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A hotspot for posttranslational modifications on the
androgen receptor dimer interface drives pathology
and anti-androgen resistance
Andrea Alegre-Martí1,2†, Alba Jiménez-Panizo1,2†, Adrián Martínez-Tébar3†, Coralie Poulard4,
M. Núria Peralta-Moreno5, Montserrat Abella1,2, Rosa Antón6, Marcos Chiñas3,7, Ulrich Eckhard8,
Josep M. Piulats3, Ana M. Rojas9, Juan Fernández-Recio10, Jaime Rubio-Martínez5,
Muriel Le Romancer4, Álvaro Aytes3‡*, Pablo Fuentes-Prior6‡*, Eva Estébanez-Perpiñá1,2‡*

Mutations of the androgen receptor (AR) associated with prostate cancer and androgen insensitivity syndrome
may profoundly influence its structure, protein interaction network, and binding to chromatin, resulting in
altered transcription signatures and drug responses. Current structural information fails to explain the effect
of pathological mutations on AR structure–function relationship. Here, we have thoroughly studied the
effects of selected mutations that span the complete dimer interface of AR ligand–binding domain (AR-LBD)
using x-ray crystallography in combination with in vitro, in silico, and cell-based assays. We show that these
variants alter AR-dependent transcription and responses to anti-androgens by inducing a previously unde-
scribed allosteric switch in the AR-LBD that increases exposure of a major methylation target, Arg761. We also
corroborate the relevance of residues Arg761 and Tyr764 for AR dimerization and function. Together, our results
reveal allosteric coupling of AR dimerization and posttranslational modifications as a disease mechanism with
implications for precision medicine.
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INTRODUCTION
The androgen receptor (AR; AR/NR3C4) is a member of the steroid
subfamily of nuclear receptors essential for male development and
tissue homeostasis (1–2). The AR protein is composed of an intrin-
sically disordered N-terminal region (NTD) followed by a “core”
that contains the actual DNA- and ligand-binding domains (DBD
and LBD, respectively) (Fig. 1A) (2–3). The atomic details of full-
length AR (FL AR) still remain elusive, but a low-resolution struc-
ture by cryo–electron microscopy (cryo-EM) complexed to DNA
and a coregulator has provided a model of its overall architecture
(4). This EM structure features a noncanonical head-to-head
dimer (i.e., centered on H5 helices, in contrast to the canonical,
H10-centered arrangement [see (3) for a detailed comparison of
the dimerization modes], in line with previously reported x-ray
structures of dimeric DBD (5) and LBD isolated moieties (6).

Another EM structure of the AR core has recently been published
in three distinctive configurations (7), further corroborating the
noncanonical AR-LBD dimerization mode (3). These EM struc-
tures evidence that AR is a highly dynamic protein. AR physiolog-
ical functions are inherently linked to not only the correct folding of
DBD and LBD modules but also to their relative orientations (e.g.,
N-terminal and C-terminal (N/C) interaction), oligomerization,
and coregulator binding to control transcription (2, 8). Besides,
AR protein structure and function relationship are regulated by
posttranslational modifications (PTMs) such as methylation, phos-
phorylation, ubiquitination, acetylation, and sumoylation, adding
an extra level of complexity that has only been scarcely studied
(9–19). In particular, no structural data have been reported on the
mechanistic consequences of these covalent modifications to date.
Tight spatial and temporal regulation of AR activity is critical for

the proper functioning of tissue-specific signaling cascades. There-
fore, dysfunctions of the AR-regulated pathways have profound
pathophysiological consequences (2, 8, 20–22). Up-regulated recep-
tor activity is the dominant driver in one of the leading cancers in
adult men, prostate cancer (PCa; 1–2, 8, 21–22), making AR a
central therapeutic target for PCa treatment (2). On the other
hand, impaired response to androgens leads to an X chromo-
some–linked disorder of sex development in genetic males termed
androgen insensitivity syndrome (AIS) (23–25). Many point muta-
tions in the AR gene associated with either resistance to PCa ther-
apeutic drugs (anti-androgens; 26–28) and/or with AIS have been
reported (29) (table S1 and Fig. 1A). Knowledge of the structure
of the wild-type (WT) protein does not allow to predict the struc-
tural and functional impact of point mutations and therefore their
pathogenicity and clinical implications in patients (3, 6–7).Whereas
mutations causing AIS occur in the germ line, PCa-linked muta-
tions are mostly somatic and occur before endocrine treatment or
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are induced by the selective pressure of anti-androgen therapies (2–
3).While fewmutations in PCa have been described as oncogenic or
drivers (causative of the disease), most are considered passenger or
silent mutations, although a contribution to PCa development and/
or progression cannot be excluded (29–32).
To date, only three point mutants of the AR-LBD have been

structurally characterized out of the over 350 reported variants

(table S1). These oncogenic mutations (W742L, H875Y, and
T878A) map to the internal ligand-binding pocket (LBP) and are
responsible for rendering the anti-androgens cyproterone acetate,
flutamide, and bicalutamide ineffective, respectively. Comparison
of the WT AR-LBD and these mutant structures did not reveal
any overall conformational changes. However, these mutations
change the volume and shape of the LBP allowing the receptor to

Fig. 1. Mutations at the AR-LBD
dimer interface affect cellular
phenotypes, transcriptional activ-
ity, and response to antiandro-
gens. (A) Cartoon of AR domain
organization. Physiologically rele-
vant interaction sites [top; activation
function-1 (AF-1), AF-2 and binding
function-3 (BF-3)], mutated AR-LBD
residues (red; middle), and second-
ary structure elements [bottom;
helices (H, cylinders) and β strands
(S1 to S4, triangles)] are indicated.
Neighboring residues of major PTM
sites are shown [methylation (M),
phosphorylation (P), and ubiquiti-
nation (U)]. (B) Three-dimensional
structure of AR-LBD (gray). Note that
disease-linked residues (red spheres)
and PTM sites (gray spheres) high-
lighted in (A) form an extended path
on the AR-LBD dimer interface. (C)
Relative AR transcriptional activity in
CNT, WT, and mutant AR-transduced
PC3 cells (mean ± SD, n = 3). Differ-
ences against WT were calculated
using a t test and considered sig-
nificant at P values <0.1. (#P < 0.1
*P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001). The same P
value guidelines and asterisk sig-
nificance will be used through this
manuscript. (D) Clonogenicity assay
quantification in transduced PC3
cells (mean ± SD, n = 3). Represen-
tative crystal violet–stained cultures
are shown in fig. S1A. (E) Time course
of transduced PC3 cells proliferation
(mean ± SD, n = 3). Proliferation is
completely suppressed with WT AR
or V785A but no other mutants. (F)
Relative cell counts at day 7 after
transduction. (G and H) Effect of
anti-androgens on the relative AR
transcriptional activity of transduced
PC3 cells (mean ± SD, n = 5). (I and J)
Viability fold change in response to
anti-androgens in transduced cells
relative to the CNT cells (mean ± SD,
n = 3). Differences against CNT (D
and F) between anti-androgen
treated and nontreated cells (G and
H) or against WT (I and J) were cal-
culated using t tests. ns, not
significant.
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remain active even in the presence of antagonists, thus explaining
tumor escape from therapeutic control (2, 26–28). On the other
hand, there are a wide variety of phenotypes associated with AR
gene mutations in patient with AIS, ranging from mild symptoms
(MAIS), to partial (PAIS) or completely feminized phenotypes
(CAIS) (23–25, 33–34). Expectedly, about half of the CAIS-linked
mutations map to the AR-LBD, but only a few of them can be
easily rationalized as directly affecting hormone binding (3, 29).
AR-LBD pathogenic mutations outside the LBP may affect AR-

dependent gene signatures through modulation of the monomer-
oligomer equilibrium, accessibility of PTM sites, and/or by altering
dynamic interactions with coregulators and chromatin. These pro-
cesses are likely to be intricately intertwined and coupled via allo-
steric signaling transmission both within the AR monomer and
across its dimerization interface (3–7). Here, we present a multidis-
ciplinary investigation of the impact of several mutations of solvent-
exposed AR-LBD residues identified in patients with PCa and/or
AIS (Fig. 1A; see table S2 for major information on the studied mu-
tations). Transcriptomic and in vitro cell–based assays demonstrate
that these variants affect PCa proliferation and response to anti-an-
drogens. Biochemical and biophysical investigations including
high-resolution x-ray structures of mutant AR-LBD showed
reduced thermal stability of the isolated domains as well as
changes in the flexibility in functional sites of the receptor distal
from the mutation site and unexpectedly revealed a previously un-
observed rearrangement of the loop-featuring residue Arg761. The
structural reorganization of this loop increases the degree of
Arg761 exposure, which correlated with an apparent increase in
the extent of its methylation in cells. Together, our findings point
to an intricate interplay between networks of local structural
changes at and around the dimerization interface and global AR ter-
tiary and quaternary structures that are coupled to PTM events. In
turn, this network has a definite impact on AR transcriptional ac-
tivity and gene programs that are affected by specific mutations. Our
results may serve to predict the structural and functional impact of
AR pathogenic mutations and open unexplored avenues for struc-
ture-guided modulation of its function in PCa tumors and patients
with AIS.

RESULTS
We previously presented the crystal structure of the transcription-
ally active, isolated dimeric AR-LBD (6) also corroborated in the
multidomain protein (4, 7). The structural analysis revealed that
the dimerization interface is a hotspot for mutations identified in
patients with PCa and/or AIS [see (3) and table S1]. There was no
clear-cut separation between PCa- and AIS-linked mutations, and
some of these variants were linked to both conditions, albeit occur-
ring in different developmental stages. These observations prompt-
ed us to perform a thorough characterization of the structural
changes and functional impact of AR point mutants at the dimeri-
zation interface (Fig. 1B).

Mutations at the AR-LBD dimer interface differently affect
cell proliferation and response to anti-androgens
To assess the functional impact of point mutations that affect the
AR-LBD dimer interface, we generated AR-null PC3 cell lines
(CNT) stably expressing either WT AR or mutants Phe755Val
(F755V) (35–37), Val758Ala (V758A) (38–42), Tyr764Cys (Y764C)

(36, 39, 42–48), or Gln799Glu (Q799E) (39, 42, 44–45, 48–54)
(Fig. 1, A and B). As expected, WT expression resulted in a 24.5-
fold increase in AR transactivation asmeasured by luciferase report-
er expression under the control of a synthetic AR promoter. All four
mutants displayed a significantly lower AR transactivation activity
compared to WT (Fig. 1C). Further, expression of WT and V758A
resulted in a nearly complete inhibition of colony formation
(Fig. 1D and fig. S1A) and proliferation (Fig. 1, E and F) compared
to CNT cells that were highly statistically significant. Dihydrotestos-
terone (DHT) treatment of AR-transduced DU145 (fig. S2, B to D)
and of AR-sensitive lymph node carcinoma of the prostate (LNCaP)
cells (fig. S2, E to G) resulted in comparable growth-suppressive
effects that were not observed in AR-negative parental DU145
cells (fig. S2, B to D), in a castration-resistant PCa cell line, 22rv1
(fig. S2, H to J), or in AR-insensitive, nontumor human prostate ep-
ithelial cells,RWPE1 (fig. S2, K to M). These observations confirm
previous reports on the growth-suppressive effect of AR stimulation
in AR-responsive cells (55, 56). In notable contrast, F755V and
Q799E had proliferation rates not significantly different from
those of the CNT cells, while proliferation was only modestly im-
paired by Y764C (Fig. 1, E and F). Similarly, colony forming capac-
ity was unchanged for F755V and partially, albeit significantly,
reduced in Glu799- and Cys764-expressing cells (Fig. 1D and
fig. S1A).
Next, we asked whether the differences in proliferation and clo-

nogenicity displayed by the AR variants would translate into dis-
tinct responses to anti-androgenic treatments. WT or mutant AR-
expressing cells were treated with enzalutamide (Fig. 1, G and I),
abiraterone (Fig. 1, H and J), or apalutamide (fig. S1B), and AR
transactivation was measured. Transactivation was significantly in-
hibited by enzalutamide and abiraterone in both WT and mutant
AR cells (Fig. 1, G and H). Reduction in AR transactivation was
not a consequence of impaired cell viability upon anti-androgen
treatment (Fig. 1, I and J, and fig. S1B). Specifically, V758A cells
showed an 11.7, 20.6, and 16.1% increased viability compared to
WT when treated with enzalutamide, apalutamide, or abiraterone,
respectively. On the contrary, F755V, Y764C, and Q799E mutant
cells displayed a significantly increased sensitivity to all three
anti-androgens (Fig. 1, I and J, and fig. S1B).
Together, these results indicate that expression of ligand-bound

WTAR in AR-null PCa cells induces a quiescent cell phenotype in
AR-responsive cells without affecting the response to anti-androgen
treatment. The data also demonstrate that, overall, point mutations
at the AR dimerization surface negatively impact its ability to sup-
press proliferation and clonogenicity and mostly sensitize cells to
anti-androgens (Fig. 1 and figs. S1, A and B, and S2).

