Supplementary information S1
Methods
Computational modeling

The following software packages were used on an Ubuntu 14.04 LTS system with either an Intel
Xeon E3-1230 V2 with a GeForce GTX 660Ti or an Intel Core i17-5820K with a GeForce GTX
980: Chimera (Pettersen et al., 2004), Modeller (Webb and Sali, 2014), Swiss-PDB viewer
Deepview (Guex et al., 2009), GROMACS 4.6.5 or 5.1.2 (Pronk et al., 2013), the AMBER99sh
force field (Lindorff-Larsen et al., 2010), the Stockholm lipids forcefield (Jambeck and
Lyubartsev, 2012), CUDA 7.5 (Nickolls et al., 2008) and ACPYPE (Sousa da Silva and
Vranken, 2012) using antechamber from the AMBER 14 suite (Jambeck and Lyubartsev, 2014).
The Lengau server at the Centre for High Performance Computing (CHPC, Cape Town, South
Africa) was used for long-range simulations.

The Basic Local Alignment Search Tool (BLAST) was used to find solved GPCR protein
structures in the Protein Data Bank (www.rcsb.org). All the structures with an E-value of less
than 1x10°° were chosen as potential templates. These include 4AMQS (M2 muscarinic receptor)
(Kruse et al., 2013), 4DAJ (M3 muscarinic receptor) (Kruse et al., 2012), 3PWH (adenosine
A2A receptor) (Dore et al., 2011), 4BVN (B1-adrenergic receptor) (Miller-Gallacher et al.,
2014), 3PBL (D3 dopamine receptor) (Chien et al., 2010), 3RZE (histamine H1 receptor)
(Shimamura et al., 2011), 4N6H (3-opioid receptor) (Fenalti et al., 2014), 4ADKL (u-opioid
receptor) (Manglik et al., 2012), 3VW?7 (protease-activated receptor 1) (Zhang et al., 2012),
2KS9 (NK1 neurokinin receptor), 4AMBS (CCR5 chemokine receptor) (Tan et al., 2013), 2LNL
(CXCR1 chemokine receptor) (Park et al., 2012), 30DU (CXCR4 chemokine receptor) (B Wu et
al., 2010), 1F88 (bovine rhodopsin) (Palczewski et al., 2000), 4SOV (OX2 orexin receptor) (Yin
et al., 2015), 4GRV (NTSR1 neurotensin receptor) (White et al., 2012), 4EA3
(nociceptin/orphanin FQ receptor) (Thompson et al., 2012) and 4DJH (k-opioid receptor) (H Wu
et al., 2012). The GPCR database alignment tool (gpcrdb.org) was used to determine the TM,
intracellular loop (ICL) and extracellular loop (ECL) domains of the receptors (Isberg et al.,
2017). The MUItiple Sequence Comparison by Log-Expectation (MUSCLE) alignment tool
(Edgar, 2004) was used to compare the sequences of TM1-ICL1-TM2, TM2-ECL1-TM3, TM3-
ICL2-TM4, TM4-ECL2-TM5, TM5-ICL3-TM6 and TM6-ECL3-TM7 of the receptors to
identify the optimal template structures for the ICL and ECL segments of the GnRH receptor.
The NTSR1 neurotensin receptor was a good fit for TM1-ICL1-TM2, TM4-ECL2-TM5 and
TM5-1CL3-TM5, whereas the OX2 orexin receptor was the best fit for TM2-ECL1-TM3 and
TM3-1CL2-TM4 and the NK1 neurokinin receptor was the best fit for TM6-ECL3-TM7
(Supplementary information, Figures S1-S6). Modeller and Deepview Swiss-PDB viewer (Guex
et al., 2009; Webb and Sali, 2014) were used to generate a homology model of the GhnRH
receptor using the 4GRV (NTSR1 neurotensin receptor) structure as a template for the TM
helices and ECL2. ECL1 and ICL2 were modelled from the 4SOV (OX2 orexin receptor) crystal
structure (Yin et al., 2015) by cutting the regions from positions 2.50 to 3.50 and 3.50 to 4.50,
and superimposing them onto the 4GRV template using the match program in Chimera
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(Pettersen et al., 2004). ECL3 from the 2KS9 NK1 neurokinin receptor template was used by
cutting the region from positions 6.50 to 7.50 and superimposing it onto the 4GRV template.
After superimposing the structures, the corresponding regions from the neurotensin structure
4GRV were removed. The final structure from this process was used as a template for homology
modelling. Deepview Swiss-PDB viewer was used to ensure that disulphide bonds were formed
between Cys!* in the amino terminal domain and Cys?® in ECL2 as described (Davidson et al.,
1997) and between Cys>25114 and Cys'® in ECL2. The GnRH receptor homology model was
superimposed on the 4GRV structure and its orientation in a lipid bilayer was determined using
the OPM server (Lomize et al., 2012; Oda et al., 2005). The protein complex was placed in an
85x85 Angstrom 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) lipid
membrane. Homology models of mutant receptors were generated by substituting Lys, Asp or
Arg for Glu?530% and Arg for Trp®48(280),

