© 1995 Oxford University Press

Nucleic Acids Research, 1995, Vol. 23, No. 12 2083-2091

Stereochemical basis of DNA bending by

transcription factors

Masashi Suzuki* and Naoto Yagi'

MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, UK and Tohoku University, School of

Medicine, Seiryo-machi, Sendai, 980-77, Japan

Received April 24, 1995; Accepted May 11, 1995

ABSTRACT

Superstructure-formation of DNA plays an important
role in transcription regulation as well as in chromatin
formation. To understand the stereochemical basis of
DNA bending by proteins we analysed the structural
characteristics of dinucleotide steps which occur at
the site where DNA is bent upon binding a transcrip-
tion factor. When DNA is considerably bent in a crystal
structure the bending is not spread smoothly over a
length, but the DNA is kinked at a pair of crucial steps
which are highly rolled and untwisted. These rolled
steps are spaced 6—10 bp apart and are predominantly
occupied by pyrimidine-purine sequences. In associ-
ation with another dinucleotide step at the centre,
which combines 6 bp-spaced rolled steps towards the
same side of the DNA, these produce two essentially
different types of DNA bending.

INTRODUCTION

Superstructure-formation of DNA plays an important role in
transcription regulation as well as in chromatin formation (1-6).
In the nucleosome a series of bends positioned every 10 bp
produces approximately two superhelical turns of DNA (7,8). In
many crystal structures of DNA-transcription factor complexes,
the DNA is not totally straight and in some it is considerably
bent—for example, in the complexes with CAP (9), E2 (10) and
the TATA-box-binding protein (TBP) (11,12).

DNA structures have been studied in detail by crystallography,
NMR spectroscopy and other methods (see reviews 13—16) and
there has been much discussion on their sequence dependent
nature, particularly in relation to DNA bending (17-31).
However, we are still far away from the final goal of describing
clear sequence-structure correlation to predict particular DNA
superstructures.

In this paper we aim to understand some structural features
common to the bent DNA found in crystals of complexes with
transcription factors. Some of the features of the DNA which are
discussed in this paper are similar to those described earlier by
other groups for DNA structures crystallised in the absence of a
protein (see for example 26, 30, 31). However, the bending found
in the complexes is notably larger than that found in the
protein-unbound DNA crystal structures and one would expect

that the stereochemical basis of the DNA-bending would be
correspondingly clearer. This study is based on statistics on
crystal structures of 22 DNA-transcription factor complexes and
33 protein-unbound DNAs, which include as many as 909
dinucleotide steps.

MATERIALS AND METHODS
Crystal structures

The crystal co-ordinates (listed in Fig. 1) were taken from the
Brookhaven Protein Data Bank (PDB, 32) and the Nucleic Acid
Data Bank (NADB, 33). The co-ordinates of the GLI structure
were given by Prof. Pabo. The co-ordinates taken from the NADB
are those which do not contain a mismatched basepair, an unusual
base, a non-Watson—Crick basepair or a nick. DNA oligomers of
the same sequence which were crystallised in the same form (such
as the Dickerson-Drew dodecamers determined by slightly
different methods or determined in different environments) are
represented by one of the structures.

Calculation of the dinucleotide step parameters

The six parameters were calculated by using a computer program
(34,35). Altogether 909 dinucleotide steps were collected: 33 TG,
46 CG, 84 TA, 48 AA, 42 GA, 49 AG, 23 GG, 67 GT, 18 GC and
54 AT from PDB; 39 TG, 104 CG, 38 TA, 42 AA, 25 GA, 14 AG,
53 GG, 41 GT, 58 GC and 40 AT from NADB.

A dinucleotide step of a symmetric sequence such as GC
provides two examples (note that the partner of GC is again GC,
and the two conformations are usually different, while for
example, that of GT is not GT but AC and therefore provides only
one example). For such sequences the averaged tilt angle, by
definition, becomes zero but the averaged roll angle does not
become zero (36,37).

