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Entropy of Water in the Hydration Layer of Major and Minor Grooves of DNA
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Transport properties (translational and rotational) of water in the two grooves of the B-DNA duplex are
known to be different from those in the bulk. Here, we use a recently developed theoretical scheme to compute
the entropies of water molecules in both of the grooves of DNA and compare them with that in the bulk. The
scheme requires as input both translational and rotational velocity autocorrelation fu@t{fraid C,(t),
respectively) data. These velocity autocorrelation functions were computed from an atomistic MD simulation
of a B-DNA duplex (36 base pairs long) in explicit water (TIP3P). The average values of the entropy of
water at 300 K in both of the grooves of DNA (tfi& value in the major groove is 6.71 kcal/mol and that

in the minor groove is 6.41 kcal/mol) are found to be significantly lower than that in bulk watef $halue

is 7.27 kcal/mol). Thus, the entropic contribution to the free energy charwyg) (of transferring a minor

groove water molecule to the bulk is 0.86 kcal/mol and of transferring a major groove water to the bulk is
0.56 kcal/mol at 300 K, which is to be compared with 1.44 kcal/mol for melting of ice at 273 K. We also
calculate the energy of interaction of each water molecule with the rest of the atoms in the system and hence
calculate the chemical potential (Helmholtz free energy per water moleguteE — TS in the different
domains. The identical free energy value of water molecules in the different domains proves the robustness
of the scheme. We propose that the configurational entropy of water in the grooves can be used as a measure
of the mobility (or microviscosity) of water molecules in a given domain.

to hydration of the solute. However, their method did not include
the contribution of translational entropy toward the total hydra-

Water is known to play a key role in the biological activities 4, entropy. In several other studi#s® including restraint

of proteins and DNA13 From the dynamic and thermodynamic
point of view, surface water molecules can be different from
bulk water due to very different interactions of water molecules
with proteins or DNA11.1422 The thermodynamic properties

of these surface water molecules are known to play an important
role in biological processes such as recognition, intercalation,
etc23-31 Several models such as the linear response approxima-
tion (LRA),* linear interaction energy (LIEF protein dipole
Langevin dipoles (PDLD), and its semimicroscopic version

release (RR) studie’d;*>-4! the calculation of entropy change
in biological processes in solutions (such as molecular recogni-
tion, ligand binding, etc.) were carried out where the total
entropy change of the system (including macromolecules and
biological water) was calculated.

Here, we present a theoretical analysis of the entropy of water
molecules in the grooves of aqueous DNA. We use a recently
developed schemi&* (the two-phase thermodynamic model,

(PDLD/S)* have explored and demonstrated the importance of termed the 2PT method) to calculate the entropy of water mol-

water molecules in the biological processes. However, quanti-

ecules in various distinct regions of DNA. The scheme requires

fication of the absolute thermodynamic properties of such S input both translational and rotational velocity autocorrelation

surface water has proven to be rather difficult. Warshel and co-
workers® had earlier calculated the hydration entropies o

function data, which can be computed from molecular dynamics
¢ simulation. Lin et af3 applied this method for argon at different

isolated hydrophobic, polar, and ionic solutes in the framework densities £* :*1-10 top* = 0.05) and different temperatures
of Langevin dipole solvation model and also used the same for (T* = 1.8 toT* = 0.9) covering the whole phase diagram of

the calculation of hydration free energy of the DNA ba%es.

argon and showed the entropy calculated using the 2PT method

They obtained the expected decrease of entropy of water dueSNOWS excellent agreement with that calculated using the

equation of state. They also showed that a short simulation time

* Corresponding author. E-mail: bbagchi@sscu.iisc.ernet.in.