Molecular dynamics simulations were performed on wild-type and mutant GnRH receptor
homology models using GROMACS 4.6.5 (Pronk et al., 2013) and the AMBER99sb force field
for proteins (Lindorff-Larsen et al., 2010). The non-bonded force calculations were accelerated
through GPU acceleration using CUDA 7.5 (Nickolls et al., 2008). The complex was minimized
with the steepest descent algorithm and the Verlet cut-off scheme. The system was prepared by
heating it to 310 K (tau_t=0.2) during a 1 ns constant volume simulation with 2 fs time step
using the modified Berendsen thermostat (\VV-rescale) using velocity rescaling (Berendsen et al.,
1984; Bussi et al., 2007). The pressure was equilibrated to 1 atm during a 5 ns constant pressure
simulation with a 2 fs time step using the Parrinello-Rahman parameters for pressure coupling
(Nosé and Klein, 1983). In both simulations, all heavy atoms were position restrained with the
force constant of 1000 kJ/(mol.nm?). In the resulting models, interhelical contacts between
amino acids are defined as a distance between any pair of atoms (side-chain and/or main-chain
atoms) that is within the Euclidean distance (the sum of the van der Waal’s radii of the atoms
plus 0.6 A) (Venkatakrishnan et al., 2013).

For the subsequent 100 ns molecular dynamics production runs the temperature and pressure
were maintained at 310 K and 1 atm using the Berendsen thermostat (V-rescale) and Parrinello—
Rahman pressure coupling method. The short-range non-bonded interactions were computed for
the atom pairs within the cut-off of 1 nm and the long-range electrostatic interactions were
calculated using particle-mesh-Ewald summation method with fourth-order cubic interpolation
and 0.12 nm grid spacing (Darden et al., 1993). The parallel Linear Constraint Solver (LINCS)
method was used to constrain bonds (Hess, 2008). 2000 snapshots over the 100 ns simulation
were taken for analysis (every 25000 steps).

Results
Computational modeling

Modelling the wild-type GnRH receptor with a negatively-charged Glu?%3¢®? side-chain
resulted in deformation of the TM2 and TM3 helices, whereas a 75ns molecular dynamics
simulation with a protonated Glu?%3¢? side-chain showed preserved helical structures of TM2
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and TM3. Therefore, the uncharged (protonated) forms of the acidic amino acid side-chains were
used in position 2.53(90) for the models of the wild-type and the Glu?%®9Asp mutant receptors.
The models exhibited all conformation-independent interhelical contacts that are conserved in
the experimentally-determined (crystal) structures of both inactive and active class A GPCRs
(Cvicek et al., 2016; Flanagan and Manilall, 2017; Venkatakrishnan et al., 2013), except for one
(Supplementary table S1).

