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Structure of adiponectin receptors revealed a seven-transmembrane domain endowed with intramembrane lipid amidase activity. These data highlighted the existence of a seven-pass transmembrane protein fold which are functionally

distinct from the GPCR superfamily.

Introduction

With over 800 genes in the human genome, G protein-coupled receptors (GPCRs) constitute the largest and best characterized group of intramembrane proteins. All GPCRs share a conserved seven-pass transmembrane (7TM) fold and a common membrane topology with an extracellular N-terminus and intracellular C-terminal domain. GPCRs function as cell surface receptors detecting a variety of molecules outside the cell and transducing a signal across the membrane by activating intracellular G proteins and other signal transducing molecules.

During the last two decades, the analysis of the human genome revealed a number of new membrane proteins with predicted 7TM topologies evolutionary distinct from the GPCR superfamily. In 2003, the receptors for progestin and adiponectin were discovered, both predicted to contain 7TM domains, but to be structurally, topologically and functionally different from GPCRs [START_REF] Yamauchi | Cloning of adiponectin receptors that mediate antidiabetic metabolic effects[END_REF]Zhu et al., 2003). After identification of additional sequence paralogs in the human genome, this group of 7TM membrane proteins was expanded to 11 members and designated the PAQR family, after progestin and adipoQ receptors [START_REF] Tang | PAQR proteins: a novel membrane receptor family defined by an ancient 7transmembrane pass motif[END_REF]. A thorough analysis of the sequence of PAQR members revealed that they display distant sequence similarity with a group of enzymes known as alkaline ceramidases (ACERs) [START_REF] Villa | Sphingolipids function as downstream effectors of a fungal PAQR[END_REF], a class of integral membrane protein lipid hydrolases which catalyze the conversion of ceramide to fatty acid and sphingosine. Based on this similarity, the hypothesis was raised for the first time that PAQRs may function as membrane enzymes.

Also identified through sequence homology to the ACERs were three additional protein families; the Per1 family of fatty acid remodeling hydrolases for GPI-anchored proteins; the SID-1 family of putative RNA transporters involved in systematic RNA interference; and the TMEM8 family of putative tumor suppressors. Thus, this large superfamily of membrane proteins has been discovered and dubbed CREST [START_REF] Pei | CREST--a large and diverse superfamily of putative transmembrane hydrolases[END_REF]. Across all groups in the CREST superfamily, the defining features are a 7TM core structure and a set of conserved serine, histidine and aspartate residues (Fig. 1). In addition, hydrolase activity has been demonstrated for ACER and the Per1 families, raising the possibility that the majority of CREST members are metal-dependent hydrolases.

In this review article, we give an overview on the structure and function of the adiponectin receptors (ADIPORs), the most studied members of CREST superfamily, and highlight the recently discovered hydrolase activity of these receptors.

Adiponectin receptors (ADIPORs)

Without a doubt, ADIPORs have garnered the most attention from all members within CREST superfamily due to their role in diabetes and other obesity-related diseases.

Therefore, the majority of data about the CREST superfamily is derived from the research on ADIPORs.

Adiponectin is a hormone [START_REF] Scherer | A novel serum protein similar to C1q, produced exclusively in adipocytes[END_REF] secreted primarily by adipocytes into the circulation where it acts as an important messenger between adipose tissue and other organs. Remarkably, plasma concentrations of adiponectin in obese subjects are significantly lower than those in lean individuals, although adiponectin is secreted mostly from adipose tissue [START_REF] Arita | Paradoxical decrease of an adipose-specific protein, adiponectin, in obesity[END_REF][START_REF] Hu | AdipoQ is a novel adipose-specific gene dysregulated in obesity[END_REF]. Adiponectin exhibits pleiotropic roles in the organism and plays a crucial role in regulating energy homeostasis, mainly by stimulating glucose utilization [START_REF] Berg | The adipocyte-secreted protein Acrp30 enhances hepatic insulin action[END_REF] and fatty-acid oxidation [START_REF] Fruebis | Proteolytic cleavage product of 30-kDa adipocyte complementrelated protein increases fatty acid oxidation in muscle and causes weight loss in mice[END_REF]. Adiponectin accounts for 0.01% to 0.05% of total plasma proteins and decreased circulating levels correlate with fat mass and obesity, risk of type 2 diabetes and insulin resistance in both humans and animal models.