Many DNAs studied here have palindromic sequences. The two
halves are related by crystallographic 2-fold symmetry in some
examples, such as the two halves of the E2 binding site. Such
identical steps related by symmetry were treated as two indepen-
dent examples. This is because, some other structures such as the
Gal4 binding site were determined without assuming such a
crystallographic 2-fold symmetry, and thus two identical steps in
the binding site must be treated as independent examples, although
the two are, in fact, almost the same. Since whether the structures
become crystallographically symmetric or pseudo-symmetric is, in
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@ DNA-transcription factor complexes

Code name angle bending
=== ~90* +++
2BOP E24DNA £2-51 +++
A1CGP CAP+DMA S8-67 +++
1TRO Trp repressortoperator  41-24 ++
1TRR Trp repressort+operator 24-22 +
ARPE 434 repressoriOR2 operator 40-40 ++
20R1 434 repressor+OR1 operator 28-28 +
1PER 434 repressor+OR3 operator 27-29 +
3CRO 434 cro+OR1 operator 30-29 +
1LMB Lambda represseortoperator 27-23 +
1HCR Hin recombinase+operator 26-20 +
1DGC GCN4+CREB site 33-21 +
1YSA GCN4+AP1 site 28-20 +
1GLU Glucocorticouid receptor+DNA 10-7 +
1HDD Engrailed homeodomain+DNA 10-4 +
1ZAA Zif268+DNA 10-8 +
—— GLI+DNA 1-7 +
1D66 GAL4+DNA X 12-31 +
2DRP Tramtrack+DNA 18-17 t
1PAR Arc repressor+operator 0-7 +
- ++

b DNA crystals

A-DNA B-DNA

code bp form sequence code bp form sequence
ADHO0O6 8 P 61 GGGGCCCC  BDJO017 10 C 2 CCAGGCCTGE
ADH007 8 P 61 GGGATCCC  BDJO19 10 C 2 CCAACGTTEG
ADHO30 8 P 61 GGGTACCC

BDJOS1 10 P 21 21 2 CATGGCCATG

ADH008 8 P 43 21 2 GCCCGGGC BDJ025 10 P 21 21 21 CGATCGATCG
ADHO012 8 P 43 21 2 CCCCGGGG BDJ036 10 P 21 21 21 CGATATATCG
ADHO14 8 P 43 21 2 GTGTACAC BDJ031 10 P 21 21 21 CGATTAATCG
ADHO020 8 P 43 21 2 CTCTAGAG
ADHO023 8 P 43 21 2 GTACGTAC BDJ039 10 R 3 CCGGCGCCGG
ADHO041 8 P 43 21 2 GTCTAGAC
ADHO047 8 P 43 21 2 GTGCGCAC BDJ052 10 P 5 CCAAGCTTGG
ADHO038 8 P 61 2 2 GTGTACAC BDL006 12 P 21 21 21 CGCAAARAAGCG
(spermine) BDL007 12 P 21 21 21 CGCATATATGCG
ADHO039 8 P 61 2 2 GTGTACAC BDL01S5S 12 P 21 21 21 CGCAAAAATGCG
(spermidine) BDL020 12 P 21 21 21 CGCGAATTCGCG
BDL028 12 P 21 21 21 CGTGAATTCACG
ADIOO09 9 P 43 - GGATGGGAG BDL038 12 P 21 21 21 CGCAAATTTGCG
ADJ022 10 P 61 2 2 ACCGGCCGGT BDL047 12 P 21 21 2 CGCGAARAAACG
ADJ049 10 P 21 21 21CCCGGCCGGG BDL042 12 C 2 CGTAGATCTACG

ADL045 12 P 61 2 2 CCGTACGTACGG
ADL046 12 " P 61 2 2 GCGTACGTACGC

Figure 1. Crystal structures which are studied in this paper. The code names are those of the PDB (a) and the NADB (b). (a) The bending angles were calculated by
defining the helix axes at both ends, each with 4 or 5 bp and are shown as (that calculated with 4 bp) — (that calculated with 5 bp). The bending angle of the TBP binding
site (*) was taken from the original report (11), as the co-ordinates have not been published yet. According to these numbers the DNAs can be roughly classified into
four groups (, shown in normal type; +, shown in italic; ++, shown in italic and underlined; +++, shown in bold and underlined). References 1o the structures are:
TBP (ll 12), 1CGP (9), 2BOP (10), 1TRO (58), 1TRR (59), 1RPE (60), 20R1 (61). 1PER (62), 3CRO (63), ILMB (64), 1HCR (65), IDGC (66), 1 YSA (67), IGLU
(68). lHDD (89), 1ZAA (70), GLI (71), 1D66 (72), 2DRP (73), 1PAR (74) and 1CMR (75). (b) The crystal forms and the DNA sequences are shown. Some

