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Hydration Heat Capacity of Nucleic Acid Constituents Determined from
the Random Network Model
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ABSTRACT The heat capacities of hydration (dCp) of the five nucleic acid bases A, G, C, T, and U, the sugars ribose and
deoxyribose, and the phosphate backbone were determined using Monte Carlo simulations and the random network model.
Solute-induced changes in the mean length and root mean square angle of hydrogen bonds between hydration shell waters
were used to compute dCp for these solutes. For all solutes the dCp is significantly more positive than predicted from
accessible surface area (ASA) models of heat capacity. In ASA models, nitrogen, oxygen, and phosphorus atoms are
considered as uniformly polar, therefore making a negative contribution to dCp. However, the simulations show that many of
these polar atoms are hydrated by water whose hydrogen bonds are less distorted than in bulk, leading to a positive dCp.
This is in contrast to the effect of polar groups seen previously in small molecules and amino acids, which increase the water
H-bond distortion, giving negative dCp contributions. Our results imply that dCp accompanying DNA dehydration in
DNA-ligand and DNA-protein binding reactions may be significantly more negative than previously believed and that
dehydration is a significant contributor to the large decrease in heat capacity seen in experiments.

INTRODUCTION

An understanding of the thermodynamics of RNA/DNA- changes in solvent-accessible surface area (ASA). Area-
protein and DNA-ligand binding reactions is crucial in based models have been shown to provide good estimates of
understanding the origins of base sequence specificity. Badeeat capacity changes for protein folding and protein bind-
sequence specificity plays a role in gene expression anihg. In these models, the change in hydration heat capacity
repression, replication, recombination, and drug specificityis estimated using:

The changes in the free energ¥, enthalpy,AH, and

entropy,AS, of binding reactions are of great value but are AC, = Cypolad Agpolar + Cpoladd Apotan 1)

difficult to relate to specific structural interactions becauseWhere AA, and A, are the changes in apolar and
polar olar

they 'include.contributions from variou§ types of NONCOVa-, 1o ASA. respectively, an@,,,,,andC.,., are the cor-
lent interactions such as electrostatic forces, d'SperS'OBesponding heat capacity coe?ficients, pparameterized using
forces, and solvation effects. Sequence-specific binding 0golute-transfer, model compound, and protein-folding ther-

Iprotelns to DN': and RNA is r?ften chompa;nleddby v;ary modynamic data (Freire, 1995; Makhatadze and Privalov,
arge nler?atlge deat caﬁaCIty(; aHIE/JA IK/))K Ol::t eor ?r% o 1990a,b; Murphy and Freire, 1992; Myers et al., 1995;
several hundred to a thousand cal/mo onspecitic bin Spolar et al., 1992). Values f@; @ poiarrange from 0.32 to 42

ing usually has much smaller changes, so that a 1A@Qp cal/moI/K/AZ and forC range from—0.14 to —0.265

Is often taken as a signature of specific binding. When bot tEal/moI/K/A2 dependw?&laz)n the parameterization set. It

binding partners are fully folded the heat capacity of bind- should be noted that most polar groups of small molecules
ing is believed to arise primarily from solvent effects. Theremeasured previously make a negative contribution to hy-

is good evidence for this for protein/protein binding réac- y ation heat capacity (Cabani et al. 1981). explaining the
tions (Privalov and Gill, 1988; Sturtevant, 1977), however’negative sign OE: y ( B ), exp 9
polar

it is more of a working assumption in the analysis of The parameterization of Eq. 1 for proteins has been

DNA-protein pinding. N'evgrthelessz heat capacity change reatly aided by direct measurement of hydration heat ca-
associated with DNA binding reactions have been used i acities of peptides and other model compounds corre-

analysesofthethermodynamicstode-convolutesolventanglpondlng to amino acid fragments (Makhatadze and

nonsolvent contributions to the energetics. Privalov, 1990a,b; Murphy and Gill, 1991; Murphy et al.,

