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Abstract Representative crystal structures of the ligand-
binding domain for the majority of nuclear receptors are
currently available. A systematic comparative analysis of
these structures identified an energetically favorable
cation—r interaction that involves an amino acid located at
the extreme C-terminal end and appears to form only in the
agonist conformation of the estrogen receptor «, glucocorti-
coid, mineralocorticoid, progesterone, and androgen recep-
tors. It is postulated that this cation—= interaction is used by
members of the estrogen-like subfamily to provide addi-
tional stabilization to the transcriptional active conforma-
tion upon ligand binding.

Keywords Protein stability - Side-directed mutagenesis -
Drug design - Agonist binding

Introduction

Nuclear receptors are transcription factors that regulate a
variety of biological processes essential to development,
reproduction, metabolism, and homeostasis, and thus are
major targets for drug discovery in a wide variety of thera-
peutic areas (Gronemeyer etal. 2004). They distinguish
themselves from other transcription factors by the fact that
the activity of many of them is controlled through interac-
tion with small lipophilic molecules (such as hormones,
fatty acids, bile acids, oxysterols, and xenobiotics) in a
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hydrophobic core of a highly conserved ligand-binding
domain (LBD) (Moras and Gronemeyer 1998). A key struc-
tural feature of this LBD is the presence of an amphipathic
helix (referred to as the AF2 helix or helix 12), the position
of which determines the ability of the nuclear receptor to
recruit co-activators or co-repressors (Xu and Lambert
2003). In this respect, small molecules act as regulators of
nuclear receptor function by influencing the conformation
of helix 12 in the LBD upon binding: in the agonist confor-
mation, helix 12 covers the ligand-binding pocket and cre-
ates a new surface for the recruitment of a co-activator that
then promotes gene transcription; in the antagonist confor-
mation, helix 12 is displaced and occupies the co-activator
binding groove, thus preventing transcriptional activation
(Kauppi et al. 2003). However, the intrinsic forces that con-
tribute to the natural stabilization of helix 12 in its tran-
scriptional active conformation remain unclear.

In recent years, cation—r interactions have been recog-
nized to play an important role in a variety of processes
such as receptor-ligand interactions, enzyme-—substrate
binding, antigen—antibody recognition, and protein stability
(Dougherty 1996; Prajapati et al. 2006). This type of ener-
getically favorable noncovalent binding force is established
when an aromatic amino acid (phenylalanine, tyrosine, or
tryptophan) is found within 6 A of a protonated amino acid
(lysine or arginine) (Ma and Dougherty 1997; Gallivan and
Dougherty 1999). In this respect, an extensive mutational
analysis performed on the C-terminal end of the human
androgen receptor (AR), complemented by the construction
of a homology model of AR based on the crystal structure
of progesterone (PR) in the agonist conformation, identified
a putative cation—7m interaction between R831 located in
helix 9 and F916 from the extreme C-terminal end as being
critical for providing the correct ligand-binding conforma-
tion of the receptor. In the absence of further structural
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evidence at the time, it was also indicated that these two
residues are conserved throughout the glucocorticoid-like
group of nuclear receptors, including glucocorticoid (GR),
mineralocorticoid (MR), PR, and AR (Tabhiri et al. 2001).

Today, representative crystal structures are available for
almost all members of the nuclear receptor family (Garcia-
Serna et al. 2006). Accordingly, the aim of this study is to
exploit this wealth of structural information to identify and
characterize those cation—r interactions that may be critical
to stabilize the structure of nuclear receptors in the agonist
conformation.

Methods

A total of 278 LBD X-ray structures covering 36 nuclear
receptors were identified in the Functional Coverage of the
Proteome (Garcia-Serna et al. 2006) and extracted from the
Protein Data Bank (PDB) (Berman et al. 2000). Of these,
226 structures were visually confirmed to be in the agonist
conformation and superimposed using the Gaussian-Based
Alignment of Protein Structures (GAPS) program (Mestres
2000). Sequence alignments based on the superimposed
structures were obtained using the MAMMOTH-mult pro-
gram (Lupyan et al. 2005). Identification and geometric
characterization of all cation—r interactions present in each
of the agonist structures were done using the Protein Inter-
actions Calculator (PIC) server (Tina et al. 2007) and sub-
sequently filtered to retain only those interactions involving
one amino acid from the extreme C-terminal end (consider-
ing a five-residue window). The energetic characterization

of the remaining cation—m interactions was performed
using the Cation—n Trends Using Realistic Electrostatics
(CaPTURE) program (Gallivan and Dougherty 1999).
Finally, the relevance of the amino acids involved in the
cation— interactions identified was assessed by examining
two mutational databases, namely the androgen receptor
gene mutations database (ARDB) (Gottlieb et al. 2004) and
the nuclear receptor mutation database (NRMD) (van
Durme et al. 2003). Visual inspection, analysis, and graphics
of nuclear receptor structures were done with PyMOL
(DeLano 2005).

