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Data sets used in the study
For the purpose of the current study we used 20 high or medium resolution templates (Table S1) of unique GPCRs which are divided into two groups: inactive (1GZM_A, 1U19_A, 2RH1_A, 2VT4_B, 3EML_A, 3ODU_A, 3PBL_A, 3RZE_A, 4DAJ_A, 4DJH_A, 4DKL_A, 4EJ4_A, 3UON_A, 3V2Y_A, 4EA3_A) and actived or semi-actived receptors (2Y02_B, 2YDV_A, 3PQR_A, 3QAK_A, 3SN6_R). That templates subset which was available in the GPCRM database during the manuscript preparation is being constantly updated (see http://gpcrm.biomodellab.eu/news). That first data set, which was composed of high or reasonable resolution structures selected from all unique GPCRs released in PDB before the year 2012, was further splitted into seven inactive receptor structures (bound to agonists) and four active or semi-activated receptor structures (bound to inverse agonist or antagonists). As it was discussed in [1] not all PDB structures of receptors bound to agonists capture their fully activated state due to experimental difficulties to stabilize such a dynamic state. Therefore, we used the above term ‘semi-activated’. 
The second test set included four inactive receptors structures released in 2012 (no structures with agonists were obtained) and was used to compare the performance of GPCRM with other servers for the structure prediction of members of the Rhodopsin-like class. We also prepared a third set of 102 human GPCRs form the Rhodopsin-like class which were selected for crystallization in the next few years in the Stevens group [2]. That test was run in full automatic mode, except few the most difficult cases, yet with the fast loop modeling. It was used to test the GPCRM performance and to provide to a research community a database of precomputed full-length GPCR models. They are available to download from http://gpcrm.biomodellab.eu.



Tables
Table S1. The templates data set used in the current study.

	PDB id
	Name
	Reference

	1GZM_A
	bovine rhodopsin 
	[3]

	1U19_A
	bovine rhodopsin 
	[4]

	2RH1_A
	human β2 adrenergic receptor 
	[5]

	2VT4_B
	human β1 adrenergic receptor 
	[6]

	2Y02_B
	turkey β1 adrenergic receptor 
	[7]

	2YDV_A
	human adenosine A2A receptor 
	[1]

	3EML_A
	human adenosine A2A receptor 
	[8]

	3ODU_A
	human CXCR4 chemokine receptor 
	[9]

	3PBL_A
	human dopamine D3 receptor 
	[10]

	3PQR_A
	bovine rhodopsin - metarhodopsin II 
	[11]

	3QAK_A
	human adenosine A2A receptor 
	[12]

	3RZE_A
	human histamine H1 receptor 
	[13]

	3SN6_R
	human β2 adrenergic receptor 
	[14]

	4DAJ_A
	rat M3 muscarinic acetylcholine receptor 
	[15]

	4DJH_A
	human κ opioid receptor 
	[16]

	4DKL_A
	mouse μ opioid receptor 
	[17]

	4EJ4_A
	mouse δ opioid receptor 
	[18]

	3UON_A
	human M2 muscarinic acetylcholine receptor 
	[19]

	3V2Y_A
	sphingosine 1-phosphate receptor (lipid receptor)
	[20]

	4EA3_A
	human nociception / orphanin FQ peptide receptor 
	[21]






Table S2. GPCRs released in 2012 - benchmark results of web services in GPCR structure modeling.