Heat capacity changes arising from solvation effects In1990). In contrast, there are no data for the corresponding
proteins and small solutes are observed to scale W'”ﬁucleic acid model compounds, i.e., the base, sugar, and

phosphate backbone moieties. Thus, the only approach used
to date for calculatingsCp for nucleic acid-protein binding
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duplex DNA formation has a small heat capacity changehad two goals: first, to compute the heat capacity of hydra-
indicating compensation between polar and nonpolar aretion of the base, sugar, and phosphate backbone using this
burial (Holbrook et al., 1999). The heat capacity of ion- already established technique, and second, to compare the
induced DNA condensation, in contrast, is positive (Matulisheat capacity of hydration of these molecules with those
et al.,, 2000), implying that burial of polar surface areacomputed from ASA models and to explain discrepancies, if
dominates. For some protein-DNA binding, however, thereany, with the ASA model data with a goal to improving their

is often a significant discrepancy between the experimentadccuracy and our understanding of the experimental data.
and ASA-calculated values dfCp (Connelly et al., 1993).

In some cases of DNA-ligand binding, this can be explained

by coupled protein folding and binding (Lundback et al., mATERIALS AND METHODS

2000; Spolar and Record, 1994) where the folding buries

additional, primarily hydrophobic area. In other cases, therd he solvation of five nucleic acid bases A, G, C, T, and U, the sugars ribose

. d deoxyribose, and the phosphate backbone (which comprise all the
appears to be too Iarge a heat capacity decrease up(glﬁ)nstituents of DNA and RNA excepting the modified bases of tRNA) was

binding the protein to be explained by this (Jin et al., 1993 jated by inserting each of these molecules in turn into a box of 750
Ladbury et al., 1994; Lundback et al., 1993; Merabet andnolecules of TIP4P water. The phosphate backbone was represented by the
Ackers, 1995; Oda et al., 1998). We previously investigatedii-methyl phosphate ion ((CHLPO;), the two capping methyl groups
the contribution of long-range solvent and ion—screenedeF’re?eg“gg tt';e %’g’gj”g ?btose tt:@”:j IC? g“t’_“ps-(}fo'“ti’s Wterel rei—agl
- - resented by the solute potential function (Pranata et al., ;
electrostatic mteraqtmns t(ACp (Gallagher. and Sharp, Jorgensen et al.,, 1983) and included solute flexibility. The simulation
1998). These contributions do not scale with ASA and SQnethod and its analysis have been described in detail in our earlier work
constitute a possible additional source of the heat capacityyadan and Sharp, 1999, 1997; Sharp and Madan, 1997). Briefly, the
decrease. However, our calculations showed that this cainitial solvent box dimensions were 37.5 & 25 A x 25 A. Periodic
only partially explain the difference. A recent analysis of the?rg‘;r;ﬁ:%gs;dgﬂz 2?;02t;;”5’12’;?p‘;‘:;‘t’gd0:n1{%}'2 éo"g‘:‘; “gg‘;sp‘(g’('ﬁ'
heat capacity of DNA meltmg also shows that eIeCtr':'St{mcgensen, 1992) was used to run the simulations at constant temperature and
effects alone cannot account for the large observed he%];essure. The solutions were first equilibrated at 1 atm pressure and 25°C
capacity changes (Rouzina and Bloomfield, 1999). A de<or 5 x 10° Monte Carlo steps, and then data were collected over 10
tailed review of protein unfolding thermodynamics (ROb- consecutive runs of X 107 steps each. The error estimates for the average
ertson and Murphy, 1997) illustrates another difficulty: thetjgantities were computed from deviations of batch averages between the
. . . . runs.
heat capacity ‘?'ata for proteins may be fit equa”y well with An instantaneous snapshot of the system was analyzed every 1000
a number of different area-based models. It has also be@fonte Carlo steps during each of the 10 data collection runs. Solute
proposed that changes in the vibrational state of watestom-water oxygen radial distribution functiomgr), were computed from
molecules that are either released or trapped upon DNAthe simulations, and the extent of the first hydration shell of each solute
protein binding may contribute to the Iarge decreasé:p'n atom was dete_rnjined from the position of_the firstminim_um o_g_(ts). AII
Ladbury et al.. 1994: Morton and Ladbur 1996) Reduc_waters lying within the solute’s first hydration shell were identified in each
(_ a . ury € o ’ . . Y ’ snapshot, and each such water was assigned to the hydration shell of the
tion in the vibrational or breathing motions of DNA uUpon ¢josest solute atom. Two first-shell water molecules are deemed to be
ligand binding may also play a role. Unfortunately, it iS not hydrogen bonded (H-bonded) if they lie within a distance of 3.4 A, the first
yet possible to calculate such vibrational contributions re-minimum in the O-O radial distribution function of pure water. For each
Iiably enough to test this explanation. Thus, to date it jgpair of H-bonded first-shell waters, the H-bqnd Ie_zng_th gnd angle were
unclear whether large decreasesdp upon ligand-DNA computed, and the angle.and Igngth .prob.ablllty dlstrlbutlon§ were accu-
o : . . mulated throughout the simulation. Fig.Alillustrates the definition of
binding can be satisfactorily accounted for in terms ofy.pond length and angle used here. The three random network model
solvation contributions calculated using protein-derivedparameters the average oxygen-oxygen distance between H-bonded water
ASA parameters. We consider here whether heat capacityoleculesd, the standard deviation in the average oxygen-oxygen dis-
parameters that have been derived from proteins are appﬂpnce,s, and the root mean square (rms) hydrogen bond angle between two