steps mentioned in the text are shown in bold. The classification of A and B DNA is according to the NADB; the code names starting with A and
B are those of A and B DNA, respectively. References to the structures are: ADHO006 (76), ADH0O07 (77), ADHO030 (78), ADHO08 (79), ADHO12 (80), ADHO14.(81),
ADHO020 (82), ADH023 (83), ADHO41 (84), ADH047 (85), ADH038 (86), ADHO039 (87), ADIO09 (88), ADJ022 (89), ADJ049 (90), ADLO4S (91), ADLO46 (92),
BDJ017 (93), BDJ019 (94), BDJ051 (95), BDJ025 (96), BDJ036 (97), BDJ039 (98), BDJ052 (99), BDLOO07 (100), BDL006 (54), BDLO15 (101), BDL020 (102),
BDLO028 (103), BDLO038 (104) and BDL047 (105).

a sense, a matter of assumption, we felt it better to include allthe in the tramtrack crystal contain two molecules of the complex per
symmetric or pseudo-symmetric DNA structures into the statis-  asymmetric unit and the two structures were treated as indepen-
tics rather than only half the structures. Some structures such as  dent examples.



Some unusual steps found in the complexes were excluded
from the statistics i.e. a non-Watson—Crick G-C basepair in 1D66,
two nicked steps in 1CGP, three unpaired basepairs in 1YSA.

Calculation of the bending angle

The bending angle of each DNA structure was calculated as that
between the two helix axes at the ends. The helix axes were
defined by using a computer program, NEWHELIX (38) for
either four consecutive basepairs at each end or five basepairs;
both values are listed (Fig. 1a). The reason why we show the two
values for each DNA structure is as follows.

If a DNA is zig-zagging, the bending angle of the DNA is
dependent on the phases of the two ends. Also the bending angle
might be affected by a small number of basepairs at the ends. If,
for example, basepairs at the ends, which do not directly interact
with the co-crystallised protein, are bent by the packing force, it
might create an apparently large bending angle. We found that the
above awkward influences can be avoided to some extent by
choosing a reasonably long piece of DNA from each end and by
comparing the numbers calculated with different lengths of the
pieces. Since some DNAs are not much larger than 10 bp, it is
difficult to use more than 5 bp for defining the axis.

RESULTS AND DISCUSSION
Parameters important for describing DNA-bending

Any DNA structure can be described as an accumulation of
dinucleotide steps (36,37). The geometry of each dinucleotide
step is characterised by three rotational angles (helical twist, roll,
tilt) and three translational distances (rise, slide, shift) (Fig. 2).
These parameters can be defined locally, independent of the
overall DNA structure (34,35) and we use this type of definition
in this paper. It is sometimes useful to define the parameters in
reference to the overall DNA helix axis (38) but it is difficult to
do so accurately, when the DNA is bent (see for example, 39). The
six parameters were calculated by using a computer program
(34,35) for the dinucleotide steps in the DNA-factor complexes
(listed in Fig. 1a) and those in DNA structures crystallised in the
absence of a protein (listed in Fig. 1b). The numbers calculated
for the parameters here might be slightly different from those
published earlier, depending on which calculation algorithm is
used, in particular, which definition of the parameters, either the
local definition or the axis-referred definition, is adopted.

Some parameters are directly related to bending (see the double
helix axes drawn in Fig. 2). In particular, positive rolling changes
the direction of the DNA double helix axis around the major
groove (Fig. 2—note that positive rolling decreases the distance
between the 2 bp on the major groove side and increases that on
the minor groove side and thus bends the DNA helix axis around
the major groove). But two parameters, helical twist and rise, are
not directly related with bending. Sliding and shifting do not
produce bending, but create a gap in the helix axis, unless these
take place over several steps in a coherent manner (2). Thus two
important parameters need to be analysed—roll and tilt.

