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Growing interest in understanding the relationship between the global
folding of nucleic acids and the sequence-dependent structure of individual base-pair steps has stimulated the development of new mathematical
methods to de®ne the geometry of the constituent base-pairs. Several
approaches, designed to meet guidelines set by the nucleic acid community, permit rigorous comparative analyses of different three-dimensional
structures, as well as allow for reconstruction of chain molecules at the
base-pair level. The different computer programs, however, yield inconsistent descriptions of chain conformation. Here we report our own
implementation of seven algorithms used to determine base-pair and
dimer step parameters. Aside from reproducing the results of individual
programs, we uncover the reasons why the different algorithms come to
con¯icting structural interpretations. The choice of mathematics has only
a limited effect on the computed parameters, even in highly deformed
duplexes. The results are much more sensitive to the choice of reference
frame. The disparate schemes yield very similar conformational descriptions if the calculations are based on a common reference frame. The
current positioning of reference frames at the inner and outer edges of
complementary bases exaggerates the rise at distorted dimer steps, and
points to the need for a carefully de®ned conformational standard.
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Introduction
A rigorous scheme for calculating parameters
that describe nucleic acid structures is a prerequisite for deciphering the sequence-dependent conformations and interactions of DNA and RNA. The
importance of a common set of structural variables
was recognized more than a decade ago at an
EMBO Workshop, which established the conceptual framework now used to specify the arrangements of bases and base-pairs in the double helix
(Dickerson et al., 1989; Figure 1). The software
which has been created to meet the guidelines of
the workshop, however, differs subtly in the choice
of mathematics and numerical methodologies.
Individual interpretation and understanding of the
loosely written and illustrated de®nitions have led
to programmatic differences that confuse researchers not involved in the development of the
E-mail address of the corresponding author:
olson@rutchem.rutgers.edu
0022-2836/99/041563±13 $30.00/0

routines, but who wish to characterize the conformations of nucleic acids. Further confounding the
issue are the inconsistent descriptions of base-pair
geometry that stem from the application of different programs to the same structure (Werner et al.,
1996; Fernandez et al., 1997; Lu et al., 1997a). As
illustrated below, parts of some structures may
appear to be quite ``normal'' according to one
computational scheme, but are highly unusual
according to another. Furthermore, conformational
patterns extracted with one set of routines may be
opposite from those collected with a different program. Because of these discrepancies, new structures are not easily compared with published data
derived from different programs, and progress in
understanding nucleic acid conformational principles and the response of DNA and RNA to
protein and ligand binding is hindered.
Due to the complexities of nucleic acid structure,
it is dif®cult, if not impossible, to understand the
various analytical methods by simply applying the
freely distributed software to selected test cases.
Key to this issue is a thorough understanding from
# 1999 Academic Press
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Figure 1. Pictorial de®nitions of reference frames and step parameters that relate sequential base-pairs and the two
complementary base-pair parameters, buckle and propeller twist, common to the computer programs analyzed in
this work. The base-pair reference frame is constructed such that the x-axis points away from the (shaded) minor
groove edge and the N9(R)/N1(Y) atoms linked to the sugar-phosphate backbone (®lled corners in reference frame).
Images illustrate positive values of the designated parameters (Dickerson et al., 1989).

both a mathematical and programmatic viewpoint
of the different methods. As a ®rst step to resolving the discrepancies among existing analysis
routines, we have carried out a comparative study
of local base-pair parameters with seven computational approaches. In order to understand the
various methods, we have developed our own
implementation of each program in a single computer package. Aside from reproducing the results
of individual programs, we can control the choice
of mathematics, reference frames, coordinate ®tting, etc., and thereby uncover the reasons why the
algorithms lead to different interpretations of
nucleic acid structure. Each approach, which is

simply a different way of describing double helical
structure, has its own merits. No one method is
superior to any other from a mathematical perspective or based on the description of a particular
structure. Indeed, the different mathematics have
only limited effects on conformational variables.
All algorithms produce qualitatively similar conformational pictures when carried out with the
same reference frame. The arbitrary choices of
reference frames, however, have a profound
in¯uence on the computed data and point to the
need for a common standard that ful®lls our
expectations and insight about nucleic acid
conformational changes.
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Results and Discussion
Scope and strategy
The seven schemes considered here are illustrative of the many possible mathematical approaches
used in base and base-pair structural analyses and
include some of the currently most in¯uential computer packages: CEHS (El Hassan & Calladine,
1995), CompDNA (Gorin et al., 1995), Curves
(Lavery & Sklenar, 1988, 1989), FREEHELIX
(Dickerson, 1998), NGEOM (Soumpasis & Tung,
1988; Tung et al., 1994), NUPARM (Bansal et al., 1995;
Bhattacharyya & Bansal, 1989), and RNA (Pednault
et al., 1993; Babcock et al., 1994; Babcock & Olson,
1994). Each of these programs conforms to the
established conformational guidelines (Dickerson
et al., 1989), and produces parameters that are suitable for rigorous reconstruction of nucleic acid
structure at the base-pair level. Closely related programs with similar functionalities are not included
in the survey, e.g. Mazur & Jernigan (1995) de®ne
rotational variables in much the same way as
Babcock et al. (1994) in RNA, Lu et al. (1997a) incorporate the rotational scheme developed by El
Hassan & Calladine (1995) in CEHS and most of
the functionalities of the NewHelix/FREEHELIX
software in their SCHNAaP package, and
Shpigelman et al. (1993) generate curved DNA
structures using angles consistent with both CEHS
and NGEOM.
We have thoroughly analyzed the source codes,
examples, and publications available for the listed
programs and have reproduced the output of each
exactly with our own implementations in
MATLAB (Math-Works, Inc., Natick, MA). Here,
we concentrate on the six local step parameters
(shift, slide, rise, tilt, roll, twist; Figure 1) that are
common to the seven computational schemes.
Only a subset of the programs compute all six
local base-pair parameters, i.e. shear, stretch, stagger, buckle, propeller twist, opening. FREEHELIX
and NUPARM determine propeller twist and buckle
only, while Curves de®nes complementary basepair geometry with respect to a global coordinate
frame (see below). In principle, local base-pair parameters could be computed in Curves by using
the base-pair reference frame that arises naturally
as the ``middle frame'' between complementary
bases (see below). Here, we illustrate and account
for differences among algorithms using representative crystal structures from the Nucleic Acid Database (NDB; Berman et al., 1992).
Conflicting structural descriptors
There are three fundamental differences among
the various base and base-pair analysis packages:
(1) the algorithm chosen to calculate parameters;
(2) the reference frames used to position bases and
base-pairs in three-dimensional space; and (3) the
middle frame constructed so that the same parameters are obtained regardless of the direction