(~20 ps) is enough to obtain good convergence of the entropy

T Solid State and Structural Chemistry Unit, Indian Institute of Science. (Cé_llCU'ated USing the 2PT method) with the entropy calculated
*_Centre for Condensed Matter Theory, Department of Physics, Indian using the equation of state. Most closely related to the present
Institute of Science. work is that of Lin et al42 who used this method quite suc-
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cessfully to calculate the entropy of water molecules in the bulk
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The 2PT method has also been used to determine various phasesheregS(w) is the solidlike nondiffusive density of states, which
of dendrimer liquid crystaf$ and stability of various forms of ~ can be obtained from the decomposition of the translational
aggregaté® While the 2PT method gives excellent result for density of statesf(w)) using the 2PT decompositiéif©
argon and liquid water, its validity for complex systems is yet (details of the decomposition will be discussed in step 6).
to be fully demonstrated, although its application to water in WH°(w) is the well-known weight function for the entropy of a
dendrimer appears to lead to meaningful results. Here, we showharmonic oscillator and can be written as
that the method provides a reasonable measure of the entropy o
loss of water in the grooves of DNA. A notable merit of this O/ \ _ w . . -
method is that, unlike other quashiharmonic approaches, the 2PT We%(w) = exphw) — 1 In[1 —expCpho)l - (3)
method assumes harmonic vibrations only for high-frequency
modes, where harmonic approximation should be valid, and whereg = 1/kT andh = h/2z,wherehis the Planck’s constant.
explicitly corrects for the fluidicity effects in the low-frequency (2) The configurational entropyS{on) can be written &843
regime, where anharmonic effects are most promifient.

In our application of the 2PT method, we calculate the trans- Seont = j(;m dog¥(w)W(w) 4)
lational and rotational diffusion constants of the water molecules
in the different domains of DNA. We have also calculated the where gg(w) is the gas”ke diffusive density of states, which

f|UIdICIty factor of the water molecules in the different domains. can be obtained from the decomposition of the translational
The dynamic and thermodynamic properties that we obtain agreegensity of statesql(w)) using the 2PT decompositid&43

with those in other recent work&16:42We find that there are W&(w) is the weight function for the entropy of the hard
considerable differences in terms of dynamic and thermo- sphesre gas and can be written as

dynamic properties for water molecules in the different domains

of DNA (major groove, minor groove, and bulk), in agreement 157

with the recent results obtained by Lin et ®l.who have W%(w) =§T )
calculated the properties of water molecules in the different

domains of PAMAM dendrimers. whereS*S is the hard sphere entropy, which can be determined

We have also found that the chemical potential values from the CarnahanStarling equation of stat¥.

(Helmholtz free energy per molecules) of water molecules in - (3) In our calculation, the rotational entrop§) is assumed
different domains of DNA (major groove, minor groove, and to have a constant value of 44.58 J%nol-(or 3.2 kcal/mol
bulk) are identical within the uncertainty of our calculation, in iy terms of TSat 300 K) because previous studies have been
contrast with the result of Lin et 4. This means that although  shown that the rotational entropy in solution can be well
the water molecules in the two grooves of DNA are dynamically estimated from the ideal gas val#e52 These studié8-52 esti-
and thermodynamically different from those in the bulk, they mate the entropies of the gas and liquid phases of various
are in equilibrium with each other. systems and found that the rotational entropy in both of the
We alSO found that the |Ogarithm Of the tranS|ati0na| d|f' phases |S near'y same (W|th|n 20/0) for most of the systems
fusivity (Dr) as a function of the inverse of the configurational The bond vibrational entropieS{ i) are small due to the
entropy onf) Shows a linear dependence, as expected from high vibrational frequencies and are ignored in our calculations.
the Adam-Gibbs relatior® When the StokesEinstein rela- (4) We next discuss the construction of the density of states.
tion*” between viscosity and diffusivity is taken into account, The density of stategy(w)) of water molecules can be written

this implies that one can consider the configurational entropy as a Fourier transform of the velocity autocorrelation function;
as a measure of the mobility (or microviscosity). the relation i42

The organization of the remainder of the paper is as follows.
In the next section, we describe the theoretical scheme used to _ 2, T ot
calculate the entropy. In Section 11, we describe the details of 9(w) = KT lﬂl f—‘r Clte ™ dt (6)
the simulation methods. The details of results and discussions
are presented in Section IV, and finally, we summarize our where C(t) can be either the mass-weighted center of mass

results and conclude in Section V. velocity autocorrelation function or the moment of inertia-
weighted angular velocity autocorrelation function of the water
Il. Theoretical Scheme molecules. In the former case, the corresponding density of states

will be the translational density of stateg (w)). The molecular
center of mass velocity autocorrelation function can be written
as

In the 2PT scheme developed by Goddard and co-worRers,
the total entropy 9 per particle is decomposed into four parts
as

