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1. Mathematical model of lysosomal ion homeostasis

The equations written in purple are newly developed, the other elements were retrieved from a previous
mathematical model as indicated above. All parameters and variables are listed in Tables S1 and S2,

respectively.

Membrane potential
Our model includes a description of the membrane potential [1, 2], which depends on the concentration of

ions within the lysosomal lumen:
F-V
Ay = ﬁ([H+]L + [K*], + [Na*], — [CI7], + 2[Ca®*], — B) (S1)

By convention, the membrane potential (A1) is negative if the number of anions inside the lysosome
(luminal) is higher relative to the outside (cytosol). The total membrane potential (A1) accounts for the

intrinsic charge on the outer (out) and inner leaflets (1in) of the lysosomal membrane|[2]:

Mpr = AP + (Your — Pin) (82)

For each simulation, the initial value for the concentration of Donnan particles (B) was adjusted to set a null
initial total membrane potential (At = 0).

Modified ion concentrations

To account for the effects of leaflet potential, the cytoplasmic and luminal concentrations were modified by

a Boltzmann factor, leading to cytoplasmic and luminal surface concentrations:

Win - F
pH; = pH, + # (S3)
-F
PHe = PH + 555 9
in" F
(€7 = (7], exp (B0 (s9)
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[CI], = [Cl ] - exp (ﬁ“—tTF) (S6)
(K] = K], exp (220 7)
[ = [~ exp (52 t) 9)
[Na*], = [Na*], - exp (_;é’i_“T'F) (S9)
[Na*], = [Na*]c - exp (%) (S10)
[CaZ*], = [Ca?*], - exp (%) (S11)
[CaZ*], = [Ca?*]- exp (%) (S12)
[CaZ*]; = [CaZ*], - exp (%) (S13)
[CaF]e = [Ca"]c-exp (g™ 14

The subscripts i and e indicate internal (luminal) and external (cytosolic), respectively. R is the gas constant

and F is the Faraday’s constant. At room temperature (T =25 °C), RT/F =25.69 mV. This value was used in

all the simulations.

Number of ions

The number of luminal ions is calculated based on the concentration, the lysosome volume (V), and the

Avogadro’s number (Na):

NH+:[H+]L'V'NA (815)

NCI= =[CI7],-V - N, (S16)
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NK* =[K*], VN, (S17)
NNa* = [Na*],-V-N, (S18)
NCa%* = [Ca?*],-V-N, (S19)
NCaf* = NCaj* -V N, 1cqee (S20)

rc?* is the ratio of total to free calcium. As the cytoplasmic values of these ions change very little during
acidification, the cytosolic concentrations were considered to be constant.

Rate of change of the ions within the lysosomal lumen

The rate of change of lysosomal pH (pHL) is determined by the change of luminal proton concentration and

the buffering capacity of the lumen (B):

dpH,  1(dNH* 1 (21)
dt B\ dt V-N,

In the equation above, the change in the number of luminal protons is determined by

clc-7 cax WT
Jvarp — g+ " Joje_wr — s < Jeax + I+, for CIC-7

dNH* clic-7 CAX fast
ar Jvare —Ngv™ "+ Jcio_qfast — s Jeax + Jy+ , for CIC-7 (522)
k Jvarp — nIC;}rX “Jeax +u+ , for C1C-7""¢ and CIC-7*°

Jvarp is the proton pumping rate of the V-ATPase pump (positive for proton influx), Jac"T and Jcc# are

the turnover rates (positive for proton efflux) for CIC-7WT and CIC-7f, respectively. Jcax is the turnover

rate of a calcium/proton exchanger CAX (positive for proton efflux), and Ju* is the passive, non-voltage

activated proton flux through channel (positive for proton influx). The stoichiometries of CIC-7 and CAX
cic-7

for proton counter-transport are specified by ni¥ = and n’4%, respectively.

