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Abstract
Background: The nuclear hormone receptor (NR) superfamily complement in humans is
composed of 48 genes with diverse roles in metabolic homeostasis, development, and
detoxification. In general, NRs are strongly conserved between vertebrate species, and few
examples of molecular adaptation (positive selection) within this superfamily have been
demonstrated. Previous studies utilizing two-species comparisons reveal strong purifying (negative)
selection of most NR genes, with two possible exceptions being the ligand-binding domains (LBDs)
of the pregnane X receptor (PXR, NR1I2) and the constitutive androstane receptor (CAR, NR1I3),
two proteins involved in the regulation of toxic compound metabolism and elimination. The aim of
this study was to apply detailed phylogenetic analysis using maximum likelihood methods to the
entire complement of genes in the vertebrate NR superfamily. Analyses were carried out both
across all vertebrates and limited to mammals and also separately for the two major domains of
NRs, the DNA-binding domain (DBD) and LBD, in addition to the full-length sequences. Additional
functional data is also reported for activation of PXR and the vitamin D receptor (VDR; NR1I1) to
gain further insight into the evolution of the NR1I subfamily.

Results: The NR genes appear to be subject to strong purifying selection, particularly in the DBDs.
Estimates of the ratio of the non-synonymous to synonymous nucleotide substitution rates (the ω
ratio) revealed that only the PXR LBD had a sub-population of codons with an estimated ω ratio
greater than 1. CAR was also unusual in showing high relative ω ratios in both the DBD and LBD,
a finding that may relate to the recent appearance of the CAR gene (presumably by duplication of
a pre-mammalian PXR gene) just prior to the evolution of mammals. Functional analyses of the
NR1I subfamily show that human and zebrafish PXRs show similar activation by steroid hormones
and early bile salts, properties not shared by sea lamprey, mouse, or human VDRs, or by Xenopus
laevis PXRs.

Conclusion: NR genes generally show strong sequence conservation and little evidence for
positive selection. The main exceptions are PXR and CAR, genes that may have adapted to cross-
species differences in toxic compound exposure.
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Background
Nuclear hormone receptors (NRs) are ligand-activated
transcription factors that work in concert with co-activa-
tors and co-repressors to regulate gene expression [1-3].
NRs share a modular domain structure, which includes,
from N-terminus to C-terminus, a modulatory A/B
domain, the DNA-binding domain (DBD; C domain), the
hinge D domain, the ligand-binding domain (LBD; E
domain) and a variable C-terminal F domain that is
absent in some NRs [3]. Examples of ligands for NRs
include a range of endogenous compounds such as ster-
oid hormones, thyroid hormone, and retinoids [3,4]. A
few NRs, such as the 'xenobiotic sensors' pregnane X
receptor (PXR, NR1I2) and constitutive androstane recep-
tor (CAR or NR1I3), are activated by structurally diverse
exogenous ligands [5-7].

The NR superfamily in mammals is composed of approx-
imately 50 functional genes, with 48 genes in humans, 47
in rats, and 49 in mice [8]. Bony fish have a somewhat
larger complement of NR genes due to gene duplication,
exemplified by the 68 NR genes found in the genome of
the pufferfish Fugu rubripes [9]. The current official
nomenclature for NRs divides the superfamily into 7 fam-
ilies (NR0-6) [10,11]. The NR0 family, represented in
humans by DAX-1 (dosage-sensitive sex and AHC critical
region on the X chromosome; NR0B1) and SHP (small
heterodimer partner; NR0B2) are unusual in essentially
being 'domain singletons' that lack a DBD [12,13]. NRs
have been the focus of a number of evolutionary studies
including detailed investigations into the origins of the
superfamily [11,14-16] and the development of ligand
selectivity by the sex and adrenocortical steroid hormone
receptors [17-20].

A major focus of molecular phylogenetics has been a
search for evidence of positive selection (molecular adap-
tation) [21]. A variety of computational techniques have
been developed over the last several decades to detect
nucleotide variation between different genes suggestive of
positive selection [21,22]. For comparisons within coding
regions, the most common approach is to compare nucle-
otide variation that is non-synonymous (i.e., changes
amino acid sequence encoded for by codons) or synony-
mous (does not changes amino acid sequence). Synony-
mous variation is considered to be neutral, an assumption
which is generally true although there are exceptions [23].
The ratio of the rate of non-synonymous versus the rate of
synonymous nucleotide variation (i.e., how many non-
synonymous or synonymous changes have occurred in
comparison to the total number of non-synonymous or
synonymous changes possible; dN/dS or ω) provides some
indication into selective forces acting on a given gene. For
most gene comparisons, ω is less than one, often less than
0.1, reflective of negative or purifying selection to main-

tain a conserved amino acid sequence. ω = 1 reflects neu-
tral selection (a ratio that would be expected for a non-
functional pseudogene) while ω > 1 suggests positive
selection. A large-scale comparison of 3,595 groups of
homologous genes revealed that less than 0.5% had ω
ratios greater than 1, with many of these genes being
found in microorganisms [24]. Given that comparisons
between full-length gene sequences rarely result in ω
ratios greater than 1, techniques have been developed to
detect sub-populations of codons that have elevated ω
ratios. Different mathematical approaches have been
applied to achieve this goal, including maximum likeli-
hood [25,26] and Bayesian [27] methods. In this study,
we employed the PAML (Phylogenetic Analysis by Maxi-
mum Likelihood) software, developed by Yang and col-
leagues [28], as this methodology is robust and has an
extensive published literature associated with its applica-
tion in biomedical research [21].

Most of the NR genes are strongly conserved between ver-
tebrate species. Not surprisingly, previous studies utilizing
two-species comparisons between human, mouse, and rat
or humans, chimpanzee, and mouse genomes revealed
that the NR genes are in general subject to negative selec-
tion [8,29], with only a few possible exceptions such as
the LBDs of PXR and CAR [8,30]. A more detailed phylo-
genetic analysis of PXR, CAR, and the other member of the
NR1I subfamily, the 1,25-(OH)2-vitamin D3 receptor
(VDR; NR1I1), within mammals and across vertebrates,
showed ω ratios for the CAR and PXR LBDs markedly
higher than that for the VDR LBD [30]. For the PXR LBD
analyses within mammals, the ω ratio exceeded one for a
sub-population of codons comprising approximately 5%
of the total codons in the LBD [30].

Given that a major function of PXR and CAR is to detect
toxic endogenous and xenobiotic compounds that likely
differ between species [5,6], these two genes may repre-
sent unusual examples of NR genes that have undergone
positive selection in their LBDs for functional advantage.
The aim of this study was to apply detailed phylogenetic
analysis to the entire superfamily of NR genes in verte-
brates to detect possible signatures of positive selection.
This phylogenetic analysis, combined with functional
analyses of PXRs and VDRs, provides a detailed context
into how unusual the nucleotide variation of PXR and
CAR is to the rest of the superfamily.

Results
Sequences available for phylogenetic analysis
Data from genome sequencing projects (e.g., human,
chimpanzee, mouse, rat, dog, chicken, Xenopus tropicalis,
Fugu rubripes, and Tetraodon nigroviridis) has greatly
increased the number of NR coding sequences publicly
available for phylogenetic analysis across vertebrates. The
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complete set of species and accession numbers for the NR
genes analyzed in this study is provided in Additional file
1: Genes used for phylogenetic analysis. Complete nucle-
otide sequences in PAML format are provided in Addi-
tional file 2: Sequences used for phylogenetic analysis by
PAML. To improve the power of accurately detecting pos-
itive selection and to minimize the risk of false positives,
PAML analyses were only performed if sequence data
from at least six species from at least six separate genera
were available [22,31-33]. Given that some of the
sequence data was partial and only contained complete
data for the DBD or LBD (and not full-length sequence in
those instances), the number of species available for the
various analyses for each gene (i.e., full-length, DBD only,
and LBD only) differs in some cases. The number of
sequences varies widely across the NR superfamily,
mainly because some receptors have been more inten-
sively studied than others. For example, 33 full-length
sequences are available for analysis of the estrogen recep-
tor-α (ERα, NR3A1), while only 6 are available for estro-
gen-related receptor-β (ERRβ, NR3B2).

PAML analyses of the NR superfamily
The PAML analyses used correspond to models M0, M3
(with ncatG = 2, 3, 4, where ncatG is the number of pop-
ulations of codons with distinct ω ratios), M7, and M8
within the PAML software (see Materials and Methods)
[25,26]. Models M0 and M3 are 'discrete' in that they
assign codons to population(s) of distinct ω ratios. For
instance, an analysis of a particular gene may assign 95%
of codons to an ω ratio of 0.05 (consistent with purifying
selection) and the remaining 5% to an ω ratio exceeding
1 (suggestive of positive selection). For each M0/M3 anal-
ysis, the 'best minimum model' was determined. An M3
analysis was chosen only if it was statistically superior to
the closest simpler model (e.g., M3 with 2 ω ratios versus
M0). The ω ratios in the M0 or M3 analyses may be any
value 0 or greater. M7 assigns codons within a gene to ω
ratios along a β distribution function between 0 and 1
with parameters α and β. Depending on the parameters α
and β, the β distribution may have most ω ratios clustered
near 0 or be distributed more evenly between 0 and 1. M8
is a model where some codons have ω ratios that fall
along a β distribution but the remaining codons form a
separate population with a discrete ω ratio that may be
any value 0 or greater (including greater than 1). M8 can
detect the presence of positive selection (i.e., the extra ω
class can be greater than 1) whereas M7 cannot.

M0 and M3 analyses
The complete results for all PAML analyses are provided in
Additional file 3: Results of PAML analysis and treefiles.
The distribution of frequency and ω ratios for all NR genes
is plotted in Figure 1 (parts A, B, and C correspond to full-
length sequence, DBD only, and LBD only analyses,

respectively; the open circles are for analyses of all verte-
brates while the closed circles are for analyses confined to
mammals only). Each point on the plots in Figure 1 cor-
responds to the frequency and ω ratios for the best mini-
mum model that provides a statistically superior fit to the
data over the closest simpler model (see legend to Figure
1 for more details).

Overall, the M0/M3 analyses confirm original observa-
tions from two-species comparisons that the NR genes are
in general subject to strong negative selection, particularly
in the DBD [8,29]. The DBDs show lower ω ratios than the
LBD or full-length sequences (Figure 1B). Only NR1C1
(peroxisome proliferator-activated receptor-α; PPARα)
has a sub-population of codons within the DBD with an
estimated ω ratio of greater than 0.5, and this sub-popula-
tion corresponds to only 1 codon out of 66 analyzed. A
number of genes, including NR1B1 (retinoic acid recep-
tor-α; RARα), NR2B1 (retinoid X receptor-α; RXRα),
NR3B1 (ERRα), and NR3B2 (ERRβ), show virtually no
non-synonymous nucleotide differences between differ-
ent species in the DBD and have ω ratios close to 0 (<
0.01). NR1A1 (TRα) and NR1I3 (CAR) are somewhat
unusual relative to the other NR genes in having at least
15% of codons with an estimated ω ratio of greater than
0.1.

The LBDs of the NR genes clearly show higher ω ratios
than the DBDs (Figure 1C). Yet, despite this, the majority
of receptors (41 of 48) have ω ratios for all sub-popula-
tions of codons less than 0.5. Only PXR genes, analyzed
for mammals only, have a sub-populations of codons
with an ω ratio greater than 1; this ω class corresponds to
5% of all analyzed codons in the PXR LBD. The analyses
for the full-length receptor sequences generally follow the
trends seen for the LBD only analysis with minor differ-
ences (compare Figure 1A and 1C). To provide another
comparison to PXR and CAR, PAML analysis was applied
to the LBD of the aryl hydrocarbon receptor-1 (AHR), a
non-NR that has a similar function to CAR and PXR,
namely to respond to ligands (including xenobiotics) and
regulate expression of genes involved in metabolism and
elimination of potentially toxic compounds [34]. In con-
trast to PXR and CAR, the ω ratios associated with the AHR
LBD were more similar to the majority of NR genes than
to PXR or CAR (see red open and closed triangles in Figure
1C).

