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I N T R O D U C T I O N

Lysosomes must maintain an acidic luminal pH (pHL) 
to activate hydrolytic enzymes and degrade internalized 
macromolecules (De Duve and Wattiaux, 1966; Lloyd 
and Mason, 1996). Acidification results from the action 
of a vacuolar-type H+-ATPase (V-ATPase), which uses the 
free energy of ATP hydrolysis to pump protons into the 
lumen of the lysosome. The process of proton pump-
ing generates a large, lumen-positive voltage (the pump 
is electrogenic), inhibiting further pumping. Thus, the  
free energy of ATP is used to move both protons against 
their chemical gradient and against the inside-positive 
voltage that is generated. Because even small imbalances 
in ionic charge give rise to huge membrane potentials, 
another ion, or ions, must move across the organelle 
membrane to dissipate the membrane potential gener-
ated by the V-ATPase and facilitate bulk proton trans-
port. This secondary ion movement is a process referred 
to as the “counterion flux” (Dell’Antone, 1979; Ohkuma 
et al., 1982, 1983; Harikumar and Reeves, 1983).

The role of counterions in facilitating organellar 
acidification has long been appreciated, and movement 
of either or both anions (entering the lumen) and cat-
ions (leaving the lumen) have been proposed (Mindell, 
2012). Evidence is plentiful for a counterion role for Cl–; 
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early lysosomal acidification studies highlighted the  
importance of Cl– availability in the external (cytosolic) 
medium (Cuppoletti et al., 1987; Van Dyke, 1993), 
which suggests a role for this abundant anion in the 
counterion flux, but these experiments did not di-
rectly demonstrate Cl– permeability, and they did not 
identify the molecular basis of the observed Cl– effects. 
Subsequent genetic experiments indicated that ClC-7, 
a member of the CLC family of chloride channels and 
transporters, was a likely candidate for the Cl– pathway in 
lysosomes, as ClC-7 knockout mice develop a lysosomal 
storage disease and osteopetrosis (Kornak et al., 2001; 
Kasper et al., 2005; Steinberg et al., 2010; Weinert et al., 
2010), a disease associated with improper acidification 
of the lysosomaly derived ruffled border of osteoclasts.  
These results are supported by in vitro experiments dem-
onstrating that the Cl– permeability of HeLa cell ly-
sosomes is primarily mediated by ClC-7 (Graves et al., 
2008). However, other work reported that lysosomal pH is 
unperturbed in ClC-7 knockout mice (Kornak et al., 2001;  
Kasper et al., 2005; Lange et al., 2006; Steinberg et al., 2010;  
Weinert et al., 2010), leaving uncertainty regard ing the 
protein’s role in acidification. Cation permea bilities have 
also recently been proposed to mediate the counterion 
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706 A model of lysosomal pH regulation

the acidification process. Our model is an extension of 
an earlier study used to explore endosomal maturation 
(Grabe and Oster, 2001).

M A T E R I A L S  A N D  M E T H O D S

Plasmid DNA mutagenesis and transfection
Plasmid vectors (pCMV6_ENTRY) contained a cytomegalovirus 
promoter upstream of gene inserts encoding the open reading 
frame for CLCN7, isoform a (Homo sapiens) and OSTM1 (H. sapi-
ens) followed by a C-terminal Myc/DDK tag, 30 amino acids long 
(OriGene). Mutations in the ClC-7 sorting motifs (LL23/24AA 
and LL68/69AA; Leisle et al., 2011) were made by site-directed 
mutagenesis of CLCN7 using custom mutagenic primers (Life 
Technologies) and a QuikChange II Site-Directed Mutagenesis 
kit (Agilent Technologies). A plasmid containing the open read-
ing frame for EGFP (Green Lantern plasmid; Life Technologies) 
was cotransfected to identify transfected cells. Lipofectamine LTX 
and Plus reagent (Life Technologies) were mixed with a DNA mix-
ture of ClC-7, Ostm-1, and EGFP plasmids (15:15:1 mass ratio, 
respectively). The transfection complex was incubated with HeLa 
cells growing on broken glass coverslips. Patch clamp experi-
ments were conducted 24–36 h after transfection.

Electrophysiology
An Axopatch 200B Patch Clamp Amplifier (Molecular Devices) 
was used for voltage clamp. Data were acquired with a Digidata 
1322A 16-bit A/D converter and Clampex 9.2 software (Molecular 
Devices). Recordings were filtered at 1 kHz with a Bessel low-pass 
filter and sampled at 5 kHz. Current was evoked with a holding 
voltage of +20 mV followed by test voltage steps from 140 mV 
to +100 mV in 20-mV increments for 1,600 ms followed by a con-
stant voltage of +60 mV for 0.5 ms to observe tail current (volt-
ages were reported using the cytoplasm as ground convention 
as discussed in the text). Bath recording solution was 130 mM 
NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM glucose, and 
20 mM Hepes, pH titrated to 7.4 with 8.5 mM NaOH, and osmo-
lality adjusted to 305 mmole/kg with sucrose. Pipette solution was 
110 mM CsCl, 10 mM NaCl, 0.5 mM CaCl2, 10 mM EGTA, and 
40 mM Hepes, pH titrated to 7.1 with 11.75 mM NaOH and osmo-
lality adjusted to 299 mmole/kg with sucrose. Pipettes were fab-
ricated from borosilicate glass capillaries (1.5 OD × 0.86 ID with 
filament; Harvard Apparatus) using a P-97 micropipette puller 
(Sutter Instrument) and had a resistance of 2–4 MOhm in the 
bath recording solution.

A general model of organelle pH regulation
Grabe and Oster (2001) developed a general continuum model 
of organelle pH regulation that is based on membrane biophys-
ics and showed that it can adequately represent pH regulation in 
endosomes and Golgi. Here, we modify this model by removing 
the Na+/K+-ATPase, incorporating a calibrated description of the 
ClC-7 antiporter, and tuning other lysosome-specific parameters. 
Our model incorporates the salient features of the acidification 
process as shown in Fig. 1 A, and tracks the total number of ions 
in the lumen over time. Each ion type is represented by a time-
dependent variable, and its change is governed by a differential 
equation. For instance, the number of protons in the lumen is 
given by H+, and the rate of change is determined by the pro-
ton flux across the membrane facilitated by proton channels and 
transporters. The differential equation describing the change in 
the number of luminal H+ is:
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flux (Van Dyke, 1993; Steinberg et al., 2010; Weinert 
et al., 2010; Scott and Gruenberg, 2011), and several 
candidate cation channels are targeted to the lysosomal 
membrane; however, patient cells and knockout animals 
lacking candidate cation channels do not show con-
sistent acidification defects (Zeevi et al., 2007; Cang  
et al., 2013).

Generally, the counterion flux has been presumed to 
result from conductance of ions through an ion chan-
nel; however, recent demonstrations that ClC-7 is not a 
channel but is instead a transporter, exchanging Cl– 
for protons, suggest a wider range of possible activities 
that might account for the counterion flux. In the sim-
plest terms, a channel is a protein that forms a con-
tinuous aqueous pore across the membrane; by nature 
such a structure permits only dissipative flux of ions 
down their electrochemical gradients. In contrast, a 
transporter harnesses free energy (from ATP or from 
an ion gradient) to move another ion or small molecule 
uphill, against its electrochemical gradient. Notably, 
though the CLC family includes both ion channels 
(conducting Cl–) and transporters, all of the CLC family 
members thought to localize to endocytic organelles  
belong to the transporter branch of the family and  
are Cl–/H+ exchangers (antiporters). ClC-7 moves two 
Cl– ions into the lumen for each H+ removed (Graves 
et al., 2008), an action that appears counterproductive 
because it would reduce net acidification. However,  
because each turnover of ClC-7 only removes one H+ 
while bringing in two Cl– ions, the antiporter lowers 
the membrane potential and can facilitate continued 
proton pumping via the V-ATPase. A naive analysis 
suggests that a single turnover of the ClC-7 would allow 
the V-ATPase to subsequently pump in three more  
H+ ions without a net change to the membrane poten-
tial; and therefore, the entire cycle would result in the 
net accumulation of two H+. Is the antiport activity 
essential for a counterion conductance? Could a Cl– 
channel serve equally well as a counterion pathway?  
Recent genetic experiments suggest that a channel-like 
mutant of ClC-7 cannot fully recapitulate the acidifica-
tion observed in the presence of the antiporter form  
of the protein (Weinert et al., 2010). Why not? How 
does this scheme compare with other possible counter-
ion pathways?

