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ABSTRACT: The stability of DNA duplex and triplex structures not only depends on molecular forces such

as base pairing or tripling or electrostatic interactions but also is sensitive to its aqueous environment.
This paper presents data on the meltingestherichia coliand poly(dA}poly(dT) duplex DNA and on

the poly(dT)poly(dA)-poly(dT) triplex in a variety of media to assess the contributions from the osmotic
status and salt content of the media. The effects of volume exclusion on the stability of the DNA structures
are also studied. From thermal transition measurements in the presence of low-molecular weight osmotic
stressors, the number of water molecules released upon melting is found to be four waters per base pair
for duplex melting and one water for the conversion of triplex to single-strand and duplex. The effects of
Na'* counterion binding are also determined in ethylene glycol solutions so that the variation of counterion
binding with water activity is evaluated. The data show that there is a modest decrease in the extent of
counterion binding for both duplex and triplex as water activity decreases. Finally, using larger polyethylene
glycol cosolutes, the effects on melting of volume exclusion by the solutes are assessed, and the results
correlated with simple geometric models for the excluded volume. These results point out that DNA
stability is sensitive to important conditions in the environment of the duplex or triplex, and thus,
conformation and reactivity can be influenced by these solution conditions.

The stability of duplex and triplex polynucleotides is nuclear magnetic resonance spectroscopy have been used to
dependent upon a number of important nonbonding interac-identify sites where water molecules interact with DNA, and
tions. Hydrogen bonding and base stacking interactions these studies confirm that the first water molecules adsorbed
between base pairs and repulsive electrostatic charges playn solid DNA as the relative humidity increases are in the
major roles in the thermodynamic stability of DNA-5). sugar-phosphate regionl@, 13). NMR studies are also
There is also evidence that water molecules bound at specificuseful in providing information about the lifetimes of water
and/or nonspecific sites along the DNA chain influence the molecules associated with particular sites in DNA triplexes
stability of the duplex nucleotide strand$—(10). Determi- (14). The minor groove in DNA with AT, tracts shows water
nation of the effects of this hydration on the chemical and that is bound rather tightly as reflected in long lifetimes for
physical properties of DNA thus depends on evaluation of exchange from these sitek5. The wider grooves associated
the quantity of water bound, and how the water content with RNA sequences indicate shorter lifetimes, a reflection
changes when DNA undergoes physical or chemical change.of weak hydration in the grooves of the A-type structure

Evaluation of the amount water specifically bound to DNA (16).
has been attempted by several approaches, and the results Useful information about bound water in polynucleotides
are dependent upon the experimental methodology W&ed ( has been obtained from refinement of the crystal structures
8, 9). Early studies on binding isotherms of water to solid of small oligonucleotides 7, 8). Very specific ordered
polynucleotides revealed that up to a relative humidity of hydration sites have been found for decamers of B-type DNA
about 75%, the BET equation describes the adsorptionin the first hydration shellX7). An upper limit of about five
behavior with about two water molecules per nucleotide water molecules per base pair in the vicinity of the bases,
binding as a monolayerl (). This primary monolayer was  along with four waters per phosphate and two waters in the
ascribed to hydration of phosphate sites, and was found toribose sugar region, has been identified as specifically bound
be about the same for RNA, DNA, and single-stranded poly- water. These numbers add up to about 17 ordered water
(dA). As the relative humidity approaches 100%, the level molecules per base pair that are bound in the duplex form
of water binding increases to between 15 and 20 waters perof DNA. Interestingly, these data indicate that guanine and
nucleotide depending on the polynucleotide. Infrared and adenine show the same extent of hydration, as do cytosine
and thymine, suggesting that hydration numbers should not
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the presence of bound water that is thermodynamically showed that smaller cosolutes destabilize the duplex, while
different from bulk water. This bound water can be released larger solutes raised the temperature of meltiBg).(In
when specific ligands bind to DNA producing significant another study, the effects of increasing concentrations of PEG
molar volume and entropic changes as the water is releasedgain showed stabilization of duplex RNA, and the results
during the binding event1®, 20). The use of osmotic  were interpreted as an effect of excluded volume on the
stressing experiments, a method that induces water activityactivity coefficients of the single- and double-stranded
changes by addition of solutes which do not interact with polynucleotide 85). This alternative way of describing in
the polynucleotide, can also show the influence that bound detail the effects neutral solutes have on macromolecular
water has on equilibria involving DNA2(—23). A recent equilibria is to treat the changes as a consequence of thermo-
paper by Vossen et al28) describes how hydration affects dynamic nonideality induced by molecular crowdir86{
the binding of theEscherichia colicyclic AMP receptor to 398). In this treatment, it is shown that there is an apparent
DNA. Formation of the complex between the receptor and equivalence of preferential hydration in the presence of
its regulatory site on DNA releases about 79 water molecules, solutes, such as glycerol or sucrose, with simple nonideality
and using arguments about the area occupied per wateif the components in equilibrium due to the effect that the
molecule, it was found that about 706 &f the surface area  cosolutes have on the available molecular space to the macro-
become inaccessible upon formation of the complex. This molecular components3). The effects of crowding are
area agreed well with areas calculated on the basis of crystalparticularly evident for larger cosolute molecules, such as
structures of the CAPDNA complex. the polyethylene glycols (PEG), leading to significantly
These latter studies of hydration use the linkage conceptsincreased effects on equilibria involving proteir#3), and
developed by Wymarpd, 25), later formulated into osmotic ~ on aggregation reactions of DN/AY).
stress methods by Parsegii,(26). Small neutral cosolutes We have reported earlier the effects of PEG cosolutes on
in the presence of macromolecules have been shown to behe melting behavior of duplex poly(doly(dT) and triplex
excluded from the immediate vicinity of the protein or poly(dT)poly(dA)-poly(dT), which showed a selective sta-
polynucleotide, leading to preferential hydration of the hilization of triplex relative to duplex as the size of the solute
surfaces of the macromolecul27-31). Thus, if thereisa  increased40). In this paper, we extend our previous study
significant number of water molecules associated with the by showing the effects of a variety of cosolutes on the
macromolecule surface, equilibria that involve changes in thermal melting of double- and triple-helical DNA. The data
surface exposure become sensitive to changes in the wateindicate that for the smaller solutes there is a general
activity induced by the cosolutes. Thus, study of the destabilization of the associated strands of DNA, while for
dependence of the equilibrium constant on water activity larger PEG cosolutes the duplex and particularly the triplex
provides a direct route for determining the changes in the forms are markedly stabilized. We use the concepts relating
number of water molecules involved in the equilibrium to changes in water activity and, for the larger solutes, the
reaction 21, 32, 33). excluded volume effect to explain the changes in DNA
Zimmerberg and Parsegiar64) have shown that in  stability in the presence of the cosolutes. The correlated
addition to the effects that cosolutes have on water activity, changes in bound sodium ions upon melting of the duplex
the size of the perturbant can be an important factor in the and triplex DNA are also determined.
response of a protein to its environment. Polyethylene glycols
(PEGS) of varying size affect conductance through alameth- MATERIALS AND METHODS
icin channels through dehydration of the protein channel by
osmotic stress (lowered water activity). But, in addition, it ~ Materials. Several different DNA samples were used in
was observed that smaller PEGs actually penetrate thethis study.E. coli DNA was obtained from Sigma Chemical
channels, and thus cut conductance through blockage ofCo. (St. Louis, MO) and was sheared by sonication in a horn
movement of anions through the channel. As size increasessonication cell to reduce the size of the duplex to about 200
the obstruction diminishes since the larger cosolutes cannotbase pairs. The sheared sample was extensively dialized
penetrate the interior of the channel. These size effects pointagainst BPE buffer [0.01 M sodium phosphate and 0.001 M
out the need to use cosolutes with a wide range of moleculardisodium ethylenediaminetetraacetic acid (pH 7.0)] before
weights to separate osmotic from geometric effects of the use. Triplex poly(dT)poly(dA)-poly(dT) was prepared by
solutes 65). mixing poly(dT) with poly(dA}poly(dT) (both from Phar-
The addition of cosolutes, which alter water activity, to macia Co., Piscataway, NJ), heating to @) and slowly
the environment of the DNA should produce significant cooling to room temperature. The triplex samples were
effects on the free energy of melting of triplex or duplex if dialyzed against CNE buffer, consisting of 10 mM sodium
there are changes in the number of bound waters as meltingcacodylate, 0.1 mM disodium EDTA, and 300 mM NacCl
occurs. This paper addresses the question of how much(pH 7.4). In some of the measurements on triplex melting,
influence this thermodynamically significant hydration has the NaCl content was reduced to 0.21 and 0.14 M in the
on the thermal denaturation of several duplex and triplex buffer. The low-molecular weight cosolutes were reagent
DNA samples. The intent is to evaluate the role of changes grade, and the polyethylene glycols were from Sigma
in water activity and cosolute volume on the thermodynamics Chemical Co. and had nominal molecular weights of 400
of melting of polynucleotide chains. There have been several (PEG 04), 1000 (PEG 1), 3400 (PEG 3), and 8000 (PEG 8).
reports of the melting of DNA in the presence of cosolutes. All cosolutes were dissolved in the appropriate buffer for
Although there was no quantitative analysis of the results, a combination with DNA solutions.
study of the thermal transitions in the presence of PEGs and Physical Measurementdn general, solutions for the
several polysaccharides with varying molecular weights physical measurements reported below were prepared by
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Ficure 1: Derivative melting curves for poly(dipoly(dA)-poly- Temperature

