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Figure S1 | Alignment of amino acid sequences of Acetabularia rhodopsin II (Ace), Archaerhodopsin (Arch), bacteriorhodopsin (BR) and Gloeobacter rhodopsin (GR). Boxes 
indicate residues targeted for site-directed saturation mutagenesis. AAs are color-coded based on side-chain chemistry. Conserved residues are indicated in upper case. 



Ace-FP linker mutagenesis in Ace-mNeon 81S (well C3 from above) (G229X)

Ace N81X mutagenesis in Ace-SY-mNeon

 1 2 3 4 5 6 7 8 9 10 11 12 

A 
-25 -16 -13 -14 -15 -18 -17 -18 -20 -25 -17 -16 

G229G G229P G229E G229P   G229E G229S   G229H G229K     

B 
-17 -15 -17 -18 -12 -15 -12 -10 -21 -12 -13 -18 

      G229T         G229F       

C 
-14 -13 -10 -24 -10 -15 -11 -5 -18 -14 -16 -8 

      G229F         G229F       

D 
-16 -17 -6 -12 -12 -8 -9 -9 -18 -34 -5 -25 

                G229F G229Y   G229W 
 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 
-10 -3 0 -4 -2 -4 -3 -4 0 -5 -6 -8 

N81H N81I N81A N81L N81P N81P N81N N81P N81I N81N N81R N81S 

B 
-3 -2 -3 -8 -2 -4 -8 -4 -2 -12 -10 -3 
                  N81A     

C 
-7 0 -18 0 -11 -3 -10 -10 -9 -5 -14 0 
    N81S               N81S   

D 
-14 -2 -16 -8 -8 -7 -11 -3 -5 -11 -6   

N81F   N81S             N81S   Control 

 

Figure S2 | High-throughput screening for voltage sensitivity of Ace-mNeon2 and VARNAM. 
(A) 48 variants containing saturation mutations at Ace N81 on the backbone of Ace-mNeon were each transfected in 
electrically excitable HEK cells (30,31) and screened for voltage sensitivity on the high-throughput platform (18). The maximum 
%∆F/F obtained for each variant across 4 independent rounds of screening are indicated in each well, together with the 
sequence information, where available. Color density corresponds to the size of the signal in the negative direction. 
(B) Same as (A) for Ace-FP linker mutagenesis on Ace-mNeon 81S backbone.
(C) Same as (A) for Ace-FP linker mutagenesis on VARNAM backbone.  

Ace-FP linker mutagenesis in VARNAM ∆229 ∆230 (G231X)

 1 2 3 4 5 6 7 8 9 10 11 12 

A 
-17 -26 -14 -22 0 -16 -10 -18 -8 -19 -16 -16 

G231S G231I G231D G231T G231Q G231A G231E G231M G231P G231K G231A G231S 

B 
-20 -16 -18 -15 -18 -15 -11 -18 -20 -17 -12 -23 

G231L G231D G231M G231Q G231C G231T G231A G231F G231L G231R G231G G231T 

C 
-16 -21 -8 -12 -15 -17 -15 -20 -18 -15 -23 -18 

G231S G231K G231P G231D G231A G231C G231F G231K G231L G231E G231L G231N 

D 
-20 -20 -17 -18 -17 -16 -17 -19 -18 -15 -16   

G231Q G231K G231M G231L G231S G231W G231F G231F G231M G231G G231E   
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Ace opsin

ATGGCTGACGTGGAAACCGAGACCGGCATGATTGCACAGTGGATTGTCTTTGCTATTATGGCTGCTGCTGCTATTGCTTTTGGAGTGGCTGTGCACTTTC
M A D V E T E T G M I A Q W I V F A I M A A A A I A F G V A V H F

Ace opsin

GGCCTTCAGAGCTGAAGAGCGCATACTATATCAACATTGCCATCTGCACTATCGCCGCTACCGCTTACTATGCAATGGCCGTGAACTACCAGGACCTGAC
R P S E L K S A Y Y I N I A I C T I A A T A Y Y A M A V N Y Q D L T

Ace opsin

AATGAATGGTGAAAGGCAGGTGGTCTACGCAAGATATATTAGCTGGGTGCTGACCACACCACTGCTCCTGCTCGATCTCATCGTCATGACCAAGATGGGC
M N G E R Q V V Y A R Y I S W V L T T P L L L L D L I V M T K M G

Ace opsin

GGAGTGATGATTTCTTGGGTCATCGGCGCAGACATTTTCATGATCGTGTTTGGTATTCTGGGCGCCTTCGAGGATGAACACAAGTTCAAATGGGTGTACT
G V M I S W V I G A D I F M I V F G I L G A F E D E H K F K W V Y

Ace opsin

TTATCGCTGGATGTGTGATGCAGGCAGTCCTGACATACGGGATGTATAACGCCACTTGGAAAGACGATCTGAAGAAAAGCCCCGAGTACCATAGCTCCTA
F I A G C V M Q A V L T Y G M Y N A T W K D D L K K S P E Y H S S Y

Ace opsin

TGTCAGTCTGCTCGTCTTCCTGTCAATCCTCTGGGTGTTTTATCCTGTCGTGTGGGCTTTCGGGTCTGGTAGTGGCGTGCTGTCCGTCGACAATGAGGCC
V S L L V F L S I L W V F Y P V V W A F G S G S G V L S V D N E A