from which a DNA or RNA structure is analyzed.
The middle frame corresponds with what is also
called the ``half-way rotation'' (Babcock et al.,
1994), ``mean plane'' (Lavery & Sklenar, 1989), or
``middle-step triad'' (El Hassan & Calladine, 1995).
Projection versus matrix-based algorithms
As detailed elsewhere (Lu et al., 1999), the algorithms fall into two principal groups: (1) projectionbased schemes that build upon the NewHelix
algorithm developed by Dickerson and co-workers
to characterize base-pairs in the ®rst DNA crystal
structures relative to a single global helical axis
(Fratini et al., 1982; Dickerson, 1985), and (2)
matrix-based methods in the spirit of the rotational
scheme adopted by Zhurkin et al. (1979) to analyze
the anisotropic bending of DNA dimers. Bending
and twisting angles are extracted in the former
programs from various projections of base-pair
coordinate axes, and in the latter from elements of
the rotation matrix that relates neighboring basepair frames (Lu et al., 1999). The Curves package,
while primarily projection-based, incorporates
matrix operations in the de®nition of twist reminiscent of the coordinate transformations used in
CEHS and NGEOM. This program is unique in determining a curvilinear global axis as well as a local
frame to relate neighboring base-pairs. Both the
projection and the matrix-based schemes offer clear
illustrations of relative base-pair positioning. The
matrix operations, however, are more readily
adaptable to analytical formalisms (Flory, 1969)
and large-scale molecular simulations (Levitt,
1983), and also provide an automatic de®nition of
the orthogonal middle frame needed to de®ne
translational parameters. In contrast, the projection-based schemes introduce different averaging
protocols and orthogonality corrections to locate
the middle frame of a dimer step. Other distinctions among programs arise in the choice of projections or rotation matrices used to de®ne angular
parameters (Lu et al., 1999). For example, Babcock
et al. (1994) take a single space-®xed rotation axis
to obtain direction-independent rotational parameters, while El Hassan & Calladine (1995) and
Tung et al. (1994) express the same transformation
in terms of a sequence of ``symmetrized'' Euler
rotations.
Conflicting definitions of Rise
All programs de®ne shift and slide consistently
as the x and y-components of the vector connecting
sequential base-pair origins (oi  1 ÿ oi) expressed in
the middle frame (broken line in Figure 2). Rise is
similarly described in all programs, except for
Curves, as the z-component of this translational
vector. In Curves, rise is the sum of two equal distances, jpi ÿ oij and jpi  1 ÿ oi  1j in Figure 2,
where pi and pi  1 are the points of intersection of
the base-pair normals with the xy-plane of the
middle frame. This unusual de®nition leads to
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Figure 2. Schematic of base-pair
frames i and i  l and the middle
frame m used to calculate local step
parameters.

values of rise that are consistently larger
than those determined by other methods, with the
two lengths related by the angle a in Figure 2, i.e.
half the bending angle between successive basepair normals: riseothers/riseCurves  cos a, a  12
cosÿ1(zÃi zÃi  1), where zÃi and zÃi  1 are unit vectors
along the designated normals. The differences in
rise are thus exaggerated at highly-kinked steps.
Furthermore, since rolling is generally favored
over tilting at most base-pair steps (Zhurkin et al.,
1979), and tilting is rarely more than 15  (Gorin
et al., 1995; Hunter & Lu, 1997), the bend angle can
be approximated by roll (r), i.e. a  r/2 in the
preceding formula. The combined effects of large
tilt and roll on rise depend upon the assumed
decomposition of the two bending components in
individual programs, e.g. a is the Pythagorean sum
of tilt and roll in CEHS.
Reference frames
Base-pair coordinate frames are de®ned in terms
of the coordinate axes of complementary bases
and/or speci®c atoms of the bases. Further differences lie in the ®tting of coordinate axes to the
bases, the assumed internal coordinates of bases
(i.e. bond lengths, valence angles, torsions), and
the origins of the base reference frames. The bases
generated in crystal structures and computer
models are not necessarily planar so that various
procedures (presented in detail at http://rutchem.
are
rutgers.edu/olson/jmb/prog comp.html)
used to ®nd the base normals or to superimpose
standard chemical structures onto the experimental
coordinates before constructing the base-pair and
middle frames. Except for Curves, which de®nes
the local frame in terms of the canonical B-DNA
®ber structure (Leslie et al., 1980), the base origins
are roughly coincident in the different schemes,
Ê along the
but are signi®cantly displaced (0.8 A
positive x-axis) from the Curves reference. As
illustrated below, this offset gives rise to systematic
Ê in slide and 0.8 A
Ê in glodiscrepancies of 0.5 A

