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Abstract

Subcellular and organellar mechanisms have manifested a prominent importance for a broad 

variety of processes that maintain cellular life on its most basic level. Mammalian Two-pore 

channels (TPCs) appear to be cornerstones of these processes in endo-lysosomes by controlling 

delicate ion-concentrations in their interiors. With evolutionary remarkable architecture and one-

of-a-kind selectivity filter, TPCs are an extremely attractive topic per se. In the light of the 

current COVID-19 pandemic, hTPC2 emerges to be more than attractive. As a key regulator of 

the endocytosis pathway, it is potentially essential for diverse viral infections in humans, as 

demonstrated. Here, by means of multiscale molecular simulations, we propose a model of 

sodium transport from lumen to cytosol where the central cavity works as a reservoir. Since the 

inhibition of hTPC2 is proven to stop the SARS-CoV2 in vitro, shedding light on the hTPC2 

function and mechanism is the first step towards the selection of potential inhibiting candidates.
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Introduction

Two-pore channels (TPCs) consist of three proteins (TPC1-TPC3) and are part of a large 

superfamily of voltage-gated ion channels1 present in eukaryotes. These homodimers are 

composed of two subunits and each of them consists of two homologues Shaker-like 6 

transmembrane domains. Due to this architecture, TPCs are believed to be evolutionary 

milestones between four-domain monomer ion channels and homotetrameric ion channels.2 

Importance of TPCs’ functions in mammals and plants is unquestionable since they take part in 

numerous physiological processes: nutrient metabolism,3 lysosomal/vacuolar morphology and 

pigmentation,4,5 autophagy6 and neonagiogenesis.7,8 Moreover, their active participation in the 

transport of cations potentially assigns to them the control of resting potentials and pH in 

endolysosomes.9 This function is key for the endo/exocytosis processes, and TPC channels have 

been indicated as strongly involved in the mechanism of infection of diverse viruses, such as 

EBOLA,10 Mers-CoV11 and, recently, the large coronavirus family, particularly SARS-CoV and 

SARS-CoV-2.12–14

Regardless of their wide importance, the comprehension of TPCs as intracellular ion channels 

has been lagging behind when compared to their plasma membrane counterparts. The main 

reason for such an imbalance in the research focus was the unapproachable nature of the TPCs, 

both physiologically and structurally. Just in the last years TPCs were introduced to the 

computational biophysics community by employing techniques such as X-ray 

crystallography,15,16 cryo-EM17–19 and expression in heterologous systems.20–22 The current state 

of knowledge identifies mammalian TPCs as Na+-selective channels activated by the binding of 

phosphatidylinositol 3,5-bisphosphate [PtdIns(3,5)P2],7,23,24 with TPC1 showing a voltage 

dependence17 and an activity that is modulated by the Ca2+ concentration.7 A functional analysis 
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of mutation sites combined with docking studies on homology models discovered the presence of 

a specific lipid-binding pocket in human TPC2,23 whereas electrophysiological experiments and 

modelling of TPC2 indicate that the small hydrophobic molecule naringenin can inhibit some of 

its functions.7,25,26 Moreover, it was shown very recently that naringenin can inhibit Covid-19 

infection in vitro.12,13 It is worth noting that in plants TPC1 is a cation-selective,27 Ca2+ 

permeable,28,29 voltage-gated channel whose activity doesn’t depend on PtdIns(3,5)P2
21

 but 

demands increase in cytosolic calcium instead.15 This broad cationic selectivity can be narrowed 

down to Na+ only, by means of mutagenesis thus mimicking the mammalian one.16 

 Cryo-EM studies of the mTPC117 (Figure 1A) and hTPC218 (Figure 1B) confirm that  the 

mammalian TPCs pore has an aspargine-dominated selectivity filter (SF) on the lysosomal side, 

a feature unseen in other sodium channels where charged residues are present,2 see Fig. 1. 

Furthermore, in TPC2 the selectivity tendency for either calcium or sodium was reported to be 

controlled by agonist binding molecules making TPC channels different from other ion channels 

again.30,31 However, one should note that although having the same SF, mTPC1 and hTPC2 

display some modest differences. For example, in contrast to mTPC1, the cryoEM structures do 

not resolve hTPC2 with sodium in the SF. Also, we observe that the SF of hTPC2 appears to be 

slightly narrower, which may be a reason behind the lack of a sodium ion inside the SF in hTPC2 

(or vice versa).

Below the SF region a considerable volume of space, the central cavity (CAV), is lined by a fine 

mixture of hydrophobic and polar (non-charged) aminoacid residues and it is expected to be 

occupied by water molecules to hydrate diffusing ions. The CAV’s boundaries are two pairs of 

six transmembrane helices S6, one per subunit. In both TPC1 and TPC2, PtdIns(3,5)P2 molecules 

bind exclusively to the first domain (the binding site is situated at the junction formed by S3, S4 
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and the S4–S5 linker of DI18) while only S4 in DII (not in DI) responds to voltage changes in 

