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 My research project focuses on mechanistic studies of a new group of transcriptional 

coactivators (coiled-coil coactivators: TACC3, TRIP230, CoCoA), involved in cancer 

development and progression. Normally, these coactivators play an essential role in the HIF 

hypoxia response, directly interacting with the ARNT subunit of HIF in a novel and 

promoter-specific way. However, misregulation by overexpression or activating fusions (for 

example, FGFR-TACC3) is sufficient for transformation and associated with the 

development of glioblastoma, renal cell carcinoma and other cancers. In light of this 



 

connection between coiled-coil coactivators (CCCs) and HIF signaling, tools that inhibit 

HIF/CCC complex formation might present opportunities to interrogate the linkage between 

different CCC-containing pathways and may offer a novel route to blocking cancer formation 

and progression. 

 As a member of this new group of transcription coactivators, knowing how TACC3 

interacts with ARNT is critical in understanding the general role of CCCs in HIF-dependent 

transcription machinery. In the first half of my study, I characterized the ARNT/TACC3 

complex with various biophysical and biochemical methods including solution NMR, X-ray 

crystallography, circular dichroism, luminescence proximity and numerous cell-based assays. 

A 3.15 Å ARNT/TACC3 crystal structure was solved by molecular replacement, revealing 

details of this protein complex and providing a structural function for coactivator recruitment 

in HIF signaling pathway. 

 The second half of this study focuses on the search for ARNT/TACC3 inhibitors with 

in vitro screens to regulate ARNT/CCCs activity in a rapid and flexible way. From a 

fragment-based NMR screen, I identified small molecules that specifically bound within the 

second PER-ARNT-SIM (PAS) domain of ARNT and perturb its interaction with TACC3. 

However, these small molecules have drawbacks, such as low potency or unclear modes of 

action. To identify higher potency small molecules targeting ARNT/TACC3 complexes, I 

developed an AlphaScreen-based high throughput screen. Hopefully the discovery of 

artificial ligands with known mode-of-action that inhibit this typically “undruggable” protein 

complex will provide new perspectives in small molecule inhibitor development, and also 

serve as a very useful tool in cell biology for studying pathways utilizing ARNT/TACC3. 
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CHAPTER 1  
INTRODUCTION 

 
MAMMALIAN bHLH-PAS TRANSCRIPTION FACTOR CONTROLLED GENE 

EXPRESSION 
 

 
  

 Transcription is the initial step of gene expression and is crucial for many cellular 

processes. Well-controlled transcription is important for normal functions of the cell while 

mis-regulated transcription is constantly associated with many diseases. Transcription can be 

triggered by many signals, such as environmental stimuli, and regulation of this triggering 

process is often controlled by transcription factors. My work centers on one class of these 

proteins, the basic helix-loop-helix PAS (bHLH-PAS) proteins, where in most cases the C-

terminal PAS domain is responsible for sensing signal molecules and the N-terminal bHLH 

motif directly interacts with the promoter DNA (1). Studying the function and regulation of 

the bHLH-PAS transcription factors will not only reveal fundamental aspects of gene 

transcription, but could also provide promising therapeutic routes for anti-cancer treatment 

given the roles that certain bHLH-PAS proteins play in tumor formation and development 

(HIF, AhR) (2). 

 

i. bHLH-PAS family proteins are powerful regulators in gene transcription 

 
 The basic helix-loop-helix PAS (bHLH-PAS) proteins are critical transcriptional 

factors involved in the transcription of many cellular processes, often launching robust 
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responses to several environmental stimuli such as aromatic hydrocarbons and oxygen 

tensions (3). These responses allow cells to adapt to environmental stress and metabolic state 

of the whole organism. bHLH-PAS transcription factors can be controlled at many levels, 

including post-translational modifications and recruitment of other cofactors (1,4,5).  

Misregulation of the bHLH-PAS protein function usually leads to a wide variety of diseases 

(2). 

 

 a. General domain arrangement of bHLH-PAS proteins 

  

 bHLH-PAS proteins belong to the superfamily of bHLH transcription factors, which 

are characterized by a bHLH motif followed by two tandem PAS domains (PAS-A and PAS-

B) (1,2).  

  

 bHLH motif - The bHLH motif is commonly found in many eukaryotes from yeast to 

human. This motif has two distinct, well-conserved domains. The N-terminal region is the 

basic domain, which binds to a consensus hexa-nucleotide DNA sequence (CANNTG) called 

the E-box with high specificity (6). Each E-box sequence can be recognized by a 

corresponding bHLH protein complex. The C-terminal HLH domain can facilitate homo- or 

heterodimerization of bHLH motif-containing proteins. Different combinations of bHLH 

proteins and E-boxes control diverse cellular functions by transcription regulation (7).  

  Figure 1-1 shows examples of typical bHLH structures (8,9).  MyoD is a 

characteristic member of bHLH proteins that controls myogenic transcription.  MyoD forms 
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a homodimer when associated with the consensus DNA sequence CAGCTG, chiefly 

homodimerizing via the helix-loop-helix domain.  This arrangement leaves the basic region 

of the MyoD dimer free to directly interact with DNA in the major groove (Fig. 1-1a) (8).  

Complementing the MyoD homodimer, bHLH proteins can also form heterodimers, as 

exemplified by MYC/MAX (Fig.1-1b) (9). MYC plays an important role in transcription 

activation, cellular transformation and apoptosis. De-regulation of MYC is associated with 

the development of several human cancers such as lymphoma, neuroblastomas and small cell 

lung cancers. Similar to MyoD, the MYC/MAX complex forms major contacts with the 

DNA major groove using the basic region and dimerizes through the C-terminal HLH 

domain. In addition to the bHLH domain, the MYC/MAX complex also has an extra leucine 

zipper domain at the C-terminus (9). This leucine zipper is not only an extension of the 

helical domain from bHLH that facilitates protein dimerization, but also plays an important 

role in the selection of dimerization partner. For instance, electrostatic interactions between 

MYC amino acid residues R423 and R424 and MAX residues Q91 and Q92 provide a tighter 

complex than the MAX/MAX homodimer. A similar strategy is used in the MAD/MAX 

heterodimer, where MAD E125 forms a hydrogen bond with MAX N92 (9). 

 Taken together, the bHLH proteins constitute a large superfamily of more than 13,800 

members with diverse functions in cells such as neurogenesis, myogenesis, heart 

development and hematopoiesis (10,11). Despite the high sequence conservation at the 

dimerization interface (12,13), the bHLH proteins never-the-less demonstrate high selectivity 

in E-box binding and distinct transcription functions, which makes fusing a bHLH motif with 

other protein domains a good strategy to expand the utility of this motif.  
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Figure 1-1. Structures of bHLH/Leucine zipper protein dimer bound to DNA.    a) MyoD 
homodimer bound to E-box (PDB: 1MDY) (8).     b) MAX/MYC heterodimer bound to E-box 
(PDB: 1NKP) (9). 

  

 PAS domain - PAS is short for PER-ARNT-SIM, which is named after three proteins 

in which it was first identified: the Drosophila period clock protein (PER) (14-16), the 

vertebrate aryl hydrocarbon receptor nuclear translocator (ARNT) (17) and the Drosophila 

single-minded protein (SIM) (18). Although it was initially discovered in animals, PAS 

domain mediated signaling pathways are widely spread among all three kingdoms of life 

(Bacteria, Archaea and Eucarya) (1).  

 PAS domains are found in many organisms and share low sequence conservation 

(~20-30%) (19). However, the tertiary structures of different PAS domains are extremely 

similar. A typical PAS domain contains ~100 residues and adopts a mixed α/β fold as 
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BASIC

Helix 1

Turn

Helix 2

a.

MYCMAX

Leucine zipper

BASIC
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Turn
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described in the first PAS structure, the photoactive yellow protein (PYP), which featured 6 

anti-parallel β strands flanked by several α helices (Fig. 1-2a) (20). With the availability of 

additional PAS domain structures, the canonical PAS fold was found in general to consist of 

a central β-sheet with 5 anti-parallel β strands (Aβ, Bβ, Gβ, Hβ and Iβ) in B-A-I-H-G 

topological order surrounded on side by several α helices (Cα, Dα, Eα and Fα) (Fig. 1-2b) 

(3,21). The region from Aβ to Iβ is referred to the “PAS core”, and may be accompanied by 

N- or C-terminal extensions (3). The central β-sheet is the most conserved region in different 

PAS domains with an average backbone root-mean-square deviation = 1.9 ± 0.6 Å (3). 

Tandem PAS domains from one protein are usually named alphabetically from N- to C-

terminus such as PAS-A and PAS-B (3). Notably, PAS domains share remarkable similarity 

with GAF domains both in terms of tertiary structure and types of effector domains that 

linked to them, suggesting a common evolutionary origin between the two domains (22,23).  

 PAS domains are versatile folds that are involved in many cellular functions 

depending on their abilities to bind small molecule ligands such as heme and flavin (24). The           

major sensory function of PAS domains could be classified mainly as redox state/oxygen 

sensing and light sensing.  
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Figure 1-2. General PAS fold.    a) Crystal structure of photoactive yellow protein (PYP) (PDB ID: 
2PHY). Secondary elements and N-, C-terminus are marked in the structure. The bound chromophore 
is displayed in sticks and highlighted by arrow. b) Crystal structure of ARNT PAS-B (PDB ID: 
4EQ1).	
    

	
   	
  

	
   A good example of a redox state/oxygen sensing PAS domain is from the FixL sensor 

histidine kinase (HK), part of the FixL/FixJ two-component system that controls gene 

expression under micro-aerobic or anaerobic conditions in some bacteria (1). FixL directly 

senses oxygen via a heme b cofactor bound inside its PAS domain (25-27) (Fig. 1-3a). In the 

crystal structure of this domain, the heme iron was coordinated with a histidine residue on Fα. 

Heme propionate side chains were stabilized by contacting positively charged side chains of 

arginine and histidine in on the Fα and FG-loop, respectively. O2 binding makes the heme b 

cofactor more planar, thus inducing conformational changes that lead to the inhibition of 

autophosphorylation and phoshoryl transfer between histidine kinase module and the cognate 

response regulator FixJ (27).  A related heme b factor binding PAS domain is the PAS1 

domain of the Escherichia coli direct oxygen sensor DosP (28) where the heme iron was 
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again liganded to the conserved Fα histidine (29), suggesting a common evolutionary origin 

between FixL and DosP. However, DosP PAS1 forms more extensive contacts with the heme 

propionate side chains through several backbone amide interactions, providing evidence for 

evolutionary divergence in heme binding PAS domains (30). Besides heme, PAS domains 

also utilize FAD cofactors to sense redox state of the cell by monitoring electron transport 

(31). 

 PAS domains are also visible light sensors when bound to cofactors such as flavins 

(Fig. 1-3b). One group of such photosensory PAS domains is specifically referred as LOV 

(light, oxygen, voltage) domains (24). When exposed to blue light, a new covalent bond is 

formed between a conserved cysteine residue on the Eα helix and the flavin C4a position 

(24,32,33). This light-dependent crosslinking induces conformational changes that perturb 

the interaction between the LOV core and flanking regions such as the Jα helix in AsLOV2 

and an HTH domain in EL222 (34-36), resulting in the rearrangement of domains in full 

length proteins and releasing the previously locked effector domain for function. Similar 

mechanisms are also seen in other LOV containing proteins (33). This light-driven 

conformational change is the key step in the LOV domain signaling mechanism, which has 

been utilized in engineered photoswitches. For example, multiple light inducible promoter 

systems have been engineered by fusing activation domains or DNA binding motifs with 

LOV domains to control gene expression in vivo (37,38).  
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Figure 1-3. PAS domain binds to different cofactors.    a) Structure of heme b bound FixL (PDB 
ID: 1DRM).    b) Structure of FMN bound AsLOV2 (PDB ID: 2V1B) 

 

 Besides oxygen and light sensing, PAS sensor kinases can regulate di- and 

tricarboxylate metabolism through direct interactions with C4 and C6 carboxylate-containing 

substrates, leading to the enhancement of sensor kinase activity and regulation of genes 

required for C4 and C6 transport (39-41). PAS sensor domain in the PhoQ histidine kinase 

also utilizes negatively charged surface residues on the β-sheet to sense divalent cations such 

as Ca2+, Ni2+ and Mg2+ in order to suppress PhoQ kinase activity (42-44).  

 PAS domains are important sensors of environmental changes that are critical for the 

survival of an organism. To achieve many diverse functions with a limited number of 

structural scaffolds, nature has utilized the strategy of combining chemically diverse 

cofactors and a wide variety of effector domains with the PAS sensory domain.  Although it 

is unclear if all PAS domains have a common ancestor and essentially the same signaling 

mechanism, examples have shown that in the context of a chimeric protein, an effector 

N
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Jα
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domain can still function after being fused with an input PAS domain that senses different 

cofactors (3,45). This finding makes PAS domains extremely useful in synthetic biology, 

potentially allowing the construction of genetically encoded protein switches responding to 

multiple signals (3,33). 

 

 bHLH-PAS protein - Similar to bacteria, eukaryotes also use PAS domains as 

important environmental sensors. Although PAS domains serve as input domain of some 

eukaryotic C-terminal sensor kinases (46,47), PAS domains in eukaryotes are often 

associated with bHLH DNA binding motifs and serve as transcription factors regulating gene 

expression in cells or whole organisms in response to environmental changes. This particular 

arrangement of PAS domain and bHLH motifs belongs to the bHLH superfamily and is 

referred as the bHLH-PAS transcription factor family (7).  As mentioned previously, the 

typical bHLH-PAS transcription factor contains an N-terminal bHLH motif that is 

responsible for E-box binding and two C-terminal PAS repeats, namely PAS-A and PAS-B. 

bHLH-PAS transcription factors can be divided in two major classes based on their 

dimerization partners: class I bHLH-PAS proteins do not homodimerise or heterodimerize 

with other class I factors, whereas class II bHLH-PAS transcription factors normally require 

dimerization with a class I bHLH-PAS protein for function, often using the two tandem PAS 

domains (Fig. 1-4) (2,7). It has been observed that in dioxin signaling, deleting the PAS-A 

domains in Aryl hydrocarbon receptor (AhR) severely reduced its interaction with ARNT, 

reducing gene transcription initiated by AhR/ARNT (19). Similar cases were found in the 

hypoxia response pathway involving HIFα and ARNT (48,49) and in circadian clock 
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signaling between NPAS2 and BMAL1 (50,51). Moreover, in addition to mediating 

protein/protein interactions, PAS-B domains of the bHLH-PAS transcription factor often 

bind small molecule ligands. In xenobiotic signaling, AhR is stabilized in the cytoplasm by 

chaperones such as Hsp90, p23 and Ara9 through direct interactions with the PAS-B domain.  

Ligand binding to AhR PAS-B domain activates the AhR signaling pathway by disrupting 

the AhR/chaperone interaction, allowing AhR to translocate into the nucleus and partner with 

ARNT (52-54).  Cavities are also observed in the PAS-B domains of other bHLH-PAS 

proteins such as HIF1α, HIF2α and ARNT (21,55,56). Although natural ligands for those 

PAS-B domains have not been identified yet, several studies have developed artificial small 

molecules to bind inside the cavity and disrupt PAS-B mediated protein/protein interaction 

(57,58). In addition to the bHLH and PAS domains, most class I bHLH-PAS transcription 

factors also contain a few transcriptional activation or repression domains (TAD or TRD) 

following the two PAS domains that are responsible for the recruitment of transcription 

coactivators or corepressors (7,59-61).  Therefore, we could conclude that a functioning 

bHLH-PAS transcription factor complex requires three major contacts: the bHLH 

motif/DNA, PAS-AB dimerization and C-terminal TAD/transcription coactivators. 
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Figure 1-4. bHLH-PAS factor classification. (Adapted from Bersten D, et al. Nature Reviews. 
2013).    bHLH-PAS proteins are classified into two classes: class I (upper panel) and class II (lower 
panel). Proteins from class I do not dimerize with other factors from class I but only class II proteins 
for function. Class II proteins can either heterodimerize with class I protein or homodimerize with 
itself. Most times class II factors are common partners for multiple class I proteins. Heterodimers 
between bHLH-PAS partners are matched with arrows. 
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 b. bHLH-PAS protein signaling 

  

 bHLH-PAS proteins are potent transcription factors that control gene expression in 

response to a wide variety of physiological signals. Misregulation of bHLH-PAS factors is 

associated with several forms of cancer (2). As such, studies of bHLH-PAS pathways are 

important to both understand the mechanism of bHLH-PAS controlled gene transcription and 

provide possible therapeutic routes for cancer treatment.  Next, I will introduce three well-

studied bHLH-PAS protein pathways associated with cell sensing and adaption to different 

stimuli (aromatic hydrocarbons, oxygen level and circadian rhythms) as examples to further 

understand the mechanisms of bHLH-PAS signaling pathways. 

 

 The aryl hydrocarbon receptor (AhR) - The AhR bHLH-PAS transcription factor 

controls responses to xenobiotic compounds. As one of the earliest discovered bHLH-PAS 

proteins, the signaling mechanism of AhR has been characterized by many approaches (Fig. 

1-5). In its latent state, ligand-free AhR is stabilized in the cytoplasm by several chaperone 

proteins Hsp90, p23 and hepatitis B virus X-associated protein (XAP2/AIP/Ara9) (7). When 

exposed to either natural or synthetic xenobiotics, such as the combustion-derived polycyclic 

aromatic hydrocarbon benzo [a] pyrene (B[a]P) and  2,3,7,8-tetrachlorodibenzodioxin 

(TCDD) (62), the AhR/chaperone interaction is weakened by ligand-induced conformational 

changes of the PAS-B domain. Dissociated AhR protein then translocates to the nucleus and 

partners with a class II bHLH-PAS transcription factor ARNT. This AhR/ARNT heterodimer 

binds to the XRE (xenobiotic responsive element) site in the promoters of AhR-regulated 
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genes, initiating a classic detoxification pathway by enhancing the expression of multiple 

enzymes involved in xenobiotic metabolism such as cytochrome P4501A1, P4501A2, 

P4501B1 (for phase I xenobiotic metabolism), along with conjugating enzyme glutathione-S-

transferase and glucuronyl transferase (for phase II xenobiotic metabolism) (2).  

 

 

Figure 1-5. AhR signaling pathway.    In its latent state, ligand-free AhR is stabilized in cytoplasm 
by several chaperone proteins. When exposed to either natural or synthetic xenobiotics, the 
AhR/chaperone interaction is weakened by ligand-induced conformational changes of the PAS-B 
domain. Dissociated AhR protein then translocates to the nucleus and partners with a class II bHLH-
PAS transcription factor ARNT. This AhR/ARNT heterodimer binds to the XRE (xenobiotic 
responsive element) site in the promoters of AhR-regulate genes. 
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 This signaling pathway is negatively controlled by three avenues: 1) excretion of 

activating ligands; 2) expression of AhRR, an AhR repressor that lacks essential transcription 

activation domains and can compete with AhR for ARNT dimerization (63); 3) proteasome-

dependent degradation of AhR (2).  

 In addition to its role in xenobiotic responses, AhR is critical in many physiological 

processes. These include fetal liver angiogenesis, female reproductive capacity, 

haematopoietic stem cell maintenance and immunomodulation via B/T cell development 

(64). However, studies searching for the full complement of AhR target genes revealed little 

consensus throughout different cell lines and tissues, suggesting additional complexity in 

AhR control of multiple physiological roles (2). Turning to the role of AhR in cancer, this 

system is linked to tumorigenesis via two different mechanisms. The first one is associated 

with the carcinogenic side products produced by downstream enzymes whose expression 

levels are controlled by xenobiotic response. For example, it has been observed that 

cytochrome P4501A1, which is upregulated in B[a]P signaling, can generate B[a]P diol 

epoxides (65). These molecules are strong DNA-damaging reagents that could be one of the 

major causes of high mutation rates in lung tumor cells (66,67). The second way of AhR-

stimulated tumorigenesis is by stimulating cell proliferation (2). Unlike the first method, the 

exact mechanism of this second tumorigenesis pathway is not fully defined. However, 

multiple lines of evidence were found to support this hypothesis. It has been reported that in 

gliomas the highly activated tryptophan 2,3-dioxygenase (TDO) can increase the metabolic 

rate of turning tryptophan to the AhR agonist kynurenine, leading to autocrine and paracrine 

mechanisms in tumor formation (68). Analysis of gene expression across 947 human cancer 
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cell lines also demonstrated that high expression levels of AhR are correlated with 

proliferation in many NRAS-mutant cell lines (2,69). Interestingly, besides its role in 

tumorigenesis, AhR is also believed to have anti-cancer functions. Several mouse models 

have shown that Ahr-/- mice develop β-catenin-mediated colon tumors due to the lack of 

AhR’s inherent ubiquitin ligase activity and its role to promote anti-inflammation (70). As 

such, AhR activation is like a double-edged sword that can both promote or suppress 

tumorigenesis under different circumstances. Accordingly, the development of highly 

selective AhR modulators has become a promising route for anti-cancer treatment.	
   

 

 The hypoxia inducible factor (HIF) - HIF is a heterodimeric bHLH-PAS transcription 

factor complex that controls the genomic response to hypoxia. This complex comprises an 

oxygen regulated α subunit composed of one of three orthologs (HIF1α, 2α and 3α) and a 

common β subunit ARNT, which is also a binding partner for AhR (71,72). The α subunit is 

sensitive to oxygen through an oxygen degradation domain (ODD), located at the C-terminus 

of the two PAS domains. Under normoxia (~20% O2), two conserved proline residues in the 

cytoplasmic HIFα ODD domain (P402, P564 in HIF1α) are selectively hydroxylated by three 

O2-dependent prolyl hydroxylase enzymes (PHD1-3), generating a binding site for the Von 

Hippel-Lindau tumor repressor (VHL) and associated an E3 ubiquitin-protein ligase complex 

that targets cytoplasmic HIFα for proteasome-dependent degradation (73-76). In parallel, 

HIFα that is already localized in the nucleus is hydroxylated at a C-terminal transactivation 

domain (C-TAD) asparagine site (N803 in HIF1α) by a specific asparaginyl hydroxylase 

(FIH-1), preventing the HIFα TAD from interacting with transcriptional coactivators (77,78) 
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(Fig. 1-6). During hypoxia (less than 5% O2), these hydroxylases are deactivated, allowing 

the HIFα subunit to be stabilized and translocated to the nucleus. HIFα then heterodimerizes 

with ARNT via bHLH and PAS domain interactions and binds to the hypoxia response 

element (HRE) site at the promoter region (7). Recruitment of transcription coactivators such 

as CBP/p300 to the HIF complex enhances transcription of hundreds of genes that allow cells 

to adapt to low oxygen levels (7) (Fig. 1-6). Hypoxia mimics such as Co2+, Ni2+ and iron 

chelators can also induce similar response by interfering with hydroxylase function (79,80). 

  Besides O2 levels, variation in metabolite production can also alter HIF activity. For 

example, an increase in succinate levels due to mutations in succinate dehydrogenase can 

inhibit PHDs, thus increasing HIF levels and leading to the development of specific types of 

cancer (81-83).  Conversely, mutations in isocitrate dehydrogenase 1 (IDH1) and IDH2 can 

increase (R)-2-hydroxyglutarate levels, which activates PHDs and thus reduces HIF level 

(84-87). 

 Regardless of mechanism, deregulation of HIF assists in tumor formation and 

progression at the transcription level. Many HIF-driven genes are associated with cell 

proliferation, glycolytic metabolic response, angiogenesis and metastasis (88). High levels of 

HIF are often found in solid tumors and can assist tumor progression (89). As expected from 

this correlation, Hif1α-/- and Hif2α-/- knockouts showed decreased tumorigenesis in mammary 

or liver/colon models, respectively (90,91). However, HIF may also play anti-tumorigenic 

roles under certain conditions. For example, researchers have found that Hif2α-/- in a KRAS-

initiated lung cancer model actually promotes tumor formation (92). Those observations 
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suggest that HIF function is highly dependent on the context of cellular condition and the 

HIF-cancer correlation is very complicated. 

 

Figure 1-6. HIF signaling pathway.    Under normoxia, O2-dependent hydroxylation of HIFα 
decreases its abundance and activity. Hypoxia stops these modifications, allowing HIFα to 
accumulate in the nucleus and dimerize with ARNT.  This heterodimer binds to hypoxia responsive 
enhancer (HRE) sites, controlling target gene transcription.   

 	
  	
  

 Despite the apparently contradictory roles of HIF in tumorigenesis, the tight 

association with cancer still makes it an important therapeutic target. Several small molecule 

ligand screens have been launched to look for HIF inhibitors (93,94). Although the HIF full 
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guidance in ligand design and mechanistic studies (56,95). Because HIF is a non-enzymatic 

protein that lacks a canonical “active site”, researchers developed strategies to target 

protein/protein interaction between HIF and its partner proteins. The first promising 

application of this approach was during the development of HIF/p300 inhibitor. After the 

structure of a minimal interaction HIF1α/p300 complex (HIF1α C-TAD and p300 CH1 

domain) was solved by NMR (95), Kung et al utilized a fluorescent-based high throughput 

assay to identify compounds that disrupted this minimal complex in vitro and discovered a 

small molecule, chetomin, that bound to the CH1 domain and disrupted HIF1α and HIF2α 

interactions with p300 (95,96). Another successful application of this strategy is in HIF2α 

inhibitor development. A potent artificial ligand with known mode-of-action was identified 

by a combination of in vitro protein/protein screen and chemical modification (57,58). The 

small molecule discovered in this study specifically interacted with HIF2α PAS-B and was 

able to disrupt full length HIF2α/ARNT interaction in vitro and downregulate HIF2α 

downstream genes in cell based assays. The high-resolution crystal structure of HIF2α PAS-

B revealed a 290 Å3 water-binding cavity inside the core (56). Co-crystallization of HIF2α 

PAS-B and this compound further confirmed the cavity as the compound-binding site, 

suggesting potential dynamics of the PAS-B domain consistent with NMR data but which 

could not be observed in the crystal structure (58). This HIF2α PAS-B structure exhibited 

another example of the ligand-controlled PAS domain, and provided the structural basis for 

HIF inhibitor design. A similar PAS-B cavity was also observed in ARNT PAS-B domain 

but with a much smaller size (~100 Å3), providing a complementary route to target all three 
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HIF orthologs and ARNT-binding coactivators. This ARNT PAS-B cavity will be discussed 

in detail in Chapter 3 (21).  

