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Abstract: We have used ab initio quantum mechanical (QM) methods to determine the potential energy of
pseudorotation for 3,4-dihydroxy-5-methyl-2-(1-pyrollyl)tetrahydrofuran and 4-hydroxy-5-methyl-2-(1-pyrollyl)-
tetrahydrofuran, close analogues 6fi2oxyribose and ribose sugars. The pyrrole is a substitute for the naturally
occurring nucleic acid bases: adenine, thymine, guanine, cytosine, and uracil. At the highest calculation level
(LMP2/cc-pVTZ(-f)//HF/6-31G**) for 2-deoxyribose, we find the C&ndo conformation is the global
minimum. The C3endo conformation is a local minimum 0.6 kcal/mol higher in energy, and an eastern
barrier of 1.6 kcal/mol separates the two minima. Pseudorotation energies of ribose are quite complex and are
strongly affected by local orientations of theahd 3 hydroxyl groups. When the hydroxyl groups are allowed

to assume any conformation, the global minimum remains tHee@@o conformation. The eastern barrier
increases slightly to 1.8 kcal/mol, and the'@8do local minimum lies 0.6 kcal/mol above the global minimum.
Constraining the torsion angle of the '‘G8/droxyl group to—146°, as is found in RNA polymers, results in

the C3-endo conformation becoming the only energy minimum with &&®lo conformation 1.9 kcal/mol

higher in energy. Bond angles within the pentofuranose ring are correlated to the pseudorotational phase, as
is observed by X-ray crystallography and is predicted by pseudorotation theory. Finally, a force field for use
in molecular mechanics and dynamics simulations is presented which reproduces the QM potential energies
for the 2-deoxyribose and ribose sugars.

Introduction straightforward approach to determine the relative energies of

- 21 i
Ribose and 2deoxyribose sugars are the basic subunits which low-energy _pucker statés®! However, the magrntude of the
energy barrier between these stable conformations has escaped

differentiate R.NA and DNA, respectlvely.l The qqnfo_r mations experimental measurement, except for purine ribosidese

of these substituted pentofuranose sugars is of critical importance . : _

to the global structure of nucleic acids and has been the subjectwg%) §§d5elr'7%’2|5‘.”demann’ H.-D.; von Goldammer,E&. J. Blochem.

of considerable theoretical and experimental study. A funda-  (7) OIson, W. K.; Sussman, J. . Am. Chem. Sod.982, 104, 270~

mental concept governing the conformations of five-membered 278.

rings was first formulated to describe the interconversion of Chg%dleg'égef"‘z’b';_ﬁag' M.; Vanbeuzekom, A. A.; Altona, &.Comput.

conformations of cyclopentane through “pseudorotatididr (9) de Leeuw, F. A. A. M.; Altona, CJ. Comput. Chert.983 4, 428—

cyclopentane, the lowest energy conformation will have one 437.

atom positioned out of the plane, defined by the remaining four SO(Cl%gZ ngzu‘évégé—Az' 3Ad 6'\"-? Haasnoot, C. A. G.; Altona, LAm. Chem.

atoms of the ring. Through pseudorotation, ring conformations ™17y ge Leeuw, F. A. A. M.; Vankampen, P. N.; Altona, C.; Diez, E.:

having different out-of-plane atoms may interconvert without Esteban, A. LJ. Mol. Struct. (THEOCHEM)984 125 67—88.

traversing a high-energy planar structure. (12) Diez, E.; Esteban, A. L.; Bermejo, F. J.; Altona, C.; de Leeuw, F.
For cyclopent_ane, this process of ps_eudorotation has little or éé?ﬂéﬁué\fﬁlléls\tf_ugﬁ &Eﬂfa?wgzggggi E?Pi?t;s,‘r’v_ I.: Fedoroff, O.

no energy barrier, resulting in essentially “free” ring pucker v. J. Biomol. Struct. Dyn1993 11, 671-683.

motion?~* In the case of tetrahydrofuran (THF) and the more  (14) Plavec, J.; Tong, W. M.; Chattopadhyaya,JJAm. Chem. Soc.

complex 2-deoxyribose and ribose sugars, there are barriers to 1993 115 9734-9746.

. . . . . 15) Emsley, L.; Dwyer, T. J.; Spielmann, H. P.; Wemmer, DJEAmM.
interconversion stemming from the Gakygen in the ring and Ch(em). Soclg)éa 115W%/765_7771_p

the exocyclic hydroxyl group3®> NMR experiments offer a (16) Carmichael, I.; Chipman, D. M.; Podlasek, C. A.; Serianni, AL.S.
Am. Chem. Sod 993 115 10863-10870.
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complete energy landscape for pentofuranose sugars is critical HaG o NR,
both for the understanding of the forces which govern these N /
conformational preferences and for the development and evalu-

ation of force field potentials used for molecular mechanics and
dynamics simulations.

We have undertaken a systematic study of substituted 5 e NR, HaG R
dehydroxy pentofuranose sugar analogues to examine the 2 S ’
geometries and potential energies of pseudorotation. Initially it ™ w
was necessary to establish a suitable substitution angith C3%endo M C2endo
was computationally feasible and still retained the properties  (north) (south)
of the full nucleic acid base. Using a pyrrole substitution at
C1, we then identified the level of QM calculation and basis HeC L\_?
set necessary for accurate geometries (HF/6-31G**) and energies X
(LMP2/cc-pVTZ), when compared to experimental data. This , of
model cluster (3,4-dihydroxy-5-methyl-2-(1-pyrollyl)tetrahy- O4*endo (east)
drofuran for 2-deoxyribose and 4-hydroxy-5-methyl-2-(1- Figure 1. Schematic of the pseudorotation process in which low-energy
pyrollyl)tetrahydrofuran for ribose) and gas-phase computational conformations (CQendo and C2endo) interconvert without passing
method allowed us to determine the following: through a planar intermediate.

