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Abstract: Lysosomes are important organelles of eukaryotic cells required for autophagy, endocytosis,
protection against pathogens, maintenance of metabolic balance and cell signaling. A model of ion homeostasis
and synchronised, interdependent operation of ion transporters in the lysosome allows one to predict the
response to external influences and to design and interpret experiments correctly. Especially, with the advent
of organelle rhodopsin optogenetics, there is a great need to predict cellular outcomes after light-driven specific
ion transport in lysosomes and other organelles. At present, there are no models of lysosomal ion balance that
fully match the current experimental data and allow simulation the organelle’s response to stress. Here we
present an interactive model that provides near-lysosomal ion concentrations and adequate stress responses.
The model is stable to lysosome maturation, transient organelle swelling, membrane permeabilization,
deacidification by vATPase inhibition or additional proton efflux, accumulation of weakly basic, “proton
sponge”-like cationic amphiphilic drug (CAD) in the lysosome. The model shows that at least one of the
functions of lysosomal calcium could be attributed to the stress signal of organelle deacidification. As a major
advance, our simulation provides the possibility to have the lysosome under mixed stress conditions. In
addition to suggesting the dynamics of the stress response, the model also allows to study of purely selective
effects, which can be experimentally induced using optogenetics. Understanding the mechanisms of stable,
stress-resistant functioning of the lysosome provides ideas for the invention of anti-disease and anti-aging

interventions.
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1. Introduction

Lysosomes are an important organelles of eukaryotic cells that digest nutrients, metabolites and
internal cellular components. Lysosomes are also involved in signaling and protection against
pathogens [1]. Lysosomal diseases, including proteinopathies, neurodegenerative diseases and
others, are severe diseases that shorten the average life expectancy of humans [2,3].

Persistent pH elevation and ionic imbalance of lysosomes are characteristic of patients with
neurodegenerative diseases [4-6], type Il diabetes [7], infectious and rare genetic diseases [8].
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Therefore, in the search for ways to prevent these pathologies, it is necessary to elucidate the
mechanisms of maintaining stable functioning of lysosomes.

Current knowledge about the functioning of various ion transporters and enzymes in the
lysosome is incomplete [9]. It is known, that an acidic environment is maintained in the lumen of the
lysosome for the optimal functioning of the degradative enzymes. In addition to catalysing
degradation, the low pH (~4.5) and high proton gradient across lysosome membrane provide
capability for the transport of other ions, such as chloride [10]. This coupling between acidification
and ion transport is essential. Indeed, mice have a severe disease phenotype due to reduced chloride
influx, despite low lysosomal pH, after mutation in CIC7 [11] or CIC-5 [12], which rest anion transport
but shut down chloride-to-proton exchange.

The high acidity of lysosomes is maintained by the action of several transmembrane
transporters. First, the H*-vacuolar type ATPase (vATPase) produces an ATP-dependent proton
pumping into the lysosomal lumen. Second, Cl-/H* antiporter (CIC7) [13] pumps out chloride and
pumps in protons, thereby promoting acidification [14,15]. At a positive lysosomal lumen potential,
CIC7 can reverse the direction of the exchange and, by pumping out the proton, pump in two Cl- as
a counterions. Compensation of the positive membrane potential by anion influx allows bulk
acidification by electrogenic vATPase [16]. One of the most recent pieces of evidence in favour of CI-
as a counterion is the fact that chloride increased the acidification on isolated synaptic vesicles [17].

The role of decreasing the membrane potential caused by protons is also claimed by the cations
K*, Na* [18], which flow out of the lysosome through leak-like channels or through K*-selective
TMEM175 [19] or Nat-selective Two-Pore Channel 1 (TPC1) [15]. The Na*/K* cation counterflux
allows protons to enter more rapidly, especially in the cases when ATP resources are limited [19,20].
The release of sodium/potassium cations in exchange for protons is also more desirable for stability
than the injection of chloride ions in parallel with protons, since an increase in the intralysosomal
concentration of ions should increase the osmotic pressure and lead to the entry of water, swelling of
the lysosomes [21]. Furthermore, in lysosomes isolated from macrophages, only the possibility of
pumping out from of the lysosomes has been demonstrated for cations, while the influx of chloride
into such lysosomes has been practically not observed [15]. In general, the identification of the actual
counterion/counterflux that enables high lysosomal acidification remains an open task [9].

Another unanswered question in lysosomal ion homeostasis is the mechanism for maintaining
Na*, K* ion concentrations at experimentally defined levels [18]. The problem for the lysosome to
maintain stable low potassium and high sodium concentrations is that cytosol has high [K*] and low
[Na*]. First, lysosomes fuse with endosomes so that near-extracellular, low [K*] and high [Na*] ion
concentrations can be achieved. Second, NHEs (Na* or K*/H* exchangers) could, in principle, increase
lumen [Na*] by dissipating the proton gradient. Third, removal of potassium and addition of sodium
ions could be achieved by Na*/K*-ATPase. Fourth, some transporters such as TRPMLs and P2X4
could provide K* efflux [22].

Stress response is one of the central roles of the lysosome, because it knows about nutrient
supply (endocytosis), garbage accumulation (autophagy), enemy attack (phagocytosis, ROS sensing)
and has proteins on the membrane that could give signals to other proteins or modulate expression
pattern [23,24]. Lysosomes frequently experience stresses such as maturation [25], reactive oxygen
species attack [26], osmotic swelling [27], cycles of activated-inhibited vATPase as an adjustment to
catabolic-anabolic metabolic modes [28,29], permeabilisation-membrane repair [30], functioning
under starvation conditions [20], accumulation of protein aggregates or weakly basic, “proton
sponge”-like cationic amphiphilic drugs (CAD) (substances with proton-accepting groups that
accumulate in protonated form in cellular acidic membrane compartments) [31,32], involvement in
calcium stress signaling [6]. It is therefore necessary to study stress tolerance to such extreme
conditions [33] and to predict biomarkers of cellular adaptation.

