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ɑ

Figure 1. Development of a yeast-based opioid biosensor. (a) Strategy to adapt the yeast pheromone response pathway (PRP, left) 
into a biosensor pathway (right). An exogenous GPCR is introduced and linked to the pathway by a Gpa1 chimera. Deletion of SST2 and 
FAR1 respectively potentiates signaling and blocks signaling-induced cell cycle arrest. Sterols are converted to cholesterol and a 
promoter controlled by the PRP-responsive Ste12 transcription factor drives a GFP output. (b) Biosensor reporter promoters tested using 
alpha mating factor-induced GFP expression from yeast Ste12-responsive promoters after 3h treatment. n=3 . (c) PRP sensitivity and 
activity resulting from SST2 and/or FAR1 deletions. Strains were treated with alpha mating factor for 6 h, mean fluorescence was 
measured by flow cytometry. n=3; 10000 cells/strain/replicate. (d) Ergosterol and cholesterol biosynthetic pathways from zymosterol. (e) 
GC-MS analysis of sterol extracts showing successful synthesis of cholesterol in an erg5/6 DHCR7/24 background. Chromatograms 
indicating retention times of derivatized sterols from a wild-type strain (top), the engineered strain (middle), and standards (bottom). MS 
spectra extracted from engineered strain (top) and cholesterol standard (bottom). (f) DAMGO and morphine dose-response curves for 
ergosterol and cholesterol-producing HsMOR-based biosensors. Measured by flow cytometry after 8 h agonist treatment. n=3; 10000 
cells/strain/replicate. Error bars indicate SEM. 
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An array of biosensors based on different opioid receptors 

reveals fidelity of agonist selectivity 
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Signal sequences disrupt mu opioid receptor function  

⍺⍺ ⍺⍺

⍺⍺
⍺ ⍺

⍺ ⍺

Figure 2. Activity of opioid receptors in the cholesterol-producing strain. (a) A 
protein-based phylogenetic tree of opioid receptors selected to make biosensors. 
MOR, mu receptor, KOR, kappa receptor, DOR, delta receptor. Dr, D. rerio, zebrafish; 
Pva, P. vampyrus, flying fox; Mm, M. musculus, mouse; Pb, P. bivittatus, python; Am, 
A. mexicanus, Mexican tetra; Pvi, P. vitticeps, bearded dragon; Bt, B. taurus, cow. i2, 
isoform 2. (b) Activity of agonists and the antagonist naltrexone on opioid receptors 
assayed by flow cytometry. Agonists clustered by literature receptor-type specificity. 
n=3, >2073 cells/condition/replicate. (c) Biosensor agonist sensitivities (black circles) 
relative to literature binding constants (red squares) and EC50/IC50 values (red 
triangles)34–45. Fold decrease in sensitivity of best biosensor relative to literature 
average is indicated.  
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Biosensors recapitulate the effects of missense 

mutants in HsMOR 

Exploring the functional significance of HsMOR terminal 

domains 

Figure 3. Effect of signal sequences on HsMOR function. (a) N-terminal 
signal sequences tested on HsMOR. (b) Effect of signal sequences on HsMOR 
biosensor sensitivity to DAMGO and morphine. Unpaired one-way ANOVA of 
pEC50s: n=3, >7595 cells/strain/replicate; P < 0.0001 for each agonist; 
Dunnett's multiple comparisons tests against WT shown. (c) Effect of signal 
sequences on HsMOR signaling population. Unpaired one-way ANOVA: n=3, 
>7595 cells/strain/replicate; P < 0.0001 (DAMGO) and P < 0.001 (morphine); 
Dunnett's multiple comparisons tests against WT shown. (d) Imaging of 
HsMOR-GFP with the indicated signal sequences in a cholesterol-rich 
background with the ER marker RFP-SCS2(tmh). Error bars indicate SEM. 
Scale bar is 2 μm. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Modifying membrane sterols alters HsMOR biosensor function 

