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a b s t r a c t

The GR-TRRD section of the TRRD database contains the presently largest sample of published nucleotide
sequences with experimentally confirmed binding to the glucocorticoid hormone receptor (GR). This
sample comprises 160 glucocorticoid receptor binding sites (GRbs) from 77 vertebrate glucocorticoid-
regulated genes. Analysis of this sample has demonstrated that the structure of only half GRbs (54%)
corresponds to the generally accepted organization of glucocorticoid response element (GRE) as an
inverted repeat of the TGTTCT hexanucleotide. As many as 40% of GRbs contain only the hexanucleotide,
and the majority of such “half-sites” belong to the glucocorticoid-inducible genes. An expansion of the
sample allowed the consensus of GRbs organized as an inverted repeat to be determined more precisely.
Several possible mechanisms underlying the role of the noncanonical receptor binding sites (hexanu-
cleotide half-sites) in the glucocorticoid induction are proposed based on analysis of the literature data.

© 2009 Elsevier Ltd. All rights reserved.
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. Introduction

Glucocorticoid hormones are involved in regulation of the main
ital processes in the body of vertebrate animals—growth, differen-
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tiation, reproduction, adaptation, and behavior [1,2]. The glucocor-
ticoids mainly act at a transcription level via binding to the intra-
cellular receptor of these hormones. The formed hormone–receptor
complexes up- or down-regulate the corresponding genes by bind-
ing to the recognized DNA regions and/or entering protein–protein
interactions with other transcription factors [3–5].
Glucocorticoid receptor (GR) is a ligand-inducible transcrip-
tion factor belonging to the nuclear receptor superfamily. The
DNA-binding domain of the members of this superfamily contains
two loop structures, the so-called zinc fingers, with four cysteine
residues coordinated by zinc ions at their base [6–8]. Two hexanu-

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:merkti@noboch.nsc.ru
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ig. 1. Frequency matrices and consensuses obtained by analyzing (a) 25 GRbs [17
resentation the consensus sequence is to the left.

leotide motifs – (1) TGTTCT in the case of GR and the receptors
or mineralocorticoids (MR), progesterone (PR), and androgens (AR)
nd (2) TGACCT in the case of the rest receptors – are the basic ele-
ents of the nuclear receptor binding sites in DNA. In addition,

he nuclear receptors are traditionally grouped according to the
enerally accepted patterns of their interaction with DNA and the
tructure of their binding sites. In particular, the steroid hormone
eceptors are usually described as the group of proteins interacting
ith DNA as homodimers, which recognize inverted repeats of the
exanucleotide TGTTCT (GR, MR, PR, and AR) or TGACCT (estrogen
eceptor) separated by a 3-bp spacer. The receptors for thyroid hor-
one (TR), vitamin D3 (VDR), all-trans retinoic acid (RAR), retinoid
receptor (RXR), and manifold orphan receptors (HNF4, COUP,

PAR, CAR, PXR, LXR, etc.) are united into the group of proteins that
nteract as homo- or heterodimers with direct, inverted, or everted
epeats of the motif TGACCT with a spacer varying from 0 to 9 bp in
ength. There is also the group of monomeric nuclear receptors (SF1,
RH1, ROR, ERR, etc.) containing in the binding site a single TGACCT
otif preceded by 5′-flanking A/T rich sequence with a length of

–6 bp [6–9].
However, the primary structure of many glucocorticoid recep-

or binding sites (GRbs) from various genes fails to comply with
his pattern. There are GRbs containing only single copy of the hex-
nucleotide TGTTCT, and GR interacts with them as a monomer.
he GRbs organized as a directly repeated hexanucleotide have
een discovered. GR heterodimerization with other transcription
actors has been reported. However, no systemic analysis of GRbs
as been yet conducted. Here we describe the results of such
nalysis performed using the data on 160 GRbs complied in the
R-TRRD (Glucocorticoid-regulated genes TRRD; http://wwwmgs.
ionet.nsc.ru/mgs/papers/merkulova/gluc/) section with the TRRD
Transcription Regulatory Regions Database; http://wwwmgs.
ionet.nsc.ru/mgs/gnw/trrd/).

