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Abstract 

Ho w essential trans -activ e f actors that control gene e xpression e v olv ed while maint aining their abilit y to interact with their natural effectors and 
cis -active elements on DNA is a fundamental question that requires multidisciplinary approaches. Focusing on a ligand-activated transcription 
factor (TF), namely androgen receptor (AR), we addressed how exonic eukaryotic linear motifs (ELMs), homorepeats (HReps), and amino acids 
subject to post-translational modifications (PTMs) e v olv ed in 536 species from cartilaginous fish to Homo sapiens . By combining in silico (SWISS- 
Model and Alphafold3), computational (molecular dynamics), and biochemical and molecular approaches, we identify functionally active ELMs 
present in the H. sapiens AR and trace them back to Chondrichth y es, including one in the ligand-binding domain (LBD) required for androgen 
binding. Moreo v er, w e pro vide e vidence that an ELM dynamically regulated via PTM through a cr yptic phosphor ylation site is an old suppressive 
signal from fish to human. Furthermore, we identify a similar phospho-site in the LBD of the other steroid receptors and their ancestors. These 
findings shed light on the timing and enduring establishment of specific ELMs and their PTMs within the steroid hormone receptor (SHR) family, 
while highlighting early AR-specific ELMs conserved from fish to humans, as well as ELMs that emerged later in mammals. 
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software. 
Introduction 

Genomes harbor essential and nonessential genes. Essential
genes play a critical role in regulating gene expression, en-
suring the survival of cells, tissues, and organisms. Although
some genes are not indispensable for cell survival or division,
they are crucial for reproduction and the overall maintenance
of the organism. A prototypical example is the androgen re-
ceptor ( AR / NR3C4 ), the transcription factor (TF) responsible
for male sex differentiation, maturation, sexual dimorphism,
and reproduction across the lifespan of most male vertebrates,
ranging from fish to primates [ 1 ]. As a member of the steroid
hormone receptor (SHR) family, which includes estrogen re-
ceptors α and β (ER α and ER β), progesterone receptor (PR),
glucocorticoid receptor (GR), and mineralocorticoid receptor
(MR), AR serves as the primary mediator of the genomic sig-
naling of androgens, mainly 11-keto-testosterone (11-KT) in
fish and testosterone and dihydrotestosterone (DHT) in other
vertebrates. The ar gene emerged early in vertebrate evolu-
tion, ∼400 million years ago, likely originating from a dupli-
cation of the pr gene, which itself evolved from an ancestral
er [ 2 , 3 ]. The presence of the ar gene in Chondrichthyes in-
dicates that ar evolved within the Gnathostomata lineage be-
fore the divergence of cartilaginous fish from the other jawed
vertebrates [ 4 , 5 ]. The existence of AR in one of the old-
est groups of jawed vertebrates, whose reproductive systems
resemble more to those of amphibians and amniotes than
to teleost fish, reflects the evolution of sexual reproduction
through internal fertilization, sex determination and differen-
tiation, sexual dimorphism, and reproductive endocrinology
[ 6 ]. 

AR is a modular protein that comprises several key regions:
an intrinsically disordered amino-terminal region (NTR), two
zinc-finger DNA-binding domain (DBD), a flexible hinge re-
gion (HR), and a highly conserved carboxy-terminal ligand-
binding domain (LBD) [ 7 , 8 ]. The NTR serves as the primary
trans -activation domain and includes the activating function 1
(AF-1) and AF-5 surfaces [ 9 ]. Upon binding to androgens, the
LBD forms a globular structure consisting of 12 α-helices and
2 β-sheets [ 10 , 11 ]. This configuration generates a weak AF-2
surface essential for co-regulator recruitment [ 12 ]. In its unli-
ganded state, AR predominantly resides in the cytosol, where
it is co-translationally associated with heat shock proteins
(HSPs), such as HSP90 and HSP70. Ligand binding triggers
a cascade of events that cause significant alterations in con-
formation, binding partners, and both intramolecular and in-
termolecular amino / carboxy (N / C)-terminal interactions [ 13 ,
14 ]. These changes coincide with protein stabilization [ 15 ]
and nuclear translocation [ 16 ]. Once in the nucleus, AR regu-
lates the expression of its target genes in a manner that de-
pends on cell type and timing. Pure loss-of-function (LOF)
mutations of AR are linked with androgen insensitivity syn-
drome [ 17 ], whose degree of penetrance depends on the resid-
ual activity left by the mutation, whereas gain-of-function
(GOF) mutations may cause prostate cancer [ 18 ]. 

As a prototype ligand-activated TF, the function of AR
at both the cellular and organismal levels is modulated by
various factors, including gene transcription programs, pro-
tein translation rates, turnover, and notably, fluctuating ligand
concentrations within target cells. AR activity is also influ-
enced by cis -acting protein regions, such as exonic homore-
peats (HReps), eukaryotic linear motifs (ELMs), and amino
acids subjected to post-translational modifications (PTMs).
Importantly, there is a positive correlation between the pres- 
ence of HReps and PTMs in essential genes [ 19 ]. HReps,
known for their hypervariability, serve as a significant source 
of genetic diversity, playing a crucial role in human develop- 
ment and brain function. On the contrary, once established,
ELMs and their associated PTMs are subject to evolution- 
ary constraints, which either limit variability or allow species- 
specific adaptations. In this study, we used AR as a model of 
a ligand-activated TF that undergoes folding upon binding to 

explore the evolutionary origins and relationships of HReps,
ELMs, and PTM sites, which affect protein structure and func- 
tion, thus influencing gene expression. 

Materials and methods 

Multiple sequence alignments 

All available sequences that encode AR orthologs were down- 
loaded from the NCBI database ( https://www.ncbi.nlm.nih. 
gov/, as of April 2025). To increase the number of sequences 
for amphibian species, all de novo Amphibian transcriptome 
assemblies available in the NCBI TSA database ( https://www. 
ncbi.nlm.nih.gov/ genbank/ tsa/ ) were downloaded. The tran- 
script sequences were then screened for AR orthologs using 
diamond BLASTx [ 20 ] and the Xenopus tropicalis Ensembl 
proteome version 109. Settings were set to ultra-sensitive, and 

the aligned parts of the query sequence were extracted and 

translated by including the qseq_translated output. Taxon- 
omy follows the Amphibian Species of the World ( https:// 
amphibiansoftheworld.amnh.org/), with species names cross- 
checked using AmphiNom [ 21 ]. Each dataset was manually 
curated to exclude incomplete sequences from the analysis.
Phylogenetic trees showing the relationships of the species 
for which an AR sequence was available were obtained sep- 
arately for the classes of Vertebrata. For Chondrichthyes,
Amphibia, Avia, and Mammalia a consensus tree was ob- 
tained with Treeannotator included in BEAST 2.7.4 [ 22 ] from 

10 000 trees downloaded from the Vertlife phylogenetic sub- 
sets ( https:// vertlife.org/ ; last accessed on 3 August 2024). For 
the Avia tree, the relationships of Palaeognathae [ 23 ] were 
pruned with the package ape ver 5.8 [ 24 ] in R ver. 4.3.3 

and then included in the Vertlife avian tree. The Reptilia 
tree was obtained from Colston [ 25 ] pruned with ape in R 

and the branch leading to Sphenodon punctatus was sub- 
stituted with the Lepidosauria tree obtained from Vertlife.
A tree for Actinopterygii was obtained from the Fish tree 
of life website ( https:// fishtreeoflife.org/ ) [ 26 ] and pruned for 
the species with available AR with the R package ape. The 
trees were drawn with Figtree ver. 1.4.4 ( http://tree.bio.ed. 
ac.uk/ software/ figtree/ ). For Fig. 1 A, we selected a represen- 
tative sequence for each group to assess the conservation of 
AR domains within each class. We used Carcharodon car- 
charias for Chondrichthyes, Danio rerio for Actinoperygii,
Xenopus laevis for Amphibia, Protobothrops mucrosquama- 
tus for Reptilia, Gallus gallus for Avia, and Homo sapiens 
for Mammalia. Multiple alignments were performed with 

