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Abstract: The dynamics of ions and water at the surface of DNA are studied by computer simulations in
a wide range of hydrations involving the zone of low-hydration polymorphism in DNA. The long-range mobility
of ions exhibits a stepwise increase at three distinct hydration levels. The first of them is close to the
midpoint of the water percolation transition as well as the midpoint of the transition between A- and B-DNA
forms. It coincides with the onset of the dissociation of ion pairs on the DNA surface probably caused by
the increase in the water dielectric permittivity due to the appearance of the spanning hydrogen-bonding
network. The other two steps are attributed to the formation of percolating water layers on the surface of
DNA accompanied by the progressive escape of ions from the DNA surface. The results agree with earlier
experimental data and further corroborate the suggested universal mechanism of the low hydration
polymorphism in DNA including intraduplex electrostatic condensation close to the water percolation
threshold.

1. Introduction at about the same water activity suggesting that the> B\
conformational switch is driven by the hydration state of the
double helixt! The mechanism and the driving forces of this
phenomenon are very controversi&li® A new view emerging

in recent years attributes the key role to free metal ions that
accumulate in the major groove of B-DNA and, with reduced
hydration, provoke intraduplex electrostatic condensafiot?.

A better understanding of the driving forces of timevitro

B < A transition is essential for interpretation of its biological
manifestations.

Although the important role of hydration water in DNA
conformational stability was always understood and actively
investigated, thespanningproperty of the hydrogen bonded
(HB) water network on the DNA surface and the possible
consequences of its breaking under low hydration only recently
attracted attentiof-221t is long known that the first monolayer
of hydration water is crucial for the activity of biomacromol-
ecules?®24 The spanning property of HB water networks first

The double helical DNA may adopt a number of different
structural forms. The B-form is the dominant biological
conformation while other forms probably existvivo as high
energy states adopted temporarily as shown for A- and
Z-DNA.2* The A-form has the same handedness, topology,
and hydrogen bonding as the B-form. Its conformation is
compatible with any base pair sequence, and its energy is only
slightly higher than that of the B-forfDue to all these features,
reversible local B~ A transitions represent one of the modes
for governing proteir DNA interactions® The B< A transi-
tions can be also inducebh vitro by changing the DNA
environment~1°In condensed preparations, that is, in crystalline
and amorphous fibers as well as in films, DNA adopts the
B-form under high relative humidity, but it can be reversibly
driven to the A-form by placing the samples under relative
humidity below 80%/.%19 In aqueous solutions single DNA
molecules exhibit reversible B> A transitions when certain

organic solvents are addédlin both cases the transition occurs  (11) Malenkov, G.; Minchenkova, L.; Minyat, E.; Schyolkina, A.; lvanov, V.
FEBS Lett1975 51, 38-42.

)
- - - (12) Ivanov, V. I.; Minchenkova, L. E.; Schyolkina, A. K.; Poletaev, A. I.
T Technical University of Dortmund. Biopolymers1973 12, 89-110.
*Institut de Biologie Physico-Chimique. (13) Calladine, C. R.; Drew, H. Rl. Mol. Biol. 1984 178 773-782.
(1) Saenger, WPrinciples of Nucleic Acid StructuréSpringer-Verlag: New (14) Saenger, W.; Hunter, W. N.; Kennard, Rature 1986 324, 385-388.
York, 1984. (15) Fuller, W.; Mahensdasingam, A.; Forsyth, V. Nature 1988 335, 596.
(2) Ivanov, V. I.; Minchenkova, L. EMol. Biol. 1995 28, 780-788. (16) Hunter, C. AJ. Mol. Biol. 1993 230, 1025-1054.
(3) Lu, X. J.; Shakked, Z.; Olson, W. K. Mol. Biol. 200Q 300, 819-840. (17) Cheatham, T. E., Ill; Crowley, M. F.; Fox, T.; Kollman, P. Rroc. Natl.
(4) Rich, A.; Zhang, SNat. Re.. Genet.2003 4, 566-72. Acad. Sci. U.S.A1997 94, 9626-9630.
(5) Tolstorukov, M. Y.; Ivanov, V. I.; Malenkov, G. G.; Jernigan, R. L, (18) Cheatham, T. E., lll; Kollman, P. AStructure1997, 5, 1297-1311.
Zhurkin, V. B. Biophys. J22001, 81, 3409-3421. (19) Mazur, A. K.J. Am. Chem. So003 125, 7849-7859.
(6) Ng, H.-L.; Kopka, M. L.; Dickerson, R. BProc. Natl. Acad. Sci. U.S.A. (20) Mazur, A. K.J. Chem. Theory Compu2005 1, 325-336.
200Q 97, 2035-2039. (21) Brovchenko, I.; Krukau, A.; Oleinikova, A.; Mazur, A. IRhys. Re. Lett.
(7) Franklin, R. E.; Gosling, R. GNature 1953 171, 740-741. 2006 97, 137801(4).
(8) Tunis-Schneider, M. J.; Maestre, M. F..Mol. Biol. 197Q 52, 521-541. (22) Brovchenko, I.; Krukau, A.; Oleinikova, A.; Mazur, A. K. Phys. Chem.
(9) Leslie, A. G. W.; Arnott, S.; Chandrasekaran, R.; Ratliff, R.JL.Mol. B 2007 111, 3258-3266.
Biol. 198Q 143 49-72. (23) Kuntz, I. D.; Kauzmann, WAdv. Protein Chem1974 28, 239-345.
(10) Piskur, J.; Rupprecht, AAEBS Lett.1995 375, 174-178. (24) Rupley, J. A.; Careri, GAdv. Protein Chem1991, 41, 37-172.
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discovered two decades ago is particularly import&aftWhen

Recent simulation studi€'s?? revealed that the breakdown of

a small number of water molecules are adsorbed at a hydrophilicthe spanning water network on the surface of model B- and
surface they are dispersed in a large number of small clusters. A-DNA molecules upon dehydration occurs close to the