1. For 2-deoxyribose, the C3&ndo conformation is 0.6 kcal/

, o4
mol higher in energy than the global minimum '@&hdo CS\C:,:V Q’Cf/Base

conformation and is separated by the 1.6 kcal/mol eastern
barrier. 13\ /1:1
2. For ribose, the C2ndo conformation remains the global 93‘T—Cg’
minimum because of the formation of a hydrogen bond between s Tty
the 3-OH and 2-OH, as has been observed by X-ray crystal- 03 ©2)
lography?#23 Figure 2. Atom names and torsion definitions for substituted pento-
3. Constraining the rotation of thé-@H to prevent hydrogen  furanose rings. To enforce the pseudorotation pathway, sugar torsion
bond formation alters the global minimum to '‘@hdo, con- anglesto andt, were constrained as described in the Methods.
sistent with the observed sugar pucker preferences of RNA
polymers. planez = 0 and are useful for systems with unequal bond lengths

In addition, a force field capable of reproducing these ab initio and angleg® A statistical survey of over 100 ribose and
QM results is presented. These new sugar parameters, embeddedeoxyribose crystal structures indicates thais dependent on
in the framework of a generic force field, such as UERnd both pucker geometry and nature of the siijarhe average
modified to include our accurate hydrogen bond potetitial Tm values for 2-deoxyribose and ribose were found to be 35.2
ideal for molecular mechanics and dynamics simulations of and 37.2, respectively.

nucleic acids interacting with a diverse collection of organic | general, there are only two major conformations observed
and inorganic molecules. To begin, it is useful to review some o, all ribose and 2deoxyribose sugars: G2ndo and C3
important concepts regarding-2and 3-substituted pento-  endo. The 20r 3 designation refers to the atom which is out
furanose sugars including pseudorotation, structural nomencla-gf the plane of the remaining atoms forming the ring. This atom
ture, anomeric and gauche effects, and previous theoretical workyay |ie above the ring plane on the same side dso€6n the
in the field. opposite side, resulting in an “endo” or “exo” conformation,
Pseudorotation and Structural Nomenclature. Pseudo-  regpectively (see Figure 1). Using the pseudorotation phase
rotation involves the conversion of one ring conformation to coordinateP, C3-endo lies atP = 18 while the C2-endo
another without passing through a high-energy planar state (se€:onformation is aP = 162°. The full pseudorotation cycle also
Figure 1). Altona and Sundaraling&hhave derived a simple  may pe divided into quadrants in which conformations clustered
mathematical relationship relating the five ring torsion angles, 5.0und C2endo are known as southern or S-type sugars.
j = 0—4 (see Figure 2), of pentofuranose to two parameters, gimilarly, the C3-endo pucker is a northern or N-type sugar
Tm andP. conformation. This nomenclature system is used extensively in
_ - the interpretation of NMR experiments in which the measure-
5= Tm cosf +0.87( — 2)) (1) ment of vicinal coupling constants can be used to determine

i i 12,15-17,20

Tm is the maximum pucker amplitude, amlis the pseudo- e ratio of N/S sugar .conformauoﬁs.
rotation phase that may range from 0 te. However, in this The two energy barriers between the'@8do and C2endo
work, P is referred to in units of degrees, 8 P < 360°. Other conformations depend on the direction of pseudorotat®r:
more complex and rigorous expressions for pseudorotation havel8 — 162’ via 90° (east) or via 270 (west). Several crystal -
been derived” Some require artificial constructs to define the Structures have been reported in which the ring geometry is

— - _ E-type (O4-endo), but none have been reported for structures
v .%2_) Murai, Y.; Shiroto, H.; Ishizaki, T.; limori, T.; Kodama, Y.; Ohtsuka, with a W-type (O4-exo) conformatio?® Furthermore, NMR

.; Oishi, T. Heterocyclesl992 33, 391-404. . N L .

(23) Thewalt, U.; Bugg, C. E.; Marsh, R. Bcta Crystallogr., Sect. B experiments indicate a rapid interconversion between the C2
197Q 26, 1089. _ endo and C3endo conformations. On the basis of these
Ski(f%4\)NR?\5l)p§ AAnf';gﬁesringo(égé';z??T?'Soﬁfi;oﬁggdard' WAL I observations, it is widely accepted that the western barrier is

(25) Brameld, K. A.; Dasgupta, S.; Goddard, W. A., ll.Phys. chem. higher than the eastern barrier, which must be sufficiently low

B 1997 101, 4851-4859.
(26) Altona, C.; Sundaralingam, M. Am. Chem. S0d972 94, 8205~ (28) Cremer, D.; Pople, J. A. Am. Chem. Sod975 97, 1354-1358.
8221. (29) Gelbin, A.; Schneider, B.; Clowney, L.; Hsieh, S. H.; Olson, W.

(27) Tomimoto, M.; Go, NJ. Phys. Chem1995 99, 563-577. K.; Berman, H. M.J. Am. Chem. S0d.996 118 519-529.
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to allow rapid interconversion at room temperateifé-38 Using into account that Olson was able to derive an empirical energy
13C NMR relaxation experiments in deuterioammonia, the function that correlated well with known crystallographic and
eastern barrier for purine ribonucleosides is reported to be 4.7 solution daté.Indeed, the potential energies of pseudorotation
+ 0.5 kcal/mol® derived with these functions have been the benchmark against
Anomeric and Gauche EffectsThe anomeric effect and the  which several popular molecular mechanics/dynamics force
gauche effect are two principles that have been invoked to fields have been parametrizé&t>?
explain the existence and nature of the barriers to pseudorotation Several guantum mechanical studies have been carried out
for ribose and 2deoxyribose. The anomeric effect was first that examine the conformational energies of pentofuranose
discovered in sugars with the observation that a methoxy group sugars. Semiempirical and ab initio methods have been used in

attached to the anomeric carbon prefers the sterically unfavorablethe pseudorotational analysis of TRE.5354Substituted pento-

axial position3® In chemical systems RX—C—Y, where X has

at least one set of lone pair electrons and Y is an electroneg-
ative atom, the anomeric effect will favor a gauche torsion
anglel417-19.40-44 |n that geometry, the lone pair of X may
donate into theo* antibonding orbital of the €Y bond.
Maximum overlap with the* antibonding orbital occurs when
the lone pair is trans to the-€Y bond. For nucleic acids, the
anomeric effect arises only for the G4C1'—N1(N9)—R and

furanose sugars also have been studied, but in those cases, either
the nucleic acid base was not includetor only the minimum
energy conformations were calculafé&’ Consequently, the
potential energy for pseudorotation ¢fdoxyribose and ribose
systems comparable to those found in natural nucleic acids
heretofore had not been determined using ab initio QM methods.
The results of a systematic ab initio QM study of substituted
pentofuranose sugar analogues are presented herein which

the phosphodiester torsions. It has been suggested that thexddresses this shortcoming.

anomeric effect is critical in defining the eastern barrier during
pseudorotatior?