. ., Lo . water molecules, were then computed from the probability distribution
cable to the nucleic acid’s contribution to the hydration heal unctions v P P y

capacity. Clearly this requires a better understanding of theé gach H-bond between two first-shell waters can be classified according
heat capacity changes associated with nucleic acid hydrae which solute atom(s) the two waters are hydrating. Each class has the
tion. potential to have different mean H-bond parameters, depending on the

In previous work we showed that a combination of ex-hature and position of the solute atoms and the effect of their neighbors.

licit water simulations combined with the random networkWith solutes the size of nucleic acids, this results in many possible classes
p of H-bonds. To make the presentation and analysis of the results manage-

model may be used to obtain quantitative agreement bésgje, the atoms of each solute were grouped into a small number of classes
tween measured and calculated hydration heat capaciti@gsed on similarity in their polarity and position in the solute. For example,
(Madan and Sharp, 1999, 1997; Sharp and Madan, 199With guanine, carbon atoms C4, C5, and C6 that lie along the center of the
Vanzi et al., 1998). In this work we app|y the same COm_base formed one class (a), the other ring carbons formed a second class (b),
. . .. . . the ring nitrogens formed a third class (c), etc. (FidB)1A complete list
bination of explicit water Slm'jjlatlons and the ra”dpm net'of the groupings is given in Table 1. The random network paramefexs
work model to calculate estimates of the hydration heatnqgwere computed for all possible classes of H-bonds (a-a, a-b, b-b, etc.)

capacities of all the fragments comprising nucleic acids. Wef each solute, where the a-b class indicates a hydrogen bond between a
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FIGURE 1 @) Definition of H-bond angle and lengthB) Example of atom/group classification for the guanine base. The group for each atom is
indicated in brackets.

water solvating one of the solute’s a-class atoms and a water solvating orRESULTS
of the solute’s b-class atoms. . ]
The total heat capacity of hydratioCp, for each of the solute ~Examination of the random network parametdrss, and

molecules was determined from the changes in the random network mod@ispeciallyd provide a quantitative description of the distor-
parameters, with respect to bulk water, of all the first shell H-bonds, bytigns in water structure induced by a solute or solute group
summing the contributions from all of the perturbed hydrogen bonds: . . . . )
The general picture of these distortions for the eight solutes
ACY = YN[CI(dh,56) — C'(do,So00)] studied here is presented in Fig. 2 in the form of a plod of
i versusi. Each point represents the mean values of these two
" parameters for one of the classes of H-bond in one of the
= ZNiACp (ds,6), (2)  solutes. The values for pure water € 2.95 A, § = 29.5°)
: are shown for comparison. For none of the H-bond classes
whereCfl' is the contribution to heat capacity arising from a groupNof doess vary significantly from its pure water value of 0.224
perturbed H bonds with average parametérs, and6;, whered,, s, and  A. The overall picture is that most of the first-hydration-
0, are the corresponding values for the bulk water in the absence of solutgghe|| H-bonds are less distorted than in bulk, having shorter
The expression folC;' in terms ofd, §, and 6; was obtained from a \yaan |engths and smaller angles. This result is expected of

modified version of the random network model of water developed by bond h ither both fth ¢ . Vati
Henn and Kauzmann (1989) as described in our previous work (Madan anh" onds where either both or one of the waters IS solvating

