A Standard Reference Frame for the Description
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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 stfuictiier
example, parts of a structure, which appear "normal" according to one computational scheme, may
be highly unusual according to another sité 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
structureg2]. Base coordinates are derived from a survey of high resolution crystal structures of
nucleic acid analogs stored in the Cambridge Structural Dat@ha3de 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 distan@&s]'irtual lengths,
and purine N9—CIIT1' and pyrimidine N1—CHIICT1' 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 the vector
connecting the pyrimidine Y(C6) and purine R(C8) atoms. The z-axis is defined by the right-
handed rule, i.e., z = x 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"--CI'
spacing, dc1'...c1', and the pivoting of complementary bases, A, 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, dgg, and base "pivot" angles, Ay
and AR, against corresponding standards (dp = 3.0 A and Ag = 54.5°). The departures from ideality
are measured by the sum of the absolute values of the relative deviations,

7»Y—7»0| 7~R—7»0| dHB—do|
Ao + Ao + E do s

{H-bonds}

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 Ay, AR, and dgp 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 dcy'...c1's Ay, and AR values in Table 2).



A

Figure 1 Illustration of idealized base-pair parameters, d., . and A, used
respectively to displace and pivot complementary bases in the optimization
of the standard reference frame for right-handed A- and B-DNA, with the
origin at ® and the x- and y-axes pointing in the designated directions.



Table 1.  Cartesian coordinates of non-hydrogen atoms in the standard reference frames
of the five common nitrogenous bases™

Atom Base x(A) y(A) Z(A)

Adenine
ATOM 1 cr' A -2.479 5.346 0.000
ATOM 2 N9 A -1.291 4.498 0.000
ATOM 3 C8 A 0.024 4.897 0.000
ATOM 4 N7 A 0.877 3.902 0.000
ATOM 5 C5 A 0.071 2.771 0.000
ATOM 6 Co6 A 0.369 1.398 0.000
ATOM 7 N6 A 1.611 0.909 0.000
ATOM 8 N1 A —0.668 0.532 0.000
ATOM 9 C2 A -1.912 1.023 0.000
ATOM 10 N3 A -2.320 2.290 0.000
ATOM 11 C4 A -1.267 3.124 0.000

Cytosine
ATOM 1 cr' C —2.477 5.402 0.000
ATOM 2 N1 C -1.285 4.542 0.000
ATOM 3 C2 C -1.472 3.158 0.000
ATOM 4 02 C -2.628 2.709 0.001
ATOM 5 N3 C -0.391 2.344 0.000
ATOM 6 C4 C 0.837 2.868 0.000
ATOM 7 N4 C 1.875 2.027 0.001
ATOM 8 C5 C 1.056 4.275 0.000
ATOM 9 C6 C -0.023 5.068 0.000

Guanine
ATOM 1 cr' G —2.477 5.399 0.000
ATOM 2 N9 G -1.289 4.551 0.000
ATOM 3 C8 G 0.023 4.962 0.000
ATOM 4 N7 G 0.870 3.969 0.000
ATOM 5 C5 G 0.071 2.833 0.000
ATOM 6 Co6 G 0.424 1.460 0.000
ATOM 7 06 G 1.554 0.955 0.000
ATOM 8 N1 G —0.700 0.641 0.000
ATOM 9 C2 G -1.999 1.087 0.000
ATOM 10 N2 G -2.949 0.139 —0.001
ATOM 11 N3 G -2.342 2.364 0.001
ATOM 12 C4 G —-1.265 3.177 0.000



Table 1 - continued

Atom Base x(A) v (A) z(A)
Thymine
ATOM 1 CI' T -2.481 5.354 0.000
ATOM 2 N1 T —-1.284 4.500 0.000
ATOM 3 C2 T -1.462 3.135 0.000
ATOM 4 02 T -2.562 2.608 0.000
ATOM 5 N3 T —0.298 2.407 0.000
ATOM 6 C4 T 0.994 2.897 0.000
ATOM 7 04 T 1.944 2.119 0.000
ATOM 8 C5 T 1.106 4.338 0.000
ATOM 9 C5M T 2.466 4.961 0.001
ATOM 10 Co6 T -0.024 5.057 0.000
Uracil

