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Abstract 
The G protein-coupled receptor (GPCR) cysteinyl-leukotriene receptor 2 (CysLTR2) with a 
single amino acid mutation at position 3.43 (Leu replaced with Gln at position 129 in 
transmembrane helix 3) causes uveal melanoma in humans.  The ability of CysLTR2-L129Q to 
cause malignant transformation has been hypothesized to result from constitutive activity.  We 
show that CysLTR2-L129Q is a constitutively active mutant (CAM) that strongly drives Gq/11 
signaling pathways in melan-a melanocytes and in HEK293T cells in culture.  However, the 
mutant receptor only very weakly recruits beta-arrestins 1 and 2.  The mutant receptor displays 
profound signaling bias while avoiding arrestin-mediated downregulation.  The mechanism of 
the signaling bias results from the creation of a hydrogen-bond network that stabilizes the active 
G protein signaling state through novel interactions with the highly-conserved NPxxY motif on 
helix 7.  Furthermore, the mutation destabilizes a putative allosteric sodium-binding site that 
usually stabilizes the inactive state of GPCRs.  Thus, the mutation has a dual role of promoting 
the active state while destabilizing inactivating allosteric networks.  The high degree of 
constitutive activity renders existing orthosteric antagonist ligands of CysLTR2 ineffective as 
inverse agonists of the mutant.  CysLTR2 is the first example of a GPCR oncogene that encodes 
a GPCR with constitutive highly biased signaling that can escape cellular downregulation 
mechanisms.   
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Introduction 
The superfamily of G protein-coupled receptors (GPCR) is the largest gene family 

encoding cell signaling transmembrane proteins 1.  About one-quarter of ~400 non-olfactory 
GPCRs are therapeutic drug targets 2.  Large-scale genomic analysis has revealed that one in five 
individuals carry a missense variant (MV) in a clinically-relevant GPCR gene.  The rate of de 
novo germline MVs in a GPCR gene is one in every 300 newborns, and one in seven MVs is 
observed at functionally relevant sites 3.  In addition, GPCR genes are commonly mutated in 
cancer and somatic mutations are found in 20% of tumor samples 4, 5, 6.  The functional impact of 
most observed MVs is not known, leading to the terminology “variants of uncertain (or 
unknown) significance” (VUS) 7, 8.   
 We recently reported the discovery of a recurrent “hotspot” missense mutation of the 
gene CYSLTR2.  The mutant CYSLTR2 encodes CysLTR2-L129Q that carries a single amino 
acid substitution at a highly conserved residue in helix 3 (position 3x43) and serves as a driver 
oncogene in uveal melanoma (UVM) patients 6.  More recently, the same mutation has also been 
identified as an oncogenic driver mutation in several other tumors 9, 10, 11.  A variety of mutations 
in other GPCRs also drive several benign endocrine neoplasms, and a virally-encoded GPCR 
drives Kaposi’s sarcoma 12, 13, 14, 15.  GPCRs are among the most commonly mutated genes in 
cancer, but the lack of specific “hotspot” variants makes it difficult to identify and validate 
individual receptors as driver oncogenes 4, 5.   
 Here we show the precise signaling mechanism of the oncoprotein CysLTR2-L129Q.  
We show that CysLTR2-L129Q is a constitutively active mutant (CAM) receptor that strongly 
couples to Gq/11 cellular signaling pathways.  However, the receptor CAM only very weakly 
recruits β-arrestins and thereby avoids cellular down-regulation mechanisms.  We propose a 
model of the molecular activation mechanism of CysLTR2-L129Q in which interaction of 
L(3x43)Q with the NPxxY motif differentially stabilizes an active state conformation.  We also 
analyzed the genetic variants of CysLTR2 found in cancer and normal controls to identify other 
potentially constitutively active variants that could have tumor-promoting activity.  We screened 
the impact of the mutations in silico by homology modeling of the mutant proteins using active 
and inactive state templates.  In summary, the CysLTR2-L129Q CAM exhibits functional 
selectivity and escapes β-arrestin-dependent downregulation.  Our working hypothesis is that the 
oncogenic potential of a CYSLTR2 MVs is related to a gain-of-function in basal signaling 
through Gq/11 pathways. 
 
Results 

CysLTR2-L129Q signals through Gq/11-PLC-β pathways.  The hallmark of CAM 
receptors is agonist-independent signaling.  To determine the functional phenotype of CysLTR2-
L129Q, we determined agonist dose-dependent signaling as a function of receptor gene dosage 
and compared CysLTR2-L129Q with CysLTR2 wild-type (CysLTR2 wt).  CysLTR2 
predominantly couples to Gq/11 when treated with the agonist leukotriene D4 (LTD4) (Suppl. 
Fig. S1).  16.   We obtained a time-course of basal and LTD-4 dependent IP1 accumulation in 
HEK293T cells transiently transfected with plasmids for CysLTR2 wt, CysLTR2-L129Q and 
mock controls.  In samples with LTD4-stimulated CysLTR2 wt, the IP1 accumulation increased 
over the first 100 minutes before reaching a plateau (Suppl. Fig. 2A), whereas the unstimulated 
CysLTR2 wt samples were indistinguishable from and the mock-transfected controls, both with 
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and without LTD4 treatment.  In comparison, the samples transfected with the same amount of 
DNA encoding for the CysLTR2-L129Q mutant show ligand-independent IP1 accumulation that 
parallels that seen in the LTD4-stimulated CysLTR2 wt samples, which slowed down the 
increase after 100 minutes, but continued to levels above the plateau seen in the wild-type 
receptor sample (Suppl. Fig. 2B).   
[Fig. 1]  

LTD4 induces a dose-dependent increase in IP1 accumulation for CysLTR2 wt (Figure 1A), 
whereas the CysLTR2-L129Q mutant shows little or no response to treatment with LTD4 (Figure 1B).  
At the same time, CysLTR2-L129Q exhibits very large ligand-independent, basal signaling 
corresponding to about 70% of the IP1 accumulation obtained from maximally LTD4-stimulated 
CysLTR2 wt when compared at the same gene dosage.  To further characterize the basal and ligand-
dependent signaling of the different samples, we analyzed the agonist dose-response data using a 
sigmoidal fitting function (Suppl. Scheme S1).  We compared the sigmoidal fit for each data set with a 
fit to a horizontal line function as an alternative hypothesis (Suppl. Table S1).  The dose-response data 
for CysLTR2-L129Q in Fig. 1B are best described by a horizontal line, that is, they lack statistically 
significant response to the agonist LTD4.  However, we have observed in other experiments with this 
mutant a small but statistically significant response to the agonist LTD4 (cf. Fig. 2 and Suppl. Fig. S5).  
Overall, the results suggest that CysLTR2-L129Q displays a loss-of-function (LoF) phenotype for 
agonist-dependent signaling as compared with the CysLTR2 wild-type receptor. 

The potency of LTD4 at CysLTR2 wt increases with increasing receptor gene dosage 
(Suppl. Table S1), which corresponds to a left-shift of the sigmoidal agonist dose-response 
curves (cf. Fig. 1A).  This increase in potency as a function of receptor can be described by the 
Black-Leff operational model 17 (Suppl. Scheme S1).  We performed a global analysis of the 
CysLTR2 wt gene dosage-dependent, LTD4 dose-response experiment using individual “log τ” 
parameters for each gene dosage and shared fitting parameters for all other parameters (Suppl. 
Table S2).  The curves shown in Fig. 1A result from this global analysis.  The value of the τ 
parameter from this analysis suggests that at the highest gene dosage of 11ng DNA per well 
(1.57pg DNA/cell), the total receptor concentration is approximately 1.7-fold higher than the 
concentration necessary to reach half-maximal signaling.  Therefore, the IP1 accumulation 
obtained by the fully LTD4-stimulated receptor reaches about 64% of the maximum.  However, 
the Black-Leff operational model is not suitable for the description of agonist dose-response data 
for receptors with high constitutive activity, such as CysLTR2-L129Q.  Even for CysLTR2 wt, 
the low concentration endpoints of the curves from the global analysis with the Black-Leff model 
are below the experimental unstimulated data points indicated as the basal tick in Fig. 1A.  The 
sigmoidal fits for the CysLTR2 wt samples from the same data set (Suppl. Table S1) show a 
small increase of the bottom parameter, corresponding to the low concentration asymptote of the 
sigmoidal curve.   

Next, we applied the Slack-Hall operational model 18, 19 to quantify the increase in basal 
signaling that cannot be described by the Black-Leff operational model, which is commonly used 
to quantify biased agonism or ligand bias 20.  The key result is that the Slack-Hall model can be 
used to quantify the agonist-independent, inherent pathway bias of the receptor referred to as 
receptor bias 19.  The Slack-Hall model splits the τ parameter of the Black-Leff model into a 
product of two parameters, χ and ε.  The basal response is determined by χ and it is defined as 
the ratio of [R]t, the total receptor concentration, and Ke, the receptor concentration producing 
half-maximal effect in the absence of an agonist.  In contrast, the τ parameter in the Black-Leff 
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model is the ratio of [R]t and a different Ke, which is defined as the receptor concentration 
producing half-maximal effect in the presence of a saturating agonist concentration.  The ε 
parameter measures the intrinsic efficacy of the ligand.  Suppl. Table S4 shows the parameters 
for the Slack-Hall operational model fitted to the experiments shown in Fig. 1A, B.  The 
difference of log χ calculated from the CysLTR2 wt and CysLTR2-L129Q data and averaged 
over all receptor gene dosages is −1.22±0.03.  Therefore, the constitutive activity of the L129Q 
mutation is 17-fold higher than that of the wild-type receptor, assuming that the receptor 
densities are the same.  The difference of the log epsilon parameters is 1.51±0.19, which 
suggests that the intrinsic efficacy of the agonist LTD4 is 33-fold higher for the wild-type 
receptor as compared to the L129Q mutant receptor.   

We tested the functionality of the GFP10-fusion constructs that we developed for the β-
arrestin-recruitment assays in an LTD4 dose-response IP1 accumulation assay with different 
gene dosages (Suppl. Fig. S3A,B, Suppl. Tables S1–S3).  The difference of the log χ 
parameters from the Slack-Hall operational model results for the CysLTR2-GFP10 wt samples 
and the CysLTR2-GFP10-L129Q samples averaged over all gene doses was −1.68±0.10, which 
corresponds to 48-fold higher constitutive activity of the L129Q mutant versus wild-type.  The 
difference of the log ε parameters was 1.65±0.28, suggesting that the intrinsic efficacy of LTD4 
is 45-fold higher for the wild-type receptor as compared to the mutant. 

Characterizing the β-Arrestin-recruitment to CysLTR2-L129Q.  Signals from active 
GPCRs normally get terminated by β-arrestin-dependent mechanisms including desensitization, 
sequestration, and down-regulation 21.  We next asked the question of how CysLTR2-L129Q is 
capable of sustained strong signaling at a level comparable to the fully agonist-stimulated wild-
type receptor.   CysLTR2 has been shown to bind β-arrestin2 in response to several agonists 22.  
However, little is known about the β-arrestin-dependent desensitization and downregulation of 
CysLTR2 and CysLTR2-L129Q.  We designed a bioluminescence resonance energy transfer 
(BRET) experiment to quantify the basal and agonist-dependent binding of β-arrestins to 
CysLTR2 variants.   
 We generated fusion constructs of CysLTR2 wt and CysLTR2-L129Q with a version of 
green fluorescent protein (GFP10) that can be used in BRET2 assays 23 in combination with β-
arrestins fused to an engineered variant of Renilla luciferase, β-arrestin1-RLuc3 and β-arrestin2-
RLuc3 24.  Next, we characterized the agonist-dependent β-arrestin recruitment to the wild-type 
receptor.  We performed an initial optimization of the gene dosage and cell density for the 
BRET2 assay with HEK293T cells transiently expressing wild-type CysLTR2-GFP10 and β-
arrestin-RLuc3 to maximize the LTD4-dependent increase in the BRET2 ratio.  We then 
performed a time-course experiment to characterize the agonist-dependent β-arrestin-
recruitment.  The results show that the BRET2 ratio increases for approximately ten minutes after 
addition of the agonist LTD4, before starting to decrease again slowly (Suppl. Fig. S3C,D).  The 
slope of the initial increase increases with higher concentrations of the agonist.  The shape of the 
time-course was similar comparing samples expressing β-arrestin1-RLuc3 and β-arrestin2-
RLuc3, but the peak increase seen for β-arrestin2-RLuc3 was almost twice that of β-arrestin1-
RLuc3.  Such a biphasic BRET β-arrestin-recruitment time-course is typical for GPCRs with 
“class A” β-arrestin-recruitment phenotype that have transient, weak interactions with β-arrestin 
and these receptors rapidly recycle after internalization 25.   

The LTD4 dose-dependent increase of the BRET2 ratio for samples transfected with 
CysLTR2-GFP10 wt and β-arrestin-RLuc3 substantiate the finding from the time-course assay 
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that the agonist-dependent increase of BRET2 is larger for β-arrestin2-RLuc3 as compared with 
β-arrestin1-RLuc3 (Fig. 1C).  Even though the agonist-dependent increase was different, the 
midpoints of the sigmoidal fits of the agonist dose-dependent data for both β-arrestins were 
identical (Fig. 1D).   

CysLTR2-L129Q poorly recruits β-arrestins.  To characterize the effect of the L129Q 
mutation on β-arrestin-recruitment, we included a set of samples expressing CysLTR2-L129Q-
GFP10 in the BRET2 experiments.  The results from the LTD4 dose-response experiment show a 
ligand-independent net BRET2 ratio of 0.00151±0.0004 for β-arrestin1 and 0.00208±0.0003 for 
β-arrestin1 (Fig. 1C).  To compare these values to the agonist-dependent net BRET2 ratio for the 
wild-type receptor at saturating concentrations, we normalized the data of the L129Q mutant 
receptor using the top and bottom parameters for the sigmoidal fits of the wild-type data (Fig. 
1D).  Interestingly the normalized data reverse the order and show that β-arrestin1 with 
16.3±0.4% of the agonist-dependent recruitment by the wild-type is slightly preferred over β-
arrestin2 with only 12.0±0.2%.  Next, we quantify the constitutive activity for β-arrestin-
recruitment to estimate the receptor bias of the L129Q mutation for the Gq/11 and β-arrestin 
pathways.  

To quantify the constitutive activity for β-arrestin-recruitment, we applied a modified 
version of the Slack-Hall operational model to the BRET2 experiments, which enables the 
calculation of receptor bias comparing Gq/11 and β-arrestin.  We noticed that in the absence of a 
ligand, the Slack-Hall model reduces to the mathematical form of a one-site saturation-binding 
function 26.  We performed saturation-binding BRET2 experiments 27 to measure CysLTR2-
GFP10 gene dosage-dependent β-arrestin-RLuc3 recruitment.  For each β-arrestin, we compare 
the L129Q mutant with the wild-type receptor with and without LTD4 stimulation (Suppl. Fig. 
S3E,F).  We use the GFP10 fluorescence in each sample to quantify the total receptor 
concentration [R]t 28.  As compared with the data for β-arrestin1-RLuc3, the fit of the data for β-
arrestin2-RLuc3 to LTD4-stimulated CysLTR2-GFP10 wt to a one-site saturation-binding 
function gives a relatively tight estimate of the dissociation constant Kd of 11065±966 in 
arbitrary GFP10 fluorescence units, and for the saturating net BRET2 ratio (Bmax) of 
0.0251±0.0009.  The gray shaded areas on the graphs indicate the location of the asymmetric 
95% confidence intervals for the GFP10 signal of LTD4-stimulated CysLTR2-GFP10 wt giving 
half-maximal BRET2 ratios, as determined by the parameter Kd, and the BRET2 ratios for the 
zero and infinite concentration end points, as determined by the parameters background and Bmax 
(Suppl. Fig. S3E,F). The GFP10 fluorescence of the samples transfected with the highest 
amount of CysLTR2-GFP10 wt encoding DNA is about twice the Kd.  We noticed that the 
samples expressing CysLTR2-GFP10-L129Q showed smaller GFP10 fluorescence as compared 
to samples expressing CysLTR2-GFP10 wt, which correlated with increasing degree of cell 
death for the cells with the oncogenic CAM (Suppl. Fig. S4).  Most dead cells are removed by 
the media change right before the BRET2 assay have little impact on the experiment.  The cell 
death induced by the oncogenic CAM most likely results from ERK-mediated apoptosis and 
autophagy known in HEK239T cells 29, which mirrors the ERK-mediated cell proliferation in 
UVM driven by CysLTR2-L129Q.  

Tight independent estimates of Kd and Bmax are not required since at low concentrations 
only the ratio Bmax/Kd determines the concentration-dependent binding, which can be estimated 
from the initial slope.  The initial slopes are well defined by samples even at low expression 
levels of receptors and avoid the need for very high receptor concentrations to reach saturation.  
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This approximation enables a direct comparison of the slopes of the net BRET2 ratio versus 
GFP10 fluorescence data for unstimulated CysLTR2-GFP10 wt and CysLTR2-GFP10-L129Q.  
Alternatively, one can globally fit the three data sets for each β-arrestin with a shared parameter 
for Bmax to eliminate the effects of the statistical dependence of Bmax and Kd in the subsequent 
calculations of Δlog χ, the differences of log χ for the wild-type and mutant receptors.  The 
resulting Kd values are 117169±12499 for CysLTR2-GFP10-L129Q and 435140±97751 for 
CysLTR2-GFP10 wt.  The resulting Δlog χ is −0.57.  We obtained a similar value for β-
arrestin1.  Compared to the Δlog χ value of −1.22±0.03 for activation of the Gq/11 signaling 
pathway by the wild-type versus mutant receptor, the double difference ΔΔlog χ shows that the 
receptor bias of CysLTR2-GFP10-L129Q is 4.5-fold towards Gq/11 activation and away from β-
arrestins, suggesting that CysLTR2-L129Q shows high receptor bias for the Gq/11 signaling 
pathway.  
[Fig. 2] 
 Site saturation mutagenesis at position 3.43.  To get insight into the role of the glutamine 
substitution in CysLTR2-L129Q and to study the functional impact of structural variants of the highly 
conserved residue L3.43, we performed a mutational analysis on the constitutive and agonist-dependent 
activation of the Gq-PLCβ signaling pathway.  We determined the LTD4 dose-response in the IP1 
accumulation assay for all twenty amino acid variants of position 1293.43 in CysLTR2 transiently 
transfected into HEK293T cells (Suppl. Fig. S5).  We analyzed the data with the sigmoidal model and 
the horizontal line as alternative model (cf. Suppl. Table S1).  The basal activity (grey bars, up), the 
agonist-dependent activity (open bars, down), and the potency (pEC50, black circle) are shown for all 
variants sorted in descending order of total activity (given as combined height of grey and open bars) 
(Fig. 2).  Compared with the wild-type (leucine, L), all other residues except valine (L) and isoleucine 
(I) show significantly reduced agonist-dependent activity, most dramatic in the case of tryptophan (W) 
that showed no agonist-dependent response.  Proline (P) and tyrosine (Y) showed significantly lower 
agonist potencies.  Three variants, glutamine (Q), glutamic acid (E), alanine (A), and serine (S) had 
significantly increased basal activity as compared to wild-type. 