Bent DNAs in crystals

Before describing our analysis in detail it might be relevant to
describe which DNA is appreciably bent as a whole and which is
not. It is not easy to do so accurately, no algorithm has been
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Figure 2. Geometrical parameters for describing a dinucleotide step. The lower
basepair is fixed and the upper basepair is moved to the positive direction of the
parameter. The change in the double helix axis is also shown. All the steps are
viewed from the major (M) groove; ‘m’ shows the minor groove side.

provided so far to calculate the degree of bending. We have
calculated the angle between the double helix axes at the two ends
of the DNA by using the crystal co-ordinates of DNA-transcrip-
tion factor complexes (Fig. 1, also see the figure legend for the
references to the structures). According to our calculation in the
three complexes with TBP, CAP and E2, the DNA is considerably
bent (marked ‘+++’ in Fig. 1a). In those with Trp repressor, 434
repressor and MetJ repressor it is moderately bent (marked ‘++’),
and in those with glucocorticoid receptor, Engrailed homeo-
domain, Zif268, GLI, Gal4, Tramtrack and Arc repressor, it is
fairly straight (marked ‘+’), while the others are only slightly bent
(marked ‘+’).

The definition of the bending angle, adopted here, might not be
the best (see Materials and Methods) and thus the individual
numbers are not very important. However, these seem to be
reasonable as they agree well with the overall views of the DNA
structures. Whatever definition is used for the bending angle, it
seems safe to state that in the complexes with TBP, CAP and E2,
the DNA is considerably bent. In what follows we first
concentrate on the three considerably bent DNA structures and
then examine the mildly bent structures in comparison with them.

Similarities among considerably bent DNAs

In the binding sites of CAP, E2 and TBP, pairs of identical steps,
which are related by a 2-fold symmetry (or a pseudo symmetry),
adopt distinctively high roll angles (Fig. 3a, c and e)}—the two TG
steps in the CAP site, the two CG steps in the E2 site and the TA
and AN steps in the TBP site—appreciably higher than the usual
roll angle at dinucleotide steps of 0+ 10° (Figs 3 and 4—note that
a dinucleotide step can adopt a large positive roll but cannot roll
in the opposite direction to a large extent, as shown in Fig. 4a). In
what follows we mainly focus attention on these unusual steps
and try to understand the mechanism of DNA bending in terms
of them.

The spacing found between the unusual pairs is 10 (CAP) to 6
bp (E2, TBP). Most of the unusual steps are occupied by
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Figure 3. Roll and helical twist angles of dinucleotide steps in the considerably
bent DNAs of the CAP (a, b), E2 (¢, d) and TBP (e, f) binding sites. The angles
were calculated using the co-ordinates deposited in the PDB (code names:
1CGP, 2BOP, 1DGC) except for those of the TBP site, which were taken from
the original reports [those reported in (12) are shown with open circles and those
reported in (11) are shown with closed circles]. Three steps in each structure,
on which attention is focussed in the text, are indicated with arrows. Three or
four basepair sites bound by the recognition helices (CAP, E2) or B-sheets
(TBP) are boxed. In (a), (c) and (e) lines are drawn to show 0+ 10°. In (b), (d)
and (f) lines are drawn to show 36  10°.

pyrimidine(Y)-purine(R) sequences—TG/CA, CG and TA. The
tilt angle of the steps remains small (at the TG steps in the CAP
binding site the roll angle is as high as 30-40°, while the tilt angle
is as small as —1°, also see Figure 4c). At these steps, a high roll
angle coincides with a small helical twist angle (Fig. 3b, d and f),
although the features in the helical twist plots are less clear. In
fact, the helical twist plots, if the + direction is reversed, resemble
those of the roll angle [this has been noted by Yanagi ez al. (26)
for the DNAs unbound by a protein].

The roll angle of the steps at the centres of the binding sites also
deviates from zero—either to negative (CAP and E2) or positive
(TBP).

