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ABSTRACT: Interactions of the solutes glycine betaine (GB) and urea with mononucleosomal calf thymus
DNA in aqueous salt solutions are characterized by vapor pressure osmometry (VPO). Analysis of
osmolality as a function of solute and DNA concentration yields the effect of the solute on the chemical
potential,µ2, of the DNA. Although both GB and urea generally are nucleic acid denaturants and therefore
must interact favorably with the nucleic acid surface exposed upon melting, VPO demonstrates that neither
interacts favorably with duplex DNA. Addition of GB greatly increasesµ2 of DNA, indicating that the
average local concentration of GB in the vicinity of the double helix is much less than its bulk concentration.
By contrast, addition of urea has almost no effect onµ2 of duplex DNA, indicating that the average local
concentration of urea in the vicinity of duplex DNA is almost the same as in bulk solution. Qualitatively,
we conclude that the nonuniform distribution of GB occurs primarily because duplex DNA and GB prefer
to interact with water rather than with each other. Comparison with thermodynamic data for the interaction
of GB with various protein surfaces (Felitsky et al.,Biochemistry, 43, 14732-14743) shows that GB is
excluded primarily from anionic DNA surface and that the hydration of anionic DNA phosphate oxygen
surface (J17 H2O per nucleotide orJ0.22 H2O Å-2) involves at least two layers of water. From analysis
of literature data for effects of urea and of GB on DNA melting, we propose that urea is an effective
nonspecific nucleic acid denaturant because of its favorable interactions with the polar amide-like surface
of G, C, and especially T or U bases exposed in denaturation, whereas GB is a specific GC denaturant
because of its favorable interaction with G and/or C surface in the single-stranded state.

Glycine betaine (GB)1 and urea exhibit very different
effects on protein folding and other protein processes and
interact very differently with folded and unfolded protein
surfaces (1-4). In our research, we have focused on this
pair of solutes to understand the molecular and thermody-
namic basis of both osmoprotection and the effect of these
solutes on biopolymer processes (1-4). Toward these goals,
it is important to quantify the interaction of GB and of urea
with double- and single-stranded nucleic acid surfaces. At
molar concentrations, both solutes destabilize the double-
helical conformation of naturally occurring nucleic acids;
thermal transition temperatures,Tm, decrease approximately
linearly with increasing solute concentration (5-9). This
dependence indicates that both solutes must interact favorably

with, and therefore accumulate at, the uncharged nucleic acid
surface exposed in the conformational transition to the single-
stranded state. Von Hippel and co-workers (5) observed that
the destabilizing effect of GB on DNA increases with
increasing fraction of GC base pairs; thermal stability of
poly(dAT) is almost unaffected (possibly slightly increased)
by addition of GB. By contrast, the effect of urea onTm of
DNA is not a function of base composition (6).

Quantitative thermodynamic information regarding the
interactions of various solutes with native protein surface
has been obtained by dialysis in conjunction with densimetry
(10, 11), by ultracentrifugation (12, 13), and by vapor
pressure osmometry (VPO;2, 4, 14). In particular, interac-
tions of GB and of urea with native protein surface have
been quantified by VPO (2, 4). Additionally, interactions of
GB and of urea with the surface exposed in unfolding the
marginally stable lacI HTH DNA binding domain and other
proteins and peptides have been characterized by quantitative
studies of unfolding (1, 15, 16). Results of these studies have
been analyzed using the solute partitioning model (local-
bulk domain model) and calculated water-accessible surface
areas (ASA) (1-4, 17, 18). We find that urea interacts
favorably with (i.e., accumulates at) both folded protein
surface and the surface exposed in unfolding proteins and
R-helical peptides. Quantitative comparisons of the extent
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of interaction of urea with these different protein surfaces
led to the proposal that urea is accumulated only at polar
amide/peptide surface (4); here we test the generality of this
proposal by quantifying interactions of urea with duplex
DNA and with the surface exposed in DNA melting, which
includes amide-like functional groups on C, G, and especially
T (but not A) bases. (Henceforth, for ease of reference, the
term “polar amide surface” defined in Methods will be
applied to both proteins and nucleic acids.)

GB, in contrast to urea, interacts unfavorably with (i.e., is
excluded from) all protein surfaces examined. These protein
surfaces prefer to interact with water rather than with GB.
Local/bulk GB concentration ratios (partition coefficients)
obtained from the solute partitioning model are less than
unity for all protein surfaces, being smallest for folded bovine
serum albumin (BSA) surface, larger for folded HEWL (hen
egg white lysozyme) surface, and largest for the surface
exposed in unfolding the lacI HTH and other globular
proteins. As discussed elsewhere (66), this pattern of
interactions correlates principally with the fraction of water-
accessible anionic (carboxylate) oxygen surface and leads
to the proposal that the strongly favorable interactions of
carboxylate oxygen surface with water cause GB to be
completely excluded from the water of hydration of protein
anionic oxygens. Previously, no quantitative information has
been reported for interactions of either GB or urea with DNA
surface.

In the present study, we report an extensive series of
osmometric (VPO) data that characterize the interactions of
GB and of urea with native calf thymus (mononucleosomal)
DNA at ∼0.2 and∼0.4 m univalent salt concentration.
Native DNA surface is dominated by anionic (phosphate)
oxygens (44%, cf. Table 1), allowing us to predict strong
exclusion of GB from native DNA surface. Accumulation
of urea in the vicinity of both folded and unfolded protein
surface exhibits little if any correlation with the fraction of
charged surface. Urea is neither accumulated nor excluded
from the vicinity of salt ions (K+, Na+, Cl-) in solution (19).
Native DNA surface is almost devoid of carbonyl oxygens
or other amide-like functional groups (∼2%). On this basis,
urea is predicted to exhibit no strong preferential interaction
with native DNA. The experimental results reported herein
are consistent with these predictions based on protein and
model compound data. Effects of GB and of urea on DNA
stability are interpreted quantitatively in terms of interactions

of these solutes with the DNA surface exposed in melting
and compared with their interactions with native DNA
surface. We deduce that urea is an effective nonspecific
nucleic acid denaturant because of its favorable interactions
with the polar amide surface areas (defined in Methods) of
G, C, and especially T bases exposed in denaturation,
whereas GB is a specific GC denaturant because of its
favorable interaction with G or C surface or both in the
single-stranded state.

BACKGROUND

Quantifying Solute-Biopolymer Interactions and Their
Effects on Biopolymer Processes.Biopolymer processes are
affected by a spectrum of solutes including denaturants (e.g.,
urea, GuHCl), osmolytes (e.g., GB), and electrolytes (e.g.,
Hofmeister salts), which generally do not bind stoichiomet-
rically to individual sites on any biopolymer involved in the
process (see ref18 for a review). Concentration-dependent
effects of solutes on biopolymer processes (e.g., conforma-
tional changes, ligand binding) result in general from the
preferential interactions of these solutes with biopolymers
(local accumulation or exclusion relative to their bulk
concentration) that change the activity coefficients of product
and reactant biopolymers to different extents.

Under typical experimental conditions, where a nonelec-
trolyte solute (3) is in substantial excess over all stoichio-
metric participants of a biopolymer process, the effect of its
activity (a3) on the “phenomenological” equilibrium con-
centration quotient (Kobs) for any biopolymer process is
related to the relevant individual values of thermodynamic
functions,Γµ3, usually called preferential interaction coef-
ficients (20):

where ∆Γµ3 is the stoichiometrically weighted difference
between values ofΓµ3 characteristic of interactions of the
solute (3) with each product and reactant (component 2) in
the process. For the situation in which only one small solute
(component 3) is present, typically in excess of the biopoly-
mer (component 2), eachΓµ3 is fundamentally defined as
the change in molal concentration of the small solute (m3)
required to keep its chemical potential (µ3) constant when
the concentration of the biopolymer (m2) changes. These

Table 1: Surface Area (ASA) Composition of DNA and of Protein or Peptide

total ASA
(Å2)

charged
ASA (Å2)a

polar amide
ASA (Å2)a

other polar
ASA (Å2)a

nonpolar
ASA (Å2)a

ds DNA (50% GC)b 171 negative, 74 (44%) 4.2 (2.5%) 27 (16%) 65 (38%)
ss DNA (half stacked, 50% GC)b 269 negative, 67 (25%) 40 (15%) 70 (26%) 92 (34%)
ASA∆ for dsf ss

(half stacked, 50% GC)b
98 negative,-7 (-7%) 36 (37%) 43 (44%) 26 (26%)

native BSAc 2.78× 104 negative, 16% 15% 3% 53%
positive, 13%

native HEWLc 6.5× 103 negative, 4.5%
positive, 17%

ASA∆ for lacI HTH unfoldingc 3.5× 103 negative, 2.2% 16% 5.2% 72%
positive, 4.1%

ASA∆ for unfolding alanine-based
R-helical peptides

2.5% 57% 0 40%

a Definitions of negatively charged ASA, polar amide-like and other polar ASA, and nonpolar ASA of DNA are given in text.b Values are
expressed per nuclotide.c From Felitsky et al. (66).