TPC1; TPC2, despite being structurally similar to TPC1, behaves as a voltage-independent 

channel21. On the cytoplasmic side, the CAV is limited by a narrow hydrophobic constriction 

region known as the hydrophobic gate (HG) (Figure 1A) which modulates the pore activity. It is 

crucial to mention that according to the structural information, the hydrophobic gate in TPCs 

consists of two rings, each containing four hydrophobic residues, whereas in voltage-gated, 

plasma-membrane sodium channels (Nav) it has only one ring of four hydrophobic amino-acid 

residues. This additional hydrophobicity imposes a significant barrier for the sodium transport, 

which is the probable cause for low conductances, i.e. low flux rates in animal TPCs.32 The 

concept of hydrophobic gating itself33–35 and its importance for mTPC1 were examined in detail, 

showing how  the binding of PtdIns(3,5)P2 can increase the amplitude of the HG fluctuations, 

and together with partial desolvation of the sodium hydration shell, allowing for sodium 

transport to occur.32 The range of the aforementioned fluctuations can vary significantly and 

although we have identified mTPC1-PtdIns(3,5)P2  complex as activable by observing transport 

in enhanced molecular dynamics metadynamics (MTD) simulations, the transport of the sodium 

ions under a physiological transmembrane voltage was never detected. The reason probably lies 

in the voltage dependence of TPC1, as standard MD simulations are unable to capture the 

conformational rearrangements occurring in voltage sensing domains  induced by the external 

voltage applied, likely to be in the order of hundreds of microseconds.36 For extensive reviews 

on the structure, activity and pharmacology of TPCs please see.19,37

In this paper, we have investigated dynamics and function of hTPC2 which was selected for an 

extensive multi-scale study for two reasons: (i) it is only ligand gated, which should allow the 

simulation of ion diffusion in the fully open state of the channel with an applied external voltage, 
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and (ii) according to the literature, and in light of current events, it could have a striking 

physiological importance, as its inhibition is able to stop SARS-COV-2 infections in vitro.13,26 

The latter candidates the hTPC2 as a key target for developing new inhibitors that should help 

mitigating the current COVID-19 pandemic.

Figure 1. Cryo-EM structures of the mTPC1 and hTPC217,18 with indicated regions of importance: 

selectivity filter (SF), central cavity (CAV) and hydrophobic gate (HG). Top: comparison of residues at 

SF after alignment of dimeric TPCs and homotertameric Nav channels. 

Results 

MD simulations. Our models are based on the three recent cryoEM structures of TPC2, 

respectively with the protein in (i) closed apo state (apoC) , (ii) closed holo state (holoC, ligand 

bound), and (iii) open holo state (holoO, ligand bound). 

  Table 1. A summary of standard MD simulations performed. 
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System PtdIns(3,5)P2 Repeats Time (ns) Total time (ns)

apoC no 10 300 3000

holoC yes 10 300 3000

holoO yes 10 300 3000

Each hTPC2 structure served as a template for 10 independent MD simulations, 300ns each, 

totalling 9 µs of sampling (3 µs per system.) (Table 1). Along these trajectories we performed the 

Cα-Cα cross-correlation analysis in order to establish a possible connection between the presence 

of the ligand and functional states of the dimeric protein matrix. In SI1 we can visualize the 

intensity of correlation in the three systems across all independent trajectories. We note several 

simulations with very strong (<-0.6) anti-correlation that couples the two subunits in holoO. In 

holoC that number is reduced to only one whereas in apoC it is non-existent. These results are 

summarized in SI2, where the total correlation per system was plotted against the corresponding 

Cα-Cα distance. In holoO simulations we observe the existence of two regions of distant highly 

(anti-)correlated residues. The regions are marked with black and magenta rectangles, for anti-

correlated and correlated interactions respectively. These regions are non-existent or negligible, 

respectively in apoC and holoC simulations. We argue that this could mean that in holoC 

simulations effects of the PtdIns(3,5)P2 binding are not notable yet, or that PtdIns(3,5)P2 -bound 

state interconverts between open and closed state, characterized with a different subunit 

dynamics,  as we have demonstrated for mTPC1.32 Our assumptions can be backed up with the 

average pore radii distribution over the different simulations. In figure SI 5, one can see that 

there is a clear difference in distribution of the average pore radii among the three systems, but 

even in holoO simulations, the pore can be completely occluded.
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The TPCs architecture shows the existence of a substantial central cavity, connecting the SF on 

the luminal side to the HG on the cytoplasmic side, occupied by water molecules. In order to 

understand the nature and dynamics of the central cavity we have analysed our simulations to 

calculate the average number of ions residing in the cavity. Though in the hTPC2 CryoEM 

structures we do not see resolved ions inside the cavity (two sodium ions are present in the 

mTPC1 CryoEM structure, respectively in the SF and CAV), we have identified three possible 

states: i) empty , ii) one sodium ion and  iii) two sodium ions, as shown in Figure 2A. Moreover, 

we have calculated average residence times for each state of the cavity in all three systems and 

we have summarized them in Figure 2B. These residence times have been obtained as periods of 

time that CAV spends in a certain state before that state changes. We observe that the longest 

times  (from 3 to 6 ns) correspond to having an empty CAV in the two closed structures, while in 

holoO open structure the longest residence time belongs to the state with one ion inside the 

CAV. On the other hand, the state with two ions in the CAV shows subnanosecond average 

lifetimes, suggesting a transient nature of this state.  
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Figure 2. A) Probability distribution of the sodium occupancy in the central cavity as obtained from 

plain MD simulations. TPC2 holoO, TPC2 holoC, and TPC2 apoC data are shown in blue, orange and 

green, respectively. B) Average residence times of CAV’s different occupancy states for the three 

systems

Transmembrane voltage simulations.  We performed MD simulations with a constant external 

electric field38 to estimate the conductance of the channel. We have applied −200 mV, (Vcyt – 

Vlumen), a larger value than the expected physiological one of about -20:-40 mV,39 on the 10 

holoO systems for 300 ns each, registering on overall 11 passages. After that, one simulation was 

prolonged to 3µs, detecting 9 passages (Table 2). In both approaches, two different modes of 

sodium transport were observed, referred to as fast and slow and depicted in Figure 3.  

