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ABSTRACT: SNPs in ТАТА boxes are the cause of mono-
genic diseases, contribute to a large number of complex
diseases, and have implications for human sensitivity to
external and internal environmental signals. The aim of
this work was to explore the kinetic characteristics of the
formation of human ТВР complexes with ТАТА boxes,
in which the SNPs are associated with β–thalassemias of
diverse severity, immunosuppression, neurological disor-
ders, and so on. It has for the first time been demonstrated,
using an electrophoretic mobility shift assay, that TBP in-
teracts with SNP-containing ТАТА boxes with a signifi-
cant (8–36-fold) decrease in TBP/ТАТА association rate
constant (ka) as compared with that in healthy people,
a smaller decrease in dissociation rate constant (kd) and
changes in the half-lives of TBP/ТАТА complexes. Car-
riers of the −24G allele (rs 1800202T>G) in the TATA
box of the triosephosphate isomerase gene promoter, asso-
ciated with neurological and muscular disorders, were ob-
served to have a 36-fold decrease in TBP/TATA associa-
tion rate constant that are consistent with TPI deficiency
shown for patients who carry this defective allele. The
kinetic characteristics of TBP/ТАТА complexes obtained
suggest that, at a molecular level, hereditary diseases are
largely caused by changes in TBP/ТАТА association rates
and these changes have a bearing on disease severity.
Hum Mutat 35:601–608, 2014. C© 2014 Wiley Periodicals, Inc.
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Introduction
Although sequence data have become more affordable, data anal-

ysis is not trivial and requires comparative analysis of identified SNPs
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to separate disease-causing SNPs from common variants within a
population and the study of the molecular mechanisms by which
disease-associated SNPs influence the binding of target transcrip-
tion factors (TFs). Understanding the impact of genetic variation
on gene regulation remains a major challenge in deciphering the
human transcriptional regulatory code. SNPs represent DNA se-
quence variants that can affect human sensitivity to external and
internal signals. Unlike the SNPs that are found in coding regions
and lead, as a result of nonsynonymous substitutions, to incorrect
protein folding, phosphorylation, and changes in the properties of
the encoded proteins, the SNPs that are found in noncoding regions
(that is, regulatory SNPs) may result in modulation of recogni-
tion by sequence-specific TFs and altered gene expression [Gelinas
et al., 1985; Rockman et al., 2002]. However, predicting the ef-
fects of DNA sequence variation in the large regulatory parts of the
genome remains a largely unsolved problem. Regulatory SNPs as
these, in particular, those in TATA boxes, represent a still poorly
studied class of genetic variation. The understanding of the asso-
ciation between the genotype and phenotypic variation and the
molecular mechanisms underlying changes in regulatory sequences
is required for predicting the organism’s responses to environmental
effects, drug therapy, susceptibility to diseases, and for personalized
medicine. However, the proportion of SNPs within regulatory DNA
that have reproducible functional implications for regulatory fac-
tor binding is currently unknown, and our ability to predict such
outcomes from the known rules of protein–DNA interactions is ex-
tremely limited. The major problem in identification and analysis
of functional regulatory SNPs as these is associated with the lack of
precise and experimentally verified computer-aided techniques. To
improve the situation, we have performed a comprehensive experi-
mental computer-aided study of TATA boxes, the SNPs in which are
associated with increased risk of various human hereditary diseases.
Based on original and literature data, we developed a step-by-step
model of TBP binding to TATA boxes [Ponomarenko et al., 2008],
and made in silico predictions for changes in ТВР/ТАТА affinity.
Next, we performed an experimental verification of the predicted
values (the experimental values for equilibrium KD characterizing
the affinity ТВР/TATA had already been known) and found a high
correlation [Savinkova et al., 2013] between the predicted and ex-
perimental values (the coefficient of linear correlation, r, for the
predicted equilibrium KD values was 0.822). However, one ques-
tion remains: What implications do a change in TBP/TATA affinity
have for the process of complex formation? In this work, we have
studied the molecular mechanisms of the SNPs effect on the ki-
netic parameters of the formation of TBP/TATA complexes. Our
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Figure 1. Measuring the kinetics of TBP binding with the TATA-containing ODN N1 identical to the HBB promoter in healthy people. A:
dependences of reaction rates on ODN N1 concentrations. B: Electropherograms, from which these curves were derived. TBP concentration was
0.3 nM in all experiments; the concentrations of TATA-containing ODN were as indicated. TBP/TATA-associated isotherms, and ka and kd values
were inferred from the electropherograms using GraphPad Prism 5 software.

