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Abstract.

Empirica force field cdculations on biologica molecules represent an effective method to obtain
atomic detall information on the rdationship of their Sructure to their function. Results from those
cdculations depend on the qudity of the forcefidd. In this manuscript, optimization of the
CHARMMZ27 dl-atom empiricd force field for nucleic acidsis presented together with the resulting
parameters. The optimization procedure is based on the reproduction of small molecule target data
from both experimental and quantum mechanical studies and condensed phase structurd properties of
DNA and RNA. Viaaniterative gpproach, the parameters were primarily optimized to reproduce
macromolecular target data while maximizing agreement with smal molecule target data. This approach
is expected to insure that the different contributions from the individud moietiesin the nucleic acids are
properly balanced to yield condensed phase properties of DNA and RNA which are consstent with
experiment. The qudity of the presented force field in reproducing both crystal and solution properties
are detailed in the present and an accompanying manuscript (MacKerdl, A.D., Jr. and Banavdi, N., J.
Comp. Chem,, thisissue). The resultant parameters represent the latest step in the continued
development of the CHARMM adll-atom biomolecular force field for proteins, lipids and nucleic acids.



1. Introduction

Empirica force fidd based computationa studies are widely used methods for the investigation
of avariety of properties of biologica macromolecules 12 1n combination with growing computational
resources these methods dlow for atomic detall Smulations on heterogeneous systems that may contain
100,000 or more atoms. In particular, force field-based techniques offer the ability to directly andyze
the relationship of structure to energetics, information that experimenta approaches can only access
indirectly.

Over the last severd years force field techniques have played an increasingly important role in
the sudy of nucleic acids. Empirica force field cdculations are increasingly involved in the refinement of
nucldic acid structures in conjunction with crystallographic34 or NMR data.2>-7 Force field based
techniques done can enhance the interpretation of awide variety of biochemicad and biophysicd
experimenta datal-2 and provide insights which may be difficult or impossible to obtain from
experiment. Thismay be particularly true with DNA, for which the use of experimentd techniques has
been plagued by a number of problems. Although X-ray crystalography has yielded a wedth of
information about DNA,8-10 it is limited to the sequences that can crystallize and diffract to good
resolution. Crydalization is obtained with non-physiologicd solvents and it iswell documented that the
observed crysd structures for a given deoxyribo-oligonucleotide may depend on the crystd packing,
making it somewhat difficult to distinguish what is contributed by the intringc properties of the sequence
and what isimposed by the crysta environment.11-14 NMR has become increasingly powerful in
deriving deoxyribo-oligonucleotides structures in solution, however, the accuracy of the NMR-derived
structuresis dusive due to the lack of long range distance restraints. 15,16 Consequently, details of the
dructure, dynamics and solvation of DNA in solution remain poorly characterized, making thisa
particularly interesting areafor the gpplication of amulation methods. DNA is particularly amenable to
computer smulations given that duplex DNA smulations can be initiated with DNA in one of its
canonica forms, 17 thereby avoiding the need for an experimentally determined structure to initiate the
caculations. 1n addition to DNA, computational studies of small oligonucleotides!8 and of RNA19
represent active areas of research on nucleic acids.

Not until recently have force fidld based smulations of nudec acid oligomers with an explicit
representation of the aqueous solvent yidded stable structures on the nanosecond time scale20-23 This
success has been facilitated by new force fields explicitly parametrized for smulations in the condensed
phase, 2425 dong with smulations being performed with increased atom-atom nonbond truncation
distances or Ewald sums based approaches. Current tests of some of the available force fieds,
however, demondrate that for nucleic acid amulationsto redize ther full potentid further improvements
of the force fidds are necessary.26:27 | imitations include improper trestment of the equilibrium
between the A and B forms of DNA,26 with CHARMM 2225 overstabilizing the A form of
DNAZ20.28,29 gnd the AMBER9624 force field having sugar pucker and helical twist values not in



agreement with canonical B values30 Refinement of structures based on experimental data have dso
highlighted the need for more accurate nudleic acid force fidds:4: /31 Recently, arevised version of the
AMBER96 nudleic acid force field (AMBER98)30 and a nucleic acid force field from Bristol-Myers
Squibb (BMS) have been presented.32

These observations prompted the reoptimization of the CHARMM22 dl-atom nucleic acid
force fied, the detalls of which are described here. This new al-atom force field for nucleic acids will
be referred to as CHARMM27, based on the version of the program CHARMM 33,34 with which it
will initidly bereleased. Animportant part of the development of CHARMMZ27 has been devoted to
obtaining aforce field which adequately represents the equilibrium between the A and B forms of DNA
aswdl asthe A form of RNA. This has been achieved by balancing the intrinsic energetic properties of
avariety of moddl compounds with the overall conformationa properties of DNA and RNA. This
drategy is physicaly more rdevant, dthough sgnificantly more demanding, than gpproaches where the
parameters are adjusted either purely empiricaly, to reproduce only experimental condensed phase
properties, or to only reproduce quantum mechanical (QM) data on model compounds. By
smultaneoudly reproducing target data for both smal modd compounds and duplex DNA and RNA, a
force fied in which the proper combination of loca contributions that yield condensed phased
properties of DNA and RNA in agreement with experiment can be achieved.

Following the introduction, the parametrization gpproach used in the optimization of the
CHARMMZ27 nucleic acid force field is described. Details of the caculations are included in the
Methods Section which is followed by a Results and Discusson Section. Inclusion of the discusson
with the results dlows for emphasis on the actud implementation of the parametrization approach to be
discussed adongside the appropriate data. A concluding section reiterates a number of points of
emphadisin the present parametrization work and discusses severd issues associated with force field
optimization. An accompanying manuscript applies the CHARMM27 parametersto MD smulations of
DNA and RNA in solution.35

2. Parametrization Approach
2.1 Potential energy function

Empirica force fields represent an gpproach to computational chemistry that minimizes
computationa cogts by usng smplified mode s to caculate the potentia energy of asystem,

U(ﬁ ), asafunction of its three-dimensiond dructure, ﬁ . The potentid energy function used in the
program CHARMM 33,34 s shown in equation 1.
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Equation 1 includes the bond length, b, the distance between atoms separated by two covaent bonds
(1,3 distance), S, the valence angle, q, the dihedrd or torson angle, ¢, the improper angle, f , and the
distance between atomsi and j, rjj. Parameters, the terms being optimized in the present work, include
the bond force constant and equilibrium distance, K, and by, respectively, the Urey-Bradley force
congtant and equilibrium distance, Kyg and S, respectively, the vaence angle force constant and
equilibrium angle, Kq, and qp, respectively, the dihedra force constant, multiplicity and phase angle, K,
n and d, respectively, and the improper force constant and equilibrium improper angle, Ky and f g,
respectively. These terms are referred to asthe internal parameters. Also optimized were the
nonbonded or interaction parameters between atomsi and j including the partid aomic charges, g, and
the Lennard-Jones (LJ) well-depth, €jj, and minimum interaction radius, Rmin, jj, Used to treat the van
der Wads (VDW) interactions. Typicaly, j and Ry, j are obtained for individua atom types and then
combined to yield ejj and Rmjn jj for the interacting atoms via combining rules. In CHARMM e;; values
are obtained viathe geometric mean (ej; = sart(e; * €)) and Ry jj Viathe arithmetic mean, R, ij =
(Rmin,i * Rmin, j)/2. The didlectric constant, €, is set to onein dl caculations, corresponding to the
permittivity of vacuum.

2.2 Parameter Optimization Strategy

The ability of equation 1 to treat complex systems such as biomoleculesin their aqueous
environment is based on the quaity of parametersin reproducing avariety of sdected properties,
referred to astarget data. In addition, the exact combination of parametersis important because
different sets of parameters can often reproduce selected target datain asmilar way; aproblem that is
referred to as parameter correlation. For example, it has been shown that severd sets of LJ parameters
for the C and H atoms in ethane, with the C Ry, values differing by over 05 A, can dl yield
experimental hests of vaporization and molecular volumes of neat ethane in satisfactory agreement with
experiment.36 Thisis due to the large dimensiondity of parameter space such that there are multiple
solutions (i.e. combinations of parameters) that can reproduce a given et of target data due to
correlation among the parameters. Optimization gpproaches applied in the present work allow for
elimination of some combinations of parameters by adding more target data. For example, with the LJ
parameters, an gpproach has been developed that includes quantum mechanica data on rare gas atoms



interacting with model compounds aong with pure solvent properties to obtain more physicaly reevant
parameters.37 However, even with this additional data the presence of parameter correlation cannot
be entirely diminated. Thus, the gpproach used for the parameter optimization, aswell asthe
reproduction of a selected set of target data by the parameters, can influence the qudity of the force
fidd.

The present parameter optimization study represents an extengive revison of the previoudy
published CHARMM22 al-atom empirica force field parameters for nudleic acids25  Presented in
Figure 1 isaflow diagram of the parameter optimization procedure. Loopsl, Il and 111 in Figure 1
were included in the optimization of the CHARMMZ22 force fidd for nucleic acids, with loop IV
representing an extension of that gpproach included in the CHARMM 27 optimization.

In the CHARMM22 nucleic acid parameter optimization avariety of model compounds were
selected with target data collected on those compounds. This target data included both experimental
and ab initio data and solely acted as the basis for the parameter optimization. Empirical force field
caculations were performed on the model compounds with the computed properties compared with the
target data. The parameters were then manualy adjusted to better reproduce the target data. Part of
this process involved iterative procedures where, upon changing one class of parameters, a set of
previoudy optimized parameters were readjusted if necessary (loops|, Il and 111 in Figure 1). For
example, aset of partid atomic charges would be assgned to amodd compound following which
dihedra parameters would be adjusted to reproduce atarget potential energy surface for that model
compound. The partid atomic charges would then be reinvestigated due to possible changesin
geometry associated with optimization of the dihedra parameters that could effect the reproduction of
the target data for the charge optimization. This approach yields a parameter set that accurately
reproduces a variety of internd (e.g. geometries, vibrationa spectra, conformationd energetics) and
interaction (e.g. interactions with water, heats of sublimation) target data for the selected modd
compounds. Once the optimization procedure a the modd compound level was complete the resultant
parameters were then used to perform smulaions of B and Z DNA in their crysta environments, both
of which yidded satisfactory agreement with experiment. At this point the CHARMM22
parametrization was consdered complete.

This gpproach relies on the reproduction of the small molecule target data by the force fidd dso
yidding satisfactory results on macromolecules in the condensed phase; andogous approaches have
been used for the optimization of other force fields.24:38-40 With the CHARMM22 nudleic acid force
fidd it was ultimately shown that smulations of duplex DNA in solution yielded A form dructures, in
disagreement with experiment.26 Limitations in this approach were aso observed during the
optimization of the CHARMM22 dl-atom force field for proteins4l  In that work it was shown that
reproduction of QM data on the energetics of the danine dipeptide yieded conformationa properties of
the protein backbone in molecular dynamics (MD) smulations that disagreed with experiment.



Reoptimization of the protein backbone parameters to systematicaly deviate from the QM energetic
dataled to improved properties for the protein backbone. This additiona procedureis represented by
loop IV inFigure 1. The need for this additionad loop may reflect limitations associated with the leve of
theory of the QM data as well asthe smplified form of the potentid energy function in equation 1, and
emphasizes the importance of including macromolecular properties as part of the target data for the
parameter optimization procedure.

For the present CHARMM 27 parameter optimization study, the initia parameters assgned to
the modd compounds were extracted directly from the CHARMM22 parameter set. Theinterna
parameters were then optimized to reproduced geometries, vibrational spectra and conformationa
energetics for the model compounds, using an iterative gpproach to maximize the agreement with the
internd target data (loop 11 in Figure 1). The partid atomic charges and LJ parameters were then
iteratively adjusted using the new minimum energy geometries (loop | in Figure 1). Partid aomic
charges were adjusted using a previoudy applied methodology.2942  |n this approach the target data
for optimizing the charges on specific chemica groups are minimum interaction energies and geometries
between awater molecule and these chemica groupsin avariety of orientations obtained from QM
cdculaions a the HF/6-31G* level of theory. Scding of the interaction energies and offset of the
minimum interaction distances are performed to obtain charges that yidd satisfactory condensed phase
properties.38:42-44 The offsats and scaling account for anumber of factors induding limitationsin the
QM levd of theory and the omission of explicit dectronic polarizability in the potentia energy function,
as previoudy discussed. 41 The scdling factors and offsets mentioned above have been optimized
specificaly for the TIP3P water model. 4345 Accordingly, the CHARMMZ27 force fidd is designed to
be used with the TIP3P water moddl. For the bases, base-base interaction energies and distances and
dipole moments were dso included in the charge optimization. LJ parameters of base atoms were
optimized using water-modd compound interactions dong with crystal smulations with the crysta
unitcell parameters and hesats of sublimation being the target data. Using the converged interaction
parameters, the interna target data for the modd compounds were then rechecked and additiond
optimization of the parameters performed as required until both the internd and interaction parameters
had converged (loop 111 of Figure 1).

Once the parameter optimization at the model compound level was complete, MD smulations
of DNA crystds were performed. Results from the smulations were then compared with the
macromolecular target data, including RM SD with respect to canonical A and B DNA and dihedra
distributions from a survey of the Nucleic Acid Database (NDB)10 of DNA and RNA crystd
dructures. Presented in Figure 2A is a schematic diagram of a G-C basepair that includes the dihedras
and sugar pucker terms considered in the present work. Based on deviations between the smulated
and survey dihedrd digtributions, the dihedrd parametersfor, typically, one or two of the dihedrals were
adjusted and the condensed phase smulations repeated. During the readjustment steps, comparisons



with the smdl molecule energetic target datawas dways performed. Thisiterative loop in the
CHARMM?27 parameter optimization congtitutes loop 1V in Figure 1. During this loop, adjustment of
the dihedra parameters was done to “soften” the small molecule energy surfaces (i.e. lower energy
barriers) rather than moving the location of the minma in the energy surfaces and increasing energy
barriersto redrict the condensed phase smulations to sample the dihedrd distributions from the survey.
This gpproach is designed to produce aforce fidd sengtive to the environment rather than being
dominated by the intringc conformationa energetics of the nucleic acid molecule itsdf. Optimization of
the unique parameters associated with RNA was performed following completion of the DNA
parameter adjustment.

2.3 Modd compounds

Sdlection of adequate model compounds that are consstent with the ultimate gpplication of the
force fiedld under development is essentid for proper parameter optimization. The present model
compounds were designed to include functiond groups required to properly model the loca nucleic acid
environment, including the dihedras indicated in Figure 2A, while being smdl enough to remain
computationdly tractable. To saect the gppropriate model compounds ab initio cadculations were
performed to investigate which compounds have structural and energetic properties consstent with
experimental data46-48 The model compounds sdlected from these studies are shown in Figure 2B.
For the mgority of these compounds MP2 level ab initio datais required to properly treat experimental
sructura and energetic properties. Accordingly, in the present work MP2 results are used as target
datawhenever feasble. Notethat dl the compounds, excluding compound A, contain the furanose ring.
This moiety was included to dlow for dihedral parameter optimization to take into account contributions
from changes in the furanose ring pucker, congstent with the north and south sugar puckers that occur in
DNA, respectively. In addition, the complexity of these molecules required that only a subspace of the
full conformationa space be sampled. This subspace was selected to be relevant to that occurring in
DNA.48

Dimethylphosphate (DM P, compound A), was the primary model compound for optimization of
thea and z terms. With the dihedrasb, e and g it was deemed necessary that the phosphate be
included in the modd compounds, yielding compound B for b and g and compound C for e.
Preliminary studies on compounds B and C investigated their energetic properties with both a
monoanionic and dianionic phosphate. The amilarity of the surfaces with the different chargesled to
incdluson of only the monoanionic speciesin the present report. Parameters associated with e and z
were aso checked using compound D, which was designed to modd the B and B, states that occur in
B DNA.9 Theglycosyl linkage, ¢, was modded with compound E with the four DNA bases. This
compound explicitly treats dl the atlomsthat areincluded in the dihedrals describing ¢ (e.g. the O4' -
C1'-N9-C4, O4'-C1'-N9-C8, C2'-C1'-N9-C4 and, C2'-C1'-N9-C8 dihedrals for the purines).



Optimization of the parameters to modd the sugar puckering was performed using compounds F and G.
Compound F was used to check the influence of a phosphate group on sugar pucker. With compound
F adianionic phosphate was used to avoid problems with the proton on a monoanionic phosphate.
Compound G is a nucleoside and was studied with the standard nucleic acid bases dong with imidazole
asthebase. QM studies have shown compound G with imidazole to have conformationa properties
that are consistent with a variety of experimental data46 Both the deoxy and ribo forms of compounds
C, F and G were included; the ribo forms were used to optimize parameters associated with the C2
hydroxyl group and the furanose parametersin RNA.

2.4 Macromolecular Target Data

As discussed in section 2.2 the present work aso used macromolecular structurd information as
thetarget data. To do this DNA and RNA duplexes were sdected for condensed phased smulations
and areliged in Table 1. Since emphasis was placed on the DNA portion of the force field due to the
sensitivity of DNA structure to environmental effects, base sequence and base composition, 17 five
DNA dgtructures were selected as target data. Two crystal structures were selected for smulationsin
the explicit crystd environment. The B form CGATCGATCG decamer was chosen due to its high
resolution and presence of several phosphodiester linkages in the By conformation and the A form
GTACGTAC octamer because of the rdatively high content of AT basepairsin contrast to the mgjority
of A form DNA crystd gructures. During each parameter optimization cycle, the two crystas were
subjected to MD smulations from which probahility distributions of the backbone and glycosyl
dihedrds and of the sugar pseudorotation angles and amplitudes were obtained and compared to NDB
crysta survey digributions. This information was then used to adjust selected parameters associated
with dihedrads observed to deviate sgnificantly from the target data. In addition to the crysas, three
DNA sequences were selected for additiond testing in solution (Table 1). The EcoRI recognition
sequence is probably the most studied DNA oligomer, making its inclusion necessary as part of the
present study.17:49,50 The CATTTGCATC decamer was sdlected due to its structure being determined
in solution viaNMR, with emphasis on sugar puckering.91.52 Inclusion of the CTCGAG hexamer®3
was done to test the influence of water activity on the equilibrium between the A and B forms of DNA.
During different stages of the parameter optimization solution Smulations were performed on these
DNA sequences to check that the results from the B DNA crysta smulations were not adversaly
influencing the force field and that the parameters properly reproduced the equilibrium between the A
and B forms of DNA associated with changesin water activity. 1/ For condensed phase smulations of
RNA the UAAGGAGGUGAU dodecamer was used (Table 1). Only one RNA duplex was included
astarget data given the greater homogeneity of RNA duplex structures as compared to DNA.17
Details of the results from the solution Smulations not included in the present manuscript are presented in
the accompanying manuscript.32



3. Methods.

Nucleic acid atom names and torsiona angles are defined asin Saengerl? and the same
nomenclature is gpplied to the model compounds. The canonicd A and B forms of the DNA are
defined according to Arnott and Hukins®? and the sugar pseudorotation angle and amplitude have been
determined following Altona and Sundaralingam, using the same reference state for P = 0.0°.55

All empirica calculations were carried out with the CHARMM program33:34 using a didectric
congtant of 1.0. The water modd in dl calculations was the CHARMM-modified TIP3P.43:45
Parameters for sodium are from Beglov and Roux56 and the magnesium parameters are based on
reproduction of the experimentd free energy of solvation (B. Roux, persond communication).

3.1 Vacuum model compound calculations

QM cadculations were carried out with the GAUSSIAN 94 program,®/ using the 6-31G* and
6-31+G* bass setsfor neutral and negatively charges species, respectively. Torsond energy surfaces
were performed at the Hartree-Fock (HF) level or with trestment of electron correlation viaMdller-
Plesset perturbation theory to the second order (MP2), as noted. QM energy minimizations were
performed to the default tolerancesin the GAUSSIAN program. Minimum interaction energies and
geometries between modde compounds and water were determined at the HF/6-31G* leve by
optimizing the interaction distance, and in some cases an interaction angle (Figure 3), with the
intramolecular geometries consgtrained to the gas phase HF/6-31G* optimized structure for the model
compound and the TIP3P geometry for water. 45 The interaction energy was determined as the total
energy of the supermolecular complex minus the sum of the monomer energies; no correction for basis
Set superposition error (BSSE) was included.

Empirica caculations on the modd compounds were carried out with no truncation of nonbond
interactions, unless noted. Energy minimizations involved 50 to 200 steps of steepest descent (SD)
followed by 50 to 200 steps of adopted basis Newton- Raphson (ABNR) and 50 Newton- Raphson
(NR) stepsto afind energy gradient of (110~ 6 kea/mal/A. Energy surfaces were performed by
harmonicaly congtraining the sdlected dihedra with aforce constant of 10,000 kcal/mol/degree?.
Minimum interaction energies and geometries between model compounds and water were determined
by varying the interaction distance, and in some cases an interaction angle, with the intramolecular
geometries congtrained to the empirical gas phase optimized structure for the model compound or the
TIP3P geometry for water.4° Interaction orientations were identical to those used in the QM
cdculations.

Sugar puckering surfaces were andyzed by dividing the pseudorotation space into four equaly
szed quadrants centered around P = 0.0°, P = 90.0°, P = 180.0° and P = 270.0°, which are referred
to as the north, east, south and west quadrants, respectively. Pseudorotation potentia energy surfaces
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were obtained by individudly congtraining one of the five furanose endocydic dihedrds to vaues ranging
from -40 to 4001 in increments of 1001 and dlowing the remainder of the system to optimize.
Pseudorotation angles were then calculated from the find optimized structures. The use of asingle
torsond congraint to enforce the pseudorotation angle was performed to alow for the amplitude of the
ring to vary during the optimization. To aobtain the north and south minimum structures the sugars were
initidly congtrained to the C3' endo and C2 endo puckers, respectively, and optimized following which
the congtraints were removed and full optimization performed. The east barrier (P = 90.0°, O4’ endo)
was obtained by congraining the C1'-C2'-C3-C4' dihedrd to 0.0° withthe furancse initidly in the O4'
conformation and optimizing the remainder of the Sructure. Congraints on the remaining degrees of
freedom in the modd compounds were applied as described in the following paragraph. In al casesan
initid minimization in the presence of the congtraints was followed by a minimization in the abbsence of
the dihedrd congraints, with only the appropriate sugar constraint maintained.

Torsgond energy surfaces were sampled every 30° in the QM and every 15° in the empirica
caculations. In al cases the furanose moiety was constrained to ether the C3'endo (C4'-04'-C1'-C2
=0.0°) or C2'endo (C3'-C4'-04'-C1' = 0.0°) pseudorotation angle, as noted, to avoid problems
associated with switching between different furanose conformations in the energy surfaces. Additiona
degrees of freedom not being sampling explicitly in an energy surface were congtrained to vaues
corresponding to the A or B forms of DNA for the C3' endo and C2 endo pseudorotation angle
congraints, respectively. The vaue of these congraints were obtained from fitting of survey datafrom
the NDB, as described elsewhere, 48 and are as follows. For theA form a, b, g, e and z were 291,
175, 57, 205 and 28701, respectively, and for the B form they were 298, 168, 51, 187, and 2621,
respectivey. With the ribo analogs of compounds C, F and G dternate constraints were imposed to
ded with the 2 hydroxyl group asfollows. Optimizations were performed by initidly minimizing with the
dihedrdsb, g, e, ¢ and C3'-C2'-0O2 -H congtrained to values of t, g*, t, anti and 0.0L1, respectively,
followed by remova of those condraints and completion of the minimization. In al casesidentical
congraints were used for both the QM and empirica caculations.