With the advent of organelle rhodopsin optogenetics [34], it has become possible to study the
mechanisms of lysosomal ion regulation directly, i.e. using light-driven selective proton, chloride,
sodium, potassium pumps or channels directly in living cells, in situ. First, one could study how will
the lysosome responds to the release of protons. This is possible using the inward proton pump
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NsXeR [35], which is already integrated into the lysosome [36]. It is possible that deacidification leads
to calcium release, as has been shown indirectly by vATPase inhibition [37] or the use of bafilomycin
Al [38]. Second, the counterion/counterflux problem could possibly be solved by lysosome-
embedded sodium pump KR2 [39], potassium channel KCR [40], chloride pumps (e.g. SyHR [41],
NpHR [42]). However, in order to design such experiments and interpret their results correctly, it is
necessary to develop theoretical ideas about the consequences of such narrowly targeted changes.

The value of modelling lysosomal pH regulation lies not only in consolidating fundamental
concepts of the mechanisms of organelle ion homeostasis, but also in providing predictive capabilities
for experimental design. Therefore, a theoretical model is needed, while current model
implementations have drawbacks (Table S1).

Our model is based on the experience of previous physics-mathematics models of lysosomal ion
homeostasis [14,43,44]. Our simulator has been designed to model ion fluxes using the Goldman-
Hodgkin-Kanz current equation, supplemented by selective and lysosome-specific ion transporters,
and ion/water leak-like fluxes. Our model allows testing different modes of lysosomal operation,
stress effects and predicting the consequences of interventions to improve the stability of key
organelle parameters. The model presented here is stable to parameter variation, equilibrates to near-
lysosomal ion concentrations and is efficient for biologically important tasks. One can even mix
multiple stresses simultaneously in the easy-to-use LysoModel.exe application.

2. Materials and Methods

2.1. Model description

Our model is based on a system of ordinary differential equations, constants from works
[14,43,44]. A detailed description of the model is given in Supplementary Note 2, the initial values of
parameters presented in Table S2.

The calculation of ionic passive fluxes (by Goldman-Hodgkin-Kanz current equation [45])
remains the same as in previous models:

U NA
T—ov X (lionle x e™ —Tion])) x 13 @

where Pion is the permeability for a specific ion, S is the lysosomal membrane area, [ion]ei is the
cytosolic/lumenal ion concentration (Equations S2, 53), U is the reduced membrane potential, NA is
Avogadro’s number (6.02214076x10% particles/mol). Reduced membrane potential is defined as

U=y -F)/(R-T) ()

where F is the Faraday constant, R is the universal gas constant, temperature T = 298K, RT/F = 25.69
mV, A is the potential defined by the luminal ions (Equation S7).

The equations describing the transporters activities were taken from previous models [14,43,44].
The model used here includes vATPase (producing proton influx), NKA (sodium/potassium-
transporting ATPase, 3Na* influx/2K* efflux), CAX (3H* efflux/Ca?" influx exchanger), TRPML1
(calcium efflux), CIC7 (H*/2Cl- exchanger), potential-independent leak-like passive ion fluxes across
the membrane and the water flux determined by the osmotic pressure in the lysosome (Figure 1A).

Jion = Pion X S X


https://doi.org/10.20944/preprints202412.0801.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 December 2024 d0i:10.20944/preprints202412.0801.v1

4
&5 pH ~7
8, VATPase ~150 mM K*
~100 nM Ca?*
~10 mM Na*
~50 mM CI 7.0
6.5
6.0
e
560 mM K* g 5.5
0.5 mM Ca?*
Passive flux 20-120 mM Na* + -
Na K B, | ~100 mM CI S 23 50
CI, Ca?*, water) & D
) i) 45
4.0
0 2 4 6 8 10

Time, min

Figure 1. Representation of the model. A. Schematic representation of the ion transporters and passive
ions/water fluxes implemented in the model. vATPase structure from PDB ID 3J9T [46], NKA (7E1Z
[47]), CAX (4KPP [48]), TRPLM3 (5W3S [49]), CIC7 (7JM7 [50]). The ions conduction paths are shown
schematically. The main ions fluxes for the each protein are shown, but there are also other
conductances (e.g. Fe?, Na*, Zn* fluxes for TRPMLs). Cytosolic and lysosomal ion concentrations [9]
are shown outside and inside the membrane boundary, respectively. The total lysosomal membrane
potential Ayr is the sum of the potential of Donnan particles, other lumenal anions (A{) and the
transmembrane potential difference (Youtin=-50mV [14]) and is equal to 10-100mV, lumen positive
[561,52]. B. Stability of the equilibrium pH after initiation model from different initial pH values.

The potassium transporter TMEM175 and the sodium transporter TPC1 were not included in
our model due to the lack of experimental data on a functional dependence of TMEM175/TPC1 ion
flux on the potassium/sodium concentration and transmembrane potential difference [15,19]. Other
important proteins that duplicate the function of ion transport of sodium or potassium (NHEs, Na*
or K*/H* exchangers, known to limit endosome hyperacidification in non-cancerous cells [53]),
chloride (CLN?7, etc.), calcium (P2X4, BK, TPC2, etc.) [9] were also not used in the model.

Compared to previous works, two changes were made in the modelling of the normal lysosome.