N
S=Sib T Sont T Sot T Sh-viv 1) c,®=Y maz™Mo-oM0)0 7)

whereS,j, is the vibrational entropy&.ntis the configurational

(diffusional) entropy Sct is the rotational entropy, ar-vi, is wherez™™(t) andm are the center of mass velocity and mass
the bond-vibrational entropy (internal). The details of the scheme of the ith water molecule andll is the number of water mol-

have been discussed by Lin et'&Here, we briefly discuss the  ecules included in the summation. The angular velocity auto-
implementation of the scheme which involves the following correlation function is written as

steps.
(1) Under the harmonic approximation, the vibrational entropy 3 3 N Mo M
(Sib) can be written &$ C,()= Z C,iH= Z il (Do (0)0  (8)
= F1i=

_ [ S HO
Sib = fo do g (@)Ws™(@) @ wherel;; anda)i‘fM(t) are thegth principal moment of inertia and
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angular velocity of thath water molecule. In this case, the following the 2PT method described in ref 43, we obtain a

density of states will be the rotational density of statc)). universal expression fdrin terms of A (the normalized dif-
Integration ofg"(w) or gR(w) over the whole frequency range fusivity of the system) as

(w = 0—c) gives the total degrees of freedom\,3of the

system, wherd\ is the number of water molecules used in the 2A 94152 _ gA =35 — A73%712 4

summation for the respective autocorrelation function determi- 6A %52 L of _ 2= (14)
nation. The number of molecules used to determine the time
correlation function is different in different regions. and A is related togo by the relation
(5) The zero-frequency intensity of the density of stagé&y
= 0) or gR(w = 0), corresponds to the corresponding diffusion 200(7KT\ 1/3/6\23
constant of water molecules throdgh A(T, p, m, go) = E(? (;) (15)
D.— KTg'(w = 0) ©) With the use of the last two equations, we can find the fluidicity
T 12mN factor by knowing the value ady and other parameters deter-
mined in the simulation. Once we know/(w = 0) and the
and fluidicity factor, we can calculatg¥w) and alsogS(w) [g5(w)
3 = g'(w) — g%w)].
R.
lezl 9% =0) IIl. Simulation Details
DR=—3 (10) The sequence of the DNA used is (GCCGCGAGGTGT-
AN | CAGGGATTGCAGCCAGCATC-TCGTCG), which has been
le i extensively studied earli&>*and found to sustain stable duplex

in simulations. All MD simulations reported in this article used

whereDr andDg are the translational and rotational diffusion the AMBER?7 software packagfewith the all-atom AMBER95
constants, respectively. force field (FF)*® AMBER95 FF has been validated for
(6) For the translational density of statgw), we use the ~ Molecular dynamics (MD) simulations of B-DNA in explicit
2PT decomposition methé¥ito obtain the gaslike diffusive  Water with salt, starting from the crystal structafe®! These
density of Statesw(w)) and the solidlike nondiffusive density validation studies found that the CRMS deviation from the

of statesgS(w)). In this decomposition methogdT(w) is written crystal structure for a dodecamer structure is typically less than
a3 4 A. The electrostatics interactions were calculated with the

particle mesh Ewald (PME) meth&e3using a cubic B-spline
9'(w) = gs(w) + ¢%w) (11) interpolation of order 4 and a 16tolerance set for the direct
space sum cutoff. A real space cut off®oA was used both for
The gaslike diffusive part normalizes tdlBand the solidlike the electrostatics and van der Waals interactions with a nonbond

nondiffusive part normalizes toN8(1 — f), whereN is the list update frequency of 10. First, we create regular B-DNA
number of water molecules included for the summation in eq 7 molecule using the nucleic acid builder program Narffbt2
andf is the fluidicity factor. (version 2.2.). Using the LEAP module in AMBER, the DNA

For calculating the gaslike diffusive contribution, we use the structure was immersed in a water box using the TIP3P model
hard sphere diffusive fluid model, where the density of states for water. The box dimensions were chosen in order to ensure

can be written & a 10 A thick solvation shell around the DNA structure. In
addition, some water molecules were replaced by daunter-
(o) = gHS(w) _ % (12) ions to neutralize the negative charge on the phosphate groups
gow \? of the backbone of the DNA structure. This procedure resulted
1+ (m) in solvated structures, containing approximately 25 000 atoms,
which include the 2405 DNA atoms, 74 counterions, and 7534
wheregqg is equal tog"(w = 0) andf is the fluidicity factor, water molecules in a simulation box of lengths of 42 A, 42 A,
now discussed. and 142 A along the three axes. Detail of the simulations can