results demonstrate that, at a molecular level, hereditary diseases
are caused by changes in TBP/ТАТА association and dissociation
rate constants, by changes in the lifetime of the complexes, and that
these changes have a bearing on disease severity.

Materials and Methods

Protein Expression and Purification

Recombinant full-length human TBP containing only na-
tive amino acid sequences was overexpressed in Escherichia coli
BL21(DE3) cells transformed with plasmid pAR3038-hTBP gene
(TBP; MIM #600075), very much appreciated courtesy of Prof.
B. Pugh, Pennsylvania State University. Expression of TBP was as
described by Pugh (1995) with modifications (the isopropyl β-D-1-
thiogalactopyranoside concentration was 1 mM instead of 0.1 mM
and the induction time was 3 hr instead of 1.5 hr). TBP was purified
to homogeneity using a three-step procedure involving polyethylen-
imine precipitation, phosphocellulose chromatography, and ammo-
nium sulfate precipitation as described by Pugh (1995). Based on
Coomassie Brilliant Blue R 250 stained SDS-PAGE analyses coupled
with scanning densitometry, the purity of these TBP preparations
was determined to be more than 98%. The total protein concen-
tration was determined after Bradford (1976). The concentration
of active TBP was determined by titrations of TBP against known
concentrations of the AdML TATA box, which were well above the
KD value (50% of the total protein concentration).

Labeling Oligodeoxyribonucleotides with 32P

Twenty-six base-pair TATA-containing oligodeoxyribonu-
cleotides (ODNs) identical to the promoters of the wild-type (WT)
and SNP-containing human genes were synthesized and addition-
ally purified by electrophoresis in PAGE (Biosset, Novosibirsk,
Russia). ODN quality was tested for with the use of MALDI TOF MS
(Bruker Daltonics, Bremen, Germany). Labeled double-stranded
ODNs were obtained and analyzed as described [Drachkova et al.,
2005; Savinkova et al., 2013].

Determination of the Association and Dissociation Rate
Constants for TBP/TATA Complexes