At a certain critical hydration these clusters undergo a quasi-
2D percolation transition and merge into a single spanning HB
network, which usually coincides with rapid recovery of
biological activity?4-30 Efficient theoretical and simulation
methods for studying this phenomenon have been devefdped.
A quasi-2D percolation transition in hydrated protein powders
was reproduced in molecular dynamics (MD) simulations, with
the hydration threshold close to experimé&hihe hydration
shell on finite hydrophilic surfaces is also formed via a quasi-
2D percolation transition, with the universal properties of
percolation reproduce®:33-35 The effect was already observed
in a variety of systems, notably, for hydration of a single
lysozyme moleculé?35 for cooling of SNase and elastin-like
peptide in dilute solution® and for pressurization of a
crystalline SNasé’ The water percolation transition is arguably
related to conformational dynamics of hydrated biomole-
cules®36 however, the microscopic origin of this relationship
is unclear. It was suggested that the spanning network of
hydration water facilitates the conformational mob#ftyand

the charge transport along macromolecular surféc&ther
factors can also be involved, notably, the increase of water

experimental midpoint of the B to A transition. It was found
that free ions shift the threshold by hampering H-bonded
networking for water molecules of their coordination si&lls
and that their long-range mobility is strongly accelerated in the
presence of the spanning water network in good agreement with
the experimental DNA conductiviti:4° To shed new light on

the possible mechanisms of polymorphic transitions that occur
in weakly hydrated double helical DNA here we study the
interplay of water percolation and ion dynamics in DNA
hydration shells in a wide range of hydrations including the
midpoint of the transitions between A- and B-forms. It is shown
that diffusion of water and ions near DNA exhibits properties
typical for confined systems with strong spatial disorder.
Analysis of the dependence of the long-range ion mobility upon
hydration reveals three states where a stepwise increase in the
diffusion rates is observed. The first of them is close to the
midpoint of the water percolation transition. It coincides with
the onset of the dissociation of ion pairs on the DNA surface
caused by the increase in water dielectric permittivity due to
the appearance of the spanning HB network. The other two steps
are attributed to the formation of percolating water layers on

density fluctuations at the percolation transition and the increasethe surface of DNA accompanied by the progressive escape of

of water dielectric permittivity upon formation of the spanning
HB network. A reasonable approach to this problem consists
of studying various properties of hydrated biomolecules when
crossing the water percolation threshold.

Hydration of nucleic acids has a number of distinctions due
to their polyionic character and uneven nonspherical shhpes.
Under physiological conditions, the double helical DNA directly
interacts with solvent ions at several water layers from its
surface; therefore, the functional DNA hydration shell is very
thick. Under limited hydration, there is a strict relationship
between the state of DNA and the hydration nunibereasured
as the number of water molecules per nucleotide (or phosphate)
WhenT is reduced below 30, the B-form of DNA is already
perturbed, but it is maintained untll ~ 201° Below this
hydration, DNA undergoes different conformational transitions

ions to the environment. The results agree with earlier experi-
mental data and further corroborate the suggested universal
mechanism of the low hydration polymorphism in DNA
including intraduplex electrostatic condensation close to the
water percolation threshold.

2. Methods

MD simulations were carried out for hydration shells of a rigid
dodecamer DNA duplex, with the hydration numbErgaried around
the experimental midpoint of the A B transition. The double helical
DNA fragment with the sequence CGCGAATTCGCG was considered
in two alternative conformations corresponding to the canonical A- and
B-DNA structurest! For better comparison with the previous studfe®’
the Cornell et al. force fiefd was used with the TIP3P watérand
Na* parametrization due to Aqviét. The simulation protocols were
similar to the earlier water drop calculatiéh®“>except that the DNA

depending upon its sequence, bound metal ions, and othermolecule was rigid and fixed in space. The last choice was based upon

environmental conditions. The most studied is the transition from
the B- to A-form, with the midpoint at abouf ~ 15213839

(25) Gascoyne, P. R.; Pethig, R.; Szent-GyorgyiP£oc. Natl. Acad. Sci. U.S.A.
1981, 78, 261-265.

(26) Careri, G.; Giansanti, A.; Rupley, J. Rroc. Natl. Acad. Sci. U.S.A986
83, 6810-6814.

(27) Careri, G.; Giansanti, A.; Rupley, J. Rhys. Re. A 1988 37, 2703~
2705

(28) Rupley, J. A.; Siemankowski, L.; Careri, G.; Bruni,Foc. Natl. Acad.
Sci. U.S.A1988 85, 9022-9025.

(29) Bruni, F.; Careri, G.; Leopold, A. ®hys. Re. A 1989 40, 2803-2805.

(30) Bruni, F.; Careri, G.; Clegg, J. Biophys. J.1989 55, 331-338.

(31) Oleinikova, A.; Brovchenko, IMol. Phys.2006 104, 3841-3855.

(32) Oleinikova, A.; Smolin, N.; Brovchenko, I.; Geiger, A.; Winter,RPhys.
Chem. B2005 109, 1988-1998.

(33) Brovchenko, I.; Oleinikova, A. ltHandbook of Theoretical and Compu-
tational NanotechnologyVolume 1 Rieth, M., Schommers, W., Eds.;
American Scientific Publishers: Stevenson Ranch, CA, 2006; -p98L

(34) Oleinikova, A.; Brovchenko, I.; Geiger, &Rhysica A2006 364, 1—12.

(35) Smolin, N.; Oleinikova, A.; Brovchenko, I.; Geiger, A.; Winter,RPhys.
Chem. B2005 109, 10995-11005.

(36) Brovchenko, I.; Krukau, A.; Smolin, N.; Oleinikova, A.; Geiger, A.; Winter,
R. J. Chem. Phys2005 123 224905.

(37) Oleinikova, A.; Smolin, N.; Brovchenko, 0. Phys. Chem. B006 110,
19619-19624.

(38) Texter, JProg. Biophys. Molec. Bioll979 33, 83—-97.

(39) van Dam, L.; Korolev, N.; NordensKi L. Nucleic Acids Re2002 30,
419-428.
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the following considerations. Earlier calculations showed that in the
present conditions the midpoint of the<A B transition is observed at

I' ~ 25 whereas the corresponding experimental value for random
DNA is T ~ 153940 These two values are remarkably close, and the
difference can be attributed to the known small A-philic bias of the
present DNA parametrizatiofi.For the purposes of the present study,
however, this discrepancy is significant. Indeed, according to experi-
ment, with" ~ 15, long double helical DNA should represent a 50%
mixture of short stretches of A- and B-forms alternating along the
polymer chain. Unlike that, the flexible model of this DNA fragment
adopts only an A-form in water drops correspondingltc< 20. In

(40) Warman, J. M.; de Haas, M. P.; Rupprecht,Ghem. Phys. Lettl996
249 319-322.