. Structural variants of glucocorticoid receptor binding
ites
GR was one of the first transcription factors purified to homo-
eneity as well as one of the first eukaryotic regulatory proteins
hown to be capable of recognizing specific DNA regions [10–13].
n 1983–1984, the first GRbs consensus sequence – the hexanu-
(b) 87 GRbs from GR-TRRD. Nucleotide frequencies are shown as percent; graphic

cleotide TGTTCT – was proposed. This sequence was discovered in
DNA regions within chicken lysozyme gene promoter and the long
terminal repeat of mouse mammary tumor virus (MMTV LTR), pro-
tected by GR from DNase I digestion (GR footprints) [14,15], and
its variant, TGTTCC, in the GR footprint from promoter region of
human metallothionein IIA gene [16]. Then the analysis of the data
on 25 GRbs from various genes, available at that time, suggested
the consensus GGTACAnnnTGTTCT (Fig. 1a) [17], which is an imper-
fect inverted repeat of the earlier discovered hexanucleotide with
a spacer of 3 bp. The GRbs homologous to this consensus are called
palindromic.

The volume of information about the arrangement of regulatory
regions in the glucocorticoid-regulated genes and the mechanisms
of glucocorticoid regulation have substantially increased over more
than 20 years that passed since the discovery of the GR binding
regions in DNA as well as the number of discovered GRbs. We
are compiling this information in the specialized section of TRRD
database, GR-TRRD [18].

2.1. GR-TRRD content: genes

Being a part of the TRRD database, GR-TRRD utilizes its sys-
tem for recording the published experimental data [19–21]. The
database entry is a gene. GR-TRRD compiles only the glucocorticoid-
regulated genes for which the GR binding to DNA in their regulatory
regions has been demonstrated. At present, GR-TRRD comprises
descriptions of 86 glucocorticoid-regulated genes – 29 human, 32
rat, 15 mouse, 3 anthropoid primate, 2 chicken, 2 frog genes, 1
rabbit, 1 sheep, and 1 cow gene – and the LTR of two proviruses.

Of the genes compiled in GR-TRRD, 71 are up-regulated by
glucocorticoids, 9 are down-regulated, and 6 can be both neg-
atively and positively regulated by these hormones. Both LTRs
provide a glucocorticoid induction. The fraction of genes down-
regulated by glucocorticoids in GR-TRRD, 10%, is considerably
lower than the estimates obtained in the microarray experiments
on identification of glucocorticoid-regulated genes in various cell

types, namely, 30–70% [22–28]. Thus, the selection of genes for
GR-TRRD based on GR binding to DNA has resulted in an evi-
dent bias towards the genes up-regulated by glucocorticoids. This
is another evidence confirming the accepted concept that the
negative glucocorticoid regulation more frequently involves the

http://wwwmgs.bionet.nsc.ru/mgs/papers/merkulova/gluc/
http://wwwmgs.bionet.nsc.ru/mgs/papers/merkulova/gluc/
http://wwwmgs.bionet.nsc.ru/mgs/gnw/trrd/
http://wwwmgs.bionet.nsc.ru/mgs/gnw/trrd/
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Table 1
The contents of palindromic and hexanucleotide GRbs in the genes up- and down-
regulated by glucocorticoids.

Up-regulated
genes

Down-regulated
genes

Combined
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alindromic GRbs 76 6 5 87
exanucleotide GRbs 46 17 1 64
umber of genes in group 65 8 4 77

echanisms of GR–protein interaction rather than the GR–DNA
inding [5,29–33].

.2. GR-TRRD content: GRbs

Overall, GR-TRRD contains 174 GRbs. However, only the GRbs
emonstrated experimentally to actually contact directly the recep-
or protein were used for analyzing the structural organization of
he binding sites. The criterion for selecting the analyzed GRbs
as the data on interaction between GR and the corresponding
NA region obtained by at least one of the following methods:

1) DNase I footprinting using purified GR or GRDBD (TRRD assay
ode 1.1.5.); (2) genomic footprinting under hormone treatment
onditions (assay codes 1.5. and 6.5); (3) EMSA with purified GR
r GRDBD (assay code 3.5.), extract from GR overproducer cells
assay code 3.5.1.), nuclear or cell extract and specific antibodies
assay code 3.6.); (4) methylation protection assay with purified GR
assay code 4.1); (5) methylation interference studies with purified
R (assay code 4.2); (6) ABCD assay (avidin–biotin complex DNA-
inding assay) with purified GR (assay code 8). Finally, 160 GRbs
rom 77 genes were included into the sample (see Supplemental
able).