The association rate constant (ka) and the dissociation rate
constant (kd) were determined for the complexes of TBP with
TATA-containing double-stranded ODNs identical to WT and SNP-
containing TATA-box variants. Association kinetic experiments
were performed using multiple (typically four) ODN concentra-
tions. A single best-fit estimate for ka and a single best-fit estimate
for kd were obtained by global fitting of data to the association ki-
netic model. Experiments on TBP/ODN binding were performed
at 25°C in a binding buffer containing 20 mM HEPES–KOH (pH
7.6), 5 mM MgCl2, 70 mM KCl, 1 mM DTT, 100 μg/ml BSA, 0.01%
NP-40, and 5% glycerol with a fixed amount of active TBP (typi-
cally 0.3 nM). Reaction mixtures containing the binding buffer and
ODN, and TBP prediluted with the binding buffer to a concentra-
tion of 1.2 nM (that was much lower than the TBP dimerization
KD) were stored in ice. Prediluted TBP was stable in ice for 6 hr.
Each association kinetic experiment typically includes 32 binding
reactions (8 time points × 4 ODN concentrations). All the four
binding reactions (four concentrations at each time point) were run
simultaneously by adding TBP and immediately transferring mate-
rial to a thermostat at 25°C. At the end of the binding reactions, all
the reaction mixtures were loaded simultaneously into the running
gel. The TBP-ODN complexes were separated from the unbound
ODN using an electrophoretic mobility shift assay. Electrophoresis
was performed using 5% PAGE in Tris–glycine buffer (рМ 8.3) for
40 min at a temperature of 10°С and a field intensity of 25 V/cm.
The gels were dried and exposed to an Imaging Screen-K (Kodak,
Rochester, NY) for use with a Molecular Imager PharosFX Plus
phosphorimager (Bio-Rad, Herts HP2 7DX, United Kingdom). The
screen was scanned by the phosphorimager and the radioautographs
were quantitated using Quantity One 4.5.0 software (Bio-Rad, Herts
HP2 7DX, United Kindom). The association rate constant (ka) and
the dissociation rate constant (kd) were determined using Graph-
Pad Prism 5 software (Equation: Association kinetics (two ligand
concentrations)). Figures 1A and B and 2A and B present examples
of binding isotherms for TBP and the WT ТАТА box of β-globin
(ODN N1), and for TBP and the ТАТА box with a –29А>G SNP
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Figure 2. Measuring the kinetics of TBP binding with the TATA-containing ODN N5 identical to the HBB-globin promoter with the ТАТА
box containing a SNP associated with β-thalassemia (the −29 G allele). A: Dependences of reaction rates on ODN N5 concentrations.
B: Electropherograms, from which these curves were derived. TBP concentration was 0.3 nM in all experiments; the concentrations of TATA-
containing ODN were as indicated. TBP/TATA-associated isotherms, and ka and kd values were inferred from the electropherograms using
GraphPad Prism 5 software.

(ODN N5), respectively. [Note: the numbering of alleles, for ex-
ample, “–29A>G” refers to the polymorphism name in original re-
ports, for example, 5′-3′ DNA strand, 29 nucleotides upstream of +1
transcription start site.] The equilibrium dissociation constant of
the TBP/TATA complexes, which characterizes TBP/TATA affinity,
is KD = kd/ka; the average half-life of the TBP/TATA complexes is
t1/2 = ln2/kd. The Gibbs free energy of binding, �G0 = –RTln KA,
where R is the universal gas constant, Т is the absolute temperature,
and KA (the equilibrium constant) is ka/kd.

Results and Discussion
Table 1 presents the values of association rate constants (ka) and

dissociation rate constants (kd) for the complexes formed by TBP
and ODNs, which are identical to TATA boxes with the flanking
regions of the promoters of the genes being studied in healthy
individuals and patients with SNPs in the TATA boxes associated
with clinical and experimentally confirmed hereditary α-, β-, and
δ-thalassemias (MIM #604131, 613985, and 613985 respectively)
of diverse severity, neurological (MIM #615512) and immune dis-
orders (MIM #614372), myocardial infarction (MIM #608446),
hemophilia B Leyden (MIM #613985), and lung cancer (MIM
#211980). Importantly, these values have for the first time been ob-
tained under the most standardized experimental conditions. Also,
Table 1 presents the half-lives (t1/2) of the TBP/ТАТА complexes,
the values of the dissociation constants (KD = kd/ka), which char-
acterize TBP/ТАТА affinity, and the Gibbs free energy of binding
(�G0).

SNPs as an Influence on the Association and Dissociation
Rates of Complexes of TBP with the TATA Boxes of the
HBB, HBD, and HBZP1 Genes

As is known [Steinberg et al., 1991; Flint et al., 1998; Levings
et al., 2002; Thein, 2005; Lacerra et al., 2008; Schechter et al., 2008;
Muncie et al., 2009; Galanello et al., 2010; Jain et al., 2012], SNPs
in the TATA boxes of the promoters of the β–, δ–globin genes,
and the εψ-globin pseudogene (HBB; MIM #141900, HBD; MIM

#142000, and HBZP; HGNC:4836, respectively) lead to β–, δ–, and
α–thalassemias of diverse severity because of the disruption of the
balance in the synthesis of structurally normal globin chains, which
compose normal hemoglobins: А (α2β2, the commonest structural
unit of hemoglobin in adult humans, HbA, with an amount of
�97%) and А2 (α2δ2, with an amount of �3%) [Schechter, 2008].
Imbalances of any of three globin chains cause their aggregation,
hemolysis, and failure in erythropoiesis.