(41) Arnott, S.; Hukins, D. W. LBiochem. Biophys. Res. Commu®f72 47,
1504-15009.

(42) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.
A. J. Am. Chem. S0d.995 117, 5179-5197.

(43) Jorgensen, W. L.; Chandreskhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phy4983 79, 926-935.

(44) Aquist, J.J. Phys. Chem199Q 94, 8021-8024.

(45) Mazur, A. K.J. Am. Chem. So2002 124, 1470714715.

(46) Cheatham, T. E., lll; Kollman, P. AAnnu. Re. Phys. Chem200Q 51,
435-471.
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these conditions, the fixed canonical A- and B-DNA structures provide

with A = 5 ps andr = 75 ps withA = 25 ps for characterizing the

a reasonably good approximation of the two states of the contact surfaceshort-range mobility of both water and ions. To characterize the long-

between DNA and water. Earlier studies showed that fixation itself
has only a minor effect upon water clustering on the surface of
biomacromolecule¥.

The starting states fdr from 10 to 30 were prepared as follows.
The DNA duplex was first immersed in a large rectangular water box,

and the external solvent molecules were removed by using a spherical

distance cutoff from DNA atoms. The cutoff radius was adjusted to
obtain the desired hydration level. The drop was neutralized by
randomly placing 22 Naions at water positions selected so that their

range mobility, we used = 200 ps withA = 100 ps for water and
= 350 ps withA = 150 ps. The referenceandA values for the long-
range mobility are chosen so that the corresponding mean square
displacements were as large as possible, but somewhat smaller than
the system size to avoid saturation effects.

The surface radial distribution functions of N@ns were computed
by considering only the B-DNA major groove hydration shell where
significant qualitative changes are observed with varied hydration.
To this end the sugaiphosphate backbone O1P atoms that face one

distances from DNA were larger than a small cutoff distance depending another in the major groove were joined by straight lines, and the set
on the drop size. No excess salt was added. Our previous simulationsof the corresponding middle points was used as landmarks. Sodium
revealed that the excess NaCl rapidly forms crystals during water drop ions within 7.5 A of these reference points were considered as belonging

simulations with only a minor effect on the & B transitions}® which
agrees with early experimental observatiét€.ln experiments, the A
< B transitions in DNA are usually studied with possibly low salt
concentration to avoid precipitati6hFor comparative ion-free simula-
tions, the DNA fragment was neutralized by evenly distributing the
compensating charge between all DNA atoms.

Atom trajectories were produced by using the water drop method

to the major groove. This procedure is simple and provides a rather
good selection due to the fixed regular DNA structure. The Mas
were counted in consecutive 0.1 A thick layers around DNA by using
as a criterion the minimal distance from a given ion to any non-hydrogen
DNA atom. The layer volumes were estimated by using the Monte
Carlo method.

The clustering and percolation of water were analyzed by methods

with the long-range electrostatic interactions computed by the Ewald earlier developed in our groudg3+36:5>Water molecules belong to the

summation algorithm modified for infinite vacuum boundarieShe
internal coordinate molecular dynamics (ICMBY was used with
increased inertia of water molecutéand a time step of 0.01 ps. The

same cluster if they are connected by a continuous path of hydrogen
bonds (H-bonds¥®°5” Two water molecules were considered as
H-bonded when the distance between the oxygen atoms 3s5 A

starting state was energy minimized, and dynamics were initiated with and the waterwater interaction energy is —2.3 kcal/mol. To locate

the Maxwell distribution of generalized momenta at low temperature. the percolation threshold of water and to characterize the formation of
The system was next slowly heated and equilibrated during 1 ns. Thea spanning water network, various properties of water clusters were
temperature was maintained at 300 K by the Berendsen therftfostat calculated for each saved configuration and averaged ovér 10

with a relaxation time of 10 ps. No restraining potentials were applied
to prevent water evaporation. Instead watsolute distances were

configurations. The cluster size distributiaws is the occurrence
probability of clusters of size&S measured as the number of water

checked every 150 ps, and distant water molecules were repositionedmolecules in the cluster. The percolation threshold is reached when

randomly in close proximity of the hydration shell with zero velocities.

the cluster size distribution obeys a universal power tgw S in

On average, the number of such molecules was less than one and theithe widest range of cluster siz& wherer = 187/91~ 2.05 in the
effect was considered insignificant. The standard duration of production case of 2D percolatio?® The corresponding hydration number is
runs was 10 ns with the coordinates saved every picosecond. Verydenoted ad'. The mean cluster sizZ&n.anwas calculated as

similar results were obtained in trial runs of 1 ns with coordinates saved

every 100 fs.
The statistical analysis of water and ion diffusion is carried out by

averaging over all relevant atom trajectories of a given duration starting

ean zn§

at different moments. Because of the natural spatial confinement, the excluding the largest cluster from the sum. In finite systéasnpasses

time dependence of the mean-square displacemiraf molecules in

a water drop is nonlinear and achieves saturation at long times.

through a maximum below the percolation threshold. The probability
distribution P(Snay) Of the sizeSnax Of the largest water cluster is used

Therefore, diffusion properties should be evaluated separately for for estimating the spanning probabiliy, that is the probability to
different time scales. Two measurable parameters are used for thatobserve a spanning cluster in an arbitrary chosen configuration. Its value

purpose. The mean-square displaceni&ffis evaluated for a certain
reference duration of diffusiom. This parameter characterizes the
average integral mobility over all shorter periods. In contrast, the time-
dependent diffusion coefficie®, characterizes the instantaneous rate
of diffusion. It is computed by linear regression analysis of an interval
2A around the reference duratierof the r(t) plots as

o _ Bz + A) — ¥z — A)O

: A 1)

whered is the Euclidean dimension of the system. We used10 ps

(47) Oleinikova, A.; Smolin, N.; Brovchenko, Biophys. J.2007, 93, 2986~
3000

(48) Zimmerman, S. B.; Pheiffer, B. H. Mol. Biol. 198Q 142, 315-330.

