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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 iy, 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 increagesof 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 effecugif 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 &ipchemistry 43, 14732-14743) shows that GB is
excluded primarily from anionic DNA surface and that the hydration of anionic DNA phosphate oxygen
surface £17 H,O per nucleotide 0r0.22 HO A~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)and urea exhibit very different  with, and therefore accumulate at, the uncharged nucleic acid
effects on protein folding and other protein processes andsurface exposed in the conformational transition to the single-
interact very differently with folded and unfolded protein stranded state. Von Hippel and co-workessdbserved that
surfaces 1—4). In our research, we have focused on this the destabilizing effect of GB on DNA increases with
pair of solutes to understand the molecular and thermody- increasing fraction of GC base pairs; thermal stability of
namic basis of both osmoprotection and the effect of these poly(dAT) is almost unaffected (possibly slightly increased)
solutes on biopolymer processés-@). Toward these goals, by addition of GB. By contrast, the effect of urea &g of
it is important to quantify the interaction of GB and of urea DNA is not a function of base compositioB)(
with double- and.single—stranded nucleic a_c.id surfaces. At Quantitative thermodynamic information regarding the
molar concentrations, both solutes destabilize the double-jneractions of various solutes with native protein surface

helical conformation of naturally occurring nucleic acids; a5 peen obtained by dialysis in conjunction with densimetry
thermal transition temperaturél,, decrease approximately (10, 12), by ultracentrifugation 12, 13), and by vapor

linearly with _inqreasing solute concentratio_ﬁ—(g). This pressure osmometry (VPQ; 4, 14). In particular, interac-
dependence indicates that both solutes must interact favorably;y 1« of GB and of urea with native protein surface have

: been quantified by VPQ2( 4). Additionally, interactions of
. TS‘:pfp‘I’I“ of It(h's “Iesga“éh by NIH Grants GM 47022 and GM 23467 B and of urea with the surface exposed in unfolding the
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Table 1: Surface Area (ASA) Composition of DNA and of Protein or Peptide
total ASA charged polar amide other polar nonpolar

(A2 ASA (A22 ASA (A2 ASA (A2 ASA (A22
ds DNA (50% GC) 171 negative, 74 (44%) 4.2 (2.5%) 27 (16%) 65 (38%)
ss DNA (half stacked, 50% G€) 269 negative, 67 (25%) 40 (15%) 70 (26%) 92 (34%)
ASAA for ds— ss 98 negativer7 (—7%) 36 (37%) 43 (44%) 26 (26%)
(half stacked, 50% GE)
native BSA 2.78x 10¢ negative, 16% 15% 3% 53%
positive, 13%
native HEWLS 6.5x 10° negative, 4.5%
positive, 17%
ASAA for lacl HTH unfolding 3.5x 10° negative, 2.2% 16% 5.2% 72%
positive, 4.1%
ASA? for unfolding alanine-based 2.5% 57% 0 40%

o-helical peptides

a Definitions of negatively charged ASA, polar amide-like and other polar ASA, and nonpolar ASA of DNA are given ih\fakies are
expressed per nuclotideFrom Felitsky et al. §6).

of interaction of urea with these different protein surfaces of these solutes with the DNA surface exposed in melting
led to the proposal that urea is accumulated only at polarand compared with their interactions with native DNA
amide/peptide surfacd); here we test the generality of this  surface. We deduce that urea is an effective nonspecific
proposal by quantifying interactions of urea with duplex nucleic acid denaturant because of its favorable interactions
DNA and with the surface exposed in DNA melting, which with the polar amide surface areas (defined in Methods) of
includes amide-like functional groups on C, G, and especially G, C, and especially T bases exposed in denaturation,
T (but not A) bases. (Henceforth, for ease of reference, thewhereas GB is a specific GC denaturant because of its
term “polar amide surface” defined in Methods will be favorable interaction with G or C surface or both in the
applied to both proteins and nucleic acids.) single-stranded state.

GB, in contrast to urea, interacts unfavorably with (i.e., is
excluded from) all protein surfaces examined. These protein BACKGROUND

surfaces prefer to interact with water rather than with GB.  Quantifying Solute Biopolymer Interactions and Their
Local/bulk GB concentration ratios (partition coefficients) Effects on Biopolymer Process@opolymer processes are
obtained from the solute partitioning model are less than affected by a spectrum of solutes including denaturants (e.g.,
unity for all protein surfaces, being smallest for folded bovine rea, GuHCI), osmolytes (e.g., GB), and electrolytes (e.g.,
serum albumin (BSA) surface, larger for folded HEWL (hen Hofmeister salts), which generally do not bind stoichiomet-
egg white lysozyme) surface, and largest for the surface rically to individual sites on any biopolymer involved in the
exposed in unfolding the lacl HTH and other globular process (see reff8 for a review). Concentration-dependent
proteins. As discussed elsewher66)( this pattern of  effects of solutes on biopolymer processes (e.g., conforma-
interactions correlates principally with the fraction of water- tjgnal changes, ligand binding) result in general from the
accessible anionic (carboxylate) oxygen surface and leadspreferential interactions of these solutes with biopolymers
to the proposal that the strongly favorable interactions of (jocal accumulation or exclusion relative to their bulk
carboxylate oxygen surface with water cause GB to be concentration) that change the activity coefficients of product
completely excluded from the water of hydration of protein and reactant biopolymers to different extents.
anionic oxygens. Previously, no quantitative information has  under typical experimental conditions, where a nonelec-
been reported for interactions of either GB or urea with DNA tro|yte solute (3) is in substantial excess over all stoichio-
surface. metric participants of a biopolymer process, the effect of its
In the present study, we report an extensive series of activity (as) on the “phenomenological” equilibrium con-
osmometric (VPO) data that characterize the interactions of centration quotient K,p9 for any biopolymer process is
GB and of urea with native calf thymus (mononucleosomal) related to the relevant individual values of thermodynamic
DNA at ~0.2 and~0.4 m univalent salt concentration. functions,T,,, usually called preferential interaction coef-
Native DNA surface is dominated by anionic (phosphate) ficients @0):
oxygens (44%, cf. Table 1), allowing us to predict strong
exclusion of GB from native DNA surface. Accumulation (8In Kobs)

= AT (1)

of urea in the vicinity of both folded and unfolded protein onag |+p T

surface exhibits little if any correlation with the fraction of

charged surface. Urea is neither accumulated nor excludedwhere AL, is the stoichiometrically weighted difference
from the vicinity of salt ions (K, Na", CI7) in solution (L9). between values of ,, characteristic of interactions of the
Native DNA surface is almost devoid of carbonyl oxygens solute (3) with each product and reactant (component 2) in
or other amide-like functional groups-2%). On this basis,  the process. For the situation in which only one small solute
urea is predicted to exhibit no strong preferential interaction (component 3) is present, typically in excess of the biopoly-
with native DNA. The experimental results reported herein mer (component 2), eachi,, is fundamentally defined as
are consistent with these predictions based on protein andthe change in molal concentration of the small solune) (
model compound data. Effects of GB and of urea on DNA required to keep its chemical potentiak) constant when
stability are interpreted quantitatively in terms of interactions the concentration of the biopolymemy) changes. These
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coefficients also describe the effect of changmgon the
molal-scale activity coefficienty,, of the biopolymer:

(8”13) (8In Vo
r, =2 -
a0y,

_ M2
U3z

Has _
HUz3

aln a3)T’F,VmZ 2)

where the chemical potential derivatives are defined as
wij = (Quilom)Tpm., Wherei, j = 2 or 3. (The equality of
us2 and up3 follows from Euler reciprocity of cross-partial
derivatives.) Positive values &I, imply that solute (3)
exhibits more favorable (or less unfavorable) preferential
interactions with products than with reactants so that,

Hong et al.