First, a sodium/potassium-transporting ATPase (NKA) was used in the lysosome to maintain
non-cytosolic sodium and potassium concentrations. This modification allows the maintenance of a
sufficient, experimentally confirmed difference between the lysosomal and cytosolic cations
concentrations [18]. The existence of NKA is known for the endosomal membrane [54], but lysosomes
could rest NKA for some extent (proteomic study, ATP1A1, al subunit of Na*/K*-ATPase [55]). The
efficiency of the Na*/K+-ATPases was set to 13 000 units in lysosomes (and 40 000 in late endosomes),
so that the equilibrium lysosomal cations concentrations ([K*] = 60 mM, [Na*] = 20 mM [18]) were
reached. Performance surface of NKA is shown in Figure S1A.

Notably, the use of electrogenic NKA (3Na*:2K* exchange) in the model increased steady-state
lysosomal pH, so we increased the number of vATPases from 300 to 550 compared to original model
[14]. To some extent, the presence of NKA in the model could be replaced, first, by NHE, which
transports sodium ions into the lysosomal lumen, to increase lysosomal [Na*], and, second, by some
unknown source of potassium efflux to decrease lysosomal [K*].

Second, the equation describing the performance surface for vATPase was modified to
approximate the experimental dependence of vATPase activity on lysosomal pH and potential [43]:

Jvarpase(W, pH) = (tanh (a X pH; + b) X ¢ = d) X Nyarpase 3)
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where a(y), b(¥), c(¥), d(})) - polynomials describing the numerical surface, obtained by fitting of
surface slices, pH, is the lysosomal pH, N,srpgse is the number of vATPase proteins. Thus, the
numerical surface from the original work [43] has been replaced by polynomials to make modelling
more convenient. The performance surface of vATPase is shown in Figure S1B.

The amount of vATPase in the previous model was 300 proteins with an activity of each ~100
H/s each [14]. However, recent data on lysosomes in human cells indicate that there are on average
1.47 vATPase complexes per lysosome, 2-6 complexes per lysosome closest to the nucleus and 1.1
complexes per peripheral lysosome [56]. Similarly, published data on synaptic vesicles indicate that
only one H*-ATPase is present in 80% of vesicles [17,57]. Therefore, we scaled the maximum number
of vATPases from 550 to 6 proteins, while increasing their activity to match the experimental pH
values. We therefore used the activity of a single vATPase activity as ~10 000 H*/s. This value is
currently not clearly known, as existing reports estimate the activity of single vATPases to be ~100
H+/s [58], or ~1170 H*/s [59]. For ATP synthase it is estimated to be 1000 H*/s [60,61].

In order to model the stress conditions, the initial values of the parameters listed in Table S2
were changed or the model equations (Supplementary Note 2) were supplemented with new
functions or dependencies, which are summarized in Table 1 and will be described in the relevant

sections.

Table 1. Stress conditions.

Type of | Description Mathematical description
stress/impact
Lysosome Changes in initial ion concentrations | Initial
maturation corresponding to their values in the late | [Cl]=58 mM

endosome. All ion transporters function as in | [K*] =40 mM

the lysosomal norm model except vATPase | [Na*] =50 mM

and NKA, which gradually increase/decrease | pH=>5.8

in activity. AP =50 mV
Short-term Increased permeability to all ions and water | Changing parameters P;,,, P,
lysosome for ~12 minutes by 100- or 10-fold increase
membrane
permeabilization

Short-term vATPase

Short-term (50 seconds) shutdown of vATPase

Jvarpase =0

“knockout” Temporarily

Short-term volume | Short-term (50 seconds) increase in water flux | Jwmoa) = Jw + const
enlargement into the lysosome, causing it to swell Temporarily

Ca signaling as | Inhibition of vATPase activity and monitoring | 6-fold reduction of the
response to | of changes in calcium concentration and its | vATPases number Ny rpgse
vATPase inhibition | channel activity

Ca signaling as | Adding a constant value to the proton flux dNH* dNH*
response to proton dt (mod) = dt

efflux + const
Cationic Modelling of “proton sponge” accumulation | Water influx increased due to
amphiphilic drugs | in the lysosome leading to lumen | “proton sponge” presence.
(CAD) as Lysosomal | deacidification Description in the main part of

the work
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storage diseases
(LSD) model

Mod - modified parameter or function under stress condition, L - lysosomal, Juarpse — proton flux due to vATPase

work, Jo — water flux, Nvarrse - number of the vATPases, NH* - number of protons in the lumen, A} — lumen
potential, determined by the concentrations of ions inside the lysosome.

2.2. Model stability

We investigated the stability of the steady-state values of the system with respect to changes in
the main input parameters (Supplementary Note 3). vATPase activity, lumen potential A} and
lysosomal radius kinetics were investigated after starting the simulation from different physiological
initial pH values. They were found to stabilise at near-conventional values with discrepancies of 7,
18 and 3%, respectively (Figure S2A-C). Concentrations of potassium, sodium and chloride ions
stabilised near the conventional values after changing their own initial values in the physiological
range (Figure S2D-F).

We then tested the stability of [H*], pH, [K*], [Na*], [Cl], [Ca%*], lysosomal radius and
transmembrane potential A to 10% changes in other key model parameters (Figure S3). The pH is
exceptionally insensitive to changes in the system, confirming its performance as a model of pH
homeostasis in the lysosome (Figure 1B). The concentrations of lysosomal potassium, sodium and
chloride ions are stable, i.e. they change by less than 10% after any change in input parameters.
Calcium concentration is sensitive to changes in initial cytosolic pH, probably due to CAX H*/Ca?*
antiporter activity. The lysosomal radius is extremely stable to all changes. The Al potential remains
stable to all changes except the change in the initial radius of the lysosome. Although it seems
paradoxical that the unstable parameter is the proton concentration in the lysosome, this is due to the
fact that pH is logarithmic and the lumen solution has a buffer capacity, which is expressed in the
equations (Supplementary Note 2, Equation S8).

