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Abstract—The TATA-binding protein (TBP) is the subunit of basal transcription factor TFIID that recognizes
the TATA boxes of TATA-containing promoters in class II genes, binds to them, and starts the assemblage of
the RNA polymerase II basal transcription complex. The sequence of the TATA box with its flanking regions
affects the levels of basal and activated transcription. The association of polymorphic TATA boxes with human
hereditary diseases supports the hypothesis that TBP-TATA interaction modulates gene expression in vivo. The
objective of this work is to determine changes in the TBP/TATA affinity related to polymorphisms in TATA
boxes of human promoters. Changes in TBP/TATA affinities were assessed in silico by using our equation for
equilibrium TBP/TATA binding in four consecutive steps: nonspecific binding <> sliding <> braking (stop-
ping) <> stabilization. Our predictions agree with known examples of TATA-box polymorphisms and human

hereditary diseases associated with them.
DOI: 10.1134/S0026893309030157
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INTRODUCTION

Transcription by RNA polymerase II involves the
assemblage of a basal transcription complex (BTC) on
the core promoter and the interaction of numerous
transcription factors with one another and the DNA
promoter region. By a core promoter is meant a
40-50 bp long DNA region around a transcription
start site. It determines the accurate positioning of the
transcription complex relative to the start nucleotide
[1]. A core promoter is also considered to be a com-
plex of functional elements, which includes a set of
instructions specific for each promoter in the form of
certain DNA sequences [2]. The core promoter struc-
ture includes the most widespread elements: the TATA
box, located approximately 30 bp upstream from the
transcription start [1, 2]; the Inr (initiator) element,
located at the transcription start; BRE elements,
which are located on the left and right of the TATA
box and are recognizable by the basal transcription
factor TFIIB; DPE, a downstream promoter element
located 28 bp downstream from the transcription site;
and MTE, a 10-bp long sequence on the left of DPE
[2]. It should be noted that there is no universal set of
core promoter elements, and each promoter has its
own set of such elements [2].

At present, it is thought that TATA-containing pro-
moters constitute no more than 20-25% of the total
number of class II genes [1, 2]. Binding of the TATA-
binding protein (TBP) within TFIID (consisting of
TBP and auxiliary factors) with such promoters
induces the assemblage of the RNA polymerase II
transcription complex. The recruitment of TBP is a
rate-limiting step in transcriptional initiation in vivo
[3]. The binding of TBP with the TATA box induces a
sharp DNA strand kink (80-100°) [4, 5], which is sta-
bilized by interaction with TFIIB and TFIIA [6].
Unlike most DNA-binding proteins, which specifi-
cally interact with the major DNA groove to form
hydrogen bonds between amino acid residues and
nucleotides, TBP interacts with the minor groove and
recognizes DNA features: flexibility or deformability
[7]. Specific TBP binding is controlled to a large
extent by the recognition of the DNA structure,
because the symmetric location of donor and acceptor
groups in the minor groove hampers discrimination
between AT and TA (as well as GC and CG), whose
combination forms a TATA box.

It has been shown that TBP specifically binds not
only the canonical TATA sequence (TATAAAA) but
also sequences notably different from it [8]. Identical
mutations in TATA boxes in the context of different
promoters differently influence the promoter function.
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The replacement of a nucleotide in the promoter of the
hsp70 gene (TATA — TGTA) reduces the transcrip-
tion rate nearly tenfold, and corresponding replace-
ments in the his3 promoter are reduced nearly hun-
dredfold [9, 10]. Different effects of mutations in the
T,A,T;A,A5A¢A; consensus were observed in a study
of the activities of 25 promoters [11]. Mutations at
positions 1 and 6 and 3 and 6 (T, — C, T; — C,
Ay — G) reduced promoter activities by 70% in
comparison with the wild-type sequences. Mutations
yielding the sequences TAAAAA and TATGAA
reduced promoter activities to the undetectable level.
An important role of the sequences adjacent to the
TATA box has been revealed: in spite of identical
mutations, TATA boxes can be good or bad substrates
depending on context. Sequences flanking the TATA
box can also affect the affinity of TBP to TATA. They
have been found to influence the basal transcription
level and response of the promoter to activators [12].
The replacement of flanking regions of the strong ade-
noviral MLP promoter with those of the weak aden-
oviral basal E4 promoter highly responsive to activa-
tors yields an MLP promoter with stronger response to
activators and vice versa. The interaction between
TBP and the TATA box virtually equally depends on
the flanking sequences and the TATA boxes proper.
The sequence motifs in flanking regions that influence
TBP/TATA-box interaction are usually unique to a
certain TATA-box sequence [13].