3.2 Condensed phase smulations

Production MD simulations in the condensed phases were performed in the NPT ensembleS8 at
300 K with atime step of 0.002 ps and the Leap-Frog Integrator. All calculations were performed
using SHAKE29 to congtrain covaent bonds involving hydrogens and images were generated using the
CRYSTAL module®0in CHARMM. Electrogtatic interactions were treated via either atom truncation
or the Ewald method.61 Atom truncation was performed by using the force shift and force switch
methods to smooth the dectrostatic and LJ terms, respectively.62 Nonbond pair lists were maintained
to 14 A, nonbond interactions were truncated at 12 A and the LJ switching function wasinitiated at 10
A. Nonbond lists were updated heuritically. Particle Mesh Ewald (PME)83 cdculations were

11



performed using the specified red gpace cutoffs with the LJ interactions truncated at the same distance.
The fast Fourier transform grid dengities were set to approximately 1 A-1. The screening parameter
was determined for each system by using a 6th order smoothing spline and varying the screening
parameter (kappa) from 0.20 to 0.50 and selecting the value a which the change in the energy asa
function of kappawent to zero. In dl casesthe value of kappawasin the range of 0.28t0 0.35. RMS
differences (RMSD) vaues rdative to the experimenta starting structures were determined following
least-squares fitting of the specified non-hydrogen atoms.

Smal molecule crystd calculations were performed with the full unitcdls asthe primary aoms
with the symmetry of the unitcells maintained (eg. for monodlinic sygsemsthea and b angles were
congrained to 901 while dl other unitcell parameters were alowed to relax). These caculations were
initiated by minimizing the entire system for 100 ABNR steps, followed by a5 ps MD equilibration
period and aMD production smulation of 50 ps. Averages and RM S fluctuations were obtained over
the find 50 ps. For determination of the heats of sublimation, DHg,y, gas phase smulations of uracil
and 9-methylthymine were required. These caculations were performed in an identical fashion to the
crystal smulations, except that the temperature control was performed using the Nosé agorithm. 64
Vacuum smulations to obtain the gas phase energy required for determination of DHg, from the PME
amulations were performed by including dl possible nonbond atom pairs.

Crygd cdculations of the A and B DNA crystd sructureslisted in Table 1 were initiated by
retrieving the experimental structures from the NDB.10 - Calculations were performed on the
asymmetric unit or the minimum number of asymmetric units required to include dl aoms of one nucleic
acid duplex asthe primary atloms. Hydrogen atoms were added to the crystal structures using the
HBUILD moduleb5 of CHARMM and then subjected to a50 SD step energy minimization with the
non-hydrogen atomsfixed. Next, an appropriate amount of solvent was added to fill vacuum spacesin
the crystd by generating the primary and image atoms (including DNA, water and counterions identified
in the X-ray sructure) and overlaying them with awaterbox of the same dimengons as the asymmetric
unit(s). Added water molecules whose oxygen atoms were within 1.8 A of any of the X-ray
determined primary or image non-hydrogen atoms were then removed. The water deletion distance of
1.8 A was determined by applying different values for the removal of waters, generating the starting
configurations, minimizing and running 100 ps NV T smulations with the DNA congrained. The
distance a which the pressure was closeto 0 ATM was sdlected for the fina system preparation.
When the counterions identified in the experimenta crysta structure were not adequate to neutrdize the
system, additiond ions were added a random positions in the asymmetric unit(s). All water molecules
and counterions were then energy minimized for 100 SD steps keeping the nucleic acid atoms fixed.
Thiswas followed by a 20 ps MD smulaion inthe NVT ensemble, with the nucleic acid atoms fixed.
Following equilibration of the solvent, al atoms were subjected to aMD smulation in the NPT
ensemble. The mgority of crysta smulations were performed for 500 ps with andys's performed over
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thefind 100 ps. With thefind parameters set, the find structure from the 500 ps Ssmulation was used to
initiate three 250 ps smulations that only differed by the random number seed used to assgn theinitia
veocitiesto theaoms. The find 200 ps of each of these smulations were pooled and used for analysis.

The amulation of the Z DNA CGCGCG crysd was initiated from a previoudy equilibrated
system that contains 106 water molecules, two sodium and four magnesum ions, as described
elsewhere 86 Cdculations were performed using PME with ared space truncation distance of 10 A
with the MD smulaions run a 288K, corresponding to the experimentd regimen. Prior tothe 1 ns
production smulation the system was subjected to a 200 ssep ABNR minimization with harmonic
congraints of 2.0 kcal/mol/A2 on al non-hydrogen atoms, a 100 ps NVT simulation with harmonic
congraints 5.0 kcal/mol/A 2 on al DNA non-hydrogen atoms and a 200 step ABNR minimization of the
entire system.

Digributions of the dihedrd angles and sugar pseudorotation anglesin oligonucleotide crystd
structures were obtained from the NDB10 as of March 98. DNA structures containing non-standard
DNA components, bound drugs or proteins were excluded. The distributions are presented as
probability digtributions by sorting the datainto 2° bins and were obtained separately for the A, B and Z
DNA families. RNA dihedrd digributionsinclude adl RNA duplexes and trandfer RNA structures.
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4. Results and Discussion

Presentation of the results and discussion will be performed congstent with the flow diagram in
Figure 1 and based on the termsin equation 1. The subsections will be separated into different portions
associated with different mode compounds. Except when noted, the presented results are for the
converged parameters. Thefind parameters are included in the Appendix of the Supporting
Information and may be obtained from the World Wide Web at
www.pharmeacy.ab.umd.edu/~a ex/research.html.

4.1 Interaction terms

Optimization of theinteraction termsinvolved refinement of the partid atomic charges for the
ether oxygen in the furanose, the phosphate and the bases. Charges for the hydroxyl groups and the
alkanes were cons stent with the CHARMM22 set. For the LJ terms, new akane parameters where
used for the diphatic groupsS? and LJ parameters for some of the atom typesin the bases were
optimized as part of the present sudy. The remaining terms are from CHARMMZ22. In the present
discussion the terms interaction and nonbonded are used synonymoudy, referring to the partid atomic
charges and LJ parameters. Asemphasized by loop Il in Figure 1 the interaction terms are influenced
by the find vaues of the internd parameters.

4.1a Sugar and phosphodiester linkage

Partid atomic charges pertaining to the furanose moiety have been optimized using
tetrahydrofuran (THF, complex A, Figure 3). 2-hydroxy-tetrahydrofuran (THFOH, complex B, Figure
3) was used to test the charges of a hydroxyl group substituting the furanose at positions corresponding
tothe 2 or 3 carbonsin nucleic acids. The hydroxyl charges were originaly based on methanol and
previoudy used directly without being assessed in the chemica context of the sugar. With THFOH,
interactions with three orientations of the hydroxyl group were investigated. In dl three cases the water
plane was in the same plane as the C-O-H atoms. Comparison of the ab initio and empiricd datain
Table 2 shows the agreement to be satisfactory for both THF and THFOH. The minimum interaction
energies were in good agreement with the scaled ab initio energies, while the minimum digances are dl
approximately 0.2 A lessthan the ab initio values. The shorter interaction distances are required to
reproduce condensed phase properties 44 Of note was the quality of the fit for THFOH. The charges
directly transferred from methanol adequatdly reproduce the interaction energies for avariety of
orientations of the hydroxyl with respect to the tetrahydrofuran ring. The newly determined charge
digtribution on the furanose has been transferred to dl other compounds containing this moiety.

| nteractions between DMP and water (Figure 3, Complex C) in the CHARMM22 force field
had those with the anionic oxygens too favorable (interactions 2, 3 and 4) and the interaction with the
ester oxygen too unfavorable (interaction 1). To compensate for this imbalance the charges were
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reoptimized yielding the interaction energies and geometries shown in Table 2. While the interaction
with the ester oxygen (C.1in Table 2) is ill dightly too unfavorable and one of the interactions with the
two anionic oxygensis dightly too favorable (C.3 in Table 2) the overdl baance represents an
improvement over CHARMM22. Obtaining this improvement required moving -0.02 e.u. from the
anionic oxygens to the ester oxygens.

4.1b Bases

Recent high levd ab initio data on Watson-Crick and Hoogsteen basepairing as well as other
hydrogen-bonded basepairs and base stacking interactions have gresetly increased the amount of target
data available for charge optimization of the bases.68-72  Results from some of these studies indicated
limitations in the CHARMM22 nonbonded parameters.89.71 These works stimulated the reoptimization
of both the partid atomic charges and LJ parameters for the bases.

In addition to base-water interactions (see Figure 3 and Table 3), target data for optimization of
the base charges included interaction energies for avariety of basepairs (see Table 4 and reference’1)
and dipole moments. Optimization of the LJ parameters was based on the reproduction of the heets of
sublimation of the uracil and 9-methyladenine crystds dong with interactions between water and
aromatic base hydrogens. For example, Ry, on the aromeatic hydrogens was decreased from the value
of 1.3582 A used for benzene’3to 1.10 A. In the present work the flexibility in the base charges was
increased by defining the unit charge group to encompass the entire base. This contrasts the
CHARMMZ22 charges where unit charge groups of 7 atoms or less were used.

Included in Table 2 are the minimum interaction energies and geometries for base-water
interactions from both the ab initio HF/6-31G* and CHARMMZ27 caculations. The empiricd
distances are approximately 0.2 A shorter than the HF/6-31G* results while the interaction energies are
equivaent to the scaled ab initio values, consstent with previous studies (see Section 4.1 and 4.14).
The largest discrepancies from these trends occur with the minimum distances between water and the
aromatic base hydrogens. For example, for the Ade H8-OW and H2-OW interactions the ab initio
distances are 2.39 and 2.49 A, respectively, as compared to CHARMM 27 vaues of 2.37 and 2.45 A,
respectively. Use of the standard aromatic hydrogen radius (see preceding paragraph) yielded empirica
distances dgnificantly longer than the ab initio vaues (not shown). Similar LJ parameters have
previoudy been used for the hydrogen on the carbon between the two nitrogensin the imidezole
sidechain of histidine4l The need for asmaller radius on the aromatic base hydrogens, aswell ason
imidazole, appears to be due to the carbon covdently bound to the hydrogen dways being directly
adjacent to one or two nitrogen atom in the rings, yielding amore polar character as compared to
standard aromatic C-H groups.

An overall comparison of the present CHARMM?27 and the CHARMM 22 base to water
interactionsis presented in Table 3, where the average differences, RMSD, and average absolute errors
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for the water-base interactions are reported. In al casesthe CHARMMZ27 vaues are better than for
CHARMMZ22, with the improvement being Sgnificant in al cases except adenine. Thisimprovement is
dueto the use of larger unit charge groups and the new Ry, vaue for the aromatic hydrogens.

Optimization of the base parameters dso included the Watson-Crick and Hoogsteen basepair
interactions aong with the remaining base dimers defined by Hobzaet .71 Presented in Tables 4 are
the MP2/6-31G* BSSE corrected data dong with their CHARMM 27 counterparts. In addition to the
total empiricd interaction energies are the dectrostatic, LJ and interna strain contributionsto the
basgpairing interaction. In saverd ingancesthe LJ and internd strain terms make sgnificant
contributions to the overal interaction energy. These contributions emphas ze the need for proper
treatment of the LJ and internal parameters to obtain a properly balanced force fiddd. Comparison of
the ab initio and CHARMM?27 vaduesin Table 4 show the agreement to generdly be good, athough
with some differences. The largest differences occur with the GA3, GC1 and GG3 pairs. The GG3
interaction in CHARMM 22 was reported to differ by -7.2 kca/moal from the ab initio data; cdculaions
in our laboratory yielded a difference of -6.5 kca/moal. Thisdifferenceis-2.2 kca/madl in
CHARMMZ27, asgnificant improvement. On the other hand, the GCL interaction for CHARMM22
was reported to have a difference of -1.2 kcal/mol (-1.7 kca/moal in our laboratory) which is worse with
CHARMMZ27 (-2.5 kca/mal).

To judge the overdl improvement in CHARMMZ27 the datain Table 4 were subjected to linear
regression andysis dong with determination of the standard deviation and average absolute error, as
previoudy performed.”l These resuilts are shown at the bottom of Table 4 dong with the
CHARMM22 vdues. Two sets of CHARMM 22 values are reported based on caculations in the
present study and values reported in Hobza et d. /1 Comparison of the CHARMM27 and
CHARMM22 data show the new force field to be equivaent to or in better agreement with the ab
initio data. Thisimprovement indicates the CHARMM 27 base charges and LJ parametersto yield a
more balanced representation of the different types of hydrogen bonded base-pair dimers.

In addition to the water-base and base-base interactions, the dipole moments of the bases were
als0 used astarget data for the partid charge optimization. Presented in Table 5 are the CHARMM?27
dipole moments adong with those from experiment and QM cdculations. The QM resultsinclude both
gas phase dipole moments and those calculated in the presence of water using the AM1-SM274 and
SCIPCM 75 reaction fiddd moddls. The ordering of the CHARMM27 dipole momentsisin good
agreement with the QM data, with the only exception being the order of thymine and urecil. The
CHARMMZ27 dipole moments are systematicdly larger than the gas phase QM vaues. Thisisrequired
due to the omission of explicit eectronic polarizability from the potentia energy function (equation 1).
Such an overestimation represents a mean field polarization of the bases by the surrounding condensed
phase environment, an gpproach that is common in empirica force fields designed for the condensed
phase, as discussed previoudy.4l  To better gauge the extent of the overestimation, dipole moments
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were determined for the bases in water using two QM reaction field models. The reaction fied dipole
moments are dl larger that the CHARMMZ27 va ues, suggesting that the extent of the overestimation of
the base dipolesin the force fidld is reasonable. Better quantitation of the rlevance of the dipole
moments from the reaction field moded s with respect to force field modeswill require additiona studies.

Optimization of the LJ parameters for the base ring carbon atoms was performed using crysta
cdculations of the sysemslisted in Table 6. For uracil and 9-methyladenine the DHg, vaues have
been experimentaly determined.”6 1-methylthymine, for which both the crystal structure and hests of
sublimation are known, was not included due to problems with a pseudosymmetry axisin the molecule,
as previoudy discused. 25 Presented in Table 7 are the experimental and calculated unitodl
parameters for the four crystds. Note that the calculations were performed with the full unitcel asthe
primary atoms, versus the use of the asymmetric unit in the CHARMM22 parametrization.
Stereodiagrams of dl the smal molecule crystals may be seen in Figure 4 of MacKerdl et d.25  Inthe
present calculations both atom-based truncation and PME methods were used for the treatment of the
electrodatic interactions. The PME method was applied with three real space cutoff distances. This
was performed due to the necessity of truncating the LJ terms at the same distance as the red space
cutoff. That truncation eliminates possible favorable long-range disperson effects that could impact the
cdculated crystd structure. With dl four crysas the unitcel parameters and volumes are reasonably
reproduced by the force fidd (Table 7). With uracil thereisadight contraction of the unitcdl, whichis
primarily associated with the A and B lattice parameters while the b angle decreases. In contragt, a
dight increase in the volume of the unitcdl of 9-methyladenine occurs. The b angle of this sysemiswel
maintained while an increase in the B face and a decrease in the C term occur. For the 9-
methyladening/1-methylthymine and 9-ethylguaning/1-methylcytosne crystds only PME caculations a
the two longest redl-space cutoff distances were performed. With 9-methyladening/1-methylthymine
the volume and the b angle are well maintained while an increase in the B term and adecrease inthe C
term compensate each other. Results for the triclinic 9-ethylguanine/1-methylcytosine crysa tend to be
in poorer agreement with experiment. Significant differences occur in thea and b anglesaswell asthe
three unitcdl lengths. The lack of experimentd crysds of the individua moleculesin the 9-
ethylguaning/1-methylcytosine crystd makes systematic andyss of the cause of the differences difficult.
Table 7 dso includes results from the CHARMM 22 force fidd showing CHARMMZ27 to generdly
yield abetter representation of the crystal's than CHARMM 22, athough exceptions exi.

Heats of sublimation for the uracil and 9-methyladenine crystds offers additiond target data for
optimization of the LJ parameters. Table 8 includes CHARMM?27 DHg,p vauesfor the two crysas
for different trestments of the nonbond interactions dong with CHARMM22 and experimenta data.
For uracil CHARMM 27 overestimates DHg,p by two or more kca/mol. Of noteisthe increasein
DHgp in the PME versus atom-truncation caculations and as the truncation distance in the PME
cdculaionsisincreased. Theincreasein DHgyp With the increased truncation distance is attributable to
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the dispersion portion of the LJ term and is consstent with the decrease in the unitcdl volume in Table

7. With 9-methyladenine the agreement between experiment and caculations isimproved as compared
to uracil, with the CHARMM27 values bracketing experiment. For both uracil and 9-methyladenine the
CHARMM?22 vdues are dgnificantly larger than both the experimentd and CHARMMZ27 vaues. The

improved agreement between experiment and CHARMM 27 concerning both the unitcell parameters
and DHgp as compared to CHARMM 22 emphasizes the improvements in the new force field.

Differencesin the CHARMMZ27 unitcdll parameters and DHgp With respect to experiment
indicate that further improvementsin the force fidd, possbly including extenson of the form of the
potential energy function, are needed. For example, DHgp, for 9-methyladenine is in good agreement
with experiment, however, the caculated unitcell parameters are in poorer agreement, suggesting that
the ided balance of structure and energetics has till not been reached.

Additiona tests of the base parametersinvolved cdculation of the interaction geometries and
enthalpies of the Watson-Crick and Hoogsteen basepairs and base stacking interaction energies. Table
9 contains CHARMM 27 basepair interaction energies, enthapies and vibrationa contributions, dong
with the corresponding data from experiment and ab initio caculations. Experimentd interaction
energies were determined via mass spectrometry measurements.’6 Ab initio caculations of the
interaction enthapies have been performed a a variety of leves of theory up to MP2/DZP//HF/6-
31G*(BSSE) 70 and LMP2/cc-pV TZ/IHF/cc-pVTZ.69  In those cdculations the interaction strength of
the Hoogsteen AT pair is congstently more favorable than in the Watson-Crick AT pair, dthough the
difference is dwayslessthan 1 kca/mol. Comparison of the CHARMM 27 results with the target data
shows the agreement to be satisfactory. For the GC pair the empirica interaction enthapy isin good
agreement with experiment, both of which fdl in the range of the ab initio results. For the AT and AU
parsthe empiricd vaues are Sgnificantly less favorable than the experimenta vaues, while they fdl into
the range of the ab initio results. Recently, a corrected experimentd vaue of 12.1 kca/moal for the AT
basepair was reported that takes into account the different conformations bletothe AT
basepair.69 Comparison of the AT Watson-Crick and Hoogsteen pairs shows CHARMMZ27 to
reproduce the ab initio trend with the AT Hoogsteen pair having an interaction enthal py -0.38 kca/mal
more favorable than the Watson-Crick basepair. CHARMM?27 dso caculatesthe AU basepairsto
have an interaction enthdpy more favorable than the AT pairs. Thisresult is consstent with the
experimentd data, though the magnitude of the caculated differencesis smdler. No high levd ab initio
cdculationson the AU basepair are available. The necessity for such caculaionsis obvious from the
different experimentd interaction enthapies of the AT and AU basepairs.

Hydrogen bond distances for the Watson-Crick and Hoogsteen basepairs are presented in
Table 10, dong with experimentad data from crysta structures. The agreement overdl is good with the
largest difference of 0.07 A occurring with the N4-O6 distance in GC. While comparison of the
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distances with data from single crysas s limited, the quality of the agreement further indicate thet the
present parameters are adequatdly treating the hydrogen bonding interactions.

Base-base stacking interactions make a sgnificant contribution to the stability of DNA and
RNA oligonudeotides. 17:77 Such interactions must be properly treated for successful smulations of
DNA and RNA duplexes. Proper treestment of the stacking interactions must include a balance with
hydrogen bonded interactions between the bases. Severd ab initio studies of base stacking
interactions have been performed.88.71,72 Of these, the work of Hobza et d. 71 isthe most readily
reproducable due to the use of the crystal structure of the CCAACGTTGG decamer /8 to define the
relative orientations of the bases. Their ab initio data, at the MP2/6-31G* (BSSE corrected) level are
presented in Table 11 for seected Watson-Crick pairs (HBONDED), STACKED pairs and
INTERSTRAND (non WC) interacting pairs adong with results from CHARMMZ27, including the
electrogtatic and LJ contributions. At the bottom of Table 11 isa summation of the different types of
interacting pairs required to compare the relative energetics of the different interaction orientations.
Those datainclude results from CHARMM 22 performed as part of the present study and as reported
by Hobzaet a.”1 Comparison of the ab initio and CHARMM27 data show the trends for the
different interacting pairs to be mimicked by the force fidd. Detalled analysis of the summeationsin
Table 11 shows the CHARMM 27 vaues for the HBONDED and STACKED pairs to reproduce the
ab initio results, while the CHARMMZ27 INTERSTRAND interactions are too favorable. In
CHARMMZ27 the eectrogtatic interactions dominate the HBONDED interactions, the LJ term
dominates the STACKED interactions and there are varying contributions to the INTERSTRAND
interactions. The quality of the CHARMMZ27 agreement with HBONDED and STACKED ab initio
interactions suggests that the balance between the eectrostatic and LJ contributions to base-base
interactionsin the force fidd is satisfactory.

The poorer agreement of the INTERSTRAND interactionsis difficult to understand. For pairs
where the CHARMMZ27 interaction energies are sgnificantly larger then the ab initio (i.e. C2G20,
G6G16 and C1G19) the eectrogtatic term dominates in two cases (C2G20 and C1G19) and the LJ
dominatesin the other. In other cases (i.e. A4G16 and A3T17) the dectrogtatics and L J contributions
are goproximately equa. Problemswith the ab initio data must dso be congdered. Limitationsin the
MP2/6-31G* levd of theory with BSSE correction for the treatment of disperson interactions have
been noted.88 Furthermore, the use of the counterpoise method to correct for BSSE may overestimate
the correction, especialy in the presence of ardatively limited basis set.”® Such effects could lead to
different “correction errors’ for the different types of orientations. For example, the extent of orbita
overlap for the HBONDED pairsis expected to be minimal as compared to the STACKED pairs.
Accordingly, the influence of BSSE correction is expected to be least in the HBONDED pairs and the
largest in the STACKED pairs. While these problems are beyond the scope of the present work they
do indicate that additional studies are required to better quantitate stacking interactions between bases.
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4.2 Internal parameters

Optimization of the internal parametersinvolved reproduction of geometric and vibrationd target
datafor the sugar moiety, the phosphodiester backbone and the bases. With the phosphodiester
backbone, the sugar moiety and the glycasyl linkage a condderable part of the effort involved
adjustment of the dihedral parameters to smultaneoudy reproduce QM potentid energy surfaces and
probability distributions of those dihedrasin experimenta crystal structures. Thisis represented as loop
IV in Figure 1. To organize the presentation of the internd parameter optimization the results will be
separated into a section describing the reproduction of the geometric and vibrationd target dataand a
section describing the iterative optimization of sdected dihedrd parameters.

To dlow for improved optimization of the geometries and vibrationa spectra additiond atom
types were added (see the topology file in the Supplementd Information). New atom types for the
sugar and phosphodiester moieties were created for the C1' and C5' atoms and for the O4' and C2'
atomsin RNA. With the bases, new atom types were created for the N3, C5 and N9 atomsin
guanine, the N1, C2 and C5 atomsin thymine and the N1 and C2 atomsin uracil. These additiona
atom types increase the number of parameters available for optimization, thereby dlowing for improved
agreement with the target data.