As can be seen from Table 1, the TATA box of the HBB gene in a
healthy individual (ODN 1) appears as САТАААА [Muncie et al.,
2009] instead of canonical ТАТАААА. It has been demonstrated
[Stewart et al., 2001; Stewart et al., 2006; Muncie et al., 2009] that a
Т-to-С substitution at position 1 in the TATA box variously affects
transcription and, therefore, ТВР/ТАТА complex formation. The
values that we obtained for this noncanonicalТАТААААHBB were
as follows: ka, which characterizes the rate of association of com-
plexes with TBP and the TATA box of HBB in healthy individuals,
was (1.4 ± 0.1) × 104 М–1 sec–1, the dissociation rate constant, kd,
was (7.1 ± 0.7) × 10–4 sec–1, the equilibrium dissociation constant,
KD, was 50 ± 7 nM, the half-life of the complexes was 16 ± 2 min,
and the free energy of association of TBP/ТАТА complexes (�G0)
was 10 ± 1 kcal/mol.

As can be seen from Table 1, the values of theТВР/ТАТА associa-
tion constants for HBB genes with different SNPs in the TATA box are
reduced from eightfold to 34-fold. A 2.6-fold increase in the rate of
association of TBP/ТАТА complexes and a threefold increase in the
rate of their dissociation as compared with the norm was observed
only once, when the SNP was NG 0000007.3:g.70518A>T (–27А>Т,
ODN N8), which was found members of a Corsican family [Badens
et al., 1999] with signs of β+-thalassemia. That was accompanied by a
threefold decrease in the half-life of the complexes as compared with
the norm (healthy individuals): the half-life was reduced to 5 min.
The affinity of TBP for the ТАТА box with that SNP (60 ± 10 nM)
is decreased by �20% as compared with the norm (50 ± 7 nM), and
the amount of β-globin mRNA in HeLa is decreased about fivefold
[Badens et al., 1999]. The free energy of association of TBP/ТАТА
complexes (�G0) is not changed.

The strongest, 34-fold decrease in the rate of association of
TBP/ТАТА complexes (ka = (4.1 ± 0.5) × 102 М–1 sec–1) is
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observed when the SNP is rs33931746 (–28А>С, ODN N7). The
rate of their dissociation is decreased about 3.6-fold and their half-
life is increased to 58 ± 9 min, whereas the affinity (KD) is reduced
10-fold and becomes nearly nonspecific. The carrier of this poly-
morphism has β–thalassemia major [Poncz et al., 1982], depends on
red blood cell transfusions for the rest of his life and is a compound
heterozygote [Surrey et al., 1985]. The free energy of TBP/ТАТА
binding is decreased by 1.4 kcal/mol, which is the cost for the depar-
ture from the better sequence (CATAAAA → CATACAA). It has also
been demonstrated that transcription in HeLa is decreased twofold
to threefold, and transcription in vitro is decreased fourfold [Surrey
et al., 1985]. Opinion has it [Bucher, 1990; Wang et al., 2003] that
the probability of this substitution in the TATA box is less than 1%.

A rs33980857 (–30Т>А, ODN N3) found in a Yugoslavian and a
Turkish individual with β+-thalassemia intermedia [Muncie et al.,
2009] leads to higher than an eightfold decrease in the rate of as-
sociation of TBP/ТАТА complexes and a 3.7-fold decrease in the
rate of their dissociation. Their half-life is increased to 60 ± 10 min
(16 ± 2 min in healthy individuals), which enables the assembly
of transcription complexes with the production rate of normal
β-globin RNA between 8% and 13%. The free energy of TBP/ТАТА
binding is decreased slightly. It should be noted that Т at position
3 in the TATA box reportedly occurs with the highest probability
and displays the highest transcriptional activity in diverse systems,
whereas T to A substitutions bring transcription down to unde-
tectable levels [Wang et al., 2003].

