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Extended Data Fig. 1. Directed evolution and structural features of iSKetSnFR3.0 and iRKetSnFR2.0. (a) AlphaFold3 structural model of iSKetSnFR3.0 highlighting the sensor architecture and ligand-binding environment. The protein is composed of a circularly permuted fluorescent protein (cpGFP) domain (magenta) fused to a periplasmic binding protein scaffold (green). Key residues introduced during directed evolution are shown as colored spheres, indicating positions that contribute to ligand binding, conformational coupling, and fluorescence response. The ligand (S-ketamine) is depicted within the binding pocket, illustrating its orientation relative to engineered residues. Residues are color-coded as follows: 359A (blue), and 360A (orange) (b) Directed evolution trajectory leading to iSKetSnFR3.0. Starting from the intermediate variant AK8 (iSKetSnFR2.0), iterative rounds of mutagenesis and screening yielded improved variants. The R395N (red) mutation generated AK9, while P324C (cyan) produced AK10 as a parallel branch. Subsequent mutation AT360A (orange) led to AK11, followed by L359A (blue) to generate AK12, designated iSKetSnFR3.0. Arrows indicate the sequential progression of mutations, highlighting the optimization path toward enhanced sensor performance. (c) AlphaFold3 structural model of the iRKetSnFR sensor. The protein is composed of a circularly permuted GFP (cpGFP; green) inserted into a periplasmic binding protein scaffold (magenta). The ligand-binding pocket is shown with bound ketamine (stick representation), surrounded by residues targeted during directed evolution (colored spheres), highlighting positions that modulate ligand affinity and fluorescence response. Structural rearrangements at the cpGFP–binding protein interface underlie the fluorescence change upon ligand binding. (d) Directed evolution trajectory leading to iRKetSnFR2.0. Starting from the parental scaffold (cc90), iterative rounds of mutagenesis and screening yielded successive variants (AK1 → RK1 → RK2 → RK2.1 → RK2.2 → RK3 (iRKetSnFR1.0)→ RK4 → RK7). Key mutations acquired at each stage are indicated (colored labels), including early affinity-enhancing substitutions (e.g., Y357G, H68Q), intermediate tuning mutations (e.g., E43V, I10L, A435V), and later improvements in sensitivity and dynamic range (e.g., F12W, A360M, P324S/G, L359F). Parallel branches (RK5, RK6) represent alternative evolutionary paths. The final optimized variant, RK7 (iRKetSnFR2.0), incorporates multiple synergistic mutations that enhance performance. Residues are color-coded as follows: 10L (orange), 12 W (blue), 43V (wheat), 68Q (Cyan), 359F (bottle green) 360M (red), 435V(yellow). 

Table1: Sequences for Making Organelle Constructs
	Targeting Organelle
	Protein Sequence
	DNA Sequence

	Plasma Membrane (PM)
	AVGQDTQEVIVVPHSLPFKVVVISAILALVVLTIISLIILIMLWQKKPR
	gctgtgggccaggacacgcaggaggtcatcgtggtgccacactccttgccctttaaggtggtggtgatctcagccatcctggccctggtggtgctcaccatcatctcccttatcatcctcatcatgctttggcagaagaagccacgt

	Signaling Peptide
	LLSVPLLLGLLGLAIA
	ctgctatccgtgccgctgctgctcggcctcctcggcctggccatcgcc

	Endoplasmic Reticulum (ER)
	QTAEKDEL
	acagcagaaaaagatgagttg

	Cytoplasm (NES)
	LPPLERLTL
	ttgcctccattagaacgattgacgtta

	Peroxisome
	SKL
	tccaagctg

	Mitochondria
	SVLTPLLLRGLTGSARRLPVPRAKIHSLGDPPVAT
	agcgtgctgacccccctgctgctgaggggcctgaccggcagcgccaggaggctgcccgtgcccagggccaagatccacagcctgggcgacccccccgtggccacc

	F-Actin (pLifeAct)
	MGVADLIKKFESISKEE
	atgggcgtggccgacctgatcaagaagttcgagagcatcagcaaggaggag

	NLS (Nucleus)
	PKKKRKV
	cccaaaaagaagagaaaggtg

	Golgi
	MRLREPLLSGSAAMPGASLQRACRLLVAVCALHLGVTLVYYLAGRDLSRLPQLVGVSTPLQGGSNSAAAIGQSSGELRTGGA
	atgaggcttcgggagccgctcctgagcggcagcgccgcgatgccaggcgcgtccctacagcgggcctgccgcctgctcgtggccgtctgcgctctgcaccttggcgtcaccctcgtttactacctggctggccgcgacctgagccgcctgccccaactggtcggagtctccacaccgctgcagggcggctcgaacagtgccgccgccatcgggcagtcctccggggagctccggaccggaggggcc

