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Abstract

We outline the mathematical distinctions among seven of the most popular computer pro-
grams currently used to analyze the spatial arrangements of bases and base pairs in nucleic
acid helical structures. The schemes fall into three basic categories on the basis of their def-
initions of rotational parameters: matrix-based, projeciion-based, and combined matrix- and
projection-based. The approaches also define and construct base and base-pair coordinate
frames in a variety of ways. Despite these mathematical distinctions, the computed parame-
ters from some programs are strongly correlated and direcily comparable. By contrast, other
programs which use identical methodologies sometimes yield very different results. The
choice of reference frame rather than the mathematical formulation has the greater effect on
calculated parameters. Any factor which influences the reference frame, such as fitting or not
fitting standard bases to the experimentally derived coordinates, will have a noticeable effect
on both complementary base pair and dimer step parameters.

Introduction

The orientational and translational parameters now used to describe nucleic acid
base-pair configuration—i.e,, the Tilt, Roll, Twist angles and Shift, Slide, Rise
translations that define neighboring base-pair steps and the Buckle, Propeller Twist,
Opening angles and Shear, Stagger, Stretch displacements that position comple-
mentary bases (Figure 1)—are not unique. The numerical values derived from the
many currently available analysis routines, while mathematically rigorous and vir-
tually identical for ideal B-DNA duplexes, differ significantly in highly distorted
structures (1-4; Elgavish and Harvey, unpublished results). Conformational pat-
terns derived from the analysis of representative double helices also depend on
computational methodology (5), and the understanding of intrinsic structure and
deformability deduced with one approach may not necessarily be transferable to
treatments of molecules developed on another basis. This clearly frustrates collec-
tive attempts to decipher the subtleties of nucleic acid conformation and to extract
the principles that underlie the base sequence-dependent responses of DNA and
RNA to proteins, drugs, and other ligands.

Interest in resolving the discrepancies among nucleic acid analysis schemes has led
us to reimplement seven of the most popular programs in current use—CEHS (6),
CompDNA (7), Curves (8,9), FREEHELIX (10), NGEOM (11,12), NUPARM
(13,14), and RNA (15-17)—in a single software package. By controlling the many
factors which influence the computed results—inciuding the algorithm for calcu-
lating parameters, the choice of reference frame, the construction of the “middle
frame” needed to obtain parameters independent of chain direction, the standard
base geometries, and the least-squares fitting procedures, we have uncovered the
reasons why the various approaches yield different interpretations of nucleic acid
structure. As reported elsewhere (5), the compuled parameters are highly sensitive
to the choice of reference frame. The seven schemes give very similar descriptions
of base-pair geometry, even in the most deformed protein-DNA complexes, if the
calculations are based on a common reference frame.
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Figure 1: Pictorial definitions of parameters that
relate complementary base pairs and sequential base-
pair steps. The base-pair reference frame is con-
structed such that the x-axis peints away from the
{shaded) minor groove edge. Images illustrate posi-
tive values of the designated parameters (42).
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In this report, we concentrate on the mathematical aspects of the seven programs as
they relate to the six local step parameters and two base-pair parameters—Buckle
and Propelier Twist—which are common to these schemes. Local parameters like
these are essential for comparative studies of different types of structures and are
widely used in both protein (18,19) and DNA conformational analyses (7,20). A
global perspective of structure available in some nucleic acid analysis routines
(8,9,13,14) provides a complementary description of base-pair geometry with
respect to the overall helical axis. The global helical parameters between succes-
sive residues are helpful in pinpointing the sites of concentrated global deforma-
tions of an individual structure. Local parameters, however, arc more typically used
in statistical mechanical ireatments of the global properties of nucleic acids in solu-
tion {21-23). The uncertainties involved in the construction of the overall helical
axis (see below) also make the global frame less useful for rigorous comparisons
of different siructures.

