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Abstract. To determine the origin and evolutionary
significance of a recently discovered isoform of the es-
trogen receptor (ERb), we examined the phylogenetic
relationship of ERb to the well-knowna isoform (ERa)
and other steroid receptors. Our phylogenetic analyses
traced the origin of ERb to a single duplication event at
least 450 million years ago. Since this duplication, the
evolution of both ER isoforms has apparently been con-
strained such that 80% of the amino acid positions in the
DNA binding domain (DBD) and 53% of the ligand
binding domain (LBD) have remained unchanged. Using
the phylogenetic tree, we determined the amount of evo-
lutionary change that had occurred in two ER isoforms.
The DBD and the LBD had lower rates of evolutionary
change compared to the NH2 terminal domain. However,
even with strong selective constraints on the DBD and
LBD, our phylogenetic analyses demonstrate two clearly
separate phylogenetic histories for ERa and ERb dating
back several hundred million years. The ancient dupli-
cation of ER and the parallel evolution of the two ER
isoforms suggest that, although ERa and ERb share a
substantial degree of sequence identity, they play
unique roles in vertebrate physiology and reproduction.
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The estrogen receptor (ER) regulates the expression of
genes involved in the growth, proliferation and differen-
tiation of numerous bodily tissues including those in the
bone, heart, brain, and reproductive organs (Ciocca and
Roig 1995; Green et al. 1986). The estrogen receptor is
organized into structural domains, which include a di-
vergent NH2 terminal domain, a DNA binding domain
(DBD), and a ligand binding domain (LBD). The binding
of estrogen to ER induces a conformational change that
allows the hormone–receptor complex to dimerize and
bind to DNA in order to modulate the transcription of
specific genes. Two distinct regions of ER are involved
in the activation of transcription. The NH2 terminal do-
main contains a region with a transcriptional activation
function (AF-1) that does not require the presence of
hormone in order to be active, whereas the LBD’s tran-
scriptional activation function (AF-2) operates in a li-
gand-dependent manner (Kumar et al. 1986; Man-
gelsdorf et al. 1995; Tora et al. 1989).

The recent discovery of a distinct form of ER (Kuiper
et al. 1996; Mosselman et al. 1996), termed ERb, gen-
erated questions about the biological importance of this
newly discovered gene. Alignments of amino acid se-
quences have uncovered a high degree of similarity be-
tween ERa and ERb, particularly in the DBD and LBD
regions, and experimental evidence has shown that ERa
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and ERb have similar DNA binding, ligand binding, and
transactivation properties (Cowley et al. 1997; Kuiper et
al. 1997; Pace et al. 1997; Pettersson et al. 1997). To
clarify the relationship of ERb to ERa, we performed
phylogenetic analyses using the available ER sequences
and other steroid receptor sequences. With these phylo-
genetic analyses, we asked whether or not ERb had
evolved convergently from the ancestor of a related ste-
roid receptor to resemble ERa. Because our initial results
indicated that the two ER isoforms were closely related,
we then asked whether or not these isoforms arose from
a single duplication event.

Steroid receptor sequences, including ER, glucocorti-
coid receptor (GR), progesterone receptor (PR), andro-
gen receptor (AR), and mineralocorticoid receptor (MR),
were accessed through the National Center for Biotech-
nology Information (NCBI). The organism names and
the accession numbers for the ER sequences and the
other steroid receptor sequences are presented in Tables
1 and 2. Multiple sequence alignments of all the se-
quences were constructed using the default settings of
Pileup in the GCG software package version 9.1 for Unix
(Genetics Computer Group, Madison WI, USA). The fi-
nal alignment used in the phylogenetic analyses con-
tained approximately 562 aligned amino acid positions.

All phylogenetic tree-building analyses were imple-

mented using PAUP* (Swofford 1998). We used the
maximum-parsimony (MP) criterion to determine the re-
lationships among the various sequences. Of the 562 po-
sitions, 492 were parsimony-informative. Most parsimo-
nious trees, for both the unrooted and the rooted analy-
ses, were estimated using a heuristic search strategy with
100 random addition sequence replicates. Bootstrap re-
sampling procedures were again performed using MP,
and 1000 replications were completed in each analysis,
with 10 heuristic random addition sequence searches per-
formed in each replicate. Decay index values for the
rooted tree were calculated using the program Autodecay
4.0 (Eriksson 1998). (Decay indices measure the number
of steps separating the particular node from the next
most-parsimonious tree or set of trees.)