	Autophagosome (LC3)
	MPSEKTFKQRRSFEQRVEDVRLIREQHPTKIPVIIERYKGEKQLPVLDKTKFLVPDHVNMSELIKIIRRRLQLNANQAFFLLVNGHSMVSVSTPISEVYESERDEDGFLYMVYASQETFGTALAVTYMSALKATATGREPCL
	atgccgtccgagaagaccttcaaacagcgccggagcttcgaacaaagagtggaagatgtccggctcatccgggagcagcaccccaccaagatcccagtgattatagagcgatacaagggtgagaagcagctgcccgtcctggacaagaccaagttccttgtacctgatcacgtgaatatgagcgaactcatcaagataattagaaggcgcctgcagctcaatgctaaccaagccttcttcctcctggtgaatgggcacagcatggtgagtgtgtccacacccatctctgaagtgtacgagagcgagagagatgaagacggcttcctgtacatggtctatgcctcccaggagacgttcgggacagcactggctgttacatacatgtcagctctgaaggcaacagcaacaggaagagagccatgcttg


[bookmark: _heading=h.w74re84y25op]Table 2: Protein Sequences (Color-coded Table)
	Construct
	Protein Sequences (Color-coded Content)

	iSKetSnFR3.0
(for protein expression and purification)
	 
His6Gly
HA Tag-SfiI
Restriction site (RS)
iSKetSnFR3.0 [PBP Lobe-I-Linker-cpGFP-Linker-PBP Lobe-II]
RS
Myc Tag
Stop Codon         
MHHHHHHGYPYDVPDYAGAQPARSANDTVVVGSMNFTEGIIVANMVAEMIEAHTDLKVVRKLNLGGENVNFEAIKRGGANNGIDIYVEYTGHGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTMAVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEKPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDAWATDGLLVSHKLKILEDDKAFRPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQVDEQKLISEEDLN*

	iRKetSnFR2.0
(for protein expression and purification)
	 
His6Gly
HA Tag-SfiI
Restriction site (RS)
IRKetSnFR2.0 [PBP Lobe-I-Linker-cpGFP-Linker-PBP Lobe-II]
RS
Myc Tag
Stop Codon
His6Gly-HA Tag-SfiI-RS-iRKetSnFR2.0-RS-Myc Tag-SC
MHHHHHHGYPYDVPDYAGAQPARSANDTVVVGSLNWTEGIIVANMVAEMIEAHTDLKVVRKLNLGGVNVNFEAIKRGGANNGIDIYVEYTGQGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQTVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTFMVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEGPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDVWATDGLLVSHKLKILEDDKAFFPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQVDEQKLISEEDLN*

	iSKetSnFR3.0
	 

	(I) Cytoplasmic iSKetSnFR3.0 Sensor
Or,
Cyto.iSKetSnFR3.0
Or,
Cytoplasm.iSKetSnFR3.0
	 
NES-RS-iSKetSnFR3.0-RS-SC
MLPPLERLTLRSANDTVVVGSMNFTEGIIVANMVAEMIEAHTDLKVVRKLNLGGENVNFEAIKRGGANNGIDIYVEYTGHGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTMAVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEKPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDAWATDGLLVSHKLKILEDDKAFRPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQ*

	(II) Nuclear-targeted iSKetSnFR3.0 Sensor
Or,
Nucleus.iSKetSnFR3.0
	 
StC-RS-iSKetSnFR3.0-RS-NLS-SC
MRSANDTVVVGSMNFTEGIIVANMVAEMIEAHTDLKVVRKLNLGGENVNFEAIKRGGANNGIDIYVEYTGHGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTMAVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEKPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDAWATDGLLVSHKLKILEDDKAFRPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQPKKKRKV*

	(III) Plasma membrane (PM)-anchored iSKetSnFR3.0 Sensor
Or,
PM.iSKetSnFR3.0
	 
IgK leader-RS-iSKetSnFR3.0-RS-PDGFR-SC
METDTLLLWVLLLWVPGSTGDRSANDTVVVGSMNFTEGIIVANMVAEMIEAHTDLKVVRKLNLGGENVNFEAIKRGGANNGIDIYVEYTGHGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTMAVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEKPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDAWATDGLLVSHKLKILEDDKAFRPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQVDEQKLISEEDLNAVGQDTQEVIVVPHSLPFKVVVISAILALVVLTIISLIILIMLWQKKPR*