Comparison of mildly bent DNAs

The DNA in the complexes with MetJ repressor (Fig. Sa), Trp
repressor (Fig. 5c and d), 434 repressor and 434 cro (Fig. 5b) and
GCN4 (Fig. 5e) are bent but only mildly (Fig. 1a). The roll angle
found in these structures is more normal but the roll angle plots
(Fig. 5) do hint that some pyrimidine—purine steps adopt slightly
high roll angles on both ends, spaced 6-10 bp apart [6-GCN4,
TrpR(1TRP), 8-MetJ, TrpR(1TRO), 10-434R, 434C] and also at
the centre (marked with arrows in Fig. 5). These and the three
considerably bent structures can be classified into two groups

depending on whether the central YR step has a negative (CAP,
E2, Met], 434R, 434C) or positive (TBP, TrpR, GCN4) roll angle
(compare Fig. 3a and ¢ with Fig. Sa and b, and Fig. 3e with Fig.
Sc—e, for understanding the overall similarities in the two groups).
[Note that Shakked et al. (40) have compared the Trp operator
DNA bound and unbound by the protein and noticed the
importance of the AT step at the centre for the bending.]

Even some DNA oligomers crystallised in the absence of a
protein have pairs of rolled-untwisted steps spaced, again, 6 bp
apart i.e. the dodecamers crystallised into the same packing form
of the Dickerson-Drew dodecamer (41) (Fig. 6a and b). These
dodecamers are slightly bent (by 15-13°) and are banana-shaped.
To adopt the particular superstructure imposed by the packing,
which is in a sense comparable with the superstructure imposed
by a protein, again, YR sequences separated by 6 bp are used
(except for one YY/RR in BDL006). [Also note that in relation
to unusual electrophoretic behavior of A tracts, Goodsell et al.
(30, 31), in the light of some oligonucleotide crystal structures,
have discussed that a TA step in protein-unbound DNA can
produce high rolling.]

In brief we have found that in the DNA-transcription factor
complexes: (i) DNA is not smoothly bent over a length but in each
bent DNA structure two steps are distinctively different from the
rest and adopt high roll and small helical twist angles, (ii) the
rolled steps are predominantly occupied by YR sequences, (iii)
the high rolled steps are positioned 6-10 bp apart and (iv) these
DNAs can be classified depending on whether the central steps
adopt positive or negative rolling.

Rolling-untwisting correlation at a YR step

Why are the YR steps used for rolling-untwisting? It has been
pointed out that the two basepairs in a YR step are poorly stacked
onto each other (42—44). The pyrimidine bases are more bulged
towards the major groove, while the purine bases are slimmer and
thus the major groove edge of a basepair is tilted by ~15° from
the line connecting the sugars. As a consequence, to roll the two
Y bases in a YR step towards the major groove (Fig. 7a) is much
easier than to roll the two Y bases in an RY step (Fig. 7b).

Coupling of rolling and helical twisting has been analysed in
some detail (26,45). In brief, the repeat distance in the sugar—
phosphate backbone is longer than the base stacking distance, so
when a dinucleotide step is untwisted, it brings a longer
component of the repeat distance parallel to the helix axis and thus
creates a larger distance between the two basepairs. To maintain
hydrophobic interaction, the basepairs approach each other on the
major groove side by positive rolling. Thus untwisting can trigger
rolling or vice versa. [Note that a similar explanation was given
to slide-helical twist correlation by Calladine and Drew (2) and
that some other correlations have been discussed by Bhattachary-
ya and Bansal (46) and Sponer and Kypr (47).]