Sharp, 2000; Sharp and Madan, 1997). As we have repeatedly observed @1 apolar group (referred to generically as the apolar and
our previous work, significant perturbationsdns, or 6 are seen only inthe  mixed H-bond classes, respectively) (Sharp and Madan,

first hydration shell. Thus, we have not included the contributions from 1997). All the apolar and most mixed-class H-bonds indeed

second- and higher-order hydration shells in the above equation. fall on the lower left region with respect to bulk water
The heat capacities of hydration for the various solutes were also '

computed from the ASA model using Eq. 1 with the parameters of Spolar
et al. (1992) forC,pq1arand Cy1 0.32 and—0.14 cal/mol/K/R, respee
tively. Following the usual practice, hydrogens were omitted from these .

! S —
calculations, and oxygen, nitrogen, and phosphorus atoms are taken to be 32 b
polar and carbon atoms to be apolar. Solvent-accessible areas were calcu-
lated using the program SURFCV (Sridharan et al., 1992) using standard 2 . ]
atomic radii (Bondi, 1968). ~ a3k i
£ 3 o o
(o)} * .
3 | o ©
TABLE 1 Classification of solute atoms - o ¢ . i
©
Solute Atom classes* g
Adenine (C4, C5, C6), (C2, C8), (N1, N3, N7, N9), (N6) 2
Guanine  (C4, C5, C6), (C2, C8), (N1, N3, N7, N9), (N2), (06) L 29 1
Cytosine (C2, C4), (C5, C6), (N1, N3), (N4), (02) |
Thymine (C2, C4), (C5, C6), (N1, N3), (CH (02, 0O4) . ]
Uracil (C2, C4), (C5, C6), (N1, N3), (02, 04) 20 40 50
Ribose (C1, C4), (C2, C3), (C5), (04), (01, 02, 03, 05) H-bond Angle (o)

Deoxyribose (C1, C4), (C2, C3)(C5), (04), (01, O3, O5)
Dimethyl  (P), (O1, 02), (03 O5), (C3, C5)

FIGURE 2 Plot of mean H-bond length versus rms H-bond angle for
phosphate

pure water W) and for all eight solutes. H-bond class: mixe&d)(apolar
*Classes of similar atoms are grouped within parentheses. (), and polar @).
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TABLE 2 First-shell water-water H-bonds showing 3 T T T T T T T T L
significantly increased angular distortion relative to L A §
bulk water 25k "h.
Solute Solvated groups 0 N - '.
Adenine N6-N6 32° 11 =27 &
Guanine 06-06 38° 1.3 =
06-N2 34° 1.0 g5 7
Cytosine 02-02 40° 1.2 °
02-C6 34° 1.0 o
Thymine None 4
Uracil None 05
Ribose Hydroxyl oxygens 36° 4.7 ’
Deoxyribose Hydroxyl oxygens 36° 3.2
Dimethyl phosphate* 01-01, 02-02, 01-02 46° 2.1 20

H-bonds are classified according to the solute group(s) in whose first H-bond Angle (o)

hydration shell the two waters li®.and N are the rms H-bond angle and
mean number of H-bonds, respectively. These H-bonds make a negative
contribution to the hydratioCp.

*No waters are found in the phosphorus atom’s hydration shell because this
atom is completely occluded by the four attached oxygen atoms.

A —

There are relatively few classes of H-bond with increased
distortion (higherd values than in bulk), and these belong to
the classes where both waters are solvating a polar group
(the generic polar H-bond class). Most of these involve
solvation of at least one, usually two, polar oxygens (Table
2); the others involve solvation of the Nigroups of A and K , e
G. Again, this result is expected of the polar H-bond class. 80
A departure from this pattern is that many of the nominally H-bond Angle (o)
polar class of H-bonds, predominantly those where both o i
waters are solvating N, or NH groups of the bases, hangGURE 3. @) Watgr-water Hjbond angle Fhstnbunon at 25 Cfor_pure
; . Water (—); for the first hydration shell of ribose hydroxyl grougss=

decreased distortion. Although these decreases are not Iarggg A, 0 = 36° (0), and for the first hydration shell of the thymine methyl
on a per H-bond basis, they are significant, because ther@oup,d =2.91 A 0 = 25° (W). (B) Water-water H-bond angle distribution
are many such H-bonds, particularly around the nitrogenat 25°C for pure water (—); for the first hydration shell of cytosine ring
rich bases. Waters solvating the acetal oxygen of ribose arfiitrogensd = 2.91 A, 6 = 27° (), for the first hydration shell of adenine
deoxyribose, which is polar, but less polar than a hydroxylrmg nitrogensd = 2.92 A,_e =28 (.)_, and for the first hydration shell