bal x-displacement in Curves compared with
other programs, and also contributes to differences
in rise at kinked steps. Babcock et al. (1994), by
contrast, introduce a pivot point in each base to
minimize built-in correlations involving translational parameters. While this pivot point has no
in¯uence on rotational parameters, it affects the
origin of the base-pair and the translational parameters de®ned with respect to it (see below).
None of the analysis packages as yet takes advantage of the idealized base geometries recently compiled by Clowney et al. (1996) from the Cambridge
Structural Database (Allen et al., 1994).
Influence of reference frame
Figure 3 illustrates the differences among six of
the analysis packages when run respectively in
their original form and in a common reference
frame on the DNA base-pair steps of the yeast
TATA-box (TBP) complex (Kim et al., 1993), NDB
code pdt012. Here, we omit the NGEOM analysis
which makes ``adjustments'' (Tung et al., 1994) to
correct for the intrinsic sequence-speci®c differences in reference frames de®ned along the principal axes of bases and base-pairs, and reproduces
the angles from CEHS and the distances from RNA
when calculations are performed with respect to a
common reference frame (see Table 1).
As evident from Figure 3 (left-hand side), the
different approaches yield similar patterns of slide
and roll (plus twist and shift which are not shown
here) along the highly deformed DNA structure.
The slide values computed with Curves, however,
Ê ) than the data
are consistently lower (0.5 A
obtained with other methods, the differences
directly linked to the unusual (B-DNA ®ber)
location of base frames noted above. The computed
variations in rise, and to a lesser extent, those in
tilt (data not shown), are noticeably different
among the various schemes. The rise patterns cluster into two groups in the Figure: the CompDNA,
Curves, and RNA algorithms yield zig-zag plots of
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Table 1. RMS deviations of rotational and translational step parameters in randomly generated dimer con®gurations
for designated pairs of analysis schemes
a

CEHS
CompDNAb
Curvesc
FREEHELIXd
NGEOMe
NUPARMf
RNAg

CEHS

CompDNA

Curves

FREEHELIX

NGEOM

NUPARM

RNA

Average

0.002
0.020
0.003
0.051
0.106
0.051

0.129
0.020
0.001
0.051
0.106
0.051

0.053
0.153
0.020
0.055
0.109
0.055

0.126
0.027
0.146
0.051
0.106
0.051

0
0.129
0.053
0.126
0.055
0

0.550
0.521
0.552
0.498
0.550
0.055

0.216
0.178
0.222
0.153
0.216
0.348
-

0.179
0.189
0.197
0.179
0.179
0.503
0.222

Average

0.039
0.038
0.047
0.039
0.044
0.089
0.044
Ê (lower left triangle), are stable after
The angular values, in degrees (upper right triangle), and the translational differences, in A
several hundred cases. See our website, http://rutchem.rutgers.edu/olson/jmb/prog comp.html, for further information.
a
El Hassan & Calladine (1995); Lu et al. (1997a).
b
Gorin et al. (1995).
c
Lavery & Sklenar (1988, 1989).
d
Dickerson (1998).
e
Soumpasis & Tung (1998); Tung et al. (1994).
f
Bansal et al. (1995); Bhattacharyya & Bansal (1989).
g
Pedault et al. (1993); Babcock et al. (1994); Babcock & Olson (1994).

rise versus chain sequence and show noticeable
increases in rise at the highly rolled TA TA and
AA  TT steps, whereas the CEHS, FREEHELIX, and
NUPARM routines generate smoother and less pronounced changes in rise with base-pair position.
The former programs also produce high values of
rise at steps where the latter analyses give low
values, and vice versa. For example, the rise at the
kinked sites, where protein side-chains partially
intercalate or pack against the DNA, is signi®-

cantly increased according to the CompDNA,
Ê
Curves, and RNA routines, but close to the 3.4 A
B-DNA norm in the CEHS, FREEHELIX, and
NUPARM analyses. On the other hand, the former
packages report standard rise values for the DNA
between the sites of amino acid interaction,
whereas the latter programs imply partial separation of base-pairs at the same steps. As expected
from the unique de®nition of rise noted above, the
Curves algorithm yields consistently higher

Figure 3. Comparison of the three local step parameters of DNA in the yeast TBP  TATA-box complex (Kim et al.,
1993), calculated using the designated schemes in their original form (left-hand side) and with respect to a common
reference frame, here the local base-pair coordinate frames de®ned by the RNA software package (right-hand side).
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Figure 4. Buckle and propeller twist of DNA base-pairs in the yeast TBP TATA-box complex (Kim et al., 1993) calculated using the designated schemes in their original form (left column) and relative to the RNA base reference
frame (right column). Note the different sign, but comparable magnitude of buckle reported by FREEHELIX. The
cup, de®ned by Yanagi et al. (1991) as the difference between successive base-pair buckles, i.e. ki  1 ÿ ki, will also be
reversed with this notation.

values of this parameter than all other approaches
at unusual, i.e. highly rolled, base-pair steps.
The disparate mathematical schemes, however,
yield nearly identical conformational descriptions
if the calculations are performed with respect to a
common reference, such as the base-pair axes generated with the RNA package (Figure 3, right-hand
side). The major differences among nucleic acid
structure analysis programs clearly stem from the
choice of base and base-pair coordinate frames
rather than mathematical approach. That is, the
step parameters converge to values characteristic
of the chosen coordinate frame. For example, the
calculations based on the RNA base-pair frame in
the right-hand side of Figure 3 follow the sequence
of open triangles in the left-hand side of the
Figure regardless of mathematics, whereas parameters determined in the CEHS frame would
approach the open circles. With the exception of
the Curves data at highly kinked dimer steps, the
differences among rise values are almost indistinguishable when the TBP steps are analyzed from a
common vantage point. The deviations in Curves
rise at kinked steps again stem from its unusual
de®nition. The NUPARM and RNA slide values also
Ê differstand out at the extreme steps. The 0.3 A
ences in slide (Figure 3, top right) arise from the
slightly different construction of the middle frames
in these programs compared with other methods
(Lu et al., 1999).
The corresponding comparison of complementary base parameters with the same six approaches
in their original form and with respect to a common reference yields similar results (Figure 4).