The most influential parameters for the intralysosomal equilibrium (i.e. pHz, R, 3, lumen ions
concentrations) are cytosolic [K*], [Cl'] (main players in the dissipation of vATPase-generated
potential), initial lysosomal pH, transmembrane potential PYoue — Wip-

2.3. Model software

The model was implemented in Python, the numerical solution of the differential equations was
performed using the methods of the Scipy library [62] the scipy.integrate.odeint. The absolute and
relative tolerances of the solution are 1.49012e-8.

Jupyter notebooks for all single stresses and model stability checks can be found at
https://github.com/Nsf03/LysoModel/ and in the Supplement.

For simplicity, the model was implemented in an executable file (Supplementary
LysoModel.exe). The visualization was done using the Dash library, executable file was created using
the Pyinstaller library.

The software allows the user to change the initial lysosomal pH, [K*], [Na‘], [Cl] and to watch
the time response of pH, membrane potential, [K*], [Na*], [Cl], water flux and organelle radius,
vATPase activity. Such monitoring could be performed in normal or stress conditions, switched on
in a short time interval from 300s to 350s: swelling (increased water influx), permeabilization,
vATPase number decrease, proton efflux, described in Table 1. The condition of accumulation of
cationic amphiphilic drugs CAD (proton sponge) is applied from the beginning of the simulation.
Not only one stress could be applied.

The software allows the user to scale, save plots, work without internet connection and pre-
installed Python environments.

A detailed description for users is available in ReadMe file on github
https://github.com/Nsf03/LysoModel.

3. Results
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3.1. Endosome/Lysosome maturation

In the final stage of maturation, endosomes have significant similarities to the lysosome,
possessing its various ion transporters [25]. Therefore, we can use our model to simulate endosome
stabilization of ion concentrations, a decrease in pH. The number of H+-vATPases was gradually
increased with a concomitant decrease in the activity of Na*/K*-ATPases, with a characteristic
maturation time of 1.5 h (Figure 2A) [25]. The initial pH = 5.8 [63], concentrations [Cl] = 60 mM [63],
[K*] =40 mM, [Na*] =50 mM [10,18].

In the process of endosomal acidification, a high initial pH activates vATPase, causing a pH drop
(Figure 2B). Due to the buffering capacity of the lysosomal lumen, a pH decrease of 1 unit is only
possible after an influx of about 40 mM protons (Figure 2C) (while pH shift from 5.8 to 4.7 means
change in free protons concentration only from 1.6 uM to 20 uM). Membrane potential increases
(Equation S7) (Figure 2B). It should be emphasised that in all plots in this paper A is shown as the
potential, determined by the concentrations of ions inside the lysosome, without adding of the
constant value of Yoy — Pip =-50mV (Equation S6).

Increasing the membrane potential also leads to a decrease in sodium and an increase in chloride
lumen concentrations (Figure 2C). Potassium concentration increases due to high cytosolic [K*].

The stabilization of ions concentrations occurs in three steps.

First, a rapid increase in ions concentrations to [Cl] = 73 mM, [K*] = 48 mM, [Na*] = 66 mM is
due to equilibration of the system. This increase in ionic concentrations causes a rapid, short-term
increase in lysosome radius (Figure 2D). Although the model is stable after reaching steady state, the
system may be unstable when simulations are run from different initial values. This is due to the fact
that values such as potential, transporters activities and fluxes are calculated during the simulation
and can change abruptly in the first steps, causing a change in the behaviour of the rest of the system.
This process is a consequence of the discreteness of the modelling.

Second, as NKA efficiency decreases, sodium concentration decreases and potassium
concentration increases according to their cytosolic distribution. Potassium influx is less pronounced
due to the positive membrane potential. Third, as vATPase activity increases and pH decreases,
chloride ions flow into lysosomal lumen (Figure 2C), decreasing rate of membrane potential increase
(Figure 2B), which could explain the increase in K*influx after 15 min of simulation (Figure 2C). As a
consequence, the decrease of the net ions content in the lumen (-7mM) leads to a slight decrease of
the lysosome radius (Figure 2D). The change in ions concentrations leads to a stabilization of the
system (Figure 2B-D), so that the final fluxes of ions and water are zero.
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Figure 2. Modelling of lysosome maturation. A. vATPase number increases and NKA number
decreases during lysosome maturation. B. Shift of pH and membrane potential of endosomes to the
near-lysosomal levels. C. Kinetics of ion concentrations adjustment in the endosome during
maturation. D. Decrease in the volume and water flux into the organelle during endosome
maturation.

Our model predicts pH stabilization at a lysosome-specific level (pH~4.74), a 10% increase of
membrane potential from late endosomes to lysosomes (Figure 2A) consistent with 50% increase from
Voltair sensor assessments [51].

Steady-state Ay of ~65mV, giving total lysosome membrane potential of ~15mV, is consistent
with previous experimental measurements [51,52,64].

We also see a 3% decrease in organelle volume, which is consistent with previous estimates of a
volume decrease of less than 15% [65]. Reduced membrane tension due to volume decrease could
provide an opportunity for the lysosome to perform some specific functions, such as autophagic
lysosome reformation [66].
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Thus, we could conclude that the simulation of lysosome maturation from late endosomes
occurs appropriately, as activation of vATPase acidifies the lumen, leading to an increase in
transmembrane potential, ion concentrations come to near-lysosomal levels.

3.2. Lysosomal Membrane Permeabilization (LMP)

To model short-term lysosomal membrane permeabilization (LMP), we temporarily increased
ion and water permeabilities by 100 times (see 10-fold increase results in Figure 54). As expected, a
pH increase of ~1 unit was observed with a return to the initial steady-state level, with a concomitant
reversible potential drop of 10 mV (Figure 3A). The total membrane potential is quite low during
LMP (6émV, Figure 3A), consistent with the expectation of membrane rapture. Thus, our LMP
modelling as a 100-fold increase in permeabilities is quite sufficient.

