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Abstract—We have developed a method for revealing local conformation properties of binding sites for tran-
scription factors, based on conformation indices of B-sheet DNA hexanucleotide duplexes and computer sys-
tem SITEVIDEO. Analysis of sequences with TATA box has revealed the promoter regions with certain con-
formation indices of B-sheet DNA significantly changed as compared with arbitrary sequences: TATA-box
DNA has a lower angle of helical twist, smaller distance between neighbor base pairs along the DNA helix axis,

wider minor and narrower major DNA grooves.
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INTRODUCTION

The genes transcribed by RNA polymerase II are
the most common in eukaryotic genome [1]. Approx-
imately 80% promoters of these genes carry TATA
boxes more or less corresponding to the consensus
sequence TATAAAAA [2]. Transcription is initiated
by assembly of the general transcription complex at
the promoter region, which is tens of base pairs long
and is located upstream to the transcription start [1].
In its turn, assembly of the general transcription com-
plex on the TATA-box promoters starts with recogni-
tion of the TATA box by the TATA-binding protein
(TBP) [1].

The important role of TATA box in formation of
the transcription complex has focused considerable
attention on it. X-ray analysis of the DNA—protein
complexes indicates that yeast and plant TBP binds
the TATA box at the minor groove bending the DNA
by 80° towards the major groove [3, 4]. The DNA
bend is provided by four phenylalanine residues inter-
calated between the neighbor DNA bases at the TATA-
box termini.

The process of TBP-TATA binding has the follow-
ing stages [5, 6]: nucleosome displacement, site-non-
specific TBP binding to the DNA, TBP diffusion

along the DNA, site-specific TBP binding to the TATA
box, isomerization of the TBP-TATA-box complex,
and formation of stable DNA—protein complex.

DNA bending within the complex with TBP is
sequence-dependent and correlates to stability of the
complex and TBP capacity for transcription [7].
Hence, the presented data suggest that DNA confor-
mation within the complex with TBP is important for
transcription initiation. Nonetheless, the role of DNA
conformation in TBP-TATA-box interaction remains
unclear.

One approach to solving this problem is based on
studying the local DNA conformation of TATA-con-
taining sequences. Studies of the effect of the nucle-
otide sequence on B-DNA conformation followed the
pioneer X-ray analysis of dodecamers [8, 9] resulting
a set of rules describing certain local conformation
properties of B-DNA as a function of nucleotide
sequence [10-14]. One of approaches to study the
relationship between local DNA conformation and
nucleotide context is based on the methods of confor-
mation analysis, molecular mechanics and dynamics
[15]. These methods allow calculation of low-energy
conformation of DNA duplexes for various nucleotide
sequences [16, 17]. Using this approach, Sklenar [18]
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Table 1. Conformation indices for certain hexanucleotide B-DNA duplexes [18]

k Index AGGGAT* TTTTTT* AAGCCT*
1 Twist, deg 34.14 38.90 38.81
2 | Rise, A 3.97 3.19 3.73
3 Tip, deg -2.44 0 0.59
4 Inclination, deg 0.03 0 1.90
5 Bending angle, deg 2.44 0 1.99
6 Width of the minor groove (w)**, A 4.22 5.16 4.89
7 Depth of the minor groove (d)**, A 9.46 9.09 9.40
8 Width of the major groove (W)**, A 17.36 9.70 14.44
9 Depth of the major groove (D)**, A 8.11 8.91 9.12

* Nucleotide sequences of the main strand of the duplex (5'-3").
** Values for the 3rd base pair in the hexanucleotide.

has built a library of B-DNA conformation indices for
all 4096 possible hexanucleotide duplexes. Structural
study of yeast TATA boxes implementing all these
data [19] has demonstrated profile similarity of cer-
tain DNA conformation indices in the TATA box
region.

Here we present a method for revealing local con-
formation properties of functional DNA sites. It is
based on computer system SITEVIDEO [20, 21] deal-
ing with the site nucleotide sequences and conforma-
tion indices of hexanucleotide duplexes [18].

We analyzed TATA-containing nucleotide sequences
of vertebrate, invertebrate, and yeast promoters. B-DNA
in the TATA box region features smaller angle of heli-
cal twist and smaller distance between neighbor base
pairs along the axis of the DNA helix as compared
with arbitrary sequences. In addition the TATA boxes
featured widening of the minor groove and narrowing
of the major groove as compared with arbitrary
sequences. Investigation of the E. coli TATA-contain-
ing promoter regions (Pribnow box) has also demon-
strated decreased distance between the neighbor base
pairs and width of the major groove and increased
width of the minor groove. Still, by contrast to eukary-
otic TATA boxes, the Pribnow box DNA has a greater
angle of helical twist as compared with arbitrary
sequences.