Differences in buckle and propeller twist, the only
base-pair parameters common to all six methods,
disappear when the calculations on the aforementioned DNA-TBP complex are performed using the
same base coordinate frames. The FREEHELIX and
NUPARM angles, which cannot be calculated from a
set of arbitrary base frames (since these parameters
are de®ned by the base normals and the C8(R)C6(Y) axis), are omitted from the right-hand side
of the Figure. The Curves data in this example are
local parameters de®ned in terms of the base and
base-pair reference frames that arise in the calculations, rather than the global parameters reported
in the original program. Both complementary basepair and dimer step parameters are highly sensitive
to geometric distortions of individual bases and
may differ substantially in the same program if a
standard base is or is not ®tted to the experimentally derived coordinates (see the following URL
for numerical details: http://rutchem.rutgers.
edu/olson/jmb/prog comp.html).
The local base-pair parameters calculated here
closely match the global base-pair parameters
determined with Curves in representative double
helical structures: d(GGGGCCCC)2, NDB code
adh006 (McCall et al., 1985); d(CGCAATTGCG)2,
NDB code bd1001 (Drew et al., 1981);
d(CGCAAAAAAGCG)2, NDB code bd1006
(Nelson et al., 1987). The root-mean-square (RMS)
deviations of angular parameters are less than
0.5  . Discrepancies arise, however, at abnormal
steps such as the extreme AA  TT kink in the conserved CAAT ATTG sequence in the crystal complex of integration host factor (IHF) with DNA
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Ê ) of
Table 2. Method-dependent conformational correlation coef®cients (r) and mean values of twist (deg.) and rise (A
Ê ) A-DNA, B-DNA, and drug-intercalated dimer steps
high-resolution (better than 2 A
A-DNA (254)

B-DNA (173)

Drug-DNA (64)
Ê , Twist >26 )
(Rise >5 A
Twist
Rise
r

Drug-DNA (70)
Ê)
(Rise >5 A
Twist
Rise
r

Twist

Rise

r

Twist

Rise

r

CEHS
FREEHELIX
NUPARM

31.50
31.43
31.41

3.32
3.31
3.34

ÿ0.30
ÿ0.29
ÿ0.32

35.64
35.62
35.61

3.33
3.33
3.33

ÿ0.51
ÿ0.50
ÿ0.46

35.88
35.88
35.84

5.99
5.99
5.99

ÿ0.07
ÿ0.09
ÿ0.01

34.32
34.32
34.28

6.07
6.07
6.07

ÿ0.79
ÿ0.79
ÿ0.76

ComDNA
Curves

31.62
31.74

3.29
3.39

0.26
0.20

35.78
35.80

3.32
3.33

0.40
0.28

36.18
35.88

7.05
7.05

0.04
ÿ0.17

34.65
34.37

7.01
7.01

0.82
0.76

RNA

31.69

3.29

0.14

35.79

3.32

0.24

36.23

6.66

0.10

34.69

6.67

ÿ0.01

Analysis excludes structures with base mismatches or chemical modi®cations. The number of dimer steps within each class of
structures is noted in parentheses.
Dimer steps are taken from the following ®les in the NDB (Berman et al., 1992): 32 A-DNA structures: adh008, adh010, adh0102,
adh0103, adh0104, adh0105, adh014, adh026, adh027, adh029, adh033, adh034, adh038, adh039, adh047, adh070, adh078, adj0102,
adj0103, adj0112, adj0113, adj022, adj049, adj050, adj051, adj065, adj066, adj067, adj069, adj075, ad1025, udj032; 17 B-DNA structures:
bdf068, bdj017, bdj019, bdj025, bdj031, bdj036, bdj037, bdj051, bdj052, bdj060, bdj061, bdj081, bd1001, bd1005, bd1020, bd1084,
udj049; 36 Drug-DNA intercalation complexes: ddb008, ddb009, ddb033, ddb034, ddd030, ddf001, ddf018, ddf019, ddf020, ddf022,
ddf026, ddf028, ddf029 , ddf031, ddf032, ddf035, ddf036, ddf038, ddf039, ddf040, ddf041, ddf044, ddf045, ddf049, ddf050, ddf052,
ddf053, ddf054, ddf055, ddf056, ddf061, ddf062, ddf063, ddf065, ddf066, ddf079. The structures containing the six intercalation sites
with Twist <26 are listed in boldface. See our website, http://rutchem.rutgers.edu/olson/jmb/prog comp. html, for full literature
citations.

