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Figure 2.1 Nucleic acid structures

4 stranded DNA: UDL018Asymmetric DNA: UD0035 TRNA: TRNA07

BDNA: BDL001 ADNA: AD0005
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ZDNA: ZDF059
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Several popular approaches have been employed to analyze the nucleic

acid structures. Comparative studies on some of these programs: CEHS (Hassan

et al., 1995; Lu et al., 1997), CompDNA (Gorin et al., 1995; Kosikov et al., 1999)

Curves (Lavery et al., 1989; Lavery et al., 1988), FREEHELIX (Dickerson, 1998),

NGEOM (Soumpasis et al., 1988; Tung et al., 1994), NUPARM (Bansal et al.,

1995), RNA (Babcock et al., 1994a; Babcock et al., 1994b; Pednault et al., 1993)

have shown that the choice of reference frame rather than the mathematical

calculation has led to the discrepancies in the parameters evaluated using

different programs (Lu et al., 1998; Lu et al., 1999). A common point of reference

is recommended to describe the three dimensional arrangements of bases and

base-pairs in nucleic acid structures (Olson et al., 2001).

2.1 OVERVIEW OF 3DNA PROGRAM

3DNA (Lu et al., 2003) is a versatile software package for the analysis,

reconstruction and visualization of the three-dimensional nucleic acid structures.

The program can be used on parallel and anti-parallel double helices, single-

stranded nucleic acid structures, multi-stranded helices and complex tertiary

folding substructures found in both DNA and RNA.

The 3DNA program uses the coordinate reference frame for the

description of the nucleic acid base pair geometry and a rigorous matrix-based

algorithm to evaluate the local conformational parameters. Calculations of the

parameters in 3DNA follow the Cambridge University Engineering Department

Helix Computation Scheme (CEHS) definitions (Hassan et al., 1995) as
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implemented in the Structure and Conformation of Helical Nucleic Acids Analysis

Program (SCHNAaP) (Lu et al., 1997). Babcock et al (Babcock et al., 1994b)

explain the basic concepts, theorems and proofs of the mathematics behind the

analysis of the three dimensional nucleic acid structures.

For DNA, a base along with its complimentary base (A with T, C with G)

form a base pair. One base pair along with its adjacent base pair (either above it

or below it along the helical axis) form a base step. A coordinate reference frame

defined by the planar nucleotides adenine, guanine, cytosine, thymine and uracil

is utilized to calculate the base-pair parameters and step parameters. Base pair

parameters describe the relative orientation and position of one base with

respect to its complimentary base in a base pair. Step parameters describe the

relative position and orientation of consecutive bases along a single strand of

DNA. These rotational and translational parameters are rotations and

displacements about the x-, y- and z-axis of the reference frame. Figure 2.2

gives a pictorial definition of the parameters calculated. A significant and novel

aspect of the 3DNA calculation method is the use of the concept of mid-step triad

to calculate a set of "absolute" helical parameters.

In reality not all bases are exactly planar. To take this into account in the

calculation of the base pair and base step parameters, an ideal structure is

defined for each of the purine and pyrimidine rings. This standard structure is

created by placing the atoms in a desired orientation with respect to the origin at

(0,0,0).



Figure 2.2 Pictorial definitions of parameters calculated by 3DNA program
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Figure 2.3 illustrates a standard purine and pyrimidine. The x-axis is

defined by the vector (1,0,0), the y-axis by the vector (0,1,0) and the z-axis by the

vector (0,0,1). Each standard is defined by its carbon and nitrogen framework.

Figure 2.3 Standard bases expressed in a standard reference frame

Figure 2.4 Least Square fitting of standard base onto an
experimental base

The first step in the analysis is the superimposing of the coordinate

reference frame of the ideal base onto the "experimental" (or real) base. Here

"experimental" refers to the DNA structure input data set which may come from
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X-ray crystallography or from computations such as molecular dynamics

simulations. The superposition is performed by least-square fitting (see Figure

2.4) of the correct standard base onto the experimental base, i.e. by minimizing

the s, im of the squares of the distances of each atom in the experimental base to

the corresponding atom on the standard. Least-squares fitting in 3DNA makes

use of only the ring atoms: i.e. nine ring atoms for purine that are planar and six

ring atoms for pyrimidines. A closed-form solution developed by Horn(Horn,

1987) is utilized in the program for least-squares fitting. This fitting is a crucial

step and maintains consistency among the structural parameters.

Once the ideal coordinate frame is superimposed on the experimental,

only the unit vectors X, Y and Z that define the coordinate frame are needed for

the calculations. Atomic coordinates of both the standard and experimental base

are not required. This process is repeated until all experimental bases have

been imposed with a coordinate reference frame using its corresponding

standard structure. Once the coordinate frame is determined for each base, only

these vectors are used for the calculation of parameters.

For step parameters, only Twist is treated as primary and the other two

angular rotations Roll and Tilt, are considered secondary. This is because Tilt is

almost always negligible and magnitude of Roll is small, typically <20 ° . A

"RollTilt" (F) about a Roll-Tilt axis, in the x-y plane of the mid-step triad is defined.