MAFFT v7.490 using BLOSUM80 as scoring matrix, gap 

open penalty 1.53 and offset value 0.123 and visualized with 

Geneious Version 2024.0.7. By comparing the primary struc- 
ture with that of H. sapiens AR, we manually annotated the 
NTD , DBD , HR, and LBD . The number of identical sites and 

the percentage of identity was calculated automatically by the 

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/genbank/tsa/
https://amphibiansoftheworld.amnh.org/
https://vertlife.org/;
https://fishtreeoflife.org/
http://tree.bio.ed.ac.uk/software/figtree/
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Figure 1. Phylogenetic conservation of AR primar y-to-tertiar y str uct ure and function. ( A ) Schematic of AR domain organization: NTR, amino-terminal 
region; DBD, DNA-binding domain; HR, hinge region; LBD, ligand-binding domain. Alignment of AR primary str uct ure (amino acidic sequence) in 518 
vertebrates (10 Chondrichthyes sequences, 156 Osteichth y es sequences), Amphibia (35 sequences), non-avian Reptilia (37 sequences), Avia (113 
sequences), and Mammalia (167 sequences) re v ealed high conservation of the DBD and LBD. The degree of conservation by AR protein regions is 
shown with the color corresponding to the protein region. ( B ) The SWISS-model prediction of the str uct ure of the DBD-HR-LBD revealed that the 
secondary and tertiary str uct ure of a representative AR ortholog for each vertebrate class is conserved. ( C ) Top panels: Western blot analysis of 
Flag-tagged H. sapiens (hsAR), D. rerio (drAR), and N. furzeri (nfAR) AR orthologs ectopically expressed in HEK293T cells treated with either vehicle 
(EtOH) or DHT (20 h). Shown is one experiment representative of three biological replicates. hsAR was detected with a specific antibody, and drAR and 
nfAR were detected with an anti-Flag antibody; β-tubulin ( β-Tub) was used as a loading control. Middle and bottom panels: Transactivation assays 
measuring the activity of ectopically expressed hsAR, drAR, and nfAR in HEK293T cells treated with vehicle or 11-KT (middle panel) and DHT (bottom 

panel) for 20 h as indicated ( n = 4 biological replicates). The graphs show the mean ± SEM; two-way ANO V A followed by Bonferroni HSD tests. 
“Created in BioRender. Falconieri, A. (2025) https:// BioRender.com/ m10f120 ”. 

https://BioRender.com/m10f120


4 Falconieri et al . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ELM identification 

To identify potential short linear motifs, we used the
ELM database ( http:// elm.eu.org/ ) [ 27 ]. The H. sapiens
AR amino acidic sequence was obtained from NCBI database
and used as query for the prediction. The tool identified
356 ELM instances classified into 88 distinct categories
( http:// elm.eu.org/ cgimodel.py?fun=smartResult&userId= 

QiKOdVfejg&EXPECT _ CUTOFF=100&r=1&bg=on ). 

AR structure prediction 

To predict AR structure for Carcharodon carcharias for Chon-
drichthyes, D. rerio for Osteichthyes, X. laevis for Amphibia,
P. mucrosquamatus for Reptilia, G. gallus for Avia, and
H. sapiens for Mammalia, we generated a modeling using
SWISS-Model software ( https:// swissmodel.expasy.org/ ) and
Alphafold3 ( https:// alphafoldserver.com/ ). We used each AR
amino acidic sequence as input and selected the structure with
higher score. PyMol 2.5.7 was used for the visualization of
predicted AR structures. 

Plasmids 

Plasmids encoding H. sapiens AR and AR mutants were
previously generated in the lab. Vectors encoding D. re-
rio (drAR, ODa10403), N. furzeri (nfAR, ONo18063),
and H. sapiens estrogen receptor α (ER α) (OHu26586D)
and their mutants were obtained from Genscript Biotech
(Genscript.com). 

Transcriptional assays 

Transcriptional assays were performed according to the man-
ufacturer’s instruction (Dual-Luciferase assay kit, Promega
E1910). Briefly, HEK293T cells were transfected with plas-
mids expressing either AR or ER α together with TK-Renilla
and pARE-Luciferase or pERE-luciferase plasmids, as previ-
ously described [ 28 ]. Cells were cultured in Dulbecco’s Mod-
ified Eagle Medium (DMEM) supplemented with charcoal-
stripped fetal bovine serum (CDS) in presence of vehicle, DHT,
11-KT, and E2. After 20 h, the cells were washed with PBS
at room temperature (RT), lysed in passive lysis buffer, and
rocked for 30 min at RT. To measure luminescence, each sam-
ple was transferred to a white 96-well plate, mixed with lu-
ciferase substrate, and analyzed with Infinite 200Pro (Tecan
Instruments). After the first measures, Renilla substrate was
added to each sample to measure Renilla luciferase. All lu-
ciferase measures were normalized to Renilla. 

Biochemical analysis 

For western blotting, HEK293T cells were transfected using a
protocol based on polyethyleneimine (PEI), as previously de-
scribed [ 29 ], cultured in DMEM supplemented with charcoal-
stripped CDS and treated with either vehicle or DHT and 11-
KT. After 20 h, the cells were washed with ice-cold phosphate
buffered saline (PBS) 1 × and lysed in RIPA buffer [25 mM tris
(pH 7.5), 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS),
0.5% sodium deoxycholate, and 1% NP-40] supplemented
with protease inhibitor cocktail (Complete Tablets EDTA-free,
Roche). Lysates were clarified by centrifugation at 15 000 rpm
4 

◦C for 15 min. Protein concentration was measured using
the bicinchoninic acid (BCA) assay (Pierce BCA Protein As-
say, Thermo Fisher Scientific). Equal amounts of protein ex-
tracts were loaded on sodium dodecyl sulfate-polyAcrylamide
gel electrophoresis (SDS–PAGE) upon addition of 5 × Sam- 
ple Buffer (62.5 mM Tris–HCl pH 6.8, 2% SDS, 25% glyc- 
erol, 0.05% bromophenol blue, and 5% β-mercaptoethanol) 
and denaturation for 5 min at 95 

◦C. Proteins were trans- 
ferred to 0.45 μm nitrocellulose membranes and blocked for 
1 h in 5% nonfat dry milk or 5% bovine serum albumin 

(BSA) in tris-buffered saline (TBS). Membranes were incu- 
bated overnight with primary antibodies: AR (1:1000 San- 
tacruz sc-7305) in 5% milk Tris / buffered saline (TBS) 1 ×
with Tween 0.1%, or anti-FLAG in 5% BSA TBS Tween 

0.1% (1:4000 Sigma 7425). Immunoreactivity was detected 

using IRDye secondary antibodies for the Odyssey Imaging 
system (LI-COR Biosciences), following the manufacturer’s 
instructions. 

Immunofluorescence assays 

COS1 cells were transfected with plasmids expressing nor- 
mal AR (AR24Q) and ARpolyQ (AR65Q) with and with- 
out the mutation of the LxxLL motif to LxxAA. Cells were 
treated with vehicle or DHT 10 nM for 20 h, fixed in 4% 

paraformaldehyde (PFA) for 20 min, washed with PBS 1 ×,
and permeabilized in 0.1% Triton X-100 in PBS 1 × for 10 

min. Coverslips were covered with blocking solution for 1 h 

and then incubated with primary antibody: AR(N20) (1:250,
Santa Cruz sc-816), and secondary antibody: Alexa Fluor 488- 
Goat AntiRabbit IgG antibody (A-11008, Molecular Probes).
Images were acquired digitally with a DeltaVision micro- 
scope and deconvolved with the softWoRx algorithm (Applied 

Precision). 

F olding pathw ays simulations 

General features. The enhanced sampling method used in this 
work is based on combining two key ingredients: (i) an en- 
hanced sampling technique to accelerate molecular dynam- 
ics (MD) simulations and efficiently generate protein folding 
pathways, and (ii) a ranking scheme to identify the most ac- 
curate trajectories among those generated by the enhanced 

sampling method. Specifically, we resorted to Ratchet-and- 
Pawl Molecular Dynamics (rMD) for the first task and to the 
Bias Functional (BF) method for the second [ 30 ]. The soft- 
ware to perform these simulations relies on the MD engine of 
Gromacs 4.6.5 patched with the plugin for collective variable 
analysis Plumed 2.0.2, which is freely available for download 

( https:// www.plumed.org/ ) 
Generation of denatured conditions. rMD simulations need 

to be initiated from unfolded configurations. To generate 
them, we performed several 3–5 ns trajectories of MD at high 

temperature (800 K) keeping fixed the number of particles the 
simulation box’s volume (NVT ensemble) starting from the 
energy-relaxed native structure. For each trajectory, we ex- 
tracted a single denatured conformation. 