(∂ln Kobs

∂ln a3
)

T,P
) ∆Γµ3

(1)
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coefficients also describe the effect of changinga3 on the
molal-scale activity coefficient,γ2, of the biopolymer:

where the chemical potential derivativesµij are defined as
µij ≡ (∂µi/∂mj)T,P,mj′*j where i, j ) 2 or 3. (The equality of
µ32 and µ23 follows from Euler reciprocity of cross-partial
derivatives.) Positive values of∆Γµ3 imply that solute (3)
exhibits more favorable (or less unfavorable) preferential
interactions with products than with reactants so that,
according to eq 2, increasing the concentration (hence
activity) of the small solute increasesKobs. Values of∆Γµ3

for a process are interpreted as the preferential interaction
of the solute with the biopolymer surface that is exposed to
solvent (or buried from solvent) in the process (3). Inter-
pretations of∆Γµ3 for effects of urea or GB on protein-
DNA interactions require independent information about the
interactions of each of these solutes with DNA and with
protein surface. Generalization of eqs 1 and 2 to systems in
which two small solutes are present in excess is required to
analyze (for example) protein-nucleic acid binding as a
function of urea or GB concentration in a solution that also
contains salt (Hong et al., manuscript in preparation). The
relevant (four-component) preferential interaction coefficient
(the extension of eq 2 to a four-component system) required
to analyze the preferential interaction of GB or urea with
DNA in a salt solution is given in the section on data analysis.

Quantifyingµ23 and Γµ3 by Vapor Pressure Osmometry
(VPO). By definition, osmolality, directly measurable (for
example) with a water vapor pressure osmometer, is related
to the activity of solvent water,a1 ) γ1x1 (wherex1 is the
mole fraction of water andγ1 the corresponding activity
coefficient) by

wherem1
• ≡ 55.5 mol kg-1, the constant “molality” of pure

water. In an ideal dilute solution of one nonelectrolyte solute,
as its mole fraction approaches zero, the osmolality is equal
to the solute molality; osmolality deviates from molality with
increasing molality as a consequence of water-solute
interactions, binding of water to the solute, or both. Similarly,
the osmolality of a three-component solution (Osm(m2,m3))
generally differs from the sum of the osmolalities of the two
corresponding two-component solutions (Osm(m2), Osm-
(m3)). This difference is defined as∆23Osm:

Robinson and Stokes (21) proposed a remarkably simple
approximate relationship linking∆23Osm to the chemical
potential derivativeµ23 (introduced in eq 2):

Hence,∆23Osm provides an experimental route toΓµ3 via
µ23 as demonstrated by ref19. In all other previous
applications of eq 5 to isopiestic distillation (ID) data (e.g.,
refs21and22), the objective was to quantify, via integration

of µ23, the activity coefficients of solutes 2 and 3 as functions
of their molalities. Extension of eqs 2-5 to four-component
(water, DNA, solute, salt) solutions are given in Methods of
Analysis. The approximations underlying eq 5, which are
justified for the solute concentrations investigated here, are
analyzed elsewhere (Anderson et al., manuscript in prepara-
tion).

METHODS

Experimental Procedures

Mononucleosomal Calf Thymus DNA.DNA of 160 ( 5
bp length was prepared as described by Wang et al. (23).
Solutions at DNA concentrations of∼0.2 m in nucleotide
monomer were extensively dialyzed at 4°C, first against a
solution containing 10 mM HEPES buffer at pH 6.5, together
with 100 mM KCl (or NaCl) and 2 mM EDTA, then against
10 mM KCl (or NaCl), and finally twice against 2.5 mM
KCl (or NaCl). Prepared by this method, DNA is monodis-
perse and double-helical (23, 24). After each sequence of
dialyses, the DNA solutions were concentrated by speed
vacuum concentrator, and ultrapure deionized water was
added, if necessary, to produce a final DNA phosphate
concentration in the range 0.3-0.4m. Higher DNA concen-
trations are too viscous to transfer with quantitative accuracy,
limiting the maximum DNA phosphate concentration for
osmometry to 0.2m. NaDNA samples prepared in this
manner contain a small (0-10%) residual amount of salt
(presumably NaCl) per DNA phosphate (25). Donnan
membrane equilibrium calculations for the conditions of our
dialysis experiments on Na (or K) DNA solutions, using the
limiting value of Donnan equilibrium coefficient (-0.06
(26-28)), indicate a concentration of residual salt of∼5%
of the DNA phosphate molality; using the limiting osmotic
coefficient (0.12 (29)) for DNA solution and assuming
additivity to interpret the experimental (VPO) osmolalities
of DNA stock solution indicates a concentration of residual
salt of ∼10% of the DNA phosphate molality. Systematic
use of either one of these amounts (or zero) residual KCl
(or NaCl) has no significant affect on the calculation of either
the chemical potential derivatives or the preferential interac-
tion coefficients reported here.

Solutes.Glycine betaine monohydrate (>99% pure, FW
135.16) was obtained from Sigma (St. Louis, MO), and urea
was obtained from Fluka Biochemika and Life Technologies,
as described previously (19). NaCl (certified ACS, FW 58.44,
99.5% pure) was obtained from Fisher Scientific. KCl (FW
74.56) was obtained from Aldrich (99.999% pure) and from
Fisher Scientific (certified ACS, 99.5% pure); the two sources
of KCl exhibited identical VPO measurements under the
same solution conditions.

Preparation of Samples for VPO.For each sequence of
VPO measurements (e.g., Osm(m2,m3,m4) vs m3 at constant
m2 andm4 or Osm(m3,m4) vsm3 at constantm4), concentrated
stock solutions of urea (0.25-7 m) or GB (0.05-4 m), KCl
or NaCl (2-4 m), and KDNA or NaDNA were carefully
prepared using gravimetric methods whenever possible. For
all stock solutions, densities were measured with a vibrating-
tube density meter (DMA 5000, Anton Paar) to calculate
the final concentrations of all components in VPO samples
or to calculate the amount of the stock needed in preparing
each VPO sample. (Densities of DNA stock solutions were

Γµ3
≡ (∂m3

∂m2
)

T,P,µ3

) -
µ32

µ33
) -

µ23

µ33
) - (∂ln γ2

∂ln a3
)

T,P,m2

(2)

Osm≡ -m1
• ln a1 (3)

∆23Osm≡ Osm(m2,m3) - Osm(m2) - Osm(m3) (4)

µ23 =
RT∆23Osm

m2m3
(5)
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measured for representative samples.) Predetermined amounts
of the stock solutions were combined gravimetrically. For
these VPO sample preparations, the requisite amounts of
stock solutions were determined according to the following
considerations: maintaining the molality of DNA and salt
constant across the solute titration series, varying urea or
GB molality (m3) over a range sufficient to provide an
adequate distribution of data points, ensuring enough volume
for triplicate readings of each VPO sample, and maintaining
the total solute molalities within levels such that the
osmolality does not exceed the operating range of the
osmometer (j3.5 Osm). Concentrations of DNA stock
solutions were determined after gravimetric serial dilutions
from the UV absorbance at 260 nm using the extinction
coefficientε ) 0.0185 (µg/mL)-1 cm-1 for KDNA and ε )
0.0195 (µg/mL)-1 cm-1 for NaDNA, both of which were
calculated using formulae 6-10 in Bloomfield et al. (30).

Whenever volumetric steps (with pipetted volume cali-
brated gravimetrically) were used (in our early data sets),
apparent partial molar volumes were used in calculating
sample molalities (cf. eqs 15 and 16 of ref2). No significant
differences between volumetric and gravimetric data were
observed for our DNA solutions in the concentration range
investigated, in contrast to the situation observed for
concentrated BSA solutions (66). Apparent partial molar
volumes in corresponding two-component solutions deter-
mined in this study (or taken from the literature, as noted)
are as follows: 0.1744 L/mol for monomer NaDNA, which
is constant within the experimental concentration range (from
0.06 to 0.24 M in phosphate monomer) and which is within
the broad range of literature values (31-33); 0.1855 L/mol
for monomer KDNA, in good agreement with the literature
value for Escherichia colibacteriophage T4 KDNA (34);
0.017 45+ 0.001 119mNaCl L/mol for NaCl and 0.027 57+
0.001 301mKCl L/mol for KCl, which agree well with
literature values (35 and references given there) over the
concentration range investigated in our VPO study (0.2-
0.8msalt); 0.0982( 0.0003 L/mol for GB (2, 36); 0.044 23
L/mol for urea (3, 37, 38). The difference in apparent partial
molar volumes between KDNA and NaDNA is approxi-
mately the same as that between KCl and NaCl. The effect
of a small potential systematic error (∼6%) in the apparent
molar volumes of DNA on the calculated values of prefer-
ential interaction coefficients was examined and found to
be negligible (∼0.1%). For VPO experiments, the molality
(m4) of KCl (or NaCl) is fixed at approximately 0.2 or 0.4
m, and (when present) the molality of DNA phosphate (m2u)
is fixed at approximately 0.1 or 0.2m. Salt and DNA
concentrations in these four-component solutions are known
to (3% and(2%, respectively. For each titration with urea
or GB,m3 varies over the range from 0.1 to 2.3m (for urea)
or to 1.35m (for GB).