Table 2. A summary of MD simulations performed under a transmembrane voltage. 

System Voltage Repeats Time (ns) Total time (ns) #of passages Conductance (pS)

holoO -200mV 10 300 3000 11 2.9

holoO -200mV 1 3000 3000 9 2.4
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 In the fast mode two scenarios are possible (Fig. 3A-B ), either i) a sodium ion enters the cavity 

and after another sodium ion reaches the selectivity filter, the first one leaves the cavity, or ii) a 

sodium ion is in the cavity when it is joined by a second sodium ion, they exchange their 

positions inside the cavity and the latter leaves. The slow mode operates with a sodium ion that 

penetrates into the empty cavity where it resides for a certain amount of time before leaving (Fig. 

3C). These results clearly suggest that the kinetics of the sodium transport in hTPC2 depends on 

the given occupancy of the central cavity. In contrast to the known majority of studies where 

almost the entire interplay of sodium transport happens inside the SF and employs multiple 

strong binding sites,40–44 we observe that sodium in our simulations passes through the SF in a 

relatively fast manner and it is not accompanied by another sodium ion. 

Page 10 of 44Physical Chemistry Chemical Physics



Figure 3. Different modes of sodium transport in hTPC2 as found in MD simulations with an external 

electric field. (A-B) Time series of z-axis coordinates of sodium ions in fast modes accompanied by 
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schematic representations on the right. C) Time series of z-axis coordinate of the sodium ion in the 

slow mode accompanied by a schematic representation on the right.

 Most of the action occurs in the CAV, which appears to have a role of a peculiar reservoir and 

allows for a non-single file transport to occur. When we say non-single file transport, we think of 

a sodium ion that can move through the pore in a non-concerted manner, i.e. without some strict 

order that involves other ions.

MTD simulations. The low conductance of a single mammalian TPC (a few pS) does not allow 

to get more statistics and verify the permeation model with standard MD simulations,32 as was 

done for potassium channels.45 To demonstrate the existence of different occupancy states of the 

cavity by sodium ions and elucidate their role in permeation, we have run an extensive set of 

biased simulations, employing multiple walker MTD simulations, as shown in Table 3. We have 

modelled  different states of the cavity by controlling its occupancy with position-restraints on 

sodium ions, keeping the cavity either (i) empty, (ii) with one, or (iii) with two sodium ions 

inside. A fourth system was prepared as a control simulation, without any restraints whatsoever. 

Because the lysosome is known to have calcium ions in its interior,46 we also prepared a fifth 

system with a single Ca2+ ion restrained inside the cavity. For all these systems, we biased one 

single sodium ion forth and back from the cytosol to the lumen in order to obtain the free energy 

as a function of its position, as shown in Fig. 4.

Table 3. Summary of MTD simulations and free-energy difference for sodium transport between 
different regions of hTPC2. See SI for calculation of the error.

Simulation length 
(ns)

CAV 
occupancy

MTD Error
(kcal/mol)

ΔG(HG-BULK)
(kcal/mol)

ΔG(HG-CAV)
(kcal/mol)

ΔG(SF-CAV)
(kcal/mol)

ΔG(SF-BULK)
 (kcal/mol)

MTD ~21,600 control 1.3 ~6 ~10 ~7 ~3
MTD0 ~19,200 0 x Na+ 1.0 ~4.5 ~12 ~8.5 ~1
MTD1 ~19,200 1 x Na+ 0.9 ~6 ~5.5 ~2 ~2.5
MTD2 ~10,000 2 x Na+ 1.1 ~9.5 ~5 ~3 ~7.5
MTDCa2+ ~17,500 1 x Ca2+ 1.3 ~7 ~3.5 ~1.5 ~5
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All the profiles show a central binding site separated from the cytosol and the lumen by two 

barriers, resembling the two-barrier one-binding site model,47 developed in the ‘90 to rationalize 

the transport of molecules through specific porins. We observe a strong dependence on the cavity 

state, which occupancy modulates the strength of the central binding site. When the cavity is 

kept empty (blue line), the moving sodium experiences a deep binding site, MTD0. This results 

in high energy barriers for escaping the cavity (Table 3), either through the SF or the HG and 

corresponds to the slow mode detected in the external electric field simulations (Figure 3C). On 

the other hand, when the cavity is permanently occupied by one ion, the central binding site is 

not strong, and the barriers to escape either through the HG or the SF are reduced, MTD1. In 

particular, the energy barrier to escape through the HG is reduced by 7 kcal/mol relative to the 

empty cavity, MTD0, and we can draw a clear analogy with the fast modes described in Figure 

3A-B. 

