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ABSTRACT 

Prostate Cancer (PCa) is one of the most common life-threatening malignancies 

diagnosed among American men. Initiation and progression of PCa are dependent upon 

androgen receptor (AR) regulated genes. Functional receptor conformation is influenced 

by the cooperation of chaperone and cochaperone proteins including the 52 and 51 kDa 

FK506 binding proteins (FKBP52 and FKBP51). FKBP52 is known for being a positive 

regulator of AR, PR (progesterone receptor), and GR (glucocorticoid receptor) activity, 

whereas FKBP51 negatively regulates steroid hormone receptor activity. As a result, 

these two proteins have become highly promising therapeutic targets for the disruption of 

mechanisms important in several endocrine-related diseases such as prostate cancer. 

Previous studies have identified the BF3 surface as an AR-specific regulatory site for 

FKBP52, and it is likely that there is another common FKBP regulatory surface among all 

the regulated receptors, like the H1-H3 loop. GR is known to be more hypersensitive to 

FKBP52 regulation, and mutations within the GR H1-H3 loop affect FKBP-mediated 

receptor activities. Thus, we conducted site-directed mutagenesis to identify the residues 

within the human AR H1-H3 loop that are critical for FKBP co-chaperone regulation. 

Taking advantage of the distinct GR hypersensitivity to FKBP52, two classes of functional 

mutants were generated to make the human AR H1-H3 loop more like human GR or 

guinea pig GR. In addition, yeast-based reporter assays were performed to assess the 

role and relevance of those mutations in receptor activity. Similarly, mammalian reporter 

assays were conducted to corroborate our findings in a higher vertebrate model system. 

Our current data shows that, mechanistically, the H1-H3 loop is a relevant FKBP 

regulatory surface for the steroid hormone receptors AR and GR, and suggests that the 
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H1- H3 loop may represent a novel target surface for the simultaneous inhibition of AR, 

GR, and PR. 
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CHAPTER 1: BACKGROUND 
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1.1 Prostate cancer  

Prostate cancer is the most common non-cutaneous, life-threatening malignancy 

diagnosed among American men (1, 2). According to the American Cancer Society, for 

the year 2024, there will be an estimated total of 299,010 new cases of prostate cancer, 

of which 35,250 will result in death. It arises from the prostate gland, a walnut-sized organ 

located just below the bladder (3, 4).  Recent evidence points out that initiation and 

progression of prostate cancer are significantly influenced by the actions of steroid 

hormone receptors (SHR) (5–7). The steroid hormone receptor family is comprised of the 

Androgen Receptor (AR), the Glucocorticoid Receptor (GR), Estrogen Receptor (ER), 

Progesterone Receptor (PR) and Mineralocorticoid Receptor (MR) (8). The AR plays a 

significant role in the maintenance and development of prostate cancer and is activated 

by androgens such as testosterone and dihydrotestosterone (DHT). Therefore, initial 

therapeutic strategies for the treatment of prostate cancer focus on androgen deprivation 

to lower the levels of hormones in the body and anti-androgens that compete with 

hormone binding. However, resistance develops quickly leading to a more aggressive 

and lethal form of the disease known as castration-resistant prostate cancer (CRPC) (9–

17).  

Currently, de novo strategies targeting prostate cancer consider the AR BF3 surface to 

be important for regulating the androgen receptor signaling pathway. Additionally, GR 

signaling seems to be a common mechanism implicated in anti-androgen resistance and 

suggests the H1-H3 loop on the receptor LBD as another putative regulatory surface (18). 

However, more studies must be conducted to elucidate the mechanisms behind its 

functioning. 
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1.2        Androgen receptor signaling and structure 

AR is responsible for male sexual differentiation and plays a pivotal role in the 

development and progression of prostate cancer (11, 12, 19, 20). It is located on the X 

chromosome at position Xq11-Xq12 and contains 8 exons which encodes for a 110 kDa 

protein of 919 amino acids (2757 nucleotides) (9, 14, 21–25). AR, as well as all the other 

members of the SHR family, share functional and structural similarities (16, 22, 24). Their 

structure is composed of 4 functionally distinct domains: a poorly conserved N-terminal 

domain (NTD), a highly conserved DNA binding domain (DBD), a hinge region, and a 

moderately conserved C-terminal ligand-binding domain (LBD) (Fig. 1). The NTD is 

located on exon 1 and contains the ligand-dependent activation function 1 (AF-1) which 

is required for maximal activity of the AR. The DBD contains 68 amino acids that are 

located on exons 2 and 3 (23). The LBD is responsible for hormone binding, coactivators 

recruitment, mediating homo and hetero-dimerization and ligand-dependent 

transcriptional activity (9, 14). It encompasses 12 alpha helices numbered from H1-H12, 

which help in LBD folding, and contains the ligand-dependent activation function 2 (AF-

2) responsible for forming the coregulator binding site. Binding of coregulators at the AF-

2 surface is influenced by another regulatory surface adjacent to it, known as the BF-3 

surface (23, 26, 27) (Fig. 2). 

The AR, in its inactive form, is localized in the cytoplasm as part of a complex that includes 

heat-shock proteins like Hsp90, 70 and 40, as well as cochaperones like the 

immunophilins FKBP52 and FKBP51 (16, 24) [Fig. 3]. The importance of these proteins 

is to prevent premature degradation of the AR, and to provide it with the needed 

conformation for ligand binding. The biological action of the AR is initiated upon binding 
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of DHT to the ligand-binding pocket, causing a conformational change that promotes the 

dissociation of heat shock proteins from the receptor. The activated AR then translocate 

into the nucleus where it binds to the androgen response element (ARE) to initiate 

transcription of target genes that promote growth and survival (9, 11, 16, 19, 24). 

Fig. 1. Modular Structure of the Androgen Receptor. The AR is composed of 4 functionally 

distinct domains: The N-terminal domain (NTD), the DNA-binding domain (DBD), a small hinge 

region, and the C-terminal ligand-binding domain (LBD). The NTD contains the activation 

function site 1 (AF-1), which is necessary for optimal transactivation of target genes. The DBD 

utilizes two zinc fingers to bind the major groove of DNA. The hinge region grants the receptor 

structural flexibility and aids in AR co-activator recruitment. The LBD contains the activation 

function 2 (AF-2), which is regulated by the BF-3 surface, also found in the LBD. This region 

also contains the H1-H3 loop, which has been proposed as a putative regulatory surface for the 

FKBP proteins. The LBD plays a critical role in receptor activation due to the regulation of 

hormone-binding. 

q11-12 
X 

chromosome 

AF-1 AF-2 

BF-3 

H1-H3 



   

 

5 

 

 

  

 

Fig. 2. Androgen receptor ligand binding domain. The LBD of the AR is responsible for 

hormone binding, which induces a conformational change in the receptor, exposing a 

nuclear localization signal. It also regulates coactivator recruitment due to its activation 

function 2 (AF-2) and binding function 3 (BF3) sites. The role of the H1-H3 loop has not been 

determined yet, but it has been proposed to act as a regulatory surface for FKBP52 by 

promoting conformational changes in BF3. The figure was created using UCSF ChimeraX. 
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Fig. 3. Classic androgen receptor signaling. Unliganded AR is located in the cytoplasm 

bound to chaperone proteins. It is only after binding to dihydrotestosterone that the 

receptor releases the chaperone proteins, enabling dimerization and nuclear 

translocation. Upon entering the nucleus, AR recognizes androgen response elements 

(ARE) on the DNA where it binds to and starts the recruitment of transcription co-

activators to the promoter and enhancer regions of the target gene, resulting in the 

subsequent transcription of AR-regulated genes. 
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1.3      Chaperone-mediated receptor maturation 

Steroid Hormone Receptors folding, and hormone-dependent activation involves no less 

than twelve proteins, many of which are potential therapeutic targets for prostate cancer 

treatment, and at least three distinct complexes through which it cycles chronologically 

(Fig. 4). Early in the complex, Hsp40 binds to the receptor to later recruit Hsp70.  At this 

moment, the receptor can move towards proteasomal degradation or continue to the 

intermediate complex. Once the receptor is in the intermediate complex, SGTA binds to 

Hsp70, which then recruits HIP and HOP in order to allow Hsp90 to bind to the complex. 

The final complex in which the receptor is capable of high affinity hormone binding so it 

can translocate into the nucleus, dimerize and bind to the response element to initiate 

gene transcription, includes the Hsp90 protein, the p23 cochaperone, and one of the 

several immunophilins like the FKBP proteins 51 and 52 (FKBP51 and FKBP52) (18, 28). 