Potassium ions entered the lysosome due to their high concentration in the cytosol and low
concentration in the lysosome, and also due to the decrease in organelle membrane potential. Sodium
and chloride ions also exited by diffusion (Figure 3B).

It is also important to note that calcium exits during LMP (Figure 3B), which is in agreement
with the experiment [30].

There was also a slight swelling of the lysosome (volume increase by 4%) by water influx (Figure
3C), consistent with an increase in osmotic pressure.

At the same time, vATPase was activated by ~10% in an attempt to compensate for the proton
leaks (Figure 3D).
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Figure 3. Consequences of the transient LMP modelled as a 100-fold increase in permeabilities. A.
Increase in pH, decrease in potential. B. Adjustments of K*, Na*, Cl- ions concentrations. Colored
numbers are concentrations in mM. C. Increase in radius and water uptake. D. vATPase activity
increases, resulting in a return to the initial state. Orange dashed rectangles mark the time period of
stress application.

Thus, according to the model, the temporary permeabilization of the lysosomal membrane does
not lead to a catastrophe. The lysosomal physiological parameters return to their original values once
the ion permeabilities are restored to normal.

3.3. Short-term vATPase “knockout” or lysosome enlargement stresses

Next, we give two examples of “fast” perturbations of 50 seconds duration.

The first influence is temporal “knockout” of vATPase (complete shutdown of vATPase proton
flux for 50 seconds) as a crude model of the circadian rhythms that accompany the metabolic shift
from catabolism (autophagy, inhibited mTOR, active TFEB, high vATPase activity) to anabolism
(proliferation, mTOR activation, suppression of TFEB, vATPase) [67,68]. During the shutdown
period, the lysosomal lumen is deacidified by ApH=0.41, which causes a 4% decrease in the lysosomal
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membrane potential (Figure 4A), cations/chloride concentrations increase/decrease (Figure 4B) and
no volume change (Figure 4C). After the vATPase reactivation, relaxation to the normal state takes a
few minutes.

As a second example of short-term stress, we chose a simulation of lysosome swelling (Figure
4D-F), which occurs, for example, during hypotonic stress or the fusion of lysosomes with endosomes
or autophagosomes. The water flow was increased for 50 seconds and then turned off. This resulted
in transient increase in volume by 8% (Figure 4D) and a slight increase in pH (ApH=0.01) (Figure 4E).
Potassium, sodium and chloride enter the lysosome, but to different extents (Figure S5). Different
ions permeabilities (1.2x10, 9.6x107,7.1x107ionxcm/s for Cl, Na*, K*, respectively) and high cytosolic
[K*] lead to approximately 5-fold greater potassium, chloride than sodium uptake. However, no
change in ions concentrations was observed (Figure 4F) due to, possibly, volume increase. Potential
also shows no change (Figure 4E). After disturbance, the system returned to normal.
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Figure 4. Short-term stresses. A-C. vATPase “knockout” as a representative result of a metabolic
switch from catabolism to anabolism. A. Increase in pH and decrease in potential. B. Cation efflux
and CI- influx. C. Absence of volume increase. D-F. Lysosome swelling. D. Organelle enlargement due
to additional water influx. E. Deacidification and slight potential decrease. F. Disturbance of ions
concentrations. Orange dashed rectangles mark the period of stress application.

Comparison of these two cases shows that a some pH increase does not change lysosome
volume. Conversely, 8% lysosome enlargement by water could not cause significant changes in pH
and ions concentrations.

Thus, the model is stable to short-term stresses, such as vATPase shutdown, swelling (hypotonic
stress), lysosome parameters recover to conventional values. This means that the model fulfils the
requirements of a working model that adequately describes a biological system.

3.4. Calcium efflux as response to pH increase: deacidification, even without vATPase inactivation, could lead
to calcium release from lysosomes
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There are a number of experimental studies that have shown a relationship between the pH of
lysosomes and the release of calcium from them. The presence of bafilomycin A1, a known vATPase
inhibitor [69], resulted in the release of calcium into the cytosol [70]. However, bafilomycin Al can
be a potassium carrier [71] and cause the release of calcium from the mitochondria, endoplasmatic
reticulum [72]. That is, the possible non-selectivity of bafilomycin may result in calcium release that
is not due to vATPase blockade and the subsequent increase in lysosomal pH. More specifically,
blockade of vATPase activity by misfolding of the Voal subunit [37] has been shown to release
calcium from lysosomes via TRPML1. However, it remains unclear whether inhibition of vATPase or
an increase in pH leads to calcium release.

The model reproduced initial conditions such as vATPase inhibition or direct additional proton
efflux and tested for calcium release from lysosomes. vATPase inhibition was implemented by
reducing the number of active vATPase from 6 to 1 (6-fold decrease) (Figure 5). Such vATPase
quantities are shown for lysosomes in peri-niuclear and peripheral cellular locations, respectively
[56]. After changing the number of vATPases, the system reached a steady state.
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Figure 5. Calcium efflux from the lysosome after vATPase inhibition. A. In silico experiment setup.
Schematic description of the lysosomal response to vATPase inhibition. The resulting changes in CAX
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activity and [Ca?"] are shown. B. Increase in pH and decrease in potential. C. Decreased activity of the
CAX transporter. D. Ca? release from the lysosome. Orange dashed lines correspond to the shift from
norm to stress.