	(IV) Endoplasmic reticulum (ER)-localized iSKetSnFR3.0 Sensor
Or,
ER.iSKetSnFR3.0
	 
Signaling Peptide-RS-iSKetSnFR3.0-RS-ER Targeting Sequencing-SC
MLLSVPLLLGLLGLAIARSANDTVVVGSMNFTEGIIVANMVAEMIEAHTDLKVVRKLNLGGENVNFEAIKRGGANNGIDIYVEYTGHGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTMAVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEKPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDAWATDGLLVSHKLKILEDDKAFRPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQTAEKDEL*

	(V) Mitochondrial (Mito)-targeted iSKetSnFR3.0 Sensor
Or,
Mito.iSKetSnFR3.0
	 
NES-Cox8 Sequence-RS-iSKetSnFR3.0-RS-SC
MLPPLERLTLSVLTPLLLRGLTGSARRLPVPRAKIHSLGDPPVATRSANDTVVVGSMNFTEGIIVANMVAEMIEAHTDLKVVRKLNLGGENVNFEAIKRGGANNGIDIYVEYTGHGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTMAVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEKPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDAWATDGLLVSHKLKILEDDKAFRPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQ*

	(VI) Golgi-localized iSKetSnFR3.0 Sensor
Or,
Golgi.iSKetSnFR3.0


	 
IgK leader-Golgi Targeting Sequence-Linker-RS-iSKetSnFR3.0-RS-PDGFR-SC
METDTLLLWVLLLWVPGSTGDMRLREPLLSGSAAMPGASLQRACRLLVAVCALHLGVTLVYYLAGRDLSRLPQLVGVSTPLQGGSNSAAAIGQSSGELRTGGAKDPPVATRSANDTVVVGSMNFTEGIIVANMVAEMIEAHTDLKVVRKLNLGGENVNFEAIKRGGANNGIDIYVEYTGHGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTMAVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEKPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDAWATDGLLVSHKLKILEDDKAFRPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQ*


	(VII) Peroxisome-localized iSKetSnFR3.0 Sensor
Or,
Peroxisome.iSKetSnFR3.0
	
NES-RS-iSKetSnFR3.0-RS-PST1-SC
MLPPLERLTLRSANDTVVVGSMNFTEGIIVANMVAEMIEAHTDLKVVRKLNLGGENVNFEAIKRGGANNGIDIYVEYTGHGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTMAVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEKPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDAWATDGLLVSHKLKILEDDKAFRPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQSKL*

	(VIII) Autophagosome-targeted iSKetSnFR3.0 Sensor
Or,
LC3.iSKetSnFR3.0 
Or,
Autophagosome.
iSKetSnFR3.0
	 
IgK leader-LC3-Linker-RS-iSKetSnFR3.0-RS-SC
METDTLLLWVLLLWVPGSTGDMPSEKTFKQRRSFEQRVEDVRLIREQHPTKIPVIIERYKGEKQLPVLDKTKFLVPDHVNMSELIKIIRRRLQLNANQAFFLLVNGHSMVSVSTPISEVYESERDEDGFLYMVYASQETFGTALAVTYMSALKATATGREPCLKDPPVATRSANDTVVVGSMNFTEGIIVANMVAEMIEAHTDLKVVRKLNLGGENVNFEAIKRGGANNGIDIYVEYTGHGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTMAVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEKPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDAWATDGLLVSHKLKILEDDKAFRPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQ*

	(X) F-actin–associated iSKetSnFR3.0 Sensor
Or,
 F-actin.iSKetSnFR3.0
	 
NES-Life Act-RS-iSKetSnFR3.0-RS-SC
MLPPLERLTLGVADLIKKFESISKEERSANDTVVVGSMNFTEGIIVANMVAEMIEAHTDLKVVRKLNLGGENVNFEAIKRGGANNGIDIYVEYTGHGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTMAVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEKPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDAWATDGLLVSHKLKILEDDKAFRPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQ*

	iRKetSnFR2.0
	 

	(I) Cytoplasmic iRKetSnFR2.0 Sensor
Or,
Cyto.iSKetSnFR3.0
Or,
Cytoplasm.iRKetSnFR2.0
	 
NES-RS-iRKetSnFR2.0-RS-SC
MLPPLERLTLRSANDTVVVGSLNWTEGIIVANMVAEMIEAHTDLKVVRKLNLGGVNVNFEAIKRGGANNGIDIYVEYTGQGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTFMVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEGPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDVWATDGLLVSHKLKILEDDKAFFPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQ*