(dT) in solutions containing PEG 3400: (a) CNE buffer and (b) 5, fcure 2: Derivative meltin . .
: g curves for poly(dipoly(dA)-poly
(c) 10, (d) 15, and (e) 20 wt %/volume PEG. The lower temperature (dT) in solutions containing ethylene glycol: (a) 5, (b) 10, (c) 15,

peaks are for triplex and the higher for duplex. and (d) 20 wt %/volume ethylene glycol.

mixing the DNA and cosolute solutions each dissolved in

the same buffer medium. Thermal transitions of the DNA

samples were measured by monitoring UV absorption at 260

nm, and using a programmed temperature scatC(inin)

with either a Carey 3E spectrophotometer or a Hewlett- . ' . '
Packard model 8452 diode array spectrophotometer. The gl 0% 06 09 12
osmotic pressures of the cosolute solutions in which all of 84 ] B 1
the thermal melting transitions were studied were measured o g
by vapor phase osmometry at room temperature, using a £ 78] — ]
Wescor vapor pressure osmometer (model 5520). The . ;i .
measurements were calibrated using standard solutions of nd—
NaCl. In calculating of the water activity from osmotic B e
pressure, we assumed that there is only small temperature 75 A
dependence of the water activity between 25 and@®0an s ]
observation that has been confirmed experimentaill).( 60 ]
Circular dichroism (CD) measurements were also taken on 22 = o ]
a number of the solutions studied. The data were obtained "4 15 20 25 30 35 40
using a Jasco model 500 instrument, scans being run from Osmolality

350 to 210 nm. The CD scans were run on solutions of DNA _ . -
I$GURE 3: Melting temperatures at different osmolalities for (A)

in the presenqe and ab.s.ence of cosolutes, and in some cas%: plex poly(dT)poly(dA)-poly(dT) DNA in solutions of cosolutes,
after the melting transitions. Molar volumes of the solutes (m andm) ethylene glycol, 4) PEG 400, ¥) PEG 1000, $) PEG
used were determined using 25 mL pycnometers over a range3400, and 4) PEG 8000, (B) duplex poly(dApoly(dT) DNA in

of concentrations from 0 to 20 wt % per volume of cosolute solutions of cosolutes (symbols like those described for panel A),
in buffer. and (C) duplexE. coli DNA in solutions of cosolutes®&) glycerol

(other symbols like those described for panel A).

RESULT
SULTS for both triplex and duplex melting transitions in poly(dT)

Effects of Low-Molecular Weight Cosolut&sgures 1 and  Poly(dA)-poly(dT). The slopes for the smaller cosolutes seem
2 show representative UV melting curves (plotted as the t0 cluster near a common value, suggesting that water activity
derivative of the absorbance with respect to temperature) foréffects play a major role in the behavior of the DNA, so
triplex poly(dTypoly(dA)-poly(dT) in two different cosolute ~ What follows is an analysis based on osmotic stressing
solutions. It is clear that the cosolutes affect the melting Methods using a wider variety of small cosolutes. The data
behavior in different ways, PEG 3400 causing an increase for the larger solutes will be analyzed below using a
and ethy]ene g|yco| a decrease'ﬁm' Similar results were consideration of the excluded volumes of the cosolutes.
obtained for solutions of. coli DNA under the same The melting of DNA can be described in the presence of
cosolute solutions. In Figure 3, we summarize the data for 0smotic stressors by the following reaction:
the variation ofT, with osmolality for the melting transitions o~
of the DNA studied. The Iow-tr)1/1olecular weigght cosolutes, duplex= 2 single strands- An,H,0 + AnS +
such as ethylene glycol or glycerol, cause a depression of An,\,mNa+ Q)
the melting temperature with increasing concentrations of
the cosolute, while the larger PEG solutes generally yield whereAn,, Ans, and Anys+ are the changes in the number
an increase inty, with increasing osmolality. This is true of waters, solute molecules, and sodium ions associated with
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the melting of the duplex, respectively. A similar expression
can be written for the melting of triplex DNA:

triplex = duplex+ single strandt An,H,0 + AnS +
AnyNa“ (2)

According to linkage conceptg2), changes in the equilib-

rium constants for the above reactions are dependent on any

alterations of water activity and solute or ionic concentrations
as determined by the following relationship:

M EGLY
* 33y d(inay) +

B(In K)
a(Ina,)

whereg is the activity of either water, cosolute, or NaCl. It
has been shown by Wymag4) that

d(InK d(In

w )
d(ina,) (3)

k)
ainay " @
Thus,
d(nK) d(inay) d(ina,)
d(na,) W 4mm%) “dinay| ©

If we now express the equilibrium constant in terms of the
change inT,, with water activity, eq 5 becomes

dT, | _ d(ina)
mm%J_A%+A%Lmq@

_AH°
R

d(ina,)
ni[d(ln aw)] (6)

AH? is the enthalpy of melting of the duplex or triplex DNA.
Equation 6 indicates that the slope of a plofTgf* versus
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Ficure 4: (A) Reciprocal temperature of melting f&r coli DNA
vs the logarithm of water activity for small cosolute®) @lycerol,
(m) sucrose, ®) acetamide, andw) ethylene glycol. (B) Reciprocal
temperature of melting of triplex poly(d*Poly(dA)-poly(dT) (upper
curves) and of duplex poly(dApoly(dT) (lower curves) vs the
logarithm of water activity for small cosolutes®) glycerol, @)
sucrose, ¢) acetamide, andw) ethylene glycol.

very small, and thus, the slope of tiig™* versus Ina, curve

is determined largely byAn, instead. We prefer this latter
interpretation, since it would seem unlikely that all of the
cosolutes, whose structures are rather different, would have
the same degree of preferential interaction with DNA. These
same cosolutes were used in the study of binding of the CAP
protein to DNA, and again the equilibrium constant of
association was found to vary essentially the same for all
solutes, suggesting that the origin of change was in the water
activity, not a change in the degree of solute associafidn (
The binding of the drug netropsin to DNA was also found
to be insensitive to the identity of cosolute when added to
the reaction mixtures, and the binding changes upon addition
of solute could be explained by water activity changz®.(
Several studies involving the addition of these small cosolutes
in protein—ligand binding systems also support the notion

In a, is dependent on the change in the number of moles of that the effects on binding are reflected through variation of
water involved in the melting process, as well as contribu- water activity in the medium2(, 32, 33).

tions from the cosolute and salt as water activity changes. Examination of the data in Figure 4 shows that for the
As will be discussed below, the last term in eq 6 relates to duplex melts either oE. coli or for poly(dA)poly(dT) DNA,

the release of sodium ion during melting. In the experiments all of the points in each case fall on a common regression
designed to evaluate water binding, the ionic strength wasline, with only a few points outside of the 95% confidence
almost constant (the dilution of the buffer with cosolute limits. The slopes of the consensus lines af@®00105 for
would change the ion concentrations a few percent, but thepoly(dA)-poly(dT) and—0.00111 for theE. coli DNA melts.
derivative term is small in magnitude). Also, as will be shown The plots of T,,"* versus Ina,, for triplex poly(dT}poly-

in the next sectionAn.. is small, thus making the last term
in eq 6 small. The cosolute term in eq 6 must now be
considered.

Figure 4 shows plots of, ! versus Ina, for the low-
molecular weight solutes and for the three DNA samples
used. As mentioned above, the texndd(In ag)/d(In ay)]

(dA)-poly(dT) are not quite as consistent. Acetamide,
although showing a negative slope, has a value that is
significantly different from the three other solutes. It is not
clear why the acetamide data show a slope different from
the others, but as will be shown below, the slope difference
has a relatively small effect on the calculated average value

in eq 6 reflects any changes associated with preferentialof An,. Global regression for the data for ethylene glycol,

binding of the cosolute with DNA so thaAns would

glycerol, and sucrose yield a slope ©0.000562 for the

represent changes in the level of solute binding when the triplex melt.

melting process occurs. For duplex DNA, the fact that the
various solutes in Figure 4 all give the same slope within
the experimental error would mean either tha is the same
for all of the solutes (and the change in activity of the solute
with the change in water activity is the same) or that is

Before we proceed with the calculations/ifi, using eq
6, one other issue needs to be considered. As pointed out by
Vossen et al.Z3), it is important to test whether the effects
of cosolutes could be a result of dielectric constant alterations
of the medium. If so, then changes in the melting temper-
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] ' ' T i ] Table 1: Values ofAn, for DNA Melting
73 T

] ] cosolute E. coliduplex AT duplex TAT triplex
72 4 . ethylene glycol 3.7 3.6 0.8
71] glycerol 3.6 2.9 11
] ] acetamide 4.4 4.9 2.5
70 4 i sucrose 7.9 8.1 1.8
T, 1 4 v 1 average 39+ 04 3.8+£09 1.2405
691 q global fit 4.3+0.5 3.6+ 0.7 0.9+ 0.4
68 . B aThe average does not include the value for sucrv$te average

67 ] ] does not include the value for acetamide.

* ] in Figure 4, the sucrose points fall within the 95% confidence

654 N limits of the full data set. A divergence is also seen for the
74 ' 76 ' 78 ' 80 triplex melt, with acetamide showing a slope significantly
Dielectric Constant different from the rest. If one averages the triplex data with
the data for all four sets, the average value\o§, is 1.5+
FiGUrRe 5: Variation of the melting temperature Bf coli DNA as 0.8, while if the acetamide data are excluded, the average is

a function of dielectric constant for solutions @)(sucrose, 4)

glycerol, @) ethylene glycol, and¥) acetamide 1.2+ 0.5. Thus, the influence of this one set on the overall

average is relatively minimal.

The global fit yields values of 3.9 waters per base pair
atures could be a reflection of effects on the electrostatic released on melting of duplex DNA to two single strands
charge density along the DNA chain, which could also alter for both E. coli and poly(dA)poly(dT) DNA. For triplex
the chemical potential of the duplex. From the dielectric poly(dT)-poly(dA)-poly(dT) DNA melting to a duplex and
increment data of Cohn and Edsal3j, the dielectric single strand, there is approximately one water molecule
constants of several of the media used above can bereleased per base pair. Thus, we conclude that about four
calculated. Figure 5 shows the relationships betwggrt water molecules are released per base pair on melting duplex
and dielectric constants for four of the solutes used. If the DNA, regardless of whether there is a rather diverse base
dissociation constant for strand separation scaled with thecomposition, as witlt. coli DNA, or whether the sequence
dielectric constant of the solution, then the slopes of curvesis specifically an A strand coupled wita T strand. For the
in Figure 5 should all fall on a common line. However, the unravelling of a single strand from the triplex, one water
curves clearly show that there are significant differences in per base triplet is released.
the slopes for all four solutes, a reflection tAat and thus Release of Sodium lons upon Meltirgpdium ions are
the equilibrium constant for the melting of the duplex, does known to be bound to DNA in its various forms, these
not scale with the dielectric constants. This result supports condensed ions contributing to the stability of the helical
the idea that the major effect of cosolute on the melting structures by reducing the repulsive forces between phosphate
transitions is caused by changes in water activity. groups along the chair8(4). When the B-form of DNA

