
Bean et al. Supplementary Figures
Supplementary Figure 1 - Additional metrics of biosensor activity

Supplementary Figure 2 - Dose-response curves of putative opioid biosensors against established agonists 
and antagonists

Supplementary Figure 3 - DAMGO and morphine dose-response curves of biosensors based on introducing 
HsMOR variants into the cholesterol-producing chassis 

Supplementary Figure 4 - Characteristics of cholesterol biosynthesis intermediate screen strains

Supplementary Figure 5 - Consistency of sterol proportions across biological and technical replicates

Supplementary Figure 6 - Dose-response curves of HsMOR in sterol variant strains

Supplementary Figure 7 - Dose-response curves of HsMOR and non-opioid receptors in sterol variant 
strains



0

2

4

6

8

10

12

14

16
M

ea
n 

G
FP

 fl
uo

re
sc

en
ce

pe
r c

el
l (

ar
b.

 u
ni

ts
)

a

WT

FIG1p-GFP

FIG1p-GFP
sst2∆

FIG1p-GFP
far1∆

FIG1p-GFP
sst2∆ far1∆

h

HsMOR

DrMOR

BtKOR

DrKOR

PbDOR

AmDOR

yCO
native

yCO
native

yCO
native

yCO
native

yCO
native

yCO
native

5.81 6.24 6.87 6.49 6.27 5.82

7.5 32

6.22 6.90 7.43 7.05 6.88 5.93

7 100

2.6x 4.6x 3.6x 3.6x 4.0x 1.3x

6.5 320

+ 5.79 6.54 7.19 6.57 5.87

6 1,000

5.63 5.92 6.39 7.16 6.63 5.85

5.5 3,200

1.4x 0.7x 0.9x 1.1x 1x

5 10,000

5.78 7.10

4.5 32,000

5.45 6.80

+, <4.3 >50,000

0.5x 0.5x
+ + 5.64
+ + 6.16

3.3x
5.33 5.57 5.52 5.48

+ 6.37 + 5.99 6.29 6.97
11x 2.6x 5.9x 31x

5.65 6.52 + + 6.00 5.71 +
5.87 6.79 + + 6.02 5.72 +
1.7x 1.9x 1.0x 1.0x

-

no response

- - -
- - -

- - -
- - -

- - -
- - -

- -
- -

-
-

-
-

- -
- -

- -
- -

- -
- -

-
-

- -

-
-

- - -
- - -

e f

b

HsMOR-GFP

FIG1p::RFP

ergosterol fig1::RFP
biosensor

54.41 0.02

49.91 0.07

31.44 0.11

28.03 0.54

4.45 0.03

Dynorphin A

Asimadoline

39.52 29.41

39.98 35.51

34.84 26.66

31.06 0.26

47.93 37.79

30.22 19.55
38.09 18.20
28.37 0.35

35.17 0.15

42.09 0.11

g

30.91 49.46 62.87 44.74 40.20 0.42 40.90

32.82 44.14 54.57 44.56 41.48 0.81 34.96

70

24.27 25.84 35.01 23.35 22.36 0.53 32.84

60

2.95 23.09 32.33 24.30 22.66 0.36 34.64

50

0.57 3.50 13.17 2.83 0.50 0.02

40

30

20

10

0

Morphine