. . of ribose acetal oxygerd = 2.90 A, § = 26%(+).
oxygen, also have decreased H-bond distortion.

The H-bond angle distribution for pure water is bimodal

with a large peak at-12° and a small peak at52° (Fig. 3  hence bringing more order to the hydration shell relative to
A). The first large peak is due to stronger, relatively straightthat in the bulk water. The converse is true for hydrogen
hydrogen bonds formed by a water molecule with fourbonds formed among water molecules in the hydration shell
quasi-tetrahedrally arranged neighbors. The second smaif polar oxygen atoms. These show a diminished first peak
peak is due to weaker, more bent hydrogen bonds formednd an enhanced second peak. This increase in more dis-
with extra-tetrahedral mismatched water molecules. Theorted H-bonds arises from the tendency of the polar atoms
increases and decrease®iseen for various H-bond classes to align the water dipoles.
of water solvating the eight solutes arises from shifts in Representative examples of the H-bond angle probability
numbers of H-bonds in these two populations, rather thaulistributions for waters solvating base nitrogens and sugar
changes in the H-bond angle of either population. This isacetal oxygens are shown in FigB3 These show a small
illustrated in Fig. 3A with representative H-bond angle but significant increase in the low-angle H-bond peak at the
probability distributions for the apolar and polar class ofexpense of the high-angle peak, leading to a decrease in the
H-bonds (water around the thymine methyl and ribose hyrms H-bond angle.
droxyl groups, respectively). For the apolar class where In the random network model, solute-induced decreases
waters solvate methyls, methylene groups, and carbon atr water-water H-bond angle result in an increase inGjpe
oms in aromatic rings, the low-angle peak is increased andf water, whereas solute-induced increases in angle produce
the high-angle peak decreased. We attribute this to pushing decrease i€p. The reason for this is that the first situation
away of the mismatched water by these nonpolar groups;orresponds to a mild perturbation in water structure, which

Probability
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TABLE 3 Comparison of random network and ASA models TABLE 4 Correlation between accessible area, calculated
for hydration heat capacity hydration heat capacity, and number of first-shell
Cp (hydration) H-bonds (R%)
Area (A% (cal/mol/K) Accessible area* Cp(hydration) (RN)
Solute Apolar  Polar N* ASA RNM* Cp(hydration) (RN) 0.802 (0.803) 1

Adenine 89 189 66 202 29 5 Number of H-bonds 0.835 0.69
Guanine 60 227 69 —12.58 18+ 4 *Total accessible area of solute.
Cytosine 79 165 45 2.18 217 "Number in parentheses is for a fit to apolar/polar area model (Eq. 1).
Thymine 115 141 52 17.06 3t 5
Uracil 87 148 53 7.12 28 4
Ribose 100 167 37 8.62 216 for the less polar deoxyribose there is quite close agreement
Deoxyribose 125 133 34 21 214 petween the models. Both models predict a negative hydra-
Dimethy! phosphate 0 g0 r U ~14=2  tion Cpfor the ionic (and therefore highly polar) phosphate
*Mean number of all classes of first-shell H-bonds. group, but again the random network model lies on the more

T )ei — I . . .
1Using Copoiar = 0.32 andCyoy,, = —0.14 cal/mol/KIA. _ positive side. The overall result is that the random network
Predicted from the random network model (RNM), accounting for the

previously observed systematic underestimate of the experimental vaIU(g]OdeI predicts consistently less negative/more posiipe

in this model by a factor of two (Sharp and Madan, 1997). of hydration for the entire base.
SData for P, O1, and O2 atoms only, omitting the capping/O3,
O5'/CY5' groups, which are included in the ribose and deoxyribose data.