If we increase the number of sodium ions permanently present in the cavity to two, the free 

energy needed for escaping the cavity remains the same relative to the MTD1 but the energy 

needed for entry from both the lumen and the cytosol increases significantly (> 3.5 kcal/mol), 

suggesting low probability for such a scenario. We note that the system with no bias on the 

cavity occupancy (Figure 4, purple line) has a free-energy profile that lies between the MTD0 

(blue line) and MTD1 (green line) in the CAV region. This resembles well the pure MD results, 

obtained with a Na concentration of 150mM, that find the cavity most probably in one or another 

state depending on whether or not the channel is open or closed. 

Qualitatively our results do not change if we use another estimator for the free energy surfaces of 

Figure 4A, as explained in SI and reported in Fig. SI4.
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Figure 4.  A) Free energy profiles obtained from different MTD simulations. B) Reconstruction of the 

free cavity MTD simulation FES profile (violet) by  combining three  independent MTD simulations: 
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MTD0 and MTD1 and MTD2  shown in blue, green, and red, respectively. The reconstructed profile is 

shown in orange. 

The cavity state seems to have very interesting effects on both HG and SF regions. The effects of 

having a cavity with zero or one sodium ion inside during the transport creates a symmetric low 

increase in both barriers of the aforementioned regions relative to the bulk. However if a single 

Ca2+ ion is placed in the cavity the situation changes: the barrier on the HG is not strongly 

affected (~1 kcal/mol), suggesting that two rings of hydrophobic residues are enough to screen 

the electrostatic interactions of Ca2+. On the other hand the SF barrier rises up by 2.5 kcal/mol. 

When 2 sodium ions occupy the cavity we see an increase of both barriers with respect to the 

case with one Ca2+, which proposes that the distribution of charges also plays an important role, 

not only it’s absolute value. Therefore we have investigated the most probable occupancy sites 

inside the entire pore, though we did not observe regions of strong interactions. In the case of the 

calcium ion, we have obtained a distribution that suggests that calcium can occupy three distinct 

positions: (i) the beginning of the SF; (ii) the end of the SF and (iii) inside the central cavity as 

shown in Figure 5A. The latter can be understood as a single occupancy site that has a three fold 

degeneracy, as it can be decomposed into three Gaussian distributions. This interpretation agrees 

well with the picture that can be seen in the calcium conducting channels where similar 

observations are made by X-ray48,49 or by molecular simulations.50 More precisely, Saotome et 

al.49 predicted the three most probable positions of a calcium ion to be i) at the beginning of the 

SF, ii) at the end of the SF, and iii) in the middle of CAV, with the distance between neighboring 

positions being 0.79 nm and 0.68 nm respectively. In our case, the most probable positions of the 

calcium have zCOM value of 2.1 nm (SF beginning), 1.4 nm (SF end) and three CAV positions 

at 0.9nm, 0.6nm and 0.3 nm with the one at 0.6 nm being the representative. This gives us the 
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neighboring distances of 0.7nm and 0.8nm which, as we said, matches well the situation 

observed in calcium transporting channels. 

When we have only one sodium ion we again see three sites inside the cavity (0.2, 0.5 and 0.8 

nm), and one just outside the SF (1.2 nm). Sodium has an additional site in the HG region (-0.1 

nm), not seen with calcium due probably to the different size of the hydration shell (Figure 5B). 

When we place two permanent sodium ions inside the cavity, we see the three internal sites more 

spaced and an additional 6th site at the beginning of the SF region, observed already for calcium 

(Figure 5C).

Figure 5. A) A decomposition of the Ca2+ position probability during the MTDCa2+ simulation inside the 

channel into gaussian components shows discretization of most probable positions. The simulation 

data are shown as black crosses. Three selected positions are shown in the molecular graphics inset as 
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vdW spheres. B) A decomposition of the Na+ position probability during the MTD2 simulations inside 

the channel into gaussian components shows discretization of most probable positions. The simulation 

data are shown as black crosses. C) A decomposition of the Na+ position probability during the MTD1 

simulations inside the channel into gaussian components shows discretization of most probable 

positions. The simulation data are shown as black crosses. 

   To understand the nature and significance of the detected sites, we took a step back and 

calculated the ion density in the case of the holoO -200mV simulations. This distribution was 

then used to get a free-energy profile which was corrected for the presence of the external 

electric field, as described in ref 51. Figure 6 shows an overlap of the holoO -200mV ion density 

based free energy with MTD0 , MTD1, and MTD2 profiles. We see that the free energy profile 

extracted from the simulation with the external electric field matches best the MTD1 profile 

suggesting that under the given concentration of 150 mM, the single CAV occupancy is optimal 

for sodium transport. We do observe a certain discretization of the SF barrier which can be 

interpreted as binding sites of a modest strength, in agreement with the sodium distribution 

observed in MTD simulations.  Interestingly,  these binding sites are completely non-existent in 

the regular MD simulations suggesting that their presence is triggered by the external electric 

field. In addition, we confirm that the HG region appears to be a main bottleneck also with the 

transmembrane voltage on. 
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Figure6. The overlap of the free-energy profiles extracted from holoO -200mV (magenta) simulations 

and MTD simulations with CAV occupancy controlled.  