(49) Cooper, P. J.; Hamilton, L. . Mol. Biol. 1966 16, 562—-563.

(50) Ivanov, V. I.; Minchenkova, L. E.; Minyat, E. E.; Schyolkina, A. €old
Spring Harbor Symp. Quant. Biol983 47, 243-250.

(51) Mazur, A. K.J. Comput. Cheml997, 18, 1354-1364.

(52) Mazur, A. K. InComputational Biochemistry and Biophysi&ecker, O.
M., MacKerell, A. D., Jr., Roux, B., Watanabe, M., Eds.; Marcel Dekker:
New York, 2001; pp 115131.

(53) Mazur, A. K.J. Phys. Chem. B998 102, 473-479.

(54) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A,;
Haak, J. RJ. Chem. Phys1984 81, 3684-3690.

is obtained as an integral &(Snay) Over Snax > 0.9\, whereN,,
24U is the total number of water molecul®s*3¢When the system
passes through a percolation transition the spanning probaR{lity
shows a sigmoidal dependence with an inflection poinfatcalled

the midpoint of the transition. Note that for 2D percolation at the surface
of a finite objectl’y, < I'.3!

3. Results

3.1. Water and lon Mobility. 3.1.1. B-DNA Hydration
Shell. Figure 1 exhibits the time dependences of the mean square
displacement of water oxygens measured under different hydra-
tions. The observed shape of th&[t) traces is typical for
confined system® Atom trajectories are naturally limited by

(55) Oleinikova, A.; Brovchenko, I.; Smolin, N.; Krukau, A.; Geiger, A.; Winter,
R. Phys. Re. Lett. 2005 95, 247802.

(56) Geiger, A.; Stillinger, F.; Rahman, A. Chem. Phys1979 70, 4185-
4193.

(57) Oleinikova, A.; Brovchenko, I.; Geiger, A.; Guillot, B. Chem. Phy2002
117, 3296-3304.

(58) Stauffer, DIntroduction to percolation theoryraylor and Francis: London
and Philadelphia, 1985.

(59) Brovchenko, I.; Geiger, A.; Oleinikova, A.; Paschek, Bur. Phys. J. E
2003 12, 69-76.
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Figure 1. Time dependence of the mean-square displacer@ntsf water el ]
molecules at the surfaces of B-DNA at various hydratibns L L ! L -

T

T T T

25

30

5

10 15 20 25 30

r s" 124

| — Figure 3. Time dependent diffusion coefficients of water in B-DNA
60 | = i hydration shell as functions of hydration levEl(left panel) and of the

- = 1 average size5,,, of the largest water clusters (right panel). The corre-
sponding values of and A are shown in the figure. Linear and second-
order polynomial fits are shown in both panels by solid and dashed lines,
respectively.

40 7 e
7 showrf! that for ions this growth is not always steady and that
it depends upon the qualitative properties of the HB network
of hydration water around DNA. Taking into account the
nonlinear time dependence al{t) due to the confinement
effect and the anomalous character of the diffusion, the
guantitative analysis of the corresponding diffusion rates is
carried out separately for different time scales by using the mean
square displacemeriii,2l]and the time dependent diffusion
coefficient D, with different reference time (see Methods).
Figure 3 shows that the short-range and the long-range mobilities
of water depend upon hydration very similarly. They both
increase and display a weak trend to saturation. Strong fluctua-
tions of the short-range mobility rates are seen in the range of
much smaller than the saturation limit, the nonlinearity in the T from 16 to 20, which is immediately above the percolation
time dependence 6f2[{t) can originate from the temporal and/ threshold observed dt ~ 15.52122 These fluctuations hide
or spatial disorder. This regime, referred to as “anomalous the regular trend, but still the points follow a single concave
diffusion”, is characterized by a power ¥~ t¢, with o0 < curve suggesting that there are no drastic changes in the
1, and it is typical for water diffusion near biosurfacé$§%.61 mechanisms of water translational diffusion in the range of
The anomalous diffusion was really observed in our simulations, hydrations studied. An interesting correlation is revealed in the
but it will be analyzed in a separate publication. The saturation right panel of Figure 3. Here the same data are replotted by
of the mean-square displacements of water molecules occurs atising on thexX-axis the average siZ&.,, of the maximal water
distances that grow with the hydration number and reasonably cluster measured as the number of molecules involved. Below
agree with the size of the water drop. Figure 2 exhibits the the percolation threshold &% ~ 15.5, the hydration shell is
corresponding time dependences of the mean square displacedispersed in a large number of small clusters §d/24 < T.
ment of Na ions. Thel#?({t) traces are qualitatively similarto  In contrast, withl' > T; the maximal cluster involves almost
water plots in Figure 1, with much lower absolute migration all available water molecules arg)), /24— . Figure 3 shows
rates. Due to this lower mobility, ion displacements become that there is a good linear correlation between water mobility
comparable with the size of the drop for much larger time and ﬁax‘ We do not know if there are some physical reasons
intervals, and plots in Figure 2 feature only the diffusion regime pehind this observation.
before saturation. The above considerations concerning the The dependence of ion mobility on hydration is analyzed in
anomalous diffusion of water also apply for ions. Figures 4 and 5. The short-range mobility (Figure 4) exhibits
Figures 1 and 2 show that the mobilities of water and ions nearly linear growth in the whole range of hydrations studied.
gradually grow with hydration numbef. It was recently  comparison of Figures 3 and 4 reveals clear qualitative
differences. Indeed, the plots for short-range water mobility in
Figure 3 are evidently nonlinear and they also exhibit much

<r*> | A2

20|

r=12

PR NN S ST T T TR S SN S N S T TS

300 400 500 600
t/ ps

Figure 2. Time dependence of the mean-square displacenéhisf ions

at the surfaces of B-DNA at various hydratioRs

the system size and with— oo all plots should reach some

plateau. This implies that the time dependenc&#ft) can be

linear for smallt only. Additionally, even for time intervals

e P RPRPRRPI S B
0 100 200

(60) Settles, M.; Doster, Wraraday Discuss1996 103 269-279.
(61) Bizzarri, A. R.; Cannistraro, hys. Re. E 1996 53, R3040-R3043.
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Figure 4. Time dependent diffusion coefficients of ions in B-DNA
hydration shell as functions of hydration ledelThe corresponding values
of 7 and A are shown in the figure. Linear fits are shown by solid lines.
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Figure 5. Long-range mobility of ions in B-DNA hydration shell at various
hydration levels characterized by mean-square displacemteatt = 600
ps (upper panel) and by the time dependent diffusion coefficiznt
calculated by eq 1 at = 350 ps withA = 150 ps. Vertical lines separate
the regions with different behaviors &f; with hydrationT".

