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ABSTRACT
G protein-coupled receptors (GPCRs) have evolved a seven-transmembrane helix framework that is responsive to a wide range of extracellular signals. An analysis of the interior packing of family A GPCR crystal structures reveals two clusters of highly packed residues that facilitate tight transmembrane helix association. These clusters are centered on amino acid positions 2.47 and 4.53, which are highly conserved as alanine and serine, and mediate the interactions of helices H1-H2 and H3-H4, respectively. The helical interfaces outside of these clusters in the TM core are lined with residues that are more loosely packed, a structural feature that facilitates motion of helices H5, H6 and H7, which is required for receptor activation. Mutation of the conserved small side chains residues within packing cluster 2 (amino acid positions 4.53 and 4.57) are shown to disrupt the structure of the visual receptor rhodopsin, whereas sites in packing cluster 1 (position 1.46 and position 2.47) are more tolerant to mutation but affect the overall stability of the protein. These findings reveal a common structural scaffold of GPCRs that is important for receptor folding and activation. 



INTRODUCTION
The transmembrane (TM) helices of membrane proteins associate in a specific manner within the cell membrane to generate the final folded protein (1). This association can result in structures that range from tightly packed to highly dynamic depending on the function of the protein (2). G protein-coupled receptors (GPCRs) comprise a bundle of seven TM helices that appear to have both rigid and dynamic regions (3). Over the past ten years, a number of crystal structures have been determined of family A GPCRs in both inactive and active conformations (4-9). Comparison of these structures shows that TM helices H5 and H6 change orientation upon activation to expose the G protein-binding site on the intracellular surface of the receptor.  Consequently, much of the focus on GPCRs has been on the molecular switches that regulate the dynamics of these helices (10, 11). The rigid components within GPCRs that can serve as a scaffold for the dynamic elements, and are the focus of this study, have not been studied in the same detail. 
The receptors in the family A GPCRs are activated by a diverse range of signals and are correspondingly divided into several subfamilies (12).For example, light absorbed by a covalently bound 11-cis retinal chromophore activates the visual receptors. These receptors have evolved to be locked off in the dark and rapidly convert to a fully active conformation in the light (13, 14). Strong stabilizing interactions between TM helices hold the receptor in the inactive state reducing dark noise in vertebrate rod and cone cells, while transient stabilizing helix interactions formed in the active state hold the receptor in an open signaling conformation providing time for multiple G protein binding events. In contrast, the ligand-activated GPCRs appear to be more dynamic than the visual receptors (3, 15-17). For instance, in the amine receptor subfamily, the binding energy of small molecule amine agonists is much less than the light energy that is channeled into the visual receptors to drive receptor activation. Ligand binding stabilizes these receptors in a range of conformations from inactive to fully active. The high basal activity often observed in these receptors suggests that thermal energy is sufficient to toggle the receptor between inactive and active conformations (3). 
In both the light- and ligand-activated family A GPCRs, the largest structural change upon GPCR activation is an outward rotation of TM helix H6. EPR studies first revealed that the intracellular end of TM helix H6 pivots outward upon activation (18). Blocking this outward rotation by cross-linking TM helices H3 and H6 prevents receptor activation (18, 19). Crystal structures of opsin showed that H6 motion is coupled with the reorientations of TM helices H5 and H7 (6, 7). Very similar changes in the orientations of H5, H6 and H7 are observed in the 2-adrenergic receptor that is stabilized in the fully active conformation with bound agonist on the extracellular side of the receptor and bound nanobodies and G protein on the intracellular side of the receptor (20). 
While the diversity between GPCR sequences occurs largely on the extracellular (ligand-binding) side of the receptor, residues in the TM core are highly conserved (Fig. 1).  The TM core contains amino acids that have high sequence identities across GPCR subfamilies (Table S1) and residues that are highly conserved when considered as a group of similar amino acid types (Table S2) (14, 21). The signature residues with high sequence identity for family A GPCRs have largely been associated with receptor function (9). In contrast, the group-conserved residues with small and weakly polar side chains (Gly, Ala, Ser and Cys) are known to facilitate packing of the TM helices and interhelical hydrogen bonding (2, 22, 23), and a priori may have either structural or functional roles. In the TM core of family A GPCRs, group-conserved residues in TM helices H1-H4 appear to mediate close helical interactions similar to those formed by common structural motifs described for stable TM helix dimers (21).  However, there are group-conserved residues both within (e.g. Ser3.39) and outside of the TM core (e.g. Ser3.47 and Ala7.42) that have been associated mainly with receptor function (24, 25).
To address the contribution of the group-conserved residues to GPCR structure and function, we first mutated these residues with small side chains within the TM domain of the visual receptor rhodopsin to leucine.  In model TM dimers where group-conserved sites mediate stable structures, mutation to leucine disrupts helix packing and results in TM monomers (26).  Rhodopsin is an ideal system for probing the structural and functional roles of this class of residues. The 11-cis retinal is covalently attached within the interior of rhodopsin as a protonated Schiff’s base that gives rise to a pigment with a maximum absorbance at 500 nm when the apoprotein rod opsin is correctly folded. The intensity and frequency of the visible absorption band relative to the 280 nm protein absorption band provides a sensitive assay for protein folding.  We find that there are several group-conserved sites within rhodopsin where mutation leads to the partial or complete loss of the rhodopsin visible absorption band. 
To directly compare the packing interactions of the group-conserved positions with other residues in the TM region of family A GPCRs, we calculated the packing density of TM residues in the GPCR crystal structures solved to date using the occluded surface (OS) packing method (27, 28). This method yields packing values for the individual atoms and amino acids in GPCR structures and allows one to identify the regions that contribute to tight helix-helix interactions.  In addition to the visual and amine receptors, crystal structures have now been determined of receptors in several other subfamilies of family A GPCRs (9). Moreover, structures have been determined with bound agonists providing a range of different conformations ranging from inactive to fully active (29).  On the basis of the packing analysis, we identified two conserved clusters of residues that are tightly associated and sensitive to mutation, and propose that these regions serve as a structural framework against which helices H5, H6 and H7 reorient upon activation. 