Conceptually, the gauche effect is quite similar to the
anomeric effect but affects chemical systems of the typ&€x
C—Y. Here too electronegative substitutions at X and Y stabilize
the gauche conformation relative to the trans conforma-
tion.14.18.19.424546The gauche effect is important in the ribose
and 2-deoxyribose systems because there are sever&-X
C—Y type torsions. For2deoxyribose, these include G4C4 —
C3-03 and 04-C4—-C5-05, while ribose has three
additional torsions, O4C1—-C2-02, N1(N9-C1—-C2—
02, and 02—-C2—-C3—-03. These gauche effects result in
C2-endo being the preferred structure for tHed2oxyribose
sugars found in DNA polymers.

Theoretical Approaches to Pentofuranose Pseudorotation.
Early theoretical work using empirically derived potential energy
functions gave conflicting results and led to discrepancies
between theoretical predictions and experimental observa-
tions3%47|t was not until the gauche effect was explicitly taken

(30) Broyde, S.; Wartell, R. M.; Stellman, S. D.; Hingerty, Biopoly-
mers1978 17, 1485-1506.

(31) Pearlman, D. A.; Kim, S. HJ. Biomol. Struct. Dyn1985 3, 99—

125.
(32) Harvey, S. C.; Prabhakaran, M.Am. Chem. Sod986 108 6128-
136.

6

(33) Schlick, T.; Peskin, C.; Broyde, S.; Overton, 81.Comput. Chem.
1987, 8, 1199-1224.

(34) Gorin, A. A.; Ulyanov, N. B.; Zhurkin, V. BMol. Biol. 199Q 24,
1036-1047.

(35) Gabb, H. A.; Harvey, S. Gl. Am. Chem. S0d.993 115 4218~
4227.

(36) Rudnicki, W. R.; Lesyng, B.; Harvey, S. Biopolymersl994 34,
383-392.

(37) Dobado, J. A.; Molina, J. M.; Espinosa, M. B. Mol. Struct.
(THEOCHEM)1994 109, 205-212.

(38) Pechenaya, V. |.; Rudnitsky, W.; Gritsuk, T.; LesyngMal. Biol.
1995 29, 616-627.

(39) Edward, J. TChem. Ind. (London)955 1102-1104.

(40) Thatcher, G. R. J'The Anomeric Effect and Associated Stereoelec-
tronic Effects American Chemical Society: Washington, DC, 1993.

(41) Kneisler, J. R.; Allinger, N. LJ. Comput. Chenil996 17, 757—
766.

(42) Murcko, M. A,; Dipaola, R. AJ. Am. Chem. Socl992 114
10010-10018.

(43) Jaffe, R. L.; Smith, G. D.; Yoon, D. YJ. Phys. Chem1993 97,
12745-12751.

(44) Juaristi, E.; Cuevas, G:he Anomeric EffectCRC Press: Boca
Raton, FL, 1995.

(45) Phillips, L.; Wray, V.J. Chem. Soc. Chem. Commui®.73 90—
91.

(46) Wiberg, K. B.; Murcko, M. A.; Laidig, K. E.; Macdougall, P. J.

Phys. Chem199Q 94, 6956-6959.

(47) Warshel, A.; Levitt, MJ. Am. Chem. Sod978 100, 2607-2613.

Methods

Ab Initio Quantum Mechanical Calculations. All ab initio QM
calculations were carried out using the Jaguar 3.0 software pagkage.
To determine the potential energy of pseudorotation, sugar torsion
anglesro andz, (Figure 2) were constrained. Values fgrandz, were
calculated using eq 1 andy, = 40. For each point along the
pseudorotation pathway, full geometry optimization (HF/6-31G**) was
carried out while maintaining the desireglandz, angles. No restraints
were placed upon the glycosidic linkagebetween the sugar and
pyrrole. Single-point energies were determined using local second-order
Moller—Plesset perturbation theory (LMP2)%2 with the cc-pVTZ(-f)
basis séf and frozen core orbitals. To ensure the points along this
constrained pseudorotation pathway were a reasonable approximation
of the true pseudorotation pathway, the @8do and C2endo confor-
mations were also optimized (HF/6-31G** and LMP2/cc-pVTZ(-f))
with no constraints. In addition, a transition state optimization df O4
endo conformation (eastern barrier) at the same level with no constraints
was also carried out. For some ribose calculations, the-C28—

03 —H torsion angle was constrained to b&46€°, as is found in RNA
polymers?® This constraint enabled the pseudorotation potential for

(48) Weiner, S. J.; Kollman, P. A,; Case, D. A.; Singh, U. C.; Ghio, C,;
Alagona, G.; Profeta, S.; Weiner, B. Am. Chem. S0d.984 106, 765—
784.
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Chem.1986 7, 230-252.
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P. A.J. Am. Chem. S0d.995 117, 5179-5197.
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rotamer +sc ap N 2-deoxyribose (2)
H
4 H H _
O\ c2. o# cz o4 cz2 o4 020 / 0.17
C1'—NH;, Ho - ol
o H H H H o 02
H H H p 013 \ C_R—H_
0.13 | 049 025 // 2021
~_1-0.52 0.8 ~ ~C.R
N i () ® FS~cq cqo13 N\
. , . 0.13 . _30.
\02, o C1 @ H C1 @ H C1 @ H H/H/ \0.39 / \H 0.11 H.O0.20
- ooy 0.35 - -
/ C o HAD 002 ¢ 8355026
Cc3 C3‘ ca ca N OIH' | | ~~p_0.10

-0.700_3 H_0.10

2 oo 1] H o L n c2 % H A
bo—on Yo ()
C4/, H C4, 04, o H ribose (3)

Figure 3. Three possible rotamer conformations for substitutions at H_
CI, C2, and C3. 020 / 0.17

-030 CR_
N0 \0.21 o

ribose to be calculated for conformations which were not compromised y 013 S R

by an intramolecular hydrogen bond. 0.13 |‘ 053 N\ 90'21 //_.0,21 N
Rotamer Definitions. Exocyclic substitutions of an amino group at _\c 3-051 08 /~ TCRy3