 

 The circadian rhythm regulators - Unlike the AhR and HIF pathways, circadian 

oscillation is mediated by a negative feedback loop that involves several circadian clock 

modulators including the PAS-containing period circardian protein (PER); the bHLH-PAS 

proteins circadian locomotor output cycles kaput (CLOCK), brain muscle ARNT-like 1 

(BMAL1), and the blue light sensing protein cryptochrome (CRY). During the daytime, the 

CLOCK/BMAL1 bHLH-PAS heterodimer upregulates several circadian clock proteins, 

resulting a cytoplasmic accumulation of the PER/CRY (97). At night, PER/CRY complexes 

translocate to the nucleus, binding to CLOCK/BMAL1 and suppressing their own 

transcription (98). The PER/CRY complex is then phosphorylated by casein kinase 1ε 

(CK1ε) or CK1δ and removed by F-box binding protein Fbxl3 assisted proteosomal-

dependent degradation to restore the cycle (Fig. 1-7) (99). One remarkable feature about the 

clock is its highly specific response to light but not other environmental perturbations, which 

is achieved by a powerful genetic and intercellular regulatory network (100,101). For 

example, the transcription of BMAL1 at ROR-binding elements (ROREs) can both be 

suppressed or enhanced by nuclear hormone receptor superfamily proteins serving as 

repressor (Nr1d1 (nuclear receptor subfamily 1, group D, member 1)) (102) or activator 

(Nr1f1 (nuclear receptor subfamily 1, group F, member 1)) (103,104). Other metabolites and 

proteins are also involved in this regulatory network to help keeping the accurate response of 

clock by directly interacting with the CLOCK/BMAL1 complex (19). NAD+ is one key 
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metabolite that could feedback to the circadian pathway by either directly interacting with the 

CLOCK/BMAL1 complex to attenuate its interaction with DNA, or indirectly through 

NAD+-dependent enzymes such as NAD+-dependent deacetylase sirtuin 1 (SIRT1) (105). 

SIRT1 stimulates clock function in two parallel mechanisms: 1) activating BMAL1 gene 

expression via an indirect pathway involving the retinoic acid-related orphan receptors 

(RORs); 2) deacetylating BMAL1 and PER2, which weakens the CLOCK/BMAL1 

interaction with the repressor PER/CRY and leads to the degradation of PER2 (106). 

 

 

Figure 1-7. Circadian clock signaling pathway.    In daytime, the CLOCK/BMAL1 bHLH-PAS 
heterodimer upregulates several circadian clock proteins, resulting in cytoplasmic accumulation of the 
PER/CRY. At night, PER/CRY complexes translocate to the nucleus, binding to CLOCK/BMAL1 
and suppressing their own transcription. 
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 Like other bHLH-PAS transcription factors, the misregulation of circadian rhythm 

PAS factors is directly associated with cancer. Researchers have found that PER1 and PER2 

can serve as tumor repressors in mice (107-109). Mice with PER2 deficiency suffer 

deregulation of several cell cycle regulators and tumor suppressors (e.g. cyclin D1, cyclin A, 

MDM2, GADD45α)	
  and upregulation of oncogenes (MYC), making those mice more prone 

to several forms of tumors (108). Mice with defects/alterations in other circadian rhythm 

genes (bmal1, cry1, cry2) are also more susceptible to spontaneous or radiation-induced 

tumorigenesis (110). Due to the importance of the circadian rhythm pathway, several small 

molecules that can alter circadian function have been identified via high throughput 

screening using circadian rhythm sensitive reporters (111-115). Undoubtedly, more advanced 

drugs will be designed with the aid of structural characterization of the CLOCK/BMAL1 

heterodimer and other circadian rhythm proteins (116). 

 

ii. The unique transcription coactivators associated with bHLH-PAS signaling - the coiled-

coil coactivator (CCC) family 

 

 Transcription coactivators are transcription factor associated proteins that recruit 

transcription machineries to boost gene expression. In bHLH-PAS signaling, each bHLH-

PAS transcription factor complex can utilize a combination of multiple coactivators to tune 

the downstream genes’ expression levels. The most commonly involved transcription 

coactivators for bHLH-PAS transcription factors include, but are not limited to CBP/p300 
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and members of the nuclear receptor coactivator family such as SRC1 or NCoA, which can 

lead to histone acetylation and Pol II recruitment (5,117,118). These transcription 

coactivators usually directly bind to bHLH-PAS transcription factors at the C-terminal 

transactivation domain (TAD). However, a unique family of transcription coactivator called 

the coiled-coil coactivators (CCCs) started to attract researchers attention in the past decade 

due to their distinctive way of interacting with the bHLH-PAS transcription factor ARNT. 

There are currently three proteins in the CCC family: transforming acidic coiled-coil 3 

(TACC3) (119), coiled-coil coactivator (CoCoA) (120) and thyroid hormone receptor 

interacting protein 230 (TRIP230) (121). This classification is not established on overall 

sequence similarity, but is based on the ARNT-binding coiled-coil domain found in all three 

proteins and their ability to affect ARNT-involved gene expression (4,122).  

 

 TACC3 - TACC3 belongs to the TACC family that contains a highly conserved 

predicted coiled-coil region at the C-terminus, namely the TACC domain. TACC 

homologues have been found in a few species: S. pombe (Alp7), Caenorhabditis elegans 

(TAC-1), Drosophila (D-TACC), Xenopus laevis (maskin) and mammals (TACC1, TACC2 

and TACC3) (119,123-129) (Fig. 1-8). The three mammalian orthologs of TACC proteins 

could suggest functional redundancy in higher organisms. Interestingly, each human TACC 

gene sits close to a fibroblast growth factor receptor (FGFR) gene inside the genome, 

suggesting that those TACC orthologs share a common ancestor (129,130). Other splicing 

variants have also been isolated for mouse TACC3 (mERIC-1, mTACC3b) (126,129) and 

human TACC2 (Azu1, ECTACC) (123,131). 
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 The first TACC protein (TACC1) was discovered in a genomic search looking for 

regions that are amplified in breast cancer, and was named based on its acidic nature and 

capability to stimulate cellular transformation (128). The other two human TACC proteins, 

TACC2 and TACC3, were mapped to chromosomes 10q26 and 4p16, respectively, 

implicated with breast cancer and multiple myeloma (130).  

 

 
Figure 1-8. The TACC family.    TACC proteins are found in a few eukaryotes. The key feature of 
TACC family proteins is the conserved TACC domain at the C-terminal (orange), despite their 
diverse N-terminal regions. TACC domains contain roughly 200 amino acids. Sequence analysis 
suggests that TACC domains have high contents of coiled-coil secondary structure.  

   

 This close connection between mis-regulated TACC proteins and cancer is largely 

due to the diverse functions observed in TACC family members. One key function of TACC 

proteins is their ability to regulate microtubule assembly by centrosome and mitotic spindle 

interactions during mitosis (132). This function was first discovered in the characterization of 

the Drosophila D-TACC protein. It has been shown that the centrosomal localized D-TACC 

protein can interact with microtubules and is essential for mitosis in Drosophila embryo 
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(124). Similar functions are also observed in other TACC family members including TACC3, 

demonstrating microtubule binding as a common function for TACC domain throughout the 

species (133).   

 Besides this characteristic microtubule binding function for all TACC domain-

containing proteins, TACC3 also has a unique function in gene regulation via direct 

interaction with transcription factors (119). TACC3 was first discovered as an ARNT binding 

partner by yeast-two-hybrid assay, providing another example of a bHLH-PAS protein 

interacting with non-PAS members. Because ARNT is a common partner for many class I 

bHLH-PAS transcription factors such as AhR and HIF, interference with ARNT can affect 

multiple bHLH-PAS signaling pathways (xenobiotic and hypoxic signaling pathways, 

respectively) (2). Therefore, as an ARNT-binding protein, TACC3 has become a potential 

transcription cofactor for ARNT-involved gene expression. This cofactor role was quickly 

confirmed by monitoring HIF target gene expression under TACC3 protein overexpression 

or depletion conditions (4,119). Interestingly, overexpression of TACC3 gave positive 

feedback on HRE-regulated transcripts while TACC3 knockdowns with siRNA always 

resulted reduced HIF downstream gene transcription. The high correlation between target 

gene expression levels and TACC3 protein levels suggested that TACC3 acts as a 

transcription enhancer rather than suppressor (134). In combination with the coiled-coil 

nature of the TACC domain, TACC3 is classified as a characteristic representative of the 

coiled-coil coactivator (CCC) family. 

 Further studies have been conducted to reveal the ARNT/TACC3 interaction at 

atomic level. With the help of previously identified minimum binding domains (ARNT PAS-
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B domain and C-terminus of TACC domain) (134), we have solved the crystal structure of 

the ARNT/TACC3 complex in their minimum interacting domains, demonstrating that the 

TACC3 coiled-coil domain forms direct contacts with the ARNT PAS-B β-sheet (4). The 

crystal structure will be discussed in more detail in Chapter 2. Given the importance of the 

cavity in ARNT PAS-B as a potential drug-binding site (21), searching for ARNT PAS-B 

ligands targeting ARNT/TACC3 will be as equally important as finding inhibitors for the 

ARNT/HIF interaction, since both routes provide complementary ways to target HIF 

orthologs. Ligand searches and characterization will be further discussed in Chapters 3 and 4. 

  

 

Figure 1-9. Schematic of CoCoA domain arrangements. (Adapted from Kim J, et al. Nucleic 
Acids Research. 2006).    CoCoA contains three major domains: a N-terminal domain (NTD), a 
coiled-coil domain in middle of the protein and a transcriptional activation domain at the C-terminus 
(AD). A fine mapping of the AD domain exhibits three acidic subdomains (Acidic), two 
serine/proline-rich subdomains (S/P) and a phenylalanine-rich domain (F) at the C-term. 
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coil coactivator) is the second member of the CCC family. Similar to TACC3, CoCoA can be 

NTD coiled-coil AD

150 500 691

550 600 630 660 680 691501

Acidic S/P Acidic S/P Acidic F

Core AD

CoCoA



 

 26 

dissected into three major domains and the center portion of the protein has high coiled-coil 

content based on secondary structure prediction (Fig. 1-9) (135). 

 CoCoA was first isolated by using the GRIP1 (glutamate receptor interacting protein 

1) bHLH-PAS domain as a bait in a yeast two-hybrid screen and was later identified as a 

novel nuclear receptor coactivator that functions via direct interaction with the N-terminal 

bHLH-PAS domain of p160, GRIP1, CARM1 (coactivator-associated arginine 

methyltransferase 1) and p300 with its coiled-coil domain, serving as a secondary coactivator 

to enhance the transcription by estrogen receptor and other nuclear receptors (NR) mediated 

transcription (135-137).  

 The discovery of CoCoA as a secondary transcription coactivator and its ability to 

interact with the bHLH-PAS domain of several NR coactivators raises an interesting question: 

based on the high structural similarity between the bHLH-PAS proteins, is CoCoA also 

capable of interacting directly with other bHLH-PAS transcription factors as a transcription 

coactivator? To address this question, Kim and Stallcup pursued biochemical 

characterizations of CoCoA interaction with AhR and ARNT in AhR-mediated 

signaling (120). Pulldown assays on full length protein and truncated domains proved that 

CoCoA is physically associated with the activation domain of AhR and the bHLH-PAS 

region of ARNT. Using XRE-luciferase assays to monitor AhR/ARNT-driven transcript 

levels revealed a strongly positive correlation with CoCoA protein expression level, 

suggesting that CoCoA is working as a transcription coactivator for the AhR/ARNT 

signaling pathway (120). This discovery drastically broadens the potential function of 

CoCoA: besides being the secondary coactivator for NR-mediated transcription, CoCoA can 
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also be a primary coactivator for AhR/ARNT, or theoretically all other bHLH-PAS 

transcription factors that dimerize with ARNT (122). Further biochemical studies 

demonstrated that CoCoA interacts with ARNT at the PAS-B domain, similarly to the 

ARNT/TACC3 interaction, adding another general feature of the CCC protein family (122).  

 

 TRIP230 - TRIP230 as a transcription coactivator was first reported by yeast two-

hybrid assay using the N-terminal truncated form of the retinoblastoma protein (Rb) as a 

probe and was later characterized as a thyroid hormone receptor (TR) coactivator based on 

the linkage of a genetic alteration of the TRIP230 gene loci (14q31) with abnormal thyroid 

hormone responses (138). Therefore, TRIP230 was named after its function in TR-mediated 

transcription and its 230 kDa molecular weight. TRIP230 can also be referred as GMAP-210 

(Golgi-Microtubule Associated Protein 210 kDa), a earlier discovered cis-Golgi network-

associated protein (identified by expression library screen with a human auto-antiserum), and 

TRIP11, a protein that binds to the ligand-binding domain of TR in a T3-dependent way 

(identified by yeast two-hybrid assay using TR as a bait) (139,140). TRIP230 was later 

identified as an ARNT coactivator in a yeast two-hybrid screen, making it the third member 

of the CCC family (121). 

 The extended coiled-coil domain predicted at the TRIP230 N-terminus is the 

signature feature of CCC-mediated transactivation (Fig. 1-10). The GRAB domain, GA1 and 

proline-rich regions at the C-terminus can also assist with protein/protein or 

protein/membrane interactions under different circumstances (Fig. 1-10).  
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Figure 1-10. Schematic show of TRIP230 domain arrangement. (Adapted from Barr FA & 
Egerer J. J. Cell Biol. 2005 and Gillingham AK, et al. JCB. 2004) (141,142).    TRIP230 is 
predicted to contain a major coiled-coil domain, followed by a GRAB (GRIP-related Arf-binding) 
domain, a GRAB-associated region (GR1) and a proline-rich hydrophobic region (Pro-rich) at the 
very C-terminus. The GRAB domain and GA1 region are required for Golgi interaction under 
assistance with other factors.  

 

 TRIP230 is a protein with diverse functions including Golgi-association and gene 

transcription. The Golgi association of TRIP230 was initially found in EM studies using 

antisera staining on samples from Sjoegren’s disease patients, where TRIP230 is localized 

peripherally to the cis-Golgi (140). Additional evidence further supported TRIP230 being a 

potential Golgi matrix protein (141,142).  The TRIP230/Golgi interaction involves multiple 

levels of contacts. The major Golgi targeting motif was found at the N-terminal region of 

TRIP230 (residue 1-375) (143). This was later refined to residues 1-38 as it was predicted as 

an ALPS (ArfGAP1 lipid packing sensor)-like motif that senses membrane curvatures in a 

bioinformatics search. TRIP230 can also associate with the Golgi indirectly via interaction 

with other Golgi-bound proteins (143,144). It was observed that the yeast homolog of 

TRIP230, Rud3p, could be recruited to the cis-Golgi by binding to the Golgi-bound GTPase 

Arf1p (142). However, this mechanism is under debate because the Rud3p/Arf1p interaction 

is not observed in human homologs, plus the GRAB domain is also characterized as 
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microtubules from the Golgi (145,146). As a protein that is closely associated with the Golgi 

apparatus, perturbation of TRIP230 expression levels changes many Golgi-involved cellular 

functions. Overexpression or depletion of TRIP230 can generate perturbed Golgi 

morphology, disturbed microtubule network and obstructed intracellular protein transport 

(140,147).  

 Besides binding to Golgi apparatus, TRIP230 also acts as a transcription coactivator 

in controlling gene expression. Because TRIP230 is mainly localized on Golgi complexes, it 

is puzzling to tie a connection between TRIP230 as a Golgi-associated protein and 

transcription coactivator. Luckily, this gap is nicely filled by the observation of subtle but 

consistent transport of TRIP230 from Golgi to the nucleus during S phase (148). T3-

dependent phosphorylation on TRIP230 was later determined as the nuclear import signal for 

this process. The TRIP230 co-localization with TR also suggests a potential transcription 

function of TRIP230 (148). This hypothesis was later supported by several cell-based 

reporter assays and biochemical characterization, identifying the GRAB domain and GA1 

region in TRIP230 as the direct TR-binding domains (138). TRIP230 can also utilize other 

domains to recruit transcription factors. In XRE and HRE signaling pathways, TRIP230 

interacts with ARNT PAS-B domains via its coiled-coil domain rather than the GRAB 

domain (121). Competition on ARNT PAS-B binding was observed among TRIP230, 

TACC3 and CoCoA, suggesting a very similar mode-of-action within the CCC family 

members when interacting with ARNT bHLH-PAS transcription factor (4,122).  
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 Although the three CCC family members have low sequence similarity and diverse 

cellular functions, it is stunning that they still share a conserved role as a transcription 

coactivator for ARNT function. Adjusting CCC interaction with ARNT could be a 

potentially efficient way to tune gene expression in many ARNT-containing signaling 

pathways. However, details about ARNT/CCC interaction and functions are still largely 

unknown. The crystal structure of ARNT/TACC3 complex described in Chapter 2 will partly 

address this problem, giving a partial answer to the ARNT/CCC interaction at atomic level. 

However, structural characterization and functional studies of the other two coiled-coil 

proteins are still required to deconvolute each CCC member’s distinct role in ARNT 

downstream gene activation in the future. 



 

 

CHAPTER 2  
 

STRUCTURAL INSIGHTS OF COILED-COIL COACTIVATOR RECRUITMENT IN HIF 
SIGNALING PATHWAY 

 

 

 

 The hypoxia inducible factor complex (HIFα/ARNT) requires the association of 

several transcriptional coactivators to response to hypoxic stress. In addition to the 

conventional global transcription coactivator CBP/p300 that binds to HIFα transactivation 

domain (TAD) (95), a new group of transcriptional coactivators called the coiled-coil 

coactivators (CCCs) interact directly with the second PER-ARNT-SIM (PAS) domain of 

ARNT (ARNT PAS-B). These less studied transcription coactivators play essential roles in 

HIF-dependent hypoxia responses and CCCs misregulation is associated with several forms 

of cancer. To better understand CCC protein recruitment by the HIF complex, we used X-ray 

crystallography, NMR spectroscopy and biochemical methods to investigate the structure of 

the ARNT PAS-B domain in complex with the C-terminal fragment of a coiled-coil 

coactivator protein: transforming acidic coiled-coil coactivator 3 (TACC3). We found that 

the HIF2α PAS-B domain also directly interacts with TACC3, motivating an NMR data-

derived model suggesting a mean by which TACC3 could form a ternary complex with 

HIF2α PAS-B and ARNT PAS-B via the β-sheet/coiled-coil interactions. These findings 

suggest that TACC3 could be recruited as a mediator protein that bridges between the HIF2α 

PAS-B/ARNT PAS-B complex, therefore participating more directly in HIF-dependent gene 

transcription than previously anticipated. 
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i. Introduction 

 

 Hypoxia inducible factor (HIF) proteins are the central regulators of the mammalian 

hypoxia response (149), consisting of an O2-regulated α subunit (HIF1α, 2α and 3α) and the 

stably expressed β subunit (ARNT or HIFβ) (150). Under hypoxia, stabilized HIFα and 

ARNT subunits dimerize through the N-terminal bHLH (basic Helix Loop Helix) and two 

PAS (Per-ARNT-Sim) domains. This heterodimer binds to the HRE (hypoxia response 

element) promoter with its N-terminal bHLH domains, and controls the transcription of 

hundreds of target genes such as pro-angiogenic factors and metabolic enzymes (150,151). 

 HIF target gene regulation depends on the participation of several transcription 

cofactors. The intrinsically unfolded C-terminal transactivation domain (TAD) of HIFα 

subunit plays a major role in this process by directly interacting with the global transcription 

coactivator CBP/p300 (95). Interestingly, recent studies have shown that a newly described 

group of transcription coactivators involved in cancer development and progression, namely 

the coiled-coil coactivators (CCCs), could be recruited in a TAD-independent manner 

(4,122,134). Three CCC family members have been described to date: coiled-coil coactivator 

(CoCoA) (120), thyroid hormone receptor interacting protein 230 (TRIP230) (121) and 

transforming acidic coiled-coil 3 (TACC3) (119). Under normal situations, these coactivators 

play an essential role in the hypoxia response by directly interacting with the ARNT subunit 

in a promoter-specific way. However, misregulation by overexpression or activating fusions 

caused by chromosomal translocations (eg. FGFR-TACC3) is sufficient for transformation 
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and is associated with the development of glioblastoma, renal cell carcinoma and other 

cancers (152).  

 To investigate the molecular details of the HIF/CCC complex, we first characterized 

the structure of a minimal interacting fragments of ARNT/TACC3 using X-ray 

crystallography and solution NMR spectroscopy.  We previously reported that ARNT PAS-B 

utilizes its Fα-helix as the main interface to directly bind to the C-terminus of TACC3 in 

vitro (134). However, crystal structures solved in this study directly demonstrate that the β-

sheet of ARNT PAS-B serves as the TACC3 binding site. Subsequent solution NMR 

measurements reveal that the HIF2α PAS-B β-sheet also binds to the TACC3 C-terminus. 

Based on these observations, we generated a ternary complex model of ARNT PAS-

B/TACC3/HIF2α PAS-B that is supported by several lines of experimental data. The ternary 

complex formation among TACC3, ARNT PAS-B and HIF2α PAS-B described here could 

shed light on the general mechanism of the CCC protein recruitment in HIF signaling and 

provide a structural framework to inform future anti-cancer therapies. 

 

ii. Results 

 

 Overall structure of ARNT/TACC3 - The ARNT PAS-B domain and the last 20 amino 

acids of the TACC3 parallel dimer (residues 610-631) of the TACC domain have been 

identified as the minimum binding fragments that are necessary and sufficient to form the 

ARNT/TACC3 complex (Fig. 2-1a) (119,122,134). However, structural studies of the wild-  
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Figure 2-1. GCN4-TACC3-CT D622A/E629A is a dimeric TACC3 mutant that enhances ARNT 
PAS-B binding.    a) Upper panel: Schematic of full length ARNT and TACC3. Direct interacting 
domains of the two proteins are highlighted in blue (ARNT PAS-B) and orange (TACC domain).  
Lower panel: Helical wheel of TACC3 (610-631).  b) Alanine scan on GST-TACC3 (561-631) by 
pulldown assay. TACC3 D622A and E629A show dramatically enhanced affinity with ARNT PAS-
B. TACC3 D622A/E629A double mutant enhanced the ARNT PAS-B binding further.    c) 1H-15N 
HSQC spectra of 200 µM (red) and 12.5 µM GCN4-TACC3-CT D622A/E629A (blue). Peaks under 
both conditions are well dispersed and superimposed well, indicating that this TACC3 construct is 
well-folded and homogeneous under high and low concentration.  d) Superdex 75 size exclusion 
chromatography with inline multi-angle laser light scattering (SEC-MALS) shows that this TACC3 
construct forms a constitutive dimer (theoretical molar mass = 9.7 kDa for dimer) at concentrations 
between 10 - 164 µM.  e) Ni pulldown assay shows that GCN4-TACC3-CT D622A/E629A is able to 
compete with GST-TACC3 (561-631) WT for ARNT PAS-B binding, indicating that GCN4-TACC3-
CT D622A/E629A shares the same ARNT PAS-B binding interface with GST-TACC3 (561-631) 
WT.  
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type ARNT PAS-B/TACC3 complex are complicated by the moderate affinity (low 

micromolar) observed for this protein/protein interaction.  

 To optimize the ARNT/TACC3 complex for crystallography, an alanine scan of the 

TACC3 C-terminus identified multiple mutations appearing to provide tighter complexes 

with ARNT PAS-B, as accessed by co-precipitation (Fig. 2-1ab). Among all the mutants, 

mutations to two surface exposed charged residues (D622A and E629A) exhibited the best 

effect, while a TACC3 D622A/E629A double mutant provided a still stronger result (Fig. 2-

1b). The N-terminal GCN4 fusion with TACC3-CT (610-631) D622A/E629A locks the 

TACC3 double mutant as a homogeneous dimer (153,154) (Fig. 2-1cd). Well-dispersed 

peaks representing 43 out of 44 residues in the 1H-15N TROSY spectra demonstrated that this 

fusion protein is well-folded in solution (Fig. 2-1c). Nicely superimposed peaks in the 1H-15N 

TROSY spectrum and the constant molar mass determined by size-exclusion multi-angle 

laser light scattering (SEC-MALS) confirm the GCN4-fusion protein homogeneity in 

solution at various concentrations (Fig. 2-1cd). The GCN4-TACC3-CT D622A/E629A 

protein can also compete away the WT GST-TACC3 (561-631) from a pre-formed complex 

with ARNT PAS-B in a pulldown assay, demonstrating that this stabilized dimeric high 

affinity TACC3 construct shares the same binding interface on ARNT PAS-B as WT TACC3 

(Fig. 2-1e). 