	Assessment functions 
& templates used
	GPCRM1
	GPCRM
	ModWeb/
ModBase
	GPCRDB
	GPCR-ModSim
	SSFE

	
	Rosetta
	Modeller
	
	
	
	

	Human muscarinic M2R (3UON)

	TM-score
	0.884
	0.876
	0.891
	0.900
	0.830
	0.724

	RMSD2
	2.43
	2.39
	2.48
	2.04
	2.91
	1.90

	
	(274)
	(270)
	(274)
	(270)
	(265)
	(217)

	Templates
	3RZE_A3 (37)4
	3RZE_A (37)
	2RH1_A (26)
	2VT4_B (30)
	3PBL_A (31)
	2VT4_B (30)

	
	3PBL_A (31)
	3PBL_A (31)
	
	
	
	2RH1_A (26)

	
	
	
	
	
	3EML_A (25)

	
	
	
	
	
	1U19_A (20)

	Lipid receptor (3V2Y)

	TM-score
	0.802
	0.772
	0.801
	0.801
	0.800
	0.661

	RMSD
	2.81
	2.74
	3.03
	2.78
	2.81
	2.12

	
	(272)
	(260)
	(277)
	(263)
	(262)
	(213)

	Templates
	3RZE_A (25)
	3RZE_A (25)
	3C9L_A (16)
	3EML_A (25)
	3EML (25)
	2VT4_B (26)

	
	3EML (25)
	3EML (25)
	
	
	
	2RH1_A (21)

	
	
	
	
	
	2Z73_A (14)

	
	
	
	
	
	1U19_A (16)

	Rat muscarinic M3R (4DAJ)

	TM-score
	0.902
	0.897
	X-ray structure already included
	0.656
	0.856
	0.707

	RMSD
	2.30
	2.47
	
	3.06
	2.97
	2.39

	
	(265)
	(264)
	
	(255)
	(262)
	(212)

	Templates
	3RZE_A (37)
	3RZE_A (37)
	
	2VT4_B (33)
	2RH1_A (33)
	2RH1_A (33)

	
	2RH1_A (33)
	2RH1_A (33)
	
	
	
	3EML_A (26)

	
	
	
	
	
	2Z73_A (21)

	Human κ-opioid receptor (4DJH)

	TM-score
	0.857
	0.857
	0.812
	0.793
	0.736
	0.694

	RMSD
	3.02
	3.29
	3.43
	3.23
	3.28
	1.96

	
	(283)
	(285)
	(275)
	(266)
	(250)
	(215)

	Templates
	3RZE_A (29)
	3RZE_A (29)
	1GZM_A (17)
	2VT4_B (23)
	2VT4_B (23)
	2VT4_B (23)

	
	3ODU_A (25)
	3ODU_A (25)
	
	
	
	2RH1_A (24)

	
	
	
	
	
	3EML_A (21)

	
	
	
	
	
	1U19_A (17)

	
	
	
	
	
	2Z73_A (21)


1The templates database of GPCRM consisted of GPCRs structures released till the end of 2010.
2 A number of residues which were used to compute RMSD is provided in brackets. 
3 Here, we provided PDB id for the following GPCRs: 3RZE – histamine H1R, 3PBL – dopamine D3R, 2RH1 – adrenergic β2AR, 1U19 – bovine rhodopsin, 3EML – adenosine A2AR, 3C9L – bovine rhodopsin, 2Z73 - squid rhodopsin, 3ODU – chemokine CXCR4, 1GZM – bovine rhodopsin, 2VT4 – adrenergic β1AR.
4 ClustalW2 scores (normalized to 100) indicating sequence identity are provided in brackets. 


Table S3. GPCRs released in 2012 - benchmark results of GPCRM in GPCR structure modeling depending on the templates data set.


	Assessment functions
& templates used
	GPCRM – a full protein model
	GPCRM – a protein model without loops

	Human muscarinic M2R (3UON)

	TM-score
	0.816 
	0.900 
	0.804
	0.824 
	0.937

	RMSD1
	2.34
	2.50
	2.51 
	2.24 
	1.53

	
	(275)
	(278)
	(274)
	(277)
	(217)

	Templates2
	2RH1_A (26)
	2VT4_B (30)
	3PBL_A (31)
	2VT4_B (30)
	2VT4_B (30)

	
	
	
	
	2RH1_A (26)
	2RH1_A (26)

	
	
	
	
	3EML_A (25)
	3EML_A (25)

	
	
	
	
	1U19_A (20)
	1U19_A (20)