To test whether ERb might have evolved conver-
gently to resemble ERa from other similar receptors, we
used an unrooted phylogenetic analysis to determine the
closest relatives of each of the ER isoforms. In these
analyses, we included the 16 complete ER sequences
(Table 1) along with 18 other steroid receptor sequences
(Table 2). If the ERb isoform arose convergently from a
related steroid receptor ancestor to resemble ERa, we
would not expect the ER isoforms to be each other’s
closest relatives. Figure 1 shows the results of the phy-
logenetic analyses for all the full-length steroid receptor
sequences. Note that regardless of the placement of the
root, the two ER isoforms are closely related, indicating
that ERb did not arise convergently from the ancestor of
another steroid receptor.

Next we asked whether the ERa and ERb sequences
form two distinct monophyletic groups, which would in-

Table 1. Organism names and accession numbers for estrogen re-
ceptor amino acid sequences used in this study

Common name Taxonomic name Accession No.

Estrogen receptorb
Eel Anguilla japonica AB003356
Human Homo sapiens X99101
Marmoseta Callithrix jacchus Y09372
Mouse Mus musculus U81451
Quaila Coturnix japonica AF045149
Rat Rattus norvegicus U57439

Estrogen receptora
Camela Camelus dromedarius X98107
Chicken Gallus gallus X03805
Cichlid Oreochromis aureus P50240
Cowa Bos taurus P49884
Frog Xenopus laevis 625330
Horsea Equus caballus AF007799
Human Homo sapiens 72114
Lizarda Anolis carolinensis AF095911
Medaka Oryzias latipes P50241
Mouse Mus musculus P19785
Pig Sus scrofa Q29040
Rat Rattus norvegicus P06211
Rhesus monkeya Macaca mulatta P49886
Salmon Salmo salar P50242
Seabream, giltheada Sparus aurata AF013104
Seabream, red Chrysophrys major AB007453
Sheepa Ovis aries U30299
Trout Oncorhynchus mykiss 103903
Turtlea Trachemys scripta 1703692
Zebra finch Taeniopygia guttata L79911

a Organisms for which only partial sequences were available.

Table 2. Organism names and accession numbers for other steroid
receptor sequences used in this study

Common name Taxonomic name Accession No.

Androgen receptor (AR)
Eel Anguilla japonica BAA75464
Frog Xenopus laevis AAC97386
Chimpanzee Pan troglodytes AAC73048
Human Homo sapiens P10275
Mouse Mus musculus P19091
Rat Rattus norvegicus AAD13349
Trout Oncorhynchus mykiss BAA32784

Glucocorticoid receptor (GR)
Frog Xenophus laevis 1730255
Human Homo sapiens 4504133
Mouse Mus musculus 121073
Rat Rattus norvegicus P06536
Trout Oncorhynchus mykiss 1730254

Mineralocorticoid receptor (MR)
Human Homo sapiens 4505199
Rat Rattus norvegicus P22199

Progesterone receptor (PR)
Chicken Gallus gallus P07812
Human Homo sapiens QRHUP
Mouse Mus musculus Q00175
Rat Rattus norvegicus I53280
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dicate that they arose as a result of a single duplication
event. Previous sequence alignments have shown that
ERb sequences share common elements that are distinct
from ERa sequences (Pettersson et al. 1997), which in
turn suggests that the ERb sequences may belong to a
separate monophyletic clade with respect to ERa. To
answer these questions, we performed MP analyses using
additional steroid receptor sequences as “outgroups.” We
considered the other steroid receptors to be appropriate
outgroups based on several pieces of evidence. First, all
of these receptors bind steroids. Second, all of the mem-

bers of the steroid receptor family share a similar struc-
ture composed of modular domains, with the DBD
placed in the middle, flanked by a NH2 terminal domain
and a LBD. Third, the DBD of all these receptors contain
a double zinc-finger motif involved in receptor-specific
DNA binding and receptor dimerization. GR, PR, AR,
and MR recognize the same DNA consensus sequence,
whereas ER recognizes a slightly different, but still very
similar, consensus sequence (Mangelsdorf et al. 1995).