10 12 14 16 18 20 10 12 14 16 18 20
r r

Figure 6. Time dependent diffusion coefficients of water (left pannel) and
ions (right pannel) in A-DNA hydration shell as functions of hydration
numberl’. The corresponding values ofand A are shown in the figure.
The dashed and solid lines display the polynomial fits of the corresponding
dependences for B-DNA shown in Figures 3 and 4, respectively.

well as translations. The linear growth of the short-length ion
mobility in Figure 4 is not trivial and can be due to a
combination of several factors. Under very low hydration, the
residual water molecules are strongly bound to ions and charged
DNA groups. The rotational dynamics of this water is hindered.
According to experiment, “freely” rotating water molecules
appear with increased hydration already at relatively low
hydrations (af” > 8 for Na-DNA), and their number linearly
grows withT' .82 It is also possible that the ion mobility simply
grows with the volume of the accessible space. Additional
studies are necessary to clarify these issues.

The long-range ion mobility shown in Figure 5 looks quite
different from that shown in Figure 4. On the one hand, evident
regular growth is seen that may have the same origin as that in
Figure 4. On the other hand, three steps are distinguished where
the long-range ion mobility increases drastically suggesting
qualitative changes in the diffusion regime. The jumps occur
atT" ~ 14.5, 18.5, and 23.5, respectively, and they are more
pronounced in thd.(I') trace, which is not surprising since
the [M,2(I') plot involves a contribution from the linear short-
range regime shown in Figure 4. Figure 5 indicates that the
contribution of the long-range diffusion in the integral mobility
is dominating. The long-range contribution should grow further
with increased DNA length and diffusion distances.

3.1.2. A-DNA Hydration Shell. The mean square displace-
ments of water and ions in A-DNA hydration shells change with
time and hydration number similarly to those in Figures 1 and
2 (not shown). Figure 6 confirms that the corresponding
diffusion coefficient, steadily grow withl" on all time scales
and in the whole range of hydrations studied. Earlier analysis
of water clustering showed that the spanning HB network around
A- and B-DNA is formed via a percolation transition with the
midpoints atl'y, ~ 12.9 andl', &~ 14.3, respectively, and that

larger fluctuations. This observation suggests that water and iony,o percolation threshold is observed with~ 15.5 in both

translational mobilities are governed by different factors. Note

caseg? Comparison with Figure 6 suggests that the spanning

that water and ion motions occur on different length scales. |5 \vater network around A-DNA hinders the growthd(T)
Water molecules that interact with ions represent a small SIOW ¢, 1yt water and ions. The effect is distinguishable on all time

moving fraction that makes a negligible contribution in Figure
3. The latter mainly shows water translations in the space free
of ions. In contrast, ion dynamics analyzed in Figure 4 involves

scales in spite of occasional significant noise. Water is more
mobile in hydration shells of A-DNA compared to B-DNA. For

short moves of +2 A that can occur due to water rotations as (62) Lee, R. S.; Bone, Saraday Discuss1996 103 59-69.
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Figure 7. Hydrated DNA with ions. The probabilitps to find a water
cluster of sizeSin layers of different thickness around DNA under hydration
T = 16, i.e., close to the percolation threshdld~ 15.52122 The power

law distribution expected at the percolation threshold is shown by straight
lines. For clarity, the distributions are shifted consecutively along'thgis

by 1 order of magnitude each, starting from the bottom.

100

long-range diffusion this difference disappears apparently
because the effect of confinement is stronger in the A-DNA
shell. For ions a similar relationship holds only with smill
The ion mobility near B-DNA rapidly grows with hydration
and eventually exceeds that for A-DNA. Interestingly, the
crossover occurs witlh' ~ T'.

The differences in the dynamics of the A- and B-DNA
hydration shells revealed in Figure 6 are due to their distinct
structures. Under low hydration, water and ions leave the
shallow minor groove of A-DNA, but the deep major groove
remains filled and the water HB network here partially retains
a 3D character. As a result, water molecules in low hydration
A-DNA shells have a larger number of hydrogen-bonded
neighbors compared to B-DNA (see Figure 7 of ref 22), which

L=43A
L=44A
L=45A
L=46A
L=4T7A

L=49A
L=

1 10

100
S

Figure 8. Hydrated DNA without ions. The probabilitys to find a water
cluster of size5in layers of different thickness around DNA under hydration
I' = 11 corresponding to the percolation threshsldlhe power law
distribution expected at the percolation threshold is shown by straight lines.
For clarity, the distributions are shifted consecutively along\traxis by

1 order of magnitude each, starting from the bottom.

~ 153%940However, the results shown in Figure 6 indicate that
the changes in the A-DNA hydration shell hardly contribute to
this effect. The ion mobility can drastically increase only in
the course of the conformational switch from A- to B-DNA

with T" > 15 due to the acceleration effect of the spanning HB
network around B-DNA. Therefore below we focus our attention
exclusively upon the B-DNA hydration shell.

