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Abstract: The effects of sodium counterion presence and chain length on the structure and dynamics of single
DNA strands of polythymidylate were studied by means of molecular dynamics simulations. The importance

of the base-base stacking phenomenon increases with the chain length and partially reduces the flexibility of
the strand. Sodium ions directly interact with the phosphate groups and keto oxygens of the thymine bases,
complexes showing lifetimes below 400 ps. Simultaneous phosphate and keto complexes were observed for
one of the sodium ions with lifetimes around 1 ns. The implications of such complexes in the folding process
experienced by the strand are considered. Structurally, cation inner- and outer-sphere complexes were observed
in the coordination of phosphate groups. For the inner-sphere complexes, the structural information retrieved
from the simulations is in very good agreement with experimental data. The diffusion properties of the sodium
ions also reflect both types of coordination modes.

1. Introduction tally,111314mainly by X-ray crystallography and NMR spec-
troscopy, or theoreticall{#15-17 by quantum chemical compu-
tations and molecular dynamics (MD) and Monte Carlo (MC)
simulations. The dynamics of double-stranded DNA is reduced
by the presence of hydrogen-bonding interactions between
characteristics typical for their native counterparts. Examples g?gﬁé?::t?;ig’ezagﬁi'rbvtﬁ:rsgﬂgﬁrﬁtl::;g%ﬂisérzg%:g:ftg;ﬁ
incl nce- ific r nition roteamsl (anticancer- A
clude sequence-specific recognition by pro (anticance thus be expected to exhibit a much larger degree of flexibility.

active) metal complexesln contrast, the kinetic conditions for . - S . A
the approach of cations to small oligonucleotides has been_Th'S observation highlights experimental difficulties because the

shown to be substantially influenced even by small variations mfor_mation is obtained through (_Jlata_ averages _corresponding
of the size of these fragmertts? The mechanistic interpretation to different conformers. If a static view is applied, the data

of such effects is currently hampered by the lack of relevant interpretation can !ead to virtgal structures. A”?O”Q computa-
thermodynamic and dynamic data tional tools, statistical simulations are appropriate techniques

A fundamental feature of nucleic acid structure is the large for the analysis of the confqrmational properties of polynucle-
degree of flexibility’® The different accessible conformations otides and for .th.e descrlpuoq of mteractl.ons'of noncovalent
are dependent on enviromental factors such as solvent Orchara_cter, prowdmg that a rezll?’able force field IS employe_d. In
counteriong:12 The interplay between structure and environ- & S€Mes of previous report%,2* Norberg and Nilsson, using

ment is a fundamental knowledge for the understanding of the MD §|mulat|ons,. have performed a detailed study of the
function of these and other biomolecules. Structural and stacking/unstacking process over a large number of monophos-

dynamical information can be obtained either experimen- phate _dinucl_eotides present in DNA and RNA' These authors
have investigated the process on the basis of mean force

The study of synthetic oligonucleotides has become a very
active field due to their use as modulators of biological activity
of DNA and RNA! In many respects, the chemical properties
of these oligonucleotides are likely to closely mimic the

lﬁoygldnsﬂtutetyof Technology. potential calculations using the badgase distance as reaction
und University. - - .
(1) Romano, G.; Mitcheli, P.; Pacilo, C.; Giordano, $tem Cell200Q coordinate. Th.e methodology has even been applled toa _smgle
18, 19-39. strand containing three bases, where two reaction coordinates
(2) Nadassy, K.; Wodak, S. J.; JaninRlochemistry1999 38, 1999~ were used? Kota and co-workers have developed a confor-
2017. ; ; i AN i
(3) Guo, Z. J.: Sadler, P. Adv. Inorg. Chem200Q 49, 183-306. mational search algorittthand combined it with MD-simulated
(4) Elmroth, S. K. C.; Lippard, S. J. Am. Chem. S02994 116, 3633~ (13) Leontis, N. B., Santalucia, J., Jr., Eddolecular Modeling of
3634. Nucleic Acids ACS Symposium Series 682; American Chemical Society:
(5) Elmroth, S. K. C.; Lippard, S. dnorg. Chem.1995 34, 5234- Washington, DC, 1997.
5243. (14) Gorenstein, DChem. Re. 1994 94, 1315-1338.
(6) Ericson, A.; Arthur, C.; Coleman, R. S.; Elding, L. |.; Elmroth, S. (15) McCammon, J. A.; Harvey, S. ©ynamics of proteins and nucleic
K. C.J. Chem. Soc., Dalton Tran£998 12, 1687-1692. acids Cambridge University Press: Cambridge, 1987.
(7) Ericson, A.; McCary, J. L.; Coleman, R. S.; EImroth, S. K.IC. (16) RappeA. K.; Casewit, C. JMolecular Mechanics Across Chemistry
Am. Chem. Sod 99§ 120, 12680-12681. University Science Books: Sansalito, CA, 1997.
(8) Kjellstrom, J.; Elmroth, S. K. Anorg. Chem1999 38, 6193-6199. (17) Hobza, P.; Boner, JChem. Re. 1999 99, 3247-3276.
(9) Ericson, A.; lljina, Y.; McCary, J. L.; Coleman, R. S.; Elmroth, S. (18) Norberg, J.; Nilsson, LBiophys. J.1994 67, 812-824.
K. C. Inorg. Chim. Acta200Q 1—2, 56—63. (19) Norberg, J.; Nilsson, LJ. Phys. Chem1995 99, 13056-13058.
(10) Dickerson, R. E.; Drew, H. R.; Conner, B. N.; Wing, R. M.; Fratini, (20) Norberg, J.; Nilsson, L1. Am. Chem. So&995 117, 10832-10840.
A. V.; Kopkea, M. L.Sciencel982 216, 475-485. (21) Norberg, J.; Nilsson, LBiophys. J.1995 69, 2277-2285.
(11) Saenger, W.Principles of Nucleic Acid StructureSpringer- (22) Norberg, J.; Nilsson, LBiopolymers1996 39, 765-768.
Verlag: New York, 1984. (23) Norberg, J.; Nilsson, LBiophys. J.1998 74, 394-402.
(12) Sigel, A.; Sigel, H.Metal lons in Biological SystemsMarcel (24) Norberg, J.; Nilsson, LJ. Phys. Chem1996 100, 2550-2554.
Dekker: New York, 1996; Vol. 32. (25) FadriaE.; Koca, J.J. Biomol. Struct. Dyn1996 14, 137-152.
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annealing®?” in order to identify the most representative
conformers of a series of di- and trinucleotides. Solvent was
implicitly taken into account by means of a distance-dependent
dielectric constant, screening the electrostatic interactions.
Finally, Erie et aP® have used the MC methodology for
generating conformations of short single-stranded DNA from

arbitrary initial states. However, as the authors point out, solvent

effects were not considered.
All these reports present a common feature: a lack of
information regarding the possible effects of counterions. In

NMeat et al.