C1 or hydroxyl groups at C2and C3 complicate the potential energy 0.13/' O304 073&15 ,

surfaces of these sugars. In many cases, the torsion angle abdut C W we” 016 011 1020

or C—0 bond has a considerable impact on the energy of a particular 0‘°3H /C_S—'—C_3O'\32 0.01

sugar pucker. Figure 3 illustrates the nomenclature which we have 0.02 _‘072 | | 07:-

adopted to describe each of these rotamers. For theNXH, bond, 03 o™

general torsion angles are defined relative to the-@4' bond and 0.46 4 \H 0,44

the NH lone pair vector. Thus the-synclinal (+sc), antiperiplanar
(ap), and—synclinal(—sc) geometries correspond to (lone-paiN—
C1'—04 torsion angles of 60 18C°, and—60°, respectively. Similarly,
for hydroxyl group substitutions at C2nd C3, torsion angles are
measured relative to the-HD and C1-C2 bonds for substitution at ~ converged LMP2/cc-pVTZ(-f) wave functidi.The complete list of

Figure 4. Atomic point charges and MSCFF force field atom types
for 2'-deoxyribose and ribose sugar analogues.

C2 or the H-O and C3-C4 bonds for substitution at C3In force field parameters are included in Tables-S5 of the Supporting
describing ribose conformational rotamers, the €3bstitution will Information. As is standard with generic force fields such as UFF and
be listed first, then the C2substitution. For example, a ribose Dreiding, the same parameters are used for both molecular dynamics
and a+sc C2 hydroxyl group. also carried out in Cerids3.5 and used aa = 1 dielectric constant.
Charges and atom types are also included in the Supporting Information

Force Field Calculations.The Ceriud 3.5 software packa§twas
used for all molecular mechanics and dynamics simulations. The
strategy we employ for force field development begins with a simple . .
generic force field (UFF) which is then tuned to reproduce QM  Results and Discussion
potential energies for small model systems, as has been discussed

elsewheré® All standard valence terms including bonds, angles, . . .
torsions, and inversions are taken from UBFThe Dreiding FES energy calculation for nucleosides of each naturally occurring

exponential-6 parameters are used for all van der Waals interactionsbase (ad_en'ne’ _thym'_ne’ guanine, cytos_lne, and uracil) IS
and a standard Coulombic potential completes the nonbond terms. ForcOmputationally intensive and an alternative sugar model is
pseudorotation of ribose and deoxyribose sugars, two new atom typesn€cessary which still retains the key properties of the full bases.
were required: O_S for O4nd C_S for C3 These new atom types For the first 2—de0xyribose model system, the full base is
allow for the parametrization of several new torsion potentials which substituted with a simple amin#&)(and a methyl group replaces
take into account anomeric and gauche effects. A standard torsionthe 8-hydroxy methyl group (Scheme 1). Figure 5 shows a plot
potential is used and can be represented by a Fourier series of the formof the HF/6-31G** relative energies for pseudorotation and the
dramatic dependency upon the amine rotamer conformation. The

(Figure S1).

Model Systems and Level of TheoryA complete potential

1.8 lowest energy pseudorotation path is almost exclusivelyathe
Etorsion=5 Kgn(1 — dcos)) &) rotamer in which the nitrogen lone pair electrons are trans to
= the C1—04 bond (see the Methods and Figure 3 for rotamer

h is th . barried = dis the phase f nomenclature).
whereKy, is the torsion energy barrien,= +1 and is the phase factor, Several features of the amine substitution make it unsatisfac-
and ¢ is the torsion angle¢( = 0 for cis). A complete description of

the force field atom types and point charges is shown in Figure 4. tﬁry asa motljel for the aromatic base. In add'lt'on to_c?mpllcatlng
Atomic point charges were determined from the electrostatic potential the Potential energy surface due to several possible rotamers,
derived from the electron densny_dlstrlbutlon (constrained to reproduce (67) Tannor, D. J.; Marten, B.. Murphy, R.; Friesner, R. A.; Sitkoff, D.:
the molecular monopole and dipole moments) calculated from the Nicholls, A.; Ringnalda, M.; Goddard, W. A.. Ill: Honig, B. Am. Chem.
So0c.1994 116 11875-11882.

(64) Ceriug 3.5, Molecular Simulations, Inc.: San Diego, CA, 1997. (68) Maple, J. R.; Dinur, U.; Hagler, A. Proc. Natl. Acad. Sci. U.S.A.
(65) Dasgupta, S.; Brameld, K. A.; Fan, C. F.; Goddard, W. A., lll. 1988 85, 5350-5354.

Spectrosc. Chim. Acta 2997, 53, 1347-1363. (69) Dinur, U.; Hagler, A. TJ. Comput. Cheml99Q 11, 1234-1246.
(66) Mayo, S. L.; Olafson, B. D.; Goddard, W. A. Phys. Cheni99Q (70) Maple, J. R.; Hwang, M. J.; Stockfisch, T. P.; Dinur, U.; Waldman,

94, 8897-8909. M.; Ewig, C. S.; Hagler, A. TJ. Comput. Cheml994 15, 162-182.



Pseudorotation of 2Deoxyribose and Ribose Sugars

Scheme 1.Model Systems Used for All Ab Initio Quantum
Mechanical Calculatioris

HO HO HO  oH
1 2 3

@ The 2-deoxyribose modelsl(and2) differ by having an amino
group or pyrrole group as a substitution for the base at Tfe ribose
(3) model has a pyrrole substitution for the base at. ®yrrole-
containing models2 and3) compare well with experimental data and
are used to parameterize the MSCFF
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Energy (kcal/mol)
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Pseudorotation Pucker Phase (degrees)
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Figure 5. HF/6-31G** potential energy (kcal/mol) for the'-2
deoxyribose analogud) with an amine substitution for the naturally
occurring base as a function of pseudorotation arRyjlélhe three
possible rotamer conformations for the amino group have very different
energies. All energies are reported relative t6-@®loap) conformation
(—399.925 769 hartree).

the amino group nitrogen has3dpybridization, thereby allowing

the lone pair electrons to participate in a strong anomeric effect

with O4'. This anomeric effect likely stabilizes ttap rotamer
relative to+scrotamers and would not be present for the full
base. The lack of an eastern barrier between thee@8o and
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Figure 6. (a) HF/6-31G** and LMP2/cc-pVTZ(-f) potential energies
(kcal/mol) as a function of pseudorotation anBlfor the 2-deoxyribose
analogue?) with a pyrrole substitution for the naturally occurring base.
All energies are reported relative to the'@hdo conformation (HF/
6-31G** = —552.548 378; LMP2/cc-pVTZ(-f- —554.634 699 har-
tree). (b) Normalized statistical weightsat T = 298 K using the LMP2/
cc-pVTZ(-f) energies.