1.3.1 Early complex  

As the receptor leaves the ribosomes, it begins its association with Hsp40, which recruits 

Hsp70 by stimulating its ATPase activity (29). This process promotes the interaction with 

Hsp90 through an ATP-dependent manner. At this stage, the fate of the folding cycles is 

determined through “protein triage”, in which the decision of whether the receptor will be 

allowed to move to the intermediate complex or be directed to the ubiquitin/proteasomal 

pathway for degradation will be made (30, 31). If the receptor is folded improperly, it will 

continue its way to proteasomal degradation by the tetratricopeptide repeat (TPR)-

containing co-chaperone CHIP and the co-chaperone Bcl-2-associated athanogene 

BAG-1. CHIP binds to the TPR domain of Hsp70 or Hsp90 blocking chaperone 

maturation, while its U-box E3 ubiquitin ligase activity elicits ubiquitylation, targeting the 
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receptor for degradation. BAG-1 cooperates with CHIP by recruiting Hsp70 to the 

proteasome for degradation (30, 32–34). 

1.3.2 Intermediate complex  

The intermediate complex begins forming with the interaction of SGTA with Hsp70, which 

then recruits Hip through its N-terminal TPR domain. This interaction is important for 

preventing ADP dissociation from Hsp70, which facilitates the association of the steroid 

hormone receptor with Hsp90 and Hop (18). Hop is a TPR-clamp domain co-chaperone 

consisting of TPR1, TPR2A, and TPR2B, which coordinates the binding of Hsp90 and 

Hsp70 through two independent TPR domains, forming a bridge between the two 

chaperones that helps with the transfer of client proteins (18, 29, 34–36). It is important 

to note that the dissociation of Hip, Hop, and Hsp70 from the complex is essential for the 

progression of the chaperone cycle to the mature complex (31, 37). 

1.3.3 Mature complex 

Progression into the mature complex starts once Hsp90 recovers its ATPase activity, 

resulting in a conformational change essential for chaperone activity (34, 37). It is at this 

moment that Hip, Hop, and Hsp70 are released from the complex, while p23 and one of 

the TPR-containing immunophilins (such as FKBP52) simultaneously bind stabilizing the 

receptor-Hsp90 complex to which hormone can bind with high affinity (29, 31, 34, 36, 38–

40). The mature complex will remain in the cytoplasm until ligand binding or the 

dissociation of Hsp90 leads to the recycling of the receptor. Upon ligand binding, the 

receptor dimerizes and translocates to the nucleus, where it binds hormone response 

elements (HRE) that initiate gene transcription (18, 34, 41).  
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Fig. 4. Chaperone-Mediated Assembly of Steroid Hormone Receptors. The receptor, 

early after being translocated onto the ribosomes, begins associating with Hsp40 and 

later recruits Hsp70, forming the early chaperone complex. It is at this moment the 

receptor can either progress to an intermediate complex, where HIP and HOP bind to 

Hsp70 to recruit Hsp90, or the receptor can go through proteasomal degradation, in which 

the ribosome has been miss-folded. Therefore, if the ribosome has been misfolded the 

carboxyl terminus of CHIP and Bag proteins directs the receptor towards ubiquitin and 

proteasomal degradation pathways. Once the receptor is in the intermediate state and 
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has bound HIP, HOP and Hsp90, the receptor moves onto a mature complex where 

immunophilins FKBP52, FKBP51, CyP40 and PP5 compete for binding to Hsp90. Along 

with this process, p23 binds in which it stabilizes Hsp90 interactions in order to reach a 

high affinity binding conformation, known as the final mature complex. The mature 

complex will remain in the cytoplasm until hormone binding, when the complex 

dissociates, and the receptor is imported into the nucleus for the activation of target 

genes. 

1.4  FKBPs structure and receptor association  

FKBP proteins 51 and 52 are highly promising therapeutic targets for the disruption of 

mechanisms important in several endocrine-related diseases such as prostate cancer. 

As a result, these two proteins have become the focus on the identification and 

development of new drugs that target them. FKBP52 is known for being a 

positive regulator of AR, PR and GR activity, whereas FKBP51 has been characterized 

as a negative regulator of steroid hormone receptor activity, presumably through direct 

competition for binding of Hsp90 (18, 42–44). 

FKBP51 and FKBP52 share approximately 80% sequence and structure similarity [Fig. 5 

(35, 45)], they both contain: a highly conserved TPR domain that mediates binding to 

Hsp90, an FK1 domain which displays PPIase activity, and contains the proline-rich loop 

which is crucial for receptor regulation and may serve as a functionally receptor 

interaction surface, an FK2 domain which is structurally similar to FK1, but lacks PPIase 

activity. These two domains are connected by the FK linker, and a C-terminal tail that also 

influences Hsp90 binding. Yet, despite all these similarities, they are functionally distinct 

(18, 35, 42, 46, 47). 
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1.4.1 TPR Domain  

The TPR domain is composed of tandem repeats of 34 amino acid motifs, which assume 

a helix-loop-helix conformation that form a concave binding pocket that mediates protein-

protein interactions (18, 48, 49). When the TPR motifs have formed, they interact with the 

MEEVD pentapeptide sequence in the extreme C-terminus of Hsp90 (18). Outside the 

TPR domain, there is a conserved region of 20 amino acids termed the Charge-Y motif, 

which seems to play an important role in moderating Hsp90 binding (18, 35). 

Immunophilins FKBP51 and 52 are known to compete for binding to the MEEVD 

sequence in the extreme C-terminus of Hsp90 by way of their TPR domains, which has 

functional consequences (18, 35, 42, 50, 51).  

1.4.2 FK1 Domain 

The FK1 domain is located in the N-terminus of the FKBP co-chaperone proteins and 

contains a functional PPIase pocket that has enzymatic activity critical for regulation of 

steroid hormone receptor function (18, 35, 52, 53). This domain, but not the PPIase 

pocket, has been demonstrated to be of crucial importance for FKBP function through 

interactions with the steroid hormone receptor LBD (18, 35, 42, 54–56). 

1.4.3 FK2 Domain 

There is little known about the FK2 domain and further studies need to be conducted on 

this domain to determine the residues and regions that are critical for regulation of 

receptor function. We know that the FK2 domain is similar to the FK1 domain but lacks 

PPIase activity. The FK2 domain is absolutely required in order to maintain the overall 

size and structure of the FKBPs. Mutagenesis and chimeric proteins studies using 

FKBP51 and FKBP52 were conducted to show that the FKBP52 FK2 domain is critical 
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for full receptor potentiating ability, due to interactions between the FK2 and TPR domains 

(18, 35, 42, 57). 

1.4.4 FK Linker 

The FK domain (FK linker) contains a short amino acid long flexible hinge region that 

connects the FK1 domain to the FK2 domain, as well as a consensus casein kinase II 

(CKII) phosphorylation site (TEEED) that is present in FKBP52 but not FKBP51, and 

which has demonstrated to disrupt FKBP52 binding to Hsp90 (18, 35, 42). When 

phosphorylation occurs the FK linker region is destabilized, causing a reorientation within 

the linker that induces an allosteric rearrangement of the FK1 domain (18, 58, 59). The 

FK1 domain and the proline-rich loop play a critical role in forming an interaction site and 

for receptor potentiation.  

1.5 Current Focus 

Our lab has been able to identify which regions on FKBP52 are necessary for receptor 

activity and the putative FKBP52 regulatory sites on AR, and we believe this regulation is 

occurring on the LBD of the AR, more specifically, the BF3 surface. Previous studies have 

identified the BF3 surface as an AR-specific regulatory site for FKBP52, and it is likely 

that there is another common regulatory surface among all the regulated receptors, 

like the helix 1 to 3 loop, which has been proposed as a putative regulatory surface for  
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Fig. 5 FKBP51 and FKBP52 X-ray Crystallographic Structures and Functional 

Domains. The tree-dimensional structure of human FKBP51 (PDB# 1KT0) and an overlap 

of two partial structures encompassing the full length human FKBP52 (PDB# 1Q1C and 

1P5Q) are represented in the figure, and their functional domains are illustrated. The C-

terminal TPR domain mediates Hsp90 binding. FK1 and FK2 are similar to each other, but 

FK2 lacks PPIase activity. The proline-rich loop overhanging the PPIase pocket is crucial 

for receptor regulation and may serve as an important interaction surface. The figure, 

including the composite of the two partial FKBP52 structures, was created using UCSF 

ChimeraX. 
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the FKBP proteins in GR. GR is known to be more sensitive to FKBP52 regulation as 

compared to AR, despite their common structural organization (Fig. 6) (54, 56).  

The amino acid sequence within the helix 1 to helix 3 loop in the receptor ligand 

binding domain of the GR is fully conserved between human and the receptors of several  

other species, but it differentiates from the guinea pig GR by 5 amino acid substitutions 

(Fig. 7). Furthermore, in guinea pig GR, decreased glucocorticoid sensitivity has been 

attributed to the combined effect of these 5 nonconservative residue changes, which 

might disrupt a contact domain for the FKBP proteins (60–64). 

