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1 Introduction

Our recent comparison studies (Lu & Olson, 1999;dtwal., 1999) on seven popular an-
alyzing programs for nucleic acid structures demonstrétedl the choice of reference
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frame rather the mathematical formulation has the greé#fiecteon the calculated param-
eters. Broadly speaking, there are two classes of refereanees. One is defined by
the purine (R) C8 atom and pyrimidine (Y) C6 atom, and the mease-pair plane as
in FreeHelix/NewHelix (Dickerson, 1998). The other uses the average of the two
constituent base reference frames in a base-pair@sives (Lavery & Sklenar, 1989).
While each has its own advantages and limitations, the bastered one was recom-
mended at a workshop held on January 13-14, 1999 at the AIBHN Structural Biol-
ogy Center in Tsukuba, Japan (Olsetral,, 2001).

3DNA is a comprehensive software package for the analysisetmuilding of nucleic
acid structures based on the new recommended reference. fidisthematically, it fol-
lows theCEHSdefinition (El Hassan & Calladine, 1995) as implementeBG@HNAaP /
SCHNATrP(Lu et al, 1997a; Luet al, 1997b) with the global helical parameters replaced
by a new set ofocal ones. This matrix based algorithm is rigorous and revezsibl
that it allows for exact reconstruction of the structurerra set of parameters which can
be deduced from the structure. The parameters such defisedhave simple geometri-

cal meaning thus the distance between base-pair centg/&qiét2 + Slide” + Rise?, the
bending angle between two base-pairg Roll? + Tilt?, and the angle between base-pair
normal and local helical axis iglnclinationz + Tip2.

3DNA is a completely new written software package confogrstrictly to theANSI
C. It is much more robust and efficient th& CHNAaP/SCHNArRand has new and im-
proved features. Its analysis part can automatically iflaasdinucleotide step as A-, B-,
or TA-like (Guzikevich-Guerstein & Shakked, 1996) basedtloa positioning of phos-
phorus atoms with respect to the middle frame. This can be wseful for pinpointing

conformational transitions in ligand-bound DNA, espdygiah a short fragment which
is often neglected by other analyzing programs @iwal, 2000). High quality “stan-
dardized” base-stacking diagrams can be generated byity ptibgram following the
analysis. AuthentiCEHS/SCHNAaRparameters are also available, which can be used
for comparisons with the 3DNA recommended ones to see hoffeaatice in reference
frames can affect the calculated parameters, especialRise in heavily deformed DNA
structures. Also note th&treeHelix/NewHelix parameters are very similar to the
CEHS/SCHNAaPRnes due to their similarity in reference frames. For conepless, lo-
cal parameters using the seven methods (Lu & Olson, 199%tlal, 1999) based on
the new recommended reference frame are also calculatedo@ly, they are all quite
similar to 3DNA recommended ones.

The rebuilding part of 3DNA can be used for generating secerglependent atomic
structures, without or with the sugar-phosphate backbsugable as starting point for
molecular mechanics calculations and molecular dynanioglations. Itis also very con-
venient to generate publication quality Calladine-Dreyfesschematic representations of
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DNA, either in PS, XFIG, or Raster3D (Merritt & Bacon, 1997jormat. With XFIG, the
picture can be edited and annotated, combined with otheexported to image formats
such as GIF, JPEG and TIFF. With Raster3D, the Calladinevi3tgle block representa-
tion of bases can be combined with the backbone and proteithier atomic or schematic
presentations.

Fifty five different types of fiber DNA and RNA structures bes® the work of Chan-
drasekaran & Arnott (1989) can also be conveniently geadrafhe atom naming and
ordering conventions of the NDB are strictly followed whittake it easy for direct com-
parison with X-ray crystal structures or theoretical msdel

2 Installation

The latest version of 3DNA, in binary form for Linux, SGI andifows, is available
from the following URL:http://rutchem.rutgers.edu/ xiangjun/3DNA/
Download the version that fits your system and then do thevatig:

e gunzip Linux_X3DNA_vl.5.tar.gz , you get fileLinux_X3DNA_v1.5.tar

e tar xvf Linux_X3DNA_vl.5.tar , You get directoryx3DNAand four subdirectories
underneathBASEPARSFIBER, bin , andExamples , the contents of which are detailed
below.

e |f X3DNAIs not directly under your home directory, set environmeariable X3DNAas

follows:

in csh | tcsh: setenv X3DNA Your_Directory_Containing_X3D NA
e.g., setenv X3DNA /usrl/xiangjun/X3DNA

in bash | sh: export X3DNA=Your_Directory_Containing_X3D NA

e.g., export X3DNA=/usrl/xiangjun/X3DNA

in Windows (suppose 3DNA is installed under C:\X3DNA):
set X3DNA=C:\X3DNA
Or do the followings (globally):

Start
Settings
Control Panel
System
Advanced

Environment Variables
at "User variables" section

2http://www.xfig.org/
3http://www.bmsc.washington.edu/raster3d/raster8al.ht
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Variable: X3DNA
Variable Value: C:\X3DNA

Then append to your command search path the 3DMA subdirectory:

in csh | tcsh: set path = ($path $X3DNA/bin)
in bash | sh: export PATH=$PATH:$X3DNA/bin

in Windows:
Start
Settings
Control Panel
System
Advanced

Environment Variables
at "System variables" section
click on Path and "Edit" it
by appending ";C:\X3DNA\bin" to it.

Another option for Windows users is to inst@lygWwin*.

2.1 BASEPARS

This directory contains standard residue geometry filesather parameters controlling
various aspects of 3DNA. They are all in text format, so usarsview the structures with
rasmol or edit the parameters as they see fit.

e Atomic_?.pdb (? = A, C, G, T or U) are the default standard residue
geometries used by 3DNA for analyzing and rebuilding fubnaic nucleic acid
structures in PDB format.

Under its subdirectonATOMIC there are four sets of standard residue geometry
files:

ADNA_std?.pdb ,BDNA_std?.pdb ,NDB96_std?.pdb andRNA_std?.pdb

The base geometries by Clownetyal. (1996) are used (downloaded from the NDB
archive:http://ndbserver.rutgers.edu/NDB/archives/index.htm ). The
NDB96set includes base and Citoms, without sugar-phosphate backbohBNAset uses
C3-endo sugar-backbone conformation as defined by Lesla. (1980) fiber studies, but
with a x torsion angle of—157°, average of high resolution single crystal X-ray oligonu-
cleotide structuresRNAset is the same asDNAexcept for an additional Q2atom for each
residue. BDNAset is similarly defined aADNAexcept for a C3endo sugar fiber sugar-
backbone conformation and thel08° y torsion angle.

“http:/;www.cygwin.com/
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The NDB96set is the default. To use another data set, simply overtiritecorresponding
Atomic_?.pdb in BASEPARSI copy them to your current working directory. A utility
program,cp_std (see below), can do this automatically for you. You can aks® ather
residue geometries with the help of the utility progrard_base

Note the standard set contains only the five common residyes, G, T and U. Residue
| can be got by deleting the N2 atom from G. Their modified cetpdrts, +A, +C, +G,
+l, +T, +U which are changed to lower case by 3DNA, can be apprated by using their
normal forms. For +C, for example, 3DNA requires fd¢omic_c.pdb , which can be
simply a copy ofAtomic_C.pdb

Block_BP.alc  defines the default base-pair rectangular block. It has e &i20 A
(long) by4.5 A (wide) by 0.5 A (thick) and is in ALCHEMY format. It is used for drawing
the Calladine-Drew style schematic presentation of DNAditires. Block_R.alc  is
for the purine base (RU(5 x 4.5 x 0.5). Block_Y.alc s for the pyrimidine base (Y)
(3.0 x 4.5 x 0.5).

Under its subdirectorBLOCK there six block geometry filesBlock_M.alc  has half
the size ofBLOCK_BP.alc , and can be used if you would like the two blocks consist-
ing a base-pair to be of the same sizBlock_Ms.alc is slightly smaller in length
thanBLOCK_M.alc to avoid possible overlaps in a compressed base-pairwith neg-
ative Stretch). Furthermore, the blocks do not necesstrilye rectangular, as shown in
Block_R_nr.alc

Pxyz.dat contains thexyz coordinates of phosphorus atoms with regard to the middle
dinucleotide reference frame. Four sets were defined, smoreding respectively to average
values in high resolution A- and B-DNA crystal structurdsit intermediate and TA-DNA.
New set can be added following the format. This file is useddbuild  for generating
DNA structures with only base and phosphorus atoRwyzH.dat is the same as above
except the coordinates are given in terms of the middle &ldliame.

fig_image.par contains parameters controlling the style of generated>¢H¢s, which
can be edited by users to suit their liking. Similaghg_image.par  holds parameters
defining the drawing style for postscript images. Finathgter3d.par andmy_header
.r3d are for Raster3D input.

misc_3dna.par contains various parameters mainly famalyze and the utility pro-
gramfind_pair . j

baselist.dat contains a comprehensive list of currently known base vesiénd their
standard counterpart. It makes analysis of unusual DNA ad4 Btructures straightfor-
ward.

trans_pep.pdb & trans_pep.alc are trans peptide unit used for drawing peptide
block in protein structures, in the same way as basepaikbloc
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2.2 FIBER

This directory contains repeating unit for each type of thdibers DNA and RNA struc-
tures. The original data as provided by Chandrasekaran &\ (h989) is given in subdi-
rectoryData . DirectoriesStr01 -Str55 store the “clean-up” version of each repeating
unit in a format suitable for building the structure withliiyi programfiber

2.3 hin

This directory contains executables of the 3DNA packagestMbdwhich are utility pro-
grams with some in short Perl script. Detailed usage of emobram is described in
Section 3.

2.4 Examples

Four subdirectories are included to illustrate the varfonstionalities of the 3DNA pack-
age. You are strongly recommended to study these examplefulbain order to use
3DNA more effectively.

e Analysis_Rebuild contains the analysis/rebuilding results of four struesur
adh026 (A-DNA), bdl084 (B-DNA), pde0128 andpd0001 (DNA-protein com-
plexes). The .pdb data files were downloaded from tN®B Thex* .inp files are
the corresponding input to the analysis routiaeglyze ) andx.out are the out-
put containing various structural parameters.

Input file multi_str.inp illustrates how to analyze multiple structure from one
input file.

READMEcontains detailed information on how to run thealyze/rebuild
programs to generate results in this directory, and the R\8atlons between
3DNA rebuilt structures and the experimental ones. For ladsms, the RMS is
virtually zero, and with backbone atoms it less than 8.85en for the 146bp nu-
cleosomal DNA.

e Calladine_Drew illustrates how to generate the two sets of DNA schematic pic
tures made popular by Calladine & Drew (1997) (Figures 1 andlTie README
file provides every detail. Note that the plots in these twarkg are on the same
scale and in the same orientation.

e NMRygives an example on how to analyze multiple NMR structuresifthe PDB.
Follow theREADMEile there.

e Stacking shows the procedures for generating “standardized” bas#iag dia-
grams (Figure 3). ChedREADMHile there.
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Figure 1: One completkelical turn of DNA having twist of 36, showing the effects of
introducing uniform roll and slide at each step (Calladin®é&w, 1997).
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Figure 2: Two completdelical turns of DNA, with a curvature of 45per turn, or 4.5

per step on average. Such tight curvature may be achievaatjrniaiple by any of the
distributions of roll angle shown in parts (a) to (d) (Callal& Drew, 1997).
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e Triplex gives examples on how to analyze triplex and parallel dugtexctures.
Follow READMHile there for details.
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Figure 3: “Standardized” base stacking diagrams of thresecutive dimer steps of the
1.4 A B-DNA structure d(GCGAATTCGCG), (Shuiet al,, 1998) 8DL084).

3 Howtorun 3DNA

Running 3DNA is simple although it might take a while to usenibre effectively. For
each of the program, there is a simple on-line help illustgats usage.

