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ABSTRACT:The AMOEBA polarizable atomic multipole faickfor nucleic acids ;
is presented. Valence and electrostatic parameters were determined from h ;.gevel é

<X

quantum mechanical data, including structures, conformational energy, and o- iw 9
static potentials, of nucleotide model compounds. Previously derived paramet or
the phosphate group and nucleobases were incorporated. A total ofsowér 35 o 2HIKE (Start B 22610 150ns
condensed-phase molecular dynamics simulations of DNA and RNA molecules, in
aqueous solution and crystal lattice were performed to validateeatiteriorce _s
eld. The solution and/or crystal structures of DNA B-form duplexes, RNA dup
and hairpins were captured with an average root-mean-squared deviation fromt
structures below or around 2.0 A. Structural details, such as base pairing angl, Staokjfld'
sugar puckering, backbone attdrsion angles, groove geometries, and crystakiss— a-form transition in EtOH/Water
packing interfaces, agreed well with NMR and/or X-ray. The interconversion between '
A- and B-form DNAs was observed in ethambér mixtures at 328 K. Crystal
lattices of B- and Z-form DNA and A-form RNA were examined with simulations. For the RNA tetraloop, single strand
tetramers, and HIV TAR with 29 residues, the simulated conformation3kcstapdisg, nuclear Overhauserce and
residual dipolar coupling data were compared with NMR results. Starting from a totally unstacked/unfolding state, the rCAAU
tetranucleotide was folded into A-form-like structures dirrisgmolecular dynamics simulations.
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INTRODUCTION stable duplex A-form helices, internal/hairpin loops, pseudo-

Nucleic acids play sigrant roles in cells, including genetic _knots, and a wide variety of complex tertiary strdef ".EE .
portant for a general forceld to describe nucleic acid

information storage and translation, protein expressid . . . X
catalysis, and regulation of gene actiVatidhere is a long sttuctural diversity and the transitions betweerenl types

history of studying nucleic acids by molecular mechanics (M) StrUctures.

and molecular dynamics (MD) simulafiokOver the years he complex conformational states of DNA and RNA arise
signi cant eort has been devoted to developing and imprc;vingom _the balance among the elgctrostanc Interaction within
DNA and RNA forceelds based omxed-charge models, such ucleic acids and with surrounding ions, the intricate base
as CHARMM12 AMBER*®1° and GROMO&%522 ’ pairing and stacking, the high degree of freedom inherent in

DNA duplexes predominantly adopt a right-handed B-for ckbone dihedrals, and sugar puckering., Consequeptly, it has
structure in aqueous solution and functional organismiE€N challenging to develop accurate cidSSicachanics

However, some DNA sequences tend to crystallize in an I8IC€ €lds for nucleic acids. Optimization x#d-charge
form structurd®** and reduced water activity due to the Medels has focused on modifying the torsional parame-

iti 6,7,1317,194344 L .
addition of solvents such as ethanol, or the presence of prot&f?- _ 71%”‘1 some sigmiant improvements have
or drug molecules, can induce an B transitiorf->%¢ A- been achievéd*® On the other hand, ab initio calculations

form DNAs are also observed in bacterial cells in responsd @€ 1dented inadequacies of theed-charge models for
desiccatioff. Moreover, in crystal structures or high-salf€Presenting the ion mteractl‘&?nlsydrqgen bondm@,a_md_ _
solution, DNAs with alternating deoxyguanosine and deoBASe _StaCk'ﬁ6'Wh'Ch have been attributed to the intrinsic
cytidine residues may form stable Z-form duptékes. limitations of the physical models underlyied-charge force
previous studié&3*° stable B-DNA in aqueous solution and €lds. o _
Z-DNA in a crystalline lattice have been reported from forcePolarizable forceelds that explicitly account for electronic
eld simulations. The interconversion between B-form and RQlarization cer more accurate description of electrostatic
form DNA at dierent water activities has not been fu”yinteractions and properties in complex physical and chemical
examined. Compared with the dominant duplex structure of

DNA, the structure of RNA is highly diverse. Depending on theeceived: November 17, 2017

nucleotide sequence and the number of strands, RNA can foranlished: February 13, 2018
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environments*®% Several polarizable foretds have been METHODS

developed based omctuating charge’” Drude oscilla- Potential Energy Functions in AMOEBA Force Field
tor**%%5¢¢ and induced dipole meth6tf:*>"* CHARMM _Detailed equatio%)s/ aiéng the AMOEBA potential energy
Drude force elds for DNA have been reporg%gegnd exhibitnctions have been described previSBilie y, AMOEBA
notable advances overed-charge modéf$™®*®® The contains two types of energy terms, bonded (or valence) and
AMOEBA (atomic multipole optimized energetics for biononbonded terms. In addition to the typical classical
molecular applications) foredd utilizes atomic charge and mechanical bonded energy terms (bond, angle, out of plane
dipole and quadrupole moments to represent the permanesinding, and torsion), AMOEBA also incorporétasions
charge distributions around atoms and an interactive atordéms, and bond-angle, bond-torsion, angle-torsion coupling
dipole induction scheme to model the polarizaeh &hich  terms.° which are essential for accurately describing valence
has the potential to improve the accuracy and transferabilitysoductural changes and vibrational frequencies of nucleic acids
classical forceelds. AMOEBA forceelds have been backbones and sugar rings. Thered 187 function is used
developed for water, ions, organic molecules, and pio- AMOEBA to describe the repulsion and dispersion
teins.%°%°=%9 Applications of AMOEBA include ion hydration interactions, commonly referred to as van der Waals (vdW)
and binding®%"3"7 proteirSligand binding#*%52’® and  interaction8? Point charge, dipole, and quadrupole moments
organic molecules and cry§tdf€’*% AMOEBA DMP/ are placed on atoms to represent charge distributions and to
TMP (d|methy'_/tnmethy'phospha‘[e) méaeNaS reported eVaIUate permanent e|_eC'[I’_OStatIC interactions betWeen atoms. In
previously. Accurate condensed-phase properties and balaffg@EBA, the polarization ezts are modeled by an
interactions with both water and metal ions were demonstratfiféractive atomic induced dipole scheme. The induced dipole
The nucleobase forceld’ was also developed, with a focusat each atom is the prqduct of its atomic polarizability and the
on capturing and balancing the ®aseer interactions, biise ~ c/ectrostatic eld at this atom produced by permanent
base stacking, and ISs®se pairing interactions. These studie ultipoles and induced dipoles of all other atoms. A group-

established the basis for the present AMOEBA nucleic a %slgd TaSk!ﬂg ”ljle ISI applied so trr']at the ato”!:jc pre]rmanent
force old. multipoles will only polarize atoms that are outside the same

. . .. group (e.g., a benzene ring). The Thaolemping scheme is
Despite the urgent need, the development and appl'cat'on%/gployed in the iterative induced dipole moment calculation to

advanced forcelds in nucleic acid research have been limite oid a'polarization catastroptat very short range and to

in part.by computational cost. The base palrlng.ar_]d stack%vide anisotropic molecular dipole polariz&bifiye same
dynamics of DNA and RNA, such as bending, twisting, groq¥@yction model applies to both intramolecular and inter-
uctuations, and base pair opening, which are critical {@p|ecular polarization. The intramolecular polarization occurs
function and important for recognition processes, typicaljetween the polarization groups as if they are separate
occur on a time scale ranging from nanoseconds to micigplecules. The polarization energy between induced dipoles
second$™** Even for small RNA tetraloops, multi-micro-and permanent multipole moments is computed fully between
second simulations and enhanced sampling techniques atins separated by thre§4jlor more bonds, and neglected
needed to achieve adequate sarfipifhgvith the recent  between 32 and 53 pairs.
emergence of high-performance computing hardware andviodel Compounds Used for Developing DNA/RNA
softwaré®®’ polarizable MD simulations on the microsecondrorce Field.Ab initio QM and AMOEBA forceld studies
time scale are becoming accessible, making it possibleotamodel compounds were performed using Gaus$@mi09
consider polarizable foredds for nucleic acids. TINKER 7.07 respectively. In the conformational energy
In this study, the development of thst-generation surface study, the energy minima of model compounds were
AMOEBA polarizable forceeld for DNA and RNA is rst located with QM optimization. The polarizable continuum
presented. Werst describe the parametrization procedure§odel (PCMj°was applied to introduce solvesteinto the _
for DNA and RNA, including the electrostatics, van der WadféM calculations. Conformations were generated by systemati-
valence, and particularly torsional parameters. Comparing ¢y scanning relevant torsional angles away from the minima.
AMOEBA conformational energy with QM data for variou§ach conformation was then reoptimized using QM with the
degrees of freedom in the backbone and sugar ring is an ardgfcular torsionsxed. Finally, single point energies were
focus. Condensed-phase simulations of a range of DNA &j@ined with a larger basis set. For fefdecalculation, the
RNA molecules are discussed. For DNA, four double stra IMIZE program_|rr]1 T”\IIKER 7.0 was applied to re:jax _trhr?
DNAs including the prototypical Dicke&brew DNA stlfucéurﬁ_sk wit q rer("a.”t tl.or.ts'onls ris%%'gsh' e
dodecaméf’ starting from both A-form and B-form structures 3N 1€ irkwood (GK) implicit solven S

. . . x ‘used to compute the solvenea in AMOEBA structure
were simulated in both agueous solution and &hanei optimization and conformational energy calculations.

mixtures (90% volume ratio of ethanol) to investigate th€' e force eld parameters for sugars, bases, and phosphate
stablllty and transition between themint helix forms. Two groups were derived usingasate model compounds.
crystalline Z-form DNAs, one B-DND, and one A-RNA wergimethylphosphate (DMP) was the model for the backbone
simulated to examine the forekel in crystal lattice. For RNA, phosphat®’ The four N-methylated nucleobases were also

we simulated 12 molecules in aqueous solution, including Si'lgi?ametrized previouSifthe valence, vdW, and electrostatic
strand RNA tetramers, RNA duplexes, a tetraloop, and a laigg&fameters of these model compounds were transferred to the
HIV RNA. The forceeld validation consists of inspection of phosphate and nucleobases groups of nucleic acids. The ribose
the stability of the native structure and comparison of simulat&ad deoxyribose, plus the nucleosidgsré A), were used
structures and propertiéd doupling, NOE, and RDC) with to parametrize sugar valence terms, vdW values, and atomic
experimental results. multipole moments, andsal used for modeling sugar
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is essential to the overall structure of nucleic acids. For instance,
B-DNA mainly prefers a @hdo sugar conformation while
RNA duplex and A-DNA prefers the -@8lo structure.
Typical AMOEBA vdW parameters and atomic polarizabilities
of C, O and H were applied for sugar atdifise potential
energy surfaces for isolated sugar rings were calculated as a
function of internal sugar torsional degrees of freEapme(
1A). Since a 5-member ring has only two independent torsional
angles, the, and , angles were selected as the degrees of
freedom. The potential energy surfaces generated by scanning
o and , of both deoxyribose and ribose are shown in
Supporting Informatidfigure S2. MP2/6-311Gwith PCM
implicit solvent model was employed to compute the QM
conformational energy. Due to the intrinsic restraint of the ring
structure, bothy and , were only allowed to vary between
S60° and 60. Both of the ribose and deoxyribose energy
surfaces have two local minima: the bottom left minimum
corresponds to the G&ndo structure while the upper right
Figure 1.Model compounds for nucleic acid foete development  nortion of the conformational map corresponds to the C3
and denition of the torsion angles. (A) Nucleosides and the |ntern£ndO structure. The root-mean-square error (RMSE) between

torsional angles. (B) (Deoxy)ribose 3,5-bis(methylphosphate) a :
backbone torsional angless dened by O&SC1SNISC2 for 'ﬂqe AMOEBA model and the QM results is 0.55 kcal/mol for

rimidines (C, T, and U) and by 681 SNSC4 for purines (A 1P9Se and 0.65 kcal/mol for deoxyribose. .
gﬁd G). ( ) y P ( Parametrization of Nucleosides. When merging the

model compounds into nucleosides, the vdW parameters of the
sugar and nucleobases were kept the same, with minor
puckering and -torsions. (Deoxy)ribose 3,5-bis- adjustment of monopole values on the linking carbon and
(methylphosphate)F{gure B) was used to ree the nucleic  nitrogen to match the formal molecular charge.
acid atomic multipole (after emerging from the model The torsional parameters related to sugar puckering,
compounds above) and parametrize the backbone torsiofigcleobase rotation and hydroxyl group rotation were para-
Two other model compoundSupporting Information (SI) metrized or rened to reproduce the QM potential energy
Figure S8) were also selected for parametrization of RNArfaces. Sugar puckering of deoxyribonucleoside and ribonu-
torsions. Torsion angle regi@ys(C, S3C° to 30°), gauche cleoside in a nucleoside was re-examined witkotisgon
(G, 30 to 90%), anticlina(A, 90 to 150), andtrany(T, 150 angles xed at 74and 195, respectively, which correspond to
to 210), are named following IUPAC nomenclaturenucleoside low-energy conformations (see -tbesional
conventions. energy surfaces kigure 3and Figure ¥ This step is
Atomic Multipoles and Polarization. The atomic important because sugar conformational energy surface is
multipole parameters for all model compounds werstrongly aected by the presence of bases in the nucleosides.
determined following the usual AMOEBA parametrizatiohhe QM (MP2/6-311*) potential energy surfaces for the
procedure as previously described for organic molecules addleosides alongand , are shown iffigure ZandFigures
protein$®°° High-level ab initio calculations were performed3 and S4All the energy surfaces of the nucleosides have two
using Gaussian Y9QM-optimized sugar structures and thedominant minima corresponding to a€Z@lo structure and a
molecular vibration frequencies were usetithe valence C2-endo structure, similar to the situation in isolated sugar
parameters (equilibrium bond and angle values and fore@lecules. From the QM results, thee@8o minimum is
constants). Permanent atomic multipole moments were initiadipergetically lower than the -€2do minimum for both
derived by distributed multipole analysis (DMA) from an aldeoxyribonucleoside and ribonucleoside-tathions xed at
initio (MP2/6-311&*) wave functio. The atomic dipole 74 and 195 respectively. Under typical conditions, RNA
and quadrupole moments of the model compounds wer#ose prefers A-form structure and thee@®o is more stable
re ned against high-level QM electrostatic potentials calculatedn C2-endo. The ribose sugar torsions in RNA were
at the MP2/aug-cc-pVTZ level. The multipole and polarizatigparametrized vigting against QM energy surface maps in
parameters of sugar, nucleobases, and dimethyl phosphate kigreges B andS4 The RMSE between QM and MM, is 0.53
determined rst and then incorporated into nucleosides orkcal/mol for all data points, and the RMSE is 0.12 kcal/mol for
(deoxy)ribose 3,5-bis(methyl phosphatéyute ). The the points with energy less than 6 kcal/mol above the global
monopoles of the linking atoms (C@5, C5, O3, and minimum. In B-DNA, the deoxyribose preferse@
C3 of sugar and N1 or N9 of nucleobases) were slightigonformation. Thus, the QM energy surface of the deoxyribose
adjusted according to the net molecular charge, and the dipol@ucleosides seems to miss certain environmectsire B-
and quadruple moments of the linking atoms were optimiz&NA since the C3&ndo is actually lower in energy than C2
against QM electrostatic potentials of the nucleosides. This®d according to QM. The torsional parameters of deoxyribose

