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Hepatocyte nuclear factor 4 alpha (HNF4α) is a multi-faceted nuclear receptor responsible for governing the development and proper functioning of liver and pancreatic islet cells. Its transcriptional functions encompass the regulation of vital metabolic processes including cholesterol and fatty acid metabolism, and glucose sensing and control. Various genetic mutations and alterations in HNF4α are associated with diabetes, metabolic disorders, and cancers. From a structural perspective, HNF4α is one of the most comprehensively understood nuclear receptors due to its crystallographically observed architecture revealing interconnected DNA binding domains (DBDs) and ligand binding domains (LBDs). This review discusses key properties of HNF4α, including its mode of homodimerization, its binding to fatty acid ligands, the importance of post-translational modifications, and the mechanistic basis for allosteric functions. The surfaces linking HNF4α’s DBDs and LBDs create a convergence zone that allows signals originating from any one domain to influence distant domains. The HNF4α-DNA complex serves as a prime illustration of how nuclear receptors utilize individual domains for specific functions, while also integrating these domains to create cohesive higher-order architectures that allow signal responsive functions.
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Introduction

The hepatocyte nuclear factor 4 alpha (HNF4α, NR2A1) is a transcription factor first cloned by Frances Sladek in James Darnell’s laboratory and demonstrated to be enriched in liver extracts and identified as a member of the nuclear receptor (NR) family (1). HNF4α is most highly expressed in the liver, pancreatic islets cells, kidney and several other tissues in humans and rodents (2). In the liver and pancreatic islet β-cells, it is a prominent transcriptional regulator that regulates thousands of genes that impact development and physiology (3–5).

In the liver, HNF4α has been identified as a core transcription factor in super-enhancer-associated networks (6, 7). It regulates genetic programs underlying the morphological and functional differentiation of hepatocytes (8). Further roles include regulating genes responsible for cholesterol, drug, fatty acid, and amino acid metabolism, and genes involved in gluconeogenesis and glycolysis (9). Animals lacking HNF4α have high lipid accumulation in liver and show an impairment of liver gluconeogenesis during fasting. Loss of HNF4α reduces the secretion of serum bile acid, cholesterol, and triglycerides (TGs) levels, most likely because of defects in lipid transport and metabolism (10). In non-alcoholic steatohepatitis and high-fat diet-fed diabetic models, liver expression of HNF4-α is significantly reduced (11). In rats with advanced cirrhosis, reduction in HNF4α expression correlates with worsening of liver function (12).

In pancreatic β-cells, HNF4α has roles in development and regeneration (13). In β -cells, HNF4α expression levels rise during fasting and decrease with food intake (14, 15). Hetero- or homozygous deletion of HNF4α from mouse β -cells impairs glucose sensitivity and insulin secretion, eventually causing hyperinsulinemia and glucose intolerance (16). HNF4α is known to cooperate with other types of transcription factors including HNF1α, HNF6 and HNF3α/FOXA2 to effect glucose sensing and control in pancreatic islets (3, 17).

A large number of human genetic variations to HNF4α occur that alter the protein structure and function of HNF4α and are linked with diabetes, metabolic disorders, and some types of cancers. One type of well-studied disease linked to HNF4α is maturity-onset diabetes of the young (MODY). MODY is a rare form of diabetes that is typically caused by mutations in genes involved in insulin secretion and glucose metabolism. HNF4α mutations are the most common cause of MODY type 1 (MODY1), accounting for approximately 30% of cases (18–21). HNF4α MODY1 mutations manifest impaired insulin secretion and reduced sensitivity to insulin.

The HNF4α protein has been suggested as a prominent drug target in metabolic disorders and cancers. Hyperinsulinemic hypoglycemia (HH) is a condition characterized by impaired secretion of insulin in relation to the blood glucose concentration. Heterozygous mutations in HNF4α are associated with transient HH in humans and risk of fetal macrosomia (22, 23). Furthermore, HNF4α can be viewed as a prominent drug target in colon and gastric cancers (24–26).

Due to their small-molecule ligand binding capabilities, NRs have been well exploited as clinical drug targets (27–29). The clear disease involvements shown for HNF4α suggest that modulating its expression levels or its protein function by drug-like molecules could be promising for control of metabolic disorders or cancer. Yet its excessively large repertoire of target genes, particularly in the liver, would suggest that drugs targeting this nuclear receptor would almost certainly produce unwanted pleiotropic effects.

Here I review the key structural properties of the HNF4α protein, pointing to the distinct features of the polypeptide structure that account for its diverse functions as well as sites that produce allosteric sensing and signal propagation. Although HNF4α is a member of the NR family and shares common features with the remaining 47 members, it exhibits unique features in quaternary architecture and ligand-binding abilities. With the structural visualization of its homodimeric complex on its response element DNA, the HNF4α complex has shown itself to be a highly tuned allosteric system. This review focuses on three-dimensional structural information derived from crystallographic analysis, to point out and interpret the functional properties of the HNF4α and the many interesting mechanisms through which signals impact this receptor to mediate their functions.





Protein architecture and allostery

Like all NRs, the HNF4α protein is comprised of discrete domains. Figure 1A shows the positions of the DNA binding domain (DBD), ligand binding domain (LBD), the hinge region, N-terminal A/B segment, and F-domain. The DBD is responsible for binding to specific DNA sequences in the response element. The LBD, on the other hand, is responsible for binding to small molecules, in this case fatty acids, which are required for the integrity and stability of that domain in HNF4α. In other NRs, ligand binding changes the LBD conformation to alter the binding affinity for coactivators or corepressors, but this has not been demonstrated for HNF4α, as coactivators appear to always bind in the presence of a bound fatty acid (27, 30–32). The dimerization ability that is often encoded in the LBD of NRs allows two NRs, in either homodimeric or heterodimeric form, to become functional transcription factor. HNF4α is an obligate homodimer, whereas other NRs can form heterodimers with the retinoid X receptor (RXR) as a common partner, or function as monomers (28, 33). In addition to the dimerization capability in the LBD, the DBD of NRs can cooperate to form a DNA-dependent dimerization interface which requires properly oriented and spaced DNA half-site motifs (28, 34–37).




Figure 1 | (A) The HNF4α domain arrangement. (B) Crystal structure of the HNF4α homodimeric complex bound to DR1 DNA with fatty acid (FA) ligands occupying the LBDs shown in blue, and zinc ions shown in grey (30), PDB 4IQR. (C) Close-up view of the domain convergence zone (circled) where amino-acid residues from LBDs, a DBD and a hinge segment converge to allow for allosteric communications between distal segments of the polypeptide.