It is not currently possible to answer these questions 
experimentally given the available techniques for quan-
titative measurements of the biophysical properties of 
lysosomes. To our knowledge, there are no simultane-
ous quantitative measurements of both pHL and the 
membrane potential, which are both necessary to calcu-
late the proton motive force. Thus, even the most care-
ful studies of lysosomal ion regulation involve unknown 
quantities. To explore the capabilities and limitations of 
different possible acidification systems, we built a math-
ematical model that incorporates the salient features of 
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The first term on the right-hand side of Eq. 2 is the Cl– flux due 
to ClC-7, and the second term is a passive Cl– leak characterized 
by a permeability per unit area PCl–. The coefficient n in Eq. 2 
determines the stoichiometry of ClC-7, which is known to be 2  
(2 Cl–:1 H+), but changing n makes it possible to explore hypo-
thetical situations.

where JV is the proton pumping rate of a single V-ATPase (defined 
as positive when H+ enter the lysosome), JClC is the proton removal 
rate by ClC-7, and NV and NClC are the number of V-ATPases and 
ClC-7 antiporters, respectively. The last term of Eq. 1 is the pas-
sive, non–voltage-activated proton leak with a permeability PH+ 
per unit area. The surface area of the compartment is S, and U is 
the reduced membrane potential, /kBT, where kBT is a ther-
mal energy unit, and  is the membrane potential arising from 
charge imbalance in the organelle. kB is the Boltzmann constant 
and T is the temperature measured in Kelvin. The subscripts C 
and L denote a cytosolic or luminal quantity, respectively. Similar 
to Eq. 1, the differential equation describing the rate of change of 
luminal chloride ions, Cl–, is:

Figure 1. A model of lysosomal acidification and the key ionic currents. (A) Factors involved in lysosomal acidification and 
illustration of the mathematical model. Effective lysosomal acidification requires the V-ATPase, counterion flows, and other 
factors. First, proton leak has been identified as an important determinant of pHL in lysosomes (Van Dyke, 1993) and organ-
elles along the secretory pathway (Wu et al., 2001). The molecular identity of this leak channel in lysosomes is unknown, but 
the nonselective cation channel TRP-ML1 has been implicated (Soyombo et al., 2006), and the voltage-gated Hv1 proton chan-
nel (Ramsey et al., 2006; Sasaki et al., 2006), found in phagosomes (Ramsey et al., 2009), is also a potential candidate. Second, 
lysosomal acidification can be influenced by Donnan particles, which are negatively charged proteins and molecules trapped 
in the lumen of the organelle that affect ion homeostasis through the membrane potential (Moriyama et al., 1992). Third, 
the buffering capacity of the luminal contents can drastically affect the rate of pH changes as well as the total charge compo-
sition (Grabe and Oster, 2001). Finally, it has been suggested that chloride, potassium, and/or sodium ions may serve as counter-
ions during lysosomal acidification (Henning, 1975; Casey et al., 1978; Ohkuma et al., 1982; Moriyama, 1988; Van Dyke, 1993; 
Kiselyov et al., 2005; Soyombo et al., 2006; Steinberg et al., 2010). (B) ClC-7 antiporter whole cell current recordings. Starting 
from a resting potential of +20 mV, we applied a pulse protocol that stepped to a holding voltage ranging from –140 mV to +100 mV  
for 1,600 ms before returning to the original resting potential. (C) Current–voltage curve for the ClC-7 antiporter. The steady-
state currents at 1,500 ms in B were used to create the current–voltage curve under conditions that slightly favor Cl– exit 
(H+ entry) from what would be the lysosomal lumen (diamonds). The solid line is the model fit from Eq. 3 in the Materials and meth-
ods. (D) Chloride pumping profile for a single ClC-7 antiporter. This pumping surface was created using Eq. 3 in the Materials and 
methods. Single transporter fluxes are not known, so this surface is based on estimates of single transporter turnover as well as the 
global fit shown in C. (E) Proton pumping profile for the V-ATPase. This surface is based on an earlier model (Grabe et al., 2000). 
For D and E, positive values indicate ions entering the lysosome.
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708 A model of lysosomal pH regulation

the lumen, and V0 is the initial lysosomal volume. Because B 
does not vary with V, B must be multiplied by V0 when V is not 
constant. By convention, the membrane potential is negative 
when there are more negatively charged ions inside the compart-
ment relative to outside.

The total membrane potential, Total, is the membrane poten-
tial caused by the charge imbalance shown in Eq. 4 plus the po-
tentials caused by the intrinsic charge on the outer and inner 
leaflets of the lysosomal membrane: Total =  + (Out  In), 
where Out and In are the outer and inner leaflet potentials, re-
spectively. To start each simulation, B in Eq. 4 was adjusted to set 
the initial Total to 0 mV or other values indicated in the text.

To account for the effects of surface charge on the ionic con-
centrations at the membrane, the ion concentration values used 
in Eqs. 1, 2, 3, and 5 are modified by a Boltzmann factor that 
depends on the leaflet potentials as follows:

 

− Ψ⎛ ⎞= × ⎜ ⎟⎝ ⎠
− Ψ⎛ ⎞= × ⎜ ⎟⎝ ⎠

i In
i L,0 i L

i Out
i C,0 i C

[C ] [C ] exp

[C ] [C ] exp ,

z F
RT
z F
RT

 

where [Ci]L and [Ci]C are luminal and cytosolic concentrations 
of the ion i, respectively. The surface concentrations are denoted 
by a zero subscript and the valence and charge of the ion are 
indicated by zi. Importantly, surface potentials do not modify the 
concentration values used to compute the membrane potential, 
as these values represent the total luminal charge.

Flux of passive water
Ionic concentration differences across a bilayer give rise to an  
osmotic pressure difference that drives the flow of water in the  
direction of higher osmolyte concentrations. Thus, as ions enter 
or leave the lysosome during acidification, water will enter or 
leave the lysosome, respectively. Ignoring any differences in hy-
drostatic pressure across the membrane, the flux of water can be 
modeled as (Verkman, 2000):

 ν φ⎛ ⎞
= × × × × − Φ⎜ ⎟⎝ ⎠∑W W W i i L C

i

[C ] ,J P S  

where the sum runs over all luminal ion species, i is the osmotic 
coefficient of ionic species i, C is the osmolarity of the cytoplasm, 
PW is water permeability of the membrane, S is surface area, and 
W is the partial molar volume of water (18 cm3/mol). All simula-
tions started from osmotic equilibrium, which we obtained by ad-
justing C.