MATERIALS AND METHODS

Conformation indices of B-DNA. We used the
library of B-DNA conformation indices for all possi-
ble hexanucleotide duplexes [18]. There are the fol-
lowing indices defined according to the standard
nomenclature [22, 23]: twist, the twist angle between
neighbor base pairs relative to the axis of DNA helix;
rise, the distance between neighbor base pairs along

the axis of DNA helix; twist angles of a base pair
plane relative to the long (tip) and short (inclination)
axes of the base pair (the long axis goes through atoms
C6 of pyrimidine and C8 of purine, the short axis is
perpendicular to the long one); bending angle of the
DNA axis; and width and depth of the major and
minor grooves.

The library values for twist, rise, tip, inclination,
and bending angle of the DNA double helix are given
for the central base pair in the duplexes. Width and
depth of the minor and major grooves are given for the
3rd and 4th duplex base pairs in the library. We aver-
aged these values to produce the indices describing
the duplex center. Table 1 illustrates conformation
indices for a number of duplexes according to the
library [18]. Table 2 presents the minimum, maxi-
mum, and mean values as well as the dispersion for
each index calculated for all 4096 hexanucleotide
duplexes in the library. One can see significant vari-
ability of the conformation indices relative to their
mean values. This indicates the influence of the nucle-
otide sequences on local conformation of B-DNA.

Nucleotide sequences of TATA-containing pro-
moters. We studied the nucleotide sequences pre-
sented in Table 3. We considered four samples of the
TATA-containing promoter sequences in vertebrates,
invertebrates, yeast, and E. coli and a sample of arbi-
trary sequences with even nucleotide frequencies.
Yeast and E. coli promoters were extracted from
EMBL Data Library (release 42) by keywords “pro-
moter” and “primary transcript.” Promoters of verte-
brates and invertebrates were taken from EPD (release 45).
Accounting rather variable position of TATA box in
eukaryotic promoter [2], we searched them using
either consensus sequence (in case of yeast and
E. coli) or weight matrix (in case of vertebrates and
invertebrates). All TATA-containing sequences were
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Table 2. Mean values and ranges of conformation indices for certain hexanucleotide B-DNA duplexes calculated on the basis

of the library [18]
k Index min max Mean
1 Twist, deg 30.48 42.54 36.14+3.91
2 | Rise, A 2.99 4.83 3.53+0.33
3 Tip, deg -8.12 12.15 1.34+2.96
4 Inclination, deg —4.31 4.31 0.0x+1.44
5 Bending angle, deg 0.0 12.15 3.03+1.86
6 Width of the minor groove (w)**, A 3.81 7.50 5.18+0.76
7 Depth of the minor groove (d)**, A 7.75 10.37 9.00+0.44
8 Width of the major groove (W)**, A 8.44 18.52 13.51 +1.63
9 Depth of the major groove (D)**, A 7.28 10.53 8.92 £0.56
Note: See Table 1.
Table 3. Sequences carrying TATA box
Sequence property TATA box
Taxon
number length, bp nucleotide search method
Vertebrates 486 70 1 weight matrix
Invertebrates 158 70 1 "
Yeast 75 70 1 consensus
E. coli 135 70 1 "
Arbitrary sequences 500 70 none none

70 bp long. First position of the TATA box in each

sequence was designated as number one. A sample of

EMBL index -31
PRI : HSTUBB2
VRT : GGACO1
VRT : GGMYHE

TATA-containing vertebrate promoters is given
below:
1 39

TTCCGAGACTAGCGGAGGCGGGCAGGGAGGGTATATAAGCGTTGGCGGACGGTCGGTTGTAGCACTCTGC
TTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTATAAAAAGCGAAGCGCGCGGCGGGCGGGAGTCGCTGCG
GAGGTGGCTGCTACGTATGCAAATCAGAGCCTATAAAAGGACCTTAGGGTCAGTGTGTCTTGTCCTTCTT

VRT : GGOVO01
PRI : HSAPOA2
ROD : RNALBPR

The sequences in each sample were aligned rela-
tive to the first position of the TATA box. Thus
arranged promoter sample was designated as {S*},
i.e., containing TATA box, while a sample of arbitrary
sequences was designated as {S°}, i.e., lacking a
TATA box.

