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Figure S1. Experimental design and flow cytometry data for the sequential labeling competition control. (A) 
Schematic of the Strep-PE/647 Displacement Sample workflow. Yeast cells were incubated with SsspB-APEX2 and 
Shield-1, then biotinylated using H2O2 and biotin-phenol. The cells were labeled with saturating Strep-PE followed 
directly by incubation with Strep-647 without an intermediate activation step. (B) Flow cytometry analysis of the Strep-
PE/647 Displacement Sample compared to controls. The Strep-647 background binding control consists of CapC1.1 
cells labeled with Strep-647 directly without APEX2 and Shield-1 labeling. (Left) Plot of Strep-PE signal intensity versus 
surface expression level. (Right) Plot of Strep-647 signal intensity versus surface expression level. Quadrant 2 
represents cells positive for Strep-647 signal.



Figure S3. Proof-of-principle study of the DuoSelect platform using known positive and negative cells. The 
positive and negative cells were mixed with different ratios, followed by DuoSelect labeling and FACS analysis. Negative 
cells, displaying unevolved CapN0 with no shield-1 dependence. Positive cells, displaying CapN1.0 with shield-1 
dependence. The gates on the left and on the right, each represents the negative and the positive cells. The percentages 
within the FACS plot represents the percentage of cells within the gate compared to the total cells. The observed ratios 
of Pos:Neg were calculated by calculating the ratios of the percentage of the Pos versus the Neg.

Figure S2. Assessment of Strep-PE fluorescence stability upon exposure to hydrogen peroxide (H2
O2). (A) Schematic of the control experiment designed to evaluate potential fluorophore quenching with H2O2. Cells 
pre-labeled with Strep-PE were subjected to a 2-minute exposure to reaction components to test signal 
stability. (B) Flow cytometry analysis comparing Strep-PE fluorescence intensity across five conditions: No drug 
condition (negative control), a PBSB wash (control), incubation with H2O2 alone, incubation with H2O2 and biotin, 
and incubation with APEX followed by the addition of H2O2 and biotin.



 

Figure S4. Examples of the consecutive triple gating strategy. Gate 1 was drawn first to select cells with high 
FLAG but low background signal; gate 2 was drawn within gate 1 to select cells that have high activation signal but 
represent the main population of cells to avoid the cells with abnormally high 647 signals that causes false positives; 
gate 3 was drawn lastly within gate 2 to select.  



Figure S5. SingleSelect platform. Yeast cells were incubated with SspB-APEX with or without Shield-1, followed 
by APEX2-dependent proximity labeling with biotin-phenol and H2O2. The covalently labeled biotin molecules were 
further labeled with streptavidin-PE. FLAG tag indicating protein expression. 



Figure S6. Sequencing results and FACS characterization of the selected CapC variants using DuoSelect. 
(A) Schematics of the CapC constructs and sequencing results of the enriched CapC variants from Duoselect. 
Frequency indicates the number of clones among the 24 sequenced clones. (B) FACS analysis characterization of 
the CapC variants with frequency > 1 in comparison to the previously evolved CapC1.0. The numbers within the 
FACS plot indicates the medium PE value of the population with positive FLAG signal.



Figure S7. Characterization of evolved CapC variants in HEK293T. (A) Scheme of CapC-controlled enkephalin. Addition of 
shield-1 uncages enkephalin and activates the MOR, leading to inhibition of cAMP production. A cAMP biosensor, GloSensor 
was cotransfected to detect cAMP level. (B) Effect of different drugs in the assay shown in A. (B) Cells were first stimulated 
with forskolin (1 µM) at 30 min, then stimulated with different drugs (10 µM) at 60 min. Left: CapC1.0-caged enkephalin. Right: 
CapC1.1-caged enkephalin. n = 3 wells from one replicate for all conditions. Errors, s.e.m. (C) Direct comparison of CapC 1.0 
and CapC 1.1 by normalizing cAMP level of each construct to the signal of naloxone treated condition at the last time point. 
Cells were treated with forskolin (1 µM) at 30 min, then stimulated with different drugs (10 µM) at 60 min. cAMP level was read 
out using GloSensor. Shield-1 dependence was defined as the signal difference between the shield-1 and no drug condition; 
leaky activity was defined as signal difference between the naloxone and no drug conditions. n = 3 wells from one replicate for 
all conditions. Errors, s.e.m. 