 The high affinity ARNT PAS-B/GCN4 -TACC3-CT D622A/E629A complex readily 

crystallized, ultimately providing a 3.15 Å dataset that was phased by molecular replacement 

using a crystal structure of the isolated ARNT PAS-B domain (PDB ID: 4EQ1) as a search 

model (Table 2-1) (Fig. 2-2a, PDB ID: 4LPZ) (21). GCN4-TACC3-CT D622A/E629A  
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Table 2-1. X-ray Crystallography Data Processing and Refinement Statistics.  

 

Data for the outermost shell are given in parentheses. 

aRmerge = 100 ΣhΣi|Ih,i— 〈Ih〉|/ΣhΣi 〈Ih,i〉, where the outer sum (h) is over the unique reflections and the inner sum (i) is 
over the set of independent observations of each unique reflection. 

b Rpim = 100 ΣhΣi [1/(nh - 1)]1/2|Ih,i— 〈Ih〉|/ΣhΣi 〈Ih,i〉, where nh is the number of observations of reflections h. 
cAs defined by the validation suite MolProbity (155) 
d Not reported in this version of HKL3000 when processing the data 

Data collection 

Crystal ARNT PAS-B/ GCN4-
TACC3-CT D622A/E629A 

ARNT PAS-B E362R/ 
TACC3•HIF2a PAS-B R247E 

Space group C2 P41212 

Wavelength (Å) 0.97951 0.97951 

Resolution range (Å) 44.3-3.15 (3.20-3.15) 48.07-3.20 (3.26-3.20) 

Unique reflections 8,354 (278) 14,853 (705) 

Multiplicity 3.5 (2.3) 7.2 (4.8) 

Data completeness (%) 94.9 (65.1) 99.9 (98.7)  

Rmerge (%)a 10.5 (46.2) 14.8 (100.0) 

Rpim (%)b  ! d 6.8 (62.9) 

I/σ(I) 14.8 (1.55) 11.6 (1.3) 

Wilson B-value (Å2) 73.6 48.3 

Refinement statistics 

Resolution range (Å) 44.3-3.15 (3.35-3.15)  48.07-3.20 (3.26-3.20) 

No. of reflections Rwork/Rfree 8,332/832 (954/106) 12,842/626 (1,782/93) 

Data completeness (%) 94.2 (73.0) 86.8 (89.0) 

Atoms (non-H protein/ions) 2,108/NA 4,082/10 

Rwork (%) 24.7 (27.9) 23.1 (32.3) 

Rfree (%) 27.2 (31.2) 27.0 (34.0) 

R.m.s.d. bond length (Å) 0.004 0.008 

R.m.s.d. bond angle (°) 0.759 0.93 

Mean B-value (Å2) (protein/ions) 65.1/NA 56.1/52.7 
Ramachandran plot (%) 
(favored/additional/disallowed)c 95.9/4.1/0.0 97.5/2.3/0.2 

Maximum likelihood  
coordinate error 0.31 0.47 

Missing residues 

A: 356-360, 447-454, 
465-470. B: 356-360, 447-
453, 465-470.  
C: 626-631.  

A: 356-360, 449-451, 465-470. 
C: 630-631.  
D: 356-360, 450-452, 465-470. 
G: 235-238, 345-350. 
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Figure 2-2.  Crystal structure and validation of ARNT PAS-B/GCN4-TACC3-CT 
D622A/E629A complex.    a) Crystal structure of ARNT and TACC3 with minimum interacting 
fragments (PDB ID: 4LPZ): ARNT PAS-B (blue)/GCN4-TACC3-CT D622A/E629A (orange). 
Dimerization tag GCN4 is shown in magenta. TACC3 is binding to the β-sheet side of the PAS 
domain in this structure.    b) HADDOCK model of ARNT PAS-B/TACC3 complex generated in 
previous study showing TACC3 binding to ARNT PAS-B on the Fα-helix (134).    c) Mutations on 
ARNT PAS-B β-sheet.    d) Mutations on ARNT PAS-B Fα-helix.    e) Ni pulldown assay and band 
quantification (mean ± standard deviation) shows that His-ARNT PAS-B β-sheet mutation perturbs 
its binding affinity with WT GST-TACC3 (561-631) by either enhancing or reducing the effect, 
indicating that the β-sheet of ARNT PAS-B is the direct TACC3 binding interface. Each data point is 
measured in duplicates. Similar to TACC3 interaction, Ni pulldown assay and band quantification 
(mean ± standard deviation) shows His-ARNT PAS-B β-sheet mutation changes its binding affinity 
with WT GST-TRIP230 (1583-1688), indicating that the β-sheet of ARNT PAS-B is the major 
interface for TRIP230 binding. f) Ni pulldown assay and band quantification shows that His-ARNT 
PAS-B Fα-helix mutation is unable to alter its affinity with WT GST-TACC3 (581-631) and WT 
GST-TRIP230 (1583-1688), indicating that the Fα-helix is not the major CCC binding interface.  
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crystalized as a parallel coiled-coil dimer. The TACC3 portion of the fusion protein (orange, 

residue 610-631) formed major contacts with the β-sheet of ARNT PAS-B with a buried 

surface area of 2350 Å2. The GCN4-tag (magenta) does not appear to directly contact with 

the ARNT PAS-B domain. The extended HI loop of the ARNT PAS-B domain and the last 

five residues of TACC3 are omitted from this model on account of poor and incomplete 

electron density (Fig. 2-2a). Interestingly, the ARNT/ TACC3 binding interface shown in this 

structure is drastically different from a previous NMR-guided computational model where 

TACC3 makes primary contacts with ARNT PAS-B on the Fα-helix (Fig. 2-2b). This 

observation makes it critical to further validate the current crystal structure. 

 

 Validating the binding interface in ARNT PAS-B/GCN4-TACC3-CT D622A/E629A 

crystal structure by mutagenesis - To confirm the ARNT/TACC3 binding interface revealed 

in the ARNT PAS-B/GCN4-TACC3-CT D622A/E629A crystal structure, we extensively 

mutated the ARNT/TACC3 binding interface on the ARNT PAS-B side. As expected, single 

and triple mutants on the β-sheet of the PAS domain attenuated TACC3 binding (Fig. 2-2ce), 

while mutations on the Fα-helix, a surface that is not involved in the crystallography-defined 

binding interface, didn’t show comparable TACC3 binding affinity reduction (Fig. 2-2df), 

confirming the ARNT PAS-B β-sheet as the major TACC3 binding interface.  

  We additionally tested the ARNT PAS-B complex with another CCC protein, 

TRIP230, inquiring if ARNT PAS-B can recruit a different CCC protein in a similar manner 

as observed before by competition assay (134). As was the case for TACC3, most β-sheet 

mutants weakened the ARNT/TRIP230 interaction while the Fα-helix mutants showed 
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minimum effects, demonstrating that the ARNT PAS-B β-sheet is essential for CCC protein 

recruitments (Fig. 2-2ef). 

  

 Electrostatic interaction is critical for ARNT/TACC3 interaction - A close look at the 

binding interface of ARNT PAS-B and GCN4-TACC3-CT D622A/E629A revealed many 

interprotein contacts involving charged residues. ARNT PAS-B mutants H378D and R379E 

markedly reduced complexation with TACC3 in pulldown assays (Fig. 2-2ce), likely by 

removing an interface-spanning salt bridge by exchanging a +/- charged residue pair for a -/- 

charged pair (Fig. 2-3a). However, ARNT PAS-B E362R and E455R showed enhanced 

complex formation with TACC3 (Fig. 2-2ce), likely due to the formation of a new salt bridge 

with TACC3 D622 and D623 respectively by flipping a -/- charged residue pair to a +/- 

charged pair (Fig. 2-3a). 1H-15N HSQC spectra of all four mutants overlapped nicely with 

WT ARNT PAS-B spectrum, demonstrating that the binding perturbations observed in 

pulldown assays were not caused by protein unfolding or other artifacts (Fig. 2-3b). 

 Likewise, the high affinity mutants used in crystallography appear to work by 

alleviating electrostatic repulsion present at the ARNT/TACC3 interface by removing one 

negatively charged residue in this -/- charged residue pair consisting of TACC3 D622 and 

ARNT PAS-B E362. To test this hypothesis, a pulldown assay with different combinations of 

charged residues at the ARNT E362/TACC3 D622 positions was conducted to examine the 

binding affinity alterations by those mutants. As expected, the highest affinity enhancement 

was observed in the ARNT E362R/TACC3 WT, ARNT WT/TACC3 D622R and ARNT  
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Figure 2-3. Illustration of four key ARNT PAS-B/TACC3 interface residue pairs.    a) Most of 
those pairs consist of charged residues. Changing electrostatic status of those residues could severely 
affect the ARNT PAS-B/TACC3 interaction (Fig. 2-2ce).    b) 1H-15N HSQC spectra of four key 
ARNT PAS-B mutants shown in panel a. Well-dispersed peaks and good overlap with WT ARNT 
PAS-B spectrum indicates that those mutants are well-folded and adopt similar structure with WT 
ARNT PAS-B, further confirming that the effects observed in Fig. 2-2ce are not due to protein 
misfolding. 
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WT/D622K complex, where a pair of +/- residues were facing each other at the binding 

interface. Moderate affinity enhancement was shown in the ARNT WT/TACC3 D622A 

complex, where one of the negatively charged residues was replaced with a neutral residue. 

Minimal effects were observed in both the -/- pair ARNT WT/TACC3 WT complex, and the 

+/+ pair complexes such as ARNT E362R/TACC3 D622R and ARNT E362R/TACC3 

D622K (Fig. 2-4ac). Salt bridge formation was further observed in a 3.5 Å crystal structure 

of ARNT PAS-B E362R/TACC3 (585-631) WT (Fig. 2-4b, Fig. 2-5 PDB ID: 4PKY, Table 

2-1). Superimposition of this structure with the ARNT PAS-B/GCN4-TACC3-CT 

D622A/E629A crystal structure resulted backbone RMSD = 0.9 Å over 153 aligned Cα (Fig. 

2-5b). This result demonstrated that ARNT E362 and TACC3 D622 are critical contact spots 

at the binding interface. Changing the electrostatics of these positions could severely affect 

the binding. It also confirmed that the β-sheet of ARNT PAS-B, where residue 362 is 

located, is directly associated in TACC3 complexation. The affinity enhancement by TACC3 

E629A is via a similar charge-charge interaction mechanism (data not shown). 

 

 ARNT/TACC3 interaction in solution is similar to the crystal structure - To 

characterize the ARNT PAS-B/TACC3 complex in solution, TACC3 (585-631) was titrated 

into 15N-labeled ARNT PAS-B, with complex formation monitored by 1H-15N HSQC 

spectra. Intermediate exchange kinetics were observed in the course of TACC3 titration, 

suggesting a low to mid-micromolar range affinity. The most severely broadened residues 

were localized to the β-sheet of ARNT PAS-B (Fig. 2-6ab) (21,156), consistent with the 

TACC3 binding surface.  Analyzing these data with the protein rigid body docking program  
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Figure 2-4. Charge swap between residue pairs on ARNT/TACC3 further confirms the 
interacting interface.    a) Ni pulldown assay to quantify binding affinity between residue pair His-
ARNT PAS-B E362 and GST-TACC3 D622 mutants. The +/- or -/o charged residue pair 
(E362R/WT, WT/D622R, WT/D622A) increases the binding affinity, while the -/- or +/+ charged 
residue pair (E362R/D622R, E362R/D622K) reduces the binding affinity.  GST-TACC3 input gel 
shows equal loading amount.    b) Crystal structures of ARNT PAS-B/GCN4-TACC3-CT 
D622A/E629A (upper panel) and ARNT PAS-B E362R/TACC3 (585-631) WT (lower panel). ARNT 
PAS-B E362 is at close proximity with TACC3 D622 in both structures. The ARNT/TACC3 affinity 
improvement in both mutant complexes is possibly caused by the alleviation of -/- electrostatic 
repulsion in WT proteins.    c) Cartoon illustration of charge-charge interaction - affinity relationship 
at the ARNT/TACC3 binding interface (TACC3: orange; ARNT PAS-B: blue) 
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Figure 2-5. ARNT PAS-B E362R/TACC3•HIF2α PAS-B R247E structure adopts similar 
ARNT/TACC3 interface to the ARNT PAS-B/GCN4-TACC3-CT D622A/E629A structure.    a) 
ARNT PAS-B E362R/ TACC3•HIF2α PAS-B R247E structure with symmetry mates (PDB ID: 
4PKY). ARNT PAS-B E362R, TACC3 and HIF2α PAS-B R247E are highlighted in blue, orange and 
green, respectively. Molecules from single NCS are shown in darker color and bold text. Symmetry 
related molecules are shown in lighter color. In this structure, ARNT PAS-B E362R forms major 
contacts with TACC3 (585-631) C-terminus via β-sheet, which is consistent with the ARNT PAS-
B/GCN4-TACC3-CT D622A/E629A crystal structure (Fig. 2-2a). HIF2α PAS-B R247E is showing 
minor contact with the N-terminus part of TACC3 (585-631) with limited interface area (< 500 Å2), 
suggesting that is contact is more likely to be created by crystal packing rather than protein/protein 
interaction.    b) Superimposition of ARNT/TACC3 portion of the ARNT PAS-B E362R/ 
TACC3•HIF2α PAS-B R247E structure with ARNT PAS-B/ GCN4-TACC3-CT D622A/E629A 
structure (grey). Two structures overlaid very well with a backbone RMSD = 0.9 Å over 153 aligned 
Cα.
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Figure 2-6.  ARNT/TACC3 binding in solution is consistent with the crystal structure.    a) 
ARNT PAS-B/TACC3 interaction observed by solution NMR. 225 µM TACC3 (585-631) WT 
monomer was titrated into 100 µM 15N ARNT PAS-B. Peak broadening ratio of ARNT PAS-B 
residues caused by TACC3 titration is plotted in bar graph (Mean intensity ratio: red line; mean 
intensity ratio - σ: red dashed line).   b) ARNT PAS-B peak intensity ratio mapped on ARNT PAS-B 
crystal structure (peak broadening colored from less (blue) to more (red) with the largest broadening 
effect shown on the β-sheet).    c) HADDOCK modeling using the most severely broadened residues 
(peak intensity ratio ≤ mean - σ) as active residues. The top scored HADDOCK model (lowest 
energy) is shown in yellow. The superimposition of the HADDOCK model and the ARNT PAS-B 
E362R/TACC3 (585-631) crystal structure (cyan) resulted a backbone RMSD = 2.1 Å.    d) PRE 
effect of TACC3 (585-631) Q609C-MTSL on 15N ARNT PAS-B is mapped on ARNT PAS-
B/GCN4-TACC3-CT D622A/E629A crystal structure. MTSL is shown in red sticks. ARNT PAS-B 
residues with high PRE effect are highlighted in spheres and the overall PRE effect is colored from 
less (blue) to more (red). Residues with the large PRE effects (red spheres) are mostly localized near 
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the spin label.    e) PRE experiments with multiple TACC3 spin label sites demonstrate consistent 
relative ARNT/TACC3 orientation in solution and solid state. Upper panel: individual spin label 
positions on TACC3 (S602, M605, Q609, shown as red sticks) and their corresponding peak 
broadening effect mapped on 15N ARNT PAS-B (blue: less broadening; red: more broadening). 
TACC3 Q609C-MTSL induces the most peak broadening effect, whereas TACC3 S602C-MTSL 
induces the least peak broadening effect. Lower panel: peak broadening ratio distribution induced by 
the corresponding spin labels. Quantitative analysis shows that the center of mean peak intensity ratio 
histogram shift to a lower number (to the left, more broadening) when moving the spin label towards 
the C-terminus of TACC3, demonstrating the spin label to ARNT PAS-B distance (r) follows rS602C > 
rM605C > rQ609C. 
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HADDOCK (Fig. 2-6c, Table. 2-2a) (157) found TACC3 to interact with the ARNT PAS-B 

β-sheet in a fashion similar to that observed in the crystal structure. Superposition of the 

solution NMR-guided model with the ARNT PAS-B E362R/TACC3 (585-631) crystal 

structure revealed good agreement between solid state and solution measurements  (backbone 

RMSD = 2.1 Å over 163 aligned Cα). Notably, this model is also different from the previous 

NMR-guided model generated using a similar method that identified the Fα as the principal 

TACC3 binding site (Fig. 2-2b, Table 2-2c) (134). Nevertheless, based on the fact that Fα-

helix mutants fail to attenuate TACC3 binding, as well as the NMR broadening effects 

mostly clustered on the β-sheet but not the Fα-helix, we have a high degree of confidence 

that the current structure represents the actual ARNT PAS-B/TACC3 complex in solution.  

 In further support of the present HADDOCK-calculated model, we examined the 

relative orientation of the TACC3 dimer in complex with ARNT PAS-B by paramagnetic 

relaxation enhancement (PRE) (158). In this experiment, the TACC3 (585-631) Q609C 

position was crosslinked with the spin label (1-oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-

methyl) methanethiosulfonate (MTSL) by forming disulfide bond between the spin label and 

the TACC3 cysteine (Fig. 2-6d). T2 relaxation rates were measured from 15N ARNT PAS-B 

residues by TROSY-HSQC in the presence of TACC3 (585-631) Q609C-MTSL under both 

oxidative condition (paramagnetic status) and reducing condition (diamagnetic status, 

negative control). Net relaxation rates changed between the oxidative and reducing 

conditions were converted to PRE values (s-1). Residues in close proximity to the MTSL 

unpaired electron (approx. < 25 Å) (159) should have faster relaxation rates (enhanced peak 

broadening) and a corresponding larger PRE value (highlighted in sphere), whereas residues 
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that are far away from the spin label should exhibit slower relaxation rates (less peak 

broadening) and a smaller PRE values. For TACC3 Q609C-MTSL, 15N ARNT PAS-B amide 

groups demonstrating the largest PRE values map to ARNT PAS-B sites proximal to TACC3 

Q609 in the crystal structure (Fig 2-6d).  MTSL labeling at other TACC3 sites (S602C, 

M605C) more distal to ARNT PAS-B in the crystal structure attenuated the observed PRE 

effects (Fig. 2-6e). These solution NMR experiments collected from wild-type proteins 

provide independent confirmation of complex arrangement observed in the ARNT PAS-B/ 

TACC3 crystal. 

 

 HIF2α PAS-B directly interacts with TACC3 C-terminus - TACC3-dependent 

transactivation of HIF genes requires the ternary complex formation among HIF2α, ARNT 

and TACC3 (134). This ternary complex was observed by microscale thermophoresis (MST) 

assay where HIF2α PAS-B binds tighter to ARNT PAS-B/TACC3 complex than ARNT 

PAS-B alone (Fig. 2-7ab). This interaction can also be disrupted by a ligand (compound 2) 

that targeting HIF2α PAS-B cavity, demonstrating that the ternary complex formed among 

HIF2α PAS-B, ARNT PAS-B and TACC3 is not due to non-specific aggregation (Fig. 2-7c) 

(58). While the existence of this three-way complex was verified by MST assay, the 

structural arrangement of this three-protein complex still remains unclear. Previous studies 

show that HIF2α PAS-B and ARNT PAS-B dimerize through the β-sheet (56,160) (Fig. 2-7d, 

left panel). Disruption of this PAS-B/PAS-B interaction by mutagenesis or truncation 

seriously reduces HIF transcription factor activity (49). Unexpectedly, our present data  
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Figure 2-7.  HIF2α PAS-B forms ternary complex with ARNT PAS-B/TACC3.    a) TACC3 
forms a complex with ARNT PAS-B E362R. TACC3 (561-631) dimer is titrated into ARNT PAS-B 
E362R-fluor. Binding events were characterized by change in thermophoresis. With the increase of 
TACC3 concentration, three binding stages are observed: (i) ARNT PAS-B E362R alone (blue); (ii) 
two ARNT PAS-B E362R bind to one TACC3 dimer (yellow); (iii) one ARNT PAS-B E362R binds 
to one TACC3 dimer (red). The following experiments were conducted at 2 µM TACC3 dimer 
concentration where the complex is formed at 1:1 ratio (dashed line).    b) HIF2α PAS-B forms 
ternary complex with ARNT PAS-B E362R/TACC3 complex. Titrating HIF2α PAS-B into ARNT 
PAS-B E362R-fluor/TACC3 complex (red) showed curve saturation at ~100 µM HIF2α PAS-B 
concentration, indicating that HIF2α PAS-B is able to bind to ARNT PAS-B E362R-fluor/TACC3 
and forms a ternary complex with an apparent Kd at 30 µM. Titrating HIF2α PAS-B into ARNT PAS-
B E362R-fluor alone (blue) does not show saturation, which is consistent with the low affinity 
between HIF2α PAS-B and ARNT PAS-B E362R.    c) Small molecule targeting HIF2α PAS-B β-
sheet (compound 2) reduces HIF2α PAS-B ability to form ternary complex with ARNT/TACC3. 
Titrating equimolar mixture of HIF2α PAS-B/compound 2 into ARNT PAS-B E362R-fluor/TACC3 
showed at least 10-fold larger apparent Kd compared to the DMSO control (apparent Kd ≈ 30 µM), 
indicating reduced affinity between HIF and ARNT/TACC3 in the presence of compound 2. This 
result also demonstrated that HIF2α PAS-B β-sheet is critical for this ternary complex formation.    d) 
Left panel: HIF2α and ARNT dimerize via three major contacts: bHLH, PAS-A and PAS-B. The 
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PAS-B domain contacts are formed mainly through the β-sheet interaction according to a crystal 
structure solved in previous study (PDB ID: 3F1O).    Right panel: TACC3 occupies the β-sheet of 
ARNT PAS-B, which requires HIF2α PAS-B to find a new binding interface other than the ARNT 
PAS-B β-sheet in order to form the ternary structure and initiate transcription.  
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Figure 2-8. TACC3 substitutes HIF2α PAS-B from a pre-formed 15N HIF2α PAS-B/ARNT 
PAS-B complex.    100 µM 15N HIF2α PAS-B was incubated with 200 µM ARNT PAS-B to form 
heterodimer under equilibrium condition. Direct interaction with ARNT PAS-B caused both peak 
broadening and peak shifting. To simplify the analysis, only shifted peaks are studied (direction of 
peak shift is highlighted with black arrow). Titrating TACC3 (585-631) to this heterodimer makes the 
15N HIF2α PAS holo peaks progressively return to their apo state in a more broadened manner 
(direction of peak return is highlighted in red dashed arrow), indicating that TACC3 interacts and 
replaces HIF2α PAS-B from direct ARNT PAS-B binding.     
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Figure 2-9. HIF2α PAS-B directly interacts with TACC3.    a) HisGβ1 TACC3 (585-631) titration 
induces peak broadening effect on 15N HIF2α PAS-B WT and 15N HIF2α PAS-B R247E, indicating 
direction interaction between HIF2α PAS-B and TACC3. TACC3 concentration-dependent peak 
broadening is illustrated as 1D traces at the 1H dimension.    b) Quantification of panel a shows 
weaker peak broadening effect on HIF2α PAS-B R247E compared with HIF2α PAS-B WT, 
suggesting that residue R247 is critical for TACC3 binding.    c) 15N HIF2α PAS-B peak broadening 
ratio is mapped on HIF2α PAS-B crystal structure (PDB ID: 3F1O, chain A) (peak broadening 
colored from less (blue) to more (red) with the largest broadening shown on the β-sheet). Residue 
R247 was severely affected by the TACC3 binding (black arrow).    d) 15N HIF2α PAS-B/HisGβ1 
TACC3 (585-631) interaction shows comparable peak broadening effect with 15N HIF2α PAS-
B/ARNT PAS-B interaction, demonstrating that the TACC3-induced peak broadening is not due to 
non-specific aggregation.    e) HIF2α PAS-B/TACC3 complex HADDOCK model (most populated) 
was generated utilizing the top 20 broadened residues in 15N HIF2α PAS-B/TACC3 titration 
experiment as active residues (see Table 2-2b). The most abundant cluster from the prediction is 
shown here, where TACC3 is binding to HIF2α PAS-B at the β-sheet.  f) TACC3-Q609C-MTSL 
induces significant PRE effect at positions that are adjacent to the spin label as predicted in the HIF2α 
PAS-B/TACC3 HADDOCK model, demonstrating that the model is truly representing the complex 
formation in solution.     
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shows that TACC3 binds to ARNT PAS-B on the same β-sheet that is used by HIF2α PAS-

B.  This competitive binding mechanism raises the prospect of TACC3 disrupting the PAS-

B/PAS-B contacts within the heterodimeric HIF transcription factor and displacing HIF2α 

PAS-B from ARNT PAS-B binding  (Fig. 2-7d, right panel). This replacement was observed 

by solution NMR using 15N HIF2α PAS-B as a probe (Fig. 2-8). The progressive, TACC3- 

dependent retention of 15N HIF2α PAS-B peaks from ARNT-bound to apo position suggests 

that TACC3 has substituted HIF2α PAS-B from the initial HIF2α PAS-B/ARNT PAS-B 

complex. 

Interestingly, TACC3 not only displaces HIF2α from ARNT binding, but also 

causes peak broadening effects on HIF2α PAS-B residues, suggesting direct interactions 

between TACC3 and HIF2α PAS-B. Titrating HisGβ1-TACC3 (585-631) into 15N HIF2α 

PAS-B revealed TACC3-dependent peak broadening (Fig. 2-9a, left panel, Fig. 2-9b, blue 

curve) mapping predominantly to HIF2α PAS-B β-sheet (Fig. 2-9c). HIF2α PAS-B residue 

R247 was particularly broadened (Fig. 2-9c, right panel). Mutating HIF2α R247 into 

glutamic acid attenuated the overall peak broadening effect (Fig. 2-9a, right panel, Fig. 2-9b, 

red curve), further confirming HIF2α PAS-B β-sheet as the TACC3 binding site. Moreover, 

levels of 15N HIF2α PAS-B WT peak intensity changes induced by TACC3 was comparable 

to the peak broadening induced by ARNT PAS-B in HIF2α PAS-B/ARNT PAS-B interaction 

(160), indicating that the HIF2α PAS-B/TACC3 interaction observed in this study is not due 

to non-specific aggregation (Fig. 2-9d). Based on NMR mapping data, we generated a  
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Table 2-2. Active residues in HADDOCK modeling. 

a. Active residues in ARNT PAS-B/TACC3 (585-631) dimer docking. 
 

