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Supplementary Text 

1. Localization of WT LCI 

Our data show that WT human LCI is largely localized to the Golgi in HeLa cells, with minimal 

colocalization with TMR-dextran. However, previous experiments have found human LCI in 

lysosome fractions (24). In addition, we have detected overexpressed and endogenous human LCI 

on membranes of lysosomes (Fig. S4, S18A,B). Even a small fraction of human LCI present on 

the lysosomes would be highly active, given the higher pH gradient there than across the Golgi 

membrane. Thus, the low lysosome localization does not preclude human LCI from having a 

physiologically relevant role on the lysosome membrane.  

2. Lysosomal calcium measurements 

The O/R ratio of ~50% of lysosomes of lci-1+/- worms was below the O/Rmin of CalipHluor2.0, 

indicating a Ca2+ concentration <100 nM that is not quantifiable by our probe (Fig. S6D). 

Conversely, the O/R ratio of ~50% of lysosomes of lci-1+/- worms expressing WT human LCI was 

above the O/Rmax of CalipHluor2.0, indicating a Ca2+ concentration >1 mM that is not quantifiable 

by our probe (Fig. S6D). Thus, our reported effect of human LCI on lysosomal Ca2+ levels in 

worms is actually an underestimation.  

Similarly, the O/R ratio of over 60% of lysosomes of TMEM165 KO HeLa cells was below 

the O/Rmin of CalipHluormLy
 (Fig. S13C). Only about 30% of lysosomes of WT HeLa cells had an 

O/R below the O/Rmin (Fig. S13C). Thus, the reported effect of human LCI on lysosomal Ca2+ 

levels in cells is also an underestimation. 

The lysosomal Ca2+ measurements of worms expressing mutants of human LCI are 

complicated by the heterozygous knockout background. Specifically, we see a surprisingly high 

level of lysosomal Ca2+ in lci-1+/- worms expressing the G304R, E108A, and E248A mutants of 

https://sciwheel.com/work/citation?ids=6612530&pre=&suf=&sa=0&dbf=0


human LCI. Yet, in all other assays, these mutants impair lysosomal Ca2+ import. Thus, it is likely 

that human LCI acts as a dimer, and that the remaining copy of endogenous worm lci-1 can 

dimerize with the mutant human LCI, and form a partially functional transporter. Given the smaller 

size of human LCI compared to other Ca2+ transporters and exchangers, we hypothesize that it acts 

as a dimer. 

3. Homologous regions of human LCI 

The regions of human LCI that show homology to vcx1 offer clues to how human LCI may 

transport Ca2+ with high capacity, dependent on the lysosomal pH gradient. In vcx1, the proton 

motive force across the vacuole drives a conformational change where active site glutamate 

residues face the cytosol and maintain a negative charge (29). Under conditions of high cytosolic 

Ca2+, as seen in our experiments in Fig. 3C in yeast and Fig. 4 and S12A in mammalian cells, 

Ca2+ ions are coordinated by the cytosolic acidic helix to bring them near the active site. 

Coordination by the active site displaces water molecules to move helix M2b (designated in yellow 

in Fig. 3A,B) towards the active site. This movement closes the cytosolic vestibule lined by M7b 

(designed in purple in Fig. 3A,B) and opens a vacuolar cleft, such that the acidic pH of the vacuole 

lowers the Ca2+ affinity of active site glutamate residues and leads to release of Ca2+. This cyclical 

pumping occurs because of flexible helices around the active site and more rigid piston-like helices 

further away from the pore. Given that human LCI possesses two Ca2+-binding sequences near 

regions homologous to the flexible internal helices of vcx1 and an acidic cytosolic helix in 

proximity, it follows that human LCI functions similarly in response to high cytosolic Ca2+. 

However, the fact that human LCI is much smaller than vcx1 and most other exchangers may 

indicate that it functions differently, for example as a dimer or as a pH-activated transporter instead 

of an exchanger. 

https://sciwheel.com/work/citation?ids=841504&pre=&suf=&sa=0&dbf=0


4. Yeast color change 

 Strains of S. cereivisiae that have mutations in certain steps of the adenine biosynthetic 

pathway (such as the ade2-1 mutation in K665 (60)) accumulate an adenine-intermediate-derived 

red pigment inside vacuoles (61). The intermediate phosphoribosylaminoimidazole (AIR) is 

transported glutathione-dependently into vacuoles where it is polymerized and modified to form 

the characteristic red pigment. The structure of this pigment has yet to be fully established. 