Mutations at the AR-LBD dimer interface profoundly
deregulate androgen-dependent transcription programs
Having demonstrated that dimerization surface mutations in the
AR-LBD have an important impact on cellular functions, we next
investigated whether these mutations alter gene expression patterns
(Fig. 2 and fig. S1). Transcriptomic data were generated for WT and
each mutant AR and compared to nontransduced cells as control.
As expected, AR and canonical AR target genes such as Transmem-
brane protease, serine 2 (TMPRSS2), FK506-binding protein 5
(FKBP5), and TCDD-inducible poly [ADP-ribose] polymerase
(TIPARP) were significantly up-regulated in both WT and mutant
AR-expressing cells (Fig. 2A and fig. S1C), which was orthogonally
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validated in quantitative polymerase chain reaction (qPCR) assays
(fig. S1, G and H). In agreement with the functional evidence de-
scribed above, the V758A mutant displayed AR target gene expres-
sion patterns most similar to WT AR (Fig. 2, C to E). Accordingly,
gene set enrichment analysis (GSEA) showed that all four mutant
AR signatures were similar to the WT signature (Fig. 2B). Although

the AR regulon was conserved in all mutants, there were significant
differences between the four variants. V758A showed a dynamic
gene expression profile most similar to WT, while the differentially
expressed gene (DEG) sets of F755V, Y764C, andQ799E were much
smaller and shared fewer target genes compared to WT AR or
V758A (Fig. 2C and fig. S1C). Variance assessment and clustering

Fig. 2. The transcriptional
profiles of AR-LBD dimerization
surface mutants differ from that
of the WT receptor. The results of
RNA-seq experiments conducted
in triplicate for each cell line are
summarized. (A) Differential ex-
pression analysis between CNT
and AR-transduced cells. Genes
with |log2(fold change)| ≥ 1 and
P≤ 0.05 are shown in red. (B) GSEA
demonstrates similar signatures of
WT and mutant AR. (C) Differen-
tially expressed genes overlap
between WT AR and its mutants.
The bar plot (top) indicates the
number of genes in the intersec-
tion between signatures. Vertical
lines (bottom) connect the corre-
sponding overlapping signatures.
For each WT and mutant AR, sig-
natures are separately given for
up- (U) and down-regulated genes
(D), and the size of the gene set is
indicated (right). (D and E) Princi-
pal component analysis (PCA) and
heatmap analysis of transcription
profiles identifies three groups: (i)
CNT, (ii) V785A and WT, and (iii)
F755V, Y764C, and Q799E. (F)
Volcano plots of AR target genes
for WT and mutant AR. Canonical
repressed (blue) and activated
(red) AR targets are labeled. Note
that repression of genes such as
MYC, SOX4, FOXA1, and CDH2 is
lost in Q799E, Y764C, and F755V
but not in V785A. (G) GSEA of the
mutant AR signatures against WT
AR on prostate cancer gene sets.
Note that the V758A signature
shows very limited overall enrich-
ment indicating its strong similar-
ity with WT. (H) GSEA of WT and
mutant AR against a previously
defined PCa malignancy signature
(58). Enrichment for up- and
down-regulated targets of the
malignancy signature drivers fork-
head box protein M1 (FOXM1),
Centromere Protein F (CENPF), or
both are shown separately. Only
the F755V, Y764C, and Q799E sig-
natures are enriched in the FOXM1
and/or CENPF regulons. Normal-
ized enrichment score (NES) scale and false discovery rate (FDR) P value thresholds are indicated.
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of expression profiles further confirmed the similarity of WT and
V758A transcriptomes, on the one hand, and those of F755V,
Y764C, and Q799E, on the other. These two clusters were identified
both by a principal components analysis (PCA) (Fig. 2D) and by
clustering analysis computing sample-to-sample distances using
variance-stabilizing transformation (VST) data (Fig. 2E). Further,
gene expression in the AR regulon as defined by the DoRothEA col-
lection of human regulons (57) showed that the set of activated AR
target genes in WT and mutants remains largely conserved
(Fig. 2F). However, only WT and V758A maintained a repressed
gene set that included cancer drivers Forkhead Box A1 (FOXA1)
and MYC proto-oncogen (MYC) as well as epithelial-to-mesenchy-
mal transition drivers Snail Family Transcriptional Repressor 2
(SNAI2/SLUG), Cadherin-2 (CDH2, encoding N-cadherin), and
SRY-Box Transcription Factor 4 (SOX4) (Fig. 2F and fig. S1I).
This is consistent with the important reduction in proliferation
and clonogenicity described above (Fig. 1, D to F, and fig. S1A).
GSEA analysis of the four AR mutants versus WT signatures evi-
denced again that V758Awas not enriched in any of the PCa signa-
tures in the Molecular Signature Database (MSigDB), as opposed to
the significant enrichment demonstrated for F755V, Y764C, and
Q799E (Fig. 2G). Accordingly, only these three mutant signatures
were found positively enriched in a previously defined up-regulated
gene signature strongly associated with poorer outcome in patients
with PCa (Fig. 2H) (58).
Last, querying the collection of manually drawn Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) database evidenced an unex-
pected enrichment for the Y764C mutant in biological pathways
associated with pathogen infection and immune response including
coronavirus disease 2019 (fig. S1D), which was supported by the
significant regulon enrichment in the mediator of type I interferon
signaling, STAT2 (fig. S1E), and the activation of the Janus kinase/
signal transducers and activators of transcription (JAK/STAT)
pathway (fig. S1F) using the DoRothEA and the Pathway RespOn-
sive GENes (PROGENy) algorithms, respectively. Together, these
data suggest that the observed differences in cellular phenotype
between the different AR mutants are at least in part the result of
a differentially reprogramed transcriptome in which WT and
V758A show a less oncogenic and undifferentiated molecular phe-
notype compared to F755V, Y764C, and Q799E mutants.

AR-LBD interface residue mutations do not compromise
domain folding but lead to reduced thermal stability and
increased sensitivity to proteolysis
To study the possible structural impact of point mutants located at
the AR-LBD dimerization interface, we produced and purified to
homogeneity WT AR-LBD and its point mutants F755L, F755V,
V758A, Y764C, and Q799E. Next, we characterized these recombi-
nant proteins both biophysically using differential scanning fluo-
rimetry (DSF) and biochemically through limited proteolysis
assays (figs. S3 and S4). The results of these experiments demon-
strated that all mutants are properly folded but have substantially
lower thermal stability compared to the WT protein, as indicated
by the reduced melting temperatures (Tm) (fig. S3, A and B). In
line with the RNA sequencing (RNA-seq) results presented above,
core dimer interface mutants F755V, F755L, and Y764C exhibited a
remarkable drop in Tm compared to the WT protein (between 5°
and 6°C), the latter being the most thermolabile of all the studied
variants. By contrast, the Tm of mutants V758A and Q799E was

only 1°C lower than the WT AR-LBD protein, demonstrating
WT-like stability (fig. S3, A and B). Energy estimations using
FoldX based on previously reported structures of monomeric and
dimeric AR-LBD also suggested that the studied missense muta-
tions have an important impact on the domain stability (fig. S3C),
both in its monomeric and putative dimeric conformations. Muta-
tions of the core interface, F755V/L and Y764C, are predicted to be
particularly deleterious for homodimeric AR-LBD (fig. S3C).
AR-LBD is a highly basic protein domain (isoelectric point: 8.94)

with 14 arginines (fig. S4A) and 14 lysines outbalancing 11 negative-
ly charged aspartate or glutamate residues. To assess whether the
decrease in thermal stability of AR-LBD point mutants also mani-
fests as an increased sensitivity to proteolysis, we incubated highly
purified samples of WTAR-LBD and its point mutants with the en-
doproteinase, Arg-C, which cleaves peptide bonds at the C-termi-
nus of Arg residues (fig. S4, B to E).
Again, the resulting cleavage pattern of V758A is most similar to

that of WTAR-LBD (fig. S4, B, C, E, and F). Although the thermal
stabilities of the two mutants are similar (fig. S3, A and B), the pro-
teolytic patterns of V758A and Q799E differ notably (fig. S4, C to F
and H). Mutants F755L (fig. S4, B, E, and G), F755V (fig. S4, C, E,
and I), and Y764C (fig. S4, D, E, and H) have enhanced proteolytic
susceptibility. In summary, point mutations of residues at the AR-
LBD homodimerization interface appear to have an unanticipated
global impact on the overall domain stability, as evidenced by
notably lower Tm and enhanced sensitivity to proteolytic attack
(figs. S3 and S4).

AR-LBD dimer interface mutants exhibit enhanced
flexibility and distinct structural rearrangements both
locally and at distant AF-2 and BF-3 sites
The results of the experiments described above demonstrate a large
impact of AR-LBD dimer interface mutants on AR transcriptional
function, stability, and sensitivity to proteolytic attack. To assess
whether these differences are reflected by noticeable structural rear-
rangements, we expressed crystallized and refined at high resolution
the x-ray crystal structures of the V758A, Y764C, F755V, F755L, and
Q799E AR-LBD variants (Figs. 3 and 4). All mutant proteins crys-
tallized as monomers in the orthorhombic space group (P212121)
(Figs. 3A and 4A and fig. S3D; see fig. S3E and Fig. 4B for compar-
ison; Table 1). The “helical sandwich” fold typical of the nuclear re-
ceptor superfamily is conserved (3), and the hormone (DHT) is
bound inside the LBP essentially as in WT AR-LBD (Figs. 3A and
4A). The root mean square deviations (RMSDs) for the equivalent
Cα atoms between the WT structure [Protein Data Bank (PDB)
1T7T] and the V758A, Y764C, F755V, Q799E, and F755L
mutants are 0.29, 0.33, 0.47, 0.52, and 0.54 Å, respectively.
Despite this overall conservation of the global protein fold,

superimposition of the current mutant structures on previously
solved structures of WTAR-LBD reveals important local structural
changes on four specific distant sites of the domain (see Fig. 3A for
an overall representation of the domain with these sites highlighted
and Fig. 3, B to E for close-ups of these areas): the H5-S1-H7 area
(from now on termed “R761 zone,” described in detail below)
(Fig. 3B), the L1-3 loop, H6, and the C-t end of H11 (Fig. 3C),
two major functional sites, the BF-3 pocket comprising H9 and
L9-10 (Fig. 3D), and the AF-2 pocket featuring the L3-4 loop and
H12 (chaperone and coactivator binding sites, respectively)
(Fig. 3E). In particular, several side chains of charged AF-2 residues
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Fig. 3. High-resolution crystal structures of AR-LBD dimer interfacemutants reveal local and long-range conformational changes. (A) Superimposition of current
crystal structures of mutant AR-LBD on WT monomeric (1T7T) and dimeric (5JJM) forms of the domain. Secondary structure elements identical in all structures are de-
picted as a gray cartoon, with DHT as teal spheres and the AF-2-bound peptide (from 5JJM) in red. Large main- and/or side chain conformational changes cluster in four
areas (B to E), highlighted by the major secondary structure elements (coral sticks). (B) Dimer interface core lined by H5 and H7, which, in addition to the studied point
mutations [Phe755 and Val758 (H5), Tyr764 (S1), and Gln799 (H7)] features mostly residues with nonpolar/aromatic side chains, along with the positively charged Arg761. (C)
The more distal part of the dimer interface formed by H3 and L1-3 [Tyr774 and His777 from (B) are shown for orientation]. In this area, several polar residues exhibit
noticeable conformational changes. (D) BF-3 pocket, where multiple residues exhibit conformational changes, most notably those from H9. (E) AF-2 pocket, where in
addition to the charge-clamp residues, Lys721 and Glu894, known to stabilize bound coregulators at this interaction site, the side chains of both charged (Lys718, Arg727,
Lys823, and Glu898) and aliphatic residues (Met735 andMet895) display conformational variability. (F) Sector 1 (teal) comprises 17 residues in and around H5, H7, H8, H9, and
H10-11 (Met743, Phe748, Gly751, Arg753, Leu798, Ile800, Thr801, Met808, Leu811, Phe814, Glu838, Ile842, Thr851, Tyr858, Thre861, Lys862, and Leu864), whereas sector 2 (green)
features 20 residues mostly from H3, H5, H7, H8, S3, and H10-11 (Arg711, Leu713, Trp719, Ala720, Lys721, Phe726, Leu729, Gln734, Tyr739, Trp742, Gly744, Met746, Ala749,
Trp752, Ser754, Leu791, Lys809, Leu813, Asp820, and Arg856). Last, three residues (Gly725 and Ile738 at the AF-2 groove and Phe805 at H7) belong to both sectors (yellow).
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Fig. 4. AR-LBD dimer interfacemutants display local flexibility differences. (A toG) Visualization of protein mobility for WT and AR-LBDmutant proteins. Proteins are
represented as ribbons sized by temperature factors (B-factors) and colored according to the average B-factors of each residue (i.e., areas with larger atomic displacements
appear thicker and are depicted with warmer colors (red, orange, and yellow), whereas those with lower thermal motion are shown thinner and with cold colors (green,
blue, and violet). DHT molecules bound inside the LBP pockets are shown as gray spheres with oxygen atoms in red. WTAR-LBD·DHT monomer (A, PDB 1T7T) and dimer
(B, PDB 5JJM) are shown for comparison. Note that all mutants exhibit a larger mobility than WT AR-LBD.