3-end

some cases, these were included in the simulated system but

not explicitly studied, and in others, they were not considered
at all. In aqueous solution, the binding of DNA to small
counterions such as Nas complicated by its dynamic character
with typical time scales in the order of picosecof¥s?! This
fact makes the MD technique an appropriate tool for the

description of the interaction, as has been shown in recent MD

studies where the influence of Néns on the structure of DNA
duplexe&?35 and quadruplex&%3” was investigated.

Quantum mechanics has also been used to study the interac-

tion of metal ions with “pieces” of nucleotide strands. Fernando
et al®® have performed cluster calculations in which atNen

interacts with a phosphate unit by means of solvent-separated

interactions in order to predict nucleotide ionization potentials.

The interaction of a large set of ions, bare and hydrated, with

nucleobases, WatsetCrick base pairs and reverse-Hoongsten

%

5-end
Figure 1. Helical structure proposed in ref 50 for poly(dT).

in this case, on the dynamics and structure of the strand. The

ones, using different levels of computation have been performedrole of the chain length on the flexibility of the strand is

by Sooner and co-worker®$:43 The results show that coopera-

considered as well. Although the use of empirical pairwise

tive effects that increase base pairing are always considerablyadditive interaction potentials is a known limitation when
more important when the metal ion is bonded to purine bases. describing ior-strand complexes, the use of a soft monovalent
The nonadditivity effects, as well, are noticeably reduced when cation such as sodium and a pyrimidine base, such as thymine,
going from inner- to outer-sphere (solvent-separated) metal ion considerably reduces the potential effects of this inadequacy.

coordination, revealing the importance of including the solvent
effects to properly describe the interactions.

In this work, we have performed MD simulations of a series
of thymidine oligonucleotides, (pdf,)but paying attention to
ion—strand interaction and to the influence of counterions Na

(26) FadrnaE.; Koca, JJ. Phys. Chem. B997, 101, 7863-7868.

(27) Stefl, R.; FadrhaE.; Koca, J.J. Biomol. Struct. Dyn1999 16,
1087-1095.

(28) Erie, D. A.; Breslauer, K. J.; Olson, W. Biopolymers1993 33 -
75—-105.
(29) Bregadze, V. G. IMetal lons in Biological SysytemSigel, A.,
Sigel, H., Eds.; Marcel Dekker: New York, 1997; Vol. 32, Chapter 12.
(30) Guldbrand, L. E.; Forester, T. R.; Lynden-Bell, R. Mol. Phys.
1989 67, 473.

(31) York, D. M.; Darden, T.; Deerfield, D.; Pedersen, L. [@&t. J.
Quantum Chem.: Quantum Biol. Syni®92 19, 145.

(32) Young, M. A.; Jayaram, B.; Beveridge, D. . Am. Chem. Soc.
1997 119 59-69.

(33) Bonvin, A. M. J. JEur. Biophys. J200Q 29, 57—60.

(34) Hamelberg, D.; McFail-lsom, L. M.; Williams, L. D.; Wilson, W.
D. J. Am. Chem. So@00Q 122 10513-10520.

(35) McConnelll, K. J.; Beveridge, D. L1. Mol. Biol. 2000 304, 803—
820.

(36) Spackova N.; Berger, |.; $oner, JJ. Am. Chem. So€001, 123
3295-3307.

(37) Chowdhury, S.; Bansal, M. Biomol. Struct. Dyn2001, 18, 647—
669.

(38) Fernando, H.; Kim, N. S.; Papadantonakis, G. A.; LeBreton, P. R.
In Molecular Modeling of Nucleic Acigdeontis, N. B., Santalucia, J., Jr.,
Eds.; ACS Symposium Series 682; ACS: American Chemical Society:
Washington, DC, 1997; Chapter 2.

(39) Burda, J. V.; oner, J.; Hobza, B. Phys. Chen996 100, 7250~
7255.

(40) Burda, J. V.; Boner, J.; Leszczynski, J.; Hobza,JP Phys. Chem.
B 1997, 101, 9670-9677.

(41) Sooner, J.; Burda, J. V.; Sabat, M.; Leszczynski, J.; Hobzal, P.
Phys. Chem. A998 102 5951-5957.

(42) Soner, J.; Sabat, M.; Burda, J.; Sabat, M.; Leszczynski, J.; Hobza,
P.J. Phys. Chem, B999 103 2528-2534.

(43) Gresh, N.; Boner, JJ. Phys. Chem. B999 103 11415-11427.

2. Methodology

Simulation Details. All molecular dynamics simulations were
performed with the DL_POLY packatfeusing the all-atom Cornell et
al4546force field to describe DNA strands and counterions, and TIP3P
for modeling the aqueous solvent. It is worth pointing out that
parameters characterizing the short-range interactions of the sodium
ions are taken from the original work of Aqvi&t(concerning ion
hydration) and adaptétfor use in the framework of the AMBER force
field. Three single DNA strands, differing in length, were studied:
(pdT), (pdTk, and (pdTy. For each strand, two different MD
simulations were done, one without counterions and one withidizs
(two, four, and eight, respectively). Hereafter, simulations without metal
ions will be denoted by (pdF)and those with them by (pdiNa,. All
initial structures were constructed on the basis of the polythymidylate
model proposed in ref 50, which suggests a right-handed single helix
with thymine bases pointing away from the helix axis and without base
stacking (see Figure 1). Each strand was immersed into a pre-
equilibrated periodic box of water molecules. Final dimensions of the
periodic boxes were 25 25 x 25 A3, 30 x 25 x 30 A3, and 45x 37

(44) Forrester, T. W.; Smith, WDLPOLY (2.1 version); CCLRC:
Daresbury Laboratory, UK, 1995.

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

(46) Force field parameters were taken from http://www.amber.ucsf.edu/
amber/ff94/parm94.dat file.

(47) Jorgensend, W. L.; Chandresekhar, J.; Madura, J.; Impey, R. W.;
Klein, M. L. J. Chem. Phys1983,79, 926-937.

(48) Agvist, J.J. Phys. Cheml1990,94, 8021.

(49) van der Waals parameters combining rules in ref 48 are different
from those used in AMBER force fieldRtj = R* + R¥, € = (" ¢)*?).

The adaption process consists, therefore, of finding éhe and R*ion
parameters using the AMBER combining rules and the TIP3P short-range
parameters.