4.2a Reproduction of the geometric and vibrational target data

Sugar and phosphodiester backbone. Optimization of the deoxyribose and ribose bond
lengths and vaence angle parameters was performed based on target data from a statistical analysis of
high precision crystd structures of nucleosides and nucleotides 80 Such data are ided for the
development of aforce field for condensed phase smulationsin that they contain condensed phase
contributions averaged over alarge number of compounds, thereby avoiding limitationsin any single
crystd structure associated with packing effects. In the study by Gelbin et d.80 the deoxy and ribo
sructures as well as the north and south conformations were andyzed separatdy dlowing for explicit
parametrization of these in the present study. To take into account the influence of base on the
minimized structure a deoxy nucleosde (modd compound G) was minimized with each of the four DNA
bases. The same was done with the ribo nucleosdes. Reported vaues are the average over the four
DNA or RNA nucleosides.

Table 12 compares the individual CHARMMZ27 deoxyribose bond lengths to their experimenta
crysta counterparts. The average absol ute difference between the crystd and CHARMMZ27 bond
lengthsis 0.011 A in the north conformation and 0.013 A in the south conformation, indicating that the
empirica bond lengths are in reasonable agreement with their crystd referencesin both conformationa
ranges. Thelargest deviation between CHARMM 27 and experiment is for the C5'-C4’ bond, dueto
the equilibrium bond length being directly transferred from the diphatic groups. Of noteisthe qudity of
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the agreement for the bonds involving the O4' atom. Because the C1'-O4' and C4'-O4' bond lengths
differ dgnificantly in the survey data, the atom type CN7B was assigned to atom C1' to distinguish
between these bondsin the force fidld. This dlowed for optimization of the two bonds individudly,
yielding the quaity of agreement in Table 12.

Table 12 dso shows the deoxyribose vdence angles, comparing the individud CHARMM27
deoxyribose values to their crystal counterparts. The average absolute difference between the crysta
and CHARMMZ27 vadence anglesis 1.1° in the south conformation and 1.2° in the north conformation.
Therefore, the CHARMM 27 angles are in reasonable agreement with their crysta referencesin both
conformationa ranges. For amgority (18 out of 28) of the vaence angles the difference between the
crysd average and their CHARMM equivdent fdls within the experimental sandard deviation. To ad
in the fitting of the angles, atom C5' was assigned atom type CN8B to distinguish between angles C5-
C4'-C3 and C4'-C3-C2. Thelargest discrepancy occurs with the C4'-C3'-O3 angle in the south
conformation, which has alarge sandard deviation in the crysta survey. This may be related to the
different types of subgtituents at this postion in nucleosides and nucleotides. This variability and the
reasonable agreement for the C4’'-C3'-0O3' north angle and the C2'-C3'-O3' north and south angles
precluded further optimization of the parameters associated with thisangle.

Reaults on the geometry of the ribose sugar are presented in Table 13. Average absolute
differences between CHARMM 27 and the crystal data for the bond lengths were 0.010 A for both the
south and north conformations. With the angles the average absolute differences were 1.6 and 1.001 for
the south and north conformations, respectively. The largest differences in the ribose angles occurred
with terms related to the glycosyl linkage. These were in good agreement for deoxyribose (see Table
12) due to the parameter optimization being first performed on the deoxyribose sugar. To correct this
problem without sacrificing the quality of the deoxyribose agreement would require the inclusion of new
atomstypesfor the ribose species. Since the overdl quality of the ribose internal geometries was
deemed satisfactory, such an addition was not made.

Bond, angle and dihedra force constants associated with the sugar moiety were initidly
obtained from the alkanes3” while those of the phosphodiester linkage were from CHARMM22. To
optimize these force congtants, vibrationa pectrawere caculated for the dianionic form of compound
B, for compound F and a variation of Compound E with an imidazole base and a5’ methyl group.
While the size of these compounds disdlows detailed andysis of the entire spectra, specific modesin the
gpectra can be identified and used for adjustment of the associated force constants. In particular, the
torsond and deformation modes associated with the furanose ring and its exocydlic substituents were
ble. Based on these modes, angle force constants and some dihedral terms were optimized,
athough the fina optimization of most of the dihedrd parameters was based on the conformationd
energetics, as discussed below.
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Presented in Tables 14, 15 and 16 are the CHARMM27 and QM determined vibrationa
gpectra, including the potentid energy digtributions. The QM calculations were performed at the HF/6-
31G* or HF/6-31+G* levels and the resultant frequencies scaled by 0.9.81 For compound F (Table
14) thereis good agreement for the torsona modes associated with the e and z dihedras (modes 1 and
2). Torsona modes associated with the sugar moiety (tRING) make contributions to vibrations at 92,
104, 228 and 238 cnrl in the CHARMM27 spectrawhich agree well with the values of 87, 104 and
171 cm -1 from the QM calculation. With the sugar ring deformations (dRING), the CHARMM 27
values of 526 and 637 cntl are in satisfactory agreement with the QM values of 565 and 632 cnrl.
Other modes of note are dC2C303, dC4C303 and dC303P, which are relevant to the backbone in
nucleic acids. In CHARMM 27, modes with contributions from dC2C303 or dC4C303 occur at 143,
304, 372 and 587 cnrl which overlap the QM values of 190, 318, 422 cntl. Concerning the
dC303P deformation, with CHARMM 27 this mode occurs at 143 cnrl, between the QM values of
104 and 171 cnvl for modes 4 and 5.

Compound B includes the furanose moiety aswell asthea, b and g dihedras. Table 15 shows
the three lowest CHARMM 27 modes (modes 1, 2 and 3), which are dominated by these terms, to be
in good agreement with the QM data. Sugar furanose torsions (tRING) are again adequately
represented by CHARMM 27, where values of 97, 311 and 388 cntl (modes 4, 7 and 8) bracket the
QM modes at 120, 148 and 206 cnrl. In Compound B the furanose ring deformation frequencies are
somewhat too low in the empirical mode, with contributions at 584 and 594 cnrl as compared to QM
values of 677 and 813 cn1l, but, the satisfactory agreement of these modes in Compounds F and the
compound E anadog (see next paragraph) precluded additional optimization of thisterm. Exocydlic
terms of note include the dC505P mode at 218 cnrl in CHARMM 27 versus 189 cnrl in the QM
caculation, and the dC3C4C5 and dO4CACS deformation modes that make contributions at 311, 388,
446 and 497 cnrl in CHARMM 27 as compared to QM values of 148, 321, and 382 cnrl. Thefind
exocyclic mode of notein compound B is the sScC4C505 scissor mode at 248 cnrl in CHARMMZ27,
in reasonable agreement with the QM value of 206 cnl.

Compound E with an imidazole base and a5 methyl group was designed to test the influence of
abase on the vibrationd properties of the empirical model. Anayss of Table 16 shows CHARMM?27
to bein good agreement with the QM data for the four lowest modes. This qudity of agreement
indicates CHARMM 27 to satisfactorily treet torsond degrees of freedom associated with the glycosyl
linkage and the sugar (tRING) and wagging of the C1' aom out of the plane of the imidazole moiety.
Other modes associated with the glycosyl linkage are dO4C1IND1, dC2C1IND1 and the rocking of the
imidazole ring (rCIND1CG). Andyssof dO4CIND1 and dC2CIND1 in CHARMMZ27 shows only
one contribution at 325 cntl, which falsin the range of the QM vaues at 214, 349 and 425 cnrl. The
CHARMM 27 imidazole rocking mode occurs at 325 cn, higher than the value of 214 el from the
QM cdculations. Findly, the sugar ring deformation modes from CHARMM27 (modes 11 and 13,
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575 and 654 cnrl, respectively), arein good agreement with the QM vaues at 566 and 651 cnl.
Overdl, the present vibrationd analyss shows CHARMMZ27 to satisfactorily represent distortions
associated with the furanose moiety and its exocyclic substituents including a 3 phosphate, a

5 phosphate and a base.

Bases. A recent survey of the geometries of the nucleic acid bases32 motivated reoptimization
of the associated parameters. Geometries of the bases are primarily dictated by the bond and angle
equilibrium terms. In the present study the bases were assumed to be planar. This assumption contrasts
resultsfrom ab initio cdculations showing the base amino groups to have pyramida character in the gas
phase.83:84 Similar results have been obtained with the amide in the protein backbone based on
caculations on N-methylacetamide, however, the amideis planar when involved in hydrogen bond
interactions.8° Based on those results it was assumed that the base amino groups would aso be planar
when involved in hydrogen bond interactions. This assumption was supported by ab initio cdculaions
at the HF/6-31G* level on cytosine showing the presence of a single water hydrogen bonded to the N4
amino group to yield aplanar structure (MacKerdl, Jr., A.D. unpublished). Furthermore, in severd ab
initio studiesinvolving hydrogen bonded nucleic acid base dimers planar geometries were obtained.59-
71 Thus, assuming that the base amino groups are dways involved in some type of hydrogen bond, it is
appropriate to treat the structures of the bases in the condensed phase as planar. Note that the force
congtants of the amino groups were adjusted to adlow for significant deviations from planarity to occur
(see below).

Table 17 includes bond and valence angle RM SD data between the empirica optimized
structures and target data for the methylated bases. Data are included for the bond lengths and valence
angles of non-hydrogen atoms from the survey82 and for anglesinvolving hydrogens based on QM
cadculations. Individua values of the bond lengths and angles are presented in Tables 18 and 19. Data
from CHARMM22 are included in Tables 17, 18 and 19 for comparison. For the non-hydrogen atoms
the CHARMM 27 geometries are in better agreement with the crystal survey data than is CHARMM22.
Thisimprovement is, in part, due to the CHARMM22 parameters being optimized to reproduce
previous survey data86 Empirical anglesinvolving hydrogen atoms (H-angles) are in good agreement
with respect to the sdlected HF/6-31G* data. The largest discrepancy with the H-angles occurs with
guanine. Thisdifference is associated with the nonplanar ab initio versus planar empirica structures of
the amino group and dso leads to the larger differencesin adenine and cytosine as compared to uraci
and thymine. Overdl, the CHARMMZ27 internal geometries of the bases are in satisfactory agreement
with the target data.

Optimization of the nucleic acid base force congtants was performed via the reproduction of
vibrationd spectra The amount of experimenta and ab initio vibrationa data on the basesis large (see
MacKerdl et a.,25 Ilich et d.,87 Colarusso et a.88 and Aamouche et d.89) and the Situation is
complicated by the role of environment on the molecular vibrations. The mgority of experimenta data
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for the bases is obtained in condensed phase environments while ab initio spectra are generdly in the
gasphase. While adetalled andyss of dl available vibrationd datais required to gain aclear
understanding of the molecular vibrations of the nucleic acid bases, such an andysisis not within the
scope of the present study. Accordingly, it was decided to optimize the interna force constants based
on HF/6-31G* gas phase vibrationa spectra, which had been scaled by 0.9.90 This approach may be
expected to yield molecular vibrations that are representative of the experimenta regime.

Vibrationa datafor adenine are presented in Table 20. The lowest frequency modes are in
good agreement concerning both the frequencies and assgnments. These modes are dominated by out-
of-plane motions of the rings and their substituents. Such modes will make a sgnificant contribution to
digortion of the base occurring in MD smulations, making their correct representation critica for
accurate results from MD gtudies. Discrepancies exist with the amino wagging and torsona modes.
The amino torsond frequencies tend to be too high with empirical and ab initio frequencies occurring a
288 and 242 cn 1, respectively, while the wagging modes are too low (i.e. empirical mode 5 occurs at
345 cnr 1 while ab initio mode 6 occurs 492 cnr 1), Efforts to remedy these discrepancies via
different combinations of dihedra and improper parameters were unsuccessful. In addition to thering
torsons at the lowest frequencies, empirica torsona modes for the 5-membered rings occur at 652 and
719 cnr 1, which compare well with the ab initio values of 652 and 694 cnt 1. Ring deformation
modes are adequately reproduced with empirical values occurring at 468 and 531 cnt 1 and ab initio
modes at 512 and 518 cn 1. To dlow for dose examination of the ring stretching modes the individual
bonds were treated explicitly, except for empirica modes 22, 28, 33, and 34 where the sum of the 5-
and 6-membered stretches are presented due to no individua ring stretches contributing 15% or more
to the potentia energy distribution. In generd, the empirical and ab initio ring dretching frequencies are
in smilar ranges and the agreement of certain modesisgood. For example, modes that include the C5-
C6 stretch occur at 559 and 602 cn 1 for the empirical and ab initio data, respectively, C8-N9
stretching modes occur a 993 (empirical) and 1055 cnt 1 (ab initio), and the C6-N1 stretching modes
occur at 1469 (empirical) and 1489 cnr 1 (ab initio).

Guanineisthe largest of the bases and, accordingly, the most difficult to assgn and fit to the ab
initio target data. The empirica and ab initio data are presented in Table 21. Aswith adenine, the
low frequencies are in satifactory agreement; modes 2 and 3 are somewhat higher than the ab initio
estimates and the out-of-plane wag of the amino group (gC2N) makes a Sgnificant contribution to
mode 3 that is not seen inthe ab initio data. This motion aso contributes to empirical mode 15 at 673
cn 1, which isin reasonable agreement with ab initio mode 17 at 736 cnr 1. A similar phenomenonis
observed with cytosine (see below). Adjustment of the dihedral and improper parameters associated
with these terms was not able to remove the gC2N contribution without sgnificantly dtering the higher
frequency mode in the vicinity of 700 cnt 1. Aswith adenine, the guanine ring stretches, deformations
and tordons dl occur in the same frequency regions for the empirical and ab initio data. For example,
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the C5-N7 stretch occurs at 1164 and 1154 cn 1 for the empirical and ab initio data, respectively.
Good agreement is also observed for the amino group in-plane rocking and scissor modes. The
empirical NH2 rock occurs at 980 cnt 1 (mode 23) which is somewhat lower than the ab initio values
of 1073 and 1127 cnt 1 (modes 24 and 25), however, the empirical NH2 scissor modes (35 and 36)
of 1638 and 1671 cnt 1 are dightly higher than the ab initio values at 1612 and 1658 cnt 1. Overdll,
the empiricd dataisin stisfactory agreement with the ab initio data for the mgority of the frequencies
and assgnments.

The smplified spectra of the pyrimidines, as compared to the purines, alowed for greater ease
in interpretation of the spectraand optimization of the force constants. Results for cytosine, shown in
Table 22, are in generd quite good, though some of the problems present with the purines till occur.
The out-of -plane wag of the amino group (gC4N) contributes to mode 2 in the empirical modd but not
intheab initio data and the empirical amino group torson modes are again overestimated (see mode
3), while the amino wags are underestimated (compare empirica mode 6 at 488 cnr 1 with ab initio
modes 6 and 8 at 519 and 532 cnr 1, respectively). In the central region of the spectrathe agreement
of the ring stretches and deformations are generally good (e.g. the C4-C5 stretch at 739 and 749 cnr1
for the empirica and ab initio data, respectively), though some significant differences are present (eg.
the C2-N3 stretch at 1572 cnr 1 in the empirical mode versus the value of 1249 cnt 1 inthe ab initio
data).

The additiond molecular smplification of uracil and thymine alowed for good agreement of both
the frequencies and assignments, as shown in Tables 23 and 24. In both systems the lowest 10
empirical modes are in good agreement with the ab initio data. The only significant discrepancy is with
mode 5 in uracil, assgned to aring torson in the empiricd modd and aring deformation in the ab initio
caculation. Also, modes6 and 7 for uracil arereversed. In both uracil and thymine the empirica and
ab initio in-plane (dC20 and dC40) and out-of-plane wags (gC20 and gC40) of the carbonyl
groups are in good agreement. For example, the empirica C=0 in-plane deformations for uracil occur
at 375 cnr 1 whilethe ab initio valueis at 383 cnt 1 and the empirical C=0 wags at 712 and 783 cn
1 (modes 11 and 12) are in good agreement with ab initio values of 723 and 776 cnt 1 (modes 10 and
12). In thyminethe empirica C5 methyl in-plane (dC5-Me, mode 4, 284 cnrl) and out-of-plane
(gC5-Me, mode 5, 301 cnr 1) arein good agreement with the ab initio values of 267 and 289 cnrd,
respectively. Overal, the present force field satisfactorily reproduces HF/6-31G* scaled frequencies
and assgnments, indicating that deformations of the bases that occur during MD smulations will be
accurately represented by CHARMM27.

4.2b Iterative optimization of selected dihedral parameters
Completion of the parameter optimization involved adjusting the dihedral parameters associated

with the phosphodiester backbone, the furanose moiety and the glycosyl linkage. Thisinvolved an
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iterative gpproach (loop 1V in Figure 1), maximizing agreement with QM potentid energy surfacesfor a
series of modd compounds, while smultaneoudy reproducing crystd dihedrd distributionsin condensed
phase smulations. In a previous study we systematically investigated four possble compoundsto use as
modds for sugar puckering, leading to the selection of anucleoside 46 Similarly, the relevance of modd
compounds B, C, D, and E (Figure 2B) to nucleic acids has been justified by comparing the derived
e, g, b and c ab initio torgona energy profiles to the corresponding crystd digtributionsin nucleic
acids and their components43

The dihedra parameters were initidly adjusted to reproduce the ab initio conformationd
energetics of the modd compounds as closdly as possible for the regions populated by DNA. These
parameters were then used to perform condensed phase MD smulations of A and B DNA in crystd
environments, from which dihedrd angle ditributions were obtained and compared with the
corresponding distributions from asurvey of DNA crysa structures. Deviations between the MD and
survey data were noted and the dihedral parameters adjusted to enhance sampling in the MD
amulations of regions poorly sampled previoudy. Asdiscussed in Section 2.2, when it was deemed
necessary to deviate from the QM modd compound energy surfaces, the empirica surfaces were made
“softer” such that the force field would be alowed to better sample conformationa space rather than
making a“harder” surface where the shape of energy wells would be narrowed and shifted to yidd the
correct dihedrd digtribution. An example of this procedure with gis presented below. This approach
ensures that the force field will not be congtrained to canonica regions of conformationa space, dlowing
for the surrounding environment, base sequence and base composition to impact the regions of
conformational space ble to the phosphodiester backbone, the furanose moiety and the glycosyl
linkege.

In the remainder of this section results and discussion will be presented for the individud
dihedral angles followed by the sugar puckering. Resultsinclude comparison of the empirica and ab
initio torsona potentia energy surfaces for both the south and north furanose puckers aong with
comparisons of dihedrd digtribution from the A and B DNA crystd smulations (Table 1) and thelr
crystd survey counterparts. Inclusion of both the C3'endo and C2’ endo furanose puckers at the model
compound level was performed to represent the north and south conformationa ranges populated by
the sugarsin nucleic acids. At certain stages during the optimization, solution MD simulations were
performed on the EcoRI and CATTTGCATC sequencesto insure that the B form properties were not
biasad by the use of one particular crystd structure. Results from these smulations are included in the
accompanying manuscript.3° For the final parameter set, the average RMSD for the B crystal over the
600 ps of sampling (see Methods) for dl non-hydrogen atoms with respect to the experimenta structure
was 1.03+0.08 A, with the error being the standard deviation. For the A crysta the corresponding
values were 1.14+0.08 A.
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g torsion Reaultsfor the g dihedral will be presented first as they represent a good example of
the type of compromise made at the mode compound leve in order to reproduce the condensed phase
properties. Emphadisin theinitid fitting of this dihedra was placed on the g* conformation, whichisthe
region most populated in DNA and RNA. Shown in Figure 4A are three empirica g surfaces for model
compound B dong withthe ab initio data. In Figure 4B probability digtributions from MD smulations
of the B form crysta using the same three parameter sets are presented dong with the survey datafor B
form DNA gtructures. Note the change in the scale of the X-axis upon going from Figure 4A to 4B.
Parameter set 1 was optimized to reproduce the ab initio moddl compound datain the region of 0 to
900 (Figure4A). Useof that parameter set in MD smulations, however, resultsin adistribution of g
vaues much narrower than that obtained from the survey. The parameters were then adjusted to
decrease the rise in energy upon departing from the minimum at 5001 in the modd compound (triangles
in Figure4). This change led to better agreement between the MD and survey probability distributions,
athough the amulated ditribution was il too narrow. This motivated additiond adjusmentsyidding
parameter st 3 (diamonds in Figure 4) which isin the greatest disagreement with the model compound
target data, but the best agreement concerning the survey data. Since the god of the parameter
development if for aforce fied to be used in condensed phase Smulations parameter set 3 was
selected.

One point concerning the results in Figure 4 should be emphasized. The energy surface for
parameter set 3 is clearly “softer” than the ab initio target data, allowing the DNA to more broadly
sample conformationd space inthe MD smulation. The *softer” empiricd surface may, in part, bea
consequence of the limited sampling of the g dihedrd in the present MD smulations. 1t cannot be
excluded that additiond sampling, vialonger or multiple smulations, may be required to properly sample
the g dihedrd. If thisweretrue, parameter set 1 may be the optimal choice for the find force field rather
than st 3; this point is discussed in more detail in the Conclusion.

Resultsfor g for the fina parameter set are presented in Figure 5; this set differsfrom set 3in
Figure 4 due to changesin anumber of other parametersin the forcefidd. Theab initio datain Figure
5 are at the MP2/6-31+G* level. The CHARMM?27 results are in satisfactory agreement with the QM
data concerning the location of the minima and barriers. The empirica energy barrier a approximately
12001 is lower than the QM vaue, due to the need to “soften” the surface in the vicinity of the gt
minimum. Comparison of the MD and survey probability distributions shows the agreement to be good
for both the A and B forms of DNA (Figures 5C and 5D, respectively).

a and z torsions Dihedrd parameters associated with the phosphodiester linkage were
optimized usng DMP (compound A in Figure 2B). Potentia energy surfaces for the O-P-O-C torsion
for the find parameter set and MP2/6-31G* caculationsin the presence and absence of a water
molecule are shown in Figure 6A. As previoudy reported, the presence of a single water molecule
dtersthe conformationa energetics of DMP, as shown in Figure 6A, leading to alowering of the energy
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of the g;t conformer that may impact the equilibrium between the A and B forms of DNA.91  Thisresut
has been reproduced at a variety of QM levels of theory, including the use of the IPCM92 reaction field
mode (A.D. MacKerdl, Jr., unpublished results) and other studies have shown the energetics of DMP
to be atered by an agueous environment.93-97  While solvent contributions do affect the potential
energy surface of DMP it is not clear whether the ab initio gas phase or solvated surface should be
used astarget data. Idedly, the empirical mode would reproduce both the gas phase and solvated
results, however, this could not be achieved with the present force field. Accordingly, acompromise
was made yidding an empirical energy surface that produced energiesin the gt region of the surface
(180 to 2400J) intermediate to the gas phase and monohydrate values. This compromise leadsto a
lowering of the energy barrier between the g,g and g,t conformations below the height seen in ether the
gas phase or monohydrate surfaces. Also of note when comparing the ab initio and empirical surfaces
istheincreasein energy asthe O-P-O-C dihedra approaches 36001. In the present parameter set this
incresse in energy was lowered sgnificantly as compared to the ab initio data to alow thea dihedra to
sample regions above 3000 that are Sgnificantly populated in B DNA. The resulting probability
distributions for both A and B DNA are shown in Figures 6B and 6C, respectively. In both casesthe
crysta survey data are satisfactorily reproduced by the force field, including the shift in the maximum
from approximately 285 to 3001 upon going from A to B DNA. With B DNA the forcefidd
overpopulates the region of 300 to 33001, however, thisis required to obtain the sampling of the region
between 330 and 3600]. As discussed above for g, the need to lower the energy in the 300 to 36001 at
the modd compound leve to properly sample that region in the smulation may be due to limited
sampling in the smulations.