A rs33980857Т>C leads to higher than an 18-fold decrease in
the rate of association of TBP/ТАТА complexes (ODN N4), the
strongest decrease (6.5-fold) in the rate of dissociation, and the
longest (100 ± 30 min) half-life as compared with that in healthy
individuals, and a moderate, 2.8-fold decrease in the affinity of TBP
for ODN N4 with this SNP. The free energy of TBP/ТАТА binding
is increased by 0.7 kcal/mol. It had previously been demonstrated
[Wobbe et al., 1990] that an T to C substitution at position 3 in the
TATA box of the AdML promoter (ТАТАААА) is preferable to an
T to A substitution, with a �16% residual transcriptional activity.

A rs34598529 (–29A>G, ODN N5) resulted in a 25% production
of normal globin mRNA in the erythroid cells of affected individuals
and in HeLa [Antonarakis et al., 1984]. The rate of association of
complexes containing ТВР and the ТАТА boxes with this SNP is
reduced 13-fold, the rate of their dissociation changes little and so
does their half-life (t1/2 = 22 ± 2 min) as compared with those in
healthy individuals. The KD value, which characterizes ТВР/ТАТА
affinity, is decreased 10-fold. �G0 is decreased by 1.4 kcal/mol, and
the energy of binding is spent to probably compensate for a low
affinity. Nevertheless, the homozygotes for this allele are affected
by β-thalassemia intermedia and do not depend on red blood cell
transfusions [Antonarakis et al., 1984].

A rs33931746A>G (–28A>G, ODN N6) found in a transfusion-
dependent patient with β-thalassemia intermedia in a Chinese pop-
ulation [Orkin et al., 1983] leads to a 12-fold decrease in the rate of
association of TBP/ТАТА complexes. The rate of their dissociation
and half-life change little (7.5%). The KD value, which characterizes
ТВР/ТАТА affinity, is decreased 11-fold. This mutation is accom-
panied by the highest decrease in �G0 (1.5 kcal/mol) in β-globin
genes. It is possible that this energy is used for strengthening low-
affinity TBP/ТАТА complexes. The amount of β-globin mRNA was
decreased 10-fold in the total RNA isolated from the erythroid cells
of patients who were carriers of that allele and threefold to fivefold
in HeLa [Orkin et al., 1983] as compared with the norm. The same
A to G substitution at position 5 of the TATA box in in vitro ex-
periments with AdMLР resulted in a reduction in transcription to
undetectable levels [Wobbe et al., 1990; Wang et al., 2003].

Regrettably, we could not determine the association or dissocia-
tion rate constant of TBP/ТАТА complexes for a rs33981098A>G
(–31A>G, ODN N2) [Takihara et al., 1986]. The KD value deter-
mined under equilibrium conditions was 99 ± 9 nM. Half the nor-
mal amount of mRNA is synthesized from the promoter with this
mutation in the TATA box in cos-cells [Takihara et al., 1986].

The TATA-box sequence in the δ-globin (HBD) gene is identi-
cal to that in the β-globin (HBB) gene, САТАААА; however, its
flanking sequences are different [Frischknecht et al., 2005]. As a re-
sult, the rate of association of TBP/ТАТА complexes for the ODN
identical to the WT δ-globin promoter is 1.6 times higher than
that for the ODN of the β-globin gene promoter in healthy in-
dividuals (ka = (2.3 ± 0.3) × 104 and (1.4 ± 0.1) × 104 М–1 с–1,
respectively), the affinity is increased 1.4-fold, and the free en-
ergy of TBP/ТАТА binding remains unchanged. Whenever there is
rs35518301A>G (–31A>G, ODN10) in the TATA box, the rate of as-
sociation of TBP/ТАТА complexes is decreased 12-fold as compared
with healthy individuals, the dissociation rate is decreased fourfold,
and the half-life is increased fourfold (this is 14 ± 4 min in the
norm and 60 ± 10 min in δ-thalassemia). The TBP/ТАТА affinity
is decreased 2.8-fold as compared with the norm, �G0 is decreased
by 1.4 kcal/mol and all these characteristics are associated with δ-
thalassemia intermedia. Carriers of homozygous alleles with SNPs
have a very low HbA2 production rate [Frischknecht et al., 2005].