	(II) Nuclear-targeted iRKetSnFR2.0 Sensor
Or,
Nucleus.iRKetSnFR2.0
	 
StC-RS-iRKetSnFR2.0-RS-NLS-SC
MRSANDTVVVGSLNWTEGIIVANMVAEMIEAHTDLKVVRKLNLGGVNVNFEAIKRGGANNGIDIYVEYTGQGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTFMVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEGPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDVWATDGLLVSHKLKILEDDKAFFPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQPKKKRKV*

	(III) Plasma membrane (PM)-anchored iRKetSnFR2.0 Sensor
Or,
PM.iRKetSnFR2.0
	 
IgK-RS-iRKetSnFR2.0[OpuBC I-Linker 1-cpGFP-Linker 2-OpuBC II]-RS-PDGFR -SC
METDTLLLWVLLLWVPGSTGDRSANDTVVVGSLNWTEGIIVANMVAEMIEAHTDLKVVRKLNLGGVNVNFEAIKRGGANNGIDIYVEYTGQGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTFMVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEGPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDVWATDGLLVSHKLKILEDDKAFFPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQVDEQKLISEEDLNAVGQDTQEVIVVPHSLPFKVVVISAILALVVLTIISLIILIMLWQKKPR*

	(IV) Endoplasmic reticulum (ER)-localized iRKetSnFR2.0 Sensor
Or,
ER.iRKetSnFR2.0
	 
Signaling Peptide-RS-iRKetSnFR2.0-RS-ER Targeting Sequencing-SC
MLLSVPLLLGLLGLAIARSANDTVVVGSLNWTEGIIVANMVAEMIEAHTDLKVVRKLNLGGVNVNFEAIKRGGANNGIDIYVEYTGQGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTFMVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEGPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDVWATDGLLVSHKLKILEDDKAFFPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQTAEKDEL*

	(V) Mitochondrial (Mito)-targeted iRKetSnFR2.0 Sensor
Or,
Mito.iRKetSnFR2.0
	 
NES-Cox8 Sequence-RS-iRKetSnFR2.0-RS-SC
MLPPLERLTLSVLTPLLLRGLTGSARRLPVPRAKIHSLGDPPVATRSANDTVVVGSLNWTEGIIVANMVAEMIEAHTDLKVVRKLNLGGVNVNFEAIKRGGANNGIDIYVEYTGQGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTFMVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEGPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDVWATDGLLVSHKLKILEDDKAFFPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQ*

	(VI) Golgi-localized iRKetSnFR2.0 Sensor
Or,
Golgi.iRKetSnFR2.0
	 
IgK leader-Golgi Targeting Sequence-Linker-RS-iRKetSnFR2.0-RS-SC
METDTLLLWVLLLWVPGSTGDMRLREPLLSGSAAMPGASLQRACRLLVAVCALHLGVTLVYYLAGRDLSRLPQLVGVSTPLQGGSNSAAAIGQSSGELRTGGAKDPPVATRSANDTVVVGSLNWTEGIIVANMVAEMIEAHTDLKVVRKLNLGGVNVNFEAIKRGGANNGIDIYVEYTGQGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTFMVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEGPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDVWATDGLLVSHKLKILEDDKAFFPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQ*

	(VII) Peroxisome Targeted iRKetSnFR2.0
Or,
Peroxisome.iRKetSnFR2.0
 
	NES-RS-iRKetSnFR2.0-RS-PST1-SC
MLPPLERLTLRSANDTVVVGSLNWTEGIIVANMVAEMIEAHTDLKVVRKLNLGGVNVNFEAIKRGGANNGIDIYVEYTGQGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTFMVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEGPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDVWATDGLLVSHKLKILEDDKAFFPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQSKL*

	(VIII) Autophagosome-targeted iRKetSnFR2.0 Sensor
Or,
LC3.iRKetSnFR2.0
Or,
Autophagosome.
iRKetSnFR2.0

	 
IgK leader-LC3-Linker-RS-iRKetSnFR2.0-RS-SC
METDTLLLWVLLLWVPGSTGDMPSEKTFKQRRSFEQRVEDVRLIREQHPTKIPVIIERYKGEKQLPVLDKTKFLVPDHVNMSELIKIIRRRLQLNANQAFFLLVNGHSMVSVSTPISEVYESERDEDGFLYMVYASQETFGTALAVTYMSALKATATGREPCLKDPPVATRSANDTVVVGSLNWTEGIIVANMVAEMIEAHTDLKVVRKLNLGGVNVNFEAIKRGGANNGIDIYVEYTGQGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTFMVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEGPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDVWATDGLLVSHKLKILEDDKAFFPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQ*

