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SUMMARY

Potassium is the most abundant ion to face
both plasma and organelle membranes. Extensive
research over the past seven decades has character-
ized how K+ permeates the plasma membrane to
control fundamental processes such as secretion,
neuronal communication, and heartbeat. However,
how K+ permeates organelles such as lysosomes
and endosomes is unknown. Here, we directly re-
corded organelle K+ conductance and discovered a
major K+-selective channel KEL on endosomes and
lysosomes. KEL is formed by TMEM175, a protein
with unknown function. Unlike any of the!80 plasma
membraneK+channels, TMEM175has two repeatsof
6-transmembrane-spanning segments and has no
GYG K+ channel sequence signature-containing,
pore-forming P loop. Lysosomes lacking TMEM175
exhibit no K+ conductance, have a markedly depo-
larized DJ and little sensitivity to changes in [K+],
and have compromised luminal pH stability and
abnormal fusion with autophagosomes during auto-
phagy. Thus, TMEM175 comprises a K+ channel
that underlies themolecularmechanismof lysosomal
K+ permeability.

INTRODUCTION

A hallmark of eukaryotic cells is the separation of cellular func-
tions in membrane-bound organelles in the cytosol. Voltage
gradients exist across both plasma and organelle membranes.
The plasma membrane potential (Vm) regulates cellular pro-
cesses fundamental to life, including fertilization, gene expres-
sion, secretion, neuronal communication, and the beating of
cardiac cells. At rest, the plasma membrane is much more
permeable to K+ than to Na+, leading to a resting Vm closer to
the equilibrium potential of K+ (EK) (see Hille [2001] for review).
K+ channels represent the largest superfamily of ion-selective
channels, with !80 pore-forming subunit-encoding genes and
many more ‘‘auxiliary’’ subunit ones in humans (see Huang and
Jan [2014] and Nichols and Lopatin [1997] for review). Despite
the divergence in sequence and structure among the !80 K+

channels, their ion-selective filters are all formed by similar mem-

brane re-entrant P loops containing the GYG/GFG K+ channel
signature (Doyle et al., 1998; Heginbotham et al., 1994; Jiang
et al., 2003; MacKinnon and Miller, 1989; Yellen et al., 1991). In
addition to voltage-dependent K+ channels, there is also a family
of voltage- and time-independent ‘‘leak’’ (K2P) K+ channels (see
Goldstein et al. [2001] for review). K2Ps regulate resting back-
ground K+ conductance. Intriguingly, K2Ps are only found in
eukaryotes. It is unknown whether the plasma membranes of
bacteria and archaea also have ‘‘leak-like’’ K+ channels.
In lysosomes and endosomes, electrical potential across the

organelle membrane (DJ, defined as Vcytosol " Vlumen; Bertl
et al., 1992; Figure 1A) may vary among cells and individual or-
ganelles as the organelles mature from early to late endosomes.
The ionic conductances determining DJ have not been well
studied. Earlier indirect studies using the measurement of
each ion’s ability to influence lysosome luminal pH or to protect
the organelles from osmotic lysis suggest that lysosomes are
permeable to cations with an approximate permeability
sequence of Cs+>K+>>Na+ (Casey et al., 1978; Henning,
1975). Recent studies have uncovered several lysosomal ion
channels/transporters conducting Cl", H+, Ca2+, and Na+ (see
Xu and Ren [2015]) for review). However, the molecular identity
of the large K+ permeability, its contribution to DJ, and DJ’s
roles in cellular functions are little understood.
In this report, we discovered a ‘‘leak-like’’ K+ conductance KEL

on endosomes and lysosomes. Using candidate gene screening,
we found that TMEM175, a previously uncharacterized family
of transmembrane proteins, form KEL. Bacteria and archaea
also have TMEM175 homologs that form plasma membrane
K+-permeable channels. Therefore, TMEM175 represents a
new K+ channel family found in all the three domains of life.
Unlike plasma membranes, the organelle membrane has little
redundancy to K+ channel proteins; knocking out TMEM175
eliminates the K+ conductance and leads to compromised
organelle lysosomal pH stability and abnormal organelle fusion
during autophagy.

RESULTS

A Voltage-Independent K+ Conductance in Endosomes
and Lysosomes
To directly record the K+ permeability, we used whole-organelle
patch clamp to measure the charge flow rates (currents)
across lysosomal membranes with K+ as the major ion (Fig-
ure 1A). Similar to those we previously recorded from peritoneal
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macrophages (Cang et al., 2014), lysosomes from primary cells
cultured frommice, including glia (Figures 1B–1D), neurons, car-
diac myocytes, and cardiac fibroblasts (Figure S1), all had high
densities (!50 pA/pF at +100 mV) of K+ currents.