ATOM 1 Cr' U -2.481 5.354 0.000
ATOM 2 N1 U -1.284 4.500 0.000
ATOM 3 C2 U -1.462 3.131 0.000
ATOM 4 02 U -2.563 2.608 0.000
ATOM 5 N3 U -0.302 2.397 0.000
ATOM 6 C4 U 0.989 2.884 0.000
ATOM 7 04 U 1.935 2.094 -0.001
ATOM 8 C5 U 1.089 4311 0.000
ATOM 9 Co6 U -0.024 5.053 0.000

* Standard chemical structures taken from Clowney et al. [5]. These data do not include C1' atoms, which
are placed here in the least-squares plane of the base atoms, with the purine C1'—N9 bond length and
C1'—N9—C4 valence angle set respectively to 1.46 A and 126.5° and the pyrimidine C1'—N1 bond and
CI'—N1—C2 angle to 1.47 A and 118.1°. These distances and angles are based on the average glycosyl
geometries of purines and pyrimidines in high resolution crystal structures of nucleic acid analogs from
the Cambridge Structure Database (J. Westbrook and H. M. Berman, unpublished data).
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Notably, the hydrogen bonds closer to the minor groove edges of all base pairs are shorter than
those nearer the major groove edges, as is observed in high resolution structures of Watson-Crick
base-pair co-crystal compleXes]. The hydrogen bonds are slightly shorter on average in the

small molecule analogs, which are in turn distorted to a small degree from the perfectly planar
base-pair geometry assumed here gemnd Table 2 for numerical values).

Minor changes in the imposed configurational constraints have almost no influence on the
preferred base-pair arrangementsg, the increase ofp from 54.5° to 55.5° shortewnlg 1 vy by
less than 0.1 A and perturbs hydrogen bond lengths by less than 0.05 A. The assignment of
different rest states for[¥H-N versus QIH-N hydrogen bonds consistent with the hydrogen
bonding observed in the crystal structures of small organic compperigse.g, dym-n = 3.0 A
and dgr-N = 2.9 A, fails to reproduce the trends in hydrogen bond lengths noted above. These
differences in standard configurations also have a slight effect on derived complementary base-pair
parameters in representative oligonucleotide structures, but virtually no effect on base-pair step
parameters.

Computational independence. Local complementary base-pair and dimer step parameters
computed with respect to the standard reference frames are nearly independent of analytical
treatment (Figure 2). The only significant discrepancies in derived values, illustrated here for the
DNA complexed with the TATA-box binding protein (TBR2], involve the Rise at highly kinked
base-pair steps, which, as noted previolglyeflects an inconsistency in definition. The small
differences in Slide, Tilt, and Twist in this example stem from minor differences in definition and in
the choice of "middle frame."

Base-pair geometry in high resolution A-DNA and B-DNA crystal structures similarly
shows limited dependence on computational methodology. The average values and dispersion of
individual parameters in Table 3 are representative of numerical values obtained with the algorithms
used in many nucleic-acid-analysis programs. A complete listing of local A- and B-DNA
parameters, expressed in terms of the standard reference frame and computeowithin &
Olson, in preparation) using the mathematical definitions of several different
programs—€EH$SCHNAaH13,14], CompDNA15,16], Curves [17,18], FREEHELIX[19], NGEONRO,21],
NUPARNR2,23], andRNA[24-26], is reported at our website (see below). Since the angular parameters
differ by no more than 0.1° and most distances by 0.02 A or less, the general trends in the table can
be used in combination with the characteristic patterns of A- and B-DNA backbone and glycosyl
torsion angleg7] to classify local, right-handed, double helical conformations.

The subtle mathematical differences among nucleic-acid-analysis programs, however,
become critical in the construction of DNA models. Seemingly minor numerical discrepancies can
be magnified in polymeric chaifes] and in knowledge-based potenti@ly derived from the
fluctuations and correlations of structural parameters. Duplex models and simulations must
accordingly be based on the algorithm from which parameters are derived.
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Table 3. Average values and dispersion of base-pair parameters in high resolution A- and B-DNA crystal
structure$