1. Analyzing part

e analyze [inpfilel inpfile2 ..
Sample input files are given in directoBxamples/Analysis
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cehs [inpfilel inpfile2 ...]

cehs givesthe originaCEHS/SCHNAaparameters, to whichreeHelix/
NewHelix ones should be quite similacehs is provide for completeness
and comparison purpose.

find_pair [options] pdbfile inpfile

find_pair is used to generate an input file fanalyze/cehs , starting
directly from a PDB file. It can also generate input files far gopular nucleic
acid analysis prograr@urves with option-c .

manalyze [-cehs] inpfile
A Perl script for analyzing multiple structures

nmr_strs [-cehs] inpfile n1 n2
A Perl script for analyzing multiple NMR structures

2. Rebuilding part

rebuild [options] [-negx] inpfile outfile
For rebuilding DNA structures of either atomic model in P@Brhat or schematic
representation in ALCHEMY format.

regular_dna [options] outfile
A utility program to generate input file foebuild  for the construction of
regular DNA structures.

frame_mol [options] -n1[,n2] reffile inpfile outfile
A utility program for attaching local helical frames and #et orientation of a
structure.

rotate_mol rotfile inpfile outfile

A utility program for adjusting the orientation of a structuby rotations in
MolScript  style. In RasMol, a structure can be rotated etc, but theseorr
sponding new coordinates cantbe savedrotate_mol is provided simply
for this purpose: Rotate your structure in RasMol to therdagon you like,
thenwrite molscript rotfile

alc2img [options] [-s=factor] inpfile outfile

Generating schematic representation of DNA from a ALCHEMY. fi
pdb2img [options] [-s=factor] inpfile outfile

Generating schematic block representation of nucleiclzases or protein pep-
tide bonds directly from a PDB file.

3. Fiber models
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o fiber options pdbfile
The options ishum, wherenum s between 1 and 38.a|-b|-c|-d|-z
can be used for A-DNA, B-DNA, C-DNA, D-DNA and Z-DNA models.

4. Stacking diagrams

e stack2img [options] [-s=factor] inpfile outfile
Program to generate “standardized” base-stacking diagradratomic repre-
sentations of nucleic acid structures with filled base remgys hydrogen bonds.

e mstack2img [‘options’] stackfile n1 n2 prefix
A Perl utility calling stack2img to generate stacking diagrams for a set of
dinucleotide structures.

5. Set standard bases

e std_base [options] [anglel distance angle2] inpfile outfi le
A utility program for setting standard base geometries biyethalyze andrebuild

6. Other utilities

e r3d_atom
A utility program for generating scenes of atomic CPK, lzadld-stick, filled-
base-ring, hydrogen bonds between bases, colored by atgmeidase residue
or in gray, for input to Raster3D. Some of its functionabtiare similar to
rods, balls andring3d of the Raster3D distribution, but with a more
general approach for locating base rings.

e Ccp_std prefix
A Perl script for changing standard base geometry files.

e ex_str -num [-nmr] pdbfile
A utility program for extracting a specific structure unitam NMR structure
from a multiple-structure PDB file.

e get_part [options] inpfile outfile
Extracting protein, nucleic acid or other components froRrDd file.

e 01p_o02p inpfile [outfile]
Checking the designation of O1P and O2P atoms in a PDB file fuUte
RMS fittings.

e block _atom
A simple Perl script for generating block plus atomic repreation of a nu-
cleic acid structure in ALCHEMY format, which can be disptalyusing Ras-
Mol. For example, wittblock_atom bdl084 (assuming a PDB data file
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bdl084.pdb  exists), one get a fildbdl084.alc , which can be display

with rasmol -alchemy -noconnect bdl084.alc . Note the undoc-
umented optionnoconnect is needed to avoid RasMol recalculating bond
connections.

e dcmnfile

A simple Perl script for clean-up. Various programs in 3DN&ngrate auxil-
iary files with fixed names which can be deleted with this tytiirogram.

4 A tutorial introduction

This section shows some detailed examples on how to use 3DdFedy and effectively.
Only some of the main features are covered for beginnersttetgaed. As mentioned
above, a serious user should go throughBExamples directory provided with 3DNA
and play with it.

The universal molecular graphics prograasmol (version 2.6+, but not 2.7.1) is
indispensable. Alsogv (ghostview) , xfig (version 3.2+) andRaster3D (ver-
sion 2.5+) are highly recommended. Most likely they mightbeady available on your
machine, since they are all extremely valuable freewares.

4.1 Base-pair geometry parameters

Figures 4 and 5 illustrate the definition of various paramsetiescribing the base-pair
geometry in a nucleic acid structure. These two figures weemselves generated with
the help of 3DNA.

4.2 Analysis of the Tc3 transposon DNA

The crystal structure of Tc3 transposase in complex withsppason DNA was solved by
van Pouderoyaast al.(1997). This transposon DNA structure is unusual in thatiitains
an A/B junction: the G+C rich end adopts the A-DNA conforroatiwhile the A+T rich
part has the B-DNA conformation. As a consequence, this Dé\#on-linearij.e., curved.
The NDB reference code for this structurepde0128 . Download the structure
and display it withrasmol , you will find that protein and DNA are together. To an

alyze the helical DNA structure, the prograamnélyze) needs to know which base-
residue (sequential number in the PDB file) pairs with whig@lnis information (in file
pde0128.inp ) can be obtained with the utility prografimd_pair  as follows:

find_pair pde0128.pdb pde0128.inp
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i , Shear (S) Buckle (k)
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Reference frame

Stagger (S) Opening (o)
Shift (D,) Slide (D,) Rise (D.)
Tilt (7) Roll (p) Twist (€2)

Figure 4. Pictorial definitions of parameters that relatenpementary base pairs and
sequential base-pair steps. The base-pair reference fsaco@structed such that thxe
axis points away from the (shaded) minor groove edge. Iméigesrate positive values
of the designated parameters (Dickersoal., 1989).
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Figure 5: Helical parameters. Pictorial definitions of paeters that relate base pairs to
its helical frame.
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wherepde0128.pdb is the data file in PDB format downloaded from the NDB and

pdeol28.inp s the file required bynalyze

analyze pde0128.inp

The above two steps can be combined as follows:

find_pair pde0128.pdb stdout | analyze

Among several other output files, the one narpdd0128.out  (see page 38) gives

a detailed listing of the DNA structural parameters. Eactt gabriefly summarized as
follows:

14

RMS deviation .- gives the rms deviation between each experimental base
and the standard reference. Normally the value is less teE20 For each base,
the corresponding PDB residue information is provided. Adspair is classified as
either Watson-Crick or non-Watson-Crick (denoted withaa)st

H-bonding information gives atom-list and their length i of all possible
H-bonds in each of the base-pairs.

Overlap area In A? between polygons defined by atoms on successive bases.
Polygons projected in the mean plane of the designed basstgp.

Values in parentheses measure the overlap of base ring atdgsThose outside
parentheses include exocyclic atoms on the ring.

Origin (Ox, Oy, 0Oz) -+ - gives the origins and mean base-pair normal vec-
tors in the coordinate system of the given structure. Dmbeet al. has found it
very useful by drawing thaly vs. Nx normal plot to demonstrate the curvature of a
DNA molecule.

Local base-pair parameters , i.e,, Shear, Stretch, Stagger, Buckle, Pro-
peller, and Opening (Figure 4generally speakingPropeller always has a value of
about—10° in A- and B-DNA (Calladine & Drew, 1997), while Buckle can bigher
positive or negative of up to 20The other four show much less variations.

Local base-pair step parameters gives the familiar Shift, Slide, Rise,
Tilt, Roll, and Twist (Figure 4). Slide-Roll-Twist show mewariations than the
other three. Slide is the best single parameter among thia siiscriminating A-
from B-DNA.
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e Local base-pair helical parameters ,1.e.. X-displacement, Y-displace-

ment, Helical rise, Inclination, Tip, and Helical twist,iffére 5) are also commonly
used. For canonical A-DNA, for example, the X-displacemamdracterizes the
“hole” in the top view (Figure 6), and the Inclination meahattthe bases are non-
perpendicular to the helical axis in the side view (see covege).

lambda - - - gives the virtual angle between C1’-YN1 or C1’-RN9 glycasidonds
and the base-pair C1’-C1’ line. For mismatched base-phietwo)\ angles are nor-
mally quite different.

Classification of each dinucleotide step ---is based on the Zp
and ZpH values. It applies to right-handed A-, B- and TA-DNAhawWatson-Crick
base-pair steps. This classification should be checkedstghe step/helical param-
eters and the backbone torsion angles etc for final assigni@enerally speaking,
this classification can be taken as a good starting pointifiuginting possible struc-
tural transitions in large DNA structures. FHode0128 , this section says that the
transposon DNA is not simply a deformed B-DNA, but one withAdB junction.

Minor and major groove widths are calculated based on the method pro-
posed by El Hassan & Calladine (1998). It uses simple crivasi P—-P distances
with and without an angle correction, and assign the groodths to each dinu-
cleotide step. Please note that the sum of vdW radii éa.ef the two phosphate
groups isnot subtracted from the values given here.

Structure classification gives the overall assignment of the structure as
right-handed (A-, B-, TA-DNA), left-handed Z-DNA, and othivo topologically
possible forms.

Global linear helical axis is defined by equivalent C1’ and RN9/YN1
atom pairs as iIlCHNAaPIt gives the unit vector along the helical axis and the
two end points which can be used to locate the axis by addiesgethwo points as
ATOM/HETATMecords in your PDB file and draw a line bewteen them. While
such a linear-fitting makes no much sense for a strongly cuBsA structure,
the deviation from regular linear helix is a good measurehefdverall structural
deformation.

Main chain and chi torsion angles.

Sugar conformational parameters include five internal torsional angles,
and amplitude and phase angle of pseudorotation of the singar
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e Same strand P-P and C1-C1’ virtual bond distances have been used in the
literature to discriminate A- and B-DNA conformations,haltigh it is now clear
that they are not as good as Zp and Slide.

e Helix radius

gives the radial displacement of P, O4’, and C1’ atoms inlloca

helix frame of each dimer.

e Position (Px, Py, Pz)
dinucleotide step.

The output filebp_step.par
the base-pair geometry. It will be overwritten each time wlhaother analysis is per-

formed unless it is renamed.

19 base-pairs
++ |ocal base-pair & step parameters
Stretch  Stagger Buckle Prop-Tw Opening
-0.27

0

Shear
G-C -0.18
G-C 0.16
G-C -0.10
G-C 0.02
G-C -0.21
G-C 0.04
G-C -0.32
T-A 0.43
C-G 0.52
C-G 0.27
T-A -0.18
A-T -0.57
T-A -0.34
A-T -0.69
G-C -0.51
A-T -0.66
A-T -0.41
C-G 0.40
T-A 0.56

commands:
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-0.26

-0.25

-0.33

-0.24

-0.22

-0.40
-0.40

-0.43
-0.33

-0.23
-0.49
-0.35
-0.02
-0.07
-0.15
-0.38

-0.55
-0.49

0.58
0.13
0.42
0.08

-0.13

-0.35

-0.38
-0.05

-0.34
0.52

-0.13

0.47
0.33

-0.04

-0.61

-0.12

0.73
0.33
0.46

8.57
-5.72
-1.54
-3.56
-3.78
-8.83

-16.06
-11.97
-10.52

-15.53
-9.98
0.67
-3.99
-2.98
3.47
12.32
21.10
-5.21
-21.17

and local helical axis vector (Hx, Hy, Hz) for each

contains information for a rigorous reconstruction of

-9.77
-10.04
-7.63
-6.03
-0.69
-11.08
-17.27
-14.80
4.23
-4.19
-5.01
-7.27
-14.34
-0.45
-9.27
-13.66
-23.76
-10.24
-8.34

Kk

-8.26
-3.52
-0.67
1.74
3.13
-3.03
-3.53
12.03
3.87
-2.52
-1.56
-0.77
-5.83
12.91
12.05
3.93
-1.56
-3.28
-4.72

Shift
0.00
0.19

0.43

0.17

0.08
0.50
0.18
-0.07
0.25
-1.73
0.35
0.41
-0.34
0.29
0.33
-0.68
-0.06
0.37
-0.19

Slide
0.00
-1.13
-1.67
-2.24
-1.92
-1.91
-2.14
-0.42
0.76
0.69
-0.32
1.89
-0.18
2.18
1.29
0.30
-0.03
-1.03
-1.07

Ri se Tilt
0.00 0.00 0.00
3.65 5.58 3.
2.94 -3.14 1
3.13 1.31 6.72
3.33 3.67 8.
3.41 4.23 5

3.43 4.6

3.15 -0. 69

3.46 3.31 0.88

3.77 -7.18

3.19 5.36 6
3.06 -6.05 -2.