MATERIALS AND METHODS
Occluded surface packing analysis
 The OS method (27, 28) was used to analyze residue interactions in the GPCR crystal structures. In the OS calculation, van der Waals surfaces are drawn around each atom in the protein and normals are constructed which extend outward until they reach another surface or a length of 2.8 Å, the diameter of a water molecule. Those normals that strike another surface are considered occluded. The cutoff of 2.8 Å between amino acid surfaces accounts for the possibility that water can occupy that space and therefore the corresponding surface is defined as being non-occluded. The OS packing value is proportional to the ratio of the occluded surface area to the total surface area; the ratio is weighted by the distance to the occluding neighbors (i.e. the length of the normal). The OS method for characterizing protein packing has the advantage that packing values can be calculated at the level of individual atoms, amino acids or entire proteins. We have previously applied the OS method to membrane proteins whose crystal structures have been determined to high resolution, and reported the average packing values for amino acids found in the TM helices (22, 23). 
We performed the OS calculation on the full GPCR structures including all ligands. Individual residues can be occluded by another residue or by a bound ligand. Structural waters were deleted from the coordinate files.  Although water is increasingly recognized as a key player in GPCR structure and function, electron density for water is often not observed in the lower resolution GPCR crystal structures (30). As a result, in the studies below lower packing values occur for residues that have been found in contact with structural waters or that are adjacent to voids large enough to accommodate structural water. A single chain was used to calculate the packing values when multiple chains were present in the PDB coordinate file. Since some receptors have more available structures than others, the analysis described in the main text was limited to 28 unique sequences with the highest resolution. The receptors analyzed were as follows: 5-HT1B serotonin receptor (4IAQ), 5-HT2B serotonin receptor (4IB4), M1 acetylcholine receptor (5CXV), M2 acetylcholine receptor (3UON), M3 acetylcholine receptor (4U15), M4 acetylcholine receptor (5DSG), β1-adrenergic receptor (4BVN), β2-adrenergic receptor (2RH1), dopamine D3 receptor (3PBL), histamine receptor (3RZE), angiotensin II type 1 receptor (4ZUD), neurotensin NTS1 receptor (4BV0), δ-opioid receptor (4N6H), κ-opioid receptor (4DJH), μ-opioid receptor (4DKL), nociceptin/orphanin receptor (4EA3), orexin receptor 1 (4ZJC), orexin receptor 2 (4S0V), protease-activated receptor 1 (3VW7), chemokine receptor CCR5 (4MBS), chemokine receptor CXCR4 (3ODU), free fatty acid receptor FFA1 (4PHU), lysophosphatidic acid receptor LPA1 (4Z35), sphingosine-1-phosphate receptor S1P1 (3V2Y), adenosine A2A receptor (4EIY), P2Y1 purinoreceptor (4XNW), P2Y12 purinoreceptor (4NTJ), and rhodopsin (1U19). (See Table S3 for references). 
We have, however, analyzed the packing of the large number of additional crystal structures of inactive and active rhodopsin and the β2-adrenergic receptor. This analysis (see Supporting Information) was used to establish the variability of packing values between crystal structures of the same GPCR sequence, as well as to investigate the differences between active and inactive structures. The structures analyzed were as follows: inactive rhodopsin - 1F88, 1HZX, 1L9H, 1U19, 2HPY, 2G87, 2I35, 2I36, 2I37, 2J4Y, 2PED, 2X72, 3OAX, 2Z73, 2ZIY, 3AYM, 3AYN, 4WW3; active rhodopsin - 3CAP, 3DQB, 3PQR, 4A4M, 4BEY, 4BEZ, 4J4Q; inactive β2-adrenergic receptor – 3D4S, 3NY8, 3NYA, 4GBR; active β2-adrenergic receptor - 4LDE, 4LDL, 4LDO, 4QKX, 3P0G, 3PDS, 3SN6. 
GPCR family alignments
The conservation data were obtained from structure-based sequence alignments of all families of GPCRs extracted from the GPCR database (31). These include family A excluding the olfactory receptors (283), family B secretin/adhesion (45), family C metabotropic glutamate (22) and family F (9), where the number of receptors aligned are in parentheses. 