The fluidicity factor ) determines the conceptual partition be found elsewher®:5465
of the system, which consists of group of water molecules  For the present analysis, we generated three independent 100
between solid and gas components. As siicteeds to satisfy ~ ps long trajectories of 4 fs resolution. As observed by Lin et
the following two conditions: (i) In the high temperature and/ al.**and mentioned earlier, a 20 ps trajectory is usually sufficient
or low-density limit, the system behaves like a hard sphere gas;to accurately obtain the entropy.
thus there will be no solidlike component so that 1. (ii) In
the high-density limit where the system is solid, there is no V. Results and Discussion

gaslike component and hence we require frwat0. We first describe the selection of water molecules in the
‘We can write the fluidicity factorf} in such a way that it gjfferent domains of DNA. In Figure 1, we show a snapshot of
will satisfy the above two conditiofi the part of the hydrated DNA studied here to get a clear view
D of the major and minor groove of the aqueous DNA. Major

= _ bp (13) and minor groove atoms of two Watse@rick base pairs are
DOHS(T, p; 09 shown in Figure 2. Water molecules that are in the region within

3.5 A from any of the atoms of a groove are selected as the
whereD is the self-diffusion constant of the system determined respective groove water molecules for a particular snapshot. In
from eq 9 andDy™S is the hard-sphere diffusion constant in the addition, we selected the subset of those groove water molecules
zero pressure limit. Here!S is the hard-sphere diameter. Now, for our calculation, which remain in the respective grooves
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Major Groove -
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Major .
groove Major groove
H

/
HaC,

CEN

g--------H—N

N—
Glycosidic
Glycosidic linkage  linkage

Minor Minor groove Qlycosidic
Glycosidic linkage groove linkage
Figure 2. Atoms of the WatsorCrick base pairs in the major groove and minor groove regions.
L S B S S B B domain water molecules. We calculate all the dynamic and
thermodynamic properties for three independent sets of simula-
25 - 1 tion data to estimate the uncertainty of our analysis.
A. Dynamic Properties. The translational and rotational
2r ] velocity autocorrelation functions of water molecules in different

domains of DNA, shown in Figure 4, reveal that there are

515 ] considerable differences in terms of dynamic properties among
water molecules in the three domains of DNA. Using the

1r = velocity autocorrelation function data, we obtain the respective
power spectra of water molecules in each domain with a

05 r 1 resolution of 1.1 cmt.

The translational and rotational power spectra of water

01 2 3 4 56 7 8 9 10111213 14 15 molecules in different domains of DNA are presented in Fig-

Fdy ure 5. All the spectra are normalized to one molecule so that

Figure 3. Pair correlation functiong(r), of the oxygen atom of water the area under the curves is 3 (3 translational or rotatl_onal
molecules with respect to the oxygen atom of the phosphate residue ofdegrees of freedom). The general feature of all the translational
a 38 base pairs long B-DNA duplex at 300 K. power spectra is that there is finite intensityaat= 0, but the
value of the intensity is significantly less for water molecules
throughout the simulation time. The bulk water molecules are in the grooves of DNA (especially in the minor groove) than in
those water molecules that remain in a region beyond 10 A the bulk. Using thesg"(w = 0) values, we have calculated the
away from the DNA atoms. These selections of the distances translational diffusion constants of water in the different domains
are based on the pair correlation functigfn) of the oxygen of DNA. The translational diffusion constant of bulk water (4.89
atom of water molecules with respect to the oxygen atom of x 107° cmé/s) is significantly larger than that for major groove
the phosphate residue of the B-DNA duplex, shown in Fig- water (2.29x 1075 cn/s) and minor groove water (1.0
ure 3. With this approach, we selected 24 water molecules as107° cn¥/s). On comparing these translational diffusion constant
minor groove water, 47 water molecules as major groove water, values, it is clear that minor groove water molecules are
and another 47 water molecules as bulk water. translationally more constrained than are major groove water
All the dynamic and thermodynamic properties that will be molecules, which in turn are more constrained than are bulk
discussed in the next two sections are listed in Table 1 for eachwater molecules. We have calculated the rotational diffusion
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TABLE 1: Dynamic and Thermodynamic Properties of Water Molecules in Different Domains of a 38 Base Pairs Long B-DNA

