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HISTORICAL OVERVIEW
• 1953 Watson-Crick.

• 1980’s block models are popular. Dickerson-Drew 
dodecamer (1981). Calladine-Drew A to B 
conformational change seen from the base perspective.

• 1988 Cambridge accord for base-pair and bp step 
paramters.

• 1999 Tsukuba / 2001 JMB Standard Reference Frame.

• 2003 13th Albany Conversation Standard Method. 
3DNAV1

• 2008 3DNAV2

• 2009 Curves+
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THESE ARE THE EIGHTIES FOR NUCLEIC ACIDS

Proc. Natd Acad. Sci. USA 78 (1981) 7321
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FIG. 5. Stereo drawings of 2 of the 11 base pair steps in C-G-C-G-A-A-T-T-C-G-C-G, viewed down the helix axis as in Fig. 3. The major groove
of the helix is at the upper edge of each stereo pair, and the minor groove is at the lower edge. Base numbering is at left and right. The complete
set of stereos of base pair steps appears in ref. 3.

These motions are represented schematically in the diagram of
the unwound helix (Fig. 7a). A similar situation exists in figure
7 i andj of ref. 3: rocking the sugar rings ofbase pair GIO/C15
in the manner shown (the opposite of Fig. 6b) tilts the N ends
of the C1'-N glycosyl bonds up and out of the page, bringing
the upper edge of the base pair toward the viewer. This opens
step C9-G1O toward the minor groove and GIO-C11 toward
the major groove.

In both of these examples, the consequence of base plane
rolling is an opening ofCpG steps toward the minor groove and
of GpC steps in the opposite direction. This was found to be a
general principle in C-G-C-G-A-A-T-T-C-G-C-G (3): pyrimi-
dine-purine steps open by a few degrees toward the minor
groove, purine-pyrimidine steps open toward the major

Major Groove
(a)

(b)

Minor Groove
NcIDI

(Pur) (Pyr)
FIG. 6. Illustration of the origin of anticomplementarity and of

the connection between glycosyl angle X and the rolling of base pair
planes about their long axis. If the two sugar rings of a base pair are
tipped by the same amount as viewed from outside the helix, then their
glycosyl angles change by equal amounts in opposite directions, which
is just the principle of anticomplementarity (a). Rotation of the sugar
rings as shown in (b) also tips the upper or major groove edge of the
base pair into the plane of the page. Such a rotation is expected in
general if the base at the left is a purine (increased X) and that at the
right is a pyrimidine (decreased X). The opposite rotation is expected
with pyrimidine at the left and purine at the right, lifting the major
groove edge of the base pair out of the plane of the diagram. X =

when the sugar oxygen (round ball) is aligned with the asterisk on the
base plane.

groove, and homopolymer steps (Pur-Pur) and (Pyr-Pyr) tend
not to roll in either direction (Fig. 7d). Now we see that this
is a natural consequence of the fact that purines prefer higher
(less negative) glycosyl X angles than do pyrimidines.
The expected base plane roll for several double helical ex-

amples is shown in Fig. 7: a and d are as observed in C-G-C-
G-A-A-T-T-C-G-C-G, and b and c illustrate alternating roll in
poly(T-A) and the parallel stacking ofhomopolymer sequences.
The tendency of a pyrimidine-purine step to open toward the
minor groove may assist the entry ofintercalators such as ethid-
ium from that side (Fig. 7e). Sobell and coworkers reported (8,
9) that, in ethidium complexes with r('CpG) and r('UpA), the
base planes are opened by 8° toward the minor groove and the
phenyl side chain ofthe ethidium ring makes it virtually certain
that this is the direction ofentry ofthe intercalator. By our anal-
ysis, the C3'-endo(3'-5')C2'-endo mixed sugar pucker that is
encountered in many dinucleotide intercalation complexes
would lead to just such an opening ofthe minor groove, and this
is visible in the stereo drawings of complexes of r('CpG) with
9-aminoacridine (10), acridine orange (11), ellipticine (12), and
3,5,6,8-tetramethyl-N-methylphenanthrolinium (12).
The central TpA step of the C-G-T-A-C-G-daunomycin com-