VPO Determination of Osmolality as a Function of Small
Solute Concentration.Background on the theory and practice
of VPO relevant to the present study has been provided
previously (2, 14, 19). Two osmometers, Wescor 5500 at
working temperature 37°C and VAPRO 5520 (Logan, UT)
at (controlled) ambient temperature (∼25 °C), were used for
measurements on different series of samples; no significant
differences between results obtained from the two osmom-
eters were found for VPO measurements under the solution
conditions in this study. All osmolalities were corrected to

account for minor discrepancies between currently accepted
literature values and those assigned to the standard solutions
containing specified molalities of NaCl (as provided by
Wescor) (19).

Among all data sets for GB and urea, 13 four-component
and 18 three-component data sets were collected at constant
molality of DNA and of salt. Our early VPO experiments
on GB (four data sets for four-component and two for three-
component systems) were performed by holding the molarity
of DNA, the salt or both constant, for which the ratio of
molalities m2u/m4 was constant, butm2u and m4 increased
systematically by up to 12% with increasingm3 in the ranges
investigated. To analyze these constant molarity data,
conversions from constant molarity to constant molality
constraints on the calculated derivatives were performed (as
explained in the section on VPO Data Analysis).

Methods of Analysis

Four-Component Preferential Interaction Coefficients,
Γµ3,m4 Characterizing Solute-DNA Interactions in Salt
Solutions.For a series of four-component solutions, such as
aqueous solutions of DNA (component 2) containing variable
concentrations of a small solute (component 3; urea or GB)
and a fixed concentration of salt (component 4; KCl or
NaCl), the analogue of eq 2 is

where the chemical potential derivativesµij ,4 are defined as
(∂µi/∂mj)T,P,mj′*j,m4 for i ) 1, 2, or 3 andj ) 2 or 3. The equality
of µ32,4 and µ23,4 follows from Euler reciprocity of cross-
partial derivatives.

Quantifyingµ23,4andΓµ3,m4 by Vapor Pressure Osmometry
(VPO).In our investigation of interactions of a nonelectrolyte
solute (component 3; urea or GB) with DNA, a fourth
component (NaCl or KCl) also is present at constant molality.
In this situation (i.e., where Osm(m2) and Osm(m2,m3) are
experimentally inaccessible),∆23,4Osm, the four-component
analogue of eq 4, is the difference between the effect on
osmolality when solute 3 is added to a solution containing
solutes 2 and 4 (Osm (m2,m3,m4) - Osm(m2,m4)) and its
effect on osmolality when added to a solution containing
only solute 4 ((Osm(m3,m4) - Osm(m4)):

This difference of differences (∆23,4Osm) is approximately
related toµ23,4 by the analogue of eq 5:

Equation 8 for a four-component system is expected to be
accurate if the presence of DNA does not affect the
dependence of the chemical potential of solute (3) on the
molality of salt (4), so that the derivativeµ34 is the same in
the presence or absence of component 2 (µ34(m2,m3,m4) ≈

Γµ3
,m4

≡ (∂m3

∂m2
)

T,P,µ3,m4

)

-
µ32,4

µ33,4
) -

µ23,4

µ33,4
) -(∂ln γ2

∂ln a3
)

T,P,m2,m4

(6)

∆23,4Osm≡ (Osm(m2,m3,m4) -
Osm(m2,m4)) - (Osm(m3,m4) - Osm(m4)) (7)

µ23,4 =
RT∆23,4Osm

m2m3
(8)

Interactions of Urea and Glycine Betaine with DNA Surfaces Biochemistry, Vol. 43, No. 46, 200414747



µ34(m3,m4)) (Anderson et al., manuscript in preparation). The
preferential interaction coefficientΓµ3,m4 characterizing solute-
DNA interaction at fixed salt concentration is evaluated
from µ23,4 (eq 8) using the third equality in eq 6 (Γµ3,m4 )
-µ23,4/µ33,4). In this expression forΓµ3,m4, the quantityµ33,4

is related toµ23,4 and other chemical potential derivatives
by the Gibbs-Duhem equation:

In eq 9A,µ13,4 is obtained by analysis of the osmolality data
for the four-component solution as a function ofm3:

The chemical potential derivativeµ43,4 ≡ µ43(m2,m3,m4) in
eq 9A is approximated by its counterpartµ43(m3,m4) in the
corresponding three-component system, which is obtained
from VPO (see Appendix A). As an adequate alternative to
eq 9A, µ33,4 may be approximated by the two-component
derivative,µ33(m3):

Within the uncertainty of the experimental data, these
alternative methods of determiningµ33,4 (eqs 9A and 9B)
are found to yield the same result forΓµ3,m4 describing
interactions of GB or urea with native DNA under the
conditions investigated here.

Preferential Interaction Coefficient Expressed per DNA
Nucleotide Monomer.The molality of the DNA is conven-
tionally expressed per monomer unit:m2u ≡ Num2, where
Nu is the average number of monomer units (nucleotides)
per DNA molecule (Nu ) 320 for mononucleosomal calf
thymus DNA). Accordingly, the values ofΓµ3,m4 and µ23,4

are reported here on a DNA monomer basis:

For the local-bulk solute partitioning anslysis (see eq 13)
of preferential interaction coefficients, the dependence of
Γµ3,m4

u on the bulk concentration of solute (m3
bulk) is required.

OnceΓµ3,m4

u is known,m3
bulk is calculated fromm3 using the

relationship (2)

For GB and urea at the DNA concentrations investigated,
m3

bulk differs from m3 by e6%.
VPO Data Analysis.Calculations of∆23,4Osm using eq 7

were performed for each Osm(m2,m3,m4) obtained by averag-
ing triplicate VPO readings on an individual sample. These
values of Osm(m2,m3,m4) at constantm2 andm4 and variable
m3 were also fitted as described below and extrapolated to
m3 ) 0 to obtain the appropriate Osm(m2,m4) as input for
eq 7 for∆23,4Osm. Determinations of Osm(m3,m4) at the same
fixed m4 as used in the measurement of Osm(m2,m3,m4) and
variablem3 were fitted and interpolated to the corresponding
m3 for each four-component experiment; extrapolation of
Osm(m3,m4) to m3 ) 0 provided the appropriate Osm(m4)

for analysis of∆23,4Osm (using eqs 7 and 8). Extrapolation
to obtain the appropriate Osm(m2,m4) and Osm(m4) is
preferable to direct measurement because of small (typically
e0.5%) variations inm2u, m4, or both for the independently
prepared samples that make up a VPO series. Differences
between extrapolated values and those directly measured by
VPO (Osm(m2,m4)) or calculated (Osm(m4)) using literature
formulas (39, 40) are typically less than∼0.7%. Use of
extrapolated values of Osm(m2,m4) and Osm(m4) reduces the
uncertainty (scatter) in the analysis of very weak interactions
(e.g., urea-native DNA). For each value of∆23,4Osm,
defined as above using eq 7,µ23,4 was calculated using eq 8.
Values ofΓµ3,m4 were calculated (using eq 6) from values of
µ23,4(eq 8) withµ33,4 approximated byµ33(m3).

Values ofµ33(m3) were obtained according to eq 9B by
differentiating the best-fitted functional form of Osm(m3)
with respect tom3 obtained from our VPO data and literature
ID data for GB (41) and for urea (42). For all the data sets,
a quadratic function was found to be sufficient to describe
the functional dependence of osmolality on solute molality
m3 at constantm2u, m4, or both in the concentration ranges
of interest (e2.1 m GB, e2.4 m urea). In each case, the
quality of the fitting was assessed by the FR test and the
multiple-correlation coefficientR2 (43), and the F-test for
an additional term (43) was used to assess the justifiability
of linear or cubic fitting functions. For those data sets at
identical solution conditions (for example, all two-component
urea (or GB) solutions, three-component urea (or GB)
solutions at the same fixed salt concentration), global fitting
was performed to reduce the random uncertainties. Our fitting
procedures are based on multiple linear regression (43).
Experimental uncertainties in all osmometric readings arising
from the standard deviation of the triplicate readings of
identical samples and in calibrating the instrument are
calculated using eq 10 of ref19. Error propagation was
performed by applying the formula (3.13) in ref43; cova-
riances of correlated parameters were included in error
propagation.