The rate of change of luminal chloride ions is described by
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n&s 7 Jee_wr for CIC-7"T
dNCl™ NG J yo_qfast , for ClC-7™t o
“o Jeig—me , for CIC-7"" )
Jeic-7ko , for C1C-7%°

néi€=7 is the CIC-7 stoichiometry for chloride, and Jeic/VT, Jeic-#, Jac7n, and Jac7+ are the scenario-specific

CIC-7 turnover rates (positive for chloride influx).
The number of potassium ions within the lysosomal lumen varies due to their passive flow across the
lysosomal membrane:

dNK* _

= [+ S24
dt T (529

Jx* is the turnover rate of the non-voltage activated potassium channel (positive for potassium influx).

Similarly, the rate of change in luminal sodium ions is determined by

dNNa*
— = Tvat (525)
Jna*is the turnover rate of the sodium channel (positive for sodium influx).
The change in total calcium ions is described as
dNCa%*
TT = ngﬁiﬁ Jeax + Jeaz+ + JrrPMIL (S26)

Jeax is the turnover rate of CAX (positive for calcium influx), ngs3+ is the CAX stoichiometry for calcium,

Jea2is the passive flow through a calcium channel (positive for calcium influx), and Jrremi1is the voltage-
and pH- dependent flow through TRPML1 channel (positive for calcium influx).
Due to calcium buffering, the rate in luminal free calcium within the lumen is determined by the variation

in total luminal calcium and the ratio (rc?*) of total to free calcium:

dNCaf*  dNCa}'
dt — dt

(S27)

*Tea2t
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Turnover rates
The pumping rate of the V-ATPase (Jvarr) is given by a detailed mechanochemical model, which was
calibrated against experimental data for current voltage [3]. Jvarr which depends on the luminal pH (pHL)

and on the membrane potential (Ay):

]VATP = NVATP ’ ]VATPl (pHL' Alp) (528)

Nvarr is the number of V-ATPase pumps located in the lysosomal membrane, and Jvarp: is the proton
pumping rate of a single V-ATPase under different membrane potentials and pH gradients. The proton
pumping profile was generated using the model of Grabe et al.[3] with values for the membrane potential
(AY) varying from -200 to 500 mV in increments of 1 mV, and the luminal pH (pHt) values to vary from 1
to 14 in increments of 0.1. A linear interpolation is used to obtain the corresponding pumping rate, if the
input luminal pH and membrane potentials were not the same values for the pumping profile generation.
The model assigns boundary values of pumping rate if the input value for the membrane potential is lower
than -200 mV or higher than 500 mV.

The equation for the CIC-7 turnover rate formulated by Ishida et al.[2] is time-independent and represents
an instantaneous (de)activation of the antiporter. Therefore, we used the same mathematical description to
represent the CIC-7ft turnover rate, but modified the equation to have an explicit term for the CIC-7 activity

(A). Thus, the CIC-7fst turnover rate is given by

Jeic—7fast = Neic—7 - A Dpeic—7 (529)

Ncic7 is the number of CIC-7 antiporters, Auciczis the turnover driving force[2]:

- _ R-T _ _ [Cl7]
Bitcic-y = (G157 + ) tp + —— (237 (pH, — pHy) +nfle™ -ln[T_]‘j’) (530)
4

and A is the activity
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A=0.3-x+1.5-10"5 - (1 — x) - ApZ;c_, (S31)

The switching function x[2] varies between zero at negative membrane potentials (A¢y) and 1 at positive
A

AluClC—7 + 250) (832)

= 05405 tann
X 0.5+ 0.5-tan 7

clc-7
Ht

In the equations above, né<~7 and n

are the CIC-7 stoichiometries for chloride and protons,
respectively. The subscripts i and e represent the modified luminal and cytosolic quantities, respectively

(Equations S5 and S6).

We described the CIC-7WT turnover rate as a function of the effective activity Aes:

Jeic—7wr = Neic—7 ~ Aets - Mlcic—7 (S33)

Ncrczis the number of CIC-7 antiporters, Apcic7is the driving force (Equation §30), and Aeiris defined as:

dd, 1
d: =7 (A — Aesr) (S34)

with A the CIC-7 activity (Equation S31). In the equation above, if A is higher (lower) than Aex, then At
increases (decreases) according to the activation (deactivation) time 7 = Tact (T = Tdeact) until it reaches the
activity A. We define “activity” as a variable related to an open probability, which determines the
(de)activation kinetics of the CIC-7 turnover rate. The effective activity Acfreaches the activity A after a
certain amount of time determined by the activation (7at) or deactivation time (Tdae). For simplicity, we

considered the deactivation time Tdeact to be proportional to the activation time Tact:

Tdeact = Tact” Tz (S35)

With 7+ the deactivation to activation ratio.
The uncoupled transport of chloride was simulated as a passive chloride flux through a “channel-like” CIC-

7 antiporter. Therefore, we describe the CIC-7uc turnover rate as
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Ny
103

U
Jeic—7une = Pg- - S 1—e-U (crle—[cr-e™?)- (S36)

Pcr is the permeability per unit area for chloride ions, S is the lysosome surface area, Na is the Avogadro’s
number, U = (A-F)/(RT) is the reduced membrane potential, and [Cl]e, [Cl']i are the modified cytosolic and
luminal chloride concentration, respectively.

The turnover rate for the CIC-7 knockout (Jac749) was calculated with Equation S33 setting Ncc.7= 0.

The turnover rate for CAX is described by

Jcax = Ncax - Alcax (837)

with the driving force Apcax defined as

RT nid,  [Cad';
Dpcax = (M —2-ngi5) - M + a <2. 3-nS4* - (pH, — PH)) + C; “In c ; - > (S38)
[ af ]e
The previous equation was created based on the driving force for CIC-7 (Equation S30).
Passive, non-voltage activated ion fluxes
The proton flux through the channel is described by|[2]
—p...S. L (10-PHe - o~V — 10-PHiy. A (S39)
Jur = Puee S 1o e 109

With Pr+the permeability per unit area for protons, and U = (AyF)/(RT) the reduced membrane potential.
Similarly, the passive flows for potassium, sodium and calcium ions through their corresponding channels

are described by Equation 5S40, S41, and S42, respectively.

- Na
Jxr = Pyr S 7 (K] e = [K*1) 155 (S40)
U _ Ny
Ina* :PNa+'S'm'([Na+]e'e Y —[Na*]; 103 (S41)
20 Ny

]Ca2+ = PCa2+ -S- m ([Ca;+]e : 672‘] — [Ca,zf]i) . W (842)
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Voltage and pH activated calcium flux
The calcium flux through the TRPML1-like channel was described as

20 _ Ny 4
Jrrepmr1 = Prrpmir* S+ 1_e20 ([Ca)Z“Jr]e e 2 - [Ca?+]i) ‘103 (543)

where the permeability (Prgpy.1 ) depends on the luminal pH and on the membrane potential[4, 5]:

AW + 403 (S44)

Prppyrr = 3.88-107°(y|AP| + (1 - y) pH, 22
L

y=0.5 —0.5tanh(A¥ + 40) (545)

The function y goes from 1 at Ay <-40 mV, to 0 at Ay =2 -40 mV. Hence, for membrane potentials lower
than -40 mV, the permeability of the TRPMLI1 channel is directly proportional to the membrane potential
and does not depend on the luminal pH [4]. For membrane potentials higher than -40 mV, the Prgpy4 is
directly proportional to the membrane potential to the power of three, and inversely proportional to the
luminal pH, as revealed on the patch-clamp experiments of Dong et al. [4]. The constants 3.88x10- and 2.2
were set such as the ratio of Prgpy1 at pH;, = 4.6, A¥Y = 80 mV versus pH, = 7.4,A¥ = 80 mV was close to
2.82, and the ratio at pH;, = 6.0, A¥ = 80 mV versus pH, = 7.4, A¥ = 80 mV was close to 1.35, as retrieved

from the patch-clamp experiments of Dong et al. [4].
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Table S1. Model parameters.