Generation of folding pathways by rMD. For each dena- 
tured conformation, we generated a set of folding trajectories 
with the rMD algorithm. In this scheme, the folding progress 
is described as a function of a reaction coordinate, defined as 
z(X) : 

z ( X ) ≡
N ∑ 

| i − j | > 35 

[ 
C i j ( X ) − C i j 

(
X 

Native 
)] 2 

(1) 

Where C ij (X) is the continuous contact map of the in- 
stantaneous system configuration X(t) , and C ij (X 

Native ) is the 

http://elm.eu.org/
http://elm.eu.org/cgimodel.py?fun=smartResult&userId=QiKOdVfejg&EXPECT_CUTOFF=100&r=1&bg=on
https://swissmodel.expasy.org/
https://alphafoldserver.com/
https://www.plumed.org/
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ontact map in the target state. The latter is obtained by en-
rgy minimizing the experimental native structure retrieved
rom the protein data bank. The C ij (X) entries of z(X) inter-
olate smoothly between 0 and 1 according to the following
unction: 

C i j = { 
1 −

( r i j 
r 0 

)6 

1 −
( r i j 

r 0 

)10 if r i j < r c 

6 
10 if r i j = r 0 
0 if r i j ≥ r c 

(2)

here r ij is the Euclidean distance between the i th and the j th
tom, r 0 is a typical distance defying residue contacts (set to
.5 Å), and r c is a cutoff distance (set to 12.3 Å) beyond which
he contact is set to 0. 

In rMD, the protein evolves according to plain MD as long
s the reaction spontaneously proceeds towards the native
tate, i.e. if z[X(t+ Δt)] < z[X(t)] . On the other hand, when
he chain tries to backtrack along z(X) —i.e. if z[X(t+ Δt)] >
[X(t)]—an external biasing force is introduced that redirects
he dynamics towards the native state. The biasing force act-
ng on a given atom, F i 

rMD , is defined as: 

F i rMD (X, t ) = { −k r ∇ i z (X) · { z (X) − z m 

(t ) } , i f z (X) > z m 

(t ) 
0 i f z (X) ≤ z m 

(t ) 

(3)

here z m 

(t) indicates the smallest value of the reaction coor-
inate z(X) up to time t , and k r is a coupling constant. 
Selection of the least biased trajectories. The history-

ependent biasing force of the rMD scheme drives the system
ut of thermal equilibrium, potentially preventing us to ac-
ess information about the protein folding dynamics, which
s driven by spontaneous thermal fluctuation in equilibrium
onditions. However, it was shown that, in the limit in which
he biasing force is applied along the ideal reaction coordinate
namely, a parametrization of the so-called committor func-
ion), rMD simulations yield a correct sampling of the equi-
ibrium distribution, in the region connecting the reactant and
roduct states [ 30 ]. Hence, at least in principle, rMD can be
sed to infer the folding mechanism. In practice, however, sim-
lations rMD rely on a phenomenologically inferred proxy of
he reaction coordinate (the z(X) collective variable defined
n Eq. 1), so the results may be affected by systematic errors.
he BF approach is a variational scheme that enables keeping

hese systematic errors to a minimum. This is done by rank-
ng the folding trajectories generated from a given unfolded
onformation using the following functional: 

T = 

N ∑ 

i =1 

1 

m i γ i 

t 
∫ 

0 
dτ

∣∣∣F rMD 

i ( X , τ) 
∣∣∣
2 

(4)

Here, t is the trajectory folding time, m i and γ i are the mass
nd the friction coefficient of the i -th atom, respectively, and
 i 
rMD is the force acting on it. It has been previously shown

hat the trajectories with smaller values of T have larger prob-
bility to occur in the absence of any biasing force [ 31 ]. In
articular, the folding trajectory with the minimum value the
ias functional for each set is referred to as Least Biased (LB)
rajectory. 

omputational analyses of the androgen receptor 

tructure and topology of the AR LBD. Atomistic structure of
he AR LBD was retrieved from PDB 3B68, the structure spans
from residue 671 to 917 and contains the receptor bound to
SARM-S4 (an AR agonist). Ligand structure was retained in
the plain-MD simulations, while it was removed to perform
folding pathway simulations. Protein topology was generated
in Gromacs 4.6.5 using Amber99SB-ILDN force field in TIP3P
water. Ligand topology was generated by employing the AM1-
BCC method in Antechamber. 

Plain MD simulations of the AR LBD. Setup and MD pro-
duction was performed in Gromacs. The structure of the AR
LBD in complex with SARM-S4 was positioned in a dodeca-
hedral box with 12 Å minimum distance from the walls. The
box was filled with TIP3P water molecules and neutralized
with 5 Cl − ions. The system was energy minimized using the
steepest descent algorithm. Equilibration in the NVT ensem-
ble was then performed for 500 ps at 310 K using a velocity-
rescale thermostat ( τT = 0.1 ps) with positional restraints on
heavy atoms. The system was then equilibrated in the NPT
ensemble for 500 ps at 310 K and 1 Bar by employing the
velocity-rescale thermostat and the Parrinello Rahman baro-
stat ( τP = 2 ps) with positional restraints on heavy atoms. Fi-
nally, 500 ns of plain MD were performed keeping the number
of particles, pressure, and temperature fixed (NPT ensemble)
by releasing the positional restraints. All MD simulations were
performed using a leap-frog integrator with time-step equal
to 2 fs, bond constraints were treated using LINCS. Van der
Waals and Coulomb cutoff was set to 12 Å, while long-range
electrostatics were treated using Particle Mesh Ewald. Atomic
configurations were saved every 200 ps. 

Analysis of plain MD simulation. RMSD of the MD tra-
jectory was computed using Gromacs, while the solvent
accessible surface area (S AS A) of serine 792 was computed
by employing the Shrake-Rupley algorithm in the python li-
brary MDTraj. The relative surface area (R S A) was calculated
by normalizing the S AS A of S792 with the S AS A value of the
serine in a GSG linear tripeptide. 

Folding simulations of the AR LBD. The native structure
of the AR LBD (PDB 3B68) was deprived of the ligand and
positioned in a dodecahedral box with 40 Å minimum dis-
tance from the walls. The box was filled with TIP3P water
molecules and neutralized with 5 Cl − ions. The system was
energy minimized using the steepest descent algorithm. NVT
equilibration was then performed for 500 ps at 800 K using
the V-rescale thermostat with positional restraints on heavy
atoms. Restraints were then removed, and three independent
5 ns of plain MD were performed in the NVT ensemble at
800 K, yielding three independent denatured conformations.
Each initial condition was then repositioned in a dodecahe-
dral box with 15 Å minimum distance from the walls, energy
minimized using the steepest descent algorithm and then equi-
librated first in the NVT ensemble (using the V-rescale ther-
mostat at 350 K, τT = 0.1 ps) and then in the NPT ensemble
(using the V-rescale thermostat at 350 K, τT = 0.1 ps, and
the Parrinello-Rahman barostat at 1 bar, τP = 2 ps). For each
initial condition, 20 trajectories were generated by employ-
ing the rMD algorithm in the NPT ensemble (350 K, 1 bar).
Each trajectory consists of 2.5 × 10 

6 rMD steps with integra-
tion time of 2 fs. Frames were saved every 5 × 10 

3 steps. The
ratchet constant k r was set to 5 × 10 

−4 kJ / mol. Nonbonded
interactions were treaded as follow: Van der Waals and
Coulomb cutoff was set to 12 Å, while Particle Mesh Ewald
was employed for long-range electrostatics. For each set, the
bias functional scheme was applied yielding a total of 3 LB
trajectories. 
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Analysis of trajectories. RMSD was computed using Gro-
macs while the fraction of native contacts ( Q ) was computed
using VMD 1.9.2. A lower-bound approximation of the en-
ergy landscape G(Q, RMSD) was generated by plotting the
negative logarithm of the 2D probability distribution of the
collective variables Q and RMSD, obtained from the 60 rMD
trajectories (115 × 115 bins). Protein conformations belong-
ing to the LB trajectories and spanning over the energetic wells
of interest ( G < 2.5 k B T ) were sampled. The R S A was cal-
culated as in the AR plain MD analysis by employing the
Shrake–Rupley algorithm in the python library MDTraj. Data
were represented using the Matplotlib library in python. The
2D [Q, RMSD] energy plot was smoothed with a Gaussian
kernel, while the 2D R S A plot of serine 792 was interpolated
using an inverse distance weighting with a quartic Lorentzian
metrics. Images of the protein conformations were produced
using UCSF Chimera. 

