independeMgfec
Xmethanol@Nd Csa. These results are consistent with both our
theoretical computations and with the results of other
groups. Vasilevskaya et al. [19] report a slight increase in
the width of the zone asgis increased. They find also that
a collapsed DNA returns to the expanded coil state if the
PEG concentration becomes very high, i.e. when it is in the
order of 100 kg m* or higher. This was not observed in the
present study. The reason may be that Vasilevskaya et al.
used T4 DNA which has a molar masd, of 1.08 x
10° kg mol™ !, while calf-thymus DNA of a much lower
molar mass (2.% 10° kg mol™) was used in this study.

4. Conclusions

Viscometry, UV/Vis—centrifugation and DLS experi-
ments were carried out to obtain a deeper insight into the
features of DNA coil—globule transitions in PEG water/
methanol solutions. In the present work both the methanol
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concentration and the PEG molar mass were changed whilethere are synergistic effects between the solvent, the salt,
the salt concentration of NaCl was kept constant. The resultsand the alcohol content, where the latter has both an elec-
obtained verify the predictions of the theoretical model trostatic as well as a structural influence on the DNA.
calculations presented in the companion paper [11]. All

three methods yield a critical PEG concentration at which

the transition takes place. The absolute values measured fopcknowledgements
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