Alegre-Martí et al., Sci. Adv. 9, eade2175 (2023) 15 March 2023 7 of 26

SC I ENCE ADVANCES | R E S EARCH ART I C L E



exhibit conformational differences, most notably the so-called
charge-clamp residues, Lys721 and Glu894, which are known to sta-
bilize bound coregulators at this protein-protein interaction site
(Fig. 3E). Regarding the BF-3 pocket, and in addition to charged/
polar residues such as Arg841 and Thr851, also the aromatic Phe827
exhibits a large flexibility (Fig. 3D). Noteworthy, Phe827 and Arg841
undergo major conformational changes upon small-molecule
binding to this surface-exposed pocket (63). Loop L1-3 also exhibits
side-chain conformational differences in several residues (Tyr774,
His777, and Lys778), which we had previously identified as part of
a secondary dimer interface in AR-LBD crystals to generate a tetra-
meric arrangement of the receptor (Fig. 3C) (6).
These structural variations are also reflected by an overall en-

hanced flexibility of all mutants compared to WT AR-LBD
[average temperature factor (B-factor) of 21.2 for the monomeric
AR-LBD; PDB 1T7T], as demonstrated by the higher B-factors of
both main and side chain atoms in all variable regions (Fig. 4).

Residues with particularly higher B-factors in the mutants are
Asn693 and Gln694 (L1-3), Arg727 (L4-5), Asn759, and Arg761, a
residue strictly conserved in AR from fish to humans, but not
found in other steroidal receptors (H5 and loop H5-S1; fig. S3, F
and G), Asp820 and Lys823 (L9-10), His886 (H6), and Glu894 (H12)
(Fig. 4). Overall, mutants V758A and Y764C are most similar to the
WT protein in this regard, while Q799E, F755L, and F755V exhibit
increased flexibility in H5, L1-3, and L9-10 (Fig. 4, A to G).
Our previous statistical coupling analysis (SCA) (64) revealed

that two groups of correlated residues or “sectors” define the inter-
nal circuits linking major interaction sites in the LBD of the related
glucocorticoid receptor (GR). To analyze whether the AR-LBD di-
merization surface is allosterically coupled to other functional
regions, we also performed SCA analysis, which identified 40 resi-
dues grouped in two sectors in the upper half of the domain (Fig. 3,
F and G). Sector 1 residues cluster around the domain N-terminus
(except the DHT ligand, Arg752), while sector 2 comprises LBP and

Table 1. X-ray crystallography data collection, refinement statistics, and model quality.

V758A Y764C F755V F755L Q799E

PDB code 7ZU1 7ZTZ 7ZTX 7ZTV 7ZU2

Wavelength (Å) 0.979 0.979 0.979 0.979 0.979

Resolution range 66.17–
1.68 (1.71–1.68)

65.84–
1.40 (1.42–1.40)

65.82–
1.89 (1.93–1.89)

56.2–
1.94 (1.99–1.94)

44.55–
1.74 (1.77–1.74)

Space group P212121 P212121 P212121 P212121 P212121

Cell constants a, b, c (Å) / α, β,
γ (°)

55.62, 66.17, 70.95 /
90, 90, 90

56.39, 65.84, 72.82 /
90, 90, 90

54.57, 65.82, 70.37 /
90, 90, 90

56.18, 65.80, 72.31 /
90, 90, 90

56.51, 66.04, 72.42 /
90, 90, 90

Molecules in the ASU 1 1 1 1 1

Total reflections 176567 (4168) 247697 (9727) 143549 (9454) 84880 (3942) 147708 (8184)

Unique reflections 29533 (1229) 53810 (2576) 20910 (1309) 18026 (1027) 28510 (1559)

Multiplicity 6.0 (3.4) 4.6 (3.8) 6.9 (7.2) 4.7 (3.8) 5.2 (5.2)

Completeness (%) 96.6 (80.4) 99.6 (98.2) 99.9 (100.0) 88.1 (79.8) 100.0 (100.0)

Mean I/sigma(I) 10.3 (0.7) 18.8 (0.5) 8.8 (0.7) 10.4 (2.8) 12.3 (1.5)

Wilson B-factor 27.1 27.0 38.2 22.8 26.1

R-meas 0.084 (2.026) 0.030 (1.692) 0.116 (3.399) 0.093 (0.720) 0.089 (2.398)

R-pim 0.033 (1.015) 0.014 (0.841) 0.045 (1.257) 0.042 (0.363) 0.039 (1.042)

CC1/2 0.998 (0.364) 1.000 (0.395) 0.998 (0.364) 0.989 (0.854) 0.999 (0.337)

Reflections used in refinement 28174 51127 19842 17086 27029

Reflections used for R-free 1235 (4.2) 2619 (4.9) 1020 (4.9) 888 (4.9) 1433 (5.0)

R-work 0.21 0.19 0.20 0.22 0.18

R-free 0.25 0.22 0.25 0.26 0.22

Total number of atoms / Protein
/ DHT ligand / Water 2135 / 2008 / 21 / 81 2161 / 2010 / 21 / 120 2041 / 1973 / 21 / 32 2066 / 1997 / 21 / 44 2080 / 1985 / 21 / 64

RMS (bonds) 0.007 0.011 0.008 0.007 0.009

RMS (angles) 1.420 1.828 1.606 1.500 1.581

Ramachandran favored (%) 98.76 98.74 98.32 98.33 99.16

Ramachandran allowed (%) 1.24 1.26 1.26 1.25 0.84

Clashscore 5.32 1.23 3.47 2.47 3.7

Average B-factor / Protein
(main, side chains) / DHT ligand
/ Water

40.4 / 40.0 (36.9, 42.8)
/ 29.1 / 44.4

35.6 / 35.1 (32.0, 38.1)
/ 25.4 / 42.8

48.2 / 48.1 (44.2, 51.9)
/ 34.3 / 47.3

37.5 / 37.6 (34.3, 40.8)
/ 25.3 / 36.3

37.3 / 37.2 (33.3, 40.9)
/ 26.0 / 41.9
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AF-2 residues. Further, three residues common to both sectors are
strategically located to cross-connect the LBP, AF-2, and BF-3 and
dimerization interface (Fig. 3, F and G). Together, our results
suggest that both sectors link functionally relevant regions thus cou-
pling, e.g., ligand binding to dimerization, coregulator binding, or
chaperone docking/release.
To further explore the LBD dynamics and possible allosteric

couplings between AR-LBD functional areas, we performed four
1-μs-long molecular dynamics (MD) simulations for both WT
AR-LBD and all the mutants (Fig. 5). The analysis of the time evo-
lution of the RMSD for all the Cα atoms using the experimental
structure of WT AR-LBD as reference confirms that the overall
fold of the domain is stable against these point mutations, and all
structures show global structural stability. Moreover, global confor-
mations do not vary remarkably for any of the mutants, and their
final RMSDs oscillate at around 2 Å (Fig. 5A). To evaluate the flex-
ibility of the mutants in more detail, we analyzed how a given
residue fluctuates around a specific position with time. To this
end, we quantified the fluctuations for all residues using the aver-
aged root mean square fluctuation (RMSF) value, averaged for the
four MD replicas (Fig. 5B). As expected, more flexible regions cor-
respond to those with higher B-factors in the current structures
(compare Figs. 4 and 5). To analyze how specific mutations affect
the dynamics of the different regions, we calculate the RMSF differ-
ences between WT AR and the studied variants (Fig. 5B). The
stretch Lys884-Val888 (H10-H11) presents, for all the mutants, a
markedly decreased flexibility compared to WT (Figs. 5B and
3C). On the other hand, the L1-3 loop (residues Cys687-Asn693) is
notably more flexible in the V758A and F755Lmutants. This behav-
ior is also observed in the Q799E mutant, although less pro-
nounced, but neither in Y764C nor in F755V mutants. These two
regions are located far from the mutated residues, suggesting that
mutations in the AR-LBD dimerization site induce conformational
changes in the AF-2 pocket and thus that dimerization and coregu-
lator binding are allosterically coupled.
Next, and to complement the dynamic description of the impact

of the different mutations, we quantified local conformational
changes by calculating the differences in the average Cα-Cα distanc-
es between spatially neighboring residue pairs [extended up to the
second coordination shell (SCS); ~9.1 Å]. The results of these ΔRij
analyses are presented in Fig. 5C. Overall, all mutant structures tend
to have larger inter-residue distances compared to the WT protein,
and some specific groups of residues show remarkable changes in
their average pair distances. This is particularly true for residues
Lys884-His886 and Val888-Phe892 at the C-terminal end of H10-
H11 and the L11-12 loop (box A in Fig. 5C). In line with the exper-
imental findings, the R761 zone shows important changes in all the
mutants (residues Asn759 to Tyr764, L5-S1 loop). This region pre-
sents two different groups of moving residues, consisting of the
stretch from Arg789 to Phe795 (H7) and Ser754-Val758 of H4-H5
(boxes B1 and B2 in Fig. 5C, respectively). Furthermore, in all
mutants, changes in average distances of residues Leu729-Asp733
(L3-4 loop and N-terminal end of H4-H5) and Gly821-Asn824 (S3-
9 loop) are coupled (box C in Fig. 5C). However, in this case,
changes are negative for mutations Q779E and F755V, both nega-
tive and positive for Y764C and V758A mutants, or positive for
F755L. Last, residues Cys687 to Gln694 (L1-3) behave differently in
each mutant. For F755L, this region shows negative changes in their
average distances to residues Ala688-Arg711 (L1-3 and H3) and the

Phe765-Leu769 stretch (boxes D1 and D2 in Fig. 5C, respectively).
Mutant V758A presents fewer changes in the average distances in
the same regions, some of which are positive in the first one (box
D1 in Fig. 5C). For the Y764C mutant, the first group of distances
becomes completely positive, while the second one practically dis-
appears. No noticeable changes were detected for mutants F755V
and Q799E. In summary, residue pair distance analysis shows that
the different interface mutations induce local conformational
changes in AR-LBD. These changes are located far from the
mutated residues in line with an allosteric mechanism. Moreover,
although some changes are common to all the mutations, markedly
different local responses were observed in specific AR regions.

The noncanonical AR-LBD dimerization mode is conserved
upon single point mutations of dimer interface residues
Because the studied AR mutations are located at the noncanonical
dimerization interface, we next wondered whether they might
impair homodimer formation (Fig. 6). We had previously shown
that AR-LBD dimerization in solution could be demonstrated
with the homo-bifunctional cross-linker, bis(maleimido)ethane
(BMOE), which cross-links residue Cys687 from two monomers
(6). To verify whether mutant proteins are able to dimerize as
WT AR-LBD, we incubated purified samples of the recombinant
proteins with either BMOE (spacer arm length: 8.0 Å) or a similar
cross-linker with a slightly larger spacer arm, 1,4-bis(maleimido)-
butane (BMB; 10.9 Å) and separated the reaction products by
SDS–polyacrylamide gel electrophoresis (SDS-PAGE). The results
of these experiments revealed similar patterns of AR-LBD homo-
dimer formation in all cases, indicating that receptor homodimeri-
zation is not compromised by point mutations of interface
residues (Fig. 6A).
Further, and to assess the possible impact of the studied mutants

on the dimerization potential of AR-LBD mutants, we performed
docking calculations using normalized interface propensity (NIP)
(65) and optimal docking area (ODA) (66) (fig. S5). The computed
binding energy of dimeric WTAR-LBD (PDB 5JJM; Fig. 4B; chains
B and C, removing residues 845 to 851; Fig. 4B) was similar to that
of V758A and Y764C mutants (assuming the same orientation as
WT) and more favorable than that of the other mutants. Actually,
the electrostatic energy contribution was much larger for WT than
for any mutant, while the desolvation energy showed the opposite
trend (fig. S5A). The size of the dimer interface as estimated from
the buried surface area (BSA) was larger for WT than for the
mutants, being V758A the one closest to WT (fig. S5A).
We also built alternative dimer arrangements by docking, based

on WT (PDB 5JJM, chain B without residues 845 to 851) and
current mutant monomeric structures (fig. S5B). The top ranked
model in WT docking matched the x-ray dimer orientation (5.6 Å
RMSD), with slightly better binding energy (fig. S5B). For all
mutants, we also obtained similar orientations to the experimental
dimer (RMSD < 10 Å), although not as the lowest-ranking models
(fig. S5B). Binding energies for V758A and Y764C docking dimers
were similar to those obtained by superimposition on the x-ray
dimer, while in the rest of the mutants, the binding energy of the
docking dimer was more favorable (although showing slightly
higher RMSD). NIP-based interface hotspot residues predicted
from docking (red residues in fig. S5C) were located at the x-ray
dimer interface in WT and all mutants (except in F755V, which
shows an additional NIP region around Asp829, Arg832, and
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Ile836), with residue at position 755 appearing among the highest
NIP values in all cases but in F755V. Desolvation areas predicted
by ODA surface analysis were mostly located at the x-ray dimer in-
terface inWT and all mutants (fig. S5D), indicating that a large part
of the expected dimeric interface has favorable desolvation energy,
especially the region around residue position 755. In general,

predicted dimer interfaces from docking experiments and ODA
are consistent with the x-ray dimer orientation (6).