A –70 T>C SNP (NG:000006.1:g.20573T>C) found in the
HBZP1(HGNC:4836) pseudogene creates a new promoter ele-
ment, GATA/TATA, which inhibits transcription of the downstream
α-globin genes and so accounts for a deficiency of α-globin chains
and α-thalassemia intermedia. When this mutation is the case, the
TBP/ТАТА association rate remains unaffected, whereas the dis-
sociation rate is decreased 1.7-fold and the half-life is increased
1.7-fold as compared with the norm. The constant of dissocia-
tion of the TBP/TATA complexes, which characterizes TBP/TATA
affinity, is increased 1.6-fold; it is also expected that the erythroid-
specific activator GATA-1 should bind well to the mutant region.
Collectively, all these factors are the reason why the transcrip-
tion initiation complex is assembled on the pseudo promoter and
why TBP and TFs are lured from the promoters of WT α-globins
[De Gobbi et al., 2006].

An SNPs Influence on the Association and Dissociation
Rates of Complexes of TBP with the TATA Boxes of the
MBL2, TPI, Factor IX or F9, IL1B, TF, or F3, and NOS2A Genes

The rs72661131T>C in the TATA box of the mannose-binding
lectin gene promoter (MBL2; MIM #154545) [Boldt et al., 2006]
leads to a 2.5-fold decrease in the rates of association of the com-
plexes and a 1.6-fold decrease in dissociation rates. The half-life of
the complexes is increased 1.6-fold and the affinity of TBP for the
TATA box is decreased 1.6-fold. A rs72661131C>T substitution at
position 3 of the TATA box leads to a slight decrease in the free en-
ergy of association of TBP/ТАТА complexes (�G0), by 0.3 kcal/mol
(from 10.2 to 9.9 kcal/mol). MBL is a serum protein, which binds to
mannose and N-acetyl glucosamine on the surface of microorgan-
isms, opsonizes, and eventually kills them. MBL plays an important
role in tissue homeostasis and removal of endogenous wastes. This
is why it is believed that genetically determined variation in MBL
concentrations in human blood serum accounts for varying sensitiv-
ity to infections and predisposition to autoimmune, inflammatory,
metabolic, and cardiovascular diseases [Madsen et al., 1998]. Low
MBL levels are associated with increased risk of recurrent infections
[Eisen et al., 2005].
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The rs1800202Т>G SNP in the TATA box of the triosephosphate
isomerase gene (TPI; MIM #190450) [Watanabe et al., 1996] leads
to a 35.8-fold decrease in TBP/ТАТА association rates and a slight
decrease (by 30%) in dissociation rates. The half-life of the com-
plexes is increased 1.4-fold. When the TATA box is unaffected, the
half-life is 16 min, and when the TATA box contains this SNP, the
half-life is 23 min. This mutation leads to a decrease in �G0 by
1.9 kcal/mol. TPI-deficient (MIM #615512) people were observed
to have insufficient mRNA, the enzyme activity in erythrocytes and
other cells was 2%–10% of the norm; patients had neurological and
muscular disorders, and hemolytic anemia. Other carriers of the
heterozygous alleles were observed to have a moderate decrease in
TPI activity in vivo, by 26%–50% [Watanabe et al., 1996]. We have
demonstrated that the –24Т>G SNP (very rare, with its prevalence
being less than 1%) [Patikoglou et al., 1999] associated with these
disorders causes the largest, 35.8-fold decrease in TBP/ТАТА asso-
ciation rate and the largest decrease in affinity among this group of
genes. With such decreases, the probability of complex formation
is lowered. The dissociation rates are decreased 1.4-fold, and the
half-life of the complexes is increased 1.5-fold. As can be seen from
Table 1, the association of TBP with one of the very good TATA-box
sequences, ТАТАТА, in which the fifth “Т” is replaced by “G,” is
accompanied by the largest decrease in free energy of binding for
this group of genes, by 2.26 kcal/mol. It is possible that this energy is
used for introducing conformational changes to and strengthening
low-affinity TBP/ТАТА complexes.