(Rice et al, 1996), NDB code pdt040. Here the global description exaggerates the propeller twist
(ÿ26.9  ) and opening (19.7  ) of the underlined
A T base-pair compared with the local perspective
(ÿ16.9  and 4.0  , respectively).
Algorithmic distinctions
As a further test of the different programs, we
have compared the parameters of dimer steps
simulated at random over the range of values
observed in the A and B-DNA dinucleotide structure database compiled by El Hassan and
Calladine (1997): Tilt [ ÿ 10  , 10  ], roll [ ÿ 20  ,
Ê , 2.0 A
Ê ], slide
25  ], twist [20  , 55  ], shift [ ÿ 1.0 A
Ê
Ê
Ê
Ê
[ ÿ 3.0 A, 3.0 A], rise [2.5 A, 5.5 A]. Table 1 lists
the RMS deviations among computed step parameters for 10,000 dimer con®gurations within
these parameter ranges. Each set of coordinate
frames is generated from arbitrarily chosen
rotational and translational states using CEHS construction routines (Lu et al., 1997b) and then reanalyzed
with
the
seven
computational
approaches. That is, all calculations are carried out
from a common vantage point, but with different
mathematics. Angles used in the dimer building
are limited to integral values and translations to
Ê between the designated limits. The RMS
0.1 A
values in the table reveal the mathematical distinctions between speci®c pairs of analysis schemes.
Overall, the algorithmic differences are small, with
average RMS deviations of computed rotational
and translational parameters generally less than
Ê , respectively. The NUPARM
0.3  and 0.05 A
rotations and distances, however, stand out as
more unusual than other values. The 0.5  anguÊ translational disparities
lar deviations and 0.09 A
in this scheme arise from the unusual construction
of dimer frames, i.e. the middle frame z-axis is
de®ned in terms of the x and y-axes rather than the

average of the constituent base-pair normals (Lu
et al., 1999). Notably, the NGEOM package yields the
same rotational parameters as the CEHS routines
and the same translational parameters as the RNA
software (note the zero RMS entries in Table 1).
Similar analyses of individual step parameters
(data not shown) reveal the CEHS/NGEOM and
Curves de®nitions of twist to be identical. The
numerical data also con®rm the identical de®nitions of twist in CompDNA and FREEHELIX (Lu
et al., 1999) and the identical descriptions of rise
obtained with CEHS, CompDNA, and FREEHELIX.
Once again, the Curves rise consistently exceeds
the values obtained with other methods.
Frame-dependent conformational correlations
The choice of reference frame is critical to understanding the conformational principles that can be
extracted from nucleic acid structures. Conformational trends as well as individual parameter
values depend upon the assumed positioning of
base-pair axes. For example, reference frames like
those from CompDNA, Curves, and RNA that
increase rise at sites of partial amino acid intercalation in the TBP-DNA complex, lead to unexpected
correlations between rise and twist in other nucleic
acid structures. In contrast to the unwinding of
DNA and RNA brought about by the intercalative
binding of planar ligands in solution (Bauer &
Vinograd, 1968), local DNA untwisting in A and
B-DNA crystal structures is not associated with an
increase in base-pair separation with these three
schemes. Indeed, the correlations between twist
and rise in 254 A-DNA and 173 B-DNA dimer
Ê
steps from structures of resolution better than 2.0 A
are positive when the data are analyzed with the
CompDNA, Curves, and RNA packages, but negative when examined with other programs (Table 2).
As evident from the table, the levels of signi®cance,
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Figure 5. Stereo diagram of the superimposed local base-pair frames of the Curves, RNA, and CEHS schemes for
the kinked AA TT step in the IHF-DNA complex (Rice et al., 1996). The view is towards the minor groove.

i.e. magnitudes, of the correlations also depend
upon computational scheme and conformational
sample. The signi®cance levels are generally lower
for the RNA data analysis which introduces a
pivot point to minimize the interdependence of
rotations and translations of complementary bases
(Babcock & Olson, 1994). Correlations are also
stronger for B-DNA compared with A-DNA. The
sign of the rise-roll correlation, which is generally
weaker than the rise-twist correlation, shows the
same sort of reference frame dependence, i.e. negative for B-DNA analyzed with CompDNA and
Curves, nil with RNA, and positive with all other
routines (data not shown). Interestingly, these
same correlations persist in 70 drug-intercalated
Ê resolution or better, i.e. the
dimer steps of 2.0 A
twist-rise correlation is positive with CompDNA,
Curves, and RNA, and negative with the other
cases. Furthermore, the majority of currently available drug-intercalated sites show slight overwinding compared with B-DNA, and no signi®cant
twist-rise interdependence (Table 2). The six
known dimer steps of large rise and low twist are
the major contributors to the method-dependent
correlations of twist and rise exhibited by the complete set of binding sites.
Contributions to Rise
Some extremes among base-pair reference frames
are illustrated in Figure 5 for the severely kinked
AA  TT step from the IHF-DNA complex (Rice et al.,
1996). The distortions of base-pairs in this example
exaggerate the differences among coordinate frames
obtained with programs like Curves and RNA,
which de®ne base-pair axes in terms of complementary base frames versus schemes like CEHS, which
®x one of the base-pair axes along the C8(R)-C6(Y)
line. As evident from the Figure, the large buckling
of complementary bases displaces the base-pair origins de®ned by the different approaches. Here, a
large positive (>40  ) buckling in the lower basepair combined with a large negative (< ÿ25  ) buckling in the upper residue substantially widens the
distance between successive Curves and RNA origins compared with neighboring CEHS origins. This
buckling pattern, also termed negative cup (see the
legend to Figure 4), is seen at many sites of drug