M7 and M8 analyses
For most analyses, M8 was not statistically superior to the
neutral model M7. Only 10 of 132 analyses of all verte-
brate species and 3 of 65 analyses for mammals-only
revealed M8 results statistically superior to M7. None of
the M8 analyses identified a sub-population of codons
with an ω ratio exceeding 1. Once again, however, analysis
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Summary of PAML discrete ω ratio variation modelsFigure 1
Summary of PAML discrete ω ratio variation models. Each point on the plots in (A), (B), and (C) corresponds to the 
frequency and ω ratios for the best minimum model (e.g., M0, M3/ncatG = 2, M3/ncatG = 3, etc.) that provides a statistically 
superior fit to the data (i.e., a more complex model with additional codon ω ratio classes that does not provide a statistically 
better fit to the next simplest model is rejected). For example, the analysis of the full-length sequence of NR1A1 (TRα) for all 
available vertebrate species shows that M3/ncatG = 3 is superior to M3/ncatG = 2 but statistically equivalent to M3/ncatG = 4. 
Consequently, plotted on Figure 1 are three points for the NR1A1 M3/ncatG = 3 analysis corresponding to frequency and ω 
ratios for three classes of codons – 80.6% (frequency = 0.806) of codons have an estimated ω ratio of 0.004, 14.9% have an ω 
ratio of 0.094, and 4.5% have an ω ratio of 0.259. An analysis that shows M0 is the best minimum model will have 100% of 
codons (frequency = 1.0) with a particular ω ratio. (A), (B), and (C) apply to analyses of full-length sequences, DBD only, and 
LBD only, respectively. The open circles are for analyses of all available vertebrate sequences while the closed circles are for 
analyses of mammals only. For part (C), the red open and closed triangles represent data for the LBD of the AHR gene (a non-
NR gene that encodes a protein with similar function to PXR and CAR).
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did identify a sub-population of codons within the PXR
LBD with a high ω ratio relative to other NRs (e.g., for
analysis of the full-length PXR receptors for all vertebrates,
the M8 analysis found 3.4% of the PXR codons, all within
the LBD, with an ω ratio of 0.97).

Figure 2 shows plots derived from the estimated β-distri-
bution parameters for the M7 (or M8, if statistically supe-
rior to M7) analyses for the NR genes. The β-distribution
is a continuous function that for the PAML analysis is
restricted to values between 0 and 1. Depending on the
parameters α and β for the β-distributions, the values may
be clustered more towards 0 or be more evenly distributed
between 0 and 1. Figure 2 plots for a particular gene how
many codons have estimated ω ratios equal to or less than
a particular ω ratio on the abscissa. For example, for anal-
ysis of the LBD of NR3B1 (ERRα), the M7 analysis pro-
duces a β-distribution where all variation in ω ratios
across codons is accounted for by ω ratios < 0.01 (see Fig-
ure 2C). In contrast, PAML analyses for the DBD and LBD
of CAR show β-distributions that span a range of ω ratios
greater than all other NR genes; the same analyses for PXR
are second only to CAR in the range of ω ratios spanned
(Figure 2B,C). The two LBD domain 'singletons', DAX-1
and SHP also show a wider span of ω ratios than most
other NR genes (Figure 2A,C; DBD analysis for DAX-1 and
SHP is not possible as these are domain singletons). Sim-
ilar to the M0/M3 analyses described above, PAML M7/
M8 analysis was also applied to the LBD of the AHR LBD.
In contrast to PXR and CAR, the β-distribution of ω ratios
across codons in the AHR LBD was more similar to the
majority of NR genes than to PXR or CAR (see red line in
Figure 2C).

Individual variation among codons in selected NR genes
The M3 PAML analyses also provide estimates of the mean
ω ratio for each individual codon in a gene or gene
domain. This provides some indication of which specific
codons are potentially subject to positive selection. Figure
3 shows a plot of calculated mean ω ratios for the LBDs of
7 NR genes and the AHR gene. Comparison across the
LBDs of NR1I subfamily genes shows that PXR has very
diverse variation of ω ratios across codons with 5.1% of
codons in the mammals only analysis having estimated
mean ω ratios exceeding 1 (Figure 3C). In contrast, VDR,
whose major function is to respond to 1,25-(OH)2-vita-
min D3 (calcitriol), a ligand conserved across all vertebrate
species, shows much lower inter-codon variation of ω
ratios than CAR or PXR (compare Figures 3A,C,E). The
pattern of ω variation across codons for CAR and the AHR
gene are descriptively similar (Figure 3E,H). For the mam-
mals-only analysis, higher mean ω ratios are clearly asso-
ciated with the Helix1-3 (H1-3) 'insert' region of PXR. The
H1-3 insert is very divergent across PXR genes and, similar
to the CAR genes, the two Xenopus laevis BXRs lack this

sequence entirely. This stretch of sequence was excluded
from the analyses of VDR and PXR for all vertebrate spe-
cies due to extreme sequence divergence and difficulties in
alignment.

The analyses of other NR genes also show some variation
of nucleotide diversity across different receptors. RXRβ
(NR2B2) is illustrative of a group of NRs whose LBDs
show very low ω ratios across all codons (Figure 3B).
There are also differences between the LBDs of the sex and
adrenocortical steroid receptors with the androgen recep-
tor (AR, NR3C4) showing low ω ratios, the estrogen recep-
tor-β (ERβ, NR3A2) somewhat higher, and the
glucocorticoid receptor (GR, NR3C1) the highest ω ratios
of the three (Figure 3D,F,G). The somewhat higher ω
ratios for select codons in the GR may relate to this recep-
tor likely being one of the evolutionarily 'newer' classical
steroid receptors, the estrogen and progesterone receptors
being the most ancestral [17-20].

The receptors described above are all ligand-dependent. A
contrasting group of receptors are the 'ligand-independ-
ent' NRs, of which the estrogen-related receptors (ERRα,
NR3B1; ERRβ, NR3B2; ERRγ, NR3B3) [35], steroidogenic
factor 1 (SF-1; NR5A1) [36], and liver receptor homolog 1
(LRH-1, NR5A2) [36] are examples. These NRs are acti-
vated in the absence of ligand, although recent work has
shown that phosphatidyl inositols are likely endogenous
ligands for SF-1 and LRH-1 [36]. The evolutionary history
of ligand-independent NRs is incompletely understood
[11,20], with a proposal that ligand-binding is actually
the ancestral state for SF-1 and LRH-1 [36]. The ω ratios
for ERRα, ERRβ, ERRγ, SF-1, and LRH-1 were all on the
lower end for the NR superfamily, both across all verte-
brates and within mammals (Additional file 3: Results of
PAML analysis and treefiles), with patterns of ω ratio var-
iation across codons very similar to that seen with the
androgen receptor (Figure 3G). While it is possible lim-
ited positive selection has occurred at a small number of
codons in the five ligand-independent receptors discussed
above, this was not detected by the PAML analysis.

Figure 4 shows ω ratio variation across the codons of the
DBDs of six NR genes. In general, the ω ratios are generally
much lower than 1, consistent with strong purifying of the
DBD. Overall, CAR and PXR show higher ω ratios across
codons than the other four NR genes, but the calculated ω
ratios are still less than 0.2 for all codons (Figure 4C,E).

Comparisons of the NR1I subfamily genes
The NR1I subfamily includes VDR, PXR, and CAR.
Sequence alignments of the LBDs of selected genes from
this subfamily are presented in Figure 5. Amino acid resi-
dues identified as directly interacting with ligands in high-
resolution crystal structures are indicated in bold type. As
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Summary of PAML β-distribution ω ratio variation modelsFigure 2
Summary of PAML β-distribution ω ratio variation models. The plots are derived from the estimated β-distribution 
parameters for the M7 (or M8, if statistically superior to M7) models for the NR genes and show for a particular gene how 
many codons have estimated ω ratios equal to or less than a particular ω ratio on the abscissa. In contrast to Figure 1, only 
data derived from analyses of all available species are included in Figure 2 (i.e., mammals-only comparisons are not included). 
(A), (B), and (C) apply to analyses of full-length sequences, DBD only, and LBD only, respectively. For part (C), the red curve 
represents data for the LBD of the AHR gene. Analysis in part (A) is for NR1A1, 1B1, 1C1, 1F2, 1H3, 1I1, 1I2, 1I3, 2A1, 2B1, 
3A1, 3A2, 3B1, 3C1, 3C3, 4A1, 5A1, 6A1, 0B1, and OB2; for part (B), analysis is for NR1A1, 1B1, 1C1, 1H3, 1I1, 1I2, 1I3, 2A1, 
2B1, 3A1, 3A2, 3B1, 3C1, 3C3, 4A1, 5A1, and 6A1; and for part (C), analysis is for NR1A1, 1B1, 1F2, 1H3, 1I1, 1I2, 1I3, 2A1, 
2B1, 3A1, 3A2, 3B1, 3C1, 3C3, 4A1, 5A1, 6A1, 0B1, OB2, and AHR.
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Estimates of ω ratios for individual codons in the LBDs of 7 NR genes and the AHR geneFigure 3
Estimates of ω ratios for individual codons in the LBDs of 7 NR genes and the AHR gene. The graphs in (A) 
through (H) plot the estimated ω ratios for individual codons of the LBDs of 7 NR genes and the AHR gene derived from the 
'best minimum' PAML discrete model. The location of the α-helices in the LBDs of the NR genes that correspond to codons 
are indicated in the abscissas (e.g., 'H1' denotes α-helix-1; 'H1-H3 insert' denotes the insertion region in the NR1I subfamily 
proteins between helix-1 and helix-3); the location of the PAS-B domain is also shown for the AHR gene. CAR lacks the H1-H3 
insert but this region is plotted in (E) to keep the alignment consistent between (A) VDR, (C) PXR, and (E) CAR. Due to dif-
ficulties in alignment and extreme sequence divergence for VDR and PXR in the H1-H3 insertion region, PAML analysis for this 
region could be performed for mammals only for the PXR genes. For NR1I1, NR2B2, and NR3C4, analysis restricted to mam-
mals resulted in a best minimum PAML discrete model of only one ω ratio population (i.e., the M0 model); therefore, only data 
for all vertebrate species is plotted for those three genes (note also that the CAR gene is only found in mammals). The plots in 
(A), (C), and (E) show data for all three NR1I subfamily members and reveal that PXR has the widest variation of ω ratios 
across codons both within this subfamily (with CAR intermediate between PXR and VDR) and compared to the other NR 
genes.
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Estimates of ω ratios for individual codons in the DBDs of 6 NR genesFigure 4
Estimates of ω ratios for individual codons in the DBDs of 6 NR genes. The graphs in (A) through (F) plot the esti-
mated ω ratios for individual codons of the DBDs of 6 NR genes derived from the 'best minimum' PAML discrete model, utiliz-
ing sequence data from all available vertebrate species (note that the CAR gene is found only in mammals). In contrast to the 
analyses of the LBDs in Figure 3, the ω ratio variation in the DBDs for the six NR genes shown in (A) through (F) is limited 
and restricted to low ω ratios.
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Sequence alignment of the LBD of PXR, VDR, and CAR genesFigure 5
Sequence alignment of the LBD of PXR, VDR, and CAR genes. The locations of the α-helices above the amino acid 
sequences are based on the structures determined from x-ray crystallography of human PXR and human VDR [73, 88]. Amino 
acid resides highlighted in bold type are residues in human PXR, human VDR, mouse CAR, and human CAR shown to directly 
interact with structurally diverse ligands. These residues have been determined by x-ray crystallography and, in some cases, by 
additional molecular modelling for human VDR [39, 88-90], rat VDR [91], human PXR [37, 38, 73], mouse CAR [40, 92], and 
human CAR [81]. The ligands for the various receptors are: human VDR – calcitriol [39, 88, 89], 20-epi calcitriol analogs [89], 
calcipotriol, seocalcitol [39], 1α,25-lumisterol [90]; rat VDR – 2-carbon substituted vitamin D3 analogs [91]; human PXR – 
SR12813 [73], hyperforin [38], rifampicin [37]; mouse CAR – 5α-androst-16-en-3α-ol (androstenol) [92], TCPOBOP [40]; and 
human CAR – 5β-pregnan-3,20-dione and 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichloroben-
zyl)oxime (CITCO) [81]. The amino acid residues highlighted in red underlined boldin Xenopus laevis BXRα and BXRβ cor-
respond to codons that show evidence of positive selection in a previously published phylogenetic analysis of nucleotide 
variation in the BXRα and/or BXRβ lineages [30]. Note that of the 23 amino acid residue positions identified as having high 
probability of having experienced positive selection in the BXRα and/or BXRβ lineages, 9 are orthologous to or adjacent to 
residues that are orthologous to human PXR residues shown to directly interact with the ligands SR12813, hyperforin, and/or 
rifampicin in x-ray crystallographic structures of the human PXR [37, 38, 73]; an additional two residues are orthologous to lig-
and-binding residues in human VDR [39, 88-90] and, also in one case, human and mouse CAR as well [40, 81, 92].