(50) Camerman, N.; Fawcett, J. K.; CamermanJAMol. Biol. 1976
107, 601-621.
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x 37 A3 for the dimer, tetramer, and octamer, respectively. Water
molecules with an atom closer than 2.5 A to any atom of the solute
were removed, resulting in systems with 453, 665, and 1861 water
molecules. For simulations including Naons, these were initially
located along phosphate bisectors with-aN&i* distance of 6 A. Prior

to unrestrained MD, systems were relaxed by an energy minimization
procedure: solvent molecules were initially relaxed, solute coordinates
being fixed; the solute was then relaxed under fixed solvent coordinates;
and finally solute and solvent molecules were relaxed together. After
this energy minimization period, which covered several thousands of
steepest-descendent steps, the systems were progressively heated to 300
K over 10 ps and equilibrated at this temperature for another 50 ps.
After equilibration, a 1.25 ns production run was obtained for the dimer
and tetramer simulations, while the two simulations containing the -<
longest chain were extended up to 4.5 ns. The constant temperature o 4
algorithm of Nose-Hoovét with a coupling constant of 0.5 ps was §
used to control temperature. Bond lengths were fixed at their equilibrium P
values using the SHAKE algorithm (tolerance 1®). The Verlet
leapfrog schenfé was used for integration of equations of motions 0 ) | . |
with a time step of 1 fs. A cutoff distancé ® A was used to evaluate
Lennard-Jones interactions. Electrostatic forces were calculated by the
Ewald sum proceduféwith the same cutoff for the real-space part. 10
The convergence parametes) @nd the largest reciprocal space vectors
(kmax,) Were establishédto obtain a relative error in the order of 0
Simulations with net charged cells can be performed using an energy
correction term that is physically equivalent to adding a uniform jelly
of charge that exactly neutralizes the total cell chabgdthough more
sophisticated corrections have been propdsétese concern simula-
tions in which the volume, the system shape, or the net charge is altered 0 . | X | A | A |
during the simulation process. None of those cases apply to the 0 1000 000 - 3000 4000
simulations presented here.

To check the known “flying ice-cube” effeét;> the cell center of
mass velocity, water diffusion, potential energy, and potential energy
fluctuations have been checked during the simulati®ho evidence
for that phenomenon was found in any of the cases, likely due to the puckering (definitions in agreement with Saergeraveraged

RMSD (A)

RMSD (A)

Figure 2. Root-mean-square deviation of oligonucleotide atoms from
the initial structures as a function of time.

high SHAKE tolerance imposed. over all nucleotides of a given chain, is collected in Figure 3.
) ) Information supplied by both representations is complemen-
3. Results and Discussion tary: (i) the dials allow us to follow the temporary stability of

3.1. Strand Analysis. The root-mean-square deviations the different conformations and can be used to connect transi-

(RMSD) of snapshots from initial structures are shown in Figure tions such as stacking/unstacking events with backbone param-
2. Initial fluctuations are large in magnitude; however, after ©ters; (ii) the dlst_rlbutlons will allow a c_Iear definition of the
250-300 ps the long-term drift vanishes in all cases, and smaller 'égions preferentially sampled by the different parameters.
fluctuations around steady values are observed. The average 3.1.1. Dimer Simulations.The simulations (with and without
value of this parameter increases with chain length, the sodium ions) show that the behaviors of the chains are quite
magnitude for simulations in the presence and in the absencesimilar, although some differences can be observed. Sugar
of sodium counterions being similar. For the (pgi$imulation, puckering, described by the pseudorotation phase afyje
a very stable situation is found after 2.5 ns with an average is preferred in the ¢-exo/G-exo region in both simulations.
RMSD value of 9.0 A, while in the (pdiNag case that value ~ However, the structure of the furanose ring is rather flexible,
is reached only in the last nanosecond of simulation. showing frequent and nontemporarily stable excursions to the
The evolution of the structural parameters determining the Cz-e€ndo region. This nortk= south conversion, most frequently
backbone and sugar conformations and the stigase orienta- ~ found in the 3-end nucleotide, is performed through the-O
tion during the course of the simulation has been done throughendo intermediate state. The relative orientation of the thymine
the corresponding didi$ (see Supporting Information). The base versus the ribose ring, defined by thangle, is mainly

probability distribution for each dihedral angle and sugar anti(-ac), although in both cases thé-@nd nucleotide presents
a larger flexibility in this parameter, and the syn region is

sampled as well. Regarding backbone dynamics, only in a few

(51) Hoover, W. GPhys. Re. A 1985 31, 1695.
(52) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys.

1977 23, 327. cases is a defined orientation maintained during the whole
ol (53)(;AIIerI13, M. P.(;)TfildgsllegégD. JComputer Simulations of Liquids simulation. This is the case for thgzand ¢ dihedrals, which
?gilr; Sorrr;ithr,e\ls\ls.;' Fo;(eg{e}, T.Wihe DL_POLY_2 User Manu@Version S.hOW single peak d|str|but|qns around tahd .135’ respec-
2.12); CCLRC: Daresbury Laboratory, UK, 1999; pp-95. tively. For the rest of the dihedrals involved in the backbone
(55) Figueirido, F.; Del Buono, G. S.; Levy, R. M. Chem. Physl995 structure, a multipeak distribution is found, being quite similar
103 6133-6142. for both simulations. Only slight differences in the relative

195586)1(')%’97%5726_8768?eatham’ T. B, lll; Brooks, B. R.Chem. Phys. 41 jation of the different clustering regions are found. This is

(57) Harvey, S. C.; Tan, R. K. Z.; Cheatham, T. E.,JllComput. Chem.  particularly true for thea and e dihedrals; although these
1998 19, 726-740. _ orientation is the most populated in both cases, the presence of
Ch(esrg?z%ggyzsl_villz;l(—:lfg;M.; Subramaniam, S.; Jakobssod, Eomput. N+ ions favor transitions totsc and -ap/-ac orientations,

(59) Ravishanker, G.. Swaminathan, S.; Beveridge, D. L.: Lavery, R.. fespectively. However, one exception emerges from this pat-

Sklenar, H.J. Biomol. Struct. Dyn1989 6, 669—699. tern: the¢ angle. The simulation containing counterions shows
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dimer tetramer octamer antiparallel, i.e.® values close to Dand 180, respectively.