Deacidification without vATPase inhibition was reproduced by introducing an additional
constant term reflecting the efflux of hydrogen ions from the lysosomal lumen (Figure 6). We were
particularly interested in this case because of the existence of the lysosome-targeted NsXeR proton
pump, which is able to specifically deacidify the organelle, just by illumination [35,36]. Thus, the in
silico study design is suitable to describe the consequences of a possible optogenetic lysosome pH
increase by NsXeR.

Both simulations yielded very similar results (Figure 5A, Figure 6A). Deacidification of the
lumen and decrease in potential (Figure 5B, Figure 6B) resulted in inhibition of the calcium channel
CAX, which pumps calcium into lysosomes. Under normal conditions, its activity was 2200 ions/sec,
whereas with vATPase inhibition and direct proton efflux it was 898 ions/sec and 895 ions/sec,
respectively (Figure 5C, Figure 6C). Calcium concentration decreased ~2-fold in both cases as a result
of CAX blockade (Figure 5D, Figure 6D).

Although the modelling results are consistent with the data on calcium release from the
lysosomal lumen into the cytosol, we did not observe hyperactivation of the TRPLM1 ion channel in
the model, but a significant change in calcium pumping was observed for CAX.

A Normal conditions Deacidification B - Normal, Proton efflux
vATPase - VATPase 6.0 65.0
5 538 62.5
2+ Final pH: 6.13
o ' o ®® 56 60.0,
O.SmM 0.27mM m 5.4 L 57 5 E
Proton efflux & : 5_"
5.21 Final W: 58.29 mV s
@) = : 22
= 5.01
@ CAX p 1555
4.8
r50.0
0 0.5 1.0
Time, h
C Norm Proton efflux D Norm Proton efflux
v 22001 M——m— % 0.50 \
=~
+
2000 «
~N b ]
S 9 0.45
O 18004 Final CAX s
B: 1600 act1v1ty: E 0.40
s 895 Ca®* /s B
D 14001 & 0351 Final [Ca2* J:
< 5]
5 1200 A
<C ~N 0.301
O 1000 ©
] U i



https://doi.org/10.20944/preprints202412.0801.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 December 2024 d0i:10.20944/preprints202412.0801.v1

14

Figure 6. Calcium efflux from the lysosome after deacidification by additional proton efflux. A. In
silico experiment setup. Schematic description of the lysosomal response to direct proton efflux. B.
Changes in pH and transmembrane potential. C. CAX activity before and after proton efflux. D.
Changes in calcium concentration. Orange dashed lines correspond to the shift from norm to stress.

In conclusion, an increase in pH, even without vATPase inhibition, can lead to calcium release
from lysosomes.

3.5. Cationic amphiphilic drugs (CAD) as a model for lysosomal storage disease (LSD) and hypotonic stress

Protein aggregates, the cause of proteinopathies [73], accumulated in the compromised
lysosome, could increase its pH by acting as a weakly basic, “proton sponge”-like cationic
amphiphilic drug (CAD). According to the “proton sponge” hypothesis [74] and the mechanism of
accumulation of CAD [75,76], the entry of substances with a sufficiently high pKa into the lysosomal
lumen causes free H* ions to bind to the protonophilic groups of “proton sponges” (weakly basic,
ionisable amine functional groups), making them unable to escape the lysosome.

As aresult, in the first stage, the lysosomal pH rises while the potential is maintained (positive
and negative charges in balance). In the second stage, vATPase is hyperactivated and the pH
decreases. The excess of positive charge, due to the presence of both protons and protonated “proton
sponges” (SpH), and the increase in potential cause an influx of counterions, mainly, as it is widely
accepted, CI- ions. As a result, the total concentration of ions in the lysosome increases, and the
osmotic equilibrium of the lysosome-cytosol is disturbed. As a result, in the third stage, water enters
the lysosomal lumen to compensate for the excess ions, causing swelling and possibly rupture of the
lysosome. Previously, mathematical modelling of a “proton sponge” was described [77] with results
consistent with the three stages described above.

Despite the existence of such a clear theory for lysosomes, the presence of a similar swelling of
mitochondria [78], there are doubts about the action of weakly basic lysosomotropic drugs as “proton
sponges” [79]. For example, for polyethylenimine (PEI), a well-known transfection reagent, whose
mechanism of action is thought to be based on a “proton sponge” effect, has not been observed in
recent experimental work [80], contrary to [81].

In the model, the addition of H* ions to “proton sponges” was designed as a reversible second-
order reaction, the rate of which is determined by the concentrations of unprotonated “proton
sponges” (Sp), protonated “proton sponges” (HSp) and lysosomal pH:

Sp+HY © HSp

Ufusion = kfusion X 10—pH X [SP]

4
VUfission = kfission X [HSP]

V = Vrusion — Vrission

where Ve sion and Vsigsion are “sponge” protonation and deprotonation rates, respectively; kygion
and Kfig50n are reaction rate constants, [Sp], [HSp] are concentrations of unprotonated proton and
protonated “proton sponges”, respectively.

The reaction rate constants and initial concentrations of “proton sponges” are chosen to visualize
the model operation and can be optimized based on experimental data (according to the
characteristics of specific substances). Our assumption of rate constants values for the protonation
reaction (Table S2) gives an equilibrium [Sp]:[HSp] = 40:60 (Figure 7B). This corresponds to a pKa =
7.17, which is consistent with a weakly basic, somehow effective CAD (for chloroquine [82]).

In the model, the function describing the water flux is

Jw =Py xS X (0, X 107PH + 0, X [K]; + 0yg X [Nal; + 0¢ X [CL]; + oygsp X [HSP] — &) 5)

where P, is the water permeability, [ion]; is the lysosomal concentration of the selected ion, 0;,, is
the osmotic coefficient, and @, is the osmolar parameter, adjusted in such a way that the model is
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launched from the initial osmotic equilibrium. The function was written based on a previously
published model [14], with an additional ion HSp, a protonated “sponge”.