A.
Helix-1_

PXR_human 153 ELMDAQMKTFDTTFSHFKNFRLPGVLSSGCELPESLQAP-SREEA-AKWSQVRKDLCSLKVSLQL-RGEDGSVWNYKPP-----ADSGGKEIFSLL

PXR_rabbit 130 ELMDAQMKTFDTTFSHFKNFRLPEVLGSGCEIPESLQAL-TEEEA-GRWRQIQEELGTMKLSLQL-RGEDGSVWNYTPP-----ADRSGKKLFSLL

PXR_mouse 150 ELMDAQMQTFDTTFSHFKDFRLPAVFHSGCELPEFLQAS-LLEDP-ATWSQIMKDRVPMKISLQL-RGEDGSIWNYQPP-----SKSDGKEIIPLL

PXR_rat 150 ELMDAQMQTFDTTFSHFKDFRLPAVFHSDCELPEVLQAS-LLEDP-ATWSQIMKDSVPMKISVQL-RGEDGSIWNYQPP-----SKSDGKEIIPLL

PXR_chicken 137 ILIAAHKRTFDSSFSQFQHYQPAVRLC----IPGPCSQS-PPGPG-VPSASLSPQLDCLDEDVL-------------------------PDVFSIL

BXR-alpha 148 QLVGAHTKTFDFNFTFSKNFRPIRRSSDPTQEPQAT----------------------------------------------------SSEAFLML

BXR-beta 149 ELVEAHTKTFDFNFTFFKNFRPIRRSPDPTQDPQAT----------------------------------------------------SSEAFLML

PXR_zebrafish 42 ELLNAHKKTFDMTCAHFSQFRPLDRDQKSVSESSPLTNG-SWIDH-RPIAEDPMQWVFNPTSLSS-SSSSYQSLDNKEK-----KHFKSGN-FSSL

VDR_human 134 ILLDAHHKTYDPTYSDFCQFRPPVRVNDGGGSHPSRPNSRHTPSF-SGDSSSSCSDHCITSSDM-MDSSSFSNLDLSEEDSDDPSVTLELSQLSML

VDR_mouse 134 ILLDAHHKTYDPTYADFRDFRPPIRADVSTGSYSPRP----TLSF-SGDSSSNS-DLYTPSLDM-MEPASFSTMDLNEEGSDDPSVTLDLSPLSML

VDR_lamprey 137 TLIEAHRKTYDASYSDFSQFRPPKRGDGSPECRNATNPFLMSLLN-SDMD-------------------------ELPKASASGAEAAAGDELSML

CAR_human 116 TLLGAHTRHMGTMFEQFVQFRPPAHLFIHHQPL-----------------------------------------------------PTLAPVLPLV

CAR_mouse 126 ILLGAHTRHVGPLFDQFVQFKPPAYLFMHHRPF-----------------------------------------------------QPRGPVLPLL

Helix-3 Helix-4 Helix-5 Helix-7___

PXR_human 241 PHMADMSTYMFKGIISFAKVISYFRDLPIEDQISLLKGAAFELCQLRFNTVFNAETGTWECGR--LSY---CLEDT-AGGF----QQLLLEPMLKF

PXR_rabbit 218 PHLADMSTYMFKGIINFAKVISYFRDLPIEDQISLLKGATLELCLLRFNTVFNAETGTWECGR--LSY---CVEDP-EGGF----QQLLVDPLLKF

PXR_mouse 238 PHLADVSTYMFKGVINFAKVISYFRDLPIEDQISLLKGATFEMCILRFNTMFDTETGTWECGR--LAY---CFEDP-NGGF----QKLLLDPLMKF

PXR_rat 238 PHLADVSTYMFKGVINFAKVISHFRELPIEDQISLLKGATFEMCILRFNTMFDTETGTWECGR--LAY---CFEDP-NGGF----QKLLLDPLMKF

PXR_chicken 202 PHFADLSTFMIQQVIKFAKEIPAFRGLPIDDQISLLKGATLGICQIQFNTVFNEETNAWECGQ--HCF---TIKDGALAGF----QQIYLEPLLKF

BXR-alpha 192 PHISDLVTYMIKGIISFAKMLPYFKSLDIEDQIALLKGSVAEVSVIRFNTVFNPDTNTWECGP--FTY---DTEDMFLAGF----RQLFLEPLVRI

BXR-beta 193 PHISDLFTYMLKGVISFAKMLPYFRSLAIEDQIALLKGSVLEVCVIRFNRMFNPKTNTWECGA--FTY---NADDMTMAGF----SQQFLEPLLRI

PXR_zebrafish 129 PHFTDLTTYMIKNVINFGKTLTMFRALVMEDQISLLKGATFEIILIHFNMFFNEVTGIWECGP--LQY---CMDDAFRAGF----QHHLLDPMMNF

VDR_human 228 PHLADLVSYSIQKVIGFAKMIPGFRDLTSEDQIVLLKSSAIEVIMLRSNESFTMDDMSWTCGNQDYKY---RVSDVTKAGH----SLELIEPLIKF

VDR_mouse 223 PHLADLVSYSIQKVIGFAKMIPGFRDLTSDDQIVLLKSSAIEVIMLRSNQSFTMDDMSWDCGSQDYKY---DITDVSRAGH----TLELIEPLIKF

VDR_lamprey 207 PHLADLVSYSIQKVIGFAKMIPGFKELCTEDQISLLKASAIEIIILRSNESFTMEDNSWTCGSNEFKYQIGDVMQ---AGH----KLELLEPLVKF

CAR_human 159 THFADINTFMVLQVIKFTKDLPVFRSLPIEDQISLLKGAAVEICHIVLNTTFCLQTQNFLCGP--LRY---TIEDGARVGF----QVEFLELLFHF

CAR_mouse 169 THFADINTFMVQQIIKFTKDLPLFRSLTMEDQISLLKGAAVEILHISLNTTFCLQTENFFCGP--LCYK---MEDAVHAGF----QYEFLESILHF

Helix-7 Helix-8 Helix-9 Helix-10___________

PXR_human 327 HYMLKKLQLHEEEYVLMQAISLFSPDRPGVLQHRVVDQLQEQFAITLKSYIECNR-PQPAHRFLFLKIMAMLTELRSINAQHTQRLLRIQDIHPFA

PXR_rabbit 304 HYMLKKLQLHKEEYVLMQAISLFSPDRPGVVQREVVDQLQERFAITLKAYIECSR-PQPTHRFLFLKIMAVLTELRTINAQHTQRLLRIQDTHPFA

PXR_mouse 324 HCMLKKLQLHKEEYVLMQAISLFSPDRPGVVQRSVVDQLQERFALTLKAYIECSR-PYPAHRFLFLKIMAVLTELRSINAQQTQQLLRIQDSHPFA

PXR_rat 324 HCMLKKLQLREEEYVLMQAISLFSPDRPGVVQRSVVDQLQERFALTLKAYIECSR-PYPAHRFLFLKIMAVLTELRSINAQQTQQLLRIQDTHPFA

PXR_chicken 289 HISLKKLRLHEAEYVLLVAMLLFSPDHASVTQRDFIDQLQEKVALTLKSYIDHRH-PMPEGRFLYAKLLLLLTELQTLKMENTRQILHIQDLSSM-

BXR-alpha 279 HRMMRKLNLQSEEYAMMAALSIFASDRPGVCDWEKIQKLQEHIALTLKDFIDSQRPPSLQNRLLYPKIMECLTELRTVNDIHSKQLLEIWDIQPDA

BXR-beta 280 HCMMTKLNLESEAYALMATMALFSSDRPGVSDCEKIQNLQEHIALMLKAFIESHRPPSPQNRLLYPKIMECLTELRTINDIHSKQLMEIWDIQPDV

PXR_zebrafish 216 HYTLRKLRLHEEEYVLMQALSLFSPDRPGVTDHKVIDRNQETLALTLKTYIEAKR-NGPEKHLLFPKIMGCLTEMRSMNEEYTKQVLKIQDMQPEV

VDR_human 317 QVGLKKLNLHEEEHVLLMAICIVSPDRPGVQDAALIEAIQDRLSNTLQTYIRCRH-PPPGSHLLYAKMIQKLADLRSLNEEHSKQYRCLSFQPECS

VDR_mouse 312 QVGLKKLNLHEEEHVLLMAICIVSPDRPGVQDAKLVEAIQDRLSNTLQTYIRCRH-PPPGSHQLYAKMIQKLADLRSLNEEHSKQYRSLSFQPENS

VDR_lamprey 296 QVNMKKLDLHEAEHVLLMAICLFSPDRPGVQDRCRVEEVQEHLTETLRAYIACRH-PLSCKHMLYTKMVEKLTELRSLNEEHSKQYLQISQDAVNK

CAR_human 246 HGTLRKLQLQEPEYVLLAAMALFSPDRPGVTQRDEIDQLQEEMALTLQSYIKGQQ-RRPRDRFLYAKLLGLLAELRSINEAYGYQIQHIQGLSAMM

CAR_mouse 256 HKNLKGLHLQEPEYVLMAATALFSPDRPGVTQREEIDQLQEEMALILNNHIMEQQ-SRLQSRFLYAKLMGLLADLRSINNAYSYELQRLEELSAMT
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can be seen from inspection of Figure 5 and highlighting
the shared history of PXRs, CARs, and VDRs, a number of
orthologous amino acid residues are involved in ligand
binding at more than one receptor. For example, leucine-
240 of the human PXR directly interacts with the antibi-
otic rifampicin [37] and hyperforin (active component of
the herbal anti-depressant St. John's wort) [38]; the
orthologous residue in human VDR (L227) directly inter-
acts with calcitriol analogs [39] while the same position in
mouse CAR (L168) binds the pesticide contaminant 1,4-
bis [2-(3,5-dichloropyridoxyl)]benzene (TCPOBOP)
[40].

In a previous publication, the authors have determined
codon positions in the Xenopus laevis BXRs that show evi-
dence for positive selection in the evolution of this unu-
sual lineage of PXRs; 23 such codons were identified, and
all were located in the LBD of the BXRs [30]. The BXRs are
notable in the PXRs for having lost the ability to be acti-
vated (and presumably to bind) structurally diverse lig-
ands. In addition, these receptors have a tissue expression
pattern markedly different than other PXRs, being found
at high levels in gonadal tissue but not xenobiotic-metab-
olizing organs such as liver or the intestines [41-43], and
are activated efficaciously only by benzoate compounds
that have a role in frog development [41,42,44]. Interest-
ingly, 9 of the 23 amino acid residue positions in the BXR
lineages that have evidence of positive selection are
orthologous to or directly adjacent to residues that are
orthologous to human PXR residues shown to directly
interact with the ligands SR12813, hyperforin, and/or
rifampicin in x-ray crystallographic structures of the
human PXR (Figure 5); an additional two residues are
orthologous to ligand-binding residues in human VDR
and, also in one case, to ligand-binding residues in
human and mouse CAR as well. The evidence is consistent
with positive selection in the evolution of the BXRs being
directed at the LBD to alter ligand specificity, in large part
by targeting amino acid residues capable of directly inter-
acting with ligands. This has presumably been a signifi-
cant factor underlying the much narrower ligand
selectivity observed in the modern BXRs.