In spite of the broad variability of TATA elements
and TBP tolerance of it, single nucleotide polymor-
phisms (SNPs) in TATA elements can cause severe
disorders, as shown by human hereditary diseases
associated with the aforementioned examples of
TATA box polymorphisms.

In our earlier experimental and in silico studies of
SNPs in eukaryotic TATA boxes, we designed a step-
by-step model of TBP binding to TATA boxes [14,
15]. Here, we apply this model to the analysis of TATA
elements of human promoters bearing SNPs associ-
ated with some diseases. We also present the in silico
prediction of altered TBP affinity to TATA.

Our results point to the potential of this model for
the detection and annotation of SNPs with unknown
functions, which may influence important physiologi-
cal processes in humans and other organisms.

EXPERIMENTAL

The affinities of TBP to TATA, —Ln[Kp, 1xral(S°),
were determined for each gene in the first column of
the table from the S°={S, S5, ..., 8;_ 1,81, S 415 - -» S255 S5}
sequences of 26 bp in length from the second column
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(normal TATA box of the gene) according to the equa-
tion deduced in our previous work [14]:

—Ln[Kp raral(S”) = 10.9 + 0.15PWMy,14(S") 0
—02Ln[Kp, pnal(S") = 0.23Ln[Kp, 4ipnal(S").

Here 10.90 is the experimentally measured affinity of
TBP to random DNA [8], PWMp,14(S°) is the maxi-
mum value of the Bucher weight matrix criterion for
the TATA box [16] of all variants of its application to
sequence S° and the complementary strand;
—Ln[Kp, ¢pnal(S?) is the mean TBP affinity to each of
the single strands (ssDNA) at the Bucher maximum
position, evaluated according [17]; —Ln[Kp 4pnal(S)
is the mean TBP affinity to the double-stranded DNA
(dsDNA), evaluated according [18], for each stretch of
the DNA strand, direct or reverse, where the maxi-
mum Bucher criterion was detected; 0.15, 0.2, and
0.23 are stoichiometric coefficients of the three steps
of TBP binding to TATA [14].

The affinity of TBP to TATA in the sequence S* =
{S15825 s Si_ 15 ti» Si 15 - - -» S255 S} Of the allelic TATA box
variant with the mutation s; — t; (column 4) was also
evaluated according to Eq. (1). Correspondingly, the
change of the affinity in this case,

d{-Ln[Kp, TATA](SO; si—t)}

= —Ln[Kp, TATA](S#) —{-Ln[Kp, TATA](SO)}’

is shown in column 5 of the table. The phenotypic
manifestation and association with diseases are shown
in the next two columns, 6 and 7.

2

To obtain a reliable assessment of changes 0{-
Ln[Kp 1aral(S% s; — t)}, we calculated the confi-
dence boundaries of 8 at 0. < 0.05 according to the Stu-
dent 7 test with v degrees of freedom assuming the
hypothesis “Hy: 8{-Ln[Kp, ta1al(S% s; — )} = 0™

+855, {~-Ln[Kp raral (S")}
= T0<005,0v=3%x26-1=77
s G
226{_LH[KD,TATA](SO; Si—™> ti,k)}

X i=1k=1

3x26%x(3x26-1) ’

where t, , =, t, =2, &, =3 are all the three possible
replacements of nucleotide s; at position i of the nor-
mal sequence S°.

Column 3 presents confidence boundary values
434, for nucleotide substitutions in each sequence S°
of column 2. It is important that the 95, values were
within 0.06-0.22 Napierian log units, —Ln(Kp), the
average value is 0.088. This corresponds to £10%
accuracy of measurement of the equilibrium dissocia-
tion constant Kp, in our experiment [15]. Equation (1)
was deduced from the results of our Kp, analysis in
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[14]. Correspondingly, significant changes of TBP
affinity to TATA are shown in the table with asterisks.