A A The (pdTYN& simulation clearly exhibits a larger tendency

toward stacked conformations wily;—n; A 5 A, corresponding
il ..' R 4
;!

y to either parallel or antiparallel relative orientations. On average,
|\KJ|||IILLL_A/|\A‘JJ|1LJ&A/ '

and particularly for the simulation without sodium ions, these
j\u 7
lkJ 1| | S IN) l 1 1 I Nl Lil 1 IJ/\\I I:{ | i

results bring out an image in which badease stacking is not
|||||||||||||||||’||ﬁ/;\|

characteristic for the dimer.

3.1.2. Tetramer and Octamer SimulationsWhen going to
longer strands, the appearance of bas&se stacking phenom-
ena reduces the flexibility and open character of the structure
as compared with the dimer. The accessible range of parameter
values for the backbone structure thus becomes more tightly
defined. Although it is known that the stability of stacked
aromatic rings is highly dependent on the dispersion forces,
g despite its simplicity, the AMBER force field is able to
reproduce the main features of this phenomenon when com-
parisons with high-level (correlated) quantum chemical calcula-
tions are performeéf. For longer chains, the information shown
in Figure 4 can be more conveniently presented in terms of
probabilities, because of the increasing number of consecutive
base pairs. Figure 5 shows the histograms obtaine&Jory:
and © parameters for all consecutive pairs present in the
different chains. Two main conclusions from such plots can be
extracted at two different levels. First, the basase stacking
becomes more important in the dynamics of the single DNA
strands as the chain length increases: well-resolved peaks appear

\ at distances lower tma5 A and angles below 25for base-
. ¥ 4 |v'. base di_stance and angle, respectiyely. Second, the presence of
O gl degre © ol degre el ey counterions clearly favors the sta_cklng phenomerjon. In addition,

although some basehase stacking is present in the (pgT)

simulation, simulations containing the counterions present the
maxima at a lower mean distance a®dangle (4.1 A and 12
respectively), favoring closer contacts between bases and,
consequently, stronger correlations in terms of bdsese
orientation. The time evolution of the stacked states shows a
large stability. In all cases, once formed, these remain stable
during the rest of the simulation (tetramer simulations) or for
more than 3 ns (octamer with counterions). It is worth pointing
out that if only the first 1.25 ns of the octamer simulations are
analyzed, i.e., the simulation period of the smaller chains, the

‘ 0 ] ) -150  -75 0 75 150 -1506  -75 0
angle (degree) angle (degree) angle (degree)

LI DAL L B | LI S I B L L LA L |

i
_t’
y i P, i

-150 =75 ] ' 75 -150 =75 0 75 -150 -75 0
angle (degree) angle (degree) angle (degree)
T | T 1 | T | T 1 T ‘ 7T | T T | T T

=

75

la~]

Figure 3. Backbone dihedral, sugabase orientation and pseudoro-
tation phase angle distributions for the (pgl{Eplid lines) and (pdTNa,
(dotted lines) simulations.

a different pattern for this parameter when compared to the one
without them. In the case of the (pdTgimulation, clustering
in the+scand particularly in thep region is observed. In the
case of the (pdENa system, despite showing a maximum of
probability corresponding to thap conformation, a shift to
lower values for the maximum appearing in thecis observed,
and, especially, a large probability in treeregion is displayed, . i :
in contrgst toy\//vhat ig ogserved f):)r the (pgigE)muIatioﬂ. g conclusions previously extracted in terms of the besase
The analysis of the dimer results is particularly interesting distance and relative orientation probabilities are maintained.

because the experimental information obtained from X-ray Itis interesting to recognize the backbone parameters clearly
diffraction measurements is availalSfv/alues are collected in ~ connected with the base stacking/unstacking process. Such
Table 1, together with the mean values obtained from both dimer information can be inferred from the analysis of the dials
simulations. The agreement between simulations and experi-(Supporting Information), in conjunction with the time evolution
mental results is only partial. Several factors may contribute to of base-base distances. By means of transitions to specific
this discrepancy. First, the experimental data obtained are avalues, some of the parameters defining the chain structure were
function of factors which are not considered in the calculations, found to be directly connected with the stacking phenomenon.
i.e., crystal packing forces (intermolecular basase stacking ~ This is the case for and dihedral angles, for which transitions

is present) and solvent-dependent structural conformationsto ap (18C°) and -sc/-ac (27(°), respectively, are always
(crystals were obtained from a mixture of 50% ethanol in water). observed. In additiory, angles defining basesugar orientation
Second, applying a static view to the chain structure is difficult, for both nucleotides must be imc orientation and the angle

as revealed by the large standard deviations obtained for somebetween vectors perpendicular to base planes closg, ticeQ

of the chain parameters. Despite all these considerations, bothbases parallelly oriented. Figure 6 gives an example of such a
model and experiment propose an open structure withoutbase direct influence of these parameters on the bdmese stacking
base intramolecular stacking. To stress this point, Figure 4 showsphenomenon. The time evolution ©and{ dihedrals together

the evolution, along the simulations, of the distance between with the base-base distance for one of the observed events in
the two bases, using the;ldtoms as referenceByi-n1). This the (pdT}Nag simulation is shown in that figure. The concerted
parameter is known (see for instance ref 19) to be highly motion between backbone dihedrals is relatively rapid: the
correlated with the relative basbase orientation. Part b of the  unstacking— stacking transition takes about-220 ps in all
same figure shows the angt@ defined by the two vectors  cases. In the case of (pdNe, values fore and¢ parameters
perpendicular to the base plane. For distances equal or lowercorresponding to the stacked situation are simultaneously
than ca. 5 A, the orientation of bases becomes either parallel orobtained during the simulation; however, the system has enough
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Table 1. Mean Values and Standard Deviations of Backbone Dihedrals, Sigee Orientation, and Sugar Puckering for (pdand
(pdT)Na, Simulations

(pdT) (pdTyNa exptl
nucleotide 1 nucleotide 2 nucleotide 1 nucleotide 2 nucleotide 1 nucleotide 2

o 249+ 64 197+ 70 205+ 92 226+ 99 282 294

B 1814+ 23 182+ 19 180+ 18 180+ 21 174 184

y 56+ 11 56+ 11 56+ 11 1044+ 85 44 42

0 1314+ 15 123+ 19 135+ 13 129+ 22 149 152

€ 254+ 31 248+ 39 255

g 166+ 54 255+ 85 164

x 224+ 20 293+ 78 226+ 23 238+ 57 212 215

P 140+ 24 129+ 29 147+ 20 136+ 42 164 173
a Experimental values from ref 37 are included as well. See Supporting Information for angle definitions. Values in degrees.