Importantly, development of red pigmentation in ade2 mutants requires normal vacuolar function 

(62). This concept has even been used to screen for chemicals that disrupt vacuolar function by 

loss of red pigmentation (63). Interestingly, we see that K665 colonies grown on SD-Leu plates 

do not exhibit red pigmentation, but that human LCI-transformed K665 colonies appear red. This 

red pigmentation is lost when plated on plates with high Ca2+. This implies that human LCI rescues 

vacuolar dysfunction in K665 under normal osmotic conditions, but that high Ca2+ causes vacuolar 

dysfunction even as human LCI rescues lethality. While we cannot rule out the effect of human 

LCI on other aspects of the adenine-derived pigment biosynthetic pathway, its lysosomal roles in 

humans and nematodes established elsewhere in this manuscript support the hypothesis that it 

rescues vacuolar dysfunction here. 
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Figure S1: The activity of lci-1 complements cup-5. (a) Schematic of the principle underlying 

screening for lysosomal calcium importers (LCIs) in cup-5+/- worms by survival and lysosome 

size. (b) Number of cup-5+/- progeny following RNAi knockdown of indicated transcripts. (c) 

Representative images showing the number of progeny of N2 worms or cup-5+/- worms in plates 

containing RNAi bacteria of empty vector (EV, control), ncx-1, ncx-2, ncx-3, ncx-4, clh-6, lci-1, 

or catp-6 (positive control). (d) RT-PCR analysis of total RNA isolated from cup-5+/- worms for 

the indicated gene of interest (GOI) following knockdown of the indicated gene, compared to 

treatment with empty vector.  
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Figure S2: The activity of cup-5 complements lci-1. (a) Schematic of principle behind phenotypes 

observed in lci-1+/- worms. (b) Representative images showing the number of progeny of N2 

worms or lci-1+/- worms in plates containing RNAi bacteria of empty vector (ev, control) or cup-

5. (c) RT-PCR analysis of total RNA isolated from N2 or lci-1+/- worms for the lci-1 (Y54F10AL.1) 

gene, with actin used as a control. (d) RT-PCR analysis of total RNA isolated from lci-1+/- worms 

for the cup-5 gene following knockdown of cup-5, compared to treatment with empty vector. 

  



A
LCI

TMR-

Dextran Merge
G

3
0
4
R

B

R
1
2
6
H

R
1
2
6
C

LCI GM130 Merge

- PS

G304R

-0.25

0

0.25

0.5

0.75

P
C

C

*

- PS - PS

R126C R126H

-0.5

-0.25

0

0.25

0.5

P
C

C

ns ns

 

Figure S3: Localization of human LCI disease mutants. (a) Left, representative fluorescence 

images of COS-7 cells transiently expressing G304R human LCI-EGFP (green) and labeled with 

TMR-dextran (red). Right, Pearson correlation coefficient (PCC) of colocalization between 

G304R human LCI and TMR-dextran before and after pixel shift (PS). (b) Left, representative 

fluorescence images of COS-7 cells transfected with the indicated mutant of human LCI and 

immunostained for human LCI (green) and GM130 (red). Right, pearson correlation coefficient 

(PCC) of colocalization between human LCI mutants and GM130 before and after pixel shift (PS). 

Scale bar 5 µm. Boxes and bars represent the s.e.m. and outliers, respectively. ns, not significant 

(P>0.05); *P<0.05; **P<0.01; ***P<0.001. 
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Figure S4: Lysosomal localization of human LCI. (a) Representative fluorescence images of COS-

7 cells transiently expressing human LCI-DsRed (red) and labeled with FITC-dextran (green). 

White arrows indicate human LCI-positive lysosomes in inset merge image. (b) Pearson 

correlation coefficient (PCC) of colocalization between human LCI and FITC-dextran before and 

after pixel shift (PS). (c) Representative immunofluorescence images showing endogenous 

localization of human LCI in HeLa cells pre-treated with vacuolin-1 to swell lysosomes. Cells 

were stained with antibodies to human LCI (green) and LAMP1 (red) after glyoxal fixation to 

maintain lysosome structure. (d) Representative immunofluorescence images showing specificity 

of secondary antibodies and spectral separation of fluorophores used in (c). Scale bar 5 µm. Inset 

scale bar 2um. Boxes and bars represent the s.e.m. and standard deviation, respectively.  
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Figure S5: Human LCI rescues organism and cellular phenotypes seen in lci-1+/- worms. (a) 

Schematic of principle underlying rescue of lci-1+/- worm phenotypes with human LCI variants. 