Figure 4. The effects of HsMOR missense mutations on 
opioid biosensors activity. (a) HsMOR snake plot with 
previously identified missense mutations. Biosensors based 
on these mutants were assayed for DAMGO response (b), or 
morphine response (c), by flow cytometry. Paired one-way 
ANOVAs of DAMGO pEC50s and maximum percentage of 
cells signaling: n=6, >2956 cells/condition/replicate; P = 
0.0002 and P < 0.0001 respectively; Dunnett's tests against 
WT shown. Paired one-way ANOVAs of morphine pEC50s and 
maximum percentage of cells signaling: n=6, >4761 
cells/condition/replicate; P = 0.0033 and P < 0.0001 
respectively; Dunnett's tests against WT shown. Error bars 
indicate SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P 
< 0.0001. 
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Figure 5. The functional requirements of HsMOR N- and C-terminal domains on 
biosensor activity. (a) Domains of Ste2, HsMOR and HsMOR variants with the 
conserved seven transmembrane helix (7xTMH) domains indicated. (b) DAMGO and 
morphine sensitivity of biosensors based on the indicated HsMOR variants. Unpaired 
one-way ANOVA of pEC50s: n=3, >7464 cells/strain/replicate; P < 0.0001 for both 
agonists; Dunnett's tests against WT shown. (c) The effect of N- and C-terminal HsMOR 
mutations on the population of signaling biosensor cells. Unpaired one-way ANOVA: n=3, 
>7464 cells/strain/replicate; P < 0.0001 for both agonists; Dunnett's tests against WT 
shown. (d) Imaging of C-terminally GFP-tagged HsMOR variants in a cholesterol-
producing background with ER marker RFP-SCS2(tmh). Error bars indicate SEM. Scale 
bar is 2 μm. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Cholesterol improves human class A GPCR function in yeast 

DISCUSSION 

Figure 6. The effect of membrane sterol composition on opioid biosensor signaling efficiency. (a) Construction of an array of 
putative biosensor strains with systematically varied promoter strength for the cholesterol biosynthetic genes downstream of 
zymosterol. Cassettes containing these genes under different promoters were integrated into an HsMOR biosensor background with 
an additional copy of these enzymes in place of the final ergosterol biosynthetic genes (ERG2/3/5/6). (b) Cholesterol biosynthesis 
intermediates after zymosterol. (c) Sterol analysis and full dose responses with DAMGO of 39% of biosensors from the collapsed 
screen. Percentages of total sterol content for the intermediates were determined and pEC50 concentrations were calculated. 

 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 14, 2021. ; https://doi.org/10.1101/2021.05.12.443385doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?kJCN1s
https://www.zotero.org/google-docs/?1ubUH6
https://doi.org/10.1101/2021.05.12.443385


10 
 

Figure 7. Effect of cholesterol on the activity of a broad 
range of human GPCRs. (a) Phylogenetic relationships of 
human GPCRs tested. (b) GPCRs’ response to neuropeptide 
Y (NPY1R), Serotonin (HTR4B), Somatostatin-14 (SSTR5), N-
formyl-Met-Leu-Phe (FPR1), L-glutamate (GRM2), parathyroid 
hormone (PTH2R) and glucagon-like peptide-1 (GLP1R) in wild 
type and cholesterol-producing biosensor backgrounds 
measured by flow cytometry. FAR1 is present in the 
cholesterol-producing background as it facilitated strain 
construction. pEC50s and maximum signaling population of the 
four biosensors showing activity at or below 10 μM agonist. 
Paired two-tailed t test, n=3, >7464 cells/strain/replicate. Error 
bars indicate SEM.*, P < 0.05; **, P < 0.01. 

 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 14, 2021. ; https://doi.org/10.1101/2021.05.12.443385doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?rZoAOi
https://www.zotero.org/google-docs/?4PQ29S
https://www.zotero.org/google-docs/?PL2dhz
https://www.zotero.org/google-docs/?9Udi2Q
https://www.zotero.org/google-docs/?XTS0et
https://www.zotero.org/google-docs/?jQBSI5
https://www.zotero.org/google-docs/?B2GFVz
https://www.zotero.org/google-docs/?YhuYjN
https://www.zotero.org/google-docs/?ZyKoX1
https://www.zotero.org/google-docs/?A2rJ1a
https://www.zotero.org/google-docs/?Rxlc4C
https://www.zotero.org/google-docs/?NLbBC6
https://www.zotero.org/google-docs/?HyhY5L
https://www.zotero.org/google-docs/?jRWbjX
https://doi.org/10.1101/2021.05.12.443385


11 
 

MATERIALS AND METHODS 

Strains and Plasmids 

 

Sterol extraction 

GC-MS analysis of sterols 
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Plate reader signaling assay 

Flow cytometer signaling assay 

Microscopy 
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