To analyze our constant molarity data, conversions from
constant molarity to constant molality were performed by
assuming a linear dependence of osmolality onm2u, m4, or
both (the ratio ofm2u/m4 being constant) within the range of
m2u, m4, or both encountered in a constant molarity titration.
In the range 0.15-1 m NaCl, we indeed find that the
dependence of osmolality on NaCl molality in the presence
of constant molality of GB (0, 0.54, or 1.23m, andm2u )
0) is linear, and the slope of Osm vs NaCl molality is
approximately the same for 0, 0.54, and 1.23m GB (data
not shown). Also, titrations of aqueous DNA/KCl solutions
with pure H2O, maintaining a constant ratio ofm2u/m4 (equal
to one of the ratios investigated here, data not shown),
confirmed that osmolality varies linearly withm2u (andm4)
within the concentration range and for the ratiosm2u/m4

studied here. Results of analyzing such converted data sets
were compared with corresponding constant molality data
sets at the same values ofm2u, m4, or both, and no significant
differences were found in the resulting values ofµ23,4 and
Γµ3,m4 reported here.

Calculations of Water-Accessible Surface Area (ASA) of
DNA and R-Helical Peptide.Calculations of ASA of ds
(double-helical) and ss (single-helical or extended unstruc-
tured) DNA were performed as previously described (44).

m3µ33,4 ) -m1µ13,4 - m2µ23,4 - m4µ43,4 (9A)

-m1µ13,4 ) RT(∂Osm(m2,m3,m4)

∂m3
)

T,P,m2,m4

(10)

µ33,4 = µ33(m3) ) (RT/m3)(∂Osm(m3)

∂m3
)

T,P
(9B)

µ2u3,4≡ µ23,4/Nu; Γµ3,m4

u ≡ Γµ3,m4
/Nu ) -µ2u3,4/µ33,4 (11)

m3
bulk = m3 - m2uΓµ3,m4

u (12)
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Conformations of nucleotides in stacked, single-helical DNA
strands are assumed to be the same as their conformations
in the double helix. In the extended, unstacked model of the
ss state, alternate bases are flipped out from the sugar-
phosphate backbone and rotated to varying extents, ef-
fectively eliminating all base-base interactions. The se-
quence GCAC (with its complementary strand for double-
stranded B-DNA) built using Insight II (Biosym Technologies)
was used to obtain the water-accessible surface area (ASA)
for individual atoms of each nucleotide (dA, dT, dG, dC).
These ASA results for individual nucleotides were combined
appropriately for a given specified GC% (or AT%) to
calculate the ASA per nucleotide. An alternative calculation
was performed to obtain average ASA per nucleotide for
each base type in ds and ss helical DNA, in terms of the
context (i.e., nearest neighbors) of the nucleotide. In this
model, a sequence of 98 bp B-DNA was first built using
Insight II, in which all possible (16) arrangements of the
nearest neighbor for each nucleotide (dA, dT, dG, dC) were
included. The ASA of this sequence was then calculated
using the program ANAREA (45). The ASA of a nucleotide
was obtained by averaging its ASA in the 16 triplets
representing all possible arrangements of nearest neighbors.
Total ASA per nucleotide from these two model calculations
agree within 4% for DNA of 0%, 50%, or 100% GC.

The negatively charged ASA in DNA is the sum of ASA
of two oxygens connected to each phosphate by partial
double bonds. The polar ASA of DNA is the sum of ASA
of all oxygens (other than the negatively charged phosphate
oxygens) and nitrogens. The amount of polar amide ASA
of a DNA base is defined as the ASA of those nitrogen and
carbonyl oxygens found in amide-like functional groups: N1,
O2, N3, and O4 of thymine; N1, N3, and O2 of cytosine;
N1 and O6 of guanine. No nitrogen or oxygen in adenine
fits this criterion. The nonpolar ASA in DNA is the sum of
ASA of carbons. ASA per nucleotide for polar, nonpolar,
and charged surfaces in ds and ss helical DNA at 0, 50, or
100% GC, obtained from these two models, agree in most
cases within∼5%; an exception is a∼15% difference in
calculated polar ASA in 100% AT ss helical DNA. These
differences are not significant for the semiquantitative
conclusions of our ASA analysis. Compositions of the ASA
of ds DNA and of half-stacked ss DNA, as well as of the
∆ASA in the conversion of ds DNA to half-stacked ss DNA
for DNA of 50%GC is listed in Table 1. These values are
not significantly dependent on base composition.

The previously described (4) calculation of ASA for the
native state of alanine-basedR-helical peptide was revised
as follows. The original model of theR-helix, obtained using
Insight II, buries some carboxylate oxygen surface as a
consequence of a presumably nonphysical packing of car-
boxylate oxygens of glutamate side chains against the
hydrophobic part of the lysine side chains. We revised this
model to make the glutamate side chains fully solvent-
accessible. The actual helical structure in solution presumably
has some contribution from ion pairing of glutamates and
lysines, the extent of which is presently not known. The
composition of native BSA and native HEWL surface and
of the surface exposed in unfolding lacI HTH (66) or
unfolding alanine-basedR-helical peptide is also listed in
Table 1 for comparison.

RESULTS

The Presence of DNA Greatly Amplifies the Osmotic Effect
of Adding Glycine Betaine (but Not Urea) to a Salt Solution.
Figure 1 compares VPO determinations of the osmotic effects
of adding various molalities of GB to solutions containing
fixed molalities of KCl and DNA (0m KCl and 0m DNA;
0.212m KCl with or without 0.203m (m2u) KDNA; 0.427
m KCl with or without 0.106m (m2u) KDNA). The nearly
parallel curves drawn through the open symbols in Figure 1
are the best fitted quadratic functions for the dependence of
the osmolality of aqueous GB solutions on GB molality in
the absence of KCl (current VPO data, open inverted
triangles; literature ID data,41, open squares) or in the
presence of 0.212m (open triangles) or 0.427m (open
circles) KCl. Osmolalities of the corresponding GB-DNA-
KCl solutions as a function of GB molality are shown by
the corresponding solid symbols. Figure 1 shows that
simultaneous presence of GB and DNA at DNA concentra-
tions of 0.1m (solid circles) and especially 0.2m (solid
triangles) provides an osmolality boost that increases with
increasing GB molality and is larger at the higher DNA
molality; this effect is not due to KCl, as evidenced by the
near-parallel curves in the absence of DNA for osmolality
as a function of GB molality in the presence or absence of
KCl.

As shown in Figure 2 for a comparable series of salt and
DNA concentrations (using the same symbols for four-,
three-, and two-component data at the DNA and salt
concentrations of Figure 1), virtually no osmolality boost
occurs upon addition of urea to a DNA solution at either
0.212m or 0.427m KCl. The effect of addition of urea on
osmolality is virtually the same in the presence or absence
of DNA; also, in the absence of DNA, the effect of addition
of urea on osmolality is the same in the presence or absence

FIGURE 1: Glycine betaine-ds DNA interactions characterized by
VPO at 25 or 37°C. Representative VPO determinations of the
effect of native calf thymus DNA on the GB dependence of
osmolality at constant molality of KCl are presented. Osmolality
is plotted versus GB molality (m3) for paired series at 0.427mKCl
(b, 0.106 mono-m DNA; O, no DNA) and at 0.212m KCl (2,
0.203 mono-m DNA; 4, no DNA) and for a two-component GB-
water solution (3 for VPO data and0 for ID data (41)). Different
shadings of downward triangles represent different data sets. Each
VPO data point is the average of triplicate readings on identical
samples; the uncertainty is approximately the size of the plotted
point. The lines are the best quadratic fits of osmolality vsm3 for
GB-KCl-water data at KCl molality of 0.427, 0.212, and 0m,
respectively.
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of KCl at the comparatively low concentrations investigated
here.

The highly nonadditive effects of GB and contrasting
additive effects of urea on osmolality of salt solutions in the
presence and absence of DNA are shown in Figure 3 where
∆23,4Osm, defined as in eq 7, is plotted vs solute molality
m3 for the different DNA concentrations investigated. The

quantity ∆23,4Osm is the difference between the osmotic
effect of addition of solute (GB or urea) to a DNA-salt
solution and the osmotic effect of the corresponding addition
of that solute to a salt solution in the absence of DNA. To
evaluate∆23,4Osm, individual values of Osm(m2,m3,m4) were
the directly measured VPO data points (see Methods). For
GB, ∆23,4Osm is positive and increases with increasing
concentrations of DNA and GB. For urea,∆23,4Osm is very
slightly positive (equal to zero within the uncertainty) at all
DNA and urea concentrations investigated; at each DNA
concentrationm the average slope is 0.002( 0.002 for the
fitting of ∆23,4Osm vsm3 with fixed zero intercept.

Determination of the Effect of Glycine Betaine or of Urea
on the Chemical Potential of DNA.To quantify the chemical
potential derivativesµ2u3,4of DNA (expressed per nucleotide
monomer) as a function of GB or urea molality, values of
∆23,4Osm (cf. Figure 3) were introduced into eq 8. All the
fitting functions for three- and two-component solutions are
listed in the appended table (Table A1). In an accompanying
table (Table A2), an example of the evaluation of∆23,4Osm
andµ2u3,4 is given for GB-DNA with uncertainties shown
for each stage.