Description Units Symbol Value Reference
1) Initial cytosolic pH pHc 7.2 [6,7]
2) Initial cytosolic sodium concentration M [Na‘]c 0.01 [8]
3) Initial cytosolic potassium concentration M [K*]e 0.145 [8]
4) Initial cytosolic chloride concentration M [Cl]c 0.01 [8]
5) Initial cytosolic calcium concentration M [Ca?]c 1077 a [9]
6) Initial luminal pH pHLo 6 [10]
7) Initial luminal sodium concentration M [Na*]o 0.02 [10]
8) Initial luminal potassium concentration M [K*]Lo 0.05 [10]
9) Initial luminal chloride concentration M [Cl Lo 0.001 [10]
10) Initial luminal total calcium concentration M [Ca*]L, 6x 1073 [11]
11) Free to total calcium ratio rca?* 0.1 [11]
12) Proton permeability cm/s Py 6x107° [2]
13) Sodium permeability cm/s Pna* 9.6 x1077® [12]
14) Potassium permeability cm/s Px+ 71x1077® [12]
15) Chloride permeability cm/s Per 1.2%x1075 © [12]
16) Calcium permeability cm/s Pt 149 x 1077

17) Number of V-ATPase pump Nvarp 300 [2]
18) Number of CIC-7 antiporters Ncic7 300 e [2]
19) Number of CAX antiporters Ncax 10f

20) Chloride stoichiometry of CIC-7 n&le? 2 [13]

10
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21) Proton stoichiometry of CIC-7
22) Calcium stoichiometry of CAX
23) Proton stoichiometry of CAX
24) Activation time of CIC-7

25) Deactivation to activation ratio
26) Initial effective activity

27) Bilayer capacitance

28) Lysosome volume

29) Lysosome surface area

30) Proton buffering capacity

31) Donnan particles concentration
32) Outside leaflet potential

33) Inside leaflet potential

F/cm?

cm?
M/pH
M
mV

mV

cic7
nH+

CAX

nCa2+

CAX
TlH+
Tact

Tt

Aefio

lllnut
ll/in

3f

0.25h

031

107

1.65 x 10716

1.45x 1078

0.04

0.0817

[13]

(14]

(14]

(13]

(15]

[16]

(2]

(2]

(2]

(2]

(2]

a This parameter was set to 0.6 mM to mimic the channel-mediated calcium uptake from the ER [17] for the

simulation of Figures 6 and 7 in the main text.

b This parameter was set to 0 for the simulation of Figure S3.

< This value was used for the simulation of the uncoupled transport of chloride through (“channel-like”)

CIC-7 (CIC-7unc). This parameter was set to zero for the simulation of CIC-7ko, CIC-7WT, and CIC-7fast,

4This value was used to provide steady state calcium concentrations as a complementary calcium leak via

channel for calcium uptake via 10 CAXs with 3:1 stoichiometry (see Figure S5). This parameter was further

adjusted in simulations for Figures 4-7 and for Figures S3-S8. The used values were specified in the

corresponding figure legend.

11
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¢ This value was used for the simulation of CIC-7WT and CIC-7fst. This parameter was set to zero for the
simulation of CIC-7une,

fThese values were used for the simulation of Figure S5. These parameters were varied for the simulations
of Figures 54-S7. Ncax was set to zero for the simulations of Figures 3,4,6,7, and Figures S2 and S3.

8 The activation time varies with the pH. We used this constant activation time found for acidic oocytes[13]
for the simulation of WT scenario. This parameter was varied in Figure 2 in the main text.

hThe deactivation time was found to be around a quarter of the activation time [15].

iValue equal to the activity A that corresponds to an initial null driving force (see Equations 529-531).

i This value was kept constant for all simulations performed in this study and was adjusted to set the initial

AYrto 0 mV.

12
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Table S2. Model variables.

Description Units Symbol
1) Luminal pH pH,,
2)  Membrane potential mV Ay
3) Total membrane potential mV AYr
4)  Number of protons NH*
5)  Luminal proton concentration M [H*],
6)  Number of chloride ions NCI™
7)  Luminal chloride concentration M [Cl7],
8)  Number of potassium ions NK*
9) Luminal potassium concentration M [K*].
10) Number of sodium ions NNa*
11) Luminal sodium concentration M [Na*],
12) Number of total calcium ions NCa#%*
13) Luminal total calcium concentration M [Ca%*],
14) Number of free calcium ions NCag*
15) Luminal free calcium concentration M [C a/%+] L
16) Activity A
17) Effective activity Aetf
18) Switching function for CIC-7 x
19) Modified luminal pH pH;
20) Modified luminal proton concentration M [H*];