(b) Representative images showing the number of progeny of N2 worms or lci-1+/- worms with 

extrachromosomal expression of the indicated mutant of human LCI. (c) RT-PCR analysis of the 

human LCI (TMEM165) expression in N2 worms and lci-1+/- worms with extrachromosomal 

expression of the indicated mutant of human LCI.  
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Figure S6: Human LCI rescues lysosomal Ca2+ dysregulation in lci-1+/- worms. (a) Schematic of 

CalipHluor 2.0, which consists of Rhod-5F (orange triangle), DCF (green circle), and Alexa647 

(red star) on a DNA duplex. (b) Representative pseudocolored maps of the DCF/Alexa647 ratio 

(G/R) and Rhod-5F ratio (O/R) of CalipHluor2.0 in N2 worms. These maps are used according 

to equations in the Methods section to generate Kd and O/Rmax maps. (c) Representative 

fluorescence images and pH and -log([Ca2+]) maps in CalipHluor2.0-labeled lysosomes in 

coelomocytes in lci-1+/- worms extrachromosomally expressing the indicated variant of human 

LCI. G, DCF; O, Rhod-5F; R, Alexa647. Scale bar 5 µm (d) Distribution of lysosomes with the 

indicated Ca2+ concentration measured using CalipHluor2.0 in the indicated genetic 

backgrounds. Scale bar 5 µm. 
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Figure S7. Conservation within the UPF0016 family and homology-based model of human LCI. 

(a) Topology of vcx1 created using TOPO2. Grayscale shows internal symmetry of 

transmembrane segments. Ca2+ binding regions (light blue), homologous regions adjoining the 

Ca2+ binding regions (yellow and purple), acidic helices (green), and lysosome/vacuole-targeting 

motifs (red) are highlighted. (b) Full sequence alignment of three proteins in the UPF0016 

family: TMEM165 (H. sapiens), Y54F10AL.1 (C. elegans), and gdt1 (S. cerevisiae) using 

Clustal Omega. Asterisks indicate full conservation, colons indicate strong conservation, and 

periods indicate weak conservation. Calcium binding regions, homologous regions to vcx1, 

acidic helices, and lysosome/vacuole-targeting motifs are highlighted according to colors 

indicated in Figure 3. (c) Homology-based model of human LCI (right) based on vcx1 (left), 

with colors highlighted according to Figure 3 indications. 
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Figure S8. Human LCI rescues phenotypes of the K665 strain. (a) The rescue assay in S. cerevisiae 

strain K665, where the loss of vcx1 and pmc1 cause lethality in environmental Ca2+. Expression 

of a vacuolar Ca2+ importer would rescue this lethality at high Ca2+ by restoring vacuolar function. 

(b) Color of K665 transformed to integrate an empty vector (EV) or human LCI, after 2 days at 

30°C on YPD plates supplemented with the indicated concentration of CaCl2. Columns indicated 

10-fold dilutions from left-to-right. (c) RT-PCR of TMEM165 (H. sapiens) and ACT1 (S. 

cerevisiae) in the K665 strain transformed with empty vector (EV) or human LCI. (d) 

Representative fluorescence images of K665 transformed with human LCI-DsRed (red) and 

labelled with the vacuolar membrane marker FM4-64 (green), where indicated. Scale bar 2µm. 
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Figure S9. Functional human LCI mutants rescuing organism and cellular phenotypes seen in 

lci-1+/- worms (a) Schematic of principle underlying rescue of lci-1+/- worm phenotypes with 

human LCI loss-of-function (LOF) variants. (b) Representative images showing the number of 

progeny of N2 worms or lci-1+/- worms with extrachromosomal expression of the indicated 

mutant of human LCI. 
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Figure S10. Expression and localization of human LCI mutants. (a) Representative fluorescence 

images of HeLa cells transfected with the indicated human LCI mutant (green) and labeled with 

5 mg/mL TMR-dextran (red). (b) Whole-cell fluorescence intensity of human LCI-EGFP in cells 

transfected with the indicated mutant. (c) Pearson correlation coefficient (PCC) of human LCI-

EGFP with TMR-dextran in cells transfected with the indicated mutant. (d) Representative 

immunofluorescence images of HeLa cells transfected with the indicated human LCI mutant 

(green) and stained with an antibody to GM-130 (red). (e) Pearson correlation coefficient (PCC) 



of human LCI-EGFP with GM130 in cells transfected with the indicated mutant. Scale bar 5µm. 

Boxes and bars represent s.e.m. and standard deviation, respectively. ns, not significant (p>0.05); 

*p<0.05; **p<0.01; ***p<0.001 (one-way ANOVA with Tukey post hoc test). 
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Figure S11. Lysosomal Ca2+ measurements in lci-1+/- worms expressing mutants of human LCI. 