of uzs, the activity coefficients of solutes 2 and 3 as functions
of their molalities. Extension of eqs-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 DNBNA of 160 4+ 5

according to eq 2, increasing the concentration (hencebp length was prepared as described by Wang et28). (

activity) of the small solute increasés,s Values ofAl,,

Solutions at DNA concentrations ef0.2 m in nucleotide

for a process are interpreted as the preferential interactionmonomer were extensively dialyzed at@, first against a
of the solute with the biopolymer surface that is exposed to Solution containing 10 mM HEPES buffer at pH 6.5, together

solvent (or buried from solvent) in the proces). (Inter-
pretations ofArl',, 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

with 100 mM KCI (or NaCl) and 2 mM EDTA, then against
10 mM KCI (or NacCl), and finally twice against 2.5 mM
KCI (or NaCl). Prepared by this method, DNA is monodis-
perse and double-helicald 24). After each sequence of

protein surface. Generalization of egs 1 and 2 to systems indialyses, the DNA solutions were concentrated by speed
which two small solutes are present in excess is required tovacuum concentrator, and ultrapure deionized water was

analyze (for example) proteimucleic acid binding as a
function of urea or GB concentration in a solution that also

added, if necessary, to produce a final DNA phosphate
concentration in the range 6-8.4m. Higher DNA concen-

contains salt (Hong et al., manuscript in preparation). The trations are too viscous to transfer with quantitative accuracy,

relevant (four-component) preferential interaction coefficient

limiting the maximum DNA phosphate concentration for

(the extension of eq 2 to a four-component system) requiredosmometry to 0.2m. NaDNA samples prepared in this

to analyze the preferential interaction of GB or urea with

DNA in a salt solution is given in the section on data analysis.
Quantifyingu,s and I',, by Vapor Pressure Osmometry

(VPO). By definition, osmolality, directly measurable (for

manner contain a small {010%) residual amount of salt
(presumably NaCl) per DNA phosphat®5f. Donnan
membrane equilibrium calculations for the conditions of our
dialysis experiments on Na (or K) DNA solutions, using the

example) with a water vapor pressure osmometer, is relatedlimiting value of Donnan equilibrium coefficient0.06

to the activity of solvent watergy = y1x: (Wherex, is the
mole fraction of water ang; the corresponding activity
coefficient) by

Osm= —m; Ina, (3)
wherem; = 55.5 mol kg%, the constant “molality” of pure
water. In an ideal dilute solution of one nonelectrolyte solute,

(26—28)), indicate a concentration of residual salt-65%

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 KCI
(or NaCl) has no significant affect on the calculation of either

as its mole fraction approaches zero, the osmolality is equalthe chemical potential derivatives or the preferential interac-

to the solute molality; osmolality deviates from molality with
increasing molality as a consequence of wasalute
interactions, binding of water to the solute, or both. Similarly,
the osmolality of a three-component solution (Osmi))
generally differs from the sum of the osmolalities of the two
corresponding two-component solutions (Osg)( Osm-
(mg)). This difference is defined a&,;0sm:

Ay,;Osm= Osmfn,,m;) — Osmfm,) — Osmfn,) (4)

Robinson and Stoke{) proposed a remarkably simple
approximate relationship linkingh,s0sm to the chemical
potential derivativeu,s (introduced in eq 2):

RTA,;0sm
myim,

Hence,A,;0Osm provides an experimental routeIig, via
Uzs as demonstrated by ret9. In all other previous
applications of eq 5 to isopiestic distillation (ID) data (e.g.,
refs21and22), the objective was to quantify, via integration

(5)

Upz=

tion coefficients reported here.

Solutes.Glycine betaine monohydrate-09% pure, FW
135.16) was obtained from Sigma (St. Louis, MO), and urea
was obtained from Fluka Biochemika and Life Technologies,
as described previously 9). NaCl (certified ACS, FW 58.44,
99.5% pure) was obtained from Fisher Scientific. KCI (FW
74.56) was obtained from Aldrich (99.999% pure) and from
Fisher Scientific (certified ACS, 99.5% pure); the two sources
of KCI exhibited identical VPO measurements under the
same solution conditions.

Preparation of Samples for VP@or each sequence of
VPO measurements (e.g., Osmfms,my) vs mg at constant
mp andmy or Osm(ng,Imy) Vs s at constaniry), concentrated
stock solutions of urea (0.25 m) or GB (0.05-4 m), KCI
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
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measured for representative samples.) Predetermined amountccount for minor discrepancies between currently accepted
of the stock solutions were combined gravimetrically. For literature values and those assigned to the standard solutions
these VPO sample preparations, the requisite amounts ofcontaining specified molalities of NaCl (as provided by
stock solutions were determined according to the following Wescor) (9).
considerations: maintaining the molality of DNA and salt ~ Among all data sets for GB and urea, 13 four-component
constant across the solute titration series, varying urea orand 18 three-component data sets were collected at constant
GB molality (ms) over a range sufficient to provide an molality of DNA and of salt. Our early VPO experiments
adequate distribution of data points, ensuring enough volumeon GB (four data sets for four-component and two for three-
for triplicate readings of each VPO sample, and maintaining component systems) were performed by holding the molarity
the total solute molalities within levels such that the of DNA, the salt or both constant, for which the ratio of
osmolality does not exceed the operating range of the molalities my/my was constant, buty, and m, increased
osmometer £3.5 Osm). Concentrations of DNA stock systematically by up to 12% with increasing in the ranges
solutions were determined after gravimetric serial dilutions investigated. To analyze these constant molarity data,
from the UV absorbance at 260 nm using the extinction conversions from constant molarity to constant molality
coefficiente = 0.0185 frg/mL)"* cm™* for KDNA and e = constraints on the calculated derivatives were performed (as
0.0195 fug/mL)~t cm™ for NaDNA, both of which were explained in the section on VPO Data Analysis).
calculated using formulae-6L0 in Bloomfield et al. 80). ]

Whenever volumetric steps (with pipetted volume cali- Methods of Analysis

brated gravimetrically) were used (in our early data sets), Four-Component Preferential Interaction Coefficients,
apparent partial molar volumes were used in calculating - Characterizing SoluteDNA Interactions in Salt
sample molalities (cf. eqs 15 and 16 of 8f No significant  go|utions For a series of four-component solutions, such as
differences between volum_etrlc _and gravimetric (_jata Were gqueous solutions of DNA (component 2) containing variable
observed for our DNA solutions in the concentration range ¢gncentrations of a small solute (component 3; urea or GB)

investigated, in contrast to the situation observed for 5nq a fixed concentration of salt (component 4; KCI or
concentrated BSA solution$§). Apparent partial molar NaCl), the analogue of eq 2 is

volumes in corresponding two-component solutions deter-

mined in this study (or taken from the literature, as noted) (ams)

are as follows: 0.1744 L/mol for monomer NaDNA, which rﬂ3’m4 =

is constant within the experimental concentration range (from om, TPtz My

0.06 to 0.24 M in phosphate monomer) and which is within _ Mzp4 M2z dlny,

the broad range of literature valuexl(-33); 0.1855 L/mol n — ain &) 1pm,m,
for monomer KDNA, in good agreement with the literature

value for Escherichia colibacteriophage T4 KDNAZ34); where the chemical potential derivatives, are defined as
0.017 45+ 0.001 119aci L/mol for NaCl and 0.027 57 (il oY) 1P, m, for i =1, 2, or 3ang = 2 or 3. The equality
0.001 301rkc L/mol for KCI, which agree well with  of us, 4 and u23,4 follows from Euler reciprocity of cross-
literature values 35 and references given there) over the partial derivatives.