Replenishment of adiponectin has been shown to significantly improve the insulin resistance and hypertriglyceridemia in obese adiponectin-low mice (Yamauchi et al., 2001). In 2003, two isoforms of adiponectin receptors were identified, adiponectin receptor type 1 (ADIPOR1) and adiponectin receptor type 2 (ADIPOR2), and were shown to mediate the metabolic actions of adiponectin [START_REF] Yamauchi | Cloning of adiponectin receptors that mediate antidiabetic metabolic effects[END_REF].

ADIPOR1 and ADIPOR2 share 70.7% identity at the amino acid level and are ubiquitously expressed in various tissues. ADIPOR1 is predominantly expressed in the brain, eye [START_REF] Sluch | ADIPOR1 is essential for vision and its RPE expression is lost in the Mfrp(rd6) mouse[END_REF] and skeletal muscle whereas ADIPOR2 is most abundant in the liver [START_REF] Yamauchi | Cloning of adiponectin receptors that mediate antidiabetic metabolic effects[END_REF]. In the liver, ADIPOR1 and ADIPOR2 activate AMPactivated protein kinase (AMPK) and peroxisome proliferator-activated receptor-α (PPAR-α) signaling pathways, respectively, resulting in increased fatty acid oxidation and glucose utilization (Yamauchi et al., 2007).

ADIPORs are integral membrane proteins with 7TM domains, which makes them structurally similar to GPCRs. However, ADIPORs possess the opposite topology, with an internal N-terminus and an external C-terminus. ADIPORs are conserved in evolution, from yeast to plants and mammals, indicating that they play critical metabolic functional roles. Moreover, they share significant sequence identity with ancient bacterial hemolysin-like proteins [START_REF] Pei | CREST--a large and diverse superfamily of putative transmembrane hydrolases[END_REF].

Adiponectin signaling

Adiponectin signaling occurs through its cognate receptors, ADIPOR1 and ADIPOR2, nevertheless, the downstream signaling cascade translating into the metabolic effects of adiponectin is rather poorly understood. A number of studies have demonstrated that the two major downstream effectors of adiponectin are AMPK, an important enzyme sensing cellular energy homeostasis, and PPAR-α, an essential regulator of lipid metabolism in the liver. Blocking AMPK activation by adiponectin also suppresses glucose utilization and fatty acid oxidation [START_REF] Yamauchi | Adiponectin stimulates glucose[END_REF].

More recently, adiponectin has been shown to activate cellular ceramidase activity through its receptors, which results in the hydrolysis of ceramide to form sphingosine and free fatty acid [START_REF] Holland | An FGF21-adiponectin-ceramide axis controls energy expenditure and insulin action in mice[END_REF][START_REF] Holland | Receptor-mediated activation of ceramidase activity initiates the pleiotropic actions of adiponectin[END_REF][START_REF] Holland | Inducible overexpression of adiponectin receptors highlight the roles of adiponectin-induced ceramidase signaling in lipid and glucose homeostasis[END_REF][START_REF] Sharma | Adiponectin and its Hydrolase-Activated Receptors[END_REF]. Holland and colleagues suggested that beneficial effects of adiponectin are likely linked to activation of cellular ceramidases, which not only lower the level of deleterious lipid ceramide but also produce the bioactive lipid sphingosine. A growing number of studies have revealed that accumulation of ceramide and related sphingolipids in plasma and tissues is associated with obesity and metabolic diseases, including but not limited to atherosclerosis, diabetes, insulin resistance, and nonalcoholic fatty liver disease [START_REF] Chaurasia | Ceramides -Lipotoxic Inducers of Metabolic Disorders[END_REF][START_REF] De Carvalho | Plasma Ceramides as Prognostic Biomarkers and Their Arterial and Myocardial Tissue Correlates in Acute Myocardial Infarction[END_REF][START_REF] Haus | Plasma ceramides are elevated in obese subjects with type 2 diabetes and correlate with the severity of insulin resistance[END_REF][START_REF] Lemaitre | Circulating Sphingolipids, Insulin, HOMA-IR, and HOMA-B: The Strong Heart Family Study[END_REF][START_REF] Meeusen | Plasma Ceramides: A Novel Predictor of Major Adverse Cardiovascular Events After Coronary Angiography[END_REF] [START_REF] Anroedh | Plasma concentrations of molecular lipid species predict long-term clinical outcome in coronary artery disease patients[END_REF].