Building and analysis of a B-DNA conformation
index profile. Let us consider nucleotide sequence

n

S,=1{s]...5; ...s00} (n=1, ..., N) of a sample con-
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GCTAACAGGGGGAGTGTCCGAAAGGGTACTGTATATATCACCAAGGACTCAGAGAATCTGTTCAGGTTCA
TCACCTGACAGGGGGTGGGTAAACAGACAGGTATATAGCCCCTTCCTCTCCAGCCAGGGCAGGCACAGAC
GTTAATGATCTACAGTTATTGGTTAGAGAAGTATATTAGAGCGAGTTTCTCTGCACACAGACCACCTTTC

taining N sequences. Let us focus on kth index
describing DNA conformation (Table 1). Let us con-
sider ith position of a hexanucleotide window sliding
within the range of a given sequence (i=1, ..., 65) and
assign it a value of the conformation index X;,(S,) cor-
responding to the hexanucleotide in the current win-
dow. For instance, let us consider rise (k = 2) and a
hexanucleotide AAGCCT at position i, then this posi-
tion is assigned X,(S,) = 3.73. In case of hexanucle-
otide TTTTTT X,(S,) = 3.19 (Table 1). One can calcu-
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Fig. 1. Distribution of distance between neighbor base pairs
along the DNA axis averaged for the [-2; 8] region for ver-
tebrate promoter and arbitrary sequences. Here and below:
filled and empty bars represent promoters and arbitrary
sequences, respectively.

late the mean value for thus built profile for kth con-
formation index X(S,) within a given region [a, b]
(a,b=1,...,65) in a sequence S,:

b

X0 (S)) = Y Xii(S,)/ (b—a+1). (0

In this case we can evaluate the distribution of
X, 45(S,) for all sequences in the considered sample.
Such distribution X, , ¢(S,) for rise (k = 2) within the
[-2; 8] region in the samples of TATA-containing ver-
tebrate promoters and arbitrary sequences is exempli-
fied in Fig. 1. One can see that the distribution

Xz,_z,g(S; ) for the promoters is shifted leftward rela-
tive to that for arbitrary sequences. Comparison of
these distributions leads to the conclusion that in gen-
eral TATA-containing promoters have decreased rise
at the region [-2; 8].

In order to assess significance of the difference
between the two X ,, distributions and its discrimi-
nating capacity for separating the {S$*} and {57} sam-
ples we used the approach previously implemented in
the SITEVIDEO computer system [20, 21]. It relies
on processing a lot statistical indices of the compared
distributions: extent of their difference from the nor-
mal distribution, degree of their overlapping, differ-
ence between the minimum, maximum, and mean val-
ues and dispersions, stability of the distribution indi-
ces to formation of arbitrary subsamples of {S*} and
{5~} (atotal of 14 statistical indices were considered).
Based on these indices we calculated the difference in
X;.p for the samples {S*} and {S~} described by
U(X.p)- This value is called utility in the decision
theory [24] and conforms to:

(H-1<UX) <1,
(2) if U(X) > 0 then the X index is significant for
discrimination between {S*} and {S~};

(3) if U(X) > U(Y) than X index is more significant
for discrimination between {S*} and {S-} than Y
index.

PONOMARENKO et al.

For the distributions presented in Fig. 1, U(X) =
0.887, which is close to the top utility (unity). This
indicates a significant decrease (o0 < 10) in rise rel-
ative to arbitrary sequences. When studying any sam-
ple of TATA-containing sequences, we tested all pos-
sible conformation indices k=1, ..., 9. We considered
all possible regions [a, b] from 6 to 70 bp within the
sequence for a given k. The number of such regions
was (70 — 6 + 2)(70 — 6 + 1)/2 = 2145. For a given
region [a, b] we generated X , ,(S,) distribution for the
samples {S*} and {S°}. Condition (2) was used to
select the regions [a, b] with X, ,, significant for dis-
criminating samples {S*} and {S~}. At the next stage
condition (3) was used to select the region [a, b] with
the highest difference by the kth index between TATA-
containing promoters and arbitrary sequences.

RESULTS AND DISCUSSION

The results of studying the nucleotide sequences of
TATA-containing promoters in vertebrates, inverte-
brates, yeast, and E. coli are summarized in Table 4.

Four conformation indices significantly different
from arbitrary sequences were revealed in the verte-
brate TATA-containing sequences:

(1) Rise averaged within the region [-2; 8] is lower
for the promoters (3.18 £ 0.09 A) than for arbitrary
sequences (3.48 = 0.17 A) Utility of this index for
discriminating samples {S*} and {S~} U =0.887. Reli-
ability of the difference between distribution of this
index in the promoter and arbitrary sequences samples
o < 104 (Fig. 1).