ARNT PAS-B TACC3 dimer 
374, 420, 443, 401, 379, 365, 460, 375, 361, 
389, 396, 462 
 

610, 611, 612, 613, 614, 615, 616, 617, 618, 
619, 620, 621, 622, 623, 624, 625, 626, 627, 
628, 629, 630, 1610, 1611, 1612, 1613, 1614, 
1615, 1616, 1617, 1618, 1619, 1620, 1621, 
1622, 1623, 1624, 1625, 1626, 1627, 1628, 
1629, 1630 
 

 

b. Active residues in HIF2α PAS-B/TACC3 (585-631) docking dimer docking 
 

HIF2α PAS-B TACC3 dimer 
245, 247, 248, 250, 255, 268, 274, 282, 284, 
310, 312, 313, 321, 323, 335, 337, 338, 342, 
343, 344 
 

602, 603, 605, 606, 609, 610, 612, 613, 616, 
617, 619, 620, 623, 624, 626, 627, 630, 1604, 
1605, 1607, 1608, 1611, 1612, 1614, 1615, 
1618, 1619, 1621, 1622, 1625, 1626, 1628, 
1629 
 

 

c. Active residues used in previous reported ARNT PAS-B/TACC3 (585-631) monomer docking 
(Partch & Gardner, PNAS. 2011) (134) 
 

ARNT PAS-B TACC3 monomer 
409, 370, 369, 417, 397, 398, 430, 395 595, 596, 597, 598 ,599, 600, 601,602, 603, 

604, 605, 606, 607, 608, 609, 610, 611, 612, 
613, 614, 615, 616, 617, 618, 619, 620, 621, 
622, 623, 624, 625, 626, 627, 628, 629, 630 
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HADDOCK model of TACC3 C-terminus dimer binds to HIF2α PAS-B on the β-sheet (Fig. 

2-9e, Table 2-2b).  

 HIF2α PAS-B/TACC3 HADDOCK model was further validated by PRE experiments 

where TACC3 (585-631) Q609C-MTSL induced PRE effects on several 15N HIF2α PAS-B 

β-sheet residues that are adjacent to the spin label (red stick) (Fig. 2-9f).  

  

 Model of ARNT/TACC3/HIF ternary complex - The biophysical characterization and 

computational model of HIF2α PAS-B/TACC3 complex described above provides the 

structural basis for ARNT/TACC3/HIF ternary complex assembly.  By comparing the 

TACC3 binding mode with both HIF2α and ARNT PAS-B, it is highly possible that TACC3 

could use both sides of the coiled-coil dimer to recruit HIF2α and ARNT at the same time via 

their PAS-B β-sheets. A starting model for ARNT/TACC3/HIF ternary complex was 

generated by superimposing the TACC3 dimer from the ARNT PAS-B/TACC3 crystal 

structure and HIF2α PAS-B/TACC3 HADDOCK model (Fig. 2-10a). In this model, ARNT 

PAS-B and HIF2α PAS-B β-sheets are making contacts with opposite surfaces of the TACC3 

dimer. To validate this model, distance restraints between ARNT PAS-B S451C-CMTSL and 

15N HIF2α PAS-B residues were measured by PRE under conditions with or without TACC3 

(Fig. 2-10b). In the absence of TACC3, only a small portion of the HIF2α PAS-B residues 

located at the beginning of Aβ is affected by the spin label (Fig. 2-10c). This observation is 

in agreement with the anti-parallel HIF2α PAS-B/ARNT PAS-B assembly in a previous 

determined crystal structure (Fig. 2-10d) (56). However, the PRE effect on 15N HIF2α PAS-

B was dramatically enhanced in the presence of TACC3, especially on the Hβ and Iβ,   
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Figure 2-10. Characterization of the ARNT PAS-B/TACC3/HIF2α PAS-B ternary complex.    a) 
HADDOCK model-based ARNT PAS-B/TACC3/HIF2α PAS-B ternary complex.    b) ARNT PAS-
B/TACC3 complex labeled with CMTSL at ARNT residue 451 (red sticks).    c) Titrating ARNT 
PAS-B S451C-CMTSL into 15N HIF2α PAS-B induces several PRE effect on the β-sheet of HIF2α 
PAS-B. Highly affected HIF2α PAS-B residues are highlighted in spheres and overall PRE effect is 
colored from less (blue) to more (red).    d) Fitting the PRE effect in Fig. 2-10c on HIF2α PAS-
B/ARNT PAS-B crystal structure (PDB ID: 3F1O). CMTSL is shown in red sticks. The highly 
affected residues are localized close to the CMTSL spin label.    e) Adding TACC3 into 15N HIF2α 
PAS-B/ARNT PAS-B S451C-CMTSL heterodimer induces stronger PRE effect on 15N HIF2α PAS-
B β-sheet, indicating a shorter distance between CMTSL label and HIF2α PAS-B residues and a 
TACC3-dependent complex rearrangement.    f) TACC3-dependent PRE effects in Fig. 2-10e are 
mapped on the ternary structure model in Fig. 2-10a (blue - red: low to high PRE effect), highlighting 
the most affected residues in red spheres. Most spheres are surrounded to the S451C-CMTSL spin 
label (red sticks), suggesting a good agreement between the experimental data and the ternary 
structure model.  
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indicating a closer proximity with the ARNT PAS-B S451C-CMTSL spin label and also a 

different protein complex arrangement (Fig. 2-10e). This result could fit very well in the 

ternary structure model where most of the spheres are clustered in the vicinity of ARNT 

PAS-B S451C-CMTSL spin label (red sticks) (Fig. 2-10f). The PRE effect observed on the 

Aβ and the loop between Gβ and Hβ could be possibly from the HIF2α PAS-B/ARNT PAS-

B fraction of the mixture. The importance of HIF2α PAS-B β-sheet in ternary complex 

formation is further confirmed by MST experiment using a small molecule (compound 2) 

that induces conformational change on HIF2α PAS-B β-sheet (Fig. 2-7c) (58). Taken 

together, the ternary complex model is validated via different experimental methods and 

could accurately represent the in-solution association among these three proteins. 

 

iii. Discussion 

 

 Our ARNT PAS-B/TACC3 structural study reveals a unique approach to recruit 

coiled-coil transcription coactivators in HIF signaling pathway comparing to the 

conventional TAD-dependent mechanism. In this study, we solved two crystal structures of 

ARNT PAS-B/TACC3 complexes and characterized the wild-type ARNT/TACC3 

interaction in solution. Those results consistently show that the β-sheet of ARNT PAS-B is 

the direct interface for TACC3 binding. Interestingly, this β-sheet has also been found critical 

for many other intermolecular interactions, such as with HIFα PAS-B (56), raising the need 

to include TACC3 or other CCC protein recruitment with the existing HIFα/ARNT signaling 

model where HIFα and ARNT dimerize through the same PAS-B β-sheet (49). Disrupting 



 

57 

 

Figure 2-11.  TACC3-participated HIF2α transcription activation model.    HIF complexes are 
bHLH-PAS heterodimers that include an O2-sensitive HIFα subunit and a constitutive ARNT subunit. 
In addition to binding HIF2α, ARNT PAS-B directly recruits CCC proteins such as TACC3 
(122,134). Under normoxia, O2-dependent hydroxylation of HIF2α decreases its abundance and 
activity (red arrows) (150). Such modifications do not happen on ARNT and TACC3 so the 
ARNT/TACC3 complex is readily assembled in the nucleus. Hypoxia stops the hydroxylation, 
allowing HIF2α to accumulate in the nucleus and complex with ARNT/TACC3.  This heterotrimer 
binds to hypoxia responsive enhancer (HRE) sites, controlling target gene transcription (blue arrows).  
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this PAS-B/PAS-B interface would result in the dissociation of the complex and reduced HIF 

activity. To clarify this phenomenon, we discovered a linkage between the ARNT/TACC3 

crystal structure and the HIFα/ARNT signaling mechanism, which could be represented in an 

ARNT/TACC3/HIF ternary complex model. Our model suggest that although TACC3 

occupies the usual HIF2α PAS-B binding site on ARNT PAS- B, a new binding interface for 

HIF2α PAS-B will be created on the opposite side of the TACC3 dimer. TACC3 serves as a 

bridge to bring the two PAS-B domains together to form the ternary complex. As a result, 

recruiting TACC3 to the β-sheet of ARNT PAS-B will not impair the integrity of the 

HIFα/ARNT complex and their transcription activity (Fig. 2-11). 

 Notably, the TACC3 D622N mutation has been discovered as a somatic mutation 

associated with cancer (161). We postulated that this mutation could function in a similar 

manner as TACC3 D622A in our crystallography study, which increases the affinity with 

ARNT PAS-B and therefore enhances the HIF-dependent gene upregulation. 

 To summarize, ARNT/CCC interaction plays an important role in mammalian 

hypoxia response. Since ARNT is the common partner for all three HIF paralogs, blocking 

ARNT/CCC could affect all HIF containing transcriptions. This makes targeting ARNT/CCC 

complex a more practical way to regulate HIF activity in cancer therapy compared to the 

previously described HIFα-specific methods (57,58). In vitro small molecule inhibitors have 

already been designed to target the water-binding cavity inside ARNT PAS-B in order to 

induce vast conformational changes and disrupt the full length ARNT/TACC3 interaction 

(21). Continuing development of inhibitors that have higher potency in vivo could be a 
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promising therapeutic route for HIF-dependent cancer treatment and powerful tool for 

studying CCC function in hypoxia signaling pathways. 
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CHAPTER 3   
 

REGULATING THE ARNT/TACC3 INTERACTION BY SMALL MOLECULES 
 

Parts of this chapter are adapted from Guo, et al (2013) Regulating the ARNT/TACC3 axis: 
Multiple approaches to manipulating protein/protein interactions with small molecules. ACS 
Chemical Biology 8, 626-635 

 

 

 For several well-documented reasons, it has been challenging to develop artificial 

small molecule inhibitors of protein/protein complexes. Such reagents are of particular 

interest for transcription factor complexes given links between their mis-regulation and 

disease. Here we report parallel approaches to identify regulators of a hypoxia signaling 

transcription factor complex, involving the ARNT subunit of the HIF (Hypoxia Inducible 

Factor) activator and the TACC3 (Transforming Acidic Coiled-coil Containing Protein 3) 

coactivator. In one route, we used in vitro NMR and biochemical screening to identify small 

molecules that selectively bind within the ARNT PAS (Per-ARNT-Sim) domain that recruits 

TACC3, identifying KG-548 as an ARNT/TACC3 disruptor. A parallel, cell-based screening 

approach previously implicated the small molecule KHS101 as an inhibitor of TACC3 

signaling. Here, we show that KHS101 works indirectly on HIF complex formation by 

destabilizing both TACC3 and the HIF component HIF1α. Overall, our data identify small 

molecule regulators for this important complex and highlight the utility of pursuing parallel 

strategies to develop protein/protein inhibitors. 
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i. Introduction 

 

While many small molecule enzyme inhibitors and receptor ligands that modulate 

cellular signaling pathways have been discovered for research and therapeutic use, 

comparable reagents that target non-enzymatic protein/protein interactions are relatively rare.  

While such compounds are available for several systems, technical issues - from the 

suitability of compounds in screening libraries to the difficulty of predicting “druggable” 

sites (162,163) - complicate the development of specific inhibitors of targeted protein/protein 

interactions. 

Such inhibitors have been particularly sought for transcription factors and their 

associated regulatory proteins (162,164), given well-validated links between misregulation of 

these proteins and disease. Here we focus on one such complex as a model: hypoxia 

inducible factor (HIF), the central regulator of the mammalian hypoxia response (149). HIF 

is a heterodimer of two bHLH-PAS (basic Helix Loop Helix - Per-ARNT-Sim) subunits, 

including a HIFα paralog (HIF1α, 2α, 3α) and aryl hydrocarbon receptor nuclear translocator 

(ARNT, also known as HIFβ) (Fig. 3-1a). While O2-dependent post-translational 

hydroxylation normally lowers both of HIFα abundance and activity, these modifications are 

reduced under hypoxia and allow HIFα to accumulate in the nucleus (150).  

Subsequently, HIF complexes form and control the expression of several hundred 

genes, including potent angiogenic and growth factors (151). As such, abnormally high levels 

of HIF correlate with several forms of cancer, suggesting that HIF inhibitors could 

potentially block tumor formation and progression (150). Such inhibition might be achieved  
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Figure 3-1. Overview of the ARNT/TACC3 complex.    a) Schematic of HIF complexes, which are 
bHLH-PAS heterodimers that include an O2-sensitive HIFα subunit and a constitutive ARNT subunit. 
Under normoxia, O2-dependent hydroxylation of HIFα decreases its abundance and activity (150). 
Hypoxia stops these modifications, allowing HIFα to accumulate in the nucleus and dimerize with 
ARNT.  This heterodimer binds to hypoxia responsive enhancer (HRE) sites, controlling target gene 
transcription.  In addition to binding HIFα, ARNT PAS-B directly recruits CCC proteins (122,134).    
b) Structural model of an ARNT/CCC complex showing how the TACC3 coiled-coil interacts with 
the β-sheet of ARNT PAS-B, similar to where HIFα PAS-B binds. 
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by blocking the HIFα and ARNT interaction, which uses interchain contacts between bHLH 

and PAS (Per-ARNT-Sim) domains (56,160,165-167). While we have successfully found 

inhibitors that use this approach by exploiting a ligand-binding cavity within one of the HIF2 

PAS domains (56,166), differences among HIFα sequences suggest that this route is paralog-

specific. 

To simultaneously inhibit all HIF complexes, we considered targeting interactions 

between the ARNT subunit, shared among these complexes, with transcriptional 

coactivators. This strategy is predicated on the ARNT PAS-B domain (Fig. 3-1) directly 

recruiting coiled-coil coactivators (CCCs) to HIF for proper transcriptional regulation 

(4,122,134). By depleting endogenous proteins or overexpressing mutants, we found that HIF 

complexes differentially utilize several CCC proteins including thyroid hormone receptor 

interacting protein 230 (TRIP230 (121)), Coiled-Coil Coactivator (CoCoA (120)) and 

transforming acidic coiled-coil 3 (TACC3 (119)) at different promoters (134). Combining 

biophysical and mutagenesis data, we generated a structural model of the ARNT/TACC3 

complex, showing that CCC proteins use part of the coiled-coil domain to bind to ARNT 

PAS-B on the β-sheet (Fig. 3-1b) (122,134). Notably, the CCC-binding surface on ARNT is 

near where other PAS domains bind cofactors that modulate their protein/protein 

interactions, leading us to hypothesize that artificial ARNT-binding compounds might 

similarly control ARNT PAS-B/CCC interactions to regulate HIF activity. 

Here we characterize the mechanisms of action of two small molecule inhibitors of 

ARNT/TACC3 signaling, identified from independent in vitro target-based and cell-based 

phenotypic screens. The first approach took advantage of our NMR studies of ARNT PAS-B 
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(168), letting us use this method to screen over 760 compounds (169,170) for protein 

binding. One ARNT-binding compound, KG-548, binds in a cavity adjacent to the TACC3 

binding site and displaces CCCs from ARNT in vitro. In parallel, we investigated KHS101, a 

thiazole derivative originally identified in a cell-based phenotypic screen (171) and that 

specifically induces neuronal differentiation (172). Based on KHS101 affecting aspects of the 

neuronally-expressed ARNT homolog, ARNT2, in neural progenitor cells (NPCs) and 

crosslinking to TACC3 in NPC lysates, the question arises as to whether KHS101 directly 

disrupts the ARNT2/TACC3 interaction. We show that KHS101 does not directly bind to the 

minimal ARNT or TACC3 interacting domains, but instead promotes TACC3 protein 

turnover within cells, indicating an indirect mode of function. Notably, KHS101 also 

promotes the turnover of the HIF1α subunit itself and interferes with HIF-driven 

transcription in living cells under hypoxia, as anticipated by these effects on the levels of 

both activator (HIF1α) and coactivator (TACC3) components. Taken together, KG-548 and 

KHS101 provide useful molecules for studies of HIF signaling, and more broadly, valuable 

examples of different ways to control protein complex formation with small molecules. 

 

ii. Results 

 

 Identifying direct inhibitors of ARNT/TACC3 interactions by NMR screening - We 

have solved a new 1.6 Å resolution X-ray diffraction structure of ARNT PAS-B (Table 3-1; 

Fig. 3-2a), revealing two cavities near the regulatory cofactor binding sites in other PAS 

domains (e.g. flavins in photosensors; heme in oxygen sensors (173,174)). The larger 65 Å3  
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Table 3-1. X-ray Crystallography Data Processing and Refinement Statistics. 

 
Data collection  
Space group C2 
Cell dimensions  
a, b, c (Å) 93.3, 61.7, 55.5 
β (°) 124.6 

Resolution (Å) 20.7 to 1.6 (1.63 to 1.60) 
Rsym or Rmerge 4.7 (43.9) 
I / σI 38.8 (2.2) 
Observed reflections 155,415 
Unique reflections 34402 
Completeness % (highest shell) 99.9 (100) 
Refinement  
Resolution (Å) 22.5 to 1.6 (1.63 to 1.60) 
Rwork / Rfree 20.15 / 22.65 
No. atoms  
Protein 1832 
Water 206 

Avg. B-factor  
Protein 20.3 
Water 35.4 

R.M.S. deviations  
Bond lengths (Å) 0.014 
Bond angles (°) 1.45 
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Figure 3-2.  Screening ARNT PAS-B for small molecule effectors of the ARNT/TACC3 
interaction.    a) Diagram of the ARNT PAS-B crystal structure, shown inset with secondary 
structure designations and internal cavities (grey mesh). The larger cavity contains three waters; the 
smaller cavity is primarily hydrophobic.    b) Schematic of the NMR-based screen for compounds that 
bind ARNT PAS-B. Initial 15N/1H HSQC spectra were acquired with 250 µM 15N-labeled ARNT 
PAS-B with a mixture of five compounds (1 mM each); mixtures producing large chemical shift 
perturbations (compared to DMSO) were deconvoluted as shown.    c) Lead compounds (500 µM 
each) from NMR-based screen were tested for their ability to disrupt complexes of ARNT PAS-B 
with CCC fragments of TRIP230 (1583-1716) and TACC3 (561-631 = TACC3-CT).    d) Summary 
of ARNT PAS-B binding and ARNT/CCC disruption of tested compounds.  All ten compounds 
generated chemical shift perturbations when titrated into ARNT PAS-B; KG-548 and KG-655 (red 
box) also disrupted TRIP230 and TACC3 binding to ARNT PAS-B in vitro. 
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cavity is flanked by the Eα / Fα helices, Gβ / Hβ / Iβ strands and the AB loop, and includes 

several polar residues (e.g. S411, T441 and S443) that facilitate the binding of three waters at 

typical cofactor sites. The second cavity is slightly smaller (40 A3) and comparable to the 

chromophore binding site in photoactive yellow protein (175). While these cavities are 

relatively small, their locations  (potential to merge into a single larger cavity) raised the 

possibility for them to bind artificial compounds and modulate CCC binding, similarly to 

other PAS domains. 

 To identify such compounds, we used solution NMR to search over 760 small 

molecules (56,169,170) for ARNT PAS-B binding. This library consists of low molecular 

weight fragments (average MW: 203 ± 73 Da, Appendix table 1-1) containing “privileged” 

moieties enriched in protein-binding compounds (176). Further, this collection has previously 

provided us several compounds (or analogs) which bind to other PAS domains (56,166,169) 

and disruptors of protein/protein interactions in other transcriptional regulators (56,170). We 

quickly evaluated these compounds for ARNT PAS-B binding using protein-detected NMR 

(Fig. 3-2b). In the primary screen, 15N/1H HSQC spectra were acquired on 15N-labeled 

ARNT PAS-B samples mixed with five candidate compounds (250 µM protein, 1 mM each 

compound) or DMSO. Compound mixtures that produced changes in peak locations or 

intensities indicated that one or more compounds bound the protein target; sixteen such 

mixtures were subsequently deconvoluted by acquiring spectra on ARNT PAS-B with 

individual compounds. Eighteen hits from these steps were tested in titrations at 

concentrations up to 1 mM to establish binding potency and location; ten of these (Fig. 3-2c) 

were soluble throughout this concentration range and further studied.  
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Figure 3-3.  KG-548 appears to bind within the ARNT PAS-B cavities.    a) 15N/1H HSQC spectra 
of a KG-548 titration (0-1 mM from light to dark crosspeaks) into 320 µM 15N ARNT PAS-B. Slow 
exchange behavior was observed, indicated by the disappearance of apo- crosspeaks and concomitant 
appearance of new peaks.    b) Minimum chemical shift analysis(177) of KG-548 titration into ARNT 
PAS-B, mapped onto the sequence and secondary structure.    c) Chemical shift mapping suggests 
that KG-548 binds the ARNT PAS-B cavities, as shown by a heat map of KG-548-induced chemical 
shift changes on the ARNT PAS-B crystal structure (Δδmcs colored from low (blue) to high (red)) with 
the largest changes near the internal cavities (mesh). 
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To examine whether these ARNT-binding compounds affected the stability of ARNT PAS-

B/CCC complexes, we initially checked their disruption of ARNT-mediated pulldowns of 

fragments of the TRIP230 and TACC3 coactivators (Fig. 3-2c).  The fragments of both CCC 

proteins contained the coiled-coil that binds ARNT PAS-B (122,134), facilitating robust 

interaction without compounds present. However, several chemicals markedly interfered 

with ARNT binding to one or both coactivators. Among these, KG-548 exhibited the greatest 

reduction of ARNT/CCC complex formation for both coactivators, with a smaller effect seen 

for the structurally related fragment KG-655 (Fig. 3-2d). 

 

 KG-548 binds to the cavity of ARNT PAS-B - Next, we further characterized 

compound-mediated ARNT/CCC disruption with solution NMR to identify ligand-binding 

sites within ARNT PAS-B. Using KG-548 as the most effective disruptor of this complex, 

we observed slow exchange behavior in compound titrations monitored by ARNT PAS-B 

15N/1H HSQC spectra (Fig. 3-3a), suggesting micromolar (or tighter) dissociation constants. 

We used our prior chemical shift assignments (168) to map ligand-induced changes onto the 

ARNT PAS-B structure using minimum chemical shift difference analyses, assuming 

correlations between the nearest pairs of peaks in apo- and KG-548 saturated spectra (Fig. 3- 

 3b).  Residues that were most strongly affected by KG-548 addition were located close to 

the internal ARNT PAS-B cavities (Fig. 3-3b,c) and analogous to where other PAS domains 

often bind ligands (3). Notably, these ligand-mediated structural and functional effects were 

sensitive to minor changes in compound structure. Two KG-548 variants with small changes 

- CF3 to Cl substitutions on the phenyl ring, and addition of methyl or ethyl moieties on the  
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Figure 3-4.  KG-548 analogs do not disrupt ARNT PAS-B/TACC3-CT complex.    a) Structure of 
KG2-006 (Maybridge).    b) Structure of KG2-007 (Maybridge).    c) Titration of KG2-006 into 15N 
ARNT PAS-B (increasing ligand concentrations from light to dark purple: 0, 62.5, 125, 250, 500, 
750, 1000 µM; protein concentration: 200 µM). Fast exchange behavior is observed in some of the 
peaks, indicating relatively weak binding affinity compared with KG-548.    d) Titration of KG2-007 
into 15N ARNT PAS-B (same concentrations as panel c). Spectrum was not perturbed by the addition 
of KG2-007, indicating an even weaker binding to ARNT PAS-B.    e) Pulldown experiment with 
KG-548, KG2-006 and KG2-007 (500 µM of all compounds; 5 µM ARNT, 10 µM TACC3). Neither 
of the KG2 compounds is able to break up the ARNT PAS-B/TACC3-CT complex.  f) Co-
immunoprecipitation experiment of KG2-006 and KG2-007 on full length ARNT/TACC3 in whole 
cell lysate. At concentrations up to 2 mM, neither of the KG2 compounds is able to break up the 
ARNT/TACC3 complex as KG-548 does, consistent with lower binding affinities of these 
derivatives.  
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tetrazole-bound ARNT more weakly and were unable to disrupt ARNT/TACC3 complexes 

(Fig. 3-4a-e). Coupled with the limited number of leads from the library screen, these data 

demonstrate specificity of the ARNT/ligand interaction.    

 

 KG-548 binding shows selectivity among PAS domain target - Having demonstrated 

specificity from the ligand perspective, we next explored the potential for other bHLH-PAS 

PAS-B domains to bind KG-548. We started by examining ARNT2, a closely-related ARNT 

homolog that is chiefly expressed in neuronal and kidney tissue (178,179) (Fig. 3-5). Using 

solution NMR methods, we verified that the ARNT and ARNT2 PAS-B domains adopt 

comparable structures, as expected from the 80% sequence identity between them.  

Similarities in chemical shifts and TALOS+-derived secondary structures (180) (Fig. 3-6a,b) 

strongly indicate ARNT2 adopts the same overall fold as seen in our crystal ((Fig. 2 and ref. 