Statistical analysis 

Statistical analysis was performed with Jamovi (Version
2.3.18.0) or Microsoft Office Excel (Microsoft, version 2017).
To compare the mean difference of a dependent variable
between independent groups, one-way analysis of variance
(ANOVA) was used, and two-way ANOVAs were performed
to evaluate the effects of two categorical predictors on a de-
pendent variable. For all ANOVAs, follow-up Bonferroni post
hoc tests were conducted for pairwise comparisons. All tests
were two-tailed, and the significance threshold was set at
P < 0.05. 

Results 

AR is a structurally and functionally conserved 

ligand-activated TF 

The evolution of trans -active factors involved in gene expres-
sion regulation is constrained by the necessity for coevolu-
tion with binding effectors, such as androgens in the case
of AR, and cognate chromatin cis -active elements, such as
androgen-responsive elements (AREs) [ 32–34 ]. To better un-
derstand how an essential TF evolves, we examined the evo-
lutionary conservation of AR across a range of species, from
fish to mammals. To determine how the primary structure
(amino acidic sequence) is conserved, we analyzed the avail-
able and newly annotated AR sequences from Fish (11 Chon-
drichthyes species, 124 Osteichthyes species), Amphibia (59
species), non-avian Reptilia (44 species), Avia (128 species),
and Mammalia (170 species), for a total of 536 species (Fig.
1 A and Supplementary Table S1 ). To analyze the AR domain
conservation within each class, we manually curated each
dataset to exclude incomplete sequences. We aligned 10 se-
quences for Chondrichthyes, 156 for Osteichthyes, 35 for Am-
phibia, 37 for Reptilia, 113 for Avia, and 167 for Mammalia.
Sequences were first aligned separately by class and then all to-
gether. The greatest variability was observed in Osteichthyes
[ 4 ]. The most conserved regions of AR were DBD and LBD,
with amino acid composition showing remarkable conserva-
tion across the analyzed species. DBD was the most conserved
domain, consistent with the coevolutionary constraints im-
posed on domains that directly interact with their cognate cis -
active elements [ 32 , 35 ]. LBD also exhibited a high degree of
conservation, except in Osteichthyes, consistent with the co-
evolution of the receptor binding pocket and its cognate ligand 

[ 2 , 3 ]. 
To further explore the evolutionary degrees of secondary 

( α-helix and β-sheet) and tertiary (globular) protein structure,
we utilized the crystal structure information available for AR 

bound to ligand [ 10 , 11 ], and we employed the SWISS-Model 
to predict whether the DBD-HR-LBD structure is conserved 

throughout evolution (Fig. 1 B). We analyzed the DBD-HR- 
LBD structure in representative species of each class, namely 
Carc harodon carc harias for Chondrichthyes, Danio rerio for 
Osteichthyes, Xenopus laevis for Amphibia, Protobothrops 
mucrosquamatus for Reptilia, Gallus gallus for Avia, and 

Homo sapiens for Mammalia. SWISS-Model returned highly 
similar structures for the species analyzed. Similar results were 
obtained using Alphafold3 (data not shown). These analyses 
indicate that the secondary and tertiary structure of AR is con- 
served from fish to mammals. 

To determine whether AR function is conserved throughout 
evolution, despite the divergence of NTR, we tested whether 
binding to DHT and 11-KT results in transactivation of AR 

from fish, specifically D. rerio (drAR) as representative of Oto- 
morpha and Notobranchius furzeri as representative of Per- 
comorphaceae, to H. sapiens (hsAR) in a heterologous system 

[ 36 , 37 ]. We ectopically expressed hsAR, drAR, and nfAR in 

human embryo kidney 293 T positive cells (HEK293T), and 

we verified by Western blotting that these AR orthologs are 
expressed in eukaryotic cells (Fig. 1 C, top panels). We then 

performed an AR transactivation assay using luciferase as a re- 
porter under the control of a mammalian ARE (ARE-Luc), as 
previously described [ 29 ]. Treatment with physiological lev- 
els (0.5–10 nM) of 11-KT triggered hsAR transactivation in a 
dose-dependent manner (Fig. 1 C, middle panel). As expected,
DHT was much more potent than 11-KT in this assay (Fig.
1 C, bottom panel). Treatment with DHT and 11-KT also re- 
sulted in the transactivation of drAR and nfAR, indicating 
that fish AR function is preserved in mammalian cells, as pre- 
viously demonstrated for D. rerio and other fish species [ 36–
38 ]. These findings collectively show that the structure and na- 
tive function of AR are evolutionarily ancient and conserved.

Exonic microsatellite HReps are a convergent 
evolutionary feature of mammalian AR 

Next, we investigated the evolution and conservation of AR 

HReps ( Supplementary Table S1 ). The most common HReps,
typically comprising stretches of at least three amino acids,
include residues of glutamine (polyQ), alanine (polyA), ser- 
ine (polyS), glycine (polyG), histidine (polyH), aspartic acid 

(polyD), glutamic acid (polyE), arginine (polyR), and proline 
(polyP) [ 39 ]. These microsatellite repeats are polymorphic in 

length, and, in some cases, their length correlates with species 
complexity. For example, the length of the huntingtin polyQ 

tract correlates with brain complexity [ 39–41 ]. hsAR contains 
three polyQ tracts [ 42 ], each separated by short sequences 
containing serine / proline (SP) phosphorylation sites, specifi- 
cally 83 SP 

84 and 

96 SP 

97 (based on NP_000035.2), which are 
highly conserved and crucial for AR biology [ 43 , 44 ]. PolyQ 

tracts are often preceded by leucine residues (L), which are 
necessary for proper folding of these HReps [ 45 ]. In humans,
the first polyQ tract ranges from 5 to 36 glutamines, with 

expansions beyond 38 glutamines leading to Kennedy’s dis- 
ease (OMIM 313200), a neurodegenerative disorder charac- 
terized by misfolding and aggregation of mutant AR [ 9 ]. The 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
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omparison of AR across each group of vertebrates revealed
hat AR in fish lacks polyQ repeats (Fig. 2 ; Supplementary 
igs S1- - 5 and Supplementary Table S1 ). However, a few
pecies, such as Pangasianodon hypophthalmus and other Sil-
riformes, as well as the Mexican tetra fish Astyanax mexi-
anus (Otomorpha, Charcidae, also known as blind cave fish),
ossess three polyQ tracts similar to those of hsAR. Amphibia
xhibit the LQ motif with a nearby SP phosphorylation site.
ymnophiona display short polyQ tracts flanked by SP sites.
epidosauria have the LQ motif and have acquired a second
olyQ tract flanked by two SP sites. Interestingly, Testudines
ave relatively longer polyQ tracts compared to other Rep-
ilia. The evolutionary branch leading to Crocodilians and
via acquired stretches rich in proline residues flanking the SP
ites. Monotremata, namely Ornithorhynchus anatinus and
achyglossus aculeatus , also feature polyP stretch. However,
rom Metatheria onwards, AR acquired three polyQ HReps
f varying lengths. 
hsAR has additional HReps (polyA, polyG, and polyP) in

he NTR (Fig. 2 ; Supplementary Fig. S5 and Supplementary 
able S1 ). The presence of HReps is common in mammalian
R orthologs, but less prevalent in other classes, with some ex-
eptions in specific fish species. For example, Pristis pectinata
as short polyG and polyE tracts, D. rerio and other related
sh possess polyS and polyP HReps, while A. mexicanus and
. hypophthalmus (and other Siluriformes) exhibit polyH and
olyE HReps, as well as polyG and polyS, respectively. Gadus
orhua has a relatively long polyG tract in the LBD. In mam-
als, Monotremata have long HReps of polyA, polyP, polyE,

nd polyR but lack polyQ. From Marsupialia onwards, AR
cquired polyP, polyA, and polyG HReps, which are present
n all Eutheria. Interestingly, in Meles meles (Mustelidae) the
rst polyQ HRep is composed of 47Q, a length that is not
olerated in H. sapiens [ 9 ]. 