Duplex at 300 K

properties bulk water major water minor water

g"(w =0)[102cm] 1.2725+ 0.006 0.5972+ 0.005 0.265+ 0.006
g = 0) [10™4cm] 7.3617+ 0.009 6.659 0.013 4.2083+ 0.01
D+ [10 “Scn¥/s] 4.89+ 0.023 2.29+ 0.019 1.025+ 0.023
Dr [10% 1/s] 2.57+0.003 2.32+ 0.005 1.47+0.004
translational librational peak [cr] 30+5 40+ 3 65+ 5
rotational librational peak [cr] 445+ 5 460+ 3 472+ 5
fluidicity factor (f) 0.3269+ 0.0068 0.2259% 0.0072 0.1488:0.008
TS [keal/mol] 2.06+ 0.07 2.22+0.08 2.46- 0.04
TSonf [kcal/mol] 2.00+ 0.04 1.28+0.13 0.75+ 0.06
TS[kcal/mol] 7.27+0.03 6.71+ 0.06 6.41+ 0.03
interaction energy [kcal/mol] —9.39+ 0.09 —9.99+ 0.06 —10.24+£0.15
free energyA = E — T9 [kcal/mol] —16.68+ 0.15 —16.73+ 0. 10 —16.70+ 0.07

constant for water molecules in each domain of the DNA and  We have also calculated the fluidicity factor (using eqs 14
the values (see Table 1) fall in the same order as for the trans-and 15) of water molecules in each domain of DNA. The results
lational diffusion constants; minor groove water molecules are in Table 1 show that minor groove water molecules are less
dynamically more constrained than water molecules in the major diffusive than water molecules in the major groove and in the
groove and in the bulk. The differing degrees of constraint bulk.

discussed above are also reflected in the librational peak position B. Thermodynamic Properties. We calculate the entropy

of the translational and rotational power spectra of water of water molecules for each domain of DNA using the 2PT
molecules in the different domains of DNA (Figure 5 and Table method discussed in Section Il. In particular, we calculate the
1). In the librational peak position of the translational power vibrational entropy&,i, €q 2, and configurational entrofSons,
spectrum, there is a blue-shift 610 cn?! going from bulk eq 4, of water molecules in each domain of DNA (recall that in
water to major groove water and further a blue-shift~85 eq 1 for S the rotational entropy is constant and the bond
cm™! going from bulk water to minor groove water. In the vibrational entropy is negligible). The values of the vibrational
librational peak position of the rotational power spectum, there entropies of the different domains in Table 1 increase in the
is also a blue-shift, although less prominent;df5 cn! going sequence of going from bulk water to major groove water to
from bulk water to major groove water and further a blue-shift minor groove water. This might seem to be puzzling in view
of ~22 cnt? going from bulk water to minor groove water.

Note that the shoulder observed-a200 cntt is due to the
intermolecular ©- - O vibration, present in the bulk translational
power spectrum, and becomes weaker or nearly absent in the_.

0.03

(a) Bulk 7
—— Translational
---- Rotational

0.025

0.02

minor groove translational power spectrum. The 200 tband S s ]
is usually attributed to hydrogen bond excitation. T ]
2 o.01 ]
1 :
0.005 " c ]
(@) Translational \ MMMM ]
0.75 | Bulk 1 P S— - i e ]
...... Major groove o 200 400 _, 600 800 1000
e — Minor groove w [cm ]
s 05 1 0.03 .
o r ]
= 0.026 (b) Major Groove ]
E 0.25 4 —— Translational 4
e Rotational ]
t . ooz | ]
§ E : :
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-0.25 = 001
o 0.2 0.4 0.6 0.8 1
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1 o
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0.75 Bulk 0.03
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°osr Yy — Mm::g:::: 1 o.025 [ (c) Minor Groove ]
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—0.25 1 = o001 | ]
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Figure 4. (a) Translational and (b) rotational velocity autocorrelation Figure 5. Averaged translational and rotational power spectra of water
functions of water molecules in the bulk, in the major groove, and in molecules (a) in bulk, (b) in the major groove, and (c) in the minor
the minor groove of a 38 base pairs long B-DNA duplex at 300 K.  groove of a 38 base pairs long B-DNA duplex at 300 K.
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TABLE 2: Entropic Contribution to the Free Energy —r - 1 - 1 T T T 1 T 1