®)

polarization groups in each nucleotide weredlg-igure in DNA were thust against a reweighted QM surfatgufes
SJ. Atomic polarizabilities were transferred from the existirif\ andS3, with the C2endo region lowered acially by
AMOEBA polarizability database. 0.5 kcal/mol. As a result, the AMOEBA energy values of the

Parametrization of Deoxyribose and Ribose Rings. C2- and C3endo minima of the deoxyribonucleoside are
For the ribose and deoxyribose rings, we have carefulipre similar to each other than QM results. Tt
examined the distribution of puckering conformations, whickeoxyribose parameters proved to produce stable B-form
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AMOEBA was about 0.4 kcal/mol. The hydroxyl rotational torsions
around bonds GB2, C3-03, and C505 were also
parametrized bytting against the QM dat&igures S6 and
S.
Modeling Stretch-Torsion and Angle-Torsion Cou-
pling in Nucleosides. There is notable anomerieet in
DMP and along the nucleic acid backbone, for which we have
introduced new bond/angle-torsion coupling terms into
AMOEBA to reproduce the bond/angle variations with respect
to torsional rotatioif. Like the GOSPSO-C structure in
DMP, in the ribose-nucleobase linking structur@4c€1 -
N9/N1SC, both O4and N9 have lone electron pairs, and the
N9 lone electron pair is delocalized into the nucleobase
system, which results in G&ing an anomeric atom. In native
RNA, the ribose isenantiomer and the rotational constraint of
the sugar O4C1 bond restricts the G©O4-C1-N9/N1
torsion to values between 200 and.ZItls torsion cannot
adopt the gauche conformatiorx(6C°), where the anomeric
e ect is most sigrdant. Thus, the anomericeet mainly
applies to the O41-N9/N1SC angle (-torsion), when the
antibond orbital of O41 is nearly parallel to the N9 electron
lone pair (or called electrons) and O£1SN9-C of a
purine (A or G), or O4C1SN1-C of a pyrimidine (T/U or
C) is in the + Gauche & Gauche conformatioRifure B.).

QM calculations were carried out to study the bond and
angle variation with (O4 -C1SN9-C8 or O4C1SN1-C6)
torsion. The results show that the anomezat en -torsion
leads to sigrntant variation of related angle and bond length
with the torsional angle. The maximum angle change reaches

10° and the maximum bond length change rea6t@s A
0 1 2 3 4 5 6 7(kealimol) (Figure B black symbols). Thus, stretch-torsion and angle-

Figure 2.Comparison of AMOEBA and QM sugar-puckering energ{rSion coupling terms with-torsion were added to
maps for nucleosides: (A) deoxyadenosine (dA) and deoxycytidindcleosides. Both of the angle and bond variation curves
(dC) maps with -torsion xed at 7% (B) adenosine (rA) and show a 3-fold symmetry with respect to ttwrsion. Thus, 3-
cytidine (rC) maps withtorsion xed at 195 The solvent ectwas  fold parameters were added to all the coupling terms. In
taken into account through use of PCM in QM calculations andddition, a 1-fold parameter was added to coupling term for the
generalized Kirkwood superposition approximation (GKSA) igngle GN9/N1-Clwith . See the coupling term energy
AMOEBA calculations. The conformations with energy greater théauations and the corresponding AMOEBA parameters in
Zol:rceaslfo rgg:j sarfo Str%%wg@':' dze!?r‘ﬁ’cﬁﬂ'gr'ame tﬁg“ﬁ&;ﬁ&:{"?ﬁyable S1The force constant of each term was adjusted to best
corresponds to the G&ndo structure. ' match the QM _optlmlzed structures with AMOEBA minimized
structures (sdéigure B, red symbols).
Parametrization of Nucleic Acid Backbone Torsions.

DNA structures in the subsequence aqueous and crydtaich nucleotide has six backbone torsions, j.e.,, , and
simulations. , from 5 terminus to 3terminus. DNA and RNA share the

The sugar-pucker conformation and tlkemgle together same and parameters, which were transferred from DMP.
determine the stability of the A, B, or Z-forms of nucleotideBor the other four backbone torsiongrdnt parameters were
The angle which represents the nucleobase is shown in tetermined for DNA and RNA separately. Since the backbone
schematic picture &figure A. We further generated the angle is part of the 5-membered sugar ring, &stés
optimized structures about thangle using restrained C2 included in the 2-D energy surface of sugar with respgct to
endo and C3endo sugar-pucker conformations for bothand ,.
deoxyribonucleoside and ribonucleoside. QM (MP2f6)311  For DNA , and , as well as RNAbackbone torsion
energy for these structures were calculated to determine thgparametrization, (deoxy)ribose 3,5-bis (methyl phosphate)
torsion parameters. The €@8lo structures were assigned(Figure B) was used as a model compound. The initial
doubled weight over the €2do structures intting the torsional angles for this model compound we388.21,
ribonucleoside angle parameters. The QM and AMOEBA =174.82, =43.74, =211.98 =285.00, ,=13.74 and
potential energies are showrFigures 34, and S5 The ~14.22, typical of an A-form backbone and sugar-pucker
AMOEBA results agree with QM data for most nucleosid®nformation. While scanning was performed along a particular
conformations, especially around two important mimesr: angle, all the other torsional angles wezd. Backbone
to 260, which corresponds to the B-form conformation, and torsion parameters were initially determinedtiby against
around 200 which corresponds to the A-form conformationthe QM energy surfaces ancheel during the later DNA/
Discrepancies exist in the high-energy regions but the structiR®&\ simulationszigure 6shows the comparison of the QM
in these regions are not relevant to either B-form or A-forand the nal AMOEBA conformational energy. For the
conformation. The RMSE for the G2 C3endo structures torsion, the QM and AMOEBA conformational energy was

v, ()

)
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o)
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sugar wasxed at C3endo conformation for both QM (MP2/6-
311G*, black plus) and AMOEBA calculation (red circle). Th
missing points are nonphysical structures. Energy surfaces for
endo conformation are includedrigure S5

underestimated the barrier to the highest energy conformation.
After transferring- and -torsional parameters from DMP, the
torsional energy surfaces of the model compound around these
two torsions were also reproduced by AMOEBA, especially in
the low-energy regions. It should be noted the backbone
torsions are correlated, and the interaction between nucleic
acids and solvents can also alter the energy surface. Therefore,
the most populated backbone conformations in condensed
phase may not match exactly the minima in the individual
conformational energy ples inFigure 6

For RNA, two model compounds were used for the
parametrization of the and -torsions. 2-Methyltetrahydro-
furan phosphaté&igure S8 was used as a model compound
for -torsion parametrization. Both éb@lo and C&ndo
conformations were included with equal weight. The RMSE
between the AMOEBA and QM conformational energy was
within 0.50 kcal/molHigure SP Methyl ethyl phosphate
(Figure S8PBwas used as the model compound-forsional
energy evaluation. However, the statistical potential energy
pro le of the angle, derived using all RNA NMR structures
rom the PDB? shows signgantly higher barrier than the QM
j@eble SP In the later test on tetramer simulations, the QM-
-torsion parameters resulted in a backbone that was too soft
eand exible. Thus, we used the statistical energy #snthe
txrget for , which led to a larger force constaable S

Molecular Dynamics Simulations.Besidestting to the
QM results on model compounds, the AMOEBA nucleic acid

consistent except in the high-energy regions. The potenfieice eld parameters were alsmeel and validated through

energy surfaces around threngle showed two minima, one
around 70 and the other at 300For , the QM and MM

extensive molecular dynamics simulations of 20 DNA and RNA
systems (see detailsTable ) in agueous solution, eth&hol

conformation energy ptes showed two low-energy regionswater mixture, and crystal lattice. Four NMR double strand
around 49and 150. The AMOEBA and QM relative energies DNAs (PDB ID: 1NAJ, 2HKB, 1D42 and 1D20) were selected

in the regions of these minima were consistent but AMOE
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Figure 5.Angle and bond coupling with torsion3W4 SN1SC6 ( ) on cytidine and deoxycytidine. (A) lllustration of the frontier orbital
interaction, which results in the anomeeicteThe GC1 antibonding orbital is shown near the oxygen, andrhigal of N1 is shown on N1.

(B) QM-optimized structure data (MP2/cc-pVTZ level and satfsions xed) are shown in black symbols, and AMOEBA energy-minimized
structure data (withand C55C4SC3S03 torsions restrained) are shown in red symbols. Cytidine ribose-snidoG®nformation, and
deoxycytidine deoxyribose is in€®lo conformation.

(volume ratio) ethanol/water mixture to investigate thevere neutralized and the NaCl concentration is about 0.1 M. In
stability and transition between A and B-form striciifés.  ethandbwater mixtures and Z-DNA crystals, Na+ ions were
Four RNA duplexes and three RNA hairpins were selectedatdded just enough to neutralize the negative charge. 1RNA and
investigate the stability of typical RNA molecules. The UUCTD23 crystals are in the P212121 space group, and in the unit
tetra loop (10 out 14 residues from 2KOC used) were furtheell, there were 4 copies of nucleic acid duplexes. ¥n2ke 2
simulated with a total 5 simulations. Three single strand 2 super cell, the number of copies was 32. The super cell crystal
RNA tetramer AAAA, CAAU, and GACC and a 29-residugystems for 1IRNA and 1D23 were constructed by following the
RNA, TAR form HIV virus were simulated and compared witlvork by Liu et d*Na+ and Mg2+ ions were added to 1RNA
experiments. Two Z-form double-strand DNA crystal structuamd 1D23 crystals respectively to neutralize the negative charge.
(PDB ID: 1LIX°*and 292BP3 were selected to evaluate the Details about the simulation setups are shovabla S3
stability of Z-form structures. Crystal simulations were alsAll the system equilibration and the production simulations
carried out on RNA (1RNA) and B-form DNA (1D23) usingwere performed with Tinker-OpenMM packaJaising the
both unit cells and»®2 x 2 super cells, which were comparedAMOEBA force eld on GPUs (GTX 1070) with a mixed
to the parallel simulations of single 1IRNA and 1D23 duplexmecision. The real-space electrostatic interactions and vdwW
water solution. For IRNA and 1D23, the solution simulationsteractions cuts were 7.0 and 12.0 A, respectively. The
were 400 and 600 ns, respectively. Particle Mesh Ewald (PME) method was applied to treat the
AMBER'tleag I;{)rogram was used to build the solvated cubidnng-ranged polarizable multipole based electrostatic inter-
box and add ion§? The shortest distance from the DNA or actions°with a grid space 00.9 A in the reciprocal space.
RNA molecule to the edge of the box is 13 A. The total systeffise polarization was solved by the Jacobi/Direct Inversion of
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also calculated using theSC8 long base pair axis, which is

O
S 1ol oi useful especially for noncanonical duplex. TH&8C®&ng
% % o base pair axis is ded by the atom C8 of the purine (A or G)
£, % & and the atom C6 of the pyrimidine (C or't))zor example,
3 o ¥ the G-C pair long axis is theSC®H vector and the A-G pair
g . @ $9 long axis is the G&8 vector.

[€3
%m K-means clustering method was used for clustering all the
Sy

0 so 180 o  aeo conformations from production MD for the RNA tetra-loop
a(°) and tetramers. An RMSD matrix, containing all RMSD between

6 R any two MD frames, was calculatestt The best cluster
_20 § Wﬁﬂ 3 : * Y number for representing the conformations in the trajectories
£t g £ 5 + was found to beS%. The objective function for the clustering
810 ++++% QQ 58,: é%%ﬁe’ %5 was to minimize the total distances (the square of RMSD)
> ) © @@ Bap O a b between any cluster point and its cluster center. .
g % e g QQQO e NMR distances between any two nonpolar H atana
Woo %%zﬁ@ - 8l+ +++ * were calculated by averaging the value in all the frames using
+ s\ 51/6
AR S ° % 2?0) 270 360 the equationfyoe= ( il\:'lr‘w . The same Karplus
100, e equations used by Turner and co-wdrkevere applied to
_ @5 = [+ QO+ calculate th& coupling using the corresponding torsion angles
g5 ® 6&5 E 55 @ o % in RNA tetramer simulation (s8emethod for equations).
3 F E o The_same stacking scoring terms were used for evaluating
< °% Cgﬁﬁ% %f < + e ¢ bas&base stacking: center distancengle measuring the
L I 2 or 9 %“’ overlap between bases, an@ngle measuring the angle
55 @ of g - & between the two base-ring plahd?DC values for HIV TAR
=y -5 R were calculated by applyingRtesliction ofALignnEnt from
< O A 0 90 e 20 360 Sructure (PALES) programonto all the MD snapshots and

averaging the results.
Figure 6.Potential energy surfaces along the backbone torsional

angles of model compound deoxyribose 3,5-bis(methylphosphate). In RESULTS AND DISCUSSION
all plots, the QM results are shown in black plus symbols and the i ] ] ]
AMOEBA results are shown in red circles. Simulations of DNA Duplexes in WaterMD simulations

were performed on four common double-stranded DNAs
the Iterative Subspace (JI/DIIS) meftiodnd the con-  (Table A), starting from both A- and B-form structures. The
vergence criteria of polarization iteration was sét et§e solution NMR structures of these four duplexes in water all
per atom. This setup was tested to be accurate enough in t&tmew typical right-handed B-form structures except that the
of energy conservation faicls moderate-size systems. structure of 1D20 is between A- and B-forms. The RMSDs of
Repartition of the mass of heavy atoms into the bonddbe nonterminal heavy atoms from the NMR structure were
hydrogen atoms (hydrogen atom mass increased from 1.0caiculated from MD trajectories and showalife 2 as well
4.0 Da) allows a time step of 3 fs to be used. All the systeasFigure 7and Figure S11When starting from B-form
were equilibrated before production runs. Each DNA/RNAtructures, AMOEBA forceld maintained stable B-helices in
system was relaxed with a series of NVT and NPT simulatioagueous solution. The averaged simulation structure for each of
A 20 ns no-restraint NVT equilibration simulation waghe 4 DNA sequences were superposed ontosthdMR
performed before all the production NVT MD simulationsstructure and shownfigure 1A. The RMSD values of all the
The average box size in the equilibration NPT run were useédplexes were stable within hundreds of nanoseconds to
for the production simulations. The RESPA integtator, microseconds with respect to either the A- or the B-form
Bussi-Parrinello thermoStaand Monte Carlo barostat were structures. The average RMSD values with respect to the B-
used in all the MD simulations. form structures are 1.29 A for 1NAJ, 1.63 A for 1D42, 2.18 A