15 T . R —
a — (pdD),
---- (pdT),Na,
I z 2
3 < £
s
%’
o
3
£
o ; .
g 0 15 0 50 100 150
=1 O (degree)
T I': | T | T T | T | T ‘ T
’ ;
| — e, /i
. 1 z i - (pdT)4Na4 z | ;1
z { =N
£ 14 2 e
s ) g |iph
=9 ! a Il
l'\
7 ) lw'“‘u\‘M )
L3
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& 180 base-base distance (A) © (degree)
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:L — (pdT)
120 L (pdT)Na 4
i T
i H
‘ £ ' R
60 z =R
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Figure 4. (a) N;—N; distance as a function of time for the (pdT) 0 5 10 s 0 50 10 150
(continuous line) and (pdINa, (dotted line) simulations. (b) Relative base-base distance (A) © (degree)
base-base orientation. Figure 5. Probability distributions for the N-N; distance and base

freedom to leave it. Increasing the chain length limits the Dase orientation.

freedom of the backbone; once the stacked structure is formedcases, slider arrangements have been observed with a slightly
it remains stable, provided that the above indicated values for longer basebase distance (4% A). In the first case, the
€, &, x, and® angles are simultaneously obtained. Otherwise, phosphate unit between the second and third nucleotides is
fast base-base contacts are observeRh{-n1 < 5.0 A), but kinked, bringing together the bases of the first and third units.
the situation is not stable and quickly evolves to an open type These two bases become parallel because of the low-value syn
of structure. The stability gproperly stacked bases has a clear region adopted by the, parameter of theith nucleotide,
influence on the dynamics of the stacking process: the next compared to the anti orientation adopted by the other two bases.
stacking event in the chain, if present, will involve one of the The middle base remains rather far away from the other two
bases already stacked, producing two consecutive base pairbases (about 8 A). In the second one, the backbone region
stacked. No preferential direction was observed for the third belonging to both middle nucleotides is folded, allowing the
base to be stacked. two bases of the flanking nucleotides to become close enough
Stacking between nonconsecutive bases was also observedtb stack to each other. Interestingly, this phenomenon has been
in the simulations containing the longest chain. In contrast to observed only once in each of the two longest simulations and
base-base stacking between consecutive bases, which occurredn both cases involving bases belonging to nucleotides located
in the first 1.5 ns, nonconsecutive base stacking events arein the middle region of the chain: nucleotides 4 and 7 and
distributed along the whole simulation period (4.5 ns), involving nucleotides 3 and 6 for the (pdsfand (pdTyNag simulations,
bases belonging to units separated by one nucleotide or tworespectively. In the first case, 2 ns of simulation was needed
nucleotides, i.e., nucleotidésndi + 2 ori andi + 3. In both before the process was observed, while in the second case 3.5
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dihedrals during a unstacking> stacking event observed in the
(pdT)Nas simulation. Figure 7. (a) Evolution of the radius of gyrationd) of the sSDNA

. molecules in the dimer and tetramer simulations. (b, upper) The same
ns was needed. In both cases, the stacked conformationgnformation as in part (a) but for the octamer simulations. (b, bottom)

remained stable during the rest of the simulations, having a greatEvolution of the distances between bases T4 and T7 [¢hafiyl bases
influence on the global shape of the strand. This fact can be T3 and T6 [(pdTyNag].

observed by means of the time evolution of the radius of

gyration (Figure 7), a magnitude that can also be used to checkthe thymine group of nucleotide 3 is intercalated between those
the effect of chain length on the backbone dynamics. The of nucleotides 5 and 6. The stability observed in the globular
tetramer simulations are the ones showing a larger stacked-basesdtructure adopted by the chain of the (pg$imulation during
number-of-nucleotides proportion, so the structure in these caseghe last 2.5 ns period can be understood on the basis of long-
is more rigid, as can be seen from the standard deviations oflived N—H---O hydrogen bonds, in some cases as long as 1.5
the mean values for the radius of gyratiog)( These are the  ns, between the NH groups of some thymine bases and the free
same as those found in the dimer case8.8 A), despite having  oxygen atoms of phosphates or keto groups.

twice the number of nucleotide units. In the case of the two 32 Counterion Analysis.The polydentate nature of nucle-
octamer simulations, two different regions are found. In the first, otides exhibited when interacting with metal ions is well
with an averagerg value of 12.0 A, large fluctuations are  known12 For alkali metal ions, the affinity for nucleotide-
observed, mainly due to the freedom of the phosphate units hinding sites is rather nonspecific, and complexes with phos-
located between nonstacked bases. These are able to adopjhate oxygens, ribose hydroxyls, and keto substituents are
different and changing conformations, which is projected, for equally suitablé! The commonly accepted role of potassium
example, in the distance between the two terminal phosphateand sodium ions is to serve as bulk electrolytes, to neutralize
units: variations as large as 15 A are present in both cases,the negative charge of the polyanionic DNA strand. Due to the
showing structures with bending motions. In the second region, weakness of the complexes formed by the different biostructures
the structure adopted by the chain is more globular-like, and (including proteins and membrane lipids) and alkali metal ions,
the average values of; are reduced to-8 and~9 A for the binding sites for these are still poorly defin@This is
(pdT)s and (pdTyNag cases, respectively. The definition of these  particularly obvious when compared with alkaline earth metal
two regions is clearly correlated with the time evolution of the jons, especially Mg’

distance between the aforementioned bases (botton graph in
Figure 7).

Despite these similarities, the average shapes correspondin
to the second region identified in the radius of gyration graph
are clearly different, as shown in Figure 8. In the absence of
counterions, the strand adopts a more globular shape, while in
the other case, the chain is folded in the central region, bringing
together the two halves. Thé-8nd half maintains its local
stacked structure involving nucleotides 6, 7, and 8 for more
than 2.5 ns, but when the folding process starts, the stacking
between bases 7 and 8 is broken while the one involving
nucleotides 3 and 6 becomes effective, the base of the nucleotide ™ (g0) Black, C. B.; Huang, H. W.; Cowan, J. Soord. Chem. Re 1994
3 interacting with that of nucleotide 5 as well. In this sense, 135-136 165-202.

