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Modulation of Gene Expression Through DNA-Binding Proteins: 
Is There a Regulatory Code? 

M. Beato! 

Introduction 

The information stored in the DNA of a 
fertilized egg can be divided into two dif
ferent classes: structural information, re
quired for the synthesis of all macromol
ecules that build up the organism, and 
regulatory information, needed to modu
late the expression of the structural infor
mation in time and space, that means dur
ing the development of the different tissues. 
The connection between the two types of 
information is provided by regulatory 
macromolecules, that are of course encod
ed in the structural information and regu
late its expression through interaction with 
regulatory elements of the DNA, thus clos
ing the information cycle (Fig. I). 

The structural information is stored in 
the DNA in the form of the genetic code 
that was unraveled in the 1960s. Part of the 
structural information are the signals for 
initiation and termination of transcription 
and translation, as well as the signals for 
RNA modification and splicing. On the 
other hand, little is known about the 
molecular mechanisms by which regulatory 
information is stored in the DNA. The gen
eral idea, however, is that recognition of 
specific features of the DNA molecule by 
regulatory DNA-binding macromolecules 
is essential for regulation. What exactly is 
recognized on the DNA and how the in-
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teraction modulates gene expression are 
the questions to be answered. 

During the past decade, several DNA
binding regulatory proteins from pro
karyotes have been purified to homoge
neity, and their structure as well as their in
teraction with DNA have been studied in 
great detail. A comparison of the amino 
acid sequence of 13 DNA-binding regu
latory proteins reveals two regions of 
homology overlapping the known DNA
binding domains (Fig. 2; [1, 2]). Interes
tingly, mutants that disturb the binding of 
the lac-repressor to the operator are 
clustered around these two regions [1]. 

The secondary, tertiary, and quaternary 
structure of several DNA-binding regu
latory proteins from bacteria and bacterio
phages exhibit striking similarities in their 
DNA-binding domains [2]. Not only are 
these proteins symmetric dimers or tetra
mers, but they contain a pair of twofold re
lated a-helices connected by a f3-turn that 
are responsible for most of the contacts 
with the B-form of the DNA double helix. 
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Fig. 1. The information cycle 
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Fig. 2. Regions of homology among 13 pro
karyotic DNA-binding regulatory proteins 

One a-helix fits into the major groove of 
DNA while the other lies across it, holding 
it in position. If one looks at the relevant 
a-helices along their longitudinal axis, one 
observes that the orientation of the amino 
acid side chains exhibits a clear polarity. 
That means that the nonpolar amino acid 
side chains are oriented toward one side of 
the a-helix, whereas the polar and charged 
amino acid side chains are oriented toward 
the other side of the helix. This would be 
the site that contacts the DNA major 
groove. 

This brief summary on the structure of 
prokaryotic regulatory proteins suggests 
that a basic protein structure has originated 
in evolution that can fulfill the require
ments for DNA recognition. The actual 
function of a particular regulatory protein 
may depend on other domains of the pro
tein that mediate the interaction with dif
ferent modulator molecules. 

As for the DNA sequences that are rec
ognized by the regulatory proteins, they al
so show considerable homology. Two types 
of conserved sequences can be derived 
from a comparison of 23 sites recognized 
by 13 regula tory proteins [I]. 

I. TGTGT N6- 1o ACACA 
II. CAC Ns - 1o GTG 

Both consensus sequences show a twofold 
rotational symmetry as expected from 
DNA sites recognized by dimeric or tetra
meric proteins. Both conserved sequences 
are also similar in that they are composed 
of two short blocks (3-5 base pairs) of well
conserved nucleotides separated by a more 
variable region (7-8 base pairs on aver-
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age). This structure of the binding sites is 
compatible with a model according to 
which the regulatory proteins contact the 
DNA only from one side and interact with 
two consecutive turns of the double helix 
(see later discussion). Most of the mu
tations that prevent binding of a particular 
regulatory protein to its binding site are lo
cated within the strictly conserved regions. 
It is striking that the homology between 
different binding sites for the same regu
latory protein is not necessarily better than 
the homology between sites for different 
proteins, independent of whether they 
function as positive or negative modulators 
of transcription. In fact, the cyclic AMP re
ceptor protein (CAP) of Escherichia coli 
can bind not only to its own sites in the reg
ulated promoters, but also to the lac and 
ara operators [3, 4]. Thus, it appears that 
the mechanism by which regulatory pro
teins recognize their binding sites on DNA 
is similar regardless of the functional conse
quences of the interaction. 