Analysis of MD Trajectories. The conformations in for 1D20 and 1.55 A for 2HKB. It can be seenFigue B
simulation trajectories were superposed to the initial (expandFigure S11Bhat the RMSD values with respect to B-form
imental) structure using either all heavy atoms or heavy atoamsl A-form structures were clearly separated for 1INAJ, 1D42
without terminal residues. Usually tis¢ NMR structure is and 2HKB, indicating the stability of the structures. For 1D20,
the most stable structure in solution and was used as the initied RMSD values with respect to A- and B-forms mixed after
structure for simulations and the target of RMSD calculatio®0 ns, which agrees with the fact that the NMR structures of

Curves+ packadé was used to calculate the helical1D20 are between A- and B-formssidmre A andFigure
parameters of DNA or RNA helices using experimental 814 the MD trajectories starting from A-form structures are
simulated structures, including a curvilinear axis and parametbmvn. 1D42 and 1NAJ transited from A-form structure to B-
relating the position of the bases to this axis, which charactefiwen structure in about 10 and 40 ns, respectively. 2HKB
the subtle details of base paring and base stacking.tréinsited from A-from to B-form structure in 50 ns but it
additionally provides a full analysis of backbona@sgbns converted back to A-form structure at about 200 ns; it transited
as well as groove widths and depths. back to and stay in B-form structure at about 37 gusg

The distance and twist angle between nucleobase stackiAl} The uctuation between A and B-form structures of
steps in DNA/RNA duplex or the stem of RNA hairpin wer@HKB was caused by the inappropriate contact between the
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Table 1. Details of the Nucleic Acid Systems Studied in This Work: (A) DNA in Sofu®)NRNA in Solution® (C) DNA/
RNA in Crystdf

(A)
Type PDB Simulated Sequences #of #of Stiinn:l;l' solvent
M (All WC pairs) residues | traj. (ns)
1 850
\Dag | $“GTATATAC 6 Water
TATG-5’
CATATATG-S 1 450 EtOH/water
5*-TCTATCACCG 20 1 500 Water
1D20 AGATAGTGGC-5’
DNA 1 420 EtOH/water
Double
" 5°-CGCGAATTCGCG ! 1000 Water
Helices | 1NAT |~ GegeTTAAGCGE-S” 24
) 1 700 | EtOH/water
5’-CTCGGCGCCATC 1 660 Water
2HKB GAGCCGCGGTAG-5’ 24
1 500 EtOH/water
B
Non-WC . .
Type PDB | Simulated Sequences #.Of pairs and # O.f Simul. time
residues 1 traj. (ns)
00ps
axqQ |° ggﬁ%gégggs 20 AllWC 2 800
5°-GCGGACGC
Dc},lut_,le IMIS CGCAGGCG-5° 16 G-A 2 800
chain
5°-GCAGGCGUGC
(Duplex) | 1F5G CGUGCGGACG.S’ 20 G-G 2 800
5°-GUGAAGCCCGU A-A; A-G;
2L8F UCACAGGAGGC-5’ 22 G-G:AC | 2 800
5°-GGCAC-UU
2KOC | 3 Chueae) 14 UuCG 2 1000
Single 5’-GGGC-GC
HCh'a"‘] 1ZIH 3 UCCG-A Aj 12 |G-U;GCAA | 2 1000
(Hairpin) 5-GGCAGGG--CUC)
1SZY | 3 cCGUCCC-AAUA 21 CUCAUAA | 2 800
5°-CAC-UU\ 10 of 14
Tetra loop | 2KOC 3-GUG-GC used UuCG 10 5000
CAAU | CAAU 4 — 10 3000
tetramer | GACC | GACC 4 — 10 6000
AAAA | AAAA 4 — 10 3000
UCU bulge
GGCAGAUCUGAGCCU and
HIVTAR | TANR | 5656AGeucuCUGCC 29 CUGGGA 8 1000
loop
©)
#
Simulated Sequences # of of Simul. -
Type PDB (All WC pairs) residues | traj | time (ns) Description
5-TGCGCA
Z-form 1LJX ACGCGT-5’ 12 1 600 Na+, unit cell
DNA 5’-CGCGCG
292D GCGCGC-5 12 1 1000 Na-+, unit cell
B.A 5. CGATCGATCG 3 1200 Mg2+, unit cell
DNA. | D23 | GCTAGCTAGC-s | 20
6 390 Mg2+, 2x2x2 cell
57-U-(UA)s-A 3 990 Na+, unit cell
RNA | IRNA A-(AU)s-U-5" 28
6 300 Na+, 2x2x2 cell

3n the solvent column, EtOH/water means 90:10 (%, volume ratio)Satiateromixturd’ln the sequence column, the non-WC pairs were
underlinedSimulation speeds for these systems are providexkirs4
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Table 2. Average RMSD of the Simulations for RNA Duplex, RNA Hairpin, B-DNA Duplex in Water, and Z-DNA Crystal

Lattice®
Average heavy- Average heavy- Maximum all-
Type PDB | atom RMSD atom RMSD Loop RMSD' 1 tom RMSD
without terminal | with all residues | (A) between NMR
base pair (A) A structures (A)
2JXQ | 1.25 1.41 1.98 2.38 — 0.44
RNA IMIS | 1.51 1.54 1.77 1.74 — —
Duplex IF5G | 1.97 1.98 2.53 2.53 — 1.20
2L8F | 1.50 1.47 2.42 2.14 — 1.09
2KOC | 1.72 1.90 1.78 1.95 1.71  2.14 0.97
RNA
L 1ZIH 2.13 1.83 2.22 1.91 1.95 1.61 1.41
Hairpin
1SZY | 1.66 1.94 1.79 2.00 1.53  2.05 —
INAJ 1.29 2.54 — 0.25
B-DNA 1D42 | 1.63 1.87 — 1.78
Duplex 2HKB | 1.55 2.01 — 0.47
1D20 | 2.18 3.27 — —
Z-DNA 1LIX 1.16 1.45 — —
Crystal 292D | 1.32 1.89 — —
B-DNA 1D23 | 9.90 0.93 _ —
Crystal unit
ID23 | 0.88 0.89 — —
super
RNA IRNA | 1.22 1.34 — —
Crystal unit
IRNA | 132 1.47 — —
super

®For RNA molecules, the average RMSD values for each of the two trajectories were calculated. Loop RMSD for RNA hairpins was calculate
superposing the loop and the nearest two basepair stems and calculating the RMSD of the loop only. The maximum RMSD between NI
structures of the same PDB entry was also calculated, except for 1IMIS, 1SZY, and 1D20, each of which has only one NMR structure.

2HKB (A-form)

phosphate groups and ions in the initial structure. A few
sodium ions were put into the major groove in the initial
structure of 2HKB and they form strong electrostatic
interaction with the phosphate groups. The duplex was prone
to bend and form A-form structure due to the inappropriate
contact. After about 375 ns, the sodium ionsetl into the
solvent and the stable B-form structure was maintained. In the
simulations started from A-form, 1D@6tuated between A

and B-forms and the RMSD values varied bet&#dhnahd

the average of both curves were 2.38 A, which is consistent with
the results of simulations started from B-form.

The dihedral angle distributions calculated from the B-form
DNA simulations are shown ffgure 8 The dihedral
distributions of B-DNA from a crystal survey by Lemkul et
al. were used as the referencé’@atiaough it should be kept
in mind that the simulations were in aqueous solution. The
distributions of and from all the B-form DNA simulations
aligned almost perfectly with the data from the crystal survey.
The highest peak around°1&80Ad the lower peak around°150
Figure 7.RMSD trajectories of nonterminal heavy atoms of DNAN the distributions were slightly underestimated compared to
dodecamer 2HKB with respect to A-form structure (blue) and B-forthe crystal survey. This slight misalignment is not critical for the
structure (red) in aqueous _solution: (A) s_imulation started with the %tability or exibility of A or B-form structures since the
form structure; (B) simulation started with B-form structure. torsion angle degenerates in both A and B-form strifetures.
The and distributions captured two major peaks and the
higher peaks ofaround 180and around 260represent the

300 400 500 600 700
Simulation Time (ns)

o 1 1
0 100 200

2HKB (B-form)

300 400 500 600 700
Simulation Time (ns)

200

o 1
0 100
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Figure 8.Torsional angle probability distributions of the four B-DNA helices compared to a crystal survey of all B-DNA X&fay structures.

so-called Bl substate of B-form structure and the lower peaksalain with the peak at lower width and the distribution of 2HKB

around 260and around 180represent the BIl substate. aligns with peak at higher value. This is expected because the
The -torsion angle and the pseudorotation angle o$equence of 1NAJ contains A-tracts that typically have narrower
deoxyribose correlated with each other and jointly determinednor groove widths compared with GC sequences. This is also
the sugar-pucker conformation. The simulations underestdn rmed by the comparison between simulations and NMR
mated the B-form-like sugar-pucker populatiomso(nd results Figure S14A)BContrasting the simulated structural
270 and pseudorotation angle around)18Q overestimated  distribution with NMR structures is perhaps more meaningful
the A-form-like sugar-pucker conformatiorerqund 200 given both are in aqueous solution; however, the NMR
and pseudorotation angle arourfd. ZEince all the reference structures are rather limited compared to the comprehensive
data were from crystal survey and they may not reveal ttrgstal survey.
correct structuraluctuation in aqueous solution, it is not Using the C6C8 base pair axis as describkttihodsthe
necessary for the simulation results to completely agree vdistance and twist angle between every nucleobase stacking step
the reference data. Indeed, it was reported that the sugar-pugkene analyzed for the B-form DNA. The twist angles for all the
conformation is moreexible by NMR measurement in DNA duplexesuctuated between°3@nd 40 with standard
comparison with the crystal sufvey. deviations <% The rise distances mostlgtuated from 3.0 to

The distribution of the base pair and step parameters we® A with standard deviations < 0.3 A. The RMSD between the
calculated from simulated structures using Curves+ asithulation averages and the NMR measurements were only
compared with the survey of B-DNA X-ray strutiubss. 2.9655.0F for the twist angle and 0SP028 A for the rise
shown irFigure 9the simulation results generally agreed witllistance, with the terminal residues not considered. The base
the crystal survey results. The stretch distribution from tlstacking data also indicated that DNA duplex kept stable B-
simulation slightly shifted to the right by 0.4 A compared witlorm structures (1D20 occasionally transited to A-form
the crystal survey.figure S133D, the helicoidal parameters structure).
were also compared with the corresponding NMR values andany-body polarization was investigated using a model
the discrepancy in the stretch parameter was noticeably redwystiem of base pair stacking in standard B-DNA and A-RNA
(below 0.3 A) especially for 2HKB, 1D42, and 1D20 as well esnformationsFHjgures 1@ndS3(. The polarization energy
2JXQ (RNA). IrFigure 9the slide distributions of 1INAJ and of nucleic bases contribute§12% to the total interaction
2HKB agree well with the crystal survey, as well as with NMiRergy in the B-DNA conformation and contribute8@e65
in Figure S13The major and minor groove widths of 1NAJin the “single-strandéd\-RNA conformation. In both cases,
and 2HKB were computed and compared with the crysttile ratio of the polarization energy to the total energy increased
survey inFigure 9and NMR structures iRigure S14A.B  with the number of bases, up tH0 base/(base pairs). The
Given the short sequences of 1D42 and 1D20, the grooaeerage induced dipole per GC based pair is 0.88 D, with 0.25
widths for these two duplexes were not calculated. The mdprlong the helix axiBigure 1) Aromatic systems such as
groove widths of both 1INAJ and 2HKB displayed largehe bases and benzene typically possess much larger polar-
uctuations compared with the crystal survey, but the megability in plane than out of plane. The strong polarization
values are similar. For minor groove width, the crystal survegiect in the bases corroborates previous suggestions that many-
Figure Shows two peaks and the distribution for INAJ mostlgody eects are important in the modeling of nucleié®4gid.
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Figure 9.Comparison of helicodial parameters and groove width distributions between solution-phase simulation and a crystal survey of all B-D
X-ray structurés.

2 - In all the DNA simulations, the NaCl concentration is

E 121 ":;p around 0.1 M and most of the sodium ions did not have contact
® -5 e with the phosphate group. In rare cases such as the 2HKB
»3'_5_10 19 E _":‘; simulation irFigure A, when a few sodium ions were buried
o£ & m— inside the major groove and had direct contact with the
585 N7T3 e phosphate groups, they were able to perturb the structure in
5 15 g ’_*::'. short time scale. Previous experiment and simulation studies
g 20 ’ o have shown that cations are important for stabilizing the DNA
5 - - — s T structure$>**8However, the mobile cations do not seem to

o

have a long time-scalee@ for the stability of the DNA
duplexes at this low salt concentration. Insteadxibiity of
Figure 10.Polarization energy of base pair stacking in standattie DNA duplex depends on the nucleobase sg%fl.lence.
[-(CG),-], B-DNA. The stacking structure was constructed based on Simulations of DNA Duplexes in EthandbWater
the standard B-DNA. The total eneffyy) (and polarization energy  Mixture. To examine theexibility of the DNA model in

(Epo) are both interaction energy (system energy minus the sum pisphonse to changes in water activity, we also simulated the four
energy of individual base pair). The average induced dipole of e A duplexes in 90:10 (volume ratio, %) etSaaier

GC basepair was 0.88 D, and the component on the long axs f ' ! .
(perpendicular to the base pairs) was 0.25 D. mixtures starting from both A- and B-forms. Typically, A-DNA

is believed more stable than B-form in such mixtures. However,
as suggested by previous studies, the stability of DNA A-form in
ethanol/water mixture is highly sequence-dependent and the

Stacking GC number
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duplex with low GC content may not be able to maintain stabiation is expected based on the experimental temBerature

A-form?3263234 ethanol concentration-phase diagram of'Dich suggests
Simulations at 298 K did not show any conversion betwe&NA duplexes melt above 323 K.
A- and B-formsHgure 1C,D andFigure S1?2 and the On the other hand, as showifrigures 1B andS12 when
the initial structures of the simulations were in B-form, 2HKB,
2HKB (A-form/328K) 1NAJ and 1D20 converted to A-forms during MD simulations

at 328 K. Depending on the sequences and stability of the
double helices, the conversion occurredSi20R0ns. 1D42
slightly favored the A-form during tret 200 ns. The results
suggest that the AMOEBA DNA foredd can sensitively
capture the A B transition in both agueous solution and
wateethanol mixtures (at least at high temperatures).

