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ABSTRACT  
 
The PAS family of transcription factors play vital roles in important physiological processes. 

Within this family, PAS sensors, with their characteristic domain, are of interest because they 

modulate circadian rhythms, xenobiotic metabolism, and oxygen homeostasis, in addition to 

other functions. The PAS domain was named from the three founding members – Period, Aryl 

hydrocarbon nuclear translocator, and Sim. Structurally, the domain has been labeled in many 

ways, however we stick to the PAS A and B nomenclature Our central hypothesis is that PAS 

proteins are part of a network that coordinate physiological responses to stressors through 

obscure interactions. To test our hypothesis, we worked on the following aims: (1) To develop a 

lexicon for the structures partaking in PAS-PAS dimerization, we mined the Protein Data Bank 

for mammalian proteins. This information helped us refine the terminology and showcase 

differences between PAS A-PAS A and PAS B-PAS B repeat interactions. Moreover, it taught 

us that PAS proteins interact with other regions outside their PAS counterpart, thus PAS A-PAS 

B repeat interconnectivity is common. (2) To determine the ability of our yeast system, based on 

Saccharomyces cerevisiae strain L40, to accommodate steroid receptor signaling, we 

introduced and activated the mineralocorticoid, androgen, glucocorticoid, and estrogen α 

receptors individually and exposed them to various ligands. Results from these experiments 

argue for the possibility of turning our L40 system into a “one-cell system” that can 

accommodate multiple pathways for complex receptor mixtures. (3) To determine dimerization 

between PAS B repeats in the prototypical AhR:ARNT complex, we again used our L40 system. 

We found that PAS B repeats are necessary for successful interconnectivity. Additionally, we 

took advantage of the new AlphaFold and SwarmDock algorithms to predict PAS B interactions 

between the AhR and ARA9 and ARA3. This work is significant because it also has the potential 

to detect biomarkers of disease progression that can function as targets for therapeutic 

treatments and drugs 
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Ch. 1: Introduction- Building a meta detection system for biologically active 
compounds using the yeast Saccharomyces cerevisiae L40 
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Receptors exploit dimerization to partner with members of their own families, or other 

families, as homo or heterodimers that form cellular-response networks. Dimerization permits: 

(1) increased protein stability, (2) increased complexity to avoid unwanted interactions, and (3) 

increased binding affinity and specificity for DNA sequences that encode pertinent target genes. 

To fully understand these cellular-response networks, we began focusing on interactions within 

and between two major families: PAS sensors and the steroid receptors. The PAS sensors arise 

from sequences that are of ancient origin and are found in all kingdoms of life.  In animals, PAS 

domains are found a variety of structures regulating muscular tissue (myogenesis) and neuron 

(neurogenesis) formation during embryonic development, production of red blood cells and 

platelets in the bone marrow (hematopoiesis), and sleep-wake cycles (circadian rhythms). 

Similarly, steroid receptors regulate keen processes related to metabolism, sex differentiation, 

and growth. This family includes estrogen α, glucocorticoid, mineralocorticoid, and androgen 

receptors, among others.  

Our motivation, to better understand the interaction within and between these protein 

families, was driven by an interest in employing these sensors and receptors to detect and 

quantify important biologically active compounds found in several important matrices.  In the 

PAS sensor family, only the ligand binding pathway of the aryl hydrocarbon receptor (AhR) has 

been studied as a biosensor. While some steroid receptors, such as ER, have been proposed 

as biosensors, their application has also not yet been realized.  We define biologically active 

compounds as chemicals that exert a physiological effect beyond their nutritional value. The 

presence of unwanted biologically active compounds is a concern in foods, personal care 

products, drugs, and supplements. In this regard, endocrine disrupting chemicals are the largest 

and best-known class because they target sensitive steroid receptor pathways thus interfering 

with important biological processes. The endocrine disruptor class includes intentional and 

incidental chemicals such as preservatives (butylated hydroxyanisole, parabens), fragrances, 

and plasticizers (phthalates), often present in small amounts.  
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Although effects on steroid receptor pathways are extensively studied, chemicals that 

interact with the AhR are also contaminants of concern and have been linked to pathologies 

and/or cancers. For example, less refined mineral oils and paraffins may harbor polyaromatic 

hydrocarbons (PAHs) that activate the AhR pathway. Furthermore, there is growing evidence 

that some drugs may affect sleep/wake cycles, regulated by the CLOCK gene, another 

remember of the PAS sensor family. Moreover, plants and microbes harbor additional PAS 

sensor proteins with a wide spectrum of stimuli that may harbor potential as regulatory concern 

or as potentially commercially valuable compounds1. Therefore, there is a need to identify the 

multiplicity of PAS pathways with potential as valuable biosensors and better understand the 

mechanisms by which they carry out the physiological response.  

The goal for this dissertation is to provide the background information that can ultimately 

lead to the development of a one-cell biosensor system that can accommodate multiple PAS 

stimuli and nuclear receptor ligands. The foundation of this system was pioneered almost twenty 

year ago, and is based on a yeast expression system, built on sensor chimeras with the DNA 

binding domain of the LexA protein, and read-outs resulting from sensor dependent activation of 

a reporter gene (beta galactosidase, β-gal) controlled by the Lex operator (LexO)2,3. Because of 

the ambitious nature of this goal, our initial focus was on elucidating the potential of such a 

system and identifying its limitations.  Therefore, in this thesis, we focused on pathways we 

perceived as holding the greatest utility as biosensors, i.e., the PAS sensor, AhR, and the 

steroid receptors: estrogen α (ER), mineralocorticoid (MR), glucocorticoid (GR), and androgen 

(AR). These pathways were chosen based upon their perceived utility and the preliminary data 

from this laboratory that they are amenable to a single cell biosensor system. 

Our initial objectives were multiple and included: 1) Gaining insight into the breadth of 

bioactive molecules that could be detected with a spectrum of sensors and that could be 

functional in a yeast/LexA dependent system; and 2) Understanding the potential for pathway 

interference by understanding the domain structure and interaction surfaces of PAS proteins.  
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We propose that this understanding will guide us through future attempts to develop a meta-

analytical system that can detect multiple classes of biologically active molecules in one tube 

systems.  Such efforts will require an informed decision as to which strategy is best: to develop 

specific yeast strains for a range of individual pathways or to use a singular yeast with all the 

pathways of interest co-expressed in a single clone. Not surprisingly, while this scientific 

decision provided initial guidance to our experiments, our investigations took some interesting 

turns which led to several exciting observations regarding PAS protein domain structure and 

their interactions.   

    In Chapter 2, we ask a basic question:  how many distinct steroid receptor pathways 

can be successfully employed in our LexA-yeast system?  Put another way, what is the potential 

of this system to interrogate multiple biologically active classes?  To answer this question, we 

employ our yeast based AhR ligand detection system as a positive control and use it as a model 

to expand the concept to four important members of the steroid receptor superfamily. The 

rationale for this chapter was to demonstrate that a broad range of biologically active 

compounds, endocrine disrupting chemicals, could be detected using our yeast-based system. 

To this end, we successfully developed a system where the full-length steroid receptors: ERα, 

MR, GR, and AR were each fused to an Escherichia coli domain analogous to a DNA binding 

domain known as LexA. Each fused protein was exposed to various ligands and 3 out 4 were 

able to detect compounds successfully. In addition, we used AlphaFold, the recently developed 

protein prediction algorithm from Deep Mind, to predict the structure of our fused AhR and 

steroid receptors. The data from this chapter shows that our yeast system can accommodate 

steroid receptors and PAS protein signaling while the predicted structures help us think about 

how the system may be modified to improve future results.  

In Chapter 3, we attempt to better understand the PAS domain to understand biosensor 

design and thus reduce potential crosstalk across PAS signaling molecules that might be co-

expressed in a single cell.  To accomplish this task, we take advantage of experimental PAS 
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structures deposited into the Protein Data Bank (PDB) to develop a lexicon and clarify domain 

interactions that have been observed over the past decades. To reduce confusion in the field, 

we develop formal definitions for common features of PAS domains, such as PAS domain and 

PAS repeat. We also demonstrate that the PAS family of proteins showcase at least 4 different 

dimerization modes, some of which are supported by structures outside the PAS domain. We 

provide evidence to support a novel finding, that PAS A repeat interactions are different than 

those observed in PAS B repeats: for example a loop in the PAS A repeat in the HIF2α:ARNT 

dimer establishes contacts with DNA, while PAS A and B repeats within HIF2α interconnect. 

This experimental evidence challenges data that supports a “like interacts with like” ideology 

whereby certain parts of PAS proteins interact exclusively with their counterparts in other PAS 

proteins (i.e. PAS A only interacts with PAS A).   

In Chapter 4, we continue developing our models of PAS domain interactions using our 

yeast system as a model.  We focus on the familial PAS prototype dimer, the AhR:ARNT (aryl 

hydrocarbon nuclear translocator) and determine the sufficiency of the PAS B repeat in 

dimerization. Using the yeast two-hybrid, a technique that relies on the reconstitution of a 

transcription factor to determine physical interactions between two proteins, we show for the first 

time that both the AhR and ARNT use PAS B repeats to dimerize. We further investigate the 

role of PAS B in interconnectivity with other proteins involved in AhR signaling, such as ARA9 

and ARA3, by taking AlphaFold’s predicted proteins and docking them using the SwarmDock 

server. This chapter is important because it serves as a baseline to inform how the AhR uses its 

PAS B repeat for more than ligand binding. Additionally, we use these ideas to develop a new 

AhR signaling pathway visual that underscores the importance of domain interactions.  

A conclusion of this work is that while considerable additional development is necessary, 

a one-cell yeast system shows promise as a biosensor for activators of these two major nuclear 

receptor families: PAS and steroid. Through these investigations, we also provide information 

that facilitates the prediction of unknown interactions that may guide future optimization studies 
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and will lead to improved understanding for complex receptor mixture responses – where more 

than one pathway triggers a physiological response.  
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vs

50 pathways in 1 yeast

50 strains = 50 yeast

Figure 1: The framework for this work.  The purpose of this work is to understand PAS 

protein interactions to develop a yeast-based system that can accommodate many pathways 

in 1 yeast or many strains, giving rise to individual pathways. To understand these interactions, 

we must understand which regions on PAS proteins are interacting and their arrangements. 
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Ch. 2: Development of yeast-based steroid receptor biosensors 
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INTRODUCTION 
 

Steroid receptors were first described in the 1970s at the interface for nutrition and 

medicine, where it was postulated that chemical messengers, referred to as hormones, were 

responsible for a host of physiological responses1. The steroid receptor superfamily is 

comprised of proteins that detect ligands, such as steroids, drugs, and other lipophilic 

compounds resulting in signal transduction and playing major roles in sex differentiation, growth, 

and metabolism. The estrogen receptor alpha (ERα), glucocorticoid (GR), androgen (AR), and 

mineralocorticoid (MR) receptors are a few of the most well understood members of in this 

superfamily. As a result of their varied but essential roles in physiology, they are subject to 

interference from endocrine disrupting chemicals – chemicals that hinder the communication 

and signaling processes for steroid receptors leading to adverse health outcomes.2  

Breakthrough publications by the Ptashne group3 and Fields and Song4 cemented yeast 

as a model organism that could be used to study protein domains and protein-protein 

interactions. Compared to the use of animals and cell lines, yeast was relatively inexpensive to 

manipulate and easy to grow. Additionally, human genes could also be introduced and modified 

using homologous recombination and versatile expression and reporter plasmids, as well as 

yeast chromosomes. Thus, yeast was an important component that led to the birth of synthetic 

biology, whereby fine-tuning the expression of a protein of interest at a specific step in a specific 

pathway can be used to optimally control a process that yields a specific product.  

Perhaps the best known use of yeast has been in the production of fermented foods 

including beer and wine5 where enzymes involved in alcohol biosynthesis have been modified to 

impart or modify flavors or other sensorial qualities that affect consumer acceptance6. In yet 

another example, yeast has also been employed in the biosynthesis of cannabinoids by 

introducing a hexanoyl-CoA pathway while simultaneously exploiting the native mevalonate 
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pathway – a metabolic pathway found in eukaryotes that metabolizes acetyl-CoA into 

isoprenoids, later converted to cholesterol, steroids, etc.7. 

All these benefits have facilitated the introduction of synthetic transcription factors8 like 

steroid and other nuclear receptors, into yeast to study the delicate interplay between gene 

structure and protein function9. Furthermore, yeast holds advantages for the industrial and 

environmental communities because it can be employed as a biosensor able to detect and 

quantify compounds through reporter systems and chimeras.  Thus, yeast holds great potential 

as a tool for the development of mechanistic bioassays for endocrine disrupting chemicals10-12.   

Recently, an Expert Consensus statement2 was published identifying 10 key 

characteristics that identify endocrine disrupting chemicals. The group highlighted the 

importance of developing reliable bioassays for each key characteristic. Such consensus 

statements point to the importance of validation, reproducibility, and sensitivity in bioassays 

design.  The four-parameter logistic curve (4PL) is commonly used to analyze the 

pharmacological properties of a ligand and the robustness of a system. Derived from classical 

receptor theory, the 4PL model is a powerful way to characterize nuclear receptor signaling.  

Upon ligand binding, the receptor complex generates a pharmacological response where the 

ligand activates or antagonizes the receptor13. As the name implies, four parameters are 

calculated from a quantified dose-response relationship – most commonly a semi-logarithmic 

plot with a sigmoidal S shape. The four parameters are: (1) “bottom” aka E0 describes the 

baseline or zero-dose response, (2) EC50 showing the concentration needed to effect 50% of 

the maximum response, (3) Hillslope which depicts the “steepness” of the most linear portion of 

the S shape and attempts to account for multiple binding sites, and (4) “top” aka Emax, 

showcasing the maximal effect of the ligand (also known as efficacy)13.  

We set out to survey how readily nuclear receptors could be converted into yeast-based 

biosensors.  Therefore, we chose four model receptors and introduced the GR, ERα, AR, and 

MR into the yeast Saccharomyces cerevisiae L40 and exposed them to various ligands. We 
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hypothesized that we could generate dose-response relationships that were comparable in 

utility and sensitivity to the LexA- mouse AhRb1 fusion that is ligand inducible and reproducible.  
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MATERIALS AND METHODS 
 

Plasmids: Mouse ERα (BAJ65337.1), mouse GR (NP_001191190.1), human MR 

(NP_000892.2), and mouse AR (NP_038504.1) were synthesized by GeneUniversal (Newark, 

DE) and VectorBuilder (Chicago, IL) and cloned into plasmid 535 (pBTM116)14 giving rise to 

yeast expression plasmids 2275 (LexA-mERα), 2293 (LexA-mGR), 2294 (LexA-huMR), and 

2295 (LexA-mAR) (Figure 1) . The plasmid pBTM116 is approximately 5685 bp, contains the 

LexA (1-202) domain and is followed by a multiple cloning site. It also harbors a TRP1 gene and  

a high-copy 2µ origin of replication14. Mouse ERα, mouse GR, human MR, and mouse AR were 

each inserted into restriction sites EcoRI and BamHI, to ensure that each was in-frame with 

LexA (Figure 1). The positive control for these experiments, plasmid 703 (LexA-N∆166AhR), 

has been described previously15.  