The DBD of HNF4α, like those of other NRs, involves two zinc bound modules critical for producing an overall stable structure necessary for DNA-binding through direct repeat base-pair readout (30, 34, 35). Each zinc binding modules involves coordination of the metal by four cysteine residues that are absolutely conserved across the NR family. The LBD is composed of around twelve helices and several short beta strands, which together form a three-dimensional structure that can accommodate the binding of small molecules (27). The structure of the HNF4α LBD subunit was determined by X-ray crystallography by two independent groups, and these were among dozens of isolated NR LBD structures that were studied over a period spanning fifteen to twenty years (27). The structure of the isolated HNF4α DBD on a natural promoter has also been reported (38).

Insights about the multidomain organization in HNF4α came when my laboratory characterized it using X-ray crystallography. Throughout a decade of studies on NRs, we determined structures for PPARγ-RXRα heterodimer, HNF4α homodimer and RXRα-RARβ heterodimer all bound to DNA response elements, ligands, and coregulator peptides (30, 37, 39–41). Our goal was to reveal the more complete nature of NR polypeptides and their domain interdependence. These studies revealed at atomic detail the quaternary organizations of these receptor complexes on DNA, and pointed immediately to the unique sets of domain-domain interactions for each NR. Moreover, the advances allowed us to test our ideas as to how signals in one domain could be allosterically transmitted to distal receptor domains to modulate their respective functions, and how disease-causing mutations and post-translational modifications manifest their effects. Among the three complexes that we studied, the HNF4α homodimeric complex proved most revealing and insightful (30).

Before fully discussing the HNF4α protein’s allosteric landscape, it is useful to define allostery in clear terms. An allosteric system is one where a perturbation at a specific site causes a meaningful change in the conformation, dynamics or function of a distal site in the same protein. Concepts of protein allostery at the molecular level were first proposed by the Monod–Wyman–Changeux (MWC) and the Koshland–Némethy–Filmer (KNF) models (42, 43). Both models involve induced conformational changes. The distinct inter-changeable conformations in a protein can represent the active and inactive states, or more generally multiple conformational states based on the nature and location of the original signal.

Subsequent concepts of allostery have highlighted the contributions of dynamics, in which the structure does not necessarily change but the dynamics of the protein is changed, or alternatively the signal on one site shifts the protein conformational ensemble from one to another. It has been shown that individual domains of NRs such as the DBD that engages with a response element are sufficiently flexible and dynamic on their own to allow induced fit and reconfiguration when forming a complex on DNA (44, 45). However, this review will focus more on the classic interpretations provided by MWC and KNF in discussing allostery based on snapshots revealed by X-ray crystal structures. The dynamic nature of these events can be probed by NMR spectroscopy and Hydrogen-Deuterium Exchange Mass Spectrometry (H/D ExMS) approaches as shown for DNA-protein complexes or other NRs (30, 39, 46).

The intact HNF4α protein contains the domain arrangement shown in Figure 1A. All of our efforts to crystallize that full-length HNF4α were unsuccessful because the extreme ends of the proteins proved too flexible to be accommodated within an ordered crystal lattice. But by proteolytically probing its DNA-assembled homodimeric form, we could identify and subsequently crystallize a substantial segment corresponding to the DBD-hinge-LBD portions of the human HNF4α corresponding to residues 46-368 (30). The homodimeric complex of this polypeptide formed readily and bound to a direct-repeat DNA element with one base-pair spacing (DR1). For the purposes of crystallization, we used an idealized DR1 element, which is the most sensible and informative binding site for understanding the basis for the receptor’s overall DNA preference.

When further combined with coactivator derived peptides, the complex containing all the above-mentioned components could finally be crystallized, and its structure was solved and refined at 2.9 Å resolution. The HNF4α homodimer structure showed a surprising arrangement. While the LBD portions were arranged in a symmetrical fashion relative to each other, the overall complex when considering all the remaining parts, is asymmetrical because of the direct-repeat nature of the DR1 element and the requirement of the DBD portions to engage it in a head-to-tail fashion (Figure 1B). In comparing the relevant portions of the multi-domain HNF4α on the idealized DR1 with that of the isolated HNF4α DBD on a natural promoter, it becomes evident that nominal base-pair divergence away from consensus DR1 does not lead to significant changes in the DNA-binding interface, or likely impacts overall quaternary architecture including the DBD-DBD or DBD-LBD interfaces (38).

The structure of the HNF4α protein was multi-layered and multi-faceted, with structured motifs from both subunits converging to produce a highly cooperative system that was also tuned for detecting signals with great sensitivity (30). In closely examining the arrangement, we discovered a central convergence zone within the homodimer that simultaneously incorporated surfaces from both LBDs, the DBD of the upstream subunit, and the hinge region of the downstream subunit. This central convergence zone immediately presented as the communication hub for propagating signals between domains (Figure 1C). Furthermore, the LBD and DBD modules were physically aligned to work together in establishing the high-affinity DNA response element binding. When we measured the DNA binding affinity of the HNF4α DBD and hinge portion alone, we observed very weak binding to DR1. But when the LBD portion was included as in our crystallization construct, the receptor’s DNA affinity was enhanced 75-fold (30).

As for the contributions of the protein segments that were not in our crystallization construct, we did not detect further gains in DNA binding affinity when the N-terminal (AB region) or C-terminal (F region) portions of the polypeptide were included in the full-length polypeptide (30). The proteolytically sensitive nature of these N-terminal and C-terminal regions also suggested they were disordered and not able to form additional domain-domain interfaces. Instead, these portions likely contribute to the recognition of other proteins in the transcriptional complexes that are formed within cells. We again confirmed the ability of the protein to use fatty acids as ligands, as we observed clear electron density for a trapped fatty acid in the LBD, consistent in size and nature with myristic acid.

Since the HNF4α homodimer, PPARγ-RXRα and RXRα-RARβ complexes all were co-crystallized with the same DR1 element and also had coactivator derived peptides included, we have asked if these three NR quaternary architectures are related. Their shared DR1 element does help establish a similar DBD-DBD spacing in all complexes. However, that is where the similarities end. In the higher order quaternary arrangements of these complexes, the nature of domain-domain interactions is strikingly different. This also meant that each of these NR complexes presents different paths for signal propagation from one domain to another. As detailed below, we found that a number of reported disease associated mutations and post-translational modification sites locate to sensitive domain-domain interaction points of the HNF4α homodimer (30). These findings provided a working hypothesis that such modifications mechanistically impart their regulatory effects by relying on the domain-domain arrangements we observed.