concentration range investigated in our VPO study 0.2 Quantifyinguzs sand T, m, by Vapor Pressure Osmometry
0.8msalt); 0.0982: 0.0003 L/mol for GB 2, 36); 0.044 23 (VPO).In our investigation of interactions of a nonelectrolyte
L/mol for urea @, 37, 38). The difference in apparent partial  solute (component 3; urea or GB) with DNA, a fourth
molar volumes between KDNA and NaDNA is approxi- component (NaCl or KCl) also is present at constant molality.
mately the same as that between KCI and NaCl. The effect|n this situation (i.e., where Osmg) and Osmif,,ms) are

of a small potential systematic error§%) in the apparent  experimentally inaccessible),s Osm, the four-component
molar volumes of DNA on the calculated values of prefer- analogue of eq 4, is the difference between the effect on
ential interaction coefficients was examined and found to gsmolality when solute 3 is added to a solution containing
be negligible ¢-0.1%). For VPO experiments, the molality ~solutes 2 and 4 (Osmmg,ms,ms) — Osmgn,,my)) and its
(my) of KCI (or NaCl) is fixed at approximately 0.2 or 0.4  effect on osmolality when added to a solution containing

m, and (when present) the molality of DNA phosphatg,f only solute 4 ((OsnTts,M;) — OsmE)):
is fixed at approximately 0.1 or 0.Bn. Salt and DNA

concentrations in these four-component solutions are knownA,; Osm= (Osmfn,,m;,m,) —

(6)

U334 U3z 4

to £3% and+2%, respectively. For each titration with urea Osmmn,m,)) — (Osmgn,,m,) — Osmfm,)) (7)
or GB, mg varies over the range from 0.1 to 218(for urea)
or to 1.35m (for GB). This difference of differencesAgs Osm) is approximately

VPO Determination of Osmolality as a Function of Small related tou.s 4 by the analogue of eq 5:
Solute ConcentratiorBackground on the theory and practice
of VPO relevant to the present study has been provided RTA»; Osm 8
previously @, 14, 19). Two osmometers, Wescor 5500 at Haza= mym, (8)
working temperature 37C and VAPRO 5520 (Logan, UT)
at (controlled) ambient temperatureZ5 °C), were used for ~ Equation 8 for a four-component system is expected to be
measurements on different series of samples; no significantaccurate if the presence of DNA does not affect the
differences between results obtained from the two osmom- dependence of the chemical potential of solute (3) on the
eters were found for VPO measurements under the solutionmolality of salt (4), so that the derivatiye, is the same in
conditions in this study. All osmolalities were corrected to the presence or absence of componentz3(ifp,ms,my) ~
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us4(mg,my)) (Anderson et al., manuscript in preparation). The for analysis 0fA2; Osm (using eqs 7 and 8). Extrapolation

preferential interaction coefficiem,, ., characterizing solute
DNA interaction at fixed salt concentration is evaluated
from w34 (€q 8) using the third equality in eq & (,m, =
—U23dussa). In this expression fof ., m, the quantityuss

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

Myllaz 4= —Myllyz 4= Mpllnz 4 — Myliyz 4

In eq 9A,u13,41s obtained by analysis of the osmolality data
for the four-component solution as a functionrof.

R d0smfmn,,m;,m,)
Mylly3 4= om, S

(9A)

(10)

The chemical potential derivativess 4 = pas(m,mg,my) in
eq 9A is approximated by its counterpaui(ms,my) in the

to obtain the appropriate Osmymy) and Osmify) is
preferable to direct measurement because of small (typically
<0.5%) variations inmy,, my, or both for the independently
prepared samples that make up a VPO series. Differences
between extrapolated values and those directly measured by
VPO (Osm(n,,my)) or calculated (Osnm{,)) using literature
formulas @9, 40) are typically less tham0.7%. Use of
extrapolated values of Osmf,m,) and Osmify) reduces the
uncertainty (scatter) in the analysis of very weak interactions
(e.g., ureanative DNA). For each value of\3/Osm,
defined as above using equks 4 Was calculated using eq 8.
Values ofl",,m, were calculated (using eq 6) from values of

Uz A€q 8) withuszs 4 approximated byiss(mg).

Values ofuss(ms) were obtained according to eq 9B by
differentiating the best-fitted functional form of Osmmj
with respect tams obtained from our VPO data and literature
ID data for GB @1) and for urea42). For all the data sets,

corresponding three-component system, which is obtainedy quadratic function was found to be sufficient to describe

from VPO (see Appendix A). As an adequate alternative to
eq 9A, ussz 4 may be approximated by the two-component
derivative,us3(mg):

00smfm,)
Uzg 4= Uzx(Mg) = (R-r/ms)(a—) (9B)
M Jrp

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

Preferential Interaction Coefficient Expressed per DNA
Nucleotide MonomerThe molality of the DNA is conven-
tionally expressed per monomer unity, = Ny, where
Ny is the average number of monomer units (nucleotides)
per DNA molecule K, = 320 for mononucleosomal calf
thymus DNA). Accordingly, the values df,,m, and uz34
are reported here on a DNA monomer basis:

FU

UgMy

Houz a= Hoz AN =T m/Ny= —tous dttss 4 (11)

For the locat-bulk solute partitioning anslysis (see eq 13)
of preferential interaction coefficients, the dependence of
I, . on the bulk concentration of solutel§") is required.

Or%VCAeFEQm‘} is known,m2"* is calculated fronm using the
relationship )

bulk

My (12)

=my— Myl
For GB and urea at the DNA concentrations investigated,
my“ differs from m by <6%.

VPO Data AnalysisCalculations ofA,3 Osm using eq 7
were performed for each Osmy,ms,my) obtained by averag-
ing triplicate VPO readings on an individual sample. These

values of Osny,,Mms,my) at constantr, andmy and variable

the functional dependence of osmolality on solute molality
mg at constantm,,, my, or both in the concentration ranges
of interest £€2.1 m GB, <2.4 m urea). In each case, the
quality of the fitting was assessed by thg test and the
multiple-correlation coefficienR? (43), and the F-test for
an additional term43) 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 regressi8). (
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 ref9. Error propagation was
performed by applying the formula (3.13) in ré8; 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 osmolalityngg my, or
both (the ratio ofm,/my being constant) within the range of
My, My, OF both encountered in a constant molarity titration.
In the range 0.151 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 1.28, andny,
0) is linear, and the slope of Osm vs NaCl molality is
approximately the same for 0, 0.54, and 1835B (data
not shown). Also, titrations of aqueous DNA/KCI solutions
with pure HO, maintaining a constant ratio ok,/my, (equal
to one of the ratios investigated here, data not shown),
confirmed that osmolality varies linearly witi,, (andmy)
within the concentration range and for the ratiog/my
studied here. Results of analyzing such converted data sets
were compared with corresponding constant molality data

ms were also fitted as described below and extrapolated to sets at the same valuesrof,, ms, or both, and no significant

mg = O to obtain the appropriate Osmymy) as input for
eq 7 forAy3 LOsm. Determinations of Osmg,my) at the same
fixed my as used in the measurement of Ospifs,my) and
variablem; were fitted and interpolated to the corresponding
mg for each four-component experiment; extrapolation of
Osmfng,my) to mz = 0 provided the appropriate Osmy)

differences were found in the resulting valuesugf 4 and
I',,m, reported here.

