FIGURE LEGENDS
FIGURE 8.1 A comparison of the general structural features of ionotropic and G-protein couples receptors. (A) Ionotropic receptors bind transmitter, and this binding translates directly into the opening of the ion channel through a series of conformational changes. Ionotropic receptors are composed of multiple subunits. The five subunits that together form the functional nAChR are shown. Note that each of the nAChR subunits wraps back and forth through the membrane four times and that the mature receptor is composed of five subunits. (B) G-protein coupled receptors bind transmitter and, through a series of conformational changes, bind to G-proteins and activate them. G-proteins then activate enzymes such as adenylyl cyclase to produce cAMP. Through the activation of cAMP-dependent protein kinase, ion channels become phosphorylated, which affects their gating properties. GPCRs are single subunits or dimers. They contain seven transmembrane-spanning segments, with the cytoplasmic loops formed between the segments providing the points of interactions for coupling to G-proteins.

FIGURE 8.2 Evolutionary relationships of the ionotropic receptor family. The tree was constructed by aligning the protein sequences from each receptor family with the ClustalW program. Based on the alignment, the phylogenetic relationship was inferred with the maximum parsimony method and the tree was constructed using the Phylogeny Inference Package v 3.6 (distributed by J. Felsenstein, Department of Genome Sciences, University of Washington, Seattle, WA). Dr. Yin Liu (Department of Neurobiology and Anatomy, University of Texas Health Science Center-Houston, Houston, TX) kindly provided the phylogenetic tree and figure.

FIGURE 8.3 (A) Diagram highlighting the orientation of membrane-spanning segments of one subunit of the nAChR. The amino and carboxy termini extend in the extracellular space. The four membrane-spanning segments are designated TM1–TM4. Each forms an α helix as it traverses the membrane. (B) Side view of the five subunits in their approximate positions within the receptor complex. There are two α subunits present in each nAChR. (C) Top view of all five subunits highlighting the relative positions of their membrane-spanning segments, TM1–TM4, and the position of TM2 that lines the channel pore.