The wild-type GnRH receptor model showed that the Glu%3C®% side-chain makes contact
with the side-chain of Ser®%(2% via van der Waals interactions (Fig. 3A, table 2) that were
preserved during the molecular dynamics production run (Supplementary Fig. S7). The Glu%%3¢%
side-chain also makes non-conserved direct interhelical contacts with the Trp®489 residue of
the CWxPY motif in TM6 and with the Phe”*3®3) and Pro” 4G9 residues in TM7 (Fig 3A, table
2), which were also preserved during molecular dynamics (Supplementary Fig. S8). However,
Glu?5300 does not contact Lys**?®2Y) (Fig. 3A) and during the molecular dynamics simulation
Glu?53% came close enough to Lys®*?(2Y to form a salt-bridge for only 0.75% of the time
(Supplementary Fig. S9).

The wild-type GnRH receptor model also showed the major intramolecular interactions
characteristic of inactive GPCR structures, including the “closed” form of the core triad or
transmission switch (Deupi, 2014; Deupi and Standfuss, 2011; Flanagan and Manilall, 2017;
Huang et al., 2015; Trzaskowski et al., 2012), which was stable throughout the molecular
dynamics simulation (Supplementary Fig. S10), and the Phe!53C8)-Tyy7-53323) gn( ||g346(135).
Thré-37(2%9) interhelical contacts that define the inactive GPCR conformation, consistent with the
absence of an agonist ligand (Flanagan and Manilall, 2017; Venkatakrishnan et al., 2016).

The starting model of the Glu?53®9Lys mutant GnRH receptor showed a van der Waals
interaction of the introduced Lys*%3®% side-chain with Ser®3%24 (Fig. 3B), similar to that in the
wild-type GnRH receptor model, but it was broken during the molecular dynamics simulation
(table 2, Supplementary Fig. S7), suggesting that it is unstable. The introduced Lys?53(0
preserved interactions with Trp®4828%) and Phe’#3G13) put the distance to Pro”#6G®) was more
variable (table 2, Supplementary Fig. S8). The model of the Glu>*3®9Lys mutant receptor also
showed the closed form of the core triad, but this opened during molecular dynamics
(Supplementary Fig. S10), suggesting that the mutation has long-range destabilising effects on
intramolecular contacts that stabilise the inactive receptor conformation.

The starting Glu?%3©9Asp mutant GnRH receptor model showed a preserved contact of
Asp?53@0) with Ser®3524 (Fig 3C) that did not change during the 100 ns molecular dynamics
simulation (table 2, Supplementary Fig. S7C). However, there was no interaction with Trp®48(¢0)
(Fig 3C) and the Asp>%3©®? side-chain did not come close enough to Trp®4?8 during molecular
dynamics simulations to form a TM2-TM6 interhelical contact (table 2, Supplementary Fig. S8).
Asp?%39 did form contacts with the TM7 residues Phe” 3@ and Pro”46G®) (Fig. 3C), but the
contact with Phe’ 3¢ was not preserved during molecular dynamics (table 2, Supplementary
Fig. S8), suggesting that it is unstable due to the shorter length of the Asp side-chain. The
starting model showed the closed form of the core triad, but the barrier opened during molecular
dynamics (Supplementary Fig. S10) suggesting that the mutation indirectly destabilises
intramolecular contacts that constitute the inactive receptor conformation.
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The model of the GIu>*3®9Arg mutant GnRH receptor showed that the introduced
Arg?530 side-chain made interhelical contacts with Ser®3%2% (Fig 3D) via van der Waals
interactions that were similar to those in the wild-type receptor model and preserved during the
molecular dynamics simulation (table 2, Supplementary Fig S7). The Arg?539 side-chain made
a direct contact with Trp®48(9 of the CWxPY (Fig. 3D), which was preserved after the 100ns
molecular dynamics run (table 2, Supplementary Fig. S8). Unlike the Glu>*3®9Lys and
Gluz3C9Asp mutants, the residues of the core triad did not diverge and the inactive receptor
conformation remained stable (Supplementary Fig. S10).