L40: The yeast Saccharomyces cerevisiae reporter strain L4014 ATCC MYA-3332 (MATa 

ade2 his3 leu2 trp1 LYS::lexA-HIS3 URA3::lexA-LacZ) was streaked and grown for 3 days in 

YPD agar (Takara Bio, San Jose, CA) plates with ampicillin, a complete medium, at 30 ˚C. One 

colony was selected and grown overnight in 10 mL, pH adjusted to 5.8, YPD broth with 

ampicillin (Takara Bio, San Jose, CA) at 30 ˚C and 220 RPM. After the allotted time, each 

expression plasmid was transformed into competent L40 cells using the Frozen-EZ Yeast 

Transformation II Kit (Zymo Research, Irvine, CA). To make competent yeast cells: the cells 

were centrifuged, and the supernatant was discarded. The pellet was washed with 10 mL of the 

Frozen-EZ Yeast Solution-1 and subjected to centrifugation. The supernatant was discarded 

and the pellet was resuspended in 1 mL of the Frozen-EZ Yeast Solution-2. To transform yeast: 

50 µL of competent cells were mixed with 0.2-1 µg yeast expression plasmids 2275, 2294 or 

2295 and 500 µL of Frozen-EZ Yeast Solution-3 was added and mixed thoroughly. The mixture 

was incubated in a water bath at 30 ˚C for 45 minutes and mixed every 15 minutes. One 

hundred microliters of the transformation mixture was spread on to synthetic medium lacking 
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tryptophan (Takara Bio, San Jose, CA) and containing ampicillin. The plates were incubated for 

up to 4 days at 30 ˚C to allow transformant growth.  

Exposure to compounds: Ten micromolar concentrations in dimethylsulfoxide (DMSO) 

(Sigma Aldrich, Burlington, MA) served as the stock solution for most ligands: 17β-estradiol 

(Sigma Aldrich, Burlington, MA), genistein (Thermo Fisher Scientific, Waltham, MA), bisphenol 

A (Thermo Fisher Scientific, Waltham, MA), dihydrotestosterone (Sigma Aldrich, Burlington, 

MA), aldosterone (Sigma Aldrich, Burlington, MA), and β-napthoflavone (Sigma Aldrich, 

Burlington, MA). One transformant colony, representative of each transformation, was grown 

overnight in synthetic medium lacking tryptophan broth (Takara Bio, San Jose, CA) and 

containing ampicillin at 30 ˚C and 210 RPM. One hundred microliters were pipetted into clear 96 

well plates and the OD600 was measured and adjusted to ~0.50 using the ClarioStar Plus plate 

reader (BMG Labtech, Cary, NC). Stock solutions for each compound were then used to create 

dose-response curves. Five microliters of each solution at the appropriate concentrations were 

dispensed into white 96 well plates using the Tecan Liquid Handler (Tecan, Morrisville, NC).  

Ninety-five microliters of OD600  adjusted cells were pipetted on to the same white plate, covered 

with a clear lid, wrapped in aluminum foil, and incubated at 30 ˚C and 210 RPM for 2 hours.  

Measuring β-galactosidase activity: After the allotted time, yeast cells were lysed and 

chemiluminescent activity from the β-galactosidase enzyme was measured using the Gal-

Screen assay (Thermo Fisher Scientific, Waltham, MA). The Gal-Screen Reaction Buffer was 

made as follows: the Gal-Screen substrate was diluted 1:25 with the Gal-Screen Buffer-B. One 

hundred microliters of the reaction buffer were dispensed to each well. The plate was covered in 

foil and incubated at 26-28 ˚C and 210 RPM for ~ 60-90 minutes. The plate was then placed in 

the ClarioStar Plus plate reader and values were measured using the luminometer reader 

function and the MARS data analysis software (BMG Labtech, Cary, NC).    
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Data Analysis: All protocols were performed with at least 3 biological and 3 technical 

replicates. The data from MARS was analyzed using PRISM GraphPad v9.2.0 (San Diego, CA) 

using the four-parameter logistic curve (4PL) and a Levy-Jennings quality control graph to 

measure precision throughout runs. The limit of detection (LOD) was calculated from the 4PL as 

has been described previously16.   

For normalized results, the highest raw value was designated as the top, while the 

lowest raw value was designated as the bottom. From there, all responses are calculated as a 

percentage of the highest value and described as % β-galactosidase relative light units (RLU).  

For parallel-line analysis (PLA) for each environmental estrogen, the 4PL Hillslope was 

compared. GraphPad assigns a p-value: the lower the p-value the more different the slopes are.  

3-D protein predictions: Amino acid sequences for LexA-steroid receptor fusions were 

predicted using the AlphaFold server17. Since full-length steroid receptors have not been 

resolved, we exploited the deep learning properties of the AlphaFold algorithm which uses 

homologous templates and multiple sequence alignments. Models were then visualized using 

PyMOL v2.5 (Schrodinger, New York, NY).  
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RESULTS AND DISCUSSION 
 

A major objective of this study was to examine the potential of a yeast based chimeric 

system to detect a broad range of biologically active compounds –in parallel- using mammalian 

sensor proteins of the steroid receptor family, as a model.  As outlined in Chapter 1, to develop 

a meta-analysis system capable of detecting dozens of classes of biologically active agents, we 

envision two basic assay scenarios.  The first, is an approach where we establish multiple assay 

systems based on unique sensors for specific chemical targets and run them in parallel (i.e., 

one sample is interrogated with ER, AR, MR, AhR, etc. systems independently).  While such an 

approach requires greater costs and labor due to the multiplicity of strains employed and 

independence of each assay, it could allow immediate determination of the class of target being 

activated (e.g., ER vs AR).  The second approach is one where multiple targets are interrogated 

at once.  Here we imagine multiple co-expressed sensor chimeras as LexA-fusions and a single 

reporter driven by Lex operators (LexO).  In this scenario, a variety of biologically active classes 

of compounds could be rapidly detected in a single strain.  The primary shortcoming of this 

system being that all positive samples could require a follow-up with a second assay that 

discriminates the identity of the specific pathway at play. Another potential shortcoming of this 

co-expression approach is that pathways may interact and confound results.  In this regard, the 

AhR (the Ah receptor) and ERα have been shown to physically interact and such contacts may 

interfere with assay information gain. While interactions between sensor families will ultimately 

require identification empirically, Chapter 3 begins our approach down that experimental path. 

These ideas are based on studies from the early expression studies of the PAS protein 

sensor, AhR, in yeast; a chimera of AhR and LexA was shown to robustly reproduce the 

pharmacology of the mammalian receptor18. Thus, the positive control for these experiments is 

a LexA fused-N-terminal deletion of mouse AhRb1 (N∆166-mAhR) exposed to βNF at various 

concentrations (Figure 3). This construct was chosen because it also reflects a potential 
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direction for sensor development, as it is an attempt at a minimal domain construct, employed to 

reduce the number of domains present in the sensor while also minimizing any interactions or 

cross talk across systems.  Simply, this construct was engineered several years ago with the 

purpose of understanding AhR signaling independent of heterodimerization with other bHLH-

PAS proteins through its PAS A repeat or basic helix loop helix (bHLH) domains15. At the time of 

its construction, we thought of interactions between PAS proteins as requiring HLH and PAS 

domains, yet we now know most PAS proteins employ an A’α helix – a region N-terminus to 

PAS A – to stabilize PAS A-PAS A interactions19-22.  This domain is also absent from the N∆166-

mAhR clone employed as a positive control here.  Thus, this AhR chimera signals in the 

absence of its primary ARNT dimerization domains (HLH, A’ alpha and PAS A repeat), implying 

that the domains required for AhR signaling in yeast reside in the ligand binding domains, which 

map to the C-terminal half of the PAS domain (PAS B repeat), included in this clone.  

To develop our chimera sensor system, we first carefully examined the LexA-AhR-

chimera as a prototype.  The dose-response (D-R) follows the expected shape until ~7 µM, 

where an unexpected drop appears in the response. This drop coincides with the upper 

solubility limit of the ligand as βNF as ~2.51 µM in water (determined visually).  However, in this 

work, the solubility is probably different, as ligand is dissolved in media that contains salts and 

carbon sources that allow yeast growth. Additionally, yeast excrete metabolites into the medium 

that presumably raise solubility for βNF. The upper response limit value is relatively high 

compared to the other receptors in this study (as will be discussed later) but is considered of 

value as it allows an estimate of the top value and allows generation of data that fits 4PL 

analysis. Based on the 4PL, the EC50 for βNF in our system is ~0.43 µM, slightly higher than 

other reported studies, particularly in contrast to mammalian cell lines, indicating a lower 

potency in this system (Vazquez-Rivera, in review). One group reports that the AhR ligand 

TCDD may stick to plastic when stored due to its hydrophobic nature thus with less ligand in 
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solution, exposure concentrations are lower than they appear23. This is also a possibility with 

βNF as it also possesses similar hydrophobic qualities. In our lab, βNF solutions were always 

stored in glass vials to limit this confounding factor. Yet other groups suggest yeast 

detoxification mechanisms through efflux pumps as possible reasons for reduced potency as 

shown through increased βNF EC50 values. In our lab, we have been able to successful employ 

a yeast-two hybrid system that results in a lower EC50 for βNF, therefore efflux pumps are an 

unlikely explanation.  Moreover, the co-expression of modifiers (i.e., ARA9 and ARA3) has also 

been shown to improve sensitivity by almost two-orders of magnitude (Vazquez-Rivera, in 

review).  

Since potency is affected by receptor binding affinity, defined as the strength of the 

interaction between the drug and the receptor13, these results led us to postulate that the PAS A 

repeat may also play a role in strengthening the interaction between the PAS B repeat of AhR 

and βNF. When considering crystallized 3D structures of PAS protein heterodimers, the PAS A 

and B repeats on class α proteins interact in such a way that the β-sheets for both partners 

appear to almost back into each other21,22. It is possible that this is a native configuration even in 

the absence of a dimerization partner like ARNT.   

The steepness of the linear portion of the D-R is estimated at ~2, indicating a somewhat 

steep curve. With AhR, this result is unexpected since it is generally accepted that AhR binds 

one ligand at a time; therefore, the Hillslope was anticipated to yield a value closer to 1. In the 

last parameter, the top value, a high efficacy is observed. If classic receptor theory is to be 

accepted then Emax describes that “the maximum binding is proportional to the maximum 

number of receptors” and this value is an extension of the top value13
.  As with the Hillslope, the 

efficacy is poorly understood as a parameter especially in heterologous yeast systems. To 

quantitate reproducibility, the Levy-Jennings analysis was employed (Figure 2). Overall, we can 
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state that all four parameters for this assay in our lab have working coefficients of variance (CV) 

~20%.  

Our primary objective is to develop a singular yeast strain (e.g., L40) and a singular 

reporter (LexO driven β-galactosidase) and integrate it with a wide variety of sensor/receptor 

systems in parallel (see Introduction and Chapter 1). After evaluating the response of a 

prototype AhR sensor system, we then asked whether this same LexA-LexO based reporter 

system could be readily applied to members of the steroid receptor superfamily. The rationale 

is: if LexA-LexO in L40 was broadly applicable, then it could be the centerpiece of a meta 

system development path. Therefore, our initial objective was to ask two questions. (a) By 

choosing sensor systems at random, how many would work in our yeast system solely based on 

design and dependent upon on published structural domains? (b) Could most sensor systems 

perform in accordance with pharmacology comparable to mammalian cell culture systems of 

much greater cost?  To these ends, four full-length steroid receptors (GR, ER, AR, and MR) 

were fused in-frame to LexA (Figure 1) and their pharmacology was examined following 

exposure to various ligands. In the case of the AR (Figure 3B), MR (Figure 3C) and ERα 

(Figure 3D), exposure to prototype ligands generated a full D-R with similar bottom values 

(~1700-3000 RLU). Top values were different between AR and ERα, 106  vs 105  RLU, 

respectively. In our hands, MR did not exhibit the top values necessary to determine the 4 

parameters and GR did not provide a graded response at all. The EC50 for AR and ERα were: 

3.67 nM, and 0.80 nM, respectively. The Hillslope for each was: 1.272, 1.781, respectively. The 

LOD was calculated to determine our assay’s sensitivity to low concentrations for each ligand. 

The LOD is lowest for the ERα and highest for the AhR (Figure 4). This pattern is expected 

based on the bottom RLU values observed; few studies specify this information; however, they 

are difficult to compare because the units aren’t always congruent.  

 Interestingly, in this study, GR did not respond to prototype ligands, even after exposure 

to dexamethasone, a ligand with high affinity (Figure 3A). This was surprising because our 
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laboratory and others have successfully expressed the GR in yeast and we have functionally 

expressed it as a Gal4 chimera, previously18,24. Although this construct was sequenced, obvious 

mutations in synthesis were not revealed; we have not investigated its failure at this time.  

Rather, we emphasize the fact that of three out of four steroid receptors were immediately 

successful as yeast-based sensors in a L40 Lex system.  This suggests considerable potential 

for this approach, although some individual sensors such as GR, may require additional study 

for their implementation.   

The bottom values observed with the steroid receptor chimeras were not surprising 

because we anticipated that use of full-length proteins in our assay would yield lower baseline 

values compared to constructs with N-terminal deletions.  This is also the case the case 

between the AhR construct, N∆166-mAhR, described here, and a LexA-full-length mAhRb1 

(Vazquez-Rivera, in review). These same differences are also observed in top values for these 

constructs. However, differences between AR and ERα are not yet understood—they may arise 

from different efficiencies of the system because of protein expression levels or naturally 

existing yeast modifiers that are pathway specific. For example there are studies that postulate 

the existence of protein sites capable of binding estradiol and corticosteroids in yeast, though 

their consequence on 4PL analysis has also not been elucidated25. While it can be hypothesized 

that the Emax (top values) may increase due to differences in receptor concentration, our results 

do not give any indication for such an increase. Lower EC50 values have been reported in other 

yeast-based biosensors including the yeast estrogen assay (YES) and the yeast androgen 

assay (YAS)26. The complete protocol for these assays including their interlaboratory EC50 were 

not readily available, however a short version was accessible online and shows a protocol that 

can take up to 7 days to execute. Our protocol can be performed in as little as one day if yeast 

is available, saving time and money.  

In yet another assay, exploiting 3 different engineered yeast strains, the EC50 for AR, 

MR, and ERα were between: 3-27 nM for DHT, 14-100 nM for aldosterone, and 0.08-0.77 nM 
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for estradiol, respectively27,28. Although our assay has comparable EC50 values, our assay relies 

solely on the transcription factor while the strains in the Ito-Harashima et. al (2015, 2020) rely on 

transformation of the yeast with the transcription factor and the nuclear coactivator, NCOA1. 

These systems also are dependent upon the cognate response element and thus cannot be co-

expressed without the addition of additional target promoters.  Moreover, the NCOA1 is a 

member of the bHLH-PAS family of proteins and its overexpression is known to potentiate 

activity for steroid receptors by changing the delicate balance between coactivator and 

corepressor concentrations29,30. The authors describe their data in fold change therefore it is 

hard to determine what their bottom and top values were for further comparison. Additionally, 

the effect of an interactor on the EC50 or the top values is not fully understood. Some interactors 

have been shown to shift the D-R curve to the left and/or increase the top value18,31,32. Another 

effect to consider is the possibility of homodimerization between 2 LexADBD and 2 full-length 

steroid receptors, so that 2 or more fused proteins may interact. The consequences of said 

interactions on any of the 4 parameters have also not been explored.   

Although all endocrine disrupting chemicals are of concern, there is an emphasis on 

understanding the role and effect of xenoestrogens in the human body. This is because these 

compounds can have agonistic and antagonistic effects. They can also bioaccumulate in 

organisms, especially humans; because we have not evolved the mechanisms for adaptation33. 

In women, endogenous estrogen is found in the range between 36.7 pM to 1.47 nM, where the 

highest values are observed in premenopausal women, so any alterations to this delicate 

balance can be hazardous to human health2 (Figure 5). In our system, our reproducibility for the 

ERα showed a coefficient of variance of up to 29% (Figure 5). This CV is higher than the AhR 

control and would need to be improved for increased reproducibility and use outside the lab; 

nonetheless, our system was robust enough to test for the presence of other types of 

environmental estrogens, including xenoestrogens and one phytoestrogen. 
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We exposed our yeast to DMSO-solvated genistein, bisphenol A (BPA) and tamoxifen. 