Mathematical Comparisons
Overview

The parameters and coordinate frames used in various computer programs 1o
describe the three-dimensional disposition of nucleic acid base pairs and base-pair
steps are summarized in Tables I and II. The computational distinctions lie in (a)
the precise definitions of the six parameters, three rotations and three translations,
that relare a set of bases or base pairs, (b) the construction of the base and base-pair
coordinate frames, (¢) the choice of the “middle frame” which assures that the mag-




nitudes of computed parameters are independent of the direction from which the 835
structure is read, and (d) the fitting of reference standards to individual bases and
base pairs. To facilitate comparison, the different approaches are described with the

same terminotogy in the tables. Here £, ¥;, Z; denote unit vectors along the axes of Mathematical Overview

the designated reference frame, the subscripts / and i+1 referring to adjacent base of N ucleic Acid
pairs and the subscript m (o the “middle frame”. Analysis Programs
Table X

Comparative definitions of base-pair step rotations in seven popular nucleic acid analysis schemes.

Matrix-based Delinitions

Program Rcl'crence Matrix Pirect Paramcters Tilt Roll Twist

CEHS Ro (5~ 9)RATIR (5 +9) Qr,¢ Ising  Tcosg Q

NGEOH R.(§ - 5)RATIR (4 + 8) Qr,é Ieosd —~Tsind  Q

R R.(¢) _ TR N @ 0L

Projeclion-based Definitions ‘

Program Ti]t_” RaH Twist

CompDiA sin{$) = -9, - ,., I sin{4) =%, - Z,,, 1 cosQ = £(§,.2,.5..,)

FREEHELIX COST = P(z xm,z,ﬂ) cosp=PE.8,.%.,) cosO = P35, 5.}
 NUPARY sin“(_%); -y, %, sin(%) =%, %, cosQ = P(§,.%,,.9..)

Combined Muatrix and Projection-based Definitions

Program Tilt Roll Twist
Curves COS('%)COS(%) = iEm ) iHl ! Q[Il(%) ;Cm ) 5’1‘{—] ‘ CDSQ (RA ( ))’,,) '”
cosQ) (Rn (~-5)§ n,) ¥,
Q=0,+0_

“The NGEOM and CEHS phase angles are defined with respect to a common bending axis but measured
in the opposite direction so that ¢ - &= 90°.
iSimplified expressions derived from the original manuscript and verified by numerical methods.

Base-pair Step Parameters

While there is little ambiguity with regard to the translational parameters relating
coordinate frames (sce below), there are several alternative representations of the
rotational parameters (Table I). Rotation angles (sec Figure 1)} are defined in terms
of either the general rotation matrix Ry (go) (Eq. (1D descnbmg a rotatlon of mag-

nitude ¢ about an arbitrary unit vector i = i, T+ tty J + U3 K where the i, 3, K are
unit vectors along the axes of the local Cartesian frame (24):

cos@+{I—cosphy  (I—cos@)u,u, —u,sing  (I—cos@)u, u, +u,singp
Ro(o)=|(l—cos@yuyu, + wysing  cosp+(I-cos@)ul  (I—cos@lu, u, —u,sing 1
(I—cos@lu u, —u,sing  (I—cos@lu,u, +using  cos@+ (1 —cosg)u;

or the pl’Q]GCtiOH P(a 'B ¢) (Eq. [2]) equal to the cosine of the “torsion angle”
fo: med by the & - B - € unit vector sequence, i.e., the angle between vectors
i and € projected onto the plane perpendicular to

ra,b,é}=

(a_(s.e)z)' 2]
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Figure 2: Schematic of base-pair frames i and i+1
and the “middie frame” m used to calculate local step
parameters. The angle a is half the bending angle
between successive base-palr normals.

The three matrix-based methods in Table [—CEHS, NGEOM, and RNA—define the
three base-pair step rotations in terms of clements of the transformation matrix that
brings coordinate frames of neighboring residues into coincidence. The first two
packages make use of a sequence of symmetric Euler rotations about arbitrarily
chosen coordinate axes, equating Twist to one of the matrix operations and express-
ing Roll and Tilt in terms of the net bending and the phase angle that “symmetrizes”
the coordinate transformation. The third program, by contrast, relates the orienta-
tional variables to the components of the single rotational operation that brings the
base-pair frames into coincidence. All three approaches provide sufficient informa-
tion for a rigorous description, i.e., reconstruction, of nucleic acid structure at the
base-pair level.

