
A Standard Reference Frame for the Description
of Nucleic Acid Base-pair Geometry

These preliminary recommendations were made at the Tsukuba Workshop on
Nucleic Acid Structure and Interactions held on January 12-14, 1999 at the AIST-
NIBHT Structural Biology Centre in Tsukuba, Japan.  The meeting was funded by
the COE program of the Science and Technology Agency, Japan and the CREST
program of the Japan Science and Technology Corporation.  The meeting was
organized by Masashi Suzuki of the National Institute of Bioscience and Human-
Technology and Helen M. Berman and Wilma K. Olson of the Nucleic Acid
Database Project (supported by National Science Foundation (USA) grant DBI 95
10703).

Participants at the workshop included Manju Bansal (Indian Institute Science,
Bangalore), Helen M. Berman (Rutgers University), Stephen K. Burley (Rockefeller
University), Richard E. Dickerson (University of California, Los Angeles), Mark
Gerstein (Yale University), Stephen C. Harvey (University of Alabama at
Birmingham), Udo Heinemann (Max-Delbrück-Centrum), Stephen Neidle (Institute
of Cancer Research), Wilma K. Olson (Rutgers University), Zippora Shakked
(Weizmann Institute), Masashi Suzuki (AIST-NIBHT Structural Biology Centre),
Chang-Shung Tung (Los Alamos National Laboratory), Heinz Sklenar (Max-
Delbrück-Centrum), Eric Westhof (Strasbourg), and Cynthia Wolberger (Johns
Hopkins University).  The survey of small molecule crystal structures was
performed by John Westbrook and Helen M. Berman.  The optimization of
standard base-pair geometry and the calculation of derived parameters were
carried out by Xiang-Jun Lu and Wilma K. Olson with support from U.S.P.H.S.
grant GM20861.

A common point of reference is needed to describe the three-dimensional arrangements of
bases and base pairs in nucleic acid structures.  The different standards used in computer programs
created for this purpose give rise to conflicting interpretations of the same structure [1].  For
example, parts of a structure, which appear "normal" according to one computational scheme, may
be highly unusual according to another and vice versa.  It is thus difficult to carry out
comprehensive comparisons of nucleic acid structures and to pinpoint unique conformational
features in individual structures.  In order to resolve these issues, a group of researchers who create
and use the different software packages have proposed the standard base reference frames outlined
below for nucleic acid conformational analysis.  The definitions build upon qualitative guidelines
established previously to specify the arrangements of bases and base pairs in DNA and RNA
structures [2].  Base coordinates are derived from a survey of high resolution crystal structures of
nucleic acid analogs stored in the Cambridge Structural Database [3].  The coordinate frames are
chosen so that complementary bases form an ideal, planar Watson-Crick base pair in the
undistorted reference state with hydrogen bond donor-acceptor distances, C1'⋅⋅⋅C1' virtual lengths,
and purine N9—C1'⋅⋅⋅C1' and pyrimidine N1—C1'⋅⋅⋅C1' virtual angles consistent with values
observed in the crystal structures of relevant small molecules.  Conformational analyses performed
in this reference frame lead to interpretations of local helical structure that are essentially
independent of computational scheme.  A compilation of base-pair parameters from representative



A-DNA, B-DNA, and protein-bound DNA structures from the Nucleic Acid Database (NDB) [4]

provides useful guidelines for understanding other nucleic acid structures.

Base coordinates.  Models of the five common bases (A, C, G, T, U) were generated from
searches of the crystal structures of small molecular weight analogs—e.g., free bases, nucleosides,
and nucleotides—in the most recent version of the Cambridge Structural Database [3].  The internal
geometries and associated uncertainties in this data set closely match numerical values reported in
the recent survey of nucleic acid base analogs by Clowney et al. [5].  Because the minor changes in
chemical structure have essentially no effect on either the ideal base-pair frame or the computed
rigid body parameters, the Clowney et al. bases are retained as standards.

Coordinate frame.  The right-handed coordinate frame attached to each base (Figure 1) follows
established qualitative guidelines [2].  The x-axis points in the direction of the major groove along
what would be the pseudo-dyad axis of an ideal Watson-Crick base pair, i.e., the perpendicular
bisector of the C1'⋅⋅⋅C1' vector spanning the base pair.  The y-axis runs along the long axis of the
idealized base pair in the direction of the sequence strand, parallel to the C1'⋅⋅⋅C1' vector, and
displaced so as to pass through the intersection on the (pseudo-dyad) x-axis of thevector connecting
the pyrimidine Y(C6) and purine R(C8) atoms.  The z-axis is defined by the right-handed rule, i.e.,
z = x × y.  For right-handed A- and B-DNA, the z-axis accordingly points along the 5'- to
3'-direction of the sequence strand.

The location of the origin depends upon the width of the idealized base pair, i.e., the C1'⋅⋅⋅C1'
spacing, dC1'⋅⋅⋅C1', and the pivoting of complementary bases, λ, in the base-pair plane (see
Figure 1).  The coordinates of the C1' atoms establish the pseudo-dyad axis, i.e., the line in the
base-pair plane where y = 0.  The rotations of each base about a normal axis passing through the
C1' glycosyl atoms determine the Y(C6) and R(C8) positions used to define the line where x = 0.

Optimization.  The atomic coordinates in Table 1 are expressed in the base-pair reference
frames which optimize hydrogen-bond donor-acceptor distances, dHB, and base "pivot" angles, λY

and λR, against corresponding standards (d0 = 3.0 Å and λ0 = 54.5°).  The departures from ideality
are measured by the sum of the absolute values of the relative deviations,
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where the last term runs over two (T⋅A) or three (C⋅G) hydrogen bonds.  (Optimization in terms of
the sum of the squares of the relative deviations of the λY, λR, and dHB yields similar results.)

Virtual distances and angles characterizing the optimized configurations are detailed in
Table 2.  The minor changes in chemical bonding between T versus C and A versus G in
combination with the constraints of two or three hydrogen bonds, give rise to slightly different
standard orientations of T⋅A and C⋅G base pairs (compare dC1'⋅⋅⋅C1', λY, and λR values in Table 2).





Questions regarding the construction of the standard frames and the computation of local
base-pair parameters can be addressed to:

Wilma K. Olson and Xiang-Jun Lu
Rutgers University
Wright-Rieman Laboratories
610 Taylor Road
Piscataway, NJ 08854-8087, USA
e-mail: olson@rutchem.rutgers.edu
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