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Intrinsic Conformational Properties of Deoxyribonucleosides: Implicated
Role for Cytosine in the Equilibrium Among the A, B, and Z Forms of DNA

Nicolas Foloppe and Alexander D. MacKerell, Jr.
Department of Pharmaceutical Sciences, School of Pharmacy, University of Maryland, Baltimore, Maryland 21201 USA

ABSTRACT Structural properties of biomolecules are dictated by their intrinsic conformational energetics in combination
with environmental contributions. Calculations using high-level ab initio methods on the deoxyribonucleosides have been
performed to investigate the influence of base on the intrinsic conformational energetics of nucleosides. Energy minima in the
north and south ranges of the deoxyribose pseudorotation surfaces have been located, allowing characterization of the
influence of base on the structures and energy differences between those minima. With all bases, y values associated with
the south energy minimum are lower than in canonical B-DNA, while x values associated with the north energy minimum are
close to those in canonical A-DNA. In deoxycytidine, y adopts an A-DNA conformation in both the north and south energy
minima. Energy differences between the A and B conformations of the nucleosides are <0.5 kcal/mol in the present
calculations, except with deoxycytidine, where the A form is favored by 2.3 kcal/mol, leading the intrinsic conformational
energetics of GC basepairs to favor the A form of DNA by 1.5 kcal/mol as compared with AT pairs. This indicates that the
intrinsic conformational properties of cytosine at the nucleoside level contribute to the A form of DNA containing predomi-
nately GC-rich sequences. In the context of a B versus Z DNA equilibrium, deoxycytidine favors the Z form over the B form
by 1.6 kcal/mol as compared with deoxythymidine, suggesting that the intrinsic conformational properties of cytosine also
contribute to GC-rich sequences occurring in Z DNA with a higher frequency than AT-rich sequences. Results show that the
east pseudorotation energy barrier involves a decrease in the furanose amplitude and is systematically lower than the
inversion barrier, with the energy differences influenced by the base. Energy barriers going from the south (B form) sugar
pucker to the east pseudorotation barrier are lower in pyrimidines as compared with purines, indicating that the intrinsic
conformational properties associated with base may also influence the sugar pseudorotational population distribution seen
in DNA crystal structures and the kinetics of B to A transitions. The present work provides evidence that base composition,
in addition to base sequence, can influence DNA conformation.

INTRODUCTION

DNA assumes a variety of conformations, with the equilib-
rium between those conformations depending on base com-
position, base sequence, and the environmental conditions
(Franklin and Gosling, 1953; Pohl and Jovin, 1972; Leslie et
al., 1980; Dickerson et al., 1982; Saenger, 1984; Guzikev-
ich-Guerstein and Shakked, 1996). The best-characterized
forms of DNA double helices are the A, B, and Z forms.
Although the B form is prevalent under physiological con-
ditions, the A form is also involved in biological processes
(Wang et al., 1982; Ivanov and Minchenkova, 1995), while
a biological role for the Z form is still elusive (Herbert and
Rich, 1996). Many of the factors stabilizing the different
forms of DNA have been identified from a phenomenolog-
ical point of view (Saenger, 1984), but their detailed mo-
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lecular basis is still intensively researched. In particular, the
base dependency of DNA structure has aroused consider-
able interest.

Base dependency of DNA structure can manifest itself
locally by causing conformational heterogeneities in a given
form of DNA or globally by affecting the relative stabilities
of the various forms of DNA. The latter was documented by
studies using x-ray diffraction of DNA fibers (Davies and
Baldwin, 1963; Langridge, 1969; Arnott et al., 1974, 1980;
Arnott and Selsing, 1974a,b; Leslie et al., 1980) and a
variety of spectroscopies (Bram, 1971; Bram and Tougard,
1972; Pilet and Brahms, 1972; Pohl and Jovin, 1972; Wang
et al., 1989). The base dependence of DNA structure can a
priori be related to base composition, base sequence, or
both. Interpretation of experimental data alone, however,
does not generally allow for a clearcut distinction between
the respective contributions of base composition and base
sequence on the relative stabilities of different forms of
DNA. That base composition can influence the overall
structure of DNA was explicitly concluded from some early
studies (Bram, 1971; Pilet and Brahms, 1972), but these
conclusions were called into question (Leslie et al., 1980),
shifting the emphasis of subsequent studies to the role of
base sequence (Calladine and Drew, 1984; Peticolas et al.,
1988; Mazur et al., 1989; Hunter, 1993).

Detailed structural information obtained on oligonucleo-
tides by single-crystal x-ray diffraction studies has moti-
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vated the analysis of how some base sequences may favor
one form of DNA or another. For instance, a “spine of
hydration” has been observed bridging the purine N3 and
pyrimidine O2 atoms in adjacent basepairs in the minor
groove of some B DNA crystal structures (Drew and Dick-
erson, 1981; Kopka et al., 1983; Privé et al., 1991). These
crystal structures suggest that this spine of hydration is
disrupted by the guanine N2 amino group, which is consis-
tent with NMR studies (Liepinsh et al., 1992). It has been
proposed that these differences in hydration may account
for the increased stabilization of the DNA B form by AT
versus GC basepairs (Drew and Dickerson, 1981; Kopka et
al., 1983). Another factor that may contribute to the partic-
ular stability of the B form with poly (dA) - poly(dT) is the
formation of additional non-Watson-Crick hydrogen bonds
between successive basepairs (Nelson et al., 1987). Differ-
ences in base stacking interactions have also been a major
theme in trying to rationalize aspects of the sequence de-
pendency on DNA conformation (Calladine and Drew,
1984; Mazur et al., 1989; Hunter, 1993; Alhambra et al.,
1997). From these studies it is evident that the base se-
quence can influence DNA conformation via both environ-
mental contributions, in the form of the spine of hydration,
and intrinsic conformational properties associated with base
stacking and intramolecular hydrogen bonds.

Based on the direct relationship between nucleoside con-
formation and overall DNA structure (Dickerson et al.,
1982; Hartmann and Lavery, 1996), it is possible that base
composition, in addition to base sequence, may affect the
relative stabilities of different DNA forms. Such contribu-
tions may occur via the base influencing the conformational
energetics of the individual nucleosides in DNA. At the
nucleoside level, the various forms of DNA differ mainly by
the deoxyribose pseudorotation angle and the glycosyl tor-
sion. It is well-established that the deoxyribose furanose
populates two ranges of pseudorotation angles in DNA and
its components, commonly referred to as the north and south
ranges (Altona and Sundaralingam, 1972; Davies, 1978;
Dickerson et al., 1982; Gelbin et al., 1996; Hartmann and
Lavery, 1996). The A and B forms of DNA are predomi-
nantly associated with the north and south ranges, respec-
tively, and both ranges are equally populated in the Z form
of DNA.