Ace opsin Linker mNeonGreen

ATTCTCATGGGAATCCTGGATGTGCTCGCTAAGCCACTGTTTGGAATGGGGTGCCTCATTGCCCATGAGACTATCTTCAAGTCCTACCCAGCGACACATG
I L M G I L D V L A K P L F G M G C L I A H E T I F K S Y P A T H

mNeonGreen

AGTTACACATCTTTGGCTCCATCAACGGTGTGGACTTTGACATGGTGGGTCAGGGCACCGGCAATCCAAATGATGGTTATGAGGAGTTAAACCTGAAGTC
E L H I F G S I N G V D F D M V G Q G T G N P N D G Y E E L N L K S

mNeonGreen

CACCAAGGGTGACCTCCAGTTCTCCCCCTGGATTCTGGTCCCTCATATCGGGTATGGCTTCCATCAGTACCTGCCCTACCCTGACGGGATGTCGCCTTTC
T K G D L Q F S P W I L V P H I G Y G F H Q Y L P Y P D G M S P F

mNeonGreen

CAGGCCGCCATGGTAGATGGCTCCGGATACCAAGTCCATCGCACAATGCAGTTTGAAGATGGTGCCTCCCTTACTGTTAACTACCGCTACACCTACGAGG
Q A A M V D G S G Y Q V H R T M Q F E D G A S L T V N Y R Y T Y E

mNeonGreen

GAAGCCACATCAAAGGAGAGGCCCAGGTGAAGGGGACTGGTTTCCCTGCTGACGGTCCTGTGATGACCAACTCGCTGACCGCTGCGGACTGGTGCAGGTC
G S H I K G E A Q V K G T G F P A D G P V M T N S L T A A D W C R S

mNeonGreen

GAAGAAGACTTACCCCAACGACAAAACCATCATCAGTACCTTTAAGTGGAGTTACACCACTGGAAATGGCAAGCGCTACAGGAGCACTGCGCGGACCACC
K K T Y P N D K T I I S T F K W S Y T T G N G K R Y R S T A R T T

mNeonGreen

TACACCTTTGCCAAGCCAATGGCGGCTAACTATCTGAAGAACCAGCCGATGTACGTGTTCCGTAAGACGGAGCTCAAGCACTCCAAGACCGAGCTCAACT
Y T F A K P M A A N Y L K N Q P M Y V F R K T E L K H S K T E L N

mNeonGreen Kir2.1 membrane trafficking sequence

TCAAGGAGTGGCAAAAGGCCTTTACCGATGTGATGGGCATGGACGAGCTGTACAAGAAGAGCAGGATCACCAGCGAGGGCGAGTACATCCCCCTGGACCA
F K E W Q K A F T D V M G M D E L Y K K S R I T S E G E Y I P L D Q

Kir2.1 ER export sequence Kv2.1 proximal restriction sequence

GATCGACATCAACGTGTTCTGCTACGAGAACGAGGTGCAAAGTCAGCCTATCCTGAACACAAAGGAAATGGCTCCACAGTCTAAGCCTCCCGAAGAGCTT
I D I N V F C Y E N E V Q S Q P I L N T K E M A P Q S K P P E E L

Kv2.1 proximal restriction sequence

GAGATGTCCAGTATGCCAAGTCCCGTGGCTCCCCTCCCTGCCAGGACTGAAGGAGTGATTGACATGAGGAGTATGTCATCTATTGATAGCTTCATCTCTT
E M S S M P S P V A P L P A R T E G V I D M R S M S S I D S F I S

Kv2.1 proximal restriction sequence

GCGCAACAGATTTCCCCGAGGCTACTCGATTCTAA
C A T D F P E A T R F .

Figure S3 | DNA and amino acid sequences of Ace-mNeon2 fused to a somatic restriction sequence from Kv2.1. 



Ace opsin

ATGGCTGACGTGGAAACCGAGACCGGCATGATTGCACAGTGGATTGTCTTTGCTATTATGGCTGCTGCTGCTATTGCTTTTGGAGTGGCTGTGCACTTTC
M A D V E T E T G M I A Q W I V F A I M A A A A I A F G V A V H F

Ace opsin

GGCCTTCAGAGCTGAAGAGCGCATACTATATCAACATTGCCATCTGCACTATCGCCGCTACCGCTTACTATGCAATGGCCGTGAACTACCAGGACCTGAC
R P S E L K S A Y Y I N I A I C T I A A T A Y Y A M A V N Y Q D L T

Ace opsin

AATGAATGGTGAAAGGCAGGTGGTCTACGCAAGATATATTAGCTGGGTGCTGACCACACCACTGCTCCTGCTCGATCTCATCGTCATGACCAAGATGGGC
M N G E R Q V V Y A R Y I S W V L T T P L L L L D L I V M T K M G

Ace opsin

GGAGTGATGATTTCTTGGGTCATCGGCGCAGACATTTTCATGATCGTGTTTGGTATTCTGGGCGCCTTCGAGGATGAACACAAGTTCAAATGGGTGTACT
G V M I S W V I G A D I F M I V F G I L G A F E D E H K F K W V Y

Ace opsin

TTATCGCTGGATGTGTGATGCAGGCAGTCCTGACATACGGGATGTATAACGCCACTTGGAAAGACGATCTGAAGAAAAGCCCCGAGTACCATAGCTCCTA
F I A G C V M Q A V L T Y G M Y N A T W K D D L K K S P E Y H S S Y