FIGURE 8.4 (A) Relative positions of amino acids in the TM2 segment of one of the nAChR a subunits modeled as an a helix. Glutamate residues (E) that form parts of the negatively charged rings for ion selectivity are shown at the top and bottom of the helix. (B) Arrangement of three of the five TM2 segments of the nAChR modeled with the receptor in the closed (ACh-free) configuration. In the closed configuration, leucine (L) residues form a right ring in the center of the pore that blocks ion permeation. (C) Arrangement of the three TM2 segments after ACh binds to the receptor. In the open configuration, construction formed by the ring of leucine (L) residues opens as the helices twist about their axes. Note that polar serine (S) and threonine (T) residues align when ACh binds, which apparently help the water-solvated ions travel though the pore. Adapted from Unwin (1995).
FIGURE 8.5 Diagram of nAChR clustering at the neuromuscular junction. Rapysn is a major anchoring protein at the neuromuscular junction that binds to itself and to the nAChR that concentrates and stabilizes nAChRs. The development and stabilization of the neuromuscular junction is mediated by a number of signaling cascades, only a few of which are shown. For example, agrin released from the presynaptic motor neuron binds to a number of proteins associated with the postsynaptic membrane including the tyrosine kinase MuSK (muscle specific kinase). MuSK activation by agrin recruits and activates the soluble tyrosine kinases src and fyn that further modify a number of proteins. RATL (rapsyn associated linker protein) is a membrane-bound protein that binds to both MuSK and to rapsyn to anchor MuSK at the neuromuscular junction. Agrin also interacts with the dystroglycans that make up the dystrophin complex important for the maintenance of the neuromuscular junction. Rapsyn also binds to the utrophin complex that anchors the overlying protein complex to the actin cytoskeleton. Adapted from Willmann and Fuhrer (2002).
FIGURE 8.6 (A) Model of one of the subunits of the ionotropic glutamate receptor. Ionotropic glutamate receptors have four membrane-associated segments; however, unlike nAChR, only three of them completely traverse the lipid bilayer. TM2 forms a loop and exits back into the cytoplasm. This leaves the large N-terminal region extending into the extracellular space, whereas the C terminus extends into the cytoplasm. Two domains in the extracellular segments associate with each other to form the binding site for transmitter, in this example kainate, a naturally occurring agonist of glutamate. (B) Enlarged area of the predicted structure and amino acid sequence of the TM2 region of the glutamate receptor, GluR3. TM1 and TM3 are drawn as cylinders in the membrane flanking TM2. The residue that determines Ca2+ permeability of the non-NMDA receptor is the glutamine residue (Q) highlighted in gray. In NMDA receptors, an asparagine residue at this same position is the proposed site of interaction with Mg2+ ions that produce the voltage-dependent channel block. Serine (S) and phenylalanine (F), also shaded in gray, are highly conserved in the non-NMDA receptor family. The aspartate (D) residue is also conserved and is thought to form part of the internal cation-binding site. The break in the loop between TM1 and TM2 indicates a domain that varies in length among ionotropic glutamate receptors. Adapted from Wo and Oswald (1995).
FIGURE 8.7 Diagram of an NMDA receptor highlighting binding sites for numerous agonists, antagonists, and other regulatory molecules. The location of these sites is a crude approximation for the purpose of discussion. Adapted from Hollmann and Heinemann (1994).
FIGURE 8.8 Diagram of glutamate receptor clustering at an excitatory synapse. The NMDA receptor interacts directly with PSD-95 through binding to one of PSD-95’s three PDZ domains (the PDZ domains of PSD-95 are shown as pink squares). The AMPAR is associated with a protein called stargazin and stargazin interacts with one of the PDZ domains of PSD-95. Only a few of the many other signaling and scaffolding proteins at excitatory synapses are shown. AKAP150 is A-kinase anchoring protein of 150 kDa that binds to protein kinase A and other proteins, SynGAP is an abundant synaptic associated Ras GTP-ase activating protein that interacts with PSD-95, GKAP is a guanylate kinase associated protein that interacts with PSD-95, CaMKII is an abundant Ca2+/calmodulin-activated protein kinase that interacts directly with the NMDAR. CaMKII also interacts with itself and with α-actinin, which is an actin-binding protein. This web of protein-protein interactions forms the electron dense structures called the postsynaptic densities visible in electon micrographs of excitatory synapses. Adapted from Sheng and Hoogenraad (2007).
FIGURE 8.9 (A) Diagram showing the approximate position of the catecholamine-binding site in the βAR. The transmitter-binding site is formed by amino acids whose side chains extend into the center of the ring produced by the seven transmembrane domains (TM1–TM7). Note that the binding site exists at a position that places it within the plane of the lipid bilayer. (B) A view looking down on a model of the βAR identifying residues important for ligand binding. The seven transmembrane domains are represented as gray circles labeled TM1 though TM7. Amino acids composing the extracellular domains are represented as green bars labeled e1 through e4. The disulfide bond (–S–S–) that links e2 to e3 is also shown. Each of the specific residues indicated makes stabilizing contact with the transmitter. (C) A view looking down on a model of the mAChR identifying residues important for ligand binding. Stabilizing contacts, mainly through hydroxyl groups (-OH), are made with the transmitter on four of the seven transmembrane domains. The chemical nature of the transmitter (i.e., epinephrine versus Ach) determines the type of amino acids necessary to produce stable interactions in the receptor-binding site (compare B and C). Adapted from Strosberg (1990).
FIGURE 8.10 Intracellular pathways associated with desensitization of GPCRs. GPCRs are phosphorylated (noted with P) on their intracellular domains by PKA, GRK, and other protein kinases. The phosphorylated form of the receptor can be removed from the cell surface by a process called sequestration with the help of the adapter protein β-arrestin; thus fewer binding sites remain on the cell surface for transmitter interactions. In intracellular compartments, the receptor can be dephosphorylated and returned to the plasma membrane in its basal state. Alternatively, phosphorylated receptors can be degraded (down regulated) by targeting to a lysosomal organelle. Degradation requires replenishment of the receptor pool through new protein synthesis. Adapted from Kobilka (1992).
FIGURE 8.11 Evolutionary relationship of the GPCR family. The tree was constructed by aligning the protein sequences from each receptor family with the ClustalW program. Based on the alignment, the phylogenetic relationship was inferred with the maximum parsimony method and the tree was constructed using the Phylogeny Inference Package v 3.6 (distributed by J. Felsenstein, Department of Genome Sciences, University of Washington, Seattle.) Dr. Yin Liu (Department of Neurobiology and Anatomy, University of Texas Health Science Center-Houston, Houston, TX) kindly provided the phylogenetic tree and figure.