plex clearly opens toward the minor groove as would be ex-
pected from the positions ofT3 and A4 on the X/8 plot in Fig.
2 (see figure 3 of ref. 5). Even in the regions of C-G-T-A-C-G
where base stacking has been perturbed by the intercalator, the
connection between tilt of individual bases (not base pairs) and
glycosyl angle X diagrammed in Fig. 6 can be discerned. But
daunomycin is an exception to the previously mentioned inter-
calators in that a long and narrow planar ring system intercalates
its long axis through the helix from the minor groove and ac-
tually extends out on the other side into the major groove. This
may explain why the base pairs stacked against it to either side
appear to be nearly parallel rather than opened toward the
minor groove and why the intercalation site consequently need
not exhibit mixed sugar pucker. A diagram of base geometry in
this complex, as judged from figure 3 of ref. 5, is shown in Fig.
7f. Both the roll and anticomplementarity of the central TpA
step, and the lack of either base roll or mixed sugar pucker at
the intercalation sites, are accounted for by our kinematic
model.
The nucleoside pair as a semirigid unit
The relative orientation ofadjacent base pairs in a B-DNA helix
is seen to depend on the tilting of glycosyl bond vectors, which
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FIG. 7. Unwound-helix or Venetian blind diagrams of DNA, show-
ing the observed or expected base plane roll (greatly exaggerated for
visibility) for several double-helix sequences. (a) The first seven base
pairs, C-G-C-G-A-A-T. . ., of the dodecamer. (b) Alternating poly(T-
A) sequence, with alternating base plane roll angles. (c) Parallel stack-
ing of homopolymers. (d) The full C-G-C-G-A-A-T-T-C-G-C-G dode-
camer. Actual roll angles are in ref. 3. (e) The manner in which the
observed 8° opening of r(CpG) toward the minor groove (8,9) facilitates
entry of an intercalator such as ethidium (hatched). Circle is an at-
tached nonplanar group. (f) Observed base roll in the complex of C-G-
T-A-C-G with two daunomycin intercalators (hatched).

in turn is a function of the value of the glycosyl torsion angle
xy Base tilt is observed to show a sequence dependence because
purines and pyrimidines themselves have different preferences
for X values, and this ultimately arises from differences in steric

constraints about the bonds to five-membered or six-membered
rings. Such an explanation considers the sugar-base-base-sugar
assembly as a functional unit, with swivels at the glycosyl bonds
but with little other internal freedom. This simple model of
course will be perturbed by other degrees of freedom such as
propellor twist, and a careful examination of stereo diagrams
such as figure 7 of ref. 3 reveals a few examples in C-G-C-G-A-
A-T-T-C-G-C-G ofwhat could be termed second-order pertur-
bations in structure. But the simple model does a surprisingly
good job of accounting for observations. The correlation be-
tween torsion angles X and 8, of course, is a consequence not
of the semirigid sugar-base-base-sugar unit but rather of the
requirement that this unit be fitted into a regular helix backbone
with approximately constant phosphorus-phosphorus spacing.

This analysis indicates one way in which base sequence in-
formation, expressed as differences in stereochemical behavior
of five- and six-membered rings in purines and pyrimidines, can
be "amplified" and transmitted to the framework of the helix
in a manner that potentially can be recognized by intercalators
and by base-specific recognition proteins such as repressors. In
the past it has been generally assumed that most of the recog-
nition of DNA base sequence occurs by means of hydrogen
bonds to polar N and 0 groups in the major and minor grooves
rather than via helix deformations, perhaps chiefly because in-
formation about local helix deformation was not obtainable from
fiber diffraction data. The structure analysis of the dodecamer
C-G-C-G-A-A-T-T-C-G-C-G reveals that particular base se-
quences can influence the helix structure in subtle ways. It will
be of interest to see whether these influences also play a role
in sequence recognition.