3.44 1.73
3.37 -2.75
325 -015 15
296 -4.96

297 -6.6
3.93 4.89 1.
3.61 1.91 4

Let’s rebuild an atomic structure with the following comndan

rebuild -atomic bp_step.par tc3_base.pdb

Depending on your setting of the standard base geomegryAtomic_?.pdb
you will get a structure with either only base atoms (the digfar with an approximate
sugar-phosphate backbone attached. idsmol to have a look.
Your can also rebuild a schematic Calladine-Drew styleupectwith the following

rebuild bp_step.par tc3_bpl.alc

Roll Twist
0.00
88 39.73
0.32 29.99
31.31
74 27.62
.60 31.56
10.29 27.30
5.91 35.56
37.83
1.10 31.39
16 26.98
74 45.60
-3.42  31.69
6.21 49.54
17 23.41
0.68 35.87
-0.95 34.68
28 38.27
.78 37.16
files),

[for one block pebase-pait
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rebuild -block2 bp_step.par tc3_bp2.alc [for one block
per base]

You need to useasmol with the-alchemy command-line option to display files
tc3_bpl.alc  andtc3_bp2.alc  since they are iIlLCHEMYormat. e.g,

rasmol -alchemy tc3_bp2.alc

With this image, the Buckle and Propeller deformations ammediately obvious.

4.3 Fiber models

The 55 types of fiber nucleic acid models by Chandrasekaranrdtf (1989) can be
easily generated with the progrdibher . Usefiber -m  to get a list of all structures.
Here | will use calf thymus A-DNA (number 1 in the list) as amaexple to illustrate its
usage.

fiber -a fiber_A.pdb

Here-a is the same asl andfiber_A.pdb is the output file name. Your will
then be asked to input your base sequence. It could eitheobed data file (complete
sequence) or from keyboard (enter only the repeating seguemich is the default). Type
enter means the default for input from keyboard. You are prompteddpeating unit
with a default for polyA. Typeatcg (either case is Okay and uncommon bases will be
ignored) for a mixed A-T-C-G repeating sequence. Finally goe asked for the number
of repeats (default is 10). Type 5 so you get (ATEGE., 20 base-pairs. Display it with
rasmol fiber_A.pdb

High quality postscript picture (Figure 6) éber_A.pdb can be generated with
the utility stack2img  as follows:

stack2img -cao fiber_A.pdb fiber_A.ps

The option-cao  means color-codea |, atomic-model &) with filled base-ringsd).
If you add the optionf , you will get an image in XFIG format which you can easily edit
This is actually what thesagtomicoptions are intended for.

4.4 Inputfor r ender in Raster3D etc

The Calladine-Drew style base-pair representations amgsblves quite useful as shown
in Figures 1 and 2. They are, however, even more helpful wieembed with atomic
and schematic representations of ligands and proteinsTéis.can be achieved with the
render program of Raster3D as follows:
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Figure 6: Top and side view images of the 20 base-pair longC@)s, fiber A-DNA color
coded by residue: A-red, T-blue, G-green, and C-yellow.
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Use RasMol to find the view you want, amdite molscript molfile at the
command window. Then use the utility prograntate_mol  to get a new PDB file with
coordinates corresponding to your chosen view (RasMol doesvrite back coordinates
in a new view). The new PDB coordinates are doenmon referencéor scenes gener-
ated by different programs (3DNA, MolScript, Raster3D dtcpe properlyrender ed
by Raster3D. Specifically, avoid any further coordinatesgformation by MolScript or
Raster3D.

You might use the utilityget_part to divide a structure into nucleic acid part (de-
fault or -n), protein part (-p) and others (-0) to be used wifferent programs. For exam-
ple, use 3DNA utilities3d_atom andpdb2img/stack2img for nucleic acids, and
MolScript for the protein part. You might need to delete tieadier part from MolScript
with del_ms -n , a simple Perl script comes with 3DNA. The different scerastben
be concatenated together fender as detailed in Raster3D document.

Most of the images in 3DNA homepage were generated this way.

4.5 Build a DNA structure with sugar-phosphate backbone

The rebuilding of a DNA structure relies on its base sequandeassociated base-pair and
step parameters, and a set of standgimic_?.pdb  data file.

The rebuilding algorithm is rigorous as far as the base-gpaometry is concerned.
However, approximate sugar-phosphate conformations eaatthched to the bases as a
nucleic acid structure is built. This way, you get a full atorstructure with the sugar-
phosphate backbone.

In directory BASEPARS/ATOMICthere are four sets of standard PDB files, cor-
responding to A-DNA (C3-endo), B-DNA (C2’-endo), RNA (G&ndo plus 02’) and
NDB96 (default, without backbone). The base geometry itheat is identical to ensure
the exact same numerical values of base pair parameterstter mhich set is used in the
analysis procedure.

To use a set other than the default NDB96, simply overwrigséhfiles to their cor-
respondingAtomic_?.pdb  counterparts (e.gBDNA_A.pdb to Atomic_A.pdb ). A
simple Perl scriptp_std helps with this process. For examplep_std BDNA will
put the B-DNA set into your current directory.

3DNA searches foAtomic_7?.pdb files in the following order:

e current working directory
o $X3DNA/BASEPARSdefault)

e SHOME/X3DNA/BASEPARSf environment variablé&X3DNAIs not defined)

As an example, the procedure to rebuildl084 with standard B-DNA C2’-endo
sugar-phosphate backbone conformation is as follows:
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find_pair -t bdl084.pdb stdout | analyze

You will get file bp_step.par  which contains base-pair sequence and step param-
eters. (Another filebp_helical.par , Which contains helical parameters, is also suit-
able for the following rebuilding process.)

rebuild -atomic bp_step.par temp.pdb

Use RasMol to have a look sgmp.pdb . It contains explicitly all valence bonds.

To verify that the algorithms used in 3DNA is rigorous andemible, re-analyze the
rebuilt structurdemp.pdb , and you will get the same base-pair parameters as those di-
rectly frombdl084.pdb . Alternatively, you could superimposemp.pdb to bdl084
.pdb , and you will find that the RMSD (ivﬁ\) is virtually zero if only base atoms (i.e., ex-
cluding the backbone) are considered. If the sugar-phdsfizekbone atoms (full-atom
model) are also used, the results for three DNA structurdsxemples/Analyze
Rebuild are as follows:

pd0001 bdl084 adh026
base-atom 0.05 0.02 0.03
full-atom 0.82 0.73 0.52 *

In rebuilding full-atomic models, regular sugar-phosgtzdckbone conformation was
used: B-type fopd0001 andbdl084 , and A-type foradh026 . It should be noted
that the labeling of O1P/O2P atomsadh026 from the NDB is not consistent with the
convention. Thus the RMSD values for full-atom model cquoexls those after correction
with a utility programolp_o2p .

By matchingAtomic_?.pdb  with base sequence, it is also possible to generate a
nucleic acid structure with mixed A- and B-DNA conformatsms in pde0128.pdb.
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5 Some technical details

In our experience, following step-by-step working examsptethe best way to understand
any nontrivial algorithm. To make things right, every teidah detail counts. Over the
years, we have received many requests asking for exactly3miwA parameters are cal-
culated. Here, we provide details of some key 3DNA compasathat interested users
could understand them better and possibly apply the sarhaitpees to other related sit-
uations.

As an example, we will use the first dinucleotide s&B/CCfrom A-DNA adh026
(with base sequenddGGCGCgUncluded in 3DNA distribution, which shows Slide and
Roll more clearly.

5.1 Least-squares fitting procedures

3DNA starts with a least-squares procedure to fit a standzsd Wwith an embedded refer-
ence frame to an observed base structure. Itimplementsad:form solution of absolute
orientation using unit quaternions first introduced by HA@®87). This method can be ap-
plied when one or both of the structures are perfectly plahlais section is based on the
following URL:

http://rutchem.rutgers.edu/ olson/jmb/Is_fit.html

e Standard reference frame (Olseial., 2001)

Using base G as an example, its xyz coordinates in standarénee frame in PDB
format are as follows (check BASEPARS directory for otheses:

ATOM 1 Cr G A 1 -2.477  5.399  0.000

ATOM 2 N9 G A 1 -1.289 4551  0.000
ATOM 3 C8 G A 1 0.023 4962 0.000
ATOM 4 N7 G A 1 0.870 3.969 0.000
ATOM 5 C5 G A 1 0.071 2.833  0.000
ATOM 6 C6 G A 1 0.424 1.460  0.000
ATOM 7 06 GA 1 1.554 0.955  0.000
ATOM 8 N1 G A 1 -0.700 0.641  0.000
ATOM 9 C2 G A 1 -1.999 1.087  0.000
ATOM 10 N2 GA 1 -2.949 0.139 -0.001

ATOM 11 N3 GA 1 -2.342 2.364 0.001
ATOM 12 C4 GA 1 -1.265  3.177 0.000

e Least-squares fitting procedure

Least-squares fitting in 3DNA uses only (available) ringnado nine for purines’ (
N9 ';"C8 ' ;" N7’ ;"C5’;"C6" ;N1 ;"C2" ;" N3’ ;"
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C4 "), and six for pyrimidines’ (N1 ' ;" C2 " ;" N3 ' ;" C4 ' ;" C5 ' ;
" C6 ).

Using the first G residue in chain A @dh026 , denoted thereafter & G1, the
corresponding 9 ring atoms in standasX{ sY, sZ ) and experimentaleXX,

eY, eZ) structures are as follows:

sX sY sZ eX eY eZ
1 N9 -1.289 4551 0.000 11.417 -2.904 -4.880
2 C8 0.023  4.962 0.000 10.759 -1.995 -5.662
3 N7 0.870  3.969 0.000 11.469 -0.913 -5.867
4 C5 0.071 2.833 0.000 12.638 -1.108 -5.156
5 C6 0.424 1.460  0.000 13.759 -0.273 -5.036
6 N1 -0.700 0.641 0.000 14.767 -0.848 -4.249
7 C2  -1.999 1.087 0.000 14.663 -2.116 -3.719
8 N3 -2.342 2.364 0.001 13.625 -2.934 -3.830
9 C4 -1265 3.177 0.000 12.625 -2.328 -4.545
s_ave: -0.6897  2.7827 0.0001 e_ave:12.8580 -1.7132 -4.771 6

Wheres_ave ande_ave are the geometric centers of the nine ring atoms in the stdnda
and experimental bases respectively.

We collect the two sets of coordinates in 8hex 3 matrices S and E corresponding respec-
tively to the standard and experimental bases. We thenrcoh8t x 3 covariance matrix
(C) betweersS andE using the following formula:

1 1
C = —ommee [S E--—-—-Sifi E
N -1 N

-0.6849 0.8393 -0.7418
-2.1919 -0.5683  -0.7888
0.0001  -0.0002 0.0001

HereN, the number of atoms in each base, is 9, and iislar 1 column vector consisting
of only ones.S’ andi’ are the transpose of matr&and column vector respectively.

From the nine elements @ we subsequently generate thex 4 real symmetric matrii
using the expression:

| cl1+c22+c33 c23-c32 c31-c13 cl2-c21 |
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M = | €23-c32 cl1-c22-c33 cl2+c21 c31+c13 |
| c31-c13 cl2+c21 -c11+c22-c33 c23+c32 |
| cl2-c21 c31+c13 c23+c32 -c11-c22+c33 |

-1.2530 -0.7886 0.7419 3.0312

-0.7886  -0.1167 -1.3526  -0.7417
0.7419  -1.3526 0.1165  -0.7889
3.0312 -0.7417  -0.7889 1.2533

The largest eigenvalue of matriMis 3.5896, and its corresponding unit eigenvectpr (
i=0-3 )is:

[0 gl g2 g3 ]=][05460 -0.2921  0.0524  0.7835 ]

The rotation matriR is deduced from thgi as:

| 9000+g191-9292-g393 2(9192-q0q3) 2(9193+q0q2) |
R = 2(9291+q0q3) q0q0-q1q1+9292-q3q3 2(9293-q0q1) |
| 2(9391-q0q2) 2(9392+q0q1) 0090-9q1g1-0292+g393 |

-0.2331 -0.8862  -0.4004
0.8249  -0.3983 0.4012
-0.5150 -0.2368 0.8238

Following coordinate transformation with matrlR, the translation vector for the least-
squares fit between standard and experimental bases isdlafine

0 = e ave - s_ave R’ = [15.1632 -0.0362 -4.4678]

Hereo andR are the origin and orientation, i.e., the reference framh¢h® experimental
base. MoreoveRRis guaranteed to be orthogonal.

The least-squares fitted coordinatEs¢f the standard base atoms on the experimental struc-

ture are then given by:

SR +o0

T
Il

11.4307 -2.9119  -4.8818
10.7607  -1.9933  -5.6548
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11.4432  -0.8991  -5.8558
12.6361 -1.1058  -5.1753
13.7706  -0.2678  -5.0319
147583  -0.8689  -4.2591
14.6659 -2.1180  -3.6958
13.6138 -2.9091  -3.8208
12.6427  -2.3449  -4.5688

HereSisthe (N x 3) matrix of the original coordinates of the standard base.