The NR1I subfamily members also differ markedly in con-
servation of ligand-binding residues across vertebrate spe-
cies. Figure 6 shows for VDRs, PXRs, and CARs how many
species differ from the human receptor at the amino acid
residue positions known to interact directly with ligands.
VDRs show tight conservation of ligand-binding residues.
Only 4 of 22 amino acid residues show any variation at all
across species, ranging from jawless fish (sea lamprey),
teleost fish, reptiles, frog, birds, and mammals (Figure
6A). PXRs, on the other hand, show extensive amino acid
sequence divergence at ligand-binding residues with only
3 of 23 positions conserved across all 13 vertebrate PXRs

currently sequenced; for 9 of 23 positions, over half of the
non-human PXRs have an amino acid residue different
from the human sequence (Figure 6B). CARs also show
more divergence at ligand-binding positions than human
VDR but not as great as the PXRs, although the analysis is
limited due to the presence of CAR genes only in mam-
mals (Figure 6C).

Functional studies of VDRs and PXRs and a proposed phylogeny of 
the NR1I subfamily
Previous studies have revealed the broad ligand specificity
of mammalian and chicken PXRs; these receptors are acti-
vated by a structurally diverse array of xenobiotics and
endogenous compounds including bile salts, steroid hor-
mones, and prescription drugs [30,44-50]. A recent study
has revealed that while zebrafish PXR does not respond to
mammalian 24-carbon (C24) bile acids such as cholic
acid, chenodeoxycholic acid, or lithocholic acid, this PXR
is activated well by the zebrafish 27-carbon (C27) bile
alcohol sulfate (cyprinol sulfate) [30], a biliary bile salt
typical of the earliest biliary detergents to evolve in
vertebrates [51]. VDRs, on the other hand, have a much
more restricted ligand specificity, having adapted to bind
calcitriol at nanomolar or subnanomolar affinity [52].
Mammalian VDRs do, however, have the ability to be acti-
vated by the toxic secondary bile salt lithocholic acid and
its metabolites, a function that confers a protective role in
the intestine against this toxic secondary bile acid [53].

Figure 7 examines the response of four PXRs and two
VDRs to pregnenolone (a pregnane steroid), scymnol sul-
fate (a C27 bile alcohol sulfate from cartilaginous fish),
petromyzonol sulfate (an unusual C24 bile alcohol sulfate
from the sea lamprey), 3-ketolithocholic acid (a metabo-
lite of lithocholic acid), calcitriol, and a benzoate analog
(n-propyl-p-hydroxybenzoate). Human PXR is activated
by micromolar concentration of all 6 compounds except
calcitriol (Figure 7A). As previously proposed [30], activa-
tion of human PXR by 'early' bile salts such as petromyzo-
nol sulfate and scymnol sulfate likely represents an
'ancestral' property retained in mammalian PXRs (in con-
trast, unconjugated scymnol, the precursor to the excreted
scymnol sulfate, was inactive at all receptors tested). Sim-
ilar to human PXR, zebrafish PXR is activated by pregne-
nolone, scymnol sulfate, and the benzoate analog, but not
by the other compounds (Figure 7B). The lack of activa-
tion of zebrafish PXR by petromyzonol sulfate may be a
result of this compound being an unusual C24 bile alcohol
sulfate. The sea lamprey has apparently independently
evolved the ability to cleave the cholesterol side-chain
because C24 bile alcohol sulfates are not found in other
fish, and the peroxisomal mechanisms used to cleave the
cholesterol side-chain of C24 bile acids evolved more
recently than our last common ancestor with lampreys
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Conservation of ligand-binding residues in VDR, PXR, and CARFigure 6
Conservation of ligand-binding residues in VDR, PXR, and CAR. From high-resolution, x-ray crystallographic struc-
tures of human VDR, rat VDR, human PXR, mouse CAR, and human CAR bound to various ligands, the amino acid residues 
that directly interact with ligands are known (see Figure 5; also see Additional file 1: Genes used for phylogenetic analysis for 
complete list of species available and their accession numbers). (A) Of the 22 amino acid residues shown to interact with lig-
ands at human and/or rat VDRs, only 4 residues show any sequence variation across vertebrate species. The remaining 18 of 
22 residues show complete conservation across all vertebrate VDRs (from sea lamprey to human VDRs). Eighteen VDRs were 
used for the analysis. Due to partial sequence, data for the chimpanzee VDR was only available for the first two ligand-binding 
residues (corresponding to human VDR Y143 and F150); in addition, data was missing for the four most C-terminal ligand-
binding residues (corresponding to human VDR H397, L414, V418, and F422) for crocodile, snake, turtle, lizard, frog, and fugu-
β VDRs. (B) In contrast to the VDRs, the PXRs show extensive amino acid sequence divergence at the residues shown to 
interact with ligands at the human PXR. Only 3 of 23 positions are conserved throughout the 13 vertebrate PXRs while for 9 
of 23 residues, over half of the PXRs have an amino acid residue that differs from that at the human PXR. Also indicated are 
the 9 amino acid residues in the BXRα and/or BXRβ lineages that show evidence for positive selection (see Figure 5 legend for 
more details; * indicates BXRα and/or BXRβ residue directly orthologous to human PXR ligand-binding residue; ** indicates 
residue adjacent to such a ligand-binding residue). (C) CARs also show much more divergence at ligand-binding positions than 
human VDR but not as great as the PXRs. The data is based on eight complete mammalian CAR sequences.
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Concentration-response curves of activation of PXRs and VDRs by endogenous ligands or their analogsFigure 7
Concentration-response curves of activation of PXRs and VDRs by endogenous ligands or their analogs. The 
ordinate represents activation of the PXR or VDR, relative to vehicle control, and normalized to the maximal activator 
(rifampicin for human PXR, 5α-androst-3α-ol for zebrafish PXR, n-butyl-p-aminobenzoate for Xenopus laevis BXRα, n-propyl-p-
hydroxybenzoate for Xenopus laevis BXRβ, and calcitriol for human and sea lamprey VDRs; see Materials and Methods for 
more details). The drugs tested were pregnenolone (● ), petromyzonol sulfate (sea lamprey bile salt; ❍ ), scymnol sulfate (car-
tilaginous fish bile salt; �), 3-ketolithocholic acid (mammalian bile acid metabolite; �), n-propyl-p-hydroxybenzoate (▲), and 
1,25-(OH)2-vitamin D3 (calcitriol; ■ ). (A) Human PXR is activated by micromolar concentrations of the steroid pregenon-
olone, the early bile salts petromyzonol sulfate and scymnol sulfate, 3-ketolithocholic acid, and the benzoate analog. Calcitriol 
does not activate human PXR. (B) Similar to human PXR, zebrafish PXR is activated by the steroid pregnenolone, the cartilag-
inous fish bile salt scymnol sulfate, and the benzoate analog, but not by the other compounds. (C, D) The Xenopus laevis BXRs 
do not share any ligands with human and zebrafish PXRS other than the benzoate analog n-propyl-p-hydroxybenzoate, which 
activates BXRα and BXRβ robustly. (E, F) Human and sea lamprey VDRs are both activated robustly by nanomolar concentra-
tions of calcitriol. Similar to human PXR, 3-ketolithocholic acid activates human VDR at micromolar concentrations, with an 
efficacy of only 15% relative to calcitriol. Sea lamprey was not activated at all by 3-ketolithocholic acid. Weak concentration-
dependent activation of sea lamprey VDR by petromyzonol sulfate (❍ ) was observed; however, the efficacy of this bile salt was 
only ~5–6% relative to that of calcitriol. In panels (A, E, F), full-length receptors for human PXR, human VDR, and sea lamprey 
VDR were used, with the reporter plasmid being CYP3A4-PXRE-Luc. In panels (B, C, D), GAL4-LBD fusion constructs were 
used for zebrafish PXR and the Xenopus laevis BXRs, with the reporter plasmid being tk-UAS-Luc.
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[51,54]. The Xenopus laevis BXRs do not share steroid or
bile salt ligands with human or zebrafish PXR, but are acti-
vated well by the benzoate analog (Figure 7C, D).

Despite over 500 million years since the last common
ancestor of humans and jawless fish, the human and sea
lamprey VDRs are activated very similarly by calcitriol
(Figure 7E, F). The major difference in ligands between
these two receptors is the activation of human VDR by
lithocholic acid and its metabolites (Figure 7E)[30,53]. Of
the six compounds tested, only calcitriol activated the sea
lamprey VDR efficaciously. The sea lamprey biliary sur-
factant petromyzonol sulfate produced a weak but con-
centration-dependent activation that had a maximal effect
only 5–6% that of calcitriol (Figure 7F). The possible
physiologic significance of this weak in vitro effect needs
to be correlated with in vivo experiments in sea lampreys.

Overall, VDRs are activated by nanomolar concentrations
of calcitriol, a ligand that does not activate PXRs. In con-
trast, zebrafish PXR and human PXR share similar activa-
tion by pregnane and androstane steroids along with early
bile salts, as indicated by other studies [30,44]. Recent
work has also revealed that activation of the zebrafish PXR
in vivo upregulates the expression of cytochrome P450
(CYP) 3A and multi drug resistance 1 (MDR1) genes [55],
properties shared by other PXRs (except in the frog)
[46,49,56,57].

Discussion
The search for genes that show evidence for positive Dar-
winian selection has been an important focus of molecu-
lar phylogenetics [21,22]. The genes in the NR
superfamily generally show nucleotide variation across
species consistent with strong purifying selection, particu-
larly in the DBDs. This study applied phylogenetic
analysis by a maximum likelihood method to the entire
NR superfamily in vertebrates to analyze patterns of
nucleotide variation that may be suggestive of positive
selection. The results extend previous more limited phyl-
ogenetic analysis of PXR and CAR genes [8,29,30,58] and
clearly show that the LBDs of the PXR and CAR genes have
ω ratios at the extreme high end for the NR superfamily.
Two other genes that have similar variation in ω ratios are
DAX-1 and SHP, two NRs that lack a defined DBD and are
classified as LBD singletons [12,13]. The elevated ω ratios
in DAX-1 and SHP, relative to other NR genes, may be
related to the unique evolutionary pressures these two
genes face as domain singletons [8,11].

This possible signature of positive selection in the LBDs of
the PXR and CAR genes is consistent with the role of PXR
and CAR as sensors of toxic endogenous and exogenous
compounds that may vary across species [5,6]. For PXR
and CAR, evolutionary selection would be directed at fine-

tuning ligand specificity towards the most important toxic
compounds (or class of compounds) for a given species.
PXR and CAR clearly differ markedly in nucleotide varia-
tion from VDR, the other member of the NR1I subfamily;
in terms of nucleotide variation, VDR behaves like other
NRs and not PXR or CAR. The elevated ω ratios of PXR and
CAR are not simply a result of synonymous and non-syn-
onymous substitutions being increased in tandem. As
with two gene comparisons within mammals [8], synon-
ymous substitutions rates for PXR and CAR genes across
vertebrates are average when compared to other NR genes
[30,58]. The estimated ω ratios for the codons of the LBDs
of CAR and PXR genes are also higher than those for the
AHR gene, a non-NR that qualitatively has very similar
functions to CAR and PXR, including the ability to
upregulate the expression of CYP genes involved in
detoxification of xenobiotics [34].

