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semble probability functio”® The parameteB is related to

the excess chemical potential as follows: B = u'/KT +

INONC] where k is Boltzmann’s constantT is the absolute
temperature, andNCis the mean number of molecules. In the
method of simulated annealing of chemical potentighe
simulation is started with a large initiB-value so that a higher
percentage of water insertion attempts are accepted. This causes
the simulation cell to be flooded with water molecules. After
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this grand canonical ensemble simulation at high excess
chemical potential is equilibrated, subsequent simulations are
carried out at successively lowd-values. This causes a
gradual removal of the bulk water molecules from the simulation
cell. As the chemical potential is further “annealed”, a point is

) ) ) ) reached at which water molecules do not readily leave the cell.

A wide variety of experimentat® and computationdt At this point of the simulation, we have encountered the waters
studies are focused on the crucial role that water plays in DNA that are strongly influenced by the DNA, the so-called “bound
and protein architecture, and in many DNA and protein water molecules”. As the excess chemical potential is again
functions?®-2? Chalikian et aft point out that despite the  |owered, ultimately some of these bound waters start to leave
successes of these efforts, many ambiguities about the role ofihe cell. Since chemical potential is a free energy, shisulated
water exist because different methodologies measure diﬁerentannea"ng of chemical potentiaiekjs a numerical estimate of
properties, and thus have generally led to different conclusions.the differential free energy of binding of the different bound
Therefore, various aspects of DNA and protein hydration remain water molecules. It must be emphasized that our utilization of
unsettled. In this communication we demonstrate how the the term “annealing” applies strictly to the value of the chemical
method ofsimulated annealing of chemical potentdlows bulk  potential and that theemperature is kept constant at 298K
waters to be distinguished from bound waters, and how gl the simulations. For all simulations the DNA was held fixed,
differentially bound waters may be distinguished from each other water molecules were added and deleted throughout all parts
based on their relative chemical potentials. This is illustrated of the Ce||, extensive canonical Monte Carlo is performed

by showing that it takes more free energy to desolvate the minor petween accepted grand canonical Monte Carlo steps, and

groove than the major groove of a charged DNA dodecamer.
Grand canonical ensemble simulations are generally per-
formed by placing a molecule in a periodic simulation cell,
setting a parameteB in such a way as to achieve an experi-
mentally determined density, sampling potential hydration posi-
tions around the molecule by inserting and deleting water mole-
cules from the simulation cell using a technique such as cavity-
bias2324 and accepting or rejecting the attempt based on a
Metropolis Monte Carl@ criteria using a grand canonical en-
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periodic boundary conditions were used.

As an illustration of the method, we performsimulated
annealing of chemical potentiah the d(CGCGAATTCGCG)
dodecamer of Dickersofi,starting withB = 1.0 down to—26
in 37 increments performing 2 000 000 cavity-biased grand
canonical ensemble Monte Carlo steps at é&sfalue. Figure
1 shows four final water configurations around the DNA at four
successively loweB-values. Figure 1A, the final configuration
of the simulation withB = —6, has 1120 water molecules.
Figure 1B, the final configuration of the simulation wih=
—8, has 533 water molecules. Figure 1C, the final configuration
of the simulation wittB = —9, has 390 water molecules. Figure
1D, the final configuration of the simulation with = —11,
has 215 water molecules. The most salient feature of this
progression is the differential hydration of the major and minor
groove of the DNA. Figure 1A shows the DNA essentially
uniformly solvated. Figure 1B clearly shows that upon lowering
of the chemical potential by B-units, a majority of the nonbulk
extracted waters come from the major groove, while the minor
groove remains almost unaffected. Annealing the chemical
potential further (Figure 1C) still leaves the minor groove well
hydrated while the major groove is almost stripped. Lowering
B even further (Figure 1D) results in the removal of almost all
water molecules from both the major and minor groove.
Quantitation of the hydration of the DNA as a function of
chemical potential was computed by proximity anaRfsi8with
the results shown in Table 1. FBr= —6, the first hydration
shell (defined by the position of the first minimum of the radial
distribution function) of the major and minor groove has a
comparable density (0.012 and 0.013, respectively), while the
second hydration shell of the minor groove has twice the density
of the major groove. FoB = —8 the hydration difference
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Figure 1. Final configurations of the simulations with= —6, —8, —9, —11 containing 1120, 533, 390, and 215 water molecules, respectively.

Table 1. Hydration of the Major and Minor Groove of a DNA potential is required. Since the chemical potential is a free
Dodecamet energy, a very fine cooling schedule may be used to estimate
first hydration shell first and second hydration shell  quantitatively the hydration free energy difference of two

different functional groups or even two different atoms of the
. . . " DNA. Two atoms that desolvate at the same/alue have
no. o no. o no. o no. o i ; ; i :
B waters densitywaters densitywaters densitywaters density 222“?&2%';::38?6 ];';??eggll\a/ g%lﬁeofji?flé?é?]ig\;el)& srﬁgﬂlltjeb% fr:rtlfer d
—6 727 0013 1323 0012 213 0021 417 0011 thatthe model system used here consisted of ionic DNA with
:g 2238 8‘8%2 ‘Z"gg 8‘_882 ﬁ'.g g:gﬁ 1;:3 8:882 22 negative charges and no 'sodiu.m counterions. It is not known
11 1.04 0002 211 0002 39 0004 42 o001 how the presence of sodium ions will affect the results.
However, our findings about the preferential hydration of the
aPr_OXimity anaIySiS of the hydration patterns Of.the first and second minor groove Corresponds very We” to results from X_ray
solvation shells of a DNA dodecamer. The first block of data ¢y taliographiet 36 and NMRE7-#8 studies. Possible reasons
corresponding to the first four columns is the first hydration shell of for the stron bindi f | | i h -
the major and minor groove as a function®&f The second block of . ger binding 0 Water_mo ecules in the minor groove
data corresponding to the second four columns is the first plus secondMay include the following: the high density of the charged rows
hydration shell of the major and minor groove as a functioB.cfhe of phosphate groups, steric constraints, and specific water
column header no. of waters is the average number of waters overwater, water- DNA interactions. We are presently investigating
4000 000 steps. The volume of the first hydration shell of the major the mechanisms responsible for the different hydration propensi-

and minor groove is 1133 and 563,Aespectively, and the volume of = yjag’ of the major and minor grooves and several alternatives
the first plus second hydration shell of the major and minor groove is

3779 and 1006 A respectively. The column header “density” is the [0 Incorporating sodium ion effects into grand canonical
number of waters divided by the volume. ensemble simulations.

minor groove  major groove  minor groove  major groove

becomes quite pronounced with the minor groove first and Acknowledgment. This work was supported in part by a grant from

: : : ; the National Institute on Drug Abuse (Grant 5T32DA07135 to F.G.).
fﬁ:r??gesg]e;;gyg:gggg dr?arslzlg(l:tti)\(/aé?)? Zﬁgzld_ithggorlr?am?her The authors would like to thank Professor Harel Weinstein and Nina

. . : . Pastor for helpful suggestions.
and minor groove hydration density again becomes equal
because at this value of the excess chemical potential bothJA961482A
grooves are essentially stripped bare.
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