Measuring Rhodopsin Pigment Formation
 All rod opsin mutants were constructed by Quikchange site-directed mutagenesis (Stratagene, San Diego, CA) and verified by DNA sequencing. Rod opsin mutants were expressed in COS-1 cells after DEAE dextran mediated transient transfection (32). Transfected COS-1 cells from two 15 cm dishes were harvested after growth for 60 h, resuspended in 4 ml of PBS and treated with 11-cis retinal (30 μM) for 14 h. Pigments were purified using Rho-1D4 immunoaffinity chromatography as described previously (33). Elution was performed in BTP buffer (10 mM, pH 6.0) containing a nonamer elution peptide (10 μM) corresponding to the C-terminus or rhodopsin (TETSQVAPA).  UV-vis spectra of purified pigments were recorded at 20 °C using a Perkin Elmer λ35 UV-vis spectrophotometer equipped with water-jacketed cell holders. Spectra were acquired between 250 nm and 650 nm, 2 nm bandwidth, a response time of 1 s, and a scan speed of 480 nm/min.


RESULTS
Mutational analysis of tightly packed, group-conserved residues
The concept that small, weakly polar amino acids mediate helix packing emerged from structural studies of TM helix dimers (21), but these residues have largely not been mutated in a systematic way in polytopic helical membrane proteins (23). To address their role in stabilizing the 7-TM helix structure of GPCRs, we mutated the group-conserved sites in the visual receptor rhodopsin to residues with either similar or larger molecular volumes (Fig. 2).  Mutation to similar size residues (e.g. serine) was expected to be tolerated, while mutation to larger size residues (e.g. leucine) was expected to disrupt helix packing. The structural read-out is the ability of the apoprotein rod opsin to fold correctly, form a functional ligand pocket, and as a consequence regenerate with 11-cis retinal to form the native retinal-protein complex visual pigment. The appearance of the visible absorption band at 500 nm along with its intensity relative to the 280 nm protein absorption band indicates that apoprotein binds the 11-cis retinal chromophore as a protonated Schiff’s base in its native environment. A correctly-folded retinal-protein complex has a 280/500 nm ratio of ~2 after elution from the Rho-1D4-Sepharose column under low-salt conditions (34).  Generally, when opsin is not able to bind retinal and regenerate the 500 nm absorption spectrum, it exhibits a lower overall expression as reflected in a drop in intensity of the 280 nm absorption band.  However, mutants at two sites studied (Ala7.42 and Ala7.46) express rod opsin at comparable levels to wild-type even though leucine substitutions block (A7.42L) or reduce (A7.46L) retinal regeneration. (Note: we use the corrected structure-based Ballesteros-Weinstein numbering system (35-37) for describing the relative position of amino acids within a TM sequence in the family A GPCRs along with indicating the residue identity with the highest conservation in the family A receptors.)
The sites that were most sensitive to mutation appear to be in the interface between H3 and H4 (Ala4.53 and Ala4.57), in the interface between H2 and H3 (Ala2.49) and in the interface between H6 and H7 (Ala7.42). Two of the four of these sites (Ala2.49 and Ala4.53) are within the TM core (Fig. 1).  In these cases mutation to both S and L disrupts helix-helix packing.  Ala4.53 along with Ala4.57 are part of an “AxxxA” motif, which mediates interaction with H3. The A4.53V mutation in rhodopsin leads to autosomal dominant retinitis pigmentosa (ADRP), an inherited degenerative disorder of the retina leading to progressive and irreversible vision loss. The disease is often caused by rhodopsin misfolding mutants (38).  
Ala2.49 is part of the conserved LAxAD motif on H2. Interestingly, mutation to serine has a larger influence on receptor structure at this position than leucine. 
Ala7.42 creates a notch on helix H7 for packing of the signature-conserved tryptophan (Trp6.48) on H6. The high expression of the A7.42S and A7.42L mutants relative to wild-type (as shown by the overall absorption of the expressed protein) suggests that the protein is not misfolded.  A more likely explanation is that the large leucine side chain shifts the positions of the indole ring of Trp6.48 and prevents retinal binding.  Mutation of Ala7.42 to larger residues often leads to constitutive activation (39, 40) consistent with the mechanism that the Trp6.48 side chain rotates upon activation. 
Two clusters of tightly packed, conserved residues occur in family A GPCRs
 In stable TM helix dimers the group-conserved residues mediate close helix packing, which in turn facilitates the formation of interhelical hydrogen bonds.  Another possible role of these residues in polytopic membrane proteins is to create cavities for water molecules that may be important for protein function.  To address the relative packing density of the group-conserved sites in GPCRs, we have calculated packing values for all TM residues in GPCR crystal structures that have been solved to date (22, 27). This analysis was carried out on the full receptor-ligand complexes. Packing values can theoretically range from 0.0 to 1, corresponding to totally exposed and totally occluded environments, respectively. However, the typical packing values for residues facing away from the helix bundle (i.e. facing the lipid acyl chains) are generally between ~0.2 – 0.3, while residues within the helix interfaces are typically between 0.35 and 0.6. The most tightly packed residues have packing values in the range of 0.56-0.65.