13
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21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

Modified luminal chloride concentration
Modified luminal potassium concentration
Modified luminal sodium concentration
Modified luminal total concentration
Modified luminal free calcium concentration
Total turnover rate of V-ATPase

Driving force of CIC-7

Total turnover rate of CIC-7

Driving force of CAX

Total turnover rate of CAX
Rate of proton channel

Rate of potassium channel
Rate of sodium channel

Rate of calcium channel

Rate of TRPML1-like channel

Switching function for TRPML1-like channel

Ht/s

mV

Cl™ /s

mV
Ca**/s
Ht/s
Kt/s
Na*/s
Ca?*/s

Ca?*/s

[CT7];
[K*T;
[Na™];
[Cat*];
[Caf™];
Jvare

Apcic—7
Jeic-7wtJ cic—7rasts

]czc—7“nc']ac_7ko
Apicax
Jeax
Ju+
Ji+
Inat
Jeaz+

]TRPMLl

14
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2. Conditions for the (de)activation of the CIC-7 antiporter and differentiation

between fast and WT scenarios

This section provides a detailed description of the conditions needed for the (de)activation of the CIC-7
antiporter, according to our mathematical model. We provide an explanation for the equivalent behaviour
of the CIC-7fst and CIC-7%T antiporter as depicted in Figures 3, 4, and 6, and for the differential behaviour
between these two scenarios observed in Figure 7, and Figure S3.

The direction of the chloride current through the CIC-7 antiporter is determined by the sign of the driving
force (Apicic—7, Equation S30), and consequently by the sign of the turnover rate (J¢;c—7, Equations S29 and
$33). Therefore, positive (negative) values of driving force lead to chloride going into (out of) the lysosome.
The outwardly rectifying behaviour of the CIC-7 antiporter is represented by the activity A (Equation S31),
which depends on the driving force (Aucc-7) and on the switching function (x, Equation S32). The slow
voltage-gated (de)activation of the CIC-7 antiporter is described by an ODE representing the temporal
evolution of the effective activity Ae« (Equation S34), i.e., the activity that the CIC-7 antiporter can actually
achieve at a certain time. The turnover rate of the WT CIC-7 (Jac-/"T), as a strong outwardly rectifier and
slowly voltage-gated antiporter, is calculated based on the effective activity Ae« (Equation S33).

As the fast scenario mimics a CIC-7 antiporter with instantaneous (de)activation kinetics, the activation A
is instantaneously achieved, and therefore is directly used for the computation of the turnover rate of the
fast C1C-7 (Jac-t, Equation 529).

The relationship between the activity A and the driving force Apcc7 was calculated from Equation S31 and
$32 by varying the value of the driving force from -500 mV to 500 mV (Figure S1). The value of the activity
is set to 0.3 for values higher than -155 mV. As the activity does not change for driving forces between -155
mYV and +eo, an activation or deactivation of the CIC-7 will not occur in this range. Under these conditions,
CIC-7%t and CIC-7WT display the same turnover rate (Jcic7), i.e. the same behaviour. The initial effective

activity was set to Aero= 0.3 (Table S1), equivalent to the value of activity A for an initial null driving force.

15
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Hence, differences between CIC-7%st and CIC-7WT are observed only for driving forces lower than -155 mV,
i.e. in a domain in which the value of the activity is not constant, inducing a change in the effective activity
from its initial value. In this scenario, a slow (for CIC-7%T) or instantaneous (for CIC-7%st) activation would
be induced.

In the simulations of Figures 3, 4, and 6 in the main text, the driving forces of CIC-7fst and CIC-7WT
antiporters did not reach values lower than -155 mV (Figure S1b, ¢, and d, respectively). Therefore, the
value of the activity was constant (A = Aet = 0.3) and the (de)activation was not induced. On the contrary,
Supplementary Figure Sle and f show that the driving force of the CIC-7 antiporter during the simulations
of Figure 7 in the main text and Figure S3 respectively, reached values lower than -155 mV. Therefore, a
slow (for CIC-7"T)/instantaneous (for CIC-7%st) activation was induced. Consequently, we observed small