	(X) F-actin–associated iRKetSnFR2.0 Sensor
Or,
 F-actin.iRKetSnFR2.0
	 
NES-pLifeAct-RS-iRKetSnFR2.0-RS-SC
MLPPLERLTLGVADLIKKFESISKEERSANDTVVVGSLNWTEGIIVANMVAEMIEAHTDLKVVRKLNLGGVNVNFEAIKRGGANNGIDIYVEYTGQGLVDILGFPEPNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMSKGEELFTGVVPILVELDGGVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFPPPPSTDPEGAYETVKKEYKRKWNIVWLKPLGFNNTGTFMVKDELAKQYNLKTFSDLAKISDKLILGATMFFLEGPDGYPGLQKLYNFKFKHTKSMDMGIRYTAIDNNEVQVIDVWATDGLLVSHKLKILEDDKAFFPPYYAAPIIRQDVLDKHPELKDVLNKLANQISLEEMQKLNYKVDGEGQDPAKVAKEFLKEKGLILQ*
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Extended Data Fig. 2: pH dependence of baseline fluorescence for iR-KetSnFR2.0 and iSKetSnFR3.0. (a) Baseline fluorescence intensity (F0, arbitrary units) of purified iRKetSnFR2.0 (50 nM) measured across the indicated pH range. Fluorescence was recorded using excitation at 400 nm (open squares, dashed line) or 485 nm (filled squares, solid line). iRKetSnFR2.0 shows a strong pH-dependent increase in F0 under 485-nm excitation, with comparatively modest variation at 400-nm excitation. (b) Baseline fluorescence intensity (F0, arbitrary units) of purified iSKetSnFR3.0 (50 nM) measured across the indicated pH range. Fluorescence was recorded using excitation at 400 nm (open squares, dashed line) or 485 nm (filled squares, solid line). iSKetSnFR3.0 likewise exhibits pronounced pH sensitivity at 485 nm, while the 400-nm channel varies less across pH. For both panels, symbols represent measured F0 values at each pH; error bars indicate measurement variability across replicates. The y-axis is plotted on a logarithmic scale.
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Extended Data Fig. 3. Compartment-specific S-ketamine responses in SH-SY5Y cells. (a) Representative fluorescence traces showing plasma membrane (PM)–localized iSKetSnFR3.0 responses in SH-SY5Y cells during sequential application of decreasing concentrations of S-ketamine (300–50 nM, indicated above traces). (b) Corresponding fluorescence responses from endoplasmic reticulum (ER)–localized iSKetSnFR3.0 under identical concentration range (300–50 nM) of S-ketamine. Signals are plotted as ΔF/F0 over time. Shaded regions indicate mean ± SEM. (c) Dose–response relationship for PM- and ER-localized sensors quantified from peak ΔF/F0 values. Linear fits are shown with corresponding slopes (S-slope) and goodness-of-fit (R²) values indicated. PM-localized sensor responses exhibit higher sensitivity compared to ER-localized responses across the tested concentration range. Compartment-specific R-ketamine responses in SH-SY5Y cells. (d) Representative fluorescence traces showing plasma membrane (PM)–localized iSKetSnFR3.0 responses in SH-SY5Y cells during sequential application of decreasing concentrations of S-ketamine (300–50 nM, indicated above traces). (e) Corresponding fluorescence responses from endoplasmic reticulum (ER)–localized iRKetSnFR2.0 under identical concentration range (300–50 nM) of R-ketamine. Signals are plotted as ΔF/F0 over time. Shaded regions indicate mean ± s.e.m. (f) Dose–response relationship for PM- and ER-localized sensors quantified from peak ΔF/F0 values. Linear fits are shown with corresponding slopes (S-slope) and goodness-of-fit (R²) values indicated. PM-localized sensor responses exhibit higher sensitivity compared to ER-localized responses across the tested concentration range.