intercalation. The few unwound drug-intercalated
steps noted above, however, exhibit a large positive
cup with the inner edges of the bases in closer contact with bound drug than the C8(R)- and C6(Y)edges. In these cases, the Curves rise is less than
the CEHS and RNA values.
The Buckle-induced increment in Curves Rise
over CEHS values is equal to y[sin(ki/2)
ÿ sin(ki  1/2)], where y is the distance from the
C8(R) or C6(Y) atom to the dyad axis of the undisÊ . The corresponding
torted base pair, i.e. 4.9 A
increment for RNA versus CEHS rise values is smaller, since the base origins used to de®ne the basepair coordinate frame, i.e. pivot points, are disÊ away from the dyad axis, i.e.
placed 1.8 A
Ê.
y  (4.9 ÿ 1.8) A
The Curves rise in the IHF-DNA complex is
further enhanced by the 60  Roll of the kinked
AA  TT dimer in Figure 5. As noted in the above
discussion of reference frames, the Curves baseÊ toward the minor
pair origin is displaced 0.8 A
groove compared with the origins of other analysis
schemes. This repositioning adds to the rise at
positively rolled dimer steps, and reduces the rise
when roll is negative (see below). The roll-induced
increment in Curves rise over other schemes is
Ê.
equal to 2  0.8 sin(r/2) A
Rise: why the difference?
Rise is an important parameter for characterizing
double helical structures (Sponer & Kypr, 1993b;
Hunter & Lu, 1997). The separation of base-pairs is
linked to both drug and protein-nucleic acid
interactions. The correlation of rise with angular
parameters, particularly cup, is well known
(Bhattacharyya & Bansal, 1990; Yanagi et al., 1991;
Sponer & Kypr, 1993a; Babcock et al., 1994), as are
discrepancies in rise values obtained from Curves
versus other routines (Werner et al., 1996; Lu et at.,
1997a). The reasons for these differences and the
reasons why bending affects base-pair displacement,
however, have never been clear until now. Understanding how rise is de®ned in different nucleic acid
analysis packages straightens out this confusion.
As is clear from the preceding illustrations, a
number of factors in¯uence the computed values
of rise, complicating the comparison of different
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Table 3. The observed differences in rise between published CompDNA and Curves values (Werner et al., 1996) compared with corrections obtained with the approximate formula given in the text
Roll ( )

21

49

47

43

46

38

48

ÿ52

Ê)
RiseCurves (A
Ê)
RiseCompDNA (A
Ê)
RiseCurves corrected (A

4.3
3.9
3.9

7.0
5.8
5.7

5.8
4.7
4.7

5.9
5.0
4.9

5.3
4.3
4.2

5.6
4.7
4.8

7.2
5.9
5.9

4.8
5.0
5.0

nucleic acid conformational analyses. Furthermore,
as ®rst noticed by Babcock & Olson (1994), the correlations between rise and other base-pair parameters depend upon computational method. Both
buckle and roll alter rise by repositioning the origins of neighboring base-pair frames. Their effects
are related to the way in which the origins are
de®ned and are dependent on the signs of these
two parameters. The Curves rise is also increased
over other values by its unusual decomposition
into two terms. As noted above, all other programs
de®ne rise as a component of the displacement
vector between base-pair origins.
These different contributions reinforce one
another and account approximately for the
enhancement of the Curves rise compared with
values obtained with other methods:
riseothers  riseCurves cos r=2 ÿ 2  0:8 sin r=2
ÿ y sin ki =2 ÿ sin ki1 =2:
Here, y depends upon the de®nition of the desigÊ for CEHS, FREEnated reference frames: 4.9 A
Ê for RNA
HELIX, and NUPARM versus Curves; 1.8 A
Ê
versus Curves; 0 A for CompDNA versus Curves.
Because the roll and buckle values computed with
different methods are normally different, the mean
values from the schemes of interest can be inserted
in this expression, e.g. the average of rollothers
and rollCurves for r. As seen above for the yeast
TBP-DNA complex (Figures 3 and 4), roll and buckle
values from different methods typically match quite
closely.
Relation to other work
Comparative conformational analyses
Werner et al. (1996) were the ®rst to report the
large differences in CompDNA versus Curves rise
values at kinked steps in several DNA-protein
complexes. The reported discrepancies, however,
vanish when the effects of roll on the Curves de®nition of rise are taken into consideration (Table 3).
Curves rise values from Werner et al. (1996),
which have been corrected for roll with the above
Ê.
expression, match the CompDNA data within 0.1 A
Note that there is no buckling correction in this
case, since the CompDNA and Curves origins lie
approximately on the same short axis, i.e. y  0.
The negatively rolled example in Table 3 is a partially opened ATAT step from the EcoRI endonuclease complex (Kim et al., 1990), NDB code
pde001. Here, in contrast to the positively kinked
steps considered by Werner et al. (1996), the base-