differences in the behaviour of CIC-7fast and CIC-7WT,

16
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1 3. Steady-state values

2 Table S3. Steady-state values for simulations shown in Figures 3, 4 and 6.

Units  Symbol Figure 3 Figure 4
CIC-7wt CIC-7fast CIC-7une CIC-7ko CIC-7wt CIC-7fast CIC-7une CIC-7ko
Luminal pH pH, 4.57 4.57 4.85 4.99 4.57 4.57 4.82 4.92
Luminal chloride concentration mM [Cl7], 166.2 166.2 29.55 1 160 160 25.98 1
Luminal potassium concentration mM (K], 166.7 166.7 49.07 27.63 173.7 173.7 55.82 36.31
Luminal sodium concentration mM [Na*], 11.49 11.49 3.38 1.9 11.85 11.85 3.85 2.50
Luminal free calcium concentration mM [C aﬁ*] L n.a n.a n.a n.a 0 0 0 0
Total membrane potential mV AP -3.25 -3.25 27.83 42.59 -5.2 -5.2 24.23 34.12

3

19
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4
5  (cont)
Units  Symbol Figure 6
CIC-7wt CIC-7tast CIC-7une CIC-7%
Luminal pH pH, 4.58 4.58 4.82 4.92
Luminal chloride concentration mM [Cl7], 168.1 168.1 26.45 1
Luminal potassium concentration =~ mM [K*], 165.2 165.2 54.82 35.77
Luminal sodium concentration mM [Na*], 11.39 11.39 3.78 2.47
Luminal free calcium 0.78 0.78 0.09 0.04
mM [Caf*],
concentration
Total membrane potential mV A -3.35 -3.35 24.969 35.96

20
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4. Sensitivity analysis

We investigated the robustness of our model by varying every input parameter by +10%. The reference
scenario was simulated with the initial conditions specified in Table S1. Every input parameter of the
model listed in Table S1 was varied in +10%. Therefore, 66 test scenarios were simulated. For each test
scenario we analysed disturbances on the steady-state output values of variables, which are shown in Table
S4. We calculated the relative difference between the output value obtained from the test simulation (y,,)

and from the reference simulation (y,,):

Relative difference = (u) 100 (543)

ref

The resulting relative differences are shown in Figure S8.

Table S4: Steady-state values of listed variables for reference scenario, simulated with initial conditions

specified in Table S1.

Description Units Symbol Steady-state value
Luminal pH pH, 4.787
Luminal proton concentration M [H*]L 0.049
Luminal chloride concentration M [Cl7], 0.147
Luminal potassium concentration M K], 0.154
Luminal sodium concentration M [Na*], 0.011
Luminal total calcium concentration M [Ca%Jr] L 0.008
Luminal free calcium concentration M [Caf*], 0.001
Membrane potential mV Ay 48.528

21
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5. Supplementary figures
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Figure S1. The (de)activation of the CIC-7 antiporter is determined by its driving force. (a) Activity as a function of
the driving force. Temporal evolution of the driving force during the simulations shown in (b) Figure 3, (c) Figure 4,

(d) Figure 6, (e) Figure 7, and (f) Figure S3.
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Figure S2. Ca* release via TRPML1-like channel. (a) Schematic representation of the model with CIC-7 antiporters,
V-ATPases, potassium and sodium channels, proton leak, and TRPML1-like channel. The cartoon was created using
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calcium release (CIC-7WT, dashed black line; CIC-7%t, red; CIC-7u, blue; CIC-7*°, green) are luminal free calcium
concentration (b), calcium flux via TRPML1-like channel (c), luminal pH (d), total membrane potential (e), luminal
concentrations of potassium (f), sodium (g) and chloride ions (h), as well as the turnover rates of CIC-7"Tand CIC-7fst
(1), and CIC-7u"<(j). The initial conditions were set to the steady-state values of Figure 3 (Table S3).
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Figure S3. The absence of potassium and sodium conductances highlights the differences in calcium release

between CIC-7 scenarios. (a) Schematic representation of the model with CIC-7 antiporters, V-ATPases, proton leak,