Fig. 5. Molecular dynamics study
of the WT and mutant AR-LBD
structures demonstrate overall
domain stability coupled with
local changes in flexibility. (A)
Evolution of the RMSD for WT AR-
LBD and the studied mutants along
four independent MD runs. All
structures converge demonstrating
global structural stability. (B) Aver-
aged RMSF of the four MD runs cal-
culated for each structure: WT AR-
LBD (black), V758A (blue), Y764C
(purple), Q799E (green), F755L
(violet), and F755V (red) (top plot).
The remaining plots show the diff-
erences between the WT and
mutant RMSF values. Residues with
RMSF values higher than +2σ or
lower than −2σ (indicating de-
creased or increased flexibility com-
pared to WT, respectively) are
labeled. Only changes with values
greater than twice their SDs were
considered significant (red lines).
Major changes in flexibility around
the mutation site were detected
only for the V758A mutant. Mutant
F755V only shows a small change in
this region, while Q799E does not
present any changes near the
mutated residue but around Asn759

instead, in line with the experimen-
tal structure. Note that flexibility in
the L5-S1 loop is remarkably higher
in V758A, F755V, and Q799E com-
pared to WT (blue). On the contrary,
the C-terminal end of H10-11 shows
lower relative flexibility in all the
mutants. (C) Plots of the differences
in average pairwise distances ðΔRijÞ,
with ΔRij ¼ Rij;WT � Rij;mut, being

Rij;WT and Rij;mut the average dis-
tances between Cα atoms of resi-
dues i and j along the MD
trajectories of the WT and mutated
structures, respectively. Red and
blue represent positive and negative

ΔRij values, corresponding to
residue pairs whose average dis-
tances decrease or increase due to
the mutation, respectively. Only

residue pairs with ΔRij > 2.50
or < −1.40, which represent the
most significant distance changes,
are shown.
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Fig. 6. Point mutations at the AR-LBD dimer interface do not impair homodimer formation, which is even enhanced in the Tyr764Cys mutant. (A) SDS-PAGE
analysis ofWT andmutant AR-LBD samples treatedwith the bifunctional cross-linkers, BMOE or BMB. Note similar intensities of bands corresponding to dimeric AR-LBD in
all cases, indicating that homodimer formation is not compromised by any of the studied point mutants. (B) Representative MS/MS spectra identifying BMB-cross-linked
tryptic peptides between Cys764 residues from two LBD monomers. (C) Three-dimensional structure of the AR-LBD dimer (PDB 5JJM) in surface representation. Selected
interface residues of both monomers [Cys687, Tyr764, and Phe755 (as reference)] are shown as sticks. The DHT molecule is depicted as salmon spheres. (D) SDS-PAGE
analysis of AR-LBD(Y764C) behavior under reducing (lanes 2 and 4, +DTT) and nonreducing conditions (lanes 3 and 5, −DTT). Note the spontaneous dimerization in
solution when the protein is incubated under nonreducing conditions. (E) Representative MS/MS spectra demonstrating formation of a disulfide bridge between mutant
Cys764 residues from two LBD monomers. m/z stands for mass/charge ratio.
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The recurrent point mutation Y764C highlights the ability
of AR-LBD dimer interface to adopt different relative
orientations in AR homodimers
AR variant Tyr764Cys was first identified in a PAIS family and has
since been repeatedly reported in AIS and PCa individuals world-
wide (36, 39, 42–48). Because this recurrent mutation introduces a
solvent-exposed cysteine at the AR-LBD dimerization interface
(Fig. 6C), we reasoned that the mutant protein would be more re-
active, favoring formation of disulfide-bridged homodimers in sol-
ution. Y764C but neither WT AR-LBD nor other mutants tested
rapidly forms covalent dimers in solution at basic pH as assessed
by nonreducing SDS-PAGE (Fig. 6D). To directly prove that resi-
dues Cys764/Cys764′ from each monomer are responsible for disul-
fide bridge-mediated dimerization in solution, bands
corresponding to the AR-LBD(Y764C) dimer were excised from
the gel and subjected to enzymatic digestion with endoproteinases
trypsin and GluC. Tandem mass spectrometry (MS/MS) analysis of
these digests allowed indeed the identification of peaks correspond-
ing to Cys764–cross-linked peptides (Fig. 6E and table S3). The
dimeric AR-LBD conformation previously identified by x-ray crys-
tallography (Fig. 4B) (6) would not support reaction of neighboring
Cys764 residues (distance between Cβ atoms: 11 Å; Fig. 5C), but the
recent structure of multidomain AR reveals the plasticity of this in-
terface (7). Therefore, and to provide additional evidence of the
plasticity of the AR-LBD homodimer, we analyzed by MS/MS the
band corresponding to BMB–cross-linked, dimeric AR-
LBD(Y764C) (Fig. 6B). The results corroborated the presence of a
BMB-mediated linkage between Cys764 Sγ atoms from two mono-
mers (Fig. 6B and table S4).

The R761 zone undergoes large conformational
rearrangements in AR-LBD point mutants
In the AR-LBD homodimer, the major interface is formed by polar
and hydrophobic residues from H5, β strand S1, and their connect-
ing loop, with additional contributions made by residues from H1
and H7-H9 and L1-3 (Fig. 7, A and B). The core dimer interface
features residues Val758-Arg761, along with the aromatic residues
Trp752, Phe755, and Tyr764, which are involved in an intricate
network of hydrogen bond (H-bond) and van der Waals (VdW) in-
teractions. Most notably, stacked residues Trp752 and Phe755 rigidify
the H5-H5′ dimer interface, which is strengthened by strong VdW
contacts of the latter with Pro802 as well as by H-bonds between the
guanidinium group of Arg761 and the main chain carbonyl oxygen
atoms of Glu679, Ala680, and/or Glu682 from the neighboring
monomer (Fig. 7B). Unexpectedly, point mutations F755V/L
(Fig. 7, F and G) and Q799E (Fig. 7H) resulted in a fully different
conformation of H5-S1 loop residues compared to WT (Fig. 7C).
Although residues Val755/Leu755 occupy essentially the same posi-
tion as the WT Phe755, loss of stabilizing interactions mediated by
the Phe755 phenol ring ultimately result in the exposure of the
downstream Asn758-Arg761 sequence, which deviates by up to 4 Å
from themore compact conformation commonly observed in struc-
tures of AR-LBD, and in which residue Ser760 is essentially buried
(Fig. 7, C to H). Most notably, the side chain of Arg761 extends into
bulk solvent and exhibits various degrees of freedom in the different
mutants (Figs. 3B and 7, A to G). These residues are best defined by
electron density in the F755L and Q799E crystals, in which the gua-
nidinium group of Arg761 is sandwiched between the carboxylates
of its “own”Glu773 and Asp829 from a crystal neighbor (Fig. 7, G and

H). This extended conformation is stabilized by the side chain of
Asn759, which accepts an H-bond from the main chain N atom of
Arg761. The proline-like conformation adopted by the preceding
residue, Ser760, is also noteworthy (Fig. 7G). Important contacts
with a crystal neighbor constrain H5-S1 residues from larger dis-
placements (Fig. 7, C to H). We reasoned that, in solution, these
rearrangements could lead to even more extensive unfolding of
the R761 switch zone. Important residue movements in this
region were identified in our current MD simulations, some of
which are larger than the deviations between mutant and WT in
experimental structures (Fig. 5B and fig. S6).

Full-length AR is preferentially monomethylated in vivo by
themethyltransferase, PRMT5, andmethylation of Arg761 is
affected by AR-LBD dimer interface disease-linked
mutations
Our structural analysis of AR-LBD point mutants that affect the
dimer interface revealed important structural rearrangements,
which parallel the differences in the transcription profiles of these
variants (see above). These observations prompted us to explore
possible functional consequences of the studied mutations.
Residue Arg761 adopts a markedly different, more exposed confor-
mation in several mutants (Fig. 8, A to G), and it has been previous-
ly reported as a substrate of a major type II arginine
methyltransferase with both mono- and symmetrical dimethylation
activity, Protein arginine methyltransferase 5 (PRMT5), with im-
portant functional implications (18). To assess direct physical inter-
actions between FL AR and endogenous PRMT5 in living cells, we
performed proximity-ligation assays (PLA). The results of these ex-
periments demonstrated strong AR-PRMT5 interactions in PC3-
WT and PC3-Q799E cells, which were significantly reduced in
PRMT5-silenced cells (Fig. 9, A and B; note the 50% loss of AR-
PRMT5 interactions for both WT and Q799E). Furthermore, PLA
experiments demonstrated arginine monomethylation of FL AR, as
well as weaker symmetric dimethylation, which was reduced 50%
upon incubation with the PRMT5-specific inhibitor, GSK595
(Fig. 9, D to F). In all PLA experiments, we observed heterogeneous
patterns, with some nuclei showing strong AR-PRMT5 or methyl-
ation signals while others were practically devoid of these signals
(Fig. 9, A and C). We also note that levels of Q799E mutant were
remarkably lower in these experiments.
Western blot analysis of immunoprecipitated AR samples veri-

fied that Arg residues of both WT and mutant AR proteins were
monomethylated in PC3 cells (Fig. 8H). Similar to the results of
PLA experiments for the Q799E variant (Fig. 9C), the concentra-
tions of mutant proteins were lower, and comparison of the relative
intensities of bands corresponding to total and methylated AR frac-
tions revealed that mutants were methylated to a lower extent. This
feature is probably due to enhanced degradation of the mutant pro-
teins, compared to WT AR (figs. S3, A and B, and S4) rather than
reduced expression. In this regard, recombinant WT AR-LBD and
its mutants are produced at similar levels in a heterologous system
(Fig. 8I). In light of the structural information presented above,
these findings strongly suggest that residue Arg761 is preferentially
monomethylated by PRMT5 in WT and AR-LBD
mutants (Fig. 8H).
In the absence of structural information on the mechanism of

recognition and processing of globular, macromolecular substrates
by the methylosome (the hetero-octameric PRMT5·MEP50
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complex) and to explore possible binding modes of AR, we per-
formed docking experiments using the current structure of AR-
LBD Q799E mutant and previously reported structures of the
PRMT5·MEP50 complex (Fig. 9, G and H) (67–70). Similar inter-
actions could be expected for WTAR and other point mutants. The
results of these docking experiments suggest how the extended H5-

S1 loop in the AR-LBD would fit into the active site of the methyl-
transferase, supported by additional interactions of residues from
the neighboring PRMT5 monomer (Fig. 9, G and H). Further, in-
spection of the docking solutions suggests that the AR-PRMT5
complex might be stabilized by additional interactions of AR-
DBD with the N-terminal subunit of the transferase, while the