The difference matrixd) betweerF andE, the (N x 3) matrix of the original coordinates
of the experimental base, and the root-mean-square (RM&tda between the two struc-
tures are found to be:

D=E-F

-0.0137 0.0079 0.0018
-0.0017 -0.0017 -0.0072
0.0258 -0.0139 -0.0112
0.0019  -0.0022 0.0193
-0.0116  -0.0052  -0.0041
0.0087 0.0209 0.0101
-0.0029 0.0020  -0.0232
0.0112  -0.0249  -0.0092
-0.0177 0.0169 0.0238

RMS deviation = sqrt(sum(d"2)/N) = 0.0236

5.2 Base reference frames

Following the above least-squares procedure, we get tleviolg for A G1L

RMSD = 0.0236

o = [15.1632 -0.0362  -4.4678]

R = [

-0.2331  -0.8862  -0.4004

0.8249  -0.3983 0.4012

-0.5150  -0.2368 0.8238]

where the first column corresponds to x-axis, the 2nd to
y-axis, and the 3rd to z-axis respectively.

Similarly for B_C8(i.e., C8 on chain B) which pairs with_G1, we have the follow-
ing:
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RMSD = 0.0229
0 = [14.9124  0.2803  -4.7498]

R =1
-0.2339 0.9100 0.3422 ==> -0.2339  -0.9100 -0.3422
0.7496 0.3930 -0.5326 ==> 0.7496  -0.3930 0.5326

-0.6191 0.1320 -0.7741 ==> -0.6191 -0.1320 0.7741]

Since their dot product is negative (-0.9884), the z-axiB o€8 is anti-parallel to that oA_G1
We reverse the y- and z-axes Bf C8 (by a 180-degree rotation around the x-axis) to make its
z-axis parallel to that of_G1, as shown on the right side Bffollowing the arrows.

ForA_G2 we have:

RMSD = 0.0171
o = [14.8757 2.9250  -2.4635]
R =1
-0.6807 -0.6274  -0.3781
0.3893  -0.7471 0.5388
-0.6205 0.2195 0.7528]

ForB_C7, which pairs withA_G2, we have:

RMSD = 0.0213
0 = [14.4982  3.0313  -2.3001]

R =

05797  0.6905 04326 ==> -0.5797 -0.6905 -0.4326
0.3207  0.6814 -0.6579 ==>  0.3207 -0.6814  0.6579
0.7491 -0.2426 -0.6165 ==> -0.7491 02426  0.6165]

5.3 General rotation matrix

The general rotation matriR g (¢) (EQ. [1]) describes a rotation of magnitugeabout an arbitrary
unit vectord = u; 1+ usj + usk, wherei, j, k are unit vectors along the axes of the local Cartesian
frame:

cos ¢ + (1 — cosp)u? (1 —cosp)ujug —ugsing (1 — cos p)ujus + ugsin g
Ra(p) = | (1 —cosp)ujug +ugsing  cosp + (1 — cos )u3 (1 — cos p)ugug —ugsing |,
(1 —cosp)ujug —ugsing (1 — cos p)ugus + ug sing cos ¢ + (1 — cosp)u3

1)
5.4 Base-pair parameters

Given the above base reference framesfoG1,B_C8 andA_G2,B_C7, we can calculate the
base-pair parameters (Shear, Stretch, Stagger, BucklpelRr, and Opening). The procedure is
exactly the same as for step parameters detailed below. wiejast give the parameters for the
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two base-pairs, and users who are interested in knowingetadslshould work them through and
should get exactly the same numbers.

Shear  Stretch Stagger Buckle Propeller  Opening
A G1-B_C8 -0.4683 -0.1516 -0.0156 -5.4713 -6.7936 -2.8660
A G2-B_C7 -0.1643 -0.2112 -0.3299 -4.6532  -9.8008 2.7357

The “middle frame” used in calculating the bp parameterobess the bp reference frame. For
base paia_G1-B_C8, we have:

ol = [15.0378  0.1221  -4.6088]

RL = [

-0.2323  -0.8985  -0.3724
0.7889  -0.3980  0.4682
-0.5689  -0.1851  0.8013]

For base paiA_G2-B_C7, we have:

02 = [14.6869  2.9781  -2.3818]

R2 = [

-0.6319  -0.6594  -0.4072
0.3583 -0.7144  0.6010
-0.6873  0.2339  0.6877]

These two reference frames are used in the next two sectionaltulate step and helical
parameters.

5.5 Step parameters

Given the 2 bp reference frames above, the following proeedare used to calculate step parame-
ters (Shift, Slide, Rise, Tilt, Roll and Twist). It followsEHS definition, as detailed in SCHNAaP.

1. Hinge axis is the cross product between z1 (3rd colunfRldfand z2 (3rd column oR2):

[-0.3724 0.4682 0.8013] x [-0.4072 0.6010 0.6877]
= [-0.1596 -0.0702 -0.0332]. When normalized, it becomes:
[-0.8993 -0.3953 -0.1870]

Geometrically, hinge axis is the intersection line betwentwo base pair planes.

2. The RollTilt angle T, i.e., net bending angle) is the magnitude between z1 anatzzh is
given by their dot productt” = 10.2221 A.

3. Now we rotate R2 by-€0.5 x I" = —5.1111) degrees around the hinge axis (see Eq. [1]):
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R_hinge(-5.1111) = |
0.9992  -0.0152 0.0359
0.0181 0.9966  -0.0798
-0.0345 0.0804 0.9962]
R2'" = R_hinge(-5.1111) * R2 = [
-0.6616  -0.6396  -0.3914
0.4005 -0.7426 0.5368
-0.6340 0.1984 0.7475]

Similarly, we rotate R1 by-{0.5 x I") degrees along the hinge axis:

RI' = R_hinge(+5.1111)  * R1 = |
-0.1982  -0.8986  -0.3914

0.7441 -0.3978  0.5368
-0.6381  -0.1848  0.7475]

By definition, the z-axes dR1’ andR2’ (the third column) are the same, i.e., after sym-
metric rotations, we have perfectly aligned the z-axes eftto bps.

. The x-, y- and z-axes of the “middle frame” are simply therage between those Bfl’

and R2’, and by definition, they are orthogonal. The origin of the bphie geometric
average obl ando2. For the above case, we have the “middle frame” as follows:

Rm = |

-0.4490 -0.8033 -0.3914
0.5977  -0.5955 0.5368
-0.6642 0.0071 0.7475]

om = [14.8624 1.5501  -3.4953]

. The translational parameters (Shift, Slide, and Risesamply the projections of the vector

linking from 01 to 02 onto the x-, y-, and z-axes of the “middle frame”:

[Shift Slide Rise] = (02 - 01) * Rm
= [-0.3509 2.8561 2.2270] * Rm
= [0.3853  -1.4033 3.3349]

. Twist is the angle fronyl to y2 (or fromx1 to x2 of the “rotated”’R1’ andR2’ matri-

ces respectively). lIts sign is defined with reference to thatile frame” z-axis (the 3rd
column ofRn), following right- handed rule for positive Twist angle. kospecifically, the
magnitude of the angle betwegh andy?2 is: 33.5298. The signe is determined by:

ylI' x y2) . z =
[-0.2162 0.2965 0.4129] . [-0.3914 0.5368 0.7475]
= 0.5524
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So Twist is positive.

7. The phase angley] is the angle from the hinge-axis to the “middle frame” ysax2nd
column ofRn). By definition, hinge-axis lies in the xy-plane of the “middrame” since
it is perpendicular to the z-axis of the “middle-frame”. Thkase angle also has a sign
associate with it, determined in the same way as Twist shdvavea In this caseg =
+16.9598.

8. Roll is defined as:
' * cos(¢) = 10.2221 * cos(16.9598 * w/180) = 9.7776°.
Similarly, Tilt is defined as:

T sin(¢) = 10.2221 x sin(16.9598 x 7/180) = 2.9818°.

9. Overall, the six step parameters are:

Shift Slide Rise Tilt Roll Twist
0.3853 -1.4033 3.3349 2.9818 9.7776 33.5296

5.6 Local helical parameters

The geometric approach described below gives exactly the samerical values as those from the
RNA(Babcocket al, 1994). The pivot point issue does not apply here: it is oskgduin defining
the base pair reference frame. Given the reference framtewedivo base pairs, the procedure
used in 3DNA to calculate the local helical parameters épldicement, y-displacement, helical
rise, inclination, tip, and helical rise) is analogous te tine detailed above for step parameters, by
using a tip-inclination combination.

Please note that to define a local helical axis, we needase-pair reference frames. 3DNA
finds the single-helical axis (which is actually gxdy) that brings 1 to coincide with 2 by a Helical
Twist angle. The position which this helix passes througlefined by Chasles’ theorem as detailed
in Figures 12 & 13 of Babcockt al. (1994). The calculation of x-displacement, y-displacetmen
tip and inclination is then exactly as described in SCHNA&aldt al., 1997a).

To make the above point clear, let's use A1-A2-A3 triplet asgample. First, A1-A2 define
a local helical axis and a set of local base-pair helical petars are calculated. In 3DNA, these
parameters are defined in a symmetric manner that bp AL TbaA®:T2 have exactly the same
values. Similarly, step A2-A3 defines another set of localebpair helical parameters. Thus bp
A2:T2 has two sets of helical parameters associated witepedding on its context, i.e., either
with bp A1:T1 or with bp A3:T3. Moreover, the local Helical $& and Helical Twist are directly
related to a dinucleotide step. These are the reasons tbatl'base-pair helical parameters” as
given in 3DNA refer to base-pair steps. As a matter of fae,sthematic diagrams illustrating the
local helical parameters (x-displacement, y-displacamienlination and tip) as given in 3DNA
website and this user's manual were based on two perfectislapped base pair blocks.

Using the first GG/CC dinucleotide stepaalh026 as an example, the detailed precedure is
as follows:
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1. The local helical axis is defined by the cross produckaf ¢ x1 )and 2 - yl ):

[[0.3997 -0.4307 -0.1183] x [0.2391  -0.3164 0.4190] =
[-0.2179 0.1392 0.2294], which when normalized, gives:
h = [-0.6303 0.4026 0.6638]

2. Local helical frame of base-pair 1.

e TipInclination angle ¥, in magnitude) is the angle between unit vectorandzl,
and is 17.2279

e Hinge axis is defined by a cross product frbnto z1, normalized to give:
[0.0399 0.8707 -0.4902]
It lies in the xy-plane of local helical frame given below.

e RotateR1through the above hinge axis by negative TipInclinationeafige.,—17.2279)
will align the resultant z-axis with, which gives us the local helical reference frame:

H1 = R_hinge(-17.2279)  » Rl = |
-0.1880 -0.7532  -0.6303
0.7504 -0.5242  0.4026
-0.6337  -0.3973  0.6638]

3. Similarly, the local helical frame for base pair 2:

e TipInclination angle ¥, in magnitude) is the angle between unit vectorandz2,
and is 17.2279 Note that by (symmetric) definition, it is the same as forebaair 1.

e Hinge axis is defined by a cross product frno z2, normalized to give:
[-0.4121 0.5511 -0.7256]

e RotateR2through the above hinge axis by negative TipInclinationafige.,—17.2279)
will align the resultant z-axis with, which gives us the local helical reference frame:

H2 = R_hinge(-17.2279) * R2 = |
-0.5861  -0.5091  -0.6303
0.3139  -0.8599 0.4026
-0.7470 0.0381 0.6638]

4. The “middle helical frame” is the averagetdl andH2, and by definition, it is orthogonal.

Hm = [
-0.4058 -0.6618  -0.6303
0.5580  -0.7256 0.4026
-0.7238  -0.1883 0.6638]

5. Helical twist is the angle from(H1) toy(H2) (or fromx(H1) tox(H2) ) of the local
helical reference frames defined above, with referenceddadbal helical axish for sign
determination: 35.0103
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6. Helical rise is the projection of the vector linkimj. to 02 onto the local helical axif:
2.8493A.