Fatty acid binding

The binding of ligands to most NRs occurs in an exchangeable fashion, allowing transcriptional activity to be altered from active to inactive states (29, 36). The ligand identification for HNF4α has been subject to some controversy. An initial report indicated that long-chain fatty acids in the form of acyl-CoA thioester forms could bind to the recombinant HNF4α ligand-binding domains based on 14C-labelled fatty acids. In particular, palmitoyl-CoA ((C16:0)-CoA) binding was demonstrated to have saturable binding with a Kd of 2.6 μM, in-line with its known concentration levels in liver cytosol (47). That report further indicated that binding to HNF4α was only possible for its acyl-CoA form, as the assays used indicated the same free fatty acid or the free CoA alone did not bind detectibly. Moreover, it was reported that these fatty acyl-CoAs enhanced the ability of the receptor to bind DNA, but had relatively small effects on transcriptional activation, as only a 2-fold activation level of transcription was observed. The study did not use a rigorous assessment of NR ligand based on ligand ability to alter the protein conformation or to recruit co-regulators to HNF4α.

Subsequent studies on the ligand-binding properties of HNF4α showed there was no need for the acyl-CoA portion, instead it was found that the fatty acid chain length and saturation alone were the specificity elements required for direct binding (31, 32, 48). In separate crystal structures of the HNF4α ligand-binding domain (LBD) that were reported, a free fatty acid was found in the ligand binding site (31, 32). These studies again showed there was no acyl-CoA requirement for ligand binding. In our examination of the binding site of myristic acid within the LBD, we found the long hydrophobic segment of the fatty acid was totally encased within a hydrophobic cavity, whereas the hydrophilic carboxylic acid moiety pointed closer to the entrance of the pocket and hydrogen bonded to residues with polar side chains (Figures 2A, B). This form of encasing lipid molecules has been observable in other fatty acid-binding proteins that we have studied (49–52).




Figure 2 | (A) The binding site of the fatty acid (myristic acid) inside the HNF4α LBD, derived from PDB 4IQR. (B) Close-up view of the amino-acid contacts formed between the LBD and the myristic acid. Red semi-circles indicate van der Waals contacts, and dotted lines show hydrogen-bonding interactions.



The crystallographic study on the LBD by Williams et al. further showed that HNF4α could bind directly and extremely tightly to saturated and cis-monounsaturated C14-18 fatty acids (31). These constituted a potential pool of fatty acids used by HNF4α as endogenous ligands, but the bound fatty acid did not readily exchange with radio-labelled palmitic acid, and all attempts to displace these ligands without denaturing the protein failed (31). Therefore, HNF4α transcription factor is believed to be constitutively bound by fatty acid acting not so much as a small-molecule sensor, rather the ligand plays an architectural role in folding and stability of the functional receptor.

Another study of HNF4α expressed in mammals showed it bound to the essential fatty acid linoleic acid (LA; C18:2), which was suggested to be a potential endogenous ligand of HNF4α (53). Although its binding may be reversible within cells, LA, like other free fatty acids did not appear to have any significant effect in modulating the transcriptional activation properties of HNF4α. LA could not transcriptionally activate HNF4α in mammalian cells exposed to lipid-depleted medium, even in the presence of PGC1α, a known coactivator of HNF4α (53).





How disease mutations manifest

It is recognized that genetic and disease-causing mutations can act through allosteric sites (54–56). Mutations in the DNA-binding domain, ligand-binding domain, and other protein regions of HNF4α can each compromise overall transcriptional activity and lead to MODY1 (21). In addition, mutations in the DNA-binding sites of HNF4α, such as on the HNF-1α promoter, are also known to lead to MODY1 (57). Modifications of histone and DNA are two other mechanisms influencing DNA accessibility. Therefore, DNA methylation patterns of some binding sites may also alter gene expression, as found for HNF4α and other types of mammalian transcription factors (58, 59).

One can study the locations of MODY1 and HH genetic lesions, since these are typically single point mutations, in the context of the crystallographic multi-domain HNF4α-DNA complex (Figure 3A). Their sites often lie at the most sensitive sites of the complex. Examples include MODY1 related mutations R127W, D126Y, D126H, and R125W. These all occur within the hinge portion of the receptor and could not be understood unless one could visualize the entire quaternary organization of the complex (Figure 3B). In the multi-domain setting, it became clear they all were located at the central communication hub/zone that was connecting the DBD and LBD and hinge region (30). These mutations in particular all cause the misalignment of the interaction between domain-domain surfaces and subsequently lead to compromised DNA binding in an allosteric fashion. In other words, their actions are located far away from their own actual sites on the linear polypeptide. These mutations also cause a reduction in the transcriptional activity of HNF4α.




Figure 3 | (A) The locations of MODY1 and HH mutations within the human HNF4α polypeptide. (B) Mapping of mutational sites on the three-dimensional structure (PDB 4IQR) shows many of these sites to be located within or in close proximity to the domain convergence zone.



We also examined MODY1 mutations I314F, R324H, and their adjacent residues (R322A, Q318A, D316A and N315A), which are all located relatively close to each other on the LBD (Figure 3B). Within the quaternary complex however, they also all physically map to the multi-domain convergence centre of the complex (30). These mutations also reduce the DNA affinity and transcriptional activity of the receptor allosterically. They are located on the LBD, but compromise the function of the DBD by manifesting their effects through a considerable distance across the linear polypeptide.

Other mutations had more simple explanations, in that they compromised a single functional site locally. For example, HH-associated R76W and R80W mutations were noted to compromise the DNA recognition helix as the arginine residues directly contact the AGGTCA half-sites from the DBD. Their substitutions with tryptophan would interfere with this base-pair readout. The MODY1 mutation V255M alters a residue inside the LBD pocket where the fatty acid is bound, disabling the binding of endogenous ligand(s) and potentially destabilizing the conformation of the LBD as a result (30).





Posttranslational marks at allosteric sites

The activities of NRs can be subject to regulation by a variety of different post-translational modifications (PTMs). In the case of HNF4α, a pair of distinct PTMs were described to regulate the receptor’s function in gene expression. These sites have been examined within the HNF4α architecture to better understand their allosteric effects (Figure 4). The first site, Arg-91, is a target of PRMT1, an enzyme that dimethylates arginine side-chains (60). Arg-91 methylation enhances the DNA binding activity of HNF4α (60). The second site Ser-78, is targeted by protein kinase C (PKC) and weakens DNA-binding (61). Therefore, taken together, these two PTMs act in opposing ways to regulate HNF4α activity.