Genistein is a soy-derived compound with a structure similar to estradiol thought to confer 

protection from breast cancers; this hypothesis stems from the low prevalence of the disease in 

women of Asian-descent34. The compound BPA is man-made, used to harden plastics, and 

used as a coating inside canned goods to prevent corrosion from acidic foods. Consequently, 

BPA is regulated as an indirect additive or food contact surface. Tamoxifen is a drug and 

selective estrogen receptor modulator: It can act as an agonist for estrogen receptors in breast 

cells, and an antagonist in uterine and bone cells. This property is exploited to treat 

premenopausal women diagnosed with breast cancer35. 

In general, the D-R curves for each compound are quite different (Figure 6). The 

estradiol curve is the same one observed in Figure 4D and is the reference compound because 

it is the endogenous ligand for the ERα. The second compound on the graph is genistein, with 

an EC50 of 7.44 µM and a top value ~17% lower than estradiol. Additionally, the Hillslope is 

much steeper with a value closer 4. The third compound is BPA with an EC50 of 70.87 µM, a top 

value ~60% lower than estradiol, a Hillslope of 2.077. The fourth compound, tamoxifen does not 

fit the 4PL model, thus none of the parameters are provided with any confidence. Based on the 

R squared values, the 4PL model was a good fit for the data for the rest of the ligands.  

From these data, we can observe that our system effectively recapitulates the mammalian 

potency rank for ERα ligands. Additionally, we can see that in our system, these ligands deviate 

from parallelism (p-value <0.001) – a phenomenon where ligands that behave the same way 

should yield statistically similar slopes allowing the calculation of a relative potency. This result 

makes sense because the assumption within parallelism is that the reference and test 

compounds have the same biologically active agent. Although our test ligands have similar 

structures, it is not clear, at this time, that they bind or produce the same allosteric changes in 

ERα; however, if we take into account other receptors that have been crystallized, such as 

HIF2α22, it is likely that different amino acids are used to bind each ligand effectively and may 
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change the conformation of the protein. Furthermore, in this system we cannot calculate relative 

potencies for the ERα but can screen for estrogenic contaminants.  

To understand the structural determinants that could play a role in the responses 

observed, the sequences were introduced into Deep Mind’s AlphaFold structure prediction. In 

this system, the full LexA functions as a DNA binding domain and binds LexA operators in the 

L40 genome. The LexA closely resembles the helix-turn-helix DNA binding motif and is 202 

amino acids long. Our LexA-AhR∆166 construct shows the remnants of the PAS A repeat 

separated from the PAS B repeat by the transactivation domain (Figure 7). This conformation is 

different from predicted heterodimers having both PAS repeats and ligand in PAS B36. For 

comparison, we also pulled the full-length AhR predicted structure from the AlphaFold database 

(AF-P30561-F1) and the PAS repeats continue to be separated by the TAD. However, the full-

length prediction also shows a portion of the TAD near the bHLH (Figure 8). It’s possible that 

the AlphaFold prediction reflects the inactivated and untransformed AhR, thus the conformation 

in other predicted models reflects the liganded, activated, and transformed AhR.  

Full-length steroid receptors have yet to be fully resolved structurally. However, the zinc 

finger (ZnF) DBD and a total of 12 helices – that makeup the hydrophobic ligand binding domain 

– have been crystallized separately for various steroid receptors. A switch between active and 

inactive conformations relies heavily on helix 12 (H12), found C-terminus37. The active form 

allows recruitment of coactivators by H3, H4, and H12; together they form a surface where 

coactivators can bind to LxxLL sequences (Figure 9)37. On the LexA-MR protein, AlphaFold 

predictions show the LexA separated whereby a portion is closer to the LBD and the second 

part is near the ZnF DBD.  Furthermore, LBD helices cluster near the DBD. The prediction for 

LexA-AR is different than what is observed with LexA-MR. The LexA is packed closer together, 

while the LBD helices sit atop the LexA (Figure 10) and the DBD sits above the LBD. For the 

final prediction, LexA-ERα, the configuration is like LexA-MR, however the ZnF sit atop the N-

terminus region of LexA, while the LBD helices are observed over the LexA C-terminus (Figure 
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11). When looking at these predictions, it is important to note that none have been modeled with 

ligands nor their homodimeric partners thus these conformations may change upon ligand 

and/or partner binding.  
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CONCLUSION 
 

Yeast offers a cheap alternative to mammalian cell-based biosensors. For this 

biosensor, we took advantage of the reporter strain L40 and developed a fused-steroid receptor 

system that was functionable for most proteins tested. In our system, the ERα showed the 

lowest limit of detection and was used for further ligand activation studies; estradiol, BPA, 

tamoxifen, and genistein were successfully detected. By taking advantage of the new AlphaFold 

technology to predict what these fused proteins could look like, we hope to understand fused 

proteins and the mechanisms by which they may function in model organisms and systems. 
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Plasmid 

#

Protein 

Accession #

Plasmid Name Restriction 

sites

Top Primer

Bottom Primer

2275 BAJ65337.1 LexA-mERα EcoRI-BamHI 5'-GAATTCATGACCATGACCCTTCACACCAA-3’ 

5'-GGATCCTCAGATCGTGTTGGGGAAGC-3'

2293 NP_001191190.1 LexA-mGRα EcoRI-BamHI 5'-GAATTCATGGGAAATGACCTGGGATTC-3’

5'-GGATCCTCACTTTTGATGAAACAGAAG-3'

2294 NP_000892.2 LexA-huMR EcoRI-BamHI 5'-GAATTCATGGAGACCAAAGGCTACCACAG-3’ 

5'-GGATCCTCACTTCCGGTGGAAGTAGAGC-3'

2295 NP_038504.1 LexA-mAR EcoRI-BamHI 5'-GAATTCATGGAGGTGCAGTTAGGGCTGGG-3’ 

5'-GGATCCTCACTGTGTGTGGAAATAGATGG-3'

Figure 1: Constructs developed for this study. Full-length steroid receptors were 

inserted into pBTM116. The resulting protein is an N-terminus LexA-fusion. Constructs 

were transformed in yeast strain L40 and exposed to various concentrations of DMSO-

solvated estradiol, dexamethasone, aldosterone and dihydrotestosterone to generate 

dose-response curves. 
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Figure 2: LexA-N∆166mAhRb1 served as the control for our experiments. Statistical analyses 
show that the average  CV (%)  for 5 runs with 4 technical replicates each were: bottom: 66331  

13; top: 424071  21; EC50: 0.42 µM  16.40; and Hillslope: 1.789  15.770. 
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Figure 3: Dose-response curves for each LexA-fused steroid receptor. (A) The ERα

exposed to the endogenous ligand estradiol. (B) GR did not signal properly and was not used 

for further studies (C) MR exposed to aldosterone and progesterone (D) AR exposed to 

dihydrotestosterone.
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Steroid receptor Ligand EC50 (nM) EC50 (nM) 

this study

ERα Estradiol

Genistein 

Bisphenol A

Tamoxifen

0.531, 0.100, 0.200

356 

1640, 4000 

3400

0.80

7446

78710

n/a

GR Dexamethasone 1600025

28025

n/a

MR Aldosterone 650025

65025

79025

32025

n/a

AR Dihydrotestosterone 2826, 2, 0.400, 3.50 

1126

2326

3.67

Table: 1. Yeast-based steroid receptor biosensors reported in the literature. 

Gaido KW, Leonard LS, Lovell S, Gould JC, Babaï D, Portier CJ, McDonnell DP. Evaluation of chemicals with endocrine modulating activity in a yeast-based steroid hormone receptor gene 
transcription assay. Toxicol Appl Pharmacol. 1997 Mar;143(1):205-12. doi: 10.1006/taap.1996.8069. PMID: 9073609

Chu WL, Shiizaki K, Kawanishi M, Kondo M, Yagi T. Validation of a new yeast-based reporter assay consisting of human estrogen receptors alpha/beta and coactivator SRC-1: application for 
detection of estrogenic activity in environmental samples. Environ Toxicol. 2009 Oct;24(5):513-21. doi: 10.1002/tox.20473. PMID: 19161236.

Mertl J, Kirchnawy C, Osorio V, Grininger A, Richter A, Bergmair J, Pyerin M, Washüttl M, Tacker M. Characterization of estrogen and androgen activity of food contact materials by different in 
vitro bioassays (YES, YAS, ERα and AR CALUX) and chromatographic analysis (GC-MS, HPLC-MS). PLoS One. 2014 Jul 7;9(7):e100952. doi: 10.1371/journal.pone.0100952. PMID: 25000404; 

PMCID: PMC4085075.
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Receptor Ligand Bottom RLU Top RLU EC50 (nM) Hillslope LOD (nM)

AhR β-napthoflavone 65824 3.70E+06 4200 2.060 27.7

GR dexamethasone n.d. n.d. n.d. n.d. n.d

ERα estradiol 1777 2.37E+05 0.80 1.781 4.90 x E-05

MR aldosterone

AR dihydrotestosterone 4299 1.60E+06 3.67 1.272 7.80 x E-04

Table 2: Limit of detection (LOD) for each receptor plus ligand. The LOD was calculated to identify the 

sensitivity of our assay to ligand in the presence of yeast cells. The values were calculated using the 4PL and are 

within the 95% confidence interval. 
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Figure 5: With a low LOD, the ERα was exposed to estradiol. Endogenous estradiol in pre-menopausal 

women is found in the range of 36.7 pM to 1.47 nM. Postmenopausal women tend to have lower values 
circulating. Statistical analyses show that average  CV (%)  for 5 runs with 4 technical replicates each 

were: bottom: 1789  14; top: 571919  29; EC50: 0.80 µM  25; and Hillslope: 1.721  22.  
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Figure 6: The ERα exposed to various ligands. In our assay, the ERα recapitulates mammalian potency 

rank, whereby estradiol has the lowest EC50 followed by genistein, and BPA. Tamoxifen values did not fit the 

4PL analysis thus none of the parameters can be included with any confidence. The highest top values also  

follow the pattern observed with EC50. Interestingly, the Hillslopes deviate from parallelism as confirmed 

through PLA with a p-value <0.001. Normalized data shown here for an easy comparison. 
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LexA (1-202)

N∆166 PAS A

PAS B

~TAD (495-640)

Figure 7: AlphaFold prediction for LexA-AhR∆166. Fused protein sequence was entered into AlphaFold

for prediction. The LexA serves as the DNA binding domain and showcases a helix-turn-helix structure. The 

prediction appears to separate the PAS A from PAS B repeats. Image is colored for direction, blue to red, N-

terminus to C-terminus. 
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bHLH (DBD) 

PAS A

PAS B

TAD (494-640)

Figure 8: AlphaFold prediction for AhR. Much like the LexA-fused AhR, the full-length AhR is predicted to 

separate the PAS A from PAS B by interjecting a portion of the TAD between the repeats. Additionally, 

another portion of the TAD is observed near the bHLH. Image is colored for direction, blue to red, N-terminus 

to C-terminus (AF-P30561-F1). 
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LexA (1-202)

ZnF DBD
LBD

Figure 9: AlphaFold prediction for LexA-MR. The ligand binding domain for steroid receptors is composed 

of 12 helices. (Left) H3, H4, and H12 change conformation to provide the surface for AF2. (Right) Predicted 

fused LexA-MR is oriented to show the beginning of the LexA (dark blue) on the bottom left, while the end of 

the LexA is shown on the bottom right (light blue). Image is colored for direction, blue to red, N-terminus to C-

terminus. 

312

4

AF2
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LexA (1-202)

ZnF DBD

LBD 

Figure 10: AlphaFold prediction for LexA-AR. The predicted configuration shows the LexA domain packed 

tightly, while the LBD helices sit on top of it. The DBD is situated on top of the LBD. This is different from 

what is observed with other fused steroid receptors used in this study. Image is colored for direction, blue to 

red, N-terminus to C-terminus. 
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LexA (1-202)

ZnF DBD

LBD

Figure 11: AlphaFold prediction for LexA-ERα. Much like LexA-MR, the prediction shows LexA N-terminus 

is separated from the C-terminus. The LBD domain sits atop the C-terminus part of LexA, while the DBD sits 

atop the N-terminus part of LexA. Image is colored for direction, blue to red, N-terminus to C-terminus. 
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Chapter 3: Mammalian PAS family crystal structures for the non-structural biologist 
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INTRODUCTION 
 

Organisms detect rapidly changing extracellular environments to regulate the proper 

physiological response for survival. This adaptation often depends on sensors that employ 

protein-protein interactions to generate dimers and higher order complexes that influence 

cellular physiology through complex networks or interactomes. In chordates, “PAS proteins” are 

an important family of biological sensors that detect changes in oxygen levels, light, membrane 

voltage, and the presence of certain small molecules, to influence adaptive physiological 

responses, often through changes in gene expression that are the result of PAS protein dimers 

that bind to genomic enhancer elements. This binding to enhancers is often mediated through 

N-terminal basic helix-loop helix motifs (bHLH) which are common in many PAS proteins. 

Phylogenetic analyses demonstrates that PAS domains are found in all major kingdoms 

of life, suggesting that this structure evolved from a common ancestor and quickly adapted to 

the needs of multicellular organisms1. The PAS domain has many functions in biology.  While 

PAS domains can serve to bind small molecules, they also appear to play a major role in 

dimerization with other PAS family members (we refer this to as homo-family interaction). In this 

review we differentiate interactions as follows: PAS-PAS interactions that take place between 

the exact same protein are homotypic, while interactions between two distinct PAS proteins are 

heterotypic. Alternatively, PAS domains may confer additional specificity for members of other 

protein families, such as heat shock proteins or other transcription factors (we refer to these 

interactions as hetero-family) 2-4 

In our laboratory, mammalian PAS proteins are divided into six classes: (i) alpha class 

which commonly act as sensors of environmental cues, (ii)  beta class which act as dimeric 

partners for the alpha class to regulate responsive gene expression, (ii) gamma class which 

include a number of transcriptional coactivators, (iv) delta class which class which we view as 

repressors of the alpha beta dimers, (v) epsilon class which describes a pair of PAS domain 
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containing enzymes, and (vi) kappa class which include a series of ion channel protein subunits  

(Figure 1). This chapter focuses on the nomenclature and rules that govern alpha, beta, and 

delta class PAS interactions.  For additional information on the underlying biology, the reader is 

referred to a recent review5.  

     The term “PAS domain” was originally identified through sequence homology analysis 

of the three founding proteins assigned to the family: Drosophila Per6, human Arnt7, and 

Drosophila Sim8 (Figure 2). This ~270 amino acid region was shown to be comprised of two 

internal, highly degenerate repeats of ~50 amino acids each, deemed PAS A and PAS B8. Early 

definition of the larger PAS domain was also based on sequence-function studies, and structure 

prediction methodology (helices, hydrophobicity etc.).  Due to the low level of amino acid 

sequence conservation in the PAS domain (e.g., as low as 15% identity across family members, 

Figure 2), the definition of the PAS domain has been subject to several proposed changes over 

the years and can be quite confusing to many in the field.  For example, some have redefined 

the PAS domain, using the term “PAS/PAC domain9,” to emphasize a ~45 amino acids motif 

(PAC domain) found near the C-terminal end of the PAS B repeat.  To add to the complexity, 

the term “PAS-fold” has been proposed to represent this PAS-PAC region.  Thus, the “PAS fold” 

definition describes PAS B repeats but does not represent PAS A domains which do not appear 

to harbor a PAC region10.  These definitions become particularly important in mammalian PAS 

biology because several PAS proteins encoded by the mammalian genome only harbor a single 

PAS repeat/fold. Without the PAS A and PAS B organization required by the earliest definition 

of PAS domain, we must reexamine this domain to include these newfound members (Figure 

1).   