Figure S8. CapN variant characterization using the mammalian two hybrid system in HEK293T. (A) 
Schematics of the CapN-based mammalian two hybrid system. Similar to the CapC-based system in Figure 2, 
except that CapN is used for caging SsrA and mCherry is used as the reporter. (B) Representative confocal images 
of the assay in a. Scale bars, 100 μm. mCherry, reporter expression. Cy5, anti-GFP immunofluorescence. (C) 
Fluorescence imaging analysis of the CapC-based transcriptional system depicted in a and b under +/- shield-1 
conditions. shield-1, 10 μM. The values on the plot are the fluorescence sum intensity signal ratio of the “+ shield-
1” versus the “no shield-1” condition. P values are determined by unpaired two-tailed t-tests. *P < 0.05; ns, not 
significant. Errors, s.e.m. 



2. Supplementary Table. 
2.1Plasmids used in this study

Plasmid 
Number Plasmid Name Vector

5’ 
noncoding 

region

3’ 
noncoding 

region

Expression 
in

Antibiotic 
resistance Used in

P1 Aga2p-linker-SsrA-
CapC1.1-FLAG pCTCON2 Gal1/10 - Yeast Ampicillin Fig. S4b

P2 FLAG-GAL4DBD-
NLS-SsrA-CapC1.1 plx208 CMV WPRE-

PolyA Mammalian Ampicillin Fig. 2b

P3 SspB-Linker-EGFP-
NLS-VP16 plx208 CMV WPRE-

PolyA Mammalian Ampicillin Fig. 2b

P4

Signal Sequence-
PACAP(1-23)-

Truncated CapC1.1-
HA Tag-HA Tag-

Human CD4-CIBN-
P2A-mCherry

pAAV CMV PolyA Mammalian Ampicillin Fig. 2b

P5

Signal Sequence-
Truncated CapC1.1-

HA Tag-HA Tag-
Human CD4-CIBN-

P2A-mCherry

pAAV CMV PolyA Mammalian Ampicillin Fig. 2b

P6
Aga2p-linker-FLAG-

CapN2.1-SsrA pCTCON2 Gal1/10 - Yeast Ampicillin Fig. 3d

P7
Aga2p-linker- FLAG-

CapN2.2-SsrA pCTCON2 Gal1/10 - Yeast Ampicillin Fig. 3d

P8
Aga2p-linker- FLAG-

CapN2.3-SsrA pCTCON2 Gal1/10 - Yeast Ampicillin Fig. 3d

P9
FLAG-Gal4 DBD-

NLS-CapN2.1-SsrA plx208 CMV WPRE-
PolyA Mammalian Ampicillin Fig. S6d

P10 FLAG-Gal4 DBD-
NLS-CapN2.2-SsrA plx208 CMV WPRE-

PolyA Mammalian Ampicillin Fig. S6d

P11 FLAG-Gal4 DBD-
NLS-CapN2.3-SsrA plx208 CMV WPRE-

PolyA Mammalian Ampicillin Fig. S6d

2.2 Amino acid sequences of plasmids

P1: Aga2p-linker-SsrA-CapC1.1-FLAG 
MQLLRCFSIFSVIASVLAQELTTICEQIPSPTLESTPYSLSTTTILANGKAMQGVFEYYKSVTFVSNCGSHPS
TTSKGSPINTQYVFKDNSSTIEGRGGSGSGNDSTDGSALQQGLQASGGGGSGASAANDENYFGTPNLF
GYVSGGSGTGSGSGGSGVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKVDSSRDRNKPFKFML
GKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLEGSDYKDDDDK

P2: FLAG-GAL4DBD-NLS-SsrA-CapC1.1
MDYKDDDDKKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLE
RLEQLFLLIFPREDLDMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSE
ESSNKGQRQLTVSPKKKRKVASAANDENYGTPNLFGYVSGGSGTGSGSGGSGVQVETISPGDGRTFP



KRGQTCVVHYTGMLEDGKKVDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYG
ATGHPGIIPPHATLVFDVELLKLE

P3: SspB-Linker-EGFP-NLS-VP16
MSQLTPRRPYLLRAFYEWLLDNQLTPHLVVDVTLPGVQVPMEYARDGQIVLNIAPRAVGNLELANDEVRF
NARFGGIPRQVSVPLAAVLAIYARENGAGTMFEPEAAYDGSGGGMVSKGEELFTGVVPILVELDGDVNG
HKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYV
QERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVN
FKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMD
ELYKPKKKRKVAPPTDVSLGDELHLDGEDVAMAHADALDDFDLDMLGDGDSPGPGFTPHDSAPYGAL
DMADFEFEQMFTDALGIDEYGG

P4: Signal Sequence-PACAP(1-23)-Truncated CapC1.1-HA Tag-HA Tag-Human CD4-CIBN-P2A-
mCherry
MKTIIALSYIFCLVFAHSDGIFTDSYSRYRKQMAVKKYLPNLFGYVSGGSGTGSGSGGSGVQVETISPGD
GRTFPKRGQTCVVHYTGMLEDGKKVDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISP
DYAYGATGHPGIIPPHATLVFDVELLKLERSYPYDVPDYAYPYDVPDYALDFQKASSIVYKKEGEQVEFS
FPLAFTVEKLTGSGELWWQAERASSSKSWITFDLKNKEVSVKRVTQDPKLQMGKKLPLHLTLPQALPQY
AGSGNLTLALEAKTGKLHQEVNLVVMRATQLQKNLTCEVWGPTSPKLMLSLKLENKEAKVSKREKAVWV
LNPEAGMWQCLLSDSGQVLLESNIKVLPTWSTPVQPMALIVLGGVAGLLLFIGLGIFFCVRCRHRRRKGS
GSTSGSGSGGSRGSGGSSGGMNGAIGGDLLLNFPDMSVLERQRAHLKYLNPTFDSPLAGFFADSSMI
TGGEMDSYLSTAGLNLPMMYGETTVEGDSRLSISPETTLGTGNFKAAKFDTETKDCNEAAKKMTMNR
DDLVEEGEEEKSKITEQNNGSTKSIKKMKHKAKKEENNFSNDSSKVTKELEKTDYIHGSGATNFSLLKQ
AGDVEENPGPTGARDPPVATMVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQT
AKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSS
LQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTT
YKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYK

P5: Signal Sequence-Truncated CapC1.1-HA Tag-HA Tag-Human CD4-CIBN-P2A-mCherry

MKTIIALSYIFCLVFAPNLFGYVSGGSGTGSGSGGSGVQVETISPGDGRTFPKRGQTCVVHYTGMLEDG
KKVDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDV
ELLKLERSYPYDVPDYAYPYDVPDYALDFQKASSIVYKKEGEQVEFSFPLAFTVEKLTGSGELWWQAER
ASSSKSWITFDLKNKEVSVKRVTQDPKLQMGKKLPLHLTLPQALPQYAGSGNLTLALEAKTGKLHQEVNL
VVMRATQLQKNLTCEVWGPTSPKLMLSLKLENKEAKVSKREKAVWVLNPEAGMWQCLLSDSGQVLLES
NIKVLPTWSTPVQPMALIVLGGVAGLLLFIGLGIFFCVRCRHRRRKGSGSTSGSGSGGSRGSGGSSGGM
NGAIGGDLLLNFPDMSVLERQRAHLKYLNPTFDSPLAGFFADSSMITGGEMDSYLSTAGLNLPMMYGE
TTVEGDSRLSISPETTLGTGNFKAAKFDTETKDCNEAAKKMTMNRDDLVEEGEEEKSKITEQNNGSTKS
IKKMKHKAKKEENNFSNDSSKVTKELEKTDYIHGSGATNFSLLKQAGDVEENPGPTGARDPPVATMVSK
GEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYG
SKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQ
KKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNE
DYTIVEQYERAEGRHSTGGMDELYK

P6: Aga2p-linker-FLAG-CapN2.1-SsrA 
MQLLRCFSIFSVIASVLAQELTTICEQIPSPTLESTPYSLSTTTILANGKAMQGVFEYYKSVTFVSNCGSHPS
TTSKGSPINTQYVFKDNSSTIEGRGGSGSGNDSTDGSALQQGLQASGGGGSGASDYKDDDDKTSGVQV
ETISPGDGRTFPKRGQTCVVHYTGMLEDGKKVDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQR
AKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLETRGVEEVERYMPNLAANDENYF

P7: Aga2p-linker-FLAG-CapN2.2-SsrA
MQLLRCFSIFSVIASVLAQELTTICEQIPSPTLESTPYSLSTTTILANGKAMQGVFEYYKSVTFVSNCGSHPS
TTSKGSPINTQYVFKDNSSTIEGRGGSGSGNDSTDGSALQQGLQASGGGGSGASDYKDDDDKTSGVQV
ETISPGDGRTFPKRGQTCVVHYTGMLEDGKKVDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQR
AKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLETRGVEEVERYSPNLAANDENYF



P8: Aga2p-linker-FLAG-CapN2.3-SsrA
MQLLRCFSIFSVIASVLAQELTTICEQIPSPTLESTPYSLSTTTILANGKAMQGVFEYYKSVTFVSNCGSHPS
TTSKGSPINTQYVFKDNSSTIEGRGGSGSGNDSTDGSALQQGLQASGGGGSGASDYKDDDDKTSGVQV
ETISPGDGRTFPKRGQTCVVHYTGMLEDGKKVDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQR
AKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLETRGVEEVYRGSPNLAANDENYF

P9: FLAG-Gal4 DBD-NLS-CapN2.1-SsrA
MDYKDDDDKKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLE
RLEQLFLLIFPREDLDMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSE
ESSNKGQRQLTVSPKKKRKVASGVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKVDSSRDRNKPF
KFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLETRGVEEVE
RYMPNLAANDENYF

P10: FLAG-Gal4 DBD-NLS-CapN2.2-SsrA
MDYKDDDDKKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLE
RLEQLFLLIFPREDLDMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSE
ESSNKGQRQLTVSPKKKRKVASGVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKVDSSRDRNKPF
KFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLETRGVEEVE
RYSPNLAANDENYF

P11: FLAG-Gal4 DBD-NLS-CapN2.3-SsrA
MDYKDDDDKKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLE
RLEQLFLLIFPREDLDMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSE
ESSNKGQRQLTVSPKKKRKVASGVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKVDSSRDRNKPF
KFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLETRGVEEVY
RGSPNLAANDENYF

3. Supplementary Methods

3.1 Yeast experiments
3.1.1 Yeast library generation
CapN Yeast library generation was following the previous protocol1. Briefly, the CapN gene fragment were 
randomized in the binding sequences area through targeted mutagenesis using standard PCR techniques 
and degenerated primers from IDT. The linearized vector (2 µg) mixed with 8 µg of the randomized PCR 
fragments were concentrated using pellet paint (Millipore Sigma, #70748) and then electroporated into 
home made yeast competent cells. The library size for CapN was estimated to be approximately 1 x 108.
3.1.2 Yeast culture and protein induction
Yeast cell culture protocols were adapted from previous work1. Yeast was grown in SDCAA media (2% 
dextrose (Thermo Fisher Scientific, #D16-1), 0.67 yeast nitrogen base without amino acids (Bio Basic, 
#S507), 0.5% Casamino acids (Thermo Fisher, #223120), 0.54% Disodium phosphate, 0.856% 
Monosodium phosphate) at 30 °C with shaking at 220 r.p.m. To induce expression of the construct, 500 µl 
yeast in SDCAA medium was added to 5 ml SGCAA (same recipe as SDCAA but 2% dextrose was replaced 
with 2% galactose (Thermo Fisher Scientific, #BP656)) and let grow overnight. 
3.1.3 Single color labeling
Yeast single color labeling protocols were similar to previous work1. Briefly, for labeling, 250 µl (or 1 ml for 
the first round of library selection) of yeast induced overnight was washed with 1 ml of PBSB (sterile 
phosphate-buffered saline supplemented with 0.1% bovine serum albumin (BSA) (DOT, #DSA30075)) 
twice before labeling. Yeast expressing either CapC or CapN caged SsrA were incubated with SspB-APEX2 
(200 µL, 0.24 mg/mL in PBSB) with or without shield-1 (10 µM,  AOBIOUS, Reference #AOB1848) at RT 
for 30 minutes under rotation. Yeast was washed twice with 1 mL PBSB, followed by APEX reaction in 950 
uL of 1% BSA (in PBSB) with biotin-phenol (1 µM) and hydrogen peroxide (~10 M). Then, the yeast were 
immunostained with mouse anti-FLAG antibodies (Sigma, Reference #F3165, followed by anti-mouse-