Met-Enkephalin

DAMGO
Endomorphin I

Endomorphin II
+2µM DAMGO

+0.2µM Asimadoline

+0.1µM SNC80

naltrexone
-

0.78 18.17 5.50 0.73 0.41 1.61 39.40

1.03 18.73 9.37 0.11 0.12 2.37 36.57

0.84 1.28 1.26 0.89 0.79 0.77 32.00

0.25 5.00 11.83 0.21 0.14 0.43

0.03 46.47 46.04 1.89 5.30 0.06 17.06 44.09

Maximum 
% of cells
signaling

23.82 27.88 28.72 11.87 0.76 1.22 26.25

32.99 38.07 35.04 7.03 0.42 5.68 33.24

24.05 29.44 10.33 15.10 3.05 2.43
0.32 25.39 0.30 0.24 0.17 0.24

24.74 27.42 4.41 9.90 0.79

0.02 0.02

0.02 0.02

0.20 0.05

0.39 0.24

0.02 0.01

Deltorphin A

SNC80

0.50 2.19
0.07 1.38
0.96 0.86

0.07 0.07

0.01 10.23

27.92 30.32

31.55 37.18

17.83 7.35
22.62 33.28

24.65 8.67 0.24

HsMOR
HsMORi2
MmMOR

DrMOR
PvaMOR

m
u

HsKOR
MmKOR

BtKOR
DrKOR

PviKOR
ka

pp
a

HsDOR
MmDOR

DrDOR
PbDOR
AmDOR

de
lta

30.91 49.46 62.87 44.74 40.20 54.41 0.02 0.02 0.02

26.04 28.02 30.03 26.41 24.26 30.38 0.14 0.11 0.26
1.2x 1.8x 2.1x 1.7x 1.7x 1.8x

2.95 23.09 32.33 24.30 22.66 28.03 0.54 0.39 0.24

2.63 26.55 28.80 26.60 24.93 31.58 0.47 0.39 0.61
1.1x 0.9x 1.1x 0.9x 0.9x 0.9x
0.84 1.28 1.26 0.89 0.79 34.84 26.66 0.96 0.86

0.24 0.29 0.13 0.12 0.21 43.53 34.01 0.11 0.14
4.4x 9.7x 0.8x 0.8x

0.25 5.00 11.83 0.21 0.14 31.06 0.26 0.07 0.07

0.72 10.07 21.43 0.51 0.80 27.21 0.72 0.40 0.72
0.5x 0.6x 1.1x

0.32 25.39 0.30 0.24 0.17 35.17 0.15 22.62 33.28

4.97 22.38 6.27 0.12 0.22 22.35 0.15 23.25 23.40
0.1x 1.1x 0.1x 1.6x 1.0x 1.4x

24.74 27.42 4.41 9.90 0.79 42.09 0.11 24.65 8.67

28.18 31.27 8.43 7.87 1.53 33.69 0.07 27.40 7.13
0.9x 0.9x 0.5x 1.3x 0.5x 1.3x 0.9x 1.2x

70
60
50
40
30
20
10
0

yCO
native

yCO
native

yCO
native

yCO
native

yCO
native

yCO
native

Maximum 
% of cells
signaling

i

HsMOR

DrMOR

BtKOR

DrKOR

PbDOR

AmDOR

EC50 (nM)
179 ± 27.5 (15.4%)
174 ± 26.0 (15%)
62 ± 3.1 (4.9%)

Maxima
4.9 ± 0.1 (2.6%)
42.3 ± 2.0 (4.8%)
73.8 ± 1.1 (1.5%)

c

9 8 7 6 5 4
p[α mating factor (M)]

∞

0
1
2
3
4
5
6
7
8
9

Fo
ld

 In
du

ct
io

n 
of

 R
FP

/O
D

60
0

HsM
OR

HsM
OR-G

FP

ergosterol fig1::RFP
biosensor

5 5.5 6 6.5 7 7.5 8 7.14.0

4.5

5.0

5.5

6.0

6.5

7.0

0

10

20

30

40

50

60

70

80

< 
4.

3

< 
4.

3

< 
4.