Parameter values
As displayed in Table 1, we used experimentally determined pa-
rameter values whenever possible. In the simulations we report, 
the buffering capacity was kept constant at 40 mM/pH, but we 
performed additional simulations in which we varied the buffer-
ing capacity and found that these changes did not alter our con-
clusions. An early study reported a lysosomal proton permeability 
value of 2.9 × 104 cm/s (Van Dyke, 1993). From fits in Fig. 2 A, 
we estimated PH+ to be five times smaller at 6 × 105 cm/s, and we 
used this value in all simulations. We performed additional simu-
lations using the larger PH+ value, and the primary difference is an 
increase in the number of V-ATPases required to achieve a low 
pHL. For all simulations in Fig. 2, we assumed that the lysosomes 
are at a quasi-steady-state before the addition of valinomycin. In 
the presence of ClC-7 and a small proton leak (Fig. 2 A), this is a 
very easy constraint to satisfy because ClC-7 cannot initiate trans-
port without the counterion flow provided by K+ entry. However, 
for all other panels (Fig. 2, B–D) this adds a serious constraint to 

Flux characteristics of V-ATPase and ClC-7
The ability of our computational model to have real predictive 
power hinges on accurately representing the flux characteristics 
of each channel and transporter present in the cellular compart-
ment. Here, JV is given by a detailed mechanochemical model of 
the V-ATPase, which was calibrated against experimental current–
voltage data (Grabe and Oster, 2001). This flux depends on pHL 
and  according to the performance surface shown in Fig. 1 E. 
We characterized the ClC-7 antiporter turnover rate, JClC, by con-
structing an empirical function that fits the current–voltage (I-V) 
curve in Fig. 1 C. The I-V curve has two distinct regimes: one that 
is linear at positive voltages and a second region that is cubic  
at negative voltages (Fig. 1 C, diamonds). Therefore, we fit the 
experimental data to an equation that transitions from being lin-
ear to cubic as a switching function x goes from being zero at 
negative  to 1 at positive . However, rather than writing JClC 
as a function simply of , we chose to express it as a function of 
the driving force for ClC-7 turnover, ClC, for reasons that follow. 
Thus, the ClC-7 turnover rate is written as:

 μ μ= × ∆ + − × ∆ 3
ClC ClC ClC(1 ) ( ) ,J x a x b   (3)

where

 μ∆ +⎛ ⎞= + × ⎜ ⎟⎝ ⎠
1 1 250

tanh
2 2 75

ClCx  
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 ( )μ
−

−

⎛ ⎞
∆ = + × ∆Ψ + × × ∆ + ×⎜ ⎟⎝ ⎠
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B C

ClC
L

k T Cl
n pH n

e Cl
 

In the equations above, e is an elementary charge unit, n is the 
ClC-7 stoichiometry, x is the switching function, and a and b 
are constants. The quantity kBT/e is equal to RT/F, where R is the 
gas constant and F is Faraday’s constant. At room temperature 
(25°C), RT/F = 25.69 mV, which is the value used in all numeri-
cal simulations. Expressing the ClC-7 turnover rate as a polyno-
mial function of the driving force automatically enforces detailed  
balance, as when ClC is zero both the linear and cubic terms 
in Eq. 3 are zero. Thus, the antiporter stops transporting ions 
when the driving force is zero. We determined the value of the 
constants a = 0.3 and b = 1.5 × 105 by fitting Eq. 3 (solid curve) 
to the experimental measured macroscopic currents reported 
in picoAmps (Fig. 1 C, diamonds). Coincidentally, using these 
numeric values for a and b closely reproduces the experimental 
estimates for single antiporter rates measured in ions per second 
for a bacterial homologue of ClC-7 (Walden et al., 2007). Thus, 
we simply multiplied Eq. 3 by –2, giving –2 × JClC, to produce the 
single antiporter Cl– performance surface in Fig. 1 D.

Membrane potential
Our model incorporates a physical model of the membrane poten-
tial (Rybak et al., 1997), which depends on the net accumulation  
of charged ions in the lumen of the compartment described by the 
following equation:

 β∆Ψ = − + × − − ×
⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦

∑ ∑i j C L 0
i j0

[cation] [anion] (pH pH ) ,
F

V n n B V
C S

 
 (4)

where C0 is the membrane capacitance, S is the surface area, 
V is the lysosomal volume, i and j run over all cation and anion 
species, ni and nj are their respective valences,  is the buffering 
capacity, B is the luminal concentration of impermeant charges, 
which are primarily fixed negative protein charges trapped in 
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These equations were numerically solved with Berkeley  
Madonna using the Rosenbrock method for stiff differential 
equations or a fourth-order Runge-Kutta method when water 
flux was included.

Online supplemental material
Fig. S1 shows the time course for all simulations used to produce 
the data in Fig. 7. We also provide the basic Berkeley Madonna 
model. Online supplemental material is available at http://www 
.jgp.org/cgi/content/full/jgp.201210930/DC1.

the initial ionic balance because the membrane potential must  
be very close to the Nernst potential for H+. In fact, this con-
straint could not be met in Fig. 2 D using the experimentally mea-
sured ionic conditions. For simulations including water flow,  
we used the passive membrane permeability, PW, measured for 
endosomes, which is 0.052 cm/s (Lencer et al., 1990). We as-
sumed that the osmotic coefficient was 0.73 for all charged solutes 
(Kielland, 1937), and while the cytoplasmic/external osmolyte 
concentration, C, was adjusted to maintain equilibrium, it was 
typically 290 mM.

Numerical solutions
A system of equations for the model lysosome with V-ATPase,  
2 Cl–:1 H+ ClC-7 antiporter, K+ and Na+ channels, H+ leak chan-
nels, and water flux are as follows:

 +

+

+ + −

−

= × ∆Ψ − × ∆ ∆Ψ −

− ×
× ×

−
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U
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TA B l e  1

Model parameters

Description Units Symbol Value Reference

Cytosolic pH pHC 7.2 Roos and Boron, 1981; Wu et al., 2000

Cytosolic potassium concentration mM [K+]C 145 Alberts et al., 2008

Cytosolic sodium concentration mM [Na+]C 10 Alberts et al., 2008

Cytosolic chloride concentration mM [Cl–]C 5–50 Sonawane et al., 2002; Alberts et al., 2008

Luminal pH (initial) pHL 7.4 Alberts et al., 2008a

Luminal potassium concentration (initial) mM [K+]L 5 Alberts et al., 2008a

Luminal sodium concentration (initial) mM [Na+]L 145 Alberts et al., 2008a

Luminal chloride concentration (initial) mM [Cl–]L 110 Alberts et al., 2008a

Proton permeabilityb cm/s PH+ 6 × 105

Potassium permeability cm/s PK+ 7.1 × 107 Hartmann and Verkman, 1990

Sodium permeability cm/s PNa
+ 9.6 × 107 Hartmann and Verkman, 1990

Chloride permeability cm/s PCl 1.2 × 105 Hartmann and Verkman, 1990

Bilayer capacitance µF/cm2 C0 1 Hille, 2001

Lysosome diameter µm 0.68 Van Dyke, 1993

Lysosome volumec L V 1.65 × 1016

Lysosome surface areac cm2 S 1.45 × 108

Buffering capacityd mM/pH  40

Osmotic coefficient  0.73 Kielland, 1937

Water permeability cm/s PW 0.052  Lencer et al., 1990

Partial molar volume of water cm3/mol W 18 Verkman, 2000

Cytoplasmic osmolyte concentratione mM C 290

aThese are typical extracellular values. Values in nascent lysosomes are not known.
bThis value was estimated based on fits to data in Fig. 2 A. An experimental estimate based on measurements from rat liver lysosomes is 2.9 × 104 cm/s 
(Van Dyke, 1993).
cThese values are calculated for a sphere of diameter 0.68 µm.
dBuffering capacity varies with the pHL. An earlier study reported a value of 60 mM/pH at pHL 6.8, which gradually decreased to 20 mM/pH at pHL 5.2 
(Van Dyke, 1993). A recent study reports a value of 61.5 mM/pH for pHL 4.5–5.0 (Steinberg et al., 2010). We use a constant buffering capacity that falls in 
between these reported values and gives a best fit value to the in vitro data in Fig. 2 A.
e290 mM was a typical value, which was adjusted to maintain initial osmotic equilibrium.
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710 A model of lysosomal pH regulation

detailed representations of the V-ATPase and ClC-7 
transporters, and it considered only a limited number 
of potential transport proteins under a restricted  
range of environmental conditions. Here, we broaden 
the scope of the Weinert et al. (2010) study by simulat-
ing a large number of scenarios and exploring the  
influence that increased biophysical accuracy has on 
the conclusions.