Parameter Symbof A-DNA B-DNA

Complementary Base-pair Parameters

Buckle (deg) K —-0.1 (7. 0.5 .7
Propeller (deg) T -11.8 1) -11.4 (53)
Opening (deq) o 0.6 (2.8 0.6 (3.1)
Shear (A) Sx 0.01(0.23) 0.00(0.21)
Stretch (A) Sy —0.18(0.10) —0.15(0.12)
Stagger (A) Sz 0.02 (0.25) 0.09(0.19)
Base-pair Step Parameters
Tilt (deg) T 0.1 2.8 —0.1 25)
Roll (deg) P 8.0 (3.9 0.6 (5.2
Twist (deg) w 31.1 3.7 36.0 (6.8)
Shift (R) Dx 0.00(0.54) —0.02(0.45)
Slide (A) Dy —1.53(0.34) 0.23(0.81)
Rise (A) Dz 3.32(0.20) 3.32(0.19)
Local Helical Parameters
Inclination (deg) n 14.7 (7.3 2.1 9.2
Tip (deq) 0 -0.1 (5.2 0.0 (4.3
Helical twist (deg) On 32,5 (3.8) 36.5 (6.6)
x-displacement (A) dx —4.17(1.22) 0.05(1.28)
y-displacement (A)  dy 0.01 (0.89) 0.02(0.87)
Helical rise (A) h 2.83(0.36) 3.29(0.21)

* Data based on the analysis witBDNA(Lu & Olson, in preparation) of base pairs and dimer steps in the following A- and
B-DNA crystal structures of 2.0 A or better resolution without chemical modification, mismatches, drugs or proteins from
the Nucleic Acid Databagdd]: ad0002 (two molecules)ad0003 , ad0004 , adh008 , adh010 , adh0102 ,
adh0103 , adh0104 , adh0105 , adh014 , adh026 , adh027 , adh029 , adh033 , adh034 , adh038 , adh039 ,
adh047 , adh070, adh078 , adj0102 , adj0103 ,adj0112 ,adj0113 ,adj022 , adjo49 , adj050 , adjo51 ,
adjo65 , adjo66 , adjo67 , adj075 , bd0001 , bd0005 , bd0006 , bd0014 , bd0016 , bd0018 , bd0019 ,
bdj017 , bdjo19 , bdj025 , bdj031 , bdj036 , bdj037 , bdjo51 , bdj052 , bdj060 , bdjo61 , bdjo81 ,
bdl001 , bdl005 , bdl020 , bdl084 . Mean values and standard deviations (subscripted values in parentheses) exclude
terminal dimer units, which may adopt alternate conformations. All calculations performed with respect to the standard
reference frame given in Tables 1 and 2. See the following URL for complete sequences and literature citations:
http://rutchem.rutgers.edu/~olson/Tsukuba

# Symbols follow guidelines established in conjunction Wlth the conceptual framework used to define base-pair geometry [2]
and subsequently modified by the IUPAC/IUB [37]. The symbols for helical twist and helical rise are those used in [16].



Conformational classification. The average values of Roll, Twist, and Slide in Table 3
confirm conformational distinctions known since the earliest studies of A- and B-DNA crystal
structure$30,31]. Namely, the transformation from B- to A-DNA tends to decrease Twist, increase
Roll, and reduce Slide. The standard deviations in recently accumulated crystallographic data,
however, show that only Slide retains the discriminating power anticipated previously. Values of
Slide below —0.8 A are typical of most A-DNA dimer steps and those greater than —0.8 A are found
in the majority of B-forms. Slide is also more variable in B-DNA vs. A-DNA dimer steps. The
observed Twist and Roll angles, by contrast, show significant overlaps over a broad range of values.
Specifically, Twist angles between 20° and 40° and Roll angles between 0° and 15° are found in
both A- and B-DNA structures. The values of Twist and Roll are coupled with changes in Slide so
that conformational assignments should be made in the context of all three pargeeters

The three remaining step parameters and the six complementary base-pair parameters are
unaffected by helical conformation. The mean values and scatter of these values are roughly
equivalent in high resolution A- and B-DNA structures (Table 3). The constraints of hydrogen
bonding presumably give rise to the more limited variations in Opening and Stretch compared to
other complementary base-pair angles and distances. Buckle, while fixed on average at zero, shows
more pronounced fluctuations than Propeller, which is decidedly perturbed fronn ede@fl,
planar geometry in all double helical structures.