In the simulation of the Trp®“89Arg mutant GnRH receptor interhelical contacts of
Glu?%3C9 with Ser®3524) and Pro’#6318) were preserved (table 2, Supplementary Figs. S7 and
S8). The introduction of the Arg at position 6.48(280) resulted in a stable hydrogen bond being
formed between Arg®489) and Glu?%3C (table 2, Supplementary Fig. S8). The core triad and
the inactive receptor conformation remained stable similar to the wild-type and Glu>**®%Arg
mutant (Supplementary Fig. S10).

To assess the effects of the side-chain lengths of amino acids substituted for Glu?°3%)
and Trp®48(89) on the distances between TM2 and TM6, we measured the distances between the
backbone carbons of the amino acids in the 2.53(90) and 6.48(280) loci (Fig. 4). The model of
the wild-type receptor showed an average interhelical distance of 12.34 + 0.017 A from the
backbone carbon atom, CA, of GIu>%3®% to CA of Trp®489_ |n the model of the Glu?5*®9Arg
mutant receptor, the average distance between CA of Arg>%3®% and CA of Trp848280) was
increased (14.33 + 0.018 A). The Trp®4828)Arg mutant receptor also showed an increased
average distance (13.11 + 0.008) between CA of Arg®48(8) and Glu?539), The stability of this
interaction (Fig. 4) is most likely due to a stable hydrogen bond between the Arg®48(89 and
GIu?530) side-chains.



ACLUSTAL multiple sequence alignment by MUSCLE (3.8)
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Figure S1: Alignment (A) and phylogenetic analysis (B) of TM1-ICL1-TM2.



A CLUSTAL multiple sequence alignment by MUSCLE (3.8)
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Figure S2: Alignment (A) and phylogenetic analysis (B) of TM2-ECL1-TM3.



A CLUSTAL multiple sequence alignment by MUSCLE (3.8)
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Figure S3: Alignment (A) and phylogenetic analysis (B) of TM3-ICL2-TM4.
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CLUSTAL multiple sequence alignment by MUSCLE (3.8)
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Figure S4: Alignment (A) and phylogenetic analysis (B) of TM4-ECL2-TM5.
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Figure S5: Alignment (A) and phylogenetic analysis (B) of TM5-ICL3-TM6.
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CLUSTAL multiple sequence alignment by MUSCLE (3.8)
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Figure S6: Alignment (A) and phylogenetic analysis (B) of TM6-ECL3-TM?7.
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Supplementary Table S1: Distance between conserved conformation-independent interhelical
contacts (Cvicek et al., 2016; Flanagan and Manilall, 2017; Venkatakrishnan et al., 2013).
Euclidian distance is defined as the distance between any pair of atoms (side-chain and/or main-
chain atoms) that are within the sum of the van der Waal radii of the atoms plus 0.6 A (van der
Waal interaction distance) (Venkatakrishnan et al., 2013). CHH-associated mutations that affect
conformation-independent interhelical contacts are also listed.