pairs roll into the minor groove and the CompDNA
rise is larger than the Curves value. The Curves
rise value can, nevertheless, be reconciled with the
CompDNA de®nition with our simple formula.
Lu et al. (1997a) recently spotted even greater
discrepancies among rise values for the AA TT
kinked step in the IHF-DNA complex (Figure 5).
Ê Curves rise, which is more
In this case the 8.5 A
Ê ) and 1.5 times
than double the CEHS value (4.1 A
Ê ), exceeds the maximum
the RNA value (5.6 A
inter-atomic distance between adjacent bases.
As noted in the above discussion, both roll and
buckle contribute to the exaggerated value of the
Curves rise in IHF-bound DNA. Consideration
of the 60  roll and the unusually large negative
cup of this dimer, i.e. ki  l  46  and ki  ÿ28  ,
brings the Curves rise in closer agreement
Ê,
with the CEHS and RNA values (3.5 and 5.4 A
Ê difference between the
respectively). The 0.6 A
corrected value and the computed CEHS rise is the
worst approximation of our formula. Other subtle
factors, such as the assumed value of y, affect
base-pair displacement at this extreme dimer step.
The best ``corrected'' Curves match is with
Ê versus corrected
CompDNA, riseCompDNA  6.7 A
Ê , the agreement tied to the comriseCurves  6.6 A
mon long axis reference point in the two programs,
i.e. y  0.
T. Elgavish & S. C. Harvey (unpublished data)
have tested several base-pair analysis packages
against a set of representative DNA structures and
noticed the close correspondence between Curves
and RNA local step parameters. As evident from
the current work, the general agreement between
these programs stems from the similar construction
of base-pair reference frames. One of us has also
noted the close correspondence of CompDNA and
RNA dimer angles, despite the very different mathematics of these two approaches (Olson, 1996). The
latter correspondence also re¯ects the similarity of
base-pair coordinate frames. Indeed, the CompDNA
parameters correlate even better with Curves data
than with RNA ®ndings (Table 3), because of the
closer similarity of base-pair axes. CEHS and
FREEHELIX step parameters also match one
another because of the close correspondence of
their respective base-pair reference frames (Lu et al.,
1999).
T. Elgavish & S.C. Harvey (unpublished data)
Ê offset
and Lu et al. (1997a) have observed the 0.5 A
in slide values between Curves and RNA/CEHS
(Figure 3, top left). We now understand that these
difference re¯ect the unusual location of the basepair origin in Curves compared with other
methods. The same factor also accounts for the
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Ê difference in global x-displacement, e.g. the
ÿ0.8 A
displacement of base-pairs away from the helical
axis, found with Curves versus other programs,
and contributes as well to the discrepancies in
Curves rise versus other values. The 5  difference in opening values between Curves and RNA
observed by T.E. & S.C.H. (unpublished data)
comes from slight distinctions between the x and
y-axes of the different base reference frames.
Fernandez et al. (1997) have pointed out discrepancies in the global parameters of ®ve A-DNA
structures analyzed with the NewHelix (Fratini
et al., 1982) and Curves packages. The different
perspectives of the two programs, the former
based on a best-®t linear global axis and the latter
on a curved axial pathway, yield con¯icting results
even for the ``best cases'' when the double helix is
nearly straight and base stacking is regular. The
Ê offset
very different values of rise and the 0.5 A
in slide can, nevertheless, be understood from the
current study of local base-pair step parameters.
The different construction of reference frames in¯uences the computed global parameters along the
same lines reported here for local parameters. That
is, the variable locations of base-pair origins alter
translational parameters. The different signs of
buckle in Curves versus NewHelix, also noticed
by Lu et al. (1997a) and T.E. & S.C.H. (unpublished
data), re¯ects inconsistent parameter de®nitions
(see the legend to Figure 4).

Method-dependent structural differences
The recently reported Curves analysis of basepair geometry (global parameters) in the wild-type
PurR-DNA and mutant PurP L54 M-DNA crystal
Ê and 5.7 A
Ê)
complexes gives an exaggerated (6.5 A
rise at the CG  CG steps contacted by protein
(Arvidson et al., 1998), NDBcode pdt063. Careful
examination of the tabulated data additionally
reveals signi®cant roll (48  and 43  ) and cup
(ÿ46  and ÿ36  ) that account for the abnormal
displacement. The enhancement in rise in the DNA
bound to the wild-type versus the mutant protein
is thus method-related, the larger separation
re¯ecting the greater roll and cup at the distorted
steps in the wild-type complex. In contrast, CEHS
analysis of the same protein-DNA complexes
suggests only minor structural perturbations of rise
Ê and 4.0 A
Ê , respectively),
at the CG CG steps (3.8 A
and RNA calculations yield intermediate and equivÊ and 4.8 A
Ê,
alent degrees of separation (4.8 A
Ê
respectively). The >6 A local Curves rise at the
kinked TA TA steps in the human TATA-binding
protein complex (Juo et al., 1996) is similarly misleading and not necessarily indicative of ``the forcing apart of base-pairs''. CEHS and FREEHELIX
rise values are normal at the kinked steps in this
Ê ) at the central
structure and slightly larger (4.0 A
base-pair steps, exactly as shown for the yeast
TBP-DNA structure (Kim et al., 1993) in Figure 3.
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Computer simulations and base-pair constraints
Finally, recent molecular dynamics simulations
(Pardo et al., 1998) of the transformation of A-form
DNA to the TA-conformation imposed by the
TATA-binding protein (Guzikevich-Guerstein &
Shakked, 1996) fail to account for the values of rise
in the crystal complex (Kim et al., 1993). The simulations, however, constrain the buckle to different
values from those observed in the crystal structure
and only partially reproduce the pattern of roll. As
noted above, both factors contribute to the large
Curves rise in highly distorted DNA structures.
On the other hand, Hunter & Lu (1997) have succeeded in reproducing (within a mean difference of
Ê ) the CEHS rise values of 400 dinucleotide
0.1 A
steps from representative A- and B-DNA crystal
structures (El Hassan & Calladine, 1997). The latter
agreement may re¯ect the constraints on base-pair
parameters, e.g. buckle, in these calculations
(Hunter & Lu, 1997) as well as the limited range of
distortions in A and B-DNA, i.e. cup < 15  .
A choice of reference frames:
expectations versus observations
The reference frames for base-pair analysis
should be chosen so that they ful®ll our expectations of unusual as well as standard nucleic acid
structures. For example, many protein side groups
are non-planar and their insertion into double helical structures is only partial, kinking DNA or RNA
at the sites of interaction. Distortions of this sort,
long hypothesized (Tsai et al., 1975) to be intermediates in the intercalation of planar drugs and
dyes, are likely to spread base-pairs apart to disÊ van der
tances greater than the normal 3.4 A
Ê spacing
Waals' separation, but less than the 6.8 A
created by the ideal sandwiching of an aromatic
ligand. Notions of partial intercalation and
DNA/RNA kinking are clearly tied to the overall
disposition of base-pair planes seen in molecular
models.
Classic solution studies lead us to anticipate an
untwisting in DNA bound to planar drugs and
dyes (Bauer & Vinograd, 1968). The variation in
rise with untwisting in A-DNA, B-DNA, and drugintercalated base-pair steps, however, depends on
the chosen reference frame, some programs yielding negative correlations and others positive or nil
correlations. The crystallographic data also show
that DNA/RNA unwinding is not necessarily concentrated at the sites of ligand intercalation
(Table 2). Thus, one should not necessarily expect
the anti-correlation of twist and rise at the dimer
level.
The observed twist-rise correlations in A- and
B-DNA helices and in drug-nucleic acid complexes
ultimately depend on buckle, since roll is small in
these unkinked structures. Indeed, we can reconcile the different correlations in Table 2 with our
simple correction formula. When base-pairs are
planar, the reference frame does not matter and all
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Figure 6. In¯uence of extreme base-pair buckling on the locations of reference frames used in seven analysis
schemes. The view is along the x-axis with the (shaded) minor groove closer to the viewer. Cup is de®ned here as
the difference in Buckle, i.e. ki  1 ÿ ki.