Ace opsin

TGTCAGTCTGCTCGTCTTCCTGTCAATCCTCTGGGTGTTTTATCCTGTCGTGTGGGCTTTCGGGTCTGGTAGTGGCGTGCTGTCCGTCGACAATGAGGCC
V S L L V F L S I L W V F Y P V V W A F G S G S G V L S V D N E A

Ace opsin Linker mRuby3

ATTCTCATGGGAATCCTGGATGTGCTCGCTAAGCCACTGTTTGGAATGGGGTGCCTCATTGCCCATGAGACTATCTTCAAGTCCATCCTGATTAAGGAAA
I L M G I L D V L A K P L F G M G C L I A H E T I F K S I L I K E

mRuby3

ATATGCGGATGAAGGTCGTGATGGAAGGGTCTGTCAATGGGCACCAGTTCAAGTGCACCGGAGAGGGAGAGGGCAGGCCATACGAGGGCGTGCAGACAAT
N M R M K V V M E G S V N G H Q F K C T G E G E G R P Y E G V Q T M

mRuby3

GAGGATCAAAGTGATCGAGGGAGGACCACTGCCTTTCGCCTTTGACATCCTGGCCACCAGCTTCATGTACGGCAGCAGGACCTTCATCAAGTATCCAGCC
R I K V I E G G P L P F A F D I L A T S F M Y G S R T F I K Y P A

mRuby3

GACATCCCCGATTTCTTTAAGCAGAGCTTCCCCGAGGGCTTTACCTGGGAGAGGGTGACAAGATACGAGGATGGCGGCGTGGTGACCGTGACACAGGACA
D I P D F F K Q S F P E G F T W E R V T R Y E D G G V V T V T Q D

mRuby3

CCTCTCTGGAGGATGGCGAGCTGGTGTATAACGTGAAGGTGAGGGGCGTGAACTTCCCTAGCAATGGCCCAGTGATGCAGAAGAAGACCAAGGGCTGGGA
T S L E D G E L V Y N V K V R G V N F P S N G P V M Q K K T K G W E

mRuby3

GCCCAATACAGAGATGATGTACCCTGCAGACGGAGGCCTGAGGGGATATACCGACATCGCCCTGAAGGTGGATGGAGGAGGACACCTGCACTGTAACTTT
P N T E M M Y P A D G G L R G Y T D I A L K V D G G G H L H C N F

mRuby3

GTGACCACATACCGCTCCAAGAAGACAGTGGGCAATATCAAGATGCCAGGAGTGCACGCCGTGGACCACAGGCTGGAGCGCATCGAGGAGTCTGATAACG
V T T Y R S K K T V G N I K M P G V H A V D H R L E R I E E S D N

mRuby3

AGACATATGTGGTGCAGAGAGAGGTGGCCGTGGCCAAGTACTCTAATCTGGGCGGCGGGATGGACGAGCTGTATAAGAAGAGCAGGATCACCAGCGAGGG
E T Y V V Q R E V A V A K Y S N L G G G M D E L Y K K S R I T S E G

Kir2.1 membrane trafficking sequence Kir2.1 ER export sequence Kv2.1 proximal restriction sequence

CGAGTACATCCCCCTGGACCAGATCGACATCAACGTGTTCTGCTACGAGAACGAGGTGCAAAGTCAGCCTATCCTGAACACAAAGGAAATGGCTCCACAG
E Y I P L D Q I D I N V F C Y E N E V Q S Q P I L N T K E M A P Q

Kv2.1 proximal restriction sequence

TCTAAGCCTCCCGAAGAGCTTGAGATGTCCAGTATGCCAAGTCCCGTGGCTCCCCTCCCTGCCAGGACTGAAGGAGTGATTGACATGAGGAGTATGTCAT
S K P P E E L E M S S M P S P V A P L P A R T E G V I D M R S M S

Kv2.1 proximal restriction sequence

CTATTGATAGCTTCATCTCTTGCGCAACAGATTTCCCCGAGGCTACTCGATTCTAA
S I D S F I S C A T D F P E A T R F .

Figure S4 | DNA and amino acid sequences of VARNAM2 fused to a somatic restriction sequence from Kv2.1. 
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Figure S5 | Voltage sensitivity and kinetics of the four FRET-opsin indicators in HEK cells. (A) Example fluorescence 
responses from a HEK cell expressing Ace-mNeon2, pAce, VARNAM2 or pAceR during whole-cell voltage clamp recordings. 
HEK cells were held at -70 mV and responses were recorded to depolarizing and hyperpolarizing voltage steps at 20 mV 
increments. (B) Normalized fluorescence responses of HEK cells transfected with Ace-mNeon2 or pAce (left), and VARNAM2 
or pAceR (right) during 120 mV depolarization. Dashed grey box represents interval shown below at an expanded time scale. 
Imaging conditions: 505 nm LED for Ace-mNeon2 and pAce and 565 nm LED for VARNAM2 and pAceR, 25 mW mm-2 at 
sample plane; image acquisition: 1 kHz. 
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Figure S6 | High-throughput voltage screening of Ace-mNeon2 D92X mutants. 48 variants containing saturation mutations at
Ace D92 were each transfected in electrically excitable HEK cells (30,31) and screened for voltage sensitivity on the high-
throughput platform (18). Shown here are representative fluorescence responses of all cells (grey) from one field-of-view and 
one round of screening per variant. The average responses to depolarizing field potentials are indicated in blue for positive-
polarity, green for negative-polarity and black for non-responding variants. Mutational information is indicated on top of each 
well for the positive-polarity variants, which were chosen for sequencing post-screening. (n>100 cells/variant).
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Figure S7 | High-throughput screening for kinetics rescue mutations in Ace-mNeon2 D92N. 96 variants containing saturation 
mutations at Ace S81 were each transfected in electrically excitable HEK cells (30,31) and screened for voltage sensitivity and 
response kinetics on the high-throughput platform (18). Shown here are representative fluorescence responses of all cells (grey) 
from one field-of-view and one round of screening per variant. The average responses to depolarizing field potentials are 
indicated in blue. Mutational information is indicated on top of each well (n>100 cells/variant except A1 and A12, where n<10 
cells/well). Wells shaded in pink exhibited improvements in response kinetics, which is more conspicuous in the maximum 
response traces. Images were acquired at 200 Hz for this experiment (see Methods). 
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R78V R78A R78F R78X R78V R78L R78C R78W R78Q R78S R78F   
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Figure S8 | High-throughput screening for voltage sensitivity of positive-polarity variant Ace-mNeon2 S81D D92N. 
(A) 48 variants containing saturation mutations at Ace R78 or W178 on the backbone of Ace-mNeon2 S81D D92N were each 
transfected in electrically excitable HEK cells (30,31) and screened for voltage sensitivity on the high-throughput platform (18). 
The maximum %∆F/F obtained for each variant across 4 independent rounds of screening are indicated in each well together
with the sequence information. Color density corresponds to the size of the signal in the positive direction. 
(B) Same as above for Ace W178X mutagenesis on Ace-mNeon2 S81D D92N R78K backbone.  