Calculations of Water-Accessible Surface Area (ASA) of
DNA and a-Helical Peptide.Calculations of ASA of ds
(double-helical) and ss (single-helical or extended unstruc-
tured) DNA were performed as previously describéd)(
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Conformations of nucleotides in stacked, single-helical DNA 3.0
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 basebase interactions. The se-
quence GCAC (with its complementary strand for double-
stranded B-DNA) built using Insight Il (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

Osmolality (Osmolal)

appropriately for a given specified GC% (or AT%) to 0.0 - -
calculate the ASA per nucleotide. An alternative calculation 0.0 0.5 1.0 1.5
was performed to obtain average ASA per nucleotide for molality of GB

each base type in ds and ss helical DNA, in terms of the Fgure 1: Glycine betaine ds DNA interactions characterized by
context (i.e., nearest neighbors) of the nucleotide. In this VPO at 25 or 37°C. Representative VPO determinations of the
model, a sequence of 98 bp B-DNA was first built using effectl C|>ft nattlve C?lf tthyﬁruﬁt Dl\fb?\(&n the GB Otlegegiencﬁ l_CtJf

: ; i : osmolality at constant molality o are presented. Osmolality
In3|ghttll, |_n hvghlcfh al p(r)]ssmlle (tl.g) aéfndg$n;zntzgf the is plotted versus GB molalityngs) for paired series at 0.42% KCI
nearest neighbor for each nucleotide (dA, dT, dG, dC) were (g0 106 monam DNA; O, no DNA) and at 0.212n KCl (a,
included. The ASA of this sequence was then calculated 0.203 monom DNA; 2, no DNA) and for a two-component GB
using the program ANAREAA5). The ASA of a nucleotide  water solution ¥ for VPO data andd for ID data @1)). Different
was obtained by averaging its ASA in the 16 triplets Shadings of downward triangles represent different data sets. Each

: : : VPO data point is the average of triplicate readings on identical

representing all possﬂ?le arrangements of nearest nelg.hborssamples; the uncertainty is approximately the size of the plotted
Total ASA per nucleotide from these two model calculations point, The lines are the best quadratic fits of osmolalityrgsfor

agree within 4% for DNA of 0%, 50%, or 100% GC. GB—KCl—water data at KCI molality of 0.427, 0.212, and®

The negatively charged ASA in DNA is the sum of ASA  "eSPectively.
of two oxygens connected to each phosphate by partialRESULTS
double bonds. The polar ASA of DNA is the sum of ASA

of all oxygens (other than the negatively charged phosphate  The presence of DNA Greatly Amplifies the Osmotic Effect
oxygens) and nitrogens. The amount of polar amide ASA of Adding Glycine Betaine (but Not Urea) to a Salt Solution.
of a DNA base is defined as the ASA of those nitrogen and Figyre 1 compares VPO determinations of the osmotic effects
carbonyl oxygens found in amide-like functional groups: N1, of adding various molalities of GB to solutions containing
02, N3, and O4 of thymine; N1, N3, and O2 of cytosine; fixed molalities of KCI and DNA (Om KCI and Om DNA;

N1 and O6 of guanine. No nitrogen or oxygen in adenine g.212m KCl with or without 0.203m (M) KDNA; 0.427

fits this criterion. The nonpolar ASA in DNA is the sum of 1, Kl with or without 0.106m (mzy) KDNA). The nearly
ASA of carbons. ASA per nucleotide for polar, nonpolar, parallel curves drawn through the open symbols in Figure 1
and charged surfaces in ds and ss helical DNA at 0, 50, orare the best fitted quadratic functions for the dependence of
100% GC, obtained from these two models, agree in mostthe osmolality of aqueous GB solutions on GB molality in
cases within~5%; an exception is a-15% difference in  the absence of KCI (current VPO data, open inverted
calculated polar ASA in 100% AT ss helical DNA. These triangles; literature ID data4l, open squares) or in the
differences are not significant for the semiquantitative presence of 0.212n (open triangles) or 0.42Th (open

conclusions of our ASA analysis. Compositions of the ASA ¢ijrcles) KCI. Osmolalities of the corresponding GBNA—
of ds DNA and of half-stacked ss DNA, as well as of the KC| solutions as a function of GB molality are shown by

AASA in the conversion of ds DNA to half-stacked ss DNA the corresponding solid symbols. Figure 1 shows that
for DNA of 50%GC is listed in Table 1. These values are simultaneous presence of GB and DNA at DNA concentra-
not significantly dependent on base composition. tions of 0.1m (solid circles) and especially 0.2 (solid

The previously described) calculation of ASA for the triangles) provides an osmolality boost that increases with
native state of alanine-basedhelical peptide was revised increasing GB molality and is larger at the higher DNA
as follows. The original model of the-helix, obtained using ~ Molality; this effect is not due to KCl, as evidenced by the
Insight 1, buries some carboxylate oxygen surface as a hear-parallel curves in the absence of DNA for osmolality
consequence of a presumably nonphysical packing of car-as a function of GB molality in the presence or absence of
boxylate oxygens of glutamate side chains against the KCI.
hydrophobic part of the lysine side chains. We revised this  As shown in Figure 2 for a comparable series of salt and
model to make the glutamate side chains fully solvent- DNA concentrations (using the same symbols for four-,
accessible. The actual helical structure in solution presumablythree-, and two-component data at the DNA and salt
has some contribution from ion pairing of glutamates and concentrations of Figure 1), virtually no osmolality boost
lysines, the extent of which is presently not known. The occurs upon addition of urea to a DNA solution at either
composition of native BSA and native HEWL surface and 0.212mor 0.427m KCI. The effect of addition of urea on
of the surface exposed in unfolding lacl HTHG] or osmolality is virtually the same in the presence or absence
unfolding alanine-based-helical peptide is also listed in  of DNA; also, in the absence of DNA, the effect of addition
Table 1 for comparison. of urea on osmolality is the same in the presence or absence
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FIGURE 2: Urea-ds DNA interactions characterized by VPO at F/GURE 4: Comparison ofuzy3.4 for urea-DNA and GB-DNA
25 or 37°C. Representative VPO determinations of the effect of [Ntéractions as a function of solute concentration. Valuegefs
native calf thymus DNA concentration on the urea dependence of (S€€ €ds 8 and 11) at 2& are plotted as functions of urea or GB
osmolality at constant molality of KCI are presented. Osmolality Molality (ms). The open symbols represent data for GBNA: ()

is plotted versus urea molalityrg) for paired series at 0.42m 0.184m DNA and 0.364m NaCl; (dotted upward triangles) 0.178
KCI (®, at 0.113 monan DNA; O, no DNA) and at 0.212nKCl M DNA and 0.470m NaCl; (©) 0.214m DNA and 0.212m KC;
(, at 0.197 monan DNA; A, no DNA) and for a two-component ~ (¢) 0-208mDNA and 0.404m KCI, (v) 0.097mDNA and 0.212
urea-water solution ¢ for VPO data andd for ID data @2)). m KCI; (dotted squares) 0.108 DNA and 0.427m KCl; (dotted
Different shadings of downward triangles represent different data d0wnward triangles) 0.09% DNA and 0.212mKCl; (©) 0.203m
sets. Each VPO data point is the average of triplicate readings onDNA and 0.212mKCl; (0J) 0.098m DNA and 0.427m KCI. The
identical samples; the uncertainty is approximately the size of the €/0Sed symbols represent data for ur@NA with the same
plotted point. The lines are the best quadratic fit of osmolality vs Notation as that in Figure 3. The lines are the respective average
my for urea—KCl—water data at KCI molality of 0.427, 0.212, and Vf{'ye ofupuzafor GB (222 cal mot! m™?) and urea (4 cal mot

0 m, respectively. m™) data.

guantity A3 Osm is the difference between the osmotic
effect of addition of solute (GB or urea) to a DN#alt
solution and the osmotic effect of the corresponding addition
of that solute to a salt solution in the absence of DNA. To
evaluateA 3 LOsm, individual values of Osmrg,mg,my) were

the directly measured VPO data points (see Methods). For
GB, Az3/0sm is positive and increases with increasing
concentrations of DNA and GB. For ure@z; Osm 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.@02.002 for the

' ' fitting of Az34sm vsmg with fixed zero intercept.