For the family A GPCRs, the average packing values of residues in the TM helices range from 0.227 (Leu1.59) to 0.600 (Ser4.53) (Fig. 3). Overall, H2 and H3 are the most tightly packed helices in the family A receptors. H3 occupies a central position in the receptor and has contacts with each of the other helices except H1 (9). On the extracellular side of H3 there are typically residues that are involved in ligand binding, while at the intracellular end of H3 is the conserved E/DRY sequence.
The signature (red) and group-conserved (blue) residues are found to have some of the highest packing values within the TM helices, particularly in the TM core (Fig. 3). Table 1 lists the ten most tightly packed residues. Of these ten, seven are in the TM core. See Table S4 for a complete list of TM residue packing values in the family A GPCRs. An analysis of the location of the most tightly packed residues in the family A GPCRs indicates that they are mostly clustered in two groups within the TM core, designated packing cluster 1 and cluster 2. One of the striking features shown in Table 1 is the absence of any highly packed residues at conserved locations on H6 and H7; thus these helices appear to have evolved to be loosely packed.  
Cluster 1 is centered on residues 1.50 (0.569) and 2.47 (0.587) at the crossing point of helices H1 and H2 (Fig. 4A and C).  Cluster 1 involves the interaction of four of the six most tightly packed amino acids: residues Gly1.46 (0.569), Asn1.50 (0.569), Ala2.47 (0.587) and Leu2.54 (0.572). The residue with the highest packing value in this cluster (2.47) lies at the crossing point of helices H1 and H2. The side chain of Asn1.50 is oriented by hydrogen bonding of its NH2 group to the backbone carbonyls of Gly1.46 (0.569) and Ser7.46 (0.503). The side chain C=O of Asn1.50 in turn hydrogen bonds to Asp2.50 (0.536). The packing and orientation of these residues are facilitated through interactions with Val1.53 (0.536) and Ala2.47 (0.587). Ala2.47 is group-conserved (93 b  %). Although cluster 1 appears to be tolerant to mutation (Fig. 2), the thermal stability of the G1.46L at 55 °C drops from 54.6 min for wild-type rhodopsin to < 1 min (41).  In a similar fashion A2.47L is able to regenerate the wild-type spectrum, but is less thermally stable than the wild-type receptor (unpublished results). 
In the analysis of packing cluster 1, we find that while the cluster is mainly localized between H1 and H2, there are often key packing interactions with H7. These interactions are important in activation and folding. For example, the backbone carbonyl of Ser7.46 is free to form interhelical hydrogen bonds due to the presence of conserved Pro7.50. As mentioned above, this carbonyl, along with the carbonyl of Gly1.46 within cluster 1, orients the tightly packed Asn1.50 side chain. 
There is a second cluster of residues that mediates packing of TM helices H3 and H4. Cluster 2 is centered on Ser4.53 (0.600) on TM H4, which is at the crossing point of helices H3 and H4 (Fig. 4A and B, Fig. S1), and group-conserved as serine (38%) or alanine (34%). Ser4.53 is the most tightly packed residue in the TM domain and mediates close association of H3 and H4. Other residues that contribute to this cluster are Ala3.38 (0.586), Ser3.42 (0.563) and Ser4.57 (0.539). The A4.53L and A4.57L mutations in rhodopsin both disrupt receptor structure (Fig. 2). The side chain of Ser4.53 packs in the notch between residues 3.37 and 3.38 on H3.  Position 3.38 is generally a small residue (61% group-conserved, although is an isoleucine in rhodopsin) and facilitates the interaction of Trp4.50 with polar residues on H2 and H3. As a result, even though H4 has many residues with low packing values, it appears to have evolved to tightly associate with H3 in this region through the group-conserved sites. Ser3.42 is below Ala3.38 and is part of the cluster as it interacts with Trp4.50. In rhodopsin, Ser3.42 is hydrogen bonds with Asn2.45. Asn2.45, in turn, hydrogen bonds with Trp4.50 (Fig. 4B). 
There are several other group-conserved residues in the TM helices that have high packing values, but do not contribute to either of the two main packing clusters (Fig. 3, Table S4, Fig. S2). Two group-conserved residues (Ala2.49 and Ser3.39) are in the TM core between the two packing clusters. In most GPCR structures, with the notable exception of dark-state rhodopsin, these residues are in van der Waals contact across the H2-H3 interface.   
Four other group-conserved sites (Ser3.47, Ala4.42, Cys6.47 and Ala7.42) lie above and below the core and interact with conserved aromatic residues (see Fig. S2). Ser3.39 likely has a functional role in coordinating a Na+ ion within the TM core (42).  Residue 3.47 is conserved as a serine (48%) or alanine (36%) across the family A GPCRs and mediates the interaction between H3 and H5 at the level of the highly conserved positions Cys5.57 and Tyr5.58. Upon activation, this small residue serves as a molecular notch to orient the aromatic side chain of Tyr5.58, which interacts with Arg3.50.  Mutation of this residue to a larger residue in rhodopsin destabilizes the Meta II active state (24). Ala4.42 mediates the interaction of H4 with the intracellular end of H2. This interaction is also mediated by a small residue-to-aromatic packing interaction. Position 4.42 is conserved as cysteine (73%) in the olfactory receptors and alanine (50%) in the other family A receptors, and interacts with Tyr2.41 and Pro2.38. Position 2.41 is conserved as a large hydrophobic residue and position 2.38 is often a proline. This proline in rhodopsin is the transition point between intracellular loop 1 and TM helix H2. Finally, Ala7.42 has a group conservation of 73% and forms the packing surface for the conserved Trp6.48 on H6. Ala7.42 also packs against Cys6.47, which is conserved 69% as a cysteine across the family A GPCRs (excluding the olfactory receptors that do not contain the conserved CWxP motif on H6). 