In higher organisms, several DNA-bind
ing regulatory proteins have been de
scribed. The best characterized are prob
ably the T antigens of DNA tumor viruses 
such as SV40 and polyoma. The behavior of 
these proteins is reminiscent of that found 
in the repressor systems of A bacterio
phages. By binding to three adjacent sites 
on the DNA, they can act as inhibitors of 
transcription from the early promoter or as 
activators of the late promoter [5]. 

I will concentrate on another group of 
regulatory proteins that have been ex
tensively studied in our and other 
laboratories during the past 20 years, 
namely the receptors for steroid hormones. 
It is now well established that steroid hor
mones exert their effects on gene expres-
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Fig.3a-c. Structure of the glucocorticoid-bind
ing sites of MMTV and hMTIIA. Computer 
graphic representation of the DNA double helix 
containing the nucleotide sequences of a 
MM1VI; b MM1VIIA; and c hMTIIA (shown in 
Fig. 5). The sites of contact with the receptor are 
indicated by open triangles. Those positions hy
permethylated in the presence of receptor are 
marked by full triangles. The receptor molecules 
are represented as broken circles. Numbers refer 
to the distance from the "cap" site 

sion through interaction with intracellular 
receptors, that in their turn recognize regu
latory elements in the neighborhood of the 
regulated promoters. Regulatory elements 
are defined as DNA sequences that in ad
dition to being required for receptor bind
ing, are needed for the hormonal regula
tion of transcription in gene transfer exper
iments. They were first reported in the long 
terminal repeat region (L lR) of mouse 
mammary tumor virus (MM1V), that con
tains the main promoter for proviral tran
scription [6-8]. Glucocorticoids were 
known to induce viral transcription in dif-
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ferent cell lines [9], and gene transfer exper
iments with deletion mutants in the LTR 
region showed that the sequences relevant 
for hormonal regulation are located be
tween 50 and 400 base pairs upstream of 
the initation of transcription [7, 10-12]. 
Within this region, several binding sites for 
the glucocorticoid receptor of rat liver have 
been described [8, 13]. Using a cloned pro
viral DNA from GR mice [8], we found 
four binding sites that share the hexa
nucleotide 

5'-TGTICT-3' 
3' -ACAAGA-5' 

Methylation protection studies have shown 
that both G residues in the hexanuc1eotides 
are in direct contact with the receptor [14J. 
In the binding site with the highest affinity 
for the receptor, further contacts are locat
ed in both strands 9-10 base pairs up
stream of the hexanuc1eotide. These find
ings suggest an interaction of a dimer of the 
receptor with one side of the double
stranded DNA involving the major groove 
in two subsequent turns of the helix [14]. 
Such a model (Fig. 3 a) is very similar to 
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that already mentioned for prokaryotic 
DNA-binding regulatory proteins. 

An analysis of other glucocorticoid-regu
lated genes showed that the presence of a 
regulatory element is not an exclusive 
property of the retroviral genome. The hu
man metallothioneine IIA gene (hMTIIA), 
that has been shown to be induced by glu
cocorticoids in many different cell lines, 
contains a glucocorticoid regulatory el
ement about 250 base pairs upstream of the 
initiation of transcription [15J. This element 
is very similar to the strong binding site 
found in the L1R region of MMTV (com
pare a and c in Fig. 3). In addition, there is 
a weak binding site in the hMTIIA pro
moter located at around 320 base pairs up
stream of the initiation of transcription [15]. 
Similarly to the weak binding site in the 
L 1R region of MMTV (Fig. 3 b), the shorter 
footprint and methylation protection pat
tern in the weak binding site of hMTIIA 
suggests binding of a receptor monomer. 
Interestingly, this weak site at - 320 can be 
deleted without influencing the hormonal 
inducibility of hMTIIA [15]. Thus, it could 
be that a functional interaction requires 
binding of a receptor dimer to a strong site 
on the DNA. In the meantime, we have 
identified binding sites for the glu
cocorticoid receptor in several hormonally 
regulated genes. A summary of these re
sults along with data from the literature is 
shown in Fig. 4. 
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+100 Fig.4. Position and orientation of the bind-
I 

ing sites for the glucocorticoid receptor in 
hormonally regulated genes. The binding 
sites are indicated by open boxes. The hori-
zontal arrows show the orientation: to the right 
for the upper strand; to the left for the low-
er strand. The abbreviations are as follows: 

B MMTV-LTD long terminal repeat region of 
mouse mammary tumor virus; hMT-IIA, hu-
man metallothioneine IIA; chL YS chicken 
lysozyme; hGH-I human growth hormone; 
rUG rabbit uteroglobin; hPOMC human 
proopiomelanocortin; ch VIT chicken vitel-
logenin; chOV chicken ovalbumin; rPC3 [1] 
rat prostatic protein C3 [3J; pSC 7 Drosophila 
inducible gene at locus 74F; rTO rat tryp-
tophanoxygenase; CAP initiation oftran-
scription; PR progesterone receptor; ER es-
trogen receptor; AR androgen receptor; ER 
ecdysone receptor 