56)) and solution (168) structures of ARNT PAS-B, giving us confidence in a ARNT2 PAS-

B homology model to suggest the placement of residues involved in ARNT/CCC interactions 

(134) (Fig. 3-6c). 

 To functionally test these structural similarities, we examined the ability of ARNT2 

PAS-B to bind coactivator fragments and KG-548.  Pulldown experiments demonstrated that 

ARNT2 PAS-B directly interacts with GST-tagged TACC3-CT (=C-terminal 70 aa of 

TACC3, including residues 561-631) in vitro (Fig. 3-6d), as seen for ARNT (Fig. 3-2c). 

Mutations to ARNT2 PAS-B residues E372 and K391 weakened this interaction (Fig. 3-6d), 

chosen for their similarity to ARNT E398 and K417 (Fig. 3-6c) (134). 15N/1H HSQC spectra 

of both ARNT2 E372A and K391A PAS-B mutants were similar to wildtype protein (Fig. 3-   
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Figure 3-5. Sequence alignment of ARNT homologs on the PAS-B domain.    The PAS-B domain 
of ARNT shows a high degree of sequence similarity to the corresponding ARNT2 PAS-B domain. 
Notably, residues adjacent to the small cavities inside of ARNT PAS-B (black dots) are also chiefly 
conserved in ARNT2 PAS-B.   
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Figure 3-6.  The PAS-B domains from ARNT and ARNT2 have similar structures and TACC3 
binding modes.    a) 15N/1H HSQC spectrum of ARNT2 PAS-B, with peaks corresponding to 
backbone amides labeled with the residue numbers identified in the backbone chemical shift 
assignment (35°C, pH 7.3). Peaks comparable to the far downfield peak (ca. 11.2 ppm 1H, 119.5 ppm 
15N; assigned to residue E377) have been observed for other PAS domains; the distinctive shifts of 
this peak arise from the tertiary structure near the N-terminus of the Fα helix and provide a qualitative 
verification of a PAS domain tertiary structure.    b) TALOS+ secondary structure analysis based on 
backbone chemical shifts (180). Residues assigned to α-helix (red, negative) and β-sheet (blue, 
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positive) are mapped along the amino acid sequence of ARNT PAS-B (upper) and ARNT2 PAS-B 
(lower), showing very similar secondary structures in both proteins. Residues in ARNT2 PAS-B 
indicated with white circles are unassigned, which we attribute to problems with line broadening 
caused by transient dimerization, as we have observed to varying degrees with several PAS domains 
(168,181).    c) A SWISS-MODEL (182) homology model of ARNT2 PAS-B (purple) aligns well 
with ARNT PAS-B crystal structure (blue).  Residues demonstrated to be important for TACC3 
binding are also conserved in the tertiary structure (E398, K417 for ARNT PAS-B (134); E372, K391 
for ARNT2 PAS-B).    d) Ni-NTA pulldown experiments demonstrate that ARNT2 PAS-B interacts 
with TACC3-CT, and that the affinity for this interaction is lessened by point mutations to residues 
analogous to those involved in ARNT/TACC3 binding (Fig. 3-6c).    e) 15N/1H HSQC spectra of 
ARNT2 PAS-B E372A and K391A (red), each overlaid with spectra of wildtype ARNT2 PAS-B 
(black). The minimal effects of the E372A and K391A mutations on the patterns of peaks in the 
15N/1H HSQC spectra, including the location of the E377 peak reflecting PAS domain tertiary 
structure (Fig. 3-6a), strongly suggest that these changes have limited effects on the structure of this 
domain. 
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Figure 3-7.  KG-548 binds similarly to ARNT2 PAS-B and ARNT PAS-B, and disrupts 
ARNT2/TACC3 interactions.    a) 15N/1H HSQC spectra of 100 µM 15N-labeled ARNT2 PAS-B 
titrated with increasing concentrations of KG-548 (from none (light purple) to 100 µM (dark purple)). 
We observed slow exchange behavior, analogous to the ARNT/KG-548 titration (Fig. 3-3a).    b) 
Minimum chemical shift perturbation analysis (177) of KG-548 effects on ARNT2 PAS-B, showing 
similar patterns of shifts as observed with ARNT PAS-B (Fig. 3-3b).    c) Side-by-side comparison of 
ARNT PAS-B structure (including internal cavities) and chemical shift perturbation data mapped 
onto a homology model of ARNT2 PAS-B (scale as indicated). Most of the affected residues are 
close to the location of the cavity inside of ARNT PAS-B.    d) Binding of KG-548 can disrupt 
ARNT2 PAS-B/TACC3-CT interaction by pulldown assay. 
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Figure 3-8.  KG-548 binds to different bHLH/PAS PAS-B domains with differential affinities.    
a) 15N/1H HSQC spectra of 100 µM 15N-labeled ARNT PAS-B in the absence and presence of 
100 µM KG-548. A large number of residues are affected by compound addition, with 
correspondingly large chemical shift changes, consistent with KG-548 binding to ARNT.    b) 
Superposition of 15N/1H HSQC spectra of 100 µM 15N-labeled BMAL1 PAS domain titrated with 
100 µM KG-548. Very limited chemical shift changes were observed, suggesting that there is less 
interaction between protein and ligand at these concentrations.    c) Superposition of 15N/1H HSQC 
spectra of 100 µM 15N-labeled HIF2α PAS-B titrated with 100 µM KG-548. No chemical shift 
changes were observed, suggesting that there is effectively no interaction between protein and ligand 
at these concentrations. 
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6e), suggesting that both point mutations had minimal structural effects. Next, we asked if 

KG-548 could also bind to ARNT2 PAS-B and compete away TACC3. Ligand titrations 

monitored with 15N/1H HSQC spectra showed the same slow exchange (Fig. 3-7a) observed 

with ARNT PAS-B, with the largest effects (Fig. 3-7b,c) clustered in the same internal sites 

(Fig. 3-5). Finally, as expected from the similar CCC and ligand binding modes, KG-548 also 

disrupts ARNT2 PAS-B/TACC3 interactions in pulldown assays (Fig. 3-7d), underscoring 

the high degree of similarity between ARNT and ARNT2. 

In contrast, similar titrations of KG-548 into two more widely diverged PAS-B 

domains from the BMAL-1 and HIF2α bHLH-PAS proteins (38% and 34% identity to 

ARNT PAS-B) showed specificity in the protein/ligand interaction. We observed very few 

chemical shift changes caused by KG-548 addition to BMAL-1, and virtually none with 

HIF2α (Fig. 3-8) despite the large cavities within both PAS domains (56,116,166). We 

interpret these data to indicate that these two PAS-B domains have much lower affinities for 

KG-548 than ARNT PAS-B, showing little to no interaction at the tested concentrations and 

thus establishing that observed ligand-binding specificity is not solely based on simple 

accessibility. More broadly, we have not observed KG-548 binding to other PAS and non- 

 PAS targets (169,170), consistent with the specificity that can be observed in small 

fragments from other libraries (183). 

 

 KG-548 breaks up the ARNT/TACC3 complex in vitro and in cell lysate - To further 

characterize KG-548 induced disruption of ARNT/TACC3, we examined the dose 

dependence of this effect in two ways. Pulldown assays using His-ARNT PAS-B and GST-  
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Figure 3-9.  KG-548 disrupts in vitro ARNT/TACC3 interactions.    a) Titration of KG-548 into 
an in vitro pulldown assay of minimal ARNT PAS-B and TACC3-CT interacting fragments shows a 
dose-dependent reduction in ARNT/TACC3 complex formation.    b) Quantification of KG-548 
potency for disrupting the ARNT PAS-B/TACC3-CT interaction as provided by AlphaScreen, 
showing an apparent IC50 of 25 µM.    c) Co-immunoprecipitation assays of full length ARNT and 
TACC3 proteins in HEK293T cell lysates show that KG-548 weakens the ARNT/TACC3 interaction 
as demonstrated by the dose-dependent decrease in the intensity of the ARNT protein band 
(quantitated with % remaining compared to DMSO control) associated with immunoprecipitated 
TACC3 protein. 
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Figure 3-10.  Validation of ARNT PAS-B/TACC3-CT AlphaScreen protein/protein interaction 
assay.    a) Schematic of the AlphaScreen protein/protein interaction assay used to estimate the 
affinity of the ARNT/TACC3-CT complex. GST and His6-tagged proteins will recruit donor and 
acceptor AlphaScreen beads into close enough proximity that a luminescence signal will be detected.    
b) Titration of either untagged ARNT PAS-B (red, right y-axis) or TACC3 (blue, left y-axis) into a 
preformed ARNT/TACC3-CT complex competes with the corresponding proteins in complex, 
decreasing the AlphaScreen luminescence signal. Dose-dependence curves generated from these 
titrations suggest that each protein has a 2-3 µM IC50 for complex disruption. 
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TACC3-CT, tagged versions of the minimal interacting components of both proteins (134), 

showed that levels of GST-TACC3-CT pulled down by His-ARNT PAS-B decreased in a 

KG-548 dose-dependent manner (Fig. 3-9a) at concentrations that perturbed ARNT PAS-B 

NMR spectra. We quantified the potency of KG-548 using AlphaScreen, a luminescence 

proximity assay of complex formation between the two tagged fragments (Fig. 3-10a). The 

assay was validated by showing that untagged ARNT PAS-B or TACC3 competed against 

complex formation between tagged proteins with IC50~2-3 µM (Fig. 3-10b). Similar 

AlphaScreen assays with KG-548 showed a 25 µM IC50 inhibition (Fig. 3-9b), consistent 

with the apparent ARNT PAS-B/KG-548 affinity seen in NMR-based titrations. 

To examine how well these results from isolated domains translate to full length 

proteins, we surveyed the ability of KG-548 to disrupt the complex between full length 

human ARNT and mouse TACC3 proteins. While cell-based qPCR and HRE reporter assays 

of this effect were hampered by issues with cell toxicity at mid-micromolar KG-548 

concentrations, an alternative was provided by immunoprecipitation experiments in lysates of 

HEK 293T cells transfected with expression vectors for both proteins. Within this system, the 

ARNT/TACC3 interaction can clearly be observed by co-IP without ligand present; addition  

 of increasing concentrations of KG-548 leads to a progressive decrease in the amount of 

TACC3-associated ARNT protein (Fig. 3-9c). While the apparent potency of KG-548 is 

lower in this more complex setting, our data clearly demonstrate that this ARNT-binding 

compound can inhibit ARNT/TACC3 complex formation in truncated or full length proteins.  

Notably, two negative control compounds KG2-006 and KG2-007 did not show such  
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Figure 3-11.  KHS101 does not directly regulate the formation of a minimal ARNT/TACC3 
complex.    a) Structure of KHS101 (172).    b) At concentrations up to 250 µM, KHS101 fails to 
disrupt the complex of minimal His-ARNT PAS-B and GST-TACC3-CT fragments by in vitro 
pulldown assays.    c) KHS101 is unable to interfere with in vitro interactions between ARNT2 PAS-
B/TACC3-CT. In contrast to KG-548, addition of KHS101 (up to concentrations of 50 µM) into an in 
vitro Ni-NTA pulldown assay shows no significant effect on the stability of a complex between 
ARNT2 PAS-B and TACC3-CT.    d) 15N/1H HSQC spectra of 100 µM 15N ARNT PAS-B in the 
absence (black) or presence (red) of 100 µM KHS101 show no ligand-induced effects, indicating no 
direct binding of KHS101 to ARNT PAS-B.    e) 15N/1H HSQC spectra of 100 µM GCN4-TACC3-
CT (610-631) dimer titrated with 100 µM KHS101 (apo: black, holo: red)). No significant peak 
perturbation is observed, indicating no direct binding of KHS101 to the TACC3-CT.   
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inhibition at comparable concentrations, consistent with the isolated domain results (Fig. 3-

4f). 

 

 Discovery of KHS101 as a TACC3 inhibitor - Complementing our targeted in vitro 

screening, we examined a presumed disruptor of ARNT/CCC interactions provided by the 

HTS-derived compound KHS101 (Fig. 3-11a) that accelerates NPC differentiation in the 

adult rat (172). Crosslinking data initially associated TACC3 with KHS101 by showing that a 

benzophenone derivative bound TACC3 at an uncharacterized location. This linkage between 

KHS101 and TACC3 was underscored by the observation of similar cellular effects with 

either KHS101 treatment or anti-TACC3 siRNAs in several settings (172,184), suggesting 

that this compound is a general TACC3 inhibitor. However, this study did not characterize 

the mechanism of KHS101 action on TACC3, leading us to ask if KHS101: 1) directly 

interferes with TACC3 binding to its partners ARNT or ARNT2 PAS-B in vitro; 2) alters 

TACC3 protein levels in cells; or 3) affects transcription from ARNT/CCC-reliant promoters, 

such as HIF-driven genes (134). 

  

 KHS101 is not a direct regulator of the ARNT/TACC3 complex - To address how 

KHS101 regulates ARNT/TACC3, we performed in vitro pulldown experiments in the 

presence of KHS101 using the minimal constructs of both proteins. We did not observe any 

substantial KHS101-dependent effect on TACC3 pulldowns with either ARNT or ARNT2 

(Fig. 3-11b,c), suggesting that KHS101, in contrast to KG-548, works indirectly to disrupt 

ARNT/TACC3 function. To test this hypothesis, we used solution NMR spectroscopy to 
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examine KHS101 binding to ARNT PAS-B and TACC3. 15N/1H HSQC spectra of ARNT 

PAS-B titrated with KHS101 showed only minor changes (Fig. 3-11d; compare to Fig. 3-3a 

for KG-548), indicating no binding. Analogous spectra using a 15N-labeled minimal version 

of TACC3 with both the ARNT-interacting C-terminal 21 residues of TACC3 and a 

stabilizing GCN4 coiled-coil (GCN4-TACC3-CT) also showed no differences between 

DMSO and KHS101-treated samples (Fig. 3-11e) at concentrations that trigger biological 

responses ((vide infra and ref. 172)). These negative data strongly suggested that KHS101 

perturbs the ARNT/TACC3 complex in a different, likely indirect, mechanism than KG-548. 

 

 KHS101 reduces intracellular TACC3 stability - Coupling prior data implicating 

KHS101 interference with ARNT/TACC3 (172) with our observation that KHS101 does not 

directly block the minimal ARNT PAS-B/TACC3-CT interaction, we hypothesized that 

KHS101 might function indirectly by modulating TACC3 stability. To test this, we examined 

TACC3 protein stability in HEK293T cells using pulse chase experiments conducted with the 

translation inhibitor cycloheximide (CHX) and either 5 µM KHS101 or DMSO control.  

Cells were harvested at different times post-CHX treatment and TACC3 protein levels were 

monitored by immunoblot (Fig. 3-12a).  KHS101 treatment decreased the stability of TACC3 

compared to DMSO controls (Fig. 3-12a,b), with substantial differences after 6 hr of 

treatment. We observe a statistically-significant difference at 6 hr and a net three-fold drop in 

TACC3 protein levels at 8 hr (relative levels of 9.3 [KHS101] and 29.9 [DMSO], Fig. 3-

12b), whereas ARNT levels were barely affected (Fig. 3-13a,b). In contrast, cells treated with 

KG-548 or an inactive KHS101 analog, KHS91 (172), showed no change in TACC3 level  
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Figure 3-12.  KHS101 decreases TACC3 levels in cells and regulates HIF gene expression.    a) 
KHS101 facilitates TACC3 degradation in a proteasome-dependent manner. HEK293T cells were 
treated with 5 µM KHS101, 100 µg/ml cycloheximide (CHX) (upper panel); additional cells were 
similarly treated with KHS101 and CHX plus 20 µM MG132 (lower panel). Cells were harvested 0-
8 hr post-treatment and prepared for TACC3 immunoblot analyses.    b) Quantification of TACC3 
protein levels from data shown in panel a. Without MG132, TACC3 protein levels decreased, with 
greater drops observed in KHS101-treated cells (compared to DMSO) after 6 hr incubation. A 
statistically-significant difference was observed 6 hr post-treatment (p < 0.01 by Student’s t-test); the 
8 hr timepoint also shows a substantial decrease in TACC3 levels, but this is not statistically 
significant due to large variations in data values.  In the presence of MG132, we observed little 
decrease in TACC3 levels with no KHS101-dependent effects, implicating a proteasomal-dependent 
degradation pathway.    c) Steady state treatment with KHS101 reduces TACC3 levels.  HEK293T 
cells were treated with KHS101 (0-15 µM) and immunostained with TACC3 AB1 after 14 hr. 
TACC3 intensity was negatively affected by KHS101.    d) KHS101 induces cell differentiation with 
a minimum of 6 hr exposure.  Adult rat NPCs were exposed to 5 µM KHS101 (or DMSO) for the 
indicated times, after which media were replaced with compound-free versions and incubated for a 
total of 100 hr.  Neuronal differentiation was assessed by expression of the TuJ1 marker, showing 
upregulation after times consistent with TACC3 levels falling in CHX-treated cells (panels a, b). 
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Figure 3-13.  Specificity of KHS101 effects on TACC3 levels.    a) Blot of ARNT and β-actin 
protein levels in HEK293T cells after 5 µM KHS101 treatment as described before. ARNT level was 
not changed in the presence of KHS101, indicating its effect in protein turnover is specific to TACC3.    
b) Quantification of data presented in panel a, showing no effect of KHS101 on the ARNT turnover 
rate.    c) Blot of TACC3 and β-actin protein levels in HEK293T cells after treatment with either 
DMSO or 100 µM KG-548 in the presence of 100 µg/ml cycloheximide.    d) Quantification of data 
presented in panel c (DMSO, KG-548 treatments) or Fig. 3-12a (KHS101 treatment) demonstrates 
that turnover effects are specific to KHS101.    e) Structure of KHS91, an inactive analog of KHS101 
(172).    f) Blot of TACC3 and β-actin protein levels in HEK293T cells after treatment with either 
DMSO or 5 µM KHS91 in the presence of 100 µg/ml cycloheximide.    g) Quantification of data 
presented in panel e, showing no effect of KHS91 on the TACC3 turnover rate. 
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Figure 3-14.  TACC3 level is reduced by KHS101 in a dose-dependent manner.    a) HEK293T 
cells were treated with KHS101 (0, 2, 6 and15 µM) and immunostained with TACC3 AB2 after 
14 hr. TACC3 intensity was negatively affected by KHS101, consistent with results shown in Fig. 3-
12c using the independent TACC3 AB1.    b) Quantification of TACC3 intensity as determined by the 
anti-TACC3 immunostaining shown in Fig. 3-12c (AB1) and Fig. 3-14a (AB2). Overall TACC3 
staining intensity levels were reduced to approximately 90% after KHS101 treatment measured by 
two different TACC3 antibodies.    c) HEK293T cells were treated with KHS101 (0-25 µM) and 
harvested after 16 hr. Quantification of TACC3 levels by immunoblots in the lysates of these cells 
show a dose-dependent reduction in TACC3 levels with an approximate IC50 of 3 µM and final 
reduction to approximately the same 90% level as seen in cells (Fig. 3-14b). 
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compared with DMSO, indicating specificity in the ligand-induced degradation (Fig. 3-13c-

g). Parallel experiments including the proteasome inhibitor MG132 muted this loss of 

TACC3 protein, without any marked difference between KHS101 and control groups (Fig. 3-

12a,b).  Finally, we verified that KHS101 affects steady state TACC3 levels in the absence of 

CHX, showing a dose-dependent and saturable drop in TACC3 protein levels with increasing 

concentrations of KHS101 (Fig. 3-12c, 3-14a-c). While this drop was smaller than we 

observed with CHX treatment, the consistent observation of a 10% drop in TACC3 levels in 

independent experiments with different sample types (using either intact cells or cell lysates) 

and different primary antibodies (Fig. 3-14) gives us confidence in this trend. Taken together, 

our results suggest that KHS101 treatment leads to increased proteasome-mediated 

degradation of TACC3 protein in cells, conceivably mediated by interactions outside of the 

ARNT-binding motif. 

 

 KHS101 treatment affects two independent TACC3-containing pathways in cells - To 

evaluate the functional implications of the KHS101-triggered drop in TACC3 levels, we 

looked for correlations between KHS101 effects on TACC3 levels and the activities of two 

TACC3-dependent pathways. We initially examined the kinetics of compound-induced NPC 

differentiation, which involves both TACC3 and ARNT2 (172). Here we used KHS101 

washout experiments, exposing rat NPCs to KHS101 for various times before switching to 

compound-free media for the remainder of the 100 hr incubation. Afterwards, differentiation 

was assessed using immunofluorescence-based detection of the pan-neuronal TuJ1 marker.  

We saw a KHS101-dependent increase in TuJ1 expression only after 6 hr of treatment,  
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Figure 3-15.  KHS101 inhibits HIF target gene expression and decreases HIF1α protein levels.    
a) KHS101 treatment potently reduces HIF target gene expression. Hep3B cells were treated with 
KHS101 (0-25 µM) and incubated under hypoxia (1% O2) for 16 hr. The expression of three HIF-
driven genes (EPO, PGK1, GLUT1) were assessed by qPCR, demonstrating KHS101 inhibiting 
transcription with IC50 < 5 µM.    b) HIF1α mRNA level was measured by qPCR, showing no 
significant change with increasing KHS101 concentration.    c) HIF1α protein levels are reduced in a 
KHS101 dose-dependent manner, using anti HIF1α Western blot.  
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maximizing after 12-24 hr of exposure (Fig. 3-12d). A reasonable hypothesis for this delay in 

KHS101 efficacy is that its proneurogenic effects are directly related to the time required to 

alter TACC3 protein levels (4-8 hr by pulse chase; 16 hr under steady state conditions). 

To independently assess KHS101 effects in another TACC3-dependent activity, we 

examined the dose dependence of KHS101 on the transcription of endogenous HIF target 

genes using qPCR (134). Since KHS101 decreases steady state TACC3 levels, we suspected 

that compound treatment would lower TACC3 participation in hypoxia-induced HIF 

complexes, analogously to TACC3 knockdown and ARNT point mutations which weaken 

TACC3 binding (134). To test this possibility, we measured mRNA levels for three HIF-

responsive genes in Hep3B cells, which utilize ARNT in both HIF1 and HIF2 signaling. 

Though some genes are regulated by both HIF paralogs, others are controlled only by either 

HIF1 (e.g. PGK-1) or HIF2 (e.g. Epo) (185,186). As expected, levels of these HIF-regulated 

transcripts increase (from 5- to 130-fold) upon exposure to hypoxia (Fig. 3-15a).  

Concomitant treatment with KHS101 and hypoxia led to dose-dependent reductions in the 

levels of all three transcripts, with apparent IC50 values below 5 µM (Fig. 3-15a), correlating 

the dose dependencies of KHS101 on TACC3 levels (Fig. 3-12c).  To further evaluate the 

mechanism of this effect, we quantitated HIF1α mRNA and protein levels by qPCR and 

Western blot. While HIF1α mRNA levels were unaffected by KHS101 treatment (Fig. 3-

15b), HIF1α protein levels were drastically decreased in a KHS101 dose-dependent manner 

(Fig. 3-15c). We suspect HIF2α is similarly destabilized in KHS101-treated hypoxic cells, 

but quantification of this effect is complicated by technical issues with available anti-HIF2α 

antibodies; compound treatment has no effect on HIF2α mRNA levels (data not shown). 
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While further studies are needed to fully characterize the breadth of KHS101-induced protein 

destabilization with respect to several parameters (protein target, cell type, growth 

conditions), our functional data provide a mode of action for KHS101 and demonstrate its 

efficacy in two distinct pathways depending on cellular context. 

 
 
iii. Discussion  

 

Protein/protein interactions are often difficult to modulate with chemical reagents. 

Here we describe two compounds that affect the ARNT/TACC3 complex, an important 

component of HIF. These chemicals work by two different mechanisms: KG-548 directly 

interferes with ARNT/TACC3 complex formation by competing with TACC3 for binding to 

the ARNT PAS-B domain while KHS101 modulates the abundance of both TACC3 and the 

HIF component, HIF1α. The different origins of these compounds underscores the merits of 

parallel in vitro target-based and cell-based phenotypic screens, each having strengths and 

weaknesses in drug discovery. In vitro target-based methods are appealing in their use of 

mechanism-driven hypotheses and focused searches for inhibitors of disease-associated 

targets, such as HIF or TACC3 (187,188). However, this route often cannot address issues of 

potency, specificity and metabolism that are essential for cellular applications, and which can 

be problematic to subsequently incorporate into lead compounds. In contrast, cell-based 

phenotypic methods have tremendous power to identify new inhibitors of biological 

activities, but require downstream mechanistic studies to clarify modes of action. In our case, 

the linkage between ARNT2/TACC3 interactions and neuronal differentiation might have 
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remained cryptic without the phenotypic screen and initial characterization of KHS101 

(171,172). While KHS101 demonstrates the potential of TACC3 destabilization to alter HIF 

transcriptional activation, we suggest that a target-based approach embodied by KG-548 can 

provide compounds that work more specifically than by simply destabilizing TACC3 and 

HIF1α, which may have potential secondary effects. Retrospective analyses of drug 

discovery successes underscore the utility of combining phenotypic and targeted approaches: 

the former still generate the majority of first-in-class new molecular entities but are often 

followed by target-based screens which identify many more candidates using the foundation 

established by the phenotypic efforts (189). 

From the standpoint of small molecule HIF inhibitors, blocking ARNT/TACC3 

interactions may hold several advantages over previously described strategies 

(56,96,190,191). Most notably, this strategy targets a mechanistically-defined interaction 

(122,134) common among all three HIF paralogs, allowing a single compound to 

simultaneously block transcription from multiple HIFs given their shared use of ARNT. 