Figure 4 | (A) Location of the Arg-91 targeted for methylation by PRMT1. (B) Close-up view of how Arg-91 from the DBD interacts with residues from the two LBDs. The A and B designations after each amino-acid number is consistent with two subunits in the homodimeric HNF4α. (C) Location of Ser 78 in the DBD targeted by PKC. This residue interacts with Tyr 315 from the LBD. Both Ser 78 and Tyr 315 fall inside the domain convergence zone, as seen in PDB 4IQR.



Interestingly, while Arg-91 methylation enhances DNA-affinity, it was not located in a region of DBD that contacts DNA (Figures 4A, B). Instead, its side chain inserts physically into the allosteric convergence zone (Figure 4A). A cavity for this arginine side chain exists to accept the two extra methyl groups that are added by PRMT1 enzyme, and the arginine methylation and insertion cements the integrity of that convergence zone. Because this step stabilizes the overall quaternary structure, it can lead to a higher DNA-affinity as the LBDs are now better reinforced to support the DBD.

PKC targets HNF4α and also a number of other NRs (61). These other targets include FXR, RAR, VDR, PPARα, PXR and TR2, and importantly the phosphorylated serine is always positioned similarly along the DBD. The location, however, is on “wrong side” of the DNA recognition helix that contacts the DNA (Figure 4C). Yet Ser-78 phosphorylation still weakens receptor-DNA binding (61). But in the quaternary arrangement of the HNF4α complex, Ser-78 is located at domain-domain junctions, and therefore its ability to weaken DNA binding occurs through allostery (Figure 4C). A PKC introduced phosphate group on this serine is expected to cause unfavourable interactions between Ser-789 and Tyr-319, weakening the receptor LBD to DBD connections that otherwise formed through their physical interactions.

The careful analysis of the positional effects of PTMs, MODY1 and HH mutations point clearly to allostery in this protein-DNA complex. Perturbations within the LBD, the hinge region, or in the DBD are transmitted across the complex to distal sites. It is remarkable that the subtlety of a single PTM or a single amino-acid change can be transmitted across such large distance of the polypeptide efficiently. The domain convergence zone of HNF4α is indeed a highly sensitive centre for receiving signals and for propagating signals in a functionally meaningful way.





Discussion

It is highly likely that other classes of transcription factors, particularly those that utilize homo- and heterodimerization and have multiple domains, also transmit information between their domains allosterically to modulate their functions. Of course, allostery was first noted in the bacterial lac repressor (42). But for mammalian transcription factors, this has been more difficult to illuminate due to the lack of information about their multi-domain structural complexes. One class of mammalian transcription factors, known as basic-loop-helix PER-ARNT-SIM (bHLH-PAS) family, are increasingly becoming structurally elucidated for their multi-domain architectures, and the allosteric effects of their ligands. This group of transcription factors also harbour internal pockets that can be used for ligand binding. As a result, the bHLH-PAS proteins are increasingly seeing the discovery of novel and highly potent agonists and antagonists, the identification of endogenous ligands, and potential paths to the clinic for newly identified drugs (49, 62–69).

Nevertheless, the nuclear receptors still stand as the most successful class of transcription factors for having approved drugs that bind directly to their polypeptides (70). This success stems largely from the hydrophobic pockets offered by their LBDs which normally serve the purpose of binding to endogenous ligands. Importantly, HNF4α has not seen a drug approved to date, largely because the fatty acid interactions with its LBD are high-affinity and difficult to displace. The lessons learned to date about HNF4α protein architecture and domain-domain interfaces have elevated the overall appreciation for thinking outside the LBD fold when considering how ligands act through these receptors. In the case of the RXRα-RARβ heterodimer, studies have shown that LBDs and DBDs can sense and transmit their local information to distal elements within the complex in an allosteric manner (37).

Analysis of our three multi-domain co-crystal structures (PPARγ-RXRα heterodimer, HNF4α homodimer and RXRα-RARβ heterodimer) by X-ray crystallography, and subsequent NR complex structure determinations consistently find domain-domain contacts and physical interactions within all multi-domain complexes (30, 37, 39, 40, 71). These are consistently seen as closed conformations with clear-cut domain-domain contacts. Evidence for their domain-domain contacts has also emerged from solution studies employing H/D ExMS and small-angle X-ray scattering studies (30, 37, 39, 72). The closed conformations detected by these methods are found to match the crystallographically observed domain-domain interactions very closely.

My laboratory and others have pointed out that some other low-resolution structural models for multi-domain nuclear receptor complexes on direct-repeats, such as those generated by the Dino Moras lab and his colleagues, are not supported by any crystallographic, H/D ExMS, or mutagenesis studies. Those so-called open conformations also could not explain known lipodystrophy mutations in PPARγ, where the PPARγ-RXRα crystallographic complex provide an excellent explanation based on the observed DBD-LBD interactions of the closed structure (37, 40, 73).

The role of endogenous fatty acid ligands for HNF4α (60) still presents an important gap in our understanding of this receptor’s function and regulation. If the fatty acids are not exchangeable and their role is to stabilise the protein fold only, then they are unlikely to act as functional modulators in the way other NR ligands are understood to do. The regulation of the receptor instead may be largely derived from PTMs. The “natural” state of HNF4α may have a fairly high level of constitutive activity since the fatty acids produce a strong stabilizing effect on the folding of the active conformation. It would be helpful to develop new tools and methodologies to detect fatty acid binding and measure the associated transcriptional activities that they impart, since the cellular environment presents significant challenges to these explorations. To test the actual extent of fatty acid contribution to protein stability, one could measure protein stability either intracellularly or biochemically. In a biochemical experiment, stability assessment could be conducted using a protein thermal shift assay, whereas in a cellular experiment the protein half-life and turnover could prove useful indicators.

In mammalian cells, any experiments with individual fatty acids are certainly challenging to configure. A good case for linoleic acid as an endogenous ligand has been made to date, while also recognizing that this molecule may have little effect on transcriptional activity (53). It is unclear if the ligand-free state of HNF4α even exists within cells, so it is not clear what the off-state of the protein entails in terms of transcriptional activation or repression. One creative way to access the unliganded state at the cellular level, is to rely on the point mutation V255M that falls within its binding pocket. Other mutational changes that disable fatty acid binding could be introduced stably and genetically into mice, and tissue based genomic profiling and whole animal physiology could be studied to assess what is lost or gained versus wild-type mice. Intracellularly, it would be interesting to identify which lipids in pancreatic β-cells bind to the HNF4α LBD and whether these are distinct from linoleic acid that appears to be the candidate ligand from the liver.