Previous studies have identified the H1-H3 loop on the GR LBD as an important target 

for receptor regulation by the FKBP co-chaperones (65). Cluning et al looked at the role 

of the nonconservative mutations within the H1-H3 loop on the regulation of GR activity 

by the FKBP cochaperones, demonstrating that this loop is not a direct interaction site for 

FKBP52. However, these mutations affected FKBP52-mediated receptor activities. Thus, 

the H1-3 loop may be acting as a regulatory surface that promotes conformational 

changes within the receptor Hsp90 complex.  

Thus, we were interested in exploring the question of whether or not the H1-3 loop could 

serve as a common FKBP regulatory surface for all FKBP52-regulated receptors (AR, 

PR, and GR)? 

The overarching goal of this research project was to demonstrate the functional relevance 

of the H1-H3 loop with the objective of identifying the regulatory surface for FKBP51 and 

FKBP52 co-chaperones within the context of Hsp90 chaperone complex.  
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Fig. 6. 3-D Structural Comparison of hSHR AR and GR LBD. The H1-H3 loop in 

hAR, hGR, and gpGR (not shown) is mostly conserved, except were indicated 

(yellow). While gpGR LBD has not yet been crystalized, previous studies have 

shown varying FKBP52-regulated activity between the SHRs which is likely 

attributed to the un-conserved regions within the H1-H3 loop may serve as a 

common site for FKBP52 regulation of SHRs AR, GR, and PR. 
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Fig. 7. Nonconservative mutations within the H1-H3 loop of the Androgen and 

Glucocorticoid receptors Ligand Binding Domain. The sequences from the helix 1 to 

helix 3 within the ligand binding domain of the human Androgen Receptor (AAA51729.1), 

human Glucocorticoid Receptor (NP_001018087.1), and guinea pig Glucocorticoid 

Receptor (NP_001166458.1) were aligned using the Clustal Omega program. The amino 

acids constituting the two helixes are marked by an orange box and the nonconservative 

residues with the yellow box and highlighted in black. 
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1.6 HYPOTHESIS AND SPECIFIC AIMS 

The H1-H3 loop is a common regulatory surface for FKBPs for AR, GR, and PR, and 

differences within this surface confer GR hypersensitivity to FKBP52. 

1.6.1 Specific Aim 1: Site-directed mutagenesis to generate a class of 

mutans that will make the H1-H3 loop of hAR similar to the loop of the 

gpGR and assess their effects on FKBP regulation through yeast-based 

assays. 

1.6.2 Specific Aim 2: Site-directed mutagenesis to generate a class of 

mutans that will make the H1-H3 loop of hAR similar to the loop of the 

hGR and assess their effects on FKBP regulation through yeast-based 

assays. 

1.6.3 Specific Aim 3: Corroborate the yeast-based findings and assess 

mutants of interest for functional effects on FKBP regulation in human 

cellular model systems. 
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CHAPTER 2: SITE-DIRECTED MUTAGENESIS TO GENERATE A CLASS OF 

MUTANTS THAT WILL MAKE THE HELIX 1 TO HELIX 3 LOOP OF THE WILD-TYPE 

HUMAN ANDROGEN RECEPTOR LIGAND BINDING DOMAIN SIMILAR TO THE 

LOOP OF THE GUINEA PIG GLUCOCORTICOID RECEPTOR AND ASSESS THEIR 

EFFECTS ON FKBP REGULATION THROUGH YEAST-BASED ASSAYS. 
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2.1 Rationale  

The amino acid sequence within the helix 1 to 3 loop (H1-H3) in the receptor ligand 

binding domain (LBD) is conserved among the steroid hormone receptor superfamily of 

different species. Previous studies have associated 5 amino acid substitutions within the 

loop of the guinea pig Glucorticoid Receptor (gpGR) with reduced glucocorticoid 

sensitivity. Additionally, Cluning et al used these nonconservative mutations to elucidate 

their functional effects on FKBP-mediated receptor regulation, showing that changes to 

this loop alter receptor activity by disrupting a contact domain for the FKBP co-

chaperones promoting conformational changes that affect hormone binding (65). 

Based on these findings, we aimed to demonstrate the functional relevance of the H1-H3 

loop on the human Androgen Receptor (hAR). Taking advantage of the differences 

between AR and GR, we conducted site-directed mutagenesis to generate a class of 

mutants that made the hAR similar to the loop on the gpGR and assessed the role and 

relevance of those amino acid substitutions on receptor activity through yeast-based 

assays. 

2.2 Materials and Methods 

2.2.1 Q5 Site Directed Mutagenesis 

The hAR-LBD DNA from the plasmid pBluescript SKII- was used as a template to 

generate the gpGR-LBD H1-H3 loop mutant constructs. Oligonucleotide primers were 

designed online with the help of the NEBaseChanger tool from New Englad BioLabs Inc. 

and synthesized from IDT Inc. Mutagenesis was performed with the Q5 Site-Directed 

Mutagenesis Kit form New England BioLabs according to the manufacturer’s instructions.  

Briefly, an exponential amplification (PCR) using the previously designed primers, and a 
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master mix formulation of Q5 Hot Star High-Fidelity DNA Polymerase were assembled in 

a PCR tube and transferred to a thermocycler under the following conditions: initial 

denaturation at 98 degrees Celsius for 30 seconds, 25 cycles at 65 degrees Celsius for 

2 minutes, and a final extension at 72 degrees Celsius for 2 minutes. After the PCR was 

done, the samples were treated with a Kinase, Ligase and DpnI (KLD) mixture for 5 

minutes. Finally, the samples were transformed into NEB 5-alpha Competent E. coli cells 

and left overnight at 37 degrees Celsius. Once mutagenesis was confirmed by 

sequencing, the mutated region from the hAR-LBD DNA was excised from pBluescript 

SKII- with the restriction enzymes HindIII and XhoI and ligated into the p425GPD cloning 

vector containing the full-length AR using the same restriction enzymes. Correct 

orientation of the inserted fragments was checked with KpnI digests.  

2.2.2 Yeast Strains  

The wild type W3031b (MATa leu2–112 ura3–1 trp1–1 his3–11, 15 ade2–1 can1–100 

GAL SUC2) was used as background to originate all S. cerevisiae strains. Plasmids 

constitutively expressing the lacZ gene as a hormone-inducible reporter plasmid, 

FKBP52, FKBP51 or empty vector, and either WT-AR or the AR-LBD mutants were 

introduced into wild type yeast strain using a lithium acetate/polyethylene glycol protocol, 

as described previously (66). Briefly, W3031b cells were grown overnight in YEPD liquid 

medium at 30°C. After 16-18 hrs., centrifuge the overnight growth at 2000 × g for 3 min, 

and wash with 1 ml of 1X TE/LiAc twice. Mix 50 µL of washed yeast cells, 5 µL denatured 

salmon sperm DNA, 3 µL of the appropriate plasmid, and 300 µL PEG/TE/LiAc in a 1.5 

mL microcentrifuge tube, and incubate at 30°C for 30 min followed by 12 min incubation 

at 42°C. Then, centrifuge the cells for 30 sec at maximum speed and resuspend in 100 
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µL sterile deionized, distilled water (ddH2O). Finally, spread the entire cell suspension on 

an agar plate containing synthetic complete media lacking the appropriate amino acids to 

select for plasmid uptake and retention, and incubate at 30°C for 3-4 days. Procedure 

was repeated for each plasmid to be co-transformed. 3 independent transformants of 

each generated strain were compared for consistent properties. 

2.2.3 Yeast Reporter Assays 

Functional assays were conducted as described previously (66). Briefly, all hormone-

dependent reporter assays were performed in the yeast strains described above. Cells 

were grown overnight in synthetic complete media lacking the amino acids leucine, uracil 

and tryptophan (SC-LUW) at 30°C in a shaking water bath. The next day, cultures were 

diluted to an optical density of 0.08 at 600 nm (O.D.600) and incubated in a shaking water 

bath at 30°C to an O.D600 of 0.1 (log phase). Growth was monitored by spectrophotometry 

every 30 minutes until the culture reached the desired absorbance. 100 µL of yeast cells 

were plated in a 96-well plate and treated with different DHT concentrations for hormonal 

induction. The plate was then incubated at 30°C for 2 hrs. after which, 100 µL of Tropix 

Gal-Screen in Buffer B (Applied Biosystems) were added to each well and the plate was 

incubated at room temperature for an additional 2 hrs. The plate was read in order to 

measure relative light units (RLU) using a Synergy 2 Multi-Mode Microplate Reader 

(BioTek). The rate of increase in β-galactosidase expression of light units was plotted 

against increases in DHT concentrations. 