The SNP in the ТАТА-like element of the coagulation Factor
IX or F9 gene (MIM #300746) leads to a 2.3-fold decrease in the
rates of association of TBP/ТАТА complexes, a 2.5-fold decrease
in dissociation rates and a 2.5-fold decrease in the half-life of these
complexes. The SNP has little effect on the affinity of TBP for this
ТАТА-like element (the affinity remains to be very low, KD = 580
and 540 nM) or on the free energy of association. Hemophilia B
Leyden (MIM #306900) is characterized by very low levels of factor 9
(blood coagulation factor) in the blood plasma during infancy (60%
of the norm as a maximum). The promoter of the WT Factor IX gene
contains a region for binding to the hepatocyte nuclear factor HNF4
controlling factor IX expression in healthy individuals [Burgner
et al., 2003]. The binding site for HNF-4 is located in the TATA box.
The NG 007994.1:g.4975G>C (human reference genome), –48G>C
SNP destroys it, and so HNF-4 becomes unable to effectively bind to
the target anymore, which leads to hemophilia B Leyden. For TBP,
the nucleotide sequence of that region is where the interaction is
practically nonspecific.

The rs1143627C>T, –31C>T SNP in the TATA box of the
interleukin-1 beta gene (IL1B; MIM #147720) [Zienolddiny et al.,
2004] (ODN 20), which improves the sequence of the TATA
box, leads to a 15.8-fold increase in the rates of association of
TBP/ТАТА complexes and a 3.7-fold decrease in their dissocia-
tion rates. The half-life of the complexes is increased nearly four-
fold. The rs1143627C>T substitution leads to an increase in �G0 by
0.8 kcal/mol, no cost is required of departure from the consensus se-
quence and improved longevity. The rs1143627C>T polymorphism
is associated with increased risk of a large number of inflammatory
diseases, stomach cancer and lung cancer (MIM #211980).

The NG 029366.1:g.5078C>T, –21С>T SNP in the ТАТА box of
the tissue factor, TF, or coagulation factor F3 gene (MIM #134390)
[Arnaud et al., 2000] leads to a 4.6 increase in the rate of association
of TBP/ТАТА complexes and has little effect on their dissocia-
tion rates or half-lives. The increased association rates due to the
SNP are associated with a 4.2-fold increase in TBP/ТАТА affinity.
The free energy of association for these complexes is increased by

0.8 kcal/mol. The tissue factor is a membrane protein expressed in
many tissues, including the outermost layer of the vessel walls, where
it rapidly activates coagulation whenever integrity is compromised.
The SNP in the ТАТА element of the tissue factor gene is con-
sistent with the known enhancement in gene expression [Arnaud
et al., 2000], which leads to increased risk of thrombophlebitis and
myocardial infarction (MIM #608446).

The SNP in the sequence that flanks the TATA box of the NOS2
gene (MIM #163730). The NG 011470.1:g.4980Т>С, SNP-60T>C
reference human genome or 21T>C [Burgner et al. 2003] in the se-
quence that flanks theТАТА box of the NO synthase gene promoter
has little effect (changes are within 10%) on the kinetic characteris-
tics of TBP/ТАТА complexes and none on �G0. The gene product
is inducible nitric oxide synthase (NO synthase), which is involved
in many responses produced by the organism, including the im-
mune response. NO synthase also contributes to the pathogenesis
of infections and inflammatory conditions and has a role in the reg-
ulation of blood pressure [Burgner et al., 2003]. It should be noted
that the observed differences in ka and kd are not only because of the
SNPs within the TATA box, but also because of SNPs in its flanking
sequences and because of the structural differences between these
sequences.