Change for Some Processes o8 r ]
temperature  entropic change oor R’=0.99 ]

process (M. K (TA9), kcal/mol -10.2 - E

release of water from minor 300 0.86 0.03) -10.4 -
groove of DNA to bulk I 1
release of water from major 300 0.56 0.04) -106 i ]
groove of DNA to bulk — 108 | i
melting of ice 273 1.44 (o] 3 1
= 10 -

of the fact that the librational peak positions of the translational M2+ .
power spectra of water molecules in the different domains of 114l ]
DNA show a blue-shift going from bulk water to major groove B .
water to minor groove water (Table 1 and eq 3). This unusual ner ]
order of the vibrational entropies is due to the fact that the -1.8 - .
translational power spectra are becoming more and more 5L L I T Lo ]

w
IN

broadened, going from bulk water to major groove water to 5 6 7 8 9
minor groove water. Thi; broadening may be a re_ﬂectio_n of 1lsoonf [10-2 mol KJ'1]

inhomogeneity present in the grooves. The configurational _ ) )
entropiesS.ons of water molecules in the different DNA domains ~ Figure 6. Plot of In[Dr] vs 1/Sont showing a linear dependence which

show a reverse order as compared to the vibrational entropiesS €xPected from the AdamGibbs relation (see the text).

This is quite reasonable because the fluidicity factrim(Table  entropy of water molecules in the different DNA domains. This
1 show a decreasing order going from bulk water to major procedure was also adopted in the earlier application of the 2PT
groove to minor groove water molecules. method?2 Several recent studigs>2 estimate the entropies of

The total entropyS at 300 K of the water molecules in the  the gas and liquid phase of various systems and found that the
minor groove (therSvalue is 6.41 kcal/mol) and of the water  rotational entropy in both of the phases is nearly the same
molecules in the major groove (tfieSvalue is 6.71 kcal/mol)  (within 2%) for most of the systems. Therefore, an assumption
is significantly less than those in the bulk (thi@value is 7.27  of a constant value of rotational entropy for water molecules in
kcal/mol). On comparing th&Svalues of water molecules in  the different domains of DNA is not expected to introduce any
the different domains of DNA, it is clear that minor groove serious error.
water molecules are more ordered than major groove water pD. Dependence of Translational Diffusivity on Configu-
molecules, which in turn are more ordered than bulk water rational Entropy. Finally, we examine the dependence of the
molecules. translational diffusivity of water in the different domains of

We have also calculated the average energy of interaction DNA on the configurational entropy of the respective domains.
(E) of water molecules in the different domains of DNA. While  In Figure 6, we plot the logarithm of translational diffusivity
calculating the interaction energy, we consider the contribution as a function of %..n;, Which shows a linear dependence (with
coming from other water molecules, the atoms of DNA, and R? = 0.99) with a negative slope. From the plot, it is clear that
from the N& ions. The calculated average interaction energies there exists a relation betwe®t and Sons
show minor groove water molecules (interaction energy is
—10.24 kcal/mol) are energetically more stable than major D.=A x exp(— c ) (16)

. . : T
groove (interaction energy i$9.99 kcal/mol) water molecules, TSong
which are also energetically more stable than bulk water
molecules (interaction energy s9.39 kcal/mol). where A and C are the constants and have the values in the

We have calculated the chemical potential (Helmholtz free Present case of 1.36810°* cn¥/s and 23.54 cal mot K™,
energyA =E— TS of water molecules in the different domains I’eSpeCtlve|y. Equat|0n 16 is the Adattsibbs relation between
of DNA. The values in Table 1 are identical within the uncer- the diffusivity and the configurational entropy This can be
tainty of our calculation for different domain water molecules, Of direct relevance to hydration dynamics of DNA and, in
This means that the water molecules in each domain are inParticular, to the dynamic exchange motfsle., bound-to-free
dynamic equilibrium with one another and provides a check on interconversion of water with an activation entropy, as discussed
the calculation. below. Recently, temperature dependence of the solvation

It is interesting to compare (Table 2) the calculated value of dynamics has been interpreted in terms of the dynamic exchange
the entropy changefAS) due to the release of water molecules model. It has _been shown_ that the entropy of activation for
from the grooves of DNA to the bulk with that of the melting Pound-to-free interconversion (dynamic exchange) 28 cal
of ice because both involve delocalization of water molecules. M0I™* K™ in cyclodextrin aggregatésand~14 cal mof* K™
While the change in entropy at 300 K due to the release of N & micelle®” Further, if one assumes a Stokdsinstein rela-
water molecules from the minor groove of DNA to the bulk is tion, where the translational diffusion constant and the viscosity