GVIRRY 50 100 ;ifl:)ulati:r?qrime%gg) 30 350 400 Simulations of Z-DNA Duplexes in Crystal Lattice.
Two left-handed Z-DNA (1LJX and 292D) crystal structures
2HKB (B-form/328K) were constructed and simulated for up t® lsing the

AMOEBA force eld. The heavy-atom RMSDs of the entire
sequences are shownFigure 12 The average RMSDs of

~ 15
0 . . . . . . <
B) 0 50 100 150 200 250 300 2 1r
Simulation Time (ns) =
Cost
2HKB (A-form/298K) 0
(A) 0 100 200 300 400 500 600 700

Simulation Time (ns)

©) 0 100 200 300 400 500 600
Simulation Time (ns)

2HKB (B-form/298K) 0 . . . . '
(B) © 200 400 600 800 1000
6 Simulation Time (ns)
<
o 4f Figure 12 All heavy-atom RMSD trajectories of the two simulated Z-
2 DNA duplexes in crystal lattices with respect to the experimental
o2 crystal structures: (A) 1LJX and (B) 292D.
(D) 00 1(I)0 260 3(I)0 4(IJO 5(I)0 i
Simulation Time (ns) 1LJX and 292D are 1.45 and 1.89dble ), respectively. If

Figure 11RMSD trajectories of nonterminal heavy atoms of the DN
dodecamer 2HKB with respect to A-form structure (blue) and B-fori MSDs of 1LJX and 292D are reduced to 1.16 and 1.32 A. At

structure (red) in ethai®Water mixture: (A) simulation started with 1€ hundred-nanosecond to microsecond time scale, both
Aform structure at 328 K: (B) simulation started with B-formsimulations were able to maintain stable Z-form structures. The
structure at 328 K; (C) simulation started with A-form structure at 298veraged simulation staes for the two Z-DNA are

K; (D) simulation started with B-form structure at 298 K. At thesuperposed onto thergt) NMR structures ifrigure 1A.

higher temperature, the interconversion occurs rapidly. In the MD simulations, 292D showed greater average RMSD
than the 1LJX. An important factor in the stability of Z-DNAs
structural RMSDs were quite stable ov&0 ns. We is crystal packing. In the 1LJX crystal structure, the DNA
subsequently carried out simulations at higher temperattieeminal nucleobases form head to tail, packing the terminal
(328 K) to speed up the dynamic conversion of doubleesidues in the nearest unit cell, but, in the 292D crystal
stranded DNAs. IRigures 1A andS12 if the DNA duplex  structure, the DNA terminal nucleobases from two adjacent
started from A-form structures at 328 K, 2HKB, 1NAJ, anshit cells are slightly misaligned. In solution, it is kifomat

1D20 were able to maintain the A-form for itsie10&200 the left-handed Z-form is stable at high salt concentrations.
ns and then the RMSD values with respect to A-form increased’he dihedral angle distributions of the Z-DNA was examined
slightly due to the high temperature we used, while the RM®Rd compared with the PDB crystal stit(eigure 18 Since

values relative to B-form remains large. The duplex structureshe Z-form structure, Odf each nucleotide alternatively
denatured/melted after about 150 ns. However, 1D42 stayages to the opposite direction, the population distributions of
between the A-form and B-form and then melted as othatl the dihedral angles show two peaks. As demonstrated in
duplexes after 150 ns. 1D42, which has low GC content andrigure 13the peak positions from the simulation ensembles
mostly composed of A-T pairs, never maintained a stable ayree with the reference data for all dihedrals. However, the
form in ethanol/water mixture. The high-temperature denatheights of the peaks are generally lower compared with the

%‘nly nonterminal heavy atoms are considered, the average
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Figure 13.Torsional angle probability distributions of the two Z-DNA helices compared to data from a PDB crystal survey.

survey, suggesting the conformatiamcaliations sampled in  structures have a very large total bend angi®),(the
the simulations are larger than the distributions in the PD# erence between average simulated and NMR bend values
crystal structures. Given the fact that the crystal structuresaias less than °10rhe simulated groove parameters of RNA
the survey were all coordinated with excess polyamines &elices also generally agreed with the values computed from
multivalent ions, the high salt concentrations may help MR structureszigure S138hows the helicoidal parameters
reduce the localictuation of Z-DNA. of the canonical RNA duplex 2JXQ. Similar to the DNA
Simulations of RNA Double Helix and HairpinRMSDs simulations, the stretch parameters of 2JXQ simulated
between simulated structures and the NMR structures  structures were slightly more positive than the NMR values.
from PDB are shown irable 2andFigure S10The RMSDs  Among the 12 parameters of 2JXQ, the stagger and buckle
for the hairpin loop regions were also calculated separately. Vakies deviated most from the NMR values.
average RMSD values were all below or around 2.0 A. Théll the nonterminal WC base pairs of the seven RNA
averaged simulation structure for each of the seven sequenuaecules were well maintained in the simulations. Even most
has been superposed onto tt# NMR structure ifrigure of the terminal base pairs or the capping base pair of hairpin
14B. stem (12 out of 14) were stable in the simulatieisiré
The average base pair rise distance and twist angle in #1&). The broken-up terminal base pairs in 2IJXQ and 2L8F re-
RNA simulations for each sequence were compared with fbemed in about 200 ng=igure S17 We analyzed the
corresponding values of thst NMR structureRigure 1p important hydrogen bonds for holding the non-WC pair and
The average twist angles of one nucleobases stacking step ithth@airpin loopTable 3. For 10 of the 14 hydrogen bonds of
all-wC duplex RNA 2JXQ were betweefi 288d)32.9 with concern, over 95% of the simulations frames kept these H-
an average value of 30tbe same as that in NMR structure bonding contacts.
and standard A-form RNAs. The average rise distance betwefie backbone and-torsion parameters are crucial for
base pairs of 2JXQ simulation was 3.25 A, compared to thescribing the conformations of various RNA structures,
average value of NMR structure, 3.31 A. At 298 K, the base papecially for the loop residues of hairpins and the non-WC
steps showedt®8.2 uctuation in the twist angle ar@i22 A pairing in duplexes, which are usually associated with important
uctuation in the distance between the two neighboring basmctions. We analyzed the torsions of all nonterminal residues
pairs. The root-mean-square twist angle deviations from NMRd compared them with the values computed fromrsthe
structures were 1.34.7, 2.4, and 6.6 for the four RNA  NMR structures Higure S1)3 Considering all nonterminal
duplexes 2JXQ, 1MIS, 1F5G, and 2L8F, respectively. Tesidues, 59% of the six types of torsion angles showed less than
corresponding RMSDs of base pair distance according to i@ deviation between the average simulation and NMR values
NMR structures were 0.14, 0.39, 0.18, and 0.24 A. Axis bemdi 83% showed deviations less tHfarF@0most of the
and groove parameters for the four RNA double helices amgles, the simulation values were aBds Smaller than
simulations were calculated using Curves+ program ath@ corresponding NMR structure values. Bothnd -
compared with the values of NMR structureble S5  torsions have two or more populated states in the non-WC
shows that the axis bend angle of RNA in simulation has jpairs or the hairpin loop regions, where larger deviations were
2° per base pair average value and has ailgrggion (was  found between simulation and NMR. One of issue with the
about 1 per base pair). Except for 1F5G, whose NMRorevious version of AMBER (parm99) fomld was the
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Figure 14.Averaged simulation structures (green) superposed with NMR or X-ray crystal structures (black): (A) DNA structures; (B) RNA
structures.

overpopulation of the/ = (G+, T)*?° Thus, the torsion  were calculated. The average RMSD values for 1RNA unit cell
populations on these sites have been anadljzed (L We and 1D23 unit cell from NMR structure are only 1.22 and 0.90
found that most of the torsion populations observed in th&, respectivelyr ble }.
simulations matched those in the NMR structures. For Curves+ helicoidal parameters calculated for unit cell or
example, for residue 4 of 1F5G, these two conformatiossper cell simulated structures are almost idehtipale (
showed up in both simulation and NMR structures, with simil&15. The Curves+ parameters of crystal simulations were also
relative populations. In 1MIS simulatierand -torsions of ~ compared with those from solution simulatieigsire S5
residue A5 (hamed and 5) displayed another stateS(& Similar to solution simulations, the stretch parameters from
+), which existed in all but one NMR structure. Interestingly, tlRNA and 1D23 crystal simulations were also slightly more
1MIS simulation, the caurations of 5 and 5 varied positive than those evaluated using the PDB X-ray structures.
cooperatively={gure S19 Except propel and opening, the 1RNA base pairing and stacking
All the frames of the 14 RNA simulation trajectories wenggarameters of crystal simulations closely match those of
used to analyze the population of sugar-puckering conforraalution simulations, and most of the parameters show less
tions. A statistical population density map was plotted withariations along the nucleotide position in comparison with the
respect to , and , (Figure S21 The C3-endo energy X-ray proles. For 1D23, the @rence of shear, stagger, and
minimum had 34 times more population than -€@do tilt parameters between crystal, solution simulation, and X-ray
energy minimum, which translated irkdkcal/mol energy at  structure were insignant. While the slide and twist
300 K. The C3endo minimum was located at®(1I7r), parameters from crystal simulation agreed with X-ray values
which is rather consistent with the QM energy mapsed . better than those from solution simulations, interestingly, the
Simulations of DNA/RNA CrystalsThe temperatures for  buckle, opening, shift, and rise parameters showed the opposite
crystal simulations were set to the experimental crystallizaticend. It is possible theseeadences in these parameters are
temperatures, 308 K for 1IRNA and 277 K for 1D23. For botihsignicant given the X-ray values are well within the statistical
systems, a unit cell and a2 x 2 supercell have been ranges of both crystal and solution simulations, whicts re
simulated. Each of the duplex in the simulation cell w#se dynamic nature of the nucleic acid molecules. The solution
superposed onto the PDB crystal structure and the averagmulation of 1D23 did give a much larger axis bend angle than
RMSD value of the four (unit cell) or 32 (super cell) duplexeloth the crystal simulation and X-ray structure did, and the
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hydrogen bonding or van der Waals contacts. Following their
methods, we have analyzed those interaction pairs in both super
cell and unit cell simulatiofisble 3. The results showed that
super cell simulation results in a langetuation of contact
distance at these interfaces. For both 1IRNA and 1D23, most of
the distance of the interacting atom pairs on the interface were
in better agreement with experimental (X-ray) values than the
previous AMBER results byS1L% A, suggesting that the
integrity of the crystal lattice and most of the duplex interfaces
is signicantly less degraded using AMOEBA fetde For
both the DNA and RNA crystal, the average major g§roove
major groove interfaces seem less well maintained by both
AMBER and AMOEBA, but these distances tend to have large
uctuations in the MD simulations.
Simulations of UUCG Loop.In addition to the MD
simulation of the RNA hairpin 2KOC discussed above, the
UUCG loop within 2KOC was further investigated. Previous
work showed that the loop cgarations sampled from MD
simulation are inconsistent with those determined from
NMR? The rst ve NMR structures of 2KOC (sequence
rGGCAC-UUCG-GUGCC) were truncated and used as
starting structures of MD simulations, following the previous
Figure 15.Twist angle and rise distance between eveSbhasse work by Cheathgm and co-workerghe RN_A tetra‘QOPS .
stacking step. The average values from each of the two simulatiyfée Solvated with 5701 water molecules in a periodic cubic
were compared with the corresponding values ofsth&IMR box. The nearest distance from the A-form RNA molecule to
structure in PDB. the edge of the box is about 13.5 A. The total systems were
neutralized with 21 sodium and 12 chloride io@sl (M
di erence is statistically sigant. The agreement between NacCl). During both the system preparation and production, the
crystal simulation and X-ray axis bend is actually quite gobgdrogen bonds of the two terminal base pairs were restrained
For 1RNA, no sigriant dierence between solution and with a 20.0 kcal/(mol 2} force constant. Thus, only the
crystal simulations was observed for any of the structutalraloop and the capping C-G base pair were free to move. A
parameters. Both crystal and solution simulations for DNAbx size of 55.824 55.811x 55.811 Awas used in the
RNA showed reasonable grooves geometry with someduction MD runs. For each of thhe NMR structures two
individual discrepancies. 500 ns simulations were performed at 277 K, the same
In addition to the individual duplex structure andtemperature adopted in the previous Workotally 10
conformation, the weak interactions between duplexes in th@ectories (5s) were obtained.
crystal lattice were analyzed. In the work of Lidt%tlalee The three Wats@Crick pairs of the stem in each
and ve important interfaces/contacts were recognized in tl#mulation frame were superposed to the corresponding
1RNA and 1D23 crystal, respectively, and the distance residues of the NMR structure, and RMSD from NMR
special interaction pairs were measured to characterize stracture were calculated for all heavy atoms of the four loop

Table 3. Important Hydrogen Bonds Stabilizing the RNA Local Structure and the Percentage of Frames Holding Theses
Hydrogen Bond%

percentage of frames holding the

RNA description hydrogen bonds analyzed hydrogen bonds (%)
1F5G G&G7 cis WSHoogsteen pair G4BG706 99.0 99.1
G4HBGTN7 99.3 99.1
MIS G4AS5 cis WSWC pair G4H$A5N1 99.8 99.2
A5HB5G406 99.9 99.2
2L8F ASAT AANSB-ATH2 98.0 99.0
A5SG6 ASNBG6H2 91.7 95.0
G65G5 G6NBG5H2 96.2 95.8
C7SA4 C7H&A4NL 95.8 95.9
2KOC UBGY sug&WC pair U603G9H1 97.8 99.6
U6HO25G906 80.4 75.4
1ZIH G5A8 G5HZA80P 95.0 91.3
G5HZSA8N7 63.7 89.1
1SzY USU12; CHAl4 U9HEBU120P 97.9 90.0
C801SA14H2 71.8 56.8

#The percentage of frames holding the concerned hydrogen bond in two trajectories is calculated and shown in the last column. A hydrogen bor
counted when the distance between H-donor and H-acceptor is less than 2.5 A, and both the doSaioanBeedeptor angle and the
acceptor anteced8atceptddonor angle are greater thah 90
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Figure 16Torsion and conformation populations in simulations compared with NMR structures dféheadbetween torsion angles of two