Two-state allosteric model suggests ground state equilibrium of CysLTR2-L129Q is 
largely shifted to the active state.  To quantify the impact of the mutations on the 
pharmacological observables, we use a two-state allosteric model (Suppl. Scheme S1D) to 
describe the effect of a mutation as a change of the equilibrium constant Kq for the agonist-
independent equilibrium of the receptor with inactive (Ri) and active (Ra) states.  Our model 
assumes that the mutation does not change the affinity of the agonist for the inactive state, KA, 
and the affinity for the active state αKA, which are related by the term α.  Note that in our model 
the ligand-free active state receptor (Ra) and the ligand-bound active state receptor (ARa) are 
both transduced into the observable effect E with the same logistic function parameters (Emax and 
Ke). 

We performed a global analysis of the site-saturation mutagenesis of CysLTR2-L1293.43 
data with the two-state allosteric model (Supple. Fig. S6).  Two fitting parameters, τ and Kq, 
are used describe each mutant, and one fitting parameter, α, is used for all mutants.  We 
heuristically fixed the other parameters, basal, Emax, and KA.  Note that α and KA are linearly 
dependent for KA below 105, and we fixed KA to this upper limit.  Above that limit, the model 
fails to describe for mutants with large right-shifted dose-response curves.  The resulting fits for 
a representative set of mutants (Supple. Fig. S6) illustrate the strength of the model.  As 
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compared to the empirical sigmoidal model that uses three parameters for each mutant, the two 
parameters of the two-state allosteric model capture most of the variations in the end and 
midpoints of the dose-response data.  The key advantage of the model is that it enables a 
thermodynamic relation of receptor pharmacology to structure and dynamics, that is, changes in 
Kq are directly related to the free-energy difference ∆∆G(active)-∆∆G(inactive) obtained from 
the mutational effects on the active and inactive state receptor structures.  Moreover, the model is 
compatible with the extended ternary complex model (Suppl. Scheme S1F) that allows inclusion 
of further biochemical details, such as the G protein concentration dependency of Kq.  The 
ranking of the constitutive activity of the mutants (Suppl. Fig. S6B) as calculated from the Kq 
suggests that Q, E, A, M, V, C, I, S, G, T, N, and K all stabilize the active state, whereas F, D, H, 
R, Y, P, and W all promote the inactive state. 
[Fig. 3]  

Molecular activation mechanism of CysLTR2 mutations at position 3.43.  The mutation 
CysLTR2-L129Q is located at the generic position (3.43) following the GPCRdb/Ballesteros-
Weinstein numbering system.  Position (3.43) is highly conserved with 96% hydrophobic 
residues (Leu, Ile, Val, Met, and Phe) in 286 class A GPCRs from the GPCRdb (cf. bottom panel 
of Fig. 2).  L(3.43)Q mutations have been shown to induce disease-causing constitutive activity 
in CysLTR2 6 and thyroid stimulating hormone receptor (TSHR) 30.  Other constitutively 
activating mutations of L(3.43) have been described for the luteinizing hormone (LH)/chorionic 
gonadotropin (CG) receptor (LHCGR), follicle stimulating hormone receptor (FSHR), β2-
adrenergic receptor (β2-AR), and M1 acetylcholine receptor (M1AChR) 13, 31, 32.  

To elucidate the molecular mechanism of constitutive activation due to L(3.43)Q 
mutations, we used an in silico computational approach.  Crystal structures of CysLTR2 are not 
yet available.  Instead, we decided to use homology models of CysLTR2 in the active and 
inactive state.  Ideally, to generate homology models for multiple conformational states, the 
structural templates for each state should come from structures of one particular GPCR 
crystallized in two conformational states, and that GPCR should have high sequence homology 
with CysLTR2.  However, structures of GPCRs in the active and inactive states have been solved 
for only a handful of receptors, viz., μ- and κ-opioid, NTS1, CB1 cannabinoid, β2- and β1-
adrenergic, M2 acetylcholine, A2A- and A1-adenosine, 5-HT2C receptors, and rhodopsin.  These 
receptors with known active and inactive state structures are more phylogenetically distant to 
CysLTR2, and none of these receptors is from the δ-branch of rhodopsin-like GPCRs as 
determined by phylogenetic analysis 33, which still has a poor structural coverage.  Alternatively, 
we could use receptors with known structures that are more closely related to CysLTR2, but 
where either only an inactive or an active structure has been solved.  Homology models based on 
those receptors might give a better idea about potential changes in helix packing of δ-branch 
rhodopsin-like class A receptors.   

We decided to use the active and inactive state homology models of CysLTR2 from the 
GPCRdb 34, which are based on structural templates from the structures of the C-C chemokine 
receptor 5 (CCR5) for the inactive state 35 and the lysophosphatidic acid receptor 6 (LPA6) for 
the active state 36.  We introduced the L129Q3.43 mutation with the Rosetta software to optimize 
the resulting models by local side-chain repacking and constrained energy minimization, and to 
predict the difference in free energies ΔΔG of the wild-type and mutant structures 37.  In 
addition, we prepared models of the L(3.43)Q mutation introduced in all the GPCRs with known 
active and inactive state structures.  Next, we analyzed the packing around the L129Q mutation.   
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A novel hydrogen-bond network stabilizes the CysLTR2-L129Q active state structure.  
We reasoned that as an activating mutation, it should stabilize the active state and/or destabilize 
the inactive state.  We observed in models of several GPCRs that the L(3.43)Q side chain is in 
hydrogen-bonding distance of the side chains of N(7.49) or Y(7.53) in the highly conserved 
NPxxY motif.  We only see these interactions in models based on templates in the active state, 
but not in the inactive state.  This finding is highly relevant as a potential mechanism for a CAM.  
The hallmark feature of GPCR activation is the outward movement of the cytoplasmic end of 
helix 6.  Less prominently featured are concomitant changes with an inward movement of the 
cytoplasmic end of helix 7.  We hypothesize that L(3.43)Q stabilizes the active state receptor by 
direct interaction with NPxxY.  We predict that many class A GPCRs will be activated by the 
L(3.43)Q mutation, given the high conservation of the conformational change and the residues 
involved in this interaction, and further supported by the complete absence of a glutamine 
residue at the 3.43 position in all known GPCR sequences.  However, other receptors might lack 
the receptor bias away from β-arrestin and the efficiency of β-arrestin-dependent desensitization 
and downregulation mechanisms will determine the ultimate phenotype of the mutation. 

The active and inactive state models of CysLTR2-L129Q (Fig. 3) reveal an extended 
hydrogen bond network linking Q3.43 to N7.49, N7.49 to N7.45, N7.45 to S3.39, N3.35 to D2.50, D2.50 to N1.50, 
and N1.50 to Y7.53 exclusively present in the active state (Fig. 3B).  None of these residues are 
hydrogen bonded to each other in the inactive state (Fig. 3A).  Comparison with the inactive 
state structure of PAR1 38 shows that most of these residues are involved in binding of the 
hydrated sodium ion (Fig. 3C).  

CysLTR2-L129Q also disrupts a conserved sodium ion binding site that stabilizes 
inactive structures of GPCRs.  Residue L1293.43 is part of the allosteric sodium-binding site 39.  
Negative allosteric modulatory (NAM) effects of sodium ions and amilorides have been 
observed for some class A GPCRs.  Amilorides are analogs of the diuretic amiloride, and they 
are small organic cations that can bind in the sodium-binding site 40.  The sodium-binding site 
collapses upon receptor activation, and the NAM effect of the sodium ions and amilorides can be 
explained by selectively stabilizing the inactive state.   

Our alternative hypothesis is that L129Q3.43 blocks sodium binding and destabilizes the 
inactive state.  It is currently unknown if CysLTR2 is controlled by sodium ions, but the 
conservation of the residues suggests that the receptor has a functional sodium-binding site.  The 
only crystal structure of a δ-group GPCR with clear evidence of a bound sodium is PAR1 (Fig. 
3C), which has D7.49 as an additional acidic residue in the sodium pocket 38.  Note that CysLTR1 
also has D7.49, but CysLTR2 has the common N7.49.  We further speculate that the sodium-binding 
pocket might accommodate a small molecule drug specific for CysLTR2-L129Q and virtual 
screening of compound libraries should be possible once a high-resolution crystal structure of 
CysLTR2 becomes available.   

Reciprocal mutagenesis of positions L3.43, N7.49, Y7.53 (L129 and the conserved NPxxY 
motif).  Our homology models predicted novel interactions, such as the hydrogen-bonding 
interactions between L129Q3.43 and N3017.49 and potentially between L129Q3.43 and Y3057.53.  To 
test the role of these interactions, we investigated these interactions by mutagenesis using single, 
double and triple mutants in an effort to disrupt a particular stabilizing interaction and measure 
the functional outcome.  We focused on two variants for each site, the wild-type residue together 
with one mutation.  We used leucine (L) and glutamine (Q) at position 1293.43, asparagine (N) 
and alanine (A) at position 3017.49, and tyrosine (Y) and phenylalanine (F) at position 3057.53.  We 
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designate the eight possible combinations by three letters highlighting the mutated residues as 
LNY, LNF, LAY, LAF, QNY, QNF, QAY, and QAF.  The LTD4 dose-response for each of 
these mutants in the IP1 accumulation (Fig. 3D) compared to the wild-type (LNY) sample shows 
a significant loss of agonist-dependent activity for all mutants, a significant gain of constitutive 
activity for QNF, QAY, and significantly lower pEC50 for QNY (Fig. 3E).  Interestingly, 
introducing either N301A, Y305F, or N301A/Y305F into the L129Q mutant partially reverts the 
Loss-of-Function in agonist-dependent signaling, but without reverting the Gain-of-Function in 
basal activity.  The same mutations introduced into the wild-type receptor let to a Loss-of-
Function in agonist-dependent signaling, which was partial for Y305F and complete for N301A 
and N301A/Y305F.  Together, these findings underline the importance of the highly conserved 
NPxxY motif in active state formation. 
 Screening for additional oncogenic driver mutations in CYSLTR2.  More than 200 
variants of uncertain significance (VUS) are known for CYSLTR2.  The GPCRdb lists 119 
germline missense variants (MVs) for CYSLTR2.  The COSMIC database lists 76 somatic MVs 
from tumor samples, and The Cancer Genome Atlas (TCGA) lists 79 somatic MVs.  To identify 
other potentially oncogenic MVs, we compared the two sets of somatic MVs with the set of 
germline MVs.  We found in total 218 non-redundant MVs in all three databases, with 98 
germline-only MVs (“normal”, Suppl. Tab. S5), 18 germline and somatic MVs (“both”, Suppl. 
Tab. S6), and 102 somatic-only MVs (“cancer”, Suppl. Tab. S5).  Interestingly, we found 18 
new recurrent or “hotspot” mutations when merging the somatic-only MVs from COSMIC and 
TCGA.  Next, we annotated MVs with the generic modified Ballesteros-Weinstein numbering 
system used in the GPCRdb for structural comparison with homologous GPCRs in order to 
identify functionally relevant sites.  Here we found that many of the “cancer” MVs are located in 
functionally relevant sites, such as, the sodium ion pocket (Na), the microswitch (MS), and the G 
protein binding interface (GP) 3.  Next, we performed a virtual phenotypic screening of a GPCR 
cancer genomics database in silico to identify potentially activating MVs.  
[Fig. 4.] 

Rosetta structural modeling to predict active state stabilization of VUSs.  To predict the 
structural and energetic impact of CYSLTR2 MVs, we used the Rosetta ddG algorithm to model 
the structure and to predict the free energy change (ΔΔG) of 194 different amino acid 
substitutions encoded by the 194 MVs that map to residues included in the CysLTR2 homology 
models.  The algorithms used by Rosetta are easily scalable to analyze large sets of mutations, 
and they provide a good balance of computational cost-to-performance ratio.  We calculated the 
active state stabilization (ΔΔΔG) as the free-energy difference ∆∆G(active)-∆∆G(inactive) 
obtained from the mutational effects on active and inactive state structures (cf. Suppl. Tables 
S5-S7).  A negative value indicates stabilization of the active state.  The distributions of active 
state stabilization (ΔΔΔG) are illustrated as violin plots for “normal”, “both”, and “cancer” MVs 
(Fig. 4).  The free energies are given in Rosetta Energy Units (REU).  Interestingly, the “normal” 
MVs have little impact on active state stabilization and most data points are tightly clustered 
around zero, which is also reflected in the locations of the median value (0.003 REU) and the 
25th percentile (-0.459 REU) and 75th percentile (0.807 REU) tightly around zero.  MVs in the 
“both” groups have a median at 0.290 REU and a slightly wider distribution with the 25th 
percentile at 1.320 and the 75th percentile at 1.060.  In contrast, the “cancer” MVs show a much 
wider distribution (25% percentile at -2.240 REU and 75% percentile at 1.105 REU) that is 
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shifted to negative with a median value of -0.400 that indicates the majority of these variants 
stabilize the active state.   
[Fig. 5]  

Known CysLTR2 antagonists have limited efficacy as inverse agonists.  To test if 
known antagonists at CysLTR2 have inverse agonist activity, we compared the antagonist dose-
dependent effects on IP1 accumulation in cells expressing CysLTR2-L129Q, -L129E, and -
L129A.  BayCysLT2 (Fig. 5A-C) and HAMI3379 (Fig. 5E-G) both result in small reduction of 
the basal signaling of the three CAMs with larger effects on the weaker CAMs as compared to 
L129Q.  Both compounds also inhibit the LTD4-dependent increase in IP1 accumulation for the 
CAMs and the wild-type receptor (Fig. 5D,H).  We have also used a modified two-state 
allosteric model including two competing ligands (Suppl. Scheme S1E).  A global fit of the 
model suggests that HAMI3379 slightly stronger stabilizes the inactive state (with log β = 
−0.43±0.05) and is more potent (with log Kb = 7.63±0.08) as compared to BayCysLT2 (log β = 
−0.30±0.05 and log Kb = 7.17±0.09).  Together, these findings suggest that the two CysLTR2 
antagonists HAMI3379 and BayCysLT2 act as neutral antagonists, but they have limited efficacy 
as inverse agonists targeting the oncogenic CAM CysLTR2-L129Q. 
 
Oncogenic signaling pathways in uveal melanoma 
[Fig. 6] 

Targeting CysLTR2 and GNAQ CAM signaling pathways with Gq (YM) and Arf6 
(NAV) inhibitors.  To identify suitable drugs to target the downstream signaling of the 
oncogenic CysLTR2-L129Q CAM, we first investigated the effect of the Gq/11 inhibitor YM-
254890.  YM-254890 is known to block LTD4-stimulated calcium signaling of CysLTR2 41.  We 
hypothesized that CysLTR2-L129Q couples to Gq/11 and inhibition of Gq/11 blocks activation 
of the downstream effector PLC-beta.  We tested the dose-dependent effect of YM-254890 on 
IP1 accumulation comparing cells expressing CysLTR2-L129Q with LTD4-stimulated CysLTR2 
wt and mock-transfected cells (Suppl. Figure S7, Fig. 6A).  The Gq/11 inhibitor completely 
blocks the CysLTR2- and CysLTR2-L129Q-dependent IP1 accumulation.  Therefore, both 
CysLTR2 wt and CysLTR2-L129Q signal through Gq/11 activation to PLC-beta. 

We next tested the effect of the Arf6 inhibitor NAV-2729.  Inhibition of Arf6 by NAV-
2729 has been shown to block all known signaling pathways (PLC/PKC, Rho/Rac, YAP, and 
beta-catenin) of oncogenic Gq/11 and it drives a redistribution of Gq/11 from cytoplasmic 
vesicles to the plasma membrane 42.  Arf6 is activated in GEP100-dependent manner by Gq/11 
and drives internalization and signaling of Gq/11-PLC from endosomal compartments, and 
inhibition of Arf6 reduces Gq/11-PLC signaling to the contribution from the plasma membrane 
compartment.  We hypothesized that Arf6 is involved in Gq/11-dependent signaling of 
CysLTR2-L129Q.  We analyzed the dose-dependent effect of NAV-2729 on CysLTR2-L129Q-
dependent IP1 accumulation (see Suppl. Figure S7).  The compound results in almost complete 
inhibition of IP1 accumulation, only limited by the practical upper limit of the concentration in 
the assay of ten micromolar.  We conclude that Gq/11, Arf6 and the Arf6-GEF GEP100 are 
potential therapeutic targets for CysLTR2-L129Q-driven UVM. 

To compare the effects of YM and NAV on the PLC-beta-dependent signaling of 
different driver mutations found in UVM and related conditions, we tested a fixed concentration 
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of each inhibitor as a function of the gene dosage for a set of constitutively active mutations 
(CysLTR2-L129Q, Gq-Q209L, Gq-Q209P, and Gq-R183Q) and LTD4-stimulated CysLTR2 wt 
transiently transfected in HEK293T cells.  The gene dosage-dependent IP1 accumulation was 
well approximated by as a semilogarithmic function in the range of 0.14ng to 11ng plasmid 
DNA.  To compare the different genes at a comparable overall signaling level, we interpolated 
the gene dosage-dependent IP1 accumulation data to 250 nM IP1 for the untreated samples.  We 
then used the interpolated value of the gene dosage to obtain the IP1 accumulation for the 
samples treated with NAV and YM.  The results are shown as a bar graph (Fig. 6B).  
Interestingly, treatment of the different samples with NAV indicated that the contribution of Arf6 
activation to the observed IP1 accumulation differs substantially.  NAV has the largest effect on 
CysLTR2-L129Q-dependent signaling, whereas the effect on the signaling from LTD4-
stimulated CysLTR2 was much smaller.  The two oncogenic mutants, Gq-Q209L and Gq-
Q209P, show a comparable reduction of IP1 accumulation with NAV, but the small reduction we 
see for the driver mutant Gq-R183Q in benign melanocytic tumors is insignificant.  Next, we 
compared the effects of YM.  The results show that the IP1 accumulation from LTD4-stimulated 
CysLTR2 wt, and from the constitutive activity of CysLTR2-L129Q and Gq-R183Q is fully 
inhibited by YM-254890, whereas only incomplete inhibition can be obtained in samples 
expressing Gq-Q209L and Gq-Q209P, consistent with earlier reports on Gq-Q209L and Gq-
R183C 41.  We conclude that CysLTR2-L129Q is more sensitive to the Gq/11 and Arf6 inhibitors 
than any of the Gq driver mutants tested in HEK293T cells. 

Next, we characterized the activation of the mitogen-activated protein kinase 
(MAPK)/extracellular signal-regulated kinase (ERK) pathway by the oncogenic CAM 
CysLTR2-L129Q.  Activation of the ERK/MAPK pathway plays a pivotal role in uveal 
melanoma6.  We tested in HEK293T cells the inhibitory effects of the Gq/11 inhibitor YM-
254890, the Arf6-inhibitor NAV-2729, the MEK inhibitor U0126, and the PLC inhibitor U73122 
(Fig. 6C).  Stimulation of PKC with the tumor-promoting phorbol ester, 12-O-
tetradecanoylphorbol-13-acetate (TPA), results as expected in ERK activation and served as 
positive control.  We found that YM, NAV and U0126 strongly inhibit the activation of ERK by 
the oncogenic CAM as seen by a reduction of phosphor-ERK (pERK) compared to the untreated 
control.   