DMP was a0 used for optimization of the z dihedrd parameters. In this case the lowering of
the energy in the region of 180 to 24007 is even more rlevant asit is Sgnificantly sampled in B form
DNA. Thissampling is related to the B;; DNA conformation.9:98 As seen in Figure 7C the present
parameters dlow for sampling of z from approximately 120 to 24001, consistent with the NDB survey
data. The locations of the maximafor both the A (Figure 7B) and B (Figure 7C) forms are reasonably
well reproduced by the force field. Inthe case of A DNA the MD digtribution is wider than that from
the NDB survey. Thisreflects the lower empirical energy of DMPin the region of 215 to 25507 reaive
to the QM data (see above). Such an gpproximation is consstent with the suggestion that
environmentd effects (e.g. changesin solvation or interactions with ions) may ater the intrinsic
conformational energetics of the phosphodiester moiety in the backbone of DNASL that cannot be
represented using the present form of the potentia energy function.

b torsion Optimization of the parameters associated with b was performed using compound B
(Figure 2B). Presented in Figure 8 are the potentia energy profilesfor b for the C3 endo (Figure 8A)
and C2 endo (Figure 8B) puckers along with probability distributions for the A (Figure 8C) and B
(Figure 8D) forms of DNA. The present force field reproduces the ab initio data well, dthough with
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lower energiesfor b < 18001. This departure from the ab initio energy surface was necessary to dlow
for b inthe MD smulationsto properly sample the regions occupied in the crystd surveys, as shownin
Figures 8C and 8D for the A and B forms of DNA. For the A form, the MD smulation results nicdy
reproduces the NDB survey data. For the B form the force field in the MD smulation properly samples
theregion of b going down to 10501. Thereisadight overpopulation by the MD simulation at 12007,
however, thisis not present in solution MD simulations; 32 indicating that crystal packing may cause this
peak. Supporting this assertion is the presence of ab dihedrd with avaue of 1127 in the experimenta
B crysta structure.

The b surfacesillugtrates how the most populated regions of a dihedrd can deviate Sgnificantly
from the minimum in the potential energy surface a the model compound level. Thisis mogt evident
with the B form DNA probability distribution. In the modd compound the minimum occurs a 24001 in
the energy surface (Figure 8B) while the maximum in the B DNA probability distribution occurs at
17700 (Fgure 8D). Such differences illustrate the influence of the other contributions from the force
field on the regions of conformationd space being sampled, emphasizing the need for a proper baance
between these different contributions.

e torsion Dihedrds associated with e were primarily parametrized based on model compound
C (Figure 2B), with additiond optimization based on compound D to model the equilibrium between the
B, and By forms of DNA (see below). e potentia energy surfaces for model compound C are shown
in Figure 9A and 9B for the C3 endo and C2' endo furanose puckers, respectively. Significant
differences between the empiricd and ab initio data are evident. Since the optimization procedure was
initidly performed on DNA, with emphasis on the B form, the C2' endo variant was the primary focus
and, accordingly, isin the best agreement with the QM data (Figure 9B). The relative energies of the
two minimain the force field are switched as compared to the ab initio data. This was done to better
treat the B)/B; equilibrium, as discussed below. The empirica C3 endo surfaceisin sgnificant
disagreement with the ab initio data. While the minimum at gpproximately 18001 is reasonably
reproduced by the force field, the energy in the region from 195 to 30001 in the QM surface is
overesimated by the forcefidd. Effortsto improve the qudity of this surface while maintaining the
C2 endo surface and satisfactorily reproducing the NDB survey data viathe MD smulations were not
successful. Analysis of the probability digtributions shows both the A and B form MD smulation results
in Figures 9C and 9D, respectively, to be in reasonable agreement with the survey data. The A form
MD pesk is shifted to dightly lower values than the NDB survey data (Figure 9C), possibly due to the
shifted minimum at 18001 in the C3 endo potentid energy surface (Figure 9A). The overdl shape of the

MD datafor the B form (Figure 9D) isin good agreement with the NDB deata, including the sampling of
the region above 2400 associated with the By form of DNA.

B,/B,; confor mations. Find selection of the parameters associated with the e and z dihedrds
included consideration of the equilibrium between the B, and B;; conformations %98 Compound D,
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which includes both e and z without having atermind hydrogen on ether of those dihedras, was
designed for this purpose. Table 25 presents ab initio and empirica results for the location and relative
energies of the minima associated with the B; and By, conformations in compound D. At both the HF
and MP2/6-31+G* levels of theory the B; conformer is favored over the By, by vaues of 0.7 and 1.6
kcd/mole, respectively. Aninitid st of parameters yielded an energy difference, DEg, - g, Of
approximately 1.0 kca/mole. Application of these parametersin aMD smulation of the B crystd,
whose experimenta structure contains 4 out of 18 linkages in the By, conformation, led to an
underpopulation of the By, region. Thisled to gradudly decreasing the relative energy of the By,
conformation, DEg) g, t0 the find vaue of 0.5 kca/mole. For the find parameter set the extent of
sampling of the By, conformer isseeninthe z (Figure 7C) and e (Figure 9D) probability distributions.
With z and e both the extent and range of sampling of the B); conformer are in satisfactory agreement
with the NDB survey data. Inthe NDB survey the percentage of linkagesin the By conformétion is
13%, as compared to 7% in the B crystd smulation, indicating the force fidd to possbly underestimate
the population of the By, conformation. It should be noted that experimental studies in solution indicate
the population of the By, state to possibly be lower9:99 than observed in crysta structures, athough
other studies suggest that high levels may be present in hydrated DNA films 100 Further studies are
required to better quantitate the population of the By, conformer in solution.

¢ torsion Some of the largest differences between the various forms of DNA occur with c.
Therefore, proper optimization of the associated parameters is necessary to treet the different forms of
DNA. The glycosyl linkage parameters were adjusted usng model compound E (Figure 2B) with the
four DNA bases, in combination with the condensed phase smulations. This compound was selected
because it contains dl the atoms involved in the ¢ dihedra, includes the influence of furanose puckering
on ¢ and omits any additiona functiona groups on the sugar that may interact with the bases. Figures
10, 11, 12 and 13 present the QM results for the cytosine, thymine, adenine, and guanine andogs of
modd compound E for both the C3 endo (A) and C2 endo (B) furanose puckers, dong with the
empiricd data Also included in Figure 10 are the MD simulation and NDB survey probability
digtributions for ¢ for the A (Figure 10C) and B forms (Figure 10D) of DNA.

Optimization of the parameters associated with the glycosyl linkage emphasized reproduction of
the potential energy surfacesin the vicinity of the globd minima. Efforts were dso made to reproduce
the energy barrier a gpproximately 12001 and the minimum well & 60]. Comparison of the empiricd
and QM c energy surfacesfor al four bases (Figures 10 through 13) shows CHARMM?27 to
satisfactorily reproduce both the globa energy well and the barrier at 12001. For al the C2 endo
empirica surfacesawd| defined locad minimum occurs a gpproximately 601, dthough it is not as deep
asintheabinitio caculations. Application of the parametersto the crystd MD smulationsyielded ¢
digtributionsin good agreement with the NDB survey data for both the A (Figures 10C) and B forms
(Figure 10D). In both casesthere is some sampling of the dternate conformation of ¢ (i.e sampling in
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the region of 24001 in the A form amulation), with the effect being more sgnificant with the A form
dructure. Thistrend is not unexpected consdering that in the A form experimenta crysta structure two
of the Sxteen ¢ values are greater than 24001 while in the experimenta B structure one of the twenty ¢
vauesislessthan 21001. Inthe EcoRIl and CATTTGCATC decamer solution smulationsthe c
distributions were similar to those with the B crysta (Figure 10D).35  Additional results on the quality
of the parameters in representing the base dependent correlation between ¢ and sugar puckering are
discussed below.

Sugar puckering and d. Differencesin sugar puckering in the various forms of DNA and in
RNA, in combination with ¢, indicate these terms to be mgor determinants of oligonucleotide structure.

The dynamics of sugar puckering are dso of interest, with evidence indicating that they repidly
interconvert on NMR time scales, although direct accessto details of the processesis somewhat
limited6 Optimization of the sugar parametersis complicated by the substituents on the furanose ring.
To overcome these complications two model compounds were ultimately used as the bass for the ab
initio target data. Compound F (Figure 2B) was initidly sdected as it contains the 3’ phosphate.
Incluson of the 3' phosphate prevents formation of an intramolecular hydrogen bond between O4' and a
3-hydroxyl group, better mimicking the Stuation in nucdec acids. During the find stages of the
parameter optimization mode compound G with an imidazole base (referred to as G where the
superscript indicates the identity of the base) was included as target data to account for contributions
from the base. Following completion of the optimization, application of the developed parametersto
model compound G with the standard DNA bases was performed as an additional test of parameters.
Note that in the present study the dihedra d was not explicitly parametrized due to its high correlation
with sugar puckering, dthough the sampling of d in MD smulations was investigated (see below).

Figures 14 A and B present the empirical and ab initio pseudorotation potentia energy surfaces for
Compounds F and G. Note that the surfaces were obtained by congtraining a single furanose endocydlic
dihedrd, performing the optimization and extracting the pseudorotation angle from the optimized sructure.  This
leads to anirregular distribution of points dong the X-axis, however, this goproach alows the amplitude to
rdax. Previous studies have determined the pseudorotation surface a fixed values of the amplitude,101,102gn
assumption that recent ab initio studies have shown to be invaid46:47. This approach leads to additional points
in the region of 150-360C1 in Figures 14A and 14B due to local minima associated with different amplitudes.
For example, the point a 2701 corresponds to an amplitude of 4.2[1. During the MD simulations these low
amplitude structures were not sampled, and therefore, were assumed not to interfere with the parameter
optimization process.

Compound F was ingrumenta in fine-tuning the locations and shapes of the north and south
deoxyribose energy minimawdlls, as well asther rdative populations, viamodification of both the
furanose endocyclic and exocyclic torsond terms. The 5'-carbon and 3-oxygen in Compound F
include components of d that were exploited to adjust the relaive energies of the north and south energy
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minima. For compound F (Figure 14A) there are large differences between the ab initio and empirica
pseudorotation energy surfaces. With respect to the HF/6-31+G* ab initio data, the location of the
two empirical minimaare smilar and the barrier a 9001 (O4' endo) is lower than the barrier at 270
(O4' ex0). The energetic ordering of the north and south minimais reversed between the HF/6-31+G*
and empirical data. Thereis better agreement between the empiricd and MP2/6-31+G* ab initio data;
the relative ordering of the north and south minima agree, dthough the empiricd O4'endo barrier is ill
sgnificantly too high. The departure between the CHARMMZ27 and QM data for compound F is due
to the use of the survey data on the pseudorotation surface as the primary target data. Initial parameter
setsin better agreement with the ab initio data for compound F (not shown) lead to poor
pseudorotation angle probability distributionsin the MD smulaions. Comparison of pseudorotation
digributions from MD smulations of A and B form DNA with the survey data were used to
sysematicaly ater the compound F pseudorotation energy surface, ultimately yielding the surface
presented in Figure 14A.

To investigate the role of the base on the sugar pseudorotation properties the potentia energy
surface of model compound G was calculated using both the ab initio and empiricd moddls. Figure
14B shows that the agreement between the ab initio and empirical surfaces with compound G is
improved over compound F, though the shape of the surface between 0 and 16501 ill differs
ggnificantly from the ab initio data. Probability distributions for both the A and B forms of DNA from
MD smulations (Figures 14C and 14D, respectively) are in good agreement with the NDB survey data.
With both the A and B formsthereis some sampling of the dternate sugar pucker (e.g. sampling in the
vicinity of 16501 in the A form smulation), consstent with the dternate sampling of ¢ conformations (see
above) and the experimentd crystd structures. In the A crysta structure there are two sugars with
south puckers while one of the sugarsin the B crystd structure isin the north conformation. Also, in the
B crystd dructure there are three sugars with pseudorotation vaues less than 12001, condgtent with the
sampling of sugar puckering between 60 and 12001 in the MD smulation (Figure 14D). In the EcoRl
and CATTTGCATC solution amulationsthe 60 to 12001 region was also well sampled, congstent with
the NDB survey data, and the minimum in the probability distribution seen at gpproximately 10507 in the
B crysta smulation is not present.35

Of note are Similarities between the empirica potential energy surfaces for compounds F and G
(Figures 14A and 14B, respectively) and MD probability distributions for both the A and B crystds
(Figures 14C and 14D, respectively). These amilarities suggest that the sugar pseudorotation potential
energy surface may dominate the distributions obtained from the MD smulations. The narrow A
digribution (Figure 14C) reflects the shagpe of the north potentid energy wel for both compound F and
Gl. Smilarly, the broader distribution of sugar pseudorotation anglesin the B crysta (Figure 14D)
corrdates well with the overadl shape of the empirica potentid energy surfacesin the south region (ca.
165[1). The gradud increase in both empiricd energy surfaces from the south minimum to the maximum
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at approximatey 4501 correlates well with the sampling of the 60 to 12001 region in the B crystd
amulation. Resultswith Z DNA (see below) indicate that the sugar pseudorotation energy surfaces may
require additiond refinement. Further optimization of the sugar parameters must be performed in
conjunction with additiond ab initio data on furanose containing compounds that include the base as
wdll asthe phosphate moieties at both the 5" and 3' pogtions. However, as stated above, parameters
yielding better agreement with the model compound target datayielded poor agreement with experiment
in the macromolecular smulations. This suggests that limitations in the form of the potentid energy
function may contribute sgnificantly to the problems with the sugar parametrization.

To obtain the qudity of agreement between the empirica and crysta puckering digtributions the
flexibility of the dihedrd fourier seriesincluded in equation 1 was exploited. Thisincluded the use of 4-6
fold termsfor the furanose dihedras. These high frequency terms were incorporated due to the
relatively smdl change in any individud ring dihedrd over the pseudorotation surface (e.g. dl endocyclic
dihedrads sample with the range of £5001). It should aso be emphasized that changesin atom types
associated with different substitution of the furanose were exploited to better reproduce the energetics
of the different modd compounds. Thisincluded the use of different C1' atom types for the pyrimidines
veraus the purines (see Appendix of the Supplementd Materid). This gpproach is congstent with the
CHARMM22 and CHARMMZ27 force fields being optimized to maximize the reproduction of sdected
target data at the expense of tranferdbility.

As dtated above, d was not parametrized explicitly in the present sudy. Comparison of the
MD and NDB survey probability distributions therefore offers an additiona means to monitor the
behavior of the present forcefidd. Shown in Figure 15A and 15B are the MD and NDB probability
digributionsfor both the A and B crysals, respectively. For the A crystd, the distribution from the MD
amulation isin excellent agreement with the NDB survey result between 60 and 10501, with asmall
peak in the region of the south sugars, consistent with the sugar pseudorotation distribution (Figure
14C). With the B crysd, the probability distribution from the MD smulation is much narrower than
that from the survey. When consdering the qudity of the agreement for the sugar puckering (Figure
14D) the narrower d digtribution is difficult to understand. Possibly, additiond flexibility in the furanose
ringand inthe5 and 3' covaent connectivity may be present that is not properly treated in the present
forcefidd. Alternativey, sampling limitations in the MD smulations could make a contribution and
limitations in the experimenta data can not be excluded. Further studies are required to understand this
difference,

I nfluence of base type on sugar puckeringand ¢ The correlation between sugar pucker
and the glycosyl linkage, including the influence of the base, must be properly treeted to account for the
relation between sugar conformation and overall DNA gructure. Therefore, as an additiond test of the
sugar and glycosyl linkage parameters their correation and their sengtivity to base subgtitution were
determined in model compound G. Presented in Table 26 are the locations of the north and south
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minima, the energy difference between those minima aswell asthe east barrier height from the ab initio
MP2/6-31G*, CHARMMZ27 and CHARMM22 calculations. The CHARMM27 pseudorotation
angles of the north minimaare dl smdler than the ab initio values by gpproximately 1001, however, they
arein better agreement than CHARMM?22. The locations of the south minima are in good agreement

with the ab initio vaues, with smdler vauesin the pyrimidines versus the purines. In CHARMMZ27,
the relative energies of the north and south conformers, DEy.s, are compatible with the ab initio vaues.

CHARMMZ27 nicdy mimicsthe increase in DEy.s upon going from adenine to guanine and from
cytosneto thymine. With the pyrimidines, DE.s islessthan in the ab initio data, while cytosine
energeticdly favoring the north minimum is consgent with the ab initio result. In CHARMM?22 the
north energy minimafor adenine, guanine and thymine are of lower energy, is disagreement with the ab
initio data; the north conformation being of lower energy than the south may be assumed to contribute
to CHARMM?22 favoring the A form of DNA in MD smulations (see Introduction). Note that the
parametrization of the sugar in CHARMM 22 was based, in part, on a 3 -hydroxy-5-methyl-furanose
where the base was replaced by an amino group (MacKerell, A.D., Jr. unpublished). Recent work has
shown this compound to be a poor modd for the sugar in nucleic acids#6 Barrier heights, which are
amilar for dl four bases, are consgently smaler in CHARMMZ27, with CHARMM22 being in better
agreement with the ab initio data. The lower CHARMM 27 barrier heights are due to the location of
the maximain the empirical modd being shifted from 901 to gpproximately 4501, asin Figures 14B.

The four base andogs of compound G were dso andyzed with respect to their glycasyl torsons
and amplitudes, with the results presented in Table 27. For the glycosyl torson, the overdl agreement
between CHARMM 27 and the ab initio datafor the four nucleosidesis good. The empirica vaues of
both the north and south minima are in satisfactory agreement, with larger differences occurring a the
eadt barrier. The changein ¢ upon going from the north to south minima is conggent with the well
known correlation between sugar pucker and ¢.8.9:80 This correlation is not reproduced by
CHARMM?22. For both CHARMMZ27 and the ab initio datathe value of ¢ with cytosne in the south
minimum is sgnificantly smaller than for the other bases. This property of cytosine has been suggested
to contribute to the equilibrium between the A, B and Z forms of DNA.47 Concerning the amplitudes,
the decrease between the north and south minimaiin the ab initio resultsis present in the empirica
modd dthough it isoverestimated. Theab initio amplitudes are gnificantly lower at the east barrier, a
property that is not reproduced by CHARMMZ27. Interestingly, CHARMM?22 shows a greater
decrease in the amplitude at the east barrier, in better agreement with ab initio data, which may be
related to the better agreement of CHARMM 22 with respect to the energy of the east energy barrier
(Table 26). Overdl, for the energetics and structure of the north and south minima CHARMMZ27
represents a Sgnificant improvement over CHARMM 22, dthough the latter yields better agreement
with ab initio for the east energy barrier.



In CHARMMZ27 theinitid optimization of the glycosyl linkage dihedra parameters was based
on model compound E (Figures 10to 13). Facilitating the reproduction of the properties of compound
E wasthe use of adifferent atom type for the C2 atom in the cytosine versus uracil and thymine. Those
parameters were directly transferred to compound G, yidding the resultsin Tables 26 and 27. Thus,
while the use of specific parameters for the different pyrimidines aided in the qudity of the present force
fidd, the ability of compound G to reproduce subtle differences in conformation and energeticsis related
to the proper baance between the interna and nonbond parametersin CHARMMZ27. It should be
noted that other work has indicated that the difference in energetics of deoxycytidine and
deoxythymidine can aso be reproduced via the inclusion of eectronic polarizability.30

4.3 RNA dihedral parametrization

Optimization of the dihedral parameters for RNA was performed following completion of the
DNA portion of the forcefield. Thiswas based on the assumption that a set of nucleic acid parameters
that represent both the A and B forms of DNA would aso be appropriate for RNA. Thiswas verified
by prdiminary smulaions of RNA usng afirs order goproximation of the dihedral parameters unique
to the ribose moiety showing them to yield the expected A form RNA structure (not shown). Additiona
optimization of the dihedral parameters was performed to reproduce mode compound conformeational
energetics while maximizing agreement with crystd survey data on the dihedra probability digtributions
in RNA, consstent with loop IV in Figure 1. Results on the optimization of the parameters associated
with the geometry of the ribose sugar are presented in Section 4.2a (Table 13). For thefind parameter
set, MD smulations on the UAAGGAGGUGUA dodecamer (Table 1) yielded an RMSD for dl non-
hydrogen atomsin basepairs 2 through 11 of 1.9+0.6 and 5.9+0.4 A, with respect to canonica A and
B gructures, showing the RNA gructure to remain close to the canonicd A form.

Optimization of the dihedrds for the ribose moiety first focused on the C3'-C2'-02' -H
dihedrd. Figure 16 presentsthe ab initio and empirica potentid energy surfaces for thisdihedrd in
model compound C2CH (Figure 2B, compound C with a hydroxyl at the 2’ position). Comparison of
the two surfaces shows them to be in agreement concerning both the location of the minimaand the
overdl shape of the surfaces. Careful parametrization of the C3'-C2'-O2'-H torson may help clarify
the orientation of the 2’ hydroxyl group in solution. The orientation of the 2 hydroxyl group may
influence RNA properties, but the favored orientation is <till a matter of debate46,103,104

Optimization of the remaining ribose parameters concentrated on baancing the agreement of the
empirical and ab initio data for model compounds F and G' with a 2’ hydroxyl, denoted F2OH and
Gl,20H | respectively. Shown in Figure 17 are the empirical and QM potential energy surfaces asa
function of pseudorotation angle for model compounds F2OH and G'» 20H and comparison of the MD
and survey probability distributions for the ribose pseudorotation angle. The empiricd and ab initio
potentid energy surfaces differ agnificantly, athough in both cases the south energy is higher than the
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north, congstent with the high population of north sugar puckering in RNA (Figure 17C). With modd
compound F2OH (Figure 17A) the empirical east and south energies are higher than the ab initio values.
For model compound G 20H (Figure 17B) the empirica south energy isin good agreement with the ab
initio vaue, dthough the east energy islower. Thus, the force fidd overestimates the barrier height in
compound F2OH and underestimatesit in G 20H, This contrasts results for deoxyribose where the
force fidd sgnificantly overestimates the barrier for mode compound F while the barrier haight issamilar
for model compound G (see Figures 14A and 14B, respectively). Thelarger differences between the
two models compounds for the ribose sugar are associated with the presence of the 2" hydroxyl, which
interacts differently with the phosphate in compound F2OH and the hydroxyl in compound G 20H, The
higher energy pointsin the empirica datain Figure 17B are dueto locad minma associated with low
amplitude sugar puckering, as discussed above for deoxyribose.

Presented in Figure 17C is the pseudorotation angle probability distribution from the MD
amulaion of the RNA dodecamer and survey results from al RNA duplexes and transfer RNA crystal
gructuresin the NDB. As may be seen the overlap of the MD and crystd probability distributions for
the pseudorotation anglesis good in the north region, but the MD digtribution is not as narrow as
observed in the experimentd crystd dructures. Thereisasmal amount of sampling of the south
conformation by the present force field, consstent with some occupation of that conformation in the
RNA crystd structures. Thus, CHARMM 27 reasonably treats the sugar puckering of RNA based on
both the modd compound and crystal survey target data. Differences in the shapes of the ab initio data
in Figures 17A and 17B, however, make it clear that additiond ab initio data on dternate model
compounds and possibly the use of aternate forms of the potentia energy function (see above) are
required to better link the modd compound and macromolecular sugar puckering propertiesin RNA.