While our approach shares the general concept of disrupting activator/coactivator interactions 

with the HIF inhibitor chetomin (96), it is worth emphasizing that chetomin targets a 

completely different complex (HIFα C-terminal transcriptional activation domain with the 

CH1 domain of the p300/CBP coactivator) that lacks the small-molecule binding pockets that 

confer specificity to ARNT PAS-B targeting compounds. 

To close, integrating two screening strategies has provided us with small molecules 

that are useful tools for continuing studies of the critical HIF signaling pathway. This should 

also refine our understanding of the roles of CCC proteins in HIF-driven gene activation and 
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could potentially lead to development of new therapeutic routes for HIF-dependent cancers.  

Finally, we hope that this parallel direct/indirect inhibitor approach provides another example 

in the relatively limited number of small molecule inhibitors of protein/protein interactions. 
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CHAPTER 4  
 

SEARCHING FOR HIGH POTENCY SMALL MOLECULE REGULATORS FOR 
ARNT/CCC 

 

 

 

ARNT participates in several key transcriptional factor complexes, where it 

modulates cellular responses to hypoxia, xenobiotic exposure and other environmental 

perturbations. As described in Chapter 3, searching for higher potency small molecules to 

regulate protein/protein interactions between ARNT and CCCs in living cells is of immediate 

importance.  

To obtain this goal, we needed to 1) screen a larger number of compounds with more 

complexity and diversity than the initial NMR-based screen; 2) switch to a different assay 

format that allows us to detect a functional readout of disrupting protein/protein interaction 

instead of simply protein/ligand binding; 3) perform the assay in high throughput format to 

ensure the screening of large compound libraries can be completed in a competitive time 

scale.  

 

i. Assay setup and validation 

 

In order to fulfill the robust and interaction-specific criteria for this high throughput 

screening, I developed a primary screen assay based on an in vitro luminescence proximity 

assay (AlphaScreen, Perkin-Elmer). This assay relies on the singlet O2-mediated 
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luminescence signal generated between the AlphaScreen donor and acceptor beads that are 

brought together within 200 nm by protein complex formation. Compound-mediated signal 

decreases will suggest candidate disruptor.  

 

 a. AlphaScreen assay setup 

 

Protein reagents GST-TACC3 (561-631) E629A and His-ARNT PAS-B were 

acquired in sufficient quantities from E.coli BL21(DE3) expression and standard column 

chromatography purification. In 384-well plate format, both proteins were mixed at 1:1 ratio 

of monomers at a final concentration of 400 nM in 10 μl AlphaScreen buffer (50 mM Tris, 

pH 7.5; 100 mM NaCl; 1 mM DTT) with 0.2 µl compounds or DMSO controls (DMSO 1.3% 

v/v). After a 1 hr incubation at 4 °C, AlphaScreen beads (GST AlphaScreen donor beads, Ni 

AlphaLISA acceptor beads) were added to the protein mixture at 10 μg/ml final 

concentration (in a total volume 25 µl) under dim green light followed by a 3.5 hr room 

temperature incubation in a dark, humidified chamber. Protein/protein interactions between 

His-ARNT PAS-B (blue) and GST-TACC3 (561-631) E629A (orange) bring donor beads 

and acceptor beads into close proximity and generates detectable chemiluminescence (Fig. 4-

1a). Titration of untagged TACC3 or the positive control compound KG-548 perturbed this 

interaction and resulted in a dose-dependent chemiluminescence signal decrease with IC50 

values comparable to other biochemical and biophysical experiments (Fig. 4-1bc) (21), 

suggesting that this assay is interaction-specific and is suitable for small molecule screening. 
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 b. Assay-to-screen transition 

 

 The AlphaScreen assay described above was extensively optimized to achieve a 

successful assay-to-screen transition. The original AlphaScreen buffer was supplement with 

additives (10% glycerol; 0.02 % Tween 20; 0.1 % BSA) to promote protein stability when 

using automatic liquid handling. We also lowered the concentration of AlphaScreen beads 

from 10 μg/ml to 5 μg/ml final concentration, reducing the expenses without impairing the 

outstanding dynamic range of the assay (~45 fold difference from the ARNT PAS-B-only 

negative control) (Fig. 4-2a). The optimized condition resulted a robust primary screen assay 

with great plate-to-plate and day-to-day reproducibility (Z’ values ranging from 0.6-0.7; ~50 

fold dynamic range) in a 384-well plate format that was amenable to large scale compound 

screening (Fig. 4-2b).  

 

ii. In-house test screen 

 

 A test screen in collaboration with HTS core facility at UT Southwestern Medical 

Center was conducted to check the compatibility of the assay with the microliter plate format 

and automated liquid handling. In this screen, we surveyed a library of 11,072 isolated 

compounds at 5 μM and 2,688 mixtures of natural products obtained from fractionated 

marine bacterial extracts at 1 mg/ml. A total of 317 hits were identified from the primary 

screen (2.3% of all samples = 2.1% of isolated compounds + 3.0% natural products fractions)  
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Figure 4-1. AlphaScreen assay setup.    a) Schematic of the AlphaScreen assay mechanism. This in 
vitro assay relies on luminescence proximity between “donor” and “acceptor” beads. When two beads 
are localized within 200 nm by a protein/protein interaction, the singlet oxygen will diffuse from 
donor beads to acceptor beads, generating detectable chemiluminescence signal.  This signal could be 
disrupted by both competition of untagged protein b) and small molecule inhibitor targeting the 
protein/protein interaction c) in a dose-dependent manner. The sensitivity of this assay to small 
molecule inhibitor demonstrates that the signal is not from non-specific interaction between beads and 
also allows this assay to be used in compound screening.  
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Figure 4-2. Assay automation validation.    a) Signal to noise ratio (S/N) and Z score measured 
using different final concentrations of AlphaScreen beads. There is no significant difference of S/N 
and Z score by using 10 μg/ml or 5 μg/ml beads (S/N ~ 100). To make the screening more 
economical, 5 μg/ml final beads concentration was selected for future experiments.    b) Day-to-day 
and plate-to-plate variance of the assay. AlphaScreen assay was conducted on two consecutive days 
and two independent 384-well plates, showing no significant variance on both S/N and Z score. These 
data suggest that this assay is robust and suitable for high throughput screening.    c) Reproducibility 
of the AlphaScreen assay. A test screening of over 13,000 single compounds and natural product 
mixtures identified several inhibitors for ARNT/TACC3 interaction. Retest of over 300 initial hits 
show a high degree of correlation between replicates. 
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based on a 3σ	
  cut-off rule (raw signal ≤ plate mean signal - 3σ). Cherry-picked candidates 

were re-tested in triplicate at the above concentration in a confirmation screen. A high degree 

of correlation was observed between the primary screen and confirmation screen with 305 

compounds out of the 317 hits showing > 30% inhibition in both screens, demonstrating the 

reproducibility and reliability of this assay (Fig. 4-2c). 

 

iii. Chemical probe development plan - Broad Institute 

 

 With the assay well validated, we decided to move on to a larger library to identify 

high potency small molecule inhibitors/chemical probes for ARNT/TACC3 complex. This 

was conducted with the collaboration with the Broad Institute. The potentially higher potency, 

higher affinity probes in this small molecule screen will be useful in cell-based investigation 

of ARNT/CCCs-dependent transcription in responses to hypoxia, xenobiotic and other 

environmental perturbations, and in complementary biophysical studies of mechanism of 

disrupting protein/protein interaction.  

 

 a. Compound identification critical path flow 

 

 A critical path flow chart was generated as a general guideline for the entire probe 

development plan, which defines specific experiment in every step of the screen and the cut-

off range to identify potential candidate for each assay (Fig. 4-3). Three stages of assays are 

included in this flow: 1) Primary assay: including a primary AlphaScreen-based high  
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Figure 4-3. Critical path flow of chemical screening and followup assays. 

Order DMSO-desolved cherry picks of actives

Secondary Assay 1
Counter AlphaScreen in dose 
with dual-tagged ARNT PAS-B

Secondary Assay 2
Cytotoxicity in HEK293T, HepG2 and HeLa cells
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Pulldown assay to search inhibitors for
 His-ARNT PAS-B/GST-TACC3 complex

Secondary Assay 4
NMR binding assay to look for

 compound binds to ARNT PAS-B

Secondary Assay 5
HRE reporter assay to check compounds 

inhibition of HIF-driven luciferase 
transcripts in USO2 and HeLa cells

Secondary Assay 6
qPCR assay to check compounds 

inhibition of HIF-driven genes:
PGK1; BNIP3; DEC2; GLUT1

Chemistry Optimization

Probe

Primary Assay
AlphaScreen to detect disruption 

of ARNT/TACC3 interactions
≥ 3σ 

Confirmation Assay
Repeat actives from primary assay at 

8-point dose by AlphaScreen assay
IC50 ≤ 3 μM IC50 ≥10 μM
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throughput screening over the entire library to detect candidate compounds that can disrupt 

ARNT/TACC3 interaction at a single dose, and a confirmation AlphaScreen assay to re-test 

the primary candidates in dose-dependent manner; 2) Secondary assays: including a counter 

screen assay using GST-ARNT PAS-B-His to rule out false positives that interfere with the 

AlphaScreen beads, cell-based assays testing compound cytotoxicity and HIF-driven gene 

inhibition, and in vitro pulldown or NMR binding assay to reveal the mode-of-action of the 

hits. Candidates pass all the steps will be followed up by chemistry optimization that leads to 

the final probe.  

  

 b. Chemical probe development in progress 

 

1) Initial screens searching for small molecule candidates 

A primary screen over 392,872 compounds from MLPCN (Molecular Libraries Probe 

Production Centers Network) and DOS (diversity-oriented synthesis) libraries identified 

1338 compounds with > 60% inhibition (0.34% hit rate), including 259 out of 79,632 

compounds from DOS library (0.32% hit rate) and 1079/313,180 compounds from MLPCN 

library (0.34% hit rate). 1247 out of 1338 hits (988 in MLPCN and 259 in DOS) were 

available for cherry pick and confirmation screens in 8-point doses, from 0-80 µM, 

generating 153 hits which had IC50 < 3 μM (96 in MLPCN and 57 in DOS). 25 out of 153 

hits (25 in MLPCN and 0 in DOS) passed the counter screen demonstrated IC50  > 10 μM for 

the single protein, dual tagged GST-ARNT PAS-B-His counter AlphaScreen (Fig. 4-4,4-5). 
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Figure 4-4. Primary assay and dual tagged counter assay results for the top five candidates with 
the lowest primary assay IC50. 
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Figure 4-5. Small molecule candidates from MLPCN library that passed primary screen and 
confirmation assay.    Compounds are listed in ascending order of IC50 values. Candidates used in 
the next round of followup assays are highlighted in yellow. 
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2) In vitro pulldown and NMR binding assay confirming mode-of-action  

Dry powders of 40 compounds including 16 BRD hits and 24 analogues (9 BRD 

compounds out of the total 25 hits contained unstable functional groups and were removed 

from followup assays, Table 4-1, compounds not highlighted in yellow) were ordered for 

several in vitro assays to further confirm the ability of those potential candidates in disrupting 

the ARNT/TACC3 interaction and determine direct protein binding. Compounds BRD ID 

was renamed to “YG” ID for simplification (Table 4-1, original hits are highlighted in 

yellow).  

Pulldown assays were conducted by incubating 500 μM final concentration of 

compounds into pre-formed His-ARNT PAS-B/GST-TACC3 (561-631) E629A complex 

(5 μM His-ARNT PAS-B + 10 μM GST-TACC3 (561-631) E629A) overnight at 4 °C. 

ARNT/TACC3 complex was precipitated with 15 μl Ni-NTA beads and eluted protein was 

resolved in SDS-PAGE and stained with Coomassie blue stain. Compounds capable of 

disrupting the ARNT/TACC3 interaction will result a weakened band for GST-TACC3 (561- 

631) E629A compared to DMSO control. Overall, 11 out of 40 compounds showed ≥ 50% 

inhibition (weakened TACC3 bands) and were marked as “pulldown effective ligands” (Fig. 

4-5, Table 4-1).  

 To test the binding mode between inhibitor candidates and the ARNT/TACC3 

complex, 1H-15N HSQC spectra were was used to monitor perturbations of U-15N ARNT 

PAS-B spectra upon compound addition to reveal direct compound/ARNT PAS-B interaction 

(87 μM 15N ARNT  PAS-B ± 500 μM compound). Unlike KG-548, most BRD hits exhibited 

only slight peak broadening behavior (Fig. 4-7a). Mapping the top 20 affected residues on the   
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Table 4-1. 40 candidates from primary AlphaScreen hits and analogues.    

 

 
* Compounds that belong to the original 25 hits (Fig. 4-5) are highlighted in yellow. 
* Compounds that are both pulldown effective and NMR effective are highlighted in green at far right 
column. 

Rename BRD(ID SMILES MW
IC50(primary(

(μM)
IC50(counter(screen(

(μM) Pulldown(effective NMR(effective

YGG1 BRDGK00073103G001G01G6 O=C(Nc1nc(cs1)Gc1ccncc1)c1cccc(c1)S(=O)(=O)N1CCOCC1 430.501

YGG2 BRDGK95473893G001G09G1 Cc1ccc(o1)C(=O)Nc1nc(cs1)Gc1ccccn1 285.321 2.07 22.8

YGG3 BRDGK55728210G001G01G9 CC1CCN(CC1)S(=O)(=O)c1ccc(cc1)C(=O)Nc1nnc(o1)Gc1ccccc1 426.489

YGG4 BRDGK18737048G001G01G4 Cc1ccc(o1)C(=O)Nc1nc(cs1)Gc1ccccc1 284.333

YGG5 BRDGK36074284G001G08G8 Cc1ccc(cc1S(=O)(=O)N1CCOCC1)C(=O)Nc1nc(cs1)Gc1ccccn1 444.527 2.37 23.5

✓ ✓

YGG6 BRDGK11140968G001G07G1 c1ccc(nc1)Gc1n[nH]c(n1)Gc1ccncc1 223.233

YGG7 BRDGA58369652G001G12G3 CC(C)CC(=O)NC(c1cccs1)c1ccc2cccnc2c1O 340.439

YGG8 BRDGK00097598G001G07G4 Clc1ccc(NC(=O)CSc2n[nH]c(n2)Gc2ccccn2)cc1 345.807 2.08 >68

✓

YGG9 BRDGK59544019G001G08G4 COC(=O)Cc1cc(O)n(n1)Gc1nc2ccccc2[nH]1 272.259 2.68 60.2

✓

YGG10 BRDGA07520004G001G01G1 CCCCC(=O)NC(c1ccco1)c1ccc2cccnc2c1O 324.374

YGG11 BRDGA09774522G001G01G5 Oc1c(ccc2cccnc12)C(NC(=O)Cc1ccccc1)c1ccco1 358.39

YGG12 BRDGA47816767G001G17G8 CC(C)C(=O)NC(c1ccco1)c1ccc2cccnc2c1O 310.347 0.96 28.5

✓
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Table 4-1. 40 candidates from primary AlphaScreen hits and analogues  (continued). 
 

 
* Compounds that belong to the original 25 hits (Fig. 4-5) are highlighted in yellow. 
* Compounds that are both pulldown effective and NMR effective are highlighted in green at far right 
column. 
  

Rename BRD(ID SMILES MW
IC50(primary(

(μM)
IC50(counter(screen(

(μM) Pulldown(effective NMR(effective

YGG13 BRDGK42767609G001G01G2 CCn1nc(nc2c1nc(=O)n(C)c2=O)Gc1cccnc1 284.273

✓

YGG14 BRDGK68444589G001G01G1 Fc1ccc(cc1)Gc1nnc(NC(=O)c2ccc(cc2)S(=O)(=O)N2CCCCC2)o1 430.453

YGG15 BRDGA68913459G001G08G9 CC1CCCN(C1)S(=O)(=O)c1ccc(cc1)C(=O)Nc1nnc(o1)C1=COCCO1434.466

✓

YGG16 BRDGK39348181G001G08G7 O=C(CSc1ccc(nn1)Gc1ccccn1)Nc1ccccc1 322.384

✓ ✓

YGG17 BRDGK91226758G001G01G8 CC1CCN(CC1)S(=O)(=O)c1ccc(cc1)C(=O)Nc1nnc(o1)Gc1ccno1 417.439

✓ ✓

YGG18 BRDGK94732626G001G01G2COc1ccc(cc1)Gc1nnc(NC(=O)c2ccc(cc2)S(=O)(=O)N2CCC(C)CC2)o1456.515

YGG19 BRDGK34246556G001G06G9 CC1CCN(CC1)S(=O)(=O)c1ccc(cc1)C(=O)Nc1nnc(o1)Gc1ccco1 416.451

YGG20 BRDGK00617228G001G07G7 Cc1cccc(NC(=O)CSc2ccc(nn2)Gc2ccccn2)c1C 350.437 2.86 30.4

YGG21 BRDGK89567764G001G01G1CSc1ccc(cc1)Gc1nnc(NC(=O)c2ccc(cc2)S(=O)(=O)N2CCC(C)CC2)o1472.58

YGG22 BRDGK19271421G001G01G0 CC1CCN(CC1)S(=O)(=O)c1ccc(cc1)C(=O)Nc1nnc(o1)Gc1cccs1 432.517
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Table 4-1. 40 candidates from primary AlphaScreen hits and analogues  (continued). 
 

 
 

* Compounds that belong to the original 25 hits (Fig. 4-5) are highlighted in yellow. 
* Compounds that are both pulldown effective and NMR effective are highlighted in green at far right 
column. 

 
 

Rename BRD(ID SMILES MW
IC50(primary(

(μM)
IC50(counter(screen(

(μM) Pulldown(effective NMR(effective

YGG23 BRDGK14600582G001G07G7 CC1CCN(CC1)S(=O)(=O)c1ccc(cc1)C(=O)Nc1nnc(o1)Gc1ccccn1 427.477

✓ ✓

YGG24 BRDGK17909254G001G07G6 COC(=O)c1ccc(NC(=O)CSc2ccc(nn2)Gc2ccccn2)cc1 380.42 2.57 >68

YGG25 BRDGK87583716G001G07G6 CC1CCN(CC1)S(=O)(=O)c1ccc(cc1)C(=O)Nc1nnc(o1)C1CC1 390.457

✓

YGG26 BRDGK47123877G001G01G8 O=C(Nc1nc(cs1)Gc1ccccn1)c1ccc(cc1)S(=O)(=O)N1CCOCC1 430.501

✓

YGG27 BRDGK46204722G001G07G1 O=C(CSc1ccc(nn1)Gc1ccccn1)N1CCCC1 300.379 3.5 48.1

✓ ✓

YGG28 BRDGK64432103G001G01G7 Cc1nnc(NC(=O)c2ccc(cc2)S(=O)(=O)N2CCCCC2)o1 350.393

✓ ✓

YGG29 BRDGK42922901G001G08G3 O=C(Nc1nc(cs1)Gc1ccncc1)c1ccco1 271.294

✓

YGG30 BRDGK65837708G001G08G0 O=C(CSc1ccc(nn1)Gc1ccccn1)Nc1nccs1 329.4 2.93 60.3

✓

YGG31 BRDGK11140968G001G08G9 c1ccc(nc1)Gc1n[nH]c(n1)Gc1ccncc1 223.233 2.79 13.9
✓

YGG32 BRDGK11283112G001G06G6 O=C(Nc1nnc(o1)C1=COCCO1)c1ccc(cc1)S(=O)(=O)N1CCCCC1 420.44

✓ ✓

YGG33 BRDGK19112325G001G05G4 CC(C)Cc1nnc(NC(=O)c2cccc(c2)S(=O)(=O)N2CCOCC2)s1 410.511

✓
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Table 4-1. 40 candidates from primary AlphaScreen hits and analogues  (continued). 
 

 
* Compounds that belong to the original 25 hits (Fig. 4-5) are highlighted in yellow. 
* Compounds that are both pulldown effective and NMR effective are highlighted in green at far right 
column. 

  

Rename BRD(ID SMILES MW
IC50(primary(

(μM)
IC50(counter(screen(

(μM) Pulldown(effective NMR(effective

YGG34 BRDGA35765283G001G01G0CC1CC(C)CN(C1)S(=O)(=O)c1ccc(cc1)C(=O)Nc1nnc(o1)C1=COCCO1448.493

YGG35 BRDGK92949217G001G08G4 CC1CCN(CC1)S(=O)(=O)c1ccc(cc1)C(=O)Nc1nnc(o1)C1=COCCO1434.466 1.21 >68

✓

YGG36 BRDGK32342297G001G10G4 O=C(CSc1ccc(nn1)Gc1ccccn1)NC1CCCCC1 328.432 2.56 25.7

✓ ✓

YGG37 BRDGK56711065G001G07G7 CN(C)C(=O)c1sc2nc(nc(O)c2c1C)Gc1ccccn1 314.362 2.78 23

✓ ✓

YGG38 BRDGK33857288G001G12G7 Nc1nc(nc(N)c1Cc1ccc(Cl)cc1Cl)Gc1ccccn1 346.214 2.6 25.7

YGG39 BRDGK69085837G001G11G0 CCc1cc2c(O)nc(nc2s1)Gc1ccccn1 257.311 2.86 50.8

YGG40 BRDGK46071822G001G08G1 O=C(Nc1nc(cs1)Gc1ccccn1)c1ccco1 271.294 2.17 26.1

✓
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Figure 4-6. Ni pulldown assay testing 40 compounds’ ability in disrupting ARNT/TACC3 
complex in vitro.    Upper panel: Ni pulldown assay testing 40 compounds against His-ARNT PAS-
B/GST-TACC3 complex. Lower panel: quantification of Ni pulldown assay. Black arrow indicates 
compounds with ≥ 50% inhibition. Compounds interfering with Ni beads are marked with *. 
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Figure 4-7. Small molecule candidates show different ARNT PAS-B binding ability.    a) Overlay 
of 1H-15N HSQC spectra of 87 µM 15N ARNT PAS-B +/- 500 µM YG-5.    b) Top 20 residues 
broadened from compound binding.    c) Histogram of average broadening effect on 15N ARNT PAS-
B by different compound. The 0.7 cut-off is shown as dashed line and “pulldown effective ligands” 
are colored red.    d) “Pulldown effective ligands” showed stronger average peak broadening effect 
than “pulldown non-effective ligands”. 
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ARNT PAS-B structure (Fig. 4-7b), with residues broadened by both “pulldown effective 

ligands” and “pulldown non-effective ligands” in red and residues broadened by “pulldown 

effective ligands” alone in cyan, we observed several trends. Although the “pulldown 

effective ligands” caused a wider range of peak broadening compared to the “pulldown non-

effective ligands”, the high degree of overlap between the affected residues (red) suggests a 

similar binding mechanism with ARNT PAS-B (Fig. 4-7b). Based on this observation, we 

used an average peak intensity ratio to establish whether a compound is a hit (peak intensity 

ratio < 0.7 is considered “NMR effective”). Among the 40 BRD hits plus analogs tested by 

NMR, 19 compounds exhibited strong peak broadening effects and 9 of these “NMR 

effective ligands” also belong to the “pulldown effective ligands” group, suggesting direct 

ARNT PAS-B binding is correlated with disrupting protein/protein interactions involving 

ARNT PAS-B (Fig. 4-7c, Table 4-1). 

 Worth noticing, both “pulldown non-effective ligands” and “pulldown effective 

ligands” broadened peaks from residues surrounding the two ARNT PAS-B water-binding 

cavities. However, the extent of peak broadening caused by these two groups of ligands 

exhibited some differences: “pulldown effective ligands” induced much larger peak 

broadening on 15N ARNT PAS-B than “pulldown non-effective ligands” (Fig. 4-7d). One 

possible explanation behind this phenomenon is that in order to perturb protein/protein 

interaction by small molecules, a conformational change (here observed as perturbations to 

the NMR spectra) that is large enough to directly interfere with the binding interface must be 

introduced.  
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 To further examine the ligand interaction with ARNT PAS-B domain, isothermal 

calorimetry (ITC) experiments were conducted to establish the binding affinity of potential 

hits to ARNT PAS-B. To quickly identify compounds amenable to ITC characterization, 9 

YG compounds (diluted from 10 mM DMSO stock) (Table 4-1, highlighted in green) were 

tested by a single, 280 µl injection of 1 mM ARNT PAS-B into 1.4 ml of a 100 µM 

compound solution. Protein injection into DMSO and KG-548 solutions served as negative 

and positive controls, respectively. Heats generated in this single injection ITC experiment 

are listed in Table 4-2, where % difference is defined as the difference in heats evolved in 

compound titrations divided by heats in the DMSO control. Since all compounds 

demonstrated very small heat differences in comparison with the DMSO control, we selected 

the three compounds which exhibited ~5% heat changes compared to DMSO for full titration: 

YG-17, YG-27 and YG-32. 

 

Table 4-2. Heat and % heat change generated by single injecting of ARNT PAS-B into 
compounds. 