DISCUSSION
The packing analysis presented here complements other approaches that focus mainly on the activation switches to understand the role and interplay of conserved residues in GPCRs (9, 43). Using an evolutionary tracing method, Lichtarge and colleagues (43) were able to subdivide mutations that caused functional defects into three regions: an extracellular ligand-binding region, an intracellular region where mutations affect G protein activation, and the TM core. They identified 39 generically important residues that included key sites in the packing clusters (e.g. Ser4.53, Trp4.50) and in the activation switches (e.g. Leu2.46, Trp6.48, Asn7.49). Babu and colleagues (9) identified a consensus network of 24 inter-TM helix contacts comprising 36 amino acids that mediate conserved non-covalent contacts within the seven helix bundle with TM helix H3 serving as a functional hub, and have identified three residues on the intracellular side of family A GPCRs that are involved in activation (44) Our analysis deconstructs the TM core to reveal the residues that stabilize structure (i.e. the packing clusters) and residues that mediate receptor conformational changes (i.e. the activation switches). The packing clusters defined here are similar to the protein sectors described by Ranganathan and colleagues whose conservation is correlated across families of sequences and involve amino acids that are in contact in the tertiary structure of the protein and have a distinct structural or functional role within a protein (45). 
Location of the packing clusters relative to the activation switches
 The TM core comprises the two packing clusters described above and two activation switches (Fig. 5). In contrast to the packing clusters, the activation switches have been extensively studied. The first activation switch has been described by (46) and involves Ile3.40 (0.519), Leu5.51 (0.436), Pro5.50 (0.557) and Phe6.44 (0.505). Other than Pro5.50, each of these residues is more loosely packed on average than the residues in the packing clusters, consistent with their functional roles. Phe6.44 is highly conserved (75%) and is observed to have the most motion in 2-adrenergic receptor upon conversion to the active receptor (47). Phe6.44 interacts with Ile3.40 and Pro5.50. These residues have a conserved pairwise interaction in GPCRs (48). 
The second activation switch includes Leu2.46 (0.479), Asp2.50 (0.537), Ser3.39 (0.510), Asn7.49 (0.480) and Pro7.50 (0.482) (see Fig. 5). Leu2.46 has a high sequence identity (93%) across the family A GPCRs, while Ser3.39 has the highest group conservation (95%) as a small residue (Ser, Gly, Ala) when the olfactory receptors are excluded from the analysis. Water surrounding Asn7.49 fills the space between this residue and Ser3.39 leading to the relatively low packing values (see Fig. S3, Methods). The conserved water network in the interior of the family A GPCRs contributes to both activation switches and is known to change upon activation (30, 48).
The switch regions interact with the packing clusters in two key places. Each switch region is centered on a conserved proline: Pro5.50 (switch 1) and Pro7.50 (switch 2). One unique aspect of prolines in TM helices is that they result in a free backbone C=O group that is able to mediate interhelical hydrogen bonds (49). In switch 1, the free C=O at position 5.46 due to Pro5.50 interacts with a polar residue (e.g. Glu3.37 in rhodopsin).  In switch 2, the free C=O at Ser7.46 interacts with Asn1.50. 
Comparison of the average packing values between active and inactive receptors can in principle reveal those regions of the receptor that undergo the largest structural changes upon activation. In rhodopsin and the 2-adrenergic receptors, the packing values exhibit the largest differences at sites in the extracellular and/or intracellular regions of the receptor.   Smaller, but significant, changes are also observed in the switch regions. For example, both Ser7.46 and Asn7.49 become more tightly packed in switch 2 upon activation (Fig. S4, S5).  