We thank Mary Kopka and A. V. Fratini for discussions and criticisms
of the manuscript and Lillian Casler for preparation of all of the line
drawings. This work was carried out with the aid of National Institutes
of Health Grant GM-12121, National Science Foundation Grant
PCM79-13959, and a grant from The Upjohn Company. H.R.D. was
supported by Fellowship DRG-507 of the Damon Runyon-Walter
Winchell Cancer Fund.
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Figure 6. Highly schematic view of the trimer GGC. 
seen from the minor groove side: the edges of the blocks 
are shaded as in Fig. 3. Good, parallel, van der Waals’ 
stacking is indicated by vertical lines, and hydrogen 
bonds by broken horizontal lines. The middle and lower 
base-pairs have been assigned a large positive propeller 
twist, whereas the upper base-pair has none. The 
difference in propeller twist is associated with an 
unstacking of the C-C bases to give net positive roll in the 
upper step. In the crystal of GGGGCCCC (McCall et a/.. 
1985) this roll is spread evenly over the 2 steps. 

in the stacking of bases. Propeller twist is 
absolutely necessary, of course, for the bistable 
clash/overlap of purines described earlier: but there 
is a tendency for the definition of slide, roll and 
twist in terms of the best-fitting base-pair planes, as 
in section 4. above, to draw attention away from it. 
Inspection of the GC steps in the crystallized 
oligomers suggest,s that, if propeller twist occurs 
together in both base-pairs of GC, its effect on a 
preceding GGjCC step can be to un-stack the C. C 

bases on one strand, while leaving a close G. G 
stack on the other strand (see Fig. 6). Thus, while the 
roll of the GC step itself remains small (since there 
is good stacking on both strands) it enables a large 
positive roll to be induced in the neighbouring step. 
Hence the trimer GGC (or, equivalently, GCC) may 
be reckoned as if it had a high overall value of p. 
This “transferred roll” effect depends critically on 
the strong G *G stacking. It might be expected to 
occur also in an AGC t’rimer, but not in a trimer 
TGC or CGC. on account of t’he absence of the 
strong stacking. 

If we accept’ this structurally plausible 
mechanism for the anomalous behaviour of the GC 
step, we should modify the model 0 prescription for 
RY steps given in Table 1. This suggests the set of 
values given under model 1. The only change from 
model 0 is the new provision for sbeps (R)GC/ 
GC(Y), where the entire trimer is considered to 
have a high roll, distributed over the t,wo steps in 
whatever fashion the helix deems appropriate. 

The algorithm was used again on the Xenopus 5 S 
gene and on t’he 57 chicken erythrocyte sequences, 
with the model 1 values of pS. The resuhs for the 
frog gene are shown in Figure 7. The change in 
treatment of t’he GC steps between the models 0 
and 1 makes a lot of difference. Now Y is strongly 
periodic, and in particular there is a deep minimum 
when the centre of the window is within two steps 
of the position of the dyad. as determined 

Model I 

t True dyod 

01 ’ ’ ’ ’ ’ ’ 1’1 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 70 80 90 100 ‘IO 120 130 140 150 160 ‘70 
PosItIon of window dyod 

Figure7. Plot of Y against the position ofthe “dyad” of the window, for calculations according to model 1 and model 2for t.he 
Xenopus 5 S gene. The position of the true dyad (Rhodes, 1985) is marked. The sequence is as follows. 

0 VGGM’TTGTT1° 20 
TTCCTGCCTG 

GGGGAAAAG:’ 40 
(:C(‘TGGCATG 

GGGAGGAGCT5’ 60 
GGG(‘(‘(‘C(‘(‘C 

60 70 80 120 
(‘AUAAGGCA G CACAAGGGGA GGAAAAGTCA90 CCCTTGTGC~~ CGCCTACGGbl’ CATA(‘(‘AC(‘C 

120 130 140 150 160 170 180 
TGAAAGTGCC’ CGATATCGTC TGATCTCGGA AGCCAAGCAG GGTCGGGCCT GGTTAGTACT 

180 190 200 210 220 230 240 
TGGATGGQA~ . ACCGCCTGGG AATAC C AGGT GTCCTAGGCT TTTGCACTTT TGCCATTCTG 
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G-G-T-A-T-A-C-C (Shakked et aZ., 1983) and r(G-C-C:)-T-A-T-A-C-G-C (Wang et 
al., 19826). But in these structures they assume a quite different configuration. As 
shown in Figure 3(a). Y-R steps in A-DNA slide forward to CI = + l-5 F; so as to 
permit extensive cross-strand overlap of the large R bases. Further, the roll angle 
p takes on a value near + 15” since Y and R bases within any strand no longer 
stack in parallel but open up towards the minor groove. The two configurations 
differ by a coupled roll-slide motion, which is a direct consequence of the 
propeller twist and the different size of the Y and R bases. 