The projection-based schemes in the Table—CompDNA, FREEHELIX, and
NUPARM—cquate the base-pair rotations to the angles formed by different sets of
coordinate axes. All three of the above packages use the same definition of Twist,
namely the pseudo-torsion angle describing the orientation of the long axes of
neighboring base pairs with respect to the normal of the intervening “middle
frame”. While FREEBELIX defines Tilt and Roll by analogous torsions, CompbNA
and NUPARM determine bending parameters that are analogs of valence angles.
Regeneration of molecular coordinates from a set of valence angles and torsions is
straightforward (25). The assorted valence angle projections in Table I also do not
matter so long as the reference {rames are orthogonal.

Finally, the Curves package takes advantage of both matrix and projection meth-
ods in defining dimer step angles (see Table I). The matrix operations used in deter-
mining Twist relate the “middle frame” to the base-pair coordinate axes with trans-
formations identical to those employed in CEHS and NGEOM. Roll is a projected
valence angle obtained much like the CompDNA and NUPARM values, whereas Tilt
is deduced from Roll and the net bending angle.

Translational parameters are defined in all seven programs in terms of the projections
of the virtual bond vector linking the origins of consecutive base pairs (0, — 0;} onto
the x-, y- and z-axes of the “middle frame” (see Figure 2 and the discussion below).
All programs define Shift and Slide consistently as the x- and y-components of this
translational vector. Rise is similarly described in all programs, except for
Curves, as the z-component of this vector. The Curves Rise is the sum of two
equal distances, |p; — o and |p,, — 0,,,|, illustrated in Figure 2.
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ajor groove

M

Figure 3: Comparative locations of local base-pair
reference frames in Curves compared to other
approaches. A positive Rolf angle, as illustrated here,
opens the minor groove and moves the Curves
base-pair origins further apart.

Coordinate Frames

There is general agreement among all analysis packages in assigning a right-hand-
ed reference frame to bases and base pairs, and most programs also correct for
orthogonality. The programs, however, differ in terms of the methods used to fit and
define these axes (see discussion below and Table II). For example, the CompDNA,
Curves, and RNA packages use least-squares methods to fix idealized chemical
structures with embedded coordinate frames to individual bases, the first two pro-
grams placing the origin on the inside of the bases, /.e., along what would be the
dyad axis if the bases formed ideal Watson-Crick pairs, and the last program dis-
placing the origin toward the centers of the bases. As noted in Figure 3, the
Curves origin is also displaced along the dyad axis relative to other programs. By
contrast, CEHS, FREEHELTX, and NUPARM use the best-fit normals to the basc
pairs and the C8(R)-C6(Y) long axis to construct the base-pair frame. The
CompDNA, Curves, and RNA base-pair frames are averages of the two base
frames (see Table il for detaiis).

The NGEOM analysis differs from all other programs in taking the principal axes of
inertia as the reference frame of bases and base pairs and locating the origins of
these frames at the geometric centers of the respective units. Subtle distinctions in
the chemical structure of individual Watson-Crick base pairs yield sequence-depen-
dent coordinate frames and intrinsic differences in the local base-pair and dimer
step parameters of regular structures,

The “middle frame” is typically consiructed as an average of adjacent base-pair
frames, The three matrix-based programs—CEHS, NGEOM, and RNA—define this
frame by half rotations, either the axis positions generated by a half Twist and a half
rotation about the bend axis (3) or the frame resulting from half the single rotationat
operation that brings the base-pair frames into coincidence. The projection meth-
ods express the “middle frame™ as geometric averages of neighboring base-pair
frames and must be corrected (0 ensure orthogonality, The averaging procedure is
ambiguous in that the orientation of the “middle frame” depends on the order in
which vectors are averaged and orthogonality is corrected. For example, NUPARM
finds the mean dyad and long axes, i.e.,, X, and ¥, prior to finding the “middle
frame” normal, whereas other projection schemes find 2, followed by %X, or ¥,,.
Because the various combinations give slightly different results, the geometric mean-
ing of the dimer parameters is not quite as clear as in the matrix-based schemes.