0.86 kcal/mol and from the major groove of DNA to bulk is &ré inversgly re!ateé?, then we ha\_/e an interesting correlation
0.56 kcal/mol, the entropy change due to melting of ice is 1.44 DEtween viscosity and configurational entropy. Thus, the con-
kcal/mol at 273 K. Thus, the increase of entropy due to transition figurational entropy of water molecules in a domain can be an
of water molecules from the minor groove of DNA to bulk s €Mpirical measure of the mobility (or microviscosity) of the
significant on the scale of melting reference value. respective domain.
C. Rotational Entropy Calculation. In the present scheme V. Concludina Remarks

as described in Section Il, we have added a constant value of ** 9
3.2 kcal/mol as the rotational entropy (in termsi&@at 300 K) Let us first summarize the main results of this paper. We
for each domain’s water molecules while calculating the total have calculated the entropy of water molecules in the major
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and minor grooves of a B-DNA duplex and in the bulk using a (3) Meyer, E.Protein Sci.1992 1, 1543. _
recently developed statistical mechanical scheme developed by ggg Eg'g' '$ 3;?,%'?55 % '-Ng‘r‘grc ?‘g'trl‘- :égéidlssilolljzgogo]bi %1
Goddard and co-workefd43 This scheme uses computer ggoe’ ' ' T B T
simulation results of the translational and the rotational velocity (6) Fernandez, A.; Kardos, J.; Goto, FEBS Lett.2003 536, 187.
time correlation functions to obtain the density of states of the ~ (7) McDonald, I. K.; ThorntonJ. M. J. Mol. Biol. 1994 238 777.
solidlike and fluidiike modes of the liquid. This scheme is lggg)lope;‘ge' C. N Shirley, B. A.; McNutt, M.; Gajiwala, KASEB J.
knpwn to give a highly accurate result for a Lennard-Jones (9) Beveridge, D. L.; McConnell, K. Turr. Opin. Struct. Bial200Q
fluid*3 and, most relevant for the present work, also for bulk 10, 182.

42 i (10) Berman, H. MBiopolymers1997, 44, 23.
:Nater' The m|r;]or grr?ove Watﬁr mOI.ecmes are fot;l_’]dht_o have (11) Wahl, M. C.; Sundaralingam, MBiopolymers1997, 44, 45.
ower entropy than those in the major groove, which in turn  (15) permann, T.; Patel, D. J. Mol. Biol. 1999 294, 829.
have lower entropy than those in the bulk. The difference in  (13) McConnell, K. J.; Beveridge, D. L1. Mol. Biol. 2000 304, 803.
entropy between the various distinct regions of DNA is found ~ (14) Otting, G.Prog. Nucl. Magn. Reson. Spectrod@97 31, 259.
to be significant, as judged by the magnitude of the entropy 20(()125)1025“1'2%7*2” Peon, J.; Bagehi, B.; Zewall, A. 8. Phys. Chem. B
changes on transferal to the bulk as compared to that for the (1) pal, S. K.; Zewail, A. HChem. Re. 2004 104, 2099.
melting of ice. (17) Saenger, W.Principles of Nucleic Acid StructureSpringer-

r calculations for the water under equilibrium conditions Verlag: New York, 1984.
Ou c_atcul atﬁ S otht teth ate du g‘: deq”t brium co ﬁd.to S 77(18) Schneider, B.. Patel, K. Berman, H. Biophys. J1998 75, 2422.
appropriately shows that the undoubted entropy gain urrs (19) Nandi, N.; Bagchi, BJ. Phys. Chem B997, 101, 10954.

canceled by the energetic effects in the process of transferal of  (20) Nandi, N.; Bagchi, BJ. Phys. Chem B998 102, 8217.
water from the grooves of DNA to the bulk. We note that (21) Bhattacharyya, KAcc.Chem. Re2003 36, 95.
various authors have suggested a dominant role in ligand binding  (22) Bagchi, B.Chem. Re. 2005 105 3197.
. . . (23) Ben-Naim, A.Biophys. Chem2002 101, 309.