If the presumption that the low-molecular weight cosolutes melts, there is release of Naon due to the reduction of
are influencing DNA melting only through water activity charge density along the chain in conversion of duplex,
changes, with the last two terms in eq 6 considered helical DNA to single strands. Thus, in addition to the release
insignificant, then the slopes df, ! versus Ina, allow of water, changes in the number of associated sodium ions
calculation ofAn,, the change in the number of moles of are expected upon melting of the duplex or triplex strands
water per base pair upon melting of the duplex or triplex studied here. To determine the effects of condensed ions on
chains. The calculation requires a value Ad#° for duplex the melting behavior, data are required in which the sodium
and triplex melting. Unfortunately, the values&H° seem ion activity is changed at constant water activity. Thus, we
to depend on the source of the DNA, particularly for the have measured, for the melting of triplex, poly(dT-poly-
poly(dA)-poly(dT) melt @4). For the triplex transition, there  (dA)-poly(dT), and duplex, poly(dApoly(dT), in various
are several values for the TAT triplet: 2.33 kcal/mol of base concentrations of ethylene glycol, containing three different
triplet from the melting of a decame#®) and 3.36 kcal/ concentrations of NaCl. From these data sets, one can obtain
mol of base triplet based on calorimetric measurement of the variation ofT,, with salt concentration at several different
melting of poly(dT)poly(dA)-poly(dT) (46). Recent calo-  fixed values of water activity. Figure 6 shows the data for
rimetric values for duplex poly(dApoly(dT) melting are experiments on melting of duplex poly(c4ply(dT) in NaCl
6.87 kcal/mol of base pair46) and 6.0 kcal/mol for the  concentrations of 0.14, 0.21, and 0.29 M, in ethylene glycol
decamer 45). We choose the values of Had6] because  solutions with different water activities (determined from
our source (Pharmacia) of the duplex and methods of osmotic pressure measurements). Similar results were ob-
preparation of the triplex DNA are the same. In Table 1, we tained for the triplex melts. Fitting these data by linear
summarize the numberax,,) for the individual solutes, and  regression allows calculation @f, in pure water or at other
also show the number obtained for the global fit to the water activities for the three salt concentrations.
combined data sets, as shown in Figure 4. The value for From eq 3, at a constant water activity and cosolute
sucrose in Table 1 is about twice the values for the other concentrations, the equilibrium constant for melting of DNA
solutes when taking the slope from the individual data set. should depend on the salt content of the medium. This leads
This could indicate a small, specific solttBNA interaction, to the following relationship when converted into the melting
but when the data are plotted with the other solutes, as showntemperature, the slope of a plot & versus InC.. being
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poly(dA)-poly(dT) with the logarithm of water activity in ethylene FIGURE 7: Variation of the reciprocal melting temperature for triplex

Ivcol soluti tainina 0.1 0.21 d 0.29 M Nacl poly(dT)-poly(dA)-poly(dT) (upper curves) and duplex poly(dA)
gucol sollitions containing 0, @), an a poly(dT) (lower curves) with the logarithm of salt concentration

).

™ for solutions with a water activity of 1 (solid lines and points) and
- with a water activity corresponding to the individual salt solutions

Table 2: Values ofAnys+ per Phosphate for Duplex and Triplex (dashed line).

DNA

AT duplex TAT triplex from the ethylene glycol solutions. Other water activities are
also shown in Table 2 that are calculated from the regression
equations from Figure 6. The data in Table 2 indicate that

In ay slopé (x10P) Anyat slope (x10% Anyg*

0.00 —6.05 0.10 —292 0.16 there is a slight dependence &hy,+ on water activity. The

0.00° -7.19 0.12 —-3.64 0.23 ) .
—0.02 —6.89 0.12 —3.44 0.22 values for triplex vary from 0.23 to 0.20 as the water activity
—0.04 —6.44 0.11 —3.23 0.20 changes from 1 to 0.96. For duplex, the change is even

2 The values in this row are obtained in the salt solutions between SMaller, and \_N't_h'n the eXper'm?ntal error Is invariant over
0.14 and 0.29 M NaCl, so the activity of water is not truly’Malues the same variation of water activity. Also shown in Figure
in this row are obtained from extrapolation to a water activity of 1 7 and Table 2 are values based on the slopes in the salt

fcrom Ithe th;'ylen? glyCOfl Zg%iongifhel S'?Ees are for tfhﬁn(;l VIS In 4 Solutions in water, but not exirapolated to pure water. In most
. plots. AH°® values o cal/mol of base pairs for duplex an - A :
3360 cal/mol of triple pairs from Hadg46) were used. Errors in the of th? studies of Ion. bmdmg’ t.h.e measurements are ta.ken n
regression coefficients for the slopes average about 5%. solutions of NaCl in a specific range of concentrations,

typically from a few hundred millimolar to tenths of
millimolar. These solutions do have osmotic contributions
that will affect T, slightly, and thus, the slopes of plots of
Tm ! versus InC. will be different from those obtained
through extrapolation to water activities of 1. For example,
= AN, 7 in the poly(dT)poly(dA)-poly(dT) system if one uses the
slopes obtained from plots of the salt solutions containing
no ethylene glycol, that is, just NaCl ranging from 0.14 to
AH° is the enthalpy of melting per nucleotide (phosphate), 0.29 M, then the value oknys- comes out to be 0.16 rather
and the factorx accounts for the variation of the activity than 0.23 for the triplex melt. For duplex, the value is 0.10
coefficients of the ions with salt concentration, and conver- versus 0.12. lon release on melting of the triple helix is thus
sion of ionic activities to concentration, and has a value of dependent not only on what the salt content is, but also some-
about 0.9 in this range of salt concentrations. Record et al. what on the water activity of the medium. Most of previous
(4) have pointed out that eq 7 does not take into account themelting studies have been carried out in NaCl solutions in
nonideality of the DNA polyelectrolyte, and they present buffer, and thus, values @ny,+ contain a slightly perturbing
arguments which suggest that the actual change in sodiumeffect of the osmotic contribution of the salt.
ion fraction may be a factor of 2 larger if nonideal screening  The ion release numberAifn,+) are in reasonable agree-
interactions are accounted for. We will use eq 7 directly, ment with the data of Krakauer and Sturtevatif)( Triple-
and report in Table 2 the slopes of plotsTef * versus In helical poly(U}poly(A)-poly(U) gives a change of 0.10
C. and the values of the number of sodium ions released sodium ion per phosphate, relative to 0.16 ion for poly¢dT)
per phosphate\nys+, upon melting. The range of values for  poly(dA)-poly(dT) found here. The number 0.16 is used since
Anngt is dependent on the measured calorimeiid® per the values of Krakauer and Sturtevant are not based on
nucleotide for duplex and triplex melts. As mentioned above, extrapolation to a water activity of 1. Their result for melting
we choose the values of Hadf) because the DNA sources of poly(A)-poly(U) is a release of 0.16 Naion per
are similar to ours. phosphate, compared with 0.10 determined here for poly-
Figure 7 shows plots foF,,"* in pure water for the duplex  (dA)-poly(dT). The results are also in reasonable agreement
and triplex forms of DNA at the three different salt with values obtained by Zieba et ad§) for small decamers
concentrations. Values shown for pure water in Table 2 and (0.14). The consequences of these sodium ion releases will
in Figure 7 are obtained from extrapolation to pure water be considered later.