7. Usebase pair 1to calculate tip and inclination (base pair 2 gives the sagsalt):

e Phase angl® is defined from hinge axi§@.0399 0.8707 -0.4902] ) to pos-

itive tip axis (2nd column oH1, [-0.7532 -0.5242 -0.3973] ) with refer-
ence the local helical axib ([-0.6303 0.4026 0.6638] ) for sign control:
106.9598.

e Tipis defined asW¥ * cos(¢)) = 17.2279 * cos(106.9598 * w/180) = —5.0254°
e Inclination is defined as¥ « sin(¢)) = 17.2279 % sin(106.9598 x 7/180) = 16.4787°

8. Get the origin of local helical frame of base-pair 1. It @sbd on Chasles’ theorem as
used inRNA(Babcocket al., 1994, see Figure 13, page 141 for a detailed illustrati®hp
procedure implemented in 3DNA is as follows:

e \ectorABis defined by:

AB = [02 - 0l] - Helical_Rise * h =
[-0.3509 2.8561 2.2270] - 2.8493 * [-0.6303 0.4026 0.6638]
= [1.4451 1.7089 0.3357]

e Vector AD is defined by an angle of
90 - 0.5 = Helical_Twist = 72.4948
from vector AB with reference th:
AD = R_h(72.4948) * AB’ = [-0.5182 1.6306  -1.4812]

R_h(72.4948) s the rotation matrix alon (Eqg. [1]) by an angle 072.4948 °.
AB’ changes row vectokBto a column vector to be compatible with tBéy-3  ro-
tation matrix. When normalized, theDvector is:[-0.2290 0.7205 -0.6545]

e The magnitude oADis defined by:

AD_magnitude =
0.5 * AB_magnitude / sin(0.5 * Helical_Twist * pi / 180)
= 05 * 22631 / 0.3008 = 3.7618

e We then get “D”, the position vector where the local helicabgasses through. Itis
the origin of local helical frame of base pair 1.

ol _h = ol + AD_magnitude * AD =
[15.0378 0.1221 -4.6088] + 3.7618 * [-0.2290 0.7205 -0.6545]
= [14.1764 2.8326  -7.0709]

The origin of the local helical frame of base pair 2 is given by

02 _h = 0l_h + Helical_Rise * h = [12.3805 3.9798 -5.1797]
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The origin of the “middle helical frame” is the averageodf h ando2\_h :[13.2785
3.4062 -6.1253]

9. X-displacement and y-displacement are defined as theqtimjs of the vector from1 _h
to ol onto the x- and y-axis of local helical frame of base paiH1):

[01 - 01_h] =+ H1(, 1:2) =
([15.0378 0.1221 -4.6088] - [14.1764 2.8326 -7.0709]) * H1(:, 1:2)
= [-3.7562 -0.2063]

So x-displacement = -3.756%and y-displacement = -0.206%8

Using base pair 2 givesxactly the same valuelie to symmetric definition.

10. Overall, the six local helical parameters are:

X-disp Y-disp Rise Incl. Tip Twist
-3.7562  -0.2063 2.8493 16.4787 -5.0254  35.0103

5.7 Rebuilding based on local step parameters

The local step parameters defined in 3DNA are rigorous ansl ieversible. Given a set of step
parameters, the relative position and orientation of the base pairs can be exactly reproduced
by a rebuilding procedure as detailedS€@HNAaP/SCHNArRLu et al,, 1997a; Luet al,, 1997b).
Here we provide step-by-step working example so users caarstand the algorithm better.

Using the six step parameters of the first GG/CC stegulin026 as calculated above:

Shift Slide Rise Tilt Roll Twist
0.3853 -1.4033 3.3349 2.9818 9.7776 33.5296

1. We first Twist base-pairs 2 and 1 about the “middle frameakis (which at this stage is
coincident with the z-axes of both base-pair reference égnthrough+£2/2 and —/2
respectively:

T2 =R.(+Q/2), Tl1=R.(-0Q/2) )

Note that to be consistent with previous literatures, thatsyl used for Twist here is still
Q (notw), which is 33.5296. The rotation matrixR., corresponds to the Eq. [1] with unit
vector[0 O 1] . Similarly, R, corresponds t¢1 O 0] andR, corresponds t¢0 1

0] . Here, the “middle frame” is the “global” reference framelaorresponds to an identity
matrix.

2. The RollTilt angle I) is given by:

L =/p2+72=19.77762 + 2.98182 = 10.2221° (3)
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[ roll-tilt

y (roll)< .

Figure 7: Roll-tilt combination

3. The Roll-Tilt axis is determined by the values of Roll arlt, &ind it lies in the x-y plane of

the “middle frame”. For the above case, i{€62917 0.9565 0] , when normalized.

The angle from the Roll-Tilt axis[(.2917 0.9565 0]
(Roll) (O 1 0] )is callede. Its sign is determined with reference to the “middle frame”
z-axis (0 0 1] ), with values in range from-180° to 180°. In this case, it is 16.9598

) to the “middle frame” y-axis

. We now rotatél'2 andT1 through+I'/2 and—TI"/2 respectively about the Roll-Tilt axis to

give the final orientation of the two base-pairs with resped¢he “middle frame”. Analyti-
cally, the rotation about the Roll-Tilt axis can be exprésigeterms of three rotations with
reference to “middle frame” axes: First a rotation of angkeround z-axis to align Roll-Tilt
axis with y-axis, then a rotation of anglel’ /2 around y-axis, and finally a rotation of angle
—¢ around z-axis to bring the Roll-Tilt axis back. Overall, tleguired rotations can be

written as:
2" = [R;(—¢) Ry(+I'/2) R, (+¢)] T2
= R.(—9¢) Ry(+1'/2) R.(¢ + ©Q/2) (4)
T = [Rz(_¢) Ry(_r/2) Rz(+¢)] T1
= R.(—¢) Ry(-I/2) R.(¢ — Q/2) (5)

. To get the correct positions of the origins of the refeeefframe of base-pair 2 and 1,

we apply the translation vecto(s-D,/2,+D, /2,+D./2) and(—D,./2,—D,/2,—D./2)
respectively. Both translations are defined with referetacéhe “middle frame”. Here

D,, D,, D, represent Shift, Slide and Rise.

. The set of equations described above for the synthesisdofuzleotide step defines the

positions and orientations of the two base-pairs in a deuatade step with respect to the
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“middle frame”. However, by means of a set of simple matransformations, we can
change the reference frame from the “middle frame” to therezfce frame of the base-
pair 1. The orientation and position of base-pair 2 and thieltie frame” with respect to

base-pair 1 are now given by the following equations:

Rm = [T1"]7' = R.(Q/2 - ¢) Ry(T'/2) R.(9) (6)
R2 = [T1"]71 T2™ = R.(2/2 - ¢) Ry() R:(Q/2 + ¢) ™
02 = [D; Dy D,] Rm’ (8)

WhereR,,,” means the transpose of the “middle frame” expressed wignarte to base pair
1.

Using the above set of step parameters, we have the following

Rm = |
0.9537  -0.2873 0.0891
0.2885 0.9575  -0.0003
-0.0852 0.0260 0.9960]
R2 = |
0.8204 -0.5436 0.1775
0.5524 0.8336  -0.0006
-0.1476 0.0985 0.9841]
02 = [0.3853 -1.4033  3.3349] * Rm’ = [1.0677 -1.2336  3.2524]

Expressed in terms of the experimental coordinate referémaene of base pair 1, we get
the reference frame for base pair 2 which are the same as shaeation 5.4: “Base-pair
parameters”

R1 exp = [
-0.2323  -0.8985 -0.3724
0.7889  -0.3980 0.4682
-0.5689  -0.1851 0.8013]

R2_exp = Rl_exp * R2 = [
-0.6319  -0.6594  -0.4072
0.3583 -0.7144 0.6010
-0.6873 0.2339 0.6877]

0l _exp = [15.0378  0.1221  -4.6088]

02_exp = ol _exp + 02 * R1_exp = [14.6869 2.9781  -2.3818]
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5.8 Rebuilding based on local helical parameters

The local helical parameters defined in 3DNA are rigorousthod reversible. Given a set of heli-
cal parameters, the relative position and orientation ®two base pairs can be exactly reproduced
by a rebuilding procedure. Here we provide step-by-stefkingrexample so users can understand
the algorithm better.

Using the six helical parameters of the first GG/CC stepdh026 as calculated above:

X-disp Y-disp Rise Incl. Tip Twist
-3.7562  -0.2063 2.8493 16.4787 -5.0254  35.0103

There are four frames for a dinucleotide step consistingaskkpairsl and2: the base-pair
framesR; andR; and their corresponding helical framBs, andRs,. Ry, andR; are related
by x-displacement, y-displacement, inclination and tip,ase Ry, with R,. R4, and Ry, are
related byhelical rise andhelical twist.

x1 (inclination

X (inclination)

Y tip—inclination

y2 (tip)
() (b)

Figure 8: Combination of Tip and Inclination, and calcuatof helical Twist.

1. Ry, as referencel( in superscript)

Starting withR;;, as the reference for the dinucleotide step concerned, Bignis the
identity matrixI:

Ril =T )

Rl is got by the helical twist:
R3j, = R () (10)

R1" is got by a combined rotation of magnitude(= /7 + 62) along tip-inclination axis
(Fig. 8 (a)). Thus? is the exact angle between base-pair normal and the lodahhkeglix.

Let the angle from tip-inclination axis to tip axis ke the rotation can be expressed as a
rotation about-axis by angle), followed by a rotation abouyt-axis by anglel, and then a
rotation about-axis by angle-1 to bring the axis back:
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Ri" = R.(—1) Ry(¥) R. () (11)

As shown in Fig. 8 (b)R3" is got by a helical twist, and then a rotation about the tip-
inclination axis ofR%’,; (which is related to the tig-axis of Ry, by the helical twist)y,):

R} = [R.(Q), — %) Ry(¥) R.(¥ — )] Ro () = R.( — ¥) Ry(¥) R.(v) (12)

. R; as reference

With Egs. 9 to 12, we can do some simple matrix transformatiormakeR,; as the refer-
ence:

Ri =1 (13)
Ry, = [R{"]7' =R.(—¢) Ry(-V) R.(v) (14)
Ry, = [R{" 'Ry =R.(—¢) Ry(—¥) R.(y + Q) (15)
R, = [R{"]"'RY

= R.(—¢) Ry(—¥) R.(¢) Ro(Qh — ¢) Ry(¥) R.(¢))

= R.(-¢) Ry(—¥) R.(%) Ry(¥) R.(¢) (16)

Equ. 16 describes the orientation of base-pairth reference td.

. Position vector of base-pair 2 with reference to 1

e From base-pair 1 origin to base-pair 1 helical origifldx dy] [z14 y1n)’
e From base-pair 1 helical origin to 2 helical origiz - 21, = dz - 25,

e From base-pair 2 helical origin to base-pair 2 origifldx dy] [z2n yon]’

Combining the above three items, we have the position (pasesrigin) of 2 relative to 1
as follows:

02 = [dz dy] {[2n yon]' — [w1n Y1} + dz - 21y, (17)

Note thatziy, yin, 21k, Tan, Yon, 225 ared x 1 column vectors.! means the transpose of a
vector to change it to a row vector.

. Using the example where inclination = 16.478d tip = -5.0254, we havel = \/n? + 62 =

17.2279°. The tip-inclination axis lies in the x-y plane of local teal frame of base pair
1:[16.4787 -5.0254 0] ; which when normalized give$0.9565 -0.2917 0]

The angle from the tip-inclination axif)(9565 -0.2917 0] ) to the base pair 1 helical
y-axis (tip) (0 1 0] ) with reference to the helical z-axid)( 0 1] )is = 106.9598°.

Using equations 15 to 17, we having the following:
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Rih = [

0.9962 -0.0125  0.0864
-0.0125  0.9590  0.2833
-0.0864 -0.2833  0.9551]

R2h = [

0.8087 -0.5818  0.0864
0.5399  0.7926  0.2833
-0.2333  -0.1825  0.9551]

R2 = [

0.8204 -0.5436  0.1775
0.5524  0.8336 -0.0006
-0.1476  0.0985  0.9841]

02 = [1.0677 -1.2336  3.2524]

Compared with the numbers based on step parameters, iaistilg Egs. 16 and 7, Eqgs. 17
and 8 are equivalent.

5.9 Relation between local helical and step parameters

To refer the orientation and position of one base-pair ikaldb the other, 6 parameters (3 rotations
and 3 translations) are required. One set of such paramistéift, Slide, Rise, Tilt, Roll and
Twist), and the other set is (X-displacement, Y-displacetnilelical Rise, Inclination, Tip and
Helical Twist).

Obviously these two sets should be completely reversibpddent: from any one set you can
get the other, rigorously. You can verify this point usstgp_hel , a utility program in 3DNA.
Graphically this is best illustrated by the Calladine-Dravio B transition model by introducing
uniform Roll and Slide values at each dinucleotide step. Keyepoint is that by introducing Roll,
you also get Inclination, and with Slide, you get X-displaest.

Therebuild program in 3DNA can construct a DNA structure using eithdrafethese
parameters. Examples of such input files (ebg.,step.par ) can be
generated bwanalyze (Examples/Analyze Rebuild

We have two sets of simple equations:

andbp_helical.par
directory.)