The radial distribution functions (RDFs; obtained from
statistical simulations) between N#&ons and different sites in
9he chain may supply primary information regarding-+ddNA
interactions. The analysis of these functions revealed that only
two main target places are found for sodium atoms: free (and
negatively charged) phosphate oxygens and exocyclic thymine
keto groups. However, no direct interactions were observed for
other backbone or base groups. The corresponding RDFs for
the three simulations containing counterions are plotted in Figure
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Figure 8. Calculated dynamical structure of the octamer based on 10 Figure 9. Radial distribution functions between sodium ions and
structures taken from the last half nanosecond in the ¢o@))and oxygens of phosphate groups, and oxygens O4 and O2 of thymine bases.
(pdT)eNag (b) simulations. On the right side, average structures are sjtations can be the cause: (i) direct mesttand interactions
shown, and for the (pdi¥ase, long-lived hydrogen bonds are indicated. 516 rare and have short mean lifetimes, or (ii) the distribution
Phosphate groups are clearly preferred by the counterions asf counterions complexed by the strand is highly asymmetric.
compared to keto groups present in the nucleotide bases forln the second situation, few and long-lived complexes are still
the simulations containing the dimer and the tetramer, but not possible, but when averaged along the strand they yield the
in the case of the longest chain. At first sight, the initial positions distribution shown in Figure 9. The counterion distribution is
of the ions together with the shorter simulation periods of the indeed highly asymmetric, as shown by the radial distribution
smaller chains may indicate that, in these two simulations, no functions between Naions and the nonsterified oxygens of
equilibration was reached for the ion distribution. Although this each phosphate group in the octanucleotide system (see Sup-
factor should certainly be kept in mind when comparing results porting Information).
among all three simulations, the preference observed in the The way N4 ions interact with the phosphate units can be
RDFs for one of the keto groups in the (pdNigs simulation is rationalized on the basis of the coordination chemistry of this
the result of a very specific arrangement (addressed in sectionmetal ion. N& ion presents a hydration number of 589
3.2.3) involving one ion, and that accounts for half of the first (integration up to the first minimum in the N&yater RDF)
peak observed in the corresponding RDF. Without that contribu- employing the interaction potentials used in our simulations. It
tion, the distributions resulting for the (pdNag simulation are reflects a dynamic picture of the hydrated ion in which five-
highly similar to those of the shorter simulations and shorter and six-coordinated species are found, with a clear preference
chains, phosphate groups showing the highest probability asfor the six-coordinated one. When the ion approaches the

target sites of sodium ions. phosphate group, in which way is its nearest neighborhood
3.2.1. Sodium-Phosphate Interactions.In all cases, Ghos altered? Figure 10a shows the evolution of the hydration number

phate—Na™ RDFs show a sharp peak centered at 2.34 A, and aas a function of the PNa distance. The hydration number

less defined second region in the range54A. The minimum coincides with the one found in the bulk down to ca. 4.4 A,

between both regions is located at ca. 2.90 A. The first peak being reduced progressively for shorter distances and reaching
corresponds to a direct inner-sphere binding of sodium ions to a value around 4.0 for distances below 3.0 A. This observed
phosphates and the second to the interaction of the hydratedrelease of water molecules belonging to the first hydration shell
cation with the negatively charged backbone. This interpretation of the metal ion is accompanied by the appearance of phosphate
is based on the sodiunwater RDP8that locates the maximum  oxygens in the first coordination sphere of the ion (Figure 10b),
of the first coordination shell oxygen atoms at 2.40 A and which substitute for the leaving water molecules. Thus, the total
hydrogens at 3.05 A. However, integration of these distributions coordination number becomes rather constant (Figure 10c) and
up to the first minimum yields in all cases figures below 0.1 almost independent of the relative positions of the ion and the
atom, meaning that under the conditions in which the simulations phosphate units. These plots also show a continuous transition
were performed, on average, the negatively charged part of thefrom a situation in which one phosphate oxygen is coordinating
backbone is essentially only solvated by water. Two possible to a situation in which the two free phosphate oxygens are
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than 3.0 A to the charged phosphate oxygens, a wide ring-shaped
- e : ] coordination mode is found, in which the N&® distance is

/ i | constant, 2.4 A, and the Né®D—P angle is about 125Using

the same cutoff distance, our simulations yield 2438.14 A

and 135+ 16° for the mean NaO distance and NaO—P
angle. Taking into account the large standard deviation obtained
- E for the second parameter, which certainly allows a large range
1F ] of distributions, the agreement between both sources of infor-
P U BT B P R R mation is quite high. In addition, Figure 11 shows a non-
negligible population of N& positions in which the ion is out

of the sector G-P—0O (values of cosb below~0.5). This fact

water molecules

[ O R A =)}
T

°§3 — (pdT),Na, 1 is in agreement with the results of ref 61, where one of the two
sl N (pdT),Na, | most probable bln_dlng sites for th_e sod!um ion is found o_utS|de
:5 o (pdT),Na, that_ sector, allowing the interaction .Wlth other groups in the
2 chain. When the metalphosphate interaction is mediated
= through water bridges, the situation changes slightly, and
although an asymmetric distribution still is preferred, the
symmetric disposition of the Naion with respect to the
phosphate oxygens becomes more populated when compared
5 to the direct ion-phosphate complexes.
§ The analysis of the conformation around phosphate groups
§ during the periods when they complex a metal cation reveals
g the fact mentioned in the strand analysis section regarding the
‘g high probability experienced by ttgedihedral angle of adopting

an -sc conformation.

| The mobility of the sodium ion is one of the properties that

2 3 4 5 6 7 8 9 10 could be clearly affected by these interactions. Using the slope
P-Na' distance (&) of the mean-square displacement (MSD) as the measure of the

diffusion coefficient D),

Figure 10. Number of water molecules (a) and phosphate oxygens
(b) in the first coordination sphere of sodium ions as a function of the 2
P—Nat distance. (c) Coordination number (sum of curves a and b). D = lim Qr(t) — r(0)] (1)
N . . . . —w 6t

coordinating the Naion (P—Nat distances in the-34 A region ‘
and below 3 A, respectively) as a result of the approach of the hree different situations have been identified, corresponding
ion to the phosphate group. The image is better understood wheng gifferent regions in the PNa" RDF:

some geometrical information is considered. Figure 11 shows

the distribution (as a contour graph) of the angl® formed I Ronge < 4.2 A

by the bisector of the ©P—0 angle and the PNat' vector

obtained after projecting the Naoordinates onto the ©P—0 : 42A <Ry, <6.5A
plane, as a function of the-Ma" distance. This graph is

constructed on the basis of the information obtained from the : 65A < R nat

three simulations containing counterions. In all cases, the pattern
obtained is similar, differing only in the inherent statistics. This
plot deserves several comments. First, there is a clear depletio
zone of ca. 1 A, which distinguishes the direct and solvent-
separated ionphosphate complexes, showing clearly the dual
way in which ions interact with the phosphate units. In both
situations the behavior is quite similar: shorter distances, closer
to collinearity. For the shortest distances, the ion is located
precisely along the line that bisects the-P-O angle and,
therefore, is equidistant from both oxygen atoms. However, this

sitgation i.s by far th‘? Igss representatiye from a probabilistic Finally, the results were obtained by averaging the computed
point of view. The distribution of the difference between the it gjon coefficients for each region. The value obtained for
two O—Na distances for a given phosphate unit (not shown) region 11, Dy = 2.40 x 1075 cn? 5%, differs by 5% from the
indicates that the metal ion prefers an asymmetric coordination, p 1k value. 2.28x 105 cn? s-1 obtained for an aqueous

in which it is coordinated to one oxygen, filling its first g 4iop4 of Na+ and, therefore, justifies the definition of the

c.oordllnatllon shell with four or flvg water molecules. The graphic regions adopted. This bulk value overestimates by ca. 70% the
visualization of the representative structures provides, at least :
partially, an understanding of this result. Asymmetric metal (61) Scheneider, B.; Kab@aM. J. Am. Chem. Sod998 120, 161—