 
Compound name Heat generated  

(kcal/mol) 
% Difference 
(with DMSO) 

DMSO -305.5 - 
KG-548 -400.7 31.2 
YG-05 -303.1 -0.8 
YG-16 -319.2 4.5 
YG-17 -299.8 -1.9 
YG-23 -302.9 -0.9 
YG-27 -279.2 -8.6 
YG-28 -310.9 1.8 
YG-32 -289.9 -5.1 
YG-36 -293.6 -3.9 
YG-37 -299.5 -2.0 
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Figure 4-8. ITC titrations of potential ARNT PAS-B binding compounds.    Heat evolved from 
ARNT PAS-B full titrations (15 µl/injection, 19 injections) into 1.4 ml, 2 mM KG-548 (positive 
control) or YG compounds (red) and DMSO control (black). While titration of ARNT PAS-B into 
KG-548 provided small magnitude heats of binding distinct from titration in to a no compound 
solution, YG compound complexes provided heats indistinguishable from the control experiment. 
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Conventional ITC titrations were conducted as 19, 15 µl injections of 2 mM ARNT PAS-B 

into 50 µM YG-compound solutions, in a buffer supplemented with 5% DMSO to promote 

free compound solubility. Unfortunately, the heats evolved from titrating ARNT PAS-B into 

YG compounds were not substantially different from the heat evolved in the DMSO control 

experiment (Fig. 4-8).  This result suggested that either these complexes bear weak affinity 

relative to the concentration of material in the calorimeter cell (Kd > 50 µM) or that these 

complexes possess very small heats of binding under the current experimental conditions.    

If the heat capacity of these complexes is stable over a broad temperature range and the true 

Kd of these complexes are less than 50 µM, changing assay temperature could provide 

measurable heats of association.  

 While the YG compounds resisted quantitative analysis, to better understand the 

ligand binding role of ARNT PAS-B, we turned attention to previously identified drug 

fragment hits (KG-548 and KG-655). Due to the poor solubility of compounds, experiments 

were conducted by titrating a total of 285 µl, 1 mM ARNT PAS-B into 1.4 ml, 100 µM 

solution (Fig. 4-9). This ITC titration provided an unusual isotherm with the largest 

magnitude heats evolving at the end of the titration. To better understand this phenomenon, 

we repeated the titration with higher protein concentration (2 mM ARNT PAS-B) and lower 

compound concentration (50 µM compound solution) to see if we could saturate this effect 

(Fig. 4-10).  

 Interestingly, the net heat measured with high ARNT PAS-B concentration titration 

exhibited a bell shaped curve instead of the usual hyperbolic or sigmoidal curve observed in 

successful ITC experiments (Fig. 4-9, 4-10). We hypothesized that this phenomena was  
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Figure 4-9. ITC experiments with KG-548 and KG-655 resulted unusual isotherm.    These 
complexes were tested by 19, 15 µl injections of 1 mM ARNT PAS-B into 1.4 ml, 100 µM a) KG-548 
and b) KG-655.  Left panel: thermogram of titrations into DMSO.  Middle panel:  heats evolved from 
titration of protein into compound.  Right panel: net heats of ARNT PAS-B/compound titration 
(compound - DMSO). Unlike isotherm, heats of compound binding were greatest at the end of 
titration.  
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Figure 4-10. KG-548 and KG-655 may preferentially bind to ARNT homodimer.    a) ARNT 
PAS-B/KG-548 complex. Upper panel: thermogram of 19, 15 µl injections of 2 mM ARNT PAS-B 
titrated into 1.4 ml, 50 µM KG-548 or DMSO-only control. Middle panel: comparison of heats 
evolved from titration into KG-548 (red) and DMSO control solutions (black). Bottom panel: net 
heats of ARNT PAS-B/KG-548 (KG548 - DMSO) titration.    b) ARNT PAS-B/KG-655 complex. 
Upper panel: thermogram of 19, 15 µl injections of 2 mM ARNT PAS-B titrated into 1.4 ml, 50 µM 
KG-655 or DMSO-only control. Middle panel: comparison of heats evolved from titration into KG-
655 (red) and DMSO control solutions (black). Bottom panel: net heats of ARNT PAS-B/KG-655 
titration (KG-655 - DMSO). 
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Figure 4-11. ARNT PAS-B homodimer affinity measured by ITC experiments.    The affinity of 
the ARNT PAS-B homodimer is estimated by dilution of either 1 mM (left panel) or 2 mM (right 
panel) ARNT PAS-B into buffer.  Both experiments were conducted as 19 injections of 15 µl protein 
and were analyzed with the “dissociation” model implemented in the vendor-supplied version of 
Origen.   
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associated with ARNT PAS-B homodimerization. The ARNT PAS-B homodimer was 

previously detected in solution by chemical shift difference observed in serially-diluted 

ARNT PAS-B NMR samples with Kd ~500 µM (156). This dissociation constant was 

measured again by ITC in this study, giving Kd  ~1 mM  (Fig. 4-11).  Taken together with 

the unconventional isotherms collected in the presence of compound, these data raise the 

possibility that the compound may preferentially bind to or even stabilize the ARNT PAS-B 

homodimer. In such a binding mechanism, the initial injections of ARNT PAS-B into the 

calorimeter cell will provide low ARNT PAS-B concentrations, limited ARNT homodimer 

accumulation in the cell, and very small heats associated with compound binding. As the 

concentration of ARNT PAS-B in the calorimeter cell approaches the ARNT PAS-B 

homodimer Kd, ARNT homodimers will accumulate, which will be correlated with 

increasing heats of compound binding (Fig. 4-10, bottom panel) (molar ratio = 2). With 

additional ARNT PAS-B titration, binding heat evolved from compound/ARNT PAS-B 

dimer interaction was then attenuated when un-bound compound concentration dropped to a 

certain limit (Fig. 4-9, 4-10). Conversely, the same compound can attenuate ARNT PAS-B 

heterodimerization with HIF2α PAS-B. Therefore, due to the uncertain biological 

significance of ARNT PAS-B homodimer and the opposite effect that the drug fragments 

have on homo- and heterodimers, this hypothesis needs further modeling to generate the 

thermodynamic cycle for this process as well as biophysical characterization to reveal the 

structural details of how compounds distinguish different ARNT PAS-B oligomers.  
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Taken together, by combining the hits from pulldown assay and NMR binding assay, 

9 hits that can disrupt ARNT/TACC3 interaction via direct ARNT PAS-B binding were 

selected for further evaluation. 

 

3) Cytotoxicity and gene expression inhibition assay 

All 9 candidates were tested at the Broad Institute using their cytotoxicity panel on 

three cell lines: HEK293T, HepG2 and HeLa. No severe cytotoxicity was observed in all 

three cell-lines, making them all suitable for cell-based assays to test whether they are able to 

inhibit HIF-driven gene expression under hypoxia (Table 4-3). Two parallel types of 

transcriptional assays were used: HRE-luciferase reporter assay and qPCR assay. KHS101 

was used as a positive control. 

 

Table 4-3. Cell-based data summary for AlphaScreen candidates. 

 

 

HRE-luciferase assay were done in two stable cell-lines with HRE-driven luciferase 

reporters incorporated in the genome (U2OS and HeLa). In this arrangement, the luciferase 

signal can only be induced by HIFα	
  subunit binding to the HRE site under hypoxia or  

HEK293T HepG2 HeLa U2OS HeLa PGK1 BNIP3 DEC2 GLUT1
YG-5 > 50 > 50 > 50 3.6 3.5 62 > 100 25 76

YG-16 25.8 > 50 > 50 12 30 > 100 31 75 53
YG-17 > 50 > 50 > 50 > 60 > 60 > 100 > 100 50 0.4
YG-23 > 50 > 50 > 50 > 60 49 > 100 - > 100 43
YG-27 > 50 > 50 > 50 26 30 88 > 100 > 100 > 100
YG-28 > 50 > 50 > 50 > 60 > 60 7.8 > 100 88 51
YG-32 > 50 > 50 > 50 > 60 55 > 100 > 100 > 100 > 100
YG-37 > 50 > 50 > 50 30 > 60 > 100 > 100 > 100 88
YG-36 > 50 > 50 > 50 12 46 > 100 - 50 83

compound ID
Cytotoxicity IC50 (µM) HRE-luc reporter AC50 (µM) qPCR AC50 (µM)
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Figure 4-12. YG-5 primary and followup assay results. 
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chemical mimics and is a good read-out for HIF-driven gene upregulation. Compounds 

capable of blocking the luciferase signal upregulation will be considered as good candidates 

for follow-up optimization. Results of compound YG-5 were shown as examples in Figure 4-

12. Data for other compounds were summarized in Table 4-3. Unfortunately, only one out of  

9 compounds met the pre-established cut-off value from the critical path with AC50 < 10 µM 

(Table 4-3).  Since HRE-luciferase assay represents expression from a single promoter that 

has been artificially constructed, qPCR experiments in Hep3B cells could provide more  

information on compounds’ effect on native gene expression. Four TACC3-dependent HIF-

driven genes were examined here (PGK1, BNIP3, DEC2 and GLUT1) at dose-dependent 

manner.  Unfortunately, except KHS101, none of the 9 candidates were able to show potent 

AC50 to all four genes (Table 4-3). Due to this reason, the chemical probe development plan 

with Broad Institute paused here. All results generated from this screen were updated to 

PubChem (BioAssay ID: AID 623900) and can be found at:  

 http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=623900. 

 

iv. Summary and future directions 

 

 In this chapter, I described the generation of an assay suitable for high throughput 

screening for small molecule inhibitors of ARNT/TACC3 transcription activator/coactivator 

interactions. Several validation assays and test screen demonstrated that this assay is 

reproducible and robust for screening for large libraries.  
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The high throughput screening in collaboration with Broad Institute failed to generate 

useful high potency small molecule candidate for chemical optimization and lead to early 

termination of the project. I suspect that one major reason for this result was that the size of 

the compounds used in the screen exceeds the binding capacity of ARNT PAS-B cavity. 

Compared to the previous NMR fragment-based screen where the average molar mass of the 

compound library is ~203±70 Da, compounds used in this screen is much bulkier with 

multiple heterocyclic rings (final 40 BRD hits have an average molar mass ~ 360±70 Da). 

Considering the cavity size of ARNT PAS-B domain measure from the crystal structure is 

only ~ 100 Å3, it is very hard to imagine such bulky ligands being able to fit into this small 

cavity and induce conformational changes. Additionally, many of the MLPCN compounds 

exhibited very low solubility in aqueous solutions. The solubility issue makes it difficult to 

reach high enough concentration of the ligands in cell culture media and harder for cell to 

take them in, possibly explaining why high AC50 values observed in Luc-reporter assay and 

qPCR.  

Although this initial chemical probe development plan didn’t result high potency 

inhibitors for ARNT/TACC3 complex that could be used in cell-based studies, it still 

provided several meaningful aspects. First of all, the AlphaScreen assay developed in this 

study was proven to be robust and reliable. The successful transfer from in-house HTS core 

facility to the HTS platform at the Broad Institute, achieved without making major changes 

to the protocol, demonstrated that this assay is reproducible and could be repeated on 

screening platforms. It is suitable to switch to other libraries in the future to look for 

inhibitors. Secondly, the 9 compounds identified in this screen that could disrupt 
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ARNT/TACC3 interaction in vitro may provide structural information for ARNT PAS-B 

inhibitor development if it is possible to acquire the ARNT PAS-B/ligand complex structures 

by soaking compounds with pre-formed ARNT PAS-B crystal.  

Taken together, finding small molecule inhibitors by this in vitro target-based method 

is still an exciting idea due to its mechanism-driven hypothesis. The successful application of 

this method will be another important proof of concept for anti-cancer potentials in ligands 

that inhibit transcription factor/coactivator interaction in HIF complex. With a well-validated, 

robust screening method in hand, I believe that potent inhibitors targeting ARNT/TACC3 

with known mode-of-function will eventually be discovered. 
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CHAPTER 5   
  

CONCLUSION AND FUTURE DIRECTIONS 
 

 

 

i. Conclusions 

 

 Coiled-coil coactivators are important transcription coactivators in ARNT-involved 

signaling pathways. Misregulation of CCCs can perturb ARNT downstream gene expression 

and is associated with several types of cancer. Due to this significant biomedical relevance, it 

is critical to understand the recruiting mechanism and the transactivation function of CCCs in 

ARNT-controlled transcription. Here we use TACC3 as an example, hoping to reveal the 

linkage between TACC3 recruitment and HIF function.  

 To address the problem of CCC recruitment, we first characterized the 

ARNT/TACC3 complex in multiple biochemical and biophysical methods, confirming the 

minimal interaction domains of the two proteins. Later on, mutagenesis was conducted to 

generate mutations that are capable to stabilize the ARNT/TACC3 interaction to assist 

structural studies. Two well-superimposed crystal structures of ARNT PAS-B/TACC3-CT 

(the minimum interaction domains) were solved at 3.15 Å and 3.5 Å resolution, utilizing 

different set of mutants and crystallization conditions, confirming that TACC3 is recruited to 

ARNT PAS-B through a β-sheet interaction. Detailed analysis on two structures in 

combination with mutagenesis and NMR spectroscopy further demonstrated that the crystal 
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structures holds true in solution. We also observed direct interactions between TACC3 and 

HIF2α PAS-B for the first time, letting us generate NMR models of the HIF2α PAS-

B/TACC3-CT heterodimer and the HIF2α PAS-B/TACC3-CT/ARNT PAS-B ternary 

complex. Those models were both confirmed by PRE studies in solution. This discovery 

provides the structural basis for TACC3 recruitment in HIF signaling pathway and a good 

reference to understand the recruitment of other CCCs.  

As mentioned before, misregulation of CCC proteins shows a strong linkage with cell 

transformation and the development of glioblastoma, renal cell carcinoma and other cancers. 

Inhibiting ARNT/CCC interaction with small molecule inhibitors could possibly become a 

novel and rapid route to blocking cancer formation and progression. Thus, in the second half 

of the study, we developed two in vitro compound screens (fragment-based NMR screen, 

AlphaScreen-based high throughput screen) to identify small molecules that specifically bind 

within the cavity of ARNT PAS-B to perturb TACC3 interactions. Compound KG-548 was 

discovered in the fragment-based NMR screen, which exhibits specific ARNT PAS-B 

binding and is capable of breaking ARNT/TACC3 complex both in minimum interaction 

domain and full length protein from cell lysate. Although KG-548 is unable to regulate gene 

transcription in cells, it still serves as a good example of ARNT PAS-B inhibitor with known 

mode-of-action, which can be useful in future inhibitor design. To pursue inhibitors with 

higher potency, we developed a different screen protocol, the AlphaScreen-based high 

throughput screen, to screen larger libraries in a more efficient manner. While the 

collaboration to use this screen with the Broad Institute didn’t result high potency inhibitors 

so far, this well-validated screen method could be easily translated to other screening 
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platforms, making it possible to continue the search. The potent ARNT/CCC inhibitors 

discovered in this method can serve as good cell-biology tools and precursors for potential 

anti-cancer drugs.  

  

ii. Future directions 

 

 In this study, we made several progresses in understanding the ARNT/TACC3 

recruitment and developing artificial inhibitors for this complex. However, several questions 

regarding ARNT/CCC interactions in physiological conditions and the role of CCC proteins 

in HIF signaling still remain unknown. In this regards, future experiments should be 

conducted to address these problems in the following aspects.  

 

 a. Biochemical and biophysical studies on longer protein constructs 

 

 Structures and models described in Chapter 2 are based on minimum interaction 

domains of the three proteins. Since ARNT and HIF2α are both multi-domain transcription 

factors, it is very likely that other protein/protein contacts between TACC3 and the HIF 

complex will exist. Preliminary NMR titration data have already shown some limited direct 

interaction between CCC and the PAS-A domain of ARNT (Fig. 5-1, Carrie Partch 

unpublished data). Those contacts are probably weak so they could not be detected using 

truncated domains by pulldown or other biochemical methods. However, those interactions 

could still play critical roles to stabilize the ternary complex formation in a cooperative way. 
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Therefore, structural studies with longer constructs or even full length proteins would help us 

to look at CCC recruitment with the HIF complex with a more physiological relevant view 

and to discover more drug target sites.  

 

Figure 5-1. 15N HSQC titration tests protein binding with 15N/13C TRIP230 (1583-1619). 
(Adapted from Carrie Partch unpublished data). Up to 400 µM of different combinations of PAS 
domain from ARNT and HIF2α were titrated into 100 µM 15N/13C TRIP230. Binding was measured 
by dose-dependent peak broadening upon titration. ARNT PAS-A titration (blue) demonstrated 
similar broadening effect with ARNT PAS-B (red), suggesting direct interaction between TRIP230 
and ARNT PAS-A. 

 

 b. Transactivation functions of the CCC protein in HIF signaling 

 

 In vitro studies have shown a competitive relationship among all CCC members in 

association with ARNT. Disrupting each ARNT/CCC complex also exhibits distinctive 

effects on the expression levels of different HIF-driven genes (134). These observations 

could suggest a strategy that cells use for rapid adaptation to environmental changes by 
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choosing different CCCs. Hence, it will be of great interest to look at individual 

transactivation functions for each CCC member in HIF signaling. A critical step to address 

this question is to be able to selectively block individual ARNT/CCC interactions or to block 

all three ARNT/CCC interactions at the same time, so that we could use RNAseq to compare 

the gene expression profile under hypoxia or normoxia conditions to find out distinct role for 

each CCC. Selectively blocking ARNT/CCC interactions can be easily done by siRNA 

knockdown; however, it is difficult to block all three ARNT/CCC interactions at once. To 

achieve this goal, several attempts were tried to develop a TACC3-CT based dominant 

negative peptide (DNP) that has a higher affinity with ARNT PAS-B than WT CCCs but 

doesn’t have the transactivation domains at the N-terminus. Theoretically, this DNP would 

compete away all endogenous CCCs but not have the transactivation activity. Unfortunately, 

while several high affinity DNPs were successfully made, they all failed to downregulate HIF 

target genes under hypoxia. This could possibly be explained that the DNP also tightens 

HIFα/ARNT interactions so that the DNP effect on CCC transactivation is cancelled out by 

the enhanced transcription caused by this tighter HIF complex. Another approach to 

accomplish this task is to develop ARNT/CCC inhibitors that selectively block the 

ARNT/CCC interaction, but does not affect HIFα/ARNT. This could be done by continue the 

high throughput screens described in Chapter 4. To summarize, this initial attempt to 

distinguish each CCC’s function in HIF signaling will help us to find out how cells balance 

between different coactivator recruitments under different circumstances. In combination 

with structural studies on HIF complexes with CoCoA and TRIP230, we may also find out 

the mechanism for HIF selectivity over CCC proteins. 



 

131 

 

 c. Translate the AlphaScreen-based high throughput screen to other screening 

platforms and continue search for ARNT/CCC inhibitors 

 

 Finding high potent inhibitors for ARNT/TACC3 is important from many 

perspectives, including cell biology tool development and drug design. The AlphaScreen-

based high throughput screening protocol described in Chapter 4 is well-validated by several 

assays and is easily translated from the in-house HTS core to the Broad Institute screening 

platform. I suspect that the BRD library screen didn’t produce useful hits due to the 

incompatible compound size and ARNT PAS-B cavity. For future applications, we should 

carefully choose compound libraries and continue searching for inhibitors with higher 

potency.  
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CHAPTER 6  
  

MATERIALS AND METHODS 
 

 

 

i. Common methods for all chapters 

  

 Plasmids - For bacterial expression, human ARNT PAS-B domain (356-470), 

human ARNT2 PAS-B domain (330-444) and mutants were cloned into pHis-parallel and 

pHisGβ1-parallel vector (192).  Human HIF2α PAS-B domain (240-350) and mutants 

were cloned into pHis-parallel vector and pGST-parallel vector. Mouse TACC3 (585-

631) was cloned into pGST-parallel vector. GCN4 -TACC3-CT was made by fusing S. 

cerevisiae GCN4 (264-281) (154) to the N-terminus of mouse TACC3 (610-631). GCN4-

TACC3-CT was cloned into pHisGβ1- parallel vector.  

 

 Protein purification - Proteins were expressed in BL21(DE3) cells (New England 

Biolabs), grown in LB or M9 minimal media (with 1 g/L 15NH4Cl for U-15N labeling; 

with 3 g/L U-13C glucose U-13C labeling) at 37°C and induced with 500 µM IPTG at an 

OD600 of 0.70. After overnight growth at 20°C, cells were harvested by centrifuging at 

4°C, 4600 g for 40 min.  Pellets were resuspended in appropriate buffers for affinity 

chromatography (Ni2+ affinity: 50 mM Tris pH 7.5, 150 mM NaCl, 20 mM imidazole, 

5 mM β-mercaptoethanol; glutathione affinity: 1× phosphate buffered saline) and stored 

at -80°C.  Purification was conducted using affinity chromatography (Ni Sepharose High 
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Performance or Glutathione Sepharose 4B, GE Healthcare). Affinity tags (GST, His or 

HisGβ1) were cleaved by His6-TEV protease (193) overnight at 4°C, followed by size-

exclusion chromatography (Superdex 75, GE Healthcare).  Samples of ARNT2 PAS-B 

used for triple resonance NMR experiments for backbone chemical shift assignment were 

kept in a buffer of 25 mM Tris (pH 7.3), 17 mM NaCl, 2.5 mM TCEP and 10% (v/v) 

D2O. Other NMR experiments were done in 25 mM Tris (pH 7.5), 17 mM NaCl, 5 mM 

β-mercaptoethanol and 10% (v/v) D2O. 

. 

ii. Methods for Chapter 2 

  

 ARNT PAS-B/GCN4-TACC3-CT D622A/E629A X-ray crystallography - Single 

crystals of ARNT PAS-B/GCN4-TACC3-CT D622A/E629A were grown by hanging 

drop vapor diffusion against 1.0 M succinic acid (pH 6.5) in 25 mM Tris pH 7.5, 17 mM 

NaCl, 5 mM β-mercaptoethanol buffer. Drops contained 2 µl of 2.5 mg/ml ARNT PAS-

B/GCN4-TACC3-CT D622A/E629A (molar ratio = 1:2) were mixed with 0.7 µl 1.0 M 

succinic acid (pH 6.5) (reservoir solution) and 0.3 µl 30% sorbitol (additive). Crystals 

were observed within 2 days and reached maximum size within 1 week at 20 °C. The 

crystals exhibited C2 space group symmetry with cell dimensions of a = 116.85 Å, b = 

59.82 Å, c = 73.51 Å, b = 97.85° and contained two molecules of ARNT PAS-B, one 

molecule of GCN4-TACC3-CT D622A/E629A per asymmetric unit, and diffracted to a 

minimum Bragg spacing (dmin) of 3.15 Å when exposed to synchrotron radiation. 
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 The ARNT PAS-B E362R/TACC3 heterodimer protein complex was formed by 

mixing equal volumes of 300 µM ARNT PAS-B E362R with 300 µM of the TACC3 S-S 

linked dimer at C621 position. The ARNT PAS-B E362R/TACC3 heterodimer and 

HIF2α PAS-B R247E protein were further purified separately by size exclusion 

chromatography on a Superdex 75 column (GE Healthcare) equilibrated with 50 mM Tris 

(pH 7.5), 17 mM NaCl. The final ARNT PAS-B E362R/TACC3•HIF2α PAS-B R247E 

sample was formed by mixing equimolar amounts of all proteins and concentrated using 

an Amicon ultrafiltration device (Millipore) to 8 mg/ml for crystallization. Crystals of 

ARNT PAS-B E362R /TACC3•HIF2α PAS-B R247E were grown using the sitting-drop 

vapor-diffusion method from drops containing 0.2 µl protein (8 mg/ml) and 0.2 µl of 

reservoir solution (1.6 M MgSO4, 0.1 M MES (pH 6.5)) and equilibrated over reservoir 

solution at 20˚C. Cryoprotection was performed by transferring the crystals to a final 

solution of 1.6 M MgSO4, 0.1 M MES (pH 6.5), 20% ethylene glycol, and were flash-

cooled in liquid nitrogen. The crystals exhibited P41212 space group symmetry with cell 

dimensions of a = 96.14 Å, c = 182.84 Å, contained two molecules of ARNT PAS-B 

E362R, two molecules of TACC3 S-S linked dimer, and one molecule of HIF2α PAS-B 

R247E per asymmetric unit, and diffracted to a minimum Bragg spacing (dmin) of 3.20 Å 

when exposed to synchrotron radiation. 

 Diffraction data for both complexes were collected at the Advanced Photon 

Source beamline 19-ID, and were indexed, integrated and scaled using the HKL-3000 

(194) program package. Data collection statistics are provided in Table 2-1. Including 

data for the ARNT PAS-B/GCN4-TACC3-CT D622A/E629A crystals to a higher 
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resolution limit did not substantially improve calculated electron density maps and 

provided poorer refinement results, likely due to anisotropy that in turn limited data 

completeness in the highest resolution shells. 

 Phases for ARNT PAS-B/GCN4-TACC3-CT D622A/E629A were obtained via 

molecular replacement in the program Phaser (195) using a search model derived from 

the previously determined ARNT PAS-B domain crystal structure (PDB ID: 4EQ1). Two 

copies of ARNT PAS-B were located in the cell and inspection of the electron density 

maps revealed density corresponding to the coiled-coil domain, which was initially 

modeled as a pair of idealized poly-alanine helices. Identification of the inter-helical 

disulfide bond allowed accurate assignment of GCN4-TACC3 density for residues 595 

through 626.  