Additiond andysis of the qudity of the new force field for smulations on RNA was done by
comparing the various dihedrd probability ditributions from the 2 ns MD solution smulation of the
RNA dodecamer with survey data. Results, presented in Figure 18, show that in dl casesthe
agreement between the MD and NDB probability distributionsis good. The largest differences occur
with gand d. With g the overdl range of sampling is amilar, but, the maximum of the MD didribution is
shifted towards larger vaues as compared to the survey. The differences with d are condgstent with the
differences between the MD and NDB results for the ribose pseudorotation angle (Figure 17C). The
only other ggnificant differenceisthe NDB e didribution extending to larger vaues than seen in the MD
amulaion (Figure 18E). Thisdifference may be due to limited sampling in the smulaion aswel asto
contributions from various non-hdicd regionsin transfer RNA tha were included in the NDB survey.
Note that the latter contribution may effect the agreement for the other dihedrals presented in Figures 17
and 18. Thus, based on both RMSD and dihedra and sugar pseudorotation angle distributions the
present force fiedd adequately models duplex RNA.
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4.4Z DNA crystal smulation

In the present work the A and B forms of DNA and RNA were consdered explicitly during the
parameter optimization while Z DNA was not. To determine the gpplicability of CHARMMZ27 for
amulations of Z DNA and perform an additiona test of the generdity of the forcefidd, a1l nsMD
simulation of theZ DNA CGCGCG hexamerl05 in its crystal environment was performed. The crystd
contains asngle duplex with 106 water molecules, two sodium and four magnesum ions, as previoudy
described.66  Results, presented in Figure 19, were obtained over the finad 800 ps of the 1 ns
amulation; the average RM S difference for dl non-hydrogen atoms with respect to the crystd structure
was 0.83:0.09 A,

Andysis of the smulated probability distributions for the backbone dihedras (Figures 19A to
19F), c, (Figure 19G) and the pseudorotation angle (Figure 19H) are generdly in satisfactory
agreement with survey results, but, deviations do exist. The largest discrepancies occur with ¢ and the
sugar pseudorotation angle. With ¢ (Figure 19G) a shoulder ranging from 90 to 12001 is present in the
MD results that is not observed in the survey. The MD pseudorotation angle distribution (Figure 19H)
shows asmdl pesk in the region of 801 that is not present in the survey and the survey pesk in the
vicinity of 3001 is shifted to lower valuesin the smulation, asisthe larger peak centered around 15001.
Discrepanciesin these digtributions as a function of base show the differencesin ¢ and the portion of the
pseudorotation surface below 1051 to be associated with the guanines. Differencesin ¢ are due to the
termind guanines while internd guanines cause the peek in the pseudorotation profile in the vicinity of
800. InZ DNA internd guanines typicaly assume the syn conformation about the glycosyl linkage (i.e.
¢ gpproximately 60[1) dong with north sugar conformations. The shift of the peak centered at 15001 in
the pseudorotation angle crystd digtribution to lower vauesin the MD smulation is due to cytosines,
cytosnes dso lead to the sampling of lower ¢ vauesin the MD smulation for the peak centered around
21001 (Figure 19G).

Differences between the MD and survey pseudorotation distributions may be related to the
pseudorotation energy surfaces associated with model compounds F and G. As discussed above, the
pseudorotation energy surfaces of both compounds have a maximum at 4501 (see Figure 14A and 14B,
respectively). It issuggested that the location of these maxima contribute to the shift in the
pseudorotation angle distribution peak centered at 30C1 in the NDB survey (Figure 19H) to lower
vauesin the MD smulation and aso to the small peek a 80C1. With ¢, the shoulder in the MD
digtribution from 90 to 12001 in Figure 19G is dominated by the termind guanines. Thismay be due to
the compound E ¢ energy surface with a guanine base (Figure 13); the force field poorly reproduces the
minimain the region of 6001 for both furanose puckers that may lead to increased sampling of the 90 to
12001 range in the Smulation. One possible contribution to limitations in the trestment of Z DNA are
the presence of interactions between the C3'-H and the N3 atom is syn purines that have been
observed in ab initio cdculations (Foloppe, N. and MacKerdll, Jr., A.D. Manuscript in preparation),
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which may be poorly modeed by the present force fidd. Studies investigating this possibility arein
progress. Overdl, the present force field yields a reasonable representation of ZDNA, athough of a
lesser qudity than with the A and B forms of DNA.

5. Conclusion

Presented is the CHARMMZ27 dl-atom force field for molecular modeling and smulation
sudies of nucleic acidsin the condensed phase. Extensve optimization of the parameters combined
with the avallability of additiond target data dlowed for sgnificant improvements over the
CHARMM22 nucleic acid force field. For MD smulations CHARMMZ27 now yields B like DNA
gructures in agueous solution, while correctly changing to an A form conformation in low water activity
environments3235  Furthermore, CHARMM 27 properly yields A form RNA in solution and
reasonably reproduces the structure of Z DNA inits crystd environment. The ability to treat these
different nucleic acidsis associated with the overdl baance between and amongst the interaction and
internd termsin the force field.

Improved interaction parameters alow for more accurate nonbond interactions between nucleic
acids and their environment and between different moieties within the nudeic acids themselves. The
qudity of theinteraction parametersis evident from the good agreement with avariety of target data,
including interactions with water, base-base interactions, dipole moment, crystal geometries and heets of
sublimation. Recent caculaions of the binding free energies of bases in chloroform using a continuum
modd of the solvent show the CHARMM27 base nonbonded parameters to yield good agreement with
experiment.106 Thus, the CHARMM 27 interaction parameters appear to work well in avariety of
environments, including changes in water activtiy required to treat the equilibrium between the A and B
forms of DNA.

Internd parameters are sgnificantly improved over CHARMMZ22. Geometries of the sugars,
induding their exocyclic subgtituents, are in excellent agreement with smal molecule crystd survey data.
Vibrationd properties of these moieties are in good agreement with ab initio data concerning both the
frequencies and assgnments. The importance of the improved representation of bond lengths and
vaence anglesin nucleic acid force fidds has been shown in recent refinements of experimenta
structures.”-31 1t was found that using the bond lengths and vaence angles derived from Gelbin et d.80
led to better agreement between the caculated structures and the experimental data. The good
agreement of CHARMM 27 with the Gelbin et d. survey data, dong with the physcdly rdevant force
congtants, should be seen in this context.

Notable is the ability of the force field to account for subtle changes in the energetics at the
nucleoside level as afunction of base (Tables 26 and 27). Thisincludes energetic Sabilization of the
north conformation over the south by the cytosine nucleoside and the presence of an A-type
conformation of the glycosyl linkage in the south conformation in that same nucleosde. These
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properties have been suggested to contribute to the equilibrium between the A, B and Z forms of
DNA.47 The ability of the force field to reproduce base dependent properties on the model compound
level may facilitate Sudying these propertiesin oligonucleotides.

Centrd to the qudity of the CHARMMZ27 nudeic acid force fidd was the smultaneous
incluson of target data based on small modd compounds and condensed phase data from DNA and
RNA. Thisalowsfor cdibration of the contributions of different moietiesin nucleic acids, asjudged by
caculations on the model compounds, to the overdl structure and energetics of the macromolecules.
Idedlly, both the small molecule and macromolecular target data would be accurately reproduced.
While this has only partidly been achieved in the present work, knowledge of the qudity of the
agreement at the mode compound level has two advantages; 1) it dlows for understanding of possible
contributions from the force field to results from modeling and MD studies and 2) it indicates where
improvements in the force field can be achieved. Severa factors may be contributing to the inability to
samultaneoudy reproduce both smal modd compound and macromolecular target data. These include
the form of the potentia energy function, the qudity of the target data and the ability to effectively
sample conformationd space in the MD smulations.

The form of the potentid energy function in equation 1 represents one of the smplest
mathematica modds used in molecular mechanics. To date, extensons of the form of the function have
mosly involved additiond interna terms39:40,107 These extended models have been successful in
treating small molecules, typicdly in the gas phase, however, they have not led to improvements over
biologica force fields that use potentia energy functionsidentical or Similar to equation 1243841 The
success of these biomolecular force fiddsis due to enhanced optimization of the parametersin the
potentia energy function, agod we have attempted to extend in the present sudy. Extension of the
energy function in equation 1 has dso involved the interaction portion of the force fidd, with the most
common being theindusion of eectronic polarizability. 108 While improvements associated with
electronic polarizability have been made, 109 cases a'so exist where enhanced parameter optimization
has overcome limitations previoudy ascribed to the omission of explicit dectronic polarizability. 110,111
Additiona work is requried to determine if Smultaneous agreement with both the modd compound and
macromolecular target data may be obtained viathe addition of eectronic polarizability or other termsin
the potentiad energy function.

High qudity modd compound target datais essentid for accurate force fidd optimization. Prior
to performing the present work, alarge number of ab initio caculations had to be performed on the
mode compounds shown in Figure 2B46-48 to generate and vaidate the target data. During those
studies the relevance of both the QM level of theory and the composition of the model compounds was
tested. For the furanose containing compounds it was shown that the MP2/6-31G* level of theory
(MP2/6-31+G* leve for charged species) yidds satisfactory agreement with experimentd data;
accordingly that level of theory was primarily used as the ab initio target datain the present study.
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While use of MP2 is an improvement over HF treatment, some studies indicate that larger basis sets and
dternative trestments of eectron correlation can impact the calculated energetic properties, 112,113
suggesting that higher level QM datamay be required. Alternatively, as discussed with DMP,91 the
presence of solvent can significantly dter conformationd energetics. Idedlly, solvation effects should be
taken into account by the force fidd via the explicit incluson of solvent, but in certain casesit is
necessary to include solvation contributions to the target data#1 Although the size and composition of
the modd compounds used in the present study was tested, it may be necessary to use even larger
compounds. Thisisindicated by the deviation between the empiricd and ab initio energetic data for
the sugar pseudorotation model compounds (see Figure 14A and B for compounds F and G,
respectively). Thus, future efforts are required to better assess the influence of QM methods and model
compound composition on potentid energy data that, when gpplied directly to macromolecular MD
amulations, yield better agreement with macromolecular target data.

With severd of the modd compounds the empirica energy surfaces had to be made “ softer” as
compared to the ab initio surfacesto alow for reproduction of the crystd dihedrad ditributions by the
MD smulations. The best examples were the model compounds associated with a, z and g. Whilethis
may be related to the QM method and model compound composition, the “softening” of these surface
may be due to the present assumption that MD smulations of afew sequences on a nanosecond time
scale should reproduce survey datafrom alarge number of crystd structures. Comparison with the
survey data, however, may require smulations over time scales much greater than a nanosecond on a
wide variety of DNA and RNA sequences to adequately sample the conformational space observed in
the survey results. Since current technology disallows rigoroudy testing these limitations, it isimportant
that users of the force field are aware of the assumption and interpret results accordingly. It is expected
that increases in computational power, agorithmic advances, 114 and use of multiple smulations115 will
alow for the present assumption to be tested more rigoroudly.

The present parameter optimization approach may be compared to AMBER9624 aswell as
with two recently published force fidds for nudldic acids; the BMS force field32 and the revised
AMBER98.30 AMBER96 was based primarily on small molecule data, with the mgjority of
parameters directly transferred from smal model compounds (e.g. akanes or dimethylether) with
additiona optimization of the parameters performed to reproduce DNA based smal molecule (eg.
DMP, the bases, deoxyadenosine) target data. No condensed phase smulations of oligonucleotides
were included in the optimization process. The BM S force field was optimized to reproduce crysta
survey data.and the influence of environment on the equilibrium between the A and B forms of DNA.32
Parameter adjusment in that work was done primarily in an empirica fashion, with only afew direct
comparison of model compound empirica and ab initio data performed. The second new forcefidd is
arevision of the AMBER96 nudleic acid force field (AMBER98).24:30 Revisons involved additiona
optimization of selected dihedras associated with the sugar moiety and the glycosyl linkage to improve
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the sugar pseudorotation angle didtribution and the overdl hdicd twist obtained from MD smulations.
Comparison are made between AMBER98 and ab initio data for the four DNA nucleosides with
respect to sugar puckering, ¢ and g, however, no other details concerning the remaining degrees of
freedom or nonbond interactions are reported. The AMBER98 force field did yield improvementsin
the targeted properties, however, sengtivity of the force field to environmenta conditions appeared to
be sacrificed. While BMS, AMBER98 and CHARMM?Z27 dl rely on condensed phase MD smulations
a the find stages of the optimization, only with CHARMMZ27 is careful evauation of the contributions
of individua moieties describing all torsona degrees of freedom in the nucleic acids performed. Such
information is essentid for an understanding of the baance between different aspect of the force field
that combine to yield the obtained condensed phase properties. Additiona aspects of these force fields
with respect to DNA and RNA duplex solution smulations are presented in the accompanying
manuscript.35

It is hoped that the present work will extend the applicability of empirica force fidld gpproaches
to study biologicd systems, including refinement of nucleic acid structures based on NMR data.
Extendve vdidation of the force fidd for solution smulations is presented in the accompanying
manuscript.35  The present parameters were designed to be compatible with the CHARMM adl-atom
force fidds for proteins?! and lipids16, dlowing for smulations of nudeic acid-protein and nudldic-acid
lipid complexes. A refined verson of the lipid forcefidd isin progress (A.D. MacKerdl, J. and S.
Fdler, Work in progress). The CHARMMZ27 nucleic acid force fidld represents a careful and
systemdtic optimization of empiricd force fidd parameters. Whilethe levd of rigor has made evident a
number of limitations, such knowledge will enhance its utility by dlowing the user to better undergand its
strengths and weaknesses as required for its gpplication.

Acknowledgments.

Thiswork has been financidly supported by NIH grant GM51501. We aso thank the NSF PACI
program, DOD ASC Mgor Shared Resource Computing and High Performance Computing, the
Pittsburgh Supercomputing Center, and NCI's Frederick Biomedica Supercomputing Center for
providing computational resources. Appreciation to Drs. T. Cheatham, M. Feig, D. Langdy, L.
Nilsson, B.M. Pttitt, and D. Strahs for preliminary tests of the force field during its development, to N.
Banavdi and Dr.N. Pastor for hepful discussions and C. Zardecki of the Nucleic Acids Database.

Appendix.

Included in the Appendix to the Supporting Information is 1) a Table of the modd compounds
used in the present study and the corresponding residue and patch name in the CHARMM topology
file, 2) the CHARMM 27 topology file and 3) the CHARMM?27 parameter file. The topology and
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parameter tables are presented in CHARMM format, dlowing for their direct use in the program
CHARMM. Thetopology and parameter files may aso be accessed viaA.D.M.’sweb page at
www.pharmacy.ab.umd.eduw/~dex. CHARMM may be obtained viathe following email address.
marci @tammy.harvard.edu.
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Table 1) DNA and RNA duplex structuresincluded astarget data for the parameter

optimization
Sequence Comment Reference
d(CGATCGATCG) B form crysta 117
d(GTACGTAC) A form crystd 118
d(CGCGAATTCGCG) Contains EcoRI recognition sequence 49,30
d(CATTTGCATC) NMR solution structure ol
d(CTCGAG) A to B trangition 53
UAAGGAGGUGUA  RNA, 2 duplexesiasymmetric unit 119
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Table 2) Comparison of ab initio and empirical minimum interaction ener gies and geometries
between selected model compounds and water

Interaction Ab [nitio CHARMM?27
Rmin Anin Emin Rmin Anin Enin

A.l) THF-HW 2.04 -5.97 1.86 -5.91
B.1) THFOH-OwWa

600 2.04 -6.35 1.85 -6.27

18001 2.01 -6.49 1.84 -6.39

3000 2.02 -6.44 1.84 -6.47
B.2) THFOH-HW2

600 2.08 -4.68 1.87 -4.80

1200 2.07 -4.89 1.87 -4,99

3000 2.04 -5.80 1.84 -5.59
C.1) DM P-HWb 2.02 -7.37 1.89 -7.19
C.2) DM P-HWb 1.85 -13.32 1.66 -13.24
C.3) DM P-OWb 3.73 -10.48 3.60 -11.08
C.4) DMP-OWb 3.38 -16.64 3.29 -16.68
D.1) Ade N1-HW 2.10 -6.99 1.89 -6.97 (0.92)
D.2) Ade H2-OW 2.49 -1.51 2.45 -1.55 (-0.27)
D.3) Ade N3-HW 212 -7.09 1.90 -7.07 (0.88)
D.4) Ade H62-OW 2.00 -5.30 1.85 -5.35 (1.06)
D.5) Ade H61-OW 2.08 -4.66 1.89 -4.54 (0.76)
D.6) Ade N7-HW 2.08 -7.09 1.89 -7.16 (0.90)
D.7) Ade H8-OW 2.39 -2.95 2.37 -3.27 (-0.05)
D.8) Ade H9-OW 2.01 -7.25 1.84 -7.25 (1.09)
E.1) GuaH1-OW 2.04 -7.17 1.89 -7.21 (0.47)
E.2) GuaH21-OW 2.08 -8.12 1.89 -8.25 (0.76)
E.3) GuaH22-OW 2.03 -6.11 1.87 -6.24 (0.91)
E.4) GuaN3-HW 2.15 -4.54 1.92 -4.72 (0.50)
E.5) Gua O6-HW 2.07 137 -6.26 1.80 155 -5.47 (0.61)
E.6) Gua O6-HW 1.92 113 -9.98 1.74 106 -9.94 (1.56)
E.7) GuaN7-HW 2.22 -5.14 1.95 -5.05 (0.45)
E.8) Gua H8-OW 241 -2.88 2.36 -2.81 (-0.02)
E.9) Gua H9-OW 2.01 -6.83 1.84 -6.85 (1.08)
F.1) UraH1-Owe 1.98 -8.18 1.80 -8.25 (1.52)
F.2) Ura O2-HW¢ 2.08 -5.27 1.80 -5.20 (0.71)
F.3) UraH3-Owe 1.96 -6.81 1.83 -6.83 (1.14)
F.4) Ura O4-HW¢ 2.07 -5.30 1.79 -5.22 (0.79)
F.5) UraH5-OW 2.43 -2.23 2.43 -2.17 (-0.23)
F.6) UraH6-OW 2.33 -3.95 2.37 -4.04 (-0.04)
G.1) Thy H1-OW 1.99 -7.69 1.82 -7.51 (1.25)
G.2) Thy O2-HW 1.96 112 -7.86 1.77 103 -8.33 (1.73)
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G.3) Thy O2-HW 2.00 119 -6.48 1.78 104  -6.35(1.03)
G.4) Thy H3-OW 1.97 -6.56 1.83 -6.54 (1.12)
G.5) Thy O4-HW 1.99 120 -6.63 1.76 107 -6.73(1.24)
G.6) Thy O4-HW 2.04 135 -6.82 1.79 140  -6.29 (0.60)
G.7) Thy H6-OW 2.37 -4.33 2.34 -4.30 (-0.10)
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Table 2, continued

H.1)CytHI-OWc 201 -6.52 1.84 -6.43 (1.05)
H.2) Cyt 0O2-HWe  2.03 113 -8.69 1.79 108 -8.45 (0.67)
H.3) Cyt O2-HWe  1.91 114  -10.06 1.72 107  -10.37 (2.04)
H.4) Cyt N3-HWCS 2,06 9.71 1.88 -9.71 (0.92)
H.5) Cyt H41-OWe  2.03 -5.72 1.86 -5.81 (1.02)
H.6) Cyt H42-OWe 2,13 -6.09 1.92 -6.00 (0.56)
H.7) Cyt H5-OW 257 -2.96 2.47 -2.84 (-0.33)
H.8) Cyt H6-OW 2.36 -4.23 2.35 -4.11 (0.00)

See Figure 3 for interaction orientations. Minimum energies, Eyin, in kca/mole, minimum distances, Ryin,
in A and minimum angles, Anin, in degrees. Ab initio interaction energies scaled by 1.16.

a) Dihedra angle (degrees) defining the conformation of the hydroxyl group relaive to the furanosein 2-
hydroxy-tetrahydrofuran.

b) Ab initio results from MacKerell et d.25

c) Ab initio results from Pranata et d.120

Table 3) Average differences, RM S differ ences and aver age absolute error between the base
towater ab initio and empirical interaction energies.

Base Average Difference RMS Difference  Average Absolute Error
CHARMMZ27

Adenine -0.04 0.12 0.08
Guanine 0.05 0.28 0.17
Cytosne 0.03 0.16 0.13
Thymine 0.05 0.28 0.21
Uracl 0.01 0.07 0.07
CHARMM?22

Adenine 0.05 0.59 0.47
Guanine -0.29 0.83 0.56
Cytosne 0.23 0.83 0.52
Thymine -0.33 0.62 0.60
Uracll 0.08 0.25 0.20

Average absolute error is the sum of the absolute values of the differences divided by n, the number of
interactions of water with each base (see Table 2).
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Table4) Interaction energiesfor 26 hydrogen bonded DNA basepairs&

Basepair Abinitio CHARMM?27 Difference
Tota Elec LJ Internal
ATRH -13.2 -12.98  -12.99 -0.02 0.03 0.22
ATRWC -12.4 -12.39  -11.66 -0.07 -0.66 0.01
ATH -13.3 -13.25  -13.45 0.06 0.15 0.05
ATWC -12.4 -12.66  -12.10 0.03 -0.60 -0.26
ACl -14.3 -13.70  -12.36 0.06 -1.40 0.60
AC2 -14.1 -13.48  -13.88 -0.35 0.75 0.63
GAl -15.7 -14.38  -12.02 -0.59 -1.77 1.32
GA2 -10.4 -11.71 -12.39 -0.34 1.02 -1.31
GA3 -15.2 -12.94  -14.88 -0.91 2.85 2.26
GA4 -11.1 -12.69  -11.23 0.14 -1.61 -1.59
GT1 -14.7 -13.50  -13.22 -0.01 -0.27 1.20
GT2 -14.3 -13.02  -12.34 -0.10 -0.59 1.28
GCwC -25.4 -25.69  -24.58 0.52 -1.63 -0.29
GC1 -13.9 -16.35  -15.01 -0.23 -1.11 -2.45
TC1 -11.6 -10.73 -9.22 -1.19 -0.32 0.88
TC2 -11.8 -11.21  -10.02 -1.10 -0.10 0.59
GG1 -24.0 -22.42  -21.30 0.42 -1.54 1.59
GG3 -17.1 -19.28  -17.37 -0.21 -1.69 -2.18
G4 -10.3 -11.53 -9.86 -0.21 -1.46 -1.23
AAl -11.5 -11.31  -10.00 0.36 -1.67 0.19
AA2 -11.0 -10.64  -10.84 -0.03 0.23 0.37
AA3 -10.0 -9.87 -11.51 -0.42 2.06 0.13
TT1 -10.6 -9.61 -9.22 -0.17 -0.23 0.99
TT2 -10.6 -10.02 -9.84 -0.03 -0.15 0.58
TT3 -10.5 -9.21 -8.63 -0.27 -0.31 1.29
CC -18.8 -18.19  -16.69 -0.31 -1.19 0.61
R SD A B AAE
C27 0.96 1.15 -0.34 0.96 0.93
C22 0.89 1.97 -0.33 0.96 1.34
C22, Hobza 0.92 1.78 0.14 1.00 1.0

Energiesin kcd/mole. Totd interaction energies determined as the difference between the total energy
of the minimized dimer and the sum of the minimized monomer energies. Electrogtetic, Lennard-Jones
(LJ) and Internd energy contributions were obtained by taking the respective energies for the minimized
dimer and subtracting the sum of the respective energies for the two monomers. Dimer optimizations
involved building the dimers followed by a 200 step ABNR minimization with harmonic force constants
of 1.0 kca/mole on al nonhydrogen atoms, followed by 200 ABNR steps without congtraints. Forces
a the end of the minimizations were generaly less than 0.1 keal/mole/A with the largest value being
0.34 kca/mole/A for the TC1 dimer.

a) 26 basepairs as described in Figure 1 and Table 1 of Hobzaet d. 71
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b) Corrdation coefficent, R, Sandard deviation, SD, y-intercept, A, and dope of linear regression and
average absolute error, AAE (kcal/mol) for the present force field (CHARMMZ27) and the

CHARMM 22 force fied25 as cal culated in our laboratory (C22) and as reported by Hobzaet d.
(C22, Hobza). The C22 (Hobza) results correspond to C23 data reported by Hobzaet d.
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Table5) Dipole moments of the nucleic acid bases from CHARMM 27, experiment, ab initio
gasphase and ab initioreaction field calculations

Base C27 Exp2 Alb Al¢ Ald Al€ Alf

Adenine 291 3 2.46 2.55 2.56 3.10 3.26

Guanine 7.59 - 6.79 6.27 6.49 855 864

Cytosine 7.85 - 7.06 6.45 6.65 898 884

Thymine 4.50 - 4.59 4.01 431 6.21 574

Uradil 4.29 3.9 472 - - 6.46 5.91
Unitsin debye

a) See references121,122

b) HF/6-31G*

c) MP2/6-31G*, see reference’2

d) MP2/AUG_CC_PVDW, see reference’2
&) AML/SM2

f) HF/6-31G*/SCIPCM

Table 6) Small molecule crystals smulated to test the base parameters.