 For clarity, throughout this chapter we will use the term “PAS domain” to define a protein 

region that harbors any number of PAS repeats in a row.  In mammalian biology, we observe 

that the PAS domain harbors only one or two PAS repeats (although this number can be higher 

in other kingdoms of life).  These repeats are named in alphabetical order from the N-terminal 
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side (i.e., PAS A, PAS B, etc.). It is important to note that we consider the PAS repeats as the 

fundamental unit of the PAS domain and our definitions of PAS domains and PAS repeats 

include linker sequences that may not be resolvable/observable by current structural 

methodologies. Finally, we will not use the PAS-PAC terminology as we consider the PAC 

domain to be a structural component of the PAS B repeat. 

Describing this field of science can be confusing due to the imperfect, conflicting and 

changing nomenclature that has been based on amino acid sequence and structure prediction, 

rather than experimentally observed three-dimensional structure. This series of in silico 

experiments is an effort to address this confusion and build more robust definitions of domains, 

as well as more robust models of interactions and signaling.  The methodology employed in this 

chapter integrates our understanding of PAS protein cell biology with the recent achievements 

in the structural biology of PAS proteins that have arisen from both X-ray crystallographic and 

NMR spectroscopic methods.   
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METHODS 
 

As a learning set, we focused on sequences and crystal structures of PAS proteins of the alpha, 

beta and delta classes and have chosen to examine only those structures and protein 

sequences where dimerization between two PAS proteins is represented in the elucidated 

structure (Figure 3 and Table 1).  To accomplish our tasks, several computational approaches 

were employed, these include, PyMol Molecular Graphics System v1.8.2.1, Phyre211, Alpha-

Fold12, and JalView13  

  



46  
 

RESULTS AND DISCUSSION 
 

Definitions based on structure           

In this chapter, we discuss the similarities and differences observed in crystallized PAS 

homo-family dimers: (a) CLOCK:ARNTL, (b) PER1:PER1, (c) PER2:PER2, (d) PER3:PER3 (e) 

HIF2α:ARNT, (f) HIF1α:ARNT, (g) NPAS1:ARNT, (h) NPAS3:ARNT, (h) AHR:ARNT and (i) 

AHRR:ARNT. We hypothesize that the PAS family of transcription factors has various modes of 

heterodimerization to facilitate the proper cellular response. We argue that PAS A and PAS B 

repeats have different but equally important functions in the transcription process. The goal of 

this work is to explain crystal structures to the non-structural biologist in a way that can move 

this field forward.  

Defining the PAS Repeat:  Using visual inspection, Phyre2, and Jalview analyses to 

identify beta strands and alpha helices in PAS domains from all alpha-beta, alpha-gamma, 

gamma-gamma dimers that have been elucidated structurally (Table 1 and Figure 3), we 

observed a simple pattern of structural motifs that is common across all PAS repeats.  As a 

representation of this analysis: a sequence alignment of the bHLH and PAS domains of proteins 

from the learning set was generated, and the alignments were performed only on those regions 

which could be structurally elucidated (i.e., any unstructured loops were not included) (Figure 

3).  These analyses support a singular definition of PAS repeats conforming to an earlier 

described concept where each PAS repeat is composed of 5 anti-parallel β-strands and 4 α-

helices10, each PAS repeat begins with a β-strand and ends with a β-strand (Figure 4, 5, and 

6). The β-strands (Aβ, Bβ, Gβ, Hβ, Iβ) form β-sheets that conform to cavities capable of binding 

small ligands. We define the posterior side of the β-sheet as the “back” of the structure and 

cavity as the “face” of the structure14, just like other seminal findings. Importantly, an additional 

alpha helix is consistently observed on the amino terminal side of all PAS A domains from alpha 

and beta class proteins (and some delta class).  This alpha helix, denoted here as A’ helix 
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(Figures 4, 5, and 6) can be seen in corresponding crystal structures as the central 

dimerization driver between most PAS A repeats.  Contrary to most simple models of PAS 

protein dimerization employed in a number of recent reviews, it appears that interaction of PAS 

domains is not driven by PAS-A-PAS A interactions but rather by the A’ helix. In conclusion, we 

identify all PAS repeats by this structural rule (e.g., starting with a beta strand and ending with a 

beta strand) and describe the A’ helix as an accessory motif commonly found on the amino 

terminal side of the PAS A repeat and on the C-terminal side of the bHLH motif, supporting both 

dimerization and positioning of the basic region within the major groove of DNA.  

The motif driven definition of the PAS A repeat is marked improvement over 

identification of this region via sequence alignment. Although PAS tertiary architecture is 

conserved, primary sequences are not and can be difficult to recognize by homology searches 

at the amino acid level. For example, between mouse and human, PAS A motifs share about 

35% homology, while PAS B motifs show about 31% homology15. Interestingly, between PAS A 

and B, there is less than 20% homology15. Despite low sequence homology, all PAS proteins 

examined in this study (100%) conform to the following motif organization:  A-beta strand, B 

beta strand, C alpha-Helix, D alpha helix, E alpha helix, F alpha helix, G beta strand, H beta 

strand, I beta strand (denoted as Aβ, Bβ,Cα,Dα,Eα,Fα,Gβ,Hβ,Iβ). Biologically, the presence of 

more than one PAS repeat is thought to provide selective advantages through diversification of 

PAS function, such as increased dimerization specificity or avidity, capacity to bind small 

molecules and an increased ability to transduce cellular signals.  

 

Rules of dimerization 

With formal definitions and understanding of the PAS domain and its repeats in hand, we 

turned our attention to the ways in which these domains interact, focusing on homo-family 

interactions.  To accomplish this, we analyzed each dimeric pair from our learning set visually 

and informatically using PyMol, JalView, DNAStar (MegAlign®. Version 17.2. DNASTAR. 



48  
 

Madison, WI), and Phyre2. Our objective was two-fold: first, to identify common modalities of 

PAS protein interactions.  Second, to address the idea commonly used in the PAS field of 

research (including by our own laboratory) that depicts the signal transduction pathway as a 

symmetrical pairing of bHLH-PAS A and PAS B repeats associated with the active state of the 

dimer (Figure 7).  This common representation of PAS signal transduction has its roots in the 

symmetry of known bHLH protein and other nuclear receptors such as glucocorticoid receptor 

and estrogen receptor16, as well as domain analyses studies focusing on the aryl hydrocarbon 

receptor (AhR) and its obligate partner, the aryl hydrocarbon receptor nuclear translocator 

(ARNT)17, but is being contradicted by initial data from structural studies from PAS field. 

Therefore, we systematically analyzed our learning set for the mechanisms by which PAS 

domains interact, searching for similarities, symmetry, and differences.    

The CLOCK:ARNTL Dimer:  The first dimer to be structurally resolved from the 

mammalian PAS family, containing both bHLH, and PAS domains (but not C-terminal variable 

region), was CLOCK:ARNTL (aka, BMAL, MOP3)18. This dimer is a transcriptional activator 

found in a variety of cell types, including the suprachiasmatic nucleus (SCN) of the 

hypothalamus15. It regulates daily physiological and behavioral activities for the 24-hour 

circadian cycle. In a day, circadian inputs such as light, food, or hormones upregulate levels of 

CLOCK, permitting dimerization with ARNTL, and subsequent binding of the dimer to the 

promoter of various outputs genes and for the repressor of the pathway, PER15. The CLOCK, 

ARNTL, and PER mRNA and proteins oscillate throughout the day; when CLOCK levels are up, 

PER levels are down and vice versa. CLOCK:ARNTL levels are highest during the day, while 

PER levels increase in the late afternoon or evening. This increase in PER facilitates 

translocation into the nucleus where it disrupts the CLOCK:ARNTL dimer and represses its own 

transcription. The following day, CLOCK is once again activated and the process re-starts. The 

SCN is not the only region with a molecular clock of this kind; all cells express clock genes that 

create oscillations in a similar manner.  In some cells, a paralogue of CLOCK, known as 
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NPAS219 is an important regulator of this rhythmic pathway. This CLOCK:ARNTL dimer is a 

central transcriptional engine that synchronizes clocks in almost all cell types and is referred to 

as the master pacemaker.  

In accordance with our classification scheme, CLOCK is a class α sensor, while ARNTL 

is a class β dimerization partner20. Analysis of the CLOCK:ARNTL dimer crystal structure 

(pdb:4F3L) reveals an asymmetrical but parallel configuration18. Generally, the three 

dimerization regions – bHLH, PAS A, and PAS B – interact between both proteins, i.e., the 

CLOCK bHLH interacts with the ARNTL bHLH and so on (Figure 8). Yet, in contrast to 

simplistic symmetrical models as depicted in Figure 7, in space, bHLH-bHLH and PAS A-PAS A 

interactions are lateral, while PAS B-PAS B interactions are medial and stacked on top of PAS 

A-PAS A. Moreover, the PAS B-PAS B configuration is different than PAS A-PAS A and is 

observed in anterior-posterior orientation. Additionally, within CLOCK, the bHLH and PAS A 

repeats interact directly, while the corresponding regions in ARNTL do not. In both CLOCK and 

ARNTL, PAS A-PAS B contacts are also made so that PAS As interact with both PAS Bs 

(Figure 9 and 10).   

In analyzing PAS A-PAS A interactions, the CLOCK:ARNTL structure was the first 

mammalian PAS pair to reveal a helix N-terminus to PAS A of each protein, deemed A’α-helix, 

that plays a major role. Based on our definition of PAS repeats, the A’α-helix is not part of the 

PAS A repeat and is an independent accessory motif. Dividing CLOCK and ARNTL with an 

imaginary midline, allows one to see that the A’α-helix of one protein crosses over to establish 

extensive contacts with the “back” of the PAS A β-sheet of the other, while also interfacing with 

one another (Figure 9). Outside of the A’α-helix, the “backs” of PAS A β-sheets point toward 

this imaginary midline and the “faces,” containing the 4 helices, point outward. Therefore, the 

A’α-helices on both proteins stabilize PAS A-PAS A interactions. 

The PAS A and PAS B repeats connect through a linker. The ARNTL linker is solvent 

accessible, flexible, and has a few interconnections with the “back” of the CLOCK PAS A β-
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sheet. On the other hand, the CLOCK linker buries between the dimer establishing contacts with 

both PAS A and B repeats on both proteins. Interactions through PAS B happen on a frontal 

plane and rely on an anterior/posterior position on top of the sagittal PAS A-PAS A. 

Interestingly, PAS B repeats adopt a “face to back” configuration whereby the CLOCK PAS B 

face assembles against the ARNTL PAS B (Figure 10).  

The PER1, PER2, and PER3 Homodimers:    Repression plays a significant role in 

gene regulation. PERs exhibit one of the most common repressor mechanisms that exists in 

nature: the “dominant-negative,” where dimerization occurs between a monomer containing a 

DNA binding domain (DBD) and a monomer lacking a DBD. The authors describing the original 

PAS domain mention a conversation with Michael Rosbash as the basis for the assumption that 

Drosophila PERs do not have a bHLH or other DBD8.  The idea of PER as a dominant negative 

of the CLOCK cycle was also proposed many years ago by our lab21.   Interestingly, the initial 

mouse PERs publication used amino acid alignments to show the existence of HLH domains on 

each PER22. It is unclear when the consensus that mouse PERs lack the basic-DBD arose, 

however repression capabilities are hypothesized to come from their ability to bind transcription 

factors leading to the presence of 1 DBD, instead of the 2 needed, hindering target gene 

activation23. More information is needed to identify the structures present N-terminus to PAS 

domains and their roles in repression.  

Mammalian PERs are interesting because they have been shown to homo- and 

heterodimerize with each other possibly to facilitate nuclear translocation, although the effect on 

repression has not been explored in detail24,25. This ability to homo- and heterodimerize make 

mouse PERs one of the more important, yet poorly understood, dimerization anomalies in the 

PAS family. Drosophila PERs have a helix C-terminal to PAS B and a similarly located helix was 

found in mouse PERs, dubbed by the authors – helix αE –important for PAS domain 

interactions26-28. To streamline the naming of these accessory motifs outside the PAS domain, 

we will refer to αE as B2’α helix, using A’α helix as the counterpart example. These non-
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canonical structures outside PAS domains and their interactions stabilize all PER homodimers.  

Interestingly, the B2’α helix on PERs appear to also contain a nuclear export signal (NES)26,27. 

Additionally, where PER1 and PER3 have the A’α helix, PER2 does not, hence 2 additional and 

different dimerization modes are observed in PERs alone.  

Multiple dimers/oligomers of PERS have recently been structurally elucidated using X-

ray crystallography.  The first dimerization mode comes from PER2 homodimers26. In PER2 

(pdb: 3GDI) homodimers, there is a lack of interactions between both PAS As; of note, they also 

lack the A’α helix. Thus without PAS A-PAS A interactions, PER2 homodimers rely mostly on 

intermolecular PAS A-PAS B and PAS B-PAS B repeat interactions26 (Figure 11). Direct 

contacts between PAS A on molecule 1 and PAS B on molecule 2 are managed through the 

loop akin to Dα-Eα in of PAS A and the B’2α helix C-terminus to PAS B; this facilitates direct 

contact between the PAS A repeat and the NES located on B2’α helix (L460, I464, L467, 

M469)26. This phenomenon is not unusual as NES are typically found in amphipathic α-helices, 

where non-polar residues are buried within the dimerization interface, and the last residue tends 

to be solvent exposed for protein export29.  For PAS B-PAS B interfacing, the Hβ, the Iβ strands, 

and the Hβ-Iβ loops are needed (Figure 12). Phenylalanines on the Hβ and the Iβ strands at 

positions 415 and 425 on molecule 1 establish stacking interactions with the same amino acids 

on molecule 2. Phenylalanines are important for hydrophobic stacking interactions and are 

usually found buried in the protein core. The Hβ-Iβ loop on molecule 1 harbors a tryptophan at 

position 419 that establishes contact with the Iβ strand at the glycine at position 428 on 

molecule 226. Additionally, W419 also interfaces with a tryptophan at position 412 on the Iβ 

strand26. Tryptophan residues are energetically expensive; as such they are found at sites that 

are important for protein folding and function30 Understanding the role of these specific 

interactions could provide clues about the role of the PER2 homodimer.  

The second dimerization mode within PERs is observed in PER1 (pdb:4DJ2) and PER3 

(pdb: 4DJ3) homodimers, whereby PAS B-PAS B contacts are made, as well as PAS A- PAS A 
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contacts (Figure 13). Although PER1 and PER3 proteins show A’α helices, they don’t use them 

for PAS A-PAS A contacts27. Instead, PER1 and PER3 homodimers rely on αF helices (referred 

as αC by authors).27 Intriguingly, the helices don’t cross over to interact with the back of the beta 

sheets as other dimers do, instead, the helices line up and establish contact among themselves 

to stabilize dimerization (Figure 14). For PAS B-PAS B interactions, the backs of each β-sheet 

align toward the midline and interact. The helices and a few β-strands are observed on the outer 

perimeter. Much like PER2, the Hβ, the Iβ strands, and the Hβ-Iβ loops play prominent roles. In 

PER1 homodimers, the tryptophan at position 448, on the Hβ-Iβ loop of molecule 1 interfaces 

with glycine (G455) on the Iβ strand on molecule 2. Additionally, W448 on molecule 1 interacts 

with a tryptophan at position 441 on molecule 2 (Figure 15).  These positions are analogous in 

PER3 whereby W359 on the Hβ-Iβ loop of molecule 1 interacts with G368 on the Iβ strand and 

W352 on the Hβ strand of molecule 2 (Figure 16). Much like PER2, these interactions have no 

known biological consequences at this time and need to be studied for biological relevance.  