Most importantly, ceramide has been indicated in blunting insulin signaling [START_REF] Blachnio-Zabielska | The Crucial Role of C18-Cer in Fat-Induced Skeletal Muscle Insulin Resistance[END_REF][START_REF] Stratford | Ceramide dissociates 3'phosphoinositide production from pleckstrin homology domain translocation[END_REF]. A clinical diagnostic test quantifying plasma ceramides has been recently introduced by the Mayo Clinic Medical Laboratories as a marker for risk of major cardiovascular event risk [START_REF] Westra | Ceramides, Plasma [A Test in Focus[END_REF]. Moreover, it has been suggested that ceramides could become "a new cholesterol" in the near future for diagnosis of high risk of events such as myocardial infarction and stroke [START_REF] Summers | Could Ceramides Become the New Cholesterol?[END_REF].

In contrast, sphingosine, a product of ceramide hydrolysis, can be phosphorylated by two kinases, to form a potent signaling lipid sphingosine-1-phosphate (S1P) possessing a number of beneficial effects in the organism. S1P is involved in a variety of cellular processes including cell growth and survival, cell motility, as well as angiogenesis and allergic responses [START_REF] Cuvillier | Suppression of ceramide-mediated programmed cell death by sphingosine-1-phosphate[END_REF][START_REF] Olivera | Sphingosine-1-phosphate as second messenger in cell proliferation induced by PDGF and FCS mitogens[END_REF][START_REF] Spiegel | Sphingosine-1-phosphate: an enigmatic signalling lipid[END_REF]Zhang et al., 1991). S1P can act not only inside cells but also extracellularly after it is exported from the cells [START_REF] Spiegel | Sphingosine-1-phosphate: an enigmatic signalling lipid[END_REF]. The extracellular S1P can bind to and signal via five S1P receptors (GPCRs), which might explain how S1P participate in such a wide range of functions [START_REF] Cannavo | Sphingosine Kinases and Sphingosine 1-Phosphate Receptors: Signaling and Actions in the Cardiovascular System[END_REF][START_REF] Rosen | Sphingosine-1phosphate and its receptors: structure, signaling, and influence[END_REF]. Remarkably, the activity of AMPK, a major downstream effector of adiponectin, can be stimulated when the local S1P concentration increases. Moreover, sphingosine and free fatty acid (FFA) can serve as ligands for PPAR-α activation.

Even though the role of adiponectin and its receptors in lowering ceramide levels have been well established now, it was unclear if ADIPORs possessed intrinsic ceramidase activity or their activation induced downstream signaling pathways involved in ceramide degradation. A landmark study by [START_REF] Holland | Receptor-mediated activation of ceramidase activity initiates the pleiotropic actions of adiponectin[END_REF] revealed cellular ceramidase activity was significantly diminished when conserved ADIPORs histidine residues were mutated [START_REF] Holland | Receptor-mediated activation of ceramidase activity initiates the pleiotropic actions of adiponectin[END_REF]. Stimulation of the mutated ADIPORs with adiponectin did not recover the ceramidase activity. Collectively, these data were the first hints that ADIPORs possessed intrinsic ceramidase activity.

Structure of adiponectin receptors

In 2015, the crystal structures of N-terminally truncated human ADIPOR1 (PDB entry 3WXV) and ADIPOR2 (PDB entry 3WXW) were reported in complex with anti-ADIPOR monoclonal antibody Fv fragment at 2.9 Å and 2.4 Å resolution, respectively [START_REF] Tanabe | Crystal structures of the human adiponectin receptors[END_REF]. The crystallization was achieved utilizing the lipidic mesophase method which had been very successful in crystallization of many GPCRs. The engineering of the protein (i.e. truncation of the potentially flexible N-termini) and using the conformational monoclonal antibody Fv fragment binding to the truncated N-termini were essential to stabilize ADIPORS for crystallization.