onservation and evolution of the ELM mediating 

R N / C interactions 

o identify potential short linear motifs, we used the ELM
atabase ( http:// elm.eu.org/ ) [ 27 ]. This analysis identified 356
LM instances that could potentially affect AR structure and

unction ( Supplementary Table S2 ). We initially focused on
LMs with known biological function, such as the hsAR

3 FxxLF 

27 motif (where F represents phenylalanine, L leucine,
nd x any amino acid, numbers refer to NP_000035.2) (Fig.
 A), which is required for the N / C interactions [ 46 , 47 ]. In
. sapiens , these N / C interactions also require glycine 21

G21) [ 48 ]. Therefore, we included this residue in our anal-
sis and evaluated the conservation of the extended hsAR
1 GxFxxLF 

28 motif in the 536 available sequences of AR
 Supplementary Table S1 ). We identified a potential N / C in-
eraction motif, GxxFxxVF, within the first 30 amino acids
n Chondrichthyes and Polypteriformes, Acipenseriformes,
nd Lepisosteriformes fish groups ( Supplementary Fig. S1 ).
his motif evolved to GxxYxxVF in four species of fish
ithin Elopomorpha and Clupeiformes but was absent in
ercomorphaceae fish. The GxFxxLF N / C interaction mo-
if is present in Amphibia ( Supplementary Fig. S2 ) and non-
vian Reptilia ( Supplementary Fig. S3 ), except in Lacertidae,
here it evolved to SxFxxLF. In mammals, the GxFxxLF
otif is conserved, whereas in Avia it evolved to GxFxxFF

 Supplementary Figs S4- - 5 ). The divergence of this motif in
via with respect to crocodiles indicates that this change oc-
curred in the lineage leading to birds. Despite the variations
in the N / C interaction motif across different classes of ver-
tebrates, the motif remains conserved throughout evolution,
with amino acid substitutions that have minimal or limited
effects on the chemical and physical properties of the lateral
chain. 

The ELM spanning the LxxLL motif in the LBD is 

conserved and required for response to androgens 

Next, we focused on an ELM located in the LBD, encompass-
ing the 860 LxxLL 

864 motif (NP_000035.2). The LxxLL motif
serves as a steroid hormone-binding motif in transcription co-
factors that interact with SHRs [ 49 ] ( Supplementary Tables S1
and 2 ). Mutations of the AR LxxLL motif are associated
with complete androgen insensitivity syndrome, but the un-
derlying mechanism is unknown [ 17 , 50–52 ]. We thus in-
vestigated whether this motif is conserved and explored its
role on AR function. The LxxLL motif is present in Chon-
drichthyes but diverged to the LxxLM motif in several Os-
teichthyes, including Olostei, Elopomorpha, and Otomor-
pha ( Supplementary Fig. S1 ). In species where one AR iso-
form contains the LxxLL motif, the other isoform may con-
tain the LxxLM motif. The LxxLL motif remains conserved
in Amphibia ( Supplementary Fig. S2 ), with the sole excep-
tion of the toad Pelobates cultripes , where it diverged to
LxxVL. This motif is also found in Lepidosauria and Tes-
tudines ( Supplementary Fig. S3 ), but it diverged to LxxVL in
crocodiles and birds ( Supplementary Figs S3 and 4 ), suggest-
ing that this divergence occurred in their common ancestors.
In Mammalia, the LxxLL motif is conserved ( Supplementary 
Fig. S5 ), highlighting selective pressure to maintain the orig-
inal motif across most groups. The remarkable conservation
of the LxxLL motif in the LBD of AR prompted us to inves-
tigate the function of this ELM. Through site-directed muta-
genesis, we substituted the two consecutive leucine residues
with alanine (hsAR-LxxAA) in hsAR (Fig. 3 A). Additionally,
we generated a polyglutamine-expanded mutant AR with 65Q
(hsARpolyQ-LxxAA). A unique feature of AR within the fam-
ily of SHRs is that androgen binding results in protein stabi-
lization [ 53 ]. To test whether the loss of the LxxLL motif af-
fects AR stabilization, we expressed hsAR and hsARpolyQ
with and without the LxxAA mutation in HEK293T cells
and analyzed protein stabilization by western blotting (Fig.
3 B). We found that the loss of the LxxLL motif prevents the
androgen-dependent stabilization of hsAR and hsARpolyQ.
We then analyzed nuclear translocation induced by androgen
binding. We expressed the AR mutants in COS1 cells, and we
analyzed AR subcellular localization by immunofluorescence
analysis (Fig. 3 C). In the absence of ligand, hsAR localized to
cytosol, and it translocated to nucleus upon androgen treat-
ment. Also hsAR-LxxAA localized to cytosol, but it failed to
translocate to nucleus in the presence of androgens. Similar re-
sults were observed with hsARpolyQ (data not shown). Next,
we asked whether loss of the LxxLL motif affects AR trans-
activation by androgens (Fig. 3 D). In a transactivation assay
in HEK293T cells, we found that the loss of the LxxLL mo-
tif suppressed hsAR and hsARpolyQ transactivation induced
by ligand. Based on these observations, we examined whether
the loss of the LxxLL motif affects androgen binding (Fig.
3 E). We expressed hsAR and hsARpolyQ in HEK293T cells,
we treated the cells with radioactive ligand, and we measured
specific binding. We found that the LxxAA mutation nearly

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
http://elm.eu.org/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
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Figure 2. Evolution of AR heterogeneous HReps. Cladogram showing the phylogenetic relationships of the vertebrate groups according to [ 79 ] and the 
e v olution of HR eps in the AR orthologs. P utativ e SP phosphorylation sites corresponding to S83 and S96 of H. sapiens AR are indicated. M. meles has a 
polyQ tract composed of 47Q (first polyQ), while H. sapiens tolerates a maximum of 36Q, and expansions over 38Q cause Kennedy’s disease. “Created 
in BioRender. Falconieri, A. (2025) https:// BioRender.com/ m10f120’ ’ or handmade. 

https://BioRender.com/m10f120%E2%80%9D
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Figure 3. The ELM spanning the LxxLL motif is required for androgen binding. ( A ) Cladogram showing the phylogenetic evolution and conservation of 
the AR GxFxxLF and LxxLL motifs. ( B ) Western blot analysis of hsAR (with 24 Q residues) and ARpolyQ (with 65 Q residues) with and without LxxLL 
mutated to LxxAA ectopically expressed in HEK293T cells treated with vehicle (EtOH) and DHT (10 nM, 20 h). AR was detected with a specific antibody 
and β-tubulin ( β-Tub) was used as the loading control. Quantification is shown at the bottom ( n = 2 biological replicates). ( C ) Immunofluorescence 
analysis of the subcellular localization of AR and AR-LxxAA ectopically expressed in COS1 cells treated with vehicle and DHT (10 nM, 20 h). AR (green) 
was detected with a specific antibody, and nuclei (blue) were detected with DAPI (4 ′ ,6-diamidino-2-phenylindole). ( D ) Transactivation assay measuring 
the activity of AR and ARpolyQ with and without the LxxAA mutation ectopically expressed in HEK293T cells treated with vehicle and DHT (0.5 nM, 
20 h) ( n = 12 biological replicates). Statistical analysis: tw o-w a y ANO V A f ollo w ed b y B onferroni HSD tests. ( E ) Ligand binding assa y measuring 
3 [H]-R1881 specific binding of AR and ARpolyQ with and without the LxxAA mutation ectopically expressed in HEK293T cells ( n = 3 biological 
replicates). The specific binding of normal AR was set to 100% and the binding of the indicated AR mutants was normalized to that of AR. Statistical 
analy sis: tw o-w a y ANO V A f ollo w ed b y B onferroni HSD tests. ( F ) Our numerical simulations suggest that a cont act bet ween L860 and I80 0 occurs early 
in the folding process and represents a key step in the formation of the hydrophobic core (leftmost panel). This event is followed by the formation of a 
cont act bet w een L863 and F795 (central panel). Con v ersely, L864 acquires its nativ e conf ormation and interactions at a later stage of the f olding 
pathw a y when the core is already formed (rightmost panel). 
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abolishes androgen binding, accounting for the loss of andro-
gen responsiveness. 