An additional finding with CAR was that the ω ratios for
the CAR DBD are on the higher end for the NR super-
family. This may be a reflection of the recent divergence of
the CAR gene following duplication of a pre-mammalian
PXR gene [59]. Functional diversification with higher rates
of non-synonymous to synonymous substitutions is com-
mon in a gene that has recently duplicated [60,61]. Once
two copies of a gene exist, one of the two genes is free to
diversify function to evolutionary advantage although the
two genes still may share overlapping functions. The CAR
and PXR DBDs show considerable cross-reactivity with
one another in terms of interactions with target gene
response elements [62-67], extending even to the chicken
PXR [68]. This cross-reactivity highlights the close evolu-
tionary history of PXR and CAR and may indicate that
CAR provides physiologically important redundancy to
important functions of PXR in mammals. (Note that even
PXR and VDR, which are more distantly related than CAR
and PXR, show considerable overlap in target gene regula-
tion. VDR is able to upregulate expression of detoxifying
proteins such as CYP3A4 [53,69,70] while PXR has
recently been shown to regulate expression of proteins
involved in the metabolism of calcitriol and related
molecules [71,72]). The relatively high ratio of non-syn-
onymous to synonymous substitutions of the CAR DBD
(at least as compared to other NRs) suggests, however,
that the CAR DBD is not evolutionarily 'static' and is
diversifying to recognize other binding elements or to
interact differently than PXR with shared binding
elements.

The phylogenetic analyses presented here do have some
limitations. The number of sequences available for analy-
sis varies markedly across the NR superfamily. For those
genes that have few sequences available, the phylogenetic
analysis will have more limited power to detect small sub-
populations of codons with elevated ω ratios [22,32,33].
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On the other hand, analysis of too few genes runs the risk
of increasing false positives [22,31-33]; this was the rea-
son a minimum of number of six genes from six different
genera was applied to the NR superfamily dataset. In
addition, difficulties in sequence alignment are a poten-
tial problem for some genes and necessitated the removal
of some codons from phylogenetic analysis. For the NR1I
subfamily, this was particularly an issue with the H1-H3
insert. This sequence was not analyzed for the PXR and
VDR genes when applied to all vertebrates. Interestingly,
the H1-H3 insert region of PXR genes within mammals
was identified as a region where a number of the codons
have estimated ω ratios greater than one. Given the role of
this region in expanding the ligand-binding pocket of
human PXR relative to other NRs [37,38,73], variation in
the H1-H3 insert region within mammalian PXRs may
have allowed for evolutionarily advantageous changes in
ligand specificity across species.

Figure 8 shows a proposed phylogeny of the NR1I sub-
family, taking into account data from this study and oth-
ers. The evolutionary history of PXR and CAR has not
been fully resolved. Experimental analysis and ongoing
genome sequencing projects have not revealed a CAR gene
in teleost fish, with zebrafish, Fugu rubripes, and Tetraodon
nigroviridis each possessing a single gene classified as a
PXR due to closer sequence and functional similarity to
mammalian PXR genes than CAR genes [9,44]. Similarly,
the chicken possesses only a single PXR/CAR-like gene
(the 'chicken X receptor' or CXR) with sequencing of the
chicken genome, extensive attempts to clone an addi-
tional NR1I receptor gene, and RNA interference of the
CXR gene coupled with functional assays failing to show
direct or indirect evidence of an additional NR1I sub-
family gene member [59]. Unlike telost fish PXRs, the
CXR has equal sequence similarity to mammalian PXRs
and CARs and shares a number of properties with mam-
malian CARs, including high constitutive activity in in
vitro assays and lack of sequence in the H1-H3 insert
region, leading to the possibility that the CXR gene is actu-
ally a CAR gene and not a PXR gene as currently classified
[44,48,59]. The phylogeny in Figure 8 classifies the CXR as
a PXR and presents the parsimonious explanation that
fish, birds, and their ancestors possessed a single PXR gene
that duplicated in an ancestral mammal or pre-mammal.
One of the two resulting genes then diverged to the CAR
gene [59]. This hypothetical phylogeny will be strength-
ened or modified by analysis of PXR/CAR genes in reptiles
and additional mammals such as marsupials or
monotremes.

As described above, the Xenopus laevis BXRs are an espe-
cially intriguing example of extensive divergence of a gene
from other vertebrate orthologs. The BXRs have dramati-
cally altered ligand specificity and tissue expression rela-

tive to other PXRs. The BXR lineage shows strong evidence
of positive selection [30], directed particularly at likely lig-
and-binding residues, based on comparison to known lig-
and-binding residues of human PXR, human VDR, mouse
CAR, and human CAR.

An unanswered question in the NR1I subfamily is the
functional properties of the closest common ancestor to
PXR and VDR. Clues to this may be revealed if PXR can be
cloned and characterized from a jawless fish such as lam-
preys or hagfish or with exploration of invertebrate
ortholog(s) to these receptors. Sequencing of the genome
of the chordate Amphioxus, one of the closest invertebrate
relatives to vertebrates, and sea lamprey may be insightful
in this regard. There are suggestions that zebrafish PXR
may have important roles in early zebrafish development
[74], which, if true, would provide a functional link
between the zebrafish PXR and the frog BXRs [41,43].

The presence of a high-affinity VDR in the sea lamprey, a
jawless fish with a non-calcified cartilaginous skeleton,
suggests that regulation of calcium and phosphate levels
was not a function (or a critical function) of the 'ancestral'
VDR [75]. The high concentrations of calcium in sea water
mean that maintaining adequate calcium levels in tissues
and body fluids is mainly a problem for terrestrial or fresh
water animals. In mammals, VDRs mediate a number of
functions other than regulation of calcium and phosphate
levels, with critical roles in the immune system and skin
development [76,77]. Ciona intestinalis (sea squirt), a uro-
chordate that is the closest invertebrate relative to verte-
brates for which relatively complete genome information
is available, has a single NR equally related to VDR/PXR/
CAR and a Drosophila melanogaster NR [78]. The properties
of this invertebrate gene remain uncharacterized. These
findings highlight how little is known of the physiology of
early fish and chordate invertebrates and of the role of
NRs in these animals.

The marked diversity of the PXR and CAR LBDs across ver-
tebrates contrasts markedly with detailed resequencing
studies of the human PXR and CAR genes that reveal that
non-synonymous mutations in the LBDs of these genes
are rare. Resequencing of 70 individuals from three differ-
ent ethnic groups for the CAR gene [58] and approxi-
mately 100 individuals from several different ethnic
groups for the PXR gene [79] showed very low nucleotide
diversity and no nonsynonymous substitutions in the
LBD of either gene. Sequencing of 253 Japanese subjects
revealed only a single non-synonymous substitution in
the CAR LBD [80]; the residue identified (valine-133) is
adjacent to a ligand-binding residue of human CAR [81]
and mouse CAR [40]. Sequencing of 205 Japanese sub-
jects found two non-synonymous PXR substitutions
(R381W and I403V) as single alleles in separate individu-
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als [82]; these mutations caused modest reductions in
transactivation of a CYP3A4-based reporter [83]. Another
PXR re-sequencing study found a single D163G
substitution in 1/74 Africans and 0/418 Caucasians and a
single A370T substitution in 1/64 Africans and 0/312
Caucasians [84]. In addition, the nucleotide divergence of
the human and chimpanzee CAR and PXR genes are lower
than the average for other genes in the human genome
[29,58,85]. This suggests that important functions of the

LBDs of PXR and CAR, including ligand specificity, do not
vary significantly across human populations, and perhaps
not between chimpanzees and humans as well, but do
vary between humans and other mammals. Future studies
should identify the ligands that have shaped the variation
of PXR and CAR across species.

Proposed phylogeny of the NR1I subfamilyFigure 8
Proposed phylogeny of the NR1I subfamily. The phylogenetic tree is based on known phylogenetic relationships between 
the species combined with functional data from this study and others. Features included are activation by pregnane and andros-
tane steroids, C27 bile alcohol sulfates (like cyprinol and scymnol sulfate), C24 bile acids (such as cholic and lithocholic acid), 
benzoates, and calcitriol; ability to increase (upregulate) the expression of the CYP3A enzymes; and high constitutive (baseline) 
activity. It is possible that activation of PXRs by benzoates is an ancestral property as all PXRs can be activated by at least some 
benzoate compounds [44], although functional roles of these compounds have so far only been demonstrated in frogs [41, 42]. 
The study of ligand effects on CARs is complicated by the high constitutive activity of these receptors; many ligands act as 
inverse agonists of CARs. The possible developmental role of zebrafish PXR is highlighted by its strong expression in early life 
stages of zebrafish [74].
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Conclusion
NR genes generally show strong sequence conservation
and little evidence for positive selection. The main
exceptions are PXR and CAR, genes that may have adapted
to cross-species differences in toxic compound exposure.
Future studies will be directed at precisely defining the
cross-species structural variation in CARs and PXRs and
relating this to evolutionarily relevant differences in toxic
compound exposure.

Methods
Phylogenetic analysis
Sequences for NR genes were downloaded from public
databases National Center for Biotechnology Information
(NCBI; http://www.ncbi.nlm.nih.gov/entrez) and
Ensembl http://www.ensembl.org. Complete listing of all
genes, species, and accession numbers are provided in
Additional file 1: Genes used for phylogenetic analysis.
Fragmentary sequences missing 10 or more codons were
excluded from the analysis. In situations where
supporting functional data was not available, orthology
was confirmed by reciprocal BLAST searches. Sequences
were aligned with Clustal X. Regions of sequences that
could not be aligned between species were excluded from
analyses. This was primarily an issue when attempting to
align certain non-mammalian NRs with mammalian NRs,
a difficult problem especially for the PXRs [30,44]. Esti-
mation of dN/dS (ω) ratios was carried out by maximum
likelihood using a codon-based substitution model in
PAML (Phylogenetic Analysis by Maximum Likelihood)
version 3.13 [25,26,28]. The input to PAML is a treefile of
the phylogeny of the sequences to be studied and a file
with aligned sequences (see Additional file 2: Sequences
used for phylogenetic analysis by PAML and Additional
file 3: Results of PAML analysis and treefiles). The phylog-
eny is based on known phylogenetic relationships
between the species to be studied, determined by a con-
sensus of morphological and molecular data [86]. The
treefiles for all analyses are in Additional file 3: Results of
PAML analysis and treefiles.

PAML determines estimates of ω ratios for models of var-
ying complexity. The most commonly applied models are
as follows (the PAML model numbers are shown in par-
estheses; the 'sites' refers to codons) [25,26]: model M0
(null model with a single ω ratio among all sites), M3
("discrete" model, with 2 or more categories of sites with
the ω ratio free to vary for each site at any value from 0 to
greater than 1). M7 ("β model", ten categories of sites,
with ten ω ratios in the range 0–1 taken from a discrete
approximate of the β distribution), and M8 ("β plus ω "
model, ten categories of sites from a β distribution as in
M7 plus an additional category of sites with an ω ratio that
is free to vary from 0 to greater than 1). PAML estimates

the ω ratios that are allowed to vary under these models,
as well as the proportion of sites (codons) with each ratio.

Of the PAML models listed above, M0, M3 and M8 can
detect positive selection (i.e., ω > 1), although it would be
unlikely that M0 would show ω > 1 for any NR gene given
the rarity of such high ω ratios across all codons of an
entire vertebrate gene or gene domain [24]. Each PAML
model generates a log-likelihood, indicating how well the
model fits the input data. Some PAML models are
"nested" within each other (e.g., M0 within M3, M7
within M8). In those cases, twice the log-likelihood differ-
ence between the two models is compared with a X2 dis-
tribution with degrees of freedom equal to the difference
in degrees of freedom between the two models [M0 has 1
degrees of freedom; M3 with two categories of ω sites
(defined in the PAML software as ncatG = 2) has 3 degrees
of freedom; M3, ncatG = 3, has 5 degrees of freedom; M3,
ncatG = 4, has 7 degrees of freedom; M7 has 2 degrees of
freedom; M8 has 4 degrees of freedom] [25,26]. P values
for sites potentially under positive selection are obtained
using a Bayesian approach in PAML [87]. The accuracy
and power of PAML models increases with more
sequences and longer length sequences [32,33]. Analyses
were only performed if at least six species from six sepa-
rate genera were available. Below six taxa, the power of
PAML to detect positive selection is limited, and the risk
of false positives increases [22,31-33]. Simpler PAML
models are preferred unless a more complex model fits
the data significantly better. Data from a more complex
PAML model is presented only if twice the log-likelihood
difference between that model and the closest simpler
model (e.g., M0 compared with M3, ncatG = 2; M7 with
M8) differs significantly with a P < 0.05 according to a X2

distribution.

