Pado, a fluorescent protein with proton channel activity can optically monitor membrane potential,

intracellular pH, and map gap junctions.
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a. Voltage-sensing proteins containing [FYW]xx[DE]xxx[RK] in S2

predicted protein [Physcomitrella patens]

hypothetical protein LR48 [Vigna angularis]

voltage-dependent T-type calcium channel [Scleropages formosus]
voltage-dependent T-type calcium channel [Pygoscelis adeliae]
voltage-dependent L-type calcium channel [Ophiophagus hannah]
mechanosensitive ion channel protein MscS [Vibrio sagamiensis]
voltage-gated sodium channel [Takifugu pardalis]

sodium channel protein type 7 [Bos mutus]

sodium channel protein type 11 [Cricetulus griseus]

voltage-dependent P/Q-type calcium channel [Schistosoma haematobium]
voltage-dependent calcium channel type a [Chrysochromulina sp. CCMP291]
ion transport and voltage-dependent calcium channel domain [Haemonchus contortus]
voltage-dependent L-type calcium channel [Echinococcus multilocularis]
voltage-gated sodium channel [Ectothiorhodospira haloalkaliphila]
potassium voltage-gated channel [Onychodactylus fischeri]

voltage-gated hydrogen channel [Balearica regulorum gibbericeps]
hydrogen voltage-gated channel [Alligator mississippiensis]

b. Voltage-gated proton channels

~———= Hv[Trichinella nativa]

——— Hv [Ciona intestinalis]

——

Hv [Tinamus guttatus]
Hv [Corvus brachyrhynshos]

Hv [Manacus vitellinus]
Hv [Chlamydotis macqueenii]
Hv [Phoenicopterus ruber ruber]
Hv [Leptosomus discolor]

—— Hv [Opisth hoazin]
Hv [Caprimulgus carolinensis]
Hv [Phaethon lepturus]
Hv [Gavia stellata]
Hv [Egretta garzetta]

Hv [Buceros rhinoceros silvestris]
—

{— Hv [Xenopus laevis]

. Voltage-gated sodium channels

Nav1.4a [Mormyrus rume]

Nav [Glaciecola pallidula]
Nav [Thioclava dalianensis]
Nav [Pelagibacterium halotolerans]

d. Voltage-gated calcium channels

T-type calcium channel [Amazona aestiva]

T-type calcium channel [Pygoscelis adeliae]

T-type calcium channel [Pelecanus crispus]

T-type calcium channel [Gavia stellata]

T-type calcium channel [Chelonia mydas]

T-type calcium channel [Heterocephalus glaber]
Calcium channel [Caenorhabditis elegans]

T-type calcium channel [Pteropus alecto]

T-type calcium channel [Cricetulus griseus]

Cav1.4 [Macaca mulatta]

Neuroendocrine L-type calcium channel [Mus musculus]
L-type calcium channel [Podiceps cristatus]

Ascidian calcium channel [Halocynthia roretzi]

High voltage-activated calcium channel [Schistosoma mansoni]
Cacophony [Drosophila melanical

Calcium channel {Drosophila melanogaster]

P/Q-type calcium channel [Schistosoma haematobium]
P/Q-type calcium channel [Clonorchis sinensis]

L-type calcium channel [Trichinella sp. T8]

Calcium channel type D [Trichinella sp.T9]

Calcium channel type D [Stegodyphus mimosarum]
Calcium channel type D [Harpegnathos saltator]

Muscle calcium channel [Papilio machaon]

L-type calcium channel [Chlamydotis macqueenii]
L-type calcium channel [Danio rerio]

Two pore calcium channel [Stegodyphus mimosarum]
Hypothetical protein Osl_03262 [Oryza sativa Indica Group]
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" Unnamed protein product [Coffea canephora]

f. Voltage-gated potassium channels

— Kv [Psychroserpens burtonensis]

Kv [Pseudoalteromonas sp. BSi20652]

Kv [Moritella viscosa]

Kv subfamily KQT [Methanosarcina mazei SarPi]
Kv subfamily KQT [Fulvivirga imtechensis]

Kv [Halomonas sp. HL-93]

Kv subfamily KQT [Rahnella aquatilis ATCC 33071]
Kv subfamily F [Protopterus annectens]

Kv subfamily F [Cynops orientalis]

Kv subfamily F [Batrachuperus yenyuanensis]
Kv subfamily F [Ambystoma mexicanum]

Kv subfamily F [Salamandrella keyserlingii]

Kv subfamily F[Bombina Fortinuptialis]

Mechanosensitive ion channel MscS [Vibrio azureus]

Two pore calcium channel protein, putative [Medicago truncatula]