2.2.4 Western Analysis 

Yeast cells were grown as for the reporter assay and lysed with a lysis buffer containing 

protease inhibitors. Whole-cell protein was electrophoresed through a 10% SDS-PAGE 
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gel and transferred for 1 hr. to a nitrocellulose membrane at 110 V at 4°C. The membrane 

was incubated in blocking buffer (1× Tris-buffered saline/0.02% Tween 20 [TBS-T] [pH 

7.6], 3% skim milk) for 1 hour at room temperature and then incubated with primary 

antibody diluted in blocking buffer for 2 hours at room temperature. The following dilutions 

of primary antibodies were used: AR 441 (Santa Cruz Biotechnology) at 1/500, FKBP52 

(Hi52c) at 1/5000, and FKBP51 (Hi51d) at 1/5000. As an internal loading control for yeast 

protein, the anti-actin antibody (Abcam) at 1/1000 will be used. The membrane was 

washed with blocking buffer (5 times for 5 minutes) and then incubated with the 

appropriate secondary antibody (goat antimouse) diluted 1/10 000 in blocking buffer for 

1 hour at room temperature. Finally, the membrane was washed (5 times for 5 minutes) 

in 1× TBS-T, incubated with Immun-Star™ AP substrate (BioRad) and exposed on CL-X 

Posure™ film (Thermo Scientific) for detection of antibodies. 

   2.2.5 Statistical Analysis 

The descriptive statistics were calculated, and the graphs plotted using GraphPad Prism 

version 10.0.0 for Windows, GraphPad Software, Boston, Massachusetts USA, 

www.graphpad. Statistical significance was determined by Two-way ANOVA followed by 

Dunnett’s multiple comparisons test. 

2.3 Results 

We conducted site-directed mutagenesis to generate DNA constructs with the specific 

residue changes that differentiate the helix 1 to helix 3 loop of the hAR from the gpGR, 

individually or in combination to examine their effect on receptor potentiation by the FKBP 

co-chaperones (Fig. 8).  

http://www.graphpad/
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S. cerevisiae reporter strains were generated by transformation with a lacZ reporter 

plasmid, an expression plasmid for FKBP52, FKBP51, and an expression plasmid for 

wild-type or mutant hAR. Functional effects were assessed by yeast-based reporter 

assays (Fig. 9).  

The mean reporter expression of three independent experiments for the WT-AR in the 

presence of FKBP51 (WT-AR+FKBP51), FKBP52 (WT-AR+FKBP52) or empty vector 

(WT-AR+Empty Vector) is shown below (Fig. 10). As expected, in the presence of 

FKBP52, there is a distinct shift in the hormone response curve with a DHT EC50 (half 

maximal effective concentration) of ~9-fold less than the FKBP51 and empty vector 

strains, which only differ between each other by 1-fold. The curves shown in Fig. 10 will 

be used as the baseline to compare the effect of different mutants on receptor regulation 

by the FKBP proteins. 

Fig. 8. Representation of the AR domain structure, with indications of the specific 

mutations within the H1-H3 loop of the LBD. Representation of the AR domain structure 

showing the residue changes done to the H1-H3 loop of the hAR LBD to make it look like 

the loop from the gpGR. 
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Fig. 9. Schematic diagram for Q5 site-directed mutagenesis and yeast functional 

assays. The figure represents the different steps involved in the generation of DNA 

constructs containing the amino acid substitutions within the H1-H3 loop of the hAR to 

make it similar to the hGR and the gpGR, and the yeast reporter strain transformation 

used to assess functional effects (Figure produced by Idalys Ramirez). 
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To determine whether the hAR-gpGR mutants affected FKBP-mediated receptor function, 

reporter gene expression was measured by dosing yeast cultures with increasing 

concentrations of DHT to generate full hormone dose-response curves for the WT-AR 

strain, mutant strains, and vector control strain (Fig. 11).  

Figure 11 shows that the hAR-gpGR mutants appear to be upregulated even in the 

absence of any of the cochaperones FKBP51 and FKBP52. However, when in the 

presence of 51 and 52, receptor activity is downregulated (except for Fig. 11 D and I).  

By introducing the Valine to Isoleucine (V/I) mutation in the full-size androgen receptor, 

we observed that the receptor activity of the mutant is increased by 200% at the highest 

concentration of DHT, as compared to the activity of the WT-AR. This effect is seen in the 

absence of either of the cochaperones FKBP52 and FKBP51 (Fig. 11 A and B).  However, 
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Fig. 10 DHT hormone-dose response curves for WT-AR in the presence of 

FKBP51, FKBP52 or empty vector. The figure represents the mean reporter 

expression of three independent experiments for the WT-AR in the presence of FKBP51 

(WT-AR+FKBP51), FKBP52 (WT-AR+FKBP52) or empty vector (WT-AR+Empty 

Vector). 
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when exposed to the presence of the proteins 51 or 52, the reporter expression of the 

receptor gets downregulated. 

Similarly to the V/I mutant, by changing a Cysteine to a Histidine (C/H), the activity of the 

receptor is generally increased even in the absence of the protein FKBP51 (Fig. 11 C), 

with a higher maximal activity of 250% more than WT-AR. However, when exposed to 

FKBP51, the reporter expression gets downregulated by 150%. In contrast, when the 

mutant is exposed to the presence of FKBP52 (Fig. 11 D), we see an increment in 

receptor activity of about 150%, with a significant shift to the left. This means that the 

mutant not only increases the receptor activity, but it also makes the receptor more 

sensitive to the presence of the cochaperone.  

The amino acid substitution of an Alanine to a Serine (A/S) increases the receptor activity 

by 500% in the absence of co-chaperone protein FKBP51 (Fig. 11 E) as compared to the 

WT-AR. However, when exposed to FKBP51, the reporter expression gets 

downregulated by 300%. In Fig. 11 F, we observe an increment in reporter expression of 

about 50% in the absence of the cochaperone FKBP52, as compared to WT-AR. When 

the mutant is exposed to the presence of FKBP52, receptor activity decreases 

approximately 100% (compared to empty vector).  

In Fig. 11 G, we can observe that by introducing the Asparagine to Threonine (N/T) 

mutation to the WT-AR, receptor activity is increased by 500% in the absence of FKBP51 

(as compared to WT-AR). However, when exposed to the co-chaperone, the same activity 

is downregulated by approximately 200% (when compared to N/T + Empty Vector). In 

contrast, in the absence of FKBP52 (Fig. 11 H), receptor activity is similar to that of WT-
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AR + FKBP52. Moreover, when the co-chaperone 52 is present, a small decrease in 

activity can be seen in the mutant.  

Fig. 11 I and J show the result in reporter expression after introducing the amino acid 

substitution of a Glutamine for a Serine (Q/S). In I, it can be observed an increase in 

reporter activity of approximately 500% after the mutation, as compared to the WT-AR. 

However, this change in activity seems to be independent of FKBP51. Similarly, in J, it 

can be observed an increment in activity of approximately 100% in the absence of 

FKBP52. Subsequently, when FKBP52 is added, the reporter activity is decreased to the 

same amount as WT-AR + FKBP52.  

The mutant combination NQ/TS shows the same effect as seen with the individual 

mutants N/T (Fig. 11 G and H) and Q/S (Fig. 11 I and J), where reporter activity is 

increased in the absence of either of the co-chaperones FKBP51 (Fig. 11 K) or FKBP52 

(Fig. 11 L), but when they are introduced, the activity is negatively regulated. However, 

this effect is more significant in the presence of 51 (150% less than NQ/TS + Empty 

Vector) than with 52 (50% less).  

The mutant VCANQ/IHSTS combines all the different individual mutants previously 

discussed in figures A through J. As shown with the individual mutants, the combination 

increases the reporter activity in the absence of either of the co-chaperones 51 or 52, and 

when exposed to them, the receptor activity is downregulated. Also, in the presence of 

FKBP52, it can be observed a shift to the left in the dose-response curve, which suggests 

that the amino acid substitutions to the H1-H3 loop made the receptor more sensitive to 

the FKBP52 regulation, as well as increasing the activity of the receptor when exposed 

to higher concentrations of DHT. As seen with the other mutants, amino acid substitutions 
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within the H1-H3 loop seem to make the receptor more sensitive to the presence of the 

cochaperone FKBP52. 

The mutant combination VCA/IHS seems to have made the receptor lose its dose-

response activity (figure not shown). This suggests that the protein can be 

misconformated. 

After conducting the dose-response assays, a western blot analysis of all the mutants 

was performed to validate the co-expression of AR and the FKBP co-chaperones (Fig. 

12). In the figure, it is shown that the protein lysates obtained from the yeast assays 

confirm the presence of the proteins of interest. Furthermore, in the right figure, it can be 

seen a band at a different protein size than expected, which corroborates the idea that 

the protein lost receptor conformation. 

As seen in the previous work by Cluning et al with GR, we also observed that amino acid 

substitutions within the H1-H3 loop of the hAR to make it more like gpGR impact receptor 

activity, as all the mutations enhanced receptor activity in the absence of FKBP51 and 

FKBP52. More interestingly, both FKBP51 and FKBP52 appear to negatively regulate this 

enhanced receptor activity in the majority of the mutants. These results combined strongly 

suggest that the H1-H3 acts as a relevant FKBP regulatory surface for receptor function 

given that changes in this loop alter the receptor’s response to FKBP regulation. As a 

reminder, FKBP51 does not regulate wild type hAR whereas FKBP52 is a positive 

regulator of wild type hAR. These data also suggest that this loop is important not only 

for GR regulation but also for AR. However, more experiments are needed to confirm the 

data.  