RESULTS AND DISCUSSION

Prediction of Lower TBP Affinity to a TATA Box
with Nucleotide Substitutions

Examples of such predictions are shown in the table.
The greatest decrease is predicted for SNPs in the pro-
moters of the following human genes: B-globin (6 =
1.46 and —1.24), cytochrome P450 2A6 (CYP2A6),
Cu/Zn superoxide dismutase (SOD/), mannan-binding
lectin, and triosephosphate isomerase (TPI) (6 = —1,49,
—1.17,-1.11, and —1.03, respectively).

It is known that damage of the B-globin gene clus-
ter may cause the reduction of the level of normal
B-globin chains or the production of defective
B-globin. Such abnormalities are associated with
human B- and d-thalassemias. When —-30T in the
TATA box is replaced by A, the B-globin mRNA pro-
duction constitutes as little as 13% of the normal rate
[19], and the —29A > G substitution reduces the
mRNA level to 25% [20]. Moreover, this substitution
impairs splicing to cause the production of aberrant
mRNA unable to encode B-globin. The carriers of
both SNPs showed B-thalassemia.

Cytochrome P450 2A6 (CYP2A6) is regarded as the
principal human nicotine oxidase [27]. The —-48T > G
substitution, which disrupts the natural TATA box
[27], was predicted to reduce the affinity of TBP (8 =
—1.49). In experiments, it reduced the expression of a
reporter gene twofold in comparison with the wild-
type promoter. This polymorphism is associated with
the elevated risk of cancer in smokers.

The substitution —27A > G in the TATA box of the
SODI gene reduces the expression rate of this gene. It
is associated with amyotrophic lateral sclerosis, a neu-
rodegenerative disease, which causes progressive

muscle weakness and atrophy throughout the body
[28].

The MBL2 gene codes for C-type mannan-binding
lectin 2, which acts as a soluble receptor. Its binding
to mannose residues in cell membranes is involved in
the initiation and regulation of innate immune
response [29]. The deficiency of MBL2 in blood
serum causes the total deficiency of opsonin (blood
plasma protein which binds to bacteria and macroph-
ages and favors their coagulation) associated with risk
of recurrent infections. The substitution —35T > C in
the TATA box of the MBL2 gene promoter [29] 6 =
—1.11) impairs the binding of TFIID to the TATA box
and reduces the gene expression and pathogen
opsonization.

Triosephosphate isomerase, encoded by the TP/
gene, converts D-glyceraldehyde-3-phosphate to
dihydroxyacetone phosphate. The 7Pl gene is

PONOMARENKO et al.

expressed in all cell types, as it belongs to housekeep-
ing genes. Each human tissue contains multiple TPI
forms, produced by posttranslational modifications of
one gene product. The mutation —24T > G (8 =-1.03)
in the TATA-like sequence of the gene causes the
reduction of its mRNA level. As a result, the total
activity of the enzyme is 2-10% of its normal level.
Carriers of this mutation show neurological and mus-
cular disorders and hemolytic anemia [30].

The least decrease in the affinity (8 = —0.04 and
—0.03) is expected for SNPs in the TATA boxes of the
human genes for thrombomodulin (7M) and apolipo-
protein A1 (APO Al). These SNPs are associated with
thrombophlebitis (TM) [44] and a higher risk of steno-
cardia (APO Al) [45]. Whereas the APO Al polymor-
phism touches the sequence of the TATA box proper,
the SNP in 7M is located in the region upstream of
TATA; nevertheless, the predicted degrees of affinity
loss are close. It is known that the 5'-flanking regions
of TATA boxes are more conservative and that they
exert a greater influence on TBP binding than the
downstream sequence [13]. These examples demon-
strate that the efficiency of TBP interaction with TATA
boxes in vivo is determined by flanking sequences in
no lesser a degree than by the TATA boxes themselves
[12, 13].

Borderline examples are shown at the end of the
first section of the table and at the beginning of the
second one. Inserts of TA into the TATA box of the
gene for UDP-glucuronosyltransferase 1A1 [46]
reduce gene expression and result in the predisposi-
tion to jaundice and Gilbert’s syndrome, whereas the
deletion is not related to any disorder. Apparently, the
affinity change inferred by us (8 = —0.01 and +0.01,
respectively) is in agreement with these data. Another
example is the decrease of the expression of the gene
for the RNA component of mitochondrial RNA pro-
cessing endoribonuclease (RMRP) related to variation
of the distance between the TATA box and transcrip-
tion start owing to short deletions and insertions. It is
associated with cartilage-hair hypoplasia [47]. A poly-
morphic variant of the TATA box was detected in a
healthy person from the control group [48]. The pre-
diction (& = +0.07) is in agreement with the data
reported in [48].