.3. GRbs structural variants

Analysis of the nucleotide sequences of 160 sites forming the
Rbs sample has demonstrated that only slightly more than half-
ites (namely, 87) are palindromic. For these sites, the number of
ismatches with the inverted repeat AGAACAnnnTGTTCT does not

xceed six; moreover, each half-site displays no more than three
ismatches. Characteristic of a large part of these GRbs is a high

egree of homology to this consensus sequence. The number of
ismatches does not exceed three for 52 of such sites, with no
ore than two mismatches for each half-site. However, 40% of the

ites in GRbs sample (64 of 160) contain a single hexanucleotide
GTTCT (the number of mismatches varies from 0 to 2), whereas the
′ flanking region of this hexanucleotide displays no more than two
atches with the left part of the repeat. In addition, the matches

n none of the 19 sites with two matches concurrently occur at
he G at position 2 and the C at position 5, which are critical for
R binding [34]. Table 1 lists the rates of palindromic and hexanu-
leotide GRbs in the glucocorticoid-induced and -repressed genes.
t is evident that the genes whose transcription is down-regulated
y glucocorticoids much more frequently contain hexanucleotide
ites than the palindromic variants. This fits well a rather old
ypothesis that GR monomers are mainly involved in the mecha-
isms of DNA-mediated trans-repression [35]. However, a high rate
f the hexanucleotide sites (over one third of the total number)
n the glucocorticoid-inducible genes (Table 1) is an unexpected
esult.

In addition, the GRbs sample contains three sites organized as

direct repeat of the hexanucleotide TGTTCT (interacting with

he heterodimer of glucocorticoid and mineralocorticoid recep-
ors [36,37]); four GR-binding regions lacking any homology of
his hexanucleotide; one site containing two overlapping palin-
romes (interacting with GR tetramer [38]); and one site where
hemistry & Molecular Biology 115 (2009) 1–8 3

the palindrome and hexanucleotide overlap (interacting with GR
trimer [39]).

2.4. Detailing of palindromic GRbs consensus

Expansion of the sample of GR binding sites and their grouping
made it possible to determine the consensus of palindromic sites
more precisely. Fig. 1b shows the frequency matrix and consensus,
which we obtained based on the analysis of 87 GRbs sequences con-
taining both halves of the inverted repeat. Comparison of the matrix
and consensus with those obtained by Beato et al. [17] demon-
strates that the increase in sample volume and exclusion of the
half-sites elevated the conservation rate of ACA motif at positions
4–6 in the left part. On the other hand, the rate of G at position
1 somewhat decreased: A occurs at this position with the same
frequency as G. Position 3 underwent radical changes, as it can
contain any nucleotide instead of T, specified in Beato’s consen-
sus, with a certain preference of A. The conservation of the right
part remained at approximately the same level as in the previ-
ous consensus with a certain decrease in the rate of T at the last
position.

Two variants of palindromic nucleotide sequence are now used
in searching for potential GRbs: more frequently, Beato’s consensus
GGTACAnnnTGTTCT [17] and less frequently, the perfect inverted
repeat AGAACAnnnTGTTCT. Our results demonstrate that the vari-
ant AGAACAnnnTGTTCT describes the palindromic sites somewhat
better than GGTACAnnnTGTTCT; however, the new consensus vari-
ant, G/AGnACAnnnTGTTCT, is more appropriate in searching for
such sites.

2.5. Indispensability of 3-bp spacer and separation of TGTTCT and
TGACCT motifs

An important result obtained by analyzing the overall sample
of 160 GRbs nucleotide sequences is the discovered invariance
of the 3-bp spacer between the halves of inverted repeat. Only
one of all GRbs in the sample contains the spacer of another
length (4 bp). Earlier studies of the palindromic GRbs from the
MMTV LTR and −2.5-kb enhancer of rat tyrosine aminotrans-
ferase gene (TAT) have demonstrated that an artificial increase
(to 4 bp) or decrease (to 2 bp) of the spacer leads to a drastic
decrease in the affinity for GR and loss of the ability to provide
glucocorticoid induction [40,41]. Our results not only fit well the
experimental data obtained with these particular sites, but also
suggest a general character of this property of the palindromic
GRbs.