[image: ]Extended Data Fig. 4. Subhypnotic ketamine induces EEG desynchronization during wakefulness. (a) Representative EEG traces during baseline wakefulness (left) and >10 min after intraperitoneal (IP) ketamine (10 mg/kg; right). Traces are shown at identical scale (50 µV; 1 s). (b) Time–frequency spectrograms (0–50 Hz) during wakefulness (left) and following ketamine (Ket) administration (right). Arrow denotes ketamine injection; post-injection spectrograms are shown >10 min after dosing. Color scale indicates changes in power (dB). (c) Power spectral density averaged across the corresponding epochs for baseline (black) and ketamine (red). Shaded regions indicate variability across recordings (mean ± 95% CI range). Ketamine produces a relative reduction in low-frequency power with a broadband shift toward higher frequencies, consistent with cortical EEG desynchronization.
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Extended Data Fig. 5: Cortical uptake kinetics after intranasal ketamine. (a) Initial cytoplasmic iSKetSnFR3.0 ΔF/F₀ signals in ACC and V1 (top) and iRKetSnFR3.0 in ACC (bottom) following intranasal ketamine (blue dashed arrow). Individual ROIs are shown in grey; the mean is shown in black. (b) Time to peak ΔF/F0 and peak ΔF/F0 measured from 2 mice expressing iRKetSnFR2.0. (c) Summary of cytoplasmic iRKetSnFR2.0 ΔF/F0 responses at 90 min.
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Extended Data Fig. 6A: Pharmacokinetic analysis of ketamine metabolism following systemic and intranasal administration. (a) Experimental workflow for pharmacokinetic analysis. Mice received ketamine by intraperitoneal (i.p.) injection (10, 50, or 100 mg kg⁻¹) or intranasal (i.n.) administration (10 mg kg⁻¹). Blood samples were collected at the indicated time points (0, 0.25, 0.5, 1, 1.5, 3, and 6 h), plasma was isolated, and ketamine together with its metabolites was quantified by liquid chromatography–mass spectrometry (LC–MS). (b) Metabolic pathway of ketamine [m/z = 238.13] showing its sequential biotransformation to norketamine (NK) [m/z = 224.05], hydroxynorketamine (HNK) [m/z = 240.08], and dehydronorketamine (DHNK) [m/z = 222.07]. Representative molecular structures, exact molecular masses, and corresponding LC–MS spectra used for metabolite identification are shown. (c) Heat map summarizing the temporal detection of ketamine and its metabolites in plasma following i.p. (10, 50, and 100 mg kg⁻¹) or i.n. (10 mg kg⁻¹) administration. Green shading indicates detectable plasma concentrations at the indicated time points, whereas gray shading indicates concentrations below the limit of detection. Ketamine was rapidly detected after administration but was largely cleared from plasma within hours, whereas metabolite appearance and persistence were dose- and time-dependent, demonstrating the sequential metabolic conversion of ketamine in vivo.
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[image: ][image: ]Extended Data Fig. 6B: MS/MS spectra of ketamine and its metabolites in mouse plasma following racemic ketamine administration. Representative tandem mass spectrometry (MS/MS) spectra of (I) ketamine, (II) norketamine (NK), (III) hydroxynorketamine (HNK), and (IV) dehydronorketamine (DHNK) detected in plasma samples collected from mice following administration of racemic ketamine (10, 50, or 100 mg/kg).
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Extended Data Fig. 7. Estimating pharmacokinetic profiles of ketamine following intraperitoneal and intranasal administration. Simulated plasma ketamine concentration–time profiles after a single dose (10 mg/kg) were approximated using a one-compartment extravascular model [C(t) = A(e⁻ᵏᵉᵗ − e⁻ᵏᵃᵗ)] based on values derived from Saland and Kabbaj, 2018. For intraperitoneal (IP; teal) administration, rapid absorption (kₐ ≈ 0.35 min⁻¹) and elimination (kₑ ≈ 0.0462 min⁻¹; ~15 min half-life) yielded a peak at ~7 min. For intranasal (IN; blue) delivery, slower absorption (kₐ ≈ 0.12 min⁻¹) produced a delayed peak (~17.5 min) with a similar elimination rate. Both routes converge during the terminal phase, suggesting comparable systemic clearance. 
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Extended Data Fig. 8. Ketamine-related behavioral effects are time-dependent and selective for anxiety-like behavior without motor or nociceptive changes. (a) Open-field behavior showing the proportion of total distance traversed in the center zone. Compared with control animals (saline), center exploration was significantly reduced at > 10 min and further reduced at > 60 min following 10 mg/kg IP ketamine, consistent with increased anxiety-like behavior (control vs >10 min,  P = 0.013; control vs > 60 min, P = 0.0003). (b) Rota-rod performance did not differ between control, >10 min, or > 60 min groups, indicating grossly preserved motor coordination/balance (control vs > 10 min, P = 0.52; control vs > 60 min, P = 1.00). (c) Hot-plate induced behaviors, including flick count (left), lick count (middle), and jump count (right), were not significantly altered across groups, demonstrating no detectable changes in nociceptive responses (although a nonsignificant trend toward reduced jumping was observed at later time points). All plots’ bars represent mean ± s.d., with individual animals shown as dots. Statistical comparisons (Wilcoxon Rank-sum) between control and time-delayed groups are indicated with exact P values. 