(a) Representative fluorescence pH and -log([Ca2+]) maps in CalipHluor2.0-labeled lysosomes in 

coelomocytes in lci-1+/- worms extrachromosomally expressing the indicated variant of human 

LCI. (b) Maximum average lysosomal Ca2+ concentration in the indicated genetic backgrounds. 

Lysosomes with <0.1µM [Ca2+] are considered to have 0.1µM [Ca2+]. (c) Distribution of 

lysosomes with the indicated Ca2+ concentration measured using CalipHluor2.0 in the indicated 

genetic backgrounds. Scale bar 5µm. Boxes and bars represent the s.e.m. and standard deviation 

of lysosomes with calcium levels in the quantifiable range. 
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Figure S12: Justification and technology underlying single-lysosome Ca2+ measurements. (a) 

Overlay of the cytosolic Ca2+ recovery and lysosomal pH spike, given by the 440/488 ratio of 

Fura Red and the 488/440 ratio of FITC-dextran, respectively, in WT cells. Arrowheads indicate 

imaging time points before ATP addition (Pre, filled arrow) and after ATP addition (Post, 

unfilled arrow) in Figure 4. (b) Representative immunofluorescence images showing endogenous 

expression of human LCI in TMEM165 KO HeLa cells and WT HeLa cells. (c) Background-

subtracted whole-cell fluorescence intensity of Alexa488-conjugated secondary antibody. Each 

data point represents the average fluorescence intensity of one cell. (d) Schematic of 

CalipHluormLy, which consists of Rhod-5F (orange triangle), Oregon Green 488 (green circle), 

and Alexa647 (red star) on a DNA duplex. (e) Left and middle, representative fluorescence 

images of HeLa cells pulsed with Alexa647-labeled dsDNA for 15 minutes and chased for the 

indicated amount of time. To look at late endosomal localization, cells were transfected with 

Rab7-GFP prior to dsDNA labeling (left). To look at lysosomal localization, cells were pulsed 

with FITC-dextran for 1 hour and chased overnight prior to dsDNA labeling (middle). Right, 



Pearson correlation coefficient (PCC) of dsDNA with endolysosomal markers at the indicated 

time points. Scale bar 5 µm. ***p<0.001. 
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Figure S13. Reduction of lysosomal Ca2+ in TMEM165 KO mammalian cells. (a) Representative 

pseudocolored maps of the DCF/Alexa647 ratio (G/R) and Rhod-5F ratio (O/R) of CalipHluor2.0 

in WT and TMEM165 KO HeLa cells. These maps are used according to equations in the Methods 

section to generate Kd and O/Rmax maps. (b) Top, representative pH maps of lysosomes from WT 



and TMEM165 KO HeLa cells using CalipHluormLy. Bottom, pH of individual lysosomes (open 

circles) from three different experiments (closed circles). (c) Top, representative –log([Ca2+]) maps 

of lysosomes from WT and TMEM165 KO HeLa cells using CalipHluormLy. Bottom, [Ca2+] of 

individual lysosomes (open circles) from three different experiments (closed circles). Lysosomes 

below O/Rmin or above O/Rmax of CalipHluormLy are shown as  <0.1µm Ca2+  and >1000µm Ca2+ , 

respectively. (d) Distribution of lysosomes with the indicated Ca2+ concentration measured using 

CalipHluor2.0 in the indicated genetic backgrounds. Scale bar 5 µm. 
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Figure S14. Individual 2-IM maps of lysosomal Ca2+ and pH in TMEM165 KO HeLa cells 

before (a) and after (b) ATP addition, and in WT HeLa cells before (c) and after (d) ATP 

addition. Lysosomes below above O/Rmax or G/Rmax of CalipHluormLy are shown as >1000µm 

Ca2+ or >pH 6, respectively. 

  



Figure S15. Sensitivity of human LCI to the pH gradient across the lysosomal membrane. (a) 

Representative 440/488 maps of Fura Red in TMEM165 KO HeLa cells treated with 100 µM 

ATP transfected with the lysosome-favoring mutant of human LCI-EGFP (R126C). Where 

indicated, 500 nM bafilomycin A was added 30 minutes prior to and throughout the experiment. 

