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SUMMARY. The primary amino acid sequences of proteins that are receptors for estrogen,
glucocorticoids, and ouabain were compared with each other using computer programs designed to
detect and quantify similarities between proteins. Three regions of similarity between the estrogen
receptor (ER) and the glucocorticoid receptor (GR) were identified. On the ER, residues 173-250,
323-395, and 426-458 are similar to residues 409-486, 540-612, and 644-676, respectively, on the GR.
The ALIGN computer analysis of these segments on the ER and the GR gave comparison scores that
were 16.8, 13.7, and 6.8 standard deviations higher, respectively, than that obtained with a comparison
of randomized sequences of these proteins. The probability of getting these scores by chance is less
than 107%°, 1074, and 101!, respectively. Others have proposed that the segment on the ER and GR
that is nearest their amino terminus (e.g. residues 173-250 of the ER) is part of their DNA binding
domain and that the other two similar segments on each receptor, which are closer to their carboxy
terminus, are part of their steroid binding domain. Here, we present evidence to support both of these
hypotheses. First, an Align computer analysis indicates that residues 323-395 of the ER and residues
570-612 of the GR contain a region that is similar to a part of the a-subunit of the (Na*+X*)ATPase
that is hypothesized to bind the steroid ouabain. This similarity provides additional support for the
proposed location of the steroid binding site on the ER, GR, and (Na*+K*)ATPase. Second, a
computer search of the protein sequence database revealed that protamine, a DNA binding protein, has
some similarity to residues 255-281 of the ER, which are thought to be part of the DNA binding
domain in the ER. Further, we find that residues 276-281 of the ER contain a structure that has been
found at the nucleotide binding domain of some protein kinases. If this region on the ER binds ATP,
then it may be involved in phosphorylation/dephosphorylation of the ER, which is thought to be
important in its mechanism of action. © 1986 Academic Press, Inc.

Certain general principles concerning the mechanism by which steroid hormones stimulate the
transcription of genes in target tissues are understood (1-3). Steroids first bind to a specific intracellular
protein (receptor), which then undergoes a conformational change that increases its affinity for DNA
and/or its associated proteins. The binding of this form of the receptor to a nuclear site(s) stimulates
the synthesis of various proteins. However, the details of this process, such as: what hydrophobic and
polar properties of the steroid and its binding site on the receptor influence their association, how this
association changes the conformation of the receptor so as to increase its affinity for nuclear sites; and
how the receptor binds to the nuclear site sites are only beginning to be elucidated. The recent reports
of the primary amino acid sequences of the glucocorticoid receptor (GR) (4,5) and the estrogen

receptor (ER) (6,7) provide an essential first step in understanding those details of steroid mediated
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processes. Additional information about the steroid binding site on proteins could come from an
analysis of the primary amino acid sequence of the the a-subunit of the (Na*+K*)ATPase (8,9),
which binds the steroid ouabain. This protein is an integral membrane protein that couples the
hydrolysis of ATP to the transport of Ng* and K* across the plasma membrane. The ouabain binding
site is on the extraceliular part of the proiein, which is helpful for localizing the steroid binding site
because very little of the protein is extraceliular. Based on several criteria, Shull et al. (8) hypothesized
that part of the ouabain binding site was on residues 307-312 of this protein. To seek clues to the
location of the steroid binding site on the GR and ER, as well to evaluate Shull et al’s hypothesis, a
computer-based comparison of the amino acid sequences of the GR, ER, and the «-subunit of the
(Na*+K*)ATPase was performed. As reported here, these analyses show that a segment on the ER
and the GR that is thought to contain their steroid binding site (4-7) is similar to the proposed ouabain
binding site of the ATPase (8). We also find that part of the proposed DNA binding region on the ER
(6,7) has some some resemblence to protamine, a DNA binding protein. Our findings may be useful
in defining sites for mutagenesis studies for understanding the functions of different domains of steroid

receptors.

METHODS. A search for similarities between either the ER or the GR and the proteins in the database
and was done using the program of Lipman and Pearson (10). Initial comparisons of protein sequences
were done using either the graphical DOTMATRIX program (11,12) or the RELATE program (13,14).
Protein segments that appeared to be similar were then analysed further using either the RELATE
program or the ALIGN program (13).

The RELATE program compares all possible segments of a given length from one sequence with
all segments of the same length from a second sequence. A segment score is accumulated from the pair
scores of the amino acids occupying corresponding positions with the two segments, The pair scores are
specified using an empirically derived mutation data matrix. The mean of a number of highest scores is
determined for the given sequences and for 1,000 comparisons of random permutations of the
sequences. The segment comparison score is calculated as the difference between the mean of the real
sequences and the averaged value determined from the randomized sequences divided by the standard
deviation (SD) of the values of the randomized sequences. The segment comparison score is thus
expressed in SD units. A score greater than 5 SD units (p less than 2.8 x 10~7) is usually interpreted as
indicating that the sequences of the two proteins are similar, which suggests that the proteins may also
have similarities in their biological properties. Scores between 3 SD (p< 1073) and 5 SD (p< 2.8 x
10-7) are less conclusive about a similarity in properties between the two proteins. In this case, the
information from the computer analyses needs to be combined with other evidence before reaching a
conclusion about the similarities and differences in the properties of the two proteins.