Packing clusters are more highly conserved than the activation switches in family A GPCRs
 Overall, the packing analysis reveals a highly conserved core that is balanced between residues that provide a rigid framework (packing clusters 1 and 2) and residues that are responsible for the dynamic transitions between inactive and active receptor conformations (activation switches 1 and 2). While the packing clusters are conserved as a structural unit, the activation switches in the family A GPCRs are not conserved, and appear to co-evolve with the ligands associated with different receptor families (or subfamilies). For example, the olfactory receptor subfamily appears to have a similar structure, but a different activation mechanism to accommodate its small, volatile ligands (see Tables S1 and S2). That is, residues in the packing clusters are conserved (e.g. Gly1.46, Asn1.50, Ala2.47, Asp2.50, Ser4.53, Ser4.57), while the key residues in activation switch 1 (Pro5.50, Phe6.44 and Ile3.40) as well as Trp6.48 and Pro6.50 are not. Rather, there is a conserved glutamate at position 3.39 and histidine at position 6.43. These residues would be predicted to be in close proximity in homology models of the olfactory receptors based on rhodopsin (50) and activation appears to proceed through a modified switch 2, where glutamic acid replaces Ser3.39. As a result, it appears that the packing clusters are conserved in order to preserve the overall fold of the receptors, and as suggested in Fig. S6 to preserve a folding pathway. These rigid clusters can provide a stable framework that enables the evolution of both the ligand binding elements and the activation switches within the TM core. 
Packing clusters appear to be conserved in family B, C and F GPCRs
 The recent crystal structure determination of receptors from other families of GPCRs allows us to extend our packing analysis beyond family A (Figs. S7 and S8). Table S5 presents a structure-based alignment of the family A, B, C and F receptors that accounts for the observation that the most conserved residue in a particular TM helix in one family is not necessarily the most conserved in another family. Using this alignment, we find that the most tightly packed residues for the family B, C and F GPCRs correspond to those in the family A receptors (Table S5). While the number of non-family A crystal structures is still very limited (two family B GPCRs, two family C GPCRs and one family F GPCR), this observation suggests that there is a conserved structural core that is common to all GPCR families.
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Table 1. Residues with the highest packing values in family A GPCR.1
	Helix      Family A residue (packing value)

	H1                1.46 G/S (0.569)
                     1.50 N (0.569)

	H2                 2.47 A (0.587) 
                      2.54 G/L (0.572)
                      2.57 L/V (0.561)

	H3                 3.38 A/S (0.586)
                      3.42 S/T (0.563)
                      3.47 S/A (0.558)

	H4                 4.53 S/A (0.600)

	H5                 5.50 P (0.557)


1The table lists the residues with the highest packing values in family A GPCRs. See Table S4 for the average packing values of full-length helices of the four families. Listed are the most conserved amino acids at each position in the family A GPCRs, excluding the olfactory receptors. If the most prevalent position was less than 50% conserved, then the two most conserved sites are listed.  Residues in the TM core are shown in bold.
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FIGURE 1.  Conservation within the TM core of family A GPCRs.  (A) The TM core comprises two helical turns in the middle of the transmembrane domain of GPCRs. (B) View of the TM core from the extracellular surface of rhodopsin. An analysis of amino acid conservation in the TM core shows that many residues (red) within the core have either high sequence identity (>70%) or have high sequence similarity (blue) as either glycine, alanine, serine or cysteine (>70%) (14). We refer to these two classes of residues as signature-conserved (red) and group-conserved (blue), respectively. The rhodopsin amino acid types are shown in this figure (e.g. Ile1.49 and Ile3.38 are generally conserved as glycine and alanine in the family A GPCRs).  
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FIGURE 2. Mutational analysis of group-conserved sites in family A GPCRs. UV-Vis absorption spectra are presented of wild-type bovine rhodopsin (blue trace) and specific mutations at group-conserved sites within the TM helices (black trace).  For each site, a mutation was made from the residue found in wild-type rhodopsin to another small, group-conserved residue (e.g. alanine to serine) or to leucine. The spectrum of wild-type rhodopsin (blue line) is overlaid in each case for comparison. The protein-bound retinal chromophore is responsible for the 500 nm absorption band. The 280 nm / 500 nm ratio is given in each panel and reflects the ability of the recombinantly expressed apo-protein rod opsin to bind 11-cis retinal. The y-axis scales correspond to the mutant absorption spectra. Using the same expression conditions, the scale for wild-type rhodopsin is the same as that shown for the G1.46S mutant. The wild-type absorption spectra in each of the other mutants are normalized to have the same 280 nm absorption intensity in order to more easily compare the relative absorbance at 500 nm. Spectra were recorded from a single set of transfection experiments. Similar results were obtained using an independent set of experiments with HEK293S cells used for expression. 
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FIGURE 3. Packing analysis of family A GPCRs. The average packing values (+ s.d.) are shown for residues in the TM helices of 28 unique family A GPCRs (see Methods). The signature-conserved (red) and group-conserved (blue) sites within the TM helices are colored. Those signature- and group-conserved residues within the TM core shown in Fig. 1 are labeled with their Ballesteros-Weinstein designation above the histograms in black text. Other group-conserved residues with high packing values outside of the core are in labeled in grey. The average packing value for each helix is shown with a purple horizontal dashed line. A gray horizontal dashed line is also shown at the level of the 0.56 packing value as a point of reference. 
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FIGURE 4. Tightly packed amino acids in family A GPCRs define two packing clusters. (A) View from the extracellular surface of bovine rhodopsin (1GZM) showing the residues with the highest packing values across the family A GPCRs. Two clusters of residues are highlighted (dashed lines). Packing cluster 2 (blue spheres) mediates interactions between H3 and H4. Packing cluster 1 (green spheres) mediates interactions between TM helices H1 and H2. (Note the amino acids shown in this figure at positions 2.54, 3.37, 3.38, 3.42, and 4.53 are those for bovine rhodopsin and differ from the residue type with the highest sequence identity at these positions in the family A GPCRs, i.e. Leu2.54, Tyr3.37, Ala3.38, and Ser4.53.) (B and C) Expanded views of clusters 1 and 2 showing packing and hydrogen bonding interactions (dashed lines).  Although the structure shown is of bovine rhodopsin, both the packing and hydrogen bonding are conserved in the family A recpetors. Ala3.39, Leu2.46 and Pro7.50 (grey spheres) are not part of the packing clusters, but highly conserved in the family A receptors. Position 3.39 is conserved as a serine. 
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FIGURE 5.  Decomposing the TM core into packing clusters and activation switches.  (A) Structure of the TM core of rhodopsin (5) showing the residues involved in packing cluster 2 (blue), packing cluster 1 (green), activation switch 1 (purple) and activation switch 2 (orange).  (B and C) Structure of the TM core of active Metarhodopsin II (51) showing the change in the relative positions of Leu3.40 and Phe6.44 in switch 1 and Leu2.46 and Ala3.39 in switch 2.  The rhodopsin amino acid identities are shown in this figure.


1

image2.png
Absorbance (0.d. x 102)

6 G146S 6] G1.46L ] A247s 8 A2.47L
V| 2805500 nm 34 41 26 6 ] 29
44\ =24 ] 4]
21 2 2 2]
o+ 0+ o0 +——"=01—"" -
2.4, 6 - 5
: A2.49S A249L 4] A3398 81 A3.30L
1.6 13 44 52 3 25 6 1 3.6
1 ] 2 41
08 2 ; 5]
=0l 0 0
24, 8 - 24, 61
] A347S g ] A347L A4.42G A4.42L
1.6 34 . 28 16 21 4 44
0.8] 51 0.8] 2]
o it =
81 Aas3s 4] VLI A4.57S i: A457L
6 1 34 46] >14 4] 2.8 >14
4] 7 31
b ] 2
5] 0.8 2 1]
0 +'ov——7—"— 0+ 0 0"+ 0 -
12
16 ] A7.42S A7.421 16 A7.465 16 AT.46L
12 ] 20 8 >14 12 22 124 1.9
8 ] 8] 81
4] 4 4] 4]
0 0 0 = 0]

300 400 500 600

300 400 500 600

300 400 500 600

Wavelength (nm)

e
300 400 500 600




image3.png
Packing value
o
o

o
N

Packing value

4 .40 4.50 460 5.40 550 560 6.40 6.50
Residue

Reference line - high residue packing

Average helix packing value

Packing value

7.40 7.50
Residue




image4.png
A

Cluster 2

HS  Alad 42 NS

Ala2.47
Asn1.50

S

H1

Q Gly1.46
Pro7.50
H7

;

H2

C Cluster 2

_, Alad 57
Ala4.53

H4
1le3.38
> Trp4.50

Ala4.42

7 Asn245
Glu3.3
H2

7
H3 Ala3.39  Leu2.46
Ser3.42




image5.png
A Rhodopsin inactive

Ala2.49
Leu2.46
3.39 Asp2.50

Cluster 2
Cluster 1
Ala4.53 ‘Asn1 50
CGlu3 Gly1.46
N
Pro5.50
Asn7.49  Switch 2
Switch 1

Phe6.44

Rhodopsin active

C . Leu2.46
1a2.49, S

%

Ala3.39





image1.emf



Trp4.50



Gly1.46
Asn1.50



Ala7.46



Asn7.49
Leu3.42Pro5.50



Ala4.53
Ile3.38



Ala3.39



Ala2.49 Ala2.47
Asp2.50



H6



H5
H1



H4 H2



H7



Extracellular
ligand binding



TM core



Intracellular
G protein binding



Gly1.49



Leu2.46



Pro7.50



A B










Trp4.50

Gly1.46

Asn1.50

Ala7.46

Asn7.49

Leu3.42

Pro5.50

Ala4.53

Ile3.38

Ala3.39

Ala2.49

Ala2.47

Asp2.50

H6

H5

H1

H4

H2

H7

Extracellular

ligand binding

TM core

Intracellular

G protein binding

Gly1.49

Leu2.46

Pro7.50

A B