related toAny,t, the change in the number of moles ofNa
ion bound on melting of the DNA chains:

d(T, )

d(InC,)

_AH°
R
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Ficure 8: Change in the number of waters released upon melting 7 1
of DNA for E. coli duplex @ and solid line), poly(dAjoly(dT) 00 o1 oz 03 04 05
duplex @ and dashed line), and triplex poly(dpply(dA)-poly- Cp (molar)
(dT) (a and dotted line) with a molar volume of cosolute. Positive . P )
values of—An,, correspond to water release. The solutes used FIGURE 9: Variation of the melting temperature of DNA with the
[and molar volume (milliliters per mole) in parentheses] were acet- Molar concentration of the polyethylene glycol cosolute for EA)
amide (56), ethylene glycol (55), glycerol (73), sucrose (215), PEG Ccoli duplex, (B) poly(dTjpoly(dA)-poly(dT) triplex, and (C) poly-

400 (343), PEG 1000 (845), PEG 3400 (2770), and PEG 8000 (dA)-poly(dT) duplex. Cosolutes werll{ PEG 400, ®) PEG 1000,
(6650). (a) PEG 3400, andX) PEG 8000. The dashed lines are the limiting

slopes used in the calculation of the excluded volume.

Effects of Higher-Molecular Weight Cosolutd® study C, should be a straight line, the slope of which allows
the influence on thermal melting of DNA of higher-molecular .2, 1ation of the excluded volume chande/e,

weight cosolutes, a series of solutions containing PEGS with  gg 4 56 these cosolutes also affect the melting temperature
increasing molecular weights were tested with the duplex j, e gpnosite direction through changes in water activity,
and triplex DNA. An illustration of the effect of these larger it is necessary to correct the valuesTf for the osmotic

volume.solgtes on the me_Iting of triplex and duplex DNA is pressure effect39). Although these corrections are small,

shown in Figure 8, in whici\n,, calculated from eq 6, is  paricylarly for the higher-moleculer weight polymers, the
plotted as a function of the molar volume of the cosolute. s shown in Figure 9 were corrected for the osmotic effect
The low-molecular weight osmolytes are included, and yq foi10ws. First, it was assumed that ethylene glycol would
indicate that when the molar volumes reach somewhere o, it jis effect as purely a water activity influence. Plots

between 200 and 300 mL/mol, there is a major change in ot 1 '\ ersus osmolality for ethylene glycol were prepared,
the behavior ofAn,, with the larger solutes producing Very hich were linear, and a regression equation was obtained
large and opposite effects compared with the smaller ¢, o501 pNA case studied. Then, from the measured osmol-

cosolutes. Since the effect of the smaller solutes is virtually ality of the copolymers, a correction was calculated on the
constant, it is logical that these perturbants are producing basis of the ethylene glycol data, and this correction was

their effects rt]hrcl)ugh chalnges irr11 wa:]er activity, as analyzeld then added to th&, value for each of the polymer solutions.
ablove. .F?]r the 'arlgkerlsohutesh, the cﬁanges depend onl MOIafn most cases, this correction wad®, since the osmolalities
volume; thus, itis likely that these effects are due to volume ¢ e nolymers are small relative to that of ethylene glycol

exclusion by the solutes and DNA, producing increases in o4 o equivalent weight percent. The data plotted in Figure
melting temperature rather than decreases with increasindy show the corrected .. values as a function of molar
concentrations of solute. Woolley and Will85) have "

analyzed the increaselt, of RNA [poly(1)-poly(C)] in the The plots in Figure 9 folE. coli and the triplex show

presence of high-molecular weight polymers of PEG 0 gy acted behavior; that is, with increasing copolymer mo-
dextran in terms of volume exclusion. Their approach is {0 ¢ jar weights, there is an increased slope, and thus a larger
treat volume exclusion as an effect on the activity coefficients o, luded volume, and all cosolutes show positive slopes. For
of the DNA components, e.g., the duplex and smg_le strands, uplex, poly(dA)poly(dT), however, there are clear incon-
and thus during the melting process, the changes in eXCIUde(Eistencies with the other data sets. First, the slope for PEG
volume yvith increased cosolute cor!centra}tion directly affect 450 has a negative value, indicating a éhange in excluded
the melting temperature. The equation Tayin the presence o1 me that is opposite of the others. One would expect the
of higher-molecular weight polymers is values ofAVe, for poly(dA)-poly(dT) melting to be similar
to those folE. coli, since they are both changing from duplex
Y m to two single strands. The excluded volumes for the duplexes
Tn=Ta+ E(Avex)cp (8) and melted single strands ought to be similar in size. Table
3 shows the calculated values for the duplex and triplex
whereC, is the molar concentration of polymeXkVey is the samples studied. The changes in excluded volume for poly-
change in excluded volume upon meltifg, is the melting (dA)-poly(dT) are somewhat smaller than those Eorcoli,
temperature in the absence of polymer, akH is the particularly for the larger polymers. This factor suggests that
enthalpy of melting of the DNA. Thus, plots df, versus the two DNA samples are behaving differently with regard

concentration.

2
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Table 3: Excluded Volume ChangeA\(ex) for DNA Copolymer a0 L
Components I
TAT AT E. coli 30 -

copolymer triplexX’  duplex duplex Ve dupf Ve(dupy 3

PEG 400 045 —0.025 0079 092 0.82 g *r

PEG 1000 1.33 0.47 0.85 2.20 1.80 g I

PEG 3400  5.10 145 456 8.75 5.64 = 'r

PEG 8000 11.80 4.30 11.28 19.70 12.80 ) o I

2Values are in liters per molé.These are also equal M.(ss). 2 I

¢ Excluded volume of the duplex copolymer based on the AT duplex M 4|
AVeyx. 9 Excluded volume for the duplex copolymer basedEncoli I
AVex. 20 |

P S T RS T T L
10 200 220 240 260 280 300 320 340

Wavelength

Ficure 11: Circular dichroism spectra for solutions of triplex poly-
(dT)-poly(dA)-poly(dT) in solutions of 10% (dashed line), 15%
(solid line), and 20% (dotted line) PEG 1000. The solid line
superimposed on the 10% PEG line is the spectrum in CNE buffer
alone.