Values of the glycosyl linkage between the sugar and the
base are highly correlated with the pseudorotation angle,
with details of that correlation depending on the DNA
structural family (Dickerson et al., 1982; Hartmann and
Lavery, 1996). The glycosyl torsion populates different
conformational ranges in the A and B forms of DNA, both
corresponding to an anti orientation of the base relative to
the sugar. Only the purines in Z DNA are systematically syn
relative to the deoxyribose. The prevalence of the anti
orientation of the base in DNA reflects the same trend in
free nucleosides, as documented by experimental studies
(Altona and Sundaralingam, 1972, 1973; Davies, 1978;
Gelbin et al., 1996). These experimental observations also
indicate that the energy difference between the deoxyribose
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north and south conformations should be small enough to
account for the existence of both conformations. Condensed
phase information from experimental approaches, however,
includes possible contributions from solvent effects, crystal
packing interactions, or additional degrees of freedom in the
molecules, which can influence the properties of interest. It
is thus difficult to derive the intrinsic conformational prop-
erties of the nucleosides solely from experimental studies,
including statistical analysis of condensed phase data.

Theoretical studies can complement the wealth of infor-
mation obtained from experiment by providing insights into
the intrinsic conformational properties of the nucleosides,
independent of condensed phase effects. To date, theoretical
studies of standard nucleosides have been limited to calcu-
lations using hard-sphere models (Sundaralingam, 1969) or
semiempirical quantum mechanical methods (Berthod and
Pullman, 1971a, b; Saran et al., 1972, 1973). A variety of
nucleic acid building blocks structurally related to nucleo-
sides were also studied using hard-sphere models (Laksh-
minarayanan and Sasisekharan, 1970; Olson and Flory,
1972a) or empirical potential energies (Lakshminarayanan
and Sasisekharan, 1969; Olson and Flory, 1972b; Olson,
1973; Yathindra and Sundaralingam, 1973). Although these
studies have provided valuable insights into the gross con-
formational properties of DNA constituents, such coarse
physical models cannot yield accurate intrinsic conforma-
tional properties. More recently, the structural and energetic
properties of a nucleoside analog, where the base was mim-
icked by an imidazole group, were calculated ab initio at the
MP2/6-31G* level of theory, and compared to a large body
of experimental data (Foloppe and MacKerell, 1998). This
comparison showed the MP2/6-31G* level of theory to
yield conformational properties in satisfactory agreement
with experiment for these types of compounds.

The present work systematically extends and refines the
conclusions drawn from the study on the imidazole nucle-
oside analog by using ab initio calculations to examine the
intrinsic conformational properties of nucleosides with the
usual nucleic acid bases. The investigated conformational
space has been selected to be relevant to that occurring in
the A, B, and Z forms of DNA. Results indicate that the base
influences the intrinsic structural and energetic properties of
the corresponding nucleoside, with the largest effects oc-
curring with deoxycytidine. These results indicate that cy-
tosine contributes to GC-rich duplexes favoring the A and Z
forms of DNA as compared to AT-rich duplexes. Further-
more, the present results indicate that base composition may
also influence the kinetics of B-to-A transitions. Results
also suggest that the nucleoside moieties in B DNA adopts
a conformation that significantly deviates from the closest
energy minimum, in contrast to A DNA.

METHODS

The atom names and dihedral angle nomenclature are as in Saenger (1984).
Deoxyribose puckering pseudorotation angles (P) and amplitudes (7) have
been determined following Altona and Sundaralingam (1972) using the
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same reference state for P = 0.0°. The pseudorotation space is divided into
four equally sized quadrants centered around P = 0.0°, P = 90.0°, P =
180.0°, and P = 270.0° that are referred to as the north, east, south, and
west quadrants, respectively. The pseudorotation angles and amplitudes
were extracted from the energy-minimized structures.

Quantum mechanical calculations were carried out with the GAUSS-
IAN 94 program (Frisch et al., 1996) using the 6-31G* basis set. All energy
minimizations were first performed at the restricted HF level of theory. The
HF energy-minimized structures were used as initial geometries for energy
minimization at the second-order MP2 level of theory. Energy minimiza-
tions were performed to the default tolerances in the GAUSSIAN program.
All degrees of freedom, other than those specified as being fixed,
including all bond lengths and angles, were allowed to relax during the
energy minimizations.

In the calculations aimed at locating the pseudorotation north and south
energy minima, the initial furanose conformations were C3’endo and
C2'endo, respectively. In these calculations the dihedral angles B, v, €, and
x were initially positioned in their conformational ranges observed in the
A and B forms of DNA (¢, g*, ¢, and anti, respectively), where they
remained during the energy minimizations without being constrained. The
structures corresponding to the north and south energy minima have been
used as starting structures for the energy minimizations where y was fixed
to an A DNA-like (y = 201.1°) or B DNA-like (y = 258.1°) conformation.
These values of y were taken from Table 2 in Hartmann and Lavery (1996)
and correspond to the representation of the ideal A and B forms of DNA
arrived at with the program CURVES (Lavery and Sklenar, 1989). Given
the wide spread of B DNA y values, it is important to note that the value
of 258.1° is close to a mean value of 256° obtained from high-resolution
crystal structures (Heinemann et al., 1994). It is also close to another mean
value of 257° calculated from different set of B DNA crystal structures
(Table 5 in Dickerson, 1992).

Energy minimizations of the nucleosides with the furanose in the
04'endo (east) conformation were carried out by fixing the dihedral angle
C1'-C2'-C3'-C4’ to 0.0°. Energy minimizations of the nucleosides with a
planar furanose (inversion barrier) were carried out with all the furanose
endocyclic dihedral angles fixed to 0.0°. Normal mode frequency calcula-
tions were performed on the O4’endo HF/6-31G* optimized structures. In
all cases a single negative frequency was observed, indicating the struc-
tures to represent true transition states.

Various potential energy differences were calculated to understand the
relation of conformation to energetics in the studied nucleosides. AE,  is
the energy of the north minimum minus the energy of the south minimum.
AE,_, is the energy of the A DNA-like conformation minus the energy of
the north energy minimum. AEy is the energy of the B DNA-like
conformation minus the energy of the south energy minimum. AEy_, is the
energy of the B DNA-like conformation minus the energy of the A
DNA-like conformation. Be is defined here as the energy of the O4’endo
conformation minus that of the lowest in energy of either the north or the
south energy minimum. Bi is defined here as the energy of the planar
furanose conformation minus that of the lowest in energy of either the
north or the south energy minimum. Be® is the energy of the O4’endo
conformation minus that of the B DNA-like conformation (x = 258.1°),
and Be” is the energy of the O4’endo conformation minus that of the A
DNA-like conformation (y = 201.1°).

Distributions of the glycosyl torsions in crystal structures of DNA
duplexes were obtained from the Nucleic Acids Database (Berman et al.,
1992) as of March 1998. Structures excluded from the distributions were
those containing nonstandard DNA components, bound drugs, or proteins.
The results are presented as probability distributions and have been ob-
tained separately for the A, B, and Z DNA families by sorting the data into
2° bins. The mean and standard deviation of each bell-shaped part of the
distribution were obtained by best fit to a Gaussian function.