To establish whether the loss of the LxxLL motif impinges
on folding to prevent androgen binding, we applied MD (Fig.
3 F). In our folding simulations, the side chains of L860 and
L863 consistently assumes an inward conformation at a very
early stage in the folding process, soon after the formation
of secondary structures. This enables the formation of a first
contact between L860 with isoleucine 800 (I800), followed by
that of L863 with phenylalanine 795 (F795). These two con-
tacts, which are consistently found to occur in order, arguably
play a key role in nucleating the formation of the hydropho-
bic core. Conversely, L864 remains unstructured even when
the hydrophobic core has already formed. The formation of
a contact with L811, increasing the thermodynamic stability
of the core, is typically one of the interactions along the fold-
ing process. These observations shed light onto the biological
constraints of a key conserved ELM in the AR LBD necessary
for ligand binding. 

An ELM regulating androgen binding via a cryptic 

phosphorylation site 

Next, we examined the conservation of ELMs that are dy-
namically regulated by PTMs [ 19 ] ( Supplementary Tables S1 

and 2 ). We focused on the ELM spanning serine 792 (S792)
with the consensus sequence 787 RxRxxSxxF 

795 , which forms
contacts with the LxxLL motif (Fig. 3 F) and functions as a
phospho-degron signal [ 29 , 54 ]. This ELM represents an im-
portant site that undergoes two mutually exclusive PTMs: ser-
ine phosphorylation [ 29 , 54 ] and arginine methylation [ 55 ].
Although phosphorylation suppresses transactivation, argi-
nine methylation has the opposite effect, highlighting the dy-
namic role of this ELM in the regulation of AR activity. The
crystal structure shows that S792 is buried in the LBD core in
the ligand-bound state (Fig. 4 A and B; Supplementary Table 
S3 A and Supplementary Fig. S6 ). We have recently found that
many proteins have cryptic phospho-sites buried inside the
core of folded domains and are phosphorylated along the fold-
ing pathway [ 56 ]. Thus, we hypothesized that S792 phospho-
rylation occurs in a metastable state along the AR folding
pathway. To test this hypothesis, we modeled the hsAR fold-
ing pathway using a computational scheme based on rMD
[ 57 , 58 ]. This method achieves an exponential reduction in the
computational cost of generating protein folding pathways by
introducing a biasing force. This force only switches on when
the chain attempts to backtrack to an unfolded configuration,
whereas no artificial bias is applied when it spontaneously
progresses towards the native state, which needs to be pro-
vided in input. In our simulations, we used the LBD of hsAR
(PDB 3B68, residues 671–917) as the target structure, exclud-
ing the ligand atoms. The artificial biasing force in the rMD
can push the system out of equilibrium and introduce artifacts.
To keep these systematic errors to a minimum, we resorted to
the Bias Functional (BF) scheme [ 31 ] detailed in “Materials
and methods” section, which enables us to identify among the
set of generated folding pathways those that are minimally af-
fected by the bias, i.e. those that have the largest probability to
occur in the absence of the unphysical forces. To reconstruct
the folding mechanism, we first generated three unfolded con-
formations by running short plain MD simulations at high
temperature (800 K) and then created 20 folding trajectories
per conformation using rMD. From the resulting ensemble (60 

trajectories), we generated a probability distribution plot (Fig.
4 C). Applying the BF scoring function, we ranked all reactive 
trajectories and selected the most realistic prediction—that is,
the least biased prediction (LB)—for each set. We then sam- 
pled conformations from each trajectory that lay within the 
observed energy wells. This analysis identified three sequential 
non-native metastable states, each represented by three con- 
formations: (i) a partially unfolded state (U) characterized by 
α-helical structures with minimal native contacts; (ii) an inter- 
mediate folding state (I1) partially similar to the native confor- 
mation; and (iii) a second intermediate folding state (I2) with 

a packing degree similar to the native state (Fig. 4 D). S792 

is exposed only in the U state in all conformations, while it 
remains buried in the I1 and I2 states (Fig. 4 E). Interestingly,
in the I1 state, the ligand-binding pocket is already structured 

and displays favorable druggability descriptors, as this site is 
not yet obstructed by helix-12 (Fig. 4 F and Supplementary 
Table S3 B). These data align with the idea that S792 phos- 
phorylation during folding interferes with maturation to- 
wards a conformation capable of ligand binding, shifting the 
equilibrium towards inactivation and degradation. However,
S792 becomes a cryptic phosphorylation site in the I1 and I2 

states. 

The ELM spanning S792 is an old and conserved 

suppressive signal from fish to H. sapiens 

Next, we explored the evolutionary conservation of the ELM 

spanning hsAR S792 (Fig. 5 A and Supplementary Table S1 ).
Sequence alignment of the LBD of the AR orthologs re- 
vealed that Chondrichthyes possess the ExQxxSxxF motif,
while early Actinopterygii species such as Erpetoichthys 
calabricus , Polypterus senegalus , Acipenser ruthenus ,
Lepisosteus oculatus , and Amia calva have the 
[R / A]x[K / Q]xxAxxF motif, indicating that in these species 
the serine corresponding to hsAR S792 is a nonphosphorylat- 
able amino acid ( Supplementary Fig. S1 ). Teleostei display the 
RxRxxSxxF motif, with absolute conservation of the serine.
The motif diverged to QxKxxSxxF in Otomorpha, with an ex- 
ample being D. rerio . In certain species, such as Scophthalmus 
maximus (order Pleuronectiformes, family Scophthalmidae) 
and N. furzeri , the sequences of both AR onhologs are avail- 
able, and notably, isoform 1 contains the RxRxxSxxF motif,
while isoform 2 has the RxRxxAxxF motif, indicating that 
phosphorylatable and nonphosphorylatable AR variants can 

co-exist within the same species. Latimeria chalumnae has 
the RxRxxSxxL motif, while all tetrapods (Amphibia and 

Amniota) show conservation of the RxRxxSxxF motif in the 
LBD of AR ( Supplementary Figs S2 –5 ), except for toads in 

the genera Bombina and Spea , which possess the nonphos- 
phorylatable RxRxxAxxF motif ( Supplementary Fig. S2 ).
SWISS-Model and Alphafold3 predictions for the structures 
of nfAR isoforms 1 and 2 yielded highly similar structures,
suggesting that substitution of serine with alanine does not 
affect folding upon binding (Fig. 5 B). These phylogenetic and 

structural analyses are consistent with our earlier findings 
that substituting S792 with alanine in hsAR does not alter 
androgen binding [ 29 ]. On the contrary, substituting S792 

with aspartate blocks androgen binding, thus preventing 
any androgen response. To determine whether the cryp- 
tic phosphorylation site functions as a suppressive signal 
already established in fish, we generated phospho-defective 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf688#supplementary-data
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Figure 4. The ELM spanning S792 is a cryptic phosphorylation site. ( A ) Ribbon diagram of the native str uct ure of the hsAR LBD in complex with DHT 
(PDB 2AMA). The picture shows the topology of helix 12 (depicted in orange) co v ering the ligand-binding pock et. ( B ) Ribbon diagram of the hsAR LBD in 
complex with the SARM-S4 agonist (PDB 3B68). The box shows the position of S792 inside the AR str uct ure. S792 is barely visible because deeply 
buried in the h y drophobic core. ( C ) Reconstruction of the all-atom hsAR LBD folding pathway. Lower-bound approximation of the free energy landscape 
of hsAR folding obtained from 60 rMD trajectories, plotted as a negative logarithm of the probability distribution expressed as a function of the collective 
variables Q (fraction of native contacts) and RMSD. Namely, G(Q, RMSD) = −kBT ln[P(Q, RMSD)], where P(Q, RMSD) is the probability estimated from 