There is also more to learn about the structure of HNF4α, particularly the contributions of the F-domain and the structure and functional consequences of its many known isoforms. Indeed, in this context, more than 60 potential isoforms exist which may show differential gene expression or regulation (74, 75). In addition to alternative splicing, HNF4α isoforms are generated by two alternative promoters, P1 and P2, giving rise to proteins that can include or lack an additional N-terminal transactivation domain (76–79). HNF4α isoforms have different abilities to interact with DNA and transcriptional cofactors, and a clear understanding of these variations based on a structural framework remains unavailable (74, 80).

While HNF4α has mainly been described within this review in the context of a transcriptional activator promoting recruitment of coactivators, some studies have also indicated that HNF4α can interact with corepressors in an F-domain dependent or isoform specific manner to suppress gene expression (81, 82). Even on a given gene, different HNF4α isoforms can function as a transcriptional activator or repressor (74). In all these areas, a mechanistic or structural understanding related to versatility of HNF4α to both positively or negatively impact gene expression in isoform dependent manner is well worth exploring.





Author contributions

The author confirms being the sole contributor of this work and has approved it for publication.





Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Sladek, FM, Zhong, WM, Lai, E, and Darnell, JE Jr. Liver-enriched transcription factor HNF-4 is a novel member of the steroid hormone receptor superfamily. Genes Dev (1990) 4(12B):2353–65. doi: 10.1101/gad.4.12b.2353

2. Harries, LW, Brown, JE, and Gloyn, AL. Species-specific differences in the expression of the HNF1A, HNF1B and HNF4A genes. PloS One (2009) 4(11):e7855. doi: 10.1371/journal.pone.0007855

3. Odom, DT, Zizlsperger, N, Gordon, DB, Bell, GW, Rinaldi, NJ, Murray, HL, et al. Control of pancreas and liver gene expression by HNF transcription factors. Science (2004) 303(5662):1378–81. doi: 10.1126/science.1089769

4. Bolotin, E, Liao, H, Ta, TC, Yang, C, Hwang-Verslues, W, Evans, JR, et al. Integrated approach for the identification of human hepatocyte nuclear factor 4alpha target genes using protein binding microarrays. Hepatology (2010) 51(2):642–53. doi: 10.1002/hep.23357

5. Wallerman, O, Motallebipour, M, Enroth, S, Patra, K, Bysani, MS, Komorowski, J, et al. Molecular interactions between HNF4a, FOXA2 and GABP identified at regulatory DNA elements through ChIP-sequencing. Nucleic Acids Res (2009) 37(22):7498–508. doi: 10.1093/nar/gkp823

6. Dubois, V, Gheeraert, C, Vankrunkelsven, W, Dubois-Chevalier, J, Dehondt, H, Bobowski-Gerard, M, et al. Endoplasmic reticulum stress actively suppresses hepatic molecular identity in damaged liver. Mol Syst Biol (2020) 16(5):e9156. doi: 10.15252/msb.20199156

7. Joo, MS, Koo, JH, Kim, TH, Kim, YS, and Kim, SG. LRH1-driven transcription factor circuitry for hepatocyte identity: Super-enhancer cistromic analysis. EBioMedicine (2019) 40:488–503. doi: 10.1016/j.ebiom.2018.12.056

8. Parviz, F, Matullo, C, Garrison, WD, Savatski, L, Adamson, JW, Ning, G, et al. Hepatocyte nuclear factor 4alpha controls the development of a hepatic epithelium and liver morphogenesis. Nat Genet (2003) 34(3):292–6. doi: 10.1038/ng1175

9. Gonzalez, FJ. Regulation of hepatocyte nuclear factor 4 alpha-mediated transcription. Drug Metab Pharmacokinet (2008) 23(1):2–7. doi: 10.2133/dmpk.23.2

10. Krapivner, S, Iglesias, MJ, Silveira, A, Tegner, J, Bjorkegren, J, Hamsten, A, et al. DGAT1 participates in the effect of HNF4A on hepatic secretion of triglyceride-rich lipoproteins. Arterioscler Thromb Vasc Biol (2010) 30(5):962–7. doi: 10.1161/ATVBAHA.109.201426

11. Yue, HY, Yin, C, Hou, JL, Zeng, X, Chen, YX, Zhong, W, et al. Hepatocyte nuclear factor 4alpha attenuates hepatic fibrosis in rats. Gut (2010) 59(2):236–46. doi: 10.1136/gut.2008.174904

12. Liu, L, Yannam, GR, Nishikawa, T, Yamamoto, T, Basma, H, Ito, R, et al. The microenvironment in hepatocyte regeneration and function in rats with advanced cirrhosis. Hepatology (2012) 55(5):1529–39. doi: 10.1002/hep.24815

13. Maestro, MA, Cardalda, C, Boj, SF, Luco, RF, Servitja, JM, and Ferrer, J. Distinct roles of HNF1beta, HNF1alpha, and HNF4alpha in regulating pancreas development, beta-cell function and growth. Endocr Dev (2007) 12:33–45. doi: 10.1159/000109603

14. Boj, SF, Parrizas, M, Maestro, MA, and Ferrer, J. A transcription factor regulatory circuit in differentiated pancreatic cells. Proc Natl Acad Sci U S A. (2001) 98(25):14481–6. doi: 10.1073/pnas.241349398

15. Gupta, RK, Gao, N, Gorski, RK, White, P, Hardy, OT, Rafiq, K, et al. Expansion of adult beta-cell mass in response to increased metabolic demand is dependent on HNF-4alpha. Genes Dev (2007) 21(7):756–69. doi: 10.1101/gad.1535507

16. Perilhou, A, Tourrel-Cuzin, C, Zhang, P, Kharroubi, I, Wang, H, Fauveau, V, et al. The MODY1 gene for hepatocyte nuclear factor 4alpha and a feedback loop control COUP-TFII expression in pancreatic beta cells. Mol Cell Biol (2008) 28(14):4588–97. doi: 10.1128/MCB.01191-07

17. Kulkarni, RN, and Kahn, CR. Molecular biology. HNFs–linking the liver and pancreatic islets in diabetes. Science (2004) 303(5662):1311–2. doi: 10.1126/science.1095486