Fig. 7. The R761 zone undergoes large conformational rearrangements in AR-LBD point mutants. (A) Surface and cartoon representation of the AR-LBD·DHT dimer
(PDB 5JJM). Residues comprising the core dimer interface are shown as color-coded sticks (oxygen, red; nitrogen, blue; carbon, teal or sky blue). (B) Close-up of the core
dimer interface. Interface residues are shown as sticks and labeled. Major interdomain hydrogen bonds are represented as orange dotted lines. (C to H) Close-ups of the
R761 zone in the crystal structures of mutant AR-LBD (teal-colored cartoons). The closest crystal neighbor is also shown in all cases (colored dark gray), to highlight major
interactions due to the crystal packing. Residues involved in the crystal contacts are represented as color-coded sticks. Note the tighter contacts involving the Arg761 side
chain in mutants F755V (F), F755L (G), and Q799E (H) compared to WT (C), V758A (D), and Y764C (E), most notably salt bridges with the Asp829 carboxylate from the
neighboring monomer. Distances between the posttranslationally modifiable residues, Arg761 and Ser792, and from both of them to the reference residue, Trp797, are
also given.
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Fig. 8. Arg761 is more solvent exposed in pathological ARmutations affecting on argininemethylation of the full-length receptor. (A to F) Surface representation
of the AR-LBD pocket spanned by residues Trp752 and Phe755-Val758 (H5), Tyr764 (S1), Arg789-Gln793, Trp797, and Gln799 (H7) and Asn759-Arg761 (loop H5-S1). All residues are
shown as teal spheres superimposed by a gray surface to highlight the pocket topography. Note that conformational changes of Arg761 (labeled in red) and surrounding
residues remodel this pocket thus increasing solvent accessibility of Ser792 (salmon), a key phosphorylation site by AKT kinase nested at its bottom. (G) Simplified cartoon
representation of the Arg761 zone depicting the major displacement of Arg761 triggered by the dimerization mutants (different shades of red) relative to the WT position
(gray). The pathological mutations induce a dislodgement of loop H5-S1, best appreciated by the different conformations adopted by the Arg761 side chain: from an
intermediate state in V758A and Y764C (dark red, facing the viewer) to a right-oriented, more solvent-exposed position in F755V, F755L and Q799E (in salmon). (H)
Western blot analysis of total and monomethylated FL AR fractions in PC3 cell lines expressing transduced WT or point mutants of the receptor. L, total lysate; IP, im-
munoprecipitated fraction. A monoclonal antibody that specifically recognizes monomethylated arginine residues was used for WB. Monomethylated AR bands were
double normalized against the total IP AR and against the monomethylated WT AR band (= 1.00), so that monomethylation levels of AR mutants are not biased by the
amount of immunoprecipitated proteins. (I) Relative expression levels of WT and mutant AR-LBD recombinant domains in BL21 Escherichia coli cells.
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Fig. 9. AR is preferentially monome-
thylated in living cells by the
PRMT5·MEP50 complex. (A) Represen-
tative PLA images demonstrating
AR·PRMT5 physical interactions (red
dots). Nuclei were counterstained with
4′,6-diamidino-2-phenylindole (DAPI;
blue). PRMT5-silenced cells (si-PRMT5)
were compared to nonsilenced cells (si-
NS). (B) Quantified PRMT5-AR interac-
tions are shown (mean ± SEM, n = 3).
Differences between si-PRMT5 and si-NS
cells were calculated using a t test. (C)
Whole-cell extracts from (A) were ana-
lyzed and quantified for AR, PRMT5, and
tubulin expression by immunoblot. (D)
Representative images from AR methyl-
ation assessed using PLA with anti-AR
and pan-methyl antibodies recognizing
mono- (MMA) or symmetrically dime-
thylated arginine residues (SDMA). Red
dots correspond to detected MMA and
SDMAWTAR, and nuclei counterstained
with DAPI (blue). A PRMT5-specific in-
hibitor was used to verify that the
methylation signal was PRMT5-depen-
dent. (E) The number of detected MMA/
AR and SDMA/AR is shown (mean ± SEM,
n = 3). Differences between catalytically
active and inhibited PRMT5 cells were
calculated using a t test. (F) Whole-cell
extracts from (D) were analyzed and
quantified for total AR, MMA-, and
SDMA-protein patterns and tubulin ex-
pression by immunoblot. Note that,
while SDMA can be mediated only by
PRMT5 and PRMT9, MMA can be cata-
lyzed by type I and II PRMTs. This ex-
plains the larger impact of the PRMT5-
specific inhibitor on the SDMA fraction.
(G) Model of AR-LBD(Q799E) approach-
ing the active site of the PRMT5·MEP50
methylosome. For simplicity, only a
heterotetrameric (PRMT5)2·(MEP50)2
complex is shown (PDB 4GQB). Note that
folded substrates such as AR-LBD would
interact with two neighboring catalytic
subunits, in addition to NTD-MEP50 and
DBD-PRMT5 contacts. (H) Diagram of
putative interactions between AR
domains and the methylosome. (I)
Summary of PTMs affecting the AR-LBD.
Note that PRMT5 regulates the cascade at different levels, including epidermal growth factor receptor (EGFR/HER1), protein kinase B (AKT), and AR. Phosphorylation
(yellow), methylation (blue), and ubiquitination (green) pathways are shown: insulin-like growth factor 1 (IGF-I), insulin-like growth factor 1 receptor (IGF-1R), epidermal
growth factor (EGF), epidermal growth factor receptor (HER1, 2 or 3), phosphoinositide 3-kinase (PI3K), mitogen-activated protein kinase 4 (MAPK4), aurora kinase A
(AURKA), clonal hematopoiesis of indeterminate potential (CHIP), ring finger protein 6 (RNF6), checkpoint kinase 2 (CHK2), proto-oncogene serine/threonine-protein
kinase (PIM-1) and E3 ubiquitin-protein ligase (Siah2).
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MEP50/WDR77 component could recognize methylated Arg resi-
dues within the AR-NTD (Fig. 9, G and H). Synergy between these
different interactions would ultimately provide the necessary energy
to enforce structural rearrangements required to insert the nongly-
cine side chains of Ser760 and Met762 in the corresponding subsites
of the enzyme, thus allowing methylation of residue Arg761.

DISCUSSION
Although missense mutations of the AR gene have repeatedly been
associated with conditions such as PCa and AIS (29), the molecular
mechanisms of disease causation and the affected pathways remain
poorly understood to date. Previous structural analyses of AR point
mutants have been limited to internal residues that line the LBP,
which are particularly relevant because of their association with re-
sistance to anti-androgen therapy in patients with PCa (e.g.,
W742L, H875Y, and T878A) (26–28). Here, we present a thorough
multidisciplinary analysis of the structural and functional impact of
several mutations that are buried at the AR-LBD dimer interface (6)
and which have been repeatedly linked to either AIS and/or PCa
(F755L/V, V758A, Y764C, and Q799E). Although being essentially
solvent-exposed residues in monomeric AR and thus unlikely to
compromise the overall folding of the protein, we show that these
disease-linked variants have significant structural and functional
implications. Most notably, transcriptomic analysis demonstrated
that, despite overall conservation of AR programs, notable differ-
ences exist at the transcriptional level between WT AR and most
mutants, including key drivers of PCa progression such as FOXA1
andMYC. In general, mutations at the AR-LBD dimer interface im-
paired AR’s ability to halt proliferation and colony formation while
retaining sensitivity to AR targeting drugs, consistent with a role for
the nuclear factor as master regulator of differentiation (58). The
growth-suppressive role for ligand-bound AR had previously been
shown (55, 56) and has been the basis for the proposed supraphy-
siologic testosterone treatment in patients with PCa that is being
evaluated in clinical settings as part of the bipolar androgen
therapy (71). Mechanistically, AR signaling has been shown to be
dichotomous, promoting or repressing growth at low or high activ-
ity levels, respectively (72), and distinct transcriptional outputs have
been identified for patients responding to supraphysiologic testos-
terone (73).
These large differences in transcriptional programs were paral-

leled by a largely reduced stability of the mutant AR-LBD modules,
as indicated by notably lower Tm of up to 6°C and increased sensi-
tivity to proteolysis in F755L/V and Y764C. Our current high-res-
olution crystal structures of the mutant domains reveal, in addition
to changes in the targeted dimerization interface, an increased pro-
pensity to side chainmovements of residues that cluster in previous-
ly described functional areas of the receptor: the exposed AF-2 and
BF-3 pockets but also in the minor dimerization site identified in
our previous crystal structure of multimeric AR-LBD and which
evokes the tetrameric assemblies identified in living cells (6).
Similar movements were also identified in MD simulations of
mutant proteins (Fig. 5 and fig. S6). Structural rearrangements
are particularly noteworthy in variants F755L/V and Q799E, in
which residues of the R761 zone (H5-S1 loop) adopt a previously
not observed, muchmore solvent-exposed conformation, which de-
viates by up to 4 Å from that observed in all previously reported
structures of AR-LBD bound to both agonists and antagonists.

On the other hand, introduction of a cysteine in a solvent-
exposed position at the dimer interface (Y764C) increases the pro-
pensity to nonproductive dimer formation, particularly in the
crowded nuclear environment and likely further conformational
changes in the FL protein. In this regard, the recently presented
low-resolution cryo-EM structures of the core AR have revealed,
in addition to an “entrenched” arrangement, which would corre-
spond to our previously presented structure of dimeric AR-LBD
(6), a more open or “splayed” assembly of AR monomers (7).
Our previous MD simulations of the V758A mutant indicated

allosterically transmitted conformational changes in the AR-LBD
(41). The current crystal structures of AR-LBD point mutations
that affect the dimerization interface confirm and extend these ob-
servations. These replacements induce conformational changes at
areas located in the diametrically opposed pole of the domain,
most notably the AF-2 binding pocket (Figs. 1B and 3E). This is
the first time that a mutation in the AR-LBD dimerization site
has been linked to conformational changes in the AF-2 pocket, sug-
gesting that dimerization and coregulators binding are allosterically
coupled. Careful inspection of the crystal structures supported by
MD and SCA analyses suggests allosteric pathways connecting the
dimer interface with the LBP and the AF-2 and BF-3 sites in
AR-LBD.
Previous investigations have revealed several functional defects

in the studied mutants, including a lower affinity for agonists,
which, at least in the case of Y764C, was shown to result from a
more rapid dissociation of ligands without significant changes in
the LBP, a significant to near complete loss of NTD-LBD (N/C) in-
teractions, and a largely reduced transcriptional activity, particular-
ly at physiological DHT concentrations (summarized in table S2).
Together, these functional findings are in line with our current
structural observations of increased mobility of AR-LBD mutants
and have important consequences for the structure-function rela-
tionship of the receptor. First, the overall decrease in domain stabil-
ity together with subtle displacements of AF-2 residues might
impair both intra- (N-/C-terminal) and intermolecular interactions
(with coactivators and corepressors). Conversely, the presence of
the NTD would seem to stabilize the LBD upon N-/C- interactions,
as suggested by the lower thermostability of a double mutant with a
shortened polyQ stretch in the NTD in addition to the Y764C point
mutation (43). This is also in line with the cryo-EM structures of FL
AR, which revealed a compact conformation with a central LBD
surrounded by the NTD (4, 7), and with our recent identification
of NTD-LBD interactions (74–75). Second, even mutations that
do not affect the LBP directly can have a profound impact on
DHT affinity, by facilitating its dissociation from the internal
binding site. In this regard, hormone trafficking in and out the
LBP is likely to involve displacements of residues in the H5-S1
loop similar to the ones observed in our current crystal structures
or perhaps of a larger magnitude. N/C interactions of the Q799E
mutant were normal, however (48), highlighting the unique molec-
ular fingerprint of each mutation.
The PCa-associated transcription factor, estrogen-responsive

gene (ERG), was previously shown to recruit protein arginine meth-
yltransferase PRMT5 to AR-target genes (18). PRMT5 then meth-
ylates AR at position 761, ultimately down-regulating AR
transcriptional activity. Here, we corroborate and extend these find-
ings by showing a direct physical interaction of endogenous PRMT5
with both WT and the Q799E mutant of FL AR in living cells.
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Further, we verified that AR is both mono- and, to a lesser extent,
symmetrically dimethylated in cells in a PRMT5-dependent
manner (Fig. 9, A to F). The presence of nonglycine residues both
before and after Arg761 would seem to make its methylation less fa-
vorable than canonical Gly-Arg-Gly motifs, in light of current
structural evidence for PRMT5 (68–69) and other methylases
(76). However, a recent systematic analysis of the human methyl-
ome has revealed a large number of substrates with bulky side
chains preceding and/or following the modified arginine (77).
Our docking experiments suggest that Arg761 processing by the oc-
tameric (PRMT5)4·(MEP50)4 heterocomplex known as methylo-
some would depend on secondary interactions of residues in the
immediate vicinity of the methylated arginine, on the one side,
and exposed residues of the PRMT5 catalytic domain and the N-ter-
minal subunit of a neighboring molecule in the methylosome, on
the other. Substrate recognition might be assisted by additional in-
teractions with the highly acidic noncatalytic subunit of the meth-
ylosome, MEP50/WDR77, which have been shown to orient
substrate histones toward the buried active site of PRMT5 (78). A
summary of predicted AR interactions with the methylosome that
might ultimately determine specific recognition and processing of
Arg761 is schematically presented in Fig. 9 (G and H).
Although the more exposed, protruding conformation of Arg761