NMR structures is less tharf,3iey are considered as one conformation. The average NMR torsion value and the population for each
conformation are labeled on the top. No population label means that all NMR structures belong to one conformation, or there is only NMF
structure (1MIS) in PDB.

residues UUCG, as shown FRigure 1A. Then RMSD  stacking between G4 and G5, and the stacking distance
between every pair of simulation structures was also calculatednged from3.9 A to a regular valug.2 A Figure 1T).

from which a RMSD matrix was built and used to cluster loop Simulations of RNA Single Strand Tetramer and the
conformations. Five clusters were idghtfrom all 10 Comparison with NMR Data.The initial conformations for
trajectoriesHigure 1B). The rst three clusters, with a$.8 RNA tetranucleotides, CAAU, AAAA, and GACC, were taken
3.5 A RMSD from the NMR structure, accounted for 85% dfom standard A-form portion of RNA NMR structures, 1BAU
the structures, and the majoediénce between these clusters(structure 1, residueS@®, 2K7E (structure 9, residugd B)

was the swing of the base of the second loop residue U2.amd 1K5I (structure 2, residu§&) respectively. Each RNA
cluster 4, the alterecand -torsions of U2 caused the U2 basetetramer was solvated with 3746 water molecules ina 48.42
swing to the other side, which led $8® A RMSD from  48.42x 48.42 Aperiodic cubic box. The nearest distance from
NMR structure. In cluster 5, the U2 moved further and C3 the A-form RNA molecule to the edge of the box was about
torsion also drifted, and $23 formed baSkase stacking. 13.5 A. The entire systems were neutralized with 10 sodium
However, clusters 4 and 5 only accounted for 15% of alhd seven chloride ion90(1 M NaCl). Ten trajectories were
trajectory frames. The extension of trajectory 5 from 500 nsdbtained for each of the three tetramer sequences at 298 K. For
1 s (Figure S26Bshowed that the cluster 4 structure turnedeach trajectory, the simulation times were 300, 300, and 600 ns,
back to cluster 1 twice within another 350 ns simulatiofipr CAAU, AAAA, and GACC respectively.

although only stayed for abo1®ns. Therst three cluster The middle two residues of the RNA in each simulation
conformations (cluster§3) can easily transit from one to frame were superposed to the corresponding residues of
another (see the dynamics of the loop structtirgure S20 standard A-form RNA. After superposition, all heavy atom root-
The U1-G4 sugar edg®VatsoSCrick edge hydrogen bonds mean-square deviation from A-form were calculated. The
were fairly strong. 99% of simulation frames showed the UL&MSD plots of the three drent tetramer sequences showed
G4H1 hydrogen bond, and in 80% frames the UiGKI26 qualitatively similar distributionSigre 18). The most
hydrogen bond was well maintaifiatlle Sshows the other exible residue was thet&@minal residue, on which each
H-bond populations and the comparison with the performantetramer cluster had a major conformafignies 18, S23B,

of AMBER force elds:?* We also analyzed the backboneand S24p In the largest cluster wih< 2 A RMSD to the
torsions of the loopF{gure 1D andTable Sp The major  standard A-form RNA, most conformations were in standard A-
deviation from the NMR structure was ttersion angle of form, and a small portion (5%%) of near-A-form

the capping residue G5, which changed from nggatiie conformations had the san@ 3tacking pattern but both
near trans. The change of this torsion also led to large deviatidn 4 and 4 changed to trans-conformatioBT(4T; see

(>35) in the 4 and 4 from the NMR structure. We found 3T 4T structure of rAAAA iRigure S24B The second

that these changes of backbone torsions actually gave a stratigster was also near-A-form conformation witlsa.2 &
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Table 4. Interactions, Including Hydrogen Bonds and van der Waals Contacts, in RNA (PDB, 1RNA) or DNA (PDB, 1D23)
Crystal Packirg

interaction atom 1 atom 2 X-ray AMBER super cell AMOEBA super cell AMOEBA unit cell
(A) 1RNA Crystal

minor groov8minor groove 1 02/U1 oal11 3.01 2.78(0.20) 2.86(0.22) 2.85(0.14)
02/A28 02/U18 3.02 2.80(0.19) 3.10(0.45) 3.02(0.37)
03/A28 02/U18 3.00 3.10(0.23) 3.32(0.68) 3.30(0.66)
02/U1 OP1/U12 3.30 4.28(0.55) 4.30(0.47) 4.27(0.39)
02/U2 02 /U10 2.46 4.02(0.80) 3.06(0.53) 3.10(0.60)
02/A3 02/U20 3.20 3.86(0.86) 3.52(0.76) 3.44(0.62)

minor groov8minor groove 2 02/U15 02/A25 2.67 3.31(0.96) 2.84(0.18) 2.83(0.13)
02/A14 02/U4 2.77 2.99(0.39) 2.88(0.23) 2.86(0.15)
03/A14 02/U4 3.01 3.69(1.36) 2.89(0.28) 2.87(0.25)

major groov@major groove C6/U15 ap22 3.17 4.44(0.94) 4.87(0.99) 4.77(1.04)
C5/U15 03/uU22 2.80 3.75(0.69) 3.75(0.49) 3.71(0.44)
03/A9 0O5/U1 3.53 4.10(1.11) 5.75(1.53) 5.13(1.33)
0O3/A9 C5/U1 3.30 4.26(1.10) 5.55(1.52) 4.91(1.24)
OP1/U10 CcyU1 3.32 4.19(1.21) 5.54(1.56) 5.00(1.24)

(B) 1D23 Crystal

terminabterminal N3/C11 N3/G20 3.49 3.51(0.23) 3.46(0.23) 3.41(0.20)
03/G10 O5/C1 3.37 3.63(0.89) 3.73(1.07) 4.16(1.30)

backbor@minor groove OP1/A3 04/A17 3.65 4.77(1.08) 3.99(0.50) 3.89(0.39)
P/A3 P/A17 6.49 7.59(1.53) 7.58(0.60) 7.63(0.56)
PIT4 P/A17 4.65 5.79(1.93) 5.28(0.48) 5.39(0.41)
OP1/T4 OP2/A17 3.88 5.83(1.33) 5.20(0.90) 5.46(0.80)
OP2/T4 O5/A17 3.79 4.62(0.96) 4.37(0.51) 4.39(0.49)

backbor@backbone OP1/A13 OP2/C9 3.90 5.24(1.39) 4.38(0.53) 4.33(0.50)
03/G12 O5/T8 3.93 5.23(1.45) 3.78(0.31) 3.74(0.28)
P/A13 P/C9 5.15 6.65(1.29) 5.50(0.43) 5.42(0.41)
P/G12 P/T8 8.25 7.12(1.08) 8.33(0.66) 8.35(0.62)

minor groov8major groove P/G6 Q%20 3.74 4.29(1.05) 4.21(0.64) 4.13(0.54)
OP2/G6 03/G20 2.68 3.37(1.00) 3.18(0.69) 3.06(0.56)
P/G6 P/G20 8.07 8.36(1.22) 8.38(0.82) 8.36(0.70)
PIG12 P/G6 6.28 7.71(1.10) 6.41(0.69) 6.44(0.64)

major groov@major groove P/IG16 agel 3.40 4.63(1.14) 4.49(0.71) 4.50(0.70)
03/G10 P/G16 3.93 3.96(0.77) 4.43(0.64) 4.76(0.68)
P/G16 P/G2 6.29 8.09(1.03) 7.60(1.08) 8.10(0.97)
P/G10 P/G16 8.36 7.57(0.96) 7.08(1.23) 6.60(1.12)

#The interaction daition followed the work of Liu et al., and the simulation results using AMBER were taken from the tables of their paper. The
data in parentheses are standard deviations. The atom pairs eatit sigmiovement using AMOEBA compared with AMBER have been shown
in bold. The distance values of atom pairs are in angstroms.

RMSD and only the-torsion of the last residue changed toinitial simulation trajectories that started from A-form-like
trans-conformation4T). The bases 3 and 4 were stacked in astructures. Only SR, 53, and $4 basSbase stacking
di erent style, this structure was also observed in NMR (nameshformations were observed in 8& 3 total simulations in
NMR minor by Bergonzo et'al). The RMSD distribution  the current study, which was consistent with NMRTditie
peak around 35.5 A was related to the structures with baseS). The Karplus equatidhSwere used for calculating the
3 and 4 unstacked and could be clustered to two majooupling constants from the simulation trajectories (see the
conformations. A totally unfolded conformation cluster (witequations in Supplementary Method of $heporting
RMSD > 5.5 A) was found in one of the CAAU 300 nsnformatio), which were related to the backbone torsion
trajectory (trajectory 8 Figure S29BThe rst two clusters  angles, , and , as well as sugar-puckering conformation (see
(Figure S22 whose structural properties were consistent witthe calculation results and the comparison with experiment in
NMR data, contributed to 85.4%, 95.8%, and 60.0% of tfiable §. Twenty-seven of the 30 backbone-torsion-rélated
simulated population for CAAU, AAAA, and GACC coupling closely matched the NMR measurements (error, <1.5
respectively (see the populations of the tetramer clustersHr). This was consistent with the torsion analysis results, which
Table SB The conformation transitions from one to the othershowed that most of the torsion angles were kept in A-form-like
were observed in the initidrigure S25or extended  (Figures 1B, S23A, and S2XAThe [n, (ntl)] con-
simulationsHigure S26AndFigure 1 All the non-A-form  formation, which Gil-Ley et al. discusseds only in NMR
conformations could transit back to a near-A-form structureGS/GS or mainly in G/GS conformation. Thé&J coupling

Using the baSbase stacking score adopted by Turner andf 4 of CAAU and GACC and of GACC were not correctly
co-workers for these tetraméfsye further commed that predicted, and they all belonged to the terminal torsions. The
there was noSB, 154, 54 stacking, or intercalation in these overestimated4 values of CAAU and GACC indicated that
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Figure 17 Analysis of UUCG loop simulations: (A) loop RMSD distribution (see RMSD calculation method in main text); (B) clusters detected in
the simulation (cluster§4, black, blue, magenta, red, and green, respectively; four loop residues, labeled based on their position on th
loop;capping residues, labeled as CO and G5); (C) chaBgersfon (shown in sticks) result in a strong8G54tacking (NMR structure,

black; other structure. average structure in simulations); (D) loop torsion population from simulation.

trans conformation was oversampled in our simuledioie (  stacking structure afte®00 ns (fully foldedsigure 1R In
S9. The large 4 of GACC means the fourth residue was 77% of the extended simulation trajecton5{62Z2ns and
perhaps tooexible, and the torsion angle deviated from th&1951070 ns), the tetramer had the A2-A3 stacking core, and
trans-conformatio fble S&ndFigure 1B). For3Jcoupling within these A2-A3 stacking but not fully folded frames, the
constants of the ribose sugar torsion, the incorrectly predictegar-folded structure§354 stacking andSPS3 stacking
ones were also located at the terminal. accounted for about 60%klgure 19the misfolded structures
NMR NOE measures the distance between neighborimpserved in the simulation, including C1-U4-A3, A2-U4-A3,
hydrogen atoms. The NOE data were computed fror@1-A3-A2, C1-A3-U4 stacking structure, are shown. However,
simulation structures by averaging the distance with a negatiivese misfolded structures were quite unstable and only lasted
sixth power weight (sétethod}. 42 of the 45 CAAU, 38 of less than 15 ns before breaking up. We also obs®fved 1
the 39 GACC, and 23 of the 23 AAAA NOE peaks werstacking in the simulation momentarily. Between 500 and 560
predicted (calculated, <6.0 A; error, <2.0 A) from the tetramas, the C1 base formed a T-shape stacking with A2-A3 core.
simulationsTables andS1(Q. However, 54 predicted peaks Simulations of HIV TAR.The residual dipolar coupling
were not observed in experiment. Overestimation of pegRDC) values measured in NMR experimergcte the
seems to be a common problem with NOE prediction bgrientation of the hydrogen-related chemical bonds, which
simulation. The correlation ceeent () between the NMR  serves as a good benchmark for the accuracy altsrcEhe
and calculated NOE is 0.5g(re 2} RDC data for HIV TAR RNA has been reported and computed
The extension of CAAU trajectory 8 started from a totallysing AMBER forceld'**TAR is a 59-nucleotide long RNA
unfolded structure but converted back to an A-8288%4 located at the #nd of HIV viral transcripts. Thest four
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Figure 18 Analysis of single strand RNA tetramer simulations: (A) RMSD distribution (see RMSD calculation method in main text); (B) torsion
population in rGACC compared with A-form values; (C) statistical population 88apsarid 4S 4-torsions in rGACC. The contour colors

show the value of the negative logarithm of the population density. The location of the central structure in each of the four clusters are indicate
arrows on the map.

PDB structures of 1ANHR were chosen as the starting was also calculated using all the trajectoidese( 2A). The
structures for MD simulations. Tweny-RDC values were correlation coecient () between the calculated and
calculated from structurégalfle SI1 Note that the PDB  experimental order parameters is Gigirge S27 and the
NMR structures were reported much earlier than the NMRexibility of the loop domains was correctly predicted.
RDC data. We found that the correlation between the PDB

structure calculated and the later reported RDC values was veryCONCLUSIONS

poor, withR? between 0.20 and 0.45gure S28 The poor  The AMOEBA forceeld for DNA and RNA has been
correlation could be due to efient sources of experiments developed based on high-level quantum mechanical calculations
that may have been performed underefit conditions. Itis  and comparison of over 35MD simulations of 20 érent

also possible that RDC data cannot be reliably computed frgyNA/RNA molecules with experimental measurements.
limited NMR structures. On the other hand, using structurgsreviously reported foraglds for nucleobases and phosphate
from 1 s dynamics simulations with the AMOEBA fetde  groups, which have been extensively validated for capturing
the calculated RDC values showed a good agreement withiiage stacking/pairing and phos@ivaater and phosph&te
reported RDC datdigure S29with a correlation coeient metal ion interactions, were incorporated. One focus of the
(R?) of 0.76 Figure 2B). The quality of our RDC values is current work is to derive the sugar-puckering, sugar-base, and
similar to those computed in previous two sttitfeasing backbone torsion parameters that are crucial for the conforma-
AMBER forceeld. The order paramet&f)(on each residue tional exibility of nucleic acids.
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Figure 19rCAAU refolding simulation. Time O is the end of trajectory 8 at 300 ns, at which the rCAAU tetramer was totally unfolded (no stacking
in the structure, see the RMSD of trajectory-Bjime S25BThe rCAAU structures observed in the simulation are shown above and below the
plot. Color scheme in the structure model: green, C1; blue, A2; red, A3; blaclg834ngitthe tetramer folded to A-form stacking structure.