(2) Twist averaged within the region [-4; 5] is
lower for the promoters (34.48° £ 1.23°) than for arbi-
trary sequences (36.02° £ 1.91°). Utility of this index
U = 0.632. Figure 2a visualizes the significant leftward
shift of this index distribution for the promoter sample as
compared with arbitrary sequences (0. < 10712).

(3) Width of the minor groove averaged within the
region [-2; 6] is higher for the promoters (5.80 +0.29 A)
than for arbitrary sequences (5.15 +0.58 A). Figure 3a
presents the distribution of this index for the samples
{S*} and {S}. Reliability of the difference between
these two distributions o < 10713, Utility of this index
for discriminating samples {S*} and {S°} U=0.692.

“4) Width of the major groove averaged within the
region [-2; 6] is lower for the promoters (11.98 +
04 A) than for arbitrary sequences (13.37 £ 1.3 A)

The data presented in Table 4 and Figs. 2 and 3
demonstrate similar conformation properties of B-
DNA in TATA box regions of invertebrate and yeast
promoters: decreased rise and twist, increased width
of the minor groove, and decreased width of the major
groove. As concerns TATA-containing sequences in
E. coli, they also feature decreased rise and twist,
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Table 4. Significant conformation indices of TATA-containing promoter B-DNA
) Mean value
Taxon Index [a; D] >§ Xk ab arbitrary | P o
S promoters sequences
Vertebrates Rise [-2;8] | 0887 |X, »5 | 3.18+0.09| 3.48+0.17| < [<107%
Twist [-4; 5] 0.632 |X, 45 |3448+1.23]36.02+191| < [<107'2
Width of the minor groove [-2; 6] 0.692 | X6 26 580+029| 5.15+0.58] > |<10713
Width of the major groove [-2; 6] 0.671 [Xg 56 |11.98+04 |1337+£13 | < |<10713
Invertebrates Rise [-5:5] | 0837 |X, 55 | 3.18%0.07| 3.49+0.14| < [<107%
Twist [-4; 5] 0.664 |X, 45 [33.75+0.67|36.02+1.38| < |<10°14
Width of the minor groove [—4; 8] 0.834 |Xg, 45 | 6.0610.26 5.16+£047| > |<107!
Width of the major groove [-2;10] | 0.976 |Xg 510 | 11.79£0.5 | 13.33£1.0 | < [<10°13
Yeast Rise [-21; 14]| 0.979 | Xy 51 14| 3.39+0.05| 3.50£0.06| < [<107’
Twist [-4; 5] 0.940 |X; 45 |34.01£0.65(36.02+1.50 < [<1077
Width of the minor groove [—4; 7] 0.857 | X6, 4,7 598+0.25| 5.15+043| > |<10°¢
Width of the major groove [-10;9] | 0958 [Xg 199 |12.38£0.4 | 1341207 | < |< 1077
E. coli Rise [-29; 32]| 0.571 | X5 59 32| 3.47£0.05| 3.50£0.04| < |<107®
Twist [-36; 17]| 0.637 | X _36 17| 36.36 £0.42| 36.05+0.35| > |< 1078
Width of the minor groove [-1;12] | 0562 (Xg 412 | 536204 | 514104 | > |< 1077
Width of the major groove [-23;11]| 0.644 | Xg »3.11| 1298£0.5 | 134105 | < |< 108

Note: [a; b] significant region; U(Xy , p), utility of U; Xy, 1,, property; P, reference to arbitrary sequences: the mean index for promoters is
smaller (<) or greater (>) as compared with arbitrary sequences. For units of measure see Table 1.

* The mean value * standard deviation for promoter and arbitrary sequences.

increased width of the minor groove, and decreased
width of the major groove.

Approximation of B-DNA conformation from its
nucleotide sequence was based on the library of hex-
anucleotide duplex conformation indices [18] as sub-
stantiated by correspondence between the conforma-
tion indices presented in it and X-ray data (Fig. 4).

For instance, the calculated and experimental twist for
dodecamers CGCGAATTCGCG [9] and CGATCGATCG
[25] reliably corresponds (coefficient of linear corre-
lation » = 0.906 and 0.946, respectively, a < 0.01)
(Fig. 4a). For 60 hexanucleotides with twist deter-
mined by X-ray analysis [9, 25-32] the coefficient of
linear correlation to the indices calculated on basis of
the library [18] r = 0.361 (a0 < 0.01) (Fig. 4b).

Above we have shown that the eukaryotic TATA
boxes feature decreased twist within the region [—4; 5].
This agrees with the X-ray analysis data. The mean
twist of DNA (TATAAAAG) within the plant TBP—
TATA-box complex was 31.7° [4]. The corresponding
values for yeast TBP-TATA-box (TATATAAA) com-
plex were even lower and ranged from 3.05° to 22.85°
[3], which is significantly below the standard B-DNA
twist, 36.0° [15].