Table 1. Relative Energies (kcal/mol) for the Fully Optimized
2'-Deoxyribose Analogue2]

method C3endo O4endo C2endo
HF/6-31G**//HF/6-31G** 0.44 1.16 0.00
LMP2/cc-pVTZ(-f)//HF/6-31G**  0.40 1.31 0.00
LMP2/cc-pVTZ(-f)/ILMP2/cc- 0.61 1.19 0.09

pVTZ(-f)

a Absolute energy= —552.548 294 hartred.Absolute energy=
—554.634 699 hartreé.Absolute energy= —554.636 953 hartree.

C2-endo conformations is also problematic and is not consistent 6a. Both curves have the same general trend with a global
with NMR experiments. For these reasons, the amine model minimum C2-endo conformation. The G&ndo conformation
was abandoned and a pyrrole substitution, which maintains theis 0.6 and 0.4 kcal/mol higher in energy for the LMP2/cc-

aromatic nitrogen, was pursued.

A pyrrole substitution for the complete nucleic acid base is
a satisfactory model. The symmetry of the pyrrole ring alleviates
complications due to rotamers while simultaneously enforcing

pVTZ(-f) and HF/6-31G** curves, respectively. The Gzhdo
barrier is well defined with maximum energies of 1.6 and 1.1
kcal/mol for the LMP2/cc-pVTZ(-f) and HF/6-31G** curves,
respectively. There is excellent agreement between the fully

sp? character on the nitrogen atom. The pseudorotation potentialoptimized HF/6-31G** points listed in Table 1 and the

energy curves for a’2leoxyribose analogu&) are plotted in
Figure 6. The potential energy curve ®fhas a well-defined

constrained pseudorotation curve in Figure 6a. This indicates
that the torsion constraints used for the pseudorotation calcula-

eastern barrier consistent with NMR data and the expectedtions are a reasonable representation of the true pseudorotation

minima at C2-endo and C3endo.

Several calculations were carried out for tHed2oxyribose
(2) model system to establish the optimum level of computa-
tional rigor which yields the best accuracy while still remaining
computationally feasible. Table 1 reports the relative energies
for complete geometry optimization with no constraintRarf
the C3-endo, O4endo (eastern barrier), and ‘@hdo confor-
mations. The HF/6-31G** and LMP2/cc-pVTZ(-f) optimized
geometries are very similar. The only systematic difference
observed between the two levels of theory is thé-4 —
C1 angle which averages 2.tess for the LMP2/cc-pVTZ(-f)
optimized structures. Given the small structural difference

pathway.

For all of the calculations presented above, théyiroxyl
group is in a—sc rotamer conformation. Examination of all
three possible hydroxyl group orientations for the'-€2do
conformation indicated that thap and —sc orientations are
essentially degenerate. The HF/6-31G** energies are 1.34, 0.00,
and 0.01 kcal/mol fort+scg ap, and —sc, respectively. In-
cluding electron correlation (LMP2/cc-pVTZ(-f)) changes these
energies slightly to 1.34, 0.01, and 0.00 kcal/mol 4esc, ap,
and —sc respectively. Because thesc conformation is the
(LMP2/cc-pVTZ(-f)) global minimum, this conformation was
chosen for the full-potential surface analysis. In a DNA polymer,

between these two methods, all subsequent geometry optimizathe torsion angle formed by the phosphate, which replaces the

tions were carried out at the HF/6-31G** level, followed by
LMP2/cc-pVTZ(-f) single-point energies.

2'-Deoxyribose AnalogueThe HF/6-31G** and LMP2/cc-
pVTZ(-f) pseudorotation potential energies are plotted in Figure

hydrogen of the hydroxyl group, lies between thec andap
rotamers. Thus these calculations indicate that the conformation
of this torsion angle does not strongly affect pseudorotation
energies.
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Table 2. HF/6-31G** Relative Energies for All Nine Possible
Rotamers for the Ribose Analogu®) (n Both the C3-endo and
C2-endo Optimum Conformations

g rotamer —sc(C3) ap (C3) +sc(C3)
g’ C3-endo
P —sc(C2) n/nf n/m 3.14
= ap(C2) 1.14 0.98 1.38
z +sc(C2) 6.48 n/m 0.92
§ C2-endo
—sc(C2) 2.03 2.60 3.88
ap(C2) n/m n/m n/m
+sc(C2) 5.23 0.0¢ n/m

0 60 120 180 240 300 360

Pseudorotation Pucker Phase (degrees) 3 Absolute energy= —627.407 965 hartreé.n/m indicates that this

i ) i conformation is not a local energy minimum and geometry optimization
Figure 7. Endocyclic bond angles for the-Beoxyribose analogue  |eads to a neighboring minimum conformation listed in this table.
(2) as a function of pseudorotation angleThere is a strong coupling . . .
between the pseudorotational phase and all the bond angles. Ribose Analogue Applying the same computational methods

established for the'leoxyribose model?) to determine the

An analysis of the endocyclic bond angles of the furanose pseudorotation potential of the ribose modlié considerably
ring reveals a strong correlation between pseudorotational phasenore complex due to the multiple possible conformations of
and bond angles (Figure 7). This correlation is observed the 2- and 3-hydroxyl groups. Each hydroxyl group may
experimentally® and is predicted from pseudorotation thebhf’ assume one of three possible orientatiohsg —sc andap,
Endocyclic bond angles for which the central atom is, CZ, giving a total of nine distinct rotamer combinations for each
C3, or C4 all oscillate in the range 103106 and are fairly pucker state. Some of these rotamer combinations are sterically
symmetrical. In contrast, the C404'—C1' bond angle oscillates  forbidden and most are energetically unfavorable. To identify
in the range 108-112° and is noticeable unsymmetrical. For those rotamers which are most likely sampled during pseudo-
the O4-exo conformations found neaP = 270, steric rotation, all nine possible rotamers in both the'-€8do and
interactions between the Cdnd C1 substituents force the C4 C2-endo sugar conformations were geometry optimized (HF/
O4'—C1 bond angle to increase and that portion of the curve 6-31G**). No constraints were used to enforce the rotamer
to be unsymmetrical when compared to thé-eddo conforma- geometry; therefore, some conformations did not yield mini-
tion. The resulting angle strain, in combination with van der mized structures. Table 2 reports the energies of those confor-
Waals interactions, leads to a high western barrier. mations which did constitute local minima. Interestingly, the