	Corresponding method3
	ModWeb/ModBase
	GPCRDB
	GPCR-Modsim
	SSFE
	SSFE

	Lipid receptor (3V2Y)

	TM-score
	
	0.768
	0.805
	0.807
	0.903

	RMSD
	
	3.63
	2.80
	2.80
	1.90

	
	
	(279)
	(272)
	(277)  
	(216)

	Templates
	
	1U19_A (16)
	3EML_A()
	2VT4_B (26)
	2VT4_B (26)

	
	
	
	
	2RH1_A (21)
	2RH1_A (21)

	
	
	
	
	1U19_A (16)
	1U19_A (16)

	Corresponding method
	
	ModWeb/ModBase
	GPCRDB 
	SSFE
	SSFE

	
	
	
	GPCR-Modsim
	
	

	Rat muscarinic M3R (4DAJ)

	TM-score
	
	0.894
	0.895
	0.900
	0.906 

	RMSD
	
	2.48 
	2.41
	2.26 
	1.91 

	
	
	(266)
	(266)
	(266)
	(213)

	Templates
	
	2RH1_A (33)
	2VT4_B
	2RH1_A (33)
	2RH1_A (33)

	
	
	
	
	3EML_A (26)
	3EML_A (26)

	
	
	
	
	1GZM_A (21)
	1GZM_A (21)

	Corresponding method
	
	GPCR-Modsim
	GPCRDB
	SSFE
	SSFE

	Human κ-opioid receptor (4DJH)

	TM-score
	
	0.833
	0.840
	0.868
	0.906

	RMSD
	
	3.27 
	3.17 
	2.96
	2.13

	
	
	(283)
	(280)
	(286)
	(215)

	Templates
	
	1GZM_A (17)
	2VT4_B (23)
	2VT4_B (23)
	2VT4_B (23)

	
	
	
	
	2RH1_A (24)
	2RH1_A (24)

	
	
	
	
	3EML_A (21)
	3EML_A (21)

	
	
	
	
	1U19_A (17)
	1U19_A (17)

	Corresponding method
	
	ModWeb/ModBase
	GPCRDB
	SSFE
	SSFE

	
	
	
	GPCR-Modsim
	
	


1 A number of residues which were used to compute RMSD is provided in brackets. 
2 ClustalW2 scores (normalized to 100) indicating sequence identity are provided in brackets.
3 Results of the corresponding methods are presented in Table S2.

 


Figures
Figure S1.  The reference sequence alignment of GPCRs. The alignment was generated by VMD (a MultiSeq plugin [22]) based on the structural alignment of GPCRs of known 3D structures. Positions of highly conserved residues are marked according to Ballesteros-Weinstein numbering scheme. Positions of TM helices based on rhodopsin (1GZM) are marked with grey.
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Figure S2. The sequence alignment used in GPCRM modeling of A2AR. A fragment which corresponds to the bulge in TMH4 is marked by a square box. The template with the bulge in the structure (2VT4 – β1AR) is aligned against the target sequence (A2AR) without any gaps in that fragment while the template without the bulge (3RZE – H1R) is aligned with a one-residue gap.
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Figure S3. The sequence alignment used in GPCRM modeling of κ-opioid receptor. A fragment which corresponds to the lack of bulge in TMH2 is marked in the alignment (a square box). The template without the TMH2 bulge (3ODU – CXCR4) is aligned against the target sequence (κ-opioid receptor) without any gap in that fragment, while the template with the TMH2 (3RZE – H1R) bulge is aligned with a one-residue gap.