The crystal structures of ADIPORs revealed the anticipated 7TM architecture of these receptors and confirmed that they have the inverse topology in comparison with GPCRs.

The most intriguing finding about the 3D structures was a big internal cavity extending throughout the receptors from the cytoplasmic surface to the middle of the outer lipid bilayer of the membrane, and containing a Zn 2+ -ion coordinated by three histidine residues and one aspartate residue. Of note, the four residues coordinating the zinc ion are strictly conserved in the homologues from other species in addition to transmembrane ACERs (Figure 1). Structurally, the Zn 2+ -ion is located approximately 4 Å deep from the inner surface of the plasma membrane and was originally suggested to play mostly a structure-stabilizing effect, though researchers also did not exclude the possibility that ADIPORs may have a Zn 2+ -ion-dependent hydrolytic activity. Within the internal cavity of ADIPOR2 next to the Zn 2+ -ion, an unidentified extra electron density was observed, potentially representing substrates/products of the hypothesized hydrolytic activity of the receptor. Nevertheless, the density was not clear enough to model any molecule and was left empty.

Though the first crystal structures of ADIPORs provided very important insights into this new family of 7TM proteins, however they could not explain how the receptors are activated by adiponectin binding or if any receptor conformational changes were involved to transmembrane signaling, as in GPCRs. A few years later, our research laboratory published two independent ADIPOR2 crystal structures (PDB entries 5LWY and 5LXA) at 2.4 Å and 3 Å resolution [START_REF] Vasiliauskaite-Brooks | Structural insights into adiponectin receptors suggest ceramidase activity[END_REF]. These novel ADIPOR2 crystal structures (PDB entries 5LX9 and 5LXA) revealed improved-quality electron density within the large internal cavity, allowing modeling of a free fatty acid (FFA) molecule, more precisely an oleic acid (C18:1) (Fig. 2A).

Remarkably, additional refinement cycles of the previously published crystal structure of ADIPOR2 (PDB entry 3WXW) resulted in an improved electron density map, which also allowed modeling an oleic acid. In all three ADIPOR2 structures, the carboxylic acid moiety of the oleic acid has slightly different positions. In the 2.4 Å structure, the zinc ion is directly coordinated by the carboxylic acid, whereas in the revised ADIPOR2 structure and the 3 Å structure this group is positioned away from the zinc ion resulting in a different apparent coordination geometries of the zinc ion (Fig. 2B). As ADIPORs were previously demonstrated to enhance ceramide catabolism, these findings prompted us to further explore whether ADIPORs function themselves as ceramidases.

As proof that ADIPORs have an intrinsic enzymatic activity, we demonstrated that fluorescent ceramide binds to purified receptors in detergent micelles. Moreover, we could detect the hydrolysis products, i.e. FFA and sphingosine (Fig. 2C), by the ultraperformance liquid-chromatography-mass spectrometry (UPLC-MS) in the preparations of the purified receptors incubated with ceramide. Thus it was determined that indeed the ADIPORs possess an intrinsic ceramidase activity [START_REF] Vasiliauskaite-Brooks | Structural insights into adiponectin receptors suggest ceramidase activity[END_REF]. ADIPORs hydrolyse ceramides possessing different length fatty acid chains (C6, C16, C18, C24) with the preference for the middle length chains, i.e. C16 and C18 ceramide [START_REF] Vasiliauskaite-Brooks | Structural insights into adiponectin receptors suggest ceramidase activity[END_REF].

The biochemical data supporting ADIPORs as ceramidase enzymes was further supported by computational methods. Docking of C18:1 ceramide into ADIPOR2 yielded the most favorable ceramide binding mode in which the fatty acid moiety resides within the internal hydrophobic pocket and is almost superimposable with the fatty acid moiety observed in the crystal structures. The sphingosine moiety of the ceramide extends to a cavity below the zinc, which provides a structural opening to the cytoplasm.

The ceramide molecule is oriented in a way that the amide carbon is exposed to nucleophilic attack by the zinc-bound water molecules observed in the crystal structure, highlighting the mechanism of ADIPOR-mediated ceramidase activity (Fig. 2D and2E).