R E S U L T S

Central to our approach is the use of experimentally 
calibrated ion pumping surfaces, as shown in Fig. 1 E 
for the V-ATPase, in an attempt to approximate the true 
lysosomal conditions as closely as possible. A model  
loosely based on our earlier work (Grabe and Oster, 
2001) was recently used to examine lysosomal acid-
ification (Weinert et al., 2010), but this study lacked  

Figure 2. Regulation of lysosomal pH in the absence of V-ATPases. Time-dependent changes in pHL from the model (blue, green, 
and red lines) are plotted along with the corresponding experimental recordings (diamonds, circles, and triangles; Graves et al., 2008) 
for three different ionic conditions. (A) A model with ClC-7 antiporters, a K+ carrier, and a minor proton leak. For all scenarios, the 
initial ionic conditions (in millimolar) and putative ion pathways used in each scenario are displayed to the right of each panel, and 
the experimental conditions are the same as in A. Valinomycin was added at 16 s, and FCCP at 63 s. There is no K+ pathway before the 
addition of valinomycin, at which the potassium permeability is set to 7.1 × 107 cm/s. The proton permeability (PH+) was increased to 
1 cm/s upon addition of FCCP. The model with ClC-7 matches the initial experimental pHL changes, but predicts luminal acidification 
after addition of FCCP rather than a return to the starting pHL. PH+ was 6 × 105 cm/s. (B) A model with a K+ carrier and a proton leak. 
The addition of valinomycin only causes acidification, even under experimental conditions that alkalinize the lysosome (diamonds). 
PH+ was 2.9 × 103 cm/s. (C) pHL changes elicited by K+ and Na+ channels and a proton leak. Low [K+]L levels (blue curve/diamonds) 
failed to alkalinize the lumen as in B. PH+ was 2.9 × 103 cm/s. (D) A model with ClC-7 antiporters, a K+ carrier, Na+ channels, and a 
proton leak. As in scenarios B and C, this model only causes luminal acidification. PH+ was 2.9 × 103 cm/s. In B–D, the concentration 
of Donnan particles was adjusted to set the initial total membrane potential to 11.8 mV in order to place the system in steady state at 
the start of the simulations. In some cases, steady state could only be achieved by changing the initial ionic concentrations from the 
experimental values given in A. The leaflet potentials were –50 mV outside and 0 mV inside, and the buffering capacity was 40 mM/pH.
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into and out of lysosomes isolated from native tissue 
(Graves et al., 2008). Should ClC-7 prove to be an ideal 
rectifier, carrying no current at luminal positive volt-
ages, our models would have to be reconsidered.

ClC-7 explains in vitro acidification changes  
in the absence of ATP
We first considered lysosomes that lack the full acid-
ification machinery, as this allows us to focus on the 
accu racy of the remaining elements such as the Cl– 
transport pathway. In particular, we examined in vitro 
experiments performed on rat liver lysosomes incu-
bated in the absence of ATP to prevent V-ATPase–de-
pendent proton pumping. Using this system, Graves 
et al. (2008) showed that an imposed Cl– gradient can 
drive V-ATPase–independent changes in pHL and sug-
gested that this is caused by the ClC-7–mediated coupled 
antiport of H+ and Cl– across the lysosomal membrane 
(Graves et al., 2008). To quantitatively evaluate this  
hypothesis, we performed a series of simulations under 
the same ionic conditions (Fig. 2). As in the experi-
ments, we imposed an initial Cl– gradient with low inter-
nal Cl– to drive Cl– entry when the membrane potential 
is small and Cl– exit when the membrane potential is 
large and negative. We controlled the membrane po-
tential by varying the initial luminal concentration  
of K+ ([K+]L), while leaving the cytosolic concentra-
tion unchanged. Ad dition of the K+ carrier valinomycin 
pushes the membrane potential toward the reversal po-
tential for K+, EK, which is 0 mV (diamonds), 46 mV 
(circles), or 92 mV (triangles) for the three conditions 
simulated. We represented the addition of valinomycin 
through the activation of a K+-specific permeability at 
16 s. All ex periments were terminated by the addition  
of car bonyl cya nide p-trifluoromethoxyphenylhydra-
zone (FCCP; Graves et al., 2008), which we modeled by 
introducing a large, passive proton permeability at 63 s.

Initially, pHL is constant both in the model (solid 
curves) and the experiments (symbols). In the model 
this occurs because a substantial membrane potential 
builds up almost instantaneously to oppose the Cl– gra-
dient and stop transport via ClC-7 (Fig. 3). When EK is 
92 mV, the addition of valinomycin drives the mem-
brane potential negative and forces luminal Cl– to exit 
and cytosolic H+ to enter via ClC-7, acidifying the lyso-
some (Fig. 2 A, red curve/triangles). However, when 
there is no K+ gradient, valinomycin draws the mem-
brane potential toward zero, causing Cl– to enter and 
H+ to exit, resulting in alkalinization (Fig. 2 A, blue 
curve/diamonds). A K+ gradient that sets the mem-
brane voltage to EClC, the ClC-7 reversal potential, leads 
to no net change in pHL (Fig. 2 A, green curve/circles). 
Before the addition of FCCP, our simulations are in  
excellent agreement with the experiment. Based on our 
fits, the passive H+ permeability (PH+) of the lysosome is 
6 × 105 cm/s, which is five times smaller than previous 

To address this gap in the literature, we experimen-
tally determined the current–voltage properties of the 
ClC-7 antiporter. We expressed rat ClC-7 in HeLa cells 
with a mutation that facilitates trafficking of the anti-
porter to the plasma membrane at levels high enough 
to permit electrophysiological recordings in whole cell 
patch clamp recordings (Leisle et al., 2011; Fig. 1 B). 
The usual electrophysiological convention is to con-
sider the voltage on the extracellular side of the mem-
brane to be zero (ground). Here, however, we remain 
consistent with other studies of organellar channels/
transporters (Ohkuma et al., 1982; Harikumar and 
Reeves, 1983; Cuppoletti et al., 1987; Van Dyke, 1993; 
Grabe and Oster, 2001; Dong et al. 2010; Weinert et al., 
2010) and use the opposite convention; we call the volt-
age at the cytosol zero, and positive ions flowing into 
the lumen is a positive current. With our convention, 
Fig. 1 C shows that ClC-7 is a strong inward rectifier. 
Inward rectification indicates that the primary direc-
tion of H+ flow is into the lumen and Cl– flow is out of 
the lumen, which is the wrong direction to act as a 
counterion flow but may aid in acidification. Therefore, 
to reduce the membrane potential, ClC-7 must operate 
in the direction that produces a small flux of current 
(Leisle et al., 2011). We constructed the analytic func-
tion in Eq. 3 (see Materials and methods), which is an 
excellent fit to the data (Fig. 1 C, solid curve), and 
which automatically enforces the correct reversal po-
tential for all ionic conditions. In Fig. 1 D we computed 
the Cl– pumping rate surface for a single antiporter 
by scaling the current to give a maximum single trans-
porter turnover of 1,000 s–1, as reported by Walden et al. 
(2007) for ClC-ec1, a bacterial homologue of ClC-7.  
For a more detailed mathematical description, in-
cluding how the ClC-7 and V-ATPase pumping profiles  
are incorporated into the model, refer to the Materials 
and methods.