We next tested the effects of YM in a UVM model based on melan-a cells.  Melan-a 
cells, a murine melanoblast line, require TPA for growth.  CysLTR2-L129Q, but not wild-type 
CysLTR2, stably expressed in melan-a cells can drive TPA-independent cell proliferation in 
vitro and tumor formation in vivo 6.  The tumor-promotor TPA mimics the action of DAG and 
activates protein kinase C (PKC), which in turn can stimulate the ERK/MAPK pathway that 
drives melanocyte proliferation.  DAG and IP3, indirectly through Ca2+, stimulate PKC.  DAG 
and IP3 are the second messengers generated by PLC.  We hypothesized that Gq/11-dependent 
activation of PLC-beta by CysLTR2-L129Q stimulates PKC, and results in PKC-dependent 
ERK/MAPK signaling and cell proliferation.  In UVM cells, PKC phosphorylates the Ras 
guanylyl-releasing protein 3 (RasGRP3) and activates the Ras–Raf–MEK–ERK pathway.  The 
melan-a cell model recapitulates the role of PKC-dependent activation of RasGRP3 as the link of 
Gq/11 signaling to ERK activation normally found in UVM cells.  We observed YM-254890 
dose-dependent inhibition of the IP1 accumulation in melan-a cells stably transduced with 
CysLTR2-L129Q (Fig. 6D).  Moreover, YM-254890 efficiently suppresses TPA-independent 
growth of these cells (Fig. 6E).  We conclude that blockage of the CysLTR2-L129Q-dependent 
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activation of Gq/11 is necessary and sufficient to suppress phorbol ester-independent melanocyte 
proliferation.  Therefore, Gq/11 is a suitable therapeutic target for UVM driven by CysLTR2-
L129Q. 

 
DISCUSSION 
[Scheme 1] 

UVM is the most common intraocular malignancy and is associated with a high rate of 
metastasis with short survival time for patients, the liver being the most common site for 
secondary tumors. A hallmark feature of UVM is an aberrant activation of Gq protein-dependent 
signaling cascades.  The signaling pathways relevant for UVM (Scheme 1) suggest potential 
targets for pharmacotherapy of the disease. The CAM in the receptor CysLTR2 drives the 
formation of the active state (R*).  One of our goals is to identify an inverse agonist, a small 
molecule drug that blocks the receptor activation.  The activation of the G protein 
(Gαq•GDP•βγ) by R* results in nucleotide exchange and dissociation to give Gαq•GTP and βγ.  
In tumors driven by CAMs of Gαq, the activation occurs independently of the receptor.  GPCR 
kinase (GRK) is an effector of Gαq•GTP and mediates formation of a phosphorylated receptor 
(R*-P).  β-arrestin (βArr) binds R*-P and results in the desensitized receptor–β-arrestin complex 
(R*-P• βArr).  The receptor-β-arrestin binds the adapter protein 2 (AP2) and targets the complex 
to clathrin-coated pits for internalization to endosomal vesicles.  Analogous clathrin-independent 
internalization pathways are not shown.  Depending on the ubiquitination of the receptor and β-
arrestin, the endosomal sorting results in recycling to the cell surface or degradation 43, 44.  Little 
is known about the β-arrestin-dependent trafficking of CysLTR2.  Our observation of receptor 
bias away from β-arrestin recruitment suggests that the oncogenic CAM CysLTR2-L129Q 
escapes β-arrestin-dependent downregulation.  We envision future antibody-based therapies 
against CysLTR2-L129Q that stimulate receptor internalization and downregulation. 

While GRK is an effector of Gαq•GTP with negative feedback on the input from the 
activated receptor, the other effectors of Gαq•GTP stimulate signal transduction pathways 
culminating in activation of transcriptional programs for proliferation and tumorigenesis.  
Phospholipase C-β (PLC-β) is the classical effector of Gq/11.  It has a high catalytic activity to 
cleave the substrate phosphatidylinositol 4,5-bisphosphate (PIP2) into the second messengers, 
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3).  It has been suggested that PLC-β-
dependent IP1 accumulation also includes contributions from the IP2 formed by direct hydrolysis 
of PI4P, instead of IP2 formed by the dephosphorylation of IP3 formed by hydrolysis of PIP2 45.  
Since this novel pathway does not depend on PIP2, which is predominantly found at the plasma 
membrane, the PI4P-dependent IP1 accumulation could have a substantial contribution to PLC-β 
signaling from the endosomal compartment.  ADP-ribosylation factor- (Arf) Guanine Exchange 
Protein 100-kDa (GEP100) is a guanine-nucleotide exchange factor (GEF) that promotes binding 
of GTP to the Arf6.  Arf6•GTP stimulates phospholipase D (PLD) and phosphatidylinositol 4-
phosphate 5-kinase (PIP5K) 46.  PLD uses abundant lipids to generate phosphatidic acid (PA) 47.  
PIP5K synthesizes PIP2 from the precursor phosphatidylinositol 4-phosphate (PIP).  PIP2 is only 
a minor lipid component in the cell and its supply limits the second messenger output from 
Gαq•GTP–PLC-β.  We hypothesize that the key function of the Arf6 in UVM is to ensure ample 
supply of the PLC-β substrate PIP2.  Our experiments show additive effects of the Gq/11 
inhibitor YM-254890 41 and the Arf6 inhibitor NAV-2729 42 abolishing the CysLTR2-L129Q-
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dependent IP3 formation.  We predict that the Gq/11 inhibitor will also abolish binding of its 
effectors Trio, p63RhoGEF, and Duet/Kalirin, which activate Rho/Rac-dependent JNK/p38 and 
YAP pathways 48, 49, 50.  Arf6 signaling through its effector PIP2 is also required for clathrin-
dependent and -independent endocytosis 51 of receptor–β-arrestin complexes, which in turn 
stimulate PIP2 formation through the Arf6-GEF ARNO 52, 53.  PIP2 is also required for β-catenin 
signaling, which is another oncogenic pathway relevant to UVM 54.  We predict that a PIP5K 
inhibitor (PIP5Ki) will block CysLTR2-L129Q-dependent signaling. 

Protein kinase C (PKC) is stimulated by DAG and indirectly through Ca2+ by IP3.  The 
tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA) targets PKC and stimulated the 
mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway.  
In UVM cells, PKC phosphorylates the Ras guanylyl-releasing protein 3 (RasGRP3) and 
activates the Ras–Raf–MEK–ERK pathway 55.  Activation of this pathway is essential for growth 
of UVM cells, and also for the TPA-dependent growth of melan-a cells.  Other cell lines, such as 
HEK293T, utilize different Ca2+- and PKC-dependent mechanisms to activate ERK 56.  Some 
GPCRs stimulate ERK through β-arrestin-mediated signaling complexes (“signalosomes”) 57, 58.   

Although the CysLTR2-L129Q CAM is highly biased toward Gq signaling, we show that 
CysLTR2-L129Q does recruit β-arrestin, albeit much less efficiently than the agonist-stimulated 
wild-type receptor.  It is possible that the β-arrestin-bound receptor forms ERK-activating 
signalosomes.  Since certain GRKs can mediate G protein-independent receptor phosphorylation 
and β-arrestin-recruitment, it would be possible that ERK-activating signalosomes might result 
in G protein-independent activation of ERK.  Such a mechanism explains the incomplete 
suppression of CysLTR2-L129Q-dependent ERK activation using the Gq/11 inhibitor YM-
254890, while inhibitors of Arf6 and MEK both showed stronger reduction of pERK as 
compared to the Gq/11 inhibitor in HEK293T cells.  Therefore, we propose that MEK inhibitors 
(MEKi) might be useful in addition to Gq/11 and Arf6 inhibitors in targeting CysLTR2-L129Q 
signaling.  Such combination therapy might require much lower dosage as compared with 
monotherapy and reduce side effects.   

The discovery of GPCR CAMs as potential driver oncogenes suggests that the study of 
CAM hotspot mutation sites and the mapping of gene overexpression in tumor samples might be 
able to identify GPCRs as novel cancer therapeutic targets. The observation that known neutral 
antagonists might also have potential inverse agonist activity toward CAMs, also suggests that 
existing drugs might be able to target GPCR CAMs in human cancers. Thus, novel therapeutic 
strategies targeting specifically CAM GPCRs could benefit patients who are being treated 
according to the genetic signatures in their tumor. 

In conclusion, we characterized a CYSLTR2 GPCR oncogene in UVM and established the 
proof-of-principle that an inverse agonist should able to inhibit the persistent signaling from the 
CysLTR2 L129Q CAM.  We establish that the CysLTR2 L129Q CAM is highly biased toward 
Gq/11 cellular signaling pathways and fails to recruit significantly β-arrestin.  The constitutively 
biased signaling pattern of CysLTR2 L129Q explains why it can persistently activate Gq and avoid 
cellular downregulation mechanisms.  Furthermore, we provide a structural model showing how 
the mutation at position 3.43 facilitates the formation of novel hydrogen-bonds through the 
conserved NPxxY motif that stabilizes an activated state of CysLTR2, while at the same time 
disrupts a conserved sodium binding site that would normally be expected to stabilize the inactive 
state of the receptor.  Finally, we show how the structural model can be used to predict the 
functional effects of other mutations found in GPCRs in tumor databases.   
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Figures 

Fig. 1. Oncoprotein CysLTR2-L129Q3.43 is a Gq-biased CAM that weakly recruits β-
arrestins.   
(A) The agonist LTD4 leads to dose-dependent inositol monophosphate (IP1) accumulation in 
HEK293T cells expressing different levels of CysLTR2 wild-type as controlled by different 
amounts of receptor-encoding plasmid DNA transfected at constant total DNA (red, 11 ng; 
orange, 3.6 ng; green, 1.2 ng; cyan, 0.4 ng; blue, 0.1 ng).  The curves are fits of the dose-
response data to an operational model. (B) The corresponding experiment with the mutant 
CysLTR2-L129Q shows no significant dose-dependent response to LTD4, whereas the ligand-
independent basal IP1 accumulation increases with increasing amount of CysLTR2-L129Q-
encoding plasmid DNA. The data were fit to a horizontal line. The results show that CysLTR2-
L129Q is a CAM with a basal activity corresponding to about 70% of the WT receptor 
maximally stimulated with agonist. Data are expressed as mean ± SEM of the concentration of 
IP1 accumulated (nM) and result from one experiment performed in four technical replicates. Wt 
and L129Q assays were performed in individual plates with mock-transfected cells as controls. 
(C,D) β-Arrestin-recruitment BRET2 assay with CysLTR2-GFP10 and β-arrestin-Rluc3. (C) The 
LTD4 dose-dependent increase of net BRET2 demonstrates recruitment of β-Arrestin 1 (red solid 
line and points) and β-Arrestin 2 (blue solid line and points) to wild-type CysLTR2. In 
comparison, the data for CysLTR2-L129Q indicate ligand-independent recruitment of β-Arrestin 
1 (blue dashed line and open points) and β-Arrestin 2 (red dashed line and open points) to 
CysLTR2-L129Q.  (D) The BRET2 data were independently normalized for either β-Arrestin 1 
or 2 using the asymptotic endpoints of the sigmoidal fits for the wild-type receptor.  The 
normalized data show nearly perfect overlap of the fitted curves for both β-arrestins binding the 
wild-type receptor.  The ligand-independent β-arrestin recruitment for CysLTR2-L129Q is 
16.3±0.4% and 12.0±0.2% for β-Arrestin 1 and 2, respectively. The dose-response data are the 
mean ± SEM from three independent experiments, with nine concentrations and three technical 
replicates, each.  

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 6, 2019. ; https://doi.org/10.1101/663153doi: bioRxiv preprint 

https://doi.org/10.1101/663153
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

Fig. 2. Site-saturation mutagenesis of CysLTR2-L1293.43. 
The basal and agonist-dependent signaling of all 19 natural amino acid variants of residue 
CysLTR2-L1293.43 in HEK293T cells were analyzed. The LTD4 dose-dependent IP1 
accumulation for each mutant was fit with a three-parameter sigmoidal function and normalized 
(cf. Suppl. Fig. S5). We quantify and plot the agonist-dependent activity (white bars) as the span 
between the normalized bottom and top endpoints, and the basal or constitutive activity (grey 
bars) as the normalized bottom endpoint. The pEC50 plots (black dots) correspond to the 
midpoint of the dose-response curve for each mutant. The graph shows the mutants in 
descending order of total activity defined as the sum of basal and agonist-dependent activity, 
which corresponds to the height of the white and grey bars combined. The Gln (Q), Glu (E), Ala 
(A), and Ser (S) variants show significantly increased basal activity. All other residues except 
Val (V) and Ile (I) in place of Leu (L) show significantly reduced agonist-dependent activity. Pro 
(P) and Arg (R) show significantly reduced LTD4 potencies (pEC50). The dose-response data 
are the mean ± SEM from two independent experiments with ten concentrations and five 
technical replicates, each. The parameters of each mutant are compared with those of the wild-
type’s and assessed for significant difference using a two-way ANOVA with Dunnett’s multiple 
comparison test. The missense variants (MVs) accessible by single-nucleotide exchange from the 
wild-type CTG codon encode for Val (V, codon GTG), Met (M, codon ATG), Gln (Q, codon 
CAG), Pro (P, codon CCG), and Arg (R, codon CGG).  All other single-nucleotide variants of 
this codon are synonymous and encode for Leu (L). The conservation of the amino acids at the 
generic residue position 3.43 can be seen from the number of GPCRs (# of GPCRs) having the 
particular residue type among a subgroup of 286 rhodopsin-like GPCRs in the GPCRdb. 
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Fig. 3. Hydrogen bond network stabilizes active state in CysLTR2-L129Q3.43.  
(A) CysLTR2-L129Q mutation modeled in an “inactive state” homology model of CysLTR2 
using Rosetta. (B) A novel hydrogen-bond network stabilizes the CysLTR2-L129Q in the “active 
state” structure homology model. CysLTR2-L129Q also disrupts a conserved sodium ion binding 
site that stabilizes inactive structures of GPCRs. (C) Sodium ion binding site in the PAR1 
receptor inactive state. (D) Overall location of the Q3.43 residue in receptor model. (E) The 
LTD4 dose-dependent IP1 accumulation was assayed for 8 combinations of mutations of 
3.43/7.49/7.53.  The single mutants (L129Q, QNY; N301A, LAY; Y305F, LNF), the double 
mutants (L129Q/N301A, QAY; L129Q/Y305F, QNF; N301A/Y305F, LAF) and the triple 
mutant (L129Q/N301A/Y305F, QAF) at 3.43 and 7.49 and 7.53 of the NPxxY motif were 
compared with wild-type (LNF). (F) Bar graph showing the basal (grey bars) and agonist-
dependent activity (white bars) normalized relative to maximally stimulated wild-type receptor 
and mock transfected control.  The LTD4 potencies (pEC50) are shown as points.  The results 
from the 8 variants are ordered in descending order of total activity (basal plus agonist-
dependent) corresponding to the combined height of the grey and white bars. The data are the 
mean ± SEM from two independent experiments with six concentrations and four technical 
replicates, each. The obtained parameters of each mutant are compared to those of the wild-
type’s in a two-way ANOVA with Dunnett’s multiple comparison test.  
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Fig. 4. Prediction of active state stabilization in CysLTR2 MVs from cancer genomes. 
More than 200 variants of uncertain significance (VUS) are known for CYSLTR2.  We used 
Rosetta for a virtual screening of the free energy change of the mutations in active relative to 
inactive state structural models of CysLTR2.  Negative values predict stabilization of the active 
state conformation.  Each data point corresponds to one mutation.  The normal group are variants 
only known as germline mutations, whereas the cancer group are variants exclusively found as 
somatic mutations in cancer samples.  The remaining variants are found both as germline and 
somatic variants. 
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Fig. 5. CysLTR2 antagonists BayCysLT2 and HAMI3379 have limited efficacy as inverse 
agonists. 
The CysLTR2 antagonists BayCysLT2 (A-D) and HAMI3379 (E-H) and show only minimal 
reduction of the constitutive activity of the three CAMs, L129Q, L129E, and L129A (basal, 
dashed lines and open symbols), and full inhibition of the LTD4-dependent IP1 stimulation of 
the CAMs and wild-type receptor (+LTD4, solid lines and symbols).  CysLTR2-L129Q (open 
blue squares).  The data are presented as the percentage of IP1 accumulation minus empty vector 
over the maximal response exhibited by CysLTR2 wt following 100 nM LTD4 stimulation and 
represent the mean ± SEM of at least 3 independent experiments, each carried out in at least 
triplicate. 
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Fig. 6. Targeting the signaling of CysLTR2-L129Q and GNAQ CAMs with Gq- and Arf6-
inhibitors. 
(A) Dose-dependent effect of YM-254890 on IP1 accumulation comparing HEK293T cells 
expressing CysLTR2-L129Q with LTD4-stimulated CysLTR2 wt and mock-transfected cells.  
(B) Effects of YM and NAV on the PLCβ-dependent signaling of different constitutively active 
mutations (CysLTR2-L129Q, Gq-Q209L, Gq-Q209P, and Gq-R183Q) and LTD4-stimulated 
CysLTR2 wt transiently transfected in HEK293T cells.  (C) ERK/MAPK activation in 
HEK293T cells transfected with CysLTR2-L129Q as compared to mock transfected controls and 
LTD4-stimulated wild-type receptor.  We tested inhibitors for Gq/11 (YM), Arf6 (NAV), MEK 
(U0126), PLC (U73122) on phosphor-ERK (pERK) formation indicating ERK activation.  Total 
ERK (tERK) serves as a loading control.  (D) YM-254890 dose-response on IP1 accumulation in 
melan-a melanocytes stably expressing the receptor mutant expressing CysLTR2-L129Q.  (E) 
Inhibitory effect of YM-254890 on the growth of melan-a expressing CysLTR2-L129Q.  
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Scheme 1. Targeting the oncogenic signaling pathways in uveal melanoma. 
Constitutively activating mutations (CAMs) of CYSLTR2, GNAQ and GNA11 result in strong 
stimulation of second messengers (DAG, IP3, and Ca2+).   
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Detailed Materials and Methods 
 
Materials 
HAMI3379, BayCysLT2 and LTD4 were from Cayman Chemical (Ann Arbor, MI). NAV-2729 
was from Tocris (Bristol, UK) and YM-254890 was from Wako Pure Chemical Industries 
(Richmond, VA) and U0126 was from Abcam (Cambridge, UK). The IP-One HTFR assay kit 
was from Cisbio (Codolet, France). Dulbecco’s Modified Eagle’s Medium GlutaMAX (DMEM), 
FluoroBrite DMEM, Roswell Park Memorial Institute (RPMI) 1640, and Dulbecco’s phosphate-
buffered saline without calcium and magnesium (DPBS) were from Fisher Scientific (Hampton, 
NH). Penicillin /Streptomycin (10,000 U/mL), L-Glutamine and Lipofectamine 2000 were from 
ThermoFisher Scientific (Waltham, MA). Fetal bovine serum (FBS) was from Gemini Bio-
Products (West Sacramento, CA). Poly-D-lysine, TPA, lithium chloride (LiCl), propidium Iodide 
(PI, 50 µg/ml), sodium orthovanadate, aprotinin and phenylmethylsulfonyl fluoride (PMSF) were 
from Sigma-Aldrich (St. Louis, MO). Dodecyl-D-maltopyranoside (DM) was from Anatrace 
(Berkshire, UK). HEK293T cells were from ATCC (Manassas, VA) and Melan-A cells were 
provided by D. Bennett (St. George’s Hospital, University of London). White low-volume 384-
well plates and black CELLSTAR 96-well microplates (polystyrene wells flat bottom) were from 
Greiner (Monroe, NC). Bovine serum albumin (BSA) fraction V, fatty acid-free, and cOmplete 
protease inhibitor tablets was from Roche (Basel, Switzerland). NEBuilder Hifi DNA Assembler, 
Dpn1, T4 DNA Ligase, Q5 Hot Start High-Fidelity DNA Polymerase, and dNTPs were from 
New England BioLabs (Ipswich, MA). Quikchange Site-Directed Mutagenesis Kit was from 
Agilent Technologies (Santa Clara, CA) and TagMaster Site-Directed Mutagenesis Kit was from 
GM Biosciences Inc. (Frederick, MD). QIAGEN Plasmid Maxi Kits and QIAprep 
Spin Miniprep Kit were from QIAGEN (Germantown, MD). BRET substrate methoxy e-
Coelenterazine was from NanoLight Technology (Pinetop, AZ). The synthetic vector for the G 
alpha q protein cloned into pcDNA3.1(+) was from the cDNA resource center (www.cdna.org) 
(#GNA0Q00000). The rabbit anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) polyclonal 
antibody was from Cell Signaling technology ((#9101), Danvers, MA), the mouse total ERK2 
(D-2) monoclonal antibody was from Santa Cruz ((#sc-1647), Dallas, TX), the secondary 
antibodies Goat anti-rabbit IRDye 800CW for channel 800nm and Goat anti-mouse IRDye 
680RD for channel 700nm were from LI-COR (Lincoln, NE). NuPage protein gels and SeeBlue 
Plus2 pre-stain protein standards were from ThermoFisher Scientific, Odyssey Blocking buffer 
was from LI-COR, and Immobilon-P PVDF membranes were from Merck Millipore (Burlington, 
MA). 
 