and calcium release channel. The cartoon was created using Servier Medical Art templates (https://smart.servier.com),
which are licensed under a Creative Commons License (https://creativecommons.org/licenses/by/3.0/). (b-j) Depicted
for the different CIC-7 scenarios during triggered calcium release (CIC-7"T, dashed black line; CIC-7%, red; CIC-7u"c,
blue; CIC-7%, green) are luminal free calcium concentrations (b), calcium flux (c), luminal pH (d), total membrane
potential (e), luminal concentrations of potassium (f), sodium (g), and chloride ions (h), as well as the turnover rates of
CIC-7WT and CIC-7%st (i), and CIC-7'"<(j). The initial conditions were set to the steady-state values of Figure 3 in the
main text (Table S3). From t = 0 s, the lysosomal membrane was permeable to calcium ions (P¢q2+ = 8.9 X 1075 cm/s)
and impermeable to sodium and potassium ions (Pg+ = Pyg+ = 0).
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Figure S4. Comparison for different number of CAX and stoichiometries. (a,b,c) Simulations of calcium uptake via
CAX in presence of calcium leak for wild-type CIC-7 with different number of CAXs (10,20,30). The cartoons were
created using Servier Medical Art templates (https://smart.servier.com), which are licensed under a Creative Commons
License (https://creativecommons.org/licenses/by/3.0/). Results are shown for the luminal free calcium concentration,
pH, total membrane potential, luminal sodium concentration, luminal potassium concentration and CIC- 7 turnover
rate. Simulations were done for three different stoichiometries as depicted (a) 1:1, (b) 2:1, and (c) 3:1. Arrows are
indicating the selected cases (based on the steady-state luminal pH) for further analysis: 10 CAX, 3:1 stoichiometry; 20
CAX, 2:1 stoichiometry, and 30 CAX, 1:1 stoichiometry. The initial conditions were set to the steady-state values of
Figure 4 (i.e., after lysosomal calcium release, Table S3)
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Figure S5. Calcium uptake via 10 CAXs with 3H+:1Ca2+ stoichiometry accompanied by calcium leak. (a) Schematic
representation of the model with CIC-7 antiporters, V-ATPases, potassium, sodium channels, proton leak, calcium
release channel, and CAXs with 3H*:1Ca?" stoichiometry. The cartoon was created using Servier Medical Art templates
(https://smart.servier.com), licensed under a Creative Commons License
(https://creativecommons.org/licenses/by/3.0/). (b-k) Depicted for the different CIC-7 scenarios during triggered
calcium uptake (CIC-7%T, dashed black line; CIC-7%, red; CIC-7ur, blue; CIC-7*°, green) are luminal free calcium
concentration (b), turnover rate of CAX (c), calcium flux (d), luminal pH (e), total membrane potential (f), luminal
concentration of potassium (g), sodium (h), and chloride ions (i), as well as the turnover rates of CIC-7"T and CIC-7fast
(j), and CIC-7u< (k). The initial conditions were set to the steady-state values of Figure 4 (i.e., after lysosomal calcium
release, Table S3) and the cytosolic calcium concentration was set to 100 nM. From t = 0 s, the lysosomal membrane
was permeable to calcium ions (Pqz+ = 1.5 X 1077 cm/s), and 10 CAX with 3H*:1Ca? stoichiometry were turned on.
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Figure S6. Calcium uptake via 20 CAXs with 2H+:1Ca2+ stoichiometry accompanied by calcium leak. (a) Schematic
representation of the model with CIC-7 antiporters, V-ATPases, potassium, sodium channels, proton leak, calcium
release channel, and CAXs with 2H*:1Ca?" stoichiometry. The cartoon was created using Servier Medical Art templates
(https://smart.servier.com), licensed under a Creative Commons License
(https://creativecommons.org/licenses/by/3.0/). (b-k) Depicted for the different CIC-7 scenarios during triggered
calcium uptake (CIC-7%T, dashed black line; CIC-7%, red; CIC-7u, blue; CIC-7*°, green) are luminal free calcium
concentration (b), turnover rate of CAX (c), calcium flux (d), luminal pH (e), total membrane potential (f), luminal
concentration of potassium (g), sodium (h), and chloride ions (i), as well as the turnover rates of CIC-7"T and CIC-7fast
(j), and CIC-7ur< (k). The initial conditions were set to the steady-state values of Figure 4 (i.e., after lysosomal calcium
release, Table S3) and the cytosolic calcium concentration was set to 100 nM. From t = 0 s, the lysosomal membrane
was permeable to calcium ions (Pgg2+ = 2 X 1077 cm/s), and 20 CAX with 2H*1Ca?" stoichiometry were turned on.