One would also expect that the control MTD free-energy profile can be obtained by reweighting 

the free-energy profiles of the restricted simulations with 0, 1 and 2 Na+ ions inside the CAV:

recMTD  A0 MTD0  A1 MTD1  A2 MTD2

After taking into account the corresponding statistical weights and relative occupancies, we have 

obtained the three coefficients A0, A1, and A2. The recMTD (orange line in Fig. 4B) has a nearly 

perfect overlap with the control MTD simulation (violet line in Fig. 4B) (See SI for derivation). 

This overlap shows all-around consistency of methods applied and allows us to continue with 

estimation of the macroscopic flux properties from the free energy profiles.

Ion Current estimation. The free-energy profiles determine both the equilibrium probabilities 

for an ion to occupy a certain region of the channel and the ion current through the channel 

driven by the concentration gradient or an external electric field. We employed a theoretical 
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method that combines the diffusion equation and the Markov state model to estimate the current 

of ions over a FES, driven by the external ion concentration gradient.52,53 We have already 

applied this approach to predict the current of molecules through porins as a function of gradient 

concentration.54,55 The combination of the two kinetic models allows one to take into account 

both the diffusivity nature of ions during transport and internal binding that can provide 

saturation in the current, depending on external concentration. The free-energy profile for an ion 

contains the interaction with the channel residues, with the solvent as well as the effective local 

mean field created by all the other ions, and therefore, it depends on the local ion concentration. 

The internal occupation depends on external ion concentration, so one would need to calculate 

the free energies at different ion concentrations. That would require several times more 

computational resources we consumed which are already quite substantial. Instead, for a 

qualitative analysis, we used the computed restricted free energies, MTD0-2, to estimate the ionic 

(particle) current from CIS to TRANS (from lumen to cytosol) driven by the gradient of 

concentration as a function of increasing external ion concentration (the ions are added to the 

CIS side only).

At low concentration, when presumably CAV is not occupied permanently, the low barriers we 

found in MTD0 allow for the highest possible current. This current is predicted of the “Fick’s 

type” (linear with the concentration gradient) up to the concentration of 1 μM, when the presence 

of the deep central binding site creates the saturation of the current (as only one ion is allowed to 

occupy the CAV region). However, in this condition we expect to have the cavity permanently 

occupied, thus the kinetics would follow instead the MTD1 curve. With the CAV occupied 

permanently by one ion, we predict higher current from 10 μM and no saturation till 0.1 M, a 

value close to the expected concentration of sodium in lysosome (110 mM).56 It is interesting 
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also to note in Fig. 7 how this curve is similar to the current of sodium obtained with one calcium 

ion inside the cavity. On the other hand, at high sodium concentration, when the cavity might be 

occupied by two sodium ions, the current is very low (Figure 7).

 

Figure 7. Translocation current dependence on ionic concentration gradient for MTD0 (blue), MTD1 

(green), MTD2 (purple) and MTDCa2+ (red).

Discussion

A systematic MD investigation of the hTPC2 dynamics, based on three cryo-EM structures,18 

shows that upon PtdIns(3,5)P2 binding hTPC2 can exhibit significant anti-correlated motions 

between the subunits, depending on whether or not the pore is found in open or closed state. This 

behaviour has been previously observed in the case of mTPC1 suggesting it to be a property 

peculiar to the mammal TPC channels. 
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Our extensive multi-scale study of the hTPC2 further employed the external electric field 

simulations and MTD simulations,  in which we have successfully modeled the flux of sodium 

ions through the PtdIns(3,5)P2-bound hTPC2 in the open conformational state. This allowed us 

to observe multiple complete passages of sodium ion, from the lumen to the cytoplasm, crossing 

the SF, the CAV, and the HG. Our observations started with identification of different CAV 

states with respect to the number of sodium ions staying in it and their respective residence 

times. The calculated residence times of the CAV states highlight a diverse kinetics of sodium 

ions, which is confirmed by the analysis of sodium paths from the lumen to the cytosol. hTPC2 

appears to feature three modes of conduction for sodium ions, namely one slow and two fast 

modes. We should mention that some modes of sodium transport reported here do qualitatively 

resemble some of the already proposed mechanisms.48–50 In particular, the first fast mode (Figure 

3A) is similar to the knock-off mechanism introduced for the diffusion of calcium 

ions.  However, as we have already stated in our description of sodium transport in hTPC2, the 

main stage belongs to the CAV, which differs from previously proposed mechanisms in other ion 

channels.  For an excellent overview of the proposed mechanisms of ion transport one should see 

ref 57.

We believe that this is connected to the fact that the SF of the TPCs is unique in the world of 

sodium channels with no charged residues whatsoever (Fig.1). It is worth noting that we present 

here a complete diffusion of sodium ions, from the luminal side to the cytosol, in contrast to 

most of the previously reported simulations that for various reasons were focusing on the SF and 

its vicinity, only. Nevertheless, the ideas of binding sites and pore saturation will remain valid 

but in this case for the entirety of the pore. 
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According to our results, the mechanism proposed for transport of sodium ions through hTPC2 

has several distinctive features: (i) we do not see strong binding sites in the SF region; (ii) the 

central role in the transport belongs to the CAV;  (iii) the calculated ion density suggests the 

existence of several “preferential” positions inside the pore.  The cause for such a behavior 

appears twofold: i) SF of the TPCs lacks well defined binding sites, and ii) the main barrier in all 

simulations performed on hTPC2 and including our previous work on mTPC1 is the HG region. 