RESULTS AND DISCUSSION

The present calculations were performed on the nucleosides
of the four standard DNA bases (deoxyadenosine, deoxy-
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cytidine, deoxyguanosine, and deoxythymidine). Calcula-
tions were also performed with deoxyuridine, for the sake of
completeness and because it has been studied experimen-
tally (Altona and Sundaralingam, 1973; Guschlbauer and
Jankowski, 1980). Because the base moiety is relatively
rigid and its structure unaffected by the sugar conformation
(Clowney et al., 1996), the structural properties discussed in
the following are only those of the deoxyribose moiety and
the glycosyl linkage, although the base geometries were
allowed to relax in all energy minimizations. Since many of
the general aspects of the conformational properties of
deoxyribose and the glycosyl linkage that are relevant to
DNA structure have already been discussed (Altona and
Sundaralingam, 1972; Davies, 1978; Westhof and Sundaral-
ingam, 1980; Olson and Sussman, 1982; Olson, 1982;
Gelbin et al., 1996; Foloppe and MacKerell, 1998) the
present discussion specifically emphasizes the influence of
the base on these properties.

Calculations performed in the present study provide po-
tential energies in vacuo and not free energies in the con-
densed phase. The merits and limitations of this approach
have already been assessed in a similar context (Foloppe
and MacKerell, 1998), showing that this type of calculation
can provide insights into the intrinsic properties of the
nucleosides and their counterparts in DNA. Some results
from the previous study with an imidazole nucleoside ana-
log are listed alongside the present results on the standard
nucleosides to facilitate their comparison.

The first step of the present study was aimed at locating
the intrinsic energy minima of the deoxyribonucleosides
and investigating the influence of base on these energy
minima. In the second step, the contribution of the nucleo-
sides to the intrinsic conformational properties of the A and
B forms of DNA was investigated by constraining the
glycosyl torsion to characteristic canonical values. In the
third step, calculations to investigate possible differences
between deoxycytidine and deoxythymidine with respect to
the stabilization of Z DNA were performed. In a fourth step,
the nucleosides served as a basis to identify and characterize
the energy barriers separating the deoxyribose north and
south conformations.

Influence of the base on the nucleoside intrinsic
energy minima

Differences between the calculated and crystal deoxyribose
bond lengths and valence angles, in both the north and south
energy minima, are summarized in Table 1. These differ-
ences are all small, confirming that calculations at the
MP2/6-31G* level yield structures in satisfactory agreement
with experiment for this type of compound, as previously
discussed (Foloppe and MacKerell, 1998). The individual
deoxyribose bond lengths are given in the Appendices (Ta-
ble Al, north energy minimum; Table A2, south energy
minimum), as well as the individual valence angles (Tables
A3, north energy minimum; Table A4, south energy mini-
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TABLE 1 Average differences between calculated and
crystal deoxyribose bond lengths and valence angles

Bonds (A) Angles (deg.)
Base North* South* North* South*
Cytosine 0.005 0.005 1.4 1.1
Thymine 0.005 0.007 1.3 1.0
Uracil 0.005 0.007 1.3 1.0
Adenine 0.006 0.007 1.2 1.0
Guanine 0.007 0.007 1.1 0.9
Imidazole® 0.007 0.008 1.0 1.0

The differences are averages of the individual differences between the
calculated bond lengths (or valence angles) and their mean crystal coun-
terpart (Gelbin et al., 1996).

*North and south refer to the deoxyribose conformation.

“Imidazole refers to the nucleoside analog used in a previous study, where
the base was mimicked by an imidazole moiety (Foloppe and MacKerell,
1998).

mum). The variations in the individual bond lengths and
valence angles associated with different bases are small,
making them poor descriptors of the influence of the base
on the deoxyribose conformation.

Results on the influence of the base on the deoxyribose
pseudorotation angle and amplitude are presented in Table
2. The north (P,) and south (P,) pseudorotation energy
minima fall within the expected ranges (Altona and
Sundaralingam, 1972; Dickerson et al., 1982; Gelbin et al.,
1996), but their exact location is influenced by the base. P,
is located at higher values for the purines than for the
pyrimidines, which is compatible with the corresponding
shift observed in the pseudorotation angle distributions ob-
tained from crystal structures of DNA (Drew et al., 1981;
Dickerson et al., 1982). P, spans a range of values (7.0—
12.4°) with variations similar to that observed with P
(162.1-168.6°). The differences in P, values, however, do
not follow any trend in terms of purines versus pyrimidines,
in contrast to P,.

The north amplitudes of puckering (7,, Table 2) are
systematically higher than the south ones (7). Although this
trend has already been noted by examining crystal structures

TABLE 2 Descriptors related to the structure and energetics
of the nucleosides with the deoxyribose in the north and
south energy minima

Base P, P Ty TS Xn Xs AE,
Cytosine 88 1621 394 374 1948 207.0 -0.3
Thymine 124 1627 393 377 1979 230.6 0.9
Uracil 124 1629 392 377 1974 230.2 0.8
Adenine 7.0 1683 397 367 1923 2302 0.4
Guanine 9.6 168.6 394 367 1982 2328 0.7

Imidazole*  13.1 167.2 38.6 37.0 2052 2348 1.2

P (deg.), 7 (deg.), and y (deg.) refer to the furanose pseudorotation angle,
the furanose amplitude, and the glycosyl torsion, respectively. Subscripts n
and s refer to the north and south energy minima, respectively. AE,
(kcal/mol) is the energy of the north minimum minus the energy of the
south minimum.

*Imidazole refers to the nucleoside analog used in a previous study, where
the base was mimicked by an imidazole moiety (Foloppe and MacKerell,
1998).
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of nucleosides and nucleotides, the amplitudes in these
crystal structures are distributed over a broad range of
values (Gelbin et al., 1996). It is therefore difficult to conclude
solely from crystal structures that the observed trend reflects an
intrinsic property of the molecules in question. The present
calculations confirm such an interpretation.

The calculated values of the glycosyl torsion in the north
energy minima (,, Table 2) are in excellent agreement with
their counterparts obtained from crystal structures of
nucleosides and nucleotides (193.3 = 14.0° for purines,
14.0 is the standard deviation; 195.7 = 6.6° for pyrimi-
dines) (Gelbin et al., 1996). This agreement is better than
when y was calculated using the imidazole nucleoside an-
alog. For the south sugar conformation the glycosyl tor-
sions, ., for deoxyadenosine, deoxyguanosine, deoxythy-
midine, and deoxyuridine fall within the experimental
ranges (237.0 £ 24.3° for purines and 229.8 = 18.4° for
pyrimidines), the largest departure being 6.8° for deoxya-
denosine. The calculated x, value with deoxycytidine, how-
ever, is ~20° lower than y, calculated with the other bases
and is more similar to the values associated with the A form
(201.1°) versus the B form (258.1°) of DNA (Hartmann and
Lavery, 1996). This property of deoxycytidine suggested
that the intrinsic conformational properties of cytosine may
favor the A form of DNA, stimulating additional calcula-
tions to investigate this possibility (see below).