Ace opsin

ATGGCTGACGTGGAAACCGAGACCGGCATGATTGCACAGTGGATTGTCTTTGCTATTATGGCTGCTGCTGCTATTGCTTTTGGAGTGGCTGTGCACTTTC
M A D V E T E T G M I A Q W I V F A I M A A A A I A F G V A V H F

Ace opsin

GGCCTTCAGAGCTGAAGAGCGCATACTATATCAACATTGCCATCTGCACTATCGCCGCTACCGCTTACTATGCAATGGCCGTGAACTACCAGGACCTGAC
R P S E L K S A Y Y I N I A I C T I A A T A Y Y A M A V N Y Q D L T

Ace opsin

AATGAATGGTGAAAGGCAGGTGGTCTACGCAAAGTATATTGACTGGGTGCTGACCACACCACTGCTCCTGCTCAACCTCATCGTCATGACCAAGATGGGC
M N G E R Q V V Y A K Y I D W V L T T P L L L L N L I V M T K M G

Ace opsin

GGAGTGATGATTTCTTGGGTCATCGGCGCAGACATTTTCATGATCGTGTTTGGTATTCTGGGCGCCTTCGAGGATGAACACAAGTTCAAATGGGTGTACT
G V M I S W V I G A D I F M I V F G I L G A F E D E H K F K W V Y

Ace opsin

TTATCGCTGGATGTGTGATGCAGGCAGTCCTGACATACGGGATGTATAACGCCACTTGGAAAGACGATCTGAAGAAAAGCCCCGAGTACCATAGCTCCTA
F I A G C V M Q A V L T Y G M Y N A T W K D D L K K S P E Y H S S Y

Ace opsin

TGTCAGTCTGCTCGTCTTCCTGTCAATCCTCTTCGTGTTTTATCCTGTCGTGTGGGCTTTCGGGTCTGGTAGTGGCGTGCTGTCCGTCGACAATGAGGCC
V S L L V F L S I L F V F Y P V V W A F G S G S G V L S V D N E A

Linker mNeonGreenAce opsin

ATTCTCATGGGAATCCTGGATGTGCTCGCTAAGCCACTGTTTGGAATGGGGTGCCTCATTGCCCATGAGACTATCTTCAAGTCCTACCCAGCGACACATG
I L M G I L D V L A K P L F G M G C L I A H E T I F K S Y P A T H

mNeonGreen

AGTTACACATCTTTGGCTCCATCAACGGTGTGGACTTTGACATGGTGGGTCAGGGCACCGGCAATCCAAATGATGGTTATGAGGAGTTAAACCTGAAGTC
E L H I F G S I N G V D F D M V G Q G T G N P N D G Y E E L N L K S

mNeonGreen

CACCAAGGGTGACCTCCAGTTCTCCCCCTGGATTCTGGTCCCTCATATCGGGTATGGCTTCCATCAGTACCTGCCCTACCCTGACGGGATGTCGCCTTTC
T K G D L Q F S P W I L V P H I G Y G F H Q Y L P Y P D G M S P F

mNeonGreen

CAGGCCGCCATGGTAGATGGCTCCGGATACCAAGTCCATCGCACAATGCAGTTTGAAGATGGTGCCTCCCTTACTGTTAACTACCGCTACACCTACGAGG
Q A A M V D G S G Y Q V H R T M Q F E D G A S L T V N Y R Y T Y E

mNeonGreen

GAAGCCACATCAAAGGAGAGGCCCAGGTGAAGGGGACTGGTTTCCCTGCTGACGGTCCTGTGATGACCAACTCGCTGACCGCTGCGGACTGGTGCAGGTC
G S H I K G E A Q V K G T G F P A D G P V M T N S L T A A D W C R S

mNeonGreen

GAAGAAGACTTACCCCAACGACAAAACCATCATCAGTACCTTTAAGTGGAGTTACACCACTGGAAATGGCAAGCGCTACAGGAGCACTGCGCGGACCACC
K K T Y P N D K T I I S T F K W S Y T T G N G K R Y R S T A R T T

mNeonGreen

TACACCTTTGCCAAGCCAATGGCGGCTAACTATCTGAAGAACCAGCCGATGTACGTGTTCCGTAAGACGGAGCTCAAGCACTCCAAGACCGAGCTCAACT
Y T F A K P M A A N Y L K N Q P M Y V F R K T E L K H S K T E L N

mNeonGreen Kir2.1 membrane trafficking sequence

TCAAGGAGTGGCAAAAGGCCTTTACCGATGTGATGGGCATGGACGAGCTGTACAAGAAGAGCAGGATCACCAGCGAGGGCGAGTACATCCCCCTGGACCA
F K E W Q K A F T D V M G M D E L Y K K S R I T S E G E Y I P L D Q