18. Yamagata, K, Furuta, H, Oda, N, Kaisaki, PJ, Menzel, S, Cox, NJ, et al. Mutations in the hepatocyte nuclear factor-4alpha gene in maturity-onset diabetes of the young (MODY1). Nature (1996) 384(6608):458–60. doi: 10.1038/384458a0

19. Velho, G, and Froguel, P. Genetic, metabolic and clinical characteristics of maturity onset diabetes of the young. Eur J Endocrinol (1998) 138(3):233–9. doi: 10.1530/eje.0.1380233

20. Ellard, S, and Colclough, K. Mutations in the genes encoding the transcription factors hepatocyte nuclear factor 1 alpha (HNF1A) and 4 alpha (HNF4A) in maturity-onset diabetes of the young. Hum Mutat (2006) 27(9):854–69. doi: 10.1002/humu.20357

21. Ryffel, GU. Mutations in the human genes encoding the transcription factors of the hepatocyte nuclear factor (HNF)1 and HNF4 families: functional and pathological consequences. J Mol Endocrinol (2001) 27(1):11–29. doi: 10.1677/jme.0.0270011

22. Kapoor, RR, Flanagan, SE, James, C, Shield, J, Ellard, S, and Hussain, K. Hyperinsulinaemic hypoglycaemia. Arch Dis Child. (2009) 94(6):450–7. doi: 10.1136/adc.2008.148171

23. Pearson, ER, Boj, SF, Steele, AM, Barrett, T, Stals, K, Shield, JP, et al. Macrosomia and hyperinsulinaemic hypoglycaemia in patients with heterozygous mutations in the HNF4A gene. PloS Med (2007) 4(4):e118. doi: 10.1371/journal.pmed.0040118

24. Schwartz, B, Algamas-Dimantov, A, Hertz, R, Nataf, J, Kerman, A, Peri, I, et al. Inhibition of colorectal cancer by targeting hepatocyte nuclear factor-4alpha. Int J Cancer. (2009) 124(5):1081–9. doi: 10.1002/ijc.24041

25. Chellappa, K, Robertson, GR, and Sladek, FM. HNF4alpha: a new biomarker in colon cancer? biomark Med (2012) 6(3):297–300. doi: 10.2217/bmm.12.23

26. Xu, C, Ooi, WF, Qamra, A, Tan, J, Chua, BY, Ho, SWT, et al. HNF4alpha pathway mapping identifies wild-type IDH1 as a targetable metabolic node in gastric cancer. Gut (2020) 69(2):231–42. doi: 10.1136/gutjnl-2018-318025

27. Huang, P, Chandra, V, and Rastinejad, F. Structural overview of the nuclear receptor superfamily: insights into physiology and therapeutics. Annu Rev Physiol (2010) 72:247–72. doi: 10.1146/annurev-physiol-021909-135917

28. Rastinejad, F, Huang, P, Chandra, V, and Khorasanizadeh, S. Understanding nuclear receptor form and function using structural biology. J Mol Endocrinol (2013) 51(3):T1–T21. doi: 10.1530/JME-13-0173

29. Khorasanizadeh, S, and Rastinejad, F. Visualizing the architectures and interactions of nuclear receptors. Endocrinology (2016) 157(11):4212–21. doi: 10.1210/en.2016-1559

30. Chandra, V, Huang, P, Potluri, N, Wu, D, Kim, Y, and Rastinejad, F. Multidomain integration in the structure of the HNF-4alpha nuclear receptor complex. Nature (2013) 495(7441):394–8. doi: 10.1038/nature11966

31. Wisely, GB, Miller, AB, Davis, RG, Thornquest, AD Jr., Johnson, R, Spitzer, T, et al. Hepatocyte nuclear factor 4 is a transcription factor that constitutively binds fatty acids. Structure (2002) 10(9):1225–34. doi: 10.1016/S0969-2126(02)00829-8

32. Dhe-Paganon, S, Duda, K, Iwamoto, M, Chi, YI, and Shoelson, SE. Crystal structure of the HNF4 alpha ligand binding domain in complex with endogenous fatty acid ligand. J Biol Chem (2002) 277(41):37973–6. doi: 10.1074/jbc.C200420200

33. Zhao, Q, Khorasanizadeh, S, Miyoshi, Y, Lazar, MA, and Rastinejad, F. Structural elements of an orphan nuclear receptor-DNA complex. Mol Cell (1998) 1(6):849–61. doi: 10.1016/S1097-2765(00)80084-2

34. Rastinejad, F, Wagner, T, Zhao, Q, and Khorasanizadeh, S. Structure of the RXR-RAR DNA-binding complex on the retinoic acid response element DR1. EMBO J (2000) 19(5):1045–54. doi: 10.1093/emboj/19.5.1045

35. Zhao, Q, Chasse, SA, Devarakonda, S, Sierk, ML, Ahvazi, B, and Rastinejad, F. Structural basis of RXR-DNA interactions. J Mol Biol (2000) 296(2):509–20. doi: 10.1006/jmbi.1999.3457

36. Huang, P, Chandra, V, and Rastinejad, F. Retinoic acid actions through mamMalian nuclear receptors. Chem Rev (2014) 114(1):233–54. doi: 10.1021/cr400161b

37. Chandra, V, Wu, D, Li, S, Potluri, N, Kim, Y, and Rastinejad, F. The quaternary architecture of RARbeta-RXRalpha heterodimer facilitates domain-domain signal transmission. Nat Commun (2017) 8(1):868. doi: 10.1038/s41467-017-00981-y

38. Lu, P, Rha, GB, Melikishvili, M, Wu, G, Adkins, BC, Fried, MG, et al. Structural basis of natural promoter recognition by a unique nuclear receptor, HNF4alpha. Diabetes Gene product. J Biol Chem (2008) 283(48):33685–97. doi: 10.1074/jbc.M806213200

39. Chandra, V, Huang, P, Hamuro, Y, Raghuram, S, Wang, Y, Burris, TP, et al. Structure of the intact PPAR-gamma-RXR- nuclear receptor complex on DNA. Nature (2008) 456(7220):350–6. doi: 10.1038/nature07413

40. Rastinejad, F, Ollendorff, V, and Polikarpov, I. Nuclear receptor full-length architectures: confronting myth and illusion with high resolution. Trends Biochem Sci (2015) 40(1):16–24. doi: 10.1016/j.tibs.2014.10.011

41. Rastinejad, F. Retinoic acid receptor structures: the journey from single domains to full-length complex. J Mol Endocrinol (2022) 69(4):T25–36. doi: 10.1530/JME-22-0113