 



   

 

29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11. hAR to gpGR Mutants in the absence and presence of FKBP51 or FKBP52 
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Fig.11. hAR to gpGR Mutants in the absence and presence of FKBP51 or FKBP52 

 (continuation). The graphs above represent the mean reporter expression of three 

independent experiments for WT-AR and mutant hAR in the presence of FKBP52 

(+FKBP52), FKBP51 (+FKBP51) or absence (+Empty Vector) of chaperone. Yeast S. 

cerevisiae were transformed with a lacZ reporter plasmid, an expression plasmid for 

FKBP51 or FKBP52, and an expression plasmid for wild-type hAR or the hAR to gpGR 

mutant and dosed with increasing concentrations of DHT. Statistical analysis was done 

using a 2-way ANOVA with Dunette’s multiple comparisons test of normalized reporter 

expression rate of wild-type AR or mutant in the presence of either of co-chaperons 

FKBP51 or 52, against that of wild-type AR + Empty Vector. ****, P ≤ 0.0001; ***, P ≤ 

0.0005; ** P ≤ 0.005; * P ≤ 0.05.  
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Fig. 12. Validation of the co-expression of proteins of interest. To validate the co-

expression of AR and the FKBP cochaperones 51 and 52 in our assays, we performed a 

Western blot analysis targeting the proteins of interest. Yeast cells were grown in 

selective media lacking the amino acids Leucine, Uracil and Tryptophan for 18 hrs. 

approximately, and lysed subsequently. Protein lysates were electrophoresed and 

transfer to a nitrocellulose membrane. Finally, the membrane was incubated with 

antibodies targeting AR, FKBP52 and FKBP51. As shown, all lysates tested positive for 

the presence of the proteins of interest.   
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CHAPTER 3: SITE-DIRECTED MUTAGENESIS TO GENERATE A CLASS OF 

MUTANTS THAT WILL MAKE THE HELIX1 TO HELIX3 LOOP ON THE WILD-TYPE 

HUMAN ANDROGEN RECEPTOR LIGAND BINDING DOMAIN SIMILAR TO THE 

LOOP OF THE HUMAN GLUCOCORTICOID RECEPTOR AND ASSESS THEIR 

EFFECTS ON FKBP REGULATION THROUGH YEAST-BASED ASSAYS. 
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3.1 Rationale 

Our previous studies (Chapter 2) demonstrated that changes to the helix 1 to helix 3 (H1-

H3) loop on the human androgen receptor (hAR) ligand binding domain (LBD) to make it 

similar to the loop of the guinea pig glucocorticoid receptor (gpGR) affect FKBP-mediated 

receptor regulation. Thus, we hypothesized that the H1-H3 loop is a common FKBP 

regulatory surface for AR and GR, and differences within this surface confer GR 

hypersensitivity to FKBP52. Taking advantage of the distinct GR hypersensitivity to 

FKBP52, a class of mutants was generated through site-directed mutagenesis to make 

the H1-H3 loop on the hAR-LBD look like the hGR loop (Fig.13) and assessed the effects 

of those changes on receptor activity through yeast-based assays. 

 

Fig. 13 hAR-hGR Mutants. Representation of the AR domain structure, with 

indications of the specific mutations within the H1-H3 loop of the LBD. 

Representation of the AR domain structure showing the residue changes done to the H1-

H3 loop of the hAR LBD to make it look like the loop from the hGR. 
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3.2 Materials and Methods 

3.2.1 Site Directed Mutagenesis  

The hAR-LBD DNA from the plasmid pBluescript SKII- was used as a template to 

generate the hGR-LBD H1-H3 loop mutant constructs. Oligonucleotide primers were 

designed online with the help of the NEBaseChanger tool from New Englad BioLabs Inc. 

and synthesized from IDT Inc. Mutagenesis was performed with the Q5 Site-Directed 

Mutagenesis Kit form New England BioLabs according to the manufacturer’s instructions.  

Briefly, an exponential amplification (PCR) using the previously designed primers, and a 

master mix formulation of Q5 Hot Star High-Fidelity DNA Polymerase were assembled in 

a PCR tube and transferred to a thermocycler under the following conditions: initial 

denaturation at 98 degrees Celsius for 30 seconds, 25 cycles at 65 degrees Celsius for 

2 minutes, and a final extension at 72 degrees Celsius for 2 minutes. After the PCR was 

done, the samples were treated with a Kinase, Ligase and DpnI (KLD) mixture for 5 

minutes. Finally, the samples were transformed into NEB 5-alpha Competent E. coli cells 

and left overnight at 37 degrees Celsius. Once mutagenesis was confirmed by 

sequencing, the mutated region from the hAR-LBD DNA was excised from pBluescript 

SKII- with the restriction enzymes HindIII and XhoI and ligated into the p425GPD cloning 

vector containing the full-length AR using the same restriction enzymes. Correct 

orientation of the inserted fragments was checked with KpnI digests. 

3.2.2 Yeast Strains  

The wild type W3031b (MATa leu2–112 ura3–1 trp1–1 his3–11, 15 ade2–1 can1–100 

GAL SUC2) was used as background to originate all S. cerevisiae strains. Plasmids 

constitutively expressing the lacZ gene as a hormone-inducible reporter plasmid, 
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FKBP52, FKBP51 or empty vector, and either WT-AR or the AR-LBD mutants were 

introduced into wild type yeast strain using a lithium acetate/polyethylene glycol protocol, 

as described previously (66). Briefly, W3031b cells were grown overnight in YEPD liquid 

medium at 30°C. After 16-18 hrs., centrifuge the overnight growth at 2000 × g for 3 min, 

and wash with 1 ml of 1X TE/LiAc twice. Mix 50 µL of washed yeast cells, 5 µL denatured 

salmon sperm DNA, 3 µL of the appropriate plasmid, and 300 µL PEG/TE/LiAc in a 1.5 

mL microcentrifuge tube, and incubate at 30°C for 30 min followed by 12 min incubation 

at 42°C. Then, centrifuge the cells for 30 sec at maximum speed and resuspend in 100 

µL sterile deionized, distilled water (ddH2O). Finally, spread the entire cell suspension on 

an agar plate containing synthetic complete media lacking the appropriate amino acids to 

select for plasmid uptake and retention, and incubate at 30°C for 3-4 days. Procedure 

was repeated for each plasmid to be co-transformed. 3 independent transformants of 

each generated strain were compared for consistent properties. 

3.2.3 Yeast Reporter Assays 

Functional assays were conducted as described previously (66). Briefly, all hormone-

dependent reporter assays were performed in the yeast strains described above. Cells 

were grown overnight in synthetic complete media lacking the amino acids leucine, uracil 

and tryptophan (SC-LUW) at 30°C in a shaking water bath. The next day, cultures were 

diluted to an optical density of 0.08 at 600 nm (O.D.600) and incubated in a shaking water 

bath at 30°C to an O.D600 of 0.1 (log phase). Growth was monitored by spectrophotometry 

every 30 minutes until the culture reached the desired absorbance. 100 µL of yeast cells 

were plated in a 96-well plate and treated with different DHT concentrations for hormonal 

induction. The plate was then incubated at 30°C for 2 hrs. after which, 100 µL of Tropix 
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Gal-Screen in Buffer B (Applied Biosystems) were added to each well and the plate was 

incubated at room temperature for an additional 2 hrs. The plate was read in order to 

measure relative light units (RLU) using a Synergy 2 Multi-Mode Microplate Reader 

(BioTek). The rate of increase in β-galactosidase expression of light units was plotted 

against increases in DHT concentrations. 

3.2.4 Western Analysis 

Yeast cells were grown as for the reporter assay and lysed with a lysis buffer containing 

protease inhibitors. Whole-cell protein lysates were electrophoresed through a 10% SDS-

PAGE gel and transferred for 1 hr. to a nitrocellulose membrane at 110 V at 4°C. The 

membrane was incubated in blocking buffer (1× Tris-buffered saline/0.02% Tween 20 

[TBS-T] [pH 7.6], 3% skim milk) for 1 hour at room temperature and then incubated with 

primary antibody diluted in blocking buffer for 2 hours at room temperature. The following 

dilutions of primary antibodies were used: AR (Santa Cruz Biotechnology) at 1/500, and 

FKBP52 (Hi52c) at 1/5000 and FKBP51 (Hi51d). As an internal loading control for yeast 

protein, the anti-actin antibody (Abcam) at 1/1000 was used. The membrane was washed 

with blocking buffer (5 times for 5 minutes) and then incubated with the appropriate 

secondary antibody (goat antimouse or goat antirabbit) diluted 1/10 000 in blocking buffer 

for 1 hour at room temperature. Finally, the membrane was washed (5 times for 5 

minutes) in 1× TBS-T, incubated with Immun-Star™ AP substrate (BioRad) and exposed 

on CL-X Posure™ film (Thermo Scientific) for detection of antibodies. 