Differences in the potential energy between the north and
south energy minima (AE, ,, Table 2) were found to be
modulated by the base, but are <=*=1.0 kcal/mol with all
bases. AE, , favors the south energy minimum with ade-
nine, guanine, thymine, and uracil, but not cytosine (Fig. 1
a). This mirrors the experimental populations obtained by
NMR for deoxyribonucleosides in solution (Altona and
Sundaralingam, 1973; Davies, 1978; Uesugi et al., 1979;
Guschlbauer and Jankowski, 1980), which indicate that the
deoxyribose south conformer is generally more favored than
the north. A recent statistical survey of the crystal structures
of deoxyribo-based monomers (Gelbin et al., 1996) also
reported a majority of them to have a south pucker. This
survey, however, did not distinguish between nucleosides
and nucleotides or the different bases. The present calcula-
tions are also compatible with the previous observation
(Altona and Sundaralingam, 1973) that cytosine may favor
the north pucker significantly more than uracil.

The calculated values of AE, _, in Table 2, however, do
not follow any trend in terms of purine versus pyrimidine,
which is in contrast with previous analysis of NMR data in
solution (Altona and Sundaralingam, 1973; Davies, 1978;
Uesugi et al.,, 1979; Guschlbauer and Jankowski, 1980).
Those NMR studies indicated that purines favor the south
pucker more than pyrimidines, although only by a small
margin. This discrepancy may reflect the limitations of the
present calculations, difficulties in interpreting the NMR
data, or a combination of both. It must be reiterated that the
present calculations yield potential energies in vacuo and,
therefore, cannot be rigorously compared with experimental
distributions that reflect free energies in the condensed
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FIGURE 1 Schematic representation of selected

relative potential energies (kcal/mol) associated with

various conformations of the deoxyribonucleosides. b)
The right-hand diagrams correspond to deoxycyti-
dine, and the left-hand diagrams correspond to the
other nucleosides, as noted. The conformations rep-
resented are the north minimum (N), the south mini-
mum (S), the A DNA-like conformation (A), the B
DNA-like conformation (B), the Z DNA-like confor-
mation (Z), the east pseudorotation barrier, and the C]
inversion barrier. (a) Energy of the south minimum

relative to that of the north minimum (the various

energy levels in the south minimum represent differ-

ent bases, see Results and Discussion and Table 2).

(b) Energies of the A and B DNA-like conformations

relative to that of the north and south energy minima

(the various energy levels in the B DNA-like, and d)
south minimum represent different bases, see Results
and Discussion and Table 3). (c¢) Energy of the Z
DNA-like conformation relative to that of the B
DNA-like conformation, and south energy minimum
(see Results and Discussion). (d) Energy of the east
pseudorotation barrier, and inversion barrier relative
to each other, and relative to the global energy min-
imum, and the A and B DNA-like conformations (see
Results and Discussion and Table 4).

Guanine
Thymine

barrier

phase. It is worth noting that NMR data represent averages
over a large number of different conformers, reflecting the
flexibility of all the furanose substituents. NMR-based con-
formational analysis of the deoxyribose in nucleosides is
still an area of active research (Bandyopadhyay et al., 1997).

The results presented in Table 2 show the conformations
of the nucleosides in their north and south energy minima to
be in the vicinity of the conformations that occur in A and
B DNA, respectively. Some systematic differences, how-
ever, do exist between the glycosyl torsion in the nucleo-
sides south energy minima and in the B form of DNA (see
next section). This implied that AE, . values cannot be
directly used to understand intrinsic conformational contri-
butions to the A versus B forms of DNA. To obtain a more
realistic estimate of the intrinsic energy contributions of the
nucleoside moieties, they were energy-minimized with con-
straints on the glycosyl torsion, as described in the next
section.

Contribution of the nucleoside moieties to the
intrinsic conformational energy of the A and B
forms of DNA

The results shown in Table 2 and discussed in the previous
section indicate that yx, values are significantly closer to
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their A DNA counterpart as compared to y, values and their
B DNA counterparts. For the glycosyl linkage y, = 201.1°
and xgz = 258.1°, values have been proposed as being
characteristic of the A and B forms of DNA, respectively
(Hartmann and Lavery, 1996). These x, and yy values are
compatible with the corresponding y distributions for A and
B DNA crystal structures obtained from the nucleic acids
database as of March 1998 (Fig. 2). Differences between x,
values in Table 2 and x, range from 2.9° to 8.8°. Excluding
cytosine, the differences between x, values in Table 2 and
Xg are significantly larger, from 25.3° to 27.9°. The differ-
ence between y, and yp for cytosine is 51.1°. The y distri-
bution in crystal structures of nucleosides and nucleotides is
also shifted to lower values (Gelbin et al., 1996) than in B
DNA (Fig. 2). To investigate these differences and their
possible contribution on the energetics of the B form of
DNA, the nucleosides have been energy-minimized with
Xs = 258.1° and the furanose in the south range. To allow
for a systematic comparison between the different nucleo-
sides in an A DNA-like conformation, they have also been
energy-minimized with x constrained to y, = 201.1° and
the furanose in the north range. Selected properties of the
nucleosides when energy minimized in the A and B DNA-
like conformations are given in Table 3.
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FIGURE 2 Probability distribution of the gly-
cosyl torsion x (chi) in crystal structures of A
DNA (thick line), B DNA (thin line), and Z
DNA (dotted line). The mean (m), and standard
deviation (o) for each distribution are: for A
DNA, m = 199.°, 0 = 9°; for B DNA, m =
252°, o = 19°; for Z DNA anti, m = 206°, o0 =
8°; for Z DNA syn, m = 66°, ¢ = 9°. Sample
sizes were 1053, 1648, and 436 for A DNA, B 0

Probability
=)
o
T

DNA, and Z DNA, respectively.

The furanose pseudorotation angles in the B DNA con-
formation (Pg, Table 3) are systematically higher than the
corresponding P, values (Table 2) by an average of 5.3° for
both the purines and pyrimidines. Differences between the
pseudorotation angle in the A DNA conformation (P,,
Table 3) and the corresponding P, values (Table 2) are all
3.9° or less, with P, systematically closer to the canonical
C3’endo conformation (p = 18.0°) than P,. The furanose
amplitudes in the A and B DNA-like conformations (7, and
T, respectively; Table 3) remain very close to 7, and 7
values (Table 2), respectively.

Constraining x to a B DNA-like value increases the
energy of the nucleosides relative to their south energy
minimum (see AEg_, Table 3). AE}_ is 1.2 kcal/mol or less
with adenine, guanine, and thymine, but is 2.2 kcal/mol with
cytosine. Constraining x to an A DNA-like value leads to
small increases of 0.2 kcal/mol or less in the energy of the
nucleosides relative to their north energy minimum (see
AE, ,, Table 3). The AE,_, values being less than the
corresponding AEy ¢ values is consistent with the better
agreement of yx, values with the canonical A form values as
compared to x, and the canonical B form values.