Kir2.1 ER export sequence Kv2.1 proximal restriction sequence

GATCGACATCAACGTGTTCTGCTACGAGAACGAGGTGCAAAGTCAGCCTATCCTGAACACAAAGGAAATGGCTCCACAGTCTAAGCCTCCCGAAGAGCTT
I D I N V F C Y E N E V Q S Q P I L N T K E M A P Q S K P P E E L

Kv2.1 proximal restriction sequence

GAGATGTCCAGTATGCCAAGTCCCGTGGCTCCCCTCCCTGCCAGGACTGAAGGAGTGATTGACATGAGGAGTATGTCATCTATTGATAGCTTCATCTCTT
E M S S M P S P V A P L P A R T E G V I D M R S M S S I D S F I S

Kv2.1 proximal restriction sequence

GCGCAACAGATTTCCCCGAGGCTACTCGATTCTAA
C A T D F P E A T R F .

Figure S9 | DNA and amino acid sequences of PACE fused to a somatic restriction sequence from Kv2.1. 



Ace opsin

ATGGCTGACGTGGAAACCGAGACCGGCATGATTGCACAGTGGATTGTCTTTGCTATTATGGCTGCTGCTGCTATTGCTTTTGGAGTGGCTGTGCACTTTC
M A D V E T E T G M I A Q W I V F A I M A A A A I A F G V A V H F

Ace opsin

GGCCTTCAGAGCTGAAGAGCGCATACTATATCAACATTGCCATCTGCACTATCGCCGCTACCGCTTACTATGCAATGGCCGTGAACTACCAGGACCTGAC
R P S E L K S A Y Y I N I A I C T I A A T A Y Y A M A V N Y Q D L T

Ace opsin

AATGAATGGTGAAAGGCAGGTGGTCTACGCAGAGTATATTGACTGGGTGCTGACCACACCACTGCTCCTGCTCAACCTCATCGTCATGACCAAGATGGGC
M N G E R Q V V Y A E Y I D W V L T T P L L L L N L I V M T K M G

Ace opsin

GGAGTGATGATTTCTTGGGTCATCGGCGCAGACATTTTCATGATCGTGTTTGGTATTCTGGGCGCCTTCGAGGATGAACACAAGTTCAAATGGGTGTACT
G V M I S W V I G A D I F M I V F G I L G A F E D E H K F K W V Y

Ace opsin

TTATCGCTGGATGTGTGATGCAGGCAGTCCTGACATACGGGATGTATAACGCCACTTGGAAAGACGATCTGAAGAAAAGCCCCGAGTACCATAGCTCCTA
F I A G C V M Q A V L T Y G M Y N A T W K D D L K K S P E Y H S S Y

Ace opsin

TGTCAGTCTGCTCGTCTTCCTGTCAATCCTCTGGGTGTTTTATCCTGTCGTGTGGGCTTTCGGGTCTGGTAGTGGCGTGCTGTCCGTCGACAATGAGGCC
V S L L V F L S I L W V F Y P V V W A F G S G S G V L S V D N E A

Linker mRuby3Ace opsin

ATTCTCATGGGAATCCTGGATGTGCTCGCTAAGCCACTGTTTGGAATGGGGTGCCTCATTGCCCATGAGACTATCTTCAAGTCCATCCTGATTAAGGAAA
I L M G I L D V L A K P L F G M G C L I A H E T I F K S I L I K E

mRuby3

ATATGCGGATGAAGGTCGTGATGGAAGGGTCTGTCAATGGGCACCAGTTCAAGTGCACCGGAGAGGGAGAGGGCAGGCCATACGAGGGCGTGCAGACAAT
N M R M K V V M E G S V N G H Q F K C T G E G E G R P Y E G V Q T M

mRuby3

GAGGATCAAAGTGATCGAGGGAGGACCACTGCCTTTCGCCTTTGACATCCTGGCCACCAGCTTCATGTACGGCAGCAGGACCTTCATCAAGTATCCAGCC
R I K V I E G G P L P F A F D I L A T S F M Y G S R T F I K Y P A

mRuby3

GACATCCCCGATTTCTTTAAGCAGAGCTTCCCCGAGGGCTTTACCTGGGAGAGGGTGACAAGATACGAGGATGGCGGCGTGGTGACCGTGACACAGGACA
D I P D F F K Q S F P E G F T W E R V T R Y E D G G V V T V T Q D

mRuby3

CCTCTCTGGAGGATGGCGAGCTGGTGTATAACGTGAAGGTGAGGGGCGTGAACTTCCCTAGCAATGGCCCAGTGATGCAGAAGAAGACCAAGGGCTGGGA
T S L E D G E L V Y N V K V R G V N F P S N G P V M Q K K T K G W E