The HIF2α:ARNT and HIF1α:ARNT Dimers:   Oxygen homeostasis is maintained 

primarily by HIFs1-3α and their partner ARNT. The HIFαs are upregulated under hypoxic 

conditions and heterodimerize with ARNT to transcribe target genes responsible for survival and 

adaptation to low oxygen levels. Under normoxic conditions, HIFs are constantly produced and 

degraded, however during hypoxic conditions, enzymes that hydroxylate HIFs lose activity 

because they need oxygen. This hydroxylation step is important as it permits recognition and 

ubiquitination by Vh1, an E3 ubiquitin ligase. Without ubiquitination, HIF concentrations increase 

in the cell, they translocate to the nucleus, bind ARNT and initiate target gene transcription, 

such as erythropoietin – a hormone that prompts red blood cell production. The HIF1α and 

HIF2α proteins are the most studied and most similar in structure. The HIF3α (IPAS, MOP7) 

proteins are an enigmatic member of this subfamily that may act as a repressor of the pathway 

and is also referred to as inhibitory PAS. Although HIF1α is found in all tissues, HIF2α and 

HIF3α expression is restricted to vascular endothelial cells, placenta, lungs, interstitial cells of 
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the retina, liver parenchymal cells and type II pneumocytes.   

The ARNT protein is particularly fascinating because it is promiscuous and has been 

shown to dimerize with approximately 12 of the 22 PAS proteins, including itself.  Outside of 

PAS proteins, the ARNT is also thought to interact with various coactivators, like TACC331, and 

steroid receptors like the estrogen receptor alpha (ERα)32. The HIF1α:ARNT (pdb: 4ZPR): and 

the HIF2α:ARNT (pdb: 4ZPK) dimers display modes that are similar but distinctive from the 

CLOCK:ARNTL dimer therefore ARNT dimers represent yet another type of PAS interactions 

(Figure 17 and Figure 18).  

The overall structure shows PAS A-PAS A and PAS B-PAS B interactions between 

HIF1α/HIF2α and ARNT . Just like CLOCK_ARNTL, both HIF1α:ARNT and HIF2α:ARNT dimers 

use their A’α helices to stabilize PAS A-PAS A interfaces33; the helices cross the midline to 

interact with the back of opposing beta sheets (Figure 19). There are some unique aspects 

present in these two pairs.  First, are the distinct PAS A-PAS B configurations within 

HIF1α/HIF2α not previously observed in the pairs aforementioned (Figure 21 and 22).  Second, 

in the HIF2α:ARNT, additional contacts are observed between PAS A and DNA; specifically 

N184 and K186 on the Gβ-Hβ loop of the HIF2α (Figure 20)33.  Currently, this interaction is 

unique among crystallized PAS dimers. Third, the ARNT PAS A repeat not only interacts with 

the HIF1α/HIF2α PAS A, but also interfaces with the HIF1α/HIF2α PAS B repeats (Figure 21 

and 22). To establish these connections, the ARNT PAS A relies on what appears to be the Fα 

helix, Gβ, and Hβ strands while HIF1α/HIF2α use a portion of the linker between its PAS A-PAS 

B repeats and the Hβ and Iβ strands33.  

     In the HIF1α:ARNT dimer, the Fα on HIF1α plays an important role for PAS B-PAS B 

stabilization, as well as the apparently disordered region between AA 247-27933. On ARNT, the 

Hβ, Iβ, and the Hβ-Iβ loop establish the necessary connections with HIF1α (Figure 23). Since 

HIF1α and HIF2α are highly homologous at the PAS domain and repeats, it is expected that the 

protein interfaces are the same for both proteins. Interestingly, for HIF2α the Aβ, Bβ, Aβ-Bβ 
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loop, Fα helix, and AA 353-359, disordered and located outside of PAS B, all interact with ARNT 

PAS B33. This is not the case with HIF1α, therefore homology does not appear to be the only 

requirement necessary for PAS B-PAS B interactions between HIF1α/HIF2α and ARNT.  

The NPAS1:ARNT and NPAS3:ARNT Dimers:   As their name implies, neuronal PAS 

(NPAS) proteins reside in the nervous system and mutations have been linked to schizophrenia 

and autism34-36. Little is known about their pathway although some binding partners have been 

identified.  For instance, NPAS4 can dimerize with ARNT, ARNT2, and ARNTL215. NPAS4 

shares homology of ~ 30% and 43% with NPAS1, at the bHLH and PAS A domains, 

respectively15. NPAS1 shares similarity of ~76%, 98%, and ~47% in the bHLH, PAS A and PAS 

B domains.15 Thus, it is possible that NPAS1 and NPAS3 may also dimerize with ARNT2 and 

ARNTL2, much like NPAS4.  

The NPAS dimers have a structure like HIFα:ARNT dimers where the ARNT PAS A 

interacts with NPAS PAS A and PAS B repeats, while the ARNT PAS B only interacts with the 

NPAS PAS B. Also, like most other PAS dimers discussed before, NPAS1:ARNT (pdb:5sy5) 

(Figure 24) and NPAS3:ARNT (pdb: 5sy7) (Figure 25) PAS A-PAS A connections are 

stabilized by their A’α helices and beta sheets 37 (Figure 26). In the NPAS1:ARNT dimer, the 

NPAS1 PAS B- ARNT PAS A interaction relies on the linker between ARNT PAS A-PAS B, the 

Fα helix, Gβ, Hβ, and Iβ strands; while the NPAS1 PAS B uses the linker between PAS A-PAS 

B, Gβ, Hβ, Iβ, and a loop near Gβ-Hβ (AA: 366-369)37. Although NPAS1 appears to have its 

PAS A and PAS B repeats in close contact, only the Hβ on PAS A and Gβ on PAS B appear to 

interconnect (Figure 27). For PAS B-PAS B configuration, the NPAS1 uses helices Eα and Fα 

and the Aβ-Bβ loop as well as AA 406-421, which appear to be a loop followed by a helix 

outside the PAS B domain37(Figure 28). The ARNT counterpart requires more regions to 

coordinate interaction: Bβ, Bβ-Cα loop, Cα, Dα, Hβ, Hβ-Iβ loop and the Iβ.  Based on these 

observations, it can be hypothesized that NPAS1 requires a lot of flexibility to interact and 

possibly carry out its biological function.  
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In NPAS3:ARNT, the ARNT PAS A employs the Eα, Fα helices, Gβ, Gβ-Hβ loop and Hβ 

for PAS A to establish contact with the NPAS3 PAS B. The NPAS3 PAS B also utilizes a lot of 

flexible regions (linker and the loop following PAS B at position 438-443) to establish contact 

with the ARNT PAS A, as well as some beta strands (Hβ and Iβ)37. Interestingly, the NPAS3 

PAS A has very little contact with its PAS B (Figure 28), however both repeats interact with the 

ARNT linker. For PAS B-PAS B (Figure 29) interconnectivity, NPAS3 relies on the Aβ-Bβ loop, 

Eα, Eα-Fα loop, Fα and a helix outside of PAS B at positions 449-453; ARNT uses all structures 

except Eα, Fα and Gβ and the loops between them. This phenomena is similar to what is 

observed in the NPAS1:ARNT interactions and may happen as result of the high homology 

between NPAS1 and NPAS3.  

The AHR:ARNT and AHRR:ARNT Dimers:  The prototype PAS heterodimer, 

historically, has been the aryl hydrocarbon receptor (AHR) and its partner ARNT. This is 

because AHR is the only known mammalian PAS protein to be activated by ligand binding. 

When hydrophobic ligands diffuse through the cell membrane and migrate into the cytosol, they 

encounter the un-activated AHR. Once activated, the AHR transforms and dimerizes with 

nuclear ARNT. The AHR:ARNT heterodimer employs its bHLH domains to bind response 

elements on target gene promoters for various enzymes and its repressor: the aryl hydrocarbon 

receptor repressor (AHRR). Unsurprisingly, the AHRR bears a striking resemblance to the AHR, 

however it lacks the PAS B repeat and is unable to bind ligands.  

The AHR:ARNT (pdb: 5V0L) activated dimer has been crystallized at the bHLH domain 

and  PAS A repeat38 (Figure 30). The AHR PAS B repeat has proven difficult to crystallize. 

Hence several in silico predictions of the full length AHR:ARNT dimer also exist39-41. Much like 

other PAS dimers, PAS A-PAS A interactions are facilitated through A’α helix (Figure 31). In 

silico predicted structures imagine PAS B interactions with ligand and ARNT in configurations 

similar to HIF2α:ARNT and CLOCK:ARNTL yielding very different models. It is unlikely that AHR 

will resemble either PAS dimer because unlike its predecessors, it binds hydrophobic ligands. It 
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seems more plausible that the AHR:ARNT will also have a unique PAS B-PAS B configuration.  

The AHRR:ARNT (pdb: 5Y7Y) dimer represents the second major anomaly in the PAS 

family42 (Figure 32). Just like before, the AHRR:ARNT dimer stabilizes PAS A-PAS interactions 

by swapping the A’α helix for interactions with the opposite protein (Figure 33).  However, there 

are subtle differences between AHR and AHRR PAS A repeats that may account for differences 

in their binding modes. Firstly, from the crystal structure the AHRR PAS A is approximately 20 

amino acids larger than the AHR PAS A. A second important observation is that the Eα helix is 

longer than the Fα helix; the Eα helix does not appear to have direct contacts with the ARNT. 

Additionally, an extra helix following the Fα helix on the AHRR, which we refer to as F2α, 

contributes to ARNT PAS B interactions along with the Fα helix and the Eα-Fα loop. Lastly, the 

Hβ-Iβ loop is roughly 17 amino acids and, if HIF2α can be taken as an example, may be 

involved in DNA interactions that are worth future exploration. The ARNT PAS B establishes 

contacts with the AHRR PAS A through its linker, Aβ, Bβ, Bβ-Cα loop, Fα-Gβ loop, Hβ, Hβ-Iβ 

loop, and Iβ (Figure 34). All the deviations observed on AHRR are of interest because they 

allow interactions with both the ARNT PAS A and PAS B repeats. As most ARNT bound PAS 

proteins show the ARNT PAS B completely separated from the partner protein PAS A, 

understanding the role of this interaction in transcription could also provide more clues about 

how AHRR carries out its repressor function.  

 

Similarities and Differences among PAS dimers 

 Many lessons have been learned from crystal structures. In analyzing the overall 

structures, it is easy to see that all proteins are asymmetrical, tightly wound with some form of 

crossing over along the two major domains, bHLH and PAS. Across, the PAS A repeat is also 

bigger than the PAS B repeat (Table 1, Figure 3, Figure 35) likely because of bigger loops in 

the Fα-Gβ, Gβ-Hβ, and the Hβ-Iβ loops. Furthermore, in HIF2α the Gβ-Hβ loop establishes 

direct contacts with response elements on the DNA. This is an important finding because loops 
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are often missing from crystal structures because they are hard to resolve and tend to be 

predicted. It is possible that resolving more loops could help us understand the role they play in 

transcription. Invariably, the PAS A repeats also use accessory motifs – A’α helices – to 

stabilize interactions. The mouse PER2 homodimers are interesting because they lack the A’α 

helix and do not rely on PAS A repeat interactions for dimerizations. However, PER1 and PER3 

do have A’α helices and do not use them for PAS A interconnectivity; instead, they rely on their 

Fα helices for stabilization. These findings together provide additional evidence that PAS A play 

a universal role in bringing PAS proteins together and facilitating dimerizations.   

 Perhaps the most captivating revelation have been the interactions observed between 

PAS B repeats. Roughly 30 amino acids shorter and denser than PAS A repeats, PAS B 

repeats show overall complex and different configurations in different orientations. The Fα helix, 

Hβ-Iβ loop play prominent roles in helical “front”- β-sheet “backs” contact for most dimers. As 

with all things in life, some “rules” are meant to be broken, so it follows that mouse PER 

homodimers and the AHRR:ARNT heterodimer interact in unexpected ways that use the PAS B 

repeat.  

 Although ARNTL and ARNT have been relegated to dimerization partners, crystal 

structures suggest they may play a more prominent role in the transcription process. For 

example, ARNT wraps around its partner and the ARNT PAS A interacts with both PAS A and 

PAS B repeats on the partner protein. In contrast, ARNTL wraps around its partner in a more 

linear fashion whereby the ARNTL PAS A interacts with the CLOCK PAS A and so on. These 

major differences may also provide clues about partner selection and adaptability to the needs 

of the partner protein.  
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 CONCLUSION 
 

The PAS family of transcription factors are an exciting set of proteins that showcase 

different ways of heterodimerization; this has become apparent from crystal structures resolved 

in the past decade. Crystal structures have allowed us to see that: (1) PAS domains are 

composed of two repeats, A and B, and a linker; (2) PAS repeats begin with a beta strand and 

end with a beta strand; (3) the PAS A repeat tends to be bigger than the PAS B repeat likely 

because of bigger loops; (4) the PAS A repeat heterodimerizes by using an accessory motif, the 

A’α helix; and (5) amino acid alignments are misleading for the PAS family. Many of these 

observations hold true for most PAS proteins, however PER and AHRR proteins break these 

rules. For this reason, they are listed as a separate class deemed class γ because they differ 

structurally and in their dimerizations.  

Although a lot of the terminology discussed here has been historically used, few 

publications have explicitly defined it and thusly, many words are employed in the literature to 

mean the same thing. Through this work, we emphasize the importance of a common 

terminology for the PAS family with a structural basis thereby continuously moving the field 

forward. Furthermore, we expect that as more structures are resolved, we continue to add to 

these observations thereby elucidating the complex interactions that govern PAS protein 

function and signal transduction.  
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Figure 1: The PAS family of proteins. There are 33 PAS proteins with significant roles. 

In this proposed classification scheme, we disseminate them into class: (i) alpha sensors, 

(ii) beta dimerization partners, (iii) epsilon enzymes, (iv) delta repressors, (v) gamma 

coactivators, and (vi) espsilon potassium voltage-gated channels.
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Figure 2: Classical view of PAS family founding members. The PAS domain was first 

described by Nambu et. al (1991); through amino acid alignments and sequence identity, 

the group showcased a new family of proteins – PAS. Further studies in our lab found 

sequence identify among the founding members to range between 15 to 31%; however 3D 

analysis confirms highly conserved structures at the PAS domain. 
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Figure 3: Sequence alignment for PAS proteins used in this study. Using Jalview 
and crystal structures from the Protein Data Bank, we aligned sequences to determine 
common structural elements observed. The major domains are the DNA binding 
domain, helix-loop-helix (HLH), and the PAS domain, composed of PAS A and PAS B 
repeats. Blue = helix in crystal; red = beta-strand in crystal 
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mCLOCK B O08785 71-126 55 143-154 11 239 319 80 339 440 101

mARNTL A Q9WTL8 43-89 46 106-118 12 120 256 136 275 375 100

mHIF2a B P97481 29-75 46 87-93 6 98 228 130 243 343 100

mARNT A P53762 100-142 41 160-172 12 174 343 169 362 463 101

mHIF1a B Q61221 16-73 57 90-96 6 99 225 126 242 341 99

mARNT A P53762 87-140 53 161-173 12 175 342 167 362 462 100

mNPAS1 B P97459 53-103 50 137-145 8 148 290 142 305 405 100

mARNT A P53762 99-140 41 160-173 13 174 342 168 362 462 100

mNPAS3 B Q9QZQ0 60-115 55 149-163 14 165 320 155 337 438 101

mARNT A P53762 90-140 49 160-173 13 175 343 168 363 462 99

mAHR B P30561 37-80 43 114-119 5 125 264 139 N/A N/A N/A

hARNT A P27540 90-142 52 160-172 12 177 339 162 N/A N/A N/A

hAHRR A A9YTQ3 39-90 51 116-123 7 125 276 151 N/A N/A N/A

bARNT B Q9BE97 98-144 46 160-172 12 174 342 168 362 463 101

4DJ2 mPER1 A,B O35973 N/A N/A 201-213 12 219 343 124 359 461 102

3GDI mPER2 A,B O54943 N/A N/A N/A N/A 190 314 124 330 434 104

4DJ3 mPER3 A,B O70361 N/A N/A 121-126 5 131 253 122 270 372 102

PAS Protein Length

4F3L

4ZPK

PDB #

5SY5

5SY7

5V0L

5Y7Y

Chain ID

4ZPR

Uniprot # A'α helix LengthbHLH Length Beginning End

PAS A PAS B

Length Beginning End

Table 1: PAS heterodimer learning set. The PAS proteins from the PDB used in this study and 

their structural features are outlined in detail. Additionally, the chain ID, the amino acid position, 

and the length of each structural feature is also represented. 
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Figure 4: Generic PAS domain defined. Cartoon representation of a PAS domain. Each PAS domain is 

composed of any number of PAS repeats however it is common to see 1 or 2 repeats. In such an 

arrangement the PAS A is ~150 amino acids, followed by a linker ~20 amino acids,, and a PAS B repeat 

of ~100 amino acids. Blue indicates the start of the repeat and red is the end of the repeat. 