A considerable number of GRbs somewhat differ from the con-
sensus sequence. GR belong to the small group of nuclear receptors
(subfamily 3 group C, containing also MR, PR and AR [42]) with
TGTTCT motif in their binding sites, whereas the other nuclear
receptors interact with the motif TGACCT [6–9]. Correspondingly,
it was most interesting to find out whether the observed devi-
ations from the consensus led to formation of a “foreign” motif
in any naturally occurring binding sites for his protein. The data
shown in Fig. 1b demonstrate that the T → A substitution at position
12 (position 3 of the hexanucleotide TGTTCT) and T → C substi-
tution at position 13 (position 4 of the hexanucleotide) occur
in some sites. Similar substitutions occur in the corresponding
positions of the inverted hexanucleotide copy (left part of the
repeat) (Fig. 1b) as well as in the GRbs containing a single hex-
anucleotide (data not shown). However, these substitutions do

not present simultaneously in any of GRbs from our sample, i.e.,
no hexanucleotide contained the dinucleotide AC at positions
3 and 4. Presumably, this suggests certain evolutionary mecha-
nisms preserving separation of the sites for two groups of nuclear
receptors.
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. Possible mechanisms underlying the function of
exanucleotide GRbs in glucocorticoid induction

It is known that GR binds to palindromic sites as a homodimer
nd to single hexanucleotides, as a monomer [43–45]. The affinity of
R dimer for palindromic sites is by one order of magnitude higher

han the affinity of GR monomer for hexanucleotides [44,46–49]. It
as been found that the GR binding to palindrome comprises the

nteraction of one receptor protein molecule (monomer) with the
ight part of repeat (TGTTCT, better half-site) followed by the bind-
ng of the second molecule to the worse half-site, thereby stabilizing
he GR–DNA complex [41,44,50]. The mechanism of concerted GR
nteraction with the palindromic site involves an allosteric effect of
he site on the conformation of receptor protein. In particular, it has
een demonstrated that the binding of one receptor protein to the
alindrome changes the conformation of its DNA-binding domain
DBD), namely, reorients its D loop, thereby creating a dimeriza-
ion interface for the other GR monomeric subunit [51]. Mutations
n DBD (Ser459Ala) and D loop (Pro493Arg) lead to a constitutive
imerization interface, inducing GR dimerization on a nonspecific
NA [52].

It has been demonstrated that the palindromic sites as a rule
rovide glucocorticoid induction of reporter genes upon linking a
ingle copy to the heterologous promoter [48,53–57]. On the con-
rary, insertion of single hexanucleotide sites into such constructs
ails to produce glucocorticoid inducibility [44,55,56–60]. However,
nalysis of our GRbs sample revealed a large number of hexanu-
leotide sites in the genes up-regulated by glucocorticoids (Table 1);
oreover, a half of these sites were demonstrated to be directly

nvolved in the glucocorticoid induction. Analysis of the data com-
iled in GR-TRRD suggests several mechanisms explaining how GR
onomers and hexanucleotide half-sites act in up-regulation.

.1. Interaction of GR monomers with other transcription factors
heterodimerization)

The interaction between GR monomer and the noncognate
rotein XGRAF, whose binding site is immediately adjacent to
he GR binding site, hexanucleotide TGTTCC, located at positions

168/−162 in the promoter region of Xenopus laevis �-fibrinogen

ubunit gene (TRRD accession no. A00734) is the most well-studied
xample of heterodimerization (Fig. 2). The authors named the
nited binding site for GR and XGRAF the glucocorticoid respon-
ive unit (GRU) [61]. This GRU has been demonstrated to render

ig. 2. Gene regions where GR heterodimerizes with other transcription factors. Rectan
onomer binds are bold-faced; and figures show the distances to the transcription start
hemistry & Molecular Biology 115 (2009) 1–8

the foreign promoter glucocorticoid-inducible [62,63]. A direct
protein–protein interaction between GR and XGRAF has also been
shown as well as the fact that binding of any factor (GR or
XGRAF) to GRU increases 30-fold the affinity of the partner for this
DNA–protein complex as compared with the GRU free of proteins
[62]. Thus, another protein with a neighboring binding site stabi-
lizes the binding of GR monomer to the hexanucleotide site in a
similar manner as the second GR monomer stabilizes binding of
the first GR monomer to the classical palindromic site [41,44,50].