Supplemental Figures
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Extended Data Fig. 9. iRKetSnFR2.0 detects R-norketamine and ketamine. Time course of cytoplasmic iRKetSnFR2.0 ΔF/F₀ signals following saline, R-norketamine (10 mg/kg IP), and ketamine (10 mg/kg IP) administration. Left, saline injection (magenta dashed arrow) shows no detectable signal change. Middle, norketamine administration (red dashed arrow) produces a rapid increase in fluorescence that peaks within minutes (~6 min) and subsequently decays. Right, ketamine administration (blue dashed arrow) elicits a similarly rapid rise in signal, reaching peak levels within ~8 min and remaining elevated over the recording period. Individual ROIs are shown in grey, with the mean ± s.e.m. shown in black. Dashed vertical lines indicate approximate peak times.
[image: ]Extended Data Fig. 10A. Subcellularly targeted dose–response relationships of iSKetSnFR3.0 for S-ketamine and iRKetSnFR2.0 for R-ketamine across organelles of Neuro2a cells. (a–i) Dose–response calibration curves showing normalized fluorescence changes (ΔF/F0) as a function of ligand concentration (50–300 nM) for iSKetSnFR3.0 (black) and iRKetSnFR2.0 (red) targeted to distinct subcellular compartments of Neuro2a cells. (a) Cytoplasmic sensors; (b) Nuclear-targeted sensors; (c) Plasma membrane (PM)-anchored sensors; (d) Endoplasmic reticulum (ER)-localized sensors; (e) Mitochondrial (Mito)-targeted sensors; (f) Golgi-localized sensors; (g) Peroxisome-targeted sensors; (h) Autophagosome-targeted sensors; (i) F-actin–associated sensors.
[image: ]Extended Data Fig. 10B. Subcellularly targeted dose–response relationships of iSKetSnFR3.0 for S-ketamine and iRKetSnFR2.0 for R-ketamine across organelles of Neuro2a cells. (a–i) Dose–response calibration curves showing normalized fluorescence changes (ΔF/F0) as a function of ligand concentration (50–300 nM) for iSKetSnFR3.0 (black) and iRKetSnFR2.0 (red) targeted to distinct subcellular compartments of Neuro2a cells. Linear regression fits are overlaid for each sensor–compartment pair, with corresponding sensitivity slopes (S-slope, µM⁻¹) and coefficients of determination (R²) indicated in each panel. (a) Cytoplasmic sensors; (b) Nuclear-targeted sensors; (c) Plasma membrane (PM)-anchored sensors; (d) Endoplasmic reticulum (ER)-localized sensors; (e) Mitochondrial (Mito)-targeted sensors; (f) Golgi-localized sensors; (g) Peroxisome-targeted sensors; (h) Autophagosome-targeted sensors; (i) F-actin–associated sensors. Across compartments, iSKetSnFR3.0 generally exhibits higher sensitivity (steeper slopes) than iRKetSnFR2.0, with particularly pronounced differences at the Golgi apparatus, whereas mitochondrial and autophagosomal targeting shows more comparable responses between sensor variants. Data points represent mean ± s.e.m. from independent measurements (n = 10). These calibrations establish the dynamic range and compartment-dependent performance of iKetSnFR sensors for quantitative subcellular ketamine detection.
Table 3: Subcellular localization–dependent performance and fluorescence response kinetics of iSKetSnFR3.0 in Neuro2a cells. Fluorescence response amplitude (ΔFmax/F0) and binding kinetics (fluorescence response kinetics) of iSKetSnFR3.0 targeted to distinct subcellular compartments are shown in Neuro2a cells at 200 nM S-ketamine. Constructs were localized to the cytoplasm, nucleus, plasma membrane (PM), endoplasmic reticulum (ER), mitochondria (Mito), Golgi apparatus, peroxisomes, autophagosomes, and F-actin. ΔFmax/F0 represents the maximal fluorescence change upon ligand binding. Kon represents the time to reach fluorescence saturation (association phase), and Koff represents the time required for the fluorescence signal to return to baseline during washout (dissociation phase). Values are reported as mean ± s.d., reflecting variability across cells/measurements. Differences across compartments indicate that both sensor dynamic range and kinetic properties are influenced by the subcellular environment.
[image: ]