27



Astaburuaga et al.

a b c
08 4000
= 3000
s 06 w
E &
:'_-' 04 Q 2000
Ll
>
= 0z < 1000
0 0
0 500 1,000 1,500 2,000 0 500 1,000 1,500 2,000
| Time [s] Time [s]
d e f
1000 5 40
0 4.9 30
o)
& -1000 438 5 2
L] = E
= [=% L
< -2000 47 =10
&
3 <
~ -3000 46 0
_/’-— —
-4000 45 -10
0 500 1,000 1,500 2,000 0 500 1,000 1500 2,000 0 500 1,000 1,500 2,000
Time [s] Time [s] Time [s]
g h i
200 12-\____* 200
S —— 10
150 _ 150
— = -
= =
E E B E
=, 100 - £ 100
b 6 =
= 2 2 s
50 4
0 2 0
0 500 1,000 1,500 2,000 0 500 1,000 1,500 2,000 0 500 1,000 1,500 2,000
Time [s] Time [s] Time [s]
j k
100 100
-= a7
50 50
= x — ac7™
=2 0 <0
- N — qac7"™
=) w
= 50 = 50 — cc7*
-100 -100
0 500 1,000 1,500 2,000 0 500 1,000 1,500 2,000
Time [s] Time [s]

Figure S7. Calcium uptake via 30 CAXs with 1TH+:1Ca2+ stoichiometry accompanied by calcium leak. (a) Schematic
representation of the model with CIC-7 antiporters, V-ATPases, potassium, sodium channels, proton leak, calcium
release channel, and CAXs with 1H*:1Ca?" stoichiometry. The cartoon was created using Servier Medical Art templates
(https://smart.servier.com), licensed under a Creative Commons License
(https://creativecommons.org/licenses/by/3.0/). (b-k) Depicted for the different CIC-7 scenarios during triggered
calcium uptake (CIC-7%T, dashed black line; CIC-7%, red; CIC-7ur, blue; CIC-7*°, green) are luminal free calcium
concentration (b), turnover rate of CAX (c), calcium flux (d), luminal pH (e), total membrane potential (f), luminal
concentration of potassium (g), sodium (h), and chloride ions (i), as well as the turnover rates of CIC-7"T and CIC-7"ast
(j), and CIC-7ur< (k). The initial conditions were set to the steady-state values of Figure 4 (i.e., after lysosomal calcium
release, Table S3) and the cytosolic calcium concentration was set to 100 nM. From t = 0 s, the lysosomal membrane
was permeable to calcium ions (Pq2+ = 1.4 X 1077 cm/s), and 30 CAX with 1H*:1Ca? stoichiometry were turned on.
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Figure S8. Chloride-proton exchanger supports lysosomal calcium uptake via channel for all the tested values of
cytosolic calcium concentration ([Ca*]c). Luminal free calcium concentration for the different CIC-7 scenarios during
calcium uptake (CIC-7"T, dashed black line; CIC-7%, red; CIC-7u"c, blue; CIC-7%°, green) for 10 different values of [Ca?]e.
The initial conditions were set to the steady-state values of Figure 4 (i.e., after lysosomal calcium release, Table S3) and
from t =0 s, the lysosomal membrane was permeable to calcium ions (Pca**= 5.7 x 10 cm/s) representing the opening
of the uptake channel.
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Figure S9. Steady-state luminal pH was robust against changes in model parameters and the steady-state values of
luminal ion concentrations were highly affected by variations in cytosolic pH. Each input parameter shown in Table
S1 was varied in (a) -10% (b) +10%. The colour maps show the relative difference (Equation S43) between the steady
state value of each variable on the vertical axis under a variation in the input parameter of the horizontal axis and the
steady state output for the reference scenario (Table S4).
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