AlexaFluoro647, Life Technologies, References #A-21235) and streptavidin fused with PE(Jackson 
ImmunoResearch, Reference #016-110-084). 
3.1.4 Flow Cytometry and FACS Selection of CapC and CapN
The FACS Aria III cell sorter flow cytometer (BD Biosciences) was used to sort all labeled cells. The 
equipment was outfitted with a 633 nm laser and 660/20 emission filter along with a 561 nm laser and a 
582/15 emission filter. Subsequently, they were subject to further analysis. For conventional selection for 
CapC; round 1 (negative selection): 0.66% (1.3 × 107 cells); round 2 (positive selection): 0.01% (6.1 × 106 
cells); round 3: 0.04% (4.4 × 106 cells). In CapC DuoSelect evolution: round 1: 0.02% (4.0 × 107 cells); 
round 2: 0.01% (4.0 × 105 cells); round 3: 0.001% (9.0 × 106 cells). Numbers of cells for CapN DuoSelect 
was as followed: round 1: 0.09% from Library 1 (8.6 × 106 cells); round 2: 0.07% (9.1 × 106 cells); round 3: 
0.72% from Library 3 (1.0 × 107 cells). The sorted yeast cells were then gathered into 5 ml SDCAA medium 
complemented with 1% penicillin–streptomycin (Thermo Fisher, #15140122), and 30 µg ml−1 kanamycin 
(Bio Basic, #KB0286). The cells were then incubated at 30 °C and subjected to shaking at 220 r.p.m. for a 
duration of 2–3 days right after sorting.
3.1.5 Double color labeling (add Shield-1 concentration)
Yeast cells displaying CapC or CapN caged SsrA were incubated with 200 uL of 0.24 mg/mL of SspB-
APEX2 (ascorbate peroxidase) for 30 minutes dissolved in PBSB (0.1 % BSA in PBS). SspB will only bind 
to the accessible SsrA (either leaky or uncaged) and bring the APEX to the proximity of the yeast cells. 
Then SspB- APEX labeling was performed without addition of shield-1 in the first step to capture the leaky 
SsrA binding to SspB- APEX, and was left incubating for 30 minutes. After incubation, yeast was washed 
twice with 1 mL PBSB and then 950 uL of 1% BSA in PBSB was added to the yeast. Further incubation of 
the bound APEX with 1 L of 0.1 M concentration of biotin-phenol and 1 l of 9.3 mM concentration of 
hydrogen peroxide will generate a reactive biotin-phenol radical species that can covalently label nearby 
proteins with biotin which will be further labeled with Streptavidin (Strep)-PE. 
Then, shield-1 (final concentration: 10 M) was used to uncage SsrA and perform the SspB-APEX labeling 
again but label the biotin with Strep- 647 in this step. Therefore, strep-PE signal indicates the leakiness of 
the caged SsrA, while strep-647 indicates the uncaging efficiency of CapC. The goal was to select CapC 
variants with high strep-647 (uncaging) and low strep-PE (leaky activity).
3.1.6 Prove of principle selection (ratios)
To evaluate the efficacy of the DuoSelect platform, the first step is to obtain two distinct yeast samples: the 
evolved CapN 1.0 and the original CapN. The OD600nm of the samples were takn to ensure that the 
cultures are growing similary and to facilitate the mixing of the different yeasts. Once the cultures are grown 
to a sufficient level, samples can then be prepared by combining the two yeast cultures in varying 
proportions. Begin with a 1:10 ratio, where for every unit of CapN 1.0, ten units of the original CapN strain 
are added. Subsequently increase the proportion of the original CapN in the mixture according to the ratios 
1:100, 1:1000, and finally, 1:10000. Ensure the proportion of CapN 1.0 remains constant in each mixture. 
After mixing, APEX double color labeling was done as described above. The samples were later analyzed 
by flow cytometry on the LSR Fortessa cell analyzer flow cytometer BD Biosciences. 