The Roll-Tilt axis, also termed the hinge axis is defined such that it is inclined at

an angle (0) to the y-axis and lies on the x-y plane of the middle reference frame.
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Since (1) is usually small, Roll (p) and Tilt (T) are defined from Roll-Tilt (T) and 01)

approximately as

This simply means Roll-Tilt(I) is the vector sum of Roll(p) and Tilt (T) .

The procedure for the calculation of the step parameters and base-pair

parameters is exactly the same. Figure 2.5 demonstrates the overall method of

calculation for a schematic base pair and base step in a double helical structure.

The direction of the positive z-axis(not shown) is determined by the cross product

of the x- and y-axes. Consider Base-1A and Base-2A to represent the two

adjacent bases on one strand and Base-1 A, Base-1 B and Base-2A, Base-2B to

represent the pairs of complimentary bases. For double helical DNA, the

program first calculates the base pair parameters between, say, Base-1A and

Base-1 B. 1M is the middle reference frame for the calculation of base pair

parameters between Base-1A and Base-1 B. Similarly 2M is the middle reference

frame used for the calculation of base-pair parameters between Base-2A and

Base-2B. These mid-frames 1M and 2M then serve as the base-pair reference

frames to calculate the step parameters. M is the middle reference frame of M1

and M2 and is used for the calculation of step parameters. Calculation of the

step parameters follows the procedure described below.
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From the position and orientation of base-pair reference frames Mi and base-pair

Mi+1,

1. Take the cross product of the z-axes of the two base pairs Mi and Mi+1. This

gives the direction of the hinge, or Roll-Tilt axis, in the middle reference frame

M. In other words the hinge axis is the intersection line between the two

planes.

2. Rotate the two base-pairs about the hinge with angles of equal magnitude but

opposite signs until their x-y planes are parallel to each other. This gives the

x-y plane of the middle frame M.

3. The z-axis now obtained is the z-axis of the middle reference frame M.

4. The Roll-Tilt (r) angle is calculated as the amount of the relative rotation of

the two base-pairs.

5. The hinge axis does not bisect the angle between two y-axes. The hinge's

offset from the bisector of the two Y-axes is the angle (I). Angular rotations

about the y- and z-axes, i.e. Tilt (T) and Roll (p) respectively, are calculated

using equation 1. A view along the z-axis of the middle reference frame of

the current y- (or x-) axis gives the angle Twist (w).

6. Translational parameters Shift (D r), Slide (D r) and Rise (Di) are the

projections of the vector joining the origins of the two base-pairs in step-1 to

the x-, y- and z-axes of the middle frame.



Figure 2.5 Calculation of local base-pair and step
parameters in double helical DNA
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2.2 The Planes Program

The main component of this research has been the design of the Planes program

and its application to the novel classification of conformers of the flexible GBR

12909 analog, DM324. Although many molecular modeling programs such as

SYBYL are capable of calculating certain angles and distances between

molecular fragments, none are able to provide the full range of detailed

information on the relative orientation of molecular features available in the

Planes program. This innovative approach is derived from the concepts of the

3DNA program.

In an arbitrary molecule, viewed as a single strand of DNA, the position

and orientation of one fragment with respect to the other can be completely

defined using parameters defined from six degrees of freedom: three angles and

three distances. The Planes program uses the terminology of the base step

(Shift, Slide, Rise, Tilt, Roll, and Twist: see Figure 2.6) rather than the base pair

to characterize these parameters. This is an arbitrary choice since, in the 3DNA

program, the step parameters and base-pair parameters are calculated exactly

the same way.

But, unlike DNA, which contains planes defined by either a purine or a

pyrimidine ring, the planes in an arbitrary molecule can be defined from any ring

fragment. Due to the helical structure of DNA, the relative position and

orientation of either a base pair or base step is somewhat restricted. The same

cannot be assumed for an arbitrary molecule. For a flexible molecule, the

relative displacement and orientation of the ring fragments can be either small or
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large, limited only by the molecule's chemical and structural characteristics. The

Planes program calculates the parameters of one ring relative to every other ring

in the molecule unlike in 3DNA, where step parameters are calculated for only

the adjacent base pairs.

The 3DNA program uses the Brookhaven Protein Data Bank (PDB)

(Bernstein et al., 1977) file format for input nucleic acid structure. This is a

standard format used by molecular modeling programs for description of

macromolecular structures. PDB files are plain text ASCII files that store residue

names, atom names, and x, y, z coordinates in a Cartesian coordinate system of

every atom, along with other detailed structural information of a protein or nucleic

acid. Similarly the mol2 file (.mol2) format is commonly used by molecular

modeling programs for the description of small molecule structures. A mol2 file is

a complete, portable description of a molecule. Like a PDB file, the mol2 file

stores the structure and atomic coordinate information of the molecule. This

format has the advantage of storing all the necessary information such as atom

features, positions, and connectivity. It can also be used to describe the atoms

that constitute the planes of interest in the molecule. In other words a PDB or

mol2 file can be viewed using a text editor. This text file gives the atomic

coordinate information, bond information and other definitions describing the

molecule (See Appendix B for sample mol2 files). These same files can be

viewed as a structural molecule using either molecular display programs such as

Rasmol or molecular modeling software such as SYBYL. The Planes program
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takes a mol2 file format as input and follows the 3DNA procedure for calculating

the "base step" parameters for an arbitrary molecule.