Functional assays of PXR and VDR
Ligand activation of PXRs and VDRs was determined by a
luciferase-based functional assay using methods previ-
ously described [30]. Briefly, HepG2 (human liver) cells
stably expressing human Na+-taurocholate cotransporter
(NTCP; SLC10A1) were used [30]. For experiments
involving sulfated bile salts, human OATP (OATP; SLC21)
was co-transfected at 10 ng/well to facilitate bile salt
uptake. Mouse VDR (IMAGE clone 3710866) and pCMV-
sport6 vectors were obtained from Invitrogen (Carlsbad,
CA, USA). The zebrafish RXRβ cDNA clone (IMAGE clone
5410111) was obtained from ATCC (Manassus, VA, USA).
The expression vectors were either full-length receptors
(i.e., containing both a DBD and LBD; human PXR,
human VDR, mouse VDR, sea lamprey VDR) or GAL4/
PXR chimeras that contain only the LBD of the PXR recep-
tor (BXRα, BXRβ, and zebrafish PXR). For the full-length
expression vectors, the reporter plasmid was CYP3A4-
PXRE-Luc, a construct that contains a promoter element
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from CYP3A4 (recognized by PXR and VDR DBDs) driv-
ing luciferase expression. For the GAL4/LBD expression
constructs, the reporter plasmid was tk-UAS-Luc, which
contains GAL4 DNA binding elements driving luciferase
expression. The sea lamprey VDR cDNA was co-trans-
fected with zebrafish RXRβ (15 ng/well) for more robust
expression [30,75].

It should be pointed out that cross-species differences in
the DBDs of various PXRs could impact the ability of a
particular PXR to activate the human CYP3A4-based pro-
moter driving luciferase expression. However, this is
unlikely to affect the pharmacology of the various ligands
studied in this report, particularly as ligand activation of a
particular receptor was normalized to a specific maximal
activator. The most distantly related PXRs to the human
PXR, zebrafish PXR and frog BXRα and BXRβ, were stud-
ied using GAL4-LBD fusion constructs, so issues of cross-
species differences in the DBD do not affect those recep-
tors in this study. Although the sea lamprey is evolution-
arily distant from mammals, the full-length sea lamprey
VDR robustly activates the CYP3A4-PXRE-Luc reporter in
response to calcitriol.

Activation of receptor by ligand was compared to receptor
exposed to identical conditions without ligand ('vehicle
control'). In general, dimethyl sulfoxide (Sigma) was used
as vehicle and was adjusted to be 1% (v/v) in all wells. A
control was also run with transfection of 'empty' vector
(i.e., lacking the receptor cDNA) and reporter vector to
control for activation of reporter vector by endogenous
receptor(s). In experiments with a variety of activators,
activation by endogenous receptors was not seen.
Experiments were performed in quadruplicate and
repeated for a total of at least three times. Concentration-
response curves were fitted using Kaleidagraph software
(Synergy Software, Reading, PA, USA). Data are presented
throughout as mean ± S.E.M. In combining data from
multiple experiments, the pooled variance was calculated
by the formula spooled = {[(n1-1)s1

2 + (n2-1)s2
2 + ... + (nk-

1)sk
2]/[N-k]}}-1/2, where there are N total data points

among k groups, with n replicates in the ith group.

Each PXR or VDR construct was tested with compounds
previously shown to be robust activators of the respective
receptors [30]. To facilitate more reliable cross-species
comparisons, complete concentration-response curves for
ligands were determined in the same microplate as deter-
mination of response to a maximal activator. This allows
for determination of relative efficacy, ε, defined as the
maximal response to test ligand divided by maximal
response to a reference maximal activator (note that ε can
exceed 1). Compounds with ε < 1 were considered 'inac-
tive.' The maximal activators and their concentrations for
the PXRs and VDRs studied are as follows: human PXR –

10 µM rifampicin; zebrafish PXR – 20 µM 5α-androstan-
3α-ol; Xenopus laevis BXRα – 30 µM n-butyl-p-aminoben-
zoate; Xenopus laevis BXRβ – 50 µM n-propyl-p-hydroxy-
benzoate; human VDR – 1 µM calcitriol; and sea lamprey
VDR – 0.3 µM calcitriol.

Scymnol sulfate was isolated from bile of the Spotted
eagle ray (Aetobatus narinari) by extraction and Flash col-
umn chromatography. Scymnol sulfate was deconjugated
using a solution of 2,2-dimethoxypropane:1.0 N HCl, 7:1
v/v, and incubating 2 hours at 37°C, followed by the
addition of water and extraction into ether. Completeness
of deconjugation and assessment of purity was performed
by thin-layer chromatography using known standards.
Other bile salts and steroids were from Steraloids (New-
port, RI, USA). All other chemicals were from Sigma (St.
Louis, MO, USA).

Competing interests
The author(s) declare that they have no competing
interests.

Authors' contributions
M.D.K. conceived of the study, carried out the majority of
experiments, and drafted the manuscript. K.Y. contributed
to the experiment, performed some of the cloning and
molecular biology, and generated the stable HepG2 cell
line used for functional assays. E.G.S. participated in the
design of the study and helped edit the manuscript. L.R.H.
isolated and purified the cartilaginous fish bile salt and
helped edit the manuscript. All authors read and
approved the final manuscript.

Additional material

Additional File 1
Genes used for phylogenetic analysis. Excel file containing accession 
numbers for all files used in the phylogenetic analysis.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1478-
1336-3-2-S1.xls]

Additional File 2
Sequences used for phylogenetic analysis by PAML. Text file with com-
plete, full-length nucleotide sequences for all genes used in the PAML 
analysis. The nucleotide numbers corresponding to the DBD and LBD are 
also indicated.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1478-
1336-3-2-S2.addi]
Page 17 of 20
(page number not for citation purposes)

http://www.biomedcentral.com/content/supplementary/1478-1336-3-2-S1.xls
http://www.biomedcentral.com/content/supplementary/1478-1336-3-2-S2.addi


Nuclear Receptor 2005, 3:2 http://www.nuclear-receptor.com/content/3/1/2
Acknowledgements
We thank Dr. Anna Di Rienzo (University of Chicago, Department of 
Human Genetics) for hosting MDK in her laboratory and for helpful discus-
sions. MDK also gratefully acknowledges supply of plasmids by SA Kliewer, 
JT Moore, and LB Moore (GlaxoSmithKline, Research Triangle Park, NC) 
and supply of the sea lamprey VDR clone by GK Whitfield (University of 
Arizona College of Medicine, Tucson, AZ).

This work was supported by a Robert Priest Fellowship award to M.D.K. 
EGS was supported by National Institutes of Health Grants GM60346 and 
P40 CA21765 Cancer Center Support grant, by the National Institutes of 
Health/National Institute of General Medical Sciences Pharmacogenetics 
Research Network and Database (U01 GM61374, http://pharmgkb.org) 
under grant U01 GM61393, and American Lebanese Syrian Associated 
Charities (ALSAC). LRH was supported by funding from the Zoological 
Society of San Diego, CA, USA.

References
1. Gronemeyer H, Laudet V: Transcription factors 3: nuclear

receptors.  Protein Profile 1995, 2:1173-1308.
2. Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schutz G, Ume-

sano K, Blumberg B, Kastner P, Mark M, Chambon P, Evans R: The
nuclear receptor superfamily: the second decade.  Cell 1995,
83:835-839.

3. Steinmetz ACU, Renaud JP, Moras D: Binding of ligands and acti-
vation of transcription by nuclear receptors.  Annual Review of
Biophysics & Biomolecular Structure 2001, 30:329-359.

4. Moras D, Gronemeyer H: The nuclear receptor ligand-binding
domain: structure and function.  Current Opinion in Cell Biology
1998, 10:384-391.

5. Xie W, Evans RM: Orphan nuclear receptors: the exotics of
xenobiotics.  Journal of Biological Chemistry 2001, 276:37739-37742.

6. Kliewer SA, Goodwin B, Willson TM: The nuclear pregnane X
receptor: a key regulator of xenobiotic metabolism.  Endocrine
Reviews 2002, 23:687-702.

7. Kliewer SA, Lehmann JM, Willson TM: Orphan nuclear receptors:
shifting endocrinology into reverse.  Science 1999, 284:757-760.

8. Zhang Z, Burch PE, Cooney AJ, Lanz RB, Pereira FA, Wu J, Gibbs RA,
Weinstock G, Wheeler DA: Genomic analysis of the nuclear
receptor family: new insights into structure, regulation, and
evolution from the rat genome.  Genome Research 2004,
14:580-590.

9. Maglich JM, Caravella JA, Lambert MH, Willson TM, Moore JT, Ram-
amurthy L: The first completed genome sequence from a tel-
ost fish (Fugu rubripes) adds significant diversity to the
nuclear receptor superfamily.  Nucleic Acids Research 2003,
31:4051-4058.

10. Nuclear Receptors Nomenclature Comittee: A unified nomencla-
ture system for the nuclear receptor superfamily.  Cell 1999,
97:161-163.

11. Bertrand S, Brunet F, Escriva H, Parmentier G, Laudet V, Robinson-
Rechavi M: Evolutionary genomics of nuclear receptors: from
twenty-five ancestral genes to derived endocrine systems.
Molecular Biology and Evolution 2004, 21:1923-1937.

12. Seol W, Choi HS, Moore DD: An orphan nuclear hormone
receptor that lacks a DNA binding domain and heterodimer-
izes with other receptors.  Science 1996, 272:1336-1339.

13. Zanaria E, Muscatelli F, Bardoni B, Strom TM, Guioli S, Guo W, Lalli
E, Moser C, Walker AP, McCabe ERB, Meitinger T, Monaco AP, Sas-
sone-Corsi P, Camerino G: An unusual member of the nuclear
hormone receptor superfamily responsible for X-linked
adrenal hypoplasia congenita.  Nature 1994, 372:635-641.

14. Escriva H, Langlois MC, Mendonca RL, Pierce R, Laudet V: Evolution
and diversification of the nuclear receptor superfamily.
Annals of the New York Academy of Sciences 1998, 839:143-146.

15. Escriva H, Delauny F, Laudet V: Ligand binding and nuclear
receptor evolution.  BioEssays 2000, 22:717-727.

16. Laudet V: Evolution of the nuclear receptor superfamily: early
diversification from an ancestral orphan receptor.  Journal of
Molecular Endocrinology 1997, 19:207-226.

17. Baker ME: Recent insights into the origins of adrenal and sex
steroid receptors.  Journal of Molecular Endocrinology 2002,
28:149-152.

18. Baker ME: Evolution of adrenal and sex steroid action in ver-
tebrates: a ligand-based mechanism for complexity.  BioEssays
2003, 25:396-400.

19. Thornton JW: Evolution of vertebrate steroid receptors from
an ancestral estrogen receptor by ligand exploitation and
serial genome expansions.  Proceedings of the National Academy of
Sciences of the United States of America 2001, 98:5671-5676.

20. Thornton JW, Need E, Crews D: Resurrecting the ancestral
steroid receptor: ancient origin of estrogen signaling.  Science
2003, 301:1714-1717.

21. Yang Z, Bielawski JP: Statistical methods for detecting molecu-
lar adaptation.  Trends in Ecology & Evolution 2000, 15:496-503.

22. Wong WSW, Yang Z, Goldman N, Nielsen R: Accuracy and power
of statistical methods for detecting adaptive evolution in
protein coding sequences and for identifying positively
selected sites.  Genetics 2004, 168:1041-1051.

23. Pagani F, Raponi M, Baralle FE: Synonymous mutations in CFTR
exon 12 affect splicing and are not neutral in evolution.  Pro-
ceedings of the National Academy of Sciences of the United States of
America 2005, 102:6368-6372.

24. Endo T, Ikeo K, Gojobori T: Large-scale search for genes on
which positive selection may operate.  Molecular Biology and
Evolution 1996, 13:685-690.