The statistical populationg & 298 K) of 2 are plotted versus  lowest energy conformations are '‘@hdogp/+sc and C3-
pseudorotation phase in Figure 6b. These populations are derivee&ndoft+sd+sc), both sharing the+sc rotamer at the C2
from the LMP2/cc-pVTZ(-f) single-point energies and are hydroxyl group.
normalized by the total energy of the system. Summing each Pseudorotation potential energies were calculated for the
of these contributions into quadrant populations gives the ribose analogue?] in both the ép/+sc) and (+sd+sc) rotamer
following: on = 0.26, 0. = 0.18, 05 = 0.54,0,, = 0.02. As conformations. As expected, both rotamers are required to map
expected from crystallographic studies, thgjuadrant is heavily ~ the lowest energy pseudorotation pathway for ribose as shown
favored. These populations are different from those reported in Figure 8a. The interconversion between the two rotamer
by Olson using an empirically derived potential energy function. conformations occurs at the eastern (@ddo) and western

The empirical potential energy function overestimategrs = (O4'-exo) barriers. Theap/+sc conformation is favorable in
0.74) and predicts, andoe to be almost equal. A study of 127  the northern hemispher® & 270°—360°; 0°—90°) while the
mononucleoside and mononucelotide crystal structfires (+sd+sg conformation is preferred in the southern hemisphere
ported 78 C2endo conformationsog = 0.61), 31 C3endo (P = 90°—270C). Single-point energies (LMP2/cc-pVTZ(-f))
conformations ¢, = 0.24), and 18 conformations{= 0.14) were calculated only for the lowest energy rotamer at each point.

which were neither C2endo nor C3endo and presumably in  Perhaps the most surprising result is that thé&@flo confor-
the O4-endo range. Thus the LMP2/cc-pVTZ(-f) potential mation remains the global minimum for ribose. The'-€8do
energies are in excellent agreement with available crystal- conformation lies 0.6 kcal/mol higher in energy with an eastern
lographic data. barrier of 1.8 kcal/mol separating the two minima. These
Using NMR, it is difficult to quantify the energy barrier energies are unexpected given the known preference for RNA
between low-energy conformations. However, NMR experi- polymers to assume an A-form helix which requires thé-C3
ments which measure vicinal coupling constants can be usedendo sugar conformation.
to determineo, and os. A study measuringss of five 2'- NMR studies of ribonucleosides reveal that the nature of the
deoxyribose nucleosides (dA, dG, dC, dT, and dU) at 278 and base has a marked influence upon the preferred sugar pucker.
358 K has been reportéd An average over the five different  Purine bases A and G haveg populations of 0.70 and 0.67,
bases gives mean experimental valuesdipof 0.66 and 0.62 respectively, all = 278 K. However, pyrimidine bases C, T,
at the two temperatures, respectively. Summing the QM energyand U have a greater preference for thé-&3do pucker with
derived populations into hemispheres (NMR experiments re- os populations of 0.35, 0.49, and 0.48Using the LMP2/cc-
solve the sugar conformations only into N-type or S-type) at pVTZ(-f) single point energies, the predicted populations of
278 and 358 K givess = 0.64 andos = 0.59, consistent with are shown in Figure 8b. Due to the slight broadening of the
the NMR experiments. The remarkable correlation of ab initioc C2-endo potential energy minimum and an increase in the
QM results with both crystallographic and NMR data suggests eastern barrier height when compared tal@oxyribosegs for
that both our model system containing a pyrrole and the LMP2/ ribose increases to 0.70, in agreement with the purine ribo-
cc-pVTZ(-f)//HF/6-31G** potential energies give an accurate nucleoside NMR data. The unique behavior of the pyrimidine
representation of'Zeoxyribose pseudorotation. ribonucleosides is not predicted by the pyrrole model. Perhaps
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Figure 8. (a) HF/6-31G** and LMP2/cc-pVTZ(-f) potential energies  Figure 9. (a) HF/6-31G** and LMP2/cc-pVTZ(-f) potential energies
(kcal/mol) as a function of pseudorotation angtefor the ribose (kcal/mol) as a function of pseudorotation andtefor the ribose

analogued) with a pyrrole substitution for the naturally occurring base. analogue ) but with the C4—C3 —03 —H torsion angle constrained
For the HF/6-31G** points, two possible CBotamers were exam-  to —146°. This geometric constraint mimics the properties of RNA
ined: (a) =ap/+sc (W) = +sd+sc Itis clear that both rotamers are  polymers. All energies are reported relative to the'-&3do con-
needed to trace out the lowest energy path shown. LMP2/cc-pVTZ(-f) formation (HF/6-31G** = —627.406 345; LMP2/cc-pVTZ(-f)=
energies are calculated only for the most favorable rotamer. All energies —629.72 4598). (b) Normalized statistical weightat T = 298 K using
are reported relative to the Géndoép/+sc) conformation (HF/6- the LMP2/cc-pVTZ(-f) energies.

31G** = —627.407 468; LMP2/cc-pVTZ(-fr —629.725 164 hartree).
(b) Normalized statistical weights at T = 298 K using the LMP2/

d phosphate atom in dinucleoside monophosphate and trinucleo-
cc-pVTZ(-f) energies.

side diphosphate crystad®.The resulting pseudorotation po-

. _tential for ribose with a constrained Q8ydroxyl group is shown
these compounds assume nonstandard base geometries whigh Figure 9a. Now, the CZndo conformation is the global

exert an altered electronic influence on the furanose ring. There minimum. Indeed, there is little or no local minimum corre-
is evidence front*C NMR relaxation experiments that pyrim-  gponding to C2endo and it is clear why RNA polymers assume
idine ribonucleosides form a hydrogen bond between the 5 5 c3.endo sugar pucker. An analysis of the relative populations
h_ydroxymethyl gBroup and the base which is not possible in the s N-type and S-type sugars indicates an overwhelming prefer-
ribose model§).> L ence for the northern hemisphers, & 0.90).