This barrier will control the sodium transport and can keep them diffusing inside the CAV 

whereas TPCs’ SF lacks charged residues that would allow strong local interaction of the 

sodium-hydration shell system with the protein. The loose coordination of sodium ions was 

already put forward.57 From the model point of view, the binding site idea seems to hold but the 

binding itself occurs in the CAV at precisely set positions and with well-defined energetics, as 

our reconstructed free-energy profiles suggest.

Further, with our multiscale Markov-state approach, we analysed the reconstructed free energies 

to obtain the current of ions depending on the occupancy of CAV. The number of sodium ions in 

the CAV modulates the kinetics of the sodium transport by changing the energetics of the 

process; thus the CAV’s multi-occupancy, verified with both standard and enhanced MD 

simulations, controls the transport of sodium by avoiding saturation at high concentrations: this 

interesting feature permits a ‘Fick’s type’ current, a linear transport mechanism that allows 

hTPC2 to be operational in a wide range of gradient concentrations with the same efficiency. We 

also verified that the presence of a calcium ion inside the CAV does not change the current of 

sodium ions significantly, as already observed in a prokaryotic sodium channel.58 Because the 

lysosome is also a reservoir for calcium (0.5 mM vs 110 mM of sodium),56 its presence in the 

CAV might occur, however it would not interfere too much with sodium transport.  Interestingly, 
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two sodium ions that electrostatically match one calcium ion appear to increase the transport 

barriers, which again suggests that the CAV occupancy indeed controls the sodium transport 

entropically. 

It is interesting to combine the results on the multi-occupancy and the predicted values of 

saturated currents. Because the occupancy of the CAV is correlated to the external concentration 

of ions, our saturated currents (Fig. 7) having the maximum for one sodium ion inside the CAV 

This is a well-known feature of ion channels, which says that the conductance curve will increase 

with the concentration until it reaches its maximum after which any further increase in the 

external concentration would result in a decrease of the conductance thus resembling a bell 

shape. Long time ago Hille, without having any knowledge of the structure of ion channels, 

explained the bell-shaped curve of conductance as characteristic of a system with selective (and 

thus saturable) multiple binding sites.59 

However, he concluded that this is not the only way to display the bell-shaped conductance 

behavior. In our case, though we do not see strong binding sites at the SF, the saturated currents 

have a bell-shaped trend. We argue that this is a consequence of a multi-binding site mechanism 

that occurs in the CAV and propose a model shown in Figure 8: the optimal transport at 

physiological concentration is achieved once the CAV is occupied by one sodium ion. This 

configuration yields the highest possible flux of ions for the given conditions by modulating the 

kinetics of the transport. We further argue that the CAV plays the central role in mammalian 

TPCs because the principle bottleneck appears to be the HG region even in the conformational 

states that are defined as open. This allows a particular accumulation of sodium to appear in the 

CAV. Additionally, lacking strong binding sites in the SF strengthens CAV’s dominant position 

in the entire process.
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Figure 8.  Models of sodium transport depending on the cavity state where sodium ions are depicted as 

yellow spheres and empty occupancy sites as grey spheres. A), B) and C) represent CAV with zero, 

single and double occupancy respectively. D) Translocation current estimated for each model with 

their respective saturation concentrations given in black. 

In summary, we elucidated the mode of transport for sodium ion in hTPC2, characterized by a 

loose SF, a multi-occupancy central cavity, and a strict HG controlled by a ligand. This 

represents a first complete model of hTPC2 sodium transport, a starting point to solve open 

questions regarding hTPC2 and to search for molecules that inhibit TPC2 functions.

Page 24 of 44Physical Chemistry Chemical Physics



Methods

All of the simulations  we have performed in this work used three cryo-EM structures of hTPC2  

as initial coordinates: without  PtdIns(3,5)P2 in closed state (apoC), with PtdIns(3,5)P2 in closed 

state (holoC), and with PtdIns(3,5)P2  in open state (holoO) given with PDB IDs 6NQ2, 6NQ1 

and 6NQ0, respectively. After the missing loops were built with GalaxyFill60 the setup was 

continued by employing CHARMM-GUI web server. The first step was inserting the protein 

structure into the lipid bilayer61,62 that consists of 521 POPC (1-palmitoyl-2-oleoyl-sn-glycero-3- 

phosphocholine) molecules forming an xy-plane sized 150Å × 150Å. The bilayer-protein 

complex was then immersed in an explicit water solution with Na+Cl- concentration of 0.15 M, 

for a total of 316508 atoms. The set of heating/equilibration/production files was provided by 

CHARMM-GUI63,64 and it was performed using GROMACS.65–70 We have used 

CHARMM36m71–73 for protein with CMAP74 correction for the backbone atoms. Lipid bilayer 

was built using CHARMM36 lipids75 whereas for the water molecules  we have used the TIP3P 

model.76 For obtaining parameters for PtdIns(3,5)P2 we have used the CHARMM General Force 

Field77 within CHARMM-GUI. We have used NPT ensembles where, during the equilibration, 

pressure and temperature were kept constant at 1 atm and 310 K, respectively, using the 

