Seven perspectives on GPCR H/D-exchange proteomics methods (Xi Zhang, PhD) 
Supplementary File 1: CHAPSO/DMPC bicelle vs DDM/CHS bicelle-like micelle is not unique to HDX approach; lipid chemical structures matter.
The chemical structures of lipids matter. Indeed CHAPSO/DMPC presents a lipid-rich environment, but by no means resembles human GPCRs’ native lipid bilayer habitats. First, although overall zwitterionic, CHAPSO/DMPC presents a 100% composition of strong fixed positive-charged quaternary ammonium in head groups from both detergent and lipid on the bilayer surfaces, and contradicts the balanced natural lipid compositions. Mammalian GPCR natural membrane lipid reservoir can contain phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylserine (PS), phosphatidic acid (PA), phosphatidylinositol (PI), PI phosphate (PIPn), sphingomyelin, sulfo-phospholipids, plasmalogens and cholesterols, most of which carry mildly-charged amine, polar nonionic, or negatively-charged groups in the head group moiety. This charge group variation can translate into different interactions with cations (Na+, K+, etc), anions (Cl¯), ligands, protein residues and other lipids at the bilayer surfaces.
Besides a balanced bilayer lipid reservoir, increasing evidence demonstrates membrane proteins are complexes with lipids, the composition of their tightly-associated lipids reflects the membrane bilayer and may fluctuate with purification conditions, but selectively enriches certain types of lipids—often against PC. For example, purified and crystallized active Rhodobacter sphaeroides (Rs) cytochrome c oxidase (CcO) enriched or maintained cardiolipin, PG, PE and other Rs-unique sulfoquinovosyl-, ornithine- and glutamine-lipids, but decreased PC level [1-3]. Consistently, crystallography combined with mass spectrometry also resolved 13 co-crystallized endogenous lipids in bovine tissue CcO, only one was PC [4]. Several crystallography studies resolved bound PG, cardiolipin, cholesterol and CHS (cell-endogenous or from purification and crystallization media) in various TM proteins [4-12], though the resolution of crystallography is often insufficient to unambiguously distinguish between PC and PE head groups. Although protein-dependent, currently most established function-important lipids for TM proteins include PE [13-15], PG-cardiolipin [1-3], or cholesterols [5-8, 12], but rarely PC. TM proteins may even display no affinity to PC [16]. So far little evidence shows human GPCRs predominantly enrich for PC, let alone to 100%. If a protein’s native habitat does not prefer PC, then forcing a 100% PC-head-group-like environment as a substitute may call for concerns. 
Meanwhile, artificial supply of defined phospholipids to isolated TM proteins often found that the added lipids act as allosteric regulators in various facets of protein functions, and differ vastly with proteins and lipid head groups given the same chain lengths. This emphasizes empirical screening when choosing lipids for bilayer reconstitution, rather than staying confined to CHAPSO/DMPC. Contrasting PIPn [9, 10, 17-23] and PA [24] that emerged as drastic switches via direct site-specific binding to TM proteins, such as ion channels and transporters, PS, PC, PE, PG and sphingomyelin, appeared more modulatory, but nonetheless different. For example, POPS stabilized GPCR bovine rhodopsin-Gt complex and activated Gt more strongly than POPC and POPE [25]; under the same 14:0/14:0 chains and CHAPSO system, bicelles that contain PS and PA stabilized rhodopsin-Gt complex stronger than just PC [26]. When incubated with DDM-purified pentameric ion channel C. elegans GluCl/Sf9, POPS was also stronger than POPC in potentiating prototypic agonist binding, competing with ivermectin ligand, binding and stabilizing protein complex in solution, but weaker than POPC in facilitating high-resolution crystallogenesis [22, 27]. Under regular reconstitution procedure GluCl resented POPC incorporation; imposing POPC for four weeks ahead of crystallogenesis led to several resolved POPC bound to subunit interfaces of pentameric GluCl (with PC head group wedging between TM helices), and they altered protein structure [27]. Experiments using in vitro reconstituted PC-based bilayer also found that POPC changed K+ channel ion flux function differently from the group of POPE, POPS, POPG and cardiolipin [24], and PC head group bound—via electrostatic interactions—to K+ channel residues located at the bilayer surfaces in both extracellular and intracellular domains [28]. Therefore, although naturally not preferred by TM proteins, artificially added DMPC may perturb protein structure; the artificial 100% fixed positive-charged quaternary ammonium surface of CHAPSO/DMPC may particularly affect the conformations of GPCR’s extra- and intra-cellular domains besides TM helices. 
Second, DMPC lipid fatty acid chain dimyristoyl 14:0/14:0 is not representative of mammalian GPCRs’ natural lipid habitat, but forms a much thinner bilayer. Lipid bicelle thickness in reconstitution can alter TM protein conformation and function [29], and these effects are larger on purified proteins than when lipids are introduced early as detergent-lipid buffers during solubilization-purification steps. Generally for TM protein stabilization, 14:0/14:0 lipids are starkly less effective than 16:0/18:1 (PO, 1-palmitoyl-2-oleoyl) and 18:1/18:1 (DO, 1,2-dioleoyl) versions [22]. 
Third, CHAPS, chemically similar to CHAPSO, damages TM human gamma-aminobutyric acid type A receptor activity by several folds compared with natural lipid bilayer and with DDM/CHS [30], and destabilizes other TM proteins, such as eukaryotic membrane protein J from Sf9, compared with DDM [31]. 
Furthermore, using DDM [32] or decyl maltoside [11] purification and direct DDM micelle [32] or 18:1 monoolein/cholesterol lipidic cubic phase (LCP) [11, 32] crystallization, recent crystallography and electron microscopy (EM) structures of a 5TM translocator protein (TSPO) revealed that, the 2014 NMR’s dodecyl phosphatidylcholine (DPC) detergent micelle (100% fixed positive-charged head group, 12:0) [33] had distorted the protein conformation in several domains, and exposed charges on TM surface likely by disrupting H-bond network [11, 32] (Figure 2, in main text). Although membrane proteins each differ, 7TM human GPCRs are unlikely to completely escape such strong effects of 100% fixed positive-charged head groups throughout the bilayer, which can be empirically examined. Consistently, DDM/CHS purification coupled with monoolein/cholesterol LCP routinely generated crystals that resolved the GPCR β2AR construct’s near-full structure at high resolution (PDB 2RH1, 2.4 Å, 2007, T4L fusion), and, regardless of using various covalent fusion tools or non-covalent antibody stabilization, this method and its maltose-neopentyl glycol/CHS variation have robustly reproduced high-quality crystals for nearly all the other human GPCRs resolved to date [6, 34-38]. By contrast, despite extensive optimization and antibody stabilization, CHAPSO/DMPC bicelle remains unable to resolve the extracellular domain and the upper half of the TM domain (PDB 2R4R, 3.5/3.7 Å, 2007, Fab), leaving these domains unavailable for comparison to further refine the effects of CHAPSO/DMPC (Figure S1). Nonetheless this observation itself alarms that CHAPSO/DMPC bicelle might have limited capacity to stabilize the GPCR protein. For LeuT, a bacterial ortholog of TM neurotransmitter sodium symporter, the CHAPSO/DMPC-crystallized DDM-purified structures highly resembled the n-octyl-β-D-glucopyranoside-crystallized version, but differed slightly in the loops at the TM domain interface or bilayer surface [39]. Together, these results highlight that membrane proteins’ responses to bilayer environment can be highly dynamic, diverse and sensitive, thus multifaceted structure-activity measurements are essential to data interpretation.  
Consistently, a study published after the November 2015 pre-submission inquiry of this manuscript reported the following: the human β2AR expressed and purified from Sf9 cells enriched cholesterol by 17.7 fold and PG by 4.4 fold (from membrane as a percentage of total lipids), contrasting only 2.2 fold for PC, 1.2 fold for PE, and 0.1, 0.3, 0.3 (depletion) for PS, PI, sphingomyelin respectively [40]. The extraction efficiency of tightly-bound endogenous lipids from detergent-purified proteins was undisclosed. β2AR also enriched 18:1/18:1 chains by 80 fold, 16:1/18:1 by 8.6 fold, and reported no 14:0/14:0. Its lipid modulation assay has excluded the 14:0/14:0 DMPC [40]. These results argue against using 100% DMPC and support adding CHS to prepare native protein buffer. 
Recent rigorous bilayer reconstitutions for activity measurement typically examined various phospholipid head groups, chain lengths and cholesterol additive [22, 27, 41], and increasingly chose POPS [27], POPE [12], POPE/POPG [17, 20, 42], POPC/POPE/POPG [12] or DOPE/POPC/POPS [20] mixtures, with 16:0/18:1 or 18:1/18:1 fatty acid chains [20, 22], rather than 100% 14:0/14:0 DMPC. 
In conclusion, as a tool to present human GPCRs and complexes in near-native states (Step I, Figure 1, in main text), the lipid choice in bilayer reconstitution is not restrained to 14:0/14:0 DMPC, NMR-favored zwitterionic head groups, or 14:0/14:0 chains. 
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Figure S1: CHAPSO/DMPC may raise structural concerns for human GPCR: carazolol-bound 7TM hGPCR β2AR structures resolved by crystallography from different media. Blue (left), structure from DDM/CHS purification and monoolein/cholesterol lipidic cubic phase (LCP) crystallization (2RH1, 2.4 Å, β2AR with T4L fusion). Orange (right), structure from CHAPSO/DMPC-bicelle crystallization (2R4R, 3.5/3.7 Å, β2AR with ICL3-Fab5). ECD of 2R4R was unresolved, and thus unavailable for comparison. 2RH1 and 2R4R were aligned in PyMOL by selecting only those residues resolved in 2R4R. 
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