Table 5. Base Stacking in the RNA Tetramer Simuldtions

sequence CAAU AAAA GACC
stacking denition score > 1.0 score > 0.9 score > 1.0 score > 0.9 score > 1.0 score > 0.9

12stack 38.4% 48.6% 67.6% 75.6% 62.2% 71.4%
13stack 0 0 0 0 0 0

14stack 0 0 0 0 0 0

23stack 75.8% 82.1% 84.1% 89% 93.7% 95.4%
24stack 0 0 0 0 0 0

34stack 65.3% 67.6% 74.5% 78.7% 39.9% 42.2%

3n the tetramer (3 or 6s) simulations starting from A-form structuresSthstacking was very stable and &8y 283, and $4 stacking were
observed in the simulations.

The polarization energy was found to contributecsigthy interconversion between A- and B-form DNAs in ethanol
the total interaction energy in base pairing and stacking amdter mixtures was also captured at 328 K. Z-form crystal
varies with number of bases and conformation. In addition structures of DNAs were also well maintained in our crystal
the strong electrostatic polarization between phosphates aindulations.
ions, the polarization energy observed in bases furthehe AMOEBA force eld also well reproduced the
substantiates previous suggestions that many-bcdyaee = conformations of several RNAs from crystal or NMR
important in the modeling of nucleic &¢idHowever, further  structures. The average RMSD for the seven RNA duplexes
studies on speci systems will be necessary to fully illustratand hairpins was below 2.0 A, and the important hydrogen
the eect of polarization on nucleic acid structures andonds in the simulations were maintained, even for most of the
properties. terminal pairs hydrogen bonds were preserved. Thesfdrce

MD simulations of several DNA duplexes using thalso produced a correcand population for theexible part
AMOEBA forceeld have been performed. The DNA doubleof some RNAs. The UUCG tetraloop was simulated for a total
strands maintained the stable B-form structure in water and tifé s, and 85% of the simulated structures matched the NMR
conformational and structural distributions in general agreeahformational states. In at least 60% frames of the single
with the experimental statistics. In addition to demonstrate ttsitand tetramer (AAAA, CAAU, and GACC) trajectories, the
the force eld prefers B-DNA in aqueous solution, thestructure kept in A-form or stacked near-A-form structures. An
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Table 6. Comparison of the Calculafd€Coupling Values (Hz) of the Three Single Strand RNA Tetramers with NMR Values

torsion CAAU (cal) CAAU (NMR) AAAA (cal) AAAA (NMR) GACC (cal) GACC (NMR)

2 3.1, 3.0 37,22 34,21 3.8,1.0 3.9, 18 3.7,0.9
3 31,27 35, <1 27,25 3.0,1.0 3.1,22 4.0, 2.0
4 54, 3.6 3.3, 33 44,29 3.2,1.0 8.1, 6.2 4.4, 2.0
1 4.8, 35 3.75, 1.6 4.4, 3.3 3.8, 2.0 5.9, 35 4.6, 2.3
> 2.2,2.0 2.8, 2.1 21,18 2, 1 2.2, 1.7 2, 2
3 2.1,2.0 2.0,13 2.0, 2.0 2.0, 2.0 21,17 15,<1
4 2.4,2.2 10, <1 2.9, 2.0 2.0, 2.0 4.6,1.9 1.8,1.3
1 9.3 9.49.8 9.4 8$8.9 9.3 9.3
2 9.1 8.4 9.3 8.8 9.4 9.1
3 8.4 8.3 8.4 88.4 7.9 9
1

1 04 1 0.0 2.0 0.0 18

2 0.0 1 0.0 1.0 0.0 <1

3 0.1 1.4 0.2 1.0 0.4 <1

4 6.7 3.7 4.7 2.75 8.1 2.5
2

1 3.1 4.5 3.2 3.4 3.2 4.4

2 3.2 4.6 3.2 3.6 3.3 4.4

3 3.3 4.3 3.3 4.0 3.2 4.0

4 4.3 3.7 4.4 overlap 4.4 4.6
3

1 10.4 8.4 10.7 58.0 10.6 7.9

2 10.8 8.3 10.8 7.3 10.8 8.9

3 10.9 838.4 10.7 8.0 10.6 8.8

4 4.6 overlap 5.8 6.0 29 7.2

#The data with large deviation from NMR value (error > 1.5 Hz) were underlined.

Table 7. Predicted NOE Peak Numbers for the Three Single
Strand Tetramers

sequence CAAU GACC AAAA
NMR peaks no. 45 39 23
predicted peaks 42 38 23
false positive peaks (<5.0) 10 15 29

Figure 20.Calculated NOE distances compared with experimental

values. Data of all the 3 tetramers (rAAAA, rCAAU, and rGACC) weFigure 21.HIV TAR simulation analysis: (A) comparison of the
used, and only the experimental NOE data with exact values wesulated order parametgfswith the experimental values; (B)
included. correlation of calculated average RDC using all eight simulation
trajectories with NMR data.

ideal force eld should reproduce both the most stable
structure and theexibility of the structures. The transitionsand NMR NOE results agree with the available experiment
between derent conformation states were observed in thmeasurements. In HIV TAR simulation, there is a strong
tetramer simulations, which indicate the fetds ability to correlation between the calculated and experimental order
capture theexibility of RNA tetramers. Twenty-seven of theparametersRE = 0.77). Microsecond MD simulations of

30 backbone-relatédcoupling and 29 of the 34 ribose- CAAU tetramer show that the foretl can fold it into a well
puckering-related-couplings were predicted. 104 of the 107stacked A-form structure as suggested by NMR. Several non-
NMR NOE peaks were predicted although 44 predicted pedkMR stacked structures were observed in the folding process,
were not observed in experiment. Over 85% Wfdbepling but they were only present in a very short time.
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Additional simulations of DNA and RNA in crystal lattice (iuman immunodeiency virus; MD, molecular dynamics;
both unit cells and super cells) have been performed. The sthR, nuclear magnetic resonance; NOE, nuclear overhauser
RMSDs indicated the overall X-ray structures were wellect; PCM, polarizable continuum model; PDB, Protein Data
sustained by the forceld simulations. The Curves+ programBank; QM, quantum mechanics; RDC, residual dipolar
was applied to obtain detailed structural information on theoupling; RMSD, root-mean-squared deviation; RMSE, root-
simulated DNA and RNA duplexes both in crystal lattice amdean-squared error; WC, Wett&nick
solution. In general, the base pair and stack as well as groove
parameters from solution and crystal simulations are in REFERENCES
reasonable agreement with values from the crystal surv
and/or computed using the X-ray or NMR structures. For so 152), 1824,

S.trut_:tural para_m(_aters, simulations displayed larger (stat|§t| Rhodes, D.; Lipps, H. J. G-quadruplexes and their regulatory roles
signi cant) dewathn from X-ray or NMR structures to varying, biologyNucleic Acids Re@15 43 (18), 86258637.
degrees. These discrepancies are however not always SYSt8{carthew, R. W.; Sontheimer, E. J. Origins and Mechanisms of
atic. In the unit and super cell crystal simulations, theSduplexRNAs and siRNAGell2009 136(4), 6425655.
duplex interfaces showed noticeable improvements over thg Lincoln, T. A.; Joyce, G. F. Self-Sustained Replication of an RNA
previous AMBER simulation results, suggesting AMOEBABSzymeScienc2009 323(5918), 12281232,
capturing certain aspects of the long-range interactions betwg&hzhou, J. H.; Rossi, J. Aptamers as targeted therapeutics: current
the duplexes. potential and challengidat. Rev. Drug Disco2éty7, 16 (3), 181S

Given the exibility of the DNA/RNA structures and the 202. _ _
sensitivity to their chemical and physical conditions, futur) Cheatham, T. E., Ill; Case, D. A. Twenty-Five Years of Nucleic
studies over a wide range of sequences and environmentg\CikSimulationgiopolyme2013 99 (12), 96$977. _ _
well as extensive sampling over long MD simulations, ag GS"”SAO_'M“””OK’ R'F’, Rogertsr?n’ ‘]'TCI'E' de:jrlfva, M.; Saoner’ J
needed to fully examine and improve the feldeWe believe yepka, M.; Jurecka, P.; Cheatham, T. E,, 3rd Assessing the Current

. - - . . State of Amber Force Field Modifications for DN&hem. Theory
the AMOEBA nucleic acid foregd will bring fresh physical Comput2016 12 (8), 411427.

insights and new opportunities to understand nucleic aci Abella, J. R.; Cheng, S. Y.; Wang, Q.; Yang, W.: Ren, P. Hydration

XSerganov, A.; Nudler, E. A Decade of Ribosw@eti@®13

systems in various biological processes using classical mol [Energy from Orthogonal Space Random Walk and Polarizable
mechanics modeling. Force FieldJ. Chem. Theory Comp@ail4 10 (7), 27952801
PMCID: PMC4089918.
ASSOCIATED CONTENT (9) Xu, Y.; Vanommeslaeghe, K.; Aleksandrov, A.; MacKerell, A. D.,
*  Supporting Information Jr.; Nilsson, L. Additve CHARMM Force Field for Naturally

The Supporting Information is available free of charge on tR&curring Modified Ribonucleotidés.Comput. Che@016 37

o . i : (10), 89&912.
ACS Publications websiteDOI: 10.1021/acs.jctc.7b01.169 (10) Ivani, |.: Dans, P. D.: Noy, A.: Perez, A.: Faustino, .. Hospital,

Supplementary methodgures, and tabl&Xjr) A.; Walther, J.; Andrio, P.; Goni, R.; Balaceanu, A.; Portella, G.;
Force eld parameterle for nucleic acids (DNA and Battistini, F.; Gelpi, J. L.; Gonzalez, C.; Vendruscolo, M.; Laughton, C.
RNA) in AMOEBA formatADP A.; Harris, S. A.; Case, D. A.; Orozco, M. Parmbscl: a refined force
field for DNA simulationblat. Method2016 13 (1), 55558.
(11) MacKerell, A. D., Jr.; Banavali, N.; Foloppe, N. Development
AUTHQR LU and Current Status of the CHARMM Force Field for Nucleic Acids.
Corresponding Authors Biopolyme200Q 56 (4), 255265.
*(P.R.) E-mailpren@mail.utexas.ediel.: (512) 567-1468. (12) Savelyev, A.; MacKerell, A. D., Jr. Competition Among Li(+),
*(J.W.P.) E-maiponder@dasher.wustl.e@el.: (314) 935- Na(+), K(+), and Rb(+) Monovalent lons for DNA in Molecular
4275. Dynamics Simulations Using the Additive CHARMM36 and Drude
ORCID Polarizable Force FieldsPhys. Chem2@®L5 119(12), 442840.

13) Gil-Ley, A.; Bottaro, S.; Bussi, G. Empirical Corrections to the
Changsh?ng Zhan@0'0002'8990'0878 A(mb)er RNAyForce Field with Target Metad)?naﬂniednem. Theory
Jean-Philip Piquenoatio-0001-6615-9426 Comput2016 12 (6), 279G8.

Author Contributions (14) Perez, A.; Marchan, I.; Svozil, D.; Sponer, J.; Cheatham, T. E.;
C.Z. and C.L. contributed equally to this work. The manuscripaughton, C. A.; Orozco, M. Refinenement of the AMBER Force Field
was written through contributions of all authors. All authofer Nucleic Acids: Improving the Description of Alpha/Gamma

have given approval to thmal version of the manuscript. ConformersBiophys. 2007 92 (11), 38153829.
Funding (15) Yildirim, I.; Stern, H. A.; Kennedy, S. D.; Tubbs, J. D.; Turner,

. . . H. Reparameterization of RNA Chi Torsion Parameters for the
We are grateful for support by the National Institutes of Heal{\\geR Force Field and Comparison to NMR Spectra for Cytidine

(Grants R01GM106137 and R01GM114237 to J.W.P. aggdy uridinel. Chem. Theory Con2tq 6 (5), 15281531.
P.R.), CPRIT (Grant RP160657), and the Robert A. Welch1e) Yildirim, I.; Stern, H. A.; Tubbs, J. D.; Kennedy, S. D.; Turner,

Foundation (Grant F-1691 to P.R.). D. H. Benchmarking AMBER Force Fields for RNA: Comparisons to

Notes NMR Spectra for Single-Stranded r(GACC) are Improved by Revised

The authors declare no competimancial interest. C(TJ‘;S'OBSJ- PRXS-SChemZ“ﬁll 35(23)' ?\}IZG%LO- . T E.. 3rd

C.Z. and C.L. are cost authors. garbova, M., sponer, .; Dtyepka, M., Lheatham, 1. E., Jrd,
Galindo-Murillo, R.; Jurecka, P. Refinement of the Sugar-Phosphate

ABBREVIATIONS Backbone Torsion Beta for AMBER Force Fields Improves the

) . o . . Description of Z- and B-DNA.Chem. Theory Congiit5 11(12),
AMOEBA, atomic multipole optimized energetics for bios72%36.

molecular applications; DMP, dimethyl phosphate; GK(18) Aytenfisu, A. H.; Spasic, A.; Grossfield, A.; Stern, H. A;
generalized Kirkwood; GPU, graphics processing unit; HIMathews, D. H. Revised RNA dihedral parameters for the Amber force

2105 DOI:10.1021/acs.jctc.7b01169
J. Chem. Theory Comp@018, 14, 20882108


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jctc.7b01169
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b01169/suppl_file/ct7b01169_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b01169/suppl_file/ct7b01169_si_002.pdf
mailto:pren@mail.utexas.edu
mailto:ponder@dasher.wustl.edu
http://orcid.org/0000-0002-8990-0878
http://orcid.org/0000-0001-6615-9426
http://dx.doi.org/10.1021/acs.jctc.7b01169

Journal of Chemical Theory and Computation

field improve RNA molecular dynamicsChem. Theory Comput. (38) Herbert, A.; Rich, A. The biology of left-handed Z-DXal.

2017 13(2), 90(5915. Chem1996 271(20), 1159511598.
(19) ZgarbovaM.; Otyepka, M.;p8ner, J.; Miek, A.; BasaP.; (39) Lemkul, J. A.; MacKerell, A. D., Jr. Polarizable Force Field for
Cheatham, T. E.; JutacP. Refinement of the Cornell et al. NucleicDNA Based on the Classical Drude Oscillator: Il. Microsecond

Acids Force Field Based on Reference Quantum Chemiddblecular Dynamics Simulations of Duplex DN&hem. Theory
Calculations of Glycosidic Torsion Proflle6hem. Theory Comput. Comput2017 13(5), 20752085.
2011, 7 (9), 28862902. (40) Lemkul, J. A.; MacKerell, A. D., Jr. Polarizable Force Field for

(20) Schmid, N.; Eichenberger, A. P.; Choutko, A.; Riniker, S9NA Based on the Classical Drude Oscillator: I. Refinement Using
Winger, M.; Mark, A. E.; van Gunsteren, W. F. Definition and testiguantum Mechanical Base Stacking and Conformational Edergetics.
of the GROMOS force-field versions 54A7 and B4BBiophys. J. Chem. Theory Comgot7 13 (5), 205%52071.