mRuby3

GCCCAATACAGAGATGATGTACCCTGCAGACGGAGGCCTGAGGGGATATACCGACATCGCCCTGAAGGTGGATGGAGGAGGACACCTGCACTGTAACTTT
P N T E M M Y P A D G G L R G Y T D I A L K V D G G G H L H C N F

mRuby3

GTGACCACATACCGCTCCAAGAAGACAGTGGGCAATATCAAGATGCCAGGAGTGCACGCCGTGGACCACAGGCTGGAGCGCATCGAGGAGTCTGATAACG
V T T Y R S K K T V G N I K M P G V H A V D H R L E R I E E S D N

mRuby3

AGACATATGTGGTGCAGAGAGAGGTGGCCGTGGCCAAGTACTCTAATCTGGGCGGCGGGATGGACGAGCTGTATAAGAAGAGCAGGATCACCAGCGAGGG
E T Y V V Q R E V A V A K Y S N L G G G M D E L Y K K S R I T S E G

Kir2.1 membrane trafficking sequence Kir2.1 ER export sequence Kv2.1 proximal restriction sequence

CGAGTACATCCCCCTGGACCAGATCGACATCAACGTGTTCTGCTACGAGAACGAGGTGCAAAGTCAGCCTATCCTGAACACAAAGGAAATGGCTCCACAG
E Y I P L D Q I D I N V F C Y E N E V Q S Q P I L N T K E M A P Q

Kv2.1 proximal restriction sequence

TCTAAGCCTCCCGAAGAGCTTGAGATGTCCAGTATGCCAAGTCCCGTGGCTCCCCTCCCTGCCAGGACTGAAGGAGTGATTGACATGAGGAGTATGTCAT
S K P P E E L E M S S M P S P V A P L P A R T E G V I D M R S M S

Kv2.1 proximal restriction sequence

CTATTGATAGCTTCATCTCTTGCGCAACAGATTTCCCCGAGGCTACTCGATTCTAA
S I D S F I S C A T D F P E A T R F .