Least-squares Fitting Procedures

a. Standard-bases with embedded coordinate frames

The least-squares procedures used in CompDNA, Curves, and RNA to fit a
standard base with embedded reference frame to an observed base structure
are mathematically equivalent. Both CompDNA and Curves take advantage
of the conventional rotation matrix approach of McLachlan (26}, while RNA
implements a closed-form solution of absolute oriemtation using unit quater-
nions developed by Horn (27). Because the unit quaternion can be transformed
to the familiar rotation matrix, the two algorithms should yield identical fit-
tings. The three programs, however, employ different sets of standard base
geometries and embedded coordinate frames so that numerical results dis-
agree. For example, RNA uses data derived by Taylor and Kennard (28) from
early high resolution crystal structures of model nucleosides, nucicotides, and
bases, whereas the Curves and CompDNA standard is a B-DNA fiber model
(29). The former data more closely fit the idealized base geometries recently
compiled by Clowney ef al. (30) from the Cambridge Structural Database (31)
(see Table III),




Tabte II1
RMS deviations (A) between the coordinates of ring atoms in the standard bases used in
DNA analysis programs vs. the updated dataset from Clowney e al. (30).

A C G T U average
RNA 0003 6003 0004 G006 0004 0.004
CompDNA & Curves | 0009 0009 0008 0018 0012 0011

The rotation matrix that brings standard and observed base frames into coincidence
is found by a simple comparison of the relative positions of all atoms in the two
forms (27). The xyz-coordinates of individual atoms i = 1---N in the standard and
experimental bases, where N is the number of atoms, are represented respectively
by the 1 X 3 vectors, s; and e;. The atomic positions are then re-expressed in terms
of their displacements, s; =s, —S and e] = ¢, — €, from the geometric centers of
each structure, § and &, and the 3 x 3 covariance matrix C is constructed from the
N x 3 matrices of collective coordinates, 8 and E’ (32),

l +T gt E AT 2T r]
C=—|8"E-=—8"ii"E"|.

N- | [ N (3]
Here the superscript T signifies the transpose of a matrix, and i is an N % 1 column
vector consisting of only ones,

Diagonalization of the 4 X 4 real symmetric matrix M constructed from the ele-
menis of C, i.e., ¢;,where ij = 1,2,3,

ip

Gty Hiy Oy~ Oy G343 €~y
Cn Oy €y~ Gyt ey Cy ey,
M= .4
£y 7 i Cytoy Ty hep iy tya iy
O3 =y Oy e, €t iy €yl tin

yields the unit quaternion (27). Specifically, the unit cigenvector, q; (f = 0 — 3),
correspending to the largest eigenvalue of M gives the rotation matrix R that brings
the two frames into coincidence:

wra —g—-a 2Ant-aa) 2aataq)
R=} 2, +0,0:) @-a+a—-a 2(6h0—a4) [5]
Hang —ded)  2ndm+aa) @0 -a+a

It shoutd be noted that there is a sign ambiguity with regard 1o the unit guaternion:
both q; and —q; satisfy the eigensystem associated with M. The sign, however, has

no influence on R.

Once superimposed onto the experimental base, the fitted origin of the standard
base is given by o = g — sR7, and the coordinates of standard base atoms are trans-

formed to f; = s;R7 + 0. The root-mean-square (RMS) deviation between the stan-

Eilzci - l‘lr .

N

dard and experimental structures is thus

b. Base Normals

Rather than fit a standard base to experimental coordinates, CEHS, FREEHELIX, and
NUPARM perfonn a least-squares fitting of a plane to a set of atoms (33,34) in order
1o define the base and base-pair normals. A covariance matrix based on the N X 3
matrix of Cartesian coordinates E is diagonalized to find the vector normal to the
best plane. Specifically, C is obtained using Eq. [3] with both 8’ and E’ substituted
by E, and the normal vector lies along the eigenvector that corresponds to the
smallest eigenvalue. It is also worth noting that the best-fitted global linear helical
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Figure 4: Comparison of the three Jocal step para-
meters-—-Slide, Rise, and Tilt—in the 1.4A high res-
olution B-DNA dodecamer duplex, d{(CGC-
GAATTCGCG), (BDLO84) (36). }t is clear that the
Curves Slide is consistently ~0.5A smaller than
other vatues. Rise and Tilt obtained with CEHS,
FREEHELIX, and NUPARM maich closely, as do the
CompbNA, Curves, and RNA values, The NGEOM
results stand out from other parameters. The comput-
ed values of the three remaining base-pair step para-
meters—Slide, Roll, and Twist—show close agree-
ment among the seven programs {data not shown).