 3.2.5 Statistical Analysis 

The descriptive statistics were calculated, and the graphs plotted using GraphPad Prism 

version 10.0.0 for Windows, GraphPad Software, Boston, Massachusetts USA, 
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www.graphpad. Statistical significance was determined by Two-way ANOVA followed by 

Dunnett’s multiple comparisons test. 

3.3 Results 

Based on the findings from our previous studies (Chapter 2), we conducted site-directed 

mutagenesis to generate DNA constructs with the specific residue changes that 

differentiate the helix 1 to helix 3 loop of the hAR from the hGR, individually or in 

combination to examine their effect on FKBP-mediated receptor potentiation (Fig. 14). 

For this purpose, S. cerevisiae reporter strains were generated as described on page 35 

(3.2.2 Yeast Strains), and functional effects were assessed by yeast-based reporter 

assays. 

In Fig. 14 A, we can observe that by introducing the Cysteine to Tyrosine (C/Y) mutation 

to the WT-AR, receptor activity is increased even in the absence of the co-chaperone 

FKBP51 (as compared to WT-AR). However, when exposed to FKBP51 (A), the same 

activity is downregulated (compared to C/Y + Empty Vector). In contrast, in Fig. 14 B, the 

receptor activity is upregulated by the protein FKBP52. 

The Histidine to Tyrosine mutation (H/Y) makes the receptor downregulated in the 

presence and absence of co-chaperone by approximately 50%, as compared to WT-AR 

(Fig. 14 C and D). 

In E, we can observe that by introducing the Asparagine (691) to Serine (N691S) mutation 

to the WT-AR, receptor activity is increased by approximately 200% in the absence of 

FKBP51 (as compared to WT-AR). However, when exposed to the co-chaperone, the 

same activity is downregulated by approximately 200% (when compared to N691S + 

Empty Vector). In contrast, in the absence of FKBP52 (F), receptor activity is similar to 

http://www.graphpad/
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that of WT-AR. Moreover, when the co-chaperone 52 is present, a small increment in 

activity can be seen in the mutant.  

G shows that the mutation of Asparagine (692) to Serine (N692S) increases the activity 

of the receptor by 100% in absence of FKBP51. However, the presence of co-chaperone, 

negatively regulates the activity of the receptor, making it similar to that of WT-AR. In an 

alike way, the mutation seems to increase activity of the receptor in the absence of co-

chaperone 52, but when this is present, the activity is downregulated back to WT-AR 

activity (H). 

Fig. 14 I and J show the result in reporter expression after introducing the amino acid 

substitution of a Glutamine for a Valine (Q/V). In I, it can be observed an increase in 

reporter activity of approximately 50-100% after the mutation, as compared to the WT-

AR. However, when FKBP51 is introduced, the activity is decreased almost to the same 

as WT-AR. Similarly, in J, it can be observed an increment in activity of approximately 

100% in the absence of FKBP52. Subsequently, when FKBP52 is added, the reporter 

activity is decreased to the same amount as WT-AR + FKBP52.  

The mutant combination VC/LY makes the receptor downregulated in the presence and 

absence of co-chaperone by approximately 50%, as compared to WT-AR (Fig. 14 K and 

L). 

The mutant combination HN/YS shows a similar effect as the one seen with the individual 

mutant N691S (Fig. 14 E and F). In the absence of the co-chaperones FKBP51 (M), an 

increment in receptor activity can be observed, but when 51 is introduced, the activity 

goes down to the level of WT-AR. As for figure N, there is increased reporter activity 
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without FKBP52, but when it is introduced, the activity goes up for about 200% more than 

WT-AR.  

O and P show the results of the mutant combination NQ/SV. Here, we can observe that 

in the absence of either of the co-chaperones FKBP51 and FKBP52, there is an increment 

in receptor regulation. However, when the co-chaperones are introduced, opposite effects 

are shown. 51 (O) negatively regulates the activity of the receptor, lowering the activity to 

the same levels of WT-AR. While with 52 (P), receptor regulation is up by 200% compared 

with WT-AR + FKBP52.   

Fig. 14 Q and R show that the mutant combination VC/HN makes the receptor 

downregulated in the presence and absence of co-chaperone, as compared to WT-AR.  

S and T, show the result in reporter expression after introducing the mutant combination 

NQ/VC. In S, it can be observed an increase in reporter activity of approximately 100% 

after the mutation, as compared to the WT-AR. Contrary, in figure T, it can be observed 

a decreased in activity of approximately 100%, as compared to WT-AR + FKBP52, while 

in the absence of co-chaperone, the activity remains close to WT-AR + Empty Vector. 

After introducing the mutant combination NQ/HN, it can be observed an increase in 

reporter activity, as compared to the WT-AR. In figure U, in the absence of FKBP51, the 

receptor regulation is increased by 300%. However, when 51 is present, the activity is 

downregulated to the levels of WT-AR. Figure V shows a higher receptor activity than that 

of WT-AR, with no significant difference between the presence or absence of the co-

chaperone FKBP52. 
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The mutant VCHNNQ/LYYSSV combines all the different individual mutants previously 

discussed in figures A through V. The combination increases the reporter activity in the 

absence of either of the co-chaperones 51 or 52, and when exposed to them, the receptor 

activity is downregulated.  

Consequently, to demonstrate the co-expression of AR and the FKBP co-chaperones, a 

western blot analysis was performed. As shown in figure 15, the protein lysates confirm 

the presence of the proteins of interest. 

In Chapter 2, we demonstrated that changes to the H1-H3 loop on the hAR to make it 

similar to the loop on the gpGR affected receptor activity. Likewise, after making the hAR 

H1-H3 loop look like the loop of the hGR, we corroborated that this loop is important for 

receptor regulation, and that differences within this surface change the ability of the 

receptor to be regulated by the FKBP cochaperones. Since the activities of AR and GR 

are similarly modulated by FKBP51 and 52, these data also suggest that this loop is 

relevant in the regulation of androgen and glucocorticoid signaling.  
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Fig. 14. hAR to hGR Mutants in the absence and presence of FKBP51 or FKBP52 
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Fig. 14. hAR to hGR Mutants in the absence and presence of FKBP51 or FKBP52 
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Fig. 14. hAR to hGR Mutants in the absence and presence of FKBP51 or FKBP52 

 (continuation). The graphs above represent the mean reporter expression of three 

independent experiments for WT-AR and mutant hAR in the presence of FKBP52 

(FKBP52), FKBP51 (FKBP51) or absence (Empty Vector) of chaperone. Yeast S. 

cerevisiae were transformed with a lacZ reporter plasmid, an expression plasmid for 

FKBP51 or FKBP52, and an expression plasmid for wild-type hAR or hAR to hGR mutant 

and dosed with increasing concentrations of DHT. Statistical analysis was done using a 

2-way ANOVA with Dunette’s multiple comparisons test. ****, P ≤ 0.0001; ***, P ≤ 0.0005; 

** P ≤ 0.005; * P ≤ 0.05. 
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Fig. 15 Validation of the co-expression of proteins of interest. To validate the co-

expression of AR and the FKBP cochaperones 51 and 52in our assays, we performed 

a Western blot analysis targeting the proteins of interest. Yeast cells were grown in 

selective media lacking the amino acids Leucine, Uracil and Tryptophan for 18 hrs., 

and lysed subsequently. Protein lysates were electrophoresed and transfer to a 

nitrocellulose membrane. Finally, the membrane was incubated with antibodies 

targeting AR, FKBP52 and FKBP51. As shown, all lysates tested positive for the 

presence of the proteins of interest.   



   

 

45 

CHAPTER 4: CORROBORATE THE YEAST-BASED FINDINGS AND ASSESS THE 

MUTANTS OF INTEREST FOR FUNCTIONAL EFFECTS ON FKBP REGULATION IN 

HUMAN CELLULAR MODEL SYSTEMS. 
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4.1 Rationale 

In chapters 2 and 3, we identified critical residues within the ligand binding domain (LBD) 

of the androgen receptor (AR) helix 1 to 3 (H1-H3) loop capable of affecting receptor 

regulation. To corroborate these results, the mutants were assessed on a higher model 

system like human cells.  