DISCUSSION

results in net increase in the different energy states acce5/Om the simulations of the water structure around the
sible to the water, with a corresponding increase in the&onstituent groups of nucleic acids the overall picture is that
energy fluctuation ,(e.g. i€p). The second situation cor- most of the first-hydration-shell H-bonds are less distorted

responds to a large perturbation in the energy levels of@n in bulk, having shorter mean lengths, and smaller
different water configurations, such that the higher levels2N9les. These provide a positive contribution to the hydra-
(>-KT energy gap) become less populated, producing a ndion heat capacity. There are relatively few classes of H-

decrease in the energy fluctuation and thu€fr{Sharp and bond with highe values than in bulk, notably those around
Madan, 1997). the phosphate backbone, the sugar hydroxyls, and the base-

Table 2 shows that there are relatively few H-bonds withP&ring groups. These provide a smaller negative contribu-

increased angle compared with the total number of H-bondl0" 0 the hydration heat capacity. The large number of
between first-shell waters (Table 3). In each of the fiveintra-water H—bon_ds with decreased H-bond angle_results in
bases, the intra-water H-bonds with the highest angle occifculated hydratiorCp values for the bases considerably
between waters that are hydrating the H-bonding groupén_ore posmve thfan that expected using the area-.based model
that mediate Watson-Crick base pairing (Table 2). The largdith protein-derived parameters for heat capacity.

number of H-bonds with decreased H-bond angle is re- To more directly compare the random network and ASA
flected in the net hydratioBp calculated for the bases using M0dels, the areas and random network valuesCiprhy-

the random network Model (Table 3). The hydratiopfor  dration in Table 3 were used to extract valuesdgg,,,and

the bases ranges from 18 to 31 cal/mol/K, considerably-polar USING @ linear least-squares fit of the data to Eq. 1,
more positive, and even of opposite sign, to that expectedfi€!ding:

using the area-based model with protein-derived parameters Cp(hydration)= 0.173 01+ 0.171A051a0

for heat capacity. This reflects the contribution from the

many H-bonds between waters solvating base nitrogendvith RZ = 0.8 (Table 4. Thus, within the resolution of the
Although nitrogen atoms are usually considered as polaflataCp of hydration is simply given by:

atoms in ASA models of solvation (Eisenberg and CN _ .
McLachlan, 1986; Spolar and Record, 1994), and based on Cp(hydration)= 0.1 Aspoiar + Apoa) = 0-17Aausi  (4)
their significant partial charge in potential functions such ad.e., it is proportional to the total accessible surface area. If
OPLS (used here), our simulations show that overall theyhe one outlier, the phosphate backbone, is omitted, the
make a significant positive contribution to hydration heatcoefficient increases slightly to 0.18 cal/mol/K/A. Interest-
capacity. This was observed in previous simulations ofingly, this lack of distinction between the apolar and polar
N-methyl acetamide and urea (Sharp and Madan, 199%&urface area contributions is very similar to the results of an
Vanzi et al.,, 1998) but is of more consequence for theanalysis of Robertson and Murphy (1997), who found that
nitrogen-rich bases. The exceptions are the, §jidups of A Cp of unfolding for a set of 49 proteins could be fit as well
and G, involved in base pairing, which show a more polarby Eq. 4 with a coefficient of 0.15 cal/mol/K/A as by Eq. 1.
character. The calculated hydrati@p for the two sugars is The atoms of the nucleic acid constituents broadly fall
positive for both the random network and ASA models, andnto three classes, carbons, nitrogens/acetal oxygens, and
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hydroxyl/phosphate oxygens, and their effect on H-bondences. Most notably, in our simulations, the base-pairing
structure of their solvating waters can be rationalized agroups have more polar character regarding their effect on
follows. First, the carbon atoms have the largest radius andyater structure and their hydration heat capacity than, say,
on average, have a small magnitude of atomic or partiabther base nitrogen atoms. This has implications for ana-
charge. Thus, their electrostatic interaction with water is thdyzing the heat capacity changes in processes where differ-
weakest, and their effect on the H-bond structure is mainlyent portions of the DNA surface are buried. Melting of
geometric: displacement of the mismatch water, with theduplex DNA is accompanied by a larger increaseCp
concomitant decrease in mean angle, length, and decrease(ibhalikian et al., 1999), as would be expected from the
water disorder (Madan and Sharp, 1996). Hydroxyl/phosexposure of large amounts of apolar surface of the bases (as
phate oxygens have both the smallest radius and the largesell as from expected increases in fluctuations of confor-
magnitude of partial charge. They interact more stronglymational enthalpy), but Holbrook et al. (1999) found that
with water via electrostatic interactions and consequentlythere was relatively little heat capacity change from asso-
increase the H-bond distortion. The nitrogens lie some<iation of two already base-stacked helical DNA strands to
where in between, with a radius and average partial charg®rm a duplex, which they attributed to a cancellation of the
magnitude between that of C and O. Although the directiorpositive contribution from apolar surface burial by negative
of their effect on the H-bond structure cannot be predictedcontributions from polar surface burial. This is consistent
a priori, the simulations reveal that, qualitatively, many basewith our finding that the base-pairing groups are the most
nitrogens affect water structure in a similar fashion to carpolar, in terms of hydration heat capacity, because the area
bons; i.e., there is a decrease in H-bond distortion. buried upon duplex association would contain a large con-