For each nucleoside, the energy differences between the
B and A DNA-like conformations (AEg_,) are also given in
Table 3. With deoxyadenosine, deoxyguanosine, and de-
oxythymidine, AEg , values are small (<0.5 kcal/mol),
suggesting that the intrinsic conformational energies of
these DNA building blocks do not significantly favor either

TABLE 3 Descriptors related to the structure and energetics
of the nucleosides with y in A and B DNA-like conformations

Base P, Py Ta Ts AE,, AEg, AEg 4
Cytosine  12.7 1669 39.1 373 0.2 22 23
Thymine 129 1679 39.0 372 <0.1 1.2 0.3
Adenine 93 1738 392 362 <0.1 0.8 0.4
Guanine 101 1745 391 362 <0.1 0.6 —0.1

P (deg.) and 7 (deg.) refer to the furanose pseudorotation angle and
amplitude, respectively. Subscripts A and B refer to the conformations with
the A DNA-like and B DNA-like glycosyl torsions, respectively. AE,_,
(kcal/mol) is the energy of the A DNA-like conformation minus the energy
of the north energy minimum. AEy  (kcal/mol) is the energy of the B
DNA-like conformation minus the energy of the south energy minimum.
AEg_ 4 (kcal/mol) is the energy of the B DNA-like conformation minus the
energy of the A DNA-like conformation.
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Chi (deg.)

s
L

L L
90 120 150 300 330 360

the A or B forms of DNA. In contrast, the value of AER 5
for deoxycytidine (2.3 kcal/mol) suggests that the intrinsic
conformational energetics of cytosine favors the A form of
DNA over the B form. These results are summarized graph-
ically in Fig. 1 b. It has recently been suggested that the
nucleoside moiety in DNA may stabilize the B form relative
to the A form by ~1.0 kcal/mol, based on the relative
energies of a nucleoside analog in its north and south energy
minima (Foloppe and MacKerell, 1998). Given the present
results, this previous conclusion must be revised and re-
placed by the proposal that the nucleosides intrinsic confor-
mational energy does not significantly favor either the A or
the B form of DNA, except in the case of deoxycytidine,
which favors the A form.

Combining AEg_, values for the standard DNA basepair-
ing suggests that the internal conformational energy of a GC
basepair (AES“; , = 2.2 kcal/mol) may stabilize the A
form of DNA more than AT (AE*"; , = 0.7 kcal/mol) by
1.5 kcal/mol. This energy difference would be even more
significant in the context of GC-rich DNA duplexes. These
results are compatible with a number of experimental stud-
ies that indicate that GC-rich DNA duplexes are more
amenable to the A form than AT-rich duplexes (Bram,
1971; Bram and Tougard, 1972; Pilet and Brahms, 1972;
Arnott and Selsing, 1974a, b; Arnott et al., 1974; Leslie et
al., 1980; Peticolas et al., 1988; Wang et al., 1989; Ivanov
and Minchenkova, 1995).

A factor commonly invoked to rationalize this phenom-
enon is the presence of a “spine of hydration” in the minor
groove of AT sequences in B DNA (Drew and Dickerson,
1981; Kopka et al., 1983). Experiments where guanine is
replaced by inosine have supported the hypothesis that the
disruption of the spine of hydration by the guanine N2
amino group facilitates transitions from the B form of DNA
to the A form (Langridge, 1969; Leslie et al., 1980). The
energetics associated with a spine of hydration in the DNA
minor groove, however, remains unclear. It has been argued
that the spine of hydration stabilizes the B form of some, but
not all, AT sequences (Chuprina, 1985, 1987). While the
spine of hydration most likely contributes to the conforma-
tional equilibrium between the A and B forms of DNA, the
present calculations indicate that the deoxyribonucleosides’
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intrinsic conformational energy also makes a significant
contribution to this equilibrium.

Cytosine versus thymine in Z DNA

Z DNA typically occurs in alternating purine-pyrimidine
sequences dominated by GC basepairs (Pohl and Jovin,
1972; Wang et al., 1979; Arnott et al., 1980; Drew et al.,
1980; Saenger, 1984). Z DNA can contain AT basepairs
(Arnott et al., 1980; Wang et al., 1987a; Vorlickova et al.,
1982; Zimmer et al., 1982); however, the ability to assume
the Z form becomes increasingly difficult as the GC content
decreases (Pohl and Jovin, 1972; Ho et al., 1986; Peticolas
et al., 1988; Wang et al., 1984, 1987b). Why GC basepairs
accommodate the Z form of DNA better than AT basepairs
remains unclear. There is evidence that guanine has a higher
propensity than adenine to adopt a syn orientation relative to
the sugar in 5'-nucleotides (Son et al., 1972; Yathindra and
Sundaralingam, 1973; Olson, 1973), and the relationship
between this difference and the characteristic syn orienta-
tion of the purines in Z DNA has been noted (Saenger,
1984). The present calculations suggest that the intrinsic
conformational properties of deoxycytidine as compared to
deoxythymidine contribute to GC pairs being more amena-
ble than AT pairs with respect to the Z form of DNA.

In Z DNA, the pyrimidine nucleosides combine a south
sugar with a glycosyl torsion much lower than in B DNA,
populating a range overlapping that observed in A DNA
(Fig. 2). Values of the glycosyl torsion in pyrimidines range
from ~199 (Z,) to 213° (Z;;) (Hartmann and Lavery, 1996).
These values correspond closely to the structural properties
obtained in the present calculations for deoxycytidine in its
south energy minimum (Table 2), where y, = 207.0°, while
with deoxythymidine x, = 230.6°. This suggests that de-
oxycytidine is intrinsically more prone than deoxythymi-
dine to adopt the conformation typical of pyrimidines in Z
DNA. When deoxythymidine is energy minimized with a
south pucker (P = 161.5°, unconstrained) and x constrained
to the value obtained for deoxycytidine, 207.0°, its energy is
0.6 kcal/mol above its intrinsic south energy minimum.

A more appropriate comparison of the energetics of de-
oxycytidine and deoxythymidine would be in the context of
a B versus Z DNA equilibrium. The energy of the B
conformation (see above) minus that of the Z conformation
(x = 207.0°) is 2.2 kcal/mol for deoxycytidine (identical to
AEg . in Table 2) and 0.6 kcal/mol for deoxythymidine.
This suggests that the intrinsic conformational energies of
both deoxycytidine and deoxythymidine favor the Z form of
DNA over the B form, with deoxycytidine favoring the Z
form by 1.6 kcal/mol more than deoxythymidine (Fig. 1 ¢).
Thus, the intrinsic conformational energetics of cytosine at
the nucleoside level will be more amenable to the Z form
than thymine, contributing to the composition of Z DNA
being dominated by GC basepairs.