It is important to highlight that the currents mea-
sured in the whole cell recordings at positive voltages 
are within the range of the baseline currents measured 
in nontransfected cells (Fig. 1 B). Thus, we cannot un-
ambiguously determine if Cl– exit from the cytosol (into 
the lysosome) is possible, nor can we determine the 
magnitude of the current. ClC-7 antiporter turnover in 
this direction is essential in our simulations, as counter-
ion compensation is entirely dependent on Cl– carried 
into the lysosome in the very shallow portion of the  
current–voltage curve (Fig. 1 C). However, because we 
scale ClC-7 currents by a parameter corresponding to 
the number of antiporters, the exact magnitude of the 
current is not important. Until we have a specific phar-
macologic inhibitor, we have no tools to more accu-
rately assess the background currents in ClC-7 plasma 
membrane–expressing cells. However, as discussed in 
the next subsection, previously published results sug-
gest that ClC-7 is indeed capable of carrying Cl– both 
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712 A model of lysosomal pH regulation

quantitatively measure key values. A possible explana-
tion of this discrepancy with the experiment is that the 
addition of FCCP to valinomycin-treated lysosomes in-
duces a nonspecific leak in the organelle membrane, 
which pulls the potential toward 0 mV. To prevent  
this uncertainty from undermining our current study, 
in the simulations that follow, we explored a wide 
range of environmental variables relevant to lysosomal 
pH regulation.

ClC-7 promotes robust acidification
The major focus of our work is to understand how 
steady-state pHL values are influenced by counterion 
identity for lysosomes undergoing active acidification 
via the V-ATPase proton pump. Recent studies suggest 
that K+ and/or Na+, instead of Cl–, could be the pri-
mary counterions (Steinberg et al., 2010; Weinert et al., 
2010). We explored this hypothesis by comparing the 
effectiveness of K+ channels, Na+ channels, Cl– chan-
nels, and ClC-7 antiporters in creating an acidic lyso-
somal interior. For this set of simulations, we used the 
proton permeability value determined by fitting the  
in vitro data in Fig. 2 A, and with this value of PH+, 
300 V-ATPases were needed to achieve a low pHL. The 
initial luminal concentrations of ions inside nascent 
organelles are poorly characterized, and to address this 
uncertainty, we assessed a wide range of initial ionic con-
ditions for their influence on steady-state pHL. Using 
5,000 antiporters, determined from our analysis in the 
next subsection, we see that ClC-7 promotes robust 

estimates (Van Dyke, 1993); however, H+ flux mediated 
by the ClC-7 antiporter may have led to overestimates of 
PH+ in past studies. Additionally, we estimate that there 
are 5,000 ClC-7 antiporters in each lysosome, occupying 
roughly 3–5% of the surface area. Once PH+ and buffer-
ing capacity values have been set, the fits in Fig. 2 A  
are robust to the choice of model parameters. The  
magnitudes of the changes depend only on the ClC-7 
transport stoichiometry. Thus, our model supports the 
hypothesis that ClC-7 is present in lysosomes and that it 
influences the ionic homeostasis of the organelle.

We also considered the possibility that changes to 
pHL depend on ion fluxes other than Cl–

. We mod-
eled lysosomes that contain only H+ leak channels 
(Fig. 2 B), Na+ and H+ channels (Fig. 2 C), and Na+ and 
H+ channels along with ClC-7 antiporters (Fig. 2 D). In 
the presence of a H+ leak alone, we could only observe 
pHL changes by significantly increasing PH+ by a factor of 
10 over the experimentally reported value (Van Dyke, 
1993) and >50 times the best-fit value used in Fig. 2 A.  
Even with this large increase, this minimal model fails  
to describe the data (Fig. 2 B). We then included Na+ 
and H+ channels, but this additional consideration 
also failed to describe the experimental pHL changes 
(Fig. 2 C). Finally, we considered a model lysosome con-
taining all three pathways: ClC-7 antiporters, Na+ chan-
nels, and H+ channels. This model also failed to describe 
the observed changes in pHL (Fig. 2 D). In summary, 
cation channels alone or K+, Na+, and H+ channels com-
bined with ClC-7 cannot explain the observed lysosomal 
pH changes (Graves et al., 2008). However, a lysosome 
containing a ClC-7 anti porter and a small-conductance 
H+ channel fits the initial dynamics and magnitudes 
very well.

Surprisingly, all tested scenarios failed to match the 
changes in pHL caused by the addition of FCCP, which 
dissipated the accumulated pH gradient as if clamp-
ing the voltage near zero. Just before FCCP addition, 
the model predicts negative membrane potentials for 
all scenarios (Fig. 3). The negative membrane poten-
tial causes luminal acidification after FCCP addition 
rather than the return to baseline observed experimen-
tally. For the ClC-7 model considered in Fig. 2 A, the 
fit between the simulated and the observed magnitudes 
of the pHL changes strongly, which indicates that the 
model is predicting the true membrane potential once 
valinomycin is added, and raises the question as to why 
adding a protonophore did not cause acidification in 
the experiments. We were unable to improve the quality 
of the fits by varying model parameters or by including 
voltage-gated Na+ channels or voltage-gated ClC-7 an-
tiporters (unpublished data). The model can describe 
the data if the experimentally measured ionic concen-
trations are incorrect, but it is also possible that we are 
missing some regulatory element, further highlighting 
the need for well-controlled in vitro experiments that 

Figure 3. Predicted lysosomal membrane potential. Simulations 
and color coding are identical to those described in Fig. 2 A for 
a model containing ClC-7 antiporters, a K+ carrier, and a minor 
proton leak, but no V-ATPases. The red curve was simulated with 
a high initial [K+]L (200 mM), the green curve with moderate 
[K+]L (30.6 mM), and blue curve with low [K+]L (5 mM). Initially, 
the membrane potential is enforced to be zero, but quickly be-
comes –45 mV, which stops ion transport via ClC-7 and brings the 
system to a steady state. Valinomycin was added at 16 s, at which 
point the potassium permeability was increased from 0 to 7.1 × 
107 cm/s to account for this additional pathway. The membrane 
potential changed according to whether K+ exited or entered the 
lysosome. In all cases, the membrane potential remained negative 
during this period. FCCP was added at 63 s, which was modeled by 
increasing PH+ from 6 × 105 cm/s to 1 cm/s. This caused a spike 
in the membrane potential due to an inward flux of H+.
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are shown), potentially pointing to a discrepancy between 
the Steinberg and Wang studies.

The steady-state membrane potential values correspond-
ing to Fig. 4 A are shown in Fig. 4 B. ClC-7 antiporters re sult 
in lower membrane potentials than Cl– channels, which 
explains their ability to facilitate greater acidification. 

acidification across the entire initial chloride concen-
tration range investigated (Fig. 4 A). Additionally, ClC-7 
achieves pHL that is 1/2 a unit lower than a Cl– chan-
nel. This result corroborates modeling performed by 
Weinert et al. (2010) for one particular condition, but 
further demonstrates that ClC-7 is effective over a large 
range of luminal chloride concentrations.