A : : L 165,
phosphate coordination allows the metal ion to interact with (62) Martnez, J. M.; Pappalardo, R. R./i@#ez Marcos, E.; Refson,

other phosphate groups or thymine bases, via solvent-separategt : Diaz-Moreno, S.; Miioz-P&z, A.J. Phys. Chem. B998 102, 3272.
complexes, or to interact directly with the Q8% O5 atoms of h(63) Martnez, J. M.; Pappalardo, R. R.;i8#ez Marcos, EJ. Chem.

: - Heim Phys.1998 109, 1445.
the same phosphate unit. Schneider and K ve recently (64) Simulation of one sodium ion in 400 TIP3P water molecules, using
compiled the distributions of some metal ions around phosphatee same integration algorithm, time step, and temperature as those used in

groups from crystal structures. Considering"Nwsitions closer the simulations described in section 2.

Regions | and Il correspond to the two types of complexes
rbreviously discussed, and region Ill can be associated with the
“free” ions, i.e., those not complexed by the strand. For each
ion, periods of at least 50 ps in the different regions were
identified, and their diffusion coefficients were calculated using
multiple time origins in eq 1 up to half of the period length, as
previously done for the estimation of this magnitude in the case
of second hydration shell water molecules of highly charged
ions5283|n this way, all the MSD points present equal statistics.
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Figure 11. Distribution of sodium ions around phosphate groups: the probability distribution o$ @ssa function of the PNa* distance.
Definition of the¢ angle is included in the bottom figure.

experimental valué? De, = 1.33 x 107° cn? s™L. The large 3.2.2. Sodium-Base Interactions.In the case of the coun-
disagreement cannot be completely attributed to theeater terion—base interaction, RDFs plotted in Figure 9 show the first
potential: the water model used in our simulation, in conjunction maximum for the keto oxygens centered at ca. 2.4 A, again
with the use of the Ewald sum technique, overestimates by aimplying a direct ior-base interaction. A marked preference
similar percentage the solvent self-diffusiniHowever, the for the O2 atom is observed. The analysis of those periods in
relative values of the calculated different diffusion coefficients which the sodium ions directly interact with the keto oxygens
give information concerning how the complex formation influ- yields a final hydration number of 4.8 for the N&n, which
ences the ion mobility. For regions | and Il, a marked decrease completes its coordination shell including the keto oxygen.
is found with ratiod,/Dy; = 0.48 andD/Dy; = 0.28, indicating Performing an analysis similar to that done for the phosphate
how the mobility of the cation is limited by the interaction with  case (configurations with ©Nat distances shorter than 3.0 A),
the phosphate groups. These results are in agreement with theverage values of 2.45 0.15 A and 152+ 16° are found for
use of the three-site modélfree counterions, nonspecifically Na—O distance and NaO—C angle, respectively. In addition,
and specifically bound counterions) in the interpretation of sodium ions clearly prefer to be out of the base plane. This
quadrupolar NMR measuremefitsvhen studying ion binding  type of arrangement allows, in some cases, the simultaneous
in ordered systems such as macroscopically oriented DNA formation of solvent-separated complexes with phosphate

fibers. groups. During these periods, two clear relative orientations of
(65) Lide, D., EACRC Handbook of Chemistry and PhysiERC: Boca (67) Lindblom, G.; Lindman, B.; Tiddy, G. J. 7. Am. Chem. So&978
Raton, FL, 1994. 100, 2299-2303.

(66) Feller, S. E.; Pastor, R. W.; Rojnuckarin, A.; Bogusz, S.; Brooks, (68) Schultz, J.; NordensK L.; Rupprecht, ABiopolymersl992 32,
B. R.J. Phys. Chem1996 100, 1701%-17020. 1631-1642.
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q Table 2. Mean Residence Times (ps) of Water Molecules in the
First Hydration Shell of Sodium lons in the (pdNgs Simulatior?
Na' index period (ns) 7 (t* =0ps) 7 (t* =2 ps)
1,3-8 0-45 12.7 (0.5) 20 (1)
2 0-3.0 13.0 20
2 3-45 29.5 46

2Values in parentheses show the standard deviations obtained
averaging results of all ions, except sodium no. 2.

Distance (&)

coincides with the folding process previously considered (Figure
7). The ion initially interacts with the keto group of nucleotide

3 and after ca. 200 ps becomes coordinated by one of the free
oxygens of the phosphate group of nucleotide 6 as well. In this
way, the metal ion is able to interact simultaneously with both
time (ps) halves of the chain and, particularly, in the region where the
chain is bent. The first interaction is temporarily broken for
about 170 ps and recovered again for almost 900 ps. The
interaction with the phosphate groups is not broken and lasts
for more than 1 ns. Although not shown in that figure, the ion
is able to interact with yet a third group (phosphate unit of
nucleotide 5) in the period 415250 ps. During this whole
period, the metal ion releases almost half of the water molecules
of its hydration sphere, experiencing periods with only three
water molecules in the first shell. Figure 12b shows one shapshot
belonging to that period. Therefore, the stability previously
found in the folded structure and attributed to the basese
stacking is now complemented by iestrand interactions. The
importance of monovalent metal ions as an integral part of RNA
tetraloops has recently been shown by Basu &t by means

of a potassium ion coordinated, as in our case, by several
functional groups, including bases and phosphate units. The
authors point out the likely participation of monovalent metal
ions in the folding process.