Figure S10 | DNA and amino acid sequences of PACER fused to a somatic restriction sequence from Kv2.1. 
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Figure S11 | Brightness and photobleaching characteristics of the FRET-opsin indicators. 
(A) Left, Resting fluorescence of Ace-mNeon, Ace-mNeon2 and pAce normalized to average resting intensity of Ace-mNeon. 
Values represent mean ± S.E.M. P values are italicized. Statistical comparisons were made across all conditions. Asterisks 
denote significance (Kruskal-Wallis test with Dunn’s multiple comparisons correction). Right, same as above for VARNAM, 
VARNAM2 and pAceR (n=7 wells/condition, ~500 cells/well). 
(B) Photobleaching profiles of Ace-mNeon, Ace-mNeon2 and pAce (left) and VARNAM, VARNAM2 and pAceR (right) in HEK 
cells under continuous illumination (n=4 wells each, ~100 cells/well) Imaging conditions: 505 nm LED for the green indicators 
and 565 nm LED for the red indicators, 25 mW mm-2 at sample plane. 
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Figure S12 | Benchmarking GEVIs based on their 1 ms impulse responses calculated using reported values of intrinsic 
response kinetics (see Methods). 
(A) Excursion rate, defined as the effective amplitude of the saturated ΔF/F, for negative and positive polarity GEVIs. 
GEVIs are ranked in decreasing order of peak saturated ΔF/F. Sampling rate: 5 kHz. 
(B) Effective ΔF/F for 1x AP. Sampling rate: 5 kHz. 
(C) Effective ΔF/F for 3x AP spike burst, 3 ms refractory period. Sampling rate: 1 kHz. 
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Figure S13 | Characterization of the FRET-opsin indicators in PPL1-γ2α’1 and PPL1-α’2α2 neurons in Drosophila.
(A-D) Comparisons of (A) spike detection fidelities (B) absolute amplitudes (C) mean spontaneous firing rates, and
(D) odor-evoked firing rate change obtained from recordings in PPL1-γ2α’1 expressing each of the four indicators. (n = 
10 trials; 2 trials per fly; *P<0.05, **P<0.01, ***P<0.001, n.s.=not significant, Kruskal-Wallis ANOVA and post-hoc Mann-
Whitney U-tests with Holm-Bonferroni correction).
(E) Representative optical recordings (top) and raster plots (bottom) of 5-s spontaneous spiking in a PPL1-α’2α2 neuron 
expressing pAce, Ace-mNeon2, pAceR or VARNAM2 (n = 8 trials; 2 trials per fly). 
(F) Comparisons of detection fidelities (top), absolute amplitudes (center), and mean spontaneous firing rates (bottom) in 
PPL1-α’2α2 neurons. (n = 8 trials; 2 trials per fly; *P<0.05, **P<0.01, ***P<0.001, Kruskal-Wallis ANOVA and post-hoc 
Mann-Whitney U-tests with Holm-Bonferroni correction).
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Figure S15 | Benchmarking of VolPy and EXTRACT algorithms against ROI-based cell segmentation. 
(A): Example time-traces estimated using ROI segmentation (yellow), VolPy (purple), or EXTRACT (red) for NDNF- and VIP- 
neurons labelled with Ace-mNeon2 or pAce, respectively (data from Fig. 3C). Note the excess spiking cross-talk on the ROI traces.
(B): Spike timing accuracy between spikes detected on EXTRACT versus VolPy traces. (C-E): Box plots of cross-correlation 
coefficients between each pair of extraction methods for (C) raw signals, (D) firing rate signals, and (E) subthreshold signals. 
(F-H): Pairwise correlation coefficients within and between NDNF/VIP populations, across all three extraction methods for (F) raw 
signals, (G) firing rate signals, and (H) subthreshold signals. Note that all three methods provide identical firing rate correlations
whereas the ROI-method strongly overestimates subthreshold cross-correlation, likely due to excess hemodynamic artifacts. Data 
represented as mean ± 95% CI. (I-K): Effect of the subthreshold input dynamics on the spiking output dynamics between pairs of 
neurons, whose time-traces are estimated using (I) EXTRACT, (J) VolPy, or (K) ROI. Circles represent each pair of neurons. 
The dash line is the first bisector. Note that pairs of neurons with shared subthreshold synaptic inputs tend to fire together.
(L-N): (L) EXTRACT, (M) VolPy, or (N) ROI captures the increased spiking likelihood during subthreshold depolarization 
(Data: mean ± 99% CI). (O): Time-series corresponding to temporal averaging of the processed movie pixels (black) and temporal 
averaging of all neurons’ time traces estimated by each extraction method. (P-S): Wavelet spectrograms of every time series in (D), 
showing strong spectral content overlap between (P) movie average and (Q) ROI but not with (R) VolPy or (S) EXTRACT. 
(T): Power spectrum density of (D), showing that VolPy and EXTRACT, but not ROI-based, are immune to correlated background 
fluctuations (*: heartbeat fundamental frequency at ~6 Hz and its first harmonics ~12 Hz).
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Figure S16 | 5 min-long in vivo spike imaging using Ace-mNeon2 in awake mouse. 
(A) Left, Representative raw epifluorescence image and right, spatial footprints of Ace-mNeon2 signals from 6 identified V1 
NDNF interneurons. 
(B-D) ΔF/F traces for all neurons in (A). Dashed boxes are expanded in (C-D). 
(E) Time course of firing rate for all neurons in (B). 
(F) Time course of spike detection metric d’ for all neurons in (B). 
(G) Average photobleaching rate across all neurons in (B).
(H) Average of the d‘ values for all neurons in (F). 
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soma-targeted Ace-mNeon2 in V1. Scale bar: 50 µm. Center, mask image showing active ROIs. Bottom, ΔF/F traces showing 
spontaneous activity from the ROIs numbered in the mask image. 
(B) Auto- and cross-correlograms of top, the firing rates with a sliding window of 20 ms and bottom, the ΔF/F traces for neuron- 
pairs in the field-of-view above.  
(C) Same as (A) for recordings from an SST-Cre+ mouse.
(D) Same as (B) for the field-of-view in (C).
(E) Same as (A) for recordings from a VIP-Flp+ mouse, expressing Flp-dependent soma-targeted pAce in V1.  
(F) Same as (B) for the field-of-view in (E).
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Figure S20 | Polarity assignment in V1 DUPLEX recordings in awake mice (see also Methods).
(A) Schematic of the automated data analyses pipeline with integrated cell sorting. Briefly, all fluorescent cells are identified 
and fed into the spike extraction algorithm, which identifies spikes based on AP waveform characteristics. Trials with no APs 
meet the data exclusion criterion and are removed from further analyses. Cell-class identity is established based on whether 
the identified spikes are of positive or negative polarity (see B-E). Subthreshold events for data curation are extracted after 
cell-class is determined. 
(B) Top, representative raw and, bottom, spike-identified ∆F/F traces from a cell exhibiting negative-polarity spikes at high SNR. 
Dashed lines indicate 3x S.D. of baseline in either direction. Transients that surpassed this threshold were identified as spikes 
(red circles) and the direction with the most number of spikes determined the spike polarity. Thus, this neuron was assigned a 