3.2. Thickness of B-DNA Hydration Shell. Earlier we
showed that the water percolation transition takes place in this
system with the transition midpoint &f, ~ 14.321-22The first
of the three steps revealed in Figure 5 exactly coincides with
the midpoint of the percolation transition. This hydration level
remarkably agrees with the experimental midpoint of the
transition between A- and B-DNA forms and also with the onset

explains the effect displayed in the left panel of Figure 6 because of the experimental conductivity in DNA fibef8.The experi-

the mobility of hydration water near biomolecular surfaces
commonly grows with the average number of watemater

hydrogen bond4’ With hydration increased, water gradually
fills the minor A-DNA groove where the percolation transition
eventually occurd? The minor groove water has the average
number of hydrogen-bonded neighbors typical for 2D HB

mental DNA conductivity exhibits another stepwise increase at
hydrationI" > 202° For a better understanding of the origin of
the two steps in Figure 5 &t~ 18.5 and 23.5 and their possible
relation to the experimental DNA conductivity, we carried out
a detailed analysis of the changes in the water structure in the
DNA hydration shell.

networks; therefore, beyond the percolation threshold the relative Under hydrations beyond the percolation threshold, 2D
contribution of the fast 3D water progressively decreases. The hydration shells can be characterized by the minimal wigith

concerted inflection of all th®,(I') plots withI" ~ I'; revealed

of the surface layer where the HB water network already exhibits

in Figure 6 is probably due to the above scenario. The the spanning property. When water is adsorbed at a hydrophilic
percolation transition cannot directly affect the mobility of ions surface it forms a monolayer, and the percolation transition
because almost all of them stay in the major A-DNA groove occurs within this narrow shell. Earlier studies showed that, in
even under the highest hydration studied. The rare events wheragreement with this scenario, thg value for protein surfaces
some ions temporarily populate the minor groove are probably under infinite hydration is about 4.6 A @t= 300 K36 Figure

responsible for the increased noise observed With T in
Figure 6 for the long-range ion diffusivity.

Since the A-DNA form is significantly populated fdr <
15 it could, in principle, be involved in the first stepwise increase
of the conductivity of DNA fibers observed in experimentat
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7 estimated., for DNA hydration atI' = 16, which is just
near the percolation threshold. Surprisingly, under these condi-
tions water in narrow surface layers is still dispersed in small
clusters and the spanning property appears only if the boundary
is shifted to 6.4 A from the DNA. This distance corresponds to
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Figure 9. Three representative snapshots of the DNA hydration shell under hydfatlod6. Only water molecules forming the largest spanning cluster
are displayed. The corresponding states were selected to have more than 85% of all water molecules involved in the largest cluster. Sodiunwions are sho
as blue van der Waals spheres. Water molecules at distances lanyé &from the DNA surface are highlighted.

the usual thickness of two water lay&svhereas the amount 14 16 18 20 22 24 26 28
of water available at hydratioh = 16 is largely insufficient L L L L
even for one complete coverage. One can suggest that the second Tt
water layer starts to form before the first one is completed and
that the spanning HB network is formed by using water
molecules from this second layer. Another possibility is that
the water molecules at 6.4 A from the DNA surface actually
belong to the coordination shells of Naons stuck to DNA
and that the first water layer covers the DNA together with ions.
To check the second possibility a similar analysis was carried
out for ion-free hydration shells of uniformly neutralized
B-DNA. The percolation threshold in this system was earlier
localized atl'y ~ 1122 Figure 8 shows that in this case the
apparent thickness of the water shell at the percolation threshold
is indeed reduced compared to Figure 7. The spanning properties
evaluated by the cluster size distributinginoticeably worsen
when the thickness of the water layer is reduced to about 4.6
4.7 A which is comparable with the value 4.6 A obtained at
the same temperature for water percolation at protein 8 NI VRV P R S
surfaces® 14 16 18 20 22 24 26 2
Figure 9 shows three representative snapshots of the spanning r
water clusters formed at the B-DNA surface in the presence of Figure 10. Hydrated DNA with ions. ProbabilityR to find a spanning
Na* ions. Each of these three clusters involves more than 85% water cluster (upper panel) and the mean size of finite water cluStess
of all water molecules. The members of the spanning cluster at (lower panel) within the hydration layer of width(from 4.3 to 5.7 A with
distances larger 6 A from the DNA surface are high- &5, 01 Honzena nes maredBe 0.0 an 0.2 ndcate e
lighted. It is seen that ions really stay adhered to DNA and Thick black, red, and blue lines correspondLie= w, 5.1 A, and 4.7 A,
that the spanning HB network sometimes covers them by usingrespectively.
outer water molecules. Such cases are rare, however, and most
often the distant members of the spanning clusters are found intransition. At the true percolation threshoRlis usually higher,
the opening of the major groove. This water does not really and for the present system it is about 82%. The upper panel of
form a second layer; rather the hydration shell as a whole looks Figure 10 shows that, in narrow layers with< 4.7 A, the
very friable, and the HB water network bridges across the probability of formation of a spanning water network does not
grooves although the major groove is not yet filled and there reach 50% even under full hydration. The minimal width of a
are large zones where the first water layer is not yet formed. water layer in which the percolation threshold is reached is about
This behavior is probably due to the strong electrostatic field 5.1 A. This is evidenced by the dependeSsga(T’), shown in
around DNA. the lower plate of Figure 10. Only fdr > 5.1 A it shows a
With T increased, the hydration shell gradually transforms maximum characteristic for the percolation transition. The true
to its state in solution anldy, is expected to approach the width  percolation threshold is most accurately located by comparing
of one water layer. By definition, the probabilify to find a the shape of the cluster size distributiogwith the universal
spanning cluster equals 50% in the midpoint of the percolation power law. Figure 11 shows that with> 24 thens distributions
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Figure 11. Hydrated DNA with ions. Probabilitpsto find a water cluster \I/:'I/gg reclli'steﬂszﬂi)egggp%':g)\/\g;h dotjr:elonq:aﬁrgigzb(l)lfltzznti?efugtgrsgﬁ‘g{r;;:
of sizeSin the hydration shell of the width = 5.1 A at several hydrations A h . Awi
T indicated in the figure. The power law distribution expected at the (lower panel) within the hydration shell of width(from 4.3 t0 5.0 A with

percolation threshold is shown by straight lines. For clarity, the distributions tah?;es?lglf dO:'Ll'él)cl;r rl;?ar(]:i”;?\gtarl&alldn?ir?é: %grzr ér;dlcc)sgel_st ;E eo:rl;ige‘rlcg I?on
are shifted consecutively along theaxis by 1 order of magnitude each, res ectivél p o
starting from the bottom. P Y