IP1 Assays 
 
Plasmids 
The synthetic vector encodes human CysLTR2 cDNA in pcDNA3.1(+) fused to a N-terminal 
FLAG tag (DYKDDDDK) and a C-terminal 1D4 epitope tag (TETSQVAPA) 6. The FLAG tag 
was deleted by site-directed mutagenesis using TagMaster Site-Directed Mutagenesis Kit 
according to the manufacturer’s instructions. CysLTR2 3.43, 7.49, and 7.53 mutants and G alpha 
q protein mutants were generated by site-directed mutagenesis using QuikChange Lightning 
Site-Directed Mutagenesis Kit. The PCR reactions were performed according on the 
manufacturer’s instructions with some modifications. To generate CysLTR2 3.43 and G alpha q 
mutants, the specified reactions volumes were modified to half reactions using 25 ng template 
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DNA. Similarly, to generate CysLTR2 7.49, and 7.53 mutants, volumes were modified to quarter 
reactions using 15 ng of template DNA. Quikchange primers and TagMaster primers were used 
to introduce the various mutant constructs and are listed in Suppl. Table S8. All constructs were 
confirmed by sequencing.  
 
Cell Culture and Transfection 
HEK293T cells from the American Type Culture Collection (ATCC) were maintained in DMEM 
GlutaMAX supplemented with 10% FBS (passage numbers 5 to 14). Melan-A cells were 
provided by D. Bennett (St. George’s Hospital, University of London) and were grown in RPMI 
with 10% FBS and 200 nM TPA unless specified otherwise. All cells were maintained at 37 °C 
under 5% CO2.  
 
HEK293T cells were transiently transfected directly ‘in-plate’ in low-volume 384-well plates 
using lipofectamine 2000 according to manufacturer’s instructions with some modifications. The 
total DNA amount was kept constant at 11 ng per well using empty vector pcDNA3.1(+). 
Briefly, the appropriate amount of plasmid DNA was mixed with DMEM GlutaMAX (no FBS). 
In a separate mixture, the total Lipofectamine 2000 (2.5 µL per µg DNA) was mixed in DMEM 
GlutaMAX (no FBS) and incubated for 5 minutes. The appropriate amount of Lipofectamine 
2000/ DMEM GlutaMAX mixture is mixed with the DNA/ DMEM GlutaMAX and incubated 
for 20 minutes. Cells were then trypsinized, re-suspended in DMEM GlutaMAX supplemented 
with 20% FBS and counted. Cells were mixed with the DNA/ Lipofectamine 2000/ DMEM 
mixture, and directly plated onto 0.01% poly-D-lysine coated, white, clear-bottom, tissue culture 
treated low volume 384-well plates at a density of 8 000 cells per well in 7 µL. All assays were 
conducted 24 hours after the transfection. All plasmids were prepared from QIAGEN Plasmid 
Maxi Kits, resulting in a high quality and high concentration plasmid solution (about 1000 - 4000 
ng/µL) unless otherwise specified. For specific experiments, the plasmids were prepared from 
QIAprep Spin Miniprep Kit resulting in a 10-fold lower concentration. 
 
IP1 Accumulation Assay 
The CisBio IPone homogeneous time-resolved immunoassay quantifies D-myo-inositol-1-
phosphate (IP1), a degradation product of the second messenger D-myo-inositol-1,4,5-
trisphosphate (IP3), to measure activation of PLC-β by Gq-coupled GPCRs 59.  The IP1 assay is 
a competitive homogenous time resolved fluorescence (HTRF) assay where the d2-labeld IP1 
analog acts as the fluorescence acceptor and the terbium cryptate-labeled anti-IP1 mAb acts as 
the fluorescence donor. The terbium-cryptate is a long-lifetime fluorescence donor that can be 
excited by UV light.  Lithium chloride is added during the stimulation period of the assay to 
block further degradation of IP1 by the enzyme inositolmonophosphatase (IMPase). It has been 
suggested that PLC-β-dependent IP1 accumulation also includes contributions from the IP2 
formed by direct hydrolysis of PI4P, instead of IP2 formed by the dephosphorylation of IP3 
formed by hydrolysis of PIP2 45.  Since this novel pathway does not depend on PIP2, which is 
predominantly found at the plasma membrane, the PI4P-dependent IP1 accumulation could have 
a substantial contribution to PLC-β signaling from the endosomal compartment.   
All assays stimulated and incubated cells with agonists and inhibitors in the presence of LiCl.  
Following incubation, cells were lysed by addition of d2-labeled IP1 analog and terbium 
cryptate-labeled anti-IP1 mAb diluted in the kit-supplied lysis and detection buffer, and the 
plates were incubated overnight at RT. All time-resolved fluorescence signals were read using 
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the BioTek Synergy NEO plate reader (BioTek Instruments, Winooski, VT) in the Rockefeller 
University’s High Throughput and Spectroscopy Resource Center (HTSRC). The plate is first 
subjected to flash lamp excitation at 320 nm, and then the fluorescence is measured at 
wavelengths centered at 620 nm and 655 nm simultaneously.  
 
LTD4 Dose-Response of CysLTR2 DNA Titration  
HEK293T cells were transiently transfected with a serial dilution of 11, 3.6, 1.2, 0.4, and 0.1 ng 
of wt and L129Q mutant of CysLTR2-1D4 and CysLTR2-GFP10-1D4 (BRET2 construct 
described later) per low volume 384-well as described above. 24 hours after transfection, the 
assay plate was placed on an aluminum heating block maintained at 37 °C, and cells were treated 
with 7 µL/ well of various concentrations of LTD4 (final concentrations from 10-6 M to 10-11 M) 
diluted in pre-warmed stimulation assay buffer provided by the manufacturer (10 mM HEPES, 1 
mM CaCl2, 0.5 mM MgCl2, 4.2 mM KCl, 146 mM NaCl, 5.5 mM glucose, 50 mM LiCl, pH 7.4) 
supplemented with 0.2% BSA and 50 mM LiCl to prevent IP1 degradation. The plate was 
incubated at 37 °C for 2 hours.  Following incubation, cells were lysed by addition of 3 µL/ well 
of d2-labeled IP1 analog and 3 µL/ well of terbium cryptate-labeled anti-IP1 mAb diluted in the 
kit-supplied lysis and detection buffer.  The HTRF assay was read after overnight incubation in 
the dark. 
 
Time-course 
HEK293T cells were transiently transfected with 11 ng of CysLTR2-1D4 (wt and L129Q) per 
low volume 384-well. 24 hours after transfection, the assay plate was placed on an aluminum 
heating block as described above, and the cells were treated every 20 minutes over 180 minutes 
with 3.5 µL/ well of Lithium Chloride (LiCl) diluted in pre-warmed stimulation assay buffer at a 
final concentration of 50 mM. Cells were incubated at 37 °C. 1 hour after the start point, 3.5 
µL/well of LTD4 diluted in pre-warmed DMEM GlutaMAX at a final concentration of 100 nM 
(agonist stimulated) or 3.5 µL/ well of DMEM GlutaMAX alone (basal) were added in 
appropriate wells and incubated for 2 hours. The reaction was then stopped by successively 
adding 3 µL/ well of the d2-labeled IP1 analogue and the terbium cryptate-labeled anti-IP1 mAb 
in reverse chronological order.   
 
Dose-Response and Site-Saturation of CysLTR2 3.43, 7.49 and 7.53 Mutants  
HEK293T cells were transiently transfected with 11 ng of wt and L1293.43 mutants of CysLTR2-
1D4 or the 8 combinations of CysLTR2-3.43/7.49/7.53 mutants per low volume 384-well as 
previously described. 24 hours after transfection, cells were treated with 7 µL/ well of various 
concentrations of LTD4 diluted in the supplemented assay buffer (final concentrations from 1 
µM to 10 pM) for the dose-response assay. For the site-saturation experiments, cells were treated 
with 7 µL/ well of buffer alone or LTD4 at a final concentration of 100 nM or buffer alone. 
Following 2 hours incubation at 37 °C, cells were lysed as described above. The plates were read 
and IP1 concentrations were determined, as before. All the plasmids for the CysLTR2-L1293.43 

mutants and CysLTR2-N3017.49 and/or CysLTR2-Y3057.53 mutants except wt and L129Q7.49A 
(namely LAY and QAY) were prepared from QIAprep Spin Miniprep Kit.  Miniprep elutions 
have DNA concentrations in the range 100-500 ng/µL.  
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Inverse Agonist Competition Assay 
HEK293T cells were transiently transfected with 11 ng of FLAG-CysLTR2-1D4 wt, L129Q, 
L129E and L129A per low volume 384-well as previously described. CysLTR2-L129A and -
L129E were prepared from QIAprep Spin Miniprep Kit. 24 hours after transfection, cells were 
treated with 3.5 µL/ well of various concentrations of HAMI-3379 or BayCysLT2 (final 
concentrations from 30 µM to 10 pM) or equivalent amounts of DMSO diluted in the 
supplemented assay buffer. Following 1 hour incubation, 3.5 µL/ well of the assay buffer with or 
without 10-7 M LTD4 were added for 1 hour and 45 minutes and cells were lysed as described 
above.  
 
Gene Dosage of CysLTR2 with GNAQ Mutants and Inhibitors 
HEK293T cells were transiently transfected with a serial dilution of 11, 3.6, 1.2, 0.4, and 0.1 ng 
of CysLTR2-1D4 wt or L129Q and 11 ng of G alpha q proteins mutants GNAQ-Q209L, Q209P 
and R183Q per low volume 384-well as described above. 24 hours after transfection, cells were 
treated with 3.5 µL/ well of 30 µM NAV-2729 or 1 µM YM-254890 diluted in pre-warmed 
DMEM GlutaMAX. Following 1 hour incubation, 3.5 µL/ well of pre-warmed supplemented 
stimulation buffer supplemented were added for 2 hours prior to cells lysis. For all experiments 
involving YM-254890 and NAV-2729, the amount of DMSO was kept constant.  
 
Dose-Response of YM-254890 and NAV-2729 
HEK293T cells were transiently transfected with 11 ng of CysLTR2-1D4 wt or L129Q 
constructs per low volume 384-well. After 24 hours, cells were treated with 3.5 µL/ well of 
various concentrations of YM-254890 or NAV-2729 (final concentrations from 30 µM to 1 pM) 
diluted in DMEM GlutaMAX and incubated for 24 hours (48 hours after transfection) or 3 hours 
(27 hours after transfection) at 37 °C. 2 hours prior to cell lysis, 3.5 µL/ well of supplemented 
assay buffer were added to each well. Cells were lysed as described above. 
 
Dose-Response of YM-254890 in HEK293T cells and Melan-a Cells   
HEK293T cells were transfected as previously described. Melan-a cells expressing CysLTR2-
L129Q or empty vector MSCV-PURO were seeded in low volume 384-well plates at a density of 
about 5 000 cells/well. After 24 hours, 3.5 µL/ well of various concentrations of YM-254890 
(final concentrations from 10-4 M to 10-12 M) diluted in the supplemented assay buffer were 
added to each well. Following 1 hour incubation, 3.5 µL of assay buffer was added for 2 hours 
prior to cell lysis. Following 1 hour incubation, 3.5 µL/ well of supplemented stimulation assay 
buffer were added for 2 hours prior cells lysis. Cells were lysed as described above. The plates 
were read and IP1 concentrations were determined, as before. 
 
Data Reduction 
The raw signals were transformed into a fluorescence ratio, 665 nm/620 nm, and IP1 
concentrations were interpolated from a standard curve prepared using the supplied IP1 
calibrator. The IP1 standard curve was fit to a sigmoidal curve using the equation y = Bottom + 
(Top - Bottom)/ (1 + 10^(Log IC50 - x). The fluorescence ratio was then converted into the 
corresponding IP1 concentration (nM) using the equation IC50x(y-top)/(Bottom-y) and the 
standard curve. In some cases, these concentrations were further analyzed to get a normalized 
IP1 value. First, the mock concentrations of IP1 (obtained from the average of the basal levels of 
accumulation for pcDNA-transfected cells) are subtracted from the raw IP1 concentrations to 
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give the corrected IP1 concentrations. These data, in nM, are then converted into picomoles/ 
well, from a working volume of 20 µL per well. Each data set is then normalized relative to the 
unstimulated mock-transfected cells (set to 0%) and to the fully stimulated wild-type receptor 
(set to 100%).   
 
IP1 concentrations or normalized IP1 data were fit to specific operational models introduced in 
Supplementary Scheme S1. For the LTD4 dose-response of CysLTR2 DNA Titration, the IP1 
concentrations, in nM, were plotted against concentration of LTD4. CysLTR2 wt data are then fit 
to a sigmoidal dose-response function using the equation y =Basal + (EffectMax - Basal)/(1 + 
operate) where operate = (((10^log KA) + (10^x))/(10^(log τ + x)))^n. In this fit, the Basal (basal 
offset at zero agonist concentration), EffectMax (the maximal IP1 concentration at infinite 
agonist concentration), log KA (affinity of the agonist for the receptor), and n were shared 
between all gene dosage curves. Individual gene dosage curves have unique log τ parameters, 
which represent total receptor concentration. As CysLTR2-L129Q did not follow this dose 
dependency, these data were fit to a horizontal line, y = Mean + 0(x). The Prism 8 software used 
to analyze these data did not allow for a fitting without parameter x, so we multiplied this by 
zero to negate its influence. Effectively, this fit is a horizontal line plotting the mean IP1 
concentrations for all LTD4 doses.  
 
For the time-course, the corrected IP1 concentrations, in nM, were plotted against time, in 
minutes. These data are then fit to a one-phase decay model using the equation y = (y0 - 
Plateau)*exp(-K*x) + Plateau. Y0 is the IP1 concentration at time zero while Plateau is the IP1 
concentration at infinite time. K is the rate constant of the decay.  
 
For the dose-response and site-saturation of CysLTR2 3.43 mutants, the normalized IP1 
accumulation, in percentages, were plotted against concentrations of LTD4 and fit to a sigmoidal 
dose-response model using the equation y = basal + (Emax – basal)/ (1 + 10^(-pEC50 – x)). 
From these fits, the basal, agonist dependent activity (Emax), and pEC50 were compiled and 
plotted in descending order of total activity defined as the sum of basal and agonist-dependent 
activity. Furthermore, the two-state allosteric model was used to fit this data using the equation y 
= basal + (Effectmax  Basal)*(10^(log τ + log Kq)*(1+10^(log α + log β + x + log KA)))/(1 + 
(10^log Kq)*(1 + 10^log τ) + (10^(x +log KA))*(1 + (10^(log α + log Kq))*(1+10^(log β + log 
τ)))). The parameters basal, Emax, log α, log β, and KA are fixed for all data. This model 
assumes that mutations don't change the affinity of the agonist for the inactive state (KA is fixed) 
and for the active state αKA (α is fixed). The two fitting parameters, τ and Kq, are unique for each 
mutant and describe the total receptor concentration, and the equilibrium constant for the 
agonist-independent equilibrium of the receptor with inactive and active states, respectively.  
 
For the dose-response for the 8 combinations of CysLTR2 3.43/ 7.49/ 7.53 mutants, the IP1 
concentrations, in nM, were plotted against LTD4 concentrations. These data are then fit to a 
sigmoidal fitting function and a horizontal line function, as described previously. The fits to 
these two functions are compared and the Akaike Information Criterion (AIC) was used to select 
the better model (Suppl. Table S1). From these fits, the basal, agonist dependent activity (Emax), 
and pEC50 were compiled and plotted in descending order of total activity defined as the sum of 
basal and agonist-dependent activity, as before.  
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For the inverse agonist competition assay, the normalized IP1 accumulation, in percentages, 
were plotted against concentrations of antagonists BayCysLT2 and HAMI3379, and fit to a 
sigmoidal dose-response model using the equation y = Bottom + (Top - Bottom)/ (1 + 10^(Log 
EC50 - x) as described above. In this fit, the Bottom or basal IP1 accumulation is shared for both 
the LTD4 stimulated and unstimulated curves, such that the maximal effect of the antagonists at 
infinite concentration converge for both curves. The pcDNA is fit to a horizontal line as 
described above. 
 
For the gene dosage of CysLTR2 with GNAQ mutants and inhibitors, the corrected IP1 
concentrations, in nM, were plotted against the logarithm of the DNA concentration. This gene 
dosage-dependent IP1 accumulation was fit to the semi-logarithmic function y = mlog(x) + c. In 
order to compare the overall signaling levels, the results were interpolated to a dosage resulting 
in 250 nM IP1 accumulation for the untreated condition. In the same way, the gene dosage was 
interpolated for IP1 accumulation of 250 nM for the samples treated with YM-254890 and NAV-
2729. These interpolated IP1 accumulation concentrations were then plotted and compared to 
each other using Tukey’s multiple comparisons test, to determine which means amongst a set of 
means differ from the rest. Those that are determined to be significantly different are given a p-
value, shown above the bar graphs.  
 