That cytosine intrinsically favors the Z DNA conforma-
tion more than thymine raises further questions concerning
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the effect of 5-methylation on the intrinsic energetics of
5-methyl-deoxycytidine, as compared to deoxycytidine. In-
deed, methylation of cytosine at position 5 induces the B to
Z DNA transition at lower salt concentration than for poly-
(dGdC) (Behe and Felsenfeld, 1981). Proposed mechanisms
for the promotion of the B to Z DNA transition by 5-meth-
ylation of cytosine have focused on base stacking interac-
tions and solvation properties (Wang and Kool, 1995, and
references therein). It is, therefore, interesting to test
whether the nucleoside intrinsic energetics contribute to this
effect, i.e., is the energy difference between the B and Z
conformations higher in 5-methyl-deoxycytidine than in
deoxycytidine? To investigate this possibility, 5-methyl-
deoxycytidine was energy-minimized in the south minimum
(corresponding to a Z DNA conformation for deoxycyti-
dine) and the B DNA-like conformation. The south mini-
mum (P, = 162.4°) of 5-methyl-deoxycytidine is associated
with a y value of 208.7°, very similar to that observed with
deoxycytidine. This confirms the special character of cyto-
sine with respect to the preferred glycosyl torsion when
associated with a south deoxyribose. As with deoxycytidine,
the south energy minimum of 5-methyl-deoxycytidine cor-
responds to a Z DNA conformation. In 5-methyl-deoxycy-
tidine, the energy difference between the south energy min-
imum and the B DNA-like conformation is 2.5 kcal/mol,
marginally higher than the corresponding 2.2 kcal/mol cal-
culated for deoxycytidine. It is interesting to note that,
although 5-methylation renders cytosine structurally more
analogous to thymine, it does not bring AEy ¢ (see above)
closer to the deoxythymidine value (1.2 kcal/mol), but
rather slightly increases AER  as compared to deoxycyti-
dine. Although this increase may contribute to the effect of
cytosine 5 methylation on the promotion of the B to Z DNA
transition, it is not significant enough to fully rationalize it.

Energy barriers between the deoxyribose north
and south puckering ranges

Ab initio calculations provide a powerful tool to probe the
energy barriers between the deoxyribose north and south
conformational ranges. Previous calculations indicate that
the west pseudorotation energy barrier is very unlikely to be
the path of lowest energy between the deoxyribose north
and south puckering ranges, particularly in DNA (Saran et
al., 1973; Olson, 1982; Foloppe and MacKerell, 1998).
Therefore, the pseudorotation west energy barrier is not
discussed further in the present work. In previously reported
calculations using the imidazole nucleoside analog, the
O4’endo conformation of the furanose was found to be a
good approximation of the east pseudorotation barrier (Be),
and the inversion barrier (Bi) was probed by constraining
the furanose to a planar conformation (Foloppe and Mac-
Kerell, 1998). These approximations have also been used in
the present study. With the imidazole nucleoside analog, Be
was found to be only 0.6 kcal/mol lower than Bi, which
prompted the calculation of both quantities for the four
DNA nucleosides and deoxyuridine in the present work.
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Results on the two barriers to pseudorotation are pre-
sented in Table 4 for the five nucleosides. Bi is higher in
energy than Be for all the deoxyribonucleosides (Fig. 1 d).
The energy difference between Bi and Be, however, varies
with the base, the smallest difference being 0.4 kcal/mol
(cytosine), and the highest being 1.4 kcal/mol (thymine).
This further documents that cytosine and thymine impart
different intrinsic properties at the nucleoside level. The
present calculations confirm that the path of lowest energy
between the north and south puckers is likely to be through
the east pseudorotation barrier. In view of the relatively
small differences between Bi and Be it cannot be concluded
that the inversion mechanism is systematically forbidden as
a pathway between the deoxyribose north and south puck-
ering ranges.

Calculations on the imidazole nucleoside analog sug-
gested that the furanose amplitude at the east energy barrier
(7., Table 4) may be significantly lower than in the north
and south energy minima (Foloppe and MacKerell, 1998).
The present calculations confirm that the O4’endo confor-
mation in standard deoxyribonucleosides is also associated
with a significant flattening of the furanose ring and suggest
that this flattening is more pronounced with purines than
with an imidazole analog (Table 4). 7, is ~4.0° lower with
adenine and guanine than when these purines are mimicked
by an imidazole. 7, is 5.0 to 6.0° higher with the pyrimi-
dines than with the purines. These results illustrate further
the need to explicitly study the sugar with the actual nucleic
acids bases when details of the sugar structural features are
to be characterized.

Given the differences in 7, as a function of base, it is
surprising that Be shows very little dependence on the base
(Table 4), being ~4.0 kcal/mol with all bases. This suggests
that there is no simple relationship between the degree of
flattening of the furanose ring and the height of the east
pseudorotation barrier. The present calculations are compat-
ible with an experimental estimate of 4.7 = 0.5 kcal/mol for
the activation energy separating the north and south
furanose puckers in purine ribonucleosides (Roder et al.,

TABLE 4 Structural descriptors and energetics of the
nucleosides in O4’endo and planar furanose conformations

Base T, Xe X Be Bi  Be®  Be®

e

200.5 191.8 4.0 4.4 1.8 3.8
223.6 194.3 4.0 5.4 2.8 3.1

Cytosine 19.8
Thymine 20.5

Uracil 20.4 2222 193.8 4.0 5.2 na na
Adenine 14.3 219.6 225.7 42 4.7 34 3.8
Guanine 14.4 221.5 231.8 43 4.8 3.7 3.6
Imidazole 18.1 220.6 238.3 4.4 5.0 na na

7 (deg.) and x (deg.) refer to the furanose amplitude and the glycosyl
torsion, respectively. Subscripts e and i refer to the east pseudorotation
energy barrier and the inversion energy barrier. Be (kcal/mol) and Bi
(kcal/mol) are the east pseudorotation and the inversion energy barriers,
respectively, relative the global (north or south) energy minimum. Be®
(kcal/mol) and Be” (kcal/mol) are the east pseudorotation energy barriers
relative to the B DNA-like and A DNA-like conformations, respectively.
Be® and Be™ are not available (na) for deoxyuridine and the imidazole
nucleoside analog used in a previous study (Foloppe and MacKerell, 1998).
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1975). The same experimental work, however, also led to
the proposal that this activation energy should be higher
with pyrimidines than with purines, which is not supported
by the results of the present calculations. Those experimen-
tal studies, however, were carried out with ribonucleosides,
while the present results have been obtained on deoxyribo-
nucleosides.

The glycosyl torsion in the east pseudorotation barrier
shows minimal base-dependent properties, except with cy-
tosine, and the glycosyl torsion for the inversion barriers, y;,
are higher with the purines than the pyrimidines, as shown
in Table 4. In the east quadrant, the x, values are interme-
diate to the values seen in the north and south quadrants
(Table 2). This suggests that the furanose pseudorotation
angle and y may change conformations in a concerted
fashion during a B to A DNA transition. Notable is the low
value of x. with cytosine, consistent with the low value of
x in the south conformation for this nucleoside.