The signs and magnitudes ofµ2u3,4 characterize how the
chemical potential of DNA in aqueous salt solution depends
on the molality of the small solute (GB or urea). In Figure
4, values of µ2u3,4 for GB-DNA and for urea-DNA
interactions are plotted versusm3 for the different specifica-
tions of fixedm2u andm4. For both GB and urea, values of
µ2u3,4 obtained at different concentrations of DNA (0.1 or
0.2 m) and salt (0.2 or 0.4m) do not show any significant
trends. As shown in Figure 4, values ofµ2u3,4 for GB-DNA
and for urea-DNA differ significantly, though each is
independent of solute concentration within uncertainty. For
GB-DNA interactions, the average value ofµ2u3,4 at 25°C
(m3 e 1.4 m) is 222 ( 8 cal mol-1 m-1. (The reported

FIGURE 2: Urea-ds DNA interactions characterized by VPO at
25 or 37°C. Representative VPO determinations of the effect of
native calf thymus DNA concentration on the urea dependence of
osmolality at constant molality of KCl are presented. Osmolality
is plotted versus urea molality (m3) for paired series at 0.427m
KCl (b, at 0.113 mono-m DNA; O, no DNA) and at 0.212m KCl
(2, at 0.197 mono-m DNA; 4, no DNA) and for a two-component
urea-water solution (3 for VPO data and0 for ID data (42)).
Different shadings of downward triangles represent different data
sets. Each VPO data point is the average of triplicate readings on
identical samples; the uncertainty is approximately the size of the
plotted point. The lines are the best quadratic fit of osmolality vs
m3 for urea-KCl-water data at KCl molality of 0.427, 0.212, and
0 m, respectively.

FIGURE 3: Comparison of the effect of the concentration of calf
thymus DNA on∆23,4Osm (see eq 7) for GB and urea. The values
of ∆23,4Osm are plotted versus molality of GB or urea (m3). Open
symbols represent data for the GB-DNA-KCl-water system (O,
0.2mDNA; 3, 0.1mDNA). Different shadings represent different
data sets. Closed symbols are for the urea-DNA-KCl-water
system: ([) 0.197m DNA and 0.213m KCl; (9) 0.110m DNA
and 0.212m KCl; (2) 0.120m DNA and 0.427m KCl; (b) 0.213
m DNA and 0.427m KCl; (1) 0.098m DNA and 0.427m KCl;
(dotted upward triangles) 0.113m DNA and 0.427m KCl; (dotted
downward triangles) 0.104mDNA and 0.427mKCl; (.) for 0.221
m DNA and 0.427m KCl. The lines are the linear least-squares fit
of ∆23,4Osm vsm3, respectively, for GB system at 0.2m DNA and
0.1mDNA and for urea system (the average slope used here, which
is the same for each DNA concentration, 0.2 or 0.1m).

FIGURE 4: Comparison ofµ2u3,4 for urea-DNA and GB-DNA
interactions as a function of solute concentration. Values ofµ2u3,4
(see eqs 8 and 11) at 25°C are plotted as functions of urea or GB
molality (m3). The open symbols represent data for GB-DNA: (4)
0.184m DNA and 0.364m NaCl; (dotted upward triangles) 0.178
m DNA and 0.470m NaCl; (O) 0.214m DNA and 0.212m KCl;
(]) 0.208m DNA and 0.404m KCl; (3) 0.097m DNA and 0.212
m KCl; (dotted squares) 0.106m DNA and 0.427m KCl; (dotted
downward triangles) 0.095m DNA and 0.212m KCl; (.) 0.203m
DNA and 0.212m KCl; (0) 0.098m DNA and 0.427m KCl. The
closed symbols represent data for urea-DNA with the same
notation as that in Figure 3. The lines are the respective average
value ofµ2u3,4 for GB (222 cal mol-1 m-1) and urea (4 cal mol-1

m-1) data.
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uncertainty is the standard deviation divided by the square
root of the number of data points.) This large positive value
of µ2u3,4for GB-DNA indicates that addition of GB strongly
increases the chemical potential of ds DNA. The origin of
this effect is presumably not direct (e.g., Coulombic)
repulsion of GB from DNA, but rather the preference of both
DNA and GB to interact with water rather than with each
other. The large increase in the osmotic coefficient of two-
component aqueous GB solutions with increasing GB
concentration (see Appendix A) indicates that GB prefers
to interact with H2O instead of other GB molecules. For
urea-DNA, the average value ofµ2u3,4 at 25°C (m3 e 1.6
m) is 4 ( 4 cal mol-1 m-1. Because the chemical potential
of DNA (µ2u) is only slightly increased by increasing urea
concentration, the thermodynamic consequences of the
interactions of urea and water with DNA must be very
similar. Both the grooves and sugar phosphate backbone of
native DNA are extensively hydrated (30, 46, 47). The
preference of both DNA and GB to be hydrated instead of
interacting with each other causes local exclusion of GB from
the hydration layer of DNA; this exclusion of GB is the
origin of the positiveµ2u3,4, as discussed below.

Preferential Interaction Coefficients for Glycine Betaine-
and Urea-DNA Interactions.Preferential interaction coef-
ficients for solute biopolymer interactions (Γµ3,m4, eq 6)
provide quantitative information about the partitioning of
solute between the vicinity of the biopolymer surface and
the bulk solution when interpreted in the context of solvent
exchange (48, 49) or the local-bulk solute partitioning model
(2, 3, 17, 67). In addition, values ofΓµ3,m4 for the interactions
of a perturbing solute (GB or urea) with native DNA are
needed to interpret the effect of changing the concentration
of the perturbing solute on a specific protein-DNA binding
process in the presence of 1:1 salt (Hong et al., manuscript
in preparation). Values ofΓµ3,m4 for interactions of GB and
of urea with ds DNA are calculated (eq 6) from VPO
determinations ofµ2u3,4usingµ33,4 approximated byµ33(m3)

(see eq 9B) from two-component osmolality data for urea
or GB.

In Figure 5, values ofΓµ3,m4

u (eq 11) are plotted against
bulk solute molality,m3

bulk, for both GB-DNA and urea-
DNA solutions. Propagated uncertainties are primarily
determined from uncertainties inµ2u3,4(see Figure 4). For GB,
Figure 5 reveals that values ofΓµ3,m4

u are negative and
increase in magnitude in proportion tom3

bulk; for urea,
values ofΓµ3,m4

u are approximately zero at allm3
bulk investi-

gated. These values ofΓµ3,m4

u indicate that GB is strongly
excluded from the vicinity of DNA surface in the presence
of 1:1 salt, whereas urea is essentially randomly distributed
between the local domain near the DNA surface and the bulk

Table 2: Preferential Interaction Coefficients of Glycine Betaine (GB) and of Urea with DNA and with Protein Surfaces

T (°C)
µ23,4

a

(cal mol-1 m-1)
Γµ3m4/m3

a

(m-1)
104 × (Γµ3/(m3ASA))

(m-1 Å-2)

GB-DNA
ds DNA surface 25 222( 8 -0.30( 0.02 -18 ( 1
surface exposed in

DNA melting
40-90b 0.14XGC - 0.013c 14XGC - 1.3c

GB-Proteind

folded BSA surface 25 (21.7( 3.4)× 103 -23.1( 1.4 -8.3( 0.5
folded HEWL surface 25 (2.8( 1.3)× 103 -3.1( 1.1 -4.7( 1.7
surface exposed in

unfolding lacI HTH
25 -3.8( 0.5

Urea-DNA
ds DNA surface 25 4( 4 -0.02( 0.02 -1 ( 1
surface exposed in

DNA melting
25 0.07( 0.01e 7 ( 1e

Urea-Protein
folded BSA surfacef 25 3.9( 1.4 1.4( 0.5
surface exposed in

unfolding lacI HTHg
25 2.0( 0.1

surface exposed in unfolding
alanine-basedR-helical
peptidesh

25 8.7( 0.3

a All values for DNA are per nucleotide.b TheTm at C3 f 0 is shown, andT range reflects the GC dependence ofTm of DNA. c From analysis
of literature data (5). d From Felitsky et al. (66). e From analysis of literature data (6-8; converted to 25°C). f From Cannon et al., manuscript in
preparation.g From ref1. h From analysis of literature data (16; converted to 25°C).