 Refinement was performed to a resolution of 3.15 Å with non-crystallographic 

symmetry restraints using the program Phenix (196) with a random 10% of all data set 

aside for an Rfree calculation. The current model contains two ARNT PAS-B monomers, 

included are residues 361-446 and 455-464 of monomers A and B; and one TACC3 

dimer, included are residues 595-625 of monomer C, and residues 596-626 of monomer 

D. The Rwork is 0.247, and the Rfree is 0.272. A Ramachandran plot generated with 

MolProbity (155) indicated that 95.9% of all protein residues are in the most favored 

regions, and none are in the disallowed regions. Phases for ARNT PAS-B 

E362R/TACC3•HIF2α PAS-B R247E crystals were obtained via molecular replacement 

in the program Phaser. Search models for the PAS domains were constructed from the 

previously determined ARNT PAS-B E362R/HIF2α PAS-B R247E heterodimer 
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coordinates (PDB ID: 3F1O) by removal of residues 356-361, 448-453 from the ARNT 

PAS-B E362R, and residues 236-242, 345-349 from the HIF2α PAS-B R247E. The 

search model for the TACC3 domain was constructed from the coordinates for the 

GCN4-TACC3-CT D622A/E629A domain by conversion of residues 595-609 to 

polyalanine. Two copies of the ARNT PAS-B E362R and two copies of the TACC3 

domain were located in the cell and inspection of the electron density maps revealed 

density corresponding to additional helical density at both N- and C-termini of the 

TACC3. Phases were further improved by density modification with two-fold non-

crystallographic symmetry averaging in the program Parrot (197) resulting in a figure-of-

merit of 0.745. A model containing 92.7% of all residues in the two TACC3 domains was 

automatically generated in the program Buccaneer (198), although the initial sequence 

assignment was incorrect. The inter-helical disulfide bond used to confirm the register of 

the helices was intact in monomers E and F, but was reduced in monomers B and C. 

Inspection of electron density maps after rigid body refinement of the ARNT PAS-B 

E362R/TACC3 heterodimer using the program Phenix revealed density for an additional 

PAS domain in the lattice. Identification of this as the HIF2α PAS-B R247E domain was 

confirmed via the statistics from molecular replacement in Phaser and inspection of 

kicked omit maps following refinement in Phenix.  

 Additional residues for ARNT PAS-B E362R/TACC3•HIF2α PAS-B R247E 

were manually modeled in the programs O (199) and Coot (200). Refinement was 

performed to a resolution of 3.20 Å using the program Phenix with a random 10% of all 

data set aside for an Rfree calculation. Non-crystallographic symmetry averaging and 
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reference model restraints were used in initial rounds of refinement but were removed 

once the Rfree dropped below 0.30 and the geometry stabilized. Due to the low resolution 

of the data, grouped isotropic as well as TLS atomic displacement parameters were 

refined. Mean atomic displacement parameters were 43.1 - 56.4 Å2 for the domains of the 

ARNT PAS-B E362R/TACC3 heterodimer and 83.3 Å2 for the HIF2α PAS-B R247E 

domain. The current model contains two ARNT PAS-B E362R monomers, included are 

residues 361-448 and 452-464 of monomer A, and residues 361-449, 451-464 of 

monomer D; two TACC3 dimers, included are residues 582-631 of monomers B, E and 

F, and residues 582-629 of monomer C; one monomer of HIF2α PAS-B R247E, included 

are residues 239-344; and two sulfate anions. The Rwork is 0.231, and the Rfree is 0.270. A 

Ramachandran plot generated with Molprobity indicated that 97.5% of all protein 

residues are in the most favored regions, and 0.2% (one residue) in the disallowed 

regions.  

 

 Microscale Thermophoresis (MST) - MST experiments were conducted on 

NanoTemper Microscale Thermophoresis instrument (Monolith NT.115, Nanotemper). 

ARNT PAS-B E362R was labeled with blue fluorescent dye NT-495-NHS following the 

Monolith NT Protein Labeling Kit BLUE-NHS protocol (NanoTemper) and buffer 

exchanged to working buffer 25 mM Tris (pH 7.5), 17 mM NaCl, 0.05% Tween 20 and 

5 mM β-mercaptoethanol. Titrations were conducted with 500 nM fluorophore labeled 

ARNT PAS-B (ARNT PAS-B E362R-fluor) in standard coated capillaries. 
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 Paramagnetic relaxation enhancement (PRE) - Paramagnetic relaxation 

enhancement was measured by comparing the transverse (T2) relaxation rates of amide 

proton in paramagnetic state and diamagnetic state. Paramagnetic labeling with (1-oxyl-

2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl) methanethiosulfonate (MTSL) or (1-oxyl-

2,2,5,5- tetramethylpyrroline-3-yl) carbamidoethyl methanethiosulfonate (CMTSL) 

(Toronto Research Chemicals) at specific cysteine site of target protein was conducted by 

incubating protein and spin label with molar ratio 1:2 in non-reducing condition and 

rotating overnight at room temperature. Labeled protein was purified by gel filtration 

through a Superdex 75 column. Diamagnetic controls were generated by adding 10-fold 

sodium dithionite and purging N2 for 30 min to quench the spin label. 15N T2 relaxation 

rates were determined using a modified 15N/1H TROSY-HSQC experiment with delay 

times of 0.0065, 0.008, 0.01, 0.013, 0.016, 0.026 seconds. Rates were calculated using 

NMRViewJ (Version 9.0.0, One Moon Scientific). 

 

 HADDOCK modeling - A TACC3 C-terminal peptide (residues 585–631) was 

modeled as a parallel coiled-coil dimer based on the GCN4-TACC3-CT crystal structure 

using Rosetta (157). Complexes of ARNT PAS-B/TACC3 (585-631) and HIF2α PAS-B/ 

TACC3 (585-631) were generated by rigid body docking (HADDOCK 2.0 Web server) 

using TACC3 (585-631) dimer model, ARNT PAS-B crystal structure (PDB ID: 4EQ1) 

and HIF2α PAS-B crystal structure (PDB ID: 3F1O, chain A) (56). Active residues used 

for docking are listed in Table 2-2. Passive residues were automatically defined around 

the active residues. Docking and refining were done following the default parameters, 
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including semiflexible simulated annealing of all proteins in the 200 lowest-

intermolecular energy solutions and refinement in explicit water. C2 symmetry restraints 

were turned on to lock TACC3 as a parallel dimer in the docking process. 

 

iii. Methods for Chapter 3 

 

 Cell culture and transfection - HEK293T and HeLa cells were maintained in 

Dulbecco’s modified Eagle’s medium (Thermo Scientific) supplemented with 10% fetal 

bovine serum, 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. 

Human hepatocellular carcinoma Hep3B cells were grown in DMEM/high glucose media 

(HyClone, # SH30022.01) supplemented with 10% of fetal bovine serum (Atlanta 

Biologicals), 20 mM HEPES buffer (pH 7.4), 1 mM sodium pyruvate, 100 U/ml 

penicillin and 100 µg/ml streptomycin (Invitrogen).  Hep3B cells at ~80% confluence 

were incubated with KHS101 for 2 hr prior to incubation under normoxic (~20% O2) or 

hypoxic (1% O2) conditions using a hypoxic incubator (COY Laboratory Products Inc.). 

Plasmids were transfected using Lipofectamine 2000 (Invitrogen). Cells were harvested 

in IP lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.5% (v/v) NP-40 and freshly 

added EDTA-free protease inhibitors (Roche)). Cell lysates were clarified by 

centrifugation for 10 min at 21,000 g at 4°C and used for immunoprecipitation or 

Western blot. 
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 Immunoblot, pulldown and immunofluorescence assays - For immunoblots, 

proteins resolved from SDS-PAGE gels were transferred to PVDF membranes (GE 

Healthcare) and immunoblotted with these antibodies: anti-ARNT (A-3), anti-TACC3 (T-

17), anti-goat IgG-HRP (Santa Cruz Biotechnology); anti-TACC3 (ab56595) (abcam); 

anti-Myc (9E10), anti-HIF1α (BD Transduction Laboratories); anti-mouse IgG-HRP 

antibodies (Sigma). For pulldown experiments, 5 µM purified His-ARNT/ARNT2 PAS-

B and 8-15 µM TACC3-CT were incubated with 15 µl Ni-NTA beads overnight at 4°C. 

Eluted protein was resolved in SDS-PAGE and stained with Coomassie Blue stain. 

Immunofluorescence studies of steady state TACC3 levels used HEK293 cells stained 

with an anti-TACC3 rabbit polyclonal antibody (Sigma-Aldrich HPA005781; here called 

TACC3 AB1). 

 

 Immunofluorescence - HEK293 cells were grown to 70% confluency and treated 

with KHS101 compound at concentrations indicated in the figures.  Incubation was for 14 

hr in a humidified incubator at 37 °C and 5% CO2. Next, cells were fixed in 4% (v/v) 

paraformaldehyde/PBS for 15 minutes at room temperature. Cells were washed in PBS 

and permeabilized with a PBS-based buffer containing 0.3% Triton X-100 and 5% FBS.  

Incubation was for one hour at room temperature to prevent nonspecific binding of 

antibodies.  Cells were incubated at 4°C overnight with the following primary antibodies: 

TACC3 AB1 (Rabbit polyclonal HPA005781, Sigma-Aldrich), TACC3 AB2 (Rabbit 

polyclonal 5640-1, Epitomics). After washing with PBS, cells were incubated for 40 min 

at room temperature with a Cy3–conjugated rabbit secondary antibody (Jackson 
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ImmunoResearch Laboratories) and washed with PBS in the presence of DAPI 

(0.1 ng/ml).  Fluorescent cells were visualized using a digital inverted microscope and 

similar exposure time (EVOS, Advanced Microscopy Group (AMG)). ImageJ 

quantification of TACC3 staining intensity was normalized to DAPI signal with DMSO.  

 

 ARNT PAS-B X-ray crystallography - Single crystals of ARNT PAS-B were 

grown by hanging drop vapor diffusion against 2 - 2.2 M ammonium sulfate, 3% (wt/vol) 

PEG 400, 2% (wt/vol) polyethyleneimine, 100 mM Tris (pH 8.5) solutions. Drops 

contained 5 µl of 500 µM ARNT PAS-B mixed with 5 µl of precipitant solution. Crystals 

were observed within minutes and reached their maximum sizes within 1 day. 

 Diffraction data were obtained at the Structural Biology Center at the Advanced 

Photon Source (Argonne National Laboratory, Argonne, IL). All data were indexed and 

scaled with HKL2000 (201). Molecular replacement was performed using phaser (202) 

using the ARNT subunit of the HIF2α/ARNT PAS-B heterodimer as a search model 

(chain B of PDB 3F1P) (56).Refinement was completed using PHENIX and COOT 

(203,204).  Coordinates have been deposited with the RCSB database and assigned 

accession number 4EQ1. Cavities were identified using the program VOIDOO using a 

1.2 Å radius probe (205). 

 
 
 NMR spectroscopy - NMR experiments for backbone and sidechain chemical shift 

assignments of ARNT2 PAS-B were carried out at 35°C on Varian Inova 600 and 

800 MHz spectrometers using a 400 µM sample of uniformly 15N/13C labeled ARNT2 
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PAS-B.  Backbone assignments were based on data from standard 3D triple resonance 

experiments: HNCACB, CBCA(CO)NH, HNCO, H(CCO)HN-TOCSY and 

(H)C(CO)HN-TOCSY (206). Sidechain chemical shift assignments were based on 

HCCH-TOCSY and simultaneous 15N,13C-edited NOESY data. Chemical shift 

assignments of ARNT PAS-B were used as previously established (168). All NMR data 

were processed with NMRpipe/NMRDraw (207) and analyzed with NMRviewJ (Version 

8.2.29, One Moon Scientific). Backbone assignment results were uploaded to TALOS+ 

web server (208) for chemical-shift based secondary structure analysis. Heat maps of 

minimum chemical shift perturbations and peak broadening onto the ARNT PAS-B 

crystal structure and an ARNT2 PAS-B homology model (generated by SWISS-MODEL 

(182) from the ARNT PAS-B crystal structure) were generated by PyMOL (Version 

1.5.0.4, Schrödinger, LLC). 

 

 Compound sources - KHS101 was kindly provided by Dr. Peter Schultz (The 

Scripps Research Institute), synthesized as described (172). KG-548 was purchased from 

Fluorochem and resupplied from Matrix Scientific; the composition of the entire 

fragment-based library is described in Appendix table 1-1. 

 

 AlphaScreen assay - 400 nM His-ARNT PAS-B and 400 nM GST-TACC3-CT 

E629A were mixed in a 384-well plate with a total volume of 15 µl and incubated at 4°C 

for 1 hr. AlphaScreen glutathione donor beads and AlphaLISA Ni chelate acceptor beads 

(5 µg/ml each; Perkin Elmer) were added under dim green light in 50 mM Tris (pH 7.5), 
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100 mM NaCl, 0.02% Tween 20 and 1 mM DTT. After incubating in a dark and 

humidified chamber for 3.5 hr, the plate was read using an Envision plate reader (Perkin 

Elmer). 

 

 KHS101 washout assay - Adult rat hippocampal NPCs were differentiated upon 

treatment with 5 µM KHS101 or a DMSO negative control as previously described (172).  

After incubation for certain time, the culture medium was replaced with fresh 

(compound-free) media. After a total 100 hr incubation period, cells were fixed and 

stained for the neuronal marker TuJ1 (172). Neuronal differentiation of KHS101-treated 

rat hippocampal NPCs was analyzed by microscopy, the percentage of TuJ1-positive 

cells was determined, and data were normalized to the DMSO control values. 

 

 TACC3 turnover assay - HEK293T cells were treated with 5 µM KHS101 and 

100 µg/ml cycloheximide (CHX) with or without 20 µM MG132. DMSO treatment 

served as a negative control.  Cells were harvested at several time points from 0 to 8 hr 

post-treatment and prepared for TACC3, ARNT and β-actin immunoblot analyses.  

 

 qPCR - Cells were collected with Trizol (Invitrogen) and total RNA was extracted 

using the RNeasy Mini Kit (Qiagen). Following DNase treatment, cDNA was 

synthesized from 1 µg of RNA using SuperScript II Reverse Transcriptase (Invitrogen) in 

final volume of 50 µl. Real-time PCR was performed (with target gene primers listed in 

Supporting Information) on 1.25 µl of cDNA in triplicate using Power SYBR Green PCR 
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Master Mix and the 7900HT Fast Real-Time PCR System (Applied Biosystems). Target 

gene expression levels were normalized to the expression level of cyclophilin B in the 

same sample.  Data were analyzed using the comparative CT method (2-∆∆C
T) (209) and 

normalized to normoxia/1% DMSO conditions. 

 

 qPCR primers - The following primer sets were used to amplify target genes: 

Cyclophilin B, forward 5’- tgccatcgccaaggagtag - 3’ and reverse 5’-tgcacagacggtcactcaaa 

- 3’; HIF2α, forward 5’- gcgacaatgacagctgacaa -3’ and reverse 5’- cagcatcccgggacttct -3’; 

EPO, forward 5’- gaggccgagaatatcacgacggg -3’ and reverse 5’- tgcccgacctccatcctcttccag -

3’; GLUT1, forward 5’- cttttctgttgggggcatgat -3’ and reverse 5’- ccgcagtacacaccgatgat -

3’; HIF1α, forward 5’- tgccacatcatcaccatatagaga -3’ and reverse 5’- tccttttcctgctctgtttgg -

3’; PGK1, forward 5’- ttaaagggaagcgggtcgtta -3’ and reverse 5’- tccattgtccaagcagaatttga -

3’.  

 

iv. Methods for Chapter 4 

 

 Isothermal calorimetry - Thermodynamic parameters of small-molecule binding 

were determined using a MicroCal VP-ITC calorimeter. Protein solutions were 

extensively dialyzed against buffer (50 mM Tris (pH 7.5), 20 mM NaCl and 5 mM β-

mercaptoethanol), which was subsequently used to prepare a matched compound solution 

by dilution from a 10 mM compound stock in 100% DMSO. ITC data were collected in 

5.0% DMSO to improve compound solubility. Each isotherm was recorded by injecting 
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ARNT PAS-B 1-2 mM protein (syringe) into 50-100 µM compound solutions (cell), 

accounting for dilution heats by subtracting data from a control titration of ARNT PAS-B 

into a matched DMSO solution.  

 

 Mammalian Cytotoxicity Assay - HEK293T, HepG2 or HeLa cells were grown in 

Triple flasks (NUNC) to ~95% confluence (TrypLE Phenol Red free) and resuspended 

for dispensing at 125,000 cells/ml of DMEM, 10% FBS/Pen/Strep/L-Glutamine (using 

the TAP Compact SelecT automated cell culture system). 

 Day 1: Plate cells at 5000 per well in 40 µl media (DMEM/10% FBS/Pen/Strep/ 

L-Glutamine) using Corning 8867BC 384 well plates; incubate in standard TC conditions 

(5% CO2; 95% humidity, 37 °C) for 24 hours (Compact SelecT). 

 Day 2: Add 100 nl compound per well at dose into 40 ul assay volume using a pin 

tool (CyBi Well). Pin 100 nl cytotoxic compounds, mitoxantrone to positive control wells 

to a final concentration of 10 µM (100 nl 6.4 mM DMSO stock). Incubate for 72 hours at 

37 °C in Liconic incubator, 95% humidity 5% CO2. 

 Day 4: Remove plate from incubator, cool for 15 minutes to room temperature; 

add 20 µl 50% Promega CellTiter-Glo (diluted 1:1 with PBS, pH 7.4) with Thermo 

Combi. Incubate at RT for 5 minutes. Read plates on a Perkin-Elmer EnVision plate 

reader with standard luminescence settings for 0.1 sec per well. 

 

 U2OS and HeLa HRE-luciferase assay - The 3×HRE-Luc cell line was 

propagated in DMEM media supplemented with 10% fetal bovine serum, 1% penicillin/ 
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streptomycin/glutamine and 200 µg/ml G418 at 37 °C in CO2 incubators with 5% CO2, 

21% O2, and 95% humidity. 

 Day 1 (Cell plating): 3×HRE-Luc cells were harvested and resuspended in 

DMEM without phenol red with 10% fetal bovine serum (Invitrogen, 16140089), 1% 

penicillin/ streptomycin/glutamine. 3×HRE-Luc cells (from an initial cell suspension of 

120,000 cells/ml) were dispensed using a MultiDrop Combi/Standard tube dispensing 

cassette (Thermo Scientific) in white bottom 384 well assay plates (Corning, Cat.No. 

8867BC) at a final density of 6,000 cells per well in final volume of 50 µl. The assay 

plates were incubated for 24 hours at 37 °C in the Liconic CO2 incubator (Liconic 

Instruments) calibrated at 5% CO2, 21% O2, and 95% humidity. 

 Day 2 (Compound pinning into assay plate): The dose response compound plate 

with the positive control were pinned using 384 well pin tool (250 nl) on pin table 

(Walkup Cybi Well) and transferred to assay plate. Pins were washed with methanol and 

DMSO between each pinning. The assay plates treated with compounds were moved to 

Hypoxia incubator (1% O2) to be incubated for an additional 24 hours. 

 Day 3 (Reading luminescence from assay plates with Envision): Each assay plate 

was pulled out of the incubator and cooled down at room temperature for 10 minutes. 20 

µl/well (384 well) of Steady-Glo luciferase reagent (diluted in H2O) (Promega, E2550) 

was dispensed using the MultiDrop Combi dispensing cassette from Thermo Scientific. 

The assay plate incubated at room temperature for 10 minutes to allow a complete 

cellular lysis. Luminescence was measured (0.2 second/well) using the ultra sensitive 

luminescence detector (384-well aperture, 0.5 mm height) in each well using the Envision 
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plate reader (Perkin Elmer)(Corning plate setting). 

 

 qPCR -  Hep3B cells were cultured in EMEM complete media (EMEM: cat. no. 

ATCC 30-2003, 10% fetal bovine serum, 1% penicillin/streptomycin/glutamine) at 37 °C 

in CO2 incubators with 5% CO2, 21% O2, and 95% humidity. 

 Day 1 (Cell Plating): 30 µl Hep3B cells were added to each well at 4,000/well in a 

Corning White, 384-well, tissue culture plate using a standard Combi liquid dispenser 

(Thermo). The plated cells were then incubated overnight in a tissue culture incubator 

(Thermo) at at 37 °C in CO2 incubators with 5% CO2, 21% O2, and 95% humidity. 

 Day 2 (Compound Pinning): The following day, 100 nl of compound was added 

to each well using the Cy-Bi Well pin transfer array. After addition of compound, the 

plates were moved to Hypoxia incubator (1% O2) to be incubated overnight. 

 Day 3 (cDNA Synthesis): Cells were harvested following the Cells-to-CT kits 

(Ambion cat.no. 4391851C) protocol. Reverse transcription (RT) was done following the 

Cells-to-CT RT kit (Ambion cat. no. #4402958) instructions with 10 µl total reaction 

volume. cDNA is stored at -80°C until ready for qPCR analysis. 

 Day 4 (qPCR analysis): Preparing qPCR master mix following the Light Cycler 

Probes master (Roche cat. no.4887301001) instructions (Table 6-1).  

Table 6-1. qPCR master mix setup. 

Component Amount per reaction 
2× Roche Master Mix (Probes Master) 2.5 µl 
*20× FAM Taqman probe/primers set 0.125 µl 
*20× VIC Taqman probe/primers set 0.125 µl 
PCR H2O 1.25 µl 
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 *20× FAM Taqman probe/primers set - use one of the following:  
  Human PGK1, Applied Biosystems, 4331182 (Hs99999906_m1) 
  Human BNIP3, Applied Biosystems, 4331182 (Hs00969291_m1) 
  Human BHLHE41 (DEC2), Applied Biosystems 4331182 (Hs00229146_m1)  
 *20× VIC Taqman probe/primers set: 
   human GAPDH, Applied Biosystems C10228 
  

 4 µl/well of PCR master mix and 1 µl/well of RT DNA was dispensed in PCR 

plate (Roche Light Cycler 480 MultiWell Plate 384, Cat# 04 729 749 001) using the 

Multidrop Combi-nl (Thermo Scientific). PCR is performed using ThermoCycler (Roche 

Light Cycler 480 II) with Macro Probe Protocol with setup in Table 6-2: 

 
Table 6-2. qPCR amplification setup. 

Step Temperature Time # 
Cycles 

1 95°C 10 minutes     1 
2 95°C 10 seconds    55 
3 60°C 30 seconds 
4 40°C 30 seconds      1 

 

 Target gene expression levels were normalized to the expression level of GADPH 

in the same sample. Data were analyzed using the comparative CT method (2-∆∆C
T) (209) 

and normalized to normoxia/1% DMSO conditions. 

 

 AlphaScreen assay for high throughput screening - written in a protocol format:  

 Materials: 

1. Ni2+ acceptor beads, 5 mg/ml (Perkin-Elmer. Inc., Nickel Chelate AlphaLISA® 

Acceptor Beads 5 mg, Product number: AL108M) 
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2. GST donor beads, 5 mg/ml (Perkin-Elmer. Inc., AlphaScreen® Glutathione 

Donor Beads, Product number: 6765301 for 5 mg pack, Product number: 6765302 

for 25mg pack) 

3. Alpha buffer: 50 mM Tris, pH 7.5; 100 mM NaCl; 10% glycerol; 1 mM DTT 

(freshly added); 0.02 % Tween 20 (freshly added); 0.1% BSA (freshly added) 

4. Plates used: OptiPlate-384, White Opaque 384-well MicroPlate, Product number: 

6007290 for 50/box pack, Product number: 6007299 for 200/box pack 

5. His-ARNT PAS-B (In Alpha buffer without BSA) 

6. GST-TACC3 E629A dimer (In Alpha buffer without BSA) 

7. GST-ARNT PASB-His (In Alpha buffer without BSA) 

 

 

Procedure: 

For 384 well format: 

1. Mix His-ARNT PAS-B and GST-TACC3 E629A dimer, 15 µl/well with final 

His-ARNT PAS-B = 668 nM and GST-TACC3 E629A dimer = 334 nM.  

(Note: For positive controls, add KG-548 later, or use 668 nM His-ARNT PAS-B 

only; for counter screens, use 668 nM GST-ARNT PAS-B-His) 

2. Add protein mixture to 384 well plates, 15 µl/well. Spin down gently (~30 ×g in 

for 1 min. 

3. Add DMSO or DMSO dissolved compound to each well at 0.2 µl/well (1.3% of 

the total volume) and spin again. (Note: For negative controls, add DMSO only) 
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4. Cover plates with lid or foil and incubate plates on ice or 4 °C for 1 hour. 

 

************************************************************************ 

 

ATTENTION: 

The following steps must be done under DARK or DIM GREEN SAFETY LIGHT (It 

is extremely important NOT TO expose alpha beads under regular light!) 

 

5. Dilute Alpha donor beads and acceptor beads to 12.5 µg/ml. 

(Note: for one 384-well plate, total volume for beads = 10 µl/well × 384 wells = 

3840 µl, for more calculations see Table 6-1) 

 

Table 6-3. AlphaScreen beads dilution spreadsheet. 

# of plates Ni acceptor 
beads (µl) 

GST donor beads 
(µl) 

Alpha buffer 
 (µl) 

Total Volume 
(µl) 

1 plate 9.6 9.6 3820.8 3840 
3 plate 28.8 28.8 11462.4 11520 

30 plate 288 288 114624 115200 
 

6. Add diluted beads to each well at 10 µl/well to make total volume = 25 µl and 

spin again in dark. 

(Note: after adding diluted alpha beads, [His-ARNT PAS-B]final or [GST-ARNT 

PAS-B-His]final = 400 nM, [GST-TACC3-E629A dimer]final = 200 nM, [Ni2+ 

donor beads]final and [GST acceptor beads]final = 5 µg/ml) 

7. Wrap plates with 2 layers of aluminum foil to avoid light. 
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8. Put plates into a humidified chamber (covered Styrofoam box with wet paper 

towel at the bottom) and incubate for 3.5 hours. 

9. Read plates at an EnVision Multilabel Plate Reader (Perkin-Elmer. Inc) under 

dim green light.	
  	
  

 

 All results generated from this screen were updated to PubChem (BioAssay ID: 

AID 623900) and can be found at:  

 http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=623900.
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