O/n=—1/p

2cos Qp, = cos Q1 + cosT') — (1 — cosT)
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8 Appendix: 3DNA output for Tc3 transposon DNA

Detailed structural parameters for the analysis of Tc3pason DNA (data filpde0128.out )

kkkkkkkkkkkkhkkkkhhkkkhkkkhkkkhkkkhkkkkkkhkkkhkkkkhkkkkkkk kkkkkkkkkkkkkkhkkhkkkhkkkhk

kkkkkkkkkkkkhkkkkhkkkkhkkkhkkkhkkkhkkkkkkhkkkhkhkkkhkkhkkkk kkkkkkkkkkkkkkhkkhkkkhkkkhk

3DNA (v1.5, Nov. 2002) by Xiang-Jun Lu at Wilma K. Olson’s Lab

*kkkkkkkk * * * * * * * *kkkkkk *kkkkkk *%k% * *

1. The list of the parameters given below correspond to the 5’ to 3’ direction
of strand | and 3’ to 5’ direction of strand II.

2. All angular parameters, except for the phase angle of suga r pseudo-
rotation, are measured in degrees in the range of [-180, +180 ], and all
displacements are measured in Angstrom units.

kkkkkkkkkkhkkkkkkkkkhkkkkkkkkkhkkhhhhhhhhhkkkkkrhhhhhkx *kkkkkkkkkkkkkkkhkhhhhhkkx

File name: pde0128.pdb

Date and time: Tue Nov 12 00:26:08 2002

Number of base-pairs: 19
Number of atoms: 1287

*kkkkkkkk * * * * * * * *kkkkkk *kkkkkk *k% * *

HEADER PROTEIN/DNA 07-JUL-97 1TC3
TITLE TRANSPOSASE TC3A1-65 FROM CAENORHABDITIS ELEGANS
COMPND MOL_ID: 1;

COMPND 2 MOLECULE: TC3 TRANSPOSASE;

COMPND 3 CHAIN: C;

COMPND 4 FRAGMENT: SPECIFIC DNA BINDING DOMAIN, RESIDUES 252;
COMPND 5 ENGINEERED: YES;

COMPND 6 MUTATION: C-TERMINAL 6-HIS TAG,;

COMPND 7 MOL_ID: 2;

COMPND 8 MOLECULE: DNA

COMPND 9 (5-D( * AP+ GP- GP- GPx GP- GP- GP- GPx TP+ CPx CP« TP+ AP+ TP+ AP GPx A

COMPND 10 PAPx CPx TP+ T)-3"):;

COMPND 11 CHAIN: A;

COMPND 12 ENGINEERED: YES;

COMPND 13 MOL_ID: 3;

COMPND 14 MOLECULE: DNA

COMPND 15 (5'-D( * AP+ GPx TP+ TP+ CPx TP* AP+ TP+ AP+ GPx GP- AP+ CPx CPx CPx CP+ C
COMPND 16 #CPxCPxT)-3);

COMPND 17 CHAIN: B;

COMPND 18 ENGINEERED: YES

SOURCE MOL_ID: 1;

SOURCE 2 ORGANISM_SCIENTIFIC: CAENORHABDITIS ELEGANS;
SOURCE 3 STRAIN: BERGERAC:;

SOURCE 4 VARIANT: TR679;

SOURCE 5 ORGANELLE: NUCLEUS:;

SOURCE 6 GENE: TC3A;
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SOURCE 7 EXPRESSION_SYSTEM: ESCHERICHIA COLI;

SOURCE 8 EXPRESSION_SYSTEM_STRAIN: BL21 (DE3) PLYSS;

SOURCE 9 EXPRESSION_SYSTEM_CELLULAR_LOCATION: CYTORLAS
SOURCE 10 EXPRESSION_SYSTEM_VECTOR_TYPE: PET3C;

SOURCE 11 EXPRESSION_SYSTEM_PLASMID: PRP1200;

SOURCE 12 EXPRESSION_SYSTEM_GENE: TC3A N1-65;

SOURCE 13 MOL_ID: 2;

SOURCE 14 SYNTHETIC: YES;

SOURCE 15 MOL_ID: 3;

SOURCE 16 SYNTHETIC: YES

KEYWDS  TRANSPOSASE, DNA BINDING, HELIX-TURN-HELIX, TC1/MRINER
KEYWDS 2 FAMILY, COMPLEX (TRANSPOSASE/DNA), PROTEIN/DNA
EXPDTA  X-RAY DIFFRACTION

AUTHOR  G.VAN POUDEROYEN,R.F.KETTING,A.PERRAKIS,R.H.A. PLASTERK,
AUTHOR 2 T.K.SIXMA

REVDAT 1 12-NOV-97 0

JRNL AUTH G.VAN POUDEROYEN,R.F.KETTING,A.PERRAKIS,

JRNL AUTH 2 R.H.A.PLASTERK,T.K.SIXMA

JRNL TITL CRYSTAL STRUCTURE OF THE SPECIFIC DNA-BINDING

JRNL TITL 2 DOMAIN OF TC3 TRANSPOSASE OF C. ELEGANS IN COMPLEX
JRNL TITL 3 WITH TRANSPOSON DNA

JRNL REF EMBO J. V. 16 6044 1997

JRNL REFN  ASTM EMJODG UK ISSN 0261-4189 0897

HELIX 1 1 ASP C 209 LEU C 220 1
HELIX 2 2 LEU C 225 ILEC 232 1
HELIX 3 3 ARG C 236 LYS C 244 1

*kkkkkkkk * * * * * * * *kkkkkk *kkkkkkkhhhkx * *

RMSD of the bases (----- for WC bp, + for isolated bp, x for heli x change)
Strand | Strand 1 Helix
1 (0.025) A:....2_:[..G]G-----C][..C]:.119_:B (0.016) |
2 (0.028) A:...3 :[..G]G----C[..C]:.118_:B (0.019) |
3 (0.022) A....4 :[..G]G-----C[..C]:.117_:B (0.014) |
4  (0.017) A....5_:[..G]G-----C[..C]:.116_:B (0.017) |
5 (0.027) A....6_:[..G]G-----C[..C]:.115_:B (0.020) |
6 (0.020) A....7_:[..G]G-----C[..C]:.114_:B (0.014) |
7 (0.034) A...8 :[..G]G----C[..C]:.113_:B (0.019) |
8 (0.019) A...9 :[..T]T-----A[..A]:.112_:B (0.020) |
9 (0.009) A:..10_:[..C]C-----G[..G]:.111_:B (0.017) |
10 (0.010) A...11_:..C]C-----G[..G]:.110_:B (0.034) [
11 (0.023) A:..12 :[..T]T----A[..A]:.109_:B (0.016) |
12 (0.023) A...13 :[..A]JA-----T[..T]:..108_:B (0.021) |
13  (0.018) A...14 :[..T|T-----A[..A]:.107_:B (0.024) |
14  (0.026) A:...15 :[..A]JA-----T[..T]:..106_:B (0.018) |
15 (0.017) A:..16_:[..G]G-----C[..C]:.105_:B (0.025) |
16  (0.033) A:...17_:[..A]JA-----T[..T]:.104_:B (0.019) |
17  (0.031) A:...18 :[..A]JA-----T[..T];..103_:B (0.017) |
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18  (0.012) A:..19 :[..C]C----G[..G]..102_:B (0.026) |
19 (0.021) A:..20_:[..T]T-----A[..A]:.101_:B (0.023) |

kkkkkkkkkkkkkkkkhhkkkhkkkhkkhkkkhkkkkkhhkkhkkhkkkkkkhk kkkkkkkkkkkkkkkhkkhkkkhkkkhk

Detailed H-bond information: atom-name pair and length [ON ]
1 G---C [3 06 -N4 253 N1-N3 285 N2-02 3.00
2 G---C [3] O6 - N4 261 NI1-N3 280 N2-02 277
3G-—---C [3] O6 - N4 286 N1-N3 280 N2-02 262
4 G---—--C [3] 06 - NA 272 N1 - N3 264 N2 - 02 240
5G--C [3] O6 - N4 289 N1-N3 276 N2 - 02 259
6 G---C [3] O6 - N4 264 N1-N3 284 N2- 02 287
7 G---C [3] O6 - N4 257 N1-N3 267 N2- 02 283
8 T---—-A [2] N3 - N1 251 O4 - N6 290
9 C---G [3] 02 - N2 238 N3 -N1 264 N4 - 06 283
10 C----G [3] 02 - N2 266 N3 - N1 274 N4 - O6 278
11 T-----A [2] N3 - N1 274 04 - N6 277
12 AT [2] N6 - O4 2.67 N1 - N3 261
13 T----A [2] N3 - N1 260 O4 - N6 260
14 A---T [2] N6 - O4 352 N1 - N3 286
15 G—--C [3] O6 - N4 343 N1 - N3 294 N2 - 02 260
16 A-—--T [2] N6 - O4 3.13 N1 - N3 2091
17 A----T [2] N6 - O4 291 N1 - N3 263
18 C----G [3] 02 - N2 247 N3 - N1 256 N4 - 06 257
19 T--—-A [2] N3 - N1 265 O4 - N6 2.66

FRKRREFIIIIREEHIIIRREFHRIIRREFHRARRRE KK RRRREFHK s
S ONn successive

ase-pair step.

Overlap area in Angstrom™2 between polygons defined by atom
bases. Polygons projected in the mean plane of the designed b

Values in parentheses measure the overlap of base ring atoms only. Those
outside parentheses include exocyclic atoms on the ring. In tra- and
inter-strand overlap is designated according to the follow ing diagram:
i2 3 5 j2
a\ I
| |
Strand | | | 1l
I |
| |
| \I/
i1 5 3l
step i1-i2 i1-j2 j1-i2 j1-j2 sum
1 GG/CC 4.01( 2.20) 0.00( 0.00) 0.03( 0.00) 0.81( 0.00) 4.85( 2.20)
2 GG/CC 3.97( 2.70) 0.00( 0.00) 0.19( 0.00) 0.00( 0.00) 4.16( 2.70)
3 GG/CC 3.18( 1.65) 0.00( 0.00) 1.16( 0.00) 0.00( 0.00) 4.34( 1.65)
4 GG/CC 3.36( 1.96) 0.00( 0.00) 0.56( 0.00) 0.00( 0.00) 3.93( 1.96)
5 GG/CC 4.26( 2.90) 0.00( 0.00) 0.43( 0.00) 0.00( 0.00) 4.69( 2.90)
6 GG/CC 3.30( 1.83) 0.00( 0.00) 0.61( 0.00) 0.00( 0.00) 3.91( 1.83)
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7 GT/AC 6.08( 1.72) 0.00( 0.00) 0.00( 0.00) 4.79( 3.35) 10.87 ( 5.06)
8 TC/GA 5.10( 0.61) 0.00( 0.00) 0.00( 0.00) 4.69( 1.63) 9.78( 2.25)
9 CC/GG 1.18( 0.00) 0.00( 0.00) 0.00( 0.00) 8.23( 5.73) 9.41( 5.73)
10 CT/AG 7.29( 1.31) 0.00( 0.00) 0.00( 0.00) 2.86( 1.70) 10.1 4( 3.01)
11 TA/TA 2.56( 0.00) 0.00( 0.00) 0.00( 0.00) 1.53( 0.00) 4.08 ( 0.00)
12 AT/AT 5.73( 1.71) 0.00( 0.00) 0.00( 0.00) 6.31( 2.41) 12.0 5( 4.12)
13 TA/TA 1.76( 0.00) 0.00( 0.00) 0.00( 0.00) 2.27( 0.00) 4.03 ( 0.00)
14 AG/CT 6.78( 4.02) 0.00( 0.00) 0.00( 0.00) 4.40( 0.27) 11.1 8( 4.29)
15 GA/TC 3.83( 0.87) 0.00( 0.00) 0.00( 0.00) 4.69( 0.53) 8.52 ( 1.40)
16 AA/TT 4.06( 2.70) 0.00( 0.00) 0.00( 0.00) 5.91( 0.32) 9.97 ( 3.02)
17 AC/GT 5.32( 4.25) 0.00( 0.00) 0.00( 0.00) 7.39( 2.57) 12.7 0( 6.81)
18 CT/AG 4.16( 0.08) 0.00( 0.00) 0.18( 0.00) 3.04( 2.60) 7.39 ( 2.68)
Origin (Ox, Oy, Oz) and mean normal vector (Nx, Ny, Nz) of each base-pair in

the coordinate system of the given structure

bp Ox Oy Oz Nx
1 G-C -0.32 155.89 29.45 0.62
2 G-C 2.94 154.00 28.78 0.70
3 G-C 5.94 152.64 29.63 0.62
4 G-C 8.66 150.82 31.66 0.55
5 G-C 10.24 148.16 33.94 0.42
6 G-C 10.19 144.79 35.97 0.30
7 G-C 9.09 141.17 37.41 0.14
8 T-A 9.15 137.99 37.55 0.15
9 C-G 10.37 134.67 37.58 0.12
10 C-G 9.49 130.73 38.76 0.14
11 T-A 10.52 127.69 38.52 0.26
12 AT 10.13 124.46 40.11 0.15
13 T-A 10.83 121.09 39.68 0.18
14 A-T 9.50 117.55 38.32 0.19
15 G-C 8.98 114.42 36.82 -0.05
16 A-T 9.55 111.47 36.25 -0.05
17 AT 9.56 108.56 35.71 0.04
18 C-G 8.48 104.79 34.55 -0.05
19 T-A 7.31 101.48 33.18 -0.03

kkkkkkkkkkhhhhkhkkkkkkkkkkkkkkkkhkkhhhhhhkkkkkihhhhhkx
Local base-pair parameters

bp Shear Stretch ~ Stagger Buckle
1 G-C -0.18 -0.27 0.58 8.57
2 G-C 0.16 -0.26 0.13 -5.72
3 G-C -0.10 -0.25 0.42 -1.54
4 G-C 0.02 -0.33 0.08 -3.56
5 G-C -0.21 -0.24 -0.13 -3.78
6 G-C 0.04 -0.22 -0.35 -8.83
7 G-C -0.32 -0.40 -0.38 -16.06
8 T-A 0.43 -0.40 -0.05 -11.97