FIGURE 5: Comparison ofΓµ3,m4

u for urea-DNA and GB-DNA
interactions as a function of solute concentration at 25°C. Values
of Γµ3,m4

u are plotted as functions of urea or GB molality in bulk
solution (m3

bulk, calculated by eq 12) for the different specifications
of m2u andm4. The symbol notations are the same as those in Figure
4. Error bars reflect primarily the uncertainty in∆23,4Osm. Lines
with slopeΓµ3,m4

u /m3
bulk ) -0.30( 0.02 for GB-DNA and Γµ3,m4

u /
m3

bulk ) -0.02 ( 0.02 for urea-DNA are plotted to show the
average behavior of the GB-DNA and urea-DNA data sets.
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salt solution. As observed inµ2u3,4 for both GB-DNA and
urea-DNA interactions (Figure 4), there is no significant
dependence ofΓµ3,m4

u on eitherm2u (0.1 or 0.2m), m4 (0.2 or
0.4 m), or the ratiom2u/m4 (0.25-1). Since both GB and
urea have no net charge under the conditions of these
experiments,Γµ3,m4

u must approach zero asm3 and (hence
m3

bulk) approaches zero (cf. ref50). At each condition (m2u

and m4) investigated,Γµ3,m4

u is well described as a linear
function of m3

bulk with a zero intercept (see Figure 5).
Proportionality constants (Γµ3,m4

u /m3
bulk) were determined

by linear least-squares fitting (intercept fixed at zero) of
Γµ3,m4

u vs m3
bulk for each condition (m2u andm4) investigated;

these were averaged to obtainΓµ3,m4

u /m3
bulk ) -0.30( 0.02

for GB-DNA and Γµ3,m4

u /m3
bulk ) -0.02 ( 0.02 for urea-

DNA (see Table 2). The uncertainties were calculated as
standard deviations of the slope (Γµ3,m4

u /m3
bulk) divided by the

square root of the number of data sets averaged (nine for
GB and eight for urea).

DISCUSSION

Interactions of Glycine Betaine and of Urea with NatiVe
DNA: Comparison with Interactions of these Solutes with
Protein Surface.The large negative value ofΓµ3,m4

u /m3
bulk for

GB-DNA and the very small negative value (comparable
to the uncertainty) ofΓµ3,m4

u /m3
bulk for urea-DNA demon-

strate that GB is strongly excluded from native DNA but
urea is only very slightly (if at all) excluded from native
DNA. These behaviors contrast with the favorable interac-
tions (accumulation) of these solutes with surface exposed
in DNA denaturation, determined here (cf. Table 2) by
analyzing literature data. To compare preferential interaction
coefficients for interactions of GB or urea with nucleic acid
and with folded and unfolded protein surface, values of
Γµ3,m4

u /m3
bulk were normalized by the water-accessible surface

area (ASA) per nucleotide monomer (171 Å2) in a B-DNA
helix. For a homologous series of biopolymers, with the same
surface composition (and therefore the same average hydra-
tion b°1 per unit of surface) but differing in ASA, the
quantityΓµ3,m4

u /m3
bulk at low m3

bulk is predicted to be directly
proportional to biopolymer ASA (2, 3). Urea and GuHCl
denaturantm-values, shown to be proportional at lowm3

bulk

to the quantity (Γµ3

∆ /m3
bulk) for the surface exposed in

unfolding or melting (designated∆) (3), are indeed found
to be proportional to the ASA∆ exposed in unfolding or
melting (3, 15). For native protein surface, the assumption
that Γµ3/m3

bulk is proportional to ASA is consistent with the
available data for globular proteins interacting with a range
of excluded and accumulated solutes (2, 4).

Calculated values of the preferential interaction of GB and
urea with ds DNA per unit ASA (Γµ3,m4/(m3

bulkASA)) are
listed in Table 2, together with the corresponding results for
the preferential interactions per unit ASA of these solutes
with native protein surface (BSA, HEWL (66)) and with the
surface exposed in unfolding the lacI HTH (1) and alanine-
basedR-helical peptide (calculated from unfolding data in
ref 16 as in ref3). If the biopolymer surfaces in Table 2
formed a homologous series with uniform interactions with
GB or urea, values ofΓµ3/(m3

bulkASA) (or Γµ3,m4/(m3
bulkASA))

would be the same for all surfaces. Clearly this is not the
case. For GB, with the important exception (discussed below)

of the surface exposed upon melting GC base pairs,Γµ3/
(m3

bulk ASA) becomes increasingly negative as the character
of the biopolymer surface changes from the predominantly
nonpolar surface exposed in unfolding the lacI HTH to the
highly anionic charged surface of native DNA. Indeed values
of Γµ3/(m3

bulkASA) for GB correlate with the fraction of
biopolymer ASA that is anionic oxygen surface (66).
Therefore, to a first approximation, interactions of GB with
native DNA and with native and denatured protein surface
can be described as strong exclusion of GB from the water
of hydration of anionic oxygen surface and uniform (random)
distribution of GB elsewhere. Previous analyses of DNA
hydration concluded that hydrogen bonding of water to DNA
phosphates is stronger than to bases (51), that the extent of
hydration of phosphates is larger than the extent of hydration
of bases (46), and that 85% of all water contacts to phosphate
oxygens in crystal structures are due to the two anionic
oxygens (46).

Per unit of accessible surface area, the preferential
interaction of urea with ds DNA surface (quantified byΓµ3/
(m3

bulkASA)) is smaller in magnitude than its interactions
with folded or unfolded protein surface and far smaller than
the interactions of GB with native DNA or folded protein
surface. The correlation of urea interaction with biopolymer
surface composition will be discussed in the following
section.

In the solute partitioning model, the preferential interaction
coefficient is interpreted in terms of a local-bulk partition
coefficient for the distribution of the solute between the
biopolymer surface (local domain) and the bulk solutionKp

≡ m3
loc/m3

bulk(2). At low solute concentrations (e1-2 m):

In eq 13,K°P is the limiting value ofKp as m3 approaches
zero. For GB-protein interactions,Kp increases with increas-
ing GB concentration as a consequence of the concentration-
dependent nonideality exhibited in a two-component aqueous
GB solution, which is attenuated upon interaction with the
protein surface (67). In eq 13,B°1 is the hydration of the
biopolymer in the absence of small solute;B°1 ≡ b°1 ASA,
where b°1 is the amount of water in the local domain
expressed as molecules of water per Å2 of biopolymer
surface;Γµ1,µ3 is the dialysis preferential interaction coef-
ficient, which is in general not significantly different in
magnitude fromΓµ3 for interactions of small solutes with
biopolymers (52). From the analysis of VPO data (Figure
5) on the exclusion of GB from DNA (preferential hydration)
using the local-bulk solute partitioning model (eq 13), we
obtain a minimum estimate ofB°1 and hence of DNA
hydration by assuming complete exclusion (K°P ) 0) of GB
from all ds DNA surface:B°1 g 17 ( 1 H2O per nucleotide
of ds DNA. At a higher level of resolution, we find that GB
is strongly excluded from anionic oxygen surface (44% of
total ASA) and moderately from the minimal amount of
amide-like surface (2% of total ASA) (66) and that GB is
randomly distributed (neither excluded nor accumulated)
elsewhere. For duplex DNA, the above estimate ofB°1
therefore applies only to anionic oxygen surface, and we
conclude that the minimum hydration of anionic oxygen

Γµ1,µ3

m3
bulk

=
(K°p - 1)B°1

m1
• (13)
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surface is 17 H2O per nucleotide or 0.22 H2O Å-2 of anionic
phosphate oxygen surface, which corresponds to two layers
of water (assuming 0.11 H2O Å-2 in a hydration monolayer
(53, 54)). If GB were not completely excluded from anionic
DNA surface, the hydration of this surface would of necessity
exceed 0.22 H2O Å-2. This result, obtained from analysis
of GB-DNA preferential interaction data, is consistent with
the finding that two layers of water surrounding nucleic acid
surface exhibit a density and compressibility that differ from
those of bulk water (47).

For the interaction of urea with ds DNA, where
Γµ3,m4

u /m3
bulk ) -0.02 ( 0.02, the partition coefficientK°P is

not significantly less than unity (e.g.,K°P ) 0.94 ( 0.06 if
the averageb1 = 0.11 H2O Å-2), which indicates that the
average local concentration of urea in the vicinity of native
DNA surface is only slightly less than its bulk concentration.
The extremely small preferential interaction of urea with ds
DNA implies that any effect of urea on binding of a protein
to ds DNA can be interpreted in terms of changes in protein
amide surface. Effects of GB on protein DNA interactions
(e.g., ref55) are predicted to result primarily from changes
in hydration of protein anionic carboxylate oxygen surface
or of anionic DNA phosphate surface. Comparative studies
of the effect of urea and of GB on protein-DNA interactions
are in progress to test these predictions.

Interactions of Urea and of Glycine Betaine with Single-
Stranded DNA Surfaces.VPO experiments demonstrate that
GB is highly excluded from double-stranded (ds) DNA
surface, whereas urea is uniformly distributed in a solution
of ds DNA. If these solutes were also excluded from the
surface exposed in melting DNA, they would both act as
DNA stabilizers, as is observed for GB (but of course not
for urea) with globular proteins (66). However both solutes
in general destabilize ds DNA. Urea reducesTm of various
naturally occurring DNA and synthetic polynucleotides by
approximately 3 K per molar urea added, up to at least 6 M
urea (dTm/dC3 = -3 K M-1) (6-8); the effect of urea
appears independent of DNA base composition (6). For
comparison, urea reducesTm of lacI HTH by 6.5 K M-1 at
low urea concentration, an effect onTm that is twice as large
as that reported for DNA (1).