We think that the definite differences observed between B form and A form 
stacking arrangements of Y-R steps are the primary source of bistability in the 
B-to-A transition. These steps are not forced by the backbones into one of two 
possible configurations, as in the traditional description; on the contrary, they 
direct the backbone into either of two general shapes. 

Roll-slide data from all 45 available X-ray sequence steps strongly support this 
hypothesis. In the plot of Figure 4, the complete set of points is spread more or 
less uniformly in a band, clustered about an imaginary line stretching from 
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FIN:. 4. Plot of roll (p) vw.su~ slide (u) to illustrate the nature of Y-R bistability. The data points 
shown encompass 45 individual base-pair steps from 6 different X-ray structures of DNA at near- 
atomic resolution: C-G-C-G-A-A-T-T-C-G-C-G (Drew et al., 1981), C-G-C-G-A-A-T-T-BrC-G-C-G 
(Fratini et al., 1983), C-C-G-G (C ‘onner et al., 1982), G-G-T-A-T-A-C-C (Shakked et ccl., 1983), G-G-C-C- 
G-G-C-C (Wang et al., 1982a) and r(G-C-G)-T-A-T-A-C-G-C (Wang et al., 1982b). Open circles 
correspond to water-bridged steps; the filled triangle marks an anomalous C-G step at the end of 
C-G-C-G-A-A-T-T-&C-G-C-G. These parameters were calculated with the co-operation and assistance 
of Dr R. E. Dickerson, and they will appear as part of an Appendix to Structures of Biological 
Macromolecules and Assemblies (ed. A. McPherson). 
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®- =

Fig. 1. Positive rotation as defined by the right-hand rule. Left, perspective; Centre, view along axis vector;
Right, view down the end of the axis vector.

-1

Strand
IIStrand

I

rninor groove

Fig. 2. Definitions of local reference axes (x,y,z) at the first two base pairs of an n-base pair double helix. View
is into the minor groove. Shaded corners locate attachments of bonds to sugar C ' atoms. Curved arrows indicate
5'-3' direction of each backbone strand. Bases along strand I are numbered from 1 to n in a 5'-3' direction,
and bases back along strand H are numbered from n+ I to 2n also in a 5'-3' direction. Base pairs are numbered
from 1 to n, in agreement with the bases of strand I.

Major E" + Minor
groove groove

Fig. 3. Positive roll opens the angle between base pairs towards the minor groove. View is along the long base
pair axis from strand I to strand I, or along -y. Curved arrow represents rotation of base 2 relative to base
1, about the y axis.

2

Strand Strand
I __ _ _ _ , 1

1 2n

Fig. 4. Positive tilt opens the angle between base pairs toward strand I. View is from the minor groove side
as in Figure 2, or along +x. Curved arrow represents rotation of base pair 2 relative to base pair 1, about the x axis.

+

Fig. 5. Schematic view of the minor groove of an A helix, showing the positive inclination of one base pair.
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ALTERNATE DESCRIPTIONS OF MOLECULAR 
STRUCTURE 

• All-atom

• Coarse-Grained 

- classic mechanics
- quantum mechanics

- reduced set of atoms, e.g. Cα 
in proteins.
- pseudo-bond/angles
- rigid-bodies, e.g. “just like lego 
blocks”
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NDB/PDB COLOR CONVENTION
minor groove minor groove

major groove major groove

Purines aka R = Guanine (green) and Adenine (red)
Pyrimidines aka Y = Citosine (yellow), Thymine (blue) and 

Uracil (cyan)
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STANDARD REFERENCE FRAME
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3DNA, 

Curves+
1999-2001
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CALLADINE-DREW RIGID-BLOCK MODEL

10

Base-Pair Parameters

translation

rotation
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CALLADINE-DREW RIGID-BLOCK MODEL

11

Base-Pair-Step Parameters

translation

rotation
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PROGRAMS TO COMPUTE RIGID-BODY 
PARAMETERS. BASE-CENTERED FORMALISM

NEW

• 3DNA (Xiang-Jun Lu @ Columbia, Bussemaker lab.)