A closer examination of .the global minimum Eendo@p/ There is experimental data which supports a strong correlation
—ll—sc) conforma}tlon of the ribose analgguﬁ) (SLI.QQEStS that 2 petween the C3-03 torsion angle and ribose sugar pucker.
likely explanation for the unusual stability of this conformation NMR studies of ribodinucleoside monophosphates indicate a
stems from an intramolecular hydrogen bond between the C3 C3-endo< C2-endo equilibrium with a bias toward the €3
hydroxyl hydrogen and Czhydroxyl oxygen atoms. Experi- endo pucker. Furthermore, the '‘@hdo pucker is associated
mentally, an intramolecular hydrogen bond has been observedWith anap torsion angle while the Czndo pucker is present
for several ribose crystal structures and does lead t0-®@d with a —sctorsion anglé?® This NMR data is consistent with

i '23 i i . . . -
f‘ugar contf)orrganoﬁz. . ;?e p;ﬁserril;:e of thlsrmrt_]ralmolecular the constrained pseudorotation potential for ribose which has a
ydrogen bond compromises the ribose sugar analdjus @ C3-endo global minimum for thep conformation.

model for a ribose polymer or for comparison to experimental . o
studies in aqueous solution. In the first case of a ribose polymer, h Y.Vh"g; D'\éA duplex Z]‘?y und?:rggo %tra23|lt_|on f_rﬁmﬁ B-form
the C3 hydroxyl hydrogen atom is not present, having been . elix (C2-endo) to an A-form (C3endo) helix with ¢ anges
replaced by a phosphate group, and thus cannot form theln the agueous environment, RNA polymers do not experience
hydrogen bond in question. Second, in solution, such intra- &" analogous transition and remain in an A-form conformation.
molecular hydrogen bonds are largely replaced by solvent Yarious explanations based upon the presence of the C2
interactions and are overestimated in gas-phase calculdtighs.  NYAroxyl group have been put forth to account for the structural
To better understand ribose sugar behavior in RNA polymers stability of RNA.ponmers?’.Intramolecular stab|I|zat|pn thrqugh
and for the purpose of force field development, it is desirable hydr?‘gen bonding bet\(/j\{eender?idand O4b°f ?ebnelghkr)ﬁo_g;g
to design a model system which is not encumbered by an SY9ar” or a water;éne lated hydrogen bond betwee
intramolecular hydrogen bond. and 3-phosphat®’®6have been proposed based on NMR data.
Constrained 3-OH Ribose Analogue. One method to Alternative rationalizations include electronic effects due to the

eliminate the hydmgen b(.)n.d donor properties of the‘ C3 (73) Ssarma, R. HNucleic Acid Geometry and DynamjcBergamon
hydroxyl group is by constraining the C4C3 —03 —H torsion Press: New York, 1980.

angle to —146°, the same average position assumed by a 574) Young, P. R.; Kallenbach, N. R. Mol. Biol. 1978 126, 467~
47

(71) Nagy, P. I.; Durant, G. J.; Smith, D. Modeling the Hydrogen (?5) Bolton, P. H.; Kearns, D. RBiochim. Biophys. Actd978 517,
Bond1994 569 60—79. 329-337.
(72) Shan, S. O.; Herschlag, Broc. Natl. Acad. Sci. U.S.A996 93, (76) Bolton, P. H.; Kearns, D. Rl. Am. Chem. Sod.979 101, 479-

14474-14479. 484.
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Table 3. Relative Energies (kcal/mol) for Pseudorotation of 10 T , .
Tetrahydrofuran (THF) ol (a) 2’-deoxyribose (2)
P HF/6-31G** MSCFF 6 1 force field ——,
0 0.0¢ 0.00 l
30 0.15 0.14 quantum mechanics
60 0.37 0.32 21
90 0.44 0.48 N7 ... e
2 Absolute energy= —230.988 771 hartreé.Absolute energy= 10
15.62 kcal/mol. ®) ribose (3)

preference for a C3ndo pucker with increasing electronega-
tivity of the C2 substituent’ or unfavorable steric interactions
which preclude other sugar conformations. Our calculations
indicate that no intramolecular hydrogen bond with a neighbor-
ing nucleotide or with a bridging water molecule is required to
induce a preference for a G8ndo pucker. The combined 10
electronic effects of the'zhydroxyl group and the constrained 8
orientation of the C3-0O3 torsion angle are sufficient to drive 6
the pseudorotation potential of ribose sugars in RNA polymers
completely to the A-form or C3endo pucker. 4
2
o

Energy (kcal/mol)

©) constrained 3’-OH ribose

Force Field Development.Using the potential energies for
pseudorotation of '2deoxyribose and ribose sugar analogues
presented above, a set of force field (FF) parameters have been 120 180 240 300 360
developed for accurate molecular mechanics and dynamics Pseudorotation Pucker Phase (degrees)
simulations of Zdeoxyribose- or ribose-containing systems. Al rigyre 10. MSCFF potential energies for analogues of (&) 2
standard valence terms including bonds, angles, torsions, antjeoxyribose, (b) ribose, and (c) ribose with a constraineeh@@roxyl
inversions are taken from UF®.The Dreiding FE® exponen- group. The heavy lines are the force field energies, while the lighter
tial-6 parameters are used for all van der Waals interactions lines are HF/6-31G** and LMP2/cc-pVTZ(-f) energies (plotted in detail
and a standard Coulombic potential completes the nonbondin Figures 6a, 8a, and 9a).