4.2 Materials and Methods 

4.2.1 Mammalian Cell Reporter Assays 

The experimental procedure will involve 52 knock-out (KO) or 51KO HeLa cells seeded 

into a 6-well plate at a density of 2x105 cells/well. The following day, cells will be 

transfected with plasmids each coding for AR-LBD H1-H3 loop mutants, lacZ reporter 

plasmid, an expression plasmid for FKBP51 or 52, and an expression plasmid. As a 

control, a set of wells will also be transfected with the wild-type AR plasmid. 24 hours 

following the transfection, cells will be dosed with increasing concentrations of DHT. After 

approximately 16 hours of incubation with hormone, cells will be lysed with 100µL 

mammalian protein extraction reagent (M-PER) supplemented with HALT protease 

inhibitor. After clarifying the lysates, AR-mediated luciferase expression will be quantified 

by mixing 40µL of cell lysate with 100µL of luciferase assay reagent (Bright-Glo) in a 96-

well plate and incubated at room temperature for 5 minutes. β-galactosidase expression 

will be quantified by adding 20µL cell lysate with 100µL of Tropix Gal-Screen in a 96-well 

plate at room temperature for 2 hours. Quantification of luminescence will be conducted 

in a microplate luminometer with luminescence measured as Relative Light Units (RLU) 

and normalized to β-galactosidase activity to control transfection efficiency.  
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4.2.2 Western Analysis  

WT, 52KO and 51 KO HeLa cells previously transfected with plasmids coding for AR-LBD 

H1-H3 loop mutants, were plated at 3x105 cells per well, in a 6-well culture plate in 1.5mL 

of appropriate growth media and allowed to incubate at 37ºC with 5% CO2. The following 

day the cells were treated with 10nM DHT or EtOH and allowed to incubate for 16-18 

hours at 37ºC with 5% CO2. After 16-18 hours, the cells were lysed and collected. A 

Coomassie Plus (Bradford) Protein Assay (ThermoScientific) was conducted to 

determine the amount of protein concentration in each sample. The proteins (lysates) 

were then loaded onto Invitrogen Bolt™ 4-12% Bis-Tris Plus Precast gels (ThermoFisher 

Scientific). Once the proteins were separated by electrophoresis, the gel was transferred 

to Immobilon® -P Polyvinylidene Difluoride Membrane (PVDF, Millipore Sigma). The 

membranes were blocked with 5% nonfat dry milk in 1x Tris-Buffered Saline (blocking 

buffer) for 30 minutes on a shaking plate at room temperature.  

The primary antibodies that were used are the following: mouse monoclonal anti-FKBP52 

Hi52D (1:5000), mouse monoclonal anti-GAPDH (1:3000; loading control; Santa Cruz 

Biotechnology), and rabbit polyclonal anti-AR (1:1000; Santa Cruz Biotechnology). 

Primary antibodies were diluted in blocking buffer and allowed to incubate with 

appropriate membranes for 1 hour on a plate shaker at room temperature. The 

membranes were then washed 5 times with TBS-Tween 20 for 5 minutes on a plate 

shaker at room temperature. Secondary antibodies consisting of alkaline-phosphatase 

conjugated goat anti-mouse IgG (1:5000; Southern Biotech), and alkaline-phosphatase 

conjugated goat anti-rabbit IgG (1:5000; Southern Biotech), were diluted in blocking buffer 

and allowed to incubate with appropriate membranes for 1 hour on a plate shaker at room 
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temperature. The membranes were washed 5 times with TBS-Tween 20 for 5 minutes on 

a plate shaker at room temperature. The membranes were finally developed with Immun-

Star™ AP substrate (BioRad) and exposed on CL-X Posure™ film (Thermo Scientific) for 

detection of antibodies. 

 4.2.3 Statistical Analysis 

The descriptive statistics were calculated, and the graphs plotted using GraphPad Prism 

version 10.0.0 for Windows, GraphPad Software, Boston, Massachusetts USA, 

www.graphpad. Statistical significance was determined by Two-way ANOVA followed by 

Dunnett’s multiple comparisons test. 

4.3 Results 

Our current data obtained from yeast-based assays shows that the H1-H3 loop is likely a 

relevant FKBP regulatory surface for the steroid hormone receptors AR and GR. 

Therefore, we randomly selected one mutant per class (hAR-gpGR and hAR-hGR) to 

corroborate these results on WT, 52KO and 51KO HeLa cells. The selected mutants for 

this assay were NQ/SV, as a representant for the hAR-hGR class of mutants, and 

VCANQ/IHSTS for the hAR-gpGR mutants’ class. HeLa cells (WT or KO) were 

transfected with a plasmid coding for WT-AR or mutants and dosed with increasing 

concentrations of DHT to generate full hormone dose-response curves (Fig 16). 

Simultaneously, protein lysates were analyzed by western blot to verify transfection 

efficiency (Fig. 17). 

Figure 16, shows the activity of the mutants NQ/SV and VCANQ/IHSTS compared with 

that of WT-AR. A, shows the effects of the mutants NQ/SV and VCANQ/IHSTS in the 

presence of FKBP52 or FKBP51, as obtained in the yeast-based assays. On B, the 

http://www.graphpad/
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functional effects of both mutants were studied on WT-HeLa cells. As shown, the results 

obtained in the mammalian assays are similar to those from the yeast-based assays (Fig. 

11 M, N). The mutant combination VCANQ/IHSTS remains the same as that of WT-AR 

in the presence of the FKBP co-chaperones. Whereas the mutant combination NQ/SV is 

upregulated. However, on the yeast assays, the mutant was upregulated by the presence 

of FKBP52, while downregulated by FKBP51. It is well known that both co-chaperones 

compete for binding of the AR, which can be seen in the experiments with the WT-HeLa 

cells. 

Experiments run on 52KO-HeLa cells (Fig. 16 C) corroborated the effects of the mutants 

as seen on yeast. Here we can observe that the activity of both mutants is almost identical 

to that of WT-AR. On yeast-based assays, the mutants were upregulated in the absence 

of any of the co-chaperones but downregulated back to the activity of WT-AR in the 

presence of FKBP51. 

51KO-HeLa cells (Fig. 16 D) show that in the presence of FKBP52 but not 51, the mutant 

NQ/SV is upregulated in yeast and mammalian assays. Whereas the activity of the mutant 

VCANQ/IHSTS was downregulated back to that of WT-AR. These corroborates the 

results shown in the yeast-based assays. 

Next, a western blot with the lysates obtained from the dose-response assays on the 

HeLa cells was conducted. Fig. 17 shows the results obtained from this assay, where we 

can observe that in WT-HeLa (A), both co-chaperones are expressed, however AR is only 

present when co-expressed after transfection. It can also be seen that the 52KO line (B) 

does not express FKBP52, but it continues to express 51. On the other hand, the 51KO 

cell line (C), does not express 51 but it expresses 52. We can also observe a difference 
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in the protein expression levels, where the expression of the NQ/SV mutant is higher than 

that of WT-AR or VCANQ/IHSTS for all the different HeLa cell lines. This suggests that 

NQ/SV makes AR expression more stable. 

These results provide further confirmation that the H1-H3 loop is important for receptor 

regulation. 
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Fig. 16. Mutations within the H1-H3 loop effectively interfere with receptor regulation. 
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Fig. 16 continuation. The graphs show the results of two independent experiments 

where WT, 51KO, and 52KO HeLa cells were seeded on a 6-well plate at a density of 

3x105 cells per well, and transfected with a β-galactosidase expression plasmid (pDS-

371, 50 ng per well), a mammalian expression MMTV-Luc-Reporter plasmid (pDS-

372, 800 ng per well), a pCI-Neo mammalian expression vector expressing AR or the 

hAR-gpGR mutant VCANQ/IHSTS or hAR-hGR mutant NQ/SV (pDS-923/mutant, 800 

ng per well), and an empty pCI-Neo mammalian expression vector (pDS-404, 800 ng 

per well). After 24 hrs, cells were treated with ETOH (0.01%) and increasing doses of 

DHT and incubated for 16-20 hrs. Lysates were collected and used to measure 

luciferase expression. The reporter expression was normalized against transfection 

efficiency by dividing luciferase relative light units by β-galactosidase relative light 

units. Statistical analysis was done using a One-way ANOVA with Dunette’s multiple 

comparisons test (P<0.05). Afterwards, lysates were analysed via western blotting to 

corroborate the expression of AR, FKBP52 or FKBP51. 

 



   

 

52 
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Fig. 17. Validation of the co-expression of proteins of interest. To validate the co-expression of AR 

and the FKBP cochaperones 51 and 52 in our assays in HeLa cells (WT, 52KO and 51KO), we 

performed a Western blot analysis targeting the proteins of interest. Protein lysates were 

electrophoresed and transfer to a nitrocellulose membrane. Finally, the membrane was incubated with 

antibodies targeting AR, FKBP52 and FKBP51. As shown, all lysates tested positive for the presence 

of the proteins of interest.   
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CHAPTER 5: CONCLUSIONS 
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Prostate Cancer initiation and progression are dependent upon androgen receptor 

regulated genes. Functional receptor conformation requires the cooperation of chaperone 

and cochaperone proteins including the immunophilins FKBP52 and FKBP51. FKBP52 is 

known for being a positive regulator of AR, and GR activity, whereas FKBP51 is 

characterized for differentially regulating the steroid hormone receptor family. Therefore, 

these two proteins have become potential therapeutic targets for prostate cancer 

treatment. Androgen Receptor and Glucocorticoid receptor share approximately 50% 

similarity in the ligand binding domain. However, structural or sequence differences may 

confer the differences in how FKBP cochaperones regulate their activity. Previous Studies 

made on guinea pigs, found that 5 amino acid substitutions within the H1-H3 loop of the 

ligand binding domain that differ from the human glucocorticoid receptor, conferred 

decreased cortisol-binding affinity. Since the androgen receptor also differs from the 

glucocorticoid receptor by those same amino acids, we hypothesized that this loop might 

be responsible for receptor regulation among glucocorticoid and androgen receptor. 