GB reducesTm of the ds dGC‚dGC alternating sequence
homopolymer by approximately 6.8 K M-1; the effect of
GB is linear up to∼4 M GB (5). At higher GB concentra-
tions the destabilizing effect increases (5), as expected from
the strong increase in the activity coefficient of GB in this
range (41, 67). In contrast,Tm of the ds dAT‚dAT alternating
sequence homopolymer increases with increasing GB con-
centration by approximately 0.7 K M-1 over the range 0-4
M GB. Naturally occurring ds DNA with intermediate GC
compositions (0.26e XGC e 0.70) behaves as expected from
simple additivity; up to∼4 M GB, all these data can be
represented by dTm/dC3 = 0.70 - 7.5XGC (5).

These literature values of dTm/dC3 provide estimates of
preferential interaction coefficients for the interactions of GB
and of urea with the DNA surface exposed in melting. The
initial slope (dTm/dC3)o asC3 approaches zero is related to
the corresponding limiting value (designated by the super-
script o) of the solute molality normalized preferential
interaction coefficient (Γµ3

∆ /m3)o of the solute for the surface
exposed in melting by the equation (18)

Here, in accordance with eq 13 for the solute partitioning
(local-bulk domain) model,

Equation 14 utilizes values of∆H°obs andTm determined in
the absence of solute (RTm

2/∆H°obs = 52 K for ds DNA
melting, which are independent, to a first approximation, of
GC composition or salt concentration (56-58)). Both ∆
H°obs andΓµ3

∆ are expressed per nucleotide monomer. In eq
15, ASA∆ is the change in water-accessible surface area per
nucleotide melted, estimated (as described in Methods) to
be 100 Å2 (see Table 1). For typical in vitro studies of a
DNA denaturation process, them3 is in large excess of DNA
concentration and, hence, not significantly different from
m3

bulk. Therefore, to simplify our DNA denaturation analy-
sis, we do not distinguishm3 from m3

bulk.
Urea.For urea, analysis of the initial slope, (dTm/dC3)o =

-3 K M-1, using eq 14 yields the estimate (Γµ3

∆ /m3)o = 0.06
m-1, applicable at temperatures of 60-70 °C. (The uncer-
tainty in (Γµ3

∆ /m3)o is at least(20% based on the range of
literature results.) Urea is therefore moderately accumulated
at the DNA surface exposed upon melting, as expected
because it is a DNA denaturant. Correcting this estimate to
25 °C using the temperature dependence of the preferential
interaction of urea with protein surface (1) yields for urea-
DNA (Γµ3

∆ /m3)o = 0.07 ( 0.01m-1. Assuming that 100 Å2

of DNA surface is exposed in melting (see Table 1),
Γµ3

∆ /(m3ASA∆) = 7 × 10-4 m-1 Å-2. Interpretation of
Γµ3

∆ /(m3ASA∆) using the solute partitioning model (2),
assuming an average hydration of the DNA surface exposed
upon meltingb1 ) 0.11 H2O Å-2, yields a local-bulk urea
partition coefficientK°P = 1.35. Therefore, the average local
concentration of urea at the nucleotide surface exposed on
melting exceeds its bulk concentration by∼35%. By
comparison the average local concentration of urea in the
vicinity of both folded BSA and the surface exposed in
unfolding lacI HTH is only 10% greater than bulk (K°P ≈
1.1) (1, Cannon et al., manuscript in preparation)). No
contradiction exists between the fact that experimental values
of (dTm/dC3)o are larger for protein unfolding than for DNA
melting, and the fact that values ofΓµ3

∆ /(m3ASA∆) and K°P
are larger for the interaction of urea with the surface exposed
on DNA melting than with the surface exposed on protein
unfolding. These differences are reconciled by eq 14, because
the transition enthalpy, normalized per unit area of surface
exposed on melting, is much larger for nucleic acid melting
(∼40 cal Å-2 atTm ) 320 K (44)) than for protein unfolding
(∼7 cal Å-2 for lacI HTH at Tm ) 320 K (1)). Effects of
urea on the equilibrium constant for helix formation in short
RNA oligomers (68) appear consistent with this analysis.

Glycine Betaine.For GB, analysis of the initial slopes
(dTm/dC3)o for dAT and dGC homopolymers (5) by eq 14
yields (Γµ3,AT

∆ /m3)o ) -0.013 (i.e., modest exclusion of GB
from AT surface exposed on melting at∼40 °C) and

(dTm

dC3
)o

= -
RTm

2

∆H°obs
(Γµ3

∆

m3
)o

(14)

(Γµ3

∆

m3
)o

=
(K°p - 1)b°1ASA∆

m1
• (15)
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(Γµ3,GC
∆ /m3)o ) 0.13 (i.e., accumulation of GB at GC surface

exposed on melting at∼90 °C) (see Table 2). These effects
appear to be additive for all base compositions of naturally
occurring DNA (5), analysis of which by eq 14 yields
(Γµ3,DNA

∆ /m3)o = 0.13(1.1XGC - 0.1), valid at theTm (see
Table 2). (Independent data for the effect of GB onTm of
calf thymus DNA (59) are consistent with this result.)
Interpretation of values of (Γµ3

∆ /m3)o for effects of GB on
melting of AT and GC base pairs using eq 15 is performed
using the same assumption as for the analysis of urea effects
above (b1 ) 0.11 H2O Å-2 for the ∼100 Å2 DNA surface
exposed in melting). This calculation yieldsK°P = 0.9 (i.e.,
modest exclusion) for the distribution of GB in vicinity of
AT surface exposed in melting andK°P = 1.7 (i.e., signifi-
cant accumulation) for the distribution of GB in the vicinity
of GC surface exposed in melting. The modest exclusion of
GB from the AT surface exposed on melting is consistent
with that predicted from the polar amide surface of A and T
(66); strong exclusion of GB from anionic phosphate oxygen
surface is not expected to contribute to this effect because
the exposure of phosphate surface to water does not increase
on melting. The molecular basis of accumulation of GB in
the vicinity of GC surface exposed on melting, which we
propose must account for the isostabilizing effect (5) of GB,
has not been determined. Work is in progress to determine
K°P more accurately for the interactions of these solutes with
the surface exposed in nucleic acid conformational transi-
tions.

Analysis of Urea Effect on DNA Stability as a Test of the
Proposal That Preferential Accumulation of Urea Occurs
at Polar Amide Surface.We find that urea is very slightly
(if at all) excluded from native DNA surface but is
significantly accumulated at the surface exposed in DNA
melting. Per unit of ASA, the much more favorable interac-
tion of urea with the base surface exposed in melting than
with native DNA surface correlates with the fraction of DNA
surface consisting of polar amide-like ASA but not with the
fraction consisting of nonpolar or charged ASA (cf. Table
1). Our observation of this correlation is consistent with our
proposal (3) based on protein data that urea interacts
predominantly with polar peptide surfaces on proteins. In
Figure 6, the quantityΓµ3/(m3

bulkASA), describing the inter-
action (per unit ASA) of urea with various surfaces, native
BSA or DNA, exposed in unfolding DNA or lacI HTH, or
predominantly alanineR-helical peptides (cf. Tables 1 and
2), is plotted against the fraction of polar amide ASA. The
value ofΓµ3/(m3

bulkASA) for the surface exposed in unfold-
ing R-helical peptides was calculated using the unfolding
data at 0°C in ref 16 and converted to 25°C using the
temperature dependence of the preferential interaction of urea
with protein surface (1). A strong correlation betweenΓµ3/(
m3

bulkASA) and the fraction of polar amide ASA (fpolar amide)
for all types of protein and DNA surfaces investigated is
demonstrated by the fact that all data points in Figure 6 can
be fitted well to a straight line:Γµ3/(m3

bulkASA) × 103 )
(-0.04 ( 0.02) + (1.62 ( 0.07)fpolar amidewith R2 ) 0.99.
Therefore, urea interaction per unit ASA is approximately
proportional to the fraction of polar amide ASA, and the
polar amide-like ASA of DNA bases behaves the same as
the polar amide ASA of protein or peptide surface in its
interactions with urea. The intercept is so small that any

contribution from preferential interactions with other types
of surface must not be significant compared with polar amide
surface. To test this correlation further, correlations analogous
to that shown in Figure 6 (not shown) were examined for
other types of ASA. Values ofΓµ3/(m3

bulkASA) are not
proportional to the fraction of nonpolar ASA nor to other
polar ASA or charged ASA. The conclusion in Figure 6 is
consistent with the long-standing but not universally accepted
proposal that the interaction between urea and peptide groups
makes a major contribution to the effectiveness of urea as a
denaturant of proteins andR-helices (e.g., refs16 and60-
62). Our results provides no support for the proposal from
some analyses of model compound data that the interaction
of urea with nonpolar side chains plays a significant role in
urea denaturation of proteins (e.g., refs63-65). Assuming
proportionality of Γµ3/(m3

bulkASA) to fpolar amide, we obtain
(K°P - 1)b°1 = (9.0 ( 0.4)× 10-2 for the interaction of urea
with polar amide surface. If the hydration of polar amide
surface is a monolayer of water, thenK°P ) 1.82 and urea is
accumulated at polar amide surface at a concentration that
is 1.82 times its bulk concentration. This information will
allow urea to be used as a selective perturbant and a
quantitative probe of processes in which the amount of water-
accessible polar amide surface changes (Hong et al., Kontur
et al., manuscripts in preparation).
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APPENDIX A