Lastly, for the dose-response of YM-254890 and NAV-2729, the IP1 concentrations, in nM, 
were plotted against concentrations of inhibitors, YM-254890 and NAV-2729. These data were 
fit to a sigmoidal dose-response model using the equation y = Bottom + (Top - Bottom)/ (1 + 
10^(Log EC50 - x) as described above. All data analysis was conducted on Prism 8 software. 
 
BRET2 Assays 
 
Designing Plasmids for PCR of Fragments 
The NEBuilder HiFi DNA Assembly Tool was used to assemble the BRET2 acceptor constructs 
CysLTR2-GFP10-1D4. These were assembled from three parts: pcDNA 3.1(+) backbone from 
construct HA-CLIP-CLR 60, CysLTR2 and full-length C-terminal 1D4 epitope tag from FLAG-
CysLTR2-1D4 mentioned above, and GFP10 from YB124_CXCR4-GFP10 24. The primers were 
designed using the NEBuilder Assembly Tool on the NEB website. These primers were designed 
with a specific sequence to prime to the gene of interest for template priming (3’ end), as well as 
an overlap sequence to aid in assembly (5’ end). These oligonucleotides were purchased from 
IDT (Coralville, IA), purified at the standard desalting grade, and are shown in Suppl. Table S9.  
 
PCR 
The fragments introduced above were PCR amplified using Q5 Hot Start High-Fidelity DNA 
Polymerase and fresh dNTPs purchased from NEB. Briefly, the PCR reactions were performed 
in 25 µL total volume containing: 1x Q5 Reaction Buffer, 0.2 mM dNTPs, 0.5 µM of the forward 
primer, 0.5 µM of the reverse primer, 1 ng template DNA, and 1 unit of Q5 Hot Start High-
Fidelity DNA Polymerase. The PCR thermocycle was as follows: initial denaturation at 98 °C 
for 30 secs, followed by 25 cycles of denaturation (98 °C, 10s), annealing (varied from 50-70 °C, 
30 s), and elongation (72 °C, 3 min), and ending by a final elongation (72 °C, 2 min). The 
recommended annealing temperature calculated on the NEBuilder Assembly Tool was used for 
each primer pair. Following PCR, 1 unit of DpnI was added and the mixture was incubated at 37 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 6, 2019. ; https://doi.org/10.1101/663153doi: bioRxiv preprint 

https://doi.org/10.1101/663153
http://creativecommons.org/licenses/by-nc-nd/4.0/


 32 

°C for 30 minutes to digest any remaining template DNA. This was cleaned up, and any enzymes 
were removed using a DNA Clean and Concentrator (Zymo Research). The concentrations of all 
PCR-amplified fragments were determined using a NanoDrop.  
 
Assembly 
The NEBuilder Hifi DNA Assembler includes three enzymes; the exonuclease to create 3’ 
overhangs to aid annealing of neighboring fragments sharing a complimentary overlap region, 
the polymerase to fill the gaps of each annealed fragment, and the DNA ligase to seal nicks in 
the assembled DNA. The assembly reaction was performed in 20 µL total volume, with 50 ng of 
vector, 100 ng of insert(s), and 10 µL of the NEBuilder HiFi DNA Assembly Master Mix. This 
was incubated at 50 °C for 60 minutes, and 2 µL of the assembled product was used to transform 
NEB 5-alpha Competent E. coli cells. Cells were spread on LB-Amp plates and colonies were 
picked and confirmed by sequencing.  
 
After the assembled product was confirmed by sequencing, the second NotI site that is flanked 
by two XhoI sites, which had been part of the pcDNA 3.1(+) backbone in HA-CLR-CLIP, was 
removed. This was simply done by digesting at the XhoI sites and self-ligating the vector using 
T4 DNA Ligase. We then sequenced the NotI-removed CysLTR2-GFP10-1D4 in its entirety to 
check for any erroneous modifications or linkages.   
 
β -Arrestin1-RLuc3 and β-Arrestin2-RLuc3, the BRET2 donors paired to these acceptor 
constructs, were constructed previously by C-terminally fusing the coding sequence of β-Arrestin 
to RLuc324. 
 
Cell Culture and Transfection 
HEK293T cells were maintained as described above, and transiently co-transfected with β-
Arrestin1-RLuc3 or β-Arrestin2-RLuc3 and CysLTR2-GFP10-1D4 wt or L129Q directly ‘in-
plate’, in 96-well plates, using lipofectamine 2000 as described above with slight modifications 
to account for the larger well volume. The total DNA amount was kept constant at 205 ng per 
well using empty vector pcDNA3.1(+). Briefly, a master-mix of the β-arrestin-RLuc3 was made 
in FluoroBrite DMEM (DMEM without phenol red and suitable for fluorescence experiments) 
and the CysLTR2-GFP10-1D4 DNA were added to these after appropriate distribution. In a 
separate mixture, the total Lipofectamine 2000 was mixed in FluoroBrite DMEM and incubated 
for 5 minutes. The appropriate amount of Lipofectamine 2000/ FluoroBrite DMEM mixture is 
mixed with the DNA/ FluoroBrite DMEM and incubated for 20 minutes. Cells were then 
trypsinized, re-suspended in FluoroBrite DMEM, 20% FBS, 30 mM HEPES, and 8 mM 
glutamine, and counted. Cells were mixed with the DNA/ Lipofectamine 2000/ FluoroBrite 
DMEM mixture, and directly plated onto 0.01% poly-D-lysine coated, black, clear-bottom, tissue 
culture treated 96-well plates at a density of 40 000 cells per well in 100 µL FluoroBrite DMEM 
10% FBS, 15 mM HEPES, 4 mM glutamine. All assays were conducted 24 hours after the 
transfection. All plasmids were prepared from QIAGEN Plasmid Maxi Kits, resulting in a high 
quality and high concentration plasmid solution (about 1000 - 4000 ng/µL). 
 
DNA Titration Assay  
HEK293T cells were transiently transfected with 5 ng of β-Arrestin1 or 2-RLuc3 and 0, 12.8, 32, 
80, and 200 ng of CysLTR2-GFP10 wt or L129Q per 96-well. 24 hours after transfection, media 
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were aspirated carefully from all wells. 40 µL of pre-warmed BRET buffer (DMEM FluoroBrite, 
15 mM HEPES, 0.1% BSA, 4 mM Glutamine) was added to each.  
 
All BRET2 measurements were taken on the BioTek Synergy Neo2 microplate reader (HTSRC) 
using filter set 109 (center wavelength/band width) of 410/80 nm (donor) and 515/30 nm 
(acceptor). First, the GFP fluorescence was read using the monochromator (ex: 395 nm, em: 510 
nm +/- 20 nm from bottom, auto gain) to quantify total expression levels. Following this, the 
cell-permeable substrate methoxy e-Coelenterazine (Me-O-e-CTZ/ Prolume Purple) was added 
to each well at a final concentration of 5 µM and the luminescence at the two wavelengths were 
read simultaneously.  
 
Time Course Assay 
HEK293T cells were transiently transfected with 5 ng of β-Arrestin1 or 2-RLuc3 and 80 ng of 
CysLTR2-GFP10 wt or L129Q per 96-well. 24 hours after transfection, media were aspirated 
carefully from all wells. 30 µL of pre-warmed BRET buffer was added to each well, and the GFP 
fluorescence was read. Methoxy e-Coelenterazine was added to 2 columns at 5 µM final 
concentration, followed by addition of 0 nM, 30 nM, and 1000 nM of LTD4 to appropriate wells 
in the two columns. The plate was quickly placed into the microplate reader so that there is as 
little lag time between addition of the ligand and BRET readings as possible. The two columns 
take about 45 seconds to read, and this was repeated 30 times such that we have a BRET reading 
every 45 seconds for about 23 minutes.  
 
Agonist Dose-Response Assay  
HEK293T cells were transiently transfected with 5 ng of β-Arrestin1 or 2-RLuc3 and 80 ng of 
CysLTR2-GFP10 wt or L129Q per 96-well. 24 hours after transfection, media were aspirated 
and 30 µL of pre-warmed BRET buffer was added to each well. Various concentrations of LTD4 
(final concentrations from 10-6 M to 10-11 M) were added to appropriate wells and incubated for 
10 minutes at room temperature. Following the incubation, GFP and BRET2 signals were 
obtained as described above.  
 
Data Reduction 
Raw BRET2 ratios were determined by calculating the ratio of the light intensity emitted by the 
GFP10 (515 nm) over the light intensity emitted by the RLuc3 (410 nm). The BRET2 signals are 
normalized to basal BRET2 signals (β-Arrestin-RLuc3 only signals) to give corrected BRET2 
ratios.  
 
For the DNA titration assays, the BRET2 ratios were plotted against GFP10 fluorescence 
readings to create a DNA titration curve 61. These data are fit to a one-site saturation-binding 
function using the equation y = Bmax (x / Kd + x) + NS(x) + background, where NS (non-specific 
binding) is set to zero, and both Bmax (the maximal recruitment at infinite agonist concentration) 
and background (basal offset at zero agonist concentration) are shared for all three curves (wt, 
L129Q, and wt + LTD4). The Kd is varied for the three curves, and this gives GFP10 signal of 
the receptor giving half-maximal BRET2 ratios.  
 
For the time course assays, the BRET2 ratios were plotted against time, in minutes, to assess the 
time-dependence of the LTD4 stimulated β-Arrestin recruitment. These data are fit to a two-
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phase decay model using the equation y = y0 + If ( x > x0, Plateau*(-exp(-(10^log KFast)*(x - x0)) 
+ exp(-(10^log KSlow)*(x - x0)))*(10^log KFast)/((10^log KFast)-(10^log KSlow)), 0 ). Kfast describes 
the initial recruitment of β-Arrestin dependent on the concentration of active receptor, and is 
represented as the initial increase in signal. Kslow describes the disassembly of the receptor- β-
Arrestin complex and is represented by the decay of the signal over time. For this fit, x0, y0 (the 
BRET2 signal at time zero), and log Kslow are shared for all three curves (0 nM, 30 nM, and 1000 
nM LTD4). Log Kfast is varied for the three curves, and gives the rate constant of β-Arrestin 
recruitment for the three conditions.  
 
Lastly, for the agonist dose-response assays, the BRET2 ratios were plotted against 
concentrations of LTD4. The cysLTR2-GFP10 wt data were fit to a dose response sigmoidal 
curve using the equation y = Bottom + (Top - Bottom)/ (1+10^(Log EC50 - x). As CysLTR2-
L129Q-GFP10 did not follow this dose dependency, these data were fit to a horizontal line, y = 
Mean + 0(x), as described previously. These data were then normalized using the top and bottom 
parameters for the sigmoidal fits of the wild-type data. This time, when fitting the CysLTR2-
GFP10 wt using the same sigmoidal curve mentioned previously, the top was constrained to 
equal 100, and the bottom to equal zero. The fitting of CysLTR2-L129Q-GFP10 is the same but 
with normalized values.  
 
Flow Cytometry 
 
The HEK-293T cells were transiently transfected using lipofectamine 2000 with 2 pg/cell total 
DNA and 0, 0.02, 0.2, or 2 pg/cell receptor-encoding DNA using previously described in-plate 
transfection protocol. The total DNA amount was kept constant at 2 µg per well using empty 
vector pcDNA3.1(+), and 600 000 cells were seeded in 2 mL per 6-well in DMEM GlutaMAX, 
10% FBS. 
 
Cells were resuspended in the well media then centrifuged at 300 ´ g for 5 min. The cell pellets 
were gently washed three times in 1X Dulbecco’s PBS without calcium and magnesium 
supplemented with 0.1% BSA (300 ´ g, 5 min), then suspended in 250 µl PBS (to a 
concentration of ~2.0 ´ 106 cells/ml). Cells were mixed 1:1 with 110 ng/ml (2X) PI, the optimal 
PI concentration for HEK293T cells previously determined by titration experiments (data not 
shown). Samples were filtered through a cell strainer cap (Falcon, Ref 352235) then place on ice 
for immediate analysis of GFP10 expression and live-dead discrimination (PI). 
 
Analyses were performed by flow cytometry using Cytek Aurora spectral flow cytometer 
equipped with four lasers (405, 488, 561 and 640 nm) and SpectroFlo software (version 2.0.1). 
Forward and side scatter parameters were used to eliminate debris from analysis. For each 
sample 20,000 events in the SSC singlet gate were collected. Spectral unmixing was performed 
using unstained pcDNA transfected cells, single stained PI pcDNA transfected cells, and 
CysLTR2-WT-GFP10 cells as the unstained, PI positive, and GFP10 positive controls, 
respectively. Unmixed data was prepared using FlowJo (version 10.5.3). 
 
 
 
 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 6, 2019. ; https://doi.org/10.1101/663153doi: bioRxiv preprint 

https://doi.org/10.1101/663153
http://creativecommons.org/licenses/by-nc-nd/4.0/


 35 

Live cell imaging 
 
The HEK293T cells were transiently transfected using lipofectamine 2000 with 2 pg /cell DNA 
using the previously described in-plate transfection protocol. In 35 mm glass bottom microwell 
dishes (MaTek; Cat#P35G-1.5-14-C), coated with 0.2% gelatin Type A (Sigma; EC No 232-554-
6) fixed with 0.5% glutaraldehyde (Electron Microscopy Sciences Cat 16316), 600 000 cells in 2 
ml DMEM 10% FBS were seeded. Cells were incubated at 37°C and 5% CO2 for ~22h.  
Cell media was aspirated from each well and replaced with 2 ml FluoroBrite media 
supplemented as described above. Z-stacks of cells were acquired using a DeltaVision Image 
Restoration Microscopy System (Applied Precision) and Resolve3D softWoRx-Acquire (version 
6.5.2 Release RC1). Samples were kept in an enclosed environmental chamber kept at 37°C 
during imaging. An Olympus 60X/1.3 objective was used. Excitation at 390nm with 18nm 
bandpass.  Emission at 525nm with 50nm bandpass. CoolSNAP HQ/ICX285 CCD camera was 
used. Deconvolution of z-stacks were performed in softWoRx.  
 
ERK Phosphorylation Assay 
 
HEK293T cells were transiently transfected with 1 µg of CysLTR2 wt or CysLTR2-L129Q 
using lipofectamine 2000 as previously described. The total amount of DNA was kept constant at 
2 µg/well using pcDNA3.1(+). Briefly, 1 million cells/ well were seeded in 2 mL DMEM 
Glutamax, 10% FBS in PDL-coated 6-well plates. 20 hours post transfection, the growth media 
was replaced by 1.5 mL of pre-warmed DMEM GlutaMAX (no FBS) to subject cells to 3 hours 
of FBS starvation. 500 µL of the following compounds diluted in pre-warmed DMEM 
GlutaMAX were added to the appropriate wells: 1 µM YM-254890, 30 µM NAV-2729, 10 µM 
U0126, 10 µM U73122, 200 nM TPA or corresponding volumes of DMSO for control basal 
wells. Cells were incubated for 3 hours at 37°C. Cells expressing CysLTR2 wt were then 
stimulated with 200 µL of 100 nM LTD4 for 3 minutes. The reaction was stopped by placing the 
plates on ice, and cells were harvested and washed once with cold PBS. Cells were incubated 
with 200 µL solubilization buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM MgCl2) supplemented 
with 1% (w/v) DM, 1 µg/µl aprotinin, 1mM PMSF, cOmplete protease inhibitor, and 1 mM 
sodium orthovanadate for 1 hour at 4°C. Following incubation, cells were centrifuged at 20 000 
x g for 20 min at 4ºC. Total protein was determined by Protein DC assay according to 
manufacturer’s instructions (Bio Rad).  
 
Immunoblotting 
Briefly, 30 µg of lysate were mixed with LDS-NuPage loading buffer supplemented with 100 
mM dithiothreitol (DTT). Denatured lysates were resolved by SDS-PAGE on NuPAGE 4-12% 
Bis-Tris gel (1.5mm) at 120V for 1h45 and transferred electrophoretically onto an Immobilon-P 
PVDF membrane using a semi-dry transfer (45min at 18V). Membranes were blocked for 1 hour 
in Odyssey Blocking Buffer at room temperature before being incubated overnight at 4°C with 
primary antibodies: rabbit anti-phospho-ERK1/2 polyclonal pAb and mouse anti-total ERK2 
mAb diluted at 1:1 000 in the Odyssey blocking buffer. Membranes were washed three times for 
10 minutes in PBS-T (PBS supplemented with 0.1% Tween). Secondary antibodies, goat anti-
rabbit IRDye 800CW and goat anti-mouse IRDye 680RD, diluted at 1:20 000 in Odyssey 
Blocking Buffer supplemented with 0.1% Tween and 0.01% SDS, were added and the 
membranes were incubated for1 hour at room temperature, protected from light. Following three 
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washes in PBS-T for 10 minutes, the membranes were scanned with a LI-COR Odyssey SA 
imager to visualize the phosphorylated ERK1/2 signal (800 nm channel detection) and the total 
ERK2 signal (700 nm channel detection) at the HTSRC.  
 