• http://w3dna.rutgers.edu

• http://rutchem.rutgers.edu/~xiangjun/3DNA

• 3dnaV2, UNIX preferred (linux, OS-X, freebsd, cygwin “yikes!”)

• curves+ (Richard Lavery @ Universite d’ Lyon)

OLD

• FREEHELIX, RNA, SCHNAaP, SCHNArP, compDNA, NUPARM

Thursday, April 28, 2011
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WHAT’S A BASE-PAIR IN 3DNA?
look at misc_3dna.par 

• The distance between the origins of the two bases (as defined by their 
standard reference frames) must be less than certain limit (15.0 Å by default) - 
otherwise, they would be too far away to be called a pair.

• The vertical separation (i.e., stagger) between the two bases must be less than 
certain limit (2.5 Å by default) - otherwise, they would be stacking instead of 
pairing.

• The angle between the two base z-axes (i.e., their normal vectors) is less than a 
cut-off (65.0° by default).

• There is at least one pair of nitrogen/oxygen base atoms that are within a H-
bonding cut off distance (4.0 Å by default).

13
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BASE-PAIR DATABASES

• http://bps.rutgers.edu    for   RNA

• http://3dnascapes.rutgers.edu   for DNA

Thursday, April 28, 2011
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NON-CANONICAL BASE-PAIRS AND MULTIPLE 
BASE INTERACTIONS

seven most predominant
base-pairs in RNA

pentuplet from
the ribosome
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RNA BASE-PAIRS ARE MAINLY DEFORMED VIA 
SHEAR AND OPENING
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THE MOST PREDOMINANT BASE-PAIRS IN RNA 
ARE CIS W/W, TRANS H/S AND TRANS H/W
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UNIQUE BASE-PAIR STEPS IN RNA CAN BE MORE 
THAN TEN
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USE OF 3DNA ON X-RAY STRUCTURES AND 
PARAMETER ANALYSIS

• With average base-pair-step parameters, average base-pair steps can be rebuilt.

• Go to http://rnasteps.rutgers.edu, download parameters and rebuild in http://w3dna.rutgers.edu.

Thursday, April 28, 2011
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UA⋅UA
less deformable

UG⋅UG
more deformable

DEFORMABILITY OF BASE-PAIR STEPS IN RNA IS 
SEQUENCE DEPENDENT
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RNA SEQUENCE HAS SUBTLE EFFECTS ON THE 
STRUCTURE OF RNA

homopolymers block copolymers slide = -1.5
rise = 3.30
tilt = 0.0
roll = 0.0

twist = 31.6

slide = 0.0
rise = 3.36
tilt = 0.0
roll = 0.0

twist = 36.0

B-DNA
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RNA HELICAL REGIONS IN THE RIBOSOME
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HARMONIC POTENTIAL MODEL FOR NUCLEIC 
ACIDS

• From Base-pair step parameters, inverse covariance matrix 
and you get analog to force-constant matrix.

• With force constants you can make a simple spring model, 
your good ole Hooke’s law in sixth dimension.

Ψ =
1
2

�

i,j

Fij∆xi∆xj

(∆xi = xi − xi0)

U =
N�

n=1

Ψn
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HARMONIC POTENTIALS FOR RNA BASE-PAIR 
STEPS SHOW SEQUENCE PREFERENCES
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DNA TRIPLE HELICES WITH BLOCVIEW

m M

Thursday, April 28, 2011



USE AND APPLICATION OF THE RIGID-BODY 
PARAMETER FORMALISM

• General analysis of sequence dependent properties of DNA.

• Compute deformation scores for DNA based on X-ray data 
standards.

• From step-parameter information and inverse covariance 
analysis a link can be made to global polymer properties, e.g. 
persistence length, J-factors (cyclization probability)

• Compute topological properties of nucleic acids, e.g. linking 
number, twist, writhe.

26
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Exercises

• Create A-DNA, B-DNA, Z-DNA, A-RNA and visualize 
in pymol.

• Analyze A-RNA. Modify the sequence in base_step.par, 
rebuild with modified sequence and visualize in pymol.

• modify again base_step.par but increase the slide in a 
step by 2 Angstroms.

• Find multiplets in structure, then extract one, then 
visualize it inside the structure and isolate it using 
pymol.
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