Phylogenetic analyses of 12 complete ERa and 5 ERb
sequences, using the steroid receptors as outgroups,

Fig. 1. Unrooted phylogenetic tree of the evolutionary relationships of the estrogen receptor sequences to other steroid receptors based on amino
acid sequences. The tree is a consensus of two equally parsimonious trees.Numbersrepresent bootstrap values for the various steroid receptor
groups.
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found that ERa and ERb formed two separate and
strongly supported monophyletic groups (92 and 98%
bootstrap values, respectively; Fig. 2). The topology of
the ERa clade was also concordant with the accepted
relationships among vertebrates based on fossil evidence
(Naylor and Brown 1998), supporting the notion that
ERa and ERb have evolved in parallel. (The topology of
the ERb clade did not agree with the accepted relation-
ships among vertebrates probably because only a few,
distantly related ERb sequences were available for
analysis). We also performed a number of MP analyses
with the partial ER sequences listed in Table 1. Because
the partial sequences did not overlap one another, we
performed a separate phylogenetic analysis (with the
same MP search parameters indicated above) for each of
the partial sequences along with the full-length se-
quences. In every case, the partial ERa and ERb se-
quences always grouped with their respective clades
(data not shown).

The robust support for ERa and ERb comprising two
distinct, but clearly related, gene lineages suggests that
the two isoforms arose from a “primordial” receptor in
an ancient duplication event. Because both of the ER
isoform clades contained sequences from bony fish, the

duplication event must have occurred prior to the diver-
sification of these fish, approximately 450 million years
ago (Kumar and Hedges 1998; Naylor and Brown 1998).
The duplication event may have occurred even earlier,
though more extensive sampling of ERa and ERb in
basal vertebrate lineages will be necessary to determine
just how long ago this may have happened.

During this long period of time, much of the DBD and
LBD regions of ERa and ERb remained unchanged. Us-
ing the phylogenetic character analysis program Mac-
Clade 3.0 (Maddison and Maddison 1998), we traced the
evolutionary changes at every amino acid position and
discovered that 80% of the amino acids in the DBD and
53% in the LBD were completely invariant between ERa
and ERb, with the exception of a few unique (autapo-
morphic) changes in some of the taxa. On the other hand,
97% of the amino acid positions in the NH2 terminal
domain have changed at least once over this same period
of time.

Statistical analyses revealed significantly different
rates of change among the three domains. For each
amino acid position of ERa and ERb, we used MacClade
to trace the minimal number of mutations (steps) that
must have occurred at that position given the phyloge-

Fig. 2. Consensus of two equally parsimonious trees for the relationships among ERa and ERb sequences using the steroid receptor sequences
as outgroups. The length of the shortest trees was 2380 steps, with a consistency index of 0.86. Branch lengths are presentedabove the branches,
while decay indices and bootstrap values are presentedbelow the branches.
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netic tree (Fig. 2). As an example, if at amino acid po-
sition 100 of the ER multiple sequence alignment, the
ERa fish sequences have a valine, while all the other
sequences have an isoleucine (i.e., isoleucine is the an-
cestral state), we would infer that this position had
changed one time on the branch leading to the fishes.
Thus, the number of steps (the “treelength”) for this po-
sition would be 1.

Using MacClade, we determined the tree lengths for
all amino acid positions in the three main ER functional
domains: the DBD, the LBD, and the NH2 terminal do-
mains. The average number of steps at all positions in
each of the domains is presented in Fig. 3. Domains with
a higher rate of overall evolutionary change would have
a greater average number of steps than other domains.
We found significant differences among the various ER
domains in the average amount of change that had oc-
curred (nonparametric one-way ANOVA;p < 0.0001),
and the mean rates of change among the three domains
were all significantly different (Tukey’s HSD test on
ranked data;p < 0.05). The NH2 terminal domain expe-
rienced the greatest rate of change, followed by the LBD,
and the DBD changed the least of the three (Fig. 3).