in AR-LBD mutants would favor recognition and processing by the
methylosome, we have actually observed a decrease in the total and
methylated fractions of the studied AR mutants in cells. Point
mutants of the AR-LBD are unlikely to affect protein expression,
and we have observed similar expression levels of recombinant
WT AR-LBD and its mutants. Therefore, this apparent contradic-
tion points to an enhanced degradation of mutant AR protein. AR is
polyubiquitinated by several E3 ligases (Fig. 9I), followed by its deg-
radation in the proteasome. The tumor suppressor, C terminus of
Hsp70-interacting protein (CHIP), appears to be particularly rele-
vant in this regard, as it couples the chaperone machinery to AR
degradation, inducing mitotic arrest (79, 80). Of particular clinical
relevance, CHIP has been shown to modulate sensitivity to anti-an-
drogen therapy in advanced PCa (81). These findings are also im-
portant with regard to the current development of proteolysis
targeting chimeras as pharmacological alternatives for PCa treat-
ment (82, 83).
Multiple additional connections between the PRMT5·MEP50

methylosome, AR pathophysiological activity, and PCa etiology
have been reported. PRMT5 functions as an epigenetic activator
of AR transcription in PCa (84), while the noncatalytic methylo-
some component, MEP50 (also termed androgen coactivator
p44), has been previously identified as an AR interactor linked to
PCa progression, which enhances AR-driven gene expression inde-
pendently of PRMT5 catalytic activity. Accordingly, MEP50 expres-
sion levels are higher in PCa tissue than in adjacent, normal prostate
tissue (85), and it has been associated with androgen-independent
PCa (86). Further, MEP50 is required for homeostasis of prostate
epithelial cells by controlling the proper expression of AR-target
genes, and its translocation from the nucleus into the cytoplasm
in PCa cells results in exacerbated proliferation of prostate epithelial
cells (87). Together, the close relationship between methylosome
and AR activity at the light of our current observations provokes a
systematic analysis of ARmethylation in patients with PCa and sug-
gests avenues for therapeutic intervention, in particular in
TMPRSS2:ERG-positive PCa (18).

Another important PRMT5 substrate, AKT kinase, is also meth-
ylated at a noncanonical sequence that resembles the AR-LBDmod-
ification site (Gln-Arg-Leu) (88). The side chain of the methylated
arginine residue, Arg391, is fully buried in the AKT protein core, in-
dicating that large conformational changes are not uncommon in
PRMT5 substrates. This finding is also relevant because AKT has
been shown to phosphorylate AR at two canonical RXRXX(S/T)
sites, Ser213 in the NTD and Ser792 in the LBD (12–15). Noteworthy,
Ser792 is located close to Arg761, and it is more exposed in the
mutants with an open H5-S1 loop. However, we have not detected
significant differences in the degree of phosphorylation between
WT and mutant AR.
Inspection of the AR-LBD 3D structure reveals that the dimeri-

zation interface comprises, in addition to Arg761 and the nearby
Ser792, several residues that have been previously reported as
targets of PTMs (Figs. 1A and 9I). This extended patch includes
in particular the pair of lysine residues at positions 846 and 848,
which are ubiquitinated by RNF6 to modulate coactivator recruit-
ment and AR transcriptional activity (16). Last, residue Thr851 is
phosphorylated by the PIM-1L isoform of this Ser/Thr kinase,
which stabilizes AR by recruiting RNF6 (17). The phosphomimetic
Thr851Asp mutation resulted in increased transcriptional activity
due to enhanced recruitment of coactivators at AF-2 (89), mirroring
the impact of several point mutations at the dimer interface charac-
terized in the current work. Together, this AR surface emerges as a
major hotspot for PTMs (a summary of AR-LBD PTMs and their
functional consequences is given in Fig. 9I). These findings under-
score the realization that PTMs regulating DNA accessibility and
transcription not only are not limited to histones but also affect
also other elements of the transcription machinery (extended
histone code) (90). Future investigations should depend on the
cross-talk between PTMs andAR quaternary structure including in-
terdomainmotions and allosteric pathways connecting the different
functional areas of the nuclear factor and their impact on its inter-
actions with specific coregulatory proteins and its proteasome-me-
diated degradation.
In summary, the results of our multidisciplinary approach reveal

a complex landscape of structure and function alterations induced
by mostly conservative mutations that affect the dimerization inter-
face of the AR-LBD, which opens various avenues for structure-
guided modulation of AR function. The characterization of ARmu-
tations presented here through a combination of complementary
structural (x-ray crystallography coupled with docking experiments
and MD simulations) and functional assays including transcrip-
tome analysis could be straightforwardly extended to other patho-
logical AR mutants including other oncogenic forms of the
receptor. Early prognosis and precision pharmacology of AR-
linked diseases would benefit from this integration of structural
and cell biology studies under consideration of the interplay
between AR mutations and PTM-driven pathology. Eventually, it
might be possible to comprehensibly link all AR mutations to spe-
cific PCa subtypes, as has been achieved for the related estrogen re-
ceptor in breast cancer (21–22), as an important step toward truly
personalized treatment of patients with PCa.
Our results open various avenues for structure-guided modula-

tion of AR function. The future of precision pharmacology to tackle
AR-linked diseases and also for the prognosis and treatment of pa-
tients with PCa needs to integrate structural biology with studies of
cellular effects of mutations and PTM-driven pathology.
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MATERIALS AND METHODS
Cell lines and plasmids
PC3, DU145, LNCaP, 22rv1, and RWPE-1 cell lines were purchased
from and authenticated by ATCC (American Type Culture Collec-
tion). For maintenance, cells were cultured in RPMI 1640 or Dul-
becco’s modified Eagle’s medium (DMEM), respectively,
supplemented with 10% fetal bovine serum (FBS). For functional
assay, cells were depleted of androgens using 10% charcoal-stripped
serum (CSS; Thermo Fisher Scientific). Site-directed mutagenesis
of a commercial lentiviral AR plasmid (pLENTI6.3/AR-GC-
E2325, plasmid #85128, Addgene) was conducted to generate vari-
ants AR-F755V, AR-V758A, AR-Y764C, and AR-Q799E. For lenti-
virus production, human embryonic kidney 293FT (HEK293-FT)
cells were cultured in DMEM (Thermo Fisher Scientific), and the
lentiviral packaging vectors psPAX2 and pCMV-VSV-G were co-
transfected in polyethylenimine (1 mg/ml) containing Opti-MEM
(Thermo Fisher Scientific). After viral transduction using superna-
tants supplemented with polybrene (8 μg/ml), PC3 cells were incu-
bated for 48 hours and selected with blasticidin (5 μg/ml) to
generate control, WT AR, and mutants cell lines.

Luciferase reporter assay
To assess AR transcriptional activity, a luciferase-based assay was
performed in PC3 cells, which were seeded (15,000 cells per well)
in white with clear flat-bottom 96-well plates (RPMI 1640 media
supplemented with 10% CSS). After 24 hours, 50% confluent cells
were transfected using a Lipofectamine 2000 transfection reagent
(Thermo Fisher Scientific), following the manufacturer’s instruc-
tions. Renilla luciferase expression is controlled by a constitutive
promoter for normalization (pRL-TK Renilla luciferase,
Promega). On the other hand, Firefly luciferase plasmid (pARE-
4X-Luciferase) contains four androgen response elements (AREs)
cloned in tandem into pGL3 (Promega) (91). Transfection was per-
formed using 100 ng of pARE-4X-Luciferase and 10 ng of pRL-TK
Renilla luciferase. Both luciferases are monomeric and neither re-
quires posttranslational processing, so they can function as
genetic coreporters immediately upon translation.
Transfection mixes were prepared in Opti-MEM I (Thermo

Fisher Scientific). Six hours after transfection, the medium was as-
pirated and replaced with RPMI 1640 media supplemented with
10% CSS. For the assay testing the transactivation level of AR
mutants, cells were stimulated 24 hours after transfection for 4
hours with vehicle or 20 nM DHT. For luciferase assay testing AR
mutants’ resistance to PCa treatment drugs, cells were treated for
30 min with abiraterone (40 or 80 μM) or enzalutamide (50 or
200 μM) before 20-nM DHT stimulation for 4 hours. Luciferase ac-
tivity was measured after cell incubation with the corresponding
compounds with the Dual-Glo Luciferase Assay System
(Promega) using an EnSpire Alpha plate reader (PerkinElmer).
After background subtraction, the ratio of firefly to Renilla lucifer-
ase activity was calculated. Assays were performed in three indepen-
dent experiments with five internal replicates each. GraphPad Prism
8.0 software was used to perform the statistical analyses using t test,
once confirmed the normal distribution of the values.

Functional cell assays
Colony formation and proliferation assays
Approximately 30,000 PC3 cells were seeded in six-well plates and
grown in RPMI 1640 media supplemented with 10% CSS, in two
independent replicates for each experiment. The next day (day 1),
cells were stimulated with 20 nMDHT. The stimulation was repeat-
ed every 2 days. Colonies were grown until day 9 and stained with
crystal violet [0.5% (w/v) in 10% ethanol and 90% formaldehyde].
After 30 min of incubation and several washes with water, colonies
were scanned and quantified using ImageJ software (https://imagej.
nih.gov/ij/). Colony formation capacity was normalized to control
cells. Statistical analysis was performed using t test, showing the dif-
ferences with respect to PC3WTAR. For colony formation assays in
other cell lines, cells were seeded on the basis of their proliferation
rate (DU145: 8000 cells per well; RWPE-1: 20,000 cells per well;
22Rv1: 30,000 cells per well; LNCaP: 80,000 cells per well). While
DU145 and RWPE cells were cultured in CSS for this assay,
22Rv1 and LNCaP were cultured in FBS to prevent them from stop-
ping proliferation. In all cases, media were supplemented with in-
creasing concentrations of DHT.
Proliferation assays
Cells were trypsinized and counted (with trypan blue stain to dis-
criminate living cells) every 2 days, starting at day 3 and finishing at
day 7, to follow the time course growth. To compare proliferation at
day 7, the number of cells of each PC3 variant was normalized to
their corresponding nonstimulated control (without DHT). Statis-
tical analysis was performed using t test, showing the differences
with respect to PC3 WT AR.
MTT cell viability assays
Approximately 4000 cells (n = 6) were seeded in 96-well plates in
RPMI 1640 media containing 10% CSS. Cells were supplemented
the next day with DHT combined with abiraterone acetate (Memo-
rial Sloan Kettering Cancer Center), enzalutamide (MDV3100;
Sigma-Aldrich), or apalutamide (Janssen) at different concentra-
tions. After 72 hours, cells were treated for 3 hours with 10 μl per
well of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; 5 mg/ml], a yellow tetrazole that is reduced to purple for-
mazan crystals by living cells. Formazan crystals were dissolved with
100 μl of solubilization buffer (10% SDS and 10 mM HCl) for 3
hours. Plates were read at optical density = 560 nm in a spectropho-
tometer, and then the percentage of viable cells compared to the
untreated wells was determined. In the case of abiraterone, the in-
hibitory concentration was calculated using nonlinear regression fit
in GraphPad Prism 8.0 software, normalizing to untreated cells.
Statistical analysis was performed using parametric paired t test
comparing each PC3 AR-mutant regression curve versus PC3 WT
AR. Because of drug resistance of PC3 cells against enzalutamide
and apalutamide, data did not fit nonlinear regression models. To
compare enzalutamide and apalutamide resistance, normalized cell
viability (at 50 μM enzalutamide or 100 μM apalutamide) was ex-
pressed as a fold change percentage with respect to WT AR. Statis-
tical analysis was performed using a t test, showing the differences
between the PC3 WT AR and its mutants. For viability assays of
other cell lines, cells were seeded to reach confluence (90%) at the
end of the experiment (DU145: 2500 cells per well; LNCaP, 22Rv1,
and RWPE-1: 5000 cells per well). While DU145 and RWPE were
cultured in CSS for this assay, 22Rv1 and LNCaP were cultured in
FBS to prevent them from stopping proliferation. In both cases,
media were supplemented with increasing concentrations of DHT.
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Immunoprecipitation and Western blotting
For immunoprecipitation (IP) of FL AR, PC3 cells were scraped off
the plate and transferred to a microcentrifuge tube using lysis buffer
(LyB) containing 50 mM tris, 150 mM NaCl, 0.2% NP-40, and 10%
glycerol supplemented with protease inhibitor cocktail (Roche), 1%
phosphatase inhibitor cocktail 3 (Sigma-Aldrich), and 0.5% phenyl-
methylsulfonyl fluoride (Sigma-Aldrich) (in following, inhibitor
mix). Samples were sonicated on ice three times for 5 s each, 30%
amplitude, and centrifuged. IP of the collected supernatant was per-
formed using magnetic beads (Protein G and Protein A Mag Se-
pharose beads, Thermo Fisher Scientific). AR XP (1:50; Cell
Signaling, 5153) and immunoglobulin G (IgG; 1:50; rabbit IgG
polyclonal–isotype control, Abcam) antibodies were preincubated
for 1 hour with 25 μl of A + G beads (1:1) at 4°C, and cell lysates
(1.6 mg) were precleared with 5 μl of A + G beads (1:1). Beads were
removed from the precleared lysates and then transferred into AR or
IgG tubes for IP at 4°C overnight in a rotating wheel. Afterward,
beads from the negative control (IgG tubes) and the immunoprecip-
itated samples were washed twice with LyB and five times with LyB
lacking NaCl. Last, beads were eluted with 70 μl of Laemmli buffer
containing 10% β-mercaptoethanol for 5 min at 98°C, and samples
were analyzed by Western blotting.
ForWestern blot analysis of total protein extracts, PC3 cells were