A similar interaction of GR monomer with another protein,
Ets2, takes place in the rat CYP27 gene promoter (A01395). This
region contains only one detected GR binding site (hexanucleotide
at position −266/−261 bp) necessary for glucocorticoid induction.
However, glucocorticoid induction also requires the binding site
for Ets transcription factors at position −250/−244 (Fig. 2). A direct
contact between GR and Ets2 has been demonstrated; it involves
the DNA-binding domains of these proteins [64]. In the region
neighboring the promoter of ovine �1-adrenergic receptor gene
(A01873), GR monomer interacts with a member of Myc/Max family
as well as with an unknown homeodomain protein, whose binding
sites are immediately adjacent to the hexanucleotide. These sites
(region −614/−574) and the proteins interacting with them consti-
tute a functional ensemble that provides a glucocorticoid induction
of the gene in question [65] (Fig. 2). In mouse �-amylase 2 gene
(A00871), this functional ensemble is formed due to the interaction
of GR monomer with PTF1 factor, whose binding sites are located
at a distance of 100 bp from one another [66] (Fig. 2). It has been
demonstrated that in such situations, the proteins bound to such
sites contact with DNA loop formation [67].

3.2. GR multimerization in binding to clusters of hexanucleotide
sites

A well-studied cluster containing three hexanucleotides is the
region −120/−80 bp in MMTV LTR (A00045) (Fig. 3). As has been
shown, the GR multimer of three or four monomers binds to this
region. The affinity of this multimer for the three-hexanucleotide
cluster is equal to the affinity of GR dimer for the palindromic
GRE (−191/−167 bp in MMTV LTR) [49]. The contributions of the

MMTV LTR region −120/−80 bp, containing the cluster, and palin-
dromic GRbs (−191/−167 bp) to glucocorticoid induction are also
equal [68]. In the case of multimerization, the GR molecules inter-
act without involvement of D loop of the DNA-binding domain
[69,70], which is necessary for the formation of GR homodimers

gles denote transcription factor binding sites; hexanucleotide sites to which GR
site (translation stat site in the case of �1-adrenergic receptor).



V.M. Merkulov, T.I. Merkulova / Journal of Steroid Biochemistry & Molecular Biology 115 (2009) 1–8 5

F tances
g d in th

o
C
i
g
i
t
p
h
h
fi
h
h
t
h
s
l
w
o
l
s
r
w

3
p

n
r
a
g
s
(
s
t
g
t
s
i
a
h
a
n
a
r
c
d
h

c

ig. 3. Clusters of hexanucleotides in gene regulatory regions. Figures show the dis
ene enhancer). In human ADH2 and mouse RAH genes, hexanucleotides are locate

n palindromic sites. Another dimerization interface, located at the
-end of receptor molecule in the ligand-binding domain (LBD),

s used in the multimerization [71]. In addition, certain data sug-
est that the N-end of receptor molecule can also be involved
n the GR multimerization along with LBD [70]. The clusters of
hree hexanucleotides located within a region of 71–88 bp, which
rovide glucocorticoid induction, are also found in the genes of
uman alcohol dehydrogenase (A00379) and mouse phenylalanine
ydroxylase (A00768) (Fig. 3). The promoter region of Xenopus �-
brinogen gene (A00734) also has a similar cluster, yet its first
exanucleotide is contained in the GRU where GR and XGRAF form
eterodimer (Fig. 3). It has been shown that the GRU contribution
o glucocorticoid inducibility amounts to 40%; two downstream
exanucleotide sites account for the rest [62]. On the one hand,
uch configuration of GR binding sites in �-fibrinogen gene can
ead to the formation of GR trimer where one subunit interacts

ith XGRAF. On the other hand, taking into account the latest data
n a dynamic nature of GR interaction with promoters [72–74], it
ooks more likely that additional weak GR binding sites are neces-
ary for increasing the local receptor concentration in the promoter
egion of �-fibrinogen gene and the probability of its interaction
ith XGRAF.