Cation channels, however, only allow acidification  
less than pHL 5.0 if the initial luminal concentration 
of the permeant cation is >100 mM (Fig. 4 A). The K+ 
concentration values necessary for effective acidifica-
tion are far greater than typical extracellular K+ values 
(5 mM), but are close to extracellular Na+ concentra-
tions (145 mM; Alberts et al., 2008). However, there are 
few experimental estimates of lysosomal cation concen-
trations, and those that do exist are not in agreement. 
For instance, Steinberg et al. (2010) predict [K+]L and 
[Na+]L to be 50 mM and 20 mM, respectively, at pHL 
6.0 in macrophages, whereas in HEK293T cells Wang 
et al. (2012) argue that Na+ is 100-fold higher than K+ 
(Wang et al., 2012). According to our model, these for-
mer concentrations at pHL 6.0 are too small to allow 
effective acidification unless both K+ and Na+ channels 
are present (Fig. 5). It is difficult to judge the result 
from Wang et al. (2012) because their measurements 
are presumably performed on lysosomes that have al-
ready achieved an acidic lumen. However, lysosomes 
containing K+ and Na+ channels that acidify from the 
initial luminal concentrations suggested by Steinberg  
et al. (2010) give rise to steady-state luminal cation  
concentrations that do not match the values from the 
Wang et al. (2012) study (partly Fig. 5, but not all data 

Figure 4. Steady-state pHL in the presence 
of the V-ATPase proton pump. (A) Steady-
state pHL as a function of initial luminal 
concentration for four different counterion 
flows: ClC-7 antiporter, Cl–, K+, or Na+ chan-
nel. For each curve, the initial concentration 
of the ion being transported was varied from 
1 to 200 mM. Thus, for simulations includ-
ing Cl– channels, the initial [Cl–]L was var-
ied from 1 to 200 mM, and the steady-state  
pHL was determined for each concentration. 
(B) The steady-state membrane potentials 
for the simulations in A. (C) Steady-state pHL 
as a function of cytosolic Cl– concentration 
for models containing either Cl– channels or 
ClC-7 antiporters. (D) The steady-state mem-
brane potentials for the simulations in C. All 
simulations included PH+ of 6 × 105 cm/s 
and 300 V-ATPases. Simulations with ClC-7 
antiporters included 5,000 transporters, and 
the model lysosome was spherical with a di-
ameter of 0.68 µm (Van Dyke, 1993). In all 
simulations, the initial luminal concentra-
tions of ions were equal to typical extracel-
lular values, except for the concentrations 
being explicitly varied along the x axes. All 
other parameter values are given in Table 1.

Figure 5. Dynamics of lysosomal acidification for two different 
counterion pathway models. The top curve is from a model con-
taining only K+ and Na+ channels, and the bottom curve is from 
a model that has both cation channels in addition to ClC-7 anti-
porters. The initial conditions were set to [K+]L = 50 mM, [Na+]L = 
20 mM, [Cl–]L = 1 mM, and pHL 6.0 as reported by Steinberg 
et al. (2010). For these values, cation channels alone can achieve 
a pHL of 5.0, but the addition of ClC-7 lowers the pH another 
1/2 unit. Both simulations included PH+ of 6 × 105 cm/s and 
300 V-ATPases. The simulation with ClC-7 antiporters included 
300 transporters. The buffering capacity was 40 mM/pH, and all 
other parameter values are given in Table 1.
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714 A model of lysosomal pH regulation

Differential changes in volume
Regardless of the identity of the counterion pathway, 
acidification must be accompanied by a large change 
in ionic conditions, which will impact the osmolarity of 
the lysosomal compartment. In the case of ClC-7 or a 
passive Cl– channel, large quantities of Cl– will enter the 
lumen to offset the accumulation of protons; however, 
if the pathway is dominated by cations, then K+ or Na+ 
will exit the lysosome. The vast majority of the protons 
that enter the lysosome are buffered, and therefore 
do not contribute to the osmolarity. Thus, anion en-
try will increase the osmolarity and cause the lysosome 
to expand, while cation exit will cause the lysosome to 
shrink. We recalculated the acidification simulations in 
Fig. 4 A this time, including a term for the correspond-
ing water flux. Interestingly, the steady-state pH values 
are nearly identical to those presented in Fig. 4 A (not 
depicted), but the compartments do change volume as 
hypo thesized. ClC-7 antiporters or Cl– channels cause 
the lysosomes to swell by 33–35% or 22–28%, respec-
tively (Fig. 6). Depending on the quantity of cations 
that leave the compartment, and correspondingly the 
degree of acidification, K+ or Na+ exit cause a 0–25% 
or 0–29% reduction in volume, respectively. For the pa-
rameters used here, our results indicate that the percent 
change in lysosomal volume is quite similar, regardless 
of the counterion. Moreover, the volume changes are  

K+ channels alone only result in positive membrane 
potentials, and for Na+ or K+ channels, if the initial lu-
minal concentrations are <60 mM, the final membrane 
potential is >120 mV, showing how cations require high 
numbers to allow acidification below pHL 6.0. We also 
explored the influence of organelle size on the steady-
state properties, and we determined that the pH and 
membrane potential were unaffected by changes in ly-
sosomal diameter from 0.2 to 1 µm (unpublished data).

We also examined how the cytosolic Cl– concentra-
tion ([Cl–]C) impacted the resting membrane poten-
tial and pH of lysosomes containing ClC-7 antiporters 
and Cl– channels. The majority of the calculations pre-
sented here assume a [Cl–]C value of 10 mM (Alberts 
et al., 2008), but recent measurements indicate that the 
value is 45 mM (Sonawane et al., 2002). As expected, 
the steady-state pHL is more acidic at [Cl–]C of 50 mM 
than it is at 10 mM because the driving force for Cl– 
entry into the lysosome is larger at 50 mM (Fig. 4 C). 
However, the difference is <0.5 pH units, indicating 
again that the resting pHL is relatively insensitive to chlo-
ride levels. In fact, the ClC-7 antiporter aids acidification 
to pHL 5.0 even at a [Cl–]C of 1 mM, which shows that 
ClC-7 antiporters could successfully aid acidification 
even in dialysis experiments that remove cytosolic Cl– if 
trace amounts of chloride remain. The resting mem-
brane potential for ClC-7–containing lysosomes is pre-
dicted to be positive for [Cl–]C values <10 mM, whereas 
Cl– channel containing lysosomes have positive membrane 
potentials across the entire range (Fig. 4 D).

The simulations shown in Fig. 4 are based on a con-
stant buffering capacity of 40 mM/pH, but the lyso-
somal buffering capacity changes with pH. Thus, we 
also explored the effect of varying buffering capacity 
on the steady-state pH and membrane potential. Low-
ering the buffering capacity shifts both the steady-state 
pH curves and the steady-state membrane potential 
curves for K+ and Na+ channels in Fig. 4 (A and B) to 
the left, making these channels more effective at pro-
moting acidification. The steady-state pH values of ClC-
7– and Cl– channel–mediated counterion models are 
insensitive to changes in buffering capacity, although 
the steady-state membrane potential values become 
slightly more negative than those shown in Fig. 4 B. The 
question remains as to the true buffering capacity of  
the lysosome. Van Dyke (1993) reported a small value 
of 20 mM/pH at pH 5.25, but a much larger value  
of 60 mM/pH at pH 6.75, and we used a value of  
40 mM/pH for our simulations, which falls in the mid-
dle of this range. However, Steinberg et al. (2010) re-
ported a buffering capacity of 61.5 mM/pH in the pH 
4.5–5.0 range. Thus, it is likely that the value we used in 
our simulations is an underestimate of the true buffer-
ing capacity value, and the true value is likely to make it 
even more difficult for cation channels alone to facili-
tate acidification.