Molecular Modeling 
 
We established our protocols initially using receptors with crystal structures in active and 
inactive conformations (rhodopsin and µ opioid receptor) to test the in silico mutagenesis 
methods.  In these initial tests, we also tried the mp_relax and mp_mutate_relax programs of 
Rosetta 62, but found that the membrane mimetic introduced some artifacts when comparing 
multiple conformations.  The CysLTR2 homology models in the Active and Inactive states were 
taken from the version of the GPCRdb dated 2018-07-10.  The models were optimized with the 
relax program from the Rosetta3 software suite 63 release 2018.33 using the beta_nov16_cart all-
atom sore function 64 with constraints to maintain the overall conformation close to the starting 
structure.  The mutations were introduced by the cartesian_ddg program of Rosetta and the local 
neighborhood within 0.9 nm of the mutated residue was repacked and optimized using backbone 
constraints.  Five structures (‘iterations’) with two hundred cycles of optimization were 
calculated for each mutant to obtain a score (‘free energy change’) of the mutation for each 
iteration.  The minimum score is reported as “ddG Activation” or “ddG Inactivation” depending 
on the starting structure used.  The difference of these two scores “Activation – Inactivation” is a 
prediction of the free energy change ∆∆G(active)-∆∆G(inactive) due to the mutation, which 
predicts the change of the active – inactive state equilibrium (Ri–Ra).  Structures were visualized 
with vmd1.9.3 65.   
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Supplementary Figures and Tables 

Supplementary Figure S1. Molecular structure of the diverse compounds tested for IP1 
accumulation inhibition studies.  
Shown are the CysLTR2 agonist LTD4 and antagonists HAMI-3379 66 and BayCysLT2, the Arf6 
inhibitor NAV-2729 42 and the Gq/11 inhibitor YM-254890 41.  
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Suppl. Fig. S2. Lithium-dependent accumulation of IP1 differs for agonist-induced and 
constitutive receptor activity. 
Lithium chloride (LiCl) is added during the stimulation period of the assay to block further 
degradation of IP1. (A-B) Time-course of the effect of 50 mM LiCl on the basal and LTD4-
induced IP1 accumulation for CysLTR2 wt (A) and L129Q (B) transfected HEK293T cells over 
180 minutes. (A) Basal IP1 accumulation of CysLTR2 wt (open red circles) is comparable to 
mock with (solid black triangles) or without (open black triangles) LTD4 stimulation and is not 
affected by the addition of LiCl. CysLTR2 wt stimulated by LTD4 exhibits an increasing IP1 
accumulation over 100 minutes after addition of LiCl, before reaching a plateau (solid red 
circles). (B) CysLTR2-L129Q (blue squares) shows a LTD4-independent IP1 accumulation 
similar to the wt receptor that continues to increase over 180 minutes. The data are expressed as 
the mean ± SEM of IP1 (nM) minus mock and result from one experiment performed in four 
technical replicates. 
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Suppl. Fig. S3. Development of the CysLTR2 BRET2 assay. 
(A) The agonist LTD4 leads to dose-dependent inositol monophosphate (IP1) accumulation in 
HEK293T cells expressing different levels of CysLTR2-GFP10 wild-type as controlled by 
different amounts of receptor-encoding plasmid DNA transfected at constant total DNA (red, 11 
ng; orange, 3.6 ng; green, 1.2 ng; cyan, 0.4 ng; blue, 0.1 ng).  The curves are fits of the dose-
response data to an operational model.  (B) The corresponding experiment with the mutant 
CysLTR2-GFP10-L129Q shows no significant dose-dependent response to LTD4, whereas the 
ligand-independent basal IP1 accumulation increases with increasing amount of CysLTR2-
GFP10-L129Q-encoding plasmid DNA.  The results show that CysLTR2-GFP10-L129Q is a 
CAM with a basal activity corresponding to about 100% of the WT receptor maximally 
stimulated with agonist. Data are expressed as mean ± SEM of concentration of IP1 accumulated 
(nM) and result from one experiment carried out in four technical replicates. Each plot represents 
one individual assay plate. (C,D) Time-course of LTD4-stimulated β-Arrestin-recruitment 
measured by the BRET2 assay with CysLTR2-GFP10 and β-arrestin-RLuc3. (C) The time-
dependent increase of net BRET2 demonstrates recruitment of β-arrestin 1, and was measured for 
two LTD4 concentrations (30 nM, blue diamond; 1000 nM, blue square) and vehicle (0 nM, blue 
open circle). (D) Time-course of β-arrestin 2 recruitment for two LTD4 concentrations (30 nM, 
red diamond; 1000 nM, red square) and vehicle (0 nM, red open circle). The time-dependent data 
in (C,D) were globally fitted with a double exponential function using shared slow kinetic rates 
and starting values. They are the mean ± SEM from two independent experiments, with two sets 
of four technical replicates. (E,F) Saturation-binding BRET2 experiment with CysLTR2-GFP10 
wild-type stimulated with 1000 nM LTD4 (circle), unstimulated CysLTR2-GFP10-L129Q (open 
square), and unstimulated CysLTR2-GFP10 wild-type (open circle). The data are fit to a one-site 
saturation binding function and are the mean ± SEM from five technical replicates on one plate. 
(E) Recruitment of β-arrestin-1-Rluc3 (blue).  (F) Recruitment of β-arrestin-2-Rluc3 (red).  
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Suppl. Fig. S4. High levels of CysLTR2-L129Q result in cell death. 
(A) The toxicity of CysLTR2-L129Q-GFP10 and CysLTR2-WT-GFP10 was assessed using flow 
cytometry for GFP10 and the live-dead cell marker propidium iodide (PI). Data shown has been 
unmixed to correct for spectral overlap between GFP10 and PI. Representative dot plots with 
gating for HEK293T cells transfected with different amounts of DNA (0.02, 0.2 and 2.0 pg/cell) 
of CysLTR2-GFP10 wt and CysLTR2-GFP10-GFP10, keeping the total DNA fixed at 2 pg/cell, 
and mock transfected cells, all in the presence of PI staining. Single parameter histograms 
representing expression of GFP10 and PI are shown above and to the left of each dot plot, 
respectively. Each plot represents a single replicate where 20,000 events in the SSC singlet gate 
were collected. Quadrant gating was created using untransfected control cells and single stained 
sample cells. High levels of receptor expression as monitored by GFP10 intensity correlates with 
cell death as monitored by PI staining for CysLTR2-GFP10-L129Q transfected samples but not 
for CysLTR2-GFP10 wt transfected samples. (B) Live cell imaging of CysLTR2-GFP10 wt and 
CysLTR2-GFP10-L129Q constructs transfected at 2 pg/cell. Cellular context of cells is shown 
using phase contrast. Raw and deconvolved images are optical sections extracted from the 
confocal stacks for wt and L129Q receptors, respectively.   
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Suppl. Fig. S5.  Site-saturation mutagenesis of CysLTR2-Leu129. 
The receptor activities were examined using agonist concentration-response curves for all twenty 
amino acids at residue L129 in the CysLTR2-1D4 construct transfected in HEK293T cells.  (A-D) 
To reduce the complexity of the graphs, data from four to six different mutants are shown in each 
plot together with the empty vector transfected control (black dashed line and open triangle), 
CysLTR2 wild-type with native leucine (L) at position 129 (red dashed line and open circle, WT), 
and CysLTR2-L129Q with the oncogenic variant glutamine at position 129 (blue dashed line and 
open square, Q).  (A) Compares alanine (green line and down triangle, A), isoleucine (magenta 
line and square, I), methionine (yellow line and circle, M), and serine (gray line and diamond, S) 
variants.  (B) Compares cysteine (green line and down triangle, C), lysine (magenta line and 
square, K), and valine (yellow line and circle, V) variants.  (C) Compares glutamate (green line 
and down triangle, E), phenylalanine (magenta line and square, F), glycine (yellow line and circle, 
G), asparagine (gray line and diamond, N), and threonine (purple line and open down triangle, T) 
variants.  (D) Compares aspartate (green line and down triangle, D), histidine (magenta line and 
square, H), proline (yellow line and circle, P), arginine (gray line and diamond, R), tryptophan 
(purple line and open down triangle, W), and tyrosine (orange line and open diamond, Y) variants.  
The mutants are grouped in panels (A-D) according to their maximum signaling capacity. Data 
from experiments are shown as the normalized IP1 accumulation and are represented as the mean 
± SEM of at least 2 independent experiments, each carried out in four technical replicates. The 
experiments were performed on four individual assay plates, which all included mock, CysLTR2-
WT, -L129Q and five CysLTR2-L1293.43-transfected cells. Each data set was fitted to a sigmoidal 
dose-response model with three parameters.  
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Suppl. Scheme. S1. Modeling the pharmacology of constitutively active receptors. 
The different models and corresponding equations proposed to describe the pharmacology of the 
constitutively active CysLTR2-L129Q receptor are described here. (A) The sigmoidal dose-
response model, (B) the Black-Leff operational model 17, (C) the Slack-Hall operational model 18, 

19, (D) the Ehlert two-state allosteric model 67, (E) the modified two-state allosteric model 
including two competing ligands and (F) the extended ternary complex model 68, 69. 
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Suppl. Fig. S6. Two-state allosteric model suggests ground state equilibrium of CysLTR2-
L129Q is largely shifted to the active state.   
(A) Data for selected L129 variants are shown together with curves obtained from the Ehlert 
two-state allosteric model using two free parameters for each mutant (τ and Kq). The data are 
expressed as normalized IP1 and are expressed as the mean ± SEM of 2 independent experiments 
described in Fig. Suppl. S5, each carried out in four technical replicates. (B) Ranking of mutants 
in order of decreasing constitutive activity calculated as CA=Kq/(1+Kq). L129Q is the strongest 
CAM, and E, A, M, V, C, I, S, G, T, N, and K show constitutive IP1 activity. The grey arrow 
indicates CysLTR2 wild type basal level.  
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Supplementary Figure S7. CysLTR2-L129Q signaling is blocked by Gq-inhibitor YM-
254890 and Arf6-inhibitor NAV-2729. 
YM-254890 and NAV-2729 dose-dependently inhibits IP1 accumulation of CysLTR2-L129Q in 
HEK293T cells. YM-254890 fully and dose-dependently inhibits the IP1 signaling of CysLTR2-
L129Q to the basal level of mock (black circles) following treatment for 3 hours (green 
diamonds) or 24 hours (red squares). The Arf6 inhibitor NAV-2729 strongly inhibits the 
constitutive IP1 signaling of CysLTR2-L129Q at doses above 1 µM, after 3 hours (pink open 
circle) or 24 hours treatment (blue triangle). Mock-transfected cells are not altered by any of the 
treatments (black circles, grey down triangle). The data are expressed as the mean ± SEM of IP1 
concentration (nM) from one experiment with four technical replicates. They are fit to a 
sigmoidal-dose response model.  
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Suppl. Table S1. Sigmoidal versus horizontal line 
 Bottom Top log EC50 Amplitude Mean Dof a) 

CysLTR2 wt-1D4 (Fig. 1A) 
11ng 36.5 ± 7.8 475.3 ± 10.7 -8.167 ± 0.061 438.9 ± 12.5 45.0 ± 212.5 27 
3.6ng 31.4 ± 5.7 337.5 ± 8.5 -8.026 ± 0.067 306.1 ± 9.6 45.0 ± 147.0 18 

1.21ng 19.0 ± 6.5 229.9 ± 9.7 -8.040 ± 0.111 211.0 ± 11.0 45.0 ± 99.2 13 
0.4ng 19.1 ± 3.9 161.9 ± 6.9 -7.748 ± 0.107 142.8 ± 7.5 45.0 ± 66.5 8 
0.1ng 13.9 ± 2.9 87.1 ± 5.3 -7.727 ± 0.157 73.2 ± 5.7 45.0 ± 38.0 5 

CysLTR2-L129Q-1D4 (Fig. 1B) 
11ng 257.9 ± 9.7 274.7 ± 11.9 -8.376 ± 1.927 16.9 ± 14.4 265.1 ± 6.0 46 
3.6ng 208.1 ± 8.9 209.8 ± 8.4 -8.866 ± 14.670 1.7 ± 11.5 209.0 ± 4.8 47 

1.21ng 137.3 ± 6.4 149.1 ± 7.9 -8.347 ± 1.782 11.8 ± 9.6 142.4 ± 3.9 47 
0.4ng 93.7 ± 4.9 100.8 ± 5.4 -8.571 ± 2.130 7.1 ± 6.8 97.0 ± 2.8 47 
0.1ng 56.1 ± 2.0 61.9 ± 4.4 -7.419 ± 1.474 5.8 ± 4.6 57.7 ± 1.4 47 

CysLTR2-GFP10 wt (Fig. S3A) 
11ng 43.7 ± 4.2 339.5 ± 7.6 -7.730 ± 0.056 295.8 ± 8.2 141.0 ± 16.9 47 
3.6ng 42.5 ± 5.3 244.0 ± 9.8 -7.700 ± 0.104 201.5 ± 10.5 107.8 ± 11.9 47 

1.21ng 39.0 ± 3.8 185.9 ± 7.7 -7.537 ± 0.107 147.0 ± 8.1 82.6 ± 8.4 47 
0.4ng 35.4 ± 2.8 114.4 ± 5.9 -7.493 ± 0.149 79.0 ± 6.2 58.3 ± 4.7 47 
0.1ng 36.3 ± 1.7 75.1 ± 4.4 -7.253 ± 0.202 38.8 ± 4.4 46.1 ± 2.3 47 

CysLTR2-GFP10-L129Q (Fig. S3B) 
11ng N.C.   322.3 ± 8.1 N.C.   N.C.   322.3 ± 7.9 47 
3.6ng 246.5 ± 8.6 278.6 ± 9.5 -8.586 ± 0.828 32.1 ± 12.1 261.6 ± 5.3 47 

1.21ng 176.3 ± 7.2 205.9 ± 8.1 -8.552 ± 0.758 29.6 ± 10.2 190.0 ± 4.6 47 
0.4ng 107.5 ± 7.7 124.8 ± 10.0 -8.277 ± 1.492 17.4 ± 11.9 114.7 ± 4.9 47 
0.1ng 64.9 ± 5.8 70.6 ± 4.6 -9.215 ± 2.713 5.6 ± 7.0 68.2 ± 2.8 47 

pcDNA -0.3 ± 0.9 -0.7 ± 0.6 -9.398 ± 7.626 -0.3 ± 1.0 -0.6 ± 0.4 77 
WT 3.5 ± 0.8 96.5 ± 0.9 -8.103 ± 0.024 93.0 ± 1.1 48.5 ± 4.3 79 
Q 63.5 ± 1.9 79.3 ± 1.8 -8.391 ± 0.319 15.9 ± 2.5 72.0 ± 1.3 79 
A 16.6 ± 2.0 77.7 ± 1.6 -8.761 ± 0.089 61.1 ± 2.4 53.0 ± 5.9 19 
C 5.4 ± 3.8 72.3 ± 3.4 -8.597 ± 0.155 66.9 ± 4.8 43.6 ± 6.7 19 
D 0.3 ± 1.2 23.7 ± 1.8 -7.570 ± 0.174 23.4 ± 2.0 9.2 ± 2.2 19 
E 24.2 ± 3.3 58.9 ± 2.7 -8.831 ± 0.263 34.6 ± 4.0 45.2 ± 3.1 29 
F 2.4 ± 2.1 55.9 ± 3.4 -7.565 ± 0.140 53.5 ± 3.7 22.8 ± 5.0 19 
G 4.5 ± 1.9 63.7 ± 1.8 -8.420 ± 0.086 59.2 ± 2.5 36.5 ± 5.7 19 
H 2.3 ± 1.3 35.8 ± 2.5 -7.267 ± 0.142 33.5 ± 2.6 13.1 ± 2.9 19 
I 7.7 ± 3.6 87.6 ± 3.2 -8.577 ± 0.123 79.9 ± 4.6 53.0 ± 7.9 19 
K 6.1 ± 4.3 82.0 ± 4.4 -8.277 ± 0.156 75.8 ± 5.9 45.3 ± 7.6 19 
M 10.4 ± 2.1 81.4 ± 1.6 -8.883 ± 0.081 71.0 ± 2.5 54.0 ± 6.9 19 
N 5.8 ± 1.7 55.8 ± 1.8 -8.200 ± 0.094 50.0 ± 2.4 30.9 ± 4.8 19 
P 1.8 ± 0.7 55.4 ± 10.2 -6.198 ± 0.179 53.5 ± 10.0 8.7 ± 2.6 19 
R 1.3 ± 1.6 24.2 ± 3.3 -7.197 ± 0.263 22.9 ± 3.4 8.4 ± 2.2 19 
S 15.5 ± 5.2 84.0 ± 5.4 -8.228 ± 0.207 68.5 ± 7.1 50.2 ± 7.1 19 
T 3.8 ± 3.0 65.2 ± 2.9 -8.407 ± 0.131 61.5 ± 3.9 36.9 ± 6.1 19 
V 5.6 ± 1.7 88.0 ± 1.4 -8.828 ± 0.058 82.4 ± 2.1 55.6 ± 7.9 19 
W 0.9 ± 0.5 N.C.   N.C.   N.C.   2.4 ± 0.7 19 
Y 3.0 ± 1.2 30.0 ± 3.3 -6.889 ± 0.199 27.0 ± 3.3 9.8 ± 2.2 19 

CysLTR2 wt-1D4 
WT 126.7 ± 30.7 1792.0 ± 54.8 -7.754 ± 0.065 1665.0 ± 58.1 704.8 ± 122.5 26 

WT N301A 49.0 ± 4.5 N.C.   N.C.   N.C.   51.6 ± 3.5 27 
WT Y305F 48.5 ± 12.4 961.1 ± 79.7 -6.705 ± 0.102 912.7 ± 77.4 201.0 ± 45.0 27 
WT/NA/YF N.C.   49.3 ± 3.5 N.C.   N.C.   48.5 ± 2.7 27 
L129Q-1D4 1156.0 ± 19.5 1236.0 ± 88.9 -6.874 ± 1.458 80.5 ± 86.6 1171.0 ± 14.7 27 
LQ/N301A 968.0 ± 22.8 1279.0 ± 50.8 -7.409 ± 0.298 310.7 ± 51.7 1061.0 ± 21.9 48 
LQ/Y305F 974.4 ± 27.7 1607.0 ± 37.6 -7.987 ± 0.138 632.8 ± 43.1 1238.0 ± 37.4 55 

LQ/N301A/Y305F 359.0 ± 15.2 1144.0 ± 43.5 -7.193 ± 0.090 785.0 ± 43.2 561.6 ± 50.6 27 
 
Bold = Preferred model is sigmoidal dose-response TH add amplitude, Normal = Preferred model is horizontal line.  
a) Degrees of Freedom, N.C. = Non-converging 
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Suppl. Table S2. Black-Leff Model 
 

 log KA log τ Basal Emax Dof a) 
CysLTR2 wt-1D4 (Fig. 1A) 

11ng    0.259 ± 0.153 22.9 ± 0.013     
3.6ng    -0.080 ± 0.112 22.9 ± 0.009     
1.21ng    -0.357 ± 0.093 22.9 ± 0.022     
0.4ng    -0.629 ± 0.085 22.9 ± 0.024     
0.1ng    -1.027 ± 0.092 22.9 ± 0.080     

Global (shared) -7.780 ± 0.081    22.9 ± 0.019 718.0 ± 92.5 232 
CysLTR2-GFP10 wt (Fig. S3A) 

11ng    0.038 ± 0.237 38.9 ± 0.027     
3.6ng    -0.235 ± 0.193 38.9 ± 0.065     
1.21ng    -0.468 ± 0.170 38.9 ± 0.023     
0.4ng    -0.828 ± 0.153 38.9 ± 0.025     
0.1ng    -1.229 ± 0.161 38.9 ± 0.022     

Global (shared) -7.454 ± 0.104    38.9 ± 0.030 608.6 ± 154.6 232 
 
a) Degrees of Freedom 
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Suppl. Table S3. Slack-Hall Operational Model 
 

 log KA log χ log ε Basal Emax log τ Dof a) 
CysLTR2 wt-1D4 (Fig. 1A) 

11ng    -1.503 ± 0.135          0.048 ± 0.198  
3.6ng    -1.780 ± 0.127          -0.230 ± 0.157  
1.21ng    -2.022 ± 0.129          -0.472 ± 0.135  
0.4ng    -2.263 ± 0.137          -0.713 ± 0.121  
0.1ng    -2.606 ± 0.158          -1.056 ± 0.113  

Global (fixed)                    
Global (shared) 7.847 ± 0.083    1.550 ± 0.186 12.3 ± 4.5 877.9 ± 200    231 

CysLTR2-L129Q-1D4 (Fig. 1B) 
11ng    -0.323 ± 0.015          -0.287 ± 0.017  
3.6ng    -0.494 ± 0.017          -0.458 ± 0.018  
1.21ng    -0.755 ± 0.022          -0.719 ± 0.023  
0.4ng    -1.024 ± 0.033          -0.989 ± 0.033  
0.1ng    -1.484 ± 0.080          -1.449 ± 0.080  