terms. Upon the framework of this generic FF, two atom types Table 4. Statistical Weights for the North, East, South, and West

unique to pentofuranose sugars are defined; C_S and O_S o agrants of Pseudorotation Phase as Determined from Potential
C3 and 04, respectively. These atom types allow for the Energy Calculations

explicit parametrization of anomeric and gauche effects neces-

o 4
o I
o

. . . method On Oe Os Ow
sary to reproduce QM potential energies. A complete listing of >0 ibose AnalogueZ]
. ; ; '-Deoxyribose Analogu
::l? paratr_neters is included in Tables-S35 of the Supporting LMP2/cc-pVTZ(-f)/l HF/6-31G™ 026 018 054  0.02
niormation. _ MSCFF 0.18 019 063 0.00
Only two additional torsion types are needed to reproduce Amber 4.1 0.13 021 0.66 0.00
the pseudorotation potentials of-&oxyribose and ribose CFF95 0.76 0.16 0.08 0.00
(unconstrained and constraineehydroxyl group) sugars. The Ribose Analogue3)
first torsion potential accounts for the gauche preference of LMP2/cc-pVTZ(-f)// HF/6-31G** 0.22 0.21 0.58 0.00
0O_S-C_3-C_S-C_3 by adding a 2-fold term to the existing ~ MSCFF 018 019 063 0.00
C—C 3-fold potential. Table 3 reports the QM and FF pseudo- Amber 4.1 059 024 o017 001
. . . CFF95 0.05 0.06 089 0.00
rotation energies for tetrahydrofuran which serves as the model c ined 30H Ribose Anal
system for this generic XC—C—C torsion. The second new onstraine Ihose Analogue
ysten 'S 9 o : LMP2/cc-pVTZ(-)// HF/6-31G* 079 017 0.04 0.01
potential applies to all O xC_x—C_x—(O_x or N_R) torsions, SCFF 066 027 007 000
wherex = 3 or S types. In practice, this accounts for all torsions  amper 4.1 083 016 000 001
of the type X-C—C-Y, in which X and Y are electronegative CFF95 0.96 0.03 0.02 0.00

atoms. It is common for these types of torsions to be
parametrized with a combination of 2-fold and 3-fold po-
tentials>48:50-52 Surprisingly, we find it is not possible to

reproduce the QM potential energies using only 2-fold and . .
3-1?old potentials forgeC—C—Y typ?e torsion%. Th)i/s type of pyrrole base' The F'.: has a hlgher. penalty for defprmatlon of
potential results in local minima located At= 0° and 180 the pyrrole ring to relieve these steric clashes than is calculated

not the desired® = 30° and 168. The use of a 2-fold, 3-fold, by QM methods. These regions of the potential energy surface

and 4-fold potential is capable of reproducing the QM potential mg ?gstu?ﬁnzogfrfrfmugggngygﬁ:;ﬁ:|2AD simulations, and thus
energies. The same torsion barriers are used for all atom types, Table 4 compares the quadrant populatior &t298 K for

and the resulting FF accurately reproduces the pseudorotationthe LMP2/cc-pVTZ(-f) energies and several force fields includ-

: valuation. Figu P pseu : tions are in good agreement with the QM predictions for all

potential energies calculated with the MSCFF fed@oxyribose three cases examined. Amber 4.1 is biased towarde6do

aptégbosg sugzrz.QTh%posmon al‘lng ene'rtg);l%s for Fh(:r:wo m'?'maconformation for 2deoxyribose and C2ndo for ribose sugars.
a -endo an endo are well described, as 1S the €aslemn ris pias is expected, as the Amber 4.1 FF is intended for

(77) Uesugi, S.; Miki, H.; Ikehara, M.; Iwahashi, H.; Kyogoku, Y.  Simulations of canonical DNA or RNA polymers. However, the
Tetrahedron Lett1979 42, 4073-4076. resulting simulations may reflect an unrealistic stability for

O4'-endo barrier. In some cases, the western barrier is over-
estimated as a result of steric interactions betweera@d the
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B-form DNA and A-form RNA. CFF95 does not reproduce the Because the parametrization of many force fields for nucleic
populations of 2deoxyribose and ribose sugars correctly. acids are based upon the Olson potential, these new QM

Indeed, C3endo is the preferred conformation fordeoxy- potential energies are significant for the evaluation of current
ribose while C2endo is preferred for ribose, in complete force fields and the development of second-generation potentials.
contradiction to the QM predictions. Here it is demonstrated that the complex energy potential of

pseudorotation may be accurately determined using high-level
guantum mechanical calculations. Furthermore, as detailed
The pseudorotation potential energy calculations presentedsimulations of nucleic acids including explicit solvent become
here provide an updated estimate of the local minima and energymore common, it is increasingly critical that the force fields
barriers associated with the conformations'efi@oxyribose and ~ used reflect an accurate potential energy surface, not just the
ribose sugars. Although the model systems employed in theseglobal minimum. These ab initio calculations and the MSCFF
ab initio QM calculations lack a Sydroxyl group, the predicted  are part of a continuing effort to parametrize biological force
energies are in good agreement with available NMR and fields from first principles. The final goal is a new generation
crystallographic data. It is intriguing to note that the lack of a force field containing relatively simple functions which are
solvation description in these calculations is not evident when parametrized independently from experimental observations.
compared to experimental results. It may be argued that a
crystallographic environment is sufficiently anhydrous to mini-  Acknowledgment. This research was funded initially by
mize the differences with gas-phase calculations. However, thepoE-BCTR (DE-FG36-93CH105 81, David Boron) and fin-
predictedos and on populations also agree well with NMR  jshed under support from the NSF (CHE 95-22179) and NIH
studies that are in aqueous solution. One possible explanatiorygy 11759-01). The facilities of the MSC are also supported
for these resullts is that the effects of solvation on conformation y grants from the NSF (ASC 92-100368), Chevron Petroleum
are subtle and are not within the resolution of NMR experiments Tgchnology Co., BP Chemical, Beckman Institute, Asahi
that coarsely define pseudorotation phase in terms of hemi- chemical, Owens-Corming, Exxon, Chevron Chemical Co.,
spheres. However, it cannot be ruled out that, for systems Chevron Research and Technology Co., and Avery-Dennison.

containing a phosphate group, solvent effects in conjunction ¢ A B acknowledges an NIH Predoctoral Biotechnology Train-
with a modified electrostatic environment may alter the pseu- ing Grant.

dorotation potential energy surface.
The pseudorotation potential energies reported in this work

are in qualitative agreement with the benchmark empirical parameters (Tables SB5) and atomic charges and atom types

potential derived by Olson on the basi_s of experimental data. for simulations with Amber 4.1 and CFF95 (Figure S1) (PDF).
However, the Olson potential overestimates the ribose easternThiS material is available free of charge via the Internet at

barrier and does not correctly describe the positions of the local htto://pubs.acs.or
minima; a shortcoming consistent with the use of only a 2-fold P-lIpubs.acs.org.
and 3-fold torsion potential to represent the gauche effect. JA982995F

Conclusions
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