In the context of a B to A DNA transition, the east
pseudorotation energy barrier is different from Be due to the
energy of the nucleosides in a B DNA-like conformation
being higher than in their south energy minimum (see
above). The east pseudorotation energy barriers relative to
the energy of the B DNA-like conformations (Be®), and
relative to the energy of the A DNA-like conformations
(Be™) are listed in Table 4. The base dependence of Be®
values parallels the AEy ; values (Table 3). The heteroge-
neity in Be® values contrasts the relative homogeneity of Be
values, and may be of importance for the base dependency
of DNA dynamics. Interestingly, the lowest Be® value is for
deoxycytidine, suggesting that cytosine may not only stabi-
lize A DNA versus B DNA, but may also kinetically facil-
itate B to A DNA transitions. Also of note is that the Be®
values of the pyrimidines are lower than for the purines,
consistent with the pyrimidine pseudorotation angle distri-
bution extending more into the east quadrant than with
purines in B DNA (Hartmann and Lavery, 1996; Drew et
al., 1981; Foloppe and MacKerell, 1998).

CONCLUSIONS

This is the first report presenting high-level ab initio calcu-
lations on all the standard deoxyribonucleosides. Only a
fraction of the conformational space accessible to these
molecules has been probed, but the investigated conforma-
tions have been selected to be relevant to a DNA context.
The results document how the intrinsic conformational
properties of deoxyribonucleosides are influenced by the
base and identify base composition as an important factor
contributing to the overall structure of DNA. The overall
contribution of these base-dependent conformational prop-
erties is difficult to calibrate considering the different fac-
tors influencing DNA structure; however, these contribu-
tions could be significant, especially in the context of
accumulating information suggesting that DNA sequence-
dependent features result from a combination of rather
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subtle effects (McCall et al., 1985; Nelson et al., 1987; Privé
et al., 1991; Poncin et al., 1992; Dickerson et al., 1994;
Grzeskowiak et al., 1991; Subirana and Faria, 1997).

This work confirms the main conclusions previously ob-
tained based on an imidazole nucleoside analog, but com-
plements and refine them by taking the influence of base
into account. Some of the deoxyribose structural properties
depend on the base being a purine, versus a pyrimidine.
These structural properties are the furanose pseudorotation
angle in the south range (P, and Pg) being higher with
purines than with pyrimidines, and the furanose amplitude
of puckering in the O4'endo conformation (7,) being higher
with pyrimidines than with purines. On the other hand, the
furanose pseudorotation angle in the north range (P, and
P,) shows some dependence on the base, but without any
trend in terms of purine versus pyrimidines. Some other
deoxyribose structural properties show little, if any, influ-
ence of the base. These properties include the furanose
amplitudes in the north (7, and 7,) and south (7, and 73)
ranges and the glycosyl torsion associated with the north
energy minimum (x,). The glycosyl torsions associated with
the south energy minimum (,) and with the east pseudo-
rotation energy barrier (x,) also show little dependence on
the base, except with cytosine.

Deoxycytidine strikingly differs from the other nucleo-
sides by its x, value, which falls in the range populated by
the glycosyl torsion in A and Z DNA. Deoxycytidine is also
the only nucleoside for which the north minimum is lower
in energy than the south. This strongly suggests that deoxy-
cytidine is intrinsically more prone to accommodate the A
form of DNA as compared to the other deoxyribonucleo-
sides. With the other nucleosides, y, values fall in a range
(~230.0°) which is intermediate between the y values char-
acteristic of the canonical A and B forms of DNA, and the
south energy minimum is slightly more stable than the
north, by <1.0 kcal/mol.

When the deoxynucleosides, except deoxycytidine, are
energy-minimized in a B DNA-like conformation by con-
straining x accordingly, their internal energy increases by
~0.5 to 1.0 kcal/mol relative to the corresponding south
energy minima. This indicates that the internal energy of
deoxyadenosine, deoxyguanosine, and deoxythymidine is
approximately the same in the A and B forms of DNA. In
contrast, the intrinsic conformational energetics of deoxy-
cytidine favors the A form of DNA over the B form by 2.3
kcal/mol. At the basepair level, the present calculations
suggest that the intrinsic conformational energetics of a GC
basepair stabilize A DNA by ~1.5 kcal/mol relative to B
DNA. This result is consistent with GC basepairs favoring
the equilibrium toward the A form of DNA, as compared to
AT basepairs. Therefore, the present results indicate that the
intrinsic conformational properties at the nucleoside level,
and thus base composition, influence the equilibrium be-
tween the A versus B form of DNA. It should be empha-
sized that this contribution is but one of many effects,
including but not limited to base stacking, screening of
phosphate-phosphate electrostatic repulsion and minor
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groove hydration, that contribute to the equilibrium between
the A and B forms of DNA.

The present work also suggests that the south energy
minimum conformation of deoxycytidine can more readily
accommodate a Z DNA pyrimidine conformation than de-
oxythymidine. Deoxycytidine internal energy favors the Z
form of DNA over the B form by 1.6 kcal/mol as compared
to deoxythymidine. This difference may contribute to the
formation of Z DNA being favored by a high-GC basepair
content in alternating purine-pyrimidine sequences.

The different intrinsic energetics of deoxycytidine as
compared to the other nucleosides needs not to be limited to
the canonical A, B, and Z DNA conformations. This differ-
ence could also extend to other conformations, occurring,
for instance, under specific binding of a protein or a drug. If
so, the nucleoside intrinsic energetics would be an addi-
tional indirect readout factor contributing to the selective
binding of a protein to its cognate sequence. That the B
DNA conformation is destabilized by cytosine, at the nu-
cleoside level, relative to other conformations, may facili-
tate the deformation of some sequences upon protein or
drug binding.

Information about the influence of base on the east pseu-
dorotation and inversion energy barriers between the de-
oxyribose north and south conformational ranges has been
presented. The east pseudorotation barrier is found lower in
energy than the inversion barrier in all cases, with the extent
of the difference being base-dependent. When the east pseu-
dorotation barrier is calculated relative to the global energy
minimum, this barrier shows little dependence on the base,
and is in agreement with a previous estimate of ~4.0
kcal/mol (Foloppe and MacKerell, 1998). However, the
magnitude of the east energy barrier decreases and shows
base dependency when it is calculated relative to the B
DNA conformation, ranging from 1.8 to 3.7 kcal/mol. The
lowest of these values is obtained for deoxycytidine, sug-
gesting that this nucleoside may kinetically facilitate B to A
DNA transitions. Furthermore, the east pseudorotation bar-
rier for deoxythymidine, 2.8 kcal/mol, is also lower than
that of the purines. The lower east pseudorotation energies
relative to the B DNA conformation of the pyrimidines
versus the purines correlates with the higher population of
pseudorotation values in the C1’exo region in pyrimidines
as compared to purines in B DNA (Hartmann and Lavery,
1996; Drew et al., 1981; Foloppe and MacKerell, 1998).