3.2 HEK293T cells application of CAPs 
3.2.1 HEK cell culture and lentiviral infection CapN
The protocols for HEK 293T cell (ATCC, #CRL-11268) culturing were adapted from previous protocol1. 
Briefly, HEK 293T cells with fewer than 20 passages were grown in an incubator at 37 °C with 5% CO2 with 
complete growth medium (DMEM (Fisher, #11-885-092) and MEM (Fisher, #11-095-098) were mixed in a 
1:1 ratio, with 10% fetal bovine serum (Biowest, #S1620), 20 mM of HEPES (Thermo Fisher, #15630080), 
and 1% of penicillin–streptomycin). HEK293T cells were checked against mycoplasma contamination 
frequently through DAPI staining and cell health were evaluated based on morphology, cell replication 
speed, and transfection efficacy of the cells.
For lentiviral production, HEK 293T cells were mixed with premixed DNA-PEI mix (2.5 µg of viral DNA, 
0.25 µg of pVSVG, and 2.25 µg of Δ8.9 lentiviral guide plasmid) and plated at 80% confluence in a T25 cell 
culture flask. The cells were grown for an additional 36-48 hours before the supernatant lentivirus were 
gathered, flash frozen in liquid nitrogen, and store at −80 °C.
3.2.2 CapC-based mammalian two hybrid assay with luciferase as a readout in HEK 293T Cells
HEK 293T cells were plated in 96-well solid white polystyrene microplates (Fisher, #07-200-589) at 50% 
confluency and then transduced with 33 μL lentivirus supernatant, each, of UAS-Luciferase, SspB-EGFP-



VP16, and Gal4BD-CapC constructs.  Three wells of cells for each condition were infected.  The HEK293T 
cells were incubated for 24 hours at 37°C and then aspirated to replace the media with 100 μL of new 
complete media and 100 μL of complete media with 10 μM shield-1 for with drug conditions.  The cells 
where then left to stimulate gene transcription for luciferase for an additional 24 hours at 37°C.  The media 
was then aspirated and 50 μL BrightGlo (Promega) was added to the wells and incubated at room 
temperature for 5 minutes.  The luminescent intensity from luciferase was measured with a BioTek Cytation 
5 Cell Imaging Multireader (Agilent) using the autogain feature to determine the optimal amount of time 
readout for luminescence within the plate readers detection limit.  Only a single luminescent readout was 
measured for each well.  Further analysis and plotting was done using GraphPad Prism10.
3.2.3 Shield-1-controlled opioid signaling in HEK 293T cell
For each well in a 96-well white bottom plate, HEK 293T cells at 90% confluence were transfected with 
75ng of GloSensor and 150ng mOR plasmids. For each condition, three wells were prepared. After 24hr, 
the old media was replaced by 100 uL 2 mM d-luciferin potassium salt (Gold Bio, #LUCK) in complete 
growth medium (with 50 mM HEPES). BioTek CYTATION 5 plate reader was used to measure the 
luminescence. After 30min, the baseline luminescence should reach equilibration and cells were treated 
with 1 µl 100 µM forskolin (Sigma-Aldrich, #F6886). At 60min, 1 µl 1 mM drugs including naloxone (Sigma-
Aldrich, #N7758), shield-1, and DAMGO (Sigma-Aldrich, #E7384), respectively, was added to different 
wells.
3.2.4CapN-based mammalian two hybrid assay with mCherry as a readout
For the CapN-based mammalian two hybrid (MTH) experiments, HEK 293T cells were infected with the 
lentiviral mix of UAS-mCherry, GAL4BD-CapN, and SspB-EGFP-VP16 in 6-well plates at 40% confluence. 
The cells were grown for 24 hours prior to stimulation with or without shield-1 (10 μM). The cells were then 
replated into the 96-well solid white polystyrene microplates (Fisher, #07-200-589) at a 50% confluency in 
triplicates per condition and grown for 24 hours. Then, the cells were fixed and immunostained against 
EGFP before fluorescence imaging. The cells were analyzed following previous protocols1 using Nikon NIS-
Elements analysis module and Prism 10. 
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