A plot of roll and helical twist angles of YR steps in DNA
crystallised in the presence or absence of a protein (Fig. 4a)
indeed shows the correlation. On the correlation curve (Fig. 4a)
the parameters of YR steps in B DNA (here we use the A-B
definition given by NADB) are confined to the left side and those
in A DNA clustered in the centre, while those in DNA-protein
complexes are scattered around (Fig. 4b). The ‘unusual’ steps
(numbered in Fig. 4a) are found on the far right side. In this sense
the ‘unusual’ steps may be regarded as ‘super A’ steps.
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Figure 4. Roll-twist correlation at pyrimidine~purine steps. (a) and (b) The two angles of pyrimidine—purine steps found in DNA bound or unbound by a transcription
factor are plotted. In (a) the entries are classified by the sequences: TG/CA (<), TA (O) and CG (A) steps. In (b) they are classified to those found in DNA-transcription
factor complexes (A), and in A (<) and B (O0) DNA which were crystallised in the absence of a protein. 1, 2, 5, 6, 7: TA steps in the two TBP structures. 3, 4: the
TG steps in the CAP binding site. 8: a TA step in the Arc repressor binding site. 9: the CG steps in the E2 binding site. (c) The averaged helical twist, roll and tilt angles
and the standard deviations are shown. Circles are used for the steps found in DNA—factor complexes (listed in Fig. 1a) only, while triangles are used for those in all
the DNA structures including A and B DNAs (listed in Figs 1a and b).
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Figure 5. Helical twist angles of dinucleotide steps in the mildly bent DNA
structures of the MetJ (a), 434 repressor (b), 434 cro (b), GCN4 (c) and Trp
repressor (d and e) binding sites. The angles were calculated using the
co-ordinates deposited in the Protein Data Bank (code names-1CMA, 1RPE,
20R1, 3CRO, 1TRO, 1TRR). In (b) those of OR2 bound by 434 repressor (®),
OR1 bound by 434 repressor (O) and OR2 bound by 434 cro (A) are shown.
Three YR steps in each structure, on which attention is focussed (see text), are
indicated with arrows. Three or four basepair sites recognised by the
recognition helices or 6 bp sites recognised by P-sheets are boxed. Lines are
drawn to show 0 * 10°. More than two molecules of Trp repressor can bind to
the operator DNA and the two complexes (d and e) were crystallised with two
molecules binding at different positions on the DNA. The equivalent position
with the ACT sequence bound by Trp repressor in (¢) are shown in (d) with a
broken line.

Nekludova and Pabo (39) and Shakked et al. (40) have
analysed overall features of some protein-bound DNA structures
and noticed that these are in some sense intermediate between the
standard A and B DNAs. We slightly modify this view to one in
which a YR step is flexible and can adopt A, B or super A
conformations upon binding a protein.

We note that high rolling can occur only around the major
groove (to the positive direction) but not around the minor groove
(to the negative direction) and that this direction coincides with
that predicted by Sobell et al. (48) (also they predicted the rolling
angle correctly as ~40°) but is opposite to that predicted by Crick
and Klug (17) [see also Fig. 1 of Zhurkin (49)].

boxes) spaced 6 bp apart are indicated with arrows. In (a) and (c) lines are drawn
to show 0 £ 10°. In (b) and (d) lines are drawn to show 36 *+ 10°. The
co-ordinates were taken from the NADB, CGCATATATGCG (BDLO007),
CGCAAAAAAGCG (BDL006), CGCAAAAATGCG (BDLO15), CGCATT-
TTTGCG (BDLO15), CGCGAATTCGCG (BDL020), CGTGAATTCACG
(BDLO028), CGCAAATTTGCG (BDL038), CCAGGCCTGC (BDJO017),
CCAACGTTGG (BDJ019), CCAACITTGG [BDJB43 (50)], and CCAAC-
ITTGG [BDJB44 (50)).

The correlation curve of YR steps does not necessarily have to
be exactly the same as those of YY/RR or RY, as the chemical
structures and the stacking profiles are different. The averaged
roll angles and the averaged helical twist angles in the DNA
crystal structures are correlated among the steps of the same type
(Figure 4c, see for example, the two averaged angles of the RY
steps shift in correlation from GT to GC) but the details of the
correlation are different in different types (the averaged TG step
has a helical twist angle similar to that of the averaged GC step
but its roll angle is distinctively higher).

Flexible YR steps

The statistics of roll angles (Fig. 4c) have some more interesting
features. The averaged roll angles of YR steps are higher than
those of RY steps, while those of YY/RR are intermediate. The
deviation in the angles for each of the individual YR steps tends
to be larger than that of the others. In other words the YR steps
can adopt greater positive rolling than the other steps and are more
flexible.