lysed with 1× radioimmunoprecipitation assay (RIPA) buffer [10
mM tris-HCl (pH 7.5), 0.1% SDS, 1% deoxycholate sodium salt,
1% triton X-100, 0.15 M NaCl, and 1 mM EDTA] supplemented
with inhibitor mix. Proteins (30 μg per lane) were resolved by
SDS-PAGE and transferred onto a polyvinylidene difluoride mem-
brane (GE Healthcare, Amersham), which was blocked with PBS-T
(phosphate-buffered saline and 0.1× Tween 20) containing 5%
bovine serum albumin (Sigma-Aldrich). Primary antibodies for
Western blot were incubated at 4°C overnight: anti-AR (1:500;
Abcam), anti-mono methyl arginine (R*GG) (1:500; Cell Signal-
ing), and anti-rabbit IgG horseradish peroxidase–linked antibodies
(1:10,000; Cell Signaling). HRP-conjugated secondary antibody was
incubated for 1 hour at room temperature. The ECL Plus Western
Blotting Detection Kit (Thermo Fisher Scientific) was used for de-
tection in a ChemiDoc MP Imaging System (Bio-Rad).

Transcriptomic analysis
For transcriptomic analysis, approximately 500,000 PC3 cells were
seeded in 10-cm plates in RPMI 1640 media supplemented with
10% CSS (hormone depletion conditions) (n = 3). After 48 hours,
cells were stimulated with 20 nM DHT for 4 hours and collected.
RNA was purified using the Maxwell RSC simplyRNA Tissue Kit
(Promega), following the manufacturer ’s instructions. RNA
quality control, library preparation, 2 × 100 bp, >25 M paired-end
reads, and stranded mRNA sequencing (RNA-seq) were performed
using an Illumina HiSeq2500 platform. RNA-seq lanes were joined
and reads were mapped with STAR (92) to the primary assembly of
the human reference genome (GRCh38) in conjunction with the
complete gene annotation file available in GENCODE (93). The
gene read count was performed with the STAR parameter - quant-
Mode GeneCounts. Results indicate, on average, 90% of reads
uniquely mapped in all samples; around 80% of the reads are over-
lapping genes.
We used the IDEAmex service (94) to perform differential ex-

pression analysis using DESeq2 (95) and limma methods (96).
The count matrix was filtered considering 5 counts per million

(CPM). To define DEGs, we considered an absolute log2 fold
change ≥ 1 and an adjusted P value or false discovery rate (FDR)
≤ 0.05. The following DE analyses were performed: PC3 control
versus WT AR and point mutants F755V, V758A, Y764C, and
Q799E, as well as WT AR versus PC3, F755V, V758A, Y764C,
and Q799E. To identify the intersection of genes differentially ex-
pressed between contrasts, we used the function UpSet from the
package Complex heatmaps (97). Volcano plots were generated
using the Enhanced Volcano R package on DESeq2. AR targets
were recovered from DoRothEA (57).
For PCA, raw counts were filtered to have at least three samples

with a CPM ≥ 5. Counts were transformed using the VST function
(98). The PCAwas calculated with the plotPCA function in DESeq2
and visualized with the ggplot2 package. For the VST data, we cal-
culated the Euclidean distances between samples using the R func-
tion dist. We plotted the sample distance matrix with the rows/
columns arranged by the distances, manually providing sampleD-
ists to the clustering distance argument of the pheatmap function.

Enrichment analysis
GSEA (99) was performed to assess the enrichment of the different
mutant AR signatures against a reference signature of DEGs
between control versus WT AR ranked according to the log2 fold
change value and the clusterProfiler R package (100) on DESeq2
results. GSEAwas also used to ascertain the enrichment in selected
gene sets that match against the search for “prostate cancer” in
MSigDB or the entire Biological Pathways collection in the KEGG
database. We performed GSEA against PCa malignant signatures
FOXM1, CENPF, and FOXM1 + CENPF for each DESeq2 result
between PC3 control versus WT AR, F755V, V758A, Y764C, or
Q799E. Signatures recovered are defined as top 200 up- and
down-regulated DEGs (58).
Transcription factor activity was estimated with the DoRothEA

R package (57) using results from the limma package (96) between
PC3 versus WT AR or F755V, V758A, Y764C, or Q799E mutants.
We estimated activity for pathways involved in cancer with
PROGENy (101). DEG results between PC3 control versus WT
AR, F755V, V758A, Y764C, or Q799E using as input the list of
genes ranked by the log2 fold change.

AR target genes expression analysis by RT-qPCR
For qPCR, approximately 300,000 PC3 cells were seeded in six-well
plates in duplicates in RPMI 1640 media supplemented with 10%
FBS. After 48 hours, 70% confluent cells were hormone-depleted
by using RPMI 1640 media supplemented with 10% CSS. After 24
hours, cells were stimulated with 20 nM DHT for 4 hours and col-
lected. RNA was extracted using a TRIzol reagent according to the
manufacturer’s instructions. After DNA digestion (deoxyribonu-
clease, Amplification Grade, Invitrogen), cDNA was obtained
using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Total cDNAwas diluted 1:10, qPCR was per-
formed using PowerUp SYBR Green Master Mix (Applied Biosys-
tems), and plates were read with a LightCycler 480 (Roche). The
following reverse transcription (RT)–qPCR primers were used to
amplify glyceraldehyde phosphate dehydrogenase (GAPDH; 5′-
CATCTTCCAGGAGCGAGATC; 5′-GCTGTTGTCATACTTCT-
CATGG), TMPRSS2 (5′-CCTGACGCAGGCTTCCAAC; 5′-
GGTCAAGGTGATGCACAGTG), FKBP5 (5′-GCGAAGGAGAA-
GACCACGACAT; 5′-TAGGCTTCCCTGCCTCTCCAAA), and
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FOXA1 (5′-GCAATACTCGCCTTACGGCT; 5′-TACA-
CACCTTGGTAGTACGCC). Results were normalized to GADPH
expression level, and each sample was quantified in triplicate. Rela-
tive quantification considers GAPDH internal standard and control
conditions (PC3-CNT without DHT) to normalize and compare
samples. GraphPad Prism 8.0 software was used to perform the stat-
istical analyses using t test, which confirmed the normal distribu-
tion of the values.

Proximity ligation assay
PLA experiments were performed using reagents from the Naveni-
flex MR Kit (Navinci) essentially as previously described (102).
Briefly, cells were seeded onto coverslips in 12-well plates, fixed in
methanol for 2 min, and then washed twice in 1× phosphate-buff-
ered saline. Fixed cells were stored at 4°C for subsequent staining or
saturated with the blocking solution for 1 hour at 37°C. All further
steps were performed at this temperature. Cells were then incubated
with different pairs of primary antibodies: (i) anti-AR (Cell Signal-
ing, #5153) and anti-PRMT5 (Santa Cruz Biotechnology, sc-
376937), (ii) anti-AR (Santa Cruz, sc-7305) and anti-MMA (Cell
Signaling, #8711), or (iii) anti-AR (Santa Cruz, sc-7305) and anti-
SDMA (Cell Signaling, #13222) for 1 hour. After three washes in
tris-buffered saline with 0.1% Tween® 20 detergent (TBS-T),
mouse and rabbit secondary antibodies conjugated with comple-
mentary oligonucleotides (“Navenibodies”) were added and incu-
bated for 1 hour. Again, cells were washed three times in TBS-T
and subsequently incubated with reaction reagents A, B, and C to
activate the oligonucleotides, to allow the interaction of Navenibod-
ies that are in close proximity and the DNA hybridization and am-
plification of the proximity fluorescent probes (ATTO647),
respectively. Last, cells were washed 2 min in 1× tris-buffered
saline (TBS) and incubated for 15 min with 0.1× TBS at room tem-
perature. The samples were mounted using Duolink in situ mount-
ing medium containing 4′,6-diamidino-2-phenylindole (DAPI;
Sigma-Aldrich, #DUO82040). The edges of the coverslips were
sealed using nail polish. Slides were then stored in the dark at 4°C
for a short term or visualized under a Zeiss fluorescence micro-
scope, and interactions were counted for at least 300 cells using
ImageJ software (103). In some experiments, PRMT5 was down-
regulated using ON-TARGETplus Human SMARTpool small in-
terfering RNA (siRNAs; Dharmacon, #L-015817-00-0005). The un-
related siRNA ON-TARGETplus Non-targeting Control Pool
(Dharmacon, #D-001810-10-05) was used as control in these
siRNA experiments. Alternatively, PRMT5 activity was blocked by
preincubating the cells for 48 hours with the specific inhibitor,
GSK595 (0.5 μM; Sigma-Aldrich). Cells incubated with the same
volume of dimethyl sulfoxide were used as reference in these
experiments.

Cloning and mutagenesis of the hAR-LBD construct
Recombinant human AR-LBD (hAR-LBD; amino acids 641 to 920)
was cloned into a modified pGEX vector as previously published
(63). The resulting fusion protein consists of a histidine tag se-
quence followed by a glutathione S-transferase and a Tobacco etch
virus (TEV) cleavage site before the corresponding sequence of the
hAR-LBD. The pGEX vector template encoding WT hAR-LBD was
mutated using the Q5 Site-Directed Mutagenesis Kit (New England
Biolabs) to generate AR-LBD mutant vectors with the following
primers (Y764C: 5′-CAGGATGCTCTgGCTTCGC, 5′-

GAGTTGACATTGGTGAAGGATCG; V758A: 5′- TTCAC-
CAATGcCAACTCCAGGATGCTC, 5′- GGATCGCCAGCC-
CATGGC; F755V: 5′- CTGGCGATCCgTCACCAATGT, 5′-
CCCATGGCAAACACCATGAGC; F755L: 5′- CTGGCGATCCT-
TaACCAATGT, 5′- CCCATGGCAAACACCATGAGC; and
Q799E: 5′- TGGATGGCTCgAAATCACCCC, 5′-
AACTCTTGAGAGAGGTGC).

Differential scanning fluorimetry
Thermofluor experiments were performed in an iQ5 Multicolor
Real-Time PCR Detection System (Bio-Rad) using 96-well plates
(Hard-Shell High-Profile Semi-Skirted PCR Plate, Bio-Rad) and a
25-μl total volume for each reaction essentially as described in
104. Melting curves were acquired from eight replicates to deter-
mine the average Tm. AR samples (0.5 mg/ml) were prepared in
20 mM Hepes (pH 8.0), 150 mM Li2SO4, 10% glycerol, 50 mM im-
idazole, 1 mM dithiothreitol (DTT), and 50 μM DHT and centri-
fuged 5 min at 14,000 rpm. SYPRO Orange dye (Sigma-Aldrich)
was first prepared at 80× in the protein buffer, starting from a
5000× commercial dilution. The final concentration of SYPRO
Orange dye in each 25-μl reaction was 5×. The plates were sealed
with optical quality sealing film (Microseal B Seals, Bio-Rad) and
centrifuged at 2000g for 30 s. Samples were equilibrated for 60 s
and analyzed using a linear gradient from 16° to 95°C in increments
of 1°C/min, recording the SYPRO orange fluorescence throughout
the gradient in the iQ5 Optical System Software 2.0. Values were
fitted using the online tool JTSA with the Boltzmann four-param-
eter logistic equation, and the calculated fluorescence shift mid-
points were compared via unpaired t test for equal variances in
GraphPad Prism 8.

Proteolytic digestion
Samples of recombinant WTAR-LBD and all studied mutants were
buffered-exchanged into 25 mM tris (pH 7.6), 10 mM CaCl2, and 1
mM DTT using a PD-10 column and concentrated to 0.5 mg/ml
using a centrifugal filter device. Sequencing-grade Arg-C protease
(Clostripain, P5214 Abnova) was added [50/1 (w/w), protein/prote-
ase], and mixtures were incubated at 37°C with shaking. Aliquots of
the proteolytic reactions were taken at indicated times, immediately
mixed with reducing Laemmli buffer, and heated at 95°C for 5 min.
Reaction products were separated on SDS-polyacrylamide gels and
stained with Coomassie Brilliant Blue.