axis can be found with exactly the same algorithm, although two subroutines with
similar Tunctionalities are implemented in FREEHELIX.

¢. Other Fittings

The diagonalization of the momenis of inertia tensor in NGEOM automatically
yields the least-squares points, line, and plane through a structure (35). Curves is
unique in finding an optimized “curved” global helical axis by minimizing the vari-
ations in helical parameters between successive bases and the curvature between
successive helical axis segments,

See our website, http: //rutchem. rutgers . edu/~elson/ jmb/prog_comp.html ,
for further details and examples of the various least-squares fitting procedures.

Numerical Comparisons
Correlations Among Programs

As is clear from Table I, the CEHS and NGEOM definitions of base-pair rotations are
virtually identical, as are the CompDNA and NUPARM angular definitions. The cal-
culated parameters obtained from each pair of methods, however, are not well cor-
related (see Figure 4). The seemingly different approaches from CompDNA,
Curves, and RNA on one hand, and CEHS, FREEHELIX, and NUPARM on the
other, however, do yield comparable results (Figure 4). As detailed in Table II, these

1.2F O-—-—6 CEHS E
—=  CompDNA
08 L B—48  Curves 4
% — —x  FREEHELIX
L #+——%  NGEOM ]
04 4+ NUPARM
& 0 | RNA ]
=
= —8
N -04 f -
=08 F 4
-1,2

Tilt (°)




subsets of computations make use of similar base-pair frames. The choice of refer-
ence frame is thus more critical than the precise algorithm used to determine base-
pair parameters, Not surprisingly, “adjustments” must be made in the NGEOM
package (12) to bring computed parameters (notably Twist) based on its principal
axes of inertia frames in agreement with CEHS values based on the C8(R)-Co(Y)
long axes and base-pair normals.

The large discrepancies in Curves parameters compared to all other methods stem
primarily from an ~0.8A displacement of the base origin towards the minor groove
side of each base pair (Figure 3). This offset gives rise to systematic discrepancies
of ~0.5A in Slide (Figure 4) and ~0.8A in global x-displacement (data not shown)
in Curves compared to other programs, and also contributes to significant differ-
ences in Rise at kinked dimer steps (Figure 4). As detailed elsewhere (3), distor-
sions, such as Roll and Buckle, which displace base-pair origins, account for the
most of the discrepancies in Rise. The unusual definition of the Curves Rise
(Figure 2) also contributes to the computed differences in Figure 4, particularly at
the third base-pair step, CG, where Roll = 12°.

Fitting vs. Not Fitting Standard Bases

The Cuxves package gives the user the option of computing base-pair and dimer step
parameters directly from the experimentally derived base positions or from ideal stan-
dards which are fitted to the observed coordinates, The experimental variations in base
structures may influence the reference frames and thus affect the computed parame-
ters. For example, the recently reported Curves analysis of base-pair geometry in the
high resolution B-DNA HCGCGAATTCGCG), dodecamer duplex (36), Nucleic
Acid Database (NDB) (37) entry: BDL084, was based on the experimental coordi-
nates. Qur re-analysis of the structure with fitted base standards shows noticeable dif-
ferences in some parameters. Figure 5 illustrates the changes in Propeller Twist found
by fitting vs. not-fitting idealized bases to this structure. The computed non-planarity
of complementary base pairs as measured by Propeller Twist can vary by as much as
6° with the two approaches. The differences in computed parameters arc even greater
in the original Drew-Dickerson dodecamer of the same sequence (38), NDB entry:
BDLO01, which was refined without the benefit of new bond length and valence angle
standards (30, 39). The average deviation in Propeller Twist computed with and with-
out fitting standard bases in the lower resolution structure is ~5° vs. ~3° in the high
resolution duplex (36), and some base pairs in the original dodecamer duplex show as
much as ~9° difference in Propeller Twist with the two approaches.