Figure 7. Rolling-untwisting of pyrimidine—purine steps. (a) and (b) Geometry
of a YR step, (a) is compared with that of an RY step, (b) (both steps are fixed
with the same helical twist angle). Note that high rolling at an RY step would
cause awkward steric clashes between the pyrimidine bases and the bases in the
neighboring basepairs (black arrows), while it will not cause such a clash at a
YR step, permitting higher rolling (white arrows). This is because pyrimidine
bases are bulkier on the major groove side than purines, as shown in the
drawing. The basepairs are shown from the major groove side. (¢)«f) TG in the
CAP binding site (c), TA in the TBP binding site (d), CG in the E2 binding site
(e) and CG in the Dickerson-Drew dodecamer (f). Hydrogen bond donors and
acceptors are shown with closed and open circles, respectively. Methyl groups
are shown with double circles. In (c) and (d) inter-basepair hydrogen bonds are
marked with broken lines (——--). In (¢) and (f) two features in the two C bases
which are closer than those in the standard B DNA are marked (--—-— , see
text). All the views are the same as in (a).

Some of the central steps are negatively rolled and these are
again predominantly occupied by YR sequences (Figs 3 and 5).
The reason why the YR steps are used for negative rolling is less
clear as the features of the four DNA bases on the minor groove
side are not very different from each other, either physically or
chemically (see also the ‘central step’ section) but it may be
related to the flexibility of YR which apparently originates from
the poor stacking.

It might be interesting to note that a protein-unbound DNA
decamer, which has been crystallised in two forms, changes its
structure by switching the conformations of two YR steps, which
are spaced 6 bp apart, from large negative rolling to positive
rolling [(50), see also Fig. 6¢ and d]. This is consistent with the
idea of flexible YR steps.

Almost all drugs intercalate into DNA from the minor groove
side. Such intercalation is likely to take place to a step which is
widely opened on the minor groove side [thus to a positively
rolled step, see also Sobell er al. (48)]. Indeed in all the
intercalator—-DNA complex structures collected in NADB (except
for actinomycin D) intercalation takes place at YR steps (TG/CA
and CG) suggesting again that the YR steps are flexible.

Two of the three steps highly rolled in each TBP binding site
are occupied by non-YR steps (one of the two steps at the ends is
occupied by AA or AG and the central step by AN, see Figure 3e).
Although the conserved TATA half and the non-conserved A-rich
half adopt very similar structures in the complex with a pseudo

Nucleic Acids Research, 1995, Vol. 23, No. 12 2089

dyad axis in the centre, somehow the differences between the two
halves must be recognised by TBP as this determines the direction
of transcription [see a short review by Klug (51)]. One possibility
is that the DNA has an intermediate conformation in which only
the conserved TATA half adopts an unusual structure and that this
non-symmetric nature of the DNA determines the N-C direction
of the TBP on the DNA.

Inter-basepair hydrogen bonds which can stabilise
rolled steps

Heavy rolling-untwisting of the YR steps in the markedly bent
DNA s are stabilised by interaction with the proteins (in particular
hydrophobic residues of TBP open up the AT step from the minor
groove side) as well as by additional hydrogen bonds between the
two neighboring basepairs (inter-basepair hydrogen bonds). At
the TG steps in the CAP binding site an inter-basepair H-bond is
made between O4(T) and N*H(C) (Fig. 7c, see also 52,45). At
the TA step in the TBP structures an inter-basepair H-bond has
been reported (12) between O%(T) and NSH(A) (Fig. 7d). In our
statistics we do not have an example of CG as highly rolled as the
TG or the TA. In two examples, however, namely those in the E2
binding site and in the Dickerson-Drew dodecamer, two
chemical features N3 (of one C) and N*H (of another C) approach
fairly closely (Fig. 7e and f), and thus it would be possible that the
two features are properly bridged when the step is more
rolled-untwisted. (Recently the structure of PurR-DNA complex
has been determined (53). Although the co-ordinates have not
been published, it is stated in the original report that the DNA is
bent towards the major groove at two CG steps by ~40° at each.)

The importance of a hydrogen bond formed between the
neighboring basepairs was first noticed by Nelson ez al. (54) in the
context of understanding high propeller twisting in an A tract but
such an inter-basepair hydrogen bond is not confined to propeller
twisting and is found in many different DNA structures (55,52).