analysis packages yield comparable rise values.
The negative cup of buckled base-pairs, however,
brings the C8(R) and C6(Y) atoms at the outer
edge of neighboring base-pairs near the van der
Waals' contact limit (Figure 6). The average separation of the base-pairs is greater than this minimum contact distance, but is less than the distance
between the open points in the Figure at the centers of the distorted base-pairs. Similarly, positive
cup brings base-pair centers near the point of
closest approach and enhances the separation of
atoms like C8(R) and C6(Y) at the base-pair edges.
The actual base-pair rise is again somewhere
between these two extremes.
The base-pair frames in most available nucleic
acid analysis packages are de®ned in terms of
either base-pair outer edges or center points
(Figure 6). CEHS, FREEHELIX, and NUPARM fall
into the former category and accordingly underestimate the effects of negative cup on rise and exaggerate the in¯uence of positive cup, whereas
CompDNA and Curves constitute the second class,
overestimating the rise at steps with negative cup
and undervaluing rise when cup is positive.
NGEOM and RNA attempt in different ways to incorporate features of chemical structure in the de®nition of base-pair frames, the former program by
assigning a principal axis reference frame to individual bases, and the latter by choosing pivot
points near the centers of the bases. The resulting
rise values are of intermediate magnitude and the
correlations of rise with other parameters are minimal.
In principle, the location of the base-pair origin
also determines shift and slide. Extreme values of
opening and large deviations of twist can affect
these in-plane displacements in the same way that
buckle and roll in¯uence rise. The base-pair reference frame must also account for the anticipated
behavior of laterally ``melted'' states implicated in
important biological processes, but not yet
captured crystallographically. Current structural
examples (seen, for example, in the crystal com-

plex of DNA with HhaI methyltransferase;
Klimasauskas et al., 1994) are limited to fully
¯ipped-out bases, the shift-slide analog of drugintercalated base-pair steps. The intermediates
involved in base-pair disruption and transverse
``breathing'' are presumably less distorted than
these known extremes.

Conclusions
This article is an attempt to clarify some of the
confusion that has arisen from different analyses of
nucleic acid three-dimensional structure. Our
reconstruction of seven popular computational
approaches shows the critical importance of the
reference frame used to characterize base and basepair geometry. The chosen standard affects the
description of unusual dimers, such as the highly
kinked steps of DNA in crystal complexes with
proteins like TBP, IHF, and PurR, as well as the
conformational trends of ordinary A- and B-DNA
dimer steps and drug-intercalation sites. A given
dimer step may appear to be quite normal according to one computational scheme, but may be
highly unusual according to another. Furthermore,
the conformational patterns extracted with one
program may be opposite from those collected
with another. These differences, in turn, affect our
notions of molecular deformability (Olson et al.,
1998) and our expectations of how DNA and RNA
will respond to external factors.
The mathematics used to interpret the loosely
formulated guidelines for conformational analysis
(Dickerson et al., 1989), in contrast, have only a
limited effect on computed parameters, even in
highly deformed duplexes. Base-pair parameters
from different schemes become virtually identical
when determined with respect to the same basepair axes. The numerical similarity, however, does
not mean that one can mix and match parameters
from different programs. Because small structural
differences at the local level are magni®ed in long
chains (Olson et al., 1993), duplex reconstruction
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must be based on the scheme from which the parameters are derived.
Only one mathematical descriptor, Curves rise,
con¯icts signi®cantly with other programmatic
de®nitions, leading to noticeably larger separation
distances at highly deformed dimer steps. The
different construction of middle coordinate frames
also yields different representations of slide at
these same steps.
A simple formula developed here to reconcile
the con¯icting values of rise found with different
programs points to the extreme viewpoints now
used in the analysis of base-pair geometry. Reference frames are based on the ideal B-DNA double
helix, and do not generally anticipate common perceptions about deformed nucleic acid structures.
The current construction of base-pair origins from
points along the inner and outer edges of complementary bases also exaggerates the rise at distorted dimer steps, sometimes generating values
greater than the separation of atom pairs in adjacent bases. While it may be impossible to ®nd a
reference frame which meets the expectations and
needs of all researchers, the present work provides
a numerical basis for achieving an ``optimized''
standard. Our analysis of the discrepancies in rise
show that base reference frames midway between
the base-pair outer edges and center points would
avoid the exaggerated displacements reported in
some programs at buckled base-pairs and minimize the correlation of rise with other parameters.
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