Interestingly, the putative DNA sites of binding to
the nucleosome have greater twist as compared with
MOLECULAR BIOLOGY  Vol. 31
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arbitrary sequences (Fig. 5). Analysis of 39 nucleo-
some binding sites (141 bp [33]) have demonstrated
that the mean B-DNA twist of these sites (36.50° £
0.28°) is reliably greater than that of arbitrary
sequences (36.05° £ 0.22°). Hence, TATA boxes with
small angle of helical twist disfavor nucleosome bind-
ing and favor release of the nucleosome in the course
of TBP-TATA binding, which agrees with the experi-
mental data [34].

The obtained data suggest that a wider minor
groove within the TATA box as compared with arbi-
trary sequences is a significant conformation property
of promoter DNA in vertebrates, invertebrates, yeast,
and E. coli. Apparently, this property is related to TBP
interaction with the minor groove of the TATA box
DNA [3, 4]. This observation also agrees with the X-
ray data on TBP complexes with TATA-containing
DNA duplexes [3, 4] demonstrating that width of the
minor DNA groove in the region of TATA box ranges
from 7.4 to 9.9 A. At the same time, width of the
minor groove in the regular B-DNA helix and Dicker-
son—Drew dodecamer is 4.2-6.7 and 3.8 A, respec-
tively [3, 9]. Comparison of these values demonstrates
that the DNA in the region of TBP-TATA-box com-
plex has wider minor groove as compared to the stan-
dard B-DNA double helix. Apparently, wide minor
groove is important for specific TBP-DNA binding.
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Fig. 2. Distribution of B-DNA twist for promoter and arbitrary sequences: (a) vertebrates (averaged for the [4; 5] region); (b) inver-
tebrates (averaged for the [-4; 5] region); (c) yeast (averaged for the [4; 5] region); (d) E. coli (averaged for the [-36; 17] region).
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Fig. 3. Distribution of width of B-DNA minor groove for promoter and arbitrary sequences: (a), vertebrates (averaged for the [-2; 6]
region); (b), invertebrates (averaged for the [-4; 8] region); (c) yeast (averaged for the [-4; 7] region); (d) E. coli (averaged for the
[-29; 32] region).
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Fig. 4. Correlation between the calculated [18] and experimental indices of B-DNA: (a) twist for CGCGAATTCGCG (circles, con-
tinuous line) [9] (r=0.906, o < 0.01) and CGATCGATCG (triangles, dotted line) [25] (r = 0.949, a. < 0.01); (b) twist for dodecamer
B-DNA [12, 25-32] (r =0.361, a0 < 0.01).
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Fig. 5. Distribution of twist for nucleosome-binding sites
[33] and arbitrary sequences.

= ol

Fig. 6. Relationship between size of significant region (L)
and taxonomic range of the organism (R) for significant con-
formation indices of TATA-box B-DNA. (/) E. coli
(2) yeast; (3) invertebrates; (4) vertebrates; O----- 0, width
of the minor groove; A—--—A, width of the major groove;
O—-—-- 0, rise; | M, twist.

It was interesting to consider the size of the pro-
moter regions where significant conformation indices
were revealed. In case of width of the major groove,
the significant region was 8, 12, 19, and 34 bp for ver-
tebrates, invertebrates, yeast, and E. coli, respectively
(Fig. 6). Hence, there is a clear trend for decreasing
the significant region in the taxonomic series E. coli —=
yeast — invertebrates — vertebrates. A similar
relationship between size of the significant region and
taxonomic range is true for width of the minor groove
and rise (Fig. 6). As concerns twist, both localization
of the significant region relative to the TATA box
([-4; 5]) and its size (9 bp) are uniform in eukaryotes
but it is significantly smaller as compared to E. coli
(53 bp). It is possible that these relationships reflect
increasing complexity of the transcription complex in
the above series.

In this work we propose a method for revealing
conformation properties of DNA sites for binding
transcription factors based on the conformation index
library for B-DNA hexanucleotide duplexes [18] and
computer system SITEVIDEO [20, 21]. Analysis of
TATA-containing sequences has demonstrated
smaller twist and rise, wider minor and narrower
major grooves in the TATA-box DNA as compared
with arbitrary sequences. These results agree with the
experimental data on the structural and functional

MOLECULAR BIOLOGY  Vol. 31
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organization of TATA boxes and point to specific local
conformation of TATA-containing promoter sequences.
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