0.0 0.5 1.0 1.5 Determination of the Effect of Glycine Betaine or of Urea
on the Chemical Potential of DNA© quantify the chemical
potential derivativeg .z 40f DNA (expressed per nucleotide

molality of urea or GB

Ficure 3: Comparison of the effect of the concentration of calf ,onomer) as a function of GB or urea molality. values of
thymus DNA onA,3; Osm (see eq 7) for GB and urea. The values ) Y

of A3 Osm are plotted versus molality of GB or uregs). Open A'2.3,4Osm ((,:f' Figure 3) were introduced into eq 8',A” the
symbols represent data for the GBNA—KCl—water systema, f_|tt|ng _func'uons for three- and two-component solutlon_s are
0.2mDNA; v, 0.1mDNA). Different shadings represent different  listed in the appended table (Table)An an accompanying
data sets. Closed symbols are for the wB&IA—KCl—water table (Table A2), an example of the evaluationAeg Osm

system: #) 0.197m DNA and 0.213m KCI; (H) 0.110m DNA i qi ; it
and 0.212m KCI: (a) 0.120m DNA and 0.427m KCI- (8) 0.213 anduzus 4 is given for GB-DNA with uncertainties shown

m DNA and 0.427m KCI: (v) 0.098m DNA and 0.427mKCl; ~OF €ach stage. _ ,
(dotted upward triangles) 0.118 DNA and 0.427m KClI; (dotted The signs and magnitudes @4,s 4 characterize how the
downward triangles) 0.104 DNA and 0.427m KClI; (®) for 0.221 chemical potential of DNA in aqueous salt solution depends

mDNA and 0.427mKCl. The lines are the linear least-squares fit on the molality of the small solute (GB or urea). In Figure
of Az Osm vsm, respectively, for GB system at O@2DNA and 4, values Of upusa for GB—DNA and for urea-DNA
0.1mDNA and for urea system (the average slope used here, which.’ . u I d for the diff i
is the same for each DNA concentration, 0.2 or B)L Interactions are plotted versus for the different specifica-

tions of fixedmp, andmy. For both GB and urea, values of

of KClI at the comparatively low concentrations investigated u,u34 Obtained at different concentrations of DNA (0.1 or
here. 0.2m) and salt (0.2 or 0.4n) do not show any significant

The highly nonadditive effects of GB and contrasting trends. As shown in Figure 4, valuesof;; sfor GB—DNA
additive effects of urea on osmolality of salt solutions in the and for ureaDNA differ significantly, though each is
presence and absence of DNA are shown in Figure 3 whereindependent of solute concentration within uncertainty. For
A3 Osm, defined as in eq 7, is plotted vs solute molality GB—DNA interactions, the average value @3 sat 25°C
mg for the different DNA concentrations investigated. The (mg < 1.4 m) is 222 &+ 8 cal mol'* m™*. (The reported



Interactions of Urea and Glycine Betaine with DNA Surfaces Biochemistry, Vol. 43, No. 46, 200414751

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

Uz Lyugmdme 2 10" x (T /(MeASA))
T(°C) (cal molFtm?) (mY (mtA-2)
GB—DNA
ds DNA surface 25 2228 —0.30+ 0.02 —-18+1
surface exposed in 40-90° 0.14Xgc — 0.013 14X — 1.3
DNA melting
GB—Proteird
folded BSA surface 25 (212 34)x 1¢° —23.1+1.4 —8.3£0.5
folded HEWL surface 25 2.8 1.3)x 10° -3.1+11 —-4.7+1.7
surface exposed in 25 —-3.8+0.5
unfolding lacl HTH
Urea—DNA
ds DNA surface 25 44 —0.02+ 0.02 -1+1
surface exposed in 25 0.07+ 0.0 7+1°
DNA melting
Urea—Protein
folded BSA surface 25 3.9+ 1.4 1.4+ 0.5
surface exposed in 25 2.0+0.1
unfolding lacl HTH
surface exposed in unfolding 25 8.7+ 0.3
alanine-based-helical
peptide8

a All values for DNA are per nucleotid®.The Ty, at Cs — 0 is shown, and range reflects the GC dependenceTgfof DNA. ¢ From analysis
of literature datag). ¢ From Felitsky et al. §6). € From analysis of literature dat&+8; converted to 25C). f From Cannon et al., manuscript in
preparation? From refl. " From analysis of literature datd converted to 25C).

uncertainty is the standard deviation divided by the square
root of the number of data points.) This large positive value 04 1
of usus.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 HO instead of other GB molecules. For

u
W3, M4

urea-DNA, the average value Qfoy34at 25°C (Mg < 1.6 '°-800 s A s
m) is 4 & 4 cal mol't m™1. Because the chemical potential : ) | |
of DNA (u2y) is only slightly increased by increasing urea molality of urea or GB

concentration, the thermodynamic consequences of theggyge 5: comparison of™ », for urea-DNA and GB-DNA

interactions of urea and water with DNA must be very interactions as a function of solute concentration at@5Values
similar. Both the grooves and sugar phosphate backbone ofpf I, ., are plotted as functions of urea or GB molality in bulk
native DNA are extensively hydrate®(, 46, 47). The solution (ri"¥, calculated by eq 12) for the different specifications
preference of both DNA and GB to be hydrated instead of of my, andm. The symbol notations are the same as those in Figure
interacting with each other causes local exclusion of GB from 4. Error bars reflect primarily the uncertainty fps Osm. Lines
the hydration layer of DNA; this exclusion of GB is the With slopel;, ,/m;" = —0.30+ 0.02 for GB-DNA andT}, ./
origin of the positiveu,y3 4 as discussed below. msbUIk = —-0.02 + 0.02 for urearDNA are plotted to show the

Preferential Interaction Coefficients for Glycine Betaine ~ @verage behavior of the GEDNA and ureaDNA data sets.
and Urea-DNA Interactions Preferential interaction coef-
ficients for solute biopolymer interactiond {m, €q 6)

. o . L or GB.

provide quantitative information about the partitioning of In Fi 5 val U 11 lotted inst
solute between the vicinity of the biopolymer surface and n Hgure o, va_uesbﬁ)lk um, (€4 11) are plotted agains
the bulk solution when interpreted in the context of solvent Pulk solute molalitym;™, for both GB-DNA and urea-
exchange48, 49) or the locatbulk solute partitioning model ~ PNA solutions. Propagated uncertainties are primarily
(2, 3,17, 67). In addition, values oF,, for the interactions ~ détermined from uncertamtlesmu&ttj(see Figure 4). For GB,
of a perturbing solute (GB or urea) with native DNA are Figure 5 reveals that values df, ., are negative and
needed to interpret the effect of changing the concentrationincrease in magnitude in proportion g™, for urea,
of the perturbing solute on a specific protelBNA binding values ofT,_,, are approximately zero at aitg"* investi-
process in the presence of 1:1 salt (Hong et al., manuscriptgated. These values cﬂ*j@m4 indicate that GB is strongly
in preparation). Values df,,m, for interactions of GB and  excluded from the vicinity of DNA surface in the presence
of urea with ds DNA are calculated (eq 6) from VPO of 1:1 salt, whereas urea is essentially randomly distributed
determinations Oftzy3 4 USiNg 33 4 approximated byiss(img) between the local domain near the DNA surface and the bulk