intensities of the bands at 246 and 253 nm. Thus, there appear
to be no major conformational changes in these solutions.
At higher concentrations of the larger copolymers (PEG
1000, PEG 3400, and PEG 8000), significant changes in the
CD spectra are observed. Figure 11 shows the spectra of
R the triplex in buffer and in 1620% (w/v) PEG 1000. The
200 220 240 260 280 300 320 340 360 10% solution spectrum closely resembles the spectrum in
Wavelength buffer. However, increasing to 15 and 20% produces large
FicUrRe 10: Circular dichroism spectra of triplex poly(dpply- phanges In .the CD bands. The spectrum in 20% PEG 1000
(dA)-poly(dT) in 20% ethylene glycol (solid line), 15% PEG 400 is quite similar to they(+) spectra reported by Huey and
(dotted line), 5% PEG 3400 (dashed line), 5% PEG 8000 (short Mohr (49) and by Chaires50) for duplex poly(dA)poly-
dashed line), and CNE buffer (solid line). (dT). The y(+) state is thought to be a supramolecular
to excluded volume, suggesting a different conformational 2ggregate of twisted DNA strands, leading to chirality which
organization in the two cases. For this reason, we examinedcan be either positive or negative depending on the handed-
CD spectra for the majority of the solutions studied. ness of the twist49). In the DNA cases studied here, we
There are a number of studies published that suggest tha€XPect that some of the solutions have these aggregated forms
at high concentrations of copolymers and with a high salt Present. Solutions of triplex, poly(djoly(dA)-poly(dT), or
content in the DNA solutions condensed phases ap@@ar ( duplex, poly(dA)poly(dT), in which the concentration of
50). In solutions of ethanol (3850%) containing reasonably ~PEG 1000 or PEG 3400 is greater than 10% show evidence
high salt concentrations (0-.5 M), these condensed forms, ©Of the supramolecular structures. For PEG 8000, even the
designatedy(+) or y(—), depending on the effect on the 10% solutions have positively enhanced CD spectra.
CD spectrum, are characterized as cholesteric liquid crystal- The consequences of these higher-order aggregations to
line phases, and suggest long-range ordering in solutions ofth€ melting of DNA are not totally clear. Huey and Mohr
this type @9). Chaires 0) reported similar effects of (49), as well as Gray et al.5(), argue that despite the
(dT), solutions of 15% (w/v) PEG 8000 showing evidence Secondary structure of the DNA chains. That is, within the
of the yy(+) phase. These long-range aggregation reactions@ggregates the normal B-form DNA persists. If this were
are accompanied by anomalously large positive changes infrue, then one expects that melting transitions would be
the CD spectra. Thus, it was important to examine CD spectra@ffected through changes in excluded volume due to the
for the solutions used in these studies. Forheolisamples ~ @ggregated structures. For the melting of duplex DNA,
in BPE buffer (16 mM Na), there was no evidence of agdgregation of the duplex to polymorphic phases would lead
change in the CD spectrum from B-form DNA, even at the 0 an increased excluded volume for the duplex relative to
highest (20% PEG 8000) concentrations. The CD spectra inSingle strand, and thus according to eq 7 would lead to

virtually no difference from the spectrum in buffer alone. ©f any aggregation. For triplex aggregation, the effect on
However, for the triplex, poly(dFpoly(dA)-poly(dT), there ~ Tm Would depend on the relative extent of aggregation of
were some changes in the CD spectra, depending onthe triplex relative to duplex, since the expected change is
concentration and which copolymer was present in the buffer )

(CNE with 0.3 M NaCl). Figure 10 shows the superposition AV = Vg, [8S) T Ve, (dup) — V,(tri) 9)

of several spectra of the triplex in different media. In all of

these solutions, the CD spectra are similar to those for thelf there is a higher degree of aggregation for the duplex,
triplex in buffer alone. There are only minor changes in the positive increases iA\Vex would be expected, while more

Ellipticity (mdeg)
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aggregation in the triplex form would lead to smaller slopes. generate numbers in the range of-IX) water molecules
In Figure 9, it is clear that for the larger copolymers there is per base pairl8, 20). A number of studies indicate that water
a positive deviation from a linear response for the triplex may exist in several different states when associated with
melts, particularly at higher concentrations. This is consistent the hydration shells of DNA18—20). Thus, some of the
with the duplex being more extensively aggregated than the 15—20 water molecules per base pair may be quite labile
triplex. Note also in Figure 9 that the curves forcoli are and, although associated with the DNA, rapidly exchange
perfectly linear, showing no effects of aggregation. The with bulk water (5, 53). Infrared and NMR measurements
duplex poly(dA)poly(dT) melting transitions are somewhat on DNA solutions have led to suggestions that there are water
difficult to understand. As mentioned above, that for the PEG molecules that specifically interact with the phosphates and
400 actually shows a negative slope; that for PEG 1000 ribose rings of the DNA backbone in both duplex and single-
shows a positive increase, and there is a negative deviationstranded forms12, 13). In addition, hydration within the
from linearity for this copolymer, as might be expected for base pairing region has been postulated to explain a variety
association of the duplex. However, the examples with of experimental studies of the stability of various forms of
higher-molecular weight copolymers, PEG 3400 and 8000, DNA (7, 8). These studies address the apparent presence of
both show positive deviations from linearity. The curvature water in the major and minor grooves of duplex DNA, and
in the T, versusC, plots complicates the evaluation &g, its role in the stability and transformation between secondary
somewhat. However, if it can be assumed that as the structural forms.
concentration of copolymer approaches zero, these higher- Perhaps the most effort in trying to understand associated
order aggregates will disappear, as the CD spectra indicatewater in DNA has been expended in analyzing the crystal
then one could use the limiting slopes of the versusC, structures of oligomeric DNA7T—9). These studies have led
plots to evaluaté\Ve,. For the triplex and duplex, poly(dA)  to a variety of postulates regarding the presence and role of
poly(dT), the values oAV, shown in Table 3 are calculated groove-bound water. From the early paper by Drew and
from the limiting slopes, while foE. coli, linear regression  Dickerson b4), which suggested that AATT tracts in a
was used to obtain the change in excluded volumes. dodecamer show evidence of a spine of hydration in the
To explore further the excluded volume effects in the PEG minor groove and ribbons of water in the wider sections, a
solutions studied, an additional calculation can be made thatnumber of papers have appeared with analysis of a variety
is useful. According to eq 8, the change in excluded volume of crystals, ranging from hexamers to 20-mers. In all of these
for the triplex melting transition is related to the difference analyses, the water is found bound in locales that show
between the sum of the volumes for single strand and duplexspecific hydrogen bonding interactions with bases, and in
and the volume for the triplex. Because the effective radii some cases with the ribose oxygens and phosph@jteBhe
of duplex and triplex polynucleotides are similar in magni- rate of exchange of these waters as measured by NMR
tude, e.g., 1.18 nm for duplex and 1.21 for triple-helical poly- spectroscopy is much slower than those of other hydration
(A)-poly(U)-poly(A) (52), the excluded volumes of duplex water, particularly for those molecules of water thought to
and triplex with a copolymer such as PEG ought to be be associated with the minor groove ofTh tracts 65—
similar. Thus, from eq 8 to a first approximation, the 57). A recent paper by Shui et ab§), on the X-ray structure
measuredA Ve, of the triplex should be close to the actual of a dodecamer similar to the DrevDickerson dodecamer,
excluded volume of the single-strand poly(dT) with copoly- under very high resolution shows that the spine of hydration
mer. That is, AVe(tri) = Ve(ss). If we assume that this is in the AT tract is two layers deep, and is partially occupied
true, then it is possible to calculate the actual excluded by sodium ions. Thus, there seems to be clear evidence for
volumes for duplexE. coli and for duplex poly(dA)poly- uniquely bound water in a variety of DNA structures. The
(dT) from the experimental excluded volume changes for question then arises as to what waters we are examining in
the duplex, and the value ®t,(ss) obtained from the triplex  the osmotic stress measurements.
data. FoIE. coli, AVe(E.coli) = 2Ve,(SS)— Vex(dup), and a In the osmotic stressing measurements on the melting of
similar expression applies for the duplex poly(eg9ly(dT). duplex to single strands, the values Mh, represent the
The values ofVe, for the single strand and duplex are difference in uniquely bound waters to the duplex relative
included in Table 3. In principle, the values \é§,(dup) for to single strands. As pointed out by Parsegian et2dl),
the two types of DNA ought to be equal, but there is water that is osmotically significant has its chemical potential
significant divergence for the larger PEGs. Because of the altered by the presence of the macromolecule and thus is
peculiarities of the poly(dApoly(dT) Ty, versusC, curves different from the bulk solvent. In addition, in the case of
in Figure 9, it is not unexpected that this case might be melting experiments, it is possible that water that may be
different. The magnitude d&fe,(dup) based on the calculation  different from bulk water is the same in both single strand
from the E. coli AVe is thus more reliable than that based and duplex. This may be true for more labile waters
on the poly(dAjpoly(dT) value and, as will be seen below, associated with the surface phosphates or ribose sites, since
is also in good agreement with a calculated excluded volumethese sites are available to water in both duplex and single