The ALIGN program calculates the best alignment between any pair of sequences given a matrix
of amino acid pair scores and a penalty for breaking a sequence (gap). This score is compared with that
obtained from 2,500 random permutations of the two sequences. The alignment score is the number of
standard deviations by which the maximum score for the real sequences exceed the average maximum
score for the random. For the analyses reported here, the mutation data matrix was used with a bias of
6 and a gap penalty of 6.

RESULTS
A. Comparison of estrogen and glucocorticoid receptors. A DOTMATRX analysis of the human

estrogen and glucocorticoid receptors indicated that three regions in these proteins appear to be similar.

282



Vol. 139, No. 1, 1986 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

A

- ot ]
Human GR sao[€ PlevIL v]a a[y p]slsiv Y TWR I TTLNMLGG
Human ER asfE PlPIilL v|s e|y pjp,TIR|P]F E A s M|MJg L{L}T N[L]a D

Human GR s70i@ Vv 11A Ajvlk[w A K|ALL[P & F EJN{rgﬂn
Human ER se3[EfL viFIM[TINLw a xfRTV]e 6 rfv olLliTilLin
(Na* +K")ATPase 280 [E[t1 IE [H|F H 1IT1T 6{v|A VIFILIG|V_SIF F
= c=q
Human GR 591D alm T[T clfv]isiw]|m F iLIMIATFE A <_31
Human ER aralp aelv HlL_ L E[C Alw C € T\t M LIVilw R s
(Na*+K*)ATPase 301 t L S LUINL E Y|Tqw L Ef[a v]IfF[L] ]
[Em————

B. = —— — —— e —————— - —
Human GR 644 K H M[L|y v[s S]E L H R L{Q Vis ¥ Yy Lfc]m[kliT L L|SVP
Human ER 426 D M L|L]A T|s s]rR F R M MIN tla & [F_vilc|Lx]is_1__4r LiN|s]e v

Figure 1. Alignment of the human estrogen and human glucocorticoid receptors and the a-subunit of
the sheep (Na* +K*) ATPase.

A) Alignment of residues 323-395 of the human ER with residues 540-612 of the human GR. Also
shown is an alignment of residues 280-321 of the a-subunit of the sheep (Na*+K*)ATPase with
resides 353-395 of the human ER and with residues 570-612 of the human GR. In this segment,
Torpedo californica (Na*+K*)ATPase differs from that of the sheep by only one residue. Torpedo
californica has a glycine residue instead of the glutamic acid residue at position 307 of the sheep
(Na™+K*)ATPase. Solid boxes show identities and the dotted boxes show conservative replacements
according to the scheme: (P,G), (M,0), (Y,W,F,H), (L,V,LA), (K,R), (E,Q,N,D), and (S,T). The
ALIGN comparison of the GR and ER yields a score of 13.7 standard deviation units. The ALIGN
comparison for the human ER and sheep ATPase yields a score of 6.2 standard deviation units. A gap
of 2 amino acids has been inserted in both the ER and the GR to improve their alignment with the
(Na* +K*) ATPase. The proposed ouabain binding segment is underlined.

B) Alignment of residues 426-458 of the human ER with residues 644-676 of the human GR. The
ALIGN comparison yields a score of 6.8 standard deviation units.

Residues 173-250, 316-395, and 426-458 of the ER are similar to residues 409-486, 532-612, and 644-
676, respectively, of the GR. The similarity was quantified using the ALIGN analysis. The comparison
scores were 16.8, 13.8, and 6.8 standard deviations higher than were obtained with a comparison of
randomized sequences of these segments. The probability of obtaining these scores by chance is less
than 107%0,10~%, and 10~!1, respectively. This similarity suggests that these segments on the ER and
the GR have common functions. The alignment of the segments near the amino terminus has been

report by Greene et al(7). Figure 1 shows the alignment of the other two segments.