(see eq 9B) from two-component osmolality data for urea
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salt solution. As observed i3 4 for both GB-DNA and of the surface exposed upon melting GC base pairg,
urea-DNA interactions (Figure 4), there is no significant (m}" ASA) becomes increasingly negative as the character
dependence df“ on eitherny, (0.1 or 0.2m), my (0.2 or of the biopolymer surface changes from the predominantly
0.4 m), or the rat|osz/m4 (0.25-1). Since both GB and  nonpolar surface exposed in unfolding the lacl HTH to the
urea have no net charge under the conditions of thesehighly anionic charged surface of native DNA. Indeed values
experlments,l“ must approach zero ass and (hence  of 1“,43/(mg”'kASA) for GB correlate with the fraction of
) approaches zero (cf. r&0). At each condition rfyy biopolymer ASA that is anionic oxygen surfacé&6y.
and my) investigated, ru o, is well described as a linear Thgrefore, to afirsf[ apprc_;ximation, interactions of_ GB with
function of m2“* with a zero intercept (see Figure 5). native DNA and with native and denatured protein surface
Proportionality constantsl“{j were determined  ¢an be d.escrlbed. as strong exclusion of GB_from the water
by linear least-squares fitting (intercept fixed at zero) of S'ICS?'I‘;L&:':;‘ 8; %‘gg;gxwyr?;r;Sg:zszﬁrs‘dal:glfgzs(g”g?\l”x
u ulk .
&Egevviggr; afgr:;gg f(? rg::;g mz/u %EE m) |(r)1v3e(;s 19?82 hydration cor_mluded that hydrogen bonding of water to DNA
for GB—DNA and F“ puk 2™ 55 1 0.02 for Urea. phosp_hates is stronger than to bade, (that the extent of_
I;)I(IA (ee Table 2) T%rgsuncertamtles wors oaloulated ag TYdration of phosphates is larger than the extent of hydration
ulk of bases46), and that 85% of all water contacts to phosphate
standard deviations of the slopi(,, /m5"") divided by the  oxvgens in crystal structures are due to the two anionic
square root of the number of data sets averaged (nine forgyygens 46).
GB and eight for urea). Per unit of accessible surface area, the preferential
interaction of urea with ds DNA surface (quantified By/
DISCUSSION (rrﬁ“'kASA)) is smaller in magnitude than its interactions
Interactions of Glycine Betaine and of Urea with Nati with folded or unfolded protein surface and far smaller than
DNA: Comparison with Interactions of these Solutes with the interactions of GB with native DNA or folded protein

bulk)

Protein SurfaceThe large negative value cm“ /nﬁu"‘ for surface. The correlation of urea interaction with biopolymer
GB—DNA and the very small negative valuse (comparable surface composition will be discussed in the following
to the uncertainty) off, . /mg" for urea-DNA demon-  section.

strate that GB is strongly excluded from native DNA but In the solute partitioning model, the preferential interaction
urea is only very slightly (if at all) excluded from native coefficient is interpreted in terms of a loeabulk partition
DNA. These behaviors contrast with the favorable interac- coefficient for the distribution of the solute between the
tions (accumulation) of these solutes with surface exposedbiopolymer surface (local domain) and the bulk solution
in DNA denaturation, determined here (cf. Table 2) by = m¥m"(2). At low solute concentrationss(1—2 m):

analyzing literature data. To compare preferential interaction

coefficients for interactions of GB or urea with nucleic acid F,ulm (Kp — 1)B}
and with folded and unfolded protein surface, values of m@“'kg . (13)
Iy, /me"were normalized by the water-accessible surface M

area (ASA) per nucleotide monomer (17%)An a B-DNA
helix. For a homologous series of biopolymers, with the same
surface composition (and therefore the same average hydra*

tion b per unit of surface) but differing in ASA, the
bulk bulk -

In eq 13,K} is the limiting value opr asmg approaches
zero. For GE’rproteln interactions{, increases with increas-
ing GB concentration as a consequence of the concentration-

quantityl“fj3 ImEY at low % is predicted to be directly dependent nonideality exhibited in a two-component aqueous

proportiohal to biopolymer ASAZ 3). Urea and GUHCI GB solution, which is attenuated upon interaction with the

. ulk protein surface@7). In eq 13,B] is the hydration of the
?entituranm:illu? Sr,‘)fj’,‘%m to be proportional at lovg biopolymer in the absence of small soluf: = b ASA,
o the quantity

: . for the surface exposed i \here b? is the amount of water in the local domain
unfolding or meltlng (designated) (3), are indeed 'found expressed as molecules of water pet @ biopolymer
to be proportional to the ASAexposed in unfolding or  gyrface;T, . is the dialysis preferential interaction coef-
melting @, |%5)- For native protein surface, the assumption ficient, which is in general not significantly different in
that I, /m;" is proportional to ASA is consistent with the  magnitude froml,, for interactions of small solutes with
available data for globular proteins interacting with a range pjopolymers §2). From the analysis of VPO data (Figure
of excluded and accumulated solut@s 4). 5) on the exclusion of GB from DNA (preferential hydration)
Calculated values of the preferential interaction of GB and ysing the locat-bulk solute partitioning model (eq 13), we
urea with ds DNA per unit ASAT,,m/(Te"¥ASA)) are  obtain a minimum estimate oB; and hence of DNA
listed in Table 2, together with the corresponding results for hydration by assuming complete exclusi¢{} & 0) of GB
the preferential interactions per unit ASA of these solutes from all ds DNA surface:B; > 17 + 1 H,0 per nucleotide
with native protein surface (BSA, HEWI66)) and with the of ds DNA. At a higher level of resolution, we find that GB
surface exposed in unfolding the lacl HTH) @nd alanine-  is strongly excluded from anionic oxygen surface (44% of
baseda-helical peptide (calculated from unfolding data in total ASA) and moderately from the minimal amount of
ref 16 as in ref3). If the biopolymer surfaces in Table 2 amide-like surface (2% of total ASABE) and that GB is
formed a homologous series with uniform interactions with randomly distributed (neither excluded nor accumulated)
GB or urea, values df,,/(m}"“ASA) (or [,,m/(M"“ASA)) elsewhere. For duplex DNA, the above estimate BSf
would be the same for all surfaces. Clearly this is not the therefore applies only to anionic oxygen surface, and we
case. For GB, with the important exception (discussed below) conclude that the minimum hydration of anionic oxygen
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surface is 17 KO per nucleotide or 0.22 40 A~2 of anionic

phosphate oxygen surface, which corresponds to two layers

of water (assuming 0.1140 A-2in 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 O A2 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 water47).

For the interaction of urea with ds DNA, where

" /M = —0.02+ 0.02, the partition coefficierky is

not S|gn|f|cantly less than unity (e.d<g = 0.94+£ 0. 06 if
the averagdy = 0.11 HO A~2), which indicates that the
average local concentration of urea in the vicinity of native
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Ao
r#3)
m;
Here, in accordance with eq 13 for the solute partitioning
(local—bulk domain) model,

(F_,Z)" (K~ 1bAsA®
m =
Equation 14 utilizes values afHg,, and T, determined in
the absence of soluteR{m?/AHS,s = 52 K for ds DNA

melting, which are independent, to a first approximation, of
GC composmon or salt concentratioB6—58)). Both A

RT 2

m

AHob

dt, |’
dc,| =

(14)

S

; (15)
my

DNA surface is only slightly less than its bulk concentration. Hg,¢ andT™ are expressed per nucleotide monomer. In eq
The extremely small preferential interaction of urea with ds 15, ASA* i is the change in water-accessible surface area per
DNA implies that any effect of urea on binding of a protein nucleotide melted, estimated (as described in Methods) to

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 protetiDNA interactions

are in progress to test these predictions.

Interactions of Urea and of Glycine Betaine with Single-
Stranded DNA Surface¥PO 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 proteinsg). However both solutes
in general destabilize ds DNA. Urea redudgsof various
naturally occurring DNA and synthetic polynucleotides by
approximatef 3 K per molar urea added, up to at least 6 M
urea (d/dC; = —3 K M™1) (6—8); the effect of urea
appears independent of DNA base compositi6h For
comparison, urea reducé@s, of lacl HTH by 6.5 K M! at
low urea concentration, an effect @p that is twice as large
as that reported for DNA1J.