Molecular dynamic simulations of ADIPOR2 with the docked ceramide revealed rearrangement of the zinc-binding site allowing H348 TM7 to act as a general acid/base in a nucleophilic attack leading to the amide bond cleavage. Interestingly, after the cleavage reaction the FFA stays in the position very close to the one detected in the crystal structures while sphingosine moves towards the transmembrane opening to the cytoplasm. This observation might explain how sphingosine is released to the cytoplasm where it can work as a downstream signaling molecule. Importantly, residues H202, H348, H352, D219 and S198 coordinating the zinc ion and a water molecule (based on numbering in ADIPOR2) are strictly conserved in the entire PAQR family [START_REF] Tang | PAQR proteins: a novel membrane receptor family defined by an ancient 7transmembrane pass motif[END_REF].

As we also confirmed the intrinsic ceramidase activity for ADIPOR1, we further inspected if the previously published ADIPOR1 structure (PDB entry 3WXV) contained a fatty acid molecule. Additional refinement cycles of the model allowed further improvement of the electron density map. This revised version of the ADIPOR1 structure (PDB entry 5LXG) clearly showed that there was no FFA in the cavity of the receptor. Most surprisingly however, we discovered that the electron density map in PDB entry 3WXV was misinterpreted which resulted in the incorrect placement of the TM5 helix. In the revised version of the structure (PDB entry 5LXG) TM5 is shifted away from the 7TM hydrophobic core leaving both the ceramide binding pocket and the putative zinc catalytic site wide open and accessible to the inner membrane leaflet. This dramatic conformational variance between ADIPOR2 (closed TM5) and ADIPOR1 (open TM5) may represent distinct conformations of these enzymes during ceramide hydrolysis activity. This hypothesis is further enhanced by the presence of a FFA residing in the closed conformation of ADIPOR2 and an empty binding pocket in the open conformation of ADIPOR1 (Fig. 3) We suspect that both receptors can fluctuate between open and closed conformations during enzymatic activity, allowing binding of ceramide substrate and subsequently release of the hydrolysis products. Nevertheless, further studies are required to prove that these conformational changes actually occur, and are functionally relevant. Moreover, the role of adiponectin in this process remains to be explored. One hypothesis is that binding of adiponectin induces the conformational changes required for the efficient enzymatic activity of the receptors, such as opening/closing of the ceramide binding pocket.

The catalytic activity of ADIPORs is relatively low based on kinetic analysis. Importantly, the basal ceramidase activity of ADIPORs is significantly (~20 times) increased by adiponectin [START_REF] Vasiliauskaite-Brooks | Structural insights into adiponectin receptors suggest ceramidase activity[END_REF]. Nevertheless, the catalytic activity, even after stimulation with adiponectin is relatively low in comparison with other enzymes.

There might be several possible reasons for this low activity: 1) measurement of activity in detergent micelles may be not optimal as the isolated receptors are not in their native membrane environment, 2) ADIPORs may be slow enzymes as it has been showed for other intramembrane proteases such as γ-secretase [START_REF] Kamp | Intramembrane proteolysis of beta-amyloid precursor protein by gamma-secretase is an unusually slow process[END_REF] , 3) we cannot completely dismiss the possibility that ADIPORs act on ceramides as non-specific ceramidases and actually possesses another lipid amidase activity. Additional studies are required to define the enzymatic characteristics of these therapeutically important ADIPORs.

Adiponectin receptors as potential therapeutic targets

Regulating the activity of ADIPORs represent a great potential for treatment a number of metabolic diseases. It could be accomplished by restoring plasma adiponectin levels, which are significantly reduced during obesity, or by stimulating the activity of ADIPORs with specific agonists. The use of recombinant adiponectin for therapeutic purposes is not a viable option due to its complexity and kinetics in vivo, which makes it difficult to produce and too costly. As a result, the development of compounds activating ADIPORs has been and remains a topic intensely pursued. In 2013 an orally active synthetic small-molecule called AdipoRon was discovered which was suggested to work as an agonist of ADIPORs and was demonstrated to ameliorate insulin resistance and glucose intolerance in mice and prolong their lifespan [START_REF] Okada-Iwabu | A small-molecule AdipoR agonist for type 2 diabetes and short life in obesity[END_REF]. Moreover, a recent study showed that AdipoRon might also promote ceramidase activity as diabetic mice given AdipoRon displayed reductions in hepatic ceramide levels [START_REF] Holland | Inducible overexpression of adiponectin receptors highlight the roles of adiponectin-induced ceramidase signaling in lipid and glucose homeostasis[END_REF]. Since its discovery AdipoRon have shown positive results in a number of studies in mice albeit it is not clear if it has the same effect in humans. In addition, the reported KD values are in micromolar range implying that further optimization of the compound might be required before it reaches clinical trials.