VPO Results and Analysis of Osmolalities of Two-
Component Glycine Betaine or Urea Solutions and of Three-
Component Glycine Betaine-KCl (or NaCl) Solutions.To
test the accuracy of VPO in measuring osmolality over the
range 0.1-2.5 Osm, comparisons were made (cf. Figures 1

FIGURE 6: Correlation of urea interaction with the fraction of polar
amide surface (fpolar amide) in protein and DNA. Values of 103 ×
(Γµ3/(m3

bulkASA)) determined or corrected to 25°C are plotted
versusfpolar amidefor ds DNA (3), native BSA (b), unfolding lacI
HTH (O), DNA melting (9), and unfoldingR-helical peptide (1).
The error bar indicates the uncertainty in 103 × (Γµ3/(m3

bulkASA)).
The best fit straight line is 103 × (Γµ3/(m3

bulkASA)) ) (-0.04 (
0.02) + (1.62 ( 0.07)fpolar amide.
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and 2) between osmolalities of aqueous GB or urea two-
component solutions determined by VPO in this study and
values determined from literature data obtained by isopiestic
distillation (ID; ref 41 for GB, ref 42 for urea). For both
urea and GB, the VPO and ID data agree well, as also is
indicated by the comparison of osmotic coefficients from
VPO and ID data shown in Figure A1. Comparison of
osmotic coefficients of aqueous two-component solutions
containing either GB or urea as functions of their respective
molalities reveals the same pattern of interactions as that
deduced from Figures 1 and 2 for the preferential interactions
of these solutes with DNA. Osmotic coefficients (Figure A1)
are greater than unity and increase strongly with increasing
GB concentration (φ ) 1.3 at m3 ) 2 m), indicating the
strong preference of GB to interact with water rather than
with itself. By contrast, in aqueous urea solutions (see Figure
A1), φ is slightly less than unity in the concentration range
of interest (e.g.,φ ) 0.93 at 2murea), indicating that effects
of favorable urea-urea interactions slightly outweigh effects
of urea-water interactions.

To analyze the GB effect on a protein-DNA binding
process in the presence of 1:1 salt (Hong et al., manuscript
in preparation), we report here values ofΓµ3 characterizing

GB-salt interactions obtained by applying eqs 4 and 5 (with
index 2 substituted by 4) for the VPO data of GB-H2O and
GB-K(or Na)Cl-H2O solutions (cf. Figures 1 and 2). In
calculations of∆43Osm as defined by analogy to eq 4, values
of Osm(m3,m4) were used directly, the value of Osm(m4) was
extrapolated from the fitting function Osm(m3,m4) vs m3

(shown in Table A1) tom3 ) 0, and to obtain Osm(m3), the
fitting function Osm(m3) vs m3 (shown in Table A1) was
interpolated to the same value ofm3 as in Osm(m3,m4).
Values of∆43Osm were then applied to eq 5 to calculate
µ43, and finally the second equality of eq 2 (Γµ3 ) -µ43/µ33)
was used to calculateΓµ3 with µ33 calculated fromµ43 via
the Gibbs-Duhem linkage (see eq 2 of ref19).

Over the range of GB concentrations examined (e1.5m),
values ofµ43 for both GB-KCl and GB-NaCl interactions,
as shown in Figure A2, are negative and significantly larger
in magnitude than the contribution due to ideal mixingµ43

mix

(see ref19and Appendix B) (e.g.,µ43 ≈ -85( 28 cal mol-1

m-1 at 0.5m GB, whereasµ43
mix ≈ -20 cal mol-1 m-1 over

the rangem3 e 1.5m), which indicates favorable interaction
between GB and salt (KCl or NaCl).Γµ3 for the interaction
of GB with KCl or NaCl is plotted vs GB molalitym3 in

Table A1: Concentration Dependence of Osmolality in Aqueous Solutions of Urea or GB and KCl or NaCl

concentrations (m) fitting function, Osm) R + âm3 + γm3
2 with covariancesσRâ

2, σRγ
2, andσâγ

2.

KCl or NaCl urea or GB R â γ 2σRâ
2× 10-5 2σRγ

2 × 10-5 2σâγ
2 × 10-5

KCl-GB
0.212 0-1.85 0.384( 0.001 0.984( 0.002 0.154( 0.002 -0.29 0.17 -0.87
0.427 0.27-1.23 0.764( 0.002 0.958( 0.007 0.185( 0.005 -2.5 1.7 -6.8
0.404 0-1.91 0.727( 0.002 0.971( 0.008 0.166( 0.005 -3.0 1.6 -8.0

NaCl-GB
0.210 0-1.45 0.392( 0.001 0.960( 0.005 0.169( 0.004 -1.2 0.7 -4.0
0.364 0.02-1.34 0.678( 0.003 0.953( 0.018 0.153( 0.015 -9.3 3.7 -52
0.470 0-1.30 0.856( 0.002 0.906( 0.012 0.184( 0.012 -3.2 2.6 -27

GB-H2O, ID Data (41) and VPO Data
0 0.023-2.1 0 1.010( 0.001 0.157( 0.001 -0.056

KCl-Urea
0.212 0.1-2.3 0.386( 0.002 0.971( 0.004 -0.034( 0.002 -1.2 0.48 -1.4
0.427 0.1-2.3 0.768( 0.001 0.950( 0.002 -0.026( 0.001 -0.22 0.1 -0.43

Urea-H2O, ID Data (42) and VPO Data
0 0.1-2.4 0 0.990( 0.001 -0.030( 0.001 -0.06

FIGURE A1: Comparison of osmotic coefficients of two-component
aqueous solution of GB and of urea at 25 or 37°C. Osmotic
coefficients are plotted versus molality (m3) of GB or urea for VPO
data (3) and ID data (42) (0) for urea and VPO data (4) and ID
data (41) (O) for GB. Different shadings represent different data
sets. The error bars are approximately the size of the plotted point.

FIGURE A2: µ43 as a function of GB concentration at 25°C for
aqueous salt solutions (in the absence of DNA). Values ofµ43 are
plotted versus molality (m3) of GB. Open symbols represent data
sets for GB-KCl: (4) 0.427m KCl; (3) 0.404m KCl; (O) 0.212
m KCl. Closed symbols represent data sets for GB-NaCl: (2)
0.364m NaCl; (1) 0.470m NaCl; (b) 0.211m NaCl. Different
shadings represent different data sets. Error bars are propagated
from the uncertainties in∆43Osm. The unit ofµ43 is cal mol-1 m-1.
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Figure A3, which shows positive values ofΓµ3 for both KCl
and NaCl under all conditions investigated. As revealed by
Figures A2 and A3, values of bothµ43 and Γµ3 are very
similar for both GB-KCl and GB-NaCl, and these values
do not show anym4-dependence. The initial slopes ofΓµ3

vs m3, estimated for GB-KCl and GB-NaCl, are 0.08(
0.01 and 0.16( 0.01m-1, respectively.

APPENDIX B

Ideal and Nonideal Contributions toµ2u3,4. The preferential
interaction coefficientΓµ3,m4 is of importance and of interest
because of its relation, through a type of Wyman linkage
(20, also see eq 1), to the effect of a perturbing solute onKobs

of a biopolymer process and its molecular interpretation by
the local-bulk domain model. In eq 6,Γµ3,m4 is expressed
as the quotient ofµ23,4with respect toµ33,4; µ23,4characterizes
the effect of component 3 on the chemical potential of com-
ponent 2, which is the primary gauge of the preferential inter-
actions between components 2 and 3. To separate the ideal
mixing effect from the effect of nonideality onµ23,4, the ideal
mixing contribution toµ23,4 is calculated as follows (50):

in which Nu is the average number of nucleotides per DNA
molecule. Values ofµ2u3,4

mix ≡ µ23,4
mix /Nu are -10 to -11 cal

mol-1 m-1 at 25°C over the rangem3 e 1.6 m for any type
of solute 3. The contribution due to nonideality,µ2u3,4

ex , is
the difference:

For urea-DNA interactions, the average value ofµ2u3,4 (4
cal mol-1 m-1) is comparable toµ2u3,4

mix , and hence,µ2u3,4
ex ≈

0, which indicates that the mole fraction scale activity
coefficient of DNA is not significantly affected by addition
of urea in this concentration range. At a molecular level,
this means that the interaction of urea with DNA is
comparable in strength to the interaction of solvent water
with DNA under the conditions investigated. By contrast,
for the GB-DNA interaction, the value ofµ2u3,4 (222 cal
mol-1 m-1) is much larger thanµ2u3,4

mix , and therefore ap-
proximately equal toµ2u3,4

ex (see Table A2). Addition of GB
to a DNA solution causes a large increase in the chemical
potential and activity coefficient of DNA, implying that GB
and DNA both interact much more favorably with water than
they do with each other.
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