As a result of this stress, the lysosomal membrane is stretched, leading to swelling and, in the
extreme cases, membrane rupture and destruction of the lysosome [27] (Figure 7A).

Entrance of “proton sponges” and their protonation (Figure 7B), leads to lumen deacidification
(Figure 7C). Re-acidification via hyperactivation of vATPase is unable to return the lumen pH to the
equilibrium value of 4.7 with the chosen model parameters. The pH remains higher, equal to 4.8, and
the potential is also slightly higher than in the absence of “proton sponges” (Figure 7C). There is a
40% increase in volume due to the entry of water (Figure 7D).

However, it should be emphasized that the lysosome radius, volume can be increased without
changing the surface area, if we assume that the membrane was not initially stretched like a sphere,
i.e. in the case of reduced membrane tension. The modelling results are consistent with the idea that
“proton sponges” or CAD, such as chloroquine, are somehow a disrupt of lysosome function [53,83—
85].
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Figure 7. Accumulation of weakly basic, “proton sponge”-like cationic amphiphilic drug (CAD). A.
Schematic representation of the increase in osmotic pressure and swelling of lysosomes due to the
accumulation of “proton sponges”. The figure shows the relationship between the binding of protons
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with “proton sponges” and the increase in water influx. B. Concentration of protonated and
unprotonated “proton sponges” over time. Initially all “sponges” are unprotonated. C. Lysosomal pH
increases as “proton sponges” enter the lysosomes and gradually decreases to a level above normal
(4.8 pH units instead of 4.7). D. The time dependence of the lysosome radius (black) and the water
flux into the lysosome (blue); the graph shows a sharp increase in the size of the lysosome when the
“proton sponges” enter the lysosome, gradually reaching an elevated stable level.

As a result, the dynamics of the process obtained on the basis of the model were in agreement
with previous simulations [77], with the exception that the third stage, osmotic swelling, does not
follow the first two stages, but runs parallel to them.

The simulation showed that, when the lysosome is filled with a weakly basic, “proton sponge”-
like cationic amphiphilic drug (CAD), acting as proton acceptor, the lysosomal lumen is partially
deacidifies and the lysosome enlarges. The CAD-induced increase in osmotic pressure is a model
prediction in full agreement with experimental data [86].

3.6. Lysosome under mixed stress conditions

It is necessary to consider the state of the lysosome under not single, but multiple synchronous
stress conditions, as they occur in real life. At the level of the human body, multimorbidity is a
common scenario for the ageing person [87]. At the cellular level, different stresses could occur in
real life, e.g. under drugs treatment. Doxorubicin therapy has several molecular consequences [88]
(drug-induced ROS production, acting on TRPMLI1 [26], doxorubicin accumulation in the lysosome
as a “proton sponge” [89], etc.).

To address this need, we have implemented the possibility of applying several stresses, observed
in this work, simultaneously. This awkward situation may be generated under different initial ions
concentrations.

3.6.1. “Proton sponge” followed by decrease in the number of vATPase

In the real lysosome, vATPase inhibition could occur simultaneously with “proton sponges”
storage, e.g. when protein aggregates accumulate and temporary ATP depletion occurs.

Under double stress, i.e. implementation of transient vATPase number decrease in the presence
of “proton sponge”, we observed much lower pH increase (0.25 pH units vs. 0.45 on Figure 8C and
A top panels, respectively) due to pre-deacidification by means of “proton sponge” on one hand (4.87
vs 4.74 pH units), and pre-trained single vATPase, having 2% more activity in the “proton sponge”
case (Figure 8C and A bottom panels, respectively). Thus, a «hermetic»-like effect takes place [90].
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Figure 8. CAD accumulation or/and vATPase inhibition. Changes in pH (top) and single vATPase
activity (bottom) in the cases of single stress. A. vATPase inhibition; B. CAD accumulation; or
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simultaneous stresses. C. vATPase inhibition in the case of CAD accumulation; Plots from the
LysoModel.exe application provided in the Supplementary materials.

3.6.2. Proton efflux with vATPase inhibition

There are many studies measuring vATPase activity as the rate of lysosome re-acidification after
its transient deacidification (e.g. [18,29,36,91]).

Proton efflux applied as a single stress (Figure 9A) causes a pH increase of 0.26 pH units.
Coupled with a decrease in vATPases number (Figure 9B), it leads to a much higher deacidification
(0.77 pH units) and, after removal of both stresses, the relaxation rate to pH=4.7 is k=0.011 pH/s (94
seconds for pH e-fold decrease (in 2.73 times)). For proton efflux without vATPase inhibition, re-
acidification is faster with a rate constant k=0.014 pH/s (71 seconds for pH e-fold decrease). Thus,
even transient vATPase inhibition has an effect in slowing the rate of re-acidification.
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Figure 9. Proton efflux with/without decrease in vATPases number. Changes in pH for A. Proton
efflux. B. Proton efflux with temporal decrease in vATPases number. Plots from the LysoModel.exe
application provided in the Supplementary materials.

Thus, the model provides the possibility to have the lysosome under mixed stress conditions.
First, application of vATPases number decrease under accumulated CAD stress produces not so high
pH increase due to pre-trained, increased activity of each vATPase. Second, proton efflux under
reduced vATPase number produces higher deacidification with longer relaxation to stable pH.

4. Discussion

The experimental basis for studying lysosomal ionic balance has expanded in recent decades.
Quantitative measurements of both lysosomal pH and the membrane potential, so necessary for the
construction of model of lysosomal pH regulation [14], became possible even in situ as a result of the
development of Voltair [51], FRET dyes [52] or VSFP sensors [92] on membrane potential, as a
complement to the various fluorescent pH sensors (such as pHluorin, mKeima and their derivatives
and analogues [93,94]).