for duplex based on simple geometric models. strand. Thus, the changes in hydration associated with the
melting transition represent waters that are uniquely bound
DISCUSSION to the duplex and released to bulk water in the single-strand

state. Our data suggest that about four water molecules per
Hydration of DNA The various methods used to estimate base pair are released when the DNA duplex melts, and that
DNA hydration yield results that depend on what properties it does not depend on the sequence, since poly(iy-
are being probed. Measurements of the water of hydration (dT) andE. coli duplexes both give up about four waters.
by densitometry or ultrasonic measurements and calorimetry Schneider and Bermafi ) have analyzed crystal structures
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of 14 B-DNA decamers and find evidence for about five the conformation and stability of the DNA structures. Thus,
water molecules hydrogen bonded in the base region. Theany solution condition that can alter water activity will
data show the same extent of hydration of guanine andundoubtedly have an effect on the stability of a particular
adenine, and of cytosine and thymine. If it is assumed that conformation through influence on these bound water
these water molecules are released from the duplex uponmolecules. Changes in the osmotic environment within the
melting, and that single strands do not bind any of the cell then could alter the conformation of DNA through
liberated waters, the data would be approximately consistentsubtle changes in the displacement of water from the
with our hydration changes. structure.

The new X-ray data of Shui et ab&) show a model for lon Release upon Meltingexperimental evidence for ion
B-DNA that includes both sodium ions and water molecules release upon the melting of DNA has been well-established.
sharing sites in the spine of hydration with a secondary layer These data are usually analyzed using the Manning model
of water on top of the primary spine. These complexes could or variations of that model proposed by Recdsd-5). The
easily result in four or five molecules of water per base pair key idea of these models is that there is condensation of ions
being uniquely bound in the duplex. We thus conclude that along the surface of the DNA due to the relatively high
the values ofAn,, are reasonably consistent with the release charge density along the chain. The charge density parameter
of water bound within the duplex that have been suggested(&) is related to the axial charge separation along the DNA
from X-ray analysis. chain p) by the equatiort™! = b/7.14, the factor of 7.14

It is striking that our results show no difference Am, being the Bjerrum length (angstroms) from the Manning
for a natural DNA E. coli) and poly(dA}poly(dT) duplex. model @). Values ofb have been estimated from X-ray data
Poly(dA)-poly(dT) normally shows evidence of a spine of to be about 1.7 A in duplex form, since there are two
hydration in its melting behavior4d). There is a broad  phosphates per 3.4 A along the helix axis, and since the
premelting transition (midpoint at 29.9C) thought to be fraction of counterion bound per phosphate is £71, these
due to the disruption of the bound water in the spine of numbers predict that the fraction of sodium bound per
hydration in the minor groove of the duplex. In our case, phosphate is 0.75 for typical B-form DNA. From experi-
the poly(dA}poly(dT) in solution is derived from the melting mental measurements of sodium ion release upon melting,
of the triplex poly(dTjpoly(dA)-poly(dT), with the single one can determinAnys- as described above. Record et al.
strand unravelling at temperatures near 8B. At this (4) have suggested that the true stoichiometric amount of
temperature, the spine of hydration in the minor groove of sodium release is strongly affected by nonideal interactions
poly(dA)-poly(dT) would be largely disrupted. Herrera and between the polyelectrolyte DNA and sodium ions. Thus,
Chaires 44) suggest on the basis of changes in CD spectra, the use of eq 7 above leadsAon,- values that are too small
changes in the susceptibility to DNase | digestion, and by a factor of 2. Accordingly, the values for sodium ion
characteristic changes in drug binding that disruption of this release shown in Table 2 could be underestimated. In the
minor groove water results in a conformational change in analysis of Record, he multiplies the experimenial,
poly(dA)-poly(dT), a change that makes the duplex a more obtained from plots of;,, X versus InCygt, by 2 to determine
normal B-form. Thus, this more “normal” B-form poly(dA)  the release of Naupon melting of duplex to single-stranded
poly(dT) may be hydrated in a manner similar to that of the DNA. Since Annat = £7%(ss) — £7Y(dup), it is possible to
E. coliduplex conformation, and water release upon melting determine the fraction of ions bound to single straBdj.
is virtually the same for both. For typical natural DNAAnys- values from slopes of the

The release of only one water molecule when triplex poly- inverse temperature versus Gplots are about 0.185, so
(dA)-poly(dT)-poly(dA) melts to single strand and duplex the stoichiometric release is about 0.37 ion per phosphate.
suggests a small number of uniquely bound waters in the Using that figure for ion release leads to 0.38 counterion
triple helical structure. Several studies support this result. per phosphate in single-stranded DNA.