Crysta Space Group  Asymmtric unitsunitcd|@ Ref.
Uredil P21/a 4 123
9-methyladenine P21/c 4 124
9-methyladenine,1-methylthyminea P21/m 2 125
9-ethylguanine, 1-methylcytosined P-1 2 126

a) The asymmetric units of uracil and 9-methyladenine are comprised of a single molecule while those of
9-methyladenine,1-methylthymine and 9-ethylguanine, 1-methylcytosine are comprised of the hydrogen
bonded purine-pyrmidine pair of molecules.



Table 7) Experimental and calculated unitcell parametersfor uracil, 9-methyladenine, 9-
methyladenine/1-methylthymine and 9-ethylguanine/1-methylcytosne.

System A B C a b g Volume
Uracil

exper 11.938 12.376 3.655 - 120.54 - 465.12
Atom 11.39+0.43 11.82+0.21 3.57+0.08 - 104.0+6.7 - 462.4+10.7
P8 11.81+0.94 11.83+0.21 3.60+0.08 - 102.3+17.9 - 464.6+11.1
P12 10.80+0.28 11.86+0.21 3.58+0.08 - 03.315.3 - 455.5+10.3
P22 10.97+0.39 11.79+0.18 3.58+0.07 - 96.3+9.2 - 453.6+9.2
C22 13.25+0.57 11.92+0.20 3.49+0.07 - 124.1+3.7 - 454.4+7.6
9-methyladenine

exper  7.67 12.24 8.47 - 123.26 - 664.9
Atom 8.10+0.28 12.25+0.49 7.92+0.15 - 120.94+1.60 - 673.1£18.7
P8  7.75+0.25 12.73+0.30 8.03+0.18 - 120.96+2.78 - 677.6+16.3
P12 7.69+0.20 12.67+0.24 7.99+0.19 - 120.65+2.75 - 667.9+16.3
P22 7.67+0.25 12.67+0.27 7.99+0.21 - 120.77+2.91 - 665.9+14.3
C22 7.61+0.16 12.61+0.23 8.08+0.15 - 121.60+2.09 - 660.1+13.6
9-methyladenine/1-methylthymine

exper 8304 6.552 12.837 - 106.83 - 668.5
P12 8.24+0.11 7.14+0.12 11.80+0.18 - 105.9+1.6 - 666.8+12.8
P22 823+0.16 7.19+0.16 11.84+0.28 - 105.8+2.3 - 672.9+15.7
C22 8.27+0.15 6.90+0.15 12.14+0.33 - 104.5+2.3 - 669.5+15.0
9-ethylguaning/1-methylcytosne

exper  8.838 11.106 7.391 107.49 87.30 91.27 691.1
P12 8.21+0.43 10.01+0.60 9.55+1.21 99.4+50 825+4.2 109.0+7.4 711.5+22.2
P22 8.25+0.48 10.18+0.74 9.08+1.57 100.3+6.3 84.9+5.1 103.9+9.1 697.8+22.0

C22 12.07+0.78 11.47+1.05 7.92+0.99 113.2+12.8 131.4+7.3 76.9+4.0 699.6+19.3

Distancesin A, anglesin degrees and volumesin A3. Errors represent the rms fluctuations. Atom indlicates
atom based truncation using the 14 A list generation, 12 A for the nonbond interaction truncation and 10 A
for initiation of the switchng function. P indicates the Particle Mesh Ewald method with red space cutoffs of
8, 12 or 22 A represented by P8, P12 and P22, respectively. C22 calculations were performed using
PME with the 22 A redl space truncation distance.
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Table 8) Experimental and calculated heats of sublimation for uracil and 9-methyladenine.

Truncation Experimenta Calculated
Uraci
Atom 28.8,29.1 30.9
P8 31.3
P12 32.6
P22 33.2
C22, P22 34.7
9-methyladenine
Atom 32,33 33.2
P8 31.0
P12 331
P22 33.7
C22, P22 35.1

Energiesin kca/mole. Hegts of sublimation were determined asin MacKerell et d.25 Experimentd data

from reference.’6 Atom indicates atom based truncation using the 14 A list generation, 12 A for the
nonbond interaction truncation and 10 A for initiation of the switching function. P indicates the Particle
Mesh Ewald method with real space cutoffs of 8, 12 or 22 A represented by P8, P12 and P22,

respectively.

Table 9) Watson-Crick and Hoogsteen basepairing interaction ener gies, zer o point energies and
interaction enthalpies for themethylated bases.

Interaction Energy ~ Zero Point Vibrationa DEyip DH interactior?
Pur Pyr Dimer C27 exp al
AT Watson-Crick
-13.0 83.77 8578 17095 1.40 -8.99 13.0 7.8-119
AT Hoogsteen
-13.3 83.77 8578 17084 1.29 -9.37 13.0 8.4-12.8
AU Watson-Crick
-135 83.77 69.04 15429 147 -9.38 14.5
AU Hoogsteen
-13.9 83.77 69.04 15420 1.39 -9.89 145
GC Watson-Crick
-25.8 873 7634 16560 191 -20.99 21.0 19.7-25.4

Energiesin kcal/mole. Zero point vibrational energies were caculated usng CHARMM27 a 300 K. The
4RT correction includes the rotationa (3/2RT), trandationa (3/2RT) and ideal gas (PV) contributions.
DHinteraction cdculated equas the sum of the interaction energy, the zero point energy of the dimer minus
the sum of the monomer zero point energies and the 4RT correction for the rotationd, trandationa and idedl
gasterms.
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a) Experimental DH interaction energies from reference’6 and ab initio DH interaction energies from
reference.’0 The range of vaues are from different levels of theory used in that study.
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Table 10) Hydrogen bond distancesfor the Watson-Crick and Hoogsteen basepairs

Basepair Distances, A
AT Watson-Crick N6-O4 N3-N1
c27 2.90 2.88
Expa 2.93 2.85
AT Hoogsteen N6-O4 N7-N3
c27 291 2.87
Expb 2.86 2.93
AU Watson-Crick N6-O4 N3-N1
c27 2.89 2.87
Expa 2.93 2.85
AU Hoogsteen N6-O4 N7-N3
Cc27 2.90 2.86
Expb 2.86 2.93
GC Watson-Crick 02-N2 N3-N1 N4-O6
c27 2.85 2.92 2.84
Expc 2.86 2.95 291

a) see reference 127
b) see reference 125
c) seereference 128
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Table 11) Ab initioand CHARMM 27 interaction energiesfor selected Watson-Crick
basepairs, intrastrand stacking interactionsand inter strand inter actions based on the crystal
structure of the CCAACGTTGG BDNA duplex.2

Orientation Abinitio CHARMM27 Difference
typeP Total Elec LJ

HBONDED

A2T18: -13.4 -12.10 -12.95 0.85 1.30
AA4T17: -13.2 -11.34 -11.58 0.24 1.86
C1G20: -24.5 -25.13 -25.59 0.46 -0.63
C2G19: -26.0 -25.24 -25.41 0.18 0.76
C2G19: -27.6 -25.28 -26.89 1.61 2.32
STACKED

A3A4: -6.3 -6.55 211 -8.66 -0.25
AA4C5: -4.8 -4.32 3.07 -7.38 0.48
C2A3: -2.4 -1.92 3.00 -4.92 0.48
cicz: 0.0 2.54 7.37 -4.84 2.54
C5G6: -5.3 -5.88 -0.82 -5.06 -0.58
G9G10: -2.9 0.55 10.10 -9.55 3.45
G6T7: -4.9 -6.43 1.62 -8.05 -1.53
T8GO: -6.0 -7.30 -2.80 -4.51 -1.30
T7T8: -3.0 -3.32 2.37 -5.70 -0.32
INTERSTRAND

A3G109: -2.7 -3.82 -2.04 -1.78 -1.12
A4T18: -0.9 -1.19 -0.17 -1.01 -0.29
C2G20: -3.5 -5.42 -4.14 -1.29 -1.92
C5T17: 0.2 0.37 1.02 -0.64 0.17
G6G16: -4.6 -7.54 -1.92 -5.62 -2.94
A4G16: -4.5 -5.75 -3.13 -2.62 -1.25
A3T17: -1.9 -3.32 -1.66 -1.66 -1.42
C5C15: 1.4 1.72 2.67 -0.96 0.32
Cl1G19: -54 -7.59 -5.82 -1.77 -2.19
C2T118: -2.5 -3.94 -0.54 -341 -1.44
SUMMATION A.l. c27 C22b C22(Hobza)
HBONDED -209.4 -198.2 -199.8 -205.9
STACKED -71.0 -65.3 -72.8 -53.2
INTERSTRAND -48.8 -73.0 -79.0 -79.6
H+S+l (sum) -329.2 -336.5 -351.6 -338.7

Energiesin kca/mole. Structures for the interaction energy caculated were obtained by taking the non-
hydrogen atom coordinates for the bases from the crystal structure of CCAACGTTGG, 78 adding
hydrogens and minimizing the hydrogens for 100 ABNR steps with al non-hydrogen atoms fixed.

a) Interaction pairs sdlected from Table 4 of Hobzaet d. 71
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b) HBONDED indicates Watson-Crick basepair interactions, STACKED indicates interactions
between adjacent intrastrand bases and INTERSTRAND indicates interactions between basei in
strand one and basei + 1 or basei - 1 in strand 2 (i.e. the base in strand one and either one of the two
basesin strand two adjacent to the base that would normaly be in a Watson-Crick basepairing
interaction with the base in strand one).

¢ ) CHARMM?22 vaues caculated in the present sudy and C22(Hobza) are those reported by Hobza
et a. (see Table 4 legend).
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Table 12) Comparison of the X-ray derived and CHARM M 27 deoxyribose bond lengths (A)
and valence angles (degr ees).

South North

Bond X-Ray C27 S D X-Ray C27 S D
cr-cz 1518 1530 0.010 0.012 1519 1536 0.010 0.017
C2-C3 1516 1513 0.008 0.003 1518 1510 0.012 0.008
C3-Cc4 1529 1538 0.010 0.009 1521 1534 0.010 0.013
C4'-04' 1446 1458 0.010 0.012 1449 1458 0.009 0.009
o4-Cc1' 1420 1431 0011 0.011 1418 1434 0012 0.016
C3-03 1435 1425 0.013 0.010 1419 1425 0.006 0.006
C5'-C4' 1512 1536 0.007 0.024 1509 1535 0011 0.026
C1-N1/N9 1468 1466 0.014 0.002 1488 1477 0013 0.011
(H)O5'-C5' 1418 1435 0.025 0.017 1423 1435 0.011 0.012
Angle

Cl-Cc2-C3 1025 1028 1.2 0.3 1024 1025 0.8 0.1
C2-C3-C4 1031 104.7 09 1.6 102.2 101.6 0.7 0.6
C3-C4-04' 106.0 105.6 0.6 0.4 1045 104.6 0.4 0.1
C4'-04'-C1 1101 1105 1.0 0.4 110.3 109.9 0.7 0.4
04'-C1'-C2 1059 106.3 0.8 0.4 106.8 105.8 0.5 1.0
C2-C3-03 1094 1105 2.5 11 1126 1105 3.3 21
C4'-C3-03 109.7 1144 2.5 4.7 1123 1103 2.0 2.0
C5-C4-C3 1141 1136 18 0.5 1157 1140 1.2 1.7
C5'-C4-04' 109.3 1101 1.9 0.8 1098 1112 11 14
O4'-C1'-N1/N9 108.0 108.4 0.7 0.4 108.3 109.6 0.3 1.3
C2-C1-N1/N9 1143 1138 14 0.5 1126 1141 1.9 1.5
(H)O5-C5-C4' 1109 1137 1.7 2.8 111.0 1136 25 2.6
C1'-N9-C4 126.3 127.1 12 0.8 1239 125.0 1.0 1.1
CI1-N1-C2 1178 1194 1.8 1.6 1175 1175 14 0.0

X-Ray refersto the mean vaues (sandard deviation s) obtained from Satigtica analyss of crysa
structures of nucleosides and nucleotides,80 and C27 refers to ther CHARMM27 counterpart. The

comparison is provided for the deoxyribose in either the north or the south conformation. D is the absolute
difference between the mean X-ray vaue and the corresponding CHARMM27 value.
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Table 13) Comparison of the X-ray derived and CHARMM 27 ribose bond lengths (A) and
valence angles (degr ees).

South North

Bond X-Ray C27 S D X-Ray C27 S D
C1-C2 1526 1513 0.008 0.013 1529 1522 0.011 0.007
C2-C3 1525 1526 0011 0.001 1523 1522 0011 0.001
C3-C4 1527 1538 0.011 0.011 1521 1533 0.010 0.012
C4'-04' 1454 1458 0.010 0.004 1451 1456 0.013 0.005
o4-Cc1' 1415 1420 0012 0.005 1412 1424 0013 0.012
C3-03 1427 1436 0.012 0.009 1417 1439 0.014 0.022
C5'-C4' 1509 1538 0012 0.029 1508 1533 0.007 0.025
C2-02 1412 1419 0.013 0.007 1420 1416 0.010 0.004
C1-N1/N9 1464 1474 0.014 0.010 1483 1482 0.015 0.001
(H)O5'-C5' 1424 1434 0016 0.010 1420 1435 0009 0.015

Angle X-Ray C27 S D X-Ray C27 S D
C1-C2-C3 1015 101.7 0.8 0.2 101.3 1013 0.7 0.0
C2-C3-C4 102.6 1034 1.0 0.8 102.6 101.0 1.0 1.6
C3-C4-04' 106.1  105.3 0.8 0.8 1040 104.2 1.0 0.2
C4'-04'-CT1' 109.7 109.8 0.7 0.1 109.9 109.1 0.8 0.8
0O4'-C1'-C2' 105.8 107.6 1.0 1.8 1076  107.3 0.9 0.3
C1-C2'-02 111.8 1121 2.6 0.3 108.4 110.6 24 22
C3-C2-02 1146 1125 2.2 21 110.7 1112 21 0.5
C2'-C3-03 1095 1134 2.2 39 1137 1138 1.6 0.1
C4'-C3-03 1094 1128 2.1 34 113.0 1108 2.0 2.2
C5'-C4'-C3 1152 1139 14 1.3 116.0 114.9 1.6 1.1
C5'-C4'-04' 109.1 1108 12 1.7 109.8 1105 09 0.7
04'-C1-N1/N9 108.2 1117 0.8 35 1085 1116 0.7 31
C2-C1'-N1/N9 1140 1114 13 2.6 112.0 1118 11 0.2
(H)O5'-C5-C4' 111.7 1139 19 22 1115 1130 1.6 1.5
C1'-N9-C4 1274 126.9 1.2 0.5 126.3 126.3 2.8 0.0
C1'-N1-C2 1185 119.1 1.1 0.6 116.7 1189 0.6 2.2

X-Ray refersto the mean vaues (sandard deviation s) obtained from Setigtica analyss of crysa
structures of nucleosides and nucleotides 80 and C27 refers to their CHARMM27 counterpart. The
comparison is provided for the deoxyribose in either the north or the south conformation. D is the absolute
difference between the mean X-ray vaue and the corresponding CHARMMZ27 vaue.

Seelegend of Table 12 for definitions.
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Table 14) Vibrational data on Compound F

Charmm?27 Abinitio
Freg. Assgnment Freg. Assgnment
1 33 tZET 64 24 tEPS 84
tEPS 32
2 92 tEPS 49 49 tZET 76
tRING 21 EPS 16
tZET 16
3 104 tRING' 49 87 tRING' 79
tZET 18
4 143 dC303P 70 104 dC303P 36
dC4C303 16 tRING 20
tRING 19
5 213 tCH3 46 171 tRING 52
dC5C4C3 16 dC303P 25
6 228 tCH3 34 190 CH3 21
tRING 30 dC4C303 15
7 238 tRING 37 232 CH3 76
tCH3 16
8 304 rPO3 18 265 rPO3 32
rPO3 16 sO3P 18
dC2C303 16
9 372 dC5C4C3 32 318 dC5C4C3 37
rPO3' 24 dC4C303 19
dC4C303 16
10 421 rPO3 35 344 rPO3 41
dC5C404 27 dC5C404 21
asPO3' 16
11 452 dC5C404 34 422 dC5C404 27
rPO3 15 dC2C303 19
asPO3 17
12 526 asPO3' 53 457 asPO3 33
dRING 21 asPO3' 22
13 535 asPO3 59 497 asPO3' 38
14 545 sPO3 57 517 asPO3 30
rPO3 21
15 559 asPO3' 27 555 sPO3 87
16 587 dC2C303 29 565 dRING' 25
rPO3 17 dC303P 18
17 637 dRING 57 632 dRING 59
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18

19

788

817

sO3P

rCiH2
rkC2'H2
sO3P

24

24
24
16

674

809

sO3P

49




Table 14 continued

20

21

22

23

24

25

26

27

28

29

30

31

32

33

35

36

37

38

855

888

933

988

1010

1030

1053

1068

1076

1098

1114

1161

1182

1241

1262

1266

1304

1325

1343

sC104

sC3C4

sC104
rCH3
rkC2'H2

sC1C2
rCH3
sPO3

rC4H'
rC3H
rCH3
sC4C5
rC1H2
sC2C3
sC303

twC1H2
rC1H2
twC2H2
twC2H2
rC3H
rC4H'
twC2H2
asPO3

asPO3'

wC2H2

rC4H'

wC1H2

18

15

22
20
29

39
16
48

22
20
26
24
30
17
36

90
-32
15

26
24
19
88

62

40

65

835

860

913

919

961

1010

1065

1077

1096

1111

1121

1146

1165

1187

1204

1267

1287

1332

1361

wC1H2

sC404
rCH3
sC3C4
sPO3
sC1C2
sPO3
sC1C2
rCH3'

sC104
sC4C5
rCH3

asPO3
asPO3'
sC104
sC404
asPO3'
asPO3
sC4C5

rC1H2
rkC2'H2

sC303
rCiH2
wC2H2
rCiH2

rC1H2
wC1H2
wC1H2
C2H2
rC4H'
rC4H'
rC3H
rC4H'
rC3H
rC3H'
rC4H'
C1H2
rC3H'

43

29
17
15

29

17
31

30
19
26

65
19
24
23
72
19
18

18
17

61
26
33
29

38
27
39
37
16
30
22
22
22
20
20
50
16



39 1384 dCH3s 70 1374 C1H2 43

dCH3s 22

rC4H' 15

40 1410 dCH3s 23 1394 dCH3s 43

rC4H' 19 rC3H' 25

41 1431 dCH3s 75 1410 rC4H' 28

rC3H 22

42 1437 dCH3a 78 1460 dCH3a 87

Table 14 continued

43 1446 scC1H2 91 1466 dCH3s 86

44 1474 scC2H2 95 1470 scC2H2 88

45 1548 rC3H' 51 1507 scC1H2 92
rC3H 20

46 2845 SCH3 95 2837 SCH2 84

47 2852 SCH2 99 2838 SCH3 48

asCH3' 19

48 2864 sC4H 74 2843 asCH2 94
sC3H 20

49 2872 sC3H 78 2856 sC4H 61

sC4H 20 SCH3 17

50 2893 asCH2 99 2866 sC3H 64

51 2902 asCH3 98 2885 SCH2 52

asCH2 23

sC3H 16

52 2905 asCH3' 98 2907 asCH3' 71

SCH3 23

53 2910 SCH2 98 2951 asCH3 90

SCH2 28

54 2943 asCH2 100 2968 asCH2 71

Frequenciesin cntl. Symbols represent; s, stretching modes; as, asymmetric stretching modes; d,
bends; w, out-of-plane deformations (wags); r, rocking modes, t, torsional modes, tw, twisting modes,
and sc, scissor modes. Only internd coordinates contributing 15% or more to the potential energy
distribution are reported.
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Table 15) Vibrational data on Compound B, dianionic form.