Maps shown are at t=0s (prior to ATP treatment), t=30s, t=100s, and t=150s. (b) Representative 

cytosolic Ca2+ traces given by the 440/488 ratio of Fura Red in (a). Curves are normalized to the 

value at t=0. (c) Slope of the linear fit of the cytosolic Ca2+ decrease following maximum 

440/488 of Fura Red. (d) Top, representative 488/440 pseudocolored maps of FITC-dextran in 

COS-7 cells either untreated or treated with 500 nM bafilomycin A for 30 min. Bottom, 

quantification of 488/440 ratios of individual lysosomes under the indicated conditions. (e) Left, 

representative 440/488 maps of Fura Red in COS-7 cells treated with 100 µM ATP after mock 

transfection or transfection with the indicated mutant of human LCI-EGFP. Cells were pre-

labelled and treated with 500 nM bafilomycin A prior to imaging and ATP treatment, as 
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indicated. Maps shown are at t=0s (prior to ATP treatment), maximum 440/488, t=80s, and 

t=120s. Right, representative GFP images showing transfection of human LCI-EGFP. (f) 

Representative cytosolic Ca2+ levels given by 440/488 intensity of Fura Red in (e). Curves are 

normalized to the value at t=0. (g) Slope of linear fit of the cytosolic Ca2+ decrease following 

maximum 440/488 of Fura Red. Scale bar 5µm. Boxes and bars indicate the s.e.m. and standard 

deviation, respectively. Violin plots show the normal distribution. NS, not significant (P>0.05); 

*P<0.05; **P<0.01; ***P<0.001 (one-way ANOVA with Tukey post hoc test). 
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Figure S16. Electrophysiological characterization of human LCI on the plasma membrane. (a) 

Representative image of human LCI-EGFP-transfected HeLa cells and mock-transfected HeLa 

cells after fixation and immunostaining for EGFP (yellow) and cadherin (red), without 

permeabilization. (b) Schematic representation of buffers used for whole-cell patch-clamping, 

and sign conventions used for current and membrane potential. (c) Current density at +100mV 

across the plasma membrane of the indicated cell types under the indicated ionic conditions from 

Fig. 5B. (d) Zoomed-in version of Fig. 5D to show reversal potentials under the indicated 

conditions. Boxes and bars represent s.e.m. and standard deviation, respectively. **p<0.01 (one-

way ANOVA with Tukey post hoc test).   
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Figure S17. pH dependence of human LCI by whole cell electrophysiology. (a) Zoomed-in version 

of Fig. 5E to show reversal potentials under the indicated conditions. (b) Current density at -

100mV across the plasma membrane of the indicated cell types under the indicated ionic 

conditions from Fig. 5G. (c) Average current density of mock-subtracted human LCI current in 

HeLa cells under the indicated conditions, with the indicated divalent cation.  
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Figure S18. Electrophysiological characterization of human LCI on isolated lysosomes. (a) 

Representative confocal images of COS-7 cells transiently transfected with WT or R126C human 

LCI-EGFP (green). Lysosomes were labelled with 1 mg/mL TMR-dextran (red) and swollen 

with 5µM vacuolin-1 before imaging. (b) Representative fluorescence of human LCI-EGFP 

(green) on an isolated lysosome of COS-7 cells following overnight treatment with 5 µM 

vacuolin-1 and cell rupture. (c) Schematic representation of buffers used for lysosome patch-

clamping, and sign conventions used for current and membrane potential. (d) Representative IV 

curves of lysosome patch-clamping using a ramp from -100mV to +100mV with buffers 

indicated in (c). Lysosomes of mock-transfected HeLa cells (dashed lines) or cells transfected 

with human LCI-EGFP (solid lines) were patched with pipette solution of pH 6.2 (red) or pH 4.5 

(black). (e) Current at +100mV across the lysosome membrane from indicated cells with the 

indicated lysosomal pH. Scale bar 5µm. Inset scale bar 2µm. Boxes and bars represent s.e.m. and 

outliers, respectively. *p<0.05.  



Table S1.  

Genes screened for cup-5+/- worm survival rescue, with brood size difference and significance 

calculated with respect to empty vector (EV). 

Gene Brood Size Difference -log(p-value) 