Crystallization and structure determination
Purified, concentrated DHT-bound AR-LBD mutants (F755L,
F755V, V758A, Y764C, and Q799E) were combined with a
twofold molar excess of UBA3 peptide and incubated for 1 hour
at room temperature. Drops of the AR-LBD mixture were equili-
brated against 0.1 M tris-HCl (pH 8.0) containing either 0.2 M
sodium chloride, 2.0 M ammonium sulfate, 0.1 M ammonium
acetate, or 2.5 M sodium formate using the sitting drop vapor-dif-
fusion method. Diffraction data were collected at 100 K at the
XALOC beamline of the ALBA-CELLS synchrotron (www.cells.
es/en/beamlines/bl13-xaloc) and processed using MOSFLM
(www.mrc-lmb.cam.ac.uk/harry/mosflm/) and CCP4 (www.ccp4.
ac.uk/). The crystal structures were solved and refined using
MOLREP (www.ccp4.ac.uk/html/molrep.html#references),
REFMAC5 (www2.mrc-lmb.cam.ac.uk/groups/murshudov/
content/refmac/refmac.html), and COOT (www2.mrc-lmb.cam.ac.
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uk/personal/pemsley/coot/) from the CCP4 package. Crystal
packing was analyzed using PISA (www.ebi.ac.uk/), model quality
was assessed with MolProbity (http://molprobity.biochem.duke.
edu/), and structure figures were prepared with PyMOL (www.
pymol.org).

Cross-linking experiments
Purified recombinantWT andmutant AR-LBD proteins were incu-
bated with fourfold molar excess of BMOE or BMB cross-linkers for
2 hours at 37°C following the manufacturer’s instructions. Samples
of the reaction mixtures were boiled in the presence of reducing
Laemmli sample buffer and resolved by SDS-PAGE.

Y764C covalent dimerization in solution
Purified recombinant Y764C (3 mg/ml) was incubated in 20 mM
Hepes (pH 8.0), 150 mM Li2SO4, 10% glycerol, 50 mM imidazole,
1 mM DTT, 50 μM DHT, or in the same buffer without DTT after
desalting using a PD-10 column (GE Healthcare). Y764C samples
incubated under reducing and nonreducing conditions were boiled
in the presence of reducing Laemmli sample buffer and resolved in a
10% SDS-polyacrylamide gel.

Nano–liquid chromatography–MS/MS experiments
Bands corresponding to dimeric, BMB–cross-linked Y764C were
excised from the gels and subjected to in-gel digestion following
the standard protocols. Briefly, excised bands were reduced (10
mM DTT) in 50 mM bicarbonate buffer (pH 8.0) for 45 min at
56°C, alkylated (50 mM iodoacetamide in 50 mM ammonium bi-
carbonate buffer for 30 min at 25°C), and digested with trypsin
overnight at 37°C in 100 mM ammonium acetate buffer (pH 8). (Se-
quencing-grade endoproteases were from Promega).
The following procedures have been performed as previously

published (64). Tryptic peptides were diluted in 1% formic acid
(FA) and loaded onto a 180 μm by 20 mm C18 Symmetry trap
column (Waters) at a flow rate of 15 μl/min using a nanoAcquity
Ultra Performance LCTM chromatographic system (Waters). Pep-
tides were separated using a C18 analytical column (BEH130 C18,
75 mm by 25 cm, 1.7 μm; Waters) with a 120-min run, comprising
three consecutive linear gradients: from 1 to 35% B in 100min, from
35 to 50% B in 10 min, and from 50 to 85% B in 10 min (A = 0.1%
FA in water, B = 0.1% FA in CH3CN). The column outlet was di-
rectly connected to an Advion TriVersa NanoMate fitted on an
Linear trap quadrupole furier transform (LTQ-FT) Ultra mass spec-
trometer (Thermo Fisher Scientific), which was operated in positive
mode using the data-dependent acquisition mode. Survey MS scans
were acquired in the Fourier transform ion cyclotron resonance
(FT-ICR) cell with the resolution (defined at 400 mass/charge
ratio) set to 100,000. Up to six of the most intense ions per scan
were fragmented and detected in the linear ion trap. The ion
count target value was 1,000,000 for the survey scan and 50,000
for the MS/MS scan. Target ions already selected for MS/MS were
dynamically excluded for 30 s. Spray voltage in the NanoMate
source was set to 1.70 kV. Capillary voltage and tube lens on the
LTQ-FT were tuned to 40 and 120 V, respectively. The minimum
signal required to trigger MS to MS/MS switch was set to 1000,
and activation Q value was set at 0.25. Singly charged precursors
were rejected for fragmentation.

Docking experiments and dimeric interface analysis
The dimerization energy of the AR-LBD dimeric conformation
found in the x-ray structure (PDB 5JJM, chains B:C) as well as
that of the modeled mutant dimers (built by superimposition of
the mutant monomeric structures onto the corresponding subunits
of the crystallographic dimer) was computed with the pyDock
bindEy module (105) based on energy terms previously optimized
for rigid-body docking. The pyDock binding energy is basically
composed of Lennard-Jones VdW, Coulombic electrostatics, and
implicit desolvation based on accessible surface area (ASA) with
atomic solvation parameters optimized for protein-protein interac-
tions (106). To avoid excessive penalization from possible clashes
derived from the rigid-body approach, VdW total contribution
was weighed by a factor of 0.1. For the same reason, VdW and elec-
trostatic values per intermolecular atom pair were restricted to a
maximum of +1.0 kcal/mol or to a range between −1.0 and +1.0
kcal/mol, respectively. BSA values of WT and mutant dimers were
computed as the difference in ASA between the dimer and the
unbound molecules, using ICM-Browser (www.molsoft.com). In
addition, homodimeric docking models of WT AR-LBD and its
mutants were built using the pyDock docking and scoring
method (105). First, protein models were prepared by removing
all cofactors and heteroatoms, and missing side chains were
modeled with SCWRL 3.0 (105). Then, the fast Fourier trans-
form–based docking programs FTDock (with electrostatics and
0.7 Å grid resolution) (www.sbg.bio.ic.ac.uk/docking/ftdock.html)
and ZDOCK 2.1 (https://zdock.umassmed.edu/) were used to gen-
erate 10,000 and 2000 rigid-body docking poses, respectively. These
were merged in a single pool for subsequent pyDock scoring, as de-
tailed above. From the resulting docking poses, NIP values were ob-
tained for each residue with the built-in patch module of pyDock,
implementing the pyDockNIP algorithm (65). An NIP value of 1
indicates that the corresponding residue is involved in all predicted
interfaces of the 100 lowest energy docking solutions, while a value
of 0 means that it appears as expected by random chance. Last, a
negative NIP value implies that the residue appears at the low-
energy docking interfaces less often than random. Usually, residues
with NIP ≥ 0.2 are considered as hotspot residues. In addition,
ODAwas obtained by computing surface patches with optimal des-
olvation energy generated from each surface residue (66). Residues
with low ODA values, usually less than −10.0 kcal/mol, indicate
regions with favorable desolvation energy upon interaction with a
partner protein. Residues from Lys845 to Ser851 were removed from
WT for all energy and docking calculations, for consistency in the
comparative analysis, since these residues are missing in all mutant
structures. Additional docking experiments were performed using
the LZerD protein docking web server (https://lzerd.kiharalab.org/)
with the structure of a hetero-tetrameric (PRMT5)2·(MEP50)2
complex as receptor (PDB 7L1G) and the current structure of
AR-LBD(Q799E) as ligand. Solutions that satisfied the constraints
(distance of Arg761-flanking residues to the PRMNT5 catalytic ma-
chinery, <6 Å) were visually inspected.

Computational analysis of the estimated energetic impact
of AR point mutations
We estimated the impact of the studied mutations on the overall
protein stability with the FoldX empirical force (https://foldxsuite.
crg.eu/) (107). Ten iterations were conducted for each mutation and
later averaged. Computed free energy differences between mutant
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and WT proteins (estimated ΔΔG) < 1 kcal/mol were considered
not significant, those between 1 and 2, 2 and 4, and >4 kcal/mol
as slightly, mildly, and strongly destabilizing, respectively. (FoldX
has an estimated error of ~0.7 kcal/mol).

Statistical coupling analysis
Following previously published protocol [(64), DOI: 10.5281/
zenodo.7274365], we identified two different sectors by using the
SCA5 8/2011 version (108) and the updated version pySCA (109–
110) with an alignment of 880 sequences. The stability of the iden-
tified sectors was assessed with a statistical test based on hypergeo-
metric calculations of the groups of residues belonging to given
sectors between pairs of alignments. P values were adjusted using
FDR. Next, specific residues from the significant sectors were ex-
tracted and selected according to their rank.

Molecular dynamic simulations
System preparation
The crystal structure of monomeric AR-LDB·DHT (PDB 1T7T) was
used to represent the WT receptor, while the x-ray mutant struc-
tures used were those determined in this work. In a first step, hydro-
gens were added to all protein residues in their corresponding
protonation states at pH 7.0, and side chain orientations were ad-
justed using the Protein Preparation Wizard workflow included in
Maestro v.10.0 software package (www.schrodinger.com/products/
maestro). Missing residues in all the mutant structures (Lys845 to
Ser851) were obtained from the WT structure by superposition.
The parameters for DHT were obtained using the general amber
force field (gaff2) (111), and charges were generated with the re-
strained electrostatic potential (112) at the HF/6-31G(d,p) level
using the Antechamber module of AMBER18 (https://ambermd.
org/). Next, each system was placed in a cubic periodic box filled
with Optimal Point Charge water molecules (113), setting a
minimum distance of 15 Å between the solute and the box walls.
Water molecules closer than 1.0 Å to any complex atom were
removed. Then, counter ions were added to neutralize the system
following a grid-shaped procedure for mapping the electrostatic po-
tential surface. All calculations were done using the ff19SB force
field (114) with a cutoff of 10 Å for noncovalent interactions, apply-
ing the PME (Particle Mesh Ewald) method (115) for the treatment
of the electrostatic interactions.
Molecular dynamics
Before starting theMD calculations, the structures were first relaxed
to eliminate possible steric clashes with a 5000-step minimization
procedure using the steepest descent method. Then, the systems
were stepwise heated to 300 K at a rate of 30 K every 20 ps, fixing
the main atoms of the proteins with a harmonic positional restric-
tion of 5 kcal/mol Å−2, using the Langevin thermostat algorithm
with a collision frequency of 3 ps−1 under the NVT ensemble
(heating). Subsequently, 100-ps simulations were performed at
constant pressure (NPT ensemble) keeping fixed the main atoms
with the same harmonic positional restrictions for density equili-
bration (density equilibration). Last, conventional MD of 1 μs for
all the mutants and 1.2 μs for the WT protein were carried out
within the NVT ensemble in quadruplicate to increase the confor-
mational sampling of the system (116). The ParmEd program
(https://parmed.github.io/ParmEd/html/index.html) was used to
introduce hydrogen mass repartitioning to allow integration times

of 4 fs (117), and the SHAKE algorithm (118) was used to constrain
the bonds involving the hydrogen atoms.
RMSD and RMSF
RMSD along the simulation time was computed using the
CPPTRAJ module from AMBER18 (https://amber-md.github.io/
cpptraj/CPPTRAJ.xhtml) for all the MD trajectories to assess the
structural stability of the systems along time. RMSD was computed
with respect to all the Cα atoms, using the not minimized x-ray
structure of the WT as reference for all the systems. The resulting
superimposed trajectories were used to calculate the RMSF for
each of the residues of the protein to obtain information about
their conformational flexibility.
Residue pair distance
To quantify the effect of the different mutations on the distances
between AR residue pairs, we implemented the algorithm described
by Vatansever and coworkers (119). This algorithm is based on the
concept of first coordination shell defined in the Gaussian network
model but extended to a SCS with a radius of ~9.1 Å to better
account for the contribution of nonbonded pairs (120). Briefly,
for each Cα,i atom, the time-averaged distance to any other Cα,j
atom that belongs to its SCS was obtained for the WT (Rij;WT)
and the studied mutants (Rij;mut). Then, the difference (ΔRij)
between Rij;WT and Rij;mut was calculated, where
ΔRij ¼ Rij;WT � Rij;mut. To this end, we first calculated for all resi-
dues the changes in the time-averaged distance between residue i
and all j residues that belong to its SCS for the WT structure
(Rij;WT) and for all mutants (Rij;mut). The obtained ΔRij differences
indicate the degree of distortion introduced by a specific mutation.
Residue pairs (i and j) that have the largest positive (ΔRij > 2.50 Å)
and negative distances (ΔRij < −1.40 Å) between WT and each
mutant were highlighted.
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