2011, 40(7), 84356. (41) Leontis, N. B., Westhof, E., Ri¢A 3D structure analysis and

(21) Oostenbrink, C.; Soares, T. A.,; van der Vegt, N. F.; vauredictigrSpringer: Heidelberg, Germany; New York, NY, USA, 2012.
Gunsteren, W. F. Validation of the 53A6 GROMOS forc&tiield.  (42) Klostermeier, D., Hammann, C., EN#\ structure and folding:
Biophys. 2005 34 (4), 273584, Biophysical techniques and prediction ; n"Wtilteisde Gruyter:

(22) Soares, T. A.; Hunenberger, P. H.; Kastenholz, M. A.; Kraut/Berlin, 2013.

V.; Lenz, T.; Lins, R. D.; Oostenbrink, C.; van Gunsteren, W. F. Af¢3) Cheatham, T. E.; Young, M. A. Molecular Dynamics Simulation
improved nucleic acid parameter set for the GROMOS forde fieldof Nucleic Acids: Successes, Limitations, and P&iopséymers
Comput. Che2005 26 (7), 72537. 200Q 56 (4), 2325256.

(23) Hays, F. A.; Teegarden, A.; Jones, Z. J. R.; Harms, M.; Raup, Bt4) Bottaro, S.; Banas, P.; Sponer, J.; Bussi, G. Free Energy
Watson, J.; Cavaliere, E.; Ho, P. S. How sequence defines structuteanscape of GAGA and UUCG RNA Tetraldopsys. Chem. Lett.
crystallographic map of DNA structure and confornixiban.Natl. 2016 7 (20), 403%54038.

Acad. Sci. U. S.2805 102(20), 715%7162. (45) Gkionis, K.; Kruse, H.; Platts, J. A.; Mladek, A.; Koca, J.; Sponer,

(24) Svozil, D.; Kalina, J.; Omelka, M.; Schneider, B. DNA. lon Binding to Quadruplex DNA Stems. Comparison of MM and
conformations and their sequence preferehgeleic Acids Res. QM Descriptions Reveals Sizable Polarization Effects Not Included in

2008 36 (11), 36983706. Contemporary Simulatiods.Chem. Theory Compdi4 10 (3),

(25) Jose, D.; Porschke, D. The dynamics of the B-A transition 1826540.

natural DNA double helicek. Am. Chem. S@605 127 (46), (46) Gresh, N.; Sponer, J. E.; Devereux, M.; Gkionis, K.; de Courcy,
1612816128. B.; Piguemal, J. P.; Sponer, J. Stacked and H-Bonded Cytosine Dimers.

(26) Minchenkova, L. E.; Schyolkina, A. K.; Chernov, B. K.; lvandAnalysis of the Intermolecular Interaction Energies by Parallel
V. I. Cc/Gg Contacts Facilitate the B to a Transition of DNA inQuantum Chemistry and Polarizable Molecular MecHarity:s.

SolutionJ. Biomol. Struct. D86 4 (3), 4635476. Chem. R015 119(30), 947%95.

(27) Lu, X. J.; Shakked, Z.; Olson, W. K. A-form conformationa(47) Parker, T. M.; Sherrill, C. D. Assessment of Empirical Models
motifs in ligand-bound DNA structutesMol. BioR00Q 300 (4), versus High-Accuracy Ab Initio Methods for Nucleobase Stacking:
8195840. Evaluating the Importance of Charge Penetrati@hem. Theory

(28) Tolstorukov, M. Y.; Jernigan, R. L.; Zhurkin, V. B. Protein-DN&omput2015 11(9), 4195204.
hydrophobic recognition in the minor groove is facilitated by suga@8) Jiao, D.; Golubkov, P. A.; Darden, T. A.; Ren, P. Calculation of
switchingJ. Mol. BioR004 337(1), 65576. Protein-Ligand Binding Free Energy by Using a Polarizable Potential.
(29) Marathe, A.; Karandur, D.; Bansal, M. Small local variationsRnoc. Natl. Acad. Sci. U. 800§ 105(17), 62966295.
B-form DNA lead to a large variety of global geometries which ca@9) Jiao, D.; Zhang, J. J.; Duke, R. E.; Li, G. H.; Schnieders, M. J.;
accommodate most DNA-binding protein m&W&C Struct. Biol. Ren, P. Y. Trypsin-Ligand Binding Free Energies from Explicit and
2009 9, 24. Implicit Solvent Simulations with Polarizable Poténti@bmput.
(30) Whelan, D. R.; Hiscox, T. J.; Rood, J. |.; Bambery, K. RChem2009 30(11), 17081711.
McNaughton, D.; Wood, B. R. Detection of an en masse and reversit§i0) Ponder, J. W.; Wu, C. J.; Ren, P. Y.; Pande, V. S.; Chodera, J. D ;
B- to A-DNA conformational transition in prokaryotes in response t6chnieders, M. J.; Haque, I.; Mobley, D. L.; Lambrecht, D. S.; DiStasio,
desiccationl. R. Soc., Interf2@#4 11 (97), 20140454. R. A.; Head-Gordon, M.; Clark, G. N. I.; Johnson, M. E.; Head-
(31) Sprous, D.; Young, M. A.; Beveridge, D. L. Molecular dynami@srdon, T. Current Status of the AMOEBA Polarizable Forcé. Field.
studies of the conformational preferences of a DNA double helixRinys. Chem.2B1Q 114(8), 254%2564.
water and an ethanol/water mixture: Theoretical considerations of t{&1) Wu, J. C.; Piquemal, J.-P.; Chaudret, R.; Reinhardt, P.; Ren, P. Y.

A double left right arrow B transitibrPhys. Chenl 38 102(23), Polarizable Molecular Dynamics Simulation of Zn(ll) in Water Using
465854667. the AMOEBA Force Field. Chem. Theory Comp0LQ 6 (7),

(32) Jose, D.; Porschke, D. Dynamics of the B-A transition of DN205%2070.

double helicedlucleic Acids R3804 32 (7), 22552258. (52) Shi, Y.; Zhu, C. Z.; Martin, S. F.; Ren, P. Probing the Effect of
(33) Usatyi, A. F.; Shlyakhtenko, L. S. Melting of DNA in EthanolConformational Constraint on Phosphorylated Ligand Binding to an
Water Solution&iopolymef974 13 (12), 24352446. SH2 Domain Using Polarizable Force Field Simulati®hgs. Chem.

(34) Ivanov, V. I.; Minchenkova, L. E.; Minyat, E. E.; FrankB 2012 116(5), 171&27.
Kamenetskii, M. D.; Schyolkina, A. Ko B Transition of DNA in (53) Zhang, J.; Yang, W.; Piquemal, J. P.; Ren, P. Modeling Structural
SolutionJ. Mol. Biol974 87 (4), 8175833. Coordination and Ligand Binding in Zinc Proteins with a Polarizable
(35) Kulkarni, M.; Mukherjee, A. Understanding B-DNA to A-DNAPotentialJ. Chem. Theory Con0tt2 8 (4), 131461324,
transition in the right-handed DNA helix: Perspective from a local t¢54) Huang, J.; Lopes, P. E.; Roux, B.; MacKerell, A. D., Jr. Recent
global transitioRrog. Biophys. Mol. Bi017 128 63573. Advances in Polarizable Force Fields for Macromolecules: Micro-
(36) Kulkarni, M.; Mukherjee, A. Sequence dependent free energgcond Simulations of Proteins Using the Classical Drude Oscillator
profiles of localized B- to A-form transition of DNA in Wwa@nem.  Model.J. Phys. Chem. 12814 5 (18), 31443150.
Phys2013 139(15), 155102. (55) Mu, X.; Wang, Q.; Wang, L. P.; Fried, S. D.; Piquemal, J. P.;
(37) Gessner, R. V.; Frederick, C. A.; Quigley, G. J.; Rich, A.; Wabglby, K. N.; Ren, P. Modeling Organochlorine Compounds and the
A. H. The Molecular-Structure of the Left-Handed Z-DNA Doubl&igma-Hole Effect Using a Polarizable Multipole Forcd.Féigs.
Helix at 1.0-A Atomic Resolution. Geometry, Conformation, and lorthem. R014 118(24), 64566465.

Interactions of d(CGCGCG). Biol. Cherh989 264 (14), 7928 (56) Shi, Y.; Ren, P.; Schnieders, M.; Piquemal, J.-P., Polarizable
7935. Force Fields for Biomolecular ModelingRdviews in Computational
2106 DOI:10.1021/acs.jctc.7b01169

J. Chem. Theory Comp@018, 14, 20882108


http://dx.doi.org/10.1021/acs.jctc.7b01169

Journal of Chemical Theory and Computation

Chemistry/ol. 28John Wiley & Sons: Hoboken, NJ, USA, 2015; ppSolvation Dynamics of Lanthanides and Actinides in Water Using
51586, DOI:10.1002/9781118889886.ch2 Polarizable Force Fields: From Gas-Phase Energetics to Hydration
(57) Bell, D. R.; Qi, R.; Jing, Z.; Xiang, J. Y.; Mejias, C.; Schniedéhse EnergieSheor. Chem. A2012 131(4), 1198.

M. J.; Ponder, J. W.; Ren, P. Calculating Binding Free Energies (@6) Loco, D.; Polack, E.; Caprasecca, S.; Lagardere, L.; Lipparini, F.;
Host-Guest Systems Using the AMOEBA Polarizable Force Fiehiguemal, J. P.; Mennucci, B. A QM/MM Approach Using the
Phys. Chem. Chem. Rioji§ 18 30261. AMOEBA Polarizable Embedding: From Ground State Energies to
(58) Harger, M.; Li, D.; Wang, Z.; Dalby, K.; Lagardere, L.; Piquemglectronic Excitatiors. Chem. Theory Coni§ 12 (8), 36546

J. P.; Ponder, J.; Ren, P. Tinker-OpenMM: Absolute and relatige.

alchemical free energies using AMOEBA on GRLnput. Chem.  (77) Jiao, D.; King, C.; Grossfield, A.; Darden, T. A.; Ren, P. Y.
2017 38(23), 20452055. Simulation of Ca2+ and Mg2+ Solvation Using Polarizable Atomic
(59) Jing, Z.; Qi, R; Liu, C.; Ren, P. Study of interactions betweglultipole Potentiall. Phys. Chem2®§ 110(37), 1855318559.

metal ions and protein model compounds by energy decompositiq7g) Zhang, J.; Shi, Y.; Ren, P. Polarizable Force Fields for Scoring

analyses and the AMOEBA force fleldhem. Phg817 147(16), ProteirSLigand Interactionfrotein-Ligand Interactitiiey-VCH

161733. Verlag: 2012; pp $220.

(60) MacKerell, A. D., Jr. Empirical Force Fields for Biologica(79) Schnieders, M. J.; Baltrusaitis, J.; Shi, Y.; Chattree, G.; Zheng, L.;
Macromolecules: Overview and IssugSomput. Che204 25 Yang, W.; Ren, P. The Structure, Thermodynamics and Solubility of
15841604. Organic Crystals from Simulation with a Polarizable Forcd.Field.

(61) Patel, S.; Brooks, C. L., Il CHARMM Fluctuating Charge Forcg€hem. Theory Comgot2 8 (5), 17281736.
Field for Proteins: | Parameterization and Application to Bulk Organi(go) Zhang, C.; Lu, C.; Wang, Q.; Ponder, J. W.; Ren, P. Polarizable
Liquid Simulations. Comput. Chez004 25 (1), 1516. Multipole-Based Force Field for Dimethyl and Trimethyl Phodphate.
(62) Patel, S.; Mackerell, A. D., Jr.; Brooks, C. L., Il CHARMM:pem. Theory Comgots 11 (11), 53265339.
Fluctuating Charge Force Field for Proteins: I Protein/SoIvent(81) Zhang, C.; Bell, D.; Harger, M.; Ren, P. Polarizable Multipole-
Properties from Molecular Dynamics Simulations Using a Nonadditiy§sed Force Field for Aromatic Molecules and NuclebbGsesn.
Electrostatic Model. Comput. Che2004 25 (12), 15061514. Theory Comp2017 13 (2), 6665678.
(63) Baker, C. M.; Anisimov, V. M.; MacKerell, A. D. Developmenigy) Frank-Kamenetskii, M. D.; Prakash, S. Fluctuations in the DNA
of CHARMM Polarizable Force Field for Nucleic Acid Bases based @\ pnie helix: A critical revidhys. Life R@014 11 (2), 1535170.
the Classical Drude Oscillator ModePhys. Chem2811], 115 (83) Galindo-Murillo, R.; Roe, D. R.; Cheatham, T. E. On the

5805596. . . absence of intrahelical DNA dynamics on the mu s to ms timescale.
(64) Savelyev, A.; MacKerell, A. D., Jr. Balancing the Interactlonm . Commui2014 5, 5152.

lons, Water, and DNA in the Drude Polarizable ForceJFiefys. (84) Mustoe, A. M.; Brooks, C. L.; Al-Hashimi, H. M. Hierarchy of

Chem. R014 118(24), 674%57. RNA Functional D ; ; X
/ ) ynamiémnu. Rev. Bioch2014 83 4415466.

(65).Lemk”|’ J. A Savelyev, A.; MacKerell, A. D Jr. Induce 5) Kuhrova, P.; Best, R. B.; Bottaro, S.; Bussi, G.; Sponer, J.;
Polarization Influences the Fundamentql Forces in DNA Ba yepka, M.: Banas, P. Computer Folding of RNA Tetraloops:
Flipping.J. Phys. Chem. L2014 5 (12), 20752083. Identification of Key Force Field Deficienti€hem. Theory Comput.
(66) Savelyev, A.; MacKerell, A. D., Jr. Differential Impact of t%lﬁ 12(9) 453448
Monovalent lons Li(+), Na(+), K(*), and Rb(+) on DNA “(gg) khrova, P.; Banas, P.; Best, R. B.; Sponer, J.; Otyepka, M.
Conformatlone}l Propertids.Phys. Che_m. L2ad3 6 (.1)’ 212.56‘ Computer Folding of RNA Tetraloops? Are We Therd.Yeiem.
(67) Ren, P.; Ponder, J. W. Polarizable Atomic Multipole Waterrheory Comp@013 9 (4) 21185
¥O°7dg4;°r5g/|3%%%uﬁr Mechanics Simuladofhys. Chem2€03 (87) Lipparini, F.; Lagardere, L.; Stamm, B.; Cances, E.; Schnieders,

! : .; Ren, P. Y.; Maday, Y.; Piquemal, J. P. Scalable Evaluation of

(68) Ren, P.; Wu, C.; Ponder, J. W. Polarizable Atomic Multipole-" =" : . .
based Molecular Mechanics for Organic Moletu@sem. Theory olarization Energy and Associated Forces in Polarizable Molecular
' Dynamics: I. Toward Massively Parallel Direct Space Compditations.