[image: ]




Figure S4. The model of κ-opioid receptor (PDB id: 4DJH). The model (green) was generated by GPCRM and superposed on the crystal structure (blue) and templates used in the model building: the histamine H1R (grey) and the CXCR4 receptor (pink). The bulge observed in TMH2 in H1R was removed and was not transferred to the κ-opioid model. Nevertheless, averaging of H1R and CXCR4 coordinates in TMH1 did not result in the proper kink of TMH1 proving limitations of the Modeller software.
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Figure S5. Models of κ-opioid receptor (4DJH) generated by currently available methods. All models are superposed on the crystal structure (blue). The bulge in TMH2 which is not present in the crystal structure is depicted. Templates used in the model building by each method are as follows: rhodopsin (ModWeb/ModBase), 1AR (GPCRDB and GPCR-Modsim), 1AR together with 2AR, A2A and rhodopsin (SSFE).
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Figure S6. Ligand docking to GPCRM-generated homology models versus self-docking: 2AR (A), H1R (B), CXCR4 (C) and metarhodopsin II (D). The reference crystal complexes with indicated polar contacts (yellow dashed lines) are shown in grey, while the docked ligand poses are depicted in yellow. GPCRM-generated homology models of receptors are shown in green. Left panels show the best poses obtained from docking to corresponding protein homology models. Right panels show results of self-docking to crystal structures (PDB id: 3SN6, 3RZE, 3ODU, 3PQR). Most polar contacts were preserved except for: Ser203 (A), Thr112 (B), Asp97 (C). Although Ile189 and Tyr191 in the EC2 loop are not as deep in the binding pocket as in the crystal structure of metarhodopsin II (D), retinal was positioned in the homology model with the proper orientation of the -ionone ring (left panel) contrary to the self-docking results (right panel).
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Supplemental Methods

Alignment generation
The importance of alignment accuracy cannot be overestimated in comparative modeling [23]. Even in a quite straightforward alignment of GPCR sequences in which distinctive sequence motifs in TM helices help to align the whole TM region properly there are certain issues which may cause pitfalls of the whole modeling. Aligning of loop regions with a number of bridged and unbridged cysteines may require a careful inspection as they are frequently involved in the ligand binding [24]. Detection of bulges and kinks in TM helices is also a challenging problem. Therefore, we implemented three methods for alignment generation: a simple pairwise sequence alignment (PSA), a multiple sequence alignment (MSA) of a target and all GPCRM templates, as well as a merging of alignments corresponding to target and template sequence profiles (a profile-profile alignment). A profile-profile alignment is computed by MUSCLE - an efficient method for multiple sequence alignments based on progressive alignments refined by tree-dependent restricted partitioning, which is much faster and more accurate (according to our tests – data not shown) than, for example, ClustalW2 [25]. The importance of the sequence distribution in a profile was addressed, for example, in [26]. For that reason, we provided a possibility to change the e-value range or the phylogenetic tree branch cutoff to underweight very similar sequences in the final profile.

Visual inspection revealed that none of the methods used in GPCRM was able to provide an acceptable alignment of all important functional motifs in all tested cases. Therefore, we have added a so called ‘anchored realignment’ step to GPCRM. During that step the original alignment of sequence motifs located in TMs is improved and large gaps from the regions corresponding to TM helices are removed. Following an important remark from [2], concerning sequence alignments of the CXCR4 chemokine receptor with all GPCRs available in PDB, we decided to permit for one-residue gaps inside the TM helices. As we tested (data not shown) such a slight alignment manipulation did not cause disruption of a protein model generated by Modeller. Two-residue and longer gaps might cause disruption of a helix during the model building (data not shown). For that reason, such gaps are allowed only in the GPCRM advanced user mode. 