GB reducesT, of the ds dGGIGC alternating sequence
homopolymer by approximately 6.8 K ™ the effect of
GB is linear up to~4 M GB (5). At higher GB concentra-
tions the destabilizing effect increaség, (@s expected from
the strong increase in the activity coefficient of GB in this
range 41, 67). In contrast;T,, of the ds dATFdAT alternating
sequence homopolymer increases with increasing GB con-
centration by approximately 0.7 K M over the range 64
M GB. Naturally occurring ds DNA with intermediate GC
compositions (0.26 Xgc < 0.70) behaves as expected from
simple additivity; up to~4 M GB, all these data can be
represented by Th/dCs = 0.70 — 7.5%gc (5).

These literature values ofTg/dC; provide estimates of
preferential interaction coefficients for the interactions of GB
and of urea with the DNA surface exposed in melting. The
initial slope (dr,/dCs)° asCs approaches zero is related to
the corresponding limiting value (designated by the super-
script o) of the solute molality normalized preferential
interaction coefﬂuentl( /mg)° of the solute for the surface
exposed in melting by t?1e equatiohg

be 100 & (see Table 1). For typical in vitro studies of a
DNA denaturation process, tin is in large excess of DNA
concentration and, hence, not significantly different from
mg”'k Therefore, to simplify our DNA denaturation analy-
sis, we do not distinguistn from m5¥.

Urea. For urea, analysis of the initial slope, TigdC;)° =
—3 KM, using eq 14 yields the estimatg\/mg)° = 0.06
m1, applicable at temperatures of 600 °C. (The uncer-
tainty in (F /mg)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 surfac#)(yields for urea-
DNA (T, /mg)° = 0.07 + 0.01m™L. Assuming that 100 A
of DNA *surface is exposed in melting (see Table 1),
[, /(MASAY) = 7 x 10* mt A2 Interpretation of
FA/(m;ASAA) using the solute partitioning model)(
assumlng an average hydration of the DNA surface exposed
upon meltingb; = 0.11 HO A2, yields a locat-bulk urea
partition coefficientkp = 1.35. Therefore the average local
concentration of urea at the nucleotide surface exposed on
melting exceeds its bulk concentration by35%. By
comparison the average local concentration of urea in the
vicinity of both folded BSA and the surface exposed in
unfolding lacl HTH is only 10% greater than bulK{ ~
1.1) @, Cannon et al., manuscript in preparation)). No
contradiction exists between the fact that experimental values
of (dT/dCs)° are larger for protein unfolding than for DNA
melting, and the fact that values b‘ﬁ/(m;ASAA) and K3
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 A2 atT,, = 320 K (44)) than for protein unfolding
(~7 cal A2 for lacl HTH at T,, = 320 K (1)). Effects of
urea on the equilibrium constant for helix formation in short
RNA oligomers 68) appear consistent with this analysis.

Glycine BetaineFor GB, analysis of the initial slopes
(dTm/d03)° for dAT and dGC homopolymer$) by eq 14
yields a‘u ar/mg)® = —0.013 (i.e., modest exclusion of GB
from AT surface exposed on melting at40 °C) and
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(Fﬁ3,ec/rfb)° = 0.13 (i.e., accumulation of GB at GC surface
exposed on melting at90 °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
(T's ona/Me)° = 0.13(1.Ksc — 0.1), valid at theT, (see
Table 2). (Independent data for the effect of GB Bnof

calf thymus DNA £9) are consistent with this result.)
Interpretation of values ofT‘Q/m;)0 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 b; = 0.11 HO A2 for the ~100 A2 DNA surface
exposed in melting). This calculation yiel#s = 0.9 (i.e.,
modest exclusion) for the distribution of GB in vicinity of
AT surface exposed in melting arkg = 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 Aand 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 increas
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 effé&}tdf GB,

has not been determined. Work is in progress to determine
K? 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 SurfaceWe 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 B) based on protein data that urea interacts
predominantly with polar peptide surfaces on proteins. In
Figure 6, the quantity“‘uJ(rrﬁ”'kASA), describing the inter-
action (per unit ASA) of urea with various surfaces, native
BSA or DNA, exposed in unfolding DNA or lacl HTH, or
predominantly alanine-helical peptides (cf. Tables 1 and
2), is plotted against the fraction of polar amide ASA. The
value of [, /(mE"¥ASA) for the surface exposed in unfold-
ing a-helical peptides was calculated using the unfolding
data at 0°C in ref 16 and converted to 28C using the

temperature dependence of the preferential interaction of urea

with protein surfacel). A strong correlation betweel,/(
my““ASA) and the fraction of polar amide ASAuar amid)

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 lineT,/(M"*ASA) x 10° =
(—0.04 £ 0.02) + (1.62 £ 0.07Ypolar amigeWith R?2 = 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
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Ficure 6: Correlation of urea interaction with the fraction of polar
amide surfacefoar amiad in protein and DNA. Values of F0x

(T /(M5 ASA)) determined or corrected to 28 are plotted
versusfyolar amidefor ds DNA (V), native BSA @), unfolding lacl
HTH (O), DNA melting @), and unfoldinga-helical peptide ¥).

nty ir 20 (C,./(m5"ASA)).

él'he error bar indicates the uncertai
JMM*ASA)) = (—0.04 +

The best fit straight line is £0x (I,
0.02) + (1.62 % 0.07¥polar amide

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 of,J/(m}"¥ASA) 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 arwthelices (e.g., ref46 and 60—

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., réf3-65). Assuming
proportionality of T,/(M5"ASA) 10 fooiar amide We oObtain

(K§ — 1)bS = (9.0 £ 0.4) x 102 for the interaction of urea
with polar amide surface. If the hydration of polar amide
surface is a monolayer of water, th&f = 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
guantitative 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 Betairé&kCl (or NaCl) SolutionsTo
test the accuracy of VPO in measuring osmolality over the
range 0.12.5 Osm, comparisons were made (cf. Figures 1
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Table Al: Concentration Dependence of Osmolality in Aqueous Solutions of Urea or GB and KCI or NaCl

concentrationsng) fitting function, Osm= o + ms + ymg? with covariance®,g?, 0,2 andog,?.
KCl or NaCl urea or GB a B y 20082 % 10° 2042 x 105 2042 x 10°°
KCI-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 0.271.23 0.764+ 0.002 0.958+ 0.007 0.185+ 0.005 —-25 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 0.960t 0.005 0.169+ 0.004 -1.2 0.7 -4.0
0.364 0.02-1.34 0.678&t 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—H0, ID Data @1) and VPO Data
0 0.023-2.1 0 1.010+ 0.001 0.15A 0.001 —0.056
KCl—Urea
0.212 0.+2.3 0.386+ 0.002 0.971 0.004 —0.034+ 0.002 —-1.2 0.48 -1.4
0.427 0.+-2.3 0.768+ 0.001 0.950t 0.002  —0.026+ 0.001 -0.22 0.1 —-0.43
Urea—H0, ID Data @2) and VPO Data
0 0.1-24 0 0.990+ 0.001 —0.030+ 0.001 —0.06
o 18 100
=]
n
(3]
T 151 - 0 - s 3
c sy 8 33
E 0, @& © éig ?k%éﬁ Qzég é
g GB oa AC™ & E$§i§ IR
S 1.2 go4d & -100 A 3 A
£ oa 402 ® ¢
3 Sk 3 0
8 g‘g urea =
g 09 {™*” AGRAL AL LR LU 200
£
n
° -300
0.6 : . : ' '
0.0 0.8 16 24 0.0 0.5 1.0 1.5
molality of GB

molality of urea or GB . .
FIGURE A2: w43 as a function of GB concentration at 2& for

agueous salt solutions (in the absence of DNA). Valuas,pare
plotted versus molalityn(s) of GB. Open symbols represent data