In addition to AdipoRon, another orally active adiponectin mimetic compound GTDF was reported with stronger affinity for ADIPOR1 . Moreover, several compounds from a natural product library have been identified to have agonistic activity, with matairesinol, arctiin, (-)-arctigenin and gramine activating ADIPOR1 and parthenolide, taxifoliol, deoxyschizandrin, and syringing activating ADIPOR2 [START_REF] Sun | Identification of adiponectin receptor agonist utilizing a fluorescence polarization based high throughput assay[END_REF]. Also several peptide agonists for ADIPORs have been reported. ADP355, an adiponectin-mimetic peptide containing unnatural amino acid residues, has been claimed to modify adiponectin signaling pathways and have remarkable stability in human serum [START_REF] Otvos | Design and development of a peptide-based adiponectin receptor agonist for cancer treatment[END_REF]. A few years later the same group developed another peptide, a linear branched dimer of ADP355 called ADP399, which had improved agonist activity and, therefore, was suggested as a potential lead compound for pharmaceutical development [START_REF] Otvos | Development of second generation peptides modulating cellular adiponectin receptor responses[END_REF]. Recently, three PEGylated peptides BHD1028, BHD43, and BHD44 were designed based on ADIPOR1 structure and confirmed to activate AMPK signal pathway [START_REF] Kim | Discovery of a novel potent peptide agonist to adiponectin receptor 1[END_REF].

Another study has shown that a botanical extract of Urtica dioica L. (stinging nettle) is able to enhance ceramidase activity and consequently decrease ceramide accumulation in cells in adiponectin dependent manner, presumably by activating ADIPORs [START_REF] Obanda | Stinging Nettle (Urtica dioica L.) Attenuates FFA Induced Ceramide Accumulation in 3T3-L1 Adipocytes in an Adiponectin Dependent Manner[END_REF]. Nevertheless, it remains unclear if this botanical extract has a direct effect on ADIPORs or enhances ceramidase activity of ADIPORs by increasing adiponectin expression.

Still the efficacy and safety of all aforementioned initial compounds needs to be determined in human studies. Furthermore, the available structures of ADIPORs and increasing understanding how these receptors function should aid in development of novel structure-based agonists. The structure of ADIPORs in complex with adiponectin would be of great value for progressing with this task.

Concluding remarks

The crystal structures of ADIPORs together with demonstrated enzymatic activity of these receptors establishes the existence of a new large superfamily of 7TM proteins different from GPCRs. Elucidation of the structures of other members of this superfamily would bring new insights into function of this therapeutically important yet little explored superfamily of proteins. In particular, ADIPORs represent attractive targets in regulating energy metabolism and developing clinical treatment of obesity-driven insulin resistance and type II diabetes.
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 1 Figure captions: Fig. 1 | Multiple sequence alignment of CREST proteins.
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 2 Fig. 2 | Crystal structures of ADIPOR2-scFv bound to a fatty acid.
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 3 Fig. 3 | Comparison of crystal structures of ADIPOR1 and ADIPOR2. (A) ADIPOR1 (PDB 5LXG) and ADIPOR2 (PDB 5LX9) shown as light green and dark yellow, respectively, with views from the membrane. The positions of TM5 in ADIPOR1 and ADIPOR2 are highlighted revealing that the TM5 in the ADIPOR1 structure is tilted in comparison to ADIPOR2 and do not contain a FFA molecule. (B) The molecular surface of ADIPOR1 viewed from the membrane showing the accessibility of the zinc catalytic core, in comparison to ADIPOR2.
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