PAS A repeat PAS B repeat

linker
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Figure 5: Linear representation of a generic PAS protein. In this chapter, most of 
the proteins studied contain both PAS repeats. From right to left (N- to C-terminus) the 
bHLH DBD is apparent, followed by the accessory motif A’α helix. This helix is 
involved in PAS A-PAS A repeat interactions. Immediately following the accessory 
motif is the PAS domain, ending with additional helices and the TAD. Image is not 
drawn to scale; red indicates beginning of repeat, while royal blue is the end of the 
repeat.   
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Figure 6: Representation of mammalian PAS domains. Using the ARNT PAS repeat,
the 5 anti-parallel β-strands and 4 helices are prominent. Image adapted from (pdb:5y7y) 

and colored to show direction. (Left) The “front” of the PAS domain forms a cavity and 

contains ~4 helices. (Right) The “back” of the PAS domain forms a sheet.   
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Figure 7: Classical schematic for class α-β dimerization. As sensors, the class α must detect an 

environmental signal to begin its transcriptional pathway. In this classical representation,, the inactivated 

sensor is found in the cytoplasm; upon detection of the environmental signal, the sensor moves into the 

nucleus where it dimerizes, using bHLH, PAS A and PAS B repeats symmetrically with a class β partner. 

Together, they subsequently bind enhancer elements on the DNA to initiate the proper physiological 

response.  
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CLOCK
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Figure 8: The Mammalian PAS dimer CLOCK:ARNTL (pdb:4F3L). Within the 

current classification scheme, CLOCK is a class α sensor and ARNTL is a class β

dimerization partner. The two major domains on both proteins were shown to interact 

bHLHCLOCK-bHLHARNTL, and PASCLOCK-PASARNTL. Within the PAS domain, there are 

interactions between PAS ACLOCK-PAS AARNTL and PAS BCLOCK-PAS BARNTL
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Figure 9: PAS A interactions stabilized by A’alpha helix. As the first resolved 

mammalian heterodimer with both PAS A and B repeats, it pioneered the idea that the 

A’α helices cross an imaginary midline to interact with the back of the beta sheets. In 

contrast, the “face” containing the cavity points away from this midline. 

ARNTL CLOCK

A’α

helix

A’α

helix

 



69  
 

ARNTL

CLOCK

Figure 10: CLOCK-ARNTL PAS B interactions. The CLOCK protein is known to 

interact exclusively with ARNTL. The PAS B repeat dimer shows a “back to face” 
configuration where the back of the CLOCK beta sheet and the Hβ-Iβ loop 

interacts with the Fα helix on the “face” of the ARNTL PAS B repeat. 
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(molecule 1) PER2 

(molecule 2)

Figure 11: The PER2 homodimer is the anomaly in the anomaly group (pdb: 3gdi). 

Within the PAS family, PERs are unusual because they can homo- and heterodimerize 

with each other. The PER2 homodimer lacks the A’α helix and does not use PAS A 

repeats to dimerize, relying more heavily on PAS B repeat interactions.
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Figure 12: Reliance on PAS B repeats for PER2 homodimer. Mammalian PER2 

homodimers use Hβ, Iβ and the Hβ-Iβ loops to stabilize PAS B repeat interactions (left). 

Stacking interactions through phenylalanine (blue) and tryptophan (red) residues on Hβ, Iβ, 

and Hβ-Iβ loop are observed (right). The crystal structure also shows B2’α – a helix C-

terminus of the PAS B repeat that harbors a nuclear export signal (NES) . 
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Figure 13: Mammalian PER1 and PER3 homodimers. In these homodimers, PAS A-

PAS A and PAS B-PAS B interactions are observed. Unlike PER2, both PER1 and 

PER3 contain A’α helices, however they are not used in PAS A-PAS A interactions.  
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PER1
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PER3

(molecule 1)
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Fα helix
Fα helix

Figure 14: Mammalian PER1 and PER3 PAS A repeat dimers. Both PER1 and 

PER3 contain the A’α helix but don’t rely on them for PAS A-PAS A interactions. 

Instead, each molecule relies heavily on the Fα helix to interact; interestingly, these 

helices do not cross the “midline” and do not interact with the back of the beta sheet 

of the other.  
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Figure 15: PAS B repeat interactions in PER1 homodimers. Mammalian PER1 homodimers use 

Hβ, Iβ and the Hβ-Iβ loops to stabilize PAS B repeat interactions (left). Stacking interactions through 

phenylalanine (blue) and tryptophan (red) residues on Hβ, Iβ, and Hβ-Iβ loop are observed (right). The 

crystal structure also shows B2’α – a helix C-terminus of the PAS B repeat that harbors a nuclear 

export signal (NES) . 
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Figure 16: PAS B repeat interactions in PER3 homodimers. Mammalian PER3 

homodimers use Hβ, Iβ and the Hβ-Iβ loops to stabilize PAS B repeat interactions (left). 

Stacking interactions through phenylalanine (blue) and tryptophan (red) residues on Hβ, Iβ, 

and Hβ-Iβ loop are observed (right). The crystal structure also shows B2’α – a helix C-terminus 

of the PAS B repeat that harbors a nuclear export signal (NES) . 
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Figure 17: Mammalian HIF2α-ARNT (pdb:4zpk).This is a different configuration from 

CLOCK:ARNTL but some elements remain the same: In this dimer, HIF2α is the class α sensor 

and ARNT is the class β dimerization partner. Overall, the bHLHHIF2α-bHLHARNT and the 

PASHIF2α-PASARNT domains interact. Unique to ARNT dimerizations: the PAS AHIF2α-and PAS 

BARNT have no direct interactions, PAS AHIF2α-PAS BHIF2α interact, and PAS AARNT interfaces with 

both PAS AHIF2α and PAS BHIF2α. 
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PAS A
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Figure 18: Mammalian HIF1α-ARNT (pdb:4zpr). In this dimer, HIF1α is the class α sensor and 

ARNT is the class β dimerization partner. The configurations is like that observed in 

HIF2α:ARNT.  Overall, the bHLHHIF1α-bHLHARNT and the PASHIF1α-PASARNT domains interact. 
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Figure 19: PAS A interactions for HIF2α:ARNT and HIF1α:ARNT. The HIF2α (pdb: 4zpk) 

and HIF1α (pdb:4zpr) proteins each dimerize with ARNT and rely on A’α helices to stabilize 

interactions between the PAS A repeats. In the case of HIF2α, interactions with DNA are also 

established using amino acids N184 and K186. 
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Figure 20: HIF2α: ARNT DNA contacts. Although PAS A is mostly known for dimerization, in

HIF2α:ARNT, the N184 and K186 residues on the Gβ-Hβ loop interact with threonine and cytosine 

in DNA.  

N184

K186

Threonine
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Gβ-Hβ loop
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A’α helix

ARNT PAS A

HIF2α PASA HIF2α PASB

Figure 21: HIF2α PAS A and PAS B interactions with ARNT PAS A. (Left) The ARNT dimers have 

distinct conformation that relies on ARNT PAS A interacting with both repeats in HIF2α. (Right) Most of 

the interactions apparently require a portion of the disordered region. Connections are not obvious

between the HIF2α PAS A and B repeats. Green = ARNT residues, yellow = HIF2α residues
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HIF1α PAS BHIF1α PAS A

A’α helix ARNT PAS A

Figure 22: Intramolecular PAS A and PAS B interactions within HIF1α. (Left) The ARNT dimers 

have distinct conformation that relies on ARNT PAS A interacting with both repeats in HIF1α. (Right) 

Most of the interactions apparently require a portion of the disordered region. Connections are not 

obvious between the HIF1α PAS A and B repeats. Green = ARNT residues, lime green = HIF1α

residues  
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HIF1α

Figure 23: HIF2a: ARNT and HIF1α:ARNT PAS B interactions. The ARNT PAS B interacts

exclusively with HIF2α and HIF1α PAS B repeats. Interaction is like CLOCK:ARNTL PAS B 

repeats. 

ARNTHIF2α ARNT
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Figure 24: Mammalian NPAS1:ARNT dimer (pdb: 5SY5). In this dimer, NPAS1 is the class α

sensor and ARNT is the class β dimerization partner. The configuration is like that observed in 

HIF2α:ARNT.  Overall, the bHLHNPAS1-bHLHARNT and the PASNPAS1-PASARNT domains interact. 
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Figure 25: Mammalian NPAS3: ARNT. The NPAS3 is the class α sensor and ARNT is the class β 

dimerization partner. The configuration is like that observed in NPAS1:ARNT.  Overall, the bHLHNPAS3-

bHLHARNT and the PASNPAS3-PASARNT domains interact.
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Figure 26: PAS A repeat interactions between NPAS1:ARNT and NPAS3:ARNT
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Figure 27: NPAS1 PAS A and B repeat interactions with ARNT PAS A. (Left) The ARNT PAS A 

interacting with both repeats on NPAS1. (Right) Most of the interactions apparently require a portion of 

the disordered region as well as the beta sheet. Some connections also exist between the NPAS1 PAS A 

and B repeats. 
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A’α helix 

Figure 28: NPAS3 PAS A and B repeat interactions with ARNT PAS A. (Left) The ARNT PAS A 

interacting with both repeats on NPAS3. (Right) Most of the interactions apparently require a portion of 

the disordered region as well as the beta sheet. Some connections also exist between the NPAS3 PAS A 

and B repeats.

ARNT PAS A

NPAS3 PAS A NPAS3 PAS B
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Figure 29: PAS B repeat interactions between NPAS1:ARNT and NPAS3:ARNT. The ARNT PAS B 

interacts exclusively with NPAS1 and NPAS3PAS B repeats. Interaction is like CLOCK:ARNTL PAS B 

repeats.
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Figure 30: AHR:ARNT PAS A repeat interactions (pdb: 5V0L). The full AhR protein has not 

been crystallized, however the resolution of its bHLH and PAS A in dimer form with ARNT has 

been carried out. 
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Figure 31: AHR PAS A- ARNT PAS A. As has been the pattern with most of the resolved dimers, the A’α

helix cross the midline to interact with the back of the beta sheet, comprised of the 5 anti-parallel beta 

strands.  
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Figure 32: AHRR PAS A ARNT PAS A and B (pdb:5Y7Y). The AHRR belongs to the class δ and is 

the only δ-β dimer resolved. Since AHRR lacks PAS B, only the bHLH and PAS A for AHRR are 

present, while both ARNT PAS repeats are visible. 
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ARNT PAS A

AHRR PAS A

Figure 33: AHRR PAS A ARNT PAS A. Although this is a class δ-β dimer, the organization 
between PAS A-PAS A repeats is the same as class α-β dimers. Like other dimers before

it, the A’α helices cross over to stabilize and facilitate interconnectivity.  
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AHRR PAS A

ARNT PAS B

Figure 34: AHRR PAS A ARNT PAS B. Without a PAS B repeat in the AHRR, the ARNT PAS B sits atop 

the AHRR PAS A. This configuration has not been observed in ARNT dimers thus it appears the ARNT 

partner may accommodate its partners to garner the appropriate biological response. 
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Figure 35: Domain and repeat lengths observed in crystallized heterodimers. Lengths from Table 1

for bHLH, PAS A and PAS B repeats were graphed. Since ARNT has been crystallized numerous times,

it was only used once to avoid overrepresentation. The bHLH is ~50 AA, the PAS A varies between 80 

and 170 AA, while PAS B is ~100 AA. The most obvious outlier is the ARNTL PAS A at about 80 AA . 
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Chapter 4: Evidence for asymmetrical dimerization and PAS B dependency on the 
AhR-ARNT dimer. 
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INTRODUCTION 
 

     The aryl hydrocarbon receptor (AhR)1 is an enigmatic ligand activated transcription factor 

that binds a variety of compounds and regulates an adaptive metabolic response2,3. In its 

inactivated form, the protein is found in the soluble fraction of the cell bound to chaperones: 

HSP904, ARA35, ARA96,7 and p23.  Upon binding a ligand, the AhR changes conformation, 

reveals a nuclear localization sequence (NLS), translocates to the nucleus, and swaps its 

chaperones for its obligate partner, ARNT (Figure 1, Left).  The resultant dimer binds to 

genomic enhancers and upregulates the expression of a battery of genes encoding xenobiotic 

metabolizing enzymes, as well as the AhR repressor (AhRR) which appears to downregulate 

the induced pathway8.  

The AhR, ARNT and the AhRR belong to the PAS family of proteins and serve as a 

signaling prototype for the family of 22 mammalian proteins. The three family members of the 

AHR pathway each harbor a bHLH DNA binding domain, a PAS domain comprised of repeats, 

known as PAS A and B, as well as a C-terminal “Transcriptional Regulatory Domain” (AD) 

(Chapter 2).  Each of these motifs are separated by flexible linkers with little sequence 

homology across family members.  Early data generated in cell culture models, yeast, or in vitro, 

supports a role for the bHLH domains in dimerization and DNA recognition, the PAS A repeat in 

dimerization, the PAS B repeat in ligand binding and chaperone association, and the AD in 

recruitment of coactivators or corepressors3. 

The three-dimensional structures of the full-length AhR protein, the full length ARNT 

protein, the full-length AhR-ARNT dimer, the AhR complex with chaperones, or the AhR 

complex with coactivators have not been resolved. Recently, the bHLH and PAS A domains of 

the AhR complex have been crystallized by two laboratories 9 where they largely agree and 

display a degree of symmetry. Interestingly, these structures also supported a model where an 

A’ alpha helix is the primary driver of PAS-A-PAS-A interactions, indicating that the helix and not 
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PAS A repeats, have direct contacts with each other9-11 (Chapter 2). Nonetheless, these helices 

facilitate proximity of PAS A repeats thereby permitting the correct configuration for 

dimerization. Perhaps most importantly, the structures and molecular biology to date, provide no 

real information on the mechanisms by which the PAS B repeat of the AhR interacts with either 

chaperones or ARNT.  In particular, the current data does not inform us about the symmetry of 

the PAS B interactions, whether PAS-B-PAS-B interactions occur at all, or whether they are 

similar in type to PAS-A-PAS-A interactions (Figure 1, Right).   