41

-0.76
-0.69
-0.79
-0.83
-0.90
-0.94
-0.99
-0.99
-0.99
-0.99

-0.97

-0.99

-0.98
-0.97

-1.00

-0.98
-0.97

-0.97

-0.94

Ny
-0.20
-0.15
-0.01
0.07
0.15
0.17
0.07
-0.03
-0.08
0.04
-0.03
0.01
-0.05
-0.17
-0.08
-0.17
-0.24
-0.25
-0.33

Nz

kkkkkkkkkkkkkkkhkkhkkkhkkkhk

Propeller
-9.77
-10.04
-7.63
-6.03
-0.69
-11.08
-17.27
-14.80

Opening
-8.26
-3.52

-0.67
1.74
3.13
-3.03
-3.53
12.03
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9 C-G 0.52 -0.43 -0.34
10 C-G 0.27 -0.33 0.52
11 T-A -0.18 -0.23 -0.13
12 AT -0.57 -0.49 0.47
13 T-A -0.34 -0.35 0.33
14 AT -0.69 -0.02 -0.04
15 G-C -0.51 -0.07 -0.61
16 A-T -0.66 -0.15 -0.12
17 AT -0.41 -0.38 0.73
18 C-G 0.40 -0.55 0.33
19 T-A 0.56 -0.49 0.46

ave. -0.09 -0.31 0.10

s.d. 0.40 0.14 0.38
kkkkkkkkkkhhhkhhkkkkkkkkkkkkkkkhkkhhhhhkkkkkhhhhhhkx
Local base-pair step parameters

step Shift Slide Rise
1 GG/CC 0.19 -1.13 3.65
2 GG/CC 0.43 -1.67 2.94
3 GG/CC 0.17 -2.24 3.13
4 GG/CC 0.08 -1.92 3.33
5 GG/CC 0.50 -1.91 3.41
6 GG/CC 0.18 -2.14 3.43
7 GT/AC -0.07 -0.42 3.15
8 TCIGA 0.25 0.76 3.46
9 CCIGG -1.73 0.69 3.77
10 CT/AG 0.35 -0.32 3.19
11 TAITA 0.41 1.89 3.06
12 AT/IAT -0.34 -0.18 3.44
13 TAITA 0.29 2.18 3.37
14 AG/CT 0.33 1.29 3.25
15 GA/TC -0.68 0.30 2.96
16 AAITT -0.06 -0.03 2.97
17 AC/IGT 0.37 -1.03 3.93
18 CT/AG -0.19 -1.07 3.61

ave. 0.03 -0.38 3.34
s.d. 0.53 1.37 0.28
Local base-pair helical parameters

step X-disp Y-disp h-Rise
1 GG/ICC -2.13 0.43 3.53
2 GG/CC -4.56 -1.25 2.20
3 GG/CC -5.13 -0.10 2.61
4 GG/CC -5.58 0.59 2.60
5 GG/CC -4.42 -0.14 3.07
6 GG/CC -6.26 0.59 2.47

42

-10.52
-15.53
-9.98
0.67
-3.99
-2.98
3.47
12.32
21.10
-5.21
-21.17

-3.93
10.22

Tilt
5.58
-3.14
1.31
3.67
4.23
4.68
-0.69
3.31
-7.18
5.36
-6.05
1.73
-2.75
-0.15
-4.96
-6.65
4.89
1.91

0.28
4.40

Incl.
5.66
19.17
12.26
17.66
10.15
20.70
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4.23 3.87
-4.19 -2.52
-5.91 -1.56
-7.27 -0.77
-14.34 -5.83
-0.45 12.91
-9.27 12.05
-13.66 3.93
-23.76 -1.56
-10.24 -3.28
-8.34 -4.72
-8.97 0.55
6.42 6.13
kkkkkkkhkhkkkkhkhkkkkhkhkkkkk
Roll Twist
3.88 39.73
10.32 29.99
6.72 31.31
8.74 27.62
5.60 31.56
10.29 27.30
5.91 35.56
0.88 37.83
-1.10 31.39
6.16 26.98
-2.74 45.60
-3.42 31.69
-6.21 49.54
15.17 23.41
0.68 35.87
-0.95 34.68
1.28 38.27
4.78 37.16
3.67 34.19
5.57 6.62
Tip h-Twist
-8.14 40.28
5.83 31.83
-2.38 32.03
-7.41 29.17
-7.65 32.31
-9.43 29.51



7 GT/IAC -1.48 0.03 3.05 9.60 1.12 36.04

8 TC/GA 1.05 0.06 3.48 1.35 -5.09 37.98
9 CCIGG 1.48 1.57 4.03 -2.00 13.05 32.20
10 CT/AG -2.07 0.50 3.05 12.84 -11.16 28.17
11 TAITA 2.64 -1.00 2.88 -3.51 7.75 46.05
12 AT/AT 0.32 0.95 3.42 -6.23 -3.15 31.91
13 TAITA 3.03 -0.54 3.07 -7.37 3.26 49.97
14 AG/CT -1.36 -0.72 3.43 33.28 0.33 27.84
15 GA/TC 0.40 0.46 3.03 1.09 8.01 36.20
16 AA/TT 0.09 -0.80 2.93 -1.57 11.03 35.30
17 ACIGT -1.75 0.16 3.92 1.95 -7.42 38.59
18 CT/AG -2.34 0.56 3.44 7.45 -2.98 37.50
ave. -1.56 0.07 3.12 7.36 -0.80 35.16
s.d. 2.81 0.73 0.48 10.73 7.47 5.99
kkkkkkkkkkhkhhkhkkkkkkkkkkkkkkkkkhhhhhhkkkkkrhhhhhkx *kkkkkkkkkkkkkkkhkhkhkhkhkkk

Structure classification:

This is a right-handed nucleic acid structure

kkkkkkkkkkhhkkkkkkkkkkkkkkkkkkkhkhhhhhhhkkkkkihhhhkhkx *kkkkkkkkkkkkkkkhkhhhkhhkkx
lambda: virtual angle between C1'-YN1 or C1’-RN9 glycosidi ¢ bonds and the
base-pair C1'-C1’ line

C1-C1" distance between C1' atoms for each base-pair
RN9-YN1: distance between RN9-YN1 atoms for each base-pair
RC8-YC6: distance between RC8-YC6 atoms for each base-pair

bp lambda(l) lambda(ll) C1-C1’ RN9-YN1 RC8-YC6
1 G-C 51.0 58.7 10.7 9.0 9.8
2 G-C 58.2 48.2 10.6 8.9 9.7
3 G-C 62.1 54.4 10.3 8.8 9.8
4 G-C 51.7 52.9 10.5 8.7 9.7
5 G-C 51.6 55.9 10.4 8.7 9.8
6 G-C 54.2 60.3 10.5 8.9 9.8
7 G-C 62.5 57.0 10.2 8.7 9.5
8 T-A 57.3 53.0 9.9 8.3 9.5
9 C-G 52.6 54.7 10.3 8.6 9.6
10 C-G 49.3 52.7 10.6 8.8 9.6
11 T-A 56.0 57.1 104 8.8 9.7
12 AT 54.9 59.9 10.1 8.6 9.5
13 T-A 55.0 50.7 10.5 8.8 9.7
14 A-T 49.2 62.3 104 8.7 9.9
15 G-C 59.0 60.5 10.2 8.8 9.9
16 A-T 53.9 62.2 10.3 8.8 9.8
17 A-T 45.7 51.3 10.5 8.5 9.5
18 C-G 57.3 57.8 10.2 8.7 9.5
19 T-A 46.6 45.9 104 8.5 9.3

N
w
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*kkkkkkkk * *

Classification of
structure: A-like;

step

* * * * * *kkkkkk

each dinucleotide step in a right-handed
B-like; TA-like; intermediate of A and B

nucleic acid
, or other cases
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kkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkhhhhhhkkkkkhhhhhkk
Minor and major groove widths: direct P-P distances and refi
which take into account the directions of the sugar-phospha

(Subtract 5.8 Angstrom from the values to take account of the
of the phosphate groups, and for comparison with FreeHelix a

Ref: M. A. El Hassan and C. R. Calladine (1998). “Two Distinc
Protein-induced Bending in DNA.” J. Mol. Biol., v282, pp33

© 00 N O Ol A W DN P

e
N R O

N
~

GG/CC
GG/CC
GG/CC
GG/CC
GG/CC
GG/CC
GT/AC
TCIGA
CCIGG
CT/AG
TAITA
AT/AT
TAITA
AG/CT
GA/TC
AAITT
AC/GT
CT/AG

GG/CC
GG/CC
GG/CC
GG/CC
GG/CC
GG/CC
GT/AC
TC/GA
CCIGG
CT/AG
TAITA

AT/AT

Xp Yp Zp XpH YpH ZpH Form
-2.03 8.22 196 -4.14 8.00 2.77 A
-2.00 8.35 244  -6.36 7.15 491 A
-1.96 8.21 2.78 -6.89 7.47 4.41 A
-1.61 8.45 250 -6.98 7.34 4.87 A
-1.44 8.13 257 -5.65 7.57 3.94 A
-2.30 8.54 1.72 -831 7.41 4.67 A
-3.10 8.76 052 -451 8.57 1.89
-3.37 871 -037 -2.26 8.72 -0.19 B
-2.98 885 -0.08 -1.58 8.84 -0.56 B
-3.21 887 -051 -4.98 8.79 1.29 B
-2.15 8.08 -0.04 0.28 8.06 -0.45 B
-3.22 885 -0.34 -2.89 8.76  -1.29 B
-2.31 832 -0.37 0.44 822 -1.32 B
-3.69 849 -096 -5.02 7.68 3.76 B
-3.87 883 -1.10 -3.34 8.85 -0.88 B
-3.52 8.81 0.03 -3.19 881 -0.12 B
-3.62 9.14 0.44  -5.27 9.12 0.70 B
-2.81 9.09 0.83 -5.00 8.91 1.98

Minor Groove

P-P

Refined

*kkkkkkkkkhkhhkhkkhhkhhhrhkhk
ned P-P distances
te backbones

vdw radii
nd Curves.)

t Modes of
1-343.