thermodynamics for the entropy gain of wafe&®%%associated (24) Ladbury, J. EChem. Biol.1996 3, 973.
with its release from the grooves of DNA. There have been  (25) Tame, J. R. H.; Sleigh, S. H.; Wilkinson, A. J.; Ladbury, JN&t.
several attemp#d3437-41.70-71tg calculate binding free energies ~ Struct. Biol. 1996 3, 998. S _ _ _
and to understand the explicit role of water associated with such Bi(ff%hixf‘ln;ggtg?i’3(:1'2';'2'.Na”d" A Visweswariah, S. S.; Surolid, A.
biological processes. While the applicability of the 2PT method  (27) Swaminathan, C. P.; Surolia, N.; Surolia, A.Am. Chem. Soc.
has_ been demonstrated for water in the bL_JIk and in the rg;tricted199§812lfle\?nlt5i/-l - Park. B. HStructure1993 1. 223
region of the complex system Ilk_e dendrimers, the validity of gzgg Parse'gia'ﬁ, V. A: Rand, R. P.. Rau. DAGsthods Enzymol995
the method for complex biological processes has not beenjsg 43,
demonstrated yet. In fact, the past experience of applicability  (30) Wiseman, T.; Williston, S.; Brandts, J. F.; Lin, L. Anal. Biochem.
of the quasiharmonic approaches has not been quite satisfactory1989 179 131. ~ _ _
This is because such methods have two serious problems: (a)g3(§}1)3_3ayaram' B.; Jain, TAnnu. Re. Biophys. Biomol. Struc2004
anharmonicity due to large amplitude motion in the low fre- '(32) Lee, F. S.; Chu, Z.-T.; Bolger, M. B.; Warshel, Rrotein Eng.
quency domain and (b) proper sampling of the configurational 1992 5, 215. ) )
space, which may require hundreds of nanoseconds to explore38é33) Aqist, J.; Medina, C.; Samuelsson, J. B¥otein Eng.1994 7,
it. Note that both of these issues are highly nontrivial. (34) Sham, Y. Y.; Chu, Z.-T.; Tao, H.; Warshel, Rroteins: Struct.,

Although based on a series of approximations, the calcula- Funct., Genet200Q 39, 393.
tional scheme employétappears to provide a reasonable quan-  (35) Florizn, J.; Warshel, AJ. Phys. Chem. B999 103 10282.
titative estimate of the entropy of water molecules in the 10‘(1’3%0%?'31' J.; Goodman, M. F.; Warshel, . Phys. Chem. 200q
different distinct domains examined. The scheme allowed us (37) Levy, R. M.; Gallicchio, EAnnu. Re. Phys. Cheml998 49, 531
to establish a correlation between the configurational entropy  (38) Villa, J.; Srajbi, M.; Glennon, T. M.; Sham, V. Y.; Chu, Z.-T;
and the translational diffusion constant of the water molecules Warshel, A.Proc. Natl. Acad. Sci. U.S./200q 97, 11899.

. . . . (39) Strajbl, M.; Sham, Y. Y.; VillaJ.; Chu, J.-T.; Warshel, Al. Phys.
(Figure 6). If one assumes the Stokésnstein relation between  chem. B200q 104 4578.
the diffusion constant and the viscosity, this provides an inter-  (40) Strajbl, M.; Shurki, A.; Warshel, AProc. Natl. Acad. Sci. U.S.A.
esting correlation between the viscosity and the configurational 2003 100 14834. _ _ _ _
entropy. Such a relation is the subject of much discussion in 44(‘111)35;””13' P. K. Xiang, Y., Kato, M.; Warshel, Biochemistr}2005
supercooled liquids, where a decrease in configuration entropy ~ '(42) Lin, S. T.; Maiti, P. K.: Goddard, W. AJ. Phys. Chem. R005
is believed to be responsible for a large growth in the 109 8663.
viscosity#6.72-74 |n the present case, it is perhaps more relevant 1%32) Lin S. T.; Blanco, M.; Goddard, W. Al. Chem. Phy2003 119,
to consider this correlation between viscosity and entropy as ™ (44 Lin v. Y.; Lin, S. T.; Goddard, W. AJ. Am. Chem. S0Q004

providing a thermodynamic basis of the oft-used concept of 126 1872.
microviscosity7'5f79 (45) Lin, S. T.; Jang, S. S.; Cagin, T.; Goddard, W.JAPhys. Chem.
B 2004 108 10041.
. (46) Adam, G.; Gibbs, J. Hl. Chem. Physl1965 43, 139.
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