B. Comparison of the a-subunit of the (Na* +K*)ATPase with estrogen and glucocorticoid receptors.
The (Na*+K™*)ATPase is an integral membrane protein that binds the steroid ouabain. The ouabain
binding site is on the extracellular part of this protein. A comparison of the a-subunit of the
(Na*+K*)ATPase with the GR and the ER indicated that part of these proteins were similar. The
ALIGN analysis of residues 280-321 of the (Na*+K*)ATPase with residues 353-392 of the ER and
residues 570-612 of the GR gave scores that were 6.2 and 5.9 standard deviations higher, respectively,
than that obtained with 2,500 randomized sequences of these proteins. The probability of getting these

scores by chance is less than 1079, Figure la shows the alignment of these segments.
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Figure 2. Alignment of residues 255-281 of the human estrogen receptor with sturgeon protamine.
Solid boxes show identities and the dotted boxes show conservative replacements. Residues 276-281
have the structure Gly-X-Gly-X-X-Gly that has been found at the nucleotide binding site of some
protein kinases and dehydrogenases.

C. A similarity between the estrogen receptor and protamine? A search of the protein sequence
database revealed an interesting similarity between residues 255-281 of ER and the sequences of certain
sturgeon (15,16), trout (17), and herring (18) protamines, which are proteins that bind to DNA.
Figure 2 shows the alignment of this region of the ER with a sturgeon protamine (15). There are
numerous identities and conservative replacements in these two segments on the ER and protamine.
The similarity between protamine and the ER was quantified using the RELATE analysis. The
comparison score was 4.4 standard deviations higher than that of 1,000 randomized comparisons of

these segments. The probability of getting this score by chance is about 3 x 1075,

DISCUSSION A. Location of the steroid binding site. The similarity between GR and ER in the region
shown in Figure 1 suggests a similar function for this region in these proteins. Supporting this
suggestion is the similarity in the size of the gaps between these segments on the ER and the GR,
which would permit the two segments on each receptor to be spatially aligned in the native receptor
species. Structural studies have indicated that the steroid binding site on the GR resides on its carboxy
terminal half (4,5); the segments shown in Figure 1 may contain the steroid binding site. Evidence to
support this hypothesis and even to localize where part of the interaction of the steroid with the
receptor oc;:urs comes from the similarity between the ER, GR, and (Na*+K*)ATPase revealed in
Figure la because this region contains residues 307-312 of the ATPase, which have been proposed to
be an essential part of the ouabain binding site (8). The similarity in this small segment includes a
tryptophan that is thought to be important in the binding of ouabain to the (Na*+K*)ATPase (8).
The ALIGN comparsion of the ER and (Na*+K*) ATPase, which yields a score of 6.2 standard
deviation units for the region shown in Figure 1a, provides quantitative support for the hypothesis that
this is a conserved segment in these three steroid binding proteins. If this segment is indeed part of the
steroid binding site on the ER and GR, then these similarities support Shull et al.’s hypothesis about
the location of the ouabain binding site on the (Na*+K*) ATPase (8).

The erythroblastosis virus oncogene protein p75¢%~¢>=4 (19) is homologous to both the GR (5)

and the ER (6,7). While the homology is strongest in the amino terminus region of the GR and the
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ER, residues 353-392 of the ER and residues 570-609 of the GR are also similar to part of v-erb-A
(5,7). We find that an ALIGN comparison of these residues of the ER and the GR with residues 209-
248 of v-erb-A yields scores that are 6.5 and 7.1 standard deviations higher, respectively, than that of
randomized sequences of these segments. If these residues on the GR and the ER are part of their
steroid binding domain, then this raises the possibility that v-erb-A could bind steroid-like molecules.
With this in mind, we compared v-erb-A with the a-subunit of the sheep and Torpedo californica
(Na* +K*)ATPase using the RELATE program. No convincing similarities between these proteins
was revealed. Thus, the computer analyses are ambiguous about the possibility that v-erb-A binds

steroid-like ligands.

B. Location of the DNA binding site. The alignment of protamine, a DNA binding protein, with a
region of ER that is thought to contain the DNA binding site is intriguing. This part of the ER comes
just after a region that is highly conserved among the ER, the GR, and v-erb-A (5-7). Interestingly,
RELATE and ALIGN computer analyses show that residues 491-517 on the GR, which would be
expected to correspond to residues 255-281 of the ER, are not similar to either protamine or, for that
matter, to residues 255-281 of the ER. If residues 255-281 of the ER are indeed part of its DNA
binding domain, then this difference between the ER and GR could be important in the recognition of

the specific nuclear binding site.

Finally, we note that residues 276-281 of the ER, which are the last 6 residues in the segment
shown in Figure 2, have the structure Gly-X-Gly-X-X-Gly, where X can be an arbitrary amino acid.
This structure has been found at the nucleotide binding domain of some protein kinases and
dehydrogenases (14,20-22). Also, protein kinases contain a lysine residue 15 to 22 residues downstream
from this glycine-rich sequence. This lysine interacts with ATP. Lysine 299 on the ER is in a similar
position relative to glycine 281. If this region on the ER binds ATP, then it may be involved
phosphorylation/dephosphorylation of the ER, which is thought to be important in its mechanism of

action (23,24).
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