Results

Following on from the earlier suggestion of a cation-n
interaction between an arginine located in helix 9 and a
phenylalanine from the extreme C-terminal end of AR
(Tabhiri et al. 2001), focus was first given to the glucocorticoid-
like group of nuclear receptors. The results are compiled in
Table 1, including distances (in A) between the cationic
atom of the protonated amino acid and the ring centroid of
the aromatic amino acid (Tina et al. 2007), and total bind-
ing energies (in kcal/mol), derived from the sum of the
electrostatic and van der Waals energy contributions
(Gallivan and Dougherty 1999), averaged across the corre-
sponding list of PDB chains. In total, 57 side-chains from
45 PDB entries were analyzed. Indeed, an energetically
favorable cation—r interaction between R831 and F916 was
identified in all 18 side-chains from human AR. Interest-
ingly, the availability of crystal structures for the agonist

Table 1 Geometric and energetic characterization of the cation—= interactions identified in the five members of the estrogen-like subfamily

Nuclear receptor Organism Interaction  Distance = SD  Energy = SD  PDB chains

NR3AI: estrogen o Homo sapiens Y526:R548 4.60 £ 0.41 —5.06 £ 1.61 2blz_A, 3erd_A, 2fai_A, 2fai_B, 1zky_A,
2g50_A, lgwr_B, 2g44_A, 2q6j_A,
2q6j_B, 1x7e_A, 1x7e_B, lere_A,
lere_B, lere_C, lere_D, lere_E, lere_F

NR3Cl: Homo sapiens R690:F774 497 £0.25 —3.13+0.83 1m2z_A, 1m2z_D, 1p93_A

glucocorticoid
NR3C2: Homo sapiens R896:F981  4.96 + 0.12 —3.17+£0.25 2aax_A, 2aax_B, 2ab2_A, 2ab2_B, 2aa6_A,
mineralocorticoid 2aa6_B, 2a3i_A, 2aa2_A, 2aa5_A,

2aa5_B, 2aa7_A, 2abi_B, 2abi_C,
lya3_A, lya3_B

NR3C3: progesterone ~ Homo sapiens R845:F930 4.72 +£0.26 —3.60 £ 0.66  1sqn_A, 1sqn_B, 1sr7_A, 1sr7_B, 1a28_A,
1a28_B, lzuc_A, 1zuc_B, le3k_A, 1e3k_B

NR3C4: androgen Homo sapiens R831:F916  5.12 £ 0.08 —2.98 £0.29 2ax6_A, 2am9_A, 2ax9_A, 1t65_A, 2ax8_A,
2amb_A, 20z7_A, 2axa_A, 1295_A,
1xow_A, 2a06_A, 2ama_A, 2ax7_A,
1gsd_A, 1t63_A, 1t5z_A, 1e3g_A, 1xj7_a

NR3C4: androgen Pan troglodytes R823:F908 5.15 £ 0.03 —2.894+0.17 1t7r_A, It7f_A, 1t7Tm_A, 1t7t_A, 1t79_A,
1t74_A, 1t76_A, 1t73_A

NR3C4: androgen Rattus norvegicus  R814:F899  5.06 &+ 0.20 —3.234+0.31 1i38_A, 1xnn_A, 2nw4_A
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conformation of AR from Pan troglodytes and Rattus nor-
vegicus allowed confirmation that both geometric and ener-
getic parameters of this cation—r interaction are very much
preserved across species. Overall, the average distance
between the positively charged carbon in the arginine and
the centroid of the aromatic ring in the phenylalanine
involved in the cation—-7 interaction in AR (R831:F916)
was 5.1 A, with both residues interacting favorably with an
average total binding energy of —3.0 kcal/mol. Similar
results were obtained for the cation—r interactions identi-
fied in the three side-chains of GR (R690:F774) and the 15
side-chains of MR (R896:F981), with consistent interaction
distances of 5.0 A and binding energies of —3.2 kcal/mol.
In contrast, the cation—= interactions found in the ten side-
chains of PR (R845:F930) occurred at slightly shorter dis-
tances of 4.7 A and with more favorable binding energies
of —3.6 kcal/mol. The level of conservation of this cation—
7 interaction is illustrated in Fig. 1a, in which representative
structures of GR, MR, PR, and AR have been superim-
posed. As can be observed, in all four nuclear receptors, the
two amino acids involved in the cation—r interaction are
arranged in the energetically most favorable stacked geom-
etry (Gallivan and Dougherty 1999).

