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Summary. The amino-tenninus region of tetracycline (ret) repressors contains a helix-turn-helix structure 
that binds to DNA. A computer-based comparison of a residues 18-61 of the fet repressor, which contains 
this DNA-binding domain, with a residues 304-347 of the human estrogen receptor (ER) yields a score 
that is 6.7 standard deviations higher than that obtained with 2,500 comparisons of randomized sequences 
of these segments. The probability of getting this score by chance is less than 10-l’. This part of the ER 
could be important in nuclear actions of ER in target tissues. 0 1988 Academic Press, Inc. 

Steroids act through a specific receptor protein in a target tissue (1,2). The binding of the steroid to 

the receptor effects a conformational change in the receptor, which increases its afhnity for specific 

nuclear binding site(s) (3-5). The binding of the hormone-receptor complex to these nuclear sites induces 

the synthesis of various gene products. The details of how steroids bii to receptors and increase the 

affinity of the receptor for nuclear sites, and how the steroid-receptor complex induces gene transcription 

are still poorly understood. The cloning and sequencing of genes for glucocorticoid receptor (GR) (6,7), 

estrogen receptor (ER) (g-10), progesterone receptor (PR) (1 l), mineralocorticoid receptor (MR) (12). and 

thyroid hormone receptor (TR) (13,14) opens the door for understanding the details of the molecular 

biology of steroid hormone action. 

Examination of the sequences of these receptors reveals a highly conserved -65 residue sequence 

near their middle, which contains several cysteines and basic residues. It was proposed that this segment, 

corresponding to residues 185250 of the human ER, functioned as a DNA-binding domain (8-10) 

because it contains cysteines that could form finger-like structures analogous to those in proteins from 

other organisms that use a cysteine-his&line-zinc finger-like motif to bind DNA (15-19). It should be 

noted that this hypothesis was based on a chemical analogy because there is no statistically significant 

similarity between the sequence of the finger-like structure on DNA-binding proteins and steroid 

receptors. Recent site-specific mutagenesis studies support the hypothesis that residues 185-250 of the ER 

bind DNA (20,21). 

We were intrigued by the absence of the DNA-binding structure found in prokaryote repressors and 

activators (22-24) on steroid receptors. To investigate this mom thoroughly, regions on the ER, GR, PR, 
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MR, and TR were examined for similarity to pmkaryote repressors. Here we present evidence that 

residues 304-347 of the human ER am similar to a segment near the amino-terminus of the tetracycline 

repressor (zet repressor), a DNA-binding protein that regulates transcription of plasmid-encoded 

tetracycline resistance genes in Escherichiu coli and other enterlc bacteria, This is the segment of ret 

repressor that is thought to be involved in binding DNA (25-29). If this tet repressor-like sequence on the 

ER interacts svith DNA or its associated proteins (3-5), then the action of the ER is more complex than 

previously thought. 

Methods. The RELATE and ALIGN computer programs developed at the National Biomedical Research 
Foundation (30,31) were used to compare the ER, GR, PR, MR, and TR with sequences of prokaryote 
repressor/activator proteins in the Dayhoff database, which include catabolite gene activator protein, and 
h, k Cro, Lac, Trp, Gal, LexA, Transposase, Biotin-operon, and tet repressors (23.24). No similarities 
were found between the GR, PR, MR, or TR and the tet repressor or the other repressors in the database. 

Results. The RELATE analysis revealed that a segment near the amino terminus of tet repressors 

(25,26,28) was similar to residues 304-347 of the ER. The 4 tet repressors, for which sequence data are 

available, are all similar to this part of the ER. As an example, the alignment between residues 18-61 of 

tet repressor of plasmid pSClO1 (25) and the ER is shown in Figure 1. The alignment reveals that, of the 

44 residues in these segments, there arc 9 identities (20%), 7 conservative replacements (16%), and 18 

residues that differ in the genetic code by only one base (41%). 

A quantitative measure of this similarity was obtained with the ALIGN computer analysis, which 

yielded a comparison score that is 6.7 standard deviations higher than that of 2,500 comparisons of 

randomized sequences of these segments. The probability of getting this score by chance is less than 

10-l’. To get a perspective on this score, pSClO1 tet repressor was compared with other prokaryote 

DNA-binding proteins, using the RELATE program. The score with the other tet repressors was about 40 

standard deviations above that of comparisons of randomized sequences. In contrast, the RELATE 

comparison of pSClO1 tet repressors with other DNA-binding proteins (23,24) did not yield a score 

above 3 standard deviation units, which indicates substantial divergence of the primary ammo acid 

sequence of the tet repressor from repressors in other organisms. Sauer et al. (23) also found that 

repressor/activators from different organisms have diverged considerably. This makes the similarity 

between tet repressor and the ER even more intriguing. 

Discussion. Residues 26-47 of all tet repressors that have been sequenced am highly conserved and ate 

thought to constitute their DNA-binding site (29). Mutations in this region of the T.nlO repressor abolish 

DNA binding without significantly altering tetracycline binding or subunit interaction (29). Residues 

310-332 of the ER correspond to this region on the tet repressor (Figure l), which suggests that this part 

of the ER may be involved in binding to nuclear acceptor sites in target tissues. 
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Figure 1. Alignment of human estrogen receptor and pSClO1 tet repressor. 