BDLOGL, fitted
0 BDLO0I, non fitted i
BDLO84, fitied
BD1.084, non fitted
-5t 1
e
E’-m- 1
3
T -15 1
£
£
-9
=20 ¢ 1
-25 1
=30
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Figure 5: Effect of fitting vs. not fitting a standard
base to the experimentally derived coordinates on the
curves Propeller Twist of the high resolution
{BDLO84) (36) and original (BDL0O1) {38) d(CGC-
GAATFTCGCG), dodecamer duplex structure,
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Table 1Y
Dependence of B2, the square of the correlation coefficient, on the method used 1o calculate
complementary base-pair and dinier step parameters of the high resolution (1.4A) d(CGC-
GAATTCGCG), dadecamer duplex by Williams and co-werkers (36) vs. the original Drew-
Dickerson structure of the same sequence (38}

Shear  Stretch  Stagger Buckle  Propeller  Opening
(A) (L (A)  (deg) (deg) {deg)
Curves non-fitting 5 2 15 8 6 8
Curves fitting 8 12 46 8 67 I
CompbNA 9 2 & 8 2 7
Shift Slide Rise Tilt Roll Twist
GV ;Y (A (deg)  (deg) (deg)
Curves non-fitting 62 & ! il 76 42
Curves fitting 47 5 2 65 ! 48
CorpDNA 47 83 37 5t 71 49

The apparent influence of resolution on Propeller Twist and other parameters in the
d(CGCGAATTCGCG), dodecamer clearly depends upon computational method-
ology. As reported by Williams and co-workers (36), the deviations in Propeller
Twist are appreciably greater in the original duplex than in their new 1.4 A strue-
ture analyzed on the basis of the X-ray coordinates (dashed lines in Figure 5. The
differences between corresponding points, however, are much less if the compari-
son of structures is based on parameters derived from sets of fitted bases (solid lines
in Figure 5). Earlier arguments (36,40) concerning coordinate errors and parameter
reliability in poorer resolition structures based on these differences are weakened
when the standard base analysis is performed. Also bear in mind that Curves
generates global base-pair parameters, which are also influenced by the overall
deformations of a given structure (see below).

The local, based-fitted CompDNA Propeller Twist values show even smaller dis-
tinctions between the two dodecamer structures. Here experimental variations in
base structures are minimized, and any differences between global helical axes are
removed. The square of the correlation coefficient R? between CompDNA Propeller
Twist values at corresponding residues in the two structures is 0.72 versus the value
of 0.56 reported previously by Williams and co-workers (36) for the non-fitted
Curves analysis and 0.67 for the base-fitted Curves parameters (Figure 5 and
Table TV}, Indeed, the extremely poor correlations of some base-pair parameters,
e.g. Stagger, disappear when bases are fitted to the two structures (see Table IV).
Notably, the inter-structural correlations of the three major step parameters—Twist,
Rolt, and Slide—are large and independent of computational methodology. These
parameters are apparently well determined in the poorer resolution structure and
are presumably key to the extraction of a sequence-dependent conformational code
in the DNA base pairs (41).

Uncertainties in Global Paramneters

Unlike local parameters which are independent of sequence context, the choice of
the overall helix axis has an influence on the calculated global parameters {42}. For
example, the three global Tilt angles obtained with Curves for the first four
d(CGCG), base pairs of the Williams ef al. structure are (-2.1°, 3.6°, and 1.5°)
when analyzed in terms of the tetramer fragment but (—4.4°, 0.1°, and —-1.1°) when
computed on the basis of the overall dodecamer axis. The fitting of a straight line
to the strongly curved DNA structures seen in many protein-DNA complexes is
clearly meaningless. In such cases, global parameters make more sense if deter-
mined with respect to the optimal curved axial pathway (8,9).
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