Charmm?27 Abinitio
Freg. Assgnment Freg. Assgnment
1 29 tALPHA 72 33 tALPHA 91
tGAMMA 31
2 53 tGAMMA 72 55 tGAMMA 55
tALPHA 27 tBETA 32
3 72 tBETA 118 86 tBETA 56
tGAMMA 17
4 97 tRING 61 120 tRING 40
tRING 19 tBETA 28
tRING 28
5 218 dC505P 55 148 dC3C4C5 21
rPO3' 17 tRING' 20
tRING 17
6 248 scC4C505 42 189 dC505P 47
rPO3 16
7 311 tRING' 46 206 tRING' 37
dO4C4C5 30 scC4C505 29
dC3C4C5 21
8 388 rPO3' 24 321 dC3C4C5 27
dC3C4C5 21 rPO3' 22
tRING 16 rPO3 16
tRING 15
9 446 rPO3' 28 356 rPO3' 32
dC3C4C5 27 rPO3 25
rPO3 22 dPO3as 17
10 468 rPO3 37 382 dO4C4Cs5 27
11 497 dPO3s 50 463 sO5P 25
do4C4Cs5 20 dPO3as 20
12 544 dPO3as 50 498 dPO3as 45
dPO3as 28 dPO3as 21
13 553 dPO3as 47 524 dPO3as 28
dPO3as 20 rPO3 19
14 584 dRING' 20 555 dPO3s 47
15 594 dRING' 38 608 sO5P 43
dRING 21 dPO3s 31
16 670 dRING 37 677 dRING 44
sC3C4 16 dRING' 33
17 721 sC404 30 743 rC2H2 29
sC3C4 19
18 778 sO5P 39 793 sC4C5 28
sPO3 16
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19

20

21

802

847

888

rC3H2
sC104

rC2H2
rC1H2
sC104
rC5H2

43
19

26
18
25
24

813

862

888

sC404
dRING'
rC2H2
sC404
sC3C4
sC1C2
sC2C3

18
17
17
23
20
46
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Table 15 continued

22

23

24

25
26
27
28
29
30

31
32

33

35

36

37

38

39

40

41

42

920

933

987

1026
1034
1049
1058
1105
1128

1142
1172

1247

1262

1265

1266

1285

1301

1381

1394

1402

1465

sC2C3
rC1H2
rC3H2
sC1C2

sC505
sPO3

rC4H4'

sPO3
wC2H?2
rC1H2
rC2H2
twC1H2
twC2H2
sC505

twC2H2
twC3H2

rC4H4
asPO3
asPO3'
wC2H2
sC2C3
asPO3'
asPO3
rC4H4'
wC3H2

wC1H2
sC104

wC3H2

twC5H2
scC5H2
twC5H2
twC5H2
scC5H2
wCBH2

scC3H2
scC2H2

20
19
17

20
15

15

36
17
27
22
58
35
17

52

32
68
21
38
15
66
18

29

50
16

20
16
45
22
40
25
17
65
25

69

913

932

972

1005
1040
1073
1090
1109
1114

1154
1204

1236

1239

1256

1298

1315

1332

1355

1385

1394

1459

sPO3

rC3H2
rC1H2
sC1C2
sC2C3
sC4C5
rC5H2
sC104
rC4H4
asPO3

asPO3'
sC104
sC404
rC5H2
sC505
rC1H2
twC3H2
twC2H2
twC1H2
twC3H2
twC2H2
twC5H2

wC2H?2
twC2H2
wC3H2
rC4H4
wC1H2
wC3H2
wC2H2
rC4H4'
rC4H4'
rC4H4
wC1H2

wWC5H2

scC3H2
scC2H2

90

24
16
23
16
16
26
23
19
89

87
27
19
18
53
25
21
18

27
23
58

35
18
36
25
23
29
29
21
30
17
52

71

51
40



43

45

1480

1522

1647

scC2H2
scC3H2
scC1H2

wC5H2
scCBH2

71
24
95

63
19

1473

1478

1502

ScC5H2

ScC3H2
scC2H2
scC1H2
scC1H2
scC2H2

94
40
22

73
20
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Table 15 continued

46

47

48

49

50

51

52

53

54

2855

2857

2858

2860

2886

2898
2902

2907

2944

SC5H2

SCH2

SCH2
sC4H4
sC4H4
SCH2
asC5H?2

asCH2
asCH?2
SCH2
SCH2
asCH2
asCH2

98

92

68
30
62
36
98

93
80
20
77
22
100

2778

2801

2822

2841

2855

2886

2935

2954

2976

SC5H2
asC5H2
SCH2
asCH?2
SCH2
asCH?2
sC4H4
SCH2
SCH2
sC4H4
asCH?2
asC5H?2
SC5H2
asCH?2
SCH2
asCH2
SCH2
asCH2
SCH2

59
39
58

60
38
56
26
46
27
23

41
61
39
65
35
65
35

See Table 14 legend for definitions.
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Table 16) Vibrational data on Compound E with an imidazole base and a5 methyl group.

Charmm?27 Abinitio
Freg. Assgnment Freg. Assignment

1 33 tCHI 80 27 tCHI 51

tSUGA' 18 tSUGA' 37

2 57 tSUGA' 66 63 tSUGA' 49

wGLYC 16 wGLYC 35

tCHI 15

3 76 wGLYC 73 111 wGLYC 29

tCHI 25

tSUGA 22

4 206 tSUGA 51 191 tSUGA 52

tCH3 36 wGLYC 27

5 222 tCH3 58 214 rCIND1CG 48

tSUGA 21 dO4CIND1 22

6 314 dC5C4C3 67 241 tCH3 83

7 325 dO4CIND1 32 308 dC5C4C3 40

rCIND1CG 28 dC5C404 36

8 356 SCIND1 28 349 sCIND1 21

dC2CIND1 19

9 424 dC5C404 24 425 dC2CIND1 17

dO4CIND1 17

10 502 dC5C404 34 455 dC5C404 40

dC5C4C3 18

11 575 dRING 58 566 dRING' 45

rC3H2 15

12 616 WHE1L 50 608 tIMID' 88

13 654 dRING 30 651 dRING 24

tIMID 16

14 686 wHG 38 657 tIMID 84
tIMID 30

15 695 wHD2 26 748 wHG 87

16 718 tIMID 21 770 dRING 25

dO4CIND1 15

17 768 sC404 21 799 sC3C4 29

sC3C4 18 sC4C5 16

18 830 tIMID' 28 859 sC404 31

rC2H2 22 rC2H2 16

19 852 882 wHD2 65

wHEL 36

20 887 diMID' 42 897 diMID' 85

21 922 diMID! 23 902 rCH3 20

rC3H2 22 sC2C3 16
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22

23

943

950

sC2C3
rCH3
wHD2
wHG

21
40
38

906

908

sC3C4
sC2C3
sC1C2
wHE1L

wHD2

16
27
26
62
27
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Table 16 continued

24

25

26

27

28
29
30
31
32

33

35

36

37

38

39

40

41

42

43

45

46

972

990

1005

1032

1041
1051
1064
1070
1088

1104
1117

1136

1207

1221

1272

1300

1318

1336

1396

1417

1427
1431

1461

diMID

rCH3
rC2H2
wC3H2
rC1IH1

SCD2NE2
rHE1
SNE2CE1
rCaH'
rCH3
sC4C5

rC1H1'

rHG
rHD2
rCi1H1
twC3H2
twC2H2
twC2H2
twC3H2
rHEL
rHD2
wC3H2
rC4H
wC2H?2
rC1IH1'
wC2H?2
sC1C2
rC4H'
sC404
rCiH1

dCH3s
rC4H
dCH3s

dCH3a
dCH3a

SCD2NE2
rHG

31

27
19
16
16

21
20
27
18
20

38

29
18

74

955

979

1013

1046

1077
1099
1105
1128
1153

1195
1203

1244

1257

1302

1304

1333

1347

1368

1382

1389

1401
1419

1468

rCH3
rC2H2
sC2C3

diMID
SND1CG
SCEIND1
sC4C5
sC104

rHG

SCD2NE2
rHD2
rCH3
sC4C5
sC104
sC404
twC2H2
twC3H2

rHE1

sND1CG

wC3H2
rC4H'
rHD2
sCEIND1
wC2H2

rC4H'

rC1H1'
rC4H'
SNE2CE1
rC1H1'
dCH3s
rC4H
rCiH1
dCH3s
rC4H
scC2H2
dCH3a

32
19
21

24
18
16
30
20

51
21
24
18
30
24
35
49

47

27

41
17
21
18
62

25

36
28
25
17

30
41
58
21

26



a7

48

49

1479

1485

1526

scC2H2
scC3H2
scC3H2
scC2H2
SNE2CE1
sCGCD2

80
16
79
16
22
20

1470

1478

1486

scC3H2
dCH3a
scC2H?2
dCH3a

scC3H2
scC2H2

23
61
16
85

59
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Table 16 continued

50 1639 diMID 26 1517 sCGCD2 23
SCGCD2 26 rHG 21
51 1648 sCEIND1 29 1550 SNE2CE1 36
sSND1CG 22 sCGCD2 33
rCIND1CG 18
52 2846 SCH3 92 2884 sC4H4 82
53 2853 SCH2 95 2891 SCH3 85
54 2863 SC4H4 86 2906 SCH2 71
asCH2 24
55 2864 sC1H 95 2910 SCH2 93
56 2897 asCH?2 94 2941 sC1H 92
57 2902 asCH3 93 2948 asCH3 90
58 2904 asCH3' 92 2956 asCH2 58
asCH3' 23
59 2906 SCH2 94 2962 asCH3' 74
asCH2 20
60 2943 asCH2 100 2976 asCH2 81
SCH2 18
61 3061 sSCEIHE1 99 3092 sCD2HD2 77
SCGHG 23
62 3159 sCD2HD2 66 3117 SCGHG 76
SCGHG 33 sCD2HD2 22
63 3166 SCGHG 66 3140 sSCEIHE1 99
sSCD2HD2 33

See Table 14 legend for definitions.

Table 17) RM S differences of the bonds and valence angles for themethylated bases.

Base CHARMM27 CHARMM22

Bonds Angles H-Angles Bonds Angles H-Angles
Adenine 0.005 0.2 1.3 0.012 0.9 2.7
Guanine 0.006 0.1 4.6 0.011 16 4.8
Cytosne 0.004 0.2 25 0.017 11 24
Uracil 0.005 0.3 0.3 0.019 11 0.5
Thymine 0.005 0.3 0.4 0.018 1.0 04

Rms differences with respect to crystal survey data82 See Table S$4 of the Supplemental Information for
origind data
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Table 18) Comparison of themethylated base geometries from crystal survey data@ and the
CHARMM27 and CHARMM 22 for cefields.

Survey CHARMMZ27 CHARMM?22
Adenine Cdc. Diff. Cdc. Diff.
Bonds
N1-C2 1.339 1.335 -0.004 1.330 -0.009
C2-N3 1.331 1.336 0.005 1.331 0.000
N3-C4 1.344 1.343 -0.001 1.357 0.013
C4-C5 1.383 1.384 0.001 1.382 -0.001
C5-C6 1.406 1.410 0.004 1.416 0.010
C6-N1 1.351 1.354 0.003 1.348 -0.003
C5-N7 1.388 1.390 0.002 1.387 -0.001
N7-C8 1.311 1.309 -0.002 1.315 0.004
C8-N9 1.373 1.379 0.006 1.371 -0.002
N9-C4 1.374 1.383 0.009 1.407 0.033
C6-N6 1.335 1.345 0.010 1.344 0.009
N9-C9 1.464 1.468 0.004 1.470 0.006
RMSD 0.005 0.012
Angles
C6-N1-C2 118.6 118.4 -0.2 119.7 1.1
N1-C2-N3 129.3 129.4 0.1 128.9 -0.4
C2-N3-C4 110.6 110.7 0.1 110.8 0.2
N3-C4-C5 126.8 126.8 0.0 126.6 -0.2
C4-C5-C6 117.0 116.9 -0.1 116.9 -0.1
C5-C6-N1 117.7 117.8 0.1 117.2 -0.5
C4-C5-N7 110.7 110.9 0.2 111.8 1.1
C5-N7-C8 103.9 103.9 0.0 103.1 -0.8
N7-C8-N9 113.8 113.9 0.1 115.1 1.3
C8-N9-C4 105.8 105.5 -0.3 104.7 -1.1
C5-C4-N9 105.8 105.7 -0.1 105.2 -0.6
N3-C4-N9 127.4 127.5 0.1 128.3 0.9
C6-C5-N7 132.3 132.2 -0.1 131.2 -1.1
N1-C6-N6 118.6 118.7 0.1 119.9 1.3
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Table 18 continued

C5-C6-N6 123.7 1235 -0.2 122.9 -0.8
C4-N9-C9 126.3 126.6 0.3 126.5 0.2
C8-N9-C9 127.7 127.9 0.2 128.8 11
RMSD 0.2 0.9
Guanine

Bonds

N1-C2 1.373 1.372 -0.001 1.376 0.003
C2-N3 1.323 1.324 0.001 1.331 0.008
N3-C4 1.350 1.350 0.000 1.356 0.006
C4-C5 1.379 1.384 0.005 1.395 0.016
C5-C6 1.419 1.421 0.002 1.416 -0.003
C6-N1 1.391 1.390 -0.001 1.397 0.006
C5-N7 1.388 1.389 0.001 1.382 -0.006
N7-C8 1.305 1.308 0.003 1.312 0.007
C8-N9 1.374 1.380 0.006 1.367 -0.007
N9-C4 1.375 1.380 0.005 1.404 0.029
C2-N2 1.341 1.323 -0.018 1.333 -0.008
C6-06 1.237 1.232 -0.005 1.233 -0.004
N9-C9 1.459 1.467 0.008 1.469 0.010
RMSD 0.006 0.011
Angles

C6-N1-C2 125.1 125.3 0.2 125.5 0.4
N1-C2-N3 123.9 123.8 -0.1 122.7 -1.2
C2-N3-C4 111.9 112.2 0.3 113.8 19
N3-C4-C5 128.6 128.4 -0.2 126.8 -1.8
C4-C5-C6 118.8 118.8 0.0 119.4 0.6
C5-C6-N1 111.5 111.6 0.1 111.9 0.4
C4-C5-N7 110.8 111.0 0.2 110.6 -0.2
C5-N7-C8 104.3 104.3 0.0 104.2 -0.1
N7-C8-N9 113.1 113.2 0.1 114.9 1.8
C8-N9-C4 106.4 106.2 -0.2 104.8 -1.6
N9-C4-C5 105.4 105.3 -0.1 105.5 0.1
N3-C4-N9 126.0 126.3 0.3 127.7 1.7
C6-C5-N7 130.4 130.3 -0.1 130.0 -0.4
N1-C2-N2 116.2 116.3 0.1 113.4 -2.8
N3-C2-N2 119.9 119.9 0.0 124.0 4.1
N1-C6-0O6 119.9 119.9 0.0 120.8 0.9
C5-C6-06 128.6 128.5 -0.1 127.3 -1.3
C4-N9-C9 126.5 126.7 0.2 126.2 -0.3
C8-N9-C9 127.0 127.1 0.1 129.0 2.0
RMSD 0.1 1.6

Cytosne
Bonds
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N1-C2
C2-N3
N3-C4
C4-C5
C5-C6
C6-N1
C2-02

1.397
1.353
1.335
1.425
1.339
1.367
1.240

1.407
1.358
1.338
1.429
1.342
1.366
1.241

0.010
0.005
0.003
0.004
0.003
-0.001
0.001

1.440
1.374
1.332
1.435
1.341
1.379
1.240

0.043
0.021
-0.003
0.010
0.002
0.012
0.000
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Table 18 continued

C4-N4 1.335 1.333 -0.002 1.341 0.006
N1-C1 1.470 1.470 0.000 1.472 0.002
RMSD 0.004 0.017
Angles

C6-N1-C2 120.3 120.5 0.2 119.0 -1.3
N1-C2-N3 119.2 118.8 -0.4 118.6 -0.6
C2-N3-C4 119.9 120.3 0.4 120.6 0.7
N3-C4-C5 121.9 121.7 -0.2 121.9 0.0
C4-C5-C6 117.4 117.6 0.2 118.0 0.6
C5-C6-N1 121.0 121.1 0.1 121.9 0.9
N1-C2-02 118.9 119.2 0.3 121.3 2.4
N3-C2-02 121.9 121.9 0.0 120.1 -1.8
N3-C4-N4 118.0 118.0 0.0 117.8 -0.2
C5-C4-N4 120.2 120.3 0.1 120.3 0.1
C2-N1-C1 118.8 118.8 0.0 119.4 0.6
C6-N1-C1 120.8 120.7 -0.1 121.6 0.8
RMSD 0.2 1.1

Uracil

Bonds

N1-C2 1.381 1.389 0.008 1.429 0.048
C2-N3 1.373 1.371 -0.002 1.389 0.016
N3-C4 1.380 1.378 -0.002 1.391 0.011
C4-C5 1.431 1.434 0.003 1.445 0.014
C5-C6 1.337 1.343 0.006 1.347 0.010
C6-N1 1.375 1.371 -0.004 1.388 0.013
C2-02 1.219 1.225 0.006 1.228 0.009
C4-04 1.232 1.226 -0.006 1.227 -0.005
N1-C1 1.469 1.473 0.004 1.473 0.004
RMSD 0.005 0.019
Angles

C6-N1-C2 121.0 121.0 0.0 119.9 -1.1
N1-C2-N3 114.9 114.7 -0.2 114.8 -0.1
C2-N3-C4 127.0 127.4 0.4 126.9 -0.1
N3-C4-C5 114.6 114.5 -0.1 115.2 0.6
C4-C5-C6 119.7 119.5 -0.2 119.6 -0.1
C5-C6-N1 122.7 122.8 0.1 1235 0.8
N1-C2-02 122.8 123.0 0.2 125.1 2.3
N3-C2-02 122.2 122.2 0.0 120.1 -2.1
N3-C4-04 119.4 119.9 0.5 119.9 0.5
C5-C4-04 125.9 125.6 -0.3 124.9 -1.0
C2-N1-C1 117.7 117.8 0.1 118.8 1.1
C6-N1-C1 121.2 121.2 0.0 121.3 0.1
RMSD 0.3 1.1
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Thymine

Bonds

N1-C2 1.376 1.388 0.012 1.428 0.052
C2-N3 1.373 1.372 -0.001 1.388 0.015
N3-C4 1.382 1.380 -0.002 1.391 0.009
C4-C5 1.445 1.444 -0.001 1.456 0.011
C5-C6 1.339 1.339 0.000 1.349 0.010
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Table 18 continued

C6-N1 1.378 1.373 -0.005 1.388 0.010
C2-02 1.220 1.226 0.006 1.228 0.008
C4-04 1.228 1.229 0.001 1.228 0.000
C5-C5M 1.496 1.497 0.001 1.498 0.002
N1-C1 1.473 1.473 0.000 1.473 0.000
RMSD 0.005 0.018
Angles

C6-N1-C2 121.3 121.2 -0.1 120.0 -1.3
N1-C2-N3 114.6 1145 -0.1 114.8 0.2
C2-N3-C4 127.2 127.1 -0.1 127.0 -0.2
N3-C4-C5 115.2 115.3 0.1 115.3 0.1
C4-C5-C6 118.0 118.2 0.2 119.0 1.0
C5-C6-N1 123.7 123.6 -0.1 123.8 0.1
N1-C2-02 123.1 123.0 -0.1 125.1 2.0
N3-C2-02 122.3 122.5 0.2 120.1 -2.2
N3-C4-0O4 119.9 119.6 -0.3 119.5 -0.4
C5-C4-04 124.9 125.1 0.2 125.2 0.3
C4-C5-C5M  119.0 118.7 -0.3 117.9 -1.1
C6-C5-C5M  122.9 122.6 -0.3 123.0 0.1
C2-N1-C1 118.2 117.7 -0.5 118.8 0.6
C6-N1-C1 120.2 121.1 0.9 121.3 1.1
RMSD 0.3 1.0

Distancesin A and anglesin degrees. C1 and C9 are the methyl carbon atoms for the pyrimidines and

purines, respectively.
a) Crystd survey data are the mean vaues of Clowney et d., 1996.
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Table 19) Anglesfor the hydrogens on the methylated basesfrom ab initio data and the
CHARMM 27 and CHARMM 22 for ce fields.

Ab initio CHARMM?27 CHARMM22
Adenine Cdlc. Diff Cdlc. Diff
N3-C2-H2 116.1 115.3 -0.8 115.5 -0.6
N1-C2-H2 115.1 115.3 0.2 115.7 0.6
C6-N6-H61  118.1 117.5 -0.6 115.8 -2.3
H61-N6-H62 118.7 121.3 2.6 124.6 5.9
C6-N6-H62 119.5 121.2 1.7 119.6 0.1
N7-C8-H8 125.2 124.8 -0.4 126.5 1.3
N9-C8-H8 121.2 121.3 0.1 118.3 -2.9
RMSD 1.3 2.7
Guanine
C2-N2-H21 1138 123.6 9.8 121.5 7.7
H21-N2-H22 1145 121.1 6.6 123.7 9.2
C2-N2-H22 118.0 115.4 -2.6 114.8 -3.2
C2-N1-H1 119.6 119.9 0.3 120.4 0.8
C6-N1-H1 113.9 114.9 1.0 114.1 0.2
N7-C8-H8 125.7 124.8 -0.9 126.6 0.9
N9-C8-H8 121.4 122.0 0.6 118.5 -2.9
RMSD 4.6 4.8
Cytosne
C4-C5-H5 122.1 119.9 -2.2 119.6 -25
C6-C5-H5 122.3 122.4 0.1 122.5 0.2
C5-C6-H6 123.1 123.5 0.4 123.0 -0.1
N1-C6-H6 116.6 115.4 -1.2 115.1 -15
RMSD 1.3 1.5
Uracil
C2-N3-H3 115.7 115.5 -0.2 116.3 0.6
C4-N3-H3 116.5 117.0 0.5 116.8 0.3
C4-C5-H5 118.3 118.2 -0.1 118.2 -0.1
C6-C5-H5 122.5 122.3 -0.2 122.2 -0.3
C5-C6-H6 122.7 122.6 -0.1 122.2 -0.5
N1-C6-H6 115.1 114.6 -0.5 114.2 -0.9
RMSD 0.3 0.5
Thymine
C2-N3-H3 115.8 115.8 0.0 116.3 0.5
C4-N3-H3 116.5 117.0 0.5 116.7 0.2
C5-C6-H6 122.3 122.2 -0.1 122.1 -0.2
N1-C6-H6 114.7 114.2 -0.5 114.1 -0.6
RMSD 0.4 0.4

Anglesin degrees. Ab initio data based on HF/6-31G(d) optimized geometries obtained as part of the
present study.
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Table 20) Vibrational data on adenine.

CHARMM?27 Abinitio
Frequency AssgnmentFrequencyAssignment
1 180 tR6a 65 167 tR6a 62
wC6bN 21 pucR6 18
bfly 16
2 214 bfly 38 206 bfly 47
tR6a 19 tR6a 30
tNH2 15
3 279 dCeN 75 242 tNH2 86
4 288 tNH2 39 272 dC6N 51
tR6a 20
wNH2 20
5 345 wNH2 68 298 tR6a 46
bfly 24
tR5' 22
6 374 tNH2 43 492 WNH2 45
tR6a 18 wH9 38
bfly 17
7 458 pucR6 40 498 wH9 48
tR6a 26 wNH2 21
WN6 15
8 468 drR6a 19 512 drR6a 30
drR6a 17 wNH2 27
9 501 wH9 65 518 drR6a 58
tR5 20
10 531 drR6a 24 557 tR6a 31
SN9C4 21 pucR6 21
tR5' 20
11 559 sC5C6 24 602 drR5 28
sC5N7 18 sC5C6 24
drR6a 17
12 645 dR6a 31 653 tR5 91
drR5 21
SN3C4 19
13 652 tR5 66 694 wC6N 50
tR5' 31
14 719 tR5' 35 702 SN3C4 21
tR6a 19
wC6N 16
15 801 pucR6 30 809 pucR6 49
wH2 19 26) 24
tR5' 17 wCeN 22
16 833 drR5' 24 882 dR6 46
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17

847

sC4C5 21
SC8N9 16
wH8 105

903

drR6a

wHS8

17

102
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Table 20 continued

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32
33

35
36
37
38
39

858

967

977

993

1028

1094

1140

1194

1236

1320

1412

1469

1552

1585

1634
1657

1697

3120
3121
3445
3455
3563

drR6a 23
dR6 21
drR5' 17
rNH2 38
wC2H 88
tR6 16
SC8N9 35
dN9H 18
SR5* 30
SC2N3 36
dC2H 25
sN1C2 21
dC8H 26
dC2H 18
sN7C8 17
SN3C4 22
sC5N7 19
dN9H 21
dR6 19
SR5* 27
SR6* 19
sC6N1 21
dC8H 22
scNH2 18
dC8H 17
scNH2 52
SR6* 34
SR5* 20
SR6* 28
sC2H 99
sC8H 99
SNH2s 99
SN9H 99
sNH2a 100

922

1007

1009

1055

1121

1213

1232

1272

1332

1347

1408

1418

1489

1549

1612
1638

1642

3050
3103
3455
3518
3571

drRS'

rNH2
SCoN1
wC2H

SC8N9
dN9H
sN9C4
drR5

sN1C2
SC5N7
rNH2
dC8H
SC2N3
dC8H

dC2H
sN1C2
dCsH
SC5N7
dN9H
dC2H
SC8N9
sN9C4
sC4C5
SC6N1
dC2H
SC6N6
sN7C8

scNH2
sC5C6

scNH2
sC4C5
sC2H
sC8H
SNH2s
SN9H
sNH2a

69

43
29
107

61
26
17
15

29
20
21
17
42
22

27
20
21
20
38
27
18
29
23
23
17
17
57

47
21

30
17
100
99
100
100
100
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Symbols represent; s, stretching modes; d, bends; w, out-of-plane deformations (wags); X, torsond
deformations; r, rocking modes, t, torsona modes, tw, twisting modes, and sc, scissor modes. R
represents ring modes for the 5-membered (R5) and 6-membered rings (R6). Only internd coordinates
contributing 15% or more to the potentia energy distribution are reported. *Modes 22, 28, 33 and 34
are dominated by ring stretches, however, there are individua contributions of 15 % or more. Instead
the sum of the 5-membered (sR5) and 6-membered ring stretches (SR6) are presented.
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Table 21) Vibrational data on guanine.