This great stability found in the iefchain interactions is also
extended to the ionwater ones. In this sense, the probability
of a given solvent molecule to remain in the hydration sphere
of the ions has been computed. The so-called mean residence
times ¢) have been computed using the method of Impey et
al.’%and are shown in Table 2. Within this model, the parameter
t* defines the maximum transient period a solvent molecule
can leave the considered region, in this case the first hydration
Figure 12. (a) Time evolution of the distances between"Nw. 2 shell defined by the correponding iewater RDF, without
and the phosphorus atom of the phosphate unit of nucleotide 6 (solid) losing its ascription to it. Values of 0 flsand 2 p&° have been
and oxygen atom O2 of T3 (dashed). (b) Snapshot taken from the periodfrequently used in the literature and are applied in this work as
shown in (a) displaying the coordination sphere (including water well. Results obtained for Nano. 2 in the first 3 ns of
molecules) of the sodium ion. Hydrogen bonds involving solvent _. . ) .
molecules are also shown. simulation perfectly fit the average beha\_nor obsgrved fo_r the

rest of the ions. However, when the period considered is the
last 1.5 ns, the mean residence times computed for the water
molecules around that ion become more than twice the average
values, reflecting a situation in which the now partially hydrated
ion presents a larger degree of inertness compared to the bulk
situation.

the thymine base vs the ribose ring are found, clustering the

values of they angle in both the anti &c) and syn (sc) regions.
3.2.3. Simultaneous Metal-Phosphate and Metal-Keto

Interactions: Influence on the Stability of the Folded Strand.

The inner-sphere complexes previously discussed show in all

cases lifetimes below 400 ps. However, the dispersion of values4. Summary and Conclusions

is considerable, ranging from @0 ps up to 356360 ps. The _ )

highest stability is shown for the phosphate groups, with an The resullts pre;ented in this work show how _the increase of

average time of 177 ps, followed by the O2 keto oxygen, 153 the nucleotide chain promotes the babase stacking phenom-

ps, and finally by the O4 one with 66 ps. However, this picture enon, even in s_lngle-stranded nucleo'_udes. In _add_mon, the

does not apply once in the case of the (pdV8; simulation, in stackmg/_unstackmg processes determlne_ the r|g|d|t_y of_ the

which substantially longer lifetimes are found for the inner- Nuecleotide strands, phosphate groups being the major pivots.

sphere complexes that involve one (O2) keto group and one  (69) Basu, S.; Rambo, R. P.; Strauss-Soukup, J.; Cate, J. H.:- Ferre
phosphate unit, simultaneously coordinating the same sodiumbD’amarg A. R.; Strobel, S. A.;; Doudna, J. Nature Struct. Biol1998 5,

i i i i ; 986-992.

on (no. 2). Figure 12a displays the time evolution of the "%705% o . \adden, P. A McDonald, I. R.Phys. Chent983
distances between both groups and the metal ion, showing howg7 5071

the period in which these coordinating phenomena take place (71) Garcia, A. E.; Stiller, LJ. Comput. Cheml993 14, 1396.
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This base-base stacking is favored in the simulations containing structural and dynamical features of homomorphous 10-mer
Na' ions mainly interacting with the phosphate units by means strands with the explicit inclusion of water and sodium
of monodentate complexes and to a large extent with one of counterions, although these are not considered in the results
the keto groups (0O2) of thymine bases. In addition, the analysis. The authors show how, in 1.5 ns simulations, there is
conformation of the phosphate groups is affected by the a partial loss of the stacked arrangements used as initial setups.
interaction with the metal ions, as revealed by the analysis of Shorter simulations (300 ps) are also performed for initially
the ¢ angle. Simulation times above 2 ns were necessary to unstacked nonhelical conformations. Although the systems are
observe folding processes for the octamer chains. The moredifferent in nature and length, the comparison with our
globular-like structures were stabilized, in the absence of the (pdT)Nag simulation is particularly interesting because in that
counterions, by hydrogen bonding involving thymine bases and work the CHARMM?® force field was used and long-range
phosphate groups. In the presence of sodium ions, the bentelectrostatics interactions were handled by a force-shifted cutoff
structure is stabilized by stacking of nonconsecutive bases andmethodology. In both cases the final structures contain stacked
ion—strand interactions in the bending region. These observa-and unstacked segments, despite the completely different initial
tions agree with the recent MD results gbs&ckovaet al.3® setups: totally unstacked or stacked situations. However, the
who found that the coordination of monovalent ions in four- authors do not describe any kind of globular or folding situations
thymidine loops of DNA quadruplexes competes with the for their ssSDNA simulations. At this point it is interesting to
formation of inter-thymine hydrogen bonds. point out that the folding process in the (pe¥Ws simulation

In general, lifetimes below the nanosecond region for direct is observed after 3.5 ns, while the longest simulation period in
sodium-DNA interactions are found, making the MD technique their work is only 1.5 ns.
a useful tool for the study of complexes that have an active  Finally, the Aqvist® potential parameters for Naadapted
role in the structural and functional changes in biomolecules. to be used in the AMBER force field, have demonstrated their
lon properties, such as mobility, are affected by the interaction ability to reproduce the available structural information concern-
with the strand. For the particular case of phosphatsdium ing the interaction of this ion with phosphate groups. These
interactions, a model considering three different situations, i.e., results support the use of such types of potential parameter
free ion and outer- and inner-sphere complexes, seems to becombinations when soft metal ions must be included in
adequate according to the mobility of the ion. biomolecular simulations. However, experimental informéiion

The observed basthase s’[acking interactions at room should be used to check the abl'lty of such strategies in the
temperature in our simulations together with the possibility of case in which ions with a higher charge are included, where
bent or folded single DNA strands are in agreement with the use of effective potentials becomes more complex due to
previous experimental findings. Vesnaver and BresfAuint the more relevant role of many-body effects in the nearest
out the importance of recognizing some degree of order in single heighborhood of the ion. Efforts in that direction are ongoing
DNA strands when calculating the thermodynamic contribution in our laboratory.
of these to the duplex formation and how it is largely affected
by the temperature. Even the possibility of initial single-stranded
states forming hairpins is accepted as plausible. Our results see

to support that possibility as well. Furthermore, Garriga eftal., mission’s Improving Human Potential Program Contract No.

studying cytosine homopolynucleotides, poly(dC) and poly(rC), \\oyie ~1 5000-00484 established by the European Commis-

present, in the case of the ssDNA, the absence of a monohelix_. ) . . - .
structure but. at the same time. evidence for bdmmse sion. The Swedish Institute is also acknowledged for financial

interactions is found. support, and NSC for the generous allocation of computing time.

During the review of this manuscript, Sen and Nils€on Supporting Information Available: Dihedral angle defini-
published a work in which MD simulations of single PNA, tions, dials, and phosphatsodium radial distribution functions
DNA, and RNA strands are presented. The authors investigatefor the (pdT}Nag simulation (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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