the frequency histogram in the Q versus RMSD plane. ( D ) R epresentativ e hsAR str uct ures of non-native (RMSD > 4Å) conformations U, I1, and I2, each 
belonging to different free-energy wells, visited by three least biased trajectories. The borders of the relevant regions U, I1, and I2 are arbitrarily defined 
as the set of points in the Q versus RMSD plane with a free energy distance �G = 2.5 kBT from the local nearby free energy minimum. ( E ) RSA of 
residue S792 along the hsAR folding pathway expressed as a function of Q and RMSD. Images on the right show the solvent-exposed surface of S792 
(depicted in red) in the U-2 (upper panel) or I1-2 (lo w er panel) conformations, taken as representative examples of solvent accessibility or 
nonaccessibility of the residue in the U and I1 states, respectively. ( F ) Druggable pocket in the hsAR intermediate state (I1): Ribbon diagram of hsAR 

intermediate I1 with highlighted ligand-binding pocket (purple dots). Such a site is consistently detected as druggable by two different software, SiteMap 
and DogSiteScorer. The pocket, surrounded by helices 3 and 5, is accessible before the closure by helix 12 (depicted in orange). 
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Figure 5. A cryptic phosphorylation site in the LBD is an old signal that suppresses AR activity from fish to mammals. ( A ) Cladogram showing the 
ph ylogenetic e v olution and conserv ation of the ELM in the LBD spanning the RxRxxSxxF motif. ( B ) SWISS-model str uct ure prediction of nfAR isoforms 
1 with phosphorylatable serine (bearing the RxRxxSxxF motif) and isoform 2 with phospho-defective alanine (bearing the RxKxxAxxF motif). ( C ) Top 
panels: Experimental design illustrating the position of the serine residue with the ELM spanning the RxRxxSxxF motif. Experimental approach showing 
the generation of phospho-defective and phospho-mimetic drAR, nfAR, and hsAR variants. Middle panels: Transactivation assays measuring the activity 
of hsAR, drAR, and nfAR ectopically expressed in HEK293T cells treated with vehicle, 11-KT, and DHT (20 h) as indicated ( n = 3 biological replicates). 
Graphs show mean ± SEM; two-way ANO V A followed by Bonferroni HSD tests. Bottom panels: Western blot analysis of Flag-tagged hsAR, drAR, and 
nfAR ectopically expressed in HEK293T cells treated with vehicle (EtOH) and DHT and 11-KT (20 h). Quantification is shown at the bottom ( n = 3 
biological replicates). hsAR was detected with a specific antibody, and drAR and nfAR were detected with an anti-Flag antibody; β-tubulin ( β-Tub) was 
used as a loading control. “Created in BioRender. Falconieri, A. (2025) https:// BioRender.com/ m10f120’ ’ . 
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alanine) and phospho-mimetic (aspartate) variants of fish
R (Fig. 5 C), similar to the approach previously used for
sAR [ 29 ]. Using D. rerio as a representative species with the
xKxxSxxF motif (drAR-S741A and drAR-S741D) and N.

urzeri as a representative with the RxRxxSxxF motif (nfAR-
589A and nfAR-S589D), we first verified the expression
f these AR variants and then assessed their transactivation
n androgen-treated HEK293T cells. Substituting S792 in
sAR and S589 in nfAR with alanine enhanced AR transac-
ivation upon DHT, but not 11-KT treatment, an effect not
bserved with drAR. On the other hand, replacing serine with
spartate in hsAR, drAR, and nfAR suppressed AR trans-
ctivation in response to DHT and 11-KT treatment. These
esults suggest that the cryptic phosphorylation site in the
BD is an ancient suppressive signal conserved from fish to
umans. 

pecific ELMs present in AR are shared among 

HRs and their ancestors 

inally, we explored the presence of specific ELMs in the other
embers of the SHR family and their ancestors. The SHRs

volved from an ancestral receptor (AncSR1), which diverged
nto ER α, ER β, and a second ancestral receptor (AncSR2)
hrough gene duplication (Fig. 6 A). AncSR2 later gave rise to
he PR and the ancestral receptor from which both the GR
nd MR evolved. AR likely originated from PR. The LBD se-
uences of AncSR1 and AncSR2 were reconstructed based on
he phylogenetic relationships of modern SHRs [ 35 , 59 ]. The
xxLF motif is specific to AR, as previously reported [ 60 ],
hereas the LxxLL motif is present in all receptors, includ-

ng the predicted ancestor receptors. These observations indi-
ate that the degree of conservation of specific ELMs matches
he essential functions that are an absolute prerequisite for
olding upon binding, i.e. the ELM spanning the LxxLL mo-
if, and SHR-specific ELMs, i.e. the ELM spanning the FxxLF
otif. 
Next, we asked whether the RxRxxSxxF motif or a sim-

lar motif is present in the other SHRs (Fig. 6 A). We found
hat the arginine residues are exclusive to hsAR, while the ser-
ne residue is present in AncSR2, GR, MR, and ER α, and the
henylalanine residue is conserved in all receptors. AncSR1
nd ER β contain a threonine residue, which can be phospho-
ylated by serine / threonine kinases. PR is the only SHR with
 nonphosphorylatable residue at the position corresponding
o hsAR S792. To address whether the ELM spanning the
utative phospho-site is a suppressive signal in other SHRs,
e generated phospho-defective and phospho-mimetic ER α

y substituting S432 with alanine (ER α-S432A) and aspar-
ate (ER α-S432D), respectively (Fig. 6 B). By western blotting,
e found that phospho-defective substitution increased the

teady-state levels of ER α, whereas phospho-mimetic substi-
ution had the opposite effect. In a transcriptional assay us-
ng the luciferase under the control of an estrogen-responsive
lement (ERE-luc), we found that phospho-defective sub-
titution of S432 does not modify ER α transactivation,
hereas phospho-mimetic substitution significantly reduces
R α transactivation. This finding suggests that the ELM in

he LBD of SHRs is an old and shared suppressive signal in-
tated at the origin of evolutions of this family of essential

Fs. 
Discussion 

Our phylogenetic analysis of 536 species, combined with com-
putational, molecular, and biochemical studies, demonstrates
that AR structure and function are highly conserved across
vertebrates. We show that HReps are mostly, but not exclu-
sively, present in mammals. We identified ELMs that are exclu-
sive to AR and others shared by the other members of the SHR
family, suggesting that they originated in the ancestral recep-
tors that gave rise to modern SHRs. Furthermore, we found
that a cryptic phosphorylation site in the LBD serves as a sup-
pressive signal from fish to human AR and other SHRs. These
findings highlight the value of interdisciplinary approaches to
identify functionally active ELMs in essential genes. 

The intrinsically disordered NTR of AR is essential for full
receptor transactivation. Intrinsically disordered regions are
composed of low-complexity sequences enriched in charged
and polar amino acids, and HReps likely play important roles
in cellular function [ 39 , 40 ]. HReps represent a particularly
interesting category of extremely low-complexity sequences
ranging from a few to several dozen uninterrupted stretches of
the same amino acid. For example, hsAR contains three polyQ
tracts, along with polyA, polyG, and polyP HReps. Although
it is well established that the number, position and length of
HReps in other proteins are not random [ 61 ] and correlates
with age-linked diseases [ 42 ], the relationship between the
multiple polymorphic HReps present in the NTR of AR is
not known. An emerging function of HReps is their involve-
ment in cellular adaptation to environmental stressors [ 62 ],
allowing organisms to rapidly adjust while evolving inherita-
ble traits [ 63 ]. Proteins that influence environmental adapt-
ability are conserved throughout evolution, often have exten-
sive intrinsically disordered regions, and likely bind to nu-
cleic acids [ 63 ]. In particular, the transgenerational inheritance
of advantageous self-templating conformations in budding
yeast is altered when HSP90 and HSP70 are inhibited. These
chaperones are part of the foldosome complex that facilitates
the stepwise maturation of AR from a disordered or unfolded
state into a partially folded and transcriptionally active state
[ 64 ]. Therefore, AR is a candidate to influence sex hormone-
driven traits, which is particularly relevant for animals ex-
posed to dramatic environmental changes, such as aquatic
species. Teleost fish have explored various evolutionary strate-
gies in reproductive systems to adapt to diverse environments,
yet the gonadal system remains well conserved in these fish.
Testes and ovaries originate from a bipotential gonadal pri-
mordium that undergoes genetic and environmental sex deter-
mination [ 65 ]. Genetic sex determination can be single gene,
as in Oryzias latipes (Japanese medaka), or polygenic, as in D.
rerio . O. latipes is a gonochoristic fish, with fish having XX
chromosomes developing ovaries, and fish having XY chro-
mosomes developing testes. Although environmental factors
affecting sex determination, differentiation, or maintenance
are more common in reptiles (e.g. crocodiles and turtles), such
factors can influence the development of D. rerio, with ele-
vated temperature, acidic pH, and hypoxia leading to male
development. Tachysurus fulvidraco shows changes in gene
expression in response to hypoxia [ 66 ], and masculinization
of the XX genotype in response to a +3 