T28H10.3 212.3568889 1.254384901 

C27A7.3 141.1346667 0.755619777 

Y54F10AL.1 122.2457778 4.744106592 

egl-30 115.0235556 1.469045741 

vps-35 114.3568889 3.121612754 

sul-3 114.1346667 2.781089912 

apd-3 113.6902222 1.986709867 

gpa-4 113.6902222 3.655878304 

vps-18 110.9124445 1.490814669 

catp-5 110.8013333 1.71125926 

catp-6 110.1346667 1.500518333 

F49B2.6 109.3568889 2.563285232 

abt-5 105.3568889 1.563874638 

abt-2 104.9124444 1.489412157 

pho-14 104.5791111 3.528647045 

Y71G12B.23 103.3568889 3.497684353 

Y105E8B.9 101.0235556 3.859484617 

T27A1.5 101.0235556 1.396960395 

C16E9.1 99.96800001 1.653477109 

aagr-2 98.02355556 2.618981401 

R09F10.1 97.96800001 1.833066059 

asah-1 97.46800001 1.173245577 

cm-7 96.35688889 2.336553287 

unc-108 95.57911114 3.241858374 

F22G12.4 94.80133334 2.234028538 

ragc-1 89.91244445 1.361245803 

C33C12.3 89.13466667 2.997813091 

apg-1 84.46800001 2.970542938 

F16F9.1 83.13466667 2.190419371 

gana-1 83.13466667 0.986737926 

nep-2 83.02355556 1.4018297 

W03G11.3 82.69022223 1.685793196 

asm-2 79.80133334 3.03091558 

aph-2 78.13466667 1.121495568 

cpz-1 77.91244444 1.688340283 

F18A12.8 77.80133334 2.908349875 

C18B12.4 77.13466667 1.83082375 

B0035.3 77.13466667 1.214323653 

asp-3 76.80133334 1.805985669 

eat-4 76.35688889 1.732690249 

hmit-1.1 75.46800001 2.578440202 



apm-3 75.02355556 1.796986763 

asm-3 74.24577778 1.523190639 

ZK54.1 72.57911112 2.308485448 

hsp-70 72.02355556 1.861648144 

C38C10.2 70.57911112 1.641794896 

C56E6.6 70.24577778 2.885541496 

vps-11 69.02355556 1.175622119 

apt-9 68.35688889 1.141326101 

ced-11 68.13466667 0.704623013 

lmp-2 68.02355556 0.449468996 

M110.7 67.69022223 1.063067045 

F44E5.4 66.91244445 1.129927851 

cdf-2 66.35688889 2.725218971 

C33G3.4 65.91244445 1.304017205 

pcp-1 65.80133334 1.481101529 

smf-3 65.24577778 1.413908739 

ncr-1 64.57911112 0.755266598 

haf-8 64.46800001 1.657782834 

vhlu-2 64.02355556 1.015157172 

lrp-2 63.46800001 1.715785482 

clic-1 62.91244445 0.930238175 

lipl-7 62.46800001 1.331036794 

F54G2.1 62.35688889 1.333639416 

raga-1 61.91244445 2.453983644 

nuc-1 61.24577778 1.757458534 

aex-1 60.24577778 0.831050663 

eak-7 59.91244445 0.632398858 

M05B5.4 59.91244444 2.084764907 

abt-4 58.46800001 1.257912669 

tag-300 58.13466667 0.785166945 

cm-6 57.91244445 2.48054339 

arr-1 57.69022223 1.86735057 

vha-14 57.69022223 0.702913624 

Y16B4A.2 57.57911112 1.882167431 

C39E9.10 56.02355556 0.819643083 

haf-2 55.02355556 0.750986508 

tmbi-4 54.91244445 1.679293456 

scav-3 54.85688889 1.227311058 

cht-1 53.35688889 2.001167993 

F44D12.9 52.57911112 0.872154119 

C27A7.1 52.35688889 2.196711142 

K10C9.3 52.24577778 0.702061596 

vha-7 52.13466667 2.271386822 

pxn-2 52.13466667 2.096443829 

dpf-2 52.02355556 1.157294837 

nep-1 51.02355556 1.580778612 

hex-1 51.02355556 0.71080953 

apb-3 50.46800003 0.829255324 



catp-6 P2D12 50.24577778 1.460069613 

F13H10.3 49.35688889 0.947524022 

chhy-1 49.24577778 2.150389207 

drp-1 49.13466667 0.84904707 

sulp-5 48.13466667 0.58113876 

lipl-5 47.46800001 0.953432696 

mrp-7 47.35688889 1.967086212 

F02E9.7 47.24577777 1.728542961 

Y110A 47.24577767 2.08544863 

ppt-1 46.69022223 1.884110841 

mrp-5 46.57911112 1.155699658 

imp-1 46.35688887 1.688626545 

hlh-30 46.30133334 1.596392116 

rab-7 46.24577778 2.043680994 

rbf-1 44.69022223 0.838397733 

ntp-1 43.35688889 1.199145161 

vps-41 43.24577778 1.134967524 

C29H12.2 43.13466667 0.963805337 

R12C12.6 42.57911112 1.144640675 

ent-1 42.13466667 1.834503176 

nid-1 41.69022223 0.864669048 

Y69E1A.5 41.35688889 0.82001007 

Y43F4B.7 40.91244445 1.256446446 

ZK632.12 38.80133334 0.732614868 

tag-120 38.57911112 1.512400118 

mlc-1 38.13466667 1.384964145 