The low rates of change and the conservation of criti-
cal residues in the DBD and LBD, especially compared
with the NH2 terminal domain, imply that there has been
strong selective pressure to maintain these functions in
both ERa and ERb. Alternatively, the NH2 terminal do-
main may have experienced more diversifying selection
compared with the DBD and LBD. However, there are
both functional and structural reasons to suspect that the
DBD and LBD have been under strong selective con-
straints. For instance, the amino acids in the “P-box” of

the DBD, which are involved in the sequence-specific
recognition of a hormone response element, are con-
served among the ERa and ERb isoforms (Umesono and
Evans 1989). In addition, the amino acids that make
direct contacts with the DNA in the crystal structure of
the DBD (i.e., the amino acids that bind DNA) are com-
pletely conserved (Schwabe et al. 1993). Also, our analy-
ses showed that the amino acids of the ligand binding
cavity, identified in the crystal structure of the LBD to be
involved in direct and indirect hydrophobic interactions
with the ligand (Brzozowski et al. 1997), are conserved
with only a few autapomorphic changes.

Although the NH2 terminal domain appears relatively
unconstrained compared with the DBD and LBD, this
region of ER plays an important role in the transactiva-
tion of gene expression. Experiments have shown that, in
most circumstances, transcriptional activation functions
in the NH2 terminal domain and the LBD are both re-
quired for full receptor activity (Kumar et al. 1987;
Tzukerman et al. 1994). In addition, the NH2 terminal
region of ER contains serine residues which have been
implicated in cross-talk with various cell signaling path-
ways (Katzenellenbogen 1996; Tremblay et al. 1997;
Weigel 1996).

Indeed, the divergence in the NH2 terminal domain
may well be the source of the apparent functional differ-
ences between ERa and ERb. The serine phosphoryla-
tion sites in the NH2 terminal domain of ERa and ERb
are not conserved, suggesting that ERa and ERb may be
regulated differently by cell signaling pathways. Addi-
tionally, there are two instances where differences in
function between ERa and ERb may involve the NH2
terminal domain. First, Webb et al. (1995) showed an
apparent interaction between the NH2 terminal domain of
ERa and the transcription factor Jun. ERa can activate
the transcription of a reporter gene containing an AP-1
element in response to estrogen, whereas ERb cannot
(Paech et al. 1997). Second, the partial agonism of the
antiestrogen tamoxifen was mapped to the NH2 terminal
domain of ERa (McInerney and Katzenellenbogen
1996). Tamoxifen only displays antagonism to ERb on a
consensus estrogen response element, as opposed to par-
tial agonism and antagonism to ERa (Barkhem et al.
1998). These experimental observations, and the signifi-
cant sequence divergence observed between ERa and
ERb in the NH2 terminal domain, suggest that any dis-
tinct biological functions found between ERa and ERb
may be traceable to differences in this domain.

The fact that ERb comprises a separate genetic lin-
eage dating back at least 450 million years argues that
this gene performs distinct biological functions that have
been maintained by natural selection for this long period
of time. Our analyses also indicate that the ERb gene is
quite widespread among chordates. Since ERa and ERb
appear to have originated from a single duplication event
predating the diversification of the bony fish, we predict

Fig. 3. Average number of steps (mutations) calculated for amino
acid positions in three of the functional domains of the estrogen recep-
tor. The number of steps at each amino acid position was calculated
using parsimony over the entire tree in Fig. 2 (i.e., the analysis included
both ERa and ERb sequences). There were significant differences in
the average amount of amino acid change occurring both among (non-
parametric one-way ANOVA;p < 0.0001) and between each of the
domains (Tukey’s HSD test on ranked data;p < 0.05 for all pairwise
comparisons). Standard errors are givenabove each barof the graph.
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that copies of both isoforms will be discovered in all
higher vertebrates. Indeed, Le Roux et al. (1993) de-
tected the presence of multiple ER isoforms in trout,
prior to the discovery of ERb, which further supports the
notion that both isoforms are ubiquitous in vertebrates. In
summary, the phylogenetic approach described in this
paper enabled us to date the minimum time of divergence
of the two ER isoforms, describe the selective constraints
on three domains of these molecules, and predict what
organisms possess these genes.
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