in 5.1 A water layers follow the critical power law in the ~Corresponds to Naions bound to negatively charged DNA
widest range of cluster sizes and that deviations from this law al0ms by strong electrostatic forces. The second peak corre-
appear under lower hydrations. Therefore, the limitipgralue sponds to van der Waals contacts. oftNans with neutral or
is about 5.1 A, which is much larger than 4.6 A observed for Weakly charged DNA atoms. The third broad peak appears under
proteins® The difference may be due to a high concentration high hydrations and corresponds to fully hydrated”Nens
of ions in the DNA hydration shell in the considered hydration Separated from DNA by a water molecule. Under low hydration,
range. ions are stuck to DNA and Figure 14a suggests that With
Analysis of ion-free hydration shells of uniformly neutralized 12 they all eventually form ion pairs. Itis seen that the relative
DNA partially confirms this explanation. Figure 12 shows that Weight of the second peak rapidly grows with> 12 and
without ions the narrowest layer where the true percolation Platéaus at aboul’ = 15, that is close to the percolation
threshold is reached is about 4.6, i.e., the same as that for proteirfhreshold. One of the effects known to occur upon hydration of
surfaces. The above estimates are additionally supported by th?iosystems under low humidity consists of the rapid growth of
number of H-bonded water neighbors in various hydration shells their static dielectric constant at about monolayer water
(Figure 13). As expected, both with and without ions the coveragéa?’*el5 This effect originates f.rom the appearance of
hydration shells at the percolation threshold are characterized freely” rotating water molecules and is strongly enhanced due
by the average numbey; of hydrogen bonds per water molecule to the f(_)rmatlon of a cooperative HB water network at the
close to 2.0°5 Note that in the presence of ions thg values percolation thresholgf.®>

appear slightly lower, which should be attributed to “roughen- .The drastic change in the ion radial distribqtions_ seen in
ing" of the DNA surface since the critical value of; is lower Figure 14b betweeh = 12 and 15 features the dissociation of

in 3D than in 2D system® ion pairs due to an increased water dielectric constant and

3.3. Radial lon Distributions. Additional information about ~ €Xplains the stepwise increase of the long-range ion mobility
the interplay between water structure and ion mobility may be atT'" = 14.5 in Figure 5. Comparison of Figures 5 and 14b
extracted from the evolution of ion distributions around DNA. reveals that the growth of the relative weight of the third peak
Earlier analysis shows that the B-DNA surface is very nonuni- Of radial distributions shown in Figure 14a essentially repeats
form.22 Although the minor groove hydration shell under low that of the long-range ion mobility. Unlike ions blocked in the
hydration looses some water from outer layers, it remains filled first DNA hydration layer, fully hydrated ions can cover long
and the solvation conditions of surface atoms as well as ions distances and make a dominant contribution to the average long-
change very little. In contrast, the major groove hydration shell range ion mobility.
evolves, and here the spanning HB water network is reversibly ~ Figure 15 shows how the minimal thickness of the spanning
broken and formed via a percolation transition. Figure 14 shows water shellL, changes with hydration. This figure summarizes
how these changes reflect upon the surface radial distributionthe effects discussed in the previous section and displayed in
functions of Nd ions. Under the highest hydration used, the
radial distribution function involves three peaks centered at 2.5, (83) Rosen, Drans. Faraday Socl963 59, 2178- 2191,

i . . ' (64) Tomaselli, V. P.; Shamos, M. HBiopolymers1973 12, 353-366.
4.2, and 6.5 A, respectively (Figure 14a). The first peak (65) Bone, S.; Pethig, Rl Mol. Biol. 1982 157, 571-575.
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Figure 13. Average numbeny of hydrogen-bonded neighbors per a water molecule within hydration shells of different lw{éfthm 4.3 to 5.7 A with
a step of 0.1 A). DNA with ions (left panel) and uniformly neutralized DNA without ions (right panel). Thick red lines corresplore 5ol and 4.6 A on
the left and right panels, respectively. True percolation thresholds are marked by open circles. The horizontal line indicatesrihe=va@@.
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Figure 15. ThicknessLy, of the minimal percolating water layer around

-\.\‘)\\m 16 DNA under different hydrations.

third peaks in Figure 14a. At this hydration the spanning HB
network is formed in the 5.5 A water layer, which facilitates
detachment of ions from the DNA surface. The smaller stepwise
increase in ion mobility seen in Figure 5lat= 23.5 may have
0.04 a similar origin. Under this hydration Naions appear at

distances beyah8 A from the DNA surface, seen as a tail in
is 50 o7 58 fthe radial distribution function fof' = 30 in Figure 14a. These

Hydration number ions are separated from the DNA surface by two water layers,

Figure 14. (a) Surface radial distribution functions of Néons under a and they are yet more mobile.

few representative hydration numbers indicated in the figure. Absolute ion Discussion
concentrations are shown. (b) Evolution of ion distributions with hydration.

The relative weights corrected for the volume increase were measured for - The results presented here reveal an intricate interplay

the second (red squares) and third (blue circles) peaks in the distributions : . .

shown in plate (a). between ion dynamics and the_ state of hydratlc_m water g_t the
DNA surface under low humidity. The percolation transition

Figures 16-12. Comparison of Figures 14 and 15 indicates that and formation of spanning HB water networks around DNA

0.7

0.5

0.12

0.08
0.3

the stepwise increase in the long-range ion mobiltily at 18.5 are shown to play a major role. This factor ealier was paid little
(Figure 5) and the corresponding drastic increase in the relativeattention. A quantitative analysis of water and ion dynamics in
fraction of fully hydrated ions (Figure 14b) occur with, ~ this system is complicated by the existence of natural bound-

5.5 A, which is exactly the border between the second and the aries. Both water and ion diffusion accelerate with hydration.
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For water, this acceleration is qualitatively and quantitatively water percolation threshold was attributed to the lower confor-
similar on all length scales studied. A curious linear mational energy of the B-DNA conformation so that transitions
correlation is observed between the rate of water diffusion to the A-form start only when the spanning H-bonded water
and the average size of the maximal water cluster in the network approaches its limi€ The foregoing pattern remains
hydration shell. The acceleration of ion diffusion with entirely valid. Our present study suggests additionally that the
hydration is nearly linear for short-range translations, but the electrostatic condensation is probably provoked by a dramatic
long-range ion diffusivity additionally involves stepwise ac- decrease of the static dielectric permittivity upon breakage of
celeration at distinct hydration numbers. Additional studies are the spanning water HB network.