To better understand the role of the PAS B repeat in AhR biology, we have employed 

the interaction trap in the yeast S cerevisiae and coupled these results from our modelling 

approach using computational and visualization tools such as Alpha-Fold, PyMol etc. (Chapter 

2).  We begin these experiments by presenting our interpretation of the simple model of 

dimerization that has driven the molecular biology of the AhR field for the last twenty years 

(Figure 1, Left).  This model assumes all domains interact in a linear fashion, whereby specific 

regions interact exclusively with their counterparts on other PAS proteins12,13. Put another way, 

the HLH of the AhR interacts with the HLH of ARNT, the PAS A repeats interact, and PAS B 

repeats interact (Figure 1, Left) thus the mode in which the PAS A-PAS A interaction occur is 

assumed to be identical to the mode in which PAS B domains interact.  While PAS A -PAS A 

repeat interactions has been documented by us and others, there is no compelling data to 

demonstrate the PAS B-PAS B domains dimerization occurs. Advances in crystallization 

techniques and protein modelling have changed the way we think about PAS protein 

interactions. Recent studies have provided compelling evidence that PAS A-PAS B interactions 

may be central to dimer formation and that PAS A repeats interact with the partner PAS A and 

the B repeats (CLOCK:ARNTL14, PER1:PER115, PER2:PER216, PER3:PER315, HIF1α:ARNT10, 

HIF2α:ARNT10, NPAS1:ARNT11, and NPAS3:ARNT11) (Chapter 2). Furthermore, predicted17 

AhR:ARNT heterodimers suggest the pair may also share PAS B contacts. 
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To shed light on this biology, we have focused on the structure function of the PAS B 

repeat of the AhR, with particular attention to its modes of protein interaction.  Our primary 

hypothesis is that PAS B interactions are sufficient for AhR:ARNT dimerization. To test this idea, 

we exploited the yeast two-hybrid screening using a LexA-AhR bait and an ARNT prey 

construct. Additionally, to understand the effect of structural features on dimerization and ligand 

binding, we performed random mutagenesis of the AhR PAS B repeat and visualized these 

changes. We found that some amino acid substitutions resulted in loss of function because of 

global disturbances for both dimerization and ligand binding. To tie these concepts together, we 

also propose a new AhR:ARNT pathway schematic to visualize PAS B interactions. 
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MATERIALS AND METHODS 
 

Yeast two-hybrid:   

Protein interactions were determined using the two-hybrid approach in the yeast 

Saccharomyces cerevisiae.  Our modified yeast interaction trap was employed to identify PAS 

domains interactions between AHR and ARNT in vivo. The LexA chimeras were constructed to 

fuse AHR and ARNT domains with the DNA binding domain of the bacterial protein LexA amino 

acids 1-202).  

Bait AhR Plasmids: Mouse AhRb1 (AAA02896.1)1 was synthesized and cloned into 

plasmid 535 (pBTM116)18 giving rise to yeast expression plasmids 703 (LexA-N∆166AhRb1)19 

and 739 (LexA-mAhRb1∆AD)20 (Figure 2). The plasmid pBTM116 is approximately 5685 bp, 

contains the LexA (1-202) domain, followed by a multiple cloning site, harbors a TRP1 gene, 

and a high-copy 2µ origin of replication18. In plasmid 739, the signature glutamine rich AD region 

was deleted: mapping to amino acids 495-640. 

Prey ARNT Plasmids: Human ARNT (AAA51777.1)21 was cloned into plasmid pSGBCU 

giving rise to full-length ARNT for expression plasmid 57420 (FL-ARNT bait) and has been 

described before (Figure 2). Plasmid 574 is low copy number origin of replication (CEN/ARS) 

and contains the auxotrophic marker LEU2. The ARNT was also designed in silico using 

DNAStar (DNAStar, Inc, Madison, WI); an N-terminus deletion of up to amino acid position 345 

was synthesized and cloned into pYX242 (Millipore, Bulington, MA) to make plasmid 2353 (PAS 

B-ARNT bait) (Figure 2). Plasmid 2353 is high copy number (2µ) with the LEU2 marker.  

L40: The yeast Saccharomyces cerevisiae reporter strain L4018 ATCC MYA-3332 (MATa 

ade2 his3 leu2 trp1 LYS::lexA-HIS3 URA3::lexA-LacZ) was streaked and grown for 3 days in 

YPD agar (Takara Bio, San Jose, CA) plates with ampicillin at 30˚C. The YPD medium is a 

complete medium. One colony was selected and grown overnight in 10 mL, pH adjusted to 5.8, 

YPD broth with ampicillin (Takara Bio, San Jose, CA) at 30 ˚C and 220 RPM. After the allotted 
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time, bait-prey pair expression plasmids combinations were transformed into competent L40 

cells using the Frozen-EZ Yeast Transformation II Kit (Zymo Research, Irvine, CA).  

To make competent yeast cells: the cells were centrifuged, and the supernatant was 

discarded. The pellet was washed with 10 mL of the Frozen-EZ Yeast Solution 1 and 

centrifuged. The supernatant was discarded. Finally, the pellet was resuspended in 1 mL of the 

Frozen-EZ Yeast Solution 2. To transform yeast: 50 µL of competent cells were mixed with 0.2-

1 µg yeast expression plasmid combinations: (a) controls 535 + 609, 739 + 368, & 739 + 609 

and (b) 739 + 574 & 739 + 2353. Each combination was thoroughly mixed with 500 µL of 

Frozen-EZ Yeast Solution 3. The mixture was incubated in a water bath at 30 ˚C for 45 minutes 

and mixed every 15 minutes. 150 µL of the transformation mixture was spread on to synthetic 

medium lacking tryptophan and leucine (Takara Bio, San Jose, CA) and containing ampicillin. 

The plates were incubated for up to 4 days at 30 ˚C to allow transformant growth.  

Exposure to compounds: Ten micromolar β-napthoflavone (βNF) were prepared in 

dimethylsulfoxide (DMSO) (Sigma Aldrich, Burlington, MA). One transformant colony, 

representative of each transformation, was grown overnight in synthetic medium lacking 

tryptophan and leucine broth (Takara Bio, San Jose, CA) and containing ampicillin at 30 ˚C and 

210 RPM. One hundred microliters were pipetted into clear 96 well plates and the OD600 was 

measured and adjusted to ~0.5 using the ClarioStar Plus plate reader (BMG Labtech, Cary, 

NC). The βNF stock solution was then used to create dose-response curves. Five microliters at 

the appropriate concentrations were dispensed into white 96 well plates using the Tecan Liquid 

Handler (Tecan, Morrisville, NC).  Ninety-five microliters of OD600  adjusted cells were pipetted 

on to the same white plate, covered with a clear lid, wrapped in aluminum foil, and incubated at 

30 ˚C and 210 RPM for 2 hours.  

Measuring β-galactosidase activity: After the allotted time, yeast cells were lysed and 

chemiluminescent activity from the β-galactosidase enzyme was measured using the Gal-
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Screen assay (Thermo Fisher Scientific, Waltham, MA). The Gal-Screen Reaction Buffer was 

made as follows: the Gal-Screen substrate was diluted 1:25 with the Gal-Screen Buffer B. One 

hundred microliters of the reaction buffer were dispensed to each well. The plate was covered in 

foil and incubated at 26-28 ˚C and 210 RPM for ~ 60-90 minutes. The plate was then placed in 

the ClarioStar Plus plate reader and values were measured using the luminometer reader 

function and the MARS data analysis software (BMG Labtech, Cary, NC).    

Data Analysis: All protocols were performed with at least 3 biological and 3 technical 

replicates. The data from MARS was analyzed using PRISM GraphPad v9.2.0 (San Diego, CA) 

using the four-parameter logistic curve (4PL)22. For normalized results, the highest raw value 

was designated as the maximum, while the lowest raw value was designated as the minimum. 

We then employed GraphPad software to calculate variables via the 4PL model and all data is 

reported as a percentage of the highest and lowest values. The data is described as % β-

galactosidase relative light units (RLU).  

    

AhR PAS B random mutagenesis 

Random Mutagenesis:  The full-length open reading from of the AhR b1 receptor was 

amplified by PCR and cloned into the pGEMT easy vector (designated plasmid 1060).  Ten 

micrograms of this plasmid was subjected to hydroxylamine mutagenesis in 0.5. ml volume, for 

one hour, at 75 degrees centigrade (1M hydroxylamine, 1M potassium phosphate , pH 6.0).  

After mutagenesis, the DNA was purified on a Sephadex G50 column, precipitated in ethanol 

and resuspended in 10 ul (10 mM Tris, 1 mM EDTA, Ph 8.0).  One microliter of this plasmid 

library was transformed into JM1089 E coli, generating 200,000 independent colonies that were 

remixed and used to generate purified DNA by standard methods. Plasmid 883 was constructed 

in a Cen/ARS vector such that the open reading frame contained the LexA DNA binding domain 

fused to amino acids 167-805 of the murine AhRb1.  Using EcoRI/BamHI digestion, the library 

insert was moved into the corresponding region of plasmid 883 to generate the point mutant 
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library. This generated more than 12,000 independent clones and these were mixed for DNA 

preparation and yeast transformation (Figure 3).     

 Eight thousand yeast colonies were screened using the X-Gal overlay assay in the 

presence of βNF ligand, as described previously20.  Negative clones drove the LexO reporter, 

beta-galactosidase, and were blue in color after one hour.  Loss of function (LOF) mutants were 

white or pale blue at this same time point.  All possible LOF mutants were picked and grown in 

15 ml media for two days and then subjected to western blotting for AhR expression Any 

truncation mutants were eliminated from further consideration, and those showing expression of 

full-length protein were sequenced by Sanger methodology to identify point mutation location.  

This procedure yielded a total of 12 independent LOF clones (Figure, 3 bottom).  All LOF 

clones were confirmed in duplicate using a liquid β-galactosidase assay, as described 

previously, and those results are presented in Table 2.  Data are presented as a percentage of 

the wildtype Ahr b1 allele, and the Ahr d allele, and a vector containing no insert were generated 

as a reference. 

 Complementation with homo- and hetero-family associated proteins: ARNT, ARA9 and 

ARA3.  To determine if any associated proteins could rescue the signaling phenotypes of LOF 

mutations, we expressed each mutant with version of ARNT (pL 791), ARA9 (pL 792), and 

ARA3 (pL 810) via genetic complementation.  To this end, the plasmids 791, 792, and 810 were 

transformed into the mating strain AMR70 (MATα, his3, lys2, trp1, leu 2) and plated as a thin 

film, on agar plates, in either the presence or absence of βNF.  Each mutant (along with positive 

and negative control plasmids) were transformed into the L40 yeast strain (MATa, his3delta200, 

trp1-901, leu2-2, LYS::lexop4-HIS, URA3::lexop8lacZ) and each was streaked onto the lawn of 

the strains harboring the potential complementing proteins.  Interactions were measured via the 

β-galactosidase overlay assay and are depicted in Figure 6. 
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Modelling protein-protein interactions: The AhR (AF-P30561-F1), ARA9 (AF-O00170-

F1), ARA3 (AF-Q9Y6Y0-F1), and ARNT (AF-P53762-F1) predicted structures were retrieved 

from the AlphaFold server by DeepMind23 and uploaded onto SwarmDock 

(https://bmm.crick.ac.uk/~svc-bmm-swarmdock/index.html). The AlphaFold AhR predicted 

structure was docked with ARA9 and ARNT. For ARA9, we are assuming that the interaction 

takes place before dimerization with ARNT. For interactions between the predicted AhR:ARNT 

dimer17 and ARA3, we used the predicted AhR structure kindly provided by the Bonati group 

because we are assuming that the interaction takes place after dimerization with ARNT. All 

predictions were visualized using PyMOL v4.6.0 (Schrodinger Inc., New York, NY). 

  

about:blank
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RESULTS AND DISCUSSION 
 

The PAS family of proteins are an important class of biosensors that detect 

environmental stressors and mediate adaptive responses of vital functions24. Well known 

examples of mammalian PAS sensors include those that regulate the responses to low oxygen 

conditions, circadian responses to photic cues, as well as exposure to certain planar aromatic 

xenobiotics. In our model, these proteins carry out their adaptive roles through dimerization, 

where a class α PAS protein senses the cue and binds with its cognate class β PAS partner. 

Together, they position HLH domains to provide specific contacts within the mammalian 

genome to regulate specific targets (Figure 1, Left).  

Several early observations suggested that α-β proteins heterodimerize with symmetry, 

i.e., where the two proteins are aligned in a parallel manner.  First, all α- and β-class PAS 

proteins have similarly organized domain maps, depicted from the N-terminus as bHLH, PAS A, 

PAS B and hypervariable transactivation domain (AD).  Second, bHLH domains have been 

crystallized from various dimeric transcription factors and present as a symmetrical feature 

where each basic region lies within the major groove of DNA to provide sequence binding 

specificity25. Third, initial descriptions of the structures of another sensor superfamily of 

transcription factors, the steroid receptors, are indicative of symmetry at almost all levels of 

structure26.  

The simplest illustration of symmetry between two PAS protein partners is where “like 

domains” interact in series: i.e., the HLH DNA binding domains interact, the PAS A repeats 

interact, and the PAS B repeats interact12,13. Moreover, such a simplistic model predicts that the 

PAS A repeats will interact with each other the same way PAS B domains interact; however 

there is little, if any, direct supporting evidence12,13. This poses the possibility of an alternate 

model for AhR signaling, where the PAS B domains of the AhR and ARNT do not interact at all; 

thus, the PAS B of the AhR can be viewed simply as a subunit that can be transformed when 
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binding ligands and releasing chaperones which then, allow the PAS A domain to interact 

(Figure 1, Right bottom).  It has long been known that PAS B is an important region for binding 

chaperones, like Hsp904, p23, ARA96,7, and ARA35.  

This provocative idea and crystallized structures for other PAS heterodimers led us to 

hypothesize that PAS B was sufficient for dimerization in AhR:ARNT. We employed the yeast 

two-hybrid to test this hypothesis and mutagenized amino acids in the AhR PAS B region to 

understand the effect on the AhR-ARNT dimerization, but also on ARA3 and ARA9 interactions. 

These data were then interpreted using algorithms and models developed in Chapter 2.  

To develop our interaction assay system, we first tested our LexA-AhR bait for 

autoactivation (signaling in the absence of ligand) (Figure 4, Left). In this experiment, we rely 

on the ARNT AD to facilitate and carry out the response after dimerizing with the AD-lacking 

AhR. To determine the responsiveness of the LexA-∆166 construct at various ligand 

concentrations, we generated dose-response curves using the ligand βNF19. To demonstrate 

the utility of the interaction trap, we examined its ligand inducibility when we transformed yeast 

with LexA-AhR bait and a FL-ARNT prey (Figure 4, Right). The LexA-AhR bait and the PAS B-

AD of ARNT were also co-transformed to test the idea that the ARNT PAS B dimerizes with the 

AhR PAS B, independent of the PAS A repeat (PAS B sufficiency) (Figure 5). Overall, the 

traditional yeast two-hybrid pair had a lower EC50 (26.3 vs 105 nM) and maxima value when 

compared to LexA-AhR bait + PAS B ARNT prey; however, the Hillslopes were similar (Figure 

5).  

These results are intriguing because while they provide the first evidence that the PAS B 

domains of the AhR and ARNT interact, changes to the ARNT protein concentration should not 

impart any changes to the ligand binding function and shape of the dose-response curve, as 

reflected in the EC50. Taking this idea even further, if classic receptor theory is at play here, then 

the maximal value and the EC50 are constants for a first-order Hill dose response curve; thus the 

amount of gene product is proportional to the ligand-bound receptor27. It is possible that 
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although the AhR and ARNT PAS As may not be involved in the AhR PAS B-ligand binding 

kinetics, the PAS A-PAS A interaction may play a role in transient DNA interactions downstream 

that could affect the DNA state resulting in changes in the maximal value and the EC50. A similar 

phenomenon has been proposed with steroid receptor homodimers 27, whereby changes in the 

top and EC50 values have been observed in the presence of cofactors.  

Mathematically, changes in these two parameters of the dose-response equation for 

steroid homodimers have arisen from one biological change – a decrease in downstream 

complexes because of transient cofactor binding on DNA that: (a) changes the DNA state, (b) 

allows the binding of another cofactor, and/or (c) changes mRNA state during translation27. 

Although the AhR:ARNT complex is a heterodimer, there is evidence that another PAS member, 

the HIF2α in dimer form with ARNT, uses a loop in its PAS A to interact with DNA10. Biological 

consequences of this interaction and whether this extends to other PAS members are still a 

mystery and need further investigation. However the AhRR:ARNT crystallized complex shows 

long loops in the PAS A repeat28 that may translate to the AhR:ARNT heterodimer because it 

serves as the main repressor of the AhR pathway.  