Alignment of residues 304-347 of human ER with residues 18-61 of pSClO1 tet 
repressor. Solid boxes show identities and the dotted boxes show conservative 
replacements according to the scheme: (P,G), (M,C), (Y,W,F,H), (L,V,I,A), (K,R), 
(E,Q,N,D), and (ST). Other amino acid differences which can be explained by a single 
nucleotide change in the codon are indicated by an asterisk. The ALIGN comparison of 
these segments yields a score that is 6.7 standard deviations higher that that of 2,500 
comparisons of randomized sequences of these segments. The probability of getting this 
score by chance is 10-l’. 

Prokaryote DNA-binding proteins contain a characteristic helix-turn-helix structure at their DNA- 

binding site (22-24). With the caveat that computer-based predictions of secondary stmcture are still 

being perfected, an analysis of the secondary structure of tire ER by Krust et al. (10) indicates the 

presence of a helix-turn-helix structure in residues 314-343 of the ER. This analysis suggests that residues 

314-323 and 338-343 are alpha helicies, and residues 330-337 are a turn. While the secondary structure 

prediction for residues 314-343 of the ER is consistent with that needed for a DNA-binding structure, it 

should be noted that compared to the prokaryote DNA-binding domains, the region on the ER between 

the proposed helicies is longer and does not contain a highly conserved glycine, which is replaced with an 

aspartic acid residue. This difference is not unexpected considering that chmmatin acceptor sites for the 

ER are more structurally complex than the DNA-binding sites in prokaryotes (3-5). 

Residues 185-250 of the ER, which comprise the finger-like domain, are the primary determinant of 

DNA binding in vitro (21). A similar result has been found for the finger-like domain of the GR (32). 

From these in vitro studies it would appear that if residues 304-343 of the ER are involved in its binding 

to nuclear acceptor sites, their role is secondary to that of the finger-like domain. However, these studies 

were done with in vitro systems. For more diverse and complex in vivo systems (3-5), parts other than 

the finger-like domain of tire ER may have a role in binding to nuclear acceptor sites. 

In fact, there is evidence from research with the rat GR, which is likely to have a similar mechanism 

of action as the ER, supporting this possibility. Two nuclear localization sites have been found on the GR 

(33). One of these sites in the rat GR (residues 497-524) contains a highly basic stretch of ammo acids, 

which are similar to the known nuclear localization site of SV40 large T antigen (34,35). At a 

corresponding position of the ER, there is a highly basic stretch of amino acids, which are part of a 

domain (residues 255-281), that has been shown to be similar to sturgeon protamine, a DNA-binding 

protein (36). 
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The other site is in the GR’s steroid binding domain, although the exact location has not yet been 

determined. Residues 304-347 of the ER overlap the estrogen binding site. The possibility of two nuclear 

localization sites on the ER was first suggested by Wolff et al. (37) based on their comparison of steroid 

receptor sequences with the known nuclear localization site for SV40 large T-antigen. One of these sites 

(residues 263-269) is part of the pmtamine-like segment of the ER mentioned previously; the other, 

residues 298-304, is adjacent to the ret repressor-like part of the ER. Both segments contain basic 

residues, which could interact with negatively charged sites in the nucleus. The observations concerning 

nuclear localization sites on the GR and the hypothesis of Wolff et al. about the nuclear localizations sites 

on ER support the notion that the tet repressor-like segment of the ER has a role in nuclear actions of the 

ER. 

Site specific mutagenesis is one way to study the biological role of residues 304-347 of the BR. This 

could clarify whether this segment has a role in binding to nuclear acceptor sites or if it has some other 

function. Because the alpha helical structure is central to binding to DNA of prokaryote 

repressor/activators, Eco RI endonuclease (38), and possibly the finger-like structures (39), disruption of 

the helicies in residues 304-347 of the ER, by inserting a helix-breaking proline residue, would be one 

way to begin to determine whether residues 304-347 of the ER are important in its binding to chromatin 

acceptor sites. 

This @et repressor-like part of the ER may have other roles in the in vivo actions of estrogen. 

Residues 304347 of the ER are close to and may partially overlap the steroid binding site (10,20,36). If 

these residues interact with or are close to nuclear acceptor sites, then it is possible that either the steroid 

and/or its binding site could interact with DNA (40) or its associated proteins. The first possibility, that 

receptor-bound steroid intercalated in DNA could have biological importance was noted about 25 years 

ago by Huggins and Yang (41). Support for their hypothesis came from Weeks et al.‘s (42) x-my 

crystallographic studies of deoxycorticosterone-adenine crystals, which revealed steroid intercalation 

between adenine stacks, as well as the presence of hydrogen bonding between deoxycorticostenme and 

adenine. Of course, steroid intercalation in DNA provides a mechanism for biological specificity. 

The second possibility, that the steroid binding site could interact with DNA or its associated 

proteins, is interesting because of the presence of a nucleophilic site on the ER, which has chemical 

properties lie the those at the catalytic site of proteases, at or close to the steroid binding site (4346) and 

because proteins can interact with phosphodiesters (47) and proteins (48) via a nucleopbilic site. This 

interaction could involve catalysis, or it could involve a binding action as has been found in haptogtobin 

(a serine protease homologue without catalytic activity) and the estero-peptidases that bind to nerve 

growth factor and epidermal growth factor (49,SO). 
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The computer analyses can not distinguish between the similarity of part of the ER and ret repressor 

being a result of convergent or divergent evolution, Still, it is interesting to note that tetracycline contains 

some structural similarities to estrogen, including a phenolic ring analogous to estrogen’s A ring. 

Moreover, tetracycline has even stronger resemblence to zearalenone, a fungal compound that has 

estrogenic activity (51). Both estrogen (52) and zearalenone are found in primitive organisms, and it is 

possible that they and tetracycline compete for similar binding sites in certain in vivo systems. 
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