The promoter for the chicken lysozyme 
gene (chL YS), contains two binding sites 
for the glucocorticoid receptor, located at 
around 180 and 60 base pairs upstream of 
the initiation of transcription [16]. The up
per binding site, that has a lower affinity 
for the glucocorticoid receptor, coincides 
with sequences required for hormone-de
pendent expression of the gene in oviduct 
cells [16]. In fact, these sequences mediate 
not only glucocorticoid regulation, but also 
induction by progesterone in microin
jection experiments [16]. Interestingly, the 
partially purified progesterone receptor 
from rabbit uterus binds to the same sites 
as the glucocorticoid receptor, although 
with different affinity. Thus, it appears that 
the binding sites for the receptors of two 
different steroid hormones may be identical 
or at least share common sequences. That 
these similarities may not be limited to the 
progesterone and glucocorticoid receptors 
is suggested by studies with genes regulated 
by other steroid hormones (Fig. 4). The 
chicken vitellogenin II gene that is induced 
by estrogens in the liver, contains a binding 
site for the estrogen receptor around 600 
nucleotides upstream of the transcription 
initiation site [17]. An analysis of the 
nucleotide sequences in this region reveals 
an element almost identical to the binding 
sites for the glucocorticoid receptor (Fig. 5). 

A review of the literature showed that a 
rat gene for a prostatic protein, that is 
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I11TV J -186 T G G T T A C A A 

I11TV J J it. -129 T G G T A T C A A 

HrDNA +2 C T G A C A C A C 

rPC3(1) -150 A T G A A A C C 

hHTJ JA -263 C G G T A C A C 

hGH-l +92 G G G C A C A A 

hPOHC -6 C G C G C T C C 

chLYSI -50 T T G A T T C C 

chLYS2 -191 A A A A T T C C 

chVJT -587 C G G C A T C A A 

chOV -177 G G G C A C A A 

RUGI -2800 C T G T T C A C 

RUG2 -2820 C C G G A C A C 

RUG3 -2840 G T G T C A G T 

dSC7(2) -315 T C G A T T T G A 

rTO -435 A T G C A C A G 

CONSENSUS. C G G T A A C A C 
t t A T T A 

YEAST 
Akt in A A G A A C A 

Fig. 5. Consensus sequence for the glucocorti
coid regulatory element. The nucleotide se
quences of the main binding sites for the glu
cocorticoid receptor are aligned to yield maximal 
homology. Abbreviations are as in Fig. 4 

known to be induced by androgens, rPC 
3(1), also contains a sequence homologous 
to the binding site for the glucocorticoid re
ceptor some 140 nucleotides upstream of 
the initiation of transcription ([18]; Figs. 4 
and 5). Finally, an ecdysone-inducible gene 
of Drosophila (pSC7) also contains a bind
ing site for the glucocorticoid receptor 
some 330 nucleotides upstream of the tran
scription initiation site ([19]; Figs. 4 and 5). 
These findings, taken together, suggest that 
the regulatory elements for different steroid 
hormone receptors may be similar or at 
least overlap. 

The rabbit uteroglobin gene is induced 
by glucocorticoids in the lung and by es
trogen and progesterone in the endo
metrium [20]. We have looked for binding 
sites for the glucocorticoid receptor and 
found none in the neighborhood of the pro
moter. The closest binding region detected 
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is located 2700 nucleotides upstream of the 
cap site, and is composed of three binding 
sites showing sequence homology to other 
glucocorticoid regulatory elements (Figs. 4 
and 5). That this site may be relevant for 
regulation in vivo is suggested by the find
ing of a DNase I hypersensitive site in this 
region only in chromatin of hormonally 
stimulated endometrium (unpublished re
sults). 

The human growth hormone gene 
(hGHI) is induced by glucocorticoids in 
several cell lines [21]. In fact, gene trans
fer experiments with a chimeric gene sug
gested that a fragment of DNA containing 
500 base pairs upstream of the initiation of 
transcription is sufficient for hormonal reg
ulation [22]. In binding experiments with 
the glucocorticoid receptor, however, we 
found a main binding site located around 
position + 100, within the first intron 
(Figs. 4 and 5). If this site is involved in 
transcriptional regulation in vivo, it would 
mean that the regulatory element can act 
even when located downstream of the regu
lated promoter. 

Taken together, the data shown in Fig. 4 
show that the regulatory elements for ste-
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roid hormones share some of the properties 
of the so-called enhancer elements [23]. 
They can act at variable distance from the 
regulated promoters, both upstream and 
downstream, and in both orientations. 
There is in fact direct experimental evi- 
dence for an enhancer function of the glu- 
cocorticoid regulatory element in the LTR 
region of MMTV [7]. 