Having confirmed structurally the existence of a cation—
7 interaction involving one amino acid from the extreme
C-terminal end in the four members of the glucocorticoid-
like group of nuclear receptors, we moved onto investigate
whether a similar type of interaction could also be present
in members of other nuclear receptor groups. Accordingly,
all remaining LBD structures in the agonist conformation
were submitted to the PIC server (Tina et al. 2007) and then
filtered to retain only those interactions involving one
amino acid located within the five last positions at the
extreme C-terminal end. This systematic analysis of all
nuclear receptor agonist structures identified a candidate

Fig. 1 a Structural superposi-
tion of the LBD agonist confor-
mation in GR (Im2z_A), MR
(2a3i_A), PR (1a28_A), and AR
(1e3g_A) and b agonist confor-
mation structure in ERa
(3erd_A). The amino acids
involved in the cation—n interac-
tion are highlighted as sticks
(red: protonated residue; blue:
aromatic residue)

cation—7 interaction in the estrogen receptor subtype o
(ERa) which, to the best of our knowledge, has been long
overlooked. However, most interestingly, both the nature of
the amino acids involved in the cation—n interaction and
their relative position in the secondary structure elements
did not match those previously found in AR and strongly
conserved in GR, MR, and PR. In ER«, the cation—= inter-
action involved a tyrosine residue in helix 11 (Y526) and
an arginine from the C-terminal end (R548). Table 1 sum-
marizes the geometric and energetic characterization of the
Y526:R548 cation—r interaction found consistently in 18
side-chains from 10 PDB entries of ERa. On average, the
distance between the positively charged carbon in the argi-
nine and the centroid of the aromatic ring in the tyrosine
involved in the cation—n interaction in ERa was slightly
shorter than that found in AR (4.6 versus 5.1 A) but ener-
getically much more favorable (—5.1 versus —3.0 kcal/
mol). Figure 1b illustrates the cation—= interaction in one
representative structure of ERo in the agonist conformation.
As can be observed, the structure of ERa lacks the long tail
present in GR, MR, PR, and AR after helix 12 and thus can-
not reach the residues in helix 9 to anchor helix 12. Still,
quite remarkably, ERa seems to have evolved to end up
using the same mechanism found in glucocorticoid-like
receptors to stabilize the transcriptional active conforma-
tion but with the residues involved in the cation—= interac-
tion placed in completely different locations.

The identification of a key stabilizing cation—r interac-
tion that appears to be present exclusively in five members
of the estrogen-like subfamily among all nuclear receptors
motivated a more in-depth analysis of this subfamily.
Accordingly, the sequence alignment of all nine members
of the estrogen-like subfamily of nuclear receptors is pre-
sented in Fig. 2. From the alignment, it becomes apparent
that the cation—r interaction observed in ER« is not possible
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H9 Hio Hii Hi2
FR3A1:ERe EKDHIHRVLDE ITDTL INLMA-KAGLTLQQQHQRLAQLLL IL3H tmm&um--wzvnumnmﬁ.
WR3A2:ERP SSREKLAMLLNAVTDALVWVIA-KSGIZ3QQQSMRL ANLLMLL SHURHASNKGMENL NMKCKN---UUPUYDLLLEMLNAH L
WR3B1:ERRG DAEAVE(QLREALHEALLEYE AGRAGP GGGALRRRA GRLLLTLPLLRQ T AGHUL A G==-KUPHHELTLEMLEAM D
NR3B 2:ERRP DLEAVQKLQDLLHEALQDYEL--~--S(RHEEPURT GELLLTLPLLRQ T ARKAUQH! QG---KUPHHKLTLEMLEAEK W
NR3B3:ERRYy DVEAVQKLQDVLHEALQDYEA----GQHMEDPRRAGEMLUTLPLLRQTSTHKAVQH IKLEG---KUPHHELTLEMLEAK C
FYQLTKLL

NR3C1:GR SQELIDE I T GEAIV LENYCIQTILD-KTH3 IETPEMLAE I ITHQ IPKYSNGN I QK
NR3C2:HR SQAN N Y IKELREMUT -KCPHNSQ3WQRIY (LTKLLD SMHDL VSDLLEFCIYT FRE SHALKUE FP AMLVE I ISDQLPKVE 56N AKPL RK
NR3C3:PR 3qQTQ SYIREL IKAIG-LRQKGUUISSQRIYQLTKLLDNLHDL VKQLHL ¥CLNT F IQSRAL SUE FP EMMSEVIAALPKIL, e 4