F22E12.1 37.91244445 1.463588797 

pld-1 37.91244445 0.445301821 

aagr-1 37.69022223 1.290115829 

F42A8.3 37.57911112 0.534211547 

mrp-4 37.57911112 1.019544579 

T07F10.1 37.35688889 1.220192955 

mrp-6 36.57911112 0.863526738 

cdf-1 36.57911112 0.665959928 

odr-3 35.91244445 1.100725437 

vha-12 34.69022223 0.653353994 

haf-4 33.80133334 0.787873608 

pcp-5 33.63466667 0.987503332 

ctns-1 33.46800001 1.083842594 

vha-15 33.02355556 0.658190719 

Y55D5A.3 32.46800001 1.405752677 

sulp-4 31.13466667 1.026442467 

F16H11.1 31.02355556 0.387455986 

F44E5.5 30.24577778 1.251382942 

vps-16 29.57911112 1.001637007 

chtl-1 29.57911112 0.661685302 

aman-1 28.46800001 0.325465194 

arl-8 27.57911112 0.445492982 



vhlu-3 27.35688889 0.503347916 

xbx-6 26.57911112 0.792095948 

lipl-3 26.13466667 0.968611184 

C44C1.2 26.02355556 1.057251997 

kcc-3 25.80133334 0.351566399 

vha-18 25.35688889 0.841584006 

lron-8 25.13466686 0.277848285 

vps-39 24.69022223 0.591130135 

spp-8 24.57911112 0.266858423 

ccz-1 24.46800001 0.558713679 

tag-130 24.02355556 0.726012845 

F57F5.1 23.69022223 1.053545702 

trpa-1 22.35688889 0.958664511 

R09B5.12 22.35688889 0.570554465 

C13C4.5 22.02355556 0.742066139 

pxn-1 21.80133334 0.763636959 

tag-196 21.46800001 0.772947443 

ttm-1 20.35688889 0.503926801 

toca-2 19.13466667 0.462554119 

sel-12 19.02355556 0.253507056 

C33C12.8 18.80133334 0.62419943 

lipl-1 17.80133334 0.753820184 

hsp-4 17.69022223 0.696292959 

sulp-2 16.80133334 0.714723069 

jcc01 / kcc-1?? 15.46800001 0.248519971 

C56A3.8 14.46800001 0.396056749 

R04B3.2 14.02355556 0.209973783 

tat-2 12.46800001 0.174194958 

F42G9.6 12.24577778 0.118017124 

K10C2.1 11.57911112 0.31592321 

arf-1.2 10.80133334 0.214052324 

vha-13 9.91244445 0.368390378 

let-363 8.801333439 0.254955754 

dnj-14 7.91244445 0.087519381 

mig-23 6.579111117 0.120923233 

smf-1 6.134666673 0.219877812 

mrp-3 6.134666673 0.119370866 

cin-3.3 5.91244445 0.214115687 

hsp-3 5.134666673 0.06040992 

F37H8.5 4.468000006 0.093285049 

cpr-2 3.91244445 0.05625215 

Y37D8A.8 0.245777784 0.00387559 

EV 0 0 

Y56A3A.16 -0.309777772 0.006153779 

haf-9 -0.309777781 0.003966401 

cpr-6 -1.643111105 0.046758532 

cin-3.2 -3.754222127 0.072815893 

daf-15 -7.643111105 0.144232338 



dpf-1 -7.754222216 0.193075056 

vps-33.1 -8.08755555 0.181435305 

smf-2 -8.865333327 0.10997146 

sphk-1 -9.309777772 0.252488153 

dhs-22 -10.19866666 0.321736316 

cpr-5 -10.75422222 0.244112191 

goa-1 -13.53199999 0.41554201 

clh-5 -14.53199999 0.213599402 

tag-257 -15.53199999 0.534495932 

Y53G8AR.7 -16.53199999 0.367649907 

rme-8 -16.6431111 0.46463691 

C29E4.10 -20.08755555 0.552456358 

mrp-2 -20.42088888 0.282638928 

cup-5 -26.19866666 0.91547543 

arf-3 -31.64311111 0.734212772 

mrp-1 -36.42088888 1.339549802 

T08A11.1 -39.53199999 1.013321133 

hmit-1.3 -50.97644444 1.405485392 

unc-32 -51.42088888 2.219450016 

unc-93 -58.19866666 1.818691627 

prdx-3 -61.86533333 1.787814749 

vha-3 -63.64311111 1.689640162 

vha-11 -69.36533333 3.04155633 

heh-1 -70.42088888 2.719600491 

toca-1 -70.73199999 2.86818469 

C18H7.1 -71.30977777 2.74764887 

gpb-1 -72.53199999 2.914236189 

vha-5 -73.30977777 2.972253881 

apm-1 -73.86533333 2.69245615 

ZK669.2 -77.97644444 2.864406439 

cpl-1 -78.19866666 2.823794982 

aps-1 -78.69866666 3.008282519 

rab-5 -82.08755555 2.861769023 

vha-6 -82.78199999 2.862359949 

chc-1 -83.19866666 2.89998602 

vha-2 -83.64311111 2.865798475 

snap-1 -83.75422222 2.882797563 

vha-9 -84.08755555 2.876423724 

ubq-2 -84.36533333 2.880390266 

vha-8 -84.53199999 2.891395193 

vha-1 -84.69866666 2.891150092 

apb-1 -84.86533333 2.892287095 

vha-10 -85.53199999 2.902387253 

vha-4 -85.53199999 2.902387253 

 

 



Table S2. 