A comparison of the nucleotide Se- 
quences of ten different binding sites for 
the glucocorticoid receptor yields the con- 
sensus sequence shown in Fig. 5. Therefore, 
the glucocorticoid regulatory elements have 
been conserved in evolution between 
chicken, rodents, and humans. The best- 
conserved regions include all those sites 
that are involved in direct contacts with the 
receptor [14]. The symmetry in the element 

is reminiscent of the binding sites for pro- 
karyotic regulatory proteins, suggesting 
that molecular mechanisms similar to those 
operating in bacteria may be responsible 
for DNA recognition in higher organisms. 

What could this mechanism be? And, 
how can a regulatory protein accommodate 
so much sequence variation in the central 
part of the recognition site? Of Course, a 
model like the one shown in Fig. 3 will only 
require the binding sequence to be pre- 
served in the two nucleotide blocks that are 
the sites of contact between the relevant 
a-helices and the major groove of double 
helix. This would explain the tolerance in 
the central part of the element, but what 
kind of interactions take place in the con- 
served regions? Certainly most of the over- 
all energy of binding is sequence inde- 
pendence, and originates from ionic inter- 
actions with the phosphate backbone of the 
helix [2, 241. This explains why all DNA- 
binding regulatory proteins also interact 
nonspecifically with DNA. In addition, spe- 
cific base recognition is based on a com- 
plementary network of hydrogen bonds be- 
tween amino acid side chains in the rel- 
evant a-helices and DNA base pair atoms 
exposed in the major groove of the double 
helix [24]. In fact several amino acid side 
chains such as Arg, Lys, Gln, and Asn, can 
form multiple hydrogen bonds with paired 

-10 5  4  2  1  - -0 
- 9 4 3 5  - - 
- 8 5 2 4 1  - -0 
- 7 5 2 3 2  - - -  
- 6 5 3 3 1  - -0 donor 
- 5 3 2 4 3  - - -  
- 4 1 2 7 2  - - -  aocsptor 0 
- 3 4 3 3 2  - - -  
- 2 5 5 2 -  

1 2 4 4 2  
38 -;,1--9--1--2--z------- - - ------I 

0 3 3 2 4  - - -  
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A-T ,- - - 0  T-A 
1 0 1 3 4 4  - - -  

d 6' 

Fig. 6. Pattern of hydrogen bond donor-accep- 
tor sites in the major groove of the DNA double 
helix in and around the receptor-binding sites. 
The conserved nucleotide sequences of twelve 
binding sites for the glucocorticoid receptor with 
the flanking base pairs on each side, have been 
analyzed for the pattern of hydrogen bond 
donor-acceptor sites in the major groove. Only 
those positions showing more than 90% con- 
servation are shown (open circles acceptor sites; 
full circles donor sites). Arrows point to the con- 
served N-7 positions of guanines that represent 
sites of contact with the receptor 1141 

bases on the DNA [25]. It has been pro- 
posed that if the regulatory protein moves a 
few Angstroms away from the DNA, most 
of these hydrogen bonds would be broken 
or would not be formed, but many of the 
ionic interactions will be preserved. This 
mechanism may be utilized by the proteins 
for sliding along the DNA in search of their 
target sites [26]. 

If we consider the base pairs in the major 
groove in terms of their ability to form 
hydrogen bonds, we realize that an AT 



base pair has the structure acceptor-donor 
-acceptor and is therefore symmetric, 
whereas a GC base pair has the structure 
acceptor-acceptor-donor (Fig. 6). If one 
now compares the ten glucocorticoid re
ceptor binding sites with their flanking se
q uences in terms of this hydrogen bond 
pattern, one observes a very good preser
vation of the donor-acceptor structure 
around the contact sites, with very little 
agreement outside the binding region 
(Fig. 6). A certain symmetry can be detect
ed centered at position 10: two well-pre
served blocks, 3 to 8 and 12 to 17, separat
ed by less-preserved positions, and in
terrupted in symmetric positions at 5 and 
15. Of course, other interactions are prob
ably implicated in recognition, but the net
work of hydrogen bonds seems to be an es
sential part of the code in which regulatory 
information is stored in DNA. A precise 
understanding of the molecular mecha
nisms by which the regulatory code is read 
could derive from the fine structural analy
sis of cocrystals containing the DNA-bind
ing domains of regulatory proteins bound 
to the corresponding nucleotide sequences 
[27, 28]. Only then will it be possible to 
decide whether there is a general rule 
underlying the mechanism of sequence
specific recognition by regulatory proteins. 
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