A. Schematic of a plane defined for the ring fragments with reference
frames and calculation of parameters using middle frame

B. Positive sense of the parameters calculated
going from Plane-1 to Plane-2.

Figure 2.6 Planes Program Parameters
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Dr. Xiang-Jun Lu and Dr. Wilma K Olson of the Chemistry Department,

Rutgers University, Piscataway, NJ released the MATLAB source code of the

3DNA program to the Venanzi group, Department of Chemistry and

Environmental Science, NJIT solely for this research. The initial version of the

Planes program was prepared by Rohan Woodley as part of his research project

in the Computational Biology M.S. program at NJIT.



CHAPTER 3

METHODS

3.1 Overview

Any generalized program has its own limitations. The burden of providing the

input in a specific format is upon the user of the program. Molecule input to the

Planes program is in mol2 format and is of two types: input for the molecule

under study (here, DM324) and input for the molecular ring fragment "standards"

(here, benzene and piperazine rings). The next section of this chapter provides

the explanation of the input molecule, the ring and plane definitions, followed by

the specifications of the standard for the corresponding ring fragments.

The Planes program reads a mol2 file, mines for information on the plane

definitions and atoms that lie on the plane, extracts the corresponding atomic

coordinates and calculates the translational and rotational parameters for every

pair of planes. A configuration file that specifies the standard, input (.mol2) and

output filenames, along with some necessary definitions to evaluate the

parameters, serves as an input file to the Planes program.

The Planes program works as follows

1. The Planes program reads the input mol2 file that specifies the molecule

of interest.

a. First it identifies a ring fragment.

b. It then mines the mol2 file for the plane defined for this ring and

extracts the atoms that lie on the plane.

29
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c. The program then identifies the standard corresponding to the ring

fragment.

d. The program superimposes the standard reference coordinate frame

onto the ring by performing a least-squares fit of the atoms that lie on

the plane. This gives the origin and the reference frame for the plane.

e. Steps (a) to (d) are performed for all ring fragments of the molecule.

2. The program then calculates the translational parameters Shift (D i), Slide

(Dr) and Rise(Dz), and rotational parameters Tilt ('r), Roll (p) and Twist (w)

for every possible combination of pairs of planes.

3. Steps 1 and 2 are repeated for all the input conformations.

3.2 Calculation of Planes Parameters for DM324

3.2.1 Input Conformations of DM324

The Planes program was used to calculate the planes parameters (i.e. the "base

step"-type parameters for a non-DNA molecule) for conformations of DM324, a

GBR 12909 analog (see Figure 3.1.)

Figure 3.1 DM324 Conformation with planes
considered for calculation of parameters.
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Each DM324 conformation was stored in mol2 file format (see Appendix C

for a sample input conformation file for the rs2_00001 conformer of DM324). The

mol2 file was prepared from the SYBYL database containing the Random Search

output by using a SYBYL macro (Appendix B) to define the planes of interest in

the molecule. Each mol2 file had four molecular planes defined, one for each

ring fragment: two benzene planes (shown as B1 and B2 in Figure 3.1) defined

from the six aromatic carbons of the ring, one napthalene plane defined from the

10 aromatic carbons of the napthalene ring, and one piperazine plane (P plane in

Figure 3.1) defined from two carbons and two nitrogens of the piperazine ring.

More details are given in the sections below. There are over 350 analogues of

GBR 12909. Many of them have a benzene-like substituent in place of the

napthalene ring. In order to make the application of the program as general as

possible and to compare the plane parameters with conformations of other

analogs of GBR 12909, only the "lower", benzene-like portion of the napthalene

was used in the calculation of the planes parameters. This means that it was not

necessary to create a napthalene standard. The benzene standard was used

instead. Since napthalene is perfectly planar, relative angles calculated using a

10-atom plane or a 6-atom plane would be the same.

The input conformations of DM324 were generated by Milind Misra, using

the Random Search conformational analysis function of SYBYL. A total of 728

unique conformations of DM324 with energies within 20kcal/mol of the

conformation of lowest energy were identified. During the calculation the

benzene-1, benzene-2, piperazine, and napthalene rings were defined as
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aggregates (i.e. held fixed) and only the eight torsional angles of DM324 were

allowed to rotate. During the search, the piperazine ring was held fixed in a chair

conformation with the substituents on each nitrogen fixed in the equatorial

position.

In order to compare the structures of the 728 conformations, they were

oriented relative to the central piperazine ring. The piperazine nitrogen to which

the bisphenyl side chain is attached was placed at the origin (0,0,0) of the

Cartesian coordinate frame. All 728 conformations were superimposed by fitting

to the four piperazine ring atoms (see Section 3.2.2) used to define the

piperazine ring plane. The result shows the range of orientations available to the

side chains (see Figure 3.2).

Figure 3.2 provided by Milind Misra. Side view of 728 DM324
conformations aligned on the central piperazine ring