.3. Functioning of hexanucleotide sites as auxiliary elements for
alindromic GRbs

In the gene regulatory regions, hexanucleotide sites frequently
eighbor the classical GR binding sites organized as inverted
epeats. In several cases, it has been demonstrated that the hex-
nucleotide sites are necessary for increasing (or even realizing) the
lucocorticoid response. For example, the palindromic GR binding
ite (GREII, −2500 bp) in the glucocorticoid responsive enhancer
−2.5 kb) of rat TAT gene (A00026) neighbors two hexanucleotide
ites (GREIII, −2450 bp, and GREI, −2600 bp). It has been shown that
he enhancer fragment containing only GREII provides a 15–20-fold
lucocorticoid induction of the reporter gene; the fragment con-
aining only GREIII is inactive, and the fragment containing both
ites provides a 30-fold glucocorticoid induction (the role of GREI
n the glucocorticoid induction has not been studied) [55]. A hex-
nucleotide GRbs is present in the human thyrotropin releasing
ormone receptor gene (TRHR) (A02464) at position −892/−887 bp
nd a palindromic site, at position −623/−609 bp. Both sites are
ecessary for glucocorticoid induction, as a mutational damage of
ny site causes a complete loss of inducibility [75]. The promoter
egion of rat hepatic aryl sulfotransferase (SULT1A1) (A02453)

ontains the hexanucleotide in an immediate vicinity of the palin-
romic GRbs but in the other strand. Removal of the hexanucleotide
alves the level of glucocorticoid induction of this gene [76].

Similar variants of combinations of the palindromic and hexanu-
leotide GRbs are present in the LTR of murine Moloney sarcoma
to the transcription start site (from the sequencing start in the case of mouse PAH
e complementary DNA strand.

virus (A00079), rat carbamoyl phosphate synthetase 1 (CPS1;
A00757) and angiotensinogen (A00060) genes, and human consti-
tutive androstane receptor (CAR) gene (A02491). Although in all
these cases only the GR binding to the corresponding regions has
been demonstrated and their role in glucocorticoid induction has
not been studied, we can assume that the hexanucleotide half-sites
in these genes also assist the functioning of palindromic GRbs.

The mechanism underlying the functioning of the half-sites
located in the vicinity of palindromic sites in glucocorticoid induc-
tion is still vague. However, the data on dynamic exchange of GR and
gene regulatory regions [72–76] suggest that weak hexanucleotides
GRbs may serve as “traps” that increase the local GR concentration
in the vicinity of strong palindromic sites thereby increasing the
probability of its binding to them.

In turn, all the considered GRE variants can be elements of
complex regulatory units boosting the glucocorticoid response, tis-
sue specificity, and so on [43,77,78]. For example, the MMTV LTR
region responsible for glucocorticoid induction (−210/−30 bp) con-
tains, along with GRbs [14,49], one NF1 and two OTF1 binding sites
[79,80], which are necessary for full hormone responsiveness. In
addition to the already mentioned GRbs [55], the glucocorticoid
responsive enhancer (−2.5 kb) of rat TAT gene contains also multi-
ple HNF3 and C/EBP binding sites [81] as well as the biding sites for
Ets family members [82]. The interaction of all these factors with
GR is necessary for the liver-specific glucocorticoid induction of TAT
gene. In this process, the leading role of HNF3 family members in
determining the amplitude of glucocorticoid induction has been
demonstrated [83]. The cluster of three hexanucleotide GRbs in the
enhancer of mouse phenylalanine hydroxylase gene is adjacent to
HNF1, C/EBP, and NF1 binding sites, which also provides the liver-
specific glucocorticoid induction of this gene [84]. Such examples
are numerous, and some of them are systematized in the review of
Schoneveld et al. [78].