Major Groove
Refined

P-P

18.6
18.5
18.0
17.9
16.2
15.9
17.2
155
16.9
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13 TA/ITA
14 AG/CT
15 GA/TC
16 AAITT
17 ACIGT
18 CT/AG

11.8 11.8
14.0 14.0
13.7 13.6
12.2 ---

kkkkkkkkkkkkhkkkkhhkkkhkkkhkkkhkkkkkkkkkkhkkkkhkkhkkkkkkk

Global linear helical axis defined by equivalent C1' and RN9

Deviation from regular linear helix: 2.85(0.76)

kkkkkkkkkkkkhkkkkhkkkkhkkkhkkkhhkkkhkkkkkkhkkkkkkkhkkkkkkhk

Main chain and chi torsion angles:

Note: alpha: 03'(i-1)-P-O5'-C%’
beta: P-O5’-C5'-C4’
gamma: 0O5'-C5’-C4’-C3
delta:  C5-C4'-C3'-03’

epsilon: C4’-C3'-03'-P(i+1)
C3'-03-P(i+1)-05'(i+1)

zeta:

chi for pyrimidines(Y): O4’-C1’-N1-C2
chi for purines(R): 04’-C1’-N9-C4

Strand |
base alpha
1G
2 G -79.5
3G -78.2
4 G -92.9
5G -59.6
6 G -71.0
7 G 1235
8T -176.7
9C -58.8
10 C -92.0
117 -35.9
12 A -93.0
13 T -33.2
14 A -57.0
15 G -82.2
16 A -75.0
17 A 6.5
18 C 105.5
19 T -1428
Strand I
base alpha
1C -72.4
45

beta  gamma
-170.2 73.1
-178.4 49.9
169.8 57.7
-177.5 71.5
158.4 55.7
161.4 62.0
-165.1 -137.7
-142.6 1495
-174.1 21.1
143.7 68.4
-174.3 -6.0
148.2 66.1
120.8 38.5
149.4 48.3
-176.7 40.0
135.8 50.2
98.0 45.3
-173.8 -165.4
170.5 85.0
beta  gamma
-176.5 67.2

delta
82.0
90.6
73.5
76.5
67.7
73.1
125.7
101.5
159.4
154.1
169.1
161.4
116.9
158.9
154.1
121.8
80.0
81.5
80.9

delta
128.1

epsilon
-152.8
-149.4
-163.3
-140.6
-155.6
-156.0
-147.4
-148.3
-110.7
-156.8
-117.1
-120.5
-123.5
-164.6
-96.9
-147.3
177.5
83.6

epsilon

kkkkkkkkkkkkkkkhkkhkkkhkkkhk

/YN1 atom pairs

kkkkkkkkkkkkkkkhkkhkkkhkkkhk

zeta chi
-70.0 -172.9
-67.0 -162.6
-64.3 -172.9
-93.3 -176.2
-61.5 -168.2
-88.8 -177.2
-82.7 -164.8
-61.2 -1535
171.2 -79.4
-107.9 -122.7
167.1 -69.6
-151.0 -109.0
-172.6  -123.3
-84.7 -94.1
159.0 -69.5
-154.9 -112.8
-81.0 -136.9
54,5 -153.6
-167.3
zeta chi
-129.0
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-43.5 172.3 43.4  148.7
142.3 -163.6 -168.5 97.5
-60.4 1745 48.5 83.2
-43.3 172.4 34.5 79.4
107.3 -161.6 -159.1 89.0
161.3 -116.0 148.8 88.1
-78.6 126.0 590.1 86.8
-69.2 179.3 44.6 1415
-99.0 -157.7 76.8 111.6
-64.6 168.0 47.6 139.1
-82.1 -174.6 63.1 146.1
-70.6 130.0 55.8 140.4
-82.3 -167.0 69.2 156.5
-92.1 153.6 77.9 78.5
38.9 90.6 38.3 104.6
154.2 -128.5 165.8 80.1
98.2 -1729 -121.4 136.6
--- ---  -157.3 94.7

kkkkkkkkkkkkhkkkkhhkkhkkhhkkkhkkkhkkkkkkhhkkkkkhkkkhkkkhk

Sugar conformational parameters:

Note: v0: C4’-04'-C1-C2’

vl:
v2:
v3:
v4:

tm:

P:

04'-C1-C2-C3
C1-C2-C3-C4
C2'-C3-C4’-04’
C3'-C4-04'-C1’

amplitude of pseudorotation of

-173.4
-136.0
-179.6
-151.6
-141.1
-155.2

175.4

-109.5
-174.7

153.4

-132.6

175.2

-102.6
-170.8
-156.8
-145.5
176.7
-173.6

-112.6

-81.8
-85.3
-66.2

-88.0

-103.4

-81.2

-178.9

-74.4
-72.2

-163.4

-94.7
171.9

-83.1

-86.5

-126.3
-104.8

-100.2

the sugar ring

phase angle of pseudorotation of the sugar ring

Strand |
base

© 00 N O Ol h W N P

L e
A W DNPRFRO
> A 400-40000060 6

[N
(6)}

N
o

vO
1.7
11.7
-5.5
-22.3
-5.4
-4.0
39.7
-21.3
-22.0
-32.4
-18.0
-15.5
-51.6
-7.3
-23.0

vl
-26.8
-33.7

-25.6
-11.0
-28.9
-27.0
-32.4
7.8
441
50.5
43.1
35.7
50.3
30.1
41.8

v2
40.6
42.2
45.2
38.7
50.6
475
14.6
7.4
-47.8
-49.1
-48.9
-41.9
-29.7
-40.2
-42.1

v3
-40.2
-36.2
-50.0
-52.3
-55.1
-51.1
7.4
-19.8
36.3
31.8
41.5
34.2
0.8
36.9
30.7

24.6
15.7
35.1
46.7
38.0
34.3
-28.7
25.5
-94
0.3
-15.1
-11.8
315
-19.3
-5.1

v4

42.3
42.2
49.9
52.7
55.4
51.6
38.0
25.3
48.3
51.9
48.9
41.9
52.3
40.6
43.2

-1

22.5

-170.0

-166.2
-155.8

-1

-165.4

51.3

-135.3
-92.7
-108.6

-88.7

-112.7

-97.2
88.1

-129.7
-119.6
-179.1

-1

31.4

-137.4

kkkkkkkkkkkkkkkhkkhkkkhkkkhk

tm

16.2
2.8
25.1
42.8
24.1
23.1
292.5
73.1
172.1
161.2
178.3
177.7
124.6
188.6
167.4

P

Puckering
C3’-endo
C3'-endo
C3’-endo
C4’-exo
C3’-endo
C3’-endo
Cl'-endo
O4’-endo
C2’-endo
C2'-endo
C2'-endo
C2'-endo
Cl-exo
C3-exo
C2'-endo
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16 A -36.4 384  -26.2 6.3 18.6 38.6 132.8 Cl'-exo
17 A -55.8 34.1 -04 -328 55.7 58.0 90.3 O4’-endo
18 C -6.0 -19.6 36.1 -40.6 29.0 40.4 26.8 C3’-endo
19T -41.2 10.7 21.0 -451 52.9 53.0 66.6 C4’-exo

Strand I
base vO vl v2 v3 v4 tm P Puckering
1C -21.4 29.0 -26.2 14.7 4.0 29.2  153.8 C2'-endo
2C -35.3 472  -41.3 22.0 8.1 46.9 151.6 C2'-endo
3C 8.7 -247 305 -26.9 11.4 30.5 3.0 C3'-endo
4 C -18.5 -9.5 314 -43.1 39.0 43.1 43.3 C4'-exo
5C -1.5 -21.6 36.9 -38.7 24.3 39.4 20.7 C3'-endo
6 C 42 -275 394 -38.2 21.3 40.4 12.9 C3'-endo
7C -44.0 21.3 6.9 -32.2 47.4 47.6 81.7 O4’-endo
8 A -18.2 -4.7 243 -353 33.2 36.0 47.6 C4'-exo
9 G -39.6 49.4  -40.7 19.0 12.6 48.7 146.6 C2'-endo
10 G -33.8 28.7 -146 -4.5 23.9 329 116.3 C1'-exo
11 A 13.5 49 -199 284  -273 28.9 2264 C4'-endo
12T -39.1 48.1  -38.2 17.2 135 46.9 1446 C2'-endo
13 A -27.6 39.7 -37.0 22.0 3.3 40.2  156.9 C2'-endo
14T -10.5 305 -375 33.0 -144 375 183.2 C3'-exo
15 C -29.8 3.6 22.2  -40.0 44.0 44.2 59.8 C4'-exo
16 T -37.5 343 -18.7 2.4 25.0 37.3 120.2 C1'-exo
17 T -28.6 1.7 24.4 -41.8 434 447 57.0 C4’-exo
18 G -3.0 154 212 20.1 -11.0 21.6  190.9 C3'-exo
19 A -44.0 27.3 -19 -233 415 44.3 92.5 O4’-endo

*kkkkkkkk * * * * * * * *kkkkkk *kkkkkkkhhkkk * *

Same strand P--P and C1'--C1’ virtual bond distances

Strand | Strand I

base P--P C1--C1’ base P--P c1--cr
1 G/G 5.8 5.6 1 C/IC 6.6 53
2 G/IG 5.7 53 2 CIC 6.3 5.6
3 GIG 5.8 54 3 C/IC 6.3 55
4 GIG 54 5.7 4 C/C 54 54
5 G/IG 5.9 51 5 C/IC 6.6 5.6
6 G/G 5.8 5.7 6 C/IC 6.7 54
7 GIT 6.7 5.3 7 CIA 6.7 4.6
8 T/C 6.9 5.2 8 AIG 6.1 4.8
9 C/C 6.4 54 9 G/IG 6.7 4.4
10 C/T 7.2 4.9 10 G/A 7.0 4.7
11 T/A 6.2 5.0 11 AT 6.5 5.9
12 AIT 7.1 4.3 12 T/IA 7.0 4.5
13 T/A 6.3 5.7 13 AIT 6.7 5.1
14 AIG 7.1 4.4 14 T/C 6.6 5.6
15 G/A 6.6 4.9 15 CIT 6.3 4.7
16 A/A 6.7 4.4 16 T/T 6.6 5.2
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17 AIC 6.5 4.9 17 TIG 7.1 4.5
18 CIT 6.7 4.9 18 G/A --- 5.0

kkkkkkkkkkkkkkkkhhkkkhkkkhkkhkkkhkkkkkhhkkhkkhkkkkkkhk kkkkkkkkkkkkkkkhkkhkkkhkkkhk

Helix radius (radial displacement of P, O4’, and C1’ atoms in local helix

frame of each dimer)

Strand | Strand I
step P o4’ Cc1 P o4’ Cc1
1 GG/ICC 8.9 8.1 7.2 9.1 7.2 6.5
2 GG/CC 8.0 8.3 7.8 111 10.1 9.4
3 GG/CC 9.9 9.6 9.1 104 9.6 9.1
4 GG/CC 10.7 104 10.0 9.5 9.4 9.0
5 GG/CC 9.4 9.1 8.6 9.5 9.2 8.6
6 GG/CC 10.9 10.9 104 11.4 9.8 9.4
7 GT/IAC 9.4 7.4 6.5 10.0 7.3 6.5
8 TCI/IGA 9.3 6.0 5.3 8.7 6.1 5.3
9 CCIGG 10.3 7.3 6.9 7.8 4.3 3.8
10 CT/AG 10.8 7.7 7.3 9.4 6.9 6.1
11 TAITA 7.2 4.3 4.1 9.0 6.6 6.1
12 AT/AT 10.3 6.9 6.4 8.1 5.0 4.6
13 TAITA 7.4 5.0 4.6 9.0 6.0 5.8
14 AG/CT 9.5 6.8 6.0 9.0 7.6 6.6
15 GA/TC 10.0 6.8 6.2 9.0 5.7 5.1
16 AA/TT 9.0 6.0 5.1 9.8 7.0 6.2
17 AC/GT 11.0 7.5 6.8 10.1 7.3 6.4
18 CT/AG 10.5 7.9 7.2 10.0 7.2 6.6
Position (Px, Py, Pz) and local helical axis vector (Hx, Hy, H 2)
for each dinucleotide step
bp Px Py Pz Hx Hy Hz

1 GG/CC 1.94 155.38 31.00 0.62 -0.78 -0.03
2 GG/CC 2.47 151.13 32.67 0.43 -0.85 -0.30
3 GG/CC 3.81 149.58 33.38 0.45 -0.88 -0.11
4 GG/CC 4.52 147.45 33.83 0.35 -0.92 -0.17
5 GG/CC 6.63 145.33 32.97 0.33 -0.94 -0.05
6 GG/CC 5.82 142.28 32.01 0.41 -0.89 -0.20
7 GT/IAC 9.07 139.52 36.07 0.30 -0.95 0.03
8 TC/GA 9.17 136.12 38.33 0.20 -0.97 -0.11
9 CCIGG 8.08 132.84 37.25 -0.09 -1.00 0.03
10 CT/AG 11.95 129.88 38.43 0.34 -0.91 0.25
11 TA/ITA 7.96 125.84 38.27 0.16 -0.98 -0.14
12 AT/AT 11.32 123.00 39.49 0.27 -0.96 0.02
13 TAITA 11.22 119.89 36.48 0.31 -0.95 -0.09
14 AGI/CT 7.77 116.25 37.52 -0.12 -0.78 -0.61
15 GA/TC 9.57 112.91 37.03 0.08 -0.99 -0.12
16 AA/TT 10.14 110.11 35.51 0.11 -0.99 -0.06
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17 AC/GT
18 CT/AG
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8.61
8.50

107.25
103.79

33.63
31.77

0.01 -0.93 -0.36
0.09 -0.96 -0.27
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