Ficure Al: Comparison of osmotic coefficients of two-component
aqueous solution of GB and of urea at 25 or ¥7. Osmotic

coefficients are plotted versus molalityd) of GB or urea for VPO sets for GB-KCI: () 0.427mKCl; (v) 0.404m KCI; (O) 0.212
data (7) and ID data 42) () for urea and VPO daten) and ID m KCI. Closed symbols represent data sets for-B&Cl: (a)
data ¢1) (O) for GB. Different shadings represent different data ( 364 m NaCl; (v) 0.470m NaCl; (®) 0.211m NaCl. Different
sets. The error bars are approximately the size of the plotted po'”t-shadings represent different data sets. Error bars are propagated
from the uncertainties ih430sm. The unit ofus3 is cal molt m—1,
and 2) between osmolalities of aqueous GB or urea two-
component solutions determined by VPO in this study and GB—salt interactions obtained by applying egs 4 and 5 (with
values determined from literature data obtained by isopiestic index 2 substituted by 4) for the VPO data of 68,0 and
distillation (ID; ref 41 for GB, ref 42 for urea). For both ~ GB—K(or Na)Cl-H;O solutions (cf. Figures 1 and 2). In
urea and GB, the VPO and ID data agree well, as also is calculations ofA,30sm as defined by analogy to eq 4, values
indicated by the comparison of osmotic coefficients from 0of Osmrs,my) were used directly, the value of Osmj was
VPO and ID data shown in Figure Al. Comparison of €xtrapolated from the fitting function Osmgmy) vs ms
osmotic coefficients of aqueous two-component solutions (shown in Table Al) tans = 0, and to obtain Osmg), the
containing either GB or urea as functions of their respective fitting function Osm() vs mg (shown in Table Al) was
molalities reveals the same pattern of interactions as thatinterpolated to the same value ok as in Osmif,my).
deduced from Figures 1 and 2 for the preferential interactions Values of A;30sm were then applied to eq 5 to calculate
of these solutes with DNA. Osmotic coefficients (Figure A1) a3 and finally the second equality of eq P = —usduss)
are greater than unity and increase strongly with increasingwas used to calculatg,, with us; calculated fromuas via
GB concentrationg¢ = 1.3 atmg = 2 m), indicating the  the Gibbs-Duhem linkage (see eq 2 of réB).
strong preference of GB to interact with water rather than ~ Over the range of GB concentrations examined.6 m),
with itself. By contrast, in aqueous urea solutions (see Figure values ofuss for both GB-KCI and GB-NacCl interactions,
A1), ¢ is slightly less than unity in the concentration range as shown in Figure A2, are negative and significantly larger
of interest (e.g.¢ = 0.93 at 2murea), indicating that effects  in magnitude than the contribution due to ideal mixir§*
of favorable ureaurea interactions slightly outweigh effects (see refl9and Appendix B) (e.gu4s~ —85+ 28 cal mot*
of urea-water interactions. m~* at 0.5m GB, whereag;; ~ —20 cal mof* m~* over
To analyze the GB effect on a proteiDNA binding the rangam; < 1.5m), which indicates favorable interaction
process in the presence of 1:1 salt (Hong et al., manuscriptbetween GB and salt (KCI or NaClJ),,, for the interaction
in preparation), we report here valueslof characterizing of GB with KCI or NaCl is plotted vs GB molalityn; in

%
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Table A2: Representative Calculation from VPO Dataugf 4 andl“j iy for GB—DNA at 0.212m KClI, and 0.203n DNA Phosphate

Mms Osmfrg,ms, my) Osmfns,my) Azs Osm Uzus f Uos 4 Uz a

(m) (Osm) (Osm) (Osm) (cal motm?) (cal moltm?) (cal motm?) r53,m4
0.060 0.523+ 0.001 0.444+ 0.001 0.006+ 0.002 298+ 86 —10.6 309+ 86 —0.03+0.01
0.107 0.569t+ 0.001 0.49H- 0.001 0.005t 0.002 1294+ 48 —10.6 1404+ 48 —0.02+ 0.01
0.187 0.662+ 0.002 0.573+ 0.000 0.01A 0.003 259+ 41 —10.6 269+ 41 —0.08+ 0.01
0.293 0.78H-0.002 0.686+ 0.000 0.023+ 0.003 228+ 27 —10.5 2394+ 27 —0.10+ 0.01
0.392 0.893+ 0.001 0.793+ 0.000 0.027A 0.002 204+ 14 —10.5 215+ 14 —0.12+ 0.01
0.486 1.01H 0.003 0.898+ 0.000 0.0406£ 0.003 242+ 21 —-10.5 253+ 21 —0.17+0.01
0.565 1.103t 0.001 0.99Gt 0.001 0.0414 0.002 210+ 10 —10.5 220+ 10 —0.17+ 0.01
0.647 1.20A 0.003 1.084+ 0.001 0.050f 0.003 226+ 14 —-10.5 236+ 14 —0.21+0.01
0.738 1.316t 0.002 1.194+ 0.001 0.049+ 0.003 193t 10 —-10.4 203+ 10 —0.20+ 0.01
0.849 1.462+ 0.002 1.33H 0.001 0.059+ 0.002 201+ 9 —-10.4 212+ 9 —0.23+0.01
0.956 1.608t 0.002 1.466+ 0.001 0.069t+ 0.002 2114+ 7 —-10.4 221+ 7 —0.26+ 0.01
1.089 1.79H 0.003 1.638t 0.001 0.08G+ 0.003 2138 —-10.4 224+ 8 —0.30+ 0.01
1.203 1.955+ 0.003 1.79H 0.001 0.091 0.003 222+ 8 —-10.4 232+ 8 —0.33+0.01
1.384 2.223+ 0.010 2.04H4 0.001 0.11G+ 0.01 231t 1 —10.3 241+ 21 —0.38+ 0.04
0 0.457+ 0.001 0.384+ 0.001

aUncertainties inuayus 4 arise primarily fromAzs Osm.

: {
§ sashil 155
P i@é@%ﬁ%{%%g? gfj i ﬁ

molality of GB

Ficure A3: Preferential interaction coefficients () as a function

of GB concentration at 25C for aqueous salt solutions (in the
absence of DNA). Values df,, are plotted versus molalityng)

of GB. The symbol notations are the same as those in Figure A2.
Error bars are propagated from the uncertaintiegin

Figure A3, which shows positive values IBf, for both KCI

and NaCl under all conditions investigated. As revealed by
Figures A2 and A3, values of botlus; and I, are very
similar for both GB-KCI| and GB—NacCl, and these values
do not show anyry-dependence. The initial slopes Bf,

vs mg, estimated for GB-KCI and GB-NaCl, are 0.0&t
0.01 and 0.16+ 0.01 m%, respectively.

APPENDIX B

Ideal and Nonideal Contributions o34 The preferential
interaction coefficient’,, m, 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 solut&gg
of a biopolymer process and its molecular interpretation by
the local-bulk domain model. In eq &, m, IS expressed
as the quotient a3 4 With respect tQuss 4 123 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 ars 4 the ideal
mixing contribution tou,s4 is calculated as follows50):

i RT(1+ N,
HUoza= = —, (A1)
m; + (1 + Ny)m, + mg + 2m,

in which N, is the average number of nucleotides per DNA
molecule. Values ofijys 4 = 354Ny are —10 to —11 cal
mol~! m™t at 25°C over the range < 1.6 mfor any type

of solute 3. The contribution due to nonideality; , is
the difference:

#%3,4 = Houza— ﬂg]ul)éA (A2)

For urea-DNA interactions, the average value ©fyz 4 (4

cal molt m™) is comparable tacy; , and henceus,; , ~

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 oOfizy34 (222 cal

mol~t m™?) is much larger thands, and therefore ap-

proximately equal tqug’lj&4 (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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