◦C increase in water
temperature [ 67 ]. Interestingly, the AR orthologs of these cat-
fish contain polyQ stretches along with other HReps, which
might contribute to their response and adaptation to stress
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conditions. Similarly, the A. mexicanus AR ortholog possesses
three polyQ HReps, a polyH, and a polyE / D stretch. A. mex-
icanus is particularly intriguing in terms of adaptation to
stressful conditions, as it has adapted to living in river sur-
face waters or caves. To cope with long periods of starva-
tion of nutrients, loss of sunlight, and temperature fluctu-
ations different from those experienced by surface-dwelling
fish, cave-dwelling populations underwent organ morpho-
genetic changes while maintaining interfertility with river-
dwelling populations. Future research will determine the func-
tional role of HReps in A. mexicanus , whether they contribute
to environmental adaptation, and why they became a feature
of the NTR of AR in mammals. 

AR and other SHRs form homodimers upon activation
by ligands. AR is unique among nuclear receptors because it
forms N / C interactions via the FxxLF motif [ 12 , 48 ], which
trigger a conformational change in the AF-2 surface of the
LBD [ 13 , 68 ]. These N / C interactions initially intramolecu-
larly and then intermolecularly stabilize AR in the presence of
the ligand. The N / C interaction motif is conserved from car-
tilaginous fish to humans, indicating its importance for AR
function, and the loss of this motif prevents the full activa-
tion by androgens. While the GxFxxLF motif is present only
in AR, analysis of all SHRs and their ancestral forms indicates
that all receptors possess the LxxLL motif. L860 is located in
helix 10 of the LBD, and mutation to phenylalanine (L860F)
was found in a case of androgen insensitivity syndrome and
was shown to almost abolish androgen binding [ 50 ]. Muta-
tion of leucine 864 to arginine (L864R) was also associated
with complete androgen insensitivity syndrome [ 51 ], but the
effect of loss of L864 was not tested at that time. This clin-
ical and experimental evidence, together with our computa-
tional and experimental data, supports the concept that the 
LxxLL motif is absolutely required for androgen binding and 

suggests that the motif is necessary for folding upon binding 
in the entire family of SHRs. Of notice, mutations of threo- 
nine 861 to asparagine (T861N) and isoleucine (T861I) cause 
complete androgen insensitivity syndrome [ 17 , 52 ]. A threo- 
nine residue is present also in the LxxLL motif of PR, GR,
and MR, and thus likely in AncSR2, indicating that also the 
amino acids in between the leucine residues have a role in AR 

folding. 
Phosphorylation is the most abundant PTM of AR. hsAR 

is phosphorylated at multiple serine residues through vari- 
ous signaling pathways. S792 is the only phosphorylation 

site known to inhibit androgen binding, indicating that its 
phosphorylation must be precisely controlled [ 29 ]. To fur- 
ther investigate this, we turned to physics-based MD sim- 
ulations. Most biologically relevant conformational transi- 
tions are too complex or rare to be captured by standard 

MD, even resorting to the most powerful supercomputers.
In some cases, however, the computational load of simulat- 
ing biomolecular transitions can be significantly reduced us- 
ing enhanced sampling techniques. These schemes introduce 
additional approximations and leverage the available exper- 
imental data. In particular, the BF approach is an enhanced 

sampling scheme suitable for simulating protein folding and 

requires input of the three-dimensional native structure (target 
structure). This method has been thoroughly validated against 
both standard MD simulations [ 31 , 69 , 70 ] and biophysical 
experiments [ 71–73 ]. Recently, this approach was applied to 

identify small molecules that inhibit target protein folding,
thus inducing their degradation by the cell quality control 
machinery [ 74 ]. Phospho-mimetic substitution of S792 with 
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Telethon. 
spartate blocks androgen-induced AR stabilization, nuclear
ranslocation and transactivation [ 54 , 75 ], and it drives AR to
egradation by the ubiquitin-proteasome system [ 76 , 77 ]. Our
omputational analyses of the AR folding pathway revealed
omplex folding kinetics, including an intermediate state that
xposes S792 to the solvent. Our results suggest that S792
s a cryptic regulatory site at the crossroads between a non-
hosphorylated ligand-binding folding pathway of AR, and
 phosphorylated, nonviable pathway leading to AR degra-
ation [ 75 , 76 ]. In its natively folded ligand-bound state, this
esidue is buried within the protein core, implying that phos-
horylation likely occurs before AR binds to its ligand. Future
esearch will explore whether this phosphorylation occurs
arly in the translation process when the nascent polypeptide
xits the E site of the ribosome during or immediately after
ynthesis. 

The importance of the S792 phosphorylation site stems
rom its role in regulating the fate of the AR. This is why
e were surprised to discover that certain fish species express
oth versions of the motif (RxRxxSxxF and RxRxxAxxF).
 Teleost-specific genomic duplication event led to the cre-
tion of onholog genes experiencing less selective pressure to
aintain function [ 78 ]. However, in Oryzias latipes (Japanese
edaka), both AR ohnologs, ARalpha and ARbeta, are active

nd essential for reproduction [ 38 ], and notably they carry the
xRxxSxxF and RxRxxAxxF motifs, respectively. Another

ntriguing finding was the discovery that primitive bony fish,
ncluding the living fossil Amia calva , and the anuran gen-
ra Bombina and Spea carry the RxRxxAxxF motif. Bombina
nd Spea are phylogenetically distant and exhibit consider-
ble ecological differences. Bombina species, found in forested
egions of central Europe or Asia, depending on the specific
pecies, are characterized by extended breeding periods dur-
ng which they remain in or near water, hibernate during the
inter, and reach sexual maturity within two to four years.

pea is a more terrestrial genus that inhabits the arid regions
f North America and spend much of their time buried un-
erground, emerging to breed explosively in temporary ponds
fter heavy summer rains. Neither genus exhibits pronounced
exual size dimorphism. Overall, the significant differences be-
ween Bombina and Spea suggest that they do not share dis-
inctive traits that would group them separately from other
nurans, and thus the occurrence of alanine replacing serine
s an example of evolutionary convergence. Given the pro-
ound impact of phosphorylation at this site on AR biology,
t is unlikely that the shift from RxRxxSxxF to RxRxxAxxF
s merely a random mutation, for several reasons: (i) Alanine
s the only amino acid found to replace this serine in verte-
rates; (ii) Alanine shares chemical and physical properties
imilar to those of serine but cannot be phosphorylated; and
iii) Functionally, AR in these anurans cannot be controlled by
his suppressive PTM in its ligand-free state. Alanine substitu-
ion probably arose through natural selection. The evolution-
ry forces driving this amino acid change are still unknown,
nd further research may reveal whether the RxRxxAxxF mo-
if in the AR of these anurans played a role in their adaptation
o extreme environments. Analysis of all SHRs and their an-
estral forms revealed that the RxRxxSxxF motif is present
nly in AR. Nonetheless, the other SHRs, except PR, have a
erine or threonine residue aligning with S792. Importantly, at
east for ER α, such serine residue works as a suppressive sig-
al, suggesting a common and old mechanism for inactivation

f SHRs. 
One limitation of this study is the limited number of AR se-
quences available in vertebrate groups. Expanding the dataset
to include a broader range of sequences from various species
could provide a more comprehensive understanding of the
evolutionary dynamics of AR. An expanded dataset could be
analyzed in conjunction with environmental factors, sexual
dimorphism, and different modes of adaptation, providing
deeper insights into how these elements influence the evolu-
tion of AR. Such an approach could reveal patterns of evo-
lutionary pressure and adaptation, particularly in relation to
AR functions in different ecological contexts and life histories.
Ultimately, this could enhance our understanding of the evo-
lutionary importance of specific amino acid substitutions and
their impact on the biological roles of AR in diverse vertebrate
lineages. 
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