Although the simulations we have described are welltribution from these groups. Binding of proteins to fully
within the capabilities of available computing resources,duplex DNA, in contrast, would involve burial of polar
they are far from trivial. It is also not likely, for technical groups that, in our simulations, have a smaller negative, or
reasons, that measured hydrat®p values for the nucleic even positive, hydration heat capacity, implying a larger
acid constituents will be available in the near future. Thusdecrease irCp per unit area upon binding.
in an attempt to provide approximate parameters that may Third, we have been able to study only the constituent
be of use with the ASA model (whose computational re-fragments of nucleic acids to date, so neighbor effects in
guirements are minimal), we have analyzed our results ientire nucleotides between base, sugar, and phosphate
terms of accessible surface areas (Egs. 3 and 4). Of courggoups and between nucleotides in polynucleotides remain
it is known that there are limitations to area-based modelsto be determined. Equation 4 should thus be applied with
which we recognize in our own application of Eq. 1 to the caution, recognizing its highly empirical basis and its ne-
analysis of the random network data. First, according to thglect of heterogeneous solute group effects.
random network model, the origin of heat capacity changes In summary, the results of the simulations presented here
is distortion of H-bond structure; thus, it depends on thestrongly suggest that the hydration heat capacity of nucleic
number of H-bonds perturbed by the solute, not the numbe&cids is considerably more positive than previously thought.
of waters solvating the solute. Inherent in the random netThis in turn would provide an additional source of negative
work model are contributions that do not scale with areaheat capacity change when proteins and ligands bind specifi-
Consider two neighboring atoms A and B. There are threeally to DNA or RNA, providing another reason for the large
classes of solvating water-water H-bonds: AA, BB, and AB.negativeACpobserved in many of these binding reactions. We
Even if the number in the AA and BB classes scales with thealso provide approximate parameters for nucleotides for use in
ASA of the A and B atoms, there is still the AB class, which the accessible-area model for heat capacity changes, with the
does not scale with the area of either A or B. In fact ourcaveat that not all polar atoms have the same effect. We are
results show that there are relatively few H-bonds aroundurrently using these results to reanalyze the area changes for
very polar oxygen atoms (Table 2), and on a per area basldNA-ligand binding reactions for which large heat capacity
these solute atoms have less water-water H-bonds in thethanges have been observed. Another future direction for this
first hydration shell than the apolar carbons. There is aesearch is the simulation of the water structure around entire
moderate correlation between the total area of the solute arlicleotides and, ultimately, entire DNA and DNA/ligand com-
the total number of first-shell water-water H-bonds (Tableplexes. This will require considerably more computation than
4), but because the heat capacity change depends on tH simulations described here, but it will provide a more
extent of H-bond distortion as well as the number, anddetailed picture of the water structure and its effect on the
because this distortion is not the same for all the soluteshydration heat capacity, including a full account of neighbor
groups, the correlation between the number of H-bonds aneffects.
the predicted hydratio€p is lower still, atR*> = 0.69.

Second, our simulations indicate that not all polar groups
are equivalent, and extracting a single area coefficient fokinancial support is acknowledged from National Institutes of Health
the polar area has the effect of averaging out these differGms54105).
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