Previous studies have identified the BF3 surface as an AR-specific regulatory site for 

FKBP52, and it is likely that there is another common FKBP regulatory surface among all 

the regulated receptors, like the H1-H3 loop. Furthermore, GR is known to be more 

hypersensitive to FKBP52 regulation, and recent research has shown that mutations 

within the GR H1-H3 loop affect FKBP-mediated receptor activities.  

In this project, we successfully conducted site-directed mutagenesis to identify the 

residues within the hAR H1-H3 loop that are critical for FKBP co-chaperone regulation. 

Taking advantage of the distinct GR hypersensitivity to FKBP52, two classes of functional 

mutants were generated to make the human AR H1-H3 loop more like guinea pig GR or 
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human GR. In addition, yeast-based reporter assays were performed to assess the role 

and relevance of those mutations in receptor activity. Finally, these results were 

corroborated by randomly choosing one mutant of interest to represent each of the 

classes with those obtained from a higher model system like the HeLa cells. 

To determine whether the hAR mutants affected FKBP-mediated receptor function, 

reporter gene expression was measured by dosing yeast cultures with increasing 

concentrations of DHT to generate full hormone dose-response curves for the WT-AR 

strain, mutant strains, and vector control strain. Subsequently, a western blot was 

performed to validate the co-expression of AR, and the FKBP co-chaperones 51 and 52 

on protein lysates obtained from the yeast assays.  

In Chapter 2, we demonstrated that changes to the H1-H3 loop on the hAR to make it 

similar to the loop on the gpGR affected receptor activity. The mutant C/H was 

upregulated even in the absence of the FKBP co-chaperones, conversely, the mutant 

FKBP52 hyperregulated the receptor activity by approximately 200X more than the WT-

AR. The mutant Q/S showed no significant difference between the presence or absence 

of the co-chaperone FKBP51. In contrast, when FKBP52 was present, the activity of the 

receptor was downregulated. VCA/HIS lost receptor activity probably due to protein 

misfolding. The mutant combination VCANQ/IHSTS was upregulated even in the absence 

of co-chaperone. However, when the FKBP co-chaperones were introduced, receptor 

activity was negatively regulated. This effect was shown with the rest of the individual 

mutants.   

Likewise, after making the hAR H1-H3 loop look like the loop of the hGR in chapter 3, we 

corroborated that this loop is important for receptor regulation, and that differences within 
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this surface change the ability of the receptor to be regulated by the FKBP cochaperones. 

The mutants H/Y, VC/LY, and VC/HN are downregulated with and without co-chaperones. 

N692S, Q/V, NQ/VC, NQ/HN, and VCHNNQ/LYYSSV were upregulated in absence of 

either of the co-chaperones but downregulated in their presence. The mutant NQ/SV was 

upregulated with and without either of the co-chaperones. Moreover, when FKBP52 was 

co-expressed, receptor activity increased 200X more. In contrast, FKBP51 presence 

negatively regulated receptor activity. The rest of the mutants behave similarly to the 

mutant combination NQ/SV. Since the activities of AR and GR are similarly modulated by 

FKBP51 and 52, these data also suggest that this loop is relevant in the regulation of 

androgen and glucocorticoid signaling. 

Based on these findings, mammalian reporter assays were conducted to corroborate our 

findings in a higher vertebrate model system. We randomly selected one mutant per class 

(NQ/SV to represent the hAR-hGR class, and VCANQ/IHSTS to represent the hAR-gpGR 

class) to assess their effects on receptor activity on WT, 52KO and 51KO HeLa cells. We 

verified that amino acid substitutions within the H1-H3 loop effectively interfere with 

receptor regulation. Experiments conducted on WT-HeLa cells showed that the activity of 

the mutant NQ/SV is hyperregulated as compared to that of WT-AR. Whereas the activity 

of VCANQ/IHSTS remained similar to WT-AR. This is consistent with the results seen in 

the yeast-based assays, where it was shown that in the presence of FKBP52, the mutant 

NQ/SV was hyperregulated, while VCANQ/IHSTS receptor activity was negatively 

regulated and restored back to the same activity as WT-AR. Correspondingly, assays 

conducted on 51 and 52 KO cells demonstrated that in the absence of the co-chaperones, 

the activity of the mutant combination VCANQ/IHSTS remain similar to that of WT-AR. 
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As for NQ/SV, in the absence of 52, it was downregulated, while in the absence of 51, it 

was still upregulated. The hyperregulation in the WT-HeLa cells can be explained by the 

fact that 52 and 51 compete for binding to the AR (67). As for the mutant VCANQ/IHSTS, 

on yeast assays, we saw an increased activity in the absence of co-chaperones, but when 

52 or 51 were introduced, the activity of the mutated receptor went back to the same 

levels as WT-AR, similar to what is shown in the WT-HeLa cells.  

Our current data shows that, mechanistically, the H1-H3 loop is a relevant regulatory 

surface for the steroid hormone receptors AR and GR and that differences within this 

surface may change the ability of the receptor to be regulated by the FKBP cochaperones. 

Taken together, these results suggest that the H1- H3 loop may represent a novel target 

surface for the simultaneous inhibition of AR and GR. 

These results coincide with those obtained by Cluning et al. The team observed that by 

altering the H1-H3 loop of the GR, FKBP-regulated activity was affected, which lead them 

to conclude that the GR H1-H3 loop acts as a regulatory surface for the FKBP co-

chaperones by creating conformational changes that impact receptor activity. 

Mutants within the H1-H3 loop have been implicated in androgen insensitivity syndrome 

(AIS), either partial (PAIS) or complete (CAIS) (Fig. 18) (68). Examples of these are the 

mutant substitutions V685I, and H689P which have been found to be present in patients 

with complete androgen insensitivity. Whereas the mutants C686R, and A687V have 

been found in patients with partial androgen insensitivity. Interestingly, the mutant V685I 

was one of the amino acid substitutions studied in this project, which showed an 

upregulated receptor activity in the absence of either of the co-chaperones FKBP51 or 52 

but was downregulated by the presence of the FKBP co-chaperones.  
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Furthermore, mutations within the BF3 surface have also been implicated in AIS (69). At 

the same time, mutations to the BF3 surface can also interfere with the AF2 surface, 

affecting co-activator interaction (27). The BF3 surface has been studied by our lab as an 

AR-specific regulatory site for FKBP52. In this project, we demonstrated that there is 

another site on the AR LBD that is important for FKBP receptor regulation. However, it Is 

still unclear if this site serves as a direct interaction surface for the co-chaperones. It is 

likely that by changing the AR H1-H3 loop, we could be affecting chaperone binding by 

way of the BF3 or AF2 surfaces allosterically.  

To further investigate the effects of the H1-H3 loop mutants, it would be necessary to 

express the FKBP51 and FKBP52 back in the KO cell lines to contrast the receptor activity 

in the presence and absence of the cochaperones in human cells. It will be interesting to 

V685I 

C686R 

A687V 

H689P 

N692* 

Q693* 

CAIS (Complete Androgen 

Insensitivity Syndrome) 

PAIS (Partial Androgen 

Insensitivity Syndrome) 

*Deletion 

Fig. 18. Androgen Receptor H1-H3 loop gene mutations. By consulting the Androgen 

Receptor Gene Mutations database, we selected the amino acid substitutions within the 

H1-H3 loop that are associated with androgen insensitivity syndrome. 
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elucidate if by co-expressing the FKBP co-chaperones in the KO cell lines, the activity of 

the receptor remains comparable to the results observed on yeast-based assays. 

Computational analysis could be used to predict the way that these mutants may affect 

protein conformation. Due to the closeness of the mutants with the BF3 surface, it is 

possible that they create changes in the spatial orientation of critical residues for the 

chaperone complex. 

Another path to study will be to assess relevant mutants for altered response to previously 

identified FKBP52 targeting drugs, like MJC13 and GMC1. These drugs are believed to 

interfere with the chaperone complex binding to AR by way of the BF3 surface (28, 70). 

This analysis could also help elucidate if the H1-H3 loop mutations affect the spatial 

relations within the chaperone complex. 

Finally, to confirm if this loop is a putative regulatory surface for all three receptors (AR, 

GR and PR), it will be necessary to test these mutations on PR models and assess for 

functional effects. 
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