All generated pairwise alignments are assessed by a similarity score, following [27], and the best alignment out of three generated is selected. Here, we use the BLOSUM62 substitution matrix to compute the so-called ‘substitution scores’ and the gap extension penalty: 0.2 with a quite low gap opening penalty (2.0) for computation of 'gap scores'. A comment is needed about decreasing the importance of gap penalties in such a scoring scheme in comparison to, for example, [28]. Some of the gaps in the alignment are forcedly introduced by GPCRM since they are translocated from the interior of TM helices to the outer loop regions to preserve a proper alignment of important functional motifs and the integrity of TMHs. Therefore, we reduced gap penalizing in the GPCRM pipeline as much as it was possible to preserve the sequence similarity as the main factor to assess the alignments. If more than one template is selected in the first step of the GPCRM modeling procedure, the alignments generated for every template are compared with each other to confirm that TM helices are located in the same place in the corresponding target sequence. If a significant difference in location of TM helices is reported another set of target-template alignments is selected. The process is repeated iteratively, until concurrence between alignments is reached. Further on, to proceed to the Modeller model building step GPCRM merges iteratively all selected target-template alignments (if more than one template was chosen) and detects extra and intracellular loops together with N and C-termini for the loop modeling. Such efficient reconciliation of alignments in GPCRM is inevitable since in our implementation of Modeller a GPCR model is built based on the average of template structures and not on their sum as in, e.g., SSFE.

Model building
During the model building by Modeller, the accessible protein conformational space is defined by the simplified CHARMM force field components [29] and spatial restraints derived from a template (or templates) expressed as probability density functions. If more than one template is selected a protein model is built as a weighted average of given template structures depending on residue type, main-chain conformation and the local sequence similarity [30]. We also used a new functionality which was recently added to Modeller: a DOPE model building and loop modeling method [31]. The DOPE method is based on statistical potentials which are widely used not only in protein model quality assessment [32] but also in protein folding [33,34]. Statistical potentials (named also knowledge-based potentials) which are used in Modeller were derived mainly for globular proteins. Limited structural space of membrane proteins in PDB is a serious obstacle to derive reliable statistical potentials for them which will perform as good as in case of globular proteins. To date, there are only few studies on knowledge-based potentials derived from membrane proteins structures used, e.g., in MQAP (model quality assessment programs) [35]. Following the work of [36] and our own tests on the members of the GPCR family (Table 2) we decided to set the number of templates used in the modeling up to two in the automatic user mode within GPCRM. Yet, the advanced user mode enables one to incorporate even all template structures from our database. If a disulfide bridge is present in a template structure its geometry is copied directly to the target protein model. As for the Rosetta modeling step in GPCRM, disulfide bridges are included by a ‘-fix_disulf’ option.

Loop modeling
Unless the user specifies differently in the GPCRM advanced mode, the DOPE loop refinement based on pseudo-energy optimization is performed after the model building step. It is also possible to define regions of the model which should be refined by Modeller by providing the specific residue span. The only limitation in the loop modeling by Modeller is the maximal length of a loop (20 residues), as longer loops are refined by Modeller with lesser precision than short ones [37]. After the Modeller step, the second loop modeling method is used for the 10 top selected models - the cyclic coordinate descent (CCD) [38], which is a fragment-based algorithm implemented in Rosetta accompanied in GPCRM by the Rosetta fragments picking [39] and PsiPred secondary structure predictions [40]. At the Rosetta stage there is no limitation in the loop length since Rosetta assisted with the PsiPred secondary structure predictions performs much better in modeling of long loops than Modeller does, according to our studies. Moreover, modeling of long loops by Rosetta is slightly improved in GPCRM due to the usage of a 'cut-point' which divides a loop in two fragments separately refined. Such cut-points could be, for example, EC2 disulfide bridges. The loop refinement by Rosetta can be run in two modes: fast (less accurate) and slow (more precise) differing by the time of computations and the number of conformations generated. As we mentioned before, Rosetta loop modeling does not include any information about the membrane. Consequently some longer extra or intracellular loops and N or C-termini may artificially cross the membrane and fit to TMHs. To overcome such limitation, GPCRM scores Rosetta loop models by computing Z-coordinates of C-alpha atoms of residues inside the loops. The Z-coordinate, defined as a distance from a membrane center, is obtained using the implicit membrane location of the most similar template structure derived from the OPM database [41]. If there are some C-alpha atoms in loops which penetrate the membrane, such protein model is discarded. Protein models which passed the Z-coordinate filter are sorted according to the all-atom Rosetta total energy score and the 10 top models are selected as the final result of the GPCRM method.
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