Sequences of DNA oligos used in this study. D1 and D2 were used for labeling of coelomocyte 

lysosomes for lysosome size assay and mammalian cell lysosomes for endocytic tracking. C1, C2, 

and C3 were used to prepare CalipHluor 2.0. OG-C1, C2, and C3 were used to prepared 

CalipHluormLy. 

Sequence Name DNA sequence information  

D1 5’-DBCO-ATC AAC ACT GCA CAC CAG ACA GCA AGA TCC TAT ATA TA-

3’ 

D2 5’-Alexa 647-TA TAT ATA GGA TCT TGC TGT CTG GTG TGC AGT GTT 

GAT-3’ 

C1 5’-Amino-ATA ACA CAT AAC ACA TAA CAA AAT ATA TAT CCT AGA ACG 

ACA GAC AAA CAG TGA GTC-3’ 

C2 5’-ATTO647-TAT ATT TTG TTA TGT GTT ATG TGT TAT-3’ 

C3 5’-DBCO-GAC TCA CTG TTT GTC TGT CGT TCT AGG ATA-3’ 

OG-C1 5’-Oregon Green- ATA ACA CAT AAC ACA TAA CAA AAT ATA TAT CCT 

AGA ACG ACA GAC AAA CAG TGA GTC-3’ 

 

  



Table S3. 

Internal symmetry of human LCI. 

Transmembrane Domains Identity (%) Similarity (%) 

TMD1-TMD4 28.0 76.0 

TMD2-TMD5 35.0 65.0 

TMD3-TMD6 21.4 64.0 

 

  



Table S4. 

Internal symmetry of vcx-1. 

Transmembrane Domains Identity (%) Similarity (%) 

TMD1-TMD6 31.2 75.0 

TMD2-TMD7 35.0 70.0 

TMD3-TMD8 31.6 57.9 

TMD4-TMD9 26.7 66.7 

TMD5-TMD10 38.5 84.6 

 

  



Table S5. 

Templates used for homology-based modelling of human LCI. 

LCI Domain Template Protein Organism Identity (%) Similarity (%) 

TMD-Reg C-C chemokine receptor type 9 Homo sapiens 71.40 78.60 

TMD1 VCX1 M2b Saccharomyces 

cerivisiae 

36.36 54.54 

TMD2 Monovalent cation-H+ 

antiporter 

Pyrococcus 

furiosus 85.70 85.70 

TMD3 Two-pore calcium channel 

protein 2 

Homo sapiens 

50.00 70.00 

TMD4 Calcium permeable stress-gated 

cation channel 1 

Arabidopsis 

thaliana 61.50 76.90 

TMD5 Calcium homeostasis modulator 

protein 2 

Homo sapiens 

44.40 55.60 

TMD6 Neimann-Pick C1 protein Homo sapiens 63.20 78.90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S6. 

Reversal potentials expected for exchanger with pipette buffer of pH 7.5 and 1µM Ca and bath 

buffer of 100µM Ca and indicated pH. 

Bath pH Stoichiometry of Ca2+:H+ Reversal potential 

5.5 

1:1 -5.20E-14mV 

1:2 ∞ 

1:3 234mV 

1:4 175.5mV 

1:5 156mV 

2:1 39mV 

2:3 -117mV 

2:5 351mV 

3:1 46.8mV 

3:2 29.25mV 

3:4 -58.5mV 

3:5 -234mV 

6.5 

1:1 58.5mV 

1:2 ∞ 

1:3 58.5mV 

1:4 58.5mV 

1:5 58.5mV 

2:1 58.5mV 

2:3 58.5mV 

2:5 58.5mV 

3:1 58.5mV 

3:2 58.5mV 

3:4 58.5mV 

3:5 58.5mV 

7.5 
1:1 117mV 

1:2 ∞ 



 

 

1:3 -117mV 

1:4 -58.5mV 

1:5 -39mV 

2:1 78mV 

2:3 234mV 

2:5 -234mV 

3:1 70.2mV 

3:2 87.75mV 

3:4 175.5mV 

3:5 351mV 
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