Amino acid A interaction with Amino | Atom A | Atom B | Distance cHH-associated

acid B (A) mutations

F1.43-T2.54 CD1 0G1 3.627

F1.43-M2.58 CA CB 3.711

S1.46-T2.54 CB CB 3.772

S1.46-C7.47 CB CB 3.899

F1.49-P7.50 CB CB 3.774 Pro(759320) g

N1.50-T2.47 OD1 HA 3.248

N1.50-N2.50 OD1 ND2 3.071

N1.50-L2.51 CB CD2 3.431

N1.50-P7.46 HD22 |O 2.161

N1.50-P7.50 OoD1 CG 3.585 Pro(759320| g

F1.53-T2.47 HB1 HG21 |2.749

L1.54-T2.47 CD2 CD 3.578

L1.57-K2.44 HD22 | HD1 2.985

L2.42-V3.45 CD2 CG2 3.610

1.2.42-13.46 HD21 | HD2 2.746 Val G134 Gly

.2.43-Y7.53 HD23 | OH 3.122 Tyr(-53323Cys

H2.45-M3.42 HD2 N 3.163 Met(42181Thy

H2.45-M3.43 HD2 N 5.714

H2.45-V/4.46 CB CG1 3.957

L2.46-P3.39 HD21 | HB2 2.498

L2.46-M3.42 CB CE 3.953 Met(®42181Thy

N2.50-P7.46 OD1 HA 2.944

E2.53-S3.35 CB CB 3.848 Glu@S3)0Agp,
G|u(2.53)90|_yS

F3.34-S4.53 CE1 CB 3.535

F3.34-A4.57 CE2 CB 3.413 Ala®S 1 Thy

M3.36-W6.48 CG CZ3 3.765

M3.36-R6.48 HE3 HE3 3.157

Y3.37-S4.53 CB 0G 3.832

A3.38-W4.50 CB Cz3 3.814

A3.38-S4.53 HB3 HG 3.461

A3.40-F6.44 CB cz 3.931 AlgB40129Agp

F3.41-A4.49 HD?2 HB1 2.680 Ala*49)1635er

M3.43-F6.44 CE CD2 3.367

V3.44-M5.54 CG2 CG 3.903

S3.47-C5.57 0 HB1 2.705

$3.51-C5.57 0G HG 2.109
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$3.51-K5.60 HG HE2 2.752
S3.51-15.61 HA HG21 | 2.825
F5.47-Y6.52 CD1 CB 3.749 Tyr652284Cys
M5.54-A6.41 HE1 HB3 2.542
C6.47-F7.41 HA HE1 2.746 Cys®47CPTYr
C6.47-A7.42 HB1 HA 2.349 Cys®47CTyy
C6.47-N7.45 SG CB 3.861 Cys847@T)Tyy
W6.48-A7.42 CZ3 HB2 3.432
R6.48-A7.42 NH1 HB1 2.683
Y6.51-F7.38 CD1 CD2 3.948 Tyr®-5D283jg
Y6.51-F7.39 CE2 CE2 3.934 Tyr®5D28Hjg

Supplementary Table S2: Van der Waals distance of each atom (A).

Hydrogen | 1.2

Carbon 1.7

Nitrogen | 1.55

Oxygen 1.52

Sulfur 1.8

Supplementary Table S3: Euclidian distance matrix (A).

H C N O S

3 3.5 |335 332 |36

35 |4 3.85 |3.82 |41

335 |3.85 | 3.7 |3.67 [3.95

o Z| O =T

3.32 | 3.82 | 3.67 |3.64 |3.92

S |36 |41 |395 392 (4.2
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Figure S7: Distances (A) between atoms described in Table 2 at 2000 snapshots during the 100

ns molecular dynamics simulations.

A: Ser335(124)_5,253(90)
B: Ser335(1249). yg253(0)
C: Ser335(124)_pgp253(90)
D: Ser335(124)_prg253(0)

E: Ser33524)_Gy253®0) of the Trp54880)Arg mutant
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Figure S8: Distances (A) between atoms described in Table 2 at 2000 snapshots during the 100 ns molecular dynamics simulations.
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Figure S9: Distance between OE2 of Glu(90) and NZ of Lys(121) at 2000 snapshots during the
100 ns molecular dynamics simulations.
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Figure S10: Distances between selected atoms of the core triad residues Ala®40(?9 prg550223)
and Phe844278) at 2000 snapshots during the 100 ns molecular dynamics simulations in wild-type
and mutant GnRH receptor models.
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