Global (fixed)          = 34.75   = 697.4       
Global (shared) 8.433 ± 1.158    0.035 ± 0.018          232 

CysLTR2-GFP10 wt (Fig. S3A) 
11ng    -1.828 ± 0.238          -0.113 ± 0.299  
3.6ng    -2.070 ± 0.222          -0.355 ± 0.254  
1.21ng    -2.284 ± 0.219          -0.569 ± 0.228  
0.4ng    -2.617 ± 0.225          -0.901 ± 0.205  
0.1ng    -2.972 ± 0.250          -1.257 ± 0.197  

Global (fixed)                    
Global (shared) 7.494 ± 0.106    1.715 ± 0.277 34.8 ± 2.9 697.4 ± 280.3    231 

CysLTR2-GFP10-L129Q (Fig. S3B) 

11ng    -0.186 ± 0.019          -0.125 ± 0.018  
3.6ng    -0.349 ± 0.020          -0.288 ± 0.019  
1.21ng    -0.575 ± 0.023          -0.514 ± 0.022  
0.4ng    -0.919 ± 0.035          -0.859 ± 0.034  
0.1ng    -1.330 ± 0.073          -1.270 ± 0.073  

Global (fixed)          = 34.75   = 697.4       
Global (shared) 8.879 ± 0.732    0.061 ± 0.020          233 

pcDNA                    
WT 7.825 ± 0.025 -1.753 ± 0.101 1.722 ± 0.101       -0.031 ± 0.008 77 
Q 8.338 ± 0.320 -0.333 ± 0.019 0.151 ± 0.024       -0.182 ± 0.016 77 
A 8.585 ± 0.090 -1.043 ± 0.056 0.846 ± 0.057       -0.197 ± 0.015 17 
C 8.414 ± 0.158 -1.557 ± 0.313 1.310 ± 0.311       -0.247 ± 0.032 17 
D 7.516 ± 0.175 -2.900 ± 2.020 2.027 ± 2.014       -0.873 ± 0.038 17 
E 8.735 ± 0.263 -0.861 ± 0.067 0.481 ± 0.070       -0.380 ± 0.028 27 
F 7.427 ± 0.144 -1.919 ± 0.397 1.508 ± 0.393       -0.411 ± 0.036 17 
G 8.263 ± 0.088 -1.641 ± 0.187 1.311 ± 0.187       -0.330 ± 0.018 17 
H 7.186 ± 0.146 -1.940 ± 0.244 1.279 ± 0.241       -0.662 ± 0.037 17 
I 8.344 ± 0.127 -1.398 ± 0.211 1.289 ± 0.210       -0.109 ± 0.028 17 
K 8.062 ± 0.161 -1.499 ± 0.315 1.341 ± 0.314       -0.159 ± 0.040 17 
M 8.679 ± 0.082 -1.259 ± 0.091 1.096 ± 0.091       -0.164 ± 0.015 17 
N 8.071 ± 0.095 -1.525 ± 0.132 1.112 ± 0.131       -0.413 ± 0.019 17 
P 6.061 ± 0.208 -2.031 ± 0.176 1.614 ± 0.175       -0.417 ± 0.111 17 
R 7.144 ± 0.267 -2.191 ± 0.533 1.331 ± 0.527       -0.861 ± 0.067 17 
S 8.026 ± 0.213 -1.077 ± 0.158 0.937 ± 0.161       -0.140 ± 0.048 17 
T 8.244 ± 0.133 -1.718 ± 0.349 1.403 ± 0.347       -0.315 ± 0.028 17 
V 8.588 ± 0.060 -1.541 ± 0.139 1.437 ± 0.139       -0.105 ± 0.012 17 
W N.C.   -1.925 ± 0.145 N.C.         N.C.   17 
Y 6.825 ± 0.205 -1.824 ± 0.174 1.071 ± 0.171       -0.754 ± 0.057 17 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 6, 2019. ; https://doi.org/10.1101/663153doi: bioRxiv preprint 

https://doi.org/10.1101/663153
http://creativecommons.org/licenses/by-nc-nd/4.0/


 48 

Global (fixed)          = 0.000   = 200.0       
CysLTR2 wt-1D4 

WT 7.445 ± 0.075 -1.412 ± 0.109 1.459 ± 0.108       0.047 ± 0.028 24 
WT N301A N.C.   -1.812 ± 0.031 N.C.         N.C.   25 
WT Y305F 6.567 ± 0.114 -1.840 ± 0.112 1.436 ± 0.111       -0.404 ± 0.050 25 
WT/NA/YF N.C.   N.C.   N.C.         N.C.   25 
L129Q-1D4 6.858 ± 1.472 -0.288 ± 0.011 0.045 ± 0.048       -0.243 ± 0.049 25 
LQ/N301A 7.350 ± 0.304 -0.400 ± 0.014 0.180 ± 0.029       -0.220 ± 0.028 46 
LQ/Y305F 7.855 ± 0.142 -0.396 ± 0.017 0.349 ± 0.024       -0.047 ± 0.019 53 

LQ/N301A/Y305F 7.063 ± 0.096 -0.928 ± 0.021 0.633 ± 0.029       -0.295 ± 0.025 25 
Global (fixed)          = 0.000   = 3400       

 
a) Degrees of Freedom 
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Suppl. Table S4 - Ehlert Two-State Allosteric Model 
 

 Basal Emax log τ log Kq log α log Ka Dof a) 
CysLTR2 wt-1D4 (Fig. 1A) 

11ng       0.097 ± 0.169         
3.6ng       -0.192 ± 0.133         
1.21ng       -0.442 ± 0.114         
0.4ng       -0.689 ± 0.104         
0.1ng       -1.041 ± 0.103         

Global (fixed)             = 4.480   = 5.000  
Global (shared) 14.1 ± 2.9 843.0 ± 149.5    -1.637 ± 0.082     232 

CysLTR2-L129Q-1D4 (Fig. 1B) 
11ng       -0.345 ± 0.013         
3.6ng       -0.496 ± 0.015         
1.21ng       -0.720 ± 0.018         
0.4ng       -0.937 ± 0.025         
0.1ng       -1.239 ± 0.043         

Global (fixed) = 14.1   = 843.0              
Global (shared)          1.138 ± 0.231     233 

CysLTR2-GFP10 wt (Fig. S3A) 
11ng       -0.025 ± 0.252         
3.6ng       -0.283 ± 0.209         
1.21ng       -0.508 ± 0.186         
0.4ng       -0.854 ± 0.168         
0.1ng       -1.230 ± 0.171         

Global (fixed)             = 4.480   = 5.000  
Global (shared) 36.7 ± 1.7 656.7 ± 191.0    -2.004 ± 0.104     232 

CysLTR2-GFP10-L129Q (Fig. S3B) 

11ng       -0.044 ± 0.017         
3.6ng       -0.220 ± 0.018         

1.21ng       -0.458 ± 0.022         
0.4ng       -0.817 ± 0.034         
0.1ng       -1.246 ± 0.077         

Global (fixed) = 36.7   = 656.7         = 4.480   = 5.000  
Global (shared)          0.792 ± 0.162     234 

pcDNA                  
WT       -0.029 ± 0.013 -1.655 ± 0.066      
Q       -0.206 ± 0.009 0.411 ± 0.067      
A       -0.199 ± 0.022 -0.798 ± 0.081      
C       -0.241 ± 0.024 -1.118 ± 0.099      
D       -0.871 ± 0.080 -1.963 ± 0.330      
E       -0.390 ± 0.019 -0.348 ± 0.076      
F       -0.415 ± 0.040 -1.999 ± 0.154      
G       -0.328 ± 0.027 -1.218 ± 0.114      
H       -0.669 ± 0.065 -2.194 ± 0.237      
I       -0.104 ± 0.023 -1.162 ± 0.086      
K       -0.160 ± 0.025 -1.380 ± 0.098      
M       -0.153 ± 0.022 -0.912 ± 0.081      
N       -0.418 ± 0.030 -1.304 ± 0.131      
P       -0.452 ± 0.232 -3.288 ± 0.450      
R       -0.869 ± 0.094 -2.240 ± 0.345      
S       -0.162 ± 0.024 -1.177 ± 0.093      
T       -0.312 ± 0.027 -1.255 ± 0.113      
V       -0.090 ± 0.022 -1.060 ± 0.081      
W       -0.550 ± 4.717 -4.116 ± 5.557      
Y       -0.770 ± 0.094 -2.479 ± 0.307      

Global (fixed) = 0.0   = 200.0            = 5.000  
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Global (shared)             4.480 ± 0.062  489 
CysLTR2 wt-1D4 

WT       0.149 ± 0.034 -1.989 ± 0.073     25 
WT N301A       -1.747 ± 0.039 1.067 ± 1.092     26 
WT Y305F       -0.362 ± 0.051 -2.792 ± 0.112     26 
WT/NA/YF       -1.774 ± 0.032 1.088 ± 0.929     26 
L129Q-1D4       -0.186 ± 0.011 1.206 ± 0.416     26 
LQ/N301A       -0.223 ± 0.016 0.454 ± 0.131     47 
LQ/Y305F       -0.040 ± 0.020 -0.119 ± 0.075     54 

LQ/N301A/Y305F       -0.448 ± 0.042 -0.637 ± 0.155     26 
Global (fixed) = 0.0   = 3000         = 4.480   = 5.000  

 
a) Degrees of Freedom 
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Suppl. Table S5.  “Normal” Mutations found only as germline MVs listed in the GPCRdb 
 

AA 
Mutation 

GPCR 
Database 

GPCR 
Database 

Count 
ddG 

Activation 
ddG 

Inactivation 
Activation – 
Inactivation Annotation 

p.S11P 
p.M17T 
p.P19L 
p.T22N 
p.F36L 
p.E39Q 
p.V44A 
p.L46P 
p.I48L 
p.F50V 
p.L58S 
p.Y61F 
p.Q65P 
p.P66L 
p.P66S 
p.Y67H 
p.N74S 
p.M77L 
p.N79S 
p.L80V 
p.P92R 
p.A95T 
p.A95V 
p.Y97N 
p.R100I 
p.G101V 
p.N103D 
p.N103S 
p.N103T 
p.D108H 
p.L109P 
p.Y116H 
p.S117P 
p.L118F 
p.M122T 
p.Y123H 
p.S124G 
p.F128L 
p.V131M 
p.L132R 
p.R136P 
p.F137S 
p.A139S 

 
 
 
 

1x30 
1x33 
1x38 
1x40 
1x42 
1x44 
1x52 
1x55 
1x59 
1x60 
1x60 

 
2x40 
2x43 
2x45 
2x46 
2x58 
2x61 
2x61 
2x63 
2x66 

 
 
 
 

3x22 
3x23 
3x30 
3x31 
3x32 
3x36 
3x37 
3x38 
3x42 
3x45 
3x46 
3x50 
3x51 
3x53 

1 
2 

16 
1 

13 
354 

4 
1 
1 

575 
2 
1 
1 

12 
8 
9 
1 
1 
1 
1 
1 
1 
1 

10 
1 
1 
1 

613 
1 
1 
3 
1 
1 
1 
4 
5 
2 
3 
8 
3 
1 

29 
1 

 
 
 
 

1.43 
0.95 
0.86 
0.88 

-0.01 
-1.23 
-0.18 
0.30 

-0.08 
0.00 
0.00 

-0.01 
-5.44 
0.10 
0.11 

-1.22 
0.00 

-0.05 
-2.07 
1.61 

-0.54 
0.13 
0.00 
0.01 
1.65 
0.00 
1.86 
2.18 

-0.75 
-0.47 
3.50 
0.84 

-0.81 
-0.60 
0.03 
2.77 
1.15 
2.03 
1.24 

 
 
 
 

0.55 
-0.46 
0.22 

-0.65 
0.89 

-1.65 
-0.05 
0.00 

-0.10 
0.00 
0.00 

-1.86 
-0.46 
0.05 

-0.13 
2.60 
0.00 
0.00 

-1.63 
-0.43 
2.29 

-0.69 
0.00 
0.00 

-0.25 
0.00 

-3.26 
0.39 

-2.01 
0.15 

-0.28 
4.71 

-2.65 
-0.57 
0.64 

-5.10 
2.77 
1.92 
0.01 

 
 
 
 

0.88 
1.42 
0.64 
1.53 

-0.90 
0.42 

-0.13 
0.30 
0.02 
0.00 
0.00 
1.86 

-4.98 
0.05 
0.24 

-3.82 
0.00 

-0.06 
-0.44 
2.04 

-2.83 
0.82 
0.00 
0.01 
1.90 
0.00 
5.13 
1.79 
1.26 

-0.62 
3.78 

-3.87 
1.85 

-0.03 
-0.61 
7.87 

-1.62 
0.12 
1.23 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Na/MS/GP  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Na/MS/GP  

 
GP (contact)  
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p.A139V 
p.M140T 
p.M140V 
p.R145W 
p.L146F 
p.R153K 
p.S154N 
p.I161F 
p.I166F 
p.I166T 
p.A168P 
p.I171T 
p.I171V 
p.M172K 
p.L174R 
p.S176T 
p.S177S 
p.M201V 
p.N202K 
p.Y203C 
p.G209D 
p.C210W 
p.L211Q 
p.T216I 
p.S218R 
p.C220Y 
p.I225N 
p.I225V 
p.R226Q 
p.V227D 
p.V227F 
p.E232Q 
p.R239Q 
p.H242Q 
p.I249V 
p.I251V 
p.L253S 
p.C259G 
p.Y263C 
p.H264R 
p.T268A 
p.L278I 
p.D281E 
p.R282G 
p.V288I 
p.A292G 

3x53 
3x54 
3x54 

 
 

4x40 
4x41 
4x48 
4x53 
4x53 
4x55 
4x58 
4x58 
4x59 
4x61 
4x63 
4x64 
5x39 
5x40 
5x41 

5x461 
5x47 
5x48 
5x53 
5x55 
5x57 
5x62 
5x62 
5x63 
5x64 
5x64 

 
6x27 
6x30 
6x37 
6x39 
6x41 
6x47 
6x51 
6x52 
6x56 

 
7x28 
7x29 
7x35 
7x39 

1 
2 
2 
8 
1 
1 

194 
1 
1 
7 
1 
1 
1 
1 
3 
2 
1 

2064 
1 
3 
1 
3 
3 
1 
3 

23 
1 
1 
1 
1 
1 
4 

10 
370 
12 
35 
1 
5 

35 
1 
1 

574 
68 
3 
2 

19 

0.00 
0.00 

-3.65 
0.00 

-0.91 
-3.75 
-3.91 
-0.49 
0.00 

-0.50 
-0.26 
0.00 
0.12 

-0.34 
-0.01 
-0.05 
0.01 
0.05 
0.75 

-0.12 
-0.05 
0.48 
0.81 

-2.64 
0.00 

-0.02 
-0.02 
0.19 
0.71 
0.05 

-3.88 
0.00 
0.00 
0.00 
0.92 

-1.13 
-2.75 
-0.52 
4.91 

-1.20 
-0.20 
-3.17 
0.77 

-1.43 
2.43 

-0.27 

0.03 
0.01 

-0.04 
-0.09 
0.07 

-3.52 
-0.73 
-1.93 
0.02 
1.00 

-0.99 
-0.33 
0.79 

-0.37 
-0.66 
-0.02 
-3.69 
-3.10 
2.27 
1.68 
0.37 
0.00 
0.21 
0.00 
0.00 

-1.43 
-0.01 
-0.09 
-0.09 
0.00 

-0.02 
0.00 
0.50 

-1.82 
0.68 

-4.44 
0.58 

-0.23 
-0.53 
-1.25 
-0.04 
-0.13 
0.00 
1.09 
0.00 

-0.55 

-0.03 
-0.01 
-3.61 
0.09 

-0.98 
-0.23 
-3.18 
1.44 

-0.02 
-1.50 
0.73 
0.33 

-0.67 
0.03 
0.65 

-0.04 
3.70 
3.15 

-1.51 
-1.80 
-0.42 
0.48 
0.60 

-2.64 
0.00 
1.41 

-0.01 
0.28 
0.80 
0.05 

-3.86 
0.00 

-0.50 
1.82 
0.24 
3.31 

-3.34 
-0.29 
5.44 
0.04 

-0.16 
-3.04 
0.77 

-2.52 
2.43 
0.28 

GP (contact)  
GP (contact)  
GP (contact)  
GP (contact)  
GP (contact)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Na/MS/GP  

 
 
 
 
 
 
 

GP (contact)  
GP (contact)  

 
 

Na/MS/GP  
GP (contact)  
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p.A295V 
p.C299F 
p.C299Y 
p.A308V 
p.N311K 
p.V333F 
p.S337N 
p.K342N 
p.V346A 

 

7x42 
7x47 
7x47 
7x56 
8x49 

 
 
 
  

2 
52 
1 
2 

10 
1 
1 
1 
1 

 

-0.03 
0.00 
0.00 
0.00 
0.71 

 
 
 
   

0.38 
0.03 
0.00 
0.00 
1.85 

 
 
 
  

-0.41 
-0.03 
0.00 
0.00 

-1.14 

 
 
 
  

 
 
 

GP (contact)  
GP (contact)  
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Suppl. Table S6.  Mutations found “both” as germline and somatic variants  
 

AA 
Mutation 

GPCR 
Database 

GPCR 
Database 

Count 

COSMIC
+TCGA 

COSMIC 
Count 

TCGA 
Count 

ddG 
Activation 

ddG 
Inactivation 

Activation – 
Inactivation 

Annotation 

p.S70F 
p.Y119H 
p.R136C 
p.R145Q 
p.A205T 
p.S236L 
p.V269I 
p.A298T 
p.R315K 
p.V14I 
p.P42L 
p.P42S 
p.V75I 
p.T90M 
p.M114I 
p.R136H 
p.R226W 
p.R239W 
p.T272M 

 

 
3x33 
3x50 

 
5x43 
6x24 
6x57 
7x46 
8x53 

 
1x36 
1x36 
2x41 
2x56 
3x28 
3x50 
5x63 
6x27 
6x60 

 

1 
1 
2 

24 
1 

1139 
6 
1 

265 
5 
1 
1 
1 

19 
4 
2 
3 
4 

17 
 

1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
2 
4 
3 
5 

 

 
 

1 

 
 

1 
1 
1 

 
2 
2 
1 
1 
1 
2 
  
3 
2 
2 

 

1 
1 
  
1 
1 

 
 
 

1 

 
 

1 
1 
2 
1 
2 
1 
1 
3 

 

-1.00 
3.36 
2.41 
0.40 
0.64 
5.54 

-1.43 
0.28 
0.97 

 
-4.54 
0.15 
1.31 

-6.25 
3.14 
0.52 

-3.05 
-2.42 
-4.02 

 

-1.54 
4.00 
2.12 
0.03 
1.96 
0.26 
0.32 
1.45 
1.60 

 
-5.37 
0.30 
0.35 

-0.18 
-0.50 
-1.39 
-1.38 
-7.46 
-1.98 

 