NR3C4:AR  NQKT

YIKELDRIIA-CKRENPTSCSRRIYQLTKLLDSVQP I ARELHQITIDLL IKSHMVSUDIP EMMAE I I SUQUPK IL SGEVEP TQ

Fig. 2 Sequence alignment between all members of the estrogen-like
subfamily of nuclear receptors. Amino acids involved in the cation—n
interaction in ERa, GR, MR, PR, and AR are highlighted in black. In

in ERp, since the Y:R interacting pair of residues in
ERo (highlighted in black) has mutated to L:V in ERf
(highlighted in grey). The absence in ERf; of the additional
stabilization provided by the cation—r interaction to the
agonist conformation of ERo may contribute to the obser-
vation that, when slightly increasing the size of substituent
groups on an ERf agonist, the agonism on ERf disappears
and the ligands act as pure ERp-selective antagonists
(Katzenellenbogen et al. 2001). As regards to the three
estrogen-related receptors, they all conserve the tyrosine
involved in the cation—r interaction of ERo (highlighted in
black), but they all lack also the corresponding cationic
partner (highlighted in grey). Therefore, a stabilizing
cation—r interaction cannot occur in estrogen-related recep-
tors. Again, this may partially explain why, for example,
diethylstilbestrol acts as an agonist in ERo but as an antago-
nist in ERRy (Gronemeyer et al. 2004). In fact, it has been
hypothesized that the steroid-binding capacity in the estrogen-
like subfamily was acquired rather late during nuclear
receptor evolution (Escriva et al. 1997). Under this assump-
tion, the additional stabilization provided by a cation—n
interaction to the agonist conformation of ERx, GR, MR,
PR, and AR could well be an evolutionary signature of
these nuclear receptors to further stabilize the conformation
of these nuclear receptors in the transcriptional active form.

Discussion

Although the existence of a cation—r interaction involving
one amino acid from the extreme C-terminal end in the ago-
nist conformation of AR had been suggested earlier on the
basis of mutational studies (Tahiri et al. 2001), the current
availability of multiple crystal structures has allowed for
observing its occurrence at the molecular level and provid-
ing a geometric and energetic characterization. In addition,
a systematic scan across all available nuclear receptor
structures in the agonist conformation confirmed the exis-
tence of this peculiar cation—r interaction in the remaining
members of the glucocorticoid-like group (GR, MR, and
PR) and, most remarkably, identified for the first time the
use of this type of interaction in ERa.

@ Springer

those alignment positions, conserved and nonconserved amino acids in
ERf, ERRa, ERRf}, and ERRY are also highlighted, in black and grey,
respectively

One means of establishing the relevance of the amino
acids involved in this cation—n interaction for the function
of nuclear receptors is through mutational analyses. Indeed,
inspection of mutational databases (Gottlieb et al. 2004;
van Durme et al. 2003) reveals that mutating either R831
(R831L (Chen etal. 2000), R831Q (Chen etal. 2000;
Brown et al. 1990; Yaegashi et al. 1999)) or F916 (FO16A
(Tahiri et al. 2001), F916P (Tahiri et al. 2001), F916L
(Radmayr et al. 1997)) in AR causes complete androgen
insensitivity (CAIS) that can be explained, in some cases,
by the inability to form a functional AR-steroid complex
and hence the impossibility of AR to activate transcription
of genes essential for male sex differentiation during fetal
development (Brown etal. 1990). In contrast, mutating
F916 to a tyrosine—F916Y (Tahiri et al. 2001)—and thus
retaining the ability to form a cation—n interaction with
R831, results in transcriptional activation not significantly
lower than that of wild-type AR. All these findings are very
much in consonance with the R831:F916 cation—r interac-
tion being a key stabilizing force of the agonist conforma-
tion in AR. Unfortunately, mutational analyses of similar
scope are not available for GR, MR, PR, and ERa. Only for
MR, mutation of F981 to an alanine—F981A (Couette
et al. 1998)—was found to reduce the amount of aldoste-
rone bound to the entire receptor by 70% and its affinity by
20-fold. Accordingly, the present findings may guide future
mutational analysis on estrogen-like nuclear receptors both
to confirm the crucial functional role of the amino acids
involved in the cation—7 interaction of ER«, GR, MR, PR,
and AR, but also potentially to enhance the stability of the
agonist conformation of ERf, ERRa, ERRf, and ERRYy
upon ligand binding.
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