Importance of the central step

Combination of two rolling steps on the same phase i.e. with the
separation of 10 bp as seen in the CAP binding site, obviously
enhances the bending. However, if two such steps are separated
6 bp apart in the standard B-DNA, the two are placed on almost
opposite sides and thus cancel each other’s effects to large extent
(Fig. 8b). Thus the 6 bp separations found in the E2 and TBP
binding sites appear to be puzzling. The clue to understand the
separations lies in the steps at the centre.

The central step in the TBP binding site is positively rolled and
untwisted, while that in the E2 binding site is negatively rolled
and overtwisted (Fig. 3). By this untwisting or overtwisting at the
centre, the major groove sides of the two steps separated 6 bp
apart approach one side of the DNA (Fig. 8). When the DNA is
untwisted at the centre (TBP), it pulls the major groove sides of
the two steps back to one side of the DNA so that the three minor
grooves face the same side (Fig. 8c). When overtwisted (E2), it
pushes the two rolled steps towards the other side of the DNA so
that the two major grooves and the other minor groove at the
centre face the same side (Fig. 8a). The two types of bending are
different i.e. since the two steps at the edges roll around the major
groove, in the former type found in the complexes with CAP, E2,
MetJ, 434R and 434C, the DNA is bent around the minor groove
at the centre, while in the other type found in the complexes with
TBP, TrpR and GCN4, the DNA is bent around the major groove
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Figure 8. Bending of straight DNA (b) by E2 (a) and TBP (c). The major (M)
groove sides of the dinucleotide steps are indicated. Note that the E2 binding
site is bent around the minor groove at the centre, while the TBP binding site
is bent around the major groove at the center. The overtwisting (a)/
under-twisting (c) at the central step is coupled with the positive (a)/ negative
(c) rolling of the step, so that in both cases the bending is towards the major
grooves at the outer steps.

at the centre. The sum of the helical twist angles between the two
rolled step in the E2 binding site is 226°, which is 46° pushed
towards the far side, while that in the TBP binding site is 107°,
which is 73° pulled to the near side.

The under- and overtwisting at the central step coincide with,
respectively, positive and negative rolling of the step (Fig. 4),
which itself facilitates even more bending of the DNA around the
major and minor grooves, respectively, at the centre (Fig. 8). As
a consequence, in both types, rolling of the three steps are nicely
coupled for bending of the DNA in one direction; the two steps
at the edges roll around the major groove and the central step rolls
in support halfway between, though its sense (sign) depends on
whether it is bending around the major or minor groove at the
centre. In other words, the roll-helical twist correlation at the
central step can bend the DNA effectively even when the other
two rolled steps are spaced 6 bp apart.

Obviously a basepair is under structural influences of the
neighboring basepairs on both sides and so a structural change at
a step might propagate through 3 bp or so [see also (26)].
Therefore, two unusual steps might not be easily positioned closer
than 3 bp and this might be one of the reasons why the three steps,
two at the ends and the other at the centre, are incorporated into
6 or more basepairs [see also (17)].

CONCLUSIONS

In this paper we have discussed that bending of DNA by
transcription factors can be understood in terms of a pair of highly
rolled pyrimidine—purine steps, which bends the helix axis, and
of the central pyrimidine—purine step, which changes the phase of
the pair. Therefore, our view seems to have common basis with
the earlier discussion (17) that DNA can be kinked at particular
steps rather than smoothly bent (56). Most of the discussion by
other groups has focussed on the deviation of parameters among

usual steps [for example, Hunter (28) has calculated the stacking
effects of dinucleotide steps with the roll angle of 0+ 5°] and this
might need some modification for applying to highly rolled steps.

Our results and discussion put more weight on the roll-centered
view of DNA-bending [see, for example, (30)] than on the
tilt-centred view [see classification of the two views in (24) and
the references therein]. Another way of describing DNA bending
is to do so by measuring the width of major and minor grooves
of the DNA. If, for example, the major groove is compressed and
the minor groove on the opposite side is widened, the DNA will
be bent. We have analysed the correlation between the closing/
opening of the grooves and the rolling of the step in the context
of understanding DNA bending by a B-sheet (57). Further
discussion in this direction will be given elsewhere.
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