0.53 
-0.65 
0.29 
0.37 

-1.32 
5.28 

-1.76 
-1.18 
-0.63 

 
0.83 

-0.14 
0.96 

-6.07 
3.64 
1.92 

-1.67 
5.04 

-2.04 
 

 
 

Na/MS/GP  

 
 
 
 
 
 
 
 
 
 
 
 

Na/MS/GP  
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Suppl. Table S7. “Cancer” mutations found as somatic variants in the TCGA and COSMIC Databases 
 

AA Mutation GPCR 
Database 

COSMIC
+TCGA 

COSMIC 
Count 

TCGA 
Count 

ddG 
Activation 

ddG 
Inactivation 

Activation – 
Inactivation 

Annotation 

p.P10Q 
p.S11F 
p.G21A 
p.S28N 
p.F40V 
p.F41L 
p.G52E 
p.G52R 
p.L54F 
p.K69T 
p.S72Y 
p.F76L 
p.A81T 
p.F87L 
p.S89R 
p.L91H 
p.P92L 
p.F93L 
p.R94M 
p.D96A 
p.R100G 
p.R100K 
p.R100T 
p.L109M 
p.A110T 
p.V131G 
p.S133N 
p.F137L 
p.M140I 
p.M140_V141>IF 
p.V141A 
p.V141F 
p.R153G 
p.W156C 
p.L158I 
p.G160R 
p.I164T 
p.S178F 
p.G182R 
p.G182S 
p.V184V 
p.L190M 
p.I195V 

 
 
 
 

1x34 
1x35 
1x46 
1x46 
1x48 

 
2x38 
2x42 
2x47 
2x53 
2x55 
2x57 
2x58 
2x59 
2x60 
2x62 
2x66 
2x66 
2x66 
3x23 
3x24 
3x45 
3x47 
3x51 
3x54 

3x54 3x55 
3x55 
3x55 
4x40 
4x43 
4x45 
4x47 
4x51 

 
 
 
 
 

5x33 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

 
1 

 
1 

 
 

1 
1 

 
1 

 
1 
1 

 
 

1 
1 

 
 
 

1 
1 
1 

 
 
 

1 

 
 

1 
1 

 
1 

 
1 
1 
1 

 
 
 

1 
1 
1 

1 

 
1 

 
1 
1 

 
 

1 

 
1 

 
  

1 
1 

 
 

1 
1 
1 

 
 
 

1 
1 
1 

 
1 
1 

 
 

1 

 
1 

 
 
 

1 
1 
1 

 
 
 

 
 
 
 

1.62 
0.51 

15.23 
18.00 
-0.44 
1.02 

-4.42 
-0.95 
3.57 
5.49 

-4.10 
7.44 

-5.60 
-1.68 
0.38 

-2.73 
4.67 
1.12 
7.11 
2.57 

-0.42 
5.34 
0.54 
3.42 

-4.69 
-2.33 
4.75 
1.25 
2.58 
8.07 

-2.02 
-3.57 
0.71 
0.04 

-3.15 
-1.66 

 
1.35 
1.32 

 
 
 
 

6.51 
4.68 

29.51 
47.58 
1.69 
2.06 
6.32 
3.24 
2.82 
3.38 

-2.36 
10.94 
-3.65 
2.45 

-1.73 
-1.75 
3.41 
0.72 
1.62 
2.03 
4.62 
9.06 
0.12 
3.82 

-4.83 
-3.39 
5.40 
0.76 
3.40 
8.36 
0.88 

-2.53 
1.68 
3.82 
0.97 
1.32 

 
3.60 
1.60 

 
 
 
 

-4.89 
-4.17 

-14.28 
-29.58 
-2.13 
-1.04 

-10.74 
-4.19 
0.75 
2.10 

-1.74 
-3.50 
-1.95 
-4.12 
2.11 

-0.98 
1.25 
0.40 
5.50 
0.55 

-5.04 
-3.72 
0.42 

-0.40 
0.14 
1.07 

-0.65 
0.48 

-0.82 
-0.28 
-2.90 
-1.04 
-0.96 
-3.78 
-4.13 
-2.98 

 
-2.26 
-0.28 

 
 
 
 
 
 
 
 
 
 
 
 
Na/MS/GP  
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p.V207M 
p.L211V 
p.L217V 
p.V227L 
p.V231L 
p.P234Q 
p.L238Q 
p.V240L 
p.A245T 
p.I251T 
p.I255V 
p.F260L 
p.L271S 
p.W274C 
p.G277C 
p.L278F 
p.K285T 
p.N297S 
p.A298V 
p.F300L 
p.P302T 
p.A308T 
p.G309V 
p.K313N 
p.D314Y 
p.S318F 
p.S318P 
p.K322R 
p.G323S 
p.K327N 
p.V338L 
p.W339C 
p.L340F 
p.R345K 
p.R345T 
p.F5C 
p.S13F 
p.G21D 
p.S28R 
p.C31S 
p.K37N 
p.G55E 
p.D84H 
p.G101S 
p.S117F 
p.Y127H 

5x45 
5x48 
5x54 
5x64 
5x68 

 
6x26 
6x28 
6x33 
6x39 
6x43 
6x48 
6x59 

 
 
 

7x32 
7x45 
7x46 
7x48 
7x50 
7x56 
8x47 
8x51 
8x52 
8x56 
8x56 

 
 
 
 
 
 
 
 
 
 
 
 
 

1x31 
1x49 
2x50 

 
3x31 
3x41 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
3 
2 
2 
2 
5 
2 
2 
2 
2 

1 

 
 

1 

 
1 

 
1 

 
 
 
  

 
1 

 
1 
1 

  
  

1 
  

1 

 
 
 

1 

 
1 

 
1 
1 

 
 
 

1 
1 
1 
1 
1 
1 
1 
3 
1 
1 
2 
2 

 
1 
1 

 
1 

 
1 

 
1 
1 
1 
1 
1 

 
1 

 
 

1 
1 

 
1 

 
1 
1 
1 

 
1 

 
1 

 
 

1 
1 
1 

 
1 
1 
2 
1 
1 
1 
2 
1 
1 

 
 

1.75 
5.51 

-0.15 
1.16 

-1.27 
2.58 
3.73 
0.29 

-1.18 
4.08 
2.14 
5.48 
9.92 
3.84 

-0.26 
0.41 
0.20 
3.87 

-4.22 
4.98 

-2.65 
4.00 

-2.55 
4.27 

-0.12 
-4.60 
21.96 
-1.52 
-0.50 

 
 
 
 
 
 
 
 
 
 

-0.89 
1.79 
0.61 

-0.85 
2.80 

-5.90 
1.62 

2.39 
1.11 
2.76 
0.94 

-0.45 
0.92 
2.55 

-0.83 
3.83 
3.37 
0.08 
4.80 
6.27 
3.72 
2.02 
1.09 
1.52 
2.89 

-0.86 
0.82 

-1.76 
-0.72 

-10.85 
1.53 

-0.29 
-2.37 
11.02 
-1.19 
3.33 

 
 
 
 
 
 
 
 
 
 

-4.70 
-0.06 
0.16 

-2.66 
4.19 

-7.10 
2.55 

-0.64 
4.40 

-2.90 
0.22 

-0.81 
1.65 
1.18 
1.13 

-5.00 
0.71 
2.07 
0.67 
3.65 
0.12 

-2.29 
-0.68 
-1.32 
0.98 

-3.36 
4.16 

-0.89 
4.73 
8.30 
2.73 
0.17 

-2.23 
10.94 
-0.33 
-3.83 

 
 
 
 
 
 
 
 
 
 

3.81 
1.85 
0.45 
1.81 

-1.39 
1.19 

-0.92 

 
 
 
 
 
 
 
 
 
 
 
Na/MS/GP  

 
 
 
 
 
Na/MS/GP  
Na/MS/GP  

 
Na/MS/GP  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Na/MS/GP  
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p.L129Q 
p.V131L 
p.L147Q 
p.I157T 
p.C220S 
p.L222M 
p.E232K 
p.S241C 
p.F256L 
p.C259Y 
p.D281Y 
p.E310D 
p.K327T 
p.E343K 

 

3x43 
3x45 

 
4x44 
5x57 
5x59 

 
6x29 
6x44 
6x47 
7x28 
8x48 

 
  

4 
2 
3 
2 
2 
2 
2 
2 
2 
3 
2 
2 
2 
2 

 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 

 

3 
1 
2 
1 
1 
1 
1 
1 
1 
2 
1 

 
1 

1 
 

6.25 
-1.13 
0.88 
1.73 
3.12 
1.95 

-0.87 
1.26 
8.09 

19.99 
3.36 
0.71 

 
  

6.85 
2.72 
1.38 
1.83 
3.80 
1.94 

-0.63 
1.61 
7.00 

-3.45 
-0.71 
1.52 

 
  

-0.59 
-3.85 
-0.50 
-0.10 
-0.68 
0.01 

-0.25 
-0.36 
1.09 

23.44 
4.07 

-0.81 

 
  

Na/MS/GP  

 
 
 
 
 
 
 
Na/MS/GP  

 
 
 
 

   

Na/MS/GP = Sodium Pocket MicroSwitch GP (contact) 
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Suppl. Table S8. Primers used to generate CysLTR2 3.43, 7.49, and 7.53 mutants and Gαq 
protein mutants  
 

Protein w/wild-
type codon 

Purpose Sequence w/ mutation codon underlined 

CysLTR2 FLAG-
deletion-Fwd 

5' TCT GCA GAT ATC GCC ACC ATG GAG AGG AAG TTC 
ATG TCC CTG 3' 

 FLAG-
deletion-Rev 

3' CAG GGA CAT GAA CTT CCT CTC CAT GGT GGC GAT 
ATC TGC AGA G 5' 

CysLTR2 (CTG) 3.43  
A L129A-fwd 5’ CAG CTC CAT CTA CTT CG CAA CCG TGC TGA GCG 

TGG 3’ 
 L129A-rev 5’ CCA CGC TCAG CAC GGT TGC GAA GTA GAT GGA GCT 

G 3 
C L129C-fwd 5’ CAG CTC CAT CTA CTT CTG CAC CGT GCT GAG CGT GG 

3’ 
 L129C-rev 5’ CCA CGC TCA GCA CGG TGC AGA AGT AGA TGG AGC 

TG 3’ 
D L129D-fwd 5’ CAG CTC CAT CTA CTT CGA CAC CGT GCT GAG CGT 

GG 3’ 
 L129D-rev 5’ CCA CGC TCA GCA CGG TGT CGA AGT AGA TGG AGC 

TG 3’ 
E L129E-fwd 5’ CAG CTC CAT CTA CTT CGA GAC CGT GCT GAG CGT 

GG 3’ 
 L129E-rev 5’ CCA CGC TCA GCA CGG TCT CGA AGT AGA TGG AGC 

TG 3’ 
F L129F-fwd 5’ CAG CTC CAT CTA CTT CTT TAC CGT GCT GAG CGT GG 

3’ 
 L129F-rev 5’ CCA CGC TCA GCA CGG TAA AGA AGT AGA TGG AGC 

TG 3’ 
G L129G-fwd 5’ CAG CTC CAT CTA CTT CGG AAC CGT GCT GAG CGT 

GG 3’ 
 L129G-rev 5’ CCA CGC TCA GCA CGG TTC CGA AGT AGA TGG AGC 

TG 3’ 
H L129H-fwd 5’ CAG CTC CAT CTA CTT CCA CAC CGT GCT GAG CGT GG 

3’ 
 L129H-rev 5’ CCA CGC TCA GCA CGG TGT GGA AGT AGA TGG AGC 

TG 3’ 
I L129I-fwd 5’ CAG CTC CAT CTA CTT CAT AAC CGT GCT GAG CGT GG 

3’ 
 L129I-rev 5’ CCA CGC TCA GCA CGG TTA TGA AGT AGA TGG AGC 

TG 3’ 
K L129K-fwd 5’ CAG CTC CAT CTA CTT CAA GAC CGT GCT GAG CGT GG 

3’ 
 L129K-rev 5’ CCA CGC TCA GCA CGG TCT TGA AGT AGA TGG AGC 

TG 3’ 
M L129M-fwd 5’ CAG CTC CAT CTA CTT CAT GAC CGT GCT GAG CGT GG 

3’ 
 L129M-rev 5’ CCA CGC TCA GCA CGG TCA TGA AGT AGA TGG AGC 

TG 3’ 
N L129N-fwd 5’ CAG CTC CAT CTA CTT CAA CAC CGT GCT GAG CGT GG 

3’ 
 L129N-rev 5’ CCA CGC TCA GCA CGG TGT TGA AGT AGA TGG AGC 

TG 3’ 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 6, 2019. ; https://doi.org/10.1101/663153doi: bioRxiv preprint 

https://doi.org/10.1101/663153
http://creativecommons.org/licenses/by-nc-nd/4.0/


 59 

P L129P-fwd 5’ CAG CTC CAT CTA CTT CCC AAC CGT GCT GAG CGT GG 
3’ 

 L129P-rev 5’ CCA CGC TCA GCA CGG TTG GGA AGT AGA TGG AGC 
TG 3’ 

Q L129Q-fwd 5’ CAG CTC CAT CTA CTT CCA GAC CGT GCT GAG CGT 
GG 3’ 

 L129Q-rev 5’ CCA CGC TCA GCA CGG TCT GGA AGT AGA TGG AGC 
TG 3’ 

R L129R-fwd 5’ C AGC TCC ATC TAC TTC CGC ACC GTG CTG AGC GTG 
G 3’ 

 L129R-rev 5’ C CAC GCT CAG CAC GGT GCG GAA GTA GAT GGA GCT 
G 3’ 

S L129S-fwd 5’ CAG CTC CAT CTA CTT CTC TAC CGT GCT GAG CGT GG 
3’ 

 L129S-rev 5’ CCA CGC TCA GCA CGG TAG AGA AGT AGA TGG AGC 
TG 3’ 

T L129T-fwd 5’ CAG CTC CAT CTA CTT CAC CAC CGT GCT GAG CGT GG 
3’ 

 L129T-rev 5’ CCA CGC TCA GCA CGG TGG TGA AGT AGA TGG AGC 
TG 3’ 

V L129V-fwd 5’ CAG CTC CAT CTA CTT CGT CAC CGT GCT GAG CGT GG 
3’ 

 L129V-rev 5’ CCA CGC TCA GCA CGG TGA CGA AGT AGA TGG AGC 
TG 3’ 

W L129W-fwd 5’ CAG CTC CAT CTA CTT CTG GAC CGT GCT GAG CGT 
GG 3’ 

 L129W-rev 5’ CCA CGC TCA GCA CGG TCC AGA AGT AGA TGG AGC 
TG 3’ 

Y L129Y-fwd 5’ CAG CTC CAT CTA CTT CTA CAC CGT GCT GAG CGT GG 
3’ 

 L129Y-rev 5’ CCA CGC TCA GCA CGG TGT AGA AGT AGA TGG AGC 
TG 3’ 

CysLTR2 
(AAC/TAC) 

7.49 and 7.53  

N301A N301A-fwd 5’ CCA ACG CCT GCT TCG CAC CTC TGC TGT ACT ACT T 3’ 
 N301A-rev 5’ AAG TAG TAC AGC AGA GGT GCG AAG CAG GCG TTG G 

3’ 
Y305F Y305F-fwd 5’ CTT CAA CCC TCT GCT GTT CTA CTT CGC CGG CGA GA 

3’ 
 Y305F-rev 5’ TCT CGC CGG CGA AGT AGA ACA GCA GAG GGT TGA 

AG 3’ 
N301A/Y305F N301A/Y305F

-fwd 
5’ ACG CCT GCT TCG CAC CTC TGC TGT TCT ACT TCG 
CCG 3’ 

 N301A/Y305F
-rev 

5’ CGG CGA AGT AGA ACA GCA GAG GTG CGA AGC AGG 
CGT 3’ 

G alpha q 
(CGA/CAA) 

  

R183Q R183Q-fwd 5’ GAT GTG CTT AGA GTT CAA GTC CCC ACC ACA GGG 3’  
 R183Q-rev 5’ CCC TGT GGT GGG GAC TTG AAC TCT AAG CAC ATC 3’ 
Q209L Q209L-fwd 5’ GTC GAT GTA GGG GGC CTA AGG TCA GAG AGA AGA 3’ 
 Q209L-rev 5’ TCT TCT CTC TGA CCT TAG GCC CCC TAC ATC GAC 3’ 
Q209P Q209P-fwd 5’ GTC GAT GTA GGG GGC CCA AGG TCA GAG AGA AGA 3’ 
 Q209P-rev 5’ TCT TCT CTC TGA CCT TGG GCC CCC TAC ATC GAC 3’ 
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Suppl. Table S9. Primers used in building BRET2 acceptors  
 

Name Sequence (5’ à 3’) w/ overlaps 
underlined 

Purpose 

TH1700_1 GGT GGC GGC GGT ATC ATC TCG 
TGC AGG GCG GCC GCT AAG CTT 
AAG TTT AAA CGC TAG CCA GC 

Anneals to FLAG-CysLTR2-1D4 and 
overlaps with HA-CLIP-CLR 

TH1700_2 TAG CGT TTA AAC TTA AGC TTA 
GCG GCC GCC CTG CAC GAG ATG 
ATA CCG CCG CCA CCA TGT CCC 
TGC AGC CCA GC 

Anneals to HA-CLIP-CLR and overlaps 
with FLAG-CysLTR2-1D4 

TH1700_3 CGA ATT CAC CGG TAC CCA CCC 
TTG TCT CTT TTC TGA GC 

Anneals to CXCR4-GFP10, and overlaps 
with FLAG-CysLTR2-1D4 

TH1700_4 GAC AAG GGT GGG TAC CGG TGA 
ATT CGT GAG CAA GGG CGA GGA 
G 

Anneals to FLAG-CysLTR2-1D4, and 
overlaps with CXCR4-GFP10 

TH1700_5 ACG GTG GTG CTG GCC TCA TCG 
GAT CCG CCT GCA GGC TTG TAC 
AGC TCG TCC ATG C 

Anneals to HA-CLIP-CLR, and overlaps 
with CXCR4-GFP10 

TH1700_6 CCT GCA GGC GGA TCC GAT GAG 
GCC AGC ACC ACC 

Anneals to CXCR4-GFP10, and overlaps 
with HA-CLIP-CLR 

1740_FLAG-
CysLTR2_fwd 

ATG ATA CCG CCG CCA CCA TGG 
AGA GGA AGT TCA TGT CC 

Anneals to FLAG-CysLTR2-1D4, and 
overlaps with TH1705 (CLTR2-GFP10-
1D4) 

1740_FLAG-
CysLTR2_rev 

CTC ACG AAT TCA CCG GTA CCC 
ACC CTT GTC TCT TTT CTG 

Anneals to FLAG-CysLTR2-1D4, and 
overlaps with TH1705 (CLTR2-GFP10-
1D4) 

1720_TH1705_fwd GGT ACC GGT GAA TTC GTG AG Anneals to TH1705 (CLTR2-GFP10-1D4)  
1720_TH1705_rev CAT GGT GGC GGC GGT ATC Anneals to TH1705 (CLTR2-GFP10-1D4) 
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