necessary in Order to rationalize a" the mechar"sms inVOIVed W|th hydraﬂon increased beyond the perco'a“on transition
in these effects. The overall acceleration of diffusion with the water shell around DNA continues to evolve. We were
increased hydration is not trivial; notably, its origin may differ  syrprised to find out that the first spanning HB network formed
for water and ions. In the present study we focused upon the gt the percolation threshold is unusually thick and friable
stepwise increase of the long-range ion diffusivity at certain compared to earlier studied protein hydration shells. This effect
degrees of hydration. is due to the strong electrostatic field around DNA, and it is
The first drastic increase in the long-range ion mobility modulated by the presence of ions. Stable water layers tran-
occurs within the hydration rangefrom 13 to 16 (see Figure  spierced by a spanning HB network are formed with signifi-
5) just around the midpoint of the B- to A-DNA transforma-  cantly higher hydrations. Analysis of water percolation in zones
tion3940 It closely follows the spanning probability of the of different widths around DNA is a useful tool that helps to
percolation transition of water in the hydration skelsee reveal qualitative changes in the DNA hydration shell with
the thick black line in the upper panel of Figure 10) and the increased amounts of water molecules. Our results suggest that
sigmoidal increase in conductivity of DNA fibef All these in the presence of Naions the minimal thickness of the
observations concertedly point at the key role of ion dynamics percolating water layer around DNA does not decrease below
and water perCOlation in the molecular mechanism of A/B Lm~ 5.1 A in the considered range of hydrations (Figure 15)
polymorphism in DNA. Here we have found additionally that This is mainly due to a significant ion concentration in the first
the acceleration of ion diffusion coincides with dissociation of pNA hydration layer. Without ions thed.,, value falls to
ion pairs at the DNA surface suggesting that the water gpproximately 4.6 A, which is similar to that for protein surfaces
percolation transition is accompanied by a drastic increase inynder the same temperatife.
the dielectric permittivity of the hydration shell. The relationship
between water percolation and the static dielectric permittivity
is physically reasonable. Rapid growth of the static dielectric
constant upon hydration was observed experimentally in dif-
ferent biosystems at about a monolayer water covefage.

The two stepwise increments in the long-range ion mobility
observed withl' = 18.5 and 23.5 correlate with formation of
consecutive percolating water layers on the DNA surface
acompanied by the progressive escape of sodium ions into

he i f h | I __solution. In experiment, only one additional drastic increase of
The first appearance of such a monolayer usually occurs via aconductivity of DNA samples is observed under hydratibns

percolation transition of hydration wat&3>55A direct relation- > 2040 Its origin was attributed to the appearance of fully

ship bereen qutgr percolation and the drgstic increasg of thehydrated ions with bulklike mobility. We suppose that this
dielectric permittivity is supported by experimental studies of

lysozyme powder where the percolation transition of water was
accurately located at about 0.140 g/g (g of water per gram of
protein)?” whereas the onset of a superlinear increase of the
dielectric permittivity was independently detected at about
0.125 g/¢f>

The dielectric permittivity of a tiny water shell cannot be
easily measured in simulations, and its possible change with
hydration was not earlier considered in the context of polymor-
phic transitions in DNA. This newly uncovered effect is
important because it brings a missing link between water
percolation and the electrostatic condensation mechanism of B-
to A-DNA transitions under low humidity. All earlier experi-
mentalland computatlopgl Otiﬁir}’ ations agree with the.follc.)wmg instance, that Li-DNA cannot adopt the A-form; however, it
scenario of A= B transitions'® 2! When B-DNA hydration is . :

does not stay in the B-form and switches to the C-form

reduced, and the H-bonded water network approaches the.

,48,66,67 iti i -
percolation threshold, free sodium ions lose translational entropy ;?bS:ra:fub'ecteEhti int(;)getrrr?glsgtlroer:cilisno ?cfﬁ%gztlr? I_i,\l i IiNA
and tend to accumulate in the major groove. This increases the ! . 9

nd B« C transformations are observed in a narrow range of

electrostatic tension across the major groove and eventually lead . . .
to intraduplex electrostatic condensation that pushes DNA from ydrations _aboul‘ = 20 suggesting that the_y are driven by the
same physical forces; however, these driving forces should not

the B- to A-form. The stepwise character of this transition was depend n the DNA conformation b the C-form
always thought to be due to the intrinsic structural cooperativity epend upo € conformation because the 0

involved in the A< B transformatiort®-¢ Its closeness of the

experimental observation corresponds to the increase of ion
mobility at hydration[’ = 18.5 in our simulations; i.e., it is due

to ions separated from DNA surfaces by one water layer. The
small discrepancy in the hydration numbers can be due to
intermolecular contacts and higher ion concentrations in
DNA fibers. Additional stepwise increments in conductivity
at higher hydrations probably could not be resolved in
experiments.

A number of aspects of ion involvement in DNA hydration
remain controversial and require additional studies. The present
findings partially explain why not only the B to A transition
but also a variety of very different transformations are observed
in B-DNA under hydrationI” < 20. It is long known, for

(67) Lee, S. A,; Lindsay, S. M.; Powell, J. W.; Weidlich, T.; Tao, N. J.; Lewen,
G. D. Biopolymers1987, 26, 1637-65.

(66) Ivanov, V. I.; Minchenkova, L. E.; Minyat, E. E.; Frank-Kametetskii, M. (68) Fornells, M.; Campos, J. L.; Subirana, JJAMol. Biol. 1983 166, 249~
D.; Schyolkina, A. K.J. Mol. Biol. 1974 87, 817-833. 252.
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structure is very dissimilar from the A-forf8.Now we can or minor DNA grooves, or else between the neighboring
reasonably assume that all these conformational transitions occuduplexes in a condensed phase. Some of the above scenarios
due to electrostatic condensation provoked by a drastic reductioncan be probed by MD simulations, and these studies are now
of the static dielectric permittivity of hydration water. The in progress.

specific transition pathways depend upon the DNA sequence,

the type of counterions, and other conditions. Several pathways ~Acknowledgment. I.B., AK., and A.O. thank DFG (For-

are possible because the condensation can occur in the majogchergruppe 436) for financial support.

(69) van Dam, L.; Levitt, M. H.J. Mol. Biol. 200Q 304, 541-561. JA0732882
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