42. Monod, J, Wyman, J, and Changeux, JP. On the nature of allosteric transitions: A plausible model. J Mol Biol (1965) 12:88–118. doi: 10.1016/S0022-2836(65)80285-6

43. Koshland, DE Jr., Nemethy, G, and Filmer, D. Comparison of experimental binding data and theoretical models in proteins containing subunits. Biochemistry (1966) 5(1):365–85. doi: 10.1021/bi00865a047

44. Orlowski, M, Szyszka, M, Kowalska, A, Grad, I, Zoglowek, A, Rymarczyk, G, et al. Plasticity of the ecdysone receptor DNA binding domain. Mol Endocrinol (2004) 18(9):2166–84. doi: 10.1210/me.2004-0154

45. Sierk, ML, Zhao, Q, and Rastinejad, F. DNA deformability as a recognition feature in the reverb response element. Biochemistry (2001) 40(43):12833–43. doi: 10.1021/bi011086r

46. Rastinejad, F, Evilia, C, and Lu, P. Studies of nucleic acids and their protein interactions by 19F NMR. Methods Enzymol (1995) 261:560–75. doi: 10.1016/S0076-6879(95)61025-1

47. Hertz, R, Magenheim, J, Berman, I, and Bar-Tana, J. Fatty acyl-CoA thioesters are ligands of hepatic nuclear factor-4alpha. Nature (1998) 392(6675):512–6. doi: 10.1038/33185

48. Bogan, AA, Dallas-Yang, Q, Ruse, MD Jr., Maeda, Y, Jiang, G, Nepomuceno, L, et al. Analysis of protein dimerization and ligand binding of orphan receptor HNF4alpha. J Mol Biol (2000) 302(4):831–51. doi: 10.1006/jmbi.2000.4099

49. Diao, X, Ye, F, Zhang, M, Ren, X, Tian, X, Lu, J, et al. Identification of oleoylethanolamide as an endogenous ligand for HIF-3alpha. Nat Commun (2022) 13(1):2529. doi: 10.1038/s41467-022-30338-z

50. Wright, CS, Mi, LZ, Lee, S, and Rastinejad, F. Crystal structure analysis of phosphatidylcholine-GM2-activator product complexes: evidence for hydrolase activity. Biochemistry (2005) 44(41):13510–21. doi: 10.1021/bi050668w

51. Wright, CS, Zhao, Q, and Rastinejad, F. Structural analysis of lipid complexes of GM2-activator protein. J Mol Biol (2003) 331(4):951–64. doi: 10.1016/S0022-2836(03)00794-0

52. Wright, CS, Mi, LZ, and Rastinejad, F. Evidence for lipid packaging in the crystal structure of the GM2-activator complex with platelet activating factor. J Mol Biol (2004) 342(2):585–92. doi: 10.1016/j.jmb.2004.07.063

53. Yuan, X, Ta, TC, Lin, M, Evans, JR, Dong, Y, Bolotin, E, et al. Identification of an endogenous ligand bound to a native orphan nuclear receptor. PloS One (2009) 4(5):e5609. doi: 10.1371/journal.pone.0005609

54. Shen, Q, Cheng, F, Song, H, Lu, W, Zhao, J, An, X, et al. Proteome-scale investigation of protein allosteric regulation perturbed by somatic mutations in 7,000 cancer genomes. Am J Hum Genet (2017) 100(1):5–20. doi: 10.1016/j.ajhg.2016.09.020

55. Nussinov, R, and Tsai, CJ. Allostery in disease and in drug discovery. Cell (2013) 153(2):293–305. doi: 10.1016/j.cell.2013.03.034

56. Prabantu, VM, Naveenkumar, N, and Srinivasan, N. Influence of disease-causing mutations on protein structural networks. Front Mol Biosci (2020) 7:620554. doi: 10.3389/fmolb.2020.620554

57. Gragnoli, C, Lindner, T, Cockburn, BN, Kaisaki, PJ, Gragnoli, F, Marozzi, G, et al. Maturity-onset diabetes of the young due to a mutation in the hepatocyte nuclear factor-4 alpha binding site in the promoter of the hepatocyte nuclear factor-1 alpha gene. Diabetes (1997) 46(10):1648–51. doi: 10.2337/diacare.46.10.1648

58. Thakur, A, Wong, JCH, Wang, EY, Lotto, J, Kim, D, Cheng, JC, et al. Hepatocyte nuclear factor 4-alpha is essential for the active epigenetic state at enhancers in mouse liver. Hepatology (2019) 70(4):1360–76. doi: 10.1002/hep.30631

59. D’Anna, F, Van Dyck, L, Xiong, J, Zhao, H, Berrens, RV, Qian, J, et al. DNA methylation repels binding of hypoxia-inducible transcription factors to maintain tumor immunotolerance. Genome Biol (2020) 21(1):182. doi: 10.1186/s13059-020-02087-z

60. Barrero, MJ, and Malik, S. Two functional modes of a nuclear receptor-recruited arginine methyltransferase in transcriptional activation. Mol Cell (2006) 24(2):233–43. doi: 10.1016/j.molcel.2006.09.020

61. Sun, K, Montana, V, Chellappa, K, Brelivet, Y, Moras, D, Maeda, Y, et al. Phosphorylation of a conserved serine in the deoxyribonucleic acid binding domain of nuclear receptors alters intracellular localization. Mol Endocrinol (2007) 21(6):1297–311. doi: 10.1210/me.2006-0300

62. Smith, SH, Jayawickreme, C, Rickard, DJ, Nicodeme, E, Bui, T, Simmons, C, et al. Tapinarof is a natural ahR agonist that resolves skin inflammation in mice and humans. J Invest Dermatol (2017) 137(10):2110–9. doi: 10.1016/j.jid.2017.05.004

63. Flegel, J, Shaaban, S, Jia, ZJ, Schulte, B, Lian, Y, Krzyzanowski, A, et al. The highly potent ahR agonist picoberin modulates hh-dependent osteoblast differentiation. J Med Chem (2022) 65(24):16268–89. doi: 10.1021/acs.jmedchem.2c00956

64. Wilkinson, IVL, Perkins, KJ, Dugdale, H, Moir, L, Vuorinen, A, Chatzopoulou, M, et al. Chemical proteomics and phenotypic profiling identifies the aryl hydrocarbon receptor as a molecular target of the utrophin modulator ezutromid. Angew Chem Int Ed Engl (2020) 59(6):2420–8. doi: 10.1002/anie.201912392

65. Wu, D, Potluri, N, Lu, J, Kim, Y, and Rastinejad, F. Structural integration in hypoxia-inducible factors. Nature (2015) 524(7565):303–8. doi: 10.1038/nature14883