25. Yang Z, Nielsen R, Goldman N, Pedersen AK: Codon-substitution
models for heterogeneous selection pressure at amino acid
sites.  Genetics 2000, 155:431-449.

26. Yang Z, Nielsen R: Codon-substitution models for detecting
molecular adaptation at individual sites along specific
lineages.  Molecular Biology and Evolution 2002, 19:908-917.

27. Huelsenbeck JP, Ronquist F, Nielsen R, Bollback JP: Bayesian infer-
ence on phylogeny and its impact on evolutionary biology.
Science 2001, 294:2310-2314.

28. Yang Z: PAML: a program package for phylogenetic analysis
by maximum likelihood.  Computer Applications in the Biosciences
1997, 13:555-556.

29. Clark AG, Glanowski S, Nielsen R, Thomas PD, Kejariwal A, Todd
MA, Tanenbaum DM, Civello D, Lu F, Murphy B, Ferriera S, Wang G,
Zheng X, White TJ, Sninsky JJ, Adams MD, Cargill M: Inferring non-
neutral evolution from human-chimp-mouse orthologous
gene trios.  Science 2003, 302:1960-1963.

30. Krasowski MD, Yasuda K, Hagey LR, Schuetz EG: Evolution of the
pregnane X receptor: adaptation to cross-species differ-
ences in biliary bile salts.  Molecular Endocrinology 2005,
19:1720-1739.

31. Zhang J: Frequent false detection of positive selection by the
likelihood method with branch-site models.  Molecular Biology
and Evolution 2004, 21:1332-1339.

32. Anisimova M, Bielawski JP, Yang Z: Accuracy and power of the
likelihood ratio test in detecting adaptive molecular
evolution.  Molecular Biology and Evolution 2001, 18:1585-1592.

33. Anisimova M, Bielawski JP, Yang Z: Accuracy and power of Bayes
prediction of amino acid sites under positive selection.  Molec-
ular Biology and Evolution 2002, 19:950-958.

34. Hahn ME: Aryl hydrocarbon receptors: diversity and
evolution.  Chemico-Biological Interactions 2002, 141:131-160.

35. Bardet PL, Obrecht-Pflumio S, Thisse C, Laudet V, Thisse B, Vanacker
JM: Cloning and developmental expression of five estrogen-

Additional File 3
Results of PAML analysis and treefiles. Excel file containing summary 
data for all PAML analyses. The log-likelihood for each analysis is given 
along with additional relevant summary parameters. The methods for sta-
tistically comparing nested models are described in Materials and Meth-
ods. In addition, the phylogenetic treefile for each analysis is also included.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1478-
1336-3-2-S3.xls]
Page 18 of 20
(page number not for citation purposes)

http://www.biomedcentral.com/content/supplementary/1478-1336-3-2-S3.xls
http://pharmgkb.org
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8681033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8681033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8521507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8521507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9640540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9640540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11459851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11459851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12372848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12372848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10221899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10221899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15059999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15059999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15059999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10219237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10219237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8650544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8650544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8650544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7990953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7990953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7990953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9629140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9629140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10918302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10918302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9460643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9460643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12063181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12063181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12655646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12655646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11331759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11331759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11331759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14500980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14500980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15514074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15514074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15514074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15840711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15840711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10790415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10790415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10790415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11743192
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11743192
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9367129
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9367129
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14671302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14671302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14671302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15718292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15718292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15718292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12213389
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12213389


Nuclear Receptor 2005, 3:2 http://www.nuclear-receptor.com/content/3/1/2
receptor related genes in the zebrafish.  Development Genes and
Evolution 2004, 214:240-249.

36. Krylova IN, Sablin EP, Moore J, Xu RX, Waitt GM, MacKay JA, Juzum-
iene D, Bynum JM, Madauss K, Montana V, Lebedeva L, Suzawa M,
Williams JD, Williams SP, Guy RK, Thornton JW, Fletterick RJ, Will-
son TM, Ingraham HA: Structural analyses reveal phosphatidyl
inositols as ligand for the NR5 orphan receptors SF-1 and
LRH-1.  Cell 2005, 120:343-355.

37. Chrencik JE, Orans J, Moore LB, Xue Y, Peng L, Collins JL, Wisely GB,
Lambert MH, Kliewer SA, Redinbo MR: Structural disorder in the
complex of human PXR and the macrolide antibiotic
rifampicin.  Molecular Endocrinology 2005, 19:1125-1134.

38. Watkins RE, Maglich JM, Moore LB, Wisely GB, Noble SM, Davis-
Searles PR, Lambert MH, Kliewer SA, Redinbo MR: 2.1 Å crystal
structure of human PXR in complex with the St. John's wort
compound hyperperforin.  Biochemistry 2003, 42:1430-1438.

39. Tocchini-Valentini G, Rochel N, Wurtz JM, Moras D: Crystal struc-
ture of the vitamin D receptor liganded with the vitamin D
side chain analogues calicotriol and seocalcitol, receptor
agonists of clinical importance.  Insights into a structural
basis for the switching of calcipotriol to a receptor antago-
nist by a further side chain modification.  Journal of Medicinal
Chemistry 2004, 47:1956-1961.

40. Suino K, Peng L, Reynolds R, Li Y, Cha JY, Repa JJ, Kliewer SA, Xu HE:
The nuclear xenobiotic receptor CAR: structural determi-
nants of constitutive activation and heterodimerization.
Molecular Cell 2004, 16:893-905.

41. Blumberg B, Kang H, Bolado J, Chen H, Craig AG, Moreno TA, Ume-
sano K, Perlmann T, De Robertis EM, Evans RM: BXR, an embry-
onic orphan nuclear receptor activated by a novel class of
endogenous benzoate metabolites.  Genes & Development 1998,
12:1269-1277.

42. Grün F, Venkatesan RN, Tabb MM, Zhou C, Cao J, Hemmati D, Blum-
berg B: Benzoate X receptors a and b are pharmacologically
distinct and do not function as xenobiotic receptors.  Journal
of Biological Chemistry 2002, 277:43691-43697.

43. Heath LA, Jones EA, Old RW: Expression pattern of BXR sug-
gests a role for benzoate ligand-mediated signalling in hatch-
ing gland function.  International Journal of Developmental Biology
2000, 44:141-144.

44. Moore LB, Maglich JM, McKee DD, Wisely B, Willson TM, Kliewer
SA, Lambert MH, Moore JT: Pregnane X receptor (PXR), con-
stitutive androstane receptor (CAR), and benzoate X recep-
tor (BXR) define three pharmacologically distinct classes of
nuclear receptors.  Molecular Endocrinology 2002, 16:977-986.

45. Kliewer SA, Moore JT, Wade L, Staudinger JL, Watson MA, Jones SA,
McKee DD, Oliver BB, Willson TM, Zetterstrom RH, Perlmann T,
Lehmann JM: An orphan nuclear receptor activated by preg-
nanes defines a novel steroid signaling pathway.  Cell 1998,
92:73-82.

46. Bertilsson G, Heidrich J, Svensson K, Asman M, Jendeberg L, Sydow-
Backman M, Ohlsson R, Postlind H, Blomquist P, Berkenstram A:
Identification of a human nuclear receptor defines a new sig-
naling pathway for CYP3A induction.  Proceedings of the National
Academy of Sciences of the United States of America 1998,
95:12208-12213.

47. Blumberg B, Sabbagh W, Juguilon H, Bolado J, van Meter CM, Ong ES,
Evans RM: SXR, a novel steroid and xenobiotic-sensing
nuclear receptor.  Genes & Development 1998, 12:3195-3205.

48. Handschin C, Podvinec M, Meyer UA: CXR, a chicken xenobiotic-
sensing orphan nuclear receptor, is related to both mamma-
lian pregnane X receptor (PXR) and constitutive androstane
receptor (CAR).  Proceedings of the National Academy of Sciences of
the United States of America 2000, 97:10769-10774.

49. Lehmann JM, McKee DD, Watson MA, Willson TM, Moore JT,
Kliewer SA: The human orphan nuclear receptor PXR is acti-
vated by compounds that regulate CYP3A4 gene expression
and cause drug interactions.  Journal of Clinical Investigation 1998,
102:1016-1023.

50. Moore LB, Parks DJ, Jones SA, Bledsoe RK, Consler TG, Stimmel JB,
Goodwin B, Liddle C, Blanchard SG, Willson TM, Collins JL, Kliewer
SA: Orphan nuclear receptors constitutive androstane
receptor and pregnane X receptor share xenobiotic and
steroid ligands.  Journal of Biological Chemistry 2000,
275:15122-15127.

51. Goto T, Holzinger F, Hagey LR, Cerrè C, Ton-Nu HT, Schteingart
CD, Steinbach JH, Shneider BL, Hofmann AF: Physicochemical and
physiological properties of 5a-cyprinol sulfate, the toxic bile
salt of cyprinid fish.  Journal of Lipid Research 2003, 44:1643-1651.

52. Baker AR, McDonnell DP, Hughes M, Crisp TM, Mangelsdorf DJ,
Haussler MR, Pike JW, Shine J, O'Malley BW: Cloning and expres-
sion of full-length cDNA encoding human vitamin D recep-
tor.  Proceedings of the National Academy of Sciences of the United States
of America 1988, 85:3294-3298.

53. Makishima M, Lu TT, Xie W, Whitfield GK, Domoto H, Evans RM,
Haussler MR, Mangelsdorf DJ: Vitamin D receptor as an intesti-
nal bile acid sensor.  Science 2002, 296:1313-1316.

54. Haslewood GAD, Tökés L: Comparative studies of bile salts:
bile salts of the lamprey Petromyzon marinus L.  Biochemical
Journal 1969, 114:179-184.

55. Bresolin T, de Freitas Rebelo M, Bainy ACD: Expression of PXR,
CYP3A, and MDR1 genes in liver of zebrafish.  Comparative Bio-
chemistry and Physiology Part C 2005, 140:403-407.

56. Geick A, Eichelbaum M, Burk O: Nuclear receptor response ele-
ments mediate induction of intestinal MDR1 by rifampin.
Journal of Biological Chemistry 2001, 276:14581-14587.

57. Schuetz EG, Brimer C, Schuetz JD: Environmental xenobiotics
and the antihormones cyproterone acetate and spironolac-
tone use the nuclear hormone pregnenolone X receptor to
activate the CYP3A23 hormone response element.  Molecular
Pharmacology 1998, 54:1113-1117.

58. Thompson EE, Kuttab-Boulos H, Krasowski MD, Di Rienzo A: Func-
tional constraints in the constitutive androstane receptor
inferred from human sequence variation and cross-species
comparisons.  Human Genomics 2005, 2:168-178.

59. Handschin C, Blaettler S, Roth A, Looser R, Oscarson M, Kaufmann
MR, Podvinec M, Gnerre C, Meyer UA: The evolution of drug-
activated nuclear receptors: one ancestral gene diverged
into two xenosensor genes in mammals.  Nuclear Receptor 2004,
2:7.

60. Wagner A: Birth and death of duplicated genes in completely
sequenced eukaryotes.  Trends in Genetics 2001, 17:237-239.

61. Lynch M, Conery JS: The evolutionary fate and consequences of
duplicated genes.  Science 2000, 290:1151-1155.

62. Xie W, Barwick JL, Simon CM, Pierce AM, Safe S, Blumberg B, Guze-
lian PS, Evans RM: Reciprocal activation of xenobiotic response
genes by nuclear receptors SXR/PXR and CAR.  Genes &
Development 2000, 14:3014-3023.

63. Jones SA, Moore LB, Shenk JL, Wisely GB, Hamilton GA, McKee DD,
Tomkinson NCO, LeCluyse EL, Lambert MH, Willson TM, Kliewer
SA, Moore JT: The pregnane X receptor: a promiscuous xeno-
biotic receptor that has diverged during evolution.  Molecular
Endocrinology 2000, 14:27-39.