4. Conclusions

Numerous terms are now used for describing the mechanisms
of DNA-dependent glucocorticoid regulation, namely, glucocorti-
coid receptor binding site (GRbs), glucocorticoid response element
(GRE), glucocorticoid receptor recognition element, palindromic
GRE, GRE half-site, half-GRE, composite GRE, positive GRE; negative
GRE, tethering GRE, etc. However, the basic concepts – glucocor-
ticoid receptor binding site (GRbs) and glucocorticoid responsive
element (GRE) – are used as synonyms in the majority of the rele-
vant papers. All the authors consider separately only the so-called

tethering GRE, as these elements are the binding sites for other
transcription factors rather than GRbs. GR interacts with them via
a protein–protein manner and thus influences transcription of the
genes containing such elements. On the other hand, not every site
where GR specifically binds to DNA (GRbs) is a GRE.
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The binding site for any transcription factor on DNA is a region
f this molecule whose affinity for the protein in question is
levated because of a specific nucleotide sequence, which distin-
uishes it from the other DNA regions. For GR, this sequence is the
exanucleotide TGTTCT, which binds one receptor molecule. The
quilibrium dissociation constant of such complex is 9.1 × 10−10 M,
hich is by two orders of magnitude (∼400-fold) smaller than

he dissociation constant for GR complex with a nonspecific DNA
44,49]. Thus, the hexanucleotide is actually the GRbs, which was
eflected in the earliest consensus variant, TGTTCT [14–16]. How-
ver, the GR–hexanucleotide complex is insufficiently stable for this
ite to provide a glucocorticoid induction, i.e., to function as a regu-
atory element (GRE or more precisely, positive GRE) [44,55,58–60].

The positive GRE are formed involving hexanucleotide sites.
ere, three main principles are used for increasing the stability
f receptor–DNA complex. The most widespread pattern is dupli-
ation of the hexanucleotide to form an inverted repeat with a
-bp spacer. This particular variant is known as the classical palin-
romic GRbs and reflected in the commonly accepted consensuses
f this element, GGTACAnnnTGTTCT and AGAACAnnnTGTTCT. A
R homodimer is assembled at such sites, thereby increasing the
tability of GR–DNA complexes by approximately one order of
agnitude; correspondingly, such complexes acquire the ability to

rovide a glucocorticoid induction. Thus, two GRbs constitute the
egulatory element, GRE.

However, the same results can be achieved by repeating the
exanucleotide GRbs in the same orientation more than twice. An
xample is the GRE from MMTV LTR, organized as a cluster of three
exanucleotides, where GR multimer is formed (Fig. 3). The stability
f such complex is comparable with that of the classical complexes
R homodimer–palindromic site, and this complex is capable of
roviding glucocorticoid induction [49,68]. Presumably, this is not
he unique case of forming a positive GRE through GR multimeriza-
ion on the cluster of hexanucleotides. In particular, our sample of
7 glucocorticoid-regulated genes contains at least three more sim-
lar clusters. Assuming that the number of glucocorticoid-regulated
enes in the mammalian genome exceeds one thousand, one can
xpect the discovery of several dozens of GRE organized according
o this pattern.

Another way to increase the stability of the complex in question
s GR heterodimerization with other transcription factors, when
he binding of GR monomer to the hexanucleotide site is sta-
ilized by another protein which has the binding site adjacent
o the hexanucleotide. In these cases, the other factor actually
lays the role of the second GR monomer, which stabilizes the
inding of the first monomer to the palindromic site. An illustra-
ive example is the heterodimerization of GR and XGRAF (Fig. 2)
62]. There are several other examples of confirmed interactions
etween the GR monomer bound to hexanucleotide and other
ranscription factors, which are necessary for glucocorticoid induc-
ion. As the regulatory regions of many glucocorticoid-regulated
enes are yet insufficiently studied, we can assume that the GRE
rganized according to this pattern are much more numerous.
irst and foremost, such GRE can be found in a comprehensive
tudy of the gene regions responsible for glucocorticoid induction
ith the already detected single hexanucleotides, necessary for its

ealization.
Thus, a large volume of our collection of experimentally detected

Rbs allowed us to group them according to the type of con-
erved nucleotide sequence and to find new variants of positive
RE structural organization. The results of our study demonstrate
hat the generally accepted consensus of the GR binding sites –
GTACAnnnTGTTCT (AGAACAnnnTGTTCT) – actually describes the
attern of GRE structure that is most widespread in nature. How-
ver, there are other patterns of GRE organization, displayed by
lmost half of these elements.
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