66. Wu, D, and Rastinejad, F. Structural characterization of mamMalian bHLH-PAS transcription factors. Curr Opin Struct Biol (2017) 43:1–9. doi: 10.1016/j.sbi.2016.09.011

67. Wu, D, Su, X, Lu, J, Li, S, Hood, BL, Vasile, S, et al. Bidirectional modulation of HIF-2 activity through chemical ligands. Nat Chem Biol (2019) 15(4):367–76. doi: 10.1038/s41589-019-0234-5

68. Wu, D, Su, X, Potluri, N, Kim, Y, and Rastinejad, F. NPAS1-ARNT and NPAS3-ARNT crystal structures implicate the bHLH-PAS family as multi-ligand binding transcription factors. Elife (2016) 5. doi: 10.7554/eLife.18790

69. Sun, X, Jing, L, Li, F, Zhang, M, Diao, X, Zhuang, J, et al. Structures of NPAS4-ARNT and NPAS4-ARNT2 heterodimers reveal new dimerization modalities in the bHLH-PAS transcription factor family. Proc Natl Acad Sci U S A. (2022) 119(46):e2208804119. doi: 10.1073/pnas.2208804119

70. Santos, R, Ursu, O, Gaulton, A, Bento, AP, Donadi, RS, Bologa, CG, et al. A comprehensive map of molecular drug targets. Nat Rev Drug Discovery (2017) 16(1):19–34. doi: 10.1038/nrd.2016.230

71. Wasmuth, E, Broeck, A, Laclair, J, Hoover, E, Lawrence, K, Paknejad, N, et al. Allosteric interactions prime androgen receptor dimerization and activation. Mol Cell (2022) 82:2021–31.e5. doi: 10.1016/j.molcel.2022.03.035

72. Bernardes, A, Batista, FA, de Oliveira Neto, M, Figueira, AC, Webb, P, Saidemberg, D, et al. Low-resolution molecular models reveal the oligomeric state of the PPAR and the conformational organization of its domains in solution. PloS One (2012) 7(2):e31852. doi: 10.1371/journal.pone.0031852

73. Madsen, MS, Broekema, MF, Madsen, MR, Koppen, A, Borgman, A, Grawe, C, et al. PPARgamma lipodystrophy mutants reveal intermolecular interactions required for enhancer activation. Nat Commun (2022) 13(1):7090. doi: 10.1038/s41467-022-34766-9

74. Ko, HL, Zhuo, Z, and Ren, EC. HNF4alpha combinatorial isoform heterodimers activate distinct gene targets that differ from their corresponding homodimers. Cell Rep (2019) 26(10):2549–57 e3. doi: 10.1016/j.celrep.2019.02.033

75. Dubois, V, Staels, B, Lefebvre, P, Verzi, MP, and Eeckhoute, J. Control of cell identity by the nuclear receptor HNF4 in organ pathophysiology. Cells (2020) 9(10):2185. doi: 10.3390/cells9102185

76. Thomas, H, Jaschkowitz, K, Bulman, M, Frayling, TM, Mitchell, SM, Roosen, S, et al. A distant upstream promoter of the HNF-4alpha gene connects the transcription factors involved in maturity-onset diabetes of the young. Hum Mol Genet (2001) 10(19):2089–97. doi: 10.1093/hmg/10.19.2089

77. Huang, J, Levitsky, LL, and Rhoads, DB. Novel P2 promoter-derived HNF4alpha isoforms with different N-terminus generated by alternate exon insertion. Exp Cell Res (2009) 315(7):1200–11. doi: 10.1016/j.yexcr.2009.01.004

78. Briancon, N, and Weiss, MC. In vivo role of the HNF4alpha AF-1 activation domain revealed by exon swapping. EMBO J (2006) 25(6):1253–62. doi: 10.1038/sj.emboj.7601021

79. Eeckhoute, J, Moerman, E, Bouckenooghe, T, Lukoviak, B, Pattou, F, Formstecher, P, et al. Hepatocyte nuclear factor 4 alpha isoforms originated from the P1 promoter are expressed in human pancreatic beta-cells and exhibit stronger transcriptional potentials than P2 promoter-driven isoforms. Endocrinology (2003) 144(5):1686–94. doi: 10.1210/en.2002-0024

80. Lambert, E, Babeu, JP, Simoneau, J, Raisch, J, Lavergne, L, Levesque, D, et al. Human hepatocyte nuclear factor 4-alpha encodes isoforms with distinct transcriptional functions. Mol Cell Proteomics. (2020) 19(5):808–27. doi: 10.1074/mcp.RA119.001909

81. Ruse, MD Jr., Privalsky, ML, and Sladek, FM. Competitive cofactor recruitment by orphan receptor hepatocyte nuclear factor 4alpha1: modulation by the F domain. Mol Cell Biol (2002) 22(6):1626–38. doi: 10.1128/MCB.22.6.1626-1638.2002

82. Torres-Padilla, ME, and Weiss, MC. Effects of interactions of hepatocyte nuclear factor 4alpha isoforms with coactivators and corepressors are promoter-specific. FEBS Lett (2003) 539(1-3):19–23. doi: 10.1016/S0014-5793(03)00174-1




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Rastinejad. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The protein architecture and allosteric landscape of HNF4α

      

        		

          Introduction

        



        		

          Protein architecture and allostery

        



        		

          Fatty acid binding

        



        		

          How disease mutations manifest

        



        		

          Posttranslational marks at allosteric sites

        



        		

          Discussion

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1219092-g004.jpg
B C
Asn 315(B)
(LBD)
Cys 93(A Phe 89(A)
(DBD) . %7(7‘7’15\[”
Cys 106(8)
(DBD) ?Arg91(A)

e g““
Tyr 105 (A)

(DBD)

Asn 315(AL)(%
(BD) &






OEBPS/Images/fendo-14-1219092-g002.jpg





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo.2023.1219092_cover.jpg
& frontiers | Frontiers in Endocrinology

The protein architecture and allosteric
landscape of HNF4a





OEBPS/Images/fendo-14-1219092-g003.jpg
1454V

P436S
v393|

L332pP
R324H*
1314F*
R301Q

E276Q E2706D

L263P

D126Y

Mm1iiel

C106S

R8OW*
R76W*

hyperinsulinemic hypoglycemia

mMobDY1






OEBPS/Images/fendo-14-1219092-g001.jpg
hinge

AB F
M DBDJ LIGAND [

Domain

Zone