64. Goodwin B, Moore LB, Stoltz CM, McKee DD, Kliewer SA: Regula-
tion of the human CYP2B6 gene by the nuclear pregnane X
receptor.  Molecular Pharmacology 2001, 60:427-431.

65. Goodwin B, Hodgson E, D'Costa DJ, Robertson GR, Liddle C: Tran-
scriptional regulation of the human CYP3A4 gene by the
constitutive androstane receptor.  Molecular Pharmacology 2002,
62:359-365.

66. Smirlis D, Muangmoonchai R, Edwards M, Phillips IR, Shephard EA:
Orphan receptor promiscuity in the induction of cyto-
chromes P450 by xenobiotics.  Journal of Biological Chemistry 2001,
276:12822-12826.

67. Mäkinen J, Frank C, Jyrkkärinne J, Gynther J, Carlberg C, Honkakoski
P: Modulation of mouse and human phenobarbital-respon-
sive enhancer module by nuclear receptors.  Molecular
Pharmacology 2002, 62:366-378.

68. Handschin C, Podvinec M, Stockli J, Hoffmann K, Meyer UA: Conser-
vation of signaling pathways of xenobiotic-sensing orphan
nuclear receptors, chicken xenobiotic receptor, constitutive
adrostane receptor, and pregnane X receptor, from birds to
humans.  Molecular Endocrinology 2001, 15:1571-1585.

69. Thummel KE, Brimer C, Yasuda K, Thottassery J, Senn T, Lin Y, Ishi-
zuka H, Kharasch E, Schuetz J, Schuetz E: Transcriptional control
of intestinal cytochrome P-4503A by 1a,25-dihydroxy vita-
min D3.  Molecular Pharmacology 2001, 60:1399-1406.

70. Drocourt L, Ourlin JC, Pascussi JM, Maurel P, Vilarem MJ: Expres-
sion of CYP3A4, CYP2B6, and CYP2C9 is regulated by the
vitamin D receptor pathway in primary human hepatocytes.
Journal of Biological Chemistry 2002, 277:25125-25132.
Page 19 of 20
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15707893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15707893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15707893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15705662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15705662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15705662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12578355
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12578355
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12578355
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15055995
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15055995
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15055995
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9573044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9573044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9573044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12198127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12198127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10761858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10761858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10761858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11981033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11981033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11981033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9489701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9489701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9770465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9770465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9770465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9784494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9784494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11005856
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11005856
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11005856
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9727070
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9727070
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9727070
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10748001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10748001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10748001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12810826
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12810826
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12810826
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2835767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2835767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2835767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12016314
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12016314
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5810077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5810077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11297522
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11297522
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9855641
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9855641
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9855641
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16197734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16197734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16197734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15479477
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15479477
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15479477
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11335019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11335019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11073452
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11073452
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11114890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11114890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10628745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10628745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11502872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11502872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11502872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11278292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11278292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11278292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11518807
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11518807
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11518807
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11723248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11723248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11723248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11991950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11991950


Nuclear Receptor 2005, 3:2 http://www.nuclear-receptor.com/content/3/1/2
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

71. Holick MF: Stay tuned to PXR: an orphan actor that may not
be D-structive only to bone.  Journal of Clinical Investigation 2005,
115:32-34.

72. Pascussi JM, Robert A, Nguyen M, Walrant-Debray O, Garabedian M,
Martin P, Pineau T, Saric J, Navarro F, Maurel P, Vilarem MJ: Possible
involvement of pregnane X receptor-enhanced CYP24
expression in drug-induced osteomalacia.  Journal of Clinical
Investigation 2005, 115:177-186.

73. Watkins RE, Wisely GB, Moore LB, Collins JL, Lambert MH, Williams
SP, Willson TM, Kliewer SA, Redinbo MR: The human nuclear
xenobiotic receptor PXR: structural determinants of
directed promiscuity.  Science 2001, 292:2329-2333.

74. Bainy ACD, Stegeman JJ: Cloning and identification of a full
length pregnane X receptor and expression in vivo in
zebrafish (Danio rerio).  Marine Environmental Research 2004,
58:133-134.

75. Whitfield GK, Dang HTL, Schluter SF, Bernstein RM, Bunag T, Man-
zon LA, Hsieh G, Dominguez CE, Youson JH, Haussler MR, Marchalo-
nis JJ: Cloning of a functional vitamin D receptor from the
lamprey (Petromyzon marinus), an ancient vertebrate lack-
ing a calcified skeleton and teeth.  Endocrinology 2003,
144:2704-2716.

76. Holick MF: Sunlight and vitamin D for bone health and pre-
vention of autoimmune diseases, cancers, and cardiovascu-
lar disease.  American Journal of Nutrition 2004, 80:1678S-1688S.

77. Nagpal S, Na S, Rathnachalam R: Noncalcemic actions of vitamin
D receptor ligands.  Endocrine Reviews 2005, 26:662-687.

78. Dehal P, Satou Y, Campbell RK, Chapman J, Degnan B, De Tomaso A,
Davidson B, Di Gregorio A, Gelpke M, Goodstein DM, Harafuji N,
Hastings KEM, Ho I, Hotta K, Huang W, Kawashima T, Lemaire P,
Martinez D, Meinertzhagen IA, Necula S, Nonaka M, Putnam N, Rash
S, Saiga H, Satake M, Terry A, Yamada L, Wang HG, Awazu S, Azumi
K, Boore J, Branno M, Chin-bow S, DeSantis R, Doyle S, Francina P,
Keys DN, Haga S, Hayashi H, Hino K, Imai KS, Kano S, Kobayashi K,
Kobayashi M, Lee BI, Makabe KW, Manohar C, Matassi G, Medina M,
Mochizuki Y, Mount S, Morishita T, Miura S, Nakayama A, Nishizaka
S, Nomoto H, Ohta F, Oishi K, Rigoutsos I, Sano M, Sasaki A, Sasakura
Y, Shoguchi E, Shin-i T, Spagnuolo A, Stainier D, Suzuki MM, Tassy O,
Takatori N, Tokuoka M, Yagi K, Yoshizaki F, Wada S, Zhang C, Hyatt
PD, Larimer F, Detter C, Doggett N, Galvina T, Hawkins T, Richard-
son P, Lucas S, Kohara Y, Levine M, Satoh N, Rokhsar DS: The draft
genome of Ciona intestinalis: insights into vertebrate
origins.  Science 2002, 298:2157-2167.

79. Zhang J, Kuehl P, Green ED, Touchman JW, Watkins PB, Daly A, Hall
SD, Maurel P, Relling M, Brimer C, Yasuda K, Wrighton SA, Hancock
M, Kim RB, Strom S, Thummel K, Russell CG, Hudson JR, Scheutz EG,
Boguski MS: The human pregnane X receptor: genomic struc-
ture and identification and functional characterization of
natural allelic variants.  Pharmacogenetics 2001, 11:555-572.

80. Ikeda S, Kurose K, Ozawa S, Sai K, Hasegawa R, Komamura K, Ueno
K, Kamakura S, Kitakaze M, Tomoike H, Nakajima T, Matsumoto K,
Saito H, Goto Y, Kimura H, Katoh M, Sugai K, Minami N, Shirao K,
Tamura T, Yamamoto N, Minami H, Ohtsu A, Yoshida T, Saijo N,
Saito Y, Sawada J: Twenty-six novel single nucleotide polymor-
phisms and their frequencies of the NR1I3 (CAR) gene in a
Japanese population.  Drug Metabolism and Pharmacokinetics 2003,
18:413-418.

81. Xu RX, Lambert MH, Wisely BB, Warren EN, Weinert EE, Waitt GM,
Williams JD, Collins JL, Moore LB, Willson TM, Moore JT: A struc-
tural basis for constitutive activity in the human CAR/RXRa
heterodimer.  Molecular Cell 2004, 16:919-928.

82. Koyano S, Kurose K, Ozawa S, Saeki M, Nakajima Y, Hasegawa R,
Komamura K, Ueno K, Kamakura S, Nakajima T, Saito H, Kimura H,
Goto Y, Saitoh O, Katoh M, Ohnuma T, Kawai M, Sugai K, Ohtsuki T,
Suzuki C, Minami N, Saito Y, Sawada J: Eleven novel single nucle-
otide polymorphisms in the NR1I2 (PXR) gene, four of which
induce non-synonymous amino acid alterations.  Drug Metabo-
lism and Pharmacokinetics 2002, 17:561-565.

83. Koyano S, Kurose K, Saito Y, Ozawa S, Hasegawa R, Komamura K,
Ueno K, Kamakura S, Kitakaze M, Nakajima T, Matsumoto K, Aka-
sawa A, Saito H, Sawada JI: Functional characterization of four
naturally occurring variants of human pregnane X receptor
(PXR): one variant causes dramatic loss of both DNA bind-
ing activity and the transactivation of the CYP3A4 pro-
moter/enhancer region.  Drug Metabolism and Disposition 2004,
32:149-154.

84. Hustert E, Zibat A, Presecan-Siedel E, Eiselt R, Mueller R, Fub C,
Brehm I, Brinkmann U, Eichelbaum M, Wojnowski L, Burk O: Natu-
ral protein variants of pregnane X receptor with altered
transactivation activity toward CYP3A4.  Drug Metabolism and
Disposition 2001, 29:1454-1459.

85. Ebersberger I, Metzler D, Schwarz C, Pääbo S: Genomewide com-
parison of DNA sequences between humans and
chimpanzees.  American Journal of Human Genetics 2002,
70:1490-1497.

86. Carroll RL: Vertebrate paleontology and evolution.  New York,
Freeman; 1988. 

87. Yang Z: Likelihood ratio tests for detecting positive selection
and application to primate lysozyme evolution.  Molecular Biol-
ogy and Evolution 1998, 15:568-573.

88. Rochel N, Wurtz JM, Mitschler A, Klaholz B, Moras D: The crystal
structure of the nuclear receptor for vitamin D bound to its
natural ligand.  Molecular Cell 2000, 5:173-179.

89. Tocchini-Valentini G, Rochel N, Wurtz JM, Mitschler A, Moras D:
Crystal structures of the vitamin D receptor complexed to
superagonist 20-epi ligands.  Proceedings of the National Academy of
Sciences of the United States of America 2001, 98:5491-5496.

90. Mizwicki MT, Keidel D, Bula CM, Bishop JE, Zanello LP, Wurtz JM,
Moras D, Norman AW: Identification of an alternative ligand-
binding pocket in the nuclear vitamin D receptor and its
functional importance in 1a,25(OH)2-vitamin D3 signaling.
Proceedings of the National Academy of Sciences of the United States of
America 2004, 101:12876-12881.

91. Vanhooke JL, Benning MM, Bauer CB, Pike JW, DeLuca HF: Molecu-
lar structure of the rat vitamin D receptor ligand binding
domain complexed with 2-carbon-substituted vitamin D3
hormone analogues and a LXXLL-containing coactivator
peptide.  Biochemistry 2004, 43:4101-4110.

92. Shan L, Vincent J, Brunzelle JS, Dussault I, Lin M, Ianculescu I, Sherman
MA, Forman BM, Fernandez EJ: Structure of the murine consti-
tutive androstane receptor complexed to androstenol: a
molecular basis for inverse agonism.  Molecular Cell 2004,
16:907-917.
Page 20 of 20
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15630441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15630441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15630458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15630458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15630458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11408620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11408620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11408620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12746335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12746335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12746335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15798098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15798098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12481130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12481130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12481130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11668216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11668216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11668216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11992255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11992255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11992255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10678179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10678179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10678179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11344298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11344298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11344298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15326291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15326291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15065852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15065852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15065852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610734
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Sequences available for phylogenetic analysis
	PAML analyses of the NR superfamily
	M0 and M3 analyses
	M7 and M8 analyses
	Individual variation among codons in selected NR genes
	Comparisons of the NR1I subfamily genes
	Functional studies of VDRs and PXRs and a proposed phylogeny of the NR1I subfamily


	Discussion
	Conclusion
	Methods
	Phylogenetic analysis
	Functional assays of PXR and VDR

	Competing interests
	Authors' contributions
	Additional material
	Acknowledgements
	References