Figure 6. Different counterion pathways have different effects 
on lysosomal volume. The simulations reported are identical to 
those shown in Fig. 4 A except for the initial lysosomal volume 
and the inclusion of water flux. For each counterion pathway, 
the initial concentration of the ion being transported was varied 
from 1 to 200 mM, and the percentage change in the steady- 
state volume relative to the initial volume was calculated. The  
initial volume and surface area were set to 3.3 × 1017 L and 6.2 × 
109 cm2, respectively. The lysosome with ClC-7 resulted in the 
greatest increase in volume as it acidifies, and the final volume 
was close to the volume of the sphere with the same surface area 
as the initial value.
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each of the four combinations of counterion pathways, 
the simulations were performed with high (150 mM) 
or low (10 mM) permeant ion concentrations. This 
resulted in four simulations for the scenarios involv-
ing two permeant ions and two simulations for the 
scenario involving only K+ channels. The steady-state 
[K+]L values for all simulations are given in the tables 
in Fig. 7. We color-coded the simulation for each sce-
nario that corresponds to typical extracellular values 
and showed the corresponding dynamics on the graph 
to the left. Unlike all other scenarios, lysosomes con-
taining ClC-7 antiporters resulted in an increase in 
[K+]L once acidification was initiated by the addition 
of ATP (Fig. 7, blue 3 in graph). This increase in [K+]L 
occurs for all simulations in scenario 3 that contain 
ClC-7 and none of the simulations that lack ClC-7 an-
tiporters (Fig. S1). Additionally, the ClC-7 antiporter 
produces steady-state [K+]L values at or above 100 mM 
for all initial conditions, unlike all other simulations ex-
cept for scenario 1, with high initial luminal [K+]L and 
[Na+]L. With regard to this later scenario, there is no 
data to suggest that nascent, or pre-acidified, lysosomes 
contain such high levels of both Na+ and K+. Therefore, 
we believe that a measurement of resting lysosomal 

so small that it is unclear if direct visualization with light 
microscopes commonly used in these experiments could 
identify swelling from shrinking.

Different counterion pathways have distinct  
kinetic signatures
Potentially the most promising experiments for identify-
ing the counterions and their carriers involve the use of 
quantitative fluorescent dyes to track the changes in Cl–, 
K+, or Na+ during acidification. Although the Verkman 
laboratory has performed seminal studies measuring  
chloride changes in nascent endosomes (Sonawane  
et al., 2002; Sonawane and Verkman, 2003), reliable 
cation and anion dyes are not readily available at pres-
ent, and no such experiments have been performed on 
lysosomes. In anticipation of a reliable K+ dye becoming 
publically available, we simulated the time-dependent 
change in [K+]L as well as the steady-state [K+]L during 
acidification of a lysosome starting from steady state 
(Fig. 7). Both the dynamics and steady-state values de-
pend on counterion pathways and initial ionic condi-
tions. Thus, we performed simulations of a lysosome 
containing a K+ channel alone as well as in combination 
with a Na+ channel, Cl– channel, or ClC-7 antiporter. For 

Figure 7. Changes in K+ concentration levels during lysosomal acidification depend on the molecular identity of the counterion path-
way. Four model lysosomes were considered, each containing a set of counterion pathways as labeled. For each scenario we performed 
a simulation with a low initial internal concentration of the permeant ion (10 mM) and a second simulation with a high concentra-
tion (150 mM) to determine if this unknown variable greatly affected the final steady-state [K+]L values listed in the four tables on the 
right. Scenarios 1, 3, and 4 involved two permeant ions, and required four calculations to explore all combinations of ionic conditions, 
whereas scenario 2 required only two simulations. The final steady-state [K+]L value is listed for each simulation, and the full time 
courses corresponding to the color-coded simulation conditions are shown on the left. Each time course uses initial luminal values clos-
est to typical extracellular values listed in Table 1. Acidification was initiated at 25 s by turning on the V-ATPases, which corresponds to 
adding ATP to the solution. Before the addition of ATP, the system was allowed to reach steady state, which in some cases resulted in 
initial [K+]L values different from those stated in the tables. For instance, scenario 1 (orange) shown on the graph starts with an initial 
[K+]L of 10 mM (see the corresponding table on the right), yet the time dependent curve shows [K+]L starting at 140 mM. This is due 
to a large increase in [K+]L during the initial equilibration in the absence of ATP. The full time courses for all 14 simulations are shown 
in Fig. S1. Only the ClC-7–containing lysosome undergoes an increase in [K+]L as K+ enters the lumen along with the pumped Cl–. The 
three other scenarios show a marked decrease in K+ as the organelle acidifies, and the K+ channel-only scenario reaches a final [K+]L 
in the millimolar range. All simulations included PH+ of 6 × 105 cm/s and 300 V-ATPases. Simulations with ClC-7 antiporters included 
5,000 transporters. All other parameter values are given in Table 1.
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716 A model of lysosomal pH regulation

lysosomal acidification changes (Graves et al., 2008). The 
current–voltage curve indicates that ClC-7 is a strong 
inward rectifier, allowing Cl– to flow out of the lysosome 
at high rates while moving Cl– inward at a very slow rate. 
Paradoxically, to act as a counterion pathway, ClC-7 
must move Cl– into the lumen in the direction that pro-
duces very slow turnover (Fig. 1 C). Nonetheless, the  
antiporter is extremely effective at aiding acidification 
because the turnover rate of the V-ATPase is relatively 

[K+]L near or above 100 mM is a strong indication that 
ClC-7 antiporters are active in the lysosomal membrane. 
Because the K+ dynamics and steady-state properties 
elicited by ClC-7 antiporters are distinct from the other 
putative counterion pathways, it is possible that even a 
qualitative [K+]L fluorescence measurement could iden-
tify the counterion and its pathway.

Changes in ClC-7 stoichiometry affect steady-state pH
Our in silico system allows us to assess the role of stoi-
chiometry in the ability of ClC-7 to facilitate lysosomal 
acidification. We can manipulate the stoichiometry of 
the antiporter at will, an operation not experimentally 
possible. To see how these changes influence the lyso-
some, we performed simulations with stoichiometries of 
3 Cl–:1 H+, 2 Cl–:1 H+, and 1 Cl–:1 H+ (Fig. 8, A and B). 
Under a wide range of initial [Cl–]L, a hypothetical an-
tiporter with a 1:1 Cl–/H+ coupling ratio permits the 
greatest acidification followed by a 2:1 ratio and finally 
a 3:1 ratio, which is least effective (Fig. 8 A). To illus-
trate these differences in another manner, we consider 
the time-dependent acidification of a vesicle aided by a 
ClC-7 antiporter with a hypothetical 3:1 ratio (Fig. 8 B). 
For the parameters outlined in the caption, this system 
reaches a steady-state pHL of 5, but changing the stoi-
chiometry to 2:1 at that point allows acidification by an 
additional 0.25 pH units, and then finally changing the 
stoichiometry to 1:1 permits acidification by another 
0.5 units down to pHL 4.25. In each case, changing the 
coupling ratio allows the ClC-7 antiporter to further re-
duce the membrane potential and achieve a lower pHL 
value. Stoichiometric ratios of 1 Cl–:2 H+ and 1 Cl–:3 H+ 
produced nearly identical steady-state pH values as the 
1 Cl–:1 H+ antiporter. However, in simulations where the 
proton leak was very small, the 1 Cl–:1 H+ ClC-7 anti-
porter produced the most acidic interior (unpublished 
data). At first glance, it appears counterintuitive that 
a hypothetical ClC-7 with a 1:1 coupling ratio permits 
greater acidification than antiporters with larger cou-
pling ratios because fewer Cl– are imported during each 
transport cycle, resulting in less neutralization of the 
membrane potential. We resolve this apparent contra-
diction in the Discussion.