Helical parameters. Parameters relating consecutive residues with respect to a local helical
axis can be computed usiogmpDNA15,16], NUPARNR2,23], RNA[24-26], and3DNA(Lu & Olson, in
preparation), or in terms of a global axis WittHS [13] (as implemented in tr&CHNAaPsoftware
packagd14]), NEWHELIX [32], andCurves [17,18] These angles and distances depend on how the
helical axis is defined, particularly in deformed segments of the double helical stfagjtuiiéhe
local helical parameters of high resolution A- and B-DNA structures in Table 3 complement the
dimeric descriptions of these structures. ¥utsplacement shares the same discriminating power
as Slide in differentiating A-DNA from B-DNA, as anticipated from model builggng whereas
Inclination and Helical Twist span overlapping ranges of values. The different mathematical
definitions of local helical parameters yield numerical similarities equivalent to those found with
dimer step parameters. Global helical parameters, which reflect a best-fit linear or overall curved
molecular axis, are not necessarily comparable with these values (data not shown).

Intrinsic correlations. As is well knowmn,25], dimer step parameters depend on the choice
of base-pair reference frame and can be significantly perturbed by distortions of complementary
base-pair geometry. The base-pair reference frame in most nucleic-acid-analysis programs is an
intermediate between the coordinate frames of the constituen{dzsdse origin of this “middle
frame” is shifted by significant distortions in Buckle and Opening, while theyl@xgs is rotated
by perturbations of base-pair Shear and Stagger (Figure 3). These changes, in turn, influence the
step parameters describing the orientation and positions of neighboring base pairs.

The effects of complementary base-pair deformations on dimer step parameters are most
pronounced when perturbations of the same type, but of the opposite sense, occur in successive
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residues, i.e., Buckle, Opening, Shear, or Stagger is negative at base pair i and positive at base pair
i+1 or vice versa. For example, a large negative difference in the buckle of consecutive base pairs,
ABuckle = Buckle(i+1) — Buckle(7), sometimes called Cup [34], adds to the computed base-pair
Rise of "extreme" dimer steps of high resolution A- and B-DNA crystal structures (Figure 3).
Similarly, a large positive value of AOpening increases Shift, while large negative values of
AStagger and large positive values of AShear respectively enhance Tilt and Twist. Conversely, Rise,
Shift, Tilt, and Twist can be depressed, respectively, by large +ABuckle, —~AOpening, +AStagger,
and —AShear (Figure 3). On the other hand, Roll and Slide are not appreciably influenced by base-
pair deformations.

Thus, extreme values of base-pair step parameters may simply reflect distorted or altered,
i.e., non-Watson-Crick, base-pairing schemes. As a result, the computed Rise of a buckled dimer
step with a partially intercalated amino acid side chain in a protein-DNA complex such as TBP-
DNA [12] may approach the base-pair separation found at a planar, fully drug-intercalated step. The
dispersion of step parameters is similarly influenced by occasional deformations of complementary
base-pair geometry. That is, Rise, Shift, Tilt, and Twist may appear intrinsically flexible in sets of
structures with distorted base pairing.

Non-Watson-Crick base pairs. Direct application of the proposed reference frame to the

analysis of non-Watson-Crick base pairs yields numerical parameters characteristic of the particular
hydrogen-bonding scheme. For example, "wobble" G-T and A+-C base pairs are "sheared" ~2 A
relative to the Watson-Crick configuration, the displacement being positive for the Y-R pair and
negative for the R-Y association. These large displacements, in turn, affect Twist along the lines
described in Figure 3. For example, the G-T mismatches in the d(CGCGAATTTGCG); duplex
structure (NDB entry: bda1009) [35] introduce ~15° under- and overtwisting in the associated CG
and GA dimer steps since AShear is negative at the former step and positive at the latter step. The
same principles apply in RNA structures where the G-U wobble assumes an important role [36].
On the other hand, Twist can be constrained to typical A- or B-like values by proper choice of an
intrinsic "wobble" base-pair frame [26]. The latter approach necessitates a carefully chosen frame
for each mode of base pairing. In the future, it may be necessary to define standards for common
non-Watson-Crick base-pairing schemes.

Protein-DNA interactions. Characterizing the geometry of nucleic acids interacting with
proteins, obviously, brings up a whole new host of geometrical issues. However, the standard
description of base-pair geometry described here can be carried over, to a large degree, to this

problem, and many of the geometrical issues involved in describing the protein are somewhat
simpler than for the DNA, e.g., the description of helical geometry for an o-helix versus that for the
DNA double helix.

Supplementary figures and tables are available at
http://rutchem.rutgers.edu/~olson/Tsukuba/



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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