In addition to PAS B sufficiency, we also asked: which amino acids in the AhR PAS B 

play a significant role in PAS B interactions specifically with ARA9, ARA3, and ARNT?  We 

postulated this information could find utility in identifying the faces of the PAS domains that were 

interacting homo- and hetero-family.  To accomplish this, the AhR PAS B in LexA-∆166 was 

subjected to chemical mutagenesis via hydroxylamine, transformed with ARA9, ARA3 or ARNT, 

exposed to βNF, and observed for growth/color in media containing β-galactosidase and/or 

DMSO or βNF. The resulting mutants are outlined in Figure 6 (Left) along with the location of 

the mutations based on the predicted AhR:ARNT heterodimer17. The AhR PAS B repeat is 

predicted to span between amino acids 284-384, roughly 100 amino acids. A total of 14 

mutations were observed between amino acid 291-381, indicating success in targeting the AhR 
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PAS B. Additionally, some mutants were observed more than once indicating near mutagenesis 

saturation.  

In Figure 6, LexA-∆166 was plated along with the mutants to show their response in the 

presence and absence of βNF. Mutants 381, 362, and 331 still responded slightly to the ligand 

while they were considered to have completely lost function despite normal expression levels 

across all mutants (data not shown). To rescue function, each mutant was transformed with 

ARA9, ARA3, and ARNT (Figure 6, Right). The ARA9 protein is a known chaperone that 

modifies AhR signaling, in part, by increasing the receptor levels, though the exact mechanism 

is not completely understood6,7,29. As a chaperone protein, it is expected that ARA9 will bind the 

AhR even without ligand as observed in mutant proteins (mutations at positions 294, 303, 315, 

331, 362, and 381). However, in the presence of ligand, the ARA9 appears to rescue even more 

LOF mutants (291, 294, 295, 303, 305, 315, 331, 362, 368, and 381). These results allow us to 

see the immunophilin power of ARA9; thus, we posit that these LOF mutants might still bind 

heat shock proteins in yeast and in the absence of ligand only a few amino acids are available 

for ARA9 interactions. In the presence of ligand, the AhR activates and changes conformation, 

possibly releasing energy in the form of ATP. The ATP is hydrolyzed by heat shock proteins, 

providing the energy needed to stabilize and facilitate interactions between AhR and ARA930,31. 

Moreover, this change in conformation exposes additional regions that also permit AhR:ARA9 

connections. In turn, these connections with ARA9 increase the AhR levels because it 

decreases the pool that binds to ARNT therefore decreasing the pool that is degraded after 

transactivation and gene AhR-mediated induction31. This may also explain the high background 

observed for all control, but specifically the AhR:ARA9 plates as well as the dose-response 

curve observed in Figure 4, Right.  

Interactions between the AhR and ARA9 have been mapped between amino acids 166 

and 491; structurally, the last two beta-strands of PAS A, the linker, PAS B and a portion outside 

of PAS B6,7,23. To get a general idea of how ARA9 might dock AhR, we employed the AlphaFold 
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predicted structures for ARA9 (AF-O00170-F1) and unliganded AhR (AF-P30561-F1) and used 

the SwarmDock server to predict protein-protein configuration. The TPR 3 helix acts like a 

bridge between the AhR PAS A and PAS B (Figure 7). Importantly, this same region of ARA9 

(the N terminus) has been previously identified as the essential domain for AHR interactions19,29.  

Furthermore, the bulk of the ARA9 protein appears to interconnect with the PAS B repeat. 

These visuals support experimental evidence for interconnectivity regions and is a direction for 

future experiments.  

The function and mechanism of the ARA3 protein in AhR mediated signaling is less clear 

than either ARA9 or ARNT. The ARA3 was pulled from a B cell library using an AhR bait in the 

same screen that identified ARA9.  Later, it was determined that the ARA3 clone was missing 

the first 111 amino acids, thus the full-length ARA3 known as FLARA3 (aka NSIBP) was a 642 

amino acid protein harboring a BTB, BACK, IVR domains and six Kelch repeats5. Domain 

analysis experiments show that ARA3 improves AhR signaling through the BACK, IVR, and the 

6 kelch repeats; it did not require the N terminal BTB domain.  In these earlier experiments, the 

AhR relied on the PAS domain and additional amino acids beyond the PAS B repeat5. Data on 

Figure 6, suggests that the AhR doesn’t interact well with ARA3 until the receptor binds ligand; 

possibly because the transformation step is needed. Moreover, amino acids 291, 294, 303, and 

368 may interact better with ARA3 after this conformational change. Using the Bonati dimer as a 

point of reference (Figure 8, Left), which assumes that the AhR:ARNT dimer closely resembles 

the HIF2α:ARNT dimer, it appears the ARA3 might interact with the helical face of the AhR PAS 

B, opposite of the ARNT protein. This observation could also explain why studies regularly show 

little to no interactions between ARNT and ARA3 (unpublished observations). 

Lastly, we tested the interaction of each mutant with the obligate partner, ARNT. As 

expected, no interactions were observed without βNF likely because the activated and 

transformed AhR develops a higher affinity for the ARNT protein. Thus, in the absence of ligand, 

we don’t expect AhR to interact with ARNT. Furthermore, we know from most PAS structural 
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studies that the PAS A repeat is proven to be important for homo-family dimerization9-11,14,15. 

Interestingly, 1 out of 13 mutations (G368R at the Hβ-Iβ loop) on the AhR PAS B repeat slightly 

increased AhR mediated response. Using the Bonati AhR:ARNT dimer to identify the location of 

the mutations, we can see that the Hβ-Iβ loop does not appear to play a role in dimer formation 

thus it’s hard to determine from the model how position 368 impacts ARNT PAS B binding. 

Three positions (331, 381, and 362) slightly decrease the AhR mediated response in the 

presence of the ARNT protein. From the predicted AhR:ARNT dimer, at 331 we can see 

interactions with the ARNT PAS A repeat, while at position 381, we can see interactions with the 

PAS B repeat (Figure 9 and Figure 10). Thus, we can surmise that both positions compromise 

ARNT binding. At position 362, the model does not predict interactions with ARNT, perhaps 

other factors play a role, such as steric hindrance between the amino acid at the location and 

other structures within the AhR PAS B. When we compare these results to data on Figure 5, it 

suggests that in the absence of the PAS A repeat on AhR, dimerization with ARNT would be 

compromised; however, in the absence of the ARNT PAS A repeat, dimerization would be 

reliant on PAS B repeats (preliminary data from our lab supports this idea). The strength of 

these PAS B repeat interactions have been described as weak in other studies12,13, and even 

transient (personal communication with Kevin Gardner). Attempts to dock AhR and ARNT (AF-

P53762-F1) using SwarmDock were unsuccessful.  

To demonstrate findings in this lab and those of others, we propose a new schematic to 

depict and clarify AhR dimerization (Figure 11) and the signaling pathway (Figure 12).  To 

showcase the difference between inactivated and transformed/activated AhR, a linear 

representation with chaperones is best suited to detail domains when inactivated; however, 

upon ligand binding, the activated AhR is best shown in configuration ready to accept the ARNT 

protein to form the dimer (Figure 11, Bottom Right). It’s important to show the ability of the 

domains and accessory motifs to interact with other domains. With all these concepts in mind, 
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the improved pathway gives a reader a better understanding of the crossover interactions 

necessary to carry out AhR signaling (Figure 12).  
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CONCLUSION      
 

Advances in structural biology have helped elucidate the dimerization patterns within the 

PAS family of biosensors. Accessory motifs, repeats and domains interact more freely than had 

been previously described challenging previous notions that specific regions could only interact 

with their counterparts in other proteins, for example PAS A repeats could only interact with 

other PAS A repeats in other PAS proteins.  The AhR is among the most widely studied proteins 

in biology however the entire structure has not been resolved. For the first time, we show that 

the PAS B repeat in ARNT is sufficient for dimerization with the PAS B repeat in AhR. 

Additionally, we used chemical mutagenesis and predicted AhR and AhR:ARNT models to 

determine the role of the PAS B repeat in interactions with other proteins relevant to the 

signaling pathway, including ARA9 and the ARA3 proteins. We found that ARA9 uses a helix N -

terminal to the TPR domains to bridge interconnectivity between the inactivated AhR PAS A and 

B. Our models also predict that the ARA3 protein interacts with both the PAS A and B through 

the helical interfaces. Finally, we found that AhR PAS B mutations mostly decreased 

interactions with ARNT. From this knowledge, we propose the use of a new schematic that 

differentiates between the inactivated and the activated/transformed AhR in the signaling 

pathway to help readers understand this crucial difference.      
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FIGURE 1:  Models of AhR-ARNT PAS B Interactions.  (Left) The most assumed model of 
AhR-ARNT signaling.  Note interactions of HLH, PAS A, and PAS B domains, symmetry, and 
parallelism of the two proteins. (Right Upper):  In this imagined model, PAS B domains do not 
interact with partner protein, instead they interact with PAS A and other chaperone etc. (not 
shown).  (Bottom left), in this model the interactions are parallel, but B domains do not interact 
with each other.   
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Figure 2: Constructs used to study AhR:ARNT PAS B sufficiency. (Top) The yeast two hybrid was employed 

to identify dimerization between AhR and ARNT PAS B repeats. The LexA-AHR functions as the bait for the FL-

ARNT and PAS B-ARNT preys. To understand the effect of PAS B repeat mutations on AhR, LexA-∆166 was 

used. 
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HLH

AHR

PAS

100 aa

BA

Mutagenized Region

167

EFQRQLHWALNPDSAQGVDEAHGPPQAAVYYTPDQLPPENASFM

ERCFRCRLRCLLDNSSGFLAMNFQGRLKYLHGNKKGKDGALLPP

QLALFAIATPLQPPSILEIRTKNFIFRTKHKLDFTPIGCDAKGL

L  YN
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D I         E               Y        N

FRLLAKHSRWRWVQSNARLIYRNGRPDYIIATQRPLTDEEGREHL

C     R L    V     M

QKRSTSLPFMFATGEAVLYEISSPFSPIM 418

Figure 3:  Random Mutagenesis of the PAS B repeat region. (Top), see text for details. Region 

mutagenized by hydroxylamine is denoted by blue line. (Bottom), the amino acid sequence, and the 
resultant loss of function mutants that were obtained.  Inserted residue is below the mutagenized residue
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Figure 4: Controls for yeast two hybrid and mutagenesis experiments. (Left) The LexA-AHR bait 

alone was exposed to various concentrations of βNF to ensure ligand inducibility. Minimal auto-

activation was detected. (Right). The LexA-∆166 fused protein generates a full dose-response 

relationship with a top, EC50, and Hillslope of: 3.7 x 106 RLU, 429 nM, and 2.1, respectively; with 95% 

CI for each parameter. 
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Figure 5: The ARNT PAS B interacts with AHR PAS B. (Top) The LexA-AHR bait was transformed with the 

full length ARNT prey and exposed to the ligand, recapitulating a reliable full-dose response curve. The LexA-

AHR bait was also transformed with the ARNT PAS B and transactivation domain, and a full dose-response 

curve can be observed with a right shift and lower top values when compared to the FL ARNT prey. The 

Hillslope for both curves is similar. Data is normalized for easy comparison
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BNF                DMSO

Vector

ARA9

ARA3

ARNT

LOF mutants  

Mutant

Percent 

Wild-type

(%)

Hypothesized 

PAS B location

Control 100 N/A

P291L 7 Aβ-Bβ loop

C294T 3 Bβ-Cα loop

D295N 2 Bβ-Cα loop

G303D 3 Cα-Dα loop

T305I 2 Cα-Dα loop

G315E 8 Dα-Eα loop

H331Y 15 Fα

S340N 2 Gβ strand

L348F end of 2
nd

Gβ

R362C 20 Hβ strand

G368R 8 Hβ-Iβ loop

P370L 1 Hβ-Iβ loop

A375V 7 Iβ strand

T381M 12 disorder after Iβ strand

 

FIGURE 6: The AhR PAS B LOF mutants.  (Left) Loss of function mutants, their response and 
hypothesized location based on the Bonati AhR:ARNT dimer structure are shown in this table. 
(Right)  Picture of each plate for experiment described under Material and Methods.   
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ARA9

AhR PAS BAhR PAS A

F269

FRGIFSH 

(325-330)

Figure 7: Predicted interactions between ARA9 and AhR.  Unliganded AhR and ARA9 from 

AlphaFold were docked using SwarmDock.  The tetratricopeptide 3 of ARA9 is predicted to bridge 

interconnectivity with the AhR PAS A and B repeats; however other ARA9 interactions are also 

forecasted with other regions of the AhR PAS B. 
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Figure 8: Predicted AhR:ARNT dimer docked to predicted ARA3. (Left) This AhR:ARNT predicted dimer was 

modeled after the resolved HIF2α:ARNT by the Bonati group. Dimer shown with TCDD ligand (yellow) in AhR

PAS B. (Right) The predicted AhR:ARNT dimer was docked to the AlphaFold predicted ARA3 protein using 

SwarmDock.  In this model, the ARA3 is forecasted to interconnect with the helical faces of the AhR PAS A and B 

repeats. No connections are apparent between ARA3 and ARNT, supporting past experiments carried out by our 

lab. 
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Figure 9: Mutations on the AhR PAS B repeat affecting ARNT binding.  Using the Bonati

AhR:ARNT heterodimer and the PyMOL mutagenesis wizard, we visualized the location of each 

mutation with respect to the dimer. Image shows the original amino acid in pink. Mutations 

appear to affect both ARNT PAS A and B repeat interactions. 
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H331Y
R362C

G368R

T381M

Figure 10: Close up of mutations in AhR PAS B that affect ARNT binding. In this depiction, we mutated each 
 

Figure 10: Close up of mutations in AhR PAS B that affect ARNT binding. In this depiction, 
we mutated each location with the corresponding substitution. In top left (H331Y), steric 
hindrance appears to have an effect. In R362C and G368R, there are no obvious problems with 
the substitutions, thus no reason to conclude an increase or decrease based on this model of 
heterodimerization. Lastly, with T381M, there appears to be steric hindrance within the AhR 
PAS B and may also influence ARNT binding.  
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Fi  re 11: In erpre a i n     npaired AHR and  he AhR:ARNT dimer. (Top left) Linear representation of the AhR

and ARNT proteins with respective bHLH domains, the accessory motif A  helix, the PAS domain comprised of PAS 

A and B repeats, and the transactivation domains on each. (Top right) The AhR depicted in linear form with 

chaperones: heat shock protein 90 (x2), ARA9, and p23. (Bottom Left) Hypothesized AhR after transformation and 
activation steps upon ligand binding;  -napthoflavone shown in PAS B   Transactivation domain interacts with other 

domains in a net -like configuration (Bottom Right) Hypothesized AhR interacting regions and heterodimer 

configuration upon shedding chaperones and ARNT binding;  NF shown between AhR PAS B and ARNT PAS B. 

Arrows indicate direction and both net -like transactivation domains are shown here. . 

AhR
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Figure 12: Depiction of the new AhR signaling pathway. In step 1, the hydrophobic ligand 
diffuses through the cell membrane and into the cytoplasm, where the inactivated and 
chaperone bound AhR resides held. (2) Upon ligand binding, AhR activates and tranforms into 
an ARNT accepting conformation; the complex translocates to the nucleus (3), where the 
chaperones are shed and replaced by ARNT(4). Together, they bind responsive elements (5) on 
the DNA which can lead to AhR being exported for degradation (6) or the initiation of 
transcription for metabolizing enzymes, like CYP1A1 or CYP1B1 and/or the AhR repressor (7). 
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