On plasmamembranes, there is a large degree of heterogene-
ity in the kinetics of activation, inactivation, and deactivation in
the K+ conductances (Hille, 2001). Such heterogeneity appeared
to be absent or minimal in lysosomes recorded from both excit-
able and non-excitable cells. In response to changes in voltage,
the current amplitudes changed instantaneously, were propor-
tional to the applied voltages, and had no obvious inactivation
or rectification, properties of a voltage- and time-independent,
leak-like K+ channel conductance (Figures 1C and S1).

To testwhether similar K+ conductance is present in other intra-
cellular organelles, we patch clamped endosomes (Saito et al.,
2007). To facilitate whole-organelle recording, we enlarged the
endosomes with transfection of Rab5-Q79L, a Rab5 mutant that
enlargesendosomes (Stenmarket al., 1994). In endosomes tested
in all the cell types cultured frommice, including neurons (Figures

Figure 1. A K+ Conductance in Endosomes
and Lysosomes
(A) Diagrams illustrating the recording techniques

and nomenclature used. Endosomes (enlarged

by transfecting a mCherry-tagged Rab5-Q79L

mutant, illustrated in the left panel with arrow

indicating an enlarged one; scale bar, 5 mm) or

lysosomes (enlarged with treatment of vacuolin-1)

are individually released from each cell sliced open

with a glass pipette and are subject to recordings

(right). DJ (J) is the voltage across organelle

membrane with lumen used as the reference (Bertl

et al., 1992). Inward cation current (negative) de-

notes the movement of positive charges out of the

organelle lumen into cytosol (bath).

(B–G) Currents recorded under voltage-clamp

from lysosomes (B–D) and endosomes (E–G) of

cultured mouse glia (B–D and G) and neurons

(E and F). Pipette solution contained 150 mM K+.

Bath contained 150 mM K+ (symmetrical [K+]

condition) or 150 mMNMDG (non-symmetrical) as

indicated. In (B) and (E), ramp voltage protocols

("100 to +100 mV in 1 s, Vh = 0 mV) were used to

record the currents. In (C), step protocols ("100

to +100 mV with a 20 mV step, illustrated)

were applied under symmetrical [K+] condition.

Column figures (D, F, and G) summarize the cur-

rent amplitudes at +100 mV recorded with ramp

protocols.

(H and I) Lysosomal membrane potential (J) re-

corded under current-clamp (I = 0). (H) Repre-

sentative traces recorded under varying bath

(cytosolic) [K+]. (I) AveragedJ values. Numbers of

organelles recorded are in parentheses. Data are

presented as mean ± SEM.

See also Figure S1.

1E and 1F), glia (Figure 1G) and cell lines,
we detected K+ currents with properties
similar to those found in lysosomes.

These results indicate that both endo-
somes and lysosomes have a leak-like

K+ conductance (KEL), which presumably underlies the K+

permeability. Consistent with the idea that KEL is constitutively
open, the resting DJ of lysosomes, like that of Vm, was highly
dependent on [K+] (Figures 1H and 1I).

A Candidate Gene Screening to Identify KEL

We set out to identify the KEL-encoding gene. Among the !80
canonical K+ channels characterized on plasma membranes,
only the K2P family has biophysical properties that resemble
KEL (Goldstein et al., 2001). K2P1 protein has been detected
in endosomes using immunostaining (Honoré, 2007). Over-
expressing K2P1 in HEK293T cells, however, led to no obvious
increase in KEL-like currents recorded from endosomes
(enlarged with Rab5-Q79L) or lysosomes (enlarged with vacuo-
lin-1) (n = 15).
We next used a whole-organelle patch-clamp-based candi-

date gene screening to test whether previously under-character-
izedproteins formKEL.Weused the following candidate selection
criteria: (1) the protein was found in our previous lysosomal
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proteomic analysis (Chapel et al., 2013) or is known to lead to
lysosome-related disease when mutated; (2) the protein is
predicted to have at least one transmembrane spanning (TM)
domain; and (3) the protein has not been functionally estab-
lished as an ion channel/transporter. Because of the small size
(!"80 pA at "100 mV in HEK293T cell lysosomes) of the native
KEL current (IKEL) and potential genetic redundancy, a loss-of-
function approach with shRNAs to partially knockdown candi-
date proteinsmight not be sufficiently sensitive for the screening.
We instead used a gain-of-function approach by testing whether
overexpression of candidate proteins increased lysosomal
currents. To screen proteins for channel current, we performed
recordings under conditions that detected K+, Na+, and Cl" cur-
rents. We also included amino acids in the pipette solution to
detect amino-acid-activated conductance. Out of the 16 candi-
dates, 12 of which were detected in our previous proteomic anal-
ysis (Chapel et al., 2013), only 1 (TMEM175) led to a large increase
of IKEL-like currents (Figure 2).

TMEM175 Is a Novel Protein in Both Endosomes and
Lysosomes
TMEM175 (transmembrane protein 175) has no significant
sequence similarity to any other protein with known func-
tion. Homologs are found in archaea, bacteria, and eu-
karyotes and are grouped together into a superfamily by the
presence of one (in archaea and bacteria) or two (in eukary-
otes) copies of DUF1211 (domain-of-unