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I. Experimental Details 

Hana3A cells were grown in Minimum Essential Medium (Hyclone) containing 10% fetal 

bovine serum (Invitrogen) at 37 °C with 5% CO2. Lipofectamine 2000 (Invitrogen) was used for 

transfection. Luciferase assays are performed as previously described (32). For GloSensor assay, 

Hana3A cells were plated onto 96-well plates (Greiner). After 18 to 24 h, OR, mRTP1S, and a 

GloSensor™ plasmid were transfected into cells. Twenty four hours after transfection, the cells 

were stimulated with odorants plus various concentrations of metal ions dissolved in HBSS. We 

used the GloSensor™ (Promega) kit and followed the manufacturer’s protocol for measuring 

chemiluminescence. 

 

II. Computational Details 

TMHMM Analysis and Homology Modeling. We performed a sequence alignment between 

the X-ray structures of the human M2 muscarinic receptor (1), turkey beta-adrenergic receptor 

(2), and mouse olfactory receptor MOR244-3 using the ClustalW2 software (3) using the default 

settings and determined the TM domains of MOR244-3, using the transmembrane hidden 

Markov Model (TMHMM) analysis (4). The extracellular region between transmembrane helix 5 

and transmembrane helix 6 of the M2 receptor (residues 218-376) were removed in this 

alignment, and two spaces were put in its place (Fig. S1). For MOR244-3, the transmembrane 

domains were determined using the transmembrane hidden Markov Model (TMHMM) analysis. 

TMHMM is a tool that predicts the transmembrane domains of proteins based on Bayesian 

analysis of a pool of transmembrane proteins with resolved structures; the residues in MOR244-3 

with a posterior TM probability greater than 0.1 were assigned to the transmembrane domain. 

For muscarinic receptor, the transmembrane domains are the helix domains designated in the 

corresponding PDB file with guidance from TMHMM analysis. 

 
3UON   ------------MNNSTNSSNNSLALTSPYKTFEVVFIVLVAGS------LSLVTIIGNI 42 
2Y00   MGDGWLPPDCGPHNRSGGGGATAAPTGSRQVSAELLSQQWEAGMSLLMALVVLLIVAGNV 60 
244-3  ---------MGALNQTRVTEFIFLGLTDNWVLEILFFVPFTVTY--------MLTLLGNF 43 

 
3UON   LVMVSIKVNRHLQTVNNYFLFSLACADLIIGVFSMNLYTLYTVIGYWPLGPVVCDLWLAL 102 
2Y00   LVIAAIGRTQRLQTLTNLFITSLACADLVMGLLVVPFGATLVVRGTWLWGSFLCECWTSL 120 
244-3  LIVVTIVFTPRLHNPMYFFLSNLSFIDICHSSVTVPKMLEGLLLERKTISFDNCIAQLFF 103 

 
3UON   DYVVSNASVMNLLIISFDRYFCVTKPLTYPVKRTTKMAGMMIAAAWV---LSFILWAPAI 159 
2Y00   DVLCVTASIETLCVIAIDRYLAITSPFRYQSLMTRARAKVIICTVWA---ISALVSFLPI 177 
244-3  LHLFACSEIFLLTIMAYDRYVAICIPLHYSNVMNMKVCVQLVFALWLGGTIHSLVQTFLT 163 
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3UON   LFWQFIVG---VRTVEDGECYIQFFSNAAVTFGTAIAAFYLPVIIMTVLYWHISRAS--- 213 
2Y00   MMHWWRDEDPQALKCYQDPGCCDFVTNRAYAIASSIISFYIPLLIMIFVYLRVYREA--- 234 
244-3  IRLPYCGPNIIDSYFCDVPPVIKLACTDTYLTGILIVSNSGTISLVCFLALVTSYTVILF 223 

 
3UON   -KSRI-----------------------------------------PPPSREKKVTRTIL 390 
2Y00   -KEQIRKIDRCEGRFYGSQEQPQPPPLPQHQPILGNGRASKRKTSRVMAMREHKALKTLG 293 
244-3  SLR------------------------------------------KKSAEGRRKALSTCS 241 

 
3UON   AILLAFIITWAPYNVMVLINTFCAPCIPNTVWTIGYWLCYINSTINPACYALCNATFKKT 450 
2Y00   IIMGVFTLCWLPFFLVNIVNVFNRDLVPDWLFVFFNWLGYANSAFNPIIYCRS-PDFRKA 352 
244-3  AHFMVVTLFFGPCIFLYTR----PDSSFSIDKVVSVFYTVVTPLLNPLIYTLRNEEVKTA 297 

 
3UON   FKHLLMCHYKNIGATR-------------------------------------------- 466 
2Y00   FKRLLCFPRKADRRLHAGGQPAPLPGGFISTLGSPEHSPGGTWSDCNGGTRGGSESSLEE 412 
244-3  MKHLRQRRICS------------------------------------------------- 308 

 

Figure S1. Multiple sequence alignment between the human M2 muscarinic receptor, turkey 
beta-adrenergic receptor and mouse olfactory receptor 244-3. The transmembrane domains of 
each protein are highlighted in the alignment. The DRY motif in helix 3 of each protein is also 
highlighted. 
 

In TM1, there is a gap of two residues between the alignment of muscarinic receptor and 

MOR244-3 compared to a gap of eight residues between the alignment of beta-adrenergic 

receptor and MOR244-3. The predicted TM domains of the MOR244-3 are typically centered 

with the TM domains of muscarinic M2 receptor, and often off-centered from those of beta-

adrenergic receptor (Fig. S2). Therefore, we built the homology model of MOR244-3 using the 

X-ray structure of the human M2 muscarinic receptor as a template. The comparative protein 

modeling by satisfaction of spatial restraints against the available X-ray structures in the 

literature yielded an expected value (E value) of 2.8*10-45 for the homology model based on the 

M2 receptor, which indicates a high sequence identity between the MOR244-3 and M2 receptor 

transmembrane regions. If the E value is greater than 1, then the structure is not suitable for 

homology modeling (Fig. S1, S2). 
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Figure S2. Multisequence Stamp alignment of the seven TM regions of the homology model of 
MOR244-3 with the human M2 muscarinic receptor (A) with the turkey beta-adrenergic receptor 
(B). 
 

QM/MM Model System Setup. The initial coordinates of the homology model of MOR244-3 

structure was obtained by using the Modeler 9v7 program package (www.salilab.org/modeller) 

and the X-ray structure of human M2 muscarinic acetylcholine receptor bound to an antagonist 

(PDB: 3UON at 3.0 Å) as a template. The protonation states of all titratable residues (pH = 7) are 

assigned using PROPKA calculations (5) implemented in the Schrodinger’s Maestro v.9.3 

software package (6) and also by visual inspection. It has been shown that water molecules are as 

important as amino acids to the overall functionality of heptahelical transmembrane proteins (7,8) 

and therefore, 22 water molecules were added to fill up the cavities in the QM/MM model of 

MOR244-3. Based on the previous experimental evidence (9), we introduced a copper ion into 

the active site T203 and the overall charge of the active site (QM region) varies from neutral 

(because of the presence of Cu+/S–
C109) to cationic (due to the presence of Cu2+/S–

C109). To 

minimize the structural changes and to preserve the natural shape of the protein, the full structure 

was relaxed via a three-step optimization procedure. First, the structure was fully optimized at 

pure AMBER96 force field level (10) followed by reoptimization at the two-layer ONIOM 

scheme with electronic-embedding (EE) (11), as implemented in Gaussian09 (12). The QM layer 

included the Cu ion, H105, C109, N202 residues and MTMT ligand or its analogues treated at 

M06-L (13-15) level of theory using the Stuttgart [8s7p6d2f | 6s5p3d2f] ECP10MWB contracted 

pseudopotential basis set  (16) on Cu and the 6-31G(d) (17) basis set on all other atoms. The MM 
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layer included the rest of the protein, as described by the AMBER96 molecular mechanics force 

field (10). The interface between QM and MM layers was treated using the standard hydrogen-

link atom scheme (18). The ONIOM extrapolated energies for the optimized model active sites 

for Cu+ and Cu2+ ions are listed in Table S1. Note that this two-layer QM/MM procedure was 

previously employed to gain novel insights into the structural and molecular rearrangements of 

visual and non-visual GPCRs and of its photointermediates (19–29).  

 

Table S1. ONIOM extrapolated energies for QM/MM optimized structures for different active 
site models 

Cu+ Structures 
ONIOM 

Extrapolated 
Energy (kcal/mol) 

Cu2+ Structures 
ONIOM 

Extrapolated 
Energy (kcal/mol) 

C109SH(CH3SCH2SH) 
(Conformer 1) -1647199.3 C109S- (CH3SCH2SH) 

(Conformer 1) -1646811.9 

C109SH(CH3SCH2SH) 
(Conformer 2) -1647211.1 C109S-(CH3SCH2SH) 

(Conformer 2) -1646826.8 

C109SH(HSCH2SH) 
(Conformer 1) -1622531.5 C109S-(HSCH2SH) -1622147.2 

C109SH(HSCH2SH) 
(Conformer 2) -1622531.2 C109S-(CH3SCH2S-) 

(Conformer 1) -1646533.6 

C109S-(CH3SCH2SH) 
(Conformer 1) -1646894.7 C109S-(CH3SCH2S-) 

(Conformer 2) -1646512.1 

C109S-(CH3SCH2SH) 
(Conformer 2) -1646911.8 C109S-(HSCH2S-) -1621868.1 

C109S-(HSCH2SH) 
(Conformer 1) -1622239.4   

C109S-(HSCH2SH) 
(Conformer 2) -1622244.2   

C109S-(CH3SCH2S-) 
(Conformer 1) -1646572.2   

C109S-(CH3SCH2S-) 
(Conformer 2) -1646561.6   
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C109S-(HSCH2S-) 
(Conformer 1) -1621906.6   

C109S-(HSCH2S-) 
(Conformer 2) -1621882.4   

 

Binding Energy Calculations. Vibrational frequency calculations were carried out on QM/MM 

optimized structures to obtain zero point energy (ZPE) and thermal contributions to the 

electronic energies and to compute the enthalpy (H) of the systems (Table S2). Single point 

calculations were carried out at M06-L level of theory, with SDD basis set on Cu and 6-31G(d) 

basis on all other atoms, on model complexes built from QM/MM optimized structures (Fig. S4) 

to predict the free energy of solvation (Gsol) values using SMD (30) aqueous continuum 

solvation model (Table S3). The final enthalpy values for the systems were obtained by adding 

the Gsol to the enthalpy values obtained via QM/MM calculations (Table S2) or DFT calculations 

on free ligands (Table S4). These final composite enthalpy values were then used to compute the 

binding enthalpies. Similar QM/MM protocols with thermodynamic cycles were employed in the 

literature to calculate different contributions to the final binding energies (31).  

For instance, the binding enthalpy of MTMT to the binding site is calculated using Tables S2-S4 

as follows: 

ΔHsol = ΔHgas + ΔΔEsol (model) 

ΔHsol = ΔHgas + [ΔEsol – ΔEgas] (model) 

ΔHsol = [-1638327.6 – (-1088569.5) – (-549727.5)] + [-1533770.3 – (-983988.7) – (-549782.8)] -  

           [-1533738.7 – (-983952.8) – (-549779.9)] 

ΔHsol = -30.6 + 1.2 + 6.0  

ΔHsol = -23.4 kcal/mol 

 

For relative binding energy of HSCH2SH versus MTMT (CH3SCH2SH) obtained via Table S1 

and Table S4: 

ΔEsol = (-1622244.2 + (-549782.8) - (-1646911.8) - (-525115.8) 

ΔEsol = 0.6 kcal/mol disfavoring binding of HSCH2SH 
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Table S2. ONIOM extrapolated energies for QM/MM optimized structures and enthalpies for 
different active site models (see Computational Methods for details) 
 

Model ONIOM Extrapolated 
Energy (kcal/mol) 

Enthalpy (H) 
(kcal/mol) 

C109S-Cu+ -1097100.7 -1088569.5 

C109S-(CH3SCH2SH)Cu+ 
(Conformer 2) -1646911.8 -1638327.6 

 

 

Table S3. Electronic energies (E) and electronic energies including free energy of solvation (Esol) 
in units of kcal/mol obtained via single point calculations on model structures at M06-L level of 
theory (see Computational Methods for details) 
 

Model Energy (kcal/mol) Esol (kcal/mol) 

C109S-Cu+ -983952.8 -983988.7 

C109S-(CH3SCH2SH)Cu+ 
(Conformer 2) -1533738.7 -1533770.3 

 
 
 
Table S4. Electronic energies (E), enthalpies (H) and electronic energies including free energy 
of solvation (Esol) in units of kcal/mol for ligands optimized at M06-L level of theory (see 
Computational Methods for details)  
 

Model Energy (kcal/mol) Enthalpy (kcal/mol) Esol (kcal/mol) 

CH3SCH2SH -549779.9 -549727.5 -549782.8 

HSCH2SH -525112.2 -525079.2 -525115.8 
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III. Other Supporting Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. Real-time measurement of the activity of the C109M mutant in the presence of 30 
μM Cu2+ and/or 30 μM tetraethylenepentamine (TEPA) using the GloSensor™ assay. The arrow 
indicates the time point of odorant addition. The y-axis represents mean luminescence ±SEM, 
normalized to the response of wild type MOR244-3 to 30 μM Cu2+ and 30 μM MTMT (N = 6). 
 

 
 

(a) (b) 

Figure S4. Active site models of MOR244-3 without ligand (a) and with MTMT ligand (b) 
employed to compute the free energy of solvation contributions. 
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Figure S5. QM/MM optimized model of methanedithiol (HSCH2SH) and Cu+ in the active site. 
The values in black represent the bonding distances, while the values in red correspond to the 
distances between two atoms. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6. Dose-response curves of MOR244-3 to (methylthio)methanethiol (CH3SCH2SH) and 
methanedithiol (HSCH2SH) with and without 30 μM exogenous Cu2+addition as measured in 
luciferase reporter gene assay. The y-axis represents mean luciferase activity ±SEM, normalized 
to the response to (methylthio)methanethiol (N = 3). The figure is modified with permission from 
ref. (9). 
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Figure S7. Schematic representation of response profiles of the MTMT derivatives from ref. (9).  
 
 



 S11 

 
 
Figure S8. Molecular dynamics (MD) simulations of the MOR244-3 system inside the lipid 
bilayer. Representative MD snapshots of water molecules (cyan) passing through the aqueous 
channel (orange) interrupted by a hydrophobic cap (blue) formed by L66 and L114 residues are 
presented.   
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