3

pE
C

50

M
ax

im
um

 %
 o

f c
el

ls
 s

ig
na

lin
g

pH

Supplementary Figure 1. Additional metrics of biosensor activity. (a) Mean GFP fluorescence of strains treated with alpha mating factor for 6 h, measured by flow 
cytometry. n=3 biologically independent experiments; 10,000 cells/strain/replicate. (b) pH dependence of the HsMOR-based cholesterol-producing biosensor 
response to DAMGO for 8 h measured by flow cytometry. Media buffered with 100 mM Tris. n=3  biologically independent experiments, >8835 cells/condition/repli-
cate. (c) Schematic of how the percent of cells signaling was determined by flow cytometry. A plot of fluorescence against forward scattered light (FSC) for an 
inactive biosensor was used to set a threshold that 0.1-1% of cells passed, which was then used to determine percent signaling as shown. (d)  DAMGO dose-re-
sponse curves for the HsMOR-based cholesterol-producing biosensor generated using three measurement types (green fluorescence, fold induction of fluorescence 
and percent of cells signaling) demonstrates percent of cells signaling is most sensitive. Data correspond with Figure 1f. n=3 biologically independent experiments; 
10000 cells/strain/replicate. (e) The effect of GFP tagging the HsMOR C-terminus in an ergosterol biosensor background with a RFP reporter, as measured by a 
plate reader after 8h of 10 µM DAMGO agonist exposure. n=3 biologically independent experiments. (f) Imaging of HsMOR-GFP biosensor after 6 h activation by 10 
µM DAMGO. n=3 biologically independent experiments; scale bar is 2 µm. (g) Measurement of the maximum percent of biosensor cells signaling in the experiment 
presented in Figure 3B. n=3 biologically independent experiments, >2073 cells/condition/replicate. (h) pEC50 and (i) maximum percent of cells signaling for a subset 
of opioid biosensors based on yeast codon-optimized receptors compared with receptors expressed from genes with native codon usage. Measurements were taken 
after 8 h treatment with the indicated agonists, samples were measured by flow cytometry. Experiments run in parallel with that of panel e. n=3 biologically indepen-
dent experiments, >2073 cells/condition/replicate. Fold increase in native receptor EC50 and fold decrease in native receptor signaling populations are indicated. 
Data presented as mean +/- SEM. Source data are provided as a Source Data file.
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Supplementary Figure 2. Dose-response curves of putative opioid biosensors against established agonists and antagonists. (a-j) Biosensor strain 
response to the indicated agonists were measured and fit using a 4 parameter nonlinear model. Note differing axis scale in j. (k) The ability of naltrex-
one to block activation by the indicated agonists was determined. For a-k, n=3 biologically independent experiments; >2073 cells/condition/replicate; 
data presented as mean +/- SEM. Source data are provided as a Source Data file.
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Supplementary Figure 3. DAMGO and morphine dose-response curves of biosensors based on introducing HsMOR variants into the cholesterol-produc-
ing chassis. (a/b) Curves of HsMOR signal sequence variants. n=3 biologically independent experiments, >7595 cells/strain/replicate. (c/d) Curves of 
HsMOR missense variants. n=3 biologically independent experiments, >8739 cells/strain/replicate. (e/f) Curves of HsMOR variants with mutations in 
terminal domains. n=3 biologically independent experiments, >7464 cells/strain/replicate. Data presented as mean +/- SEM. Source data are provided as a 
Source Data file.
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Supplementary Figure 4. Characteristics of cholesterol biosynthesis intermediate screen strains. (a) Percent of cells signaling with 10 µM and 1 µM 
DAMGO determined by flow cytometry. (b) Fastest doubling times of the strains chosen for further analysis. Promoter strength is indicated as high (H), 
medium (M), or low (L), with a dash denoting the absence of the gene. n=3 biologically independent experiments. (c) The percent of cells signaling at 10 
µM DAMGO in the sterol intermediate screen. Unpaired one-way ANOVA, P = 3.626e-14: n=4 or 3 biologically independent experiments, 10000 
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Supplementary Figure 5. Consistency of sterol proportions across biological and technical replicates. Heatmaps representing percentages of total sterol 
content across (a) technical and (b) biological replicates. Promoter strength is indicated as high (H), medium (M), or low (L), with a dash denoting the 
absence of the gene. Percentage of total sterols were calculated as described in the Methods. Technical replicates constitute independent injections while 
biological replicates are samples from different colonies. (c) Heatmaps depicting percent of sterols present in standards as measured in a and b. (d) MS 
spectra for intermediate sterols with the same m/z ratio are distinguishable by characteristic peaks. (Left) Unlike desmosterol, 7-dehydrocholesterol lacks a 
strong peak at 129 m/z. (Right) Fragment ion ratios of 129 to 456 m/z across standards 7-dehydrocholesterol, desmosterol and engineered yeast strains. 
Low 129/456 ratios are indicative of 7-dehydrocholesterol while higher ratios correspond to desmosterol. Strains are all in the biosensor background with one 
copy of the human cholesterol biosynthetic pathway integrated. Names reflect promoter strengths for additional DHCR24, EBP, and SC5DL copies. (e) 
Distribution of Pearson r correlation coefficients between sterol composition measured from 43 strains grown either 8 h or 48 h. Source data are provided as 
a Source Data file.
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Supplementary Figure 6. TDose-response curves of HsMOR in sterol variant strains. (a-e) Curves of HsMOR in sterol variant strains. n=2, 3 or 4  
biologically independent experiments, 10,000 cells/strain/replicate. Data are presented as mean values +/- SD when applicable. Source data are 
provided as a Source Data file.
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Supplementary Figure 7. Dose-response curves of HsMOR and non-opioid receptors in sterol variant strains. (a) Curves of HTR4B in sterol variant 
strains. n=3 biologically independent experiments, 10,000 cells/strain/replicate. N=2 for Chol. Prod.-2. (b) Curves of FPR1 in sterol variant strains. n=3 
biologically independent experiments, 10,000 cells/strain/replicate. (c) Curves of SSTR5 in sterol variant strains. n=3 biologically independent experi-
ments, 10,000 cells/strain/replicate. (d) Curves of HsMOR in sterol variant strains. n=3 biologically independent experiments, 10,000 cells/strain/repli-
cate. N=2 for Wild Type. Data are presented as mean values +/- SD when applicable. Source data are provided as a Source Data file.