=

Nav [Sedimentitalea nanhaiensis]
Nav [Leisingera]
Nav [Alcanivorax]
Nav type 5 [Nestor notabilis]
Nav type Xll [Danio rerio]
Sodium channel 60E [Stegodyphus mimosarum]
Nav [Tetranychus cinnabarinus]
Nav2.4 [Nematostella vectensis]
Nav type 10 [Chrysochromulina sp. CCMP291]
Nav2 [Gnathonemus petersii]
Nav type 9 [Myotis brandtii]
Nav type 2 [Egretta garzetta]
Nav type 7 [Pteropus alectro]
Nav type 5 [Crassostrea gigas]

% Nav [Salpingoeca rosetta]

Nav type 9 [Reticulomyxa filosa]

S1. Partial dendrograms of the proteins identified using the VSD of the zebrafish VSP. a. Dendrogram
of the more distantly related proteins (below threshold as determined by the default parameters of BLAST
which is why the VSP family is not shown). Putative calcium channels are in green, putative sodium
channels in blue, putative proton channels in red, putative potassium channels in purple, and two putative
mechanosensitive ion channels are in yellow. The dendrogram has been condensed with sparse node
labeling for display purposes. Most hypothetical proteins have been removed with the exception of those

from plants. b. Expansion of the putative proton channel subset from the dendrogram in a with sparse



labeling. c. Expansion of the putative sodium channel subset from the dendrogram in a with sparse
labeling. d. Expansion of the putative calcium channel subset in a with sparse labeling. Nodes denoted
with a diamond refer to plant proteins. f. Expansion of the putative potassium channels and the two

putative mechanosensitive ion channels subsets in a with sparse labeling. Color coding is the same as in a.
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S2. Pado protein sequence. The entire amino acid sequence for Pado is represented. The black sequence
corresponds to the Ciona N-terminal VSP sequence and linker sequence between S4 and the FP. The red
sequence represents the Hv VSD from Clonorchis sinensis. The green sequence depicts the SE227D
fluorescent protein. The underlined amino acids refer to the required motif in S2 or the positive arginines

in S4.
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S3. Zinc inhibition is reversible. A representative HEK 293 cell expressing Pado was voltage clamped and
subjected to 100 mV and 200 mV depolarization steps (black trace). Fluorescent trace is in red. Current
trace is in blue. Upon addition of 200 uM Zn?* the signal size of the fluorescence drops and the voltage-
associated current is reduced. Removal of extracellular Zn?* results in the return of the voltage-dependent
current and the associated increase in baseline fluorescence. All traces are from the same cell with a low

pass Gaussian 100 filter.



Supplemental figure 4.
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S4. Activating Pado with a voltage ramp protocol. Single trial recording of an HEK expressing Pado. The

voltage was ramped from -70 mV to +130 mV. At roughly +80 mV a voltage-gated current can be seen

which correlates to an increase in fluorescence that is more pronounced at the edges of the cell.



S5. Movie of HEK cell shown in S1 depicting membrane depolarization followed by intracellular pH

increase. Each pixel was normalized to the maximum and minimum fluorescent level during the entire
recording and plotted to a pseudo-color range where blue is dimmest and red is brightest. A spatial
average of 3x3 pixels was used as was a Gaussian low pass filter of 50 hertz. While the recording was

done at one kilohertz, every tenth frame was used to generate the movie. This is a single trial recording.
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3430 3460 3490 3520 3550

3640 3670 3700 3730 3760

il "il_ i + v
[ W T yul

3850 3880 3910 3940 3970

F h
L .I-+

4060 4090 4120 4150 4180

.
MY MY Ed My KES

4270 4300 4330 4360 4390

3430-4450

3430-4450

$6. Optically following the pH wave induced by activation of Pado. Thirty millisecond intervals are




displayed from frames 3430 to 4450 from the recording in the supplemental figure S4. These frames show
the depolarization of the membrane potential as reported by Pado in a reduction of fluorescent intensity
followed by the increase in intracellular pH due to the activation of Pado. The pseudo-coloring is as in
supplemental figure S5. Below is the voltage clamp protocol with an initial holding potential of -70 mV
that was ramped to a final value of 130 mV. Red bar depicts the range of the frames displayed. The
current is also shown below demonstrating that the increase in fluorescence correlates with the presence
of a voltage-dependent current. Note that the pH changes initially at the three corners of the cell and

converges in the middle.

Supplemental figure 7.

|
)

pH_5.5 pH 6.5 pH 7.5 pH 8.5

1.0 4
>
= " T206
GC) e T206K
< 08-
@ |
(&)
[
Q 0.6
(7))
O |
S
™ 04 4
O i
D
N
S 0.2 4
£
S |
< 00-

| ' T ' T ' T - I - I - I .
55 6.0 6.5 70 75 80 85

pH

S7. Imaging the fluorescence change of SE227D and SE227D/T206K in response to pH. Twenty cells



expressing the fluorescent protein SE227D or SE227D/T206K were subjected to the ionophore gramicidin
D to equilibrate the intracellular solution to the pH of the extracellular bath solution. A slight change in

the pKa of T206K was observed from 7.4 to 7.2. Fluorescent images are of T206K.