negative-polarity and the neuron-type was inferred based on Ace-mNeon2 targeting. 
(C) Same as (B) for a low SNR trace. 
(D) Top, representative raw and, bottom, spike-identified ∆F/F traces from a cell exhibiting positive-polarity spikes at high SNR. 
Dashed lines indicate 3x S.D. of baseline in either direction. Transients that surpassed this threshold were identified as spikes 
(red circles) and the direction with the most number of spikes determined the spike polarity. Thus, this neuron was assigned a 
positive-polarity and the neuron-type was inferred based on pAce targeting. 
(E) Same as (D) for a low SNR trace.
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Figure S21 | Example DUPLEX recordings from PNs and VIP-interneurons.
(A) Raw epifluorescence (top) and activity-mask (bottom) images of a single field-of-view from a a VIP-Flp+ mouse 
expressing Ace-mNeon2 in PNs (green) and pAce in VIP-interneurons (blue). Active regions-of-interest (ROIs) are 
numbered. Scale bar: 50 µm. 
(B) ∆F/F traces from the ROIs numbered in (A). Ace-mNeon2 traces are inverted for visualization purposes.
(C) Intra- and inter-population correlation coefficient matrix constructed from pairwise, zero time-lag correlation 
coefficients of the ∆F/F traces in (B). 
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Figure S22 | Spiking and subthreshold cross-correlations within and between cell-types in DUPLEX recordings during 
spontaneous behavior. 
(A) NDNF/VIP DUPLEX recording (from Fig. 3, C-D) (n=13 NDNF neurons, n=15 VIP neurons). 
(B) SST/VIP DUPLEX recording (from Fig. 3, E-F) (n=3 SST neurons, n=4 VIP neurons). 
(C) Additional field-of-view of SST/VIP DUPLEX recording (n=5 SST neurons, n=5 VIP neurons). 
Solid plots represent cross- or auto-correlograms. Dotted plots represent shuffled correlograms, obtained from random circular
permutations of spike trains. The first 2 columns are cross-correlograms of spiking in one with the subthreshold activity in 
another class, the central 2 columns are cross-correlograms of spiking with subthreshold within the same class but across distinct 
neurons, and the last 2 columns are auto-correlograms for the same neurons. All results are qualitatively identical whether 
VolPy or EXTRACT algorithms were used for automatic cell segmentation. The anti-correlation between spiking and subthreshold 
dynamics is only observed between SST and VIP. This anticorrelation is likely a bona fide phenomenon, by which the firing 
pattern in one cell-type predicts the subthreshold activity in another cell-type. Indeed, a DUPLEX-related artifact should equally 
affect all DUPLEX recordings, irrespective of cell-types, which is not the case for NDNF/VIP recordings. Note that the VIP plots 
are consistent across (A-C), and that the last two columns are reminiscent of Fig. S15, L-N, showing that spiking occurs 
during a depolarized state. 
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Figure S24 | Subthreshold contributions of excitatory versus inhibitory neuronal populations to the local field potentials and pairwise 
coherence of excitatory/inhibitory neuronal ensembles. 
(A-D) Subthreshold analysis of excitatory versus inhibitory contributions to local field potentials. 
(A) LFP coherence raster plot for all SST-interneurons (n=55 cells, 6 fields-of-view, 1 mouse), sorted by theta-band coherence 
strength. 
(B) LFP coherence raster plot for all EC-projecting PNs (n=102 cells, 6 fields-of-view, 1 mouse), sorted by theta-band coherence 
strength. 
(C) LFP coherence averages across all neurons in (A-B). Shaded area: 95% CI. 
(D) Pairwise probability of data from (C), assessed at each frequency point using Wilcoxon rank sum test. The dashed line 
corresponds to Bonferroni-corrected significance threshold (P <0.01). 
(E-H) Frequency-averaged coherence between excitatory/inhibitory neuronal ensembles. 
(E) Pairwise coherence matrices averaged over narrow band theta (4-9 Hz, left), beta (24-27 Hz, center), or broad band 
frequencies (1-30 Hz, right). Note that the off-diagonal hot-spot patches represent neuronal ensembles belonging to the same 
fields-of-view. 
(F-H) Population-averaged pairwise coherence plots computed for (F) SST-neuronal ensembles, (G) EC-projecting PN ensembles, 
and (H) between SST-interneurons and EC-projecting PNs. Note that neuronal ensembles are more strongly correlated in the 
theta and beta frequencies, suggesting shared synaptic inputs at those frequencies. Shuffle traces are estimated from neurons 
belonging to different fields-of-view. Shaded area: 95% CI.
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Figure S25 | Dual-polarity voltage imaging in flies.
(A) Left, Cartoon and right, epifluorescence image showing expression of Ace-mNeon2 and pAce in two synaptically
connected neuron-types for simultaneous dual-polarity voltage imaging. Dashed boxes indicate regions-of-interest 
comprising the axonal region of PPL1-α’2α2 neuron (green, Ace-mNeon2) and the dendritic region of MBON-γ1pedc
>ɑ/β neuron (blue, pAce).  
(B) Example traces of evoked spiking during a 2 s time-window around odor onset from a 15-s imaging trial. Raster 
plots showing responses during 6 trials of exposure to the attractive odorant apple cider vinegar (ACV) and 4 trials of 
exposure to the repulsive odorant benzaldehyde (BEN) obtained from PPL1-α’2α2 and MBON-γ1pedc>ɑ/β neurons. 
(C) Mean spike rate change during ACV (top) and BEN (bottom) exposure in in the two neurons. (n = 6 trials for ACV; 
n = 4 trials for BEN; 2 trials per fly).
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Figure S26 | Voltage recordings from ACC- and EC-projecting excitatory neurons in dorsal CA1 in an awake behaving mouse during behavioral state transition. 
(A) Example ∆F/F traces from ACC-projecting PNs retrogradely labeled with Ace-mNeon2. 
(B) Example ∆F/F traces from EC-projecting PNs retrogradely labelled with VARNAM2. 
(C) Summary raster plot for all 134 projection neurons (n=5 fields-of-view, 1 mouse). Arrows indicate rest-to-run transition onset.
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Table S1 | Response kinetics and voltage sensitivities of GEVIs. 
All kinetics parameters are from 1-photon measurements at 22°C in spiking HEK cells. Values have been extracted from the following publications: (a) Kannan et al, 
Nature Methods, 2018 (18); (b) Abdelfattah et al, Nature Communications, 2020 (14); (c) this study; (d) Tian et al, BioRxiv, 2021 (87); (e) Villette et al, Cell, 2019 (20); 
(f) Evans et al, BioRxiv 2021 (88). (*) amplitudes were not estimated in (a) and approximate values were taken from (e). 
For indicators reported in this study, responses to depolarizing voltage steps obtained from transfected HEK cells were fitted using a biexponential step function to 
determine mean rise and decay kinetics. Imaging conditions: 505 nm LED for Ace-mNeon2 and pAce and 565 nm LED for VARNAM2 and pAceR, 25 mW mm-2 at 
sample plane; image acquisition: 5 kHz. n=6 cells for Ace-mNeon2, 7 cells for pAce, 4 cells each for VARNAM2 and pAceR. 
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