D I S C U S S I O N

Role of ClC-7 in lysosomal pH regulation  
and ion homeostasis
Our study suggests a crucial role for the ClC-7 anti-
porter in lysosomal pH regulation and ion homeostasis. 
We showed that both ClC-7 antiporters and Cl– chan-
nels are the only counterion pathways that promote ro-
bust lysosomal acidification over a broad range of initial 
luminal and cytosolic ion concentrations. But ClC-7 
antiporters are more effective than Cl– channels and are 
the only counterion pathway that explains the in vitro 

Figure 8. The influence of ClC-7 antiporter stoichiometry on 
acidification. (A) Steady-state pHL values over a range of ini-
tial [Cl–]L values are plotted for a model lysosome containing 300 
V-ATPases, PH+ of 6 × 105 cm/s, and 5,000 ClC-7 antiporters of 
varying stoichiometry. A putative antiporter with a 1:1 stoichiomet-
ric ratio gives rise to the greatest acidification. (B) Time-dependent 
change in pHL was calculated, starting with the stoichiometry of 
3 Cl–:1 H+. After the pH reached steady state, the stoichiometric 
ratio was changed to 2 Cl–:1 H+ and then to 1 Cl–:1 H+. After each 
change, the system achieved a lower pHL. (C) At a given pH gradi-
ent, the antiporter has a fixed amount of energy (E) provided by 
the proton movement during one cycle (green bars). If the trans-
port is 3:1, the energy required for Cl– movement against their 
gradient (red bars) is greater than the energy provided by proton 
movement, and transport will not happen (indicated by the X). 
When the ratio is 2:1, the antiporter is close to stalling, but there 
is just enough energy to complete the cycle and pump Cl– into 
the lumen, which will subsequently allow further acidification by 
the V-ATPase (check mark). When the ratio is 1:1, there is ample 
energy to allow Cl– transport into the lumen (check mark). All 
other parameter values are given in Table 1.
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have been poorly characterized, and Steinberg et al. 
(2010) have determined values that appear to conflict 
with the values determined by Wang et al. (2012). It is 
hard to judge the role of cations during acidification 
until their concentration values and dynamics are bet-
ter understood.

It is possible that luminal ionic concentrations are pre-
cisely balanced before lysosomal maturation such that all 
counterion pathways are able to effectively contribute to 
the counterion movement. In this case, acidification may 
be unaffected by the removal of any particular coun-
terion pathway. Furthermore, compensatory changes in 
expression of one or more transporters, as have been 
observed in ClC-7 knockout mice (Poët et al., 2006), 
may mask the effects of knocking out crucial counter-
ion transporters. Another possibility that we have not 
considered is that ion stores are continually delivered 
to the lysosome during acidification, providing a source 
of counterions for efflux, though this would need to 
be through bulk processes, like fusion with ion-laden 
vesicles, as cation transport directly across the lysosomal 
membrane would increase the counterion requirement.

Membrane potential and K+ dynamics as indicators 
of counterion pathways
A recent estimate of the steady-state membrane poten-
tial of the lysosome is between +30 and +110 mV (Dong 
et al., 2010), and our results indicate that lysosomes 
containing ClC-7 antiporters produce more negative 
resting membrane potentials in the range of –10 to  
+10 mV (Fig. 4 B). If the buffering capacity is higher than 
our assumed value of 40 mM/pH, then our simulations 
predict that ClC-7 antiporters would result in more pos-
itive membrane potentials closer to the experimental 
range (unpublished data). The model shows that a pure 
Cl– channel produces membrane potentials in the ex-
perimental range. Interestingly, the resting membrane 
potential and steady-state pHL are very sensitive to the 
initial luminal cation concentrations when the counter-
ion pathway is mediated by Na+ or K+ channels (Fig. 4, 
A and B). This sensitivity makes it difficult to deter-
mine whether models containing cation channels are 
consistent with the membrane potential measurements. 
Conversely, ClC-7 antiporters and Cl– channels produce 
steady-state pHL and membrane potential values in a 
narrow range regardless of the initial internal ion con-
centrations. Given that the luminal contents of nascent 
lysosomes are subject to stochastic variation, the robust 
acidification property of anion pathways is appealing, 
as it indicates that lysosomes will always achieve the de-
sired pHL value needed to function properly.

We predict that lysosomes with and without ClC-7 
antiporters will have different steady-state pHL values 
(Fig. 5) and, if K+ channels are present, different [K+]L 
levels (Figs. 6 and 7). The latter finding may partly ex-
plain why ClC-7 knockout mice express lysosome-related 

slow; even the low Cl– fluxes predicted for positive volt-
ages are sufficient to dissipate the V-ATPase–generated 
membrane potentials. We also found that the most im-
portant characteristic of our calibrated ClC-7 antiporter 
model is the requirement to obey detailed balance; all 
of our results are insensitive to the exact shape of the 
ClC-7 performance surface in Fig. 1 D (unpublished 
data). Importantly, a model with Cl– as the primary 
counterion agrees well with seminal studies of lyso-
somal acidification, which also highlighted the impor-
tance of Cl– (Ohkuma et al., 1982; Cuppoletti et al., 
1987; Van Dyke, 1993).

Cation channels as counterion pathways
In recent years several cation channels, such as TRP-ML1 
(Kiselyov et al., 2005) and Na+-selective two-pore chan-
nels (TPC; Wang et al., 2012; Cang et al., 2013), have 
been identified in lysosomes. It was suggested that TRP-
ML1 may be the proton leak pathway, as lysosomes of 
TRP-ML1/ cells hyperacidify (Soyombo et al., 2006); 
however, TRP-ML1 is a nonselective cation channel, so 
it may permeate Na+ and K+ (LaPlante et al., 2002). The 
identification of these channels in lysosomes corrobo-
rates claims that K+, or possibly Na+, act as counterions 
during acidification (Steinberg et al., 2010). One of the 
strongest arguments from the Steinberg et al. (2010) 
study is that macrophages harvested from ClC-7 knock-
out mice have virtually identical lysosomal pH to wild-
type littermates (4.73 and 4.72, respectively). Similar 
results have been reported for lysosomes in neurons 
and fibroblasts of ClC-7 knockout mice (Kasper et al., 
2005; Weinert et al., 2010). However, these results clash 
with the finding that small interfering RNA (siRNA) 
knockdown of ClC-7 in HeLa cells results in a marked 
reduction in lysosomal acidity as determined by qualita-
tive fluorescence measurements (Graves et al., 2008). 
The Steinberg et al. (2010) study also found that lyso-
somes were able to acidify in cells dialyzed to remove 
cytosolic chloride and that isolated lysosomes held in 
Cl–-free medium were able to acidify with K+ acting as a 
counterion (Steinberg et al., 2010). This latter finding 
is consistent with our results if a K+ channel is present 
and starting luminal K+ levels are high (Fig. 4 A). But we 
suggest that the former result must be taken cautiously, 
as the Steinberg et al. (2010) study reports 8.5 mM  
residual Cl– remaining in their “Cl–-free” cells, and we 
show in Fig. 4 C that ClC-7 and Cl– channels are both 
effective at aiding acidification with trace amounts of 
cytosolic chloride.

Our results indicate that Na+ and K+ can bring about 
effective acidification, but their ability to do so is highly 
dependent on the initial luminal concentrations. Using 
the luminal K+ and Na+ concentrations determined by 
Steinberg et al. (2010), our model predicts that the pres-
ence of ClC-7 antiporters will always promote greater acid-
ification (Fig. 5). However, lysosomal cation concentrations 
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our results suggest new kinetic and steady-state experi-
ments that will help delineate the key components 
required for lysosomal acidification and ionic regula-
tion. It is possible that lysosomes contain combinations 
of these counterion pathways, and other pathways yet 
unknown, which may explain the difficulty in ascribing 
known experiments to one candidate or another. This 
possibility is highlighted by the recent work of Cang  
et al. (2013) showing that an ATP-sensitive Na+ channel 
opens and closes in response to changes in the extracel-
lular environment, giving rise to changes in the steady-
state membrane potential and pH of endolysosomes 
(Wang et al., 2012; Cang et al., 2013). The sensitivity of 
the lysosome to changes in the environment may also 
help rationalize the difference between in vivo and in 
vitro experiments as well as differences in results be-
tween laboratories. However, such complexity further 
highlights the need for a mathematical model, such as 
ours, to interpret data and make new predictions.
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