Comput2011 7 (10), 31483161. €
(69) Shi, Y.; Xia, Z.; Zhang, J.; Best, R.; Wu, C.; Ponder, J. W.; em. Theory C°,mﬁ0‘14 10(4)j 16381651'_ . )
P. The Polarizable Atomic Multipole-based AMOEBA Force Field fg®) Drew. H. R.. Wing, R. M.; Takano, T.; Broka, C.; Tanaka, S.;
ProteinsJ. Chem. Theory Cone3 9 (9), 404654063. akura, K.; Dickerson, R. E. STRUCTURE OF A B-DNA
(70) Li, X.; Ponomarev, S. Y.; Sa, Q.; Sigalovsky, D. L.; Kaminski RYPECAMER - CONFORMATION AND DYNAMICS GPToc.

A. Polarizable simulations with second order interaction moddpt- Acad. Sci. U. S188] 78(4), 217$2183.

(POSSIM) force field: developing parameters for protein side-ch?ﬁg) Halgren, T. A. REPRESENTATION OF VANDERWAALS
analogued. Comput. Chezni3 34 (14). 124850, VDW) INTERACTIONS IN MOLECULAR MECHANICS

(71) Ponomarev, S. Y.; Kaminski, G. A. Polarizable Simulations WifRCE-FIELDS - POTENTIAL FORM, COMBINATION RULES,
Second order Interaction Model (POSSIM) force field: Developinf§ND VDW PARAMETERS. Am. Chem. S92 114(20), 782%
parameters for alanine peptides and protein backigtimem. Theory . .
Comput2011, 7 (5), 141%51427. (90) Thole, B. T. Molecular Polarizabilities Calculated with a

(72) Gresh, N.; Naseem-Khan, S.; Lagardere, L.; Piquemal, J.Mgdified Dipole InteractioGhem. Phys981, 59, 3415350. _

Sponer, J. E.; Sponer, J. Channeling through Two Stacked Guan(®é) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Quartets of One and Two Alkali Cations in the Li+, Na+, K+, and RpRObD, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G.
Series. Assessment of the Accuracy of the SIBFA Anisotrofic Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A.; Bloino, J.;
Polarizable Molecular Mechanics Potehtifhys. Chem.2817 anesko, G. B.; Gomperts, R.; Mennucci, B.; Hratchian, P. H.; Ortiz, V.
121(16), 39984014. J.; Izmaylov, F. A.; Sonnenberg, L. J.; Williams-Young, D.; Ding, F.;

(73) Grossfield, A.; Ren, P.; Ponder, J. W. lon Solvatiohipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
Thermodynamics from Simulation with a Polarizable Forcd.FieldT.; Ranasinghe, D.; Zakrzewski, G. V.; Gao, J.; Rega, N.; Zheng, G.;
Am. Chem. S@603 125 1567$15682. Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

(74) Clavaguera, C.; Pollet, R.; Soudan, J. M.; Brenner, V.; Dogntstiida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
J. P. Molecular Dynamics Study of the Hydration of Lanthanum(lilfhrossell, K.; Montgomery, A. J.; Peralta, E. J.; Ogliaro, F.; Bearpark,
and Europium(lll) Including Many-Body EffettPhys. Chem. B M.; Heyd, J. J.; Brothers, E.; Kudin, N. K.; Staroverov, N. V.; Keith, T.;
2005 109(16), 76147616. Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, C.

(75) Marjolin, A.; Gourlaouen, C.; Clavaguera, C.; Ren, P. Y.; WuJJ.lyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, M. J.; Klene, M.;
C.; Gresh, N.; Dognon, J.-P.; Piguemal, J.-P. Toward Accuraamo, C.; Cammi, R.; Ochterski, W. J.; Martin, L. R.; Morokuma, K.;

2107 DOI:10.1021/acs.jctc.7b01169
J. Chem. Theory Comp@018, 14, 20882108


http://dx.doi.org/10.1002/9781118889886.ch2
http://dx.doi.org/10.1021/acs.jctc.7b01169

Journal of Chemical Theory and Computation

Farkas, O.; Foresman, B. J.; Fox, Gailssian PRevision A.02; (108) Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling
Gaussian: Wallingford, CT, USA, 2016. through velocity rescalidgChem. Phg6807 126(1), 014101.

(92) Ponder, J. W.; Stew, R.; Craig, K.; Shawn, H.; Mike, D.; Yong109) Lavery, R.; Moakher, M.; Maddocks, J. H.; Petkeviciute, D.;
K.; Reece, H.; Mike, H.; Rohit, P.; Wijnand, M.; Gerald, L.; Marina, \Zakrzewska, K. Conformational analysis_of nucleic acids revisited:
Nina, S.; Peter, B.; Pengyu, R.; Anders, C.; Andrey, K.; Tom, D.; Al@nyves+Nucleic Acids R&309 37 (17), 5915%5929.

G.; Michael, S.; Chuanjie, W.; Justin, X.; DalitNiKER Software (110) Cooper, V. R.; Thonhauser, T.; Puzder, A.; Schroder, E.;
Tools for Molecular Desiggrsion 7.0; Washington University: St. Lundgyist, B. I.; Langreth, D. C. Stacking interactions and the twist of
Louis, MO, USA, 2016. DNA.J. Am. Chem. S2@08 130(4), 13041308.

(93) Cossi, M.; Barone, V.; Cammi, R.; Tomasi, J. Ab initio study ofl11) Condon, D. E.; Kennedy, S. D.; Mort, B. C.; Kierzek, R,;
solvated molecules: a new implementation of the polarizab¥ddirim, I.; Turner, D. H. Stacking in RNA: NMR of Four Tetramers
continuum modeChem. Phys. L&896 255(4), 3275335. Benchmark Molecular Dynamics<Chem. Theory Comp@ij 11

(94) Schnieders, M. J.; Ponder, J. W. Polarizable atomic multiptd¢, 272$2742.
solutes in a generalized Kirkwood continli®mem. Theory Comput. (112) Zweckstetter, M.; Bax, A. Prediction of sterically induced

2007 3 (6), 208%2097. alignment in a dilute liquid crystalline phase: Aid to protein structure
(95) Stone, A. J. Distributed multipole analysis: Stability for larggtermination by NMR. Am. Chem. Sp@0Q 122 (15), 379%
basis setd. Chem. Theory CongQ@5 1 (6), 11281132. 3792.

(96) Berman, H. M.; Westbrook, J.; Feng, Z.; Gillland, G.; Bhat, T(113) Cheatham, T. E. Simulation and modeling of nucleic acid
N.; Weissig, H.; Shindyalov, I. N.; Bourne, P. E. The Protein Dagifucture, dynamics and interactiong. Opin. Struct. BR004 14

Bank Nucleic Acids R280Q 28 (1), 2355242. (3), 36(-367.

(97) Wu, Z. G.; Delaglio, F.; Tjandra, N.; Zhurkin, V. B.; Bax, A(114) Egli, M. DNA-cation interactions: Quo vadsm. Biol.
Overall structure and sugar dynamics of a DNA dodecamer fra&i@02 9 (3), 277%5286.

homo- and heteronuclear dipolar couplings'@ndhemical shift ~ (115) Shui, X. Q.; McFail-lsom, L.; Hu, G. G.; Williams, L. D. The B-
anisotropyd. Biomol. NMB003 26 (4), 2975315. DNA dodecamer at high resolution reveals a spine of water on sodium.
(98) Wang, F.; DeMuro, N. E.; EImquist, C. E.; Stover, J. S.; Rizzo Biochemistyp98 37 (23), 83458355.

J.; Stone, M. P. Base-displaced intercalated structure of the foQl6) Howerton, S. B.; Sines, C. C.; VanDerveer, D.; Williams, L. D.
mutagen 2-amino-3-methylimidazo[4,5-flquinoline in the recognitidcating monovalent cations in the grooves of B&lbthemistry
sequence of the Narl restriction enzyme, a hotspot for-2 bp deletiof@91 40 (34), 1002310031. o

J. Am. Chem. S2206 128(31), 1008510095. (117) Pasi, M.; Maddocks, J. H.; Lavery, R. Analyzing ion
(99) Schmitz, U.; Pearlman, D. A.; James, T. L. Solution Structuredijtributions around DNA: sequence-dependence of potassium ion
[D(Gtatatac)]2 Via Restrained Molecular-Dynamics Simulations wifistributions from microsecond molecular dyn&aisic Acids Res.
Nuclear-Magnetic-Resonance Constraints Derived from Relaxafi@43 43 (4), 24152423 _ _

Matrix Analysis of 2-Dimensional Nuclear Overhauser Effect Expef-18) Krasovska, M. V.; Sefcikova, BlpWeK.; Schneider, B.;
ments.J. Mol. Biol991, 221 (1), 2715292. Walter, N. G.;ner, J. Cations and Hydration in Catalytic RNA:
(100) Baleja, J. D.; Pon, R. T.; Sykes, B. D. Solution structure Mplecular Dynamics of the Hepatitis Delta Virus Ribdpipieys. J.
phage lambda half-operator DNA by use of NMR, restrainedf06 91 (2), 6265638. ) )

molecular dynamics, and NOE-based refindBimitemisty99Q (119) Dumat, B.; Larsen, A. F.; Wilhelmsson, L. M. Studying Z-DNA
29(20), 482839. and B to _Z-DNA transitions using a cytosine analogue FRET-pair.
(101) Thiyagarajan, S.; Satheesh Kumar, P.; Rajan, S. S.; Gauthahju/eic Acids Re@16 44 (11), e105e101. ] )
Structure of d(TGCGCARt 293 K: Comparison of the effects of (120) Vanai, P.; Zakrzewska, K. DNA and its counterions: A
sequence and temperatéveia Crystallogr., Sect. D: Biol. Crystallogfiolecular dynamics stublyicleic Acids RB804 32 (14), 4269

2002 58 13851384. 4280. ,

(102) Ohishi, H.; Kunisawa, S.; Vandermarel, G.; Vanboom, J. H121) Bergonzo, C.; Henriksen, N. M.; Roe, D. R.; Cheatham, T. E.,
Rich, A.; Wang, A. H. J.; Tomita, K.; Hakoshima, T. Interactio‘?’{d ng_hly Sampled Tetranucleotldg and Tetraloop Motifs Enable
between the Left-Handed Z-DNA and Polyamine - the Crystag-"alu"mon of Common RNA Force Figtd2015 21(9), 157%
Structure of the D(Cg)3 and N-(2-Aminoethyl)-1,4-Diamino-Butan

& 122) Banas, P.; Hollas, D.; Zgarbova, M.; Jurecka, P.; Orozco, M.;
ComplexFEBS Letll991, 284 (2), 2385244 (
(103) Case, D. A.; Babin, V.; Berryman, J. T.; Betz, R. M.; Cai, r?eatham, T. E". I Sponer, Js Otyepka,. M. I?erforman_ge of
Cerutti D. S.: Cheatham. T. E.. Il Darden. T. A Duke. R. E olecular Mechanics Force Fields for RNA Simulations: Stability of

Gohlke, H.; Goetz, A. W.; Gusarov, S.; Homeyer, N.; Janowski,o%;?)%%g:g GNRA Hairpind. Chem. Theory ContQ 6 (12),
Kaus, J.; Kolossydl.; Kovalenko, A.; Lee, T. S.; LeGrand, S.; Luchkad; : . . .
T.; Luo, R.; Ma?gj, B.; Merz, K. M.; Paesani, F.; Roe, D. R.; Roitb ,23) Zhang, Q. leroolln, R.; Pitt, S. W Serganov, A.; Al.'HaSh'.m"
A.; Sagui, C.; Salomon-Ferrer, R.; Seabra, G.; Simmerling, C. L.; Smith, * I_Drol_:)lng motions bereen gequwalent RNA domalns_usmg
W Swail’s H'Walker R C',\Nz;\’ng 3 V\7lolf”R M.: WU X _'K(')'”mgﬁlgnetlc field induced residual dipolar couplings: Accounting for
P. A AMBER 14University of California: San Francisco, 2014. Cog?éast;ogg;);évi/ggglmotlons and aligndhehn. Chem. S2803

(104) Liu, C.; Janowski, P. A.; Case, D. A. All-atom cryst&f X .

simulations of DNA and RNA dupleBaschim. Biophys. Acta, Gen. gia) “POES, B (800, o VAR © St ormation of the
Subj2015 1850(5), 105%1071. 9

) ! ) . . . ptrinucleotide bulg®lucleic Acids RES96 24 (20), 39743981.
(105) Eastman, P.; Swails, J.; Chodera, J. D.; McGibbon, R. T.; Zﬁ A i - - .
Y. T.; Beauchamp, K. A.; Wang, L.-P.; Simmonett, A. C.: Harrigan, ? 25) Musiani, F.; Rossetti, G.; Capece, L.; Gerger, T. M.; Micheletti,

. RO : . 7 Varani, G.; Carloni, P. Molecular Dynamics Simulations Identify
s'.ylizsat\egg’ci%vzllcyn\/\r/r;ivr\]l;ocrn?’h?.hp-’eefrgronf;'nlieFz{a.ll Eﬁtnhdnié\gb?.m?)?:cn ﬁf\e Scale of Conformational Changes Responsible for Conforma-
- Rap P gn p 9 Bnal Selection in Molecular Recognition of HIV-1 Transactivation

dynamicsPLoS Comput. B017 13 (7), €1005659. . <@ F
(106) Sagui, C.; Pedersen, L. G.; Darden, T. A. Towards an accurRa ésponswe RNA. Am. Chem. 4136(44), 1563515637

representation of electrostatics in classical force fields: Efficient
implementation of multipolar interactions in biomolecular simulations.
J. Chem. Phg804 120(1), 73587.

(107) Tuckerman, M.; Berne, B. J.; Martyna, G. J. Reversible Multiple
Time Scale Molecular-Dynamilc€hem. Phg992 97 (3), 1996

2001.

2108 DOI:10.1021/acs.jctc.7b01169
J. Chem. Theory Comp@018, 14, 20882108


http://dx.doi.org/10.1021/acs.jctc.7b01169