Berendsen coupling scheme.78 During the production run we kept the same values for both 

pressure and temperature by employing Parrinello-Rahman coupling scheme.79 A 12 Å cutoff 

was used for the list of neighbors, vdW and Coulomb force where vdW force was controlled  by 

switching function centered at 10 Å. Electrostatic interactions were treated with the smooth 

particle-mesh Ewald technique.80 Although they introduced some controversy for the potassium 

channels,81 the updated nonbonded (NBFIX) parameters  for sodium,82 chloride83 and calcium84 

were used to treat ionic interactions with the surroundings.  
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Simulations with the transmembrane voltage (V) were performed in the NVT ensemble by 

applying the external electric field (E) along the z-axis in a conventional way where each 

charged particle feels the force F=qE38 and the external electric field equals E=-V/Lz where Lz is 

the size of the periodic cell along the field. In this way we apply a constant drop of potential 

along the desired axis which redistributes system ions in a manner that creates a realistic drop of 

potential at the point of the greatest resistance.85

The holoO setup was prolonged with the metadynamics in the NVT ensemble by combining the 

PLUMED-286 with GROMACS.  For collective variables we have chosen the Z-component of 

COM distance between the protein and the biased ion (ZCOM), and the number of contacts 

between HG and water molecules (HG hydration number). Because of the differentiability the 

latter was given as a continuous switching function centred on 3Å where all the water molecules 

within the 5Å of the HG amino acid residues were considered. This function is implemented 

within the PLUMED with COORDINATION command with a functional form: 

(1),

and the total number of the contacts achieved between HG (index i) and molecules of water 

(index j) is:

(2).

For n  and  m  parameters of the switch function we take 6 and 12, respectively. Aforementioned 

collective variables were explored by distributing Gaussian-like potentials with 10 ps frequency 
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and with a width of 0.25 Å for the sodium position and 3 for the hydration number. The initial 

gaussian height was 1.0 kcal/mol and it was adjusted throughout the simulation by means of 

well-tempered metadynamics with the temperature set to 3000K.87,88

In metadynamics simulations with the fixed number of ions in the cavity, the restraints were 

applied on the z-component of the ion-protein COM distance, effectively set at the outer regions 

of SF and HG. As this is a relative distance, we do not need to change it during simulations. 

These restraints do not allow penetration of ions other than the biased one. Also, these restraints 

do not allow escape of the ions that are intended to be in the cavity for the entirety of the 

simulation. In order to evaluate the convergence of the free energy surfaces, we employed a 

different estimator89 and we compared one-by-one the surfaces, as discussed more extensively 

and reported in SI.

To calculate the single-channel conductance for sodium ions we have employed  the linear 

diffusion-drift approximation by solving 1D Smoluchowski equation in the small-voltage limit,90

                (3)𝐺0(𝑐) = 𝑃𝑞2𝑐
𝐹2

𝑅𝑇𝑆𝑐

where P, q=1, and c are  the permeability coefficient, the charge in atomic units and the molar 

concentration outside the channel equal on the both sides, respectively, for the ions; F is the 

Faraday’s constant and R is the ideal gas constant;  is the geometric cross section at the mouth 𝑆𝑐 

of the channel. For the permeability coefficient was have used the Kramers-type formula,

(4)
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where,  is the potential of mean force (the free energy profile, see Fig R4) for the ion at 𝑈(𝑧)

position  (normalized to zero value outside the channel,  ),  is the local diffusion  𝑧 𝑈(0) = 0 𝐷(𝑧)

constant, L, is the geometrical length of the channel. Besides, as the major contribution to the 

integral in Eq. (4) comes from the barrier region, we have assumed that the effective diffusion 

constant in the channel is position-independent, , and set nm2/ns. The 𝐷(𝑥) = 𝐷𝑒𝑓𝑓 𝐷𝑒𝑓𝑓 = 1

monomer channel cross section at the mouth was taken corresponding to the radius of 10 Å, and 

the channel length L=62 Å.  In the diffusion-drift approximation, (Eq. 3), the ionic conductance 

is linear with the particle concentration. The total average number of the ions in the channel (in 

the small-voltage limit) reads

   (5)

At small ion concentration, when , this quantity has the meaning of the probability to 𝑁𝑖(𝑐) ≪ 1

find a particle in the channel. This latter interpretation allows one to bridge the diffusion-scale 

model with the 2-state Markov model of the particle-pore kinetics, as it was done for the 

concentration gradient driven current of molecules.54,55 The 2-state Markov model assumes that 

only one particle at a time may occupy the channel and can describe both the linearity with the 

concentration and the saturated behavior when the ionic current becomes concentration 

independent. Then, the saturation-corrected conductance reads,

.         (6)𝐺𝑠(𝑐) =
𝐺0(𝑐)

𝑁𝑖(𝑐) + 1

 The condition of a single ion at a time in the total channel may be too strong, so that gives 𝐺𝑠(𝑐)

a rather lower-bound estimate of the channel conductance. While the linear quantity, , 𝐺0(𝑐)

gives the upper-bound estimate of the conductance. 
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The pore area dynamics was recorded calculating the area available to a probe of radius 1.4 Å 

rolling on a 3D grid with space 0.5 Å, using a home-made script which was already successfully 

applied to porins.91
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SI 1. The molecular graphics of significant (<0.6) Cα-Cα cross-correlation in three systems
holoO, apoC, and holoC shown for each independent trajectory.
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SI 2. The Cα-Cα cross-correlation in three systems apoC, holoC and holoO plotted against
corresponding Cα-Cα average distances. The regions of interest are highlighted with black and
magenta rectangles.
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SI 3. Histograms of the Z-component of the center of mass distance between the ion(s) kept
inside the cavity during the MTD simulations: MTD_Ca2+(magenta), MTD_Na1+(black-shaded
bars) and MTD_2Na1+(green-shaded bars).