Prediction of Higher TBP Affinity to a TATA Box

The second section of the table contains examples
of predictions of higher TBP affinity to a mutant TATA
box. A significant increase was predicted for SNPs in
the promoters of the genes for NO synthase (NOS2A),
BCR, and the tissue factor (TF): 6 = +0.21, +0.50, and
+0.52, respectively. All these SNPs are located in
regions adjacent to the TATA boxes. The prediction of
increased TBP affinity to the TATA of the NOS2A pro-
moter (+0.21) agrees with the elevated expression of
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the gene, which is associated with an elevated risk of
disseminated sclerosis, diabetes mellitus, and a pre-
disposition to acute respiratory diseases [52].

We calculated the increase in the TBP affinity to
TATA (+0.50) for the known deletion —48A at the last
position of the TATA box of the fused BCR/ABL gene,
coding for hyperactive tyrosine kinase [53]. This pre-
diction agrees with elevated gene expression and a
more severe form of chronic myelogenous leukemia
[54].

Elevated affinity (+0.52) was predicted for an SNP
in the TATA box of the gene for TF. It agrees with ele-
vated gene expression and the risk of thrombophlebi-
tis and myocardial infarction [55].

The greatest increase of the TBP affinity to TATA
was predicted for promoters of the interleukin 1J3-
gene and the y-crystallin cluster. In the y-crystallin
cluster (CRYG), two genes encode the full-size pro-
tein, and four, its fragments [56]. The mutation within
the TATA box “improves” its sequence: TATACA is
replaced by TATATA. The prediction is +0.84. The
promoter activity increases tenfold, and the expres-
sion of the mutant gene for YyE-crystallin, by 30% in
comparison with the wild-type gene. The proteina-
ceous product of the pseudogene is the N-terminal
fragment of y-crystallin. Its molecular weight is
6 kDa. The elevated content of this fragment causes
cataract.

The —31C > T substitution improving the gene for
interleukin 1B (8 = +1.18) is associated with elevated
risk of non-small cell lung carcinoma [57] and hepa-
tocellular carcinoma, as well as with the elevated sen-
sitivity to Helicobacter pylori.

Prediction of Change of the TBP Affinity to a DNA
That Has Either Acquired or Lost a TATA Box

The last section of the table contains predictions
(Egs. (1) and (2)) of change of TBP affinity to TATA,
when a TATA either appears or disappears. The most
common examples are polymorphisms in the promot-
ers of the genes for the Daffy antigen receptor for
chemokines (& = —0.78) and cytochrome P450 2B6
(6 = —0.59). The malarian parasite Plasmodium vivax
uses this chemokine receptor to invade erythrocytes
and cause malaria [58]. The substitution —33T > C
destroys the TATA/GATA box of the DARC gene, pre-
venting the appearance of the receptor on the erythro-
cyte surface. Therefore, native West African carriers
of this polymorphism are resistant to malaria.

The decrease of the affinity (8 = —0.59) predicted
for the substitution 82T > C in the CYP2B6 gene
agrees with experimental data on the promoter activ-
ity. This polymorphism causes a decrease of TBP
binding to the TATA box and an increase in the affinity
of C/EBP to the resulting binding site; i.e., the original
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TATA box is converted to a potential binding site for
transcription factor C/EBP [59]. The rate of CYP2B6
transcription increases threefold, and the content of
mature mRNAs, more than twofold. It is known that
cytochrome CYP2B6 can activate procarcinogens;
this is why its excess is associated with the elevated
risk of hepatocellular carcinoma.

We applied Egs. (1) and (2) to 43 predictions of
altered TBP affinities to TATA in all polymorphic
human TATA boxes known by now. These predictions
were statistically significant (o0 < 0.05) in 32 cases of
43 (74%). Thus, changes of TBP affinities to TATA
predicted by our equation for the equilibrium binding
of TBP to TATA boxes agrees with known human
TATA box polymorphisms and associated hereditary
disorders. The quantitative proof of these predictions
and the effects of polymorphisms on the interaction
between TBP and TATA demands experimental stud-
ies, which are scheduled for the nearest future.
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