The present results confirm that the conformational prop-
erties of thymine and uracil at the nucleoside level are
nearly identical, although differing significantly from cyto-
sine. Structural and energetic properties of deoxythymidine
and deoxyuridine minimum energy structures are similar
(see Table 2). Furthermore, the glycosyl torsion and ener-
getics associated with the east pseudorotation barrier are
nearly identical for the two compounds (Table 4). x. in
deoxycytidine is ~22.0° lower than in the two other pyrim-
idine deoxynucleosides. While the similarity of the uracil
and thymine nucleosides is expected, the inclusion of the
uracil data can be considered to be an additional control to
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TABLE A1 Bond lengths (A) for the deoxyribose moiety in the nucleosides in the north energy minimum

Bond lcrys Oerys Inde let lGua lThy s
Cc1'-Cc2’ 1.519 0.010 1.524 1.527 1.526 1.527 1.527
C2'-C3’ 1.518 0.012 1.526 1.525 1.527 1.526 1.526
Cc3'-Cc4’ 1.521 0.010 1.523 1.521 1.522 1.521 1.521
C4'-04' 1.449 0.009 1.443 1.440 1.441 1.441 1.441
04'-C1’ 1.418 0.012 1.420 1.423 1.421 1.420 1.420
C3'-03’ 1.419 0.006 1.423 1.424 1.423 1.423 1.423
C4'-C5’ 1.509 0.011 1.508 1.508 1.509 1.508 1.508
C1'-N1/N9 1.488 0.013 1.465 1.478 1.463 1.480 1.481
C5'-05’ 1.423 0.011 1.427 1.429 1.427 1.429 1.428

lorys Tefers to the average values obtained from statistical analysis (standard deviation o) of crystal structures of nucleosides and nucleotides (Gelbin et

crys

al., 1996). Ixges leye lguar brny> @nd Iy, tefer to the calculated bond lengths for deoxyadenosine, deoxycytidine, deoxyguanosine, deoxythymidine, and

deoxyuridine, respectively.

verify the unique influence of cytosine on the intrinsic
conformational energetics at the nucleoside level.

An important application of the present analysis will be
an improved calibration of DNA molecular mechanics force
fields. Recent tests of some currently available force fields
have demonstrated that such improvements are necessary
(Feig and Pettitt, 1998; MacKerell, 1998). Based in part on
the present data, a revised version of the CHARMM all-
atom force field for nucleic acids has been developed (Fo-
loppe and MacKerell, 1999, submitted for publication;
MacKerell and Banavali, 1999, submitted for publication).

Supporting information available

The following appendices contain four tables presenting the
calculated (MP2/6-31G*) bond lengths and valence angles
for the deoxyribonucleosides in their north and south energy
minima, and in the O4’endo conformation, along with
15 tables presenting the calculated (MP2/6-31G*) Carte-
sian coordinates of the deoxyribonucleosides in these
conformations.

APPENDIX A

Individual nucleoside bond lengths and valence angles calculated at the
MP2/6-31G* level of theory and their crystal counterpart.

APPENDIX B

Cartesian coordinates (X, Y, Z) calculated at the MP2/6-31G* level of
theory for the nucleosides may be obtained from the web page of ADM, Jr.
at URL www.pharmacy.ab.umd.edu/~alex/research.html. See Methods for
the definitions of atom names.
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TABLE A3 Valence angles (deg.) for the deoxyribose moiety in the nucleosides in the north energy minimum

Angle eclys Ocrys O ade 6'Cyt 0Gua 9Thy OUra
Cl1'-Cc2'-C3’ 102.4 0.8 101.6 102.1 101.9 102.2 102.2
C2'-C3'-C4’ 102.2 0.7 100.9 100.9 100.9 100.9 100.9
C3'-C4'-04' 104.5 0.4 105.4 105.2 105.3 105.2 105.2
C4'-04'-C1’ 110.3 0.7 109.6 109.7 109.7 109.8 109.8
04'-C1'-C2’ 106.8 0.5 106.7 106.6 106.6 106.6 106.6
C2'-C3'-03’ 112.6 33 115.3 115.5 115.2 1154 115.4
C4'-C3'-03’ 112.3 2.0 107.7 107.7 107.8 107.7 107.7
C5'-C4'-C3’ 115.7 1.2 115.9 116.2 115.9 116.2 116.1
C5'-C4'-04' 109.8 1.1 109.9 109.9 109.8 109.9 109.8
04'-C1'-N1/N9 108.3 0.3 108.4 109.1 108.3 108.8 108.8
C2'-C1'-N1/N9 112.6 1.9 1114 111.7 111.9 112.1 112.1
05'-C5'-C4’ 111.0 2.5 108.6 108.8 108.7 108.8 108.6
C1'-N9-C4 123.9 1.0 124.4 — 124.5 — —
C1'-N1-C2 117.5 1.4 — 114.9 — 115.0 114.9

0.,y Tefers to the average values obtained from statistical analysis (standard deviation o) of crystal structures of nucleosides and nucleotides (Gelbin
et al,, 1996). Oaqer Ocyir Ocuar Ornys and Oy, refer to the calculated valence angles for deoxyadenosine, deoxycytidine, deoxyguanosine, deoxythymidine,

and deoxyuridine, respectively.

TABLE A4 Valence angles (deg.) for the deoxyribose moiety in the nucleosides in the south energy minimum

Angle Gcrys Ucrys eAde 0Cyl OGua eThy OUra
C1'-Cc2'-C3’ 102.5 1.2 101.8 101.6 101.8 101.6 101.6
C2'-C3'-C4’ 103.1 0.9 102.7 102.8 102.7 102.7 102.7
C3'-C4'-04' 106.0 0.6 106.3 106.5 106.3 106.5 106.5
C4'-04'-C1’ 110.1 1.0 110.1 109.7 110.1 109.8 109.8
04'-C1'-c2’ 105.9 0.8 105.8 105.7 105.8 105.3 105.3
C2'-C3'-03’ 109.4 2.5 111.6 111.8 111.6 111.6 111.6
C4'-C3'-03’ 109.7 25 105.5 105.4 105.6 105.4 105.4
C5'-C4'-C3’ 114.1 1.8 114.7 114.8 114.6 114.5 114.5
C5'-C4'-04’ 109.3 1.9 109.2 109.0 109.2 109.1 109.0
04'-C1'-N1/N9 108.0 0.7 107.7 108.2 107.8 107.6 107.5
C2'-C1'-N1/N9 114.3 1.4 113.7 113.5 113.7 1143 114.2
05'-Cs5'-C4' 110.9 1.7 108.4 108.2 108.4 108.4 108.3
CI'-N9-C4 126.3 1.2 126.7 — 126.7 — —
ClI'-N1-C2 117.8 1.1 — 116.5 — 118.5 118.5

0., refers to the average values obtained from statistical analysis (standard deviation o,

crys

.ys) Of crystal structures of nucleosides and nucleotides (Gelbin
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