1. Free energy decomposition in occupancy contributions.

We consider a channel that can be occupied by more than one substrate, e.g. ions. In a NVT ensemble
containing ions, we consider one specific ion (ion “0”) and limit its motion by a repulsive cylinder𝑁 + 1
of radius and length oriented along the channel ( ) and centered at the COM of the channel. All the𝑅 𝐿 𝑧
other particles do not see (do not interact with) the cylinder.
We consider the probability, , of occupation number (occupancy) of the pore central region𝑞

𝑖
𝑖(= 0, 1, 2)

by any ion, and the conditional probability density, , for the ion “0” to be in position at theΩ 𝑃(𝑧|𝑖) 𝑧
condition of the specific ions are in .𝑖(= 0, 1, 2) Ω
The occupancies, , can be calculated in the plain MD simulations by counting the events in which the𝑞

𝑖

cavity has a certain occupation number and dividing it by the total length of the simulation. The
conditional probabilities, require much longer trajectories in plain MD. These can be more readily𝑃(𝑧|𝑖),
calculated by using an enhanced sampling method, e.g. the metadynamics, where ion “0” is biased. We
consider three free energy profiles for ion “0”: - when no other ion is allowed to enter the pore𝐺

0
(𝑧)

central region ; - when another specific ion (ion “1”) is always kept in region ; - when theΩ 𝐺
1
(𝑧) Ω 𝐺

2
(𝑧)

two specific ions (ions “1” and “2”) are kept in region . Then, one obtains,Ω
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.  (1)𝑃(𝑧|𝑖) =
exp −𝐺

𝑖
(𝑧)/𝑘𝑇( )

∫exp −𝐺
𝑖
(𝑥)/𝑘𝑇( )𝑑𝑥

The “reconstructed” unrestricted probability density, , and the corresponding free energy profile,𝑝(𝑧)
, was obtained as follows,𝐺(𝑧)

(2)𝑝(𝑧)∝ exp − 𝐺(𝑧)/𝑘𝑇( ) = 𝐴
𝑖

∑
exp −𝐺

𝑖
(𝑧)/𝑘𝑇( )

∫exp −𝐺
𝑖
(𝑥)/𝑘𝑇( )𝑑𝑥

𝑞
𝑖

𝑔
𝑖

where is the statistical combinatorial factor giving the number of options to select ions out𝑔
𝑖

𝑖(= 0, 1, 2)

of fixed in region ,𝑁 Ω
; ; . (3)𝑔

0
= 1 𝑔

1
= 𝑁 𝑔

2
= 𝑁(𝑁−1)

2

The normalization constants, ,  was selected to set the free energy to zero outside the channel.𝐴

2. Error calculations for metadynamics free energy surfaces

We calculated the error for each free energy surface as the difference between the free energy obtained
summing up the accumulated hills (F(s,T)) and the free energy obtained directly from the sampled values
of the collective variable s accumulated during metadynamics simulations, up to time T (FN(s,T)). While
hills are added with a frequency of 5 ps, the variable s is stored for each walker with a higher frequency, 1
ps. The accumulated histogram calculated from the walker trajectories, weighted with the relative bias
factor, represents a free-energy estimator, as discussed in Ref. 1 and 2.

In figure SI4 we reported for each metadynamics simulation the F(s,T) and the FN(s,T), the former with
straight lines and the latter with dotted lines. As we can see, though there are some differences, the use of
the free-energy estimator does not change qualitatively our results.

The average error among the two curves is obtained with the formula (22) of Ref. 1, without excluding
any points.

ε = [ 𝑠
∫[𝐹

𝑟
(𝑠)−𝐹 (𝑠)]2θ(ν−𝐹

𝑟
(𝑠))𝑑𝑠

𝑠
∫θ(ν−𝐹

𝑟
(𝑠))𝑑𝑠

]1/2

1. Branduardi D., Bussi, G., Parrinello, M.2012. Metadynamics with adaptive Gaussians. Journal of
Chemical Theory and Computation 8, 2247–2254 and

2. Barducci, A.; Bussi, G.; Parrinello, M. Phys. Rev. Lett. 2008, 100,020603.
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SI 4:

SI4. The free energy profiles of various MTD simulations (solid lines) accompanied by their FN

counterparts (dashed lines), as described above.
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SI 5. Average pore radius profiles for different simulations. The counts of their minimal values
are given for 0.5 angstrom bin at the top of each panel.
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SI TABLE 1. The timeline of ion passages in the long 3us simulation. Each ion is described with
three fields, time of entry, time of exit and the time spent inside the cavity. The exception is the
last ion which doesn’t leave the cavity for the time of the simulation.
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SI TABLE 2. The ion occupancy for three different types of holoO simulations.
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TOC: the central cavity of hTPC2 works as a reservoir of sodium ions and its 

occupation modulates the ionic current 
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