CHARMM?27 Abinitio
Frequency AssgnmentFrequencyAssignment
1 133 tR6a 53 137 tR6a 77
bfly 29
2 191 bfly 27 162 pucR6 51
tR5 24 bfly 22
tR6a 23
tR6a 19
3 259 gC2N 33 196 tR6a 75
tNH2 25 bfly 26
tR6a 19
tR6a 17
4 303 tNH2 51 306 dCeo 17
tR6a 22 dR6a 17
5 304 dCeO 50 320 tNH2 46
dC2N 22 wNH2 37
6 333 dC2N 24 330 dC2N 47
dCeO 24
7 395 bfly 29 353 tR5 27
tR6a 17 bfly 19
tR5 15
8 454 dR6a 29 470 dR6a 65
9 463 wNH2 91 516 drR6a 38
tNH2  -19 gN9H 20
10 517 gNo9H 64 519 gN9H 79
tR5' 23
11 547 dR6a 25 547 wNH2 48
tNH2 32
12 559 gN1IH 88 589 gNIH 77
tNH2 17
13 590 drR6a 36 611 sC5C6 15
sC4N9 33
14 651 dC2N 18 650 tR5' 75
dCeO 16
15 673 gC2N 34 657 tR5' 21
tR5' 15 dCeO 18
dC2N 15
16 684 tR5' 48 711 tR5 37
gN9H 16 gC60 20
17 736 dR5' 17 741 gC2N 46
sC5N7 16 gC60 28
SC2N 15
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18

19

745

767

tR5
pucR6

gC60

38
38

110

784

817

oC60
pucR6
tR5
drR6’
SC5N7
drS'

38
30
18
29
17
16
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Table 21 continued

20

21

22

23

24

25

26

27

28

29

30

31

32

33

35

36

37

38

39

843

876

898

980

1004

1045

1164

1221

1272

1332

1420

1484

1559

1592

1614

1638

1671

1830

3120

3440

drR5
SC8N9
gC8H

SC2N3
dR6t
sN1C2
rNH2

sC8N9
dN9H
sN7C8
sN1C6
SC5N7
dN9H
sN1C6
sN3C4
dC8H
dR5'
dN9H
sN1C6
sN3C4
dN1H
sC2N
dN9H
SC5N7
SC2N3

dC8H
SN7C8
sN1C2
scNH2
dN1H
sC4C5
dN1H
scNH2

scNH2
sCO
dR6a
sC8H

SNH2

49
16
106

36
17
15
60

29
22
27
17
18
16
16
16
32
15
21
16
15
29
24
24
16
22

37
20
19
17
17
31
16
39

26
36
16
99

63

91

872

930

1032

1046

1073

1127

1154

1283

1312

1330

1382

1419

1518

1563

1603

1612

1658

1799

3107

3433

gC8H
drR5

SN1C2

SC8N9
dN9H
sN1C6
rNH2
rNH2
SC2N3
SC5N7
dC8H

dC8H
SC5N7
dN1H
sC5C6
dN1H

dN9H

SC8N9
sC4C5
sC4N9
dN1H

sN7C8
sN7C8

sN3C4
sC4C5
scNH2
SC2N3
scNH2
SC2N3
sCO

sC8H

SNH2

102

80

38

59
27
33
21
36
16
19
17

33
17
22
15
19

38
21
28
18
19
17
46

21
18
35
27
52
20
76

99

99



SN1H
40 3448 sN1H
41 3453 SN9H

SNH2
42 3562 SNH2a

36
62

97
35
99

3464

3518

3535

sN1H 99
sSN9H 100
sNH2a 100

Seelegend of Table 20 for definitions.
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Table 22) Vibrational data on cytosine.

CHARMM27 Ab initio
Frequency AssgnmentFrequencyAssignment
1 162 tRa 50 142 tRa 95
pucR 25
2 193 tRa 40 199 pucR 37
gC4N 33 tRa 36
3 309 tNH2 50 225 tNH2 88
wNH2 39
4 350 dC4aN 59 352 dC4aN 61
5 424 tRa 52 389 tRa 62
tNH2 19 pucR 19
6 488 tNH2 29 519 wWNH2 54
wNH2 25 dRa 15
tRal 25
pucR 23
7 529 dCoO 22 522 dCoO 32
drRa 26
8 544 gN1H 67 532 dRa 36
wNH2 20
dCo 15
9 568 drRa 29 563 dra 75
sC4N4 17
10 607 dRa 38 599 gN1IH 82
dCo 20
11 706 gCbH 22 721 gCbH 32
gC4N 21 pucR 23
gC4N 19
12 739 sC4C5 28 749 sC4C5 23
dRal 20 sN1C2 20
drRa 18
sN1C2 17
13 772 gC20 41 769 gC5H 49
gN1IH 27 gC4aN 44
gC6H 26
gCbH 18
14 859 gC4aN 27 794 gC20 81
gC20 26 pucR 18
pucR 19
15 874 SC2N3 36 915 sN1C2 30
sN1C2 19
16 953 SC6N1 42 966 dR 53
dR 24 sC4C5 25
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17

18

983

1026

gC6H
gC5H
rNH2
sN3C4

65

62
15

998

1096

gC6H 98
INH2 27
SC6N1 18
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Table 22 continued

19

20

21

22

23

24

25

26

27

28
29

30
31

32
33

1034

1168

1299

1417

1503

1568

1572

1636

1725

1753
2996

2997
3444

3458
3563

drR

dC6H
sC5C6
dC5H
dC5H
sC4N4
dN1H

dCeH
dC5H
sN3C4
sN1C2

SC2N3

dNH2

sC5C6

sC20
sC5H
sC6H
sC6H
sC5H
SNH2
sN1H
sNH2a

29

27
22
24
20
56

24
29
16

18

72

27

41
83
16
83
16
99
99
99

1103

1185

1249

1333

1425

1475

1560

1626
1672

1785
3061

3080
3455

3492
3571

dC5H
rNH2
dC6H
sC6N1
dC5H
SC2N3

SC4N4
dC6H
dC5H
dN1H

dC5H
dCeH
sN3C4
SC4N4

sSN3C4

ScNH2
sC5C6
SN3C4
sC20
sC6H
sC5H
sC5H
sC6H
SNH2
sN1H
sNH2a

26
25
29
20
16

21
19
17
41

19
18
15
15

26

83
37
18
77
69
31
69
31
99
100
99

Seelegend of Table 20 for definitions.
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Table 23) Vibrational data on uracil.

CHARMM27 Ab initio
Frequency AssgnmentFrequencyAssignment
1 151 pucR 46 150 pucR 54
tRa 40 tRa 48
2 181 tRa 95 161 tRa 107
3 375 dC20 31 383 dC40 36
dC40 26 dC20 32
SN3C4 16
SC2N3 16
4 402 tRa 64 386 tRa 66
pucR 16 pucR 21
5 521 pucR 32 505 drRa 76
gN1IH 30
gC5H 20
6 523 sN1C2 15 528 gN1IH 91
dC20 15
dC40 15
7 580 gN1IH 51 533 dC20 29
dra 25
dCc40 19
8 593 drRa 24 548 dra 42
dC40 16
9 605 dRa 35 659 gN3H 90
dra 19 pucR 17
dCc40 17
10 640 gN3H 110 723 gC40 A4
gCeH 22
pucR 19
11 712 gCbH 47 746 sC4C5 32
gC40 37 sN1C2 17
12 757 sC4C5 30 776 gC20 92
sN1C2 29
dra 18 815 gC6H 52
13 783 gC20 70 gC40 47
pucR 24 950 sN1C2 23
14 843 SC2N3 26 sC4C5 20
SN3C4 18
15 949 dR 41 970 dR 76
SC6N1 34
16 1010 drR 27 1000 gC5H 90
dC6H 17 gCéH 26
17 1010 gC6H 72 1061 SC6N1 36
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18

1112

gC40
dC5H
dC6H
sC5C6

48
26
15

1182

dC6H
dC5H
dC6H

24
37
15
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Table 23 continued

19

20

21

22

23

24
25

26
27
28
29

30

1311

1383

1397

1449

1527

1600
1795

1925
2996
2999
3454

3462

dC6H
dN1H
dC5H
dN3H

dN1H
dC20
SN1C2
SC2N3
dra

sC5C6
sC40

sC20

sC6H
sC5H
SN3H
SN1H
SN1H
SN3H

29
19
19
60

37
16
19
19
15

46

67

89
89
55
45
55
45

1215

1381

1402

1407

1485

1663
1795

1811
3074
3100
3466

3499

SN3C4
dC6H

dC5H
dC6H
dN1H

dN3H

dN1H
sC6N1
sC5C6
sC40
sC20
sC20
sC40
sC5H
sC6H
SN3H

sN1H

24
23

29
20
20

57

39
22
62
56
18
55
23
90
89
100

100

Seelegend of Table 20 for definitions.
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Table 24) Vibrational data on thymine.

CHARMM27 Ab initio
Frequency AssgnmentFrequencyAssignment
1 114 tRa 85 106 tRal 104
2 147 tCH3 61 150 pucR 50
pucR 21 tRa 37
3 149 tCH3 35 154 tCH3 82
tRa 30
pucR 27
4 284 dC5-Me 76 267 dC5-Me 73
5 301 gC5-Me 57 289 gC5-Me 77
pucR 21 pucR 16
6 377 dC40 24 385 dC20 36
dC20 23 dC40 28
7 389 tRa 37 386 tRa 64
gC6H 18 pucR 21
8 476 dR 44 445 dR 73
sC6H 18
9 488 gN1H 49 521 gN1H 91
10 577 dC20 26 536 dR 58
dC40 18
SN1C2 16
11 607 dR 41 593 dC20 29
dC40 23
12 613 gC6H 56 659 gN3H 90
gN1H 30 pucR 16
13 674 gN3H 100 705 sC4C5 39
gC40 22 sC6H 15
pucR  -15
14 725 gC20 31 764 gC40 47
gC40 25 gC20 46
15 742 dR 28 778 gC20 55
sC6H 18 gC40 33
16 769 sSN1C2 28 785 dR 48
dR 27 sC6H 20
sC4C5 16
17 804 gC20 40 936 gC6H 95
pucR 30
gC40 21
18 860 SC2N3 24 951 sSN1C2 25
dR 19
19 1001 dCH3 51 1008 dCH3 54

99



20

21

1010

1025

dCH3a
dCH3a
dCH3
SC6N1
dCe6H

32
58
33
46
20

1062

1132

drR
dCH3a

SC6N1
sSN3C4

16
84

25
17

100



Table 24 continued

22

23
24
25
26
27
28

29

30

31

32

33
34
35
36
37
38

39

1174

1223
1384
1402
1408
1410
1433

1458

1571

1665

1822

1928
2904
2958
2959
3000
3453

3461

drR
sC6H
dC6H
SN3C4
dC6H

dN3H
dC20
dN1H
dCH3
dCH3a
dCH3
dCH3
dCH3a
dN1H
sN1C2
sC2N3
dR
sC4C5
sC5C6
sC40
sC40
sC5C6
dR
sC20
SCH3
sCH3a
SCH3
sC5-Me
sN3H
sN1H
sN1H
sN3H

25
24
19
17
38

45
17
34
75
58
32
68
29
21
19
15
27
22
37
25
32
22
18
63

100

96
96
98
51
48
51
48

1170

1216
1364
1403
1413
1418
1457

1476

1488

1693

1784

1806
2894
2953
2957
3068
3467

3501

sC6H 25
SC6N1 25
dCeH 21
sC2N3 18
dCeH 47
dN3H 58
SC2N3 21
dCH3 83
dCH3a 100
dCH3 86
dN1H 32
sC5C6 63
sC40 73
sC20 67
sCH3 100
sCH3a 100
sCH3 100
sC5-Me 99
sSN3H 100
sN1H 100

Seelegend of Table 20 for definitions.

101



Table 25) Relativeenergiesand e and z values associated with the B; and By, conformations
computed usng mode compound D.

Method B =] DEg) - |
e z e z
HF/6-31+G* 200.9 270.0 262.7 173.1 0.68
MP2/6-31+G* 194.4 274.2 267.4 161.4 1.55
c27 188.2 261.2 259.0 176.0 0.46

Dihedrasin degrees and energiesin kca/mole where DEgy, - g| isthe total energy of the By, conformer
minus that of the B; conformer. All minimizations performed at the dated level of theory with the

furanose adlowed to optimize in the south pucker.

102



Table 26) Deoxyribose pseudor otation angles and ener getics: Comparison between ab initio

and the CHARMM 27 and CHARMM 22 forcefields.

Pseudorotation angles Pn Ps
ai. Cc27 C22 ai. Cc27 C22
Adenine 7.0 -3.1 -7.1 168.3 164.4 144.0
Guanine 9.6 -0.5 -5.0 168.6 165.2 144.1
Cytogne 8.8 -0.6 -1.2 162.1 162.2 149.9
Thymine 124 0.9 0.6 162.7 161.0 156.8
Energetics DEn.-s B
ai. Cc27 C22 ai. Cc27 C22
Adenine 0.4 0.6 -2.9 4.2 2.6 3.9
Guanine 0.7 1.0 -3.8 4.3 2.92 4.62
Cytosne -0.3 -0.2 0.2 4.0 19 19
Thymine 0.9 0.2 -0.2 4.0 22 2.2

Pseudorotation angles (deg.) P and Ps correspond, respectively, to the north and south energy
minima. DEp.s (kca/moal) isthe energy of the north minimum minus the energy of the south minimum. B
(kcal/mal) isthe energy of the O4'endo conformation releive to the globa energy minimum (north or
south). Abinitio data (a.i.) at the MP2/6-31G* level of theory.4/

a) Guanine barrier computed with b constrained to 180.0.
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Table 27) Sugar amplitudesand glycosyl torsionsin nucleosides: comparison between ab
initioand the CHARMM 27 and CHARMM 22 for ce fields.

Base North South East
Amplitude ai. C27 C22 ai. C27 C22 ai. C27 C22
Ade 39.7 381 422 36.7 314 380 143 348 278
Gua 394 381 421 36.7 312 373 144 344 284
Cyt 394 388 413 374 318 372 198 348 281
Thy 39.3 387 40.6 377 323 356 205 351 284
Glycaosyl torsion ai. C27 C22 ai. C27 C22 ai. C27 C22
Ade 192 192 186 230 225 202 220 202 201
Gua 198 204 190 233 235 205 222 214 200
Cyt 195 194 195 207 207 222 201 194 215
Thy 198 200 200 231 225 227 224 210 218

Amplitudes and glycosyl torsons in degrees. North, south and esst refer to the north energy minimum,
the south energy minimum and the east energy barrier of the pseudorotation cycle, respectively. Ab
initio caculations (ai.) a the MP2/6-31G* leve of theory.4/
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Figure Legends

Figure 1) How diagram of the present parameter optimization. Iterative loopsincluded in the
parametrization are indicated by roman numeras.

Figure 2) A) Diagram of a DNA G-C basgpair showing the dihedras considered in the parameter
optimization. Pandt are the sugar pseudorotation angle and amplitude, respectively. Dashed lines
indicate the Watson-Crick hydrogen bonds between the bases. B) Model compounds used for the
optimization of the backbone dihedras, sugar puckering and glycosyl linkage. Included in the figures
are the dihedrds that the individual models compounds were used to optimize.

Figure 3) Interaction orientations between modd compounds and water used in the adjustment of the
intermolecular portion of the force field. In each case the water-model compound complexes were
gudied individudly (i.e. monohydrates) with the only optimized degree(s) of freedom being the
represented distances and, in selected cases, the shown angle.

Figure 4) Potentid energies (A) and probability distributions (B) as afunction of the g dihedrd. The
potentia energy surfaces (A) were obtained with model compound B at the QM HF/6-31+G* (bold
line) level of theory and for three empirical parameter sets designated 1 (c), 2 (1) and 3 (F). Backbone
congraints for the surfaces in this figure were 16801 for b, 2981 for a and 262[1 for z. Probability
digributions are from the NDB survey (bold line) for B form crystd structures and from the find 100 ps
of 500 ps MD samulations of the CGATCGATCG B form crystd using the three empirica parameter
satsdesignated 1 (c), 2 (1) and 3 (). Note that change in the X-axis upon going from A (0 to 3600]) to
B (0 to 12000).

Figure5) Potentid energies for the C3' endo (A) and C2 endo (B) furanose puckers and probability
digributionsfor A form (C) and B form (D) DNA asafunction of g. The potentid energy surfaces (A
and B) were obtained with model compound B at the QM MP2/6-31+G* (thin line) leve of theory and
for the CHARMMZ27 parameter set (bold line). Probability distributions are from the NDB survey for
A form (C, thinline) and B form (D, thin line) crystd structures and from the GTACGTAC A form
crysd (C, bold line) and CGATCGATCG B form crystd (D, bold line) smulations.

Figure 6) Potentid energiesfor model compound A and probability distributions for A form (B) and B
form (C) DNA asafunction of a. The potential energy surfaces (A) were obtained at the QM MP2/6-
31G* levd of theory in the absence (thin line) and presence (1) of asngle water molecule and with the
CHARMM27 parameter st (bold line). In the surfaces z remained in the gauche orientation.
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Probahility digtributions are from the NDB survey for A form (B, thinline) and B form (C, thin line)
crysta sructures and from the GTACGTAC A form crystd (B, bold line) and CGATCGATCG B form
cydd (C, bold line) smulations.

Figure 7) Potentid energiesfor model compound A and probability distributions for A form (B) and B
form (C) DNA asafunction of z. The potentid energy surfaces (A) were obtained with model
compound G a the QM MP2/6-31G* levd of theory in the absence (thin line) and presence (1) of a
gngle water molecule and with the find empirica parameter set (bold line). In the surfacesa remained
in the gauche orientation. Note that the potential energy surfaces are identica to Figure 5. Probability
digributions are from the NDB survey for A form (B, thin line) and B form (C, thin line) crystd
gructures and from the GTACGTAC A form crystd (B, bold line) and CGATCGATCG B form crystd
(C, bald line) amulations.

Figure 8) Potentid energies for the C3' endo (A) and C2 endo (B) furanose puckers and probability
digributionsfor A form (C) and B form (D) DNA asafunction of b. The potentid energy surfaces (A
and B) were obtained with model compound B at the QM MP2/6-31+G* (thin line) leve of theory and
for the CHARMMZ27 parameter set (bold line). Probability distributions are from the NDB survey for
A form (C, thinline) and B form (D, thin line) crystd structures and from the GTACGTAC A form
crystd (C, bold line) and CGATCGATCG B form crystd (D, bold line) smulations.

Figure 9) Potentid energies for the C3' endo (A) and C2 endo (B) sugar puckers and probability
digributionsfor A form (C) and B form (D) DNA asafunction of e. The potentia energy surfaces (A
and B) were obtained with model compound C at the MP2/6-31+G* (thin line) level of theory and for
the CHARMMZ27 parameter set (bold line). Probability distributions are from the NDB survey for A
form (C, thin line) and B form (D, thin line) crystd sructures and from the GTACGTAC A form crystd
(C, baold line) and CGATCGATCG B form crystd (D, bold line) smulations.

Figure 10) Potentid energiesasafunction of ¢ for the C3 endo (A) and C2 endo (B) furanose
puckers and probability digtributions for A form (C) and B form (D) DNA. The potentid energy
surfaces (A and B) were obtained with model compound E with a cytosine base a the MP2/6-31G*
(thin line) levd of theory and for the CHARMMZ27 parameter set (bold ling). Probability distributions
are from the NDB survey for A form (C, thin line) and B form (D, thin line) crystd structures and from
the GTACGTAC A form crystd (C, bold line) and CGATCGATCG B form crystd (D, bold line)
gmulations.
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Figure 11) Potentid energiesasafunction of ¢ for the C3 endo (A) and C2 endo (B) furanose
puckers of model compound E with athymine base a the MP2/6-31G* (thin line) leve of theory and
for the CHARMM27 parameter set (bold line).

Figure 12) Potentid energiesasafunction of ¢ for the C3 endo (A) and C2 endo (B) furanose
puckers of model compound E with an adenine base a the MP2/6-31G* (thin line) level of theory and
for the CHARMM27 parameter set (bold line).

Figure 13) Potentid energiesasafunction of ¢ for the C3 endo (A) and C2 endo (B) furanose
puckers of modd compound E with a guanine base a the MP2/6-31G* (thin line) leve of theory and
for the CHARMM27 parameter set (bold line).

Figure 14) Potentid energies as afunction of the pseudorotation angle for modde compounds F (A) and
G with an imidazole base (B) and probability digtributions for A form (C) and B form (D) DNA. The
potential energy surfaces were obtained at the QM HF/6-31+G* (thin line) and MP2/6-31+G* (1)
levelsin A and the MP2/6-31G* leve in B (1) and for the find empiricd parameter set in both A and
B(s). Fortheempiricd energy surfacein B b was constrained to 180(]. Probability distributions are
from the NDB survey for A form (C, thin line) and B form (D, thin line) crysta structures and from the
GTACGTACA form crystd (C, bold line) and CGATCGATCG B form crystd (D, bold line)
gmulations.

Figure 15) Probability digtributions as afunction of d for A form (A) and B form (B) DNA.
Probability distributions are presented from the NDB survey for A form (A, thin line) and B form (B,
thin line) crystd dructures and from the GTACGTAC A form crystd (A, bold line) of the
CGATCGATCG B form crystd (B, bold line) amulations.

Figure 16) Potentia energies as afunction of the H-O2'-C2 -C3' dihedrd for model compound
C2CH gt the QM HF/6-31+G* leve (1) and for the CHARMM27 parameter set (-3-). The surfaces
were obtained with the furanose constrained to the C3'endo pucker, a congtrained to 20001 and e
constrained to 180(1.

Figure 17) Potentia energies as afunction of the pseudorotation angle for model compound F2OH (A)
and model compound G2OH with aimidazole base (B) and probability distributions for RNA (C). The
potential energy surfaces were obtained at the QM MP2/6-31G* leve (1) and for CHARMMZ27 (1) in
both A and B. Probability distributions are presented from the NDB survey for RNA duplex and tRNA
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crysd sructures (C, thin line) and from the (UAAGGAGGUGUA) RNA dodecamer solution
amulation (bold line).

Figure 18) Probahility digributions of dihedrd anglesa (A), b (B), g(C),d (D), e (E),z (F) andc
(G) from the NDB survey for RNA duplex and tRNA crystd sructures (thin lines) and from the
r(UAAGGAGGUGUA) RNA dodecamer solution smulation (bold line).

Figure 19) Probability digributions for dihedrd anglesa (A), b (B), g(C), d (D), e (E), z (F), ¢ (G)

and pseudorotation angle (H) from the NDB survey of Z DNA crystd structures (thin lines) and from
the Z DNA CGCGCG hexamer crysd smulation (bold lines).
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