Using NMR relaxation methods, Radhakrishnan and Patel Poly(dA)poly(dT) duplex DNA is not a typical B-form
(14) provide evidence that there are water molecules bound structure 60—62); however, the value df is not too different

in the new WatsorHoogstein or Crick-Hoogstein grooves  from that for natural DNA, 1.5 vs 1.7 260). This leads the
formed in triple-helical structures. A molecular dynamics fractional binding of counterions to increase slightly to 0.78.
simulation also shows a spine of hydration in triple-helical Using our value forAnys+ of 0.25 (2 x 0.12) leads to an
grooves, and the simulations show a persistent single wateraverage of 0.53 sodium per phosphate for the single strands,
molecule per triple base within the groov&). So, again if poly(dA) and poly(dT). Polyadenylic acid, poly(A), was
this water molecule is released upon melting of the third found to have a somewhat smaller valuebdhan poly(U),

strand to form duplex and single strand, our valueAof, 3.1vs 4.5 A, respectivelyd]. Thus, the fractional occupancy
for triplex melting is consistent with the hydrated triplex of phosphate sites by sodium for single-stranded poly(A) is
structures proposed from X-ray analysis. 0.56, while the occupancy is more like that for natural DNA

In summary, it should be emphasized that duplex and single strands (0.36) for poly(U). Note that the average is
triplex DNA are more highly hydrated than is indicated from 0.46, not too different from our value of 0.53, and suggests
the osmotic stressing experiments reported here. That is, therehe possibility that the value for poly(dA) may also be
are many more water molecules along the surfaces of thesomewhat higher than that for poly(dT). The origin of the
DNA that would be significant, for example, in drug or differences between A and U or T single strands is thought
protein binding to the DNA surface. In the strand separation to arise from the stacking of the adenine bases in the single
of melting, however, the water molecules that are significant strand, thus shortening the distances between phospBates (
are those which are tightly bound within the duplex or triplex, However, our understanding of the conformation of single-
and are the ones mostly likely important in playing a role in stranded DNA in solution, and thus the phosphate spacing,
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is limited, and thus, the results we report here for single Tapie 4: Calculated Radii and Excluded Volumes for DNA
strand ion condensation can only be approximate. Duplexes with Copolymér

The transition from triplex with a very high charge density copolymer RhydP Reo(calc) Ve(duf Reo(adi) Ve(duy
along the helix, and thus a large number of condensed sodium PEG 400 067 030 1.20 0.5 1.00
ions, to duplex and single strand ought to release significant PEG 1000 ‘ ’ ) ' ’

. - g 0.87 0.90 2.50 0.60 1.86
numbers of ions. Our data indicate that 0.46x(®.23) ion PEG 3400 1.60 226 7.30 1.90 5.80
per phosphate site are released in the melting process in purePEG 8000 2.70 3.77 15.20 3.40 13.00
water or 0.32 (2x 0.16) ion if measured in salt solution aRadii are in nanometers. Volumes are in liters per mbléydro-
(see Table 2). One can estimate the level of ion release ondynamic radii from Kuga&3). ¢ Calculated excluded volume of the
the basis of the data presented by Record etafof poly- duplex usingReo from column 3.9 Calculated excluded volume of the

(U)-poly(A)-poly(U) triplex. Their value for the extent of ~ duplex usingRe, from column 5.
sodium ion binding is about 0.85 for triplex and 0.75 for
duplex. The problem in our case is what to use for single-
stranded poly(dT). If the single strand value of 0.38 for
natural DNA is used, then one can calculate the extent of
ion release on melting of triplex to duplex and single strand. o

T T T T T T T

ANy, = 0.85— %/, x 0.75— '/, x 0.38=0.23 12 1

Since most ion binding studies are carried out in salt solutions 8 .
without extrapolation to pure water, our value of 0.33 would ] ]
be more comparable to the above calculation. Although 4] i
somewhat higher, the agreement is most likely within the ] 8
possible errors. The assumptions about values for specific g
ion binding to the various forms of DNA could be in error.
Differences of a few hundreths in the parameters used can
affect the calculation significantly. An additional factor that Copolymer Molar Mass
should be mentioned is that the values\ui\,+ are directly FIGURE 12: Experimental excluded volumes fax)(poly(dA)-poly-
dependent on the values of calorimeti¢d® used in the  (dT) and @) E. coli DNA plotted vs the molar mass of the
calculation. Errors of 10% could lead to corresponding errors copolymer. Also included are the calculated excluded volumes using
. - . eg 9 and ) Req values from column 3 of Table 4 ané) using
in t_he extent of ion release so that values used for calculanonRPol values from column 5 of Table 4.
of ion binding may have systematic errors related to the
choice of enthalpy of melting. In any case, it seems clear pairs or triplet, because in calculating the experimental,,
that triplex DNA will have a high degree of counterion the numbers were per base pair (tripl&®pna is the radius
association (0.850.90), while the values for duplex and of the appropriate DNA component, aid, is the radius
single strand are substantially lower (0.75 for duplex and of the copolymer. Since the radii of single-stranded, duplex,
0.35-0.60 for single strand, depending on the base composi-and triplex DNA are known, the problem is to define an
tion). The binding is clearly dependent upon the charge effective radius for the copolymer. An approach for the data
density along the chain, but also is dependent upon theobtained here is to again rely on the measured excluded
osmotic status and concentrations of ions in the surroundingvolume of the triplex ad/e«(ss), and then use the radius of
medium, as the data in Table 2 indicate. Thus, in the single-stranded DNA in eq 9 to allow calculation Bfo.
evaluation of counterion association with DNA, it is impor- Table 4 shows the values of the PEG radii determined this
tant to map out both the ionic concentration effects and the way, and shows that the values are somewhat larger than
associated status of water activity in the medium. the hydrodynamic radii of the PEG®$3). With these
Excluded Volume EffectShe measured excluded volumes estimates ofRp, it is now possible to calculat¥e(dup),
presented above in Table 3 can be used to examine modelshe excluded volume for duplex DNA with the PEG
for the excluded volume effect. Several authors have usedcopolymers. These numbers are shown in Table 4. Also,
simple geometric models to estimate the excluded volumesFigure 12 shows comparisons with the measured values of
for crowded solutions 35—38). A reasonable model for  Vg(dup) for theE. coliand poly(dA)poly(dT) duplexes. The
DNA—PEG exclusion would be a DNA cylinder in contact calculated Vexdup) values are reasonably close to the
with a spherical copolymer of PEG. If end effects are experimental values, but are somewhat larger thanEthe
neglected, the volume excluded by such geometry is acoli numbers, which should be the most reliable, and smaller
cylinder around the circumference of the DNA whose radius than the experimental values for poly(dpdly(dT). The
is the sum of the radius of DNA and the effective radius of calculated excluded volumes are quite sensitive to the values
the copolymer. The excluded volume can be calculated from of Rpo. DecreasingReq by a few tenths of a nanometer

© O
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the simple equation improves the agreement with the experimental value&for
coli, as shown in Figure 12, where a recalculated set of values
V., = IIN;L(Ropa + Roo)? (10) for Ve(dup) are presented on the basis of slightly smaller

Reoi NnUMbers. The recalculated numbers are in excellent
whereN, is Avogadro’s number so that the volume can be agreement with th&. coli data in Table 3, and the values
calculated on a molar basis andis the length of the  of Req, although larger than hydrodynamic radii, are not
cylindrical segment, in this case the distance between baseunreasonable for the PEG polymers. These calculations add
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