Table 4: Subcellular localization–dependent performance and fluorescence response kinetics of iRKetSnFR2.0 in Neuro2a cells. Fluorescence response amplitude (ΔFmax/F0) and binding kinetics (fluorescence response kinetics) of iRKetSnFR2.0 targeted to distinct subcellular compartments are shown in Neuro2a cells at 200 nM R-ketamine. Constructs were localized to the cytoplasm, nucleus, plasma membrane (PM), endoplasmic reticulum (ER), mitochondria (Mito), Golgi apparatus, peroxisomes, autophagosomes, and F-actin. ΔFmax/F0 represents the maximal fluorescence change upon ligand binding. Kon represents the time to reach fluorescence saturation (association phase), and Koff represents the time required for the fluorescence signal to return to baseline during washout (dissociation phase). Values are reported as mean ± s.d., reflecting variability across cells/measurements. Differences across compartments indicate that both sensor dynamic range and kinetic properties are influenced by the subcellular environment.
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Extended Data Fig. 11. Subcellular localization of cytoplasm-, nucleus-, and plasma membrane-targeted iKetSnFR in Neuro2a cells. (a) Cytoplasm-targeted iKetSnFR (green) shows diffuse intracellular distribution throughout the cell body, excluding the nucleus. (b) Nucleus-targeted iKetSnFR (green) is confined to the nucleus, highlighting nuclear morphology. (c) Plasma membrane (PM)-targeted iKetSnFR (green) outlines the cell perimeter and neurites, consistent with membrane localization. Colocalization of ER- and peroxisome-targeted iKetSnFR with organelle-specific markers. (d) ER-targeted iKetSnFR (green) co-expressed with an ER-specific marker (red), showing strong perinuclear and reticular colocalization (merge, yellow). (e): Peroxisome-targeted iKetSnFR (green) co-localizes with a peroxisomal marker (red), displaying punctate distributions characteristic of peroxisomes (merge, yellow). Colocalization of F-actin and mitochondria-targeted iKetSnFR with organelle-specific markers. (f): F-actin–targeted iKetSnFR (green) colocalizes with an F-actin marker (red), showing overlap along dendritic processes and within the soma (merge, yellow). (g): Mitochondria-targeted iKetSnFR (green) colocalizes with a mitochondrial marker (red), displaying punctate mitochondrial structures (merge, yellow). Colocalization of autophagosome- and Golgi-targeted iKetSnFR with organelle-specific markers. (h): Autophagosome-targeted iKetSnFR (green) colocalizes with an autophagosome marker (red), showing punctate structures within the cytoplasm (merge, yellow). (i): Golgi-targeted iKetSnFR (green) colocalizes with a Golgi marker (red), displaying perinuclear localization characteristic of the Golgi apparatus (merge, yellow). Scale bars, 10 μm.
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Extended Data Fig. 12. Subcellular localization of plasma membrane (PM)-, cytoplasm-, and nucleus-targeted iRKetSnFR2.0 and iSKetSnFR3.0 biosensors in primary cortical neurons before and after ketamine exposure. Representative fluorescence images of primary cortical neurons expressing plasma membrane (PM)-, cytoplasm-, or nucleus-targeted ketamine biosensors under basal conditions and following exposure to 500 nM ketamine. (a, b) PM-targeted iRKetSnFR2.0 before (a) and after (b) application of 500 nM R-ketamine. (c, d) Cytoplasm-targeted iRKetSnFR2.0 before (c) and after (d) 500 nM R-ketamine. (e, f) Nucleus-targeted iRKetSnFR2.0 before (e) and after (f) 500 nM R-ketamine. (g, h) PM-targeted iSKetSnFR3.0 before (g) and after (h) application of 500 nM S-ketamine. (i, j) Cytoplasm-targeted iSKetSnFR3.0 before (i) and after (j) 500 nM S-ketamine. (k, l) Nucleus-targeted iSKetSnFR3.0 before (k) and after (l) 500 nM S-ketamine. Fluorescence was predominantly localized to the intended subcellular compartments, and ketamine application produced an increase in fluorescence intensity while preserving the expected localization pattern. Images were acquired using identical microscope settings for the corresponding before and after conditions. Scale bar, 20 μm 
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Extended Data Fig. 13. Subcellular pharmacokinetics of R-ketamine and S-ketamine in the nucleus of primary cortical neurons. (a) Nucleus-targeted iKetSnFRs revealed progressive accumulation of both S-ketamine and R-ketamine during a 240-s application of 500 nM drug. Nuclear S-ketamine signals continued to rise throughout drug exposure, suggesting that equilibrium was not reached within the application period. Following washout, nuclear fluorescence decayed with time constants of 1055 ± 126 s (S-ketamine) and 2241 ± 462 s (R-ketamine), indicating prolonged nuclear retention of R-ketamine. (b) Data are presented as mean ± SD.
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