Models describing the role of cytosolic pH have been shown to be effective in predicting the
response of cancer cell, i.e. changes in its basic vital parameters to changes in ionic balance [95]. For
lysosomes, the model has already been applied to pathological CIC7 function [44].

The aim of this work was to investigate the mechanisms of stress resistance of lysosomal
homeostasis. The lysosome acts as a spy that knows of extracellular and intracellular conditions and
is able to inform the cell for adaptation and stress response [33]. Therefore, it is essential for the
modelling of lysosome function to have an organelle that is open to external influences.

We have shown that the model presented here correctly describes the dynamics of ions
concentrations, lysosome membrane potential, organelle volume, water flux, activities of ion
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transporters in numerical simulation of change of initial values, increase/decrease in vATPases
number, increase in ion permeabilities, change in water or proton fluxes.

A comparison of current and previous models of lysosomal ion homeostasis shows their
advantages and disadvantages in simulating of biological system (Table S1). Our model yields near-
lysosomal rather than cytosolic ions concentrations in the lysosome. It is not as dependent on the
number of H*/Cl- exchange transporter CIC7 as the original model [14]. The model is stable to
variations of cytosolic pH. The most influential parameters for intralysosomal equilibrium (i.e. for
pHL, R, 4y, ions concentrations) are cytosolic [K*], [Cl], initial lysosomal pH, number of vATPases
and sodium-potassium exchangers, transmembrane potential.

The complexity of considering of the lysosome-external influences open system allows one to
approach the physiological situation and increase the reliability of the model predictions. Stress
applications in the current model show following results.

First, the in silico maturation of lysosomes from endosomes is adequate, as the activation of
vATPase acidifies the lumen, leading to an increase in the transmembrane potential, and ion
concentrations are brought to near-lysosomal levels with the help of Na*/K*-ATPase.

Second, according to the modelling, a temporal, reversible lysosomal membrane
permeabilization (LMP) is sustainably tolerated by the lysosome. It turns out that it is important for
the lysosome to retain all of its membrane proteins, even when the lumenal content contains ion at
near-cytosolic concentrations. This means that de novo formation of the lysosome, its repair after LMP
is possible in the model and in real life.

Third, the model was shown to be stable to short-term stresses, such as temporary vATPase
“knockout” and lysosome swelling by additional water influx (hypotonic stress simulation).
Lysosome parameters recover to convenient values. A short deacidification did not cause swelling,
nor did a short water influx cause a pH increase. This means that the model stable and fulfils the
requirements of a working model that adequately describes a biological system.

Fourth, the model shows that calcium release from the lysosome is possible as result of its
deacidification via additional proton efflux even without inhibition of vATPase. Thus, optogenetic
deacidification via lyso-NsXeR [36] could lead to calcium stress signaling.

Notebly, calcium efflux was demonstrated in all cases of lysosomal deacidification: LMP
modelling (Figure 3), vATPase inhibition (Figure 5), addition of proton efflux (Figure 6). Thus,
according to our model, at least one of the functions of lysosomal calcium could be attributed to the
stress signal of organelle deacidification, as previously shown experimentally [30,37,38].

Fifth, simulation of lysosome adaptation to accumulation of weakly basic, “proton sponge”-like
cationic amphiphilic drug (CAD) in the lumen showed partial deacidification and enlargement, in
agreement with experiment [54]. However, the increase in lysosome radius in the model was only
40%, which is much less than in experiments with chloroquine (R from ~lum in norm to ~5um with
CAD) [86]. To suit with experiment, infinite accumulation of CAD should be implemented. Biological
reasons should also be taken into account [89], i.e. those caused by an increase in the number of
lysosomes and their fusion.

Sixth, the modelling of mixed stress conditions gave an advanced view on stress applications.
Application of vATPase inhibition under accumulated weakly basic, “proton sponge”-like cationic
amphiphilic drug (CAD) produces not so high pH increase (Figure 8) due to pre-trained, increased
each vATPase activity. In addition, proton efflux at reduced vATPases quantity produces higher
deacidification with longer relaxation to a stable pH.

In general, lysosomal stability lies in the redundancy, the existence of several different pH
maintenance mechanisms. Cations and anions help to maintain lysosomal acidification, while
calcium efflux signals the insufficiency of the lysosomal safety margin and triggers the cellular stress
response.

By taking lysosomal dysfunction into account, we will be able to understand the cause of disease
and ageing, allowing us to scale up the model results for translation into experiments and medical
applications. Targeting the lysosomal pH has multiple consequences and broad applications in
diseases treatment, anti-aging interventions [2]. By analogy with polypharmacology [96], an
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organelle-centered approach could have a much greater impact than selective but sole action on
specific protein targets.

The question of how the lysosome responds to hyperacidification, i.e. an increase in the
transmembrane potential, is also worthy of further investigation. This can be done optogenetically
using the proton pump rhodopsin Arch3 [97]. Hyperacidification and hyperpolarization under ATP
deficient conditions could potentially force vATPase to synthesise ATP, as observed in Thermus
thermophiles [98]. This is in principle possible due to the structural similarity of vATPase to ATP
synthase [99]. Arch3 rhodopsin in lysosomes could also be a model for the organelle
hyperacidification of cancer cells shown in some cases [53,100,101].

More generally, optogenetics could now be used to alter pH in the cytosol [102,103] and cellular
compartments, providing new data to prove mechanisms of pH maintenance in the cell.
Reconstitution of new rhodopsins [39,104,105] into cellular membranes may help with lysosomal
counterion/counterflux and other dilemmas.
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