Based on the results obtained, we cannot say that a low affinity of
a TF for its target DNA site should accelerate the dissociation of the
complexes (the TF should not linger in a nonspecific DNA region),
nor can we say that association rates (ka) should be the same for
specific and nonspecific sites [Dinan et al., 2009]. As can be seen
from the values obtained for ka and kd (Table 1), a reduction in
affinity can lead to a change in both association and dissociation
rates; particularly, if the interaction is less specific, the dissociation
rates may decrease, which implies that the complexes become longer
living (for example, the TBP/TATA complexes in the MBL2 and TPI
genes). We are strongly tempted to say that these conditions are
specifically set up for a functional multiprotein complex (in our case,
the preinitiation complex) to have enough time to be assembled on
these “weak” TBP/ТАТА complexes.

Also, it should be noted that in vivo ТВР can be part of TFIID
complexes of different composition (from 8 to 14 ТВР-associated
factors, TAFs), which play critical roles in tissue- and cell-specific
transcription [Thomas et al., 2006; Deato et al., 2008; Papai et al.,
2011]. Some authors have demonstrated that ТВР alone is enough
to enable TATA-dependent basal transcription to run; however, ac-
tivated transcription or transcription from TATA-less promoters
absolutely requires TAFs [Klages et al., 1995; Martinez et al., 1995].
The latter is also true of the in vivo initiation of transcription in
human and yeast TATA-less promoters [Kim et al., 2005].

Various TAFs within the dynamic TFIID structure perform var-
ious functions that have importance for transcriptional regulation
in eukaryotic cells. Depending on the core promoter sequence,
TAFs can stabilize or destabilize TFIID/DNA binding and influence
the formation of the preinitiation complex and promoter strength
[Тjian et al., 1996]. TAFs can compensate for a low specificity for
ТВР binding [Hahn et al., 1989] by changing the rate of TBP dis-
sociation from promoters [De Graaf et al., 2010] and hinder the
initiation of transcription from very weak and cryptic promoters
[Verrijzer et al., 1996]. It is likely that the interactions between ТВР
and ТАТА boxes in the β-globin gene promoter with the –29A>G,
–28A>G, and –28A>C SNPs as well as between TBP andТАТА boxes
in the Factor IX gene promoter, which have, according to our re-
sults, a very low specificity, are in vivo stabilized and strengthened
by TAFs. This enables a large preinitiation complex to form and
regulated transcription to run.
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Conclusions
Quantitative changes in gene expression caused by polymor-

phisms in regulatory regions play an important role in human
susceptibility to various diseases, environmental conditions, and
drug therapy. We have for the first time demonstrated experimen-
tally that the implications of SNPs, associated with increased risk of
various human hereditary pathologies, for the interaction between
TBP and ТАТА boxes at a molecular level come through changes
in TBP/ТАТА association/dissociation rates. SNPs lead to a 2.5–
36-fold decrease in TBP/ТАТА association rates. The Gibbs free
energy values were all negative, indicating that TBP/TATA bind-
ing was spontaneous. Because TBP/TATA binding occurs under the
most standardized reaction conditions, at the same temperature,
decreased δG0 values indicate that the TBP/TATA complex is desta-
bilized with SNPs associated with diseases.

A good agreement between the KD values characterizing
TBP/ТАТА affinity, obtained under equilibrium conditions
[Savinkova et al., 2013] and inferred from kinetic constants, sug-
gests that the kinetic parameters of the interactions between TBP
and theТАТА-containing ODNs were determined correctly. All the
characteristics of TBP/ТАТА association that we have obtained fall
within the range of values typical of TBP/ТАТА interactions.

Obviously, ТВР binds to the consensus and polymorphic TATA-
box variants in vivo and in vitro under different conditions, with
different TAFs and TFs. Nevertheless, we observe a correlation be-
tween the extent, to which the rates of association and dissociation
of the complexes of TBP and SNP-containing ТАТА boxes change
in vitro, and the degree of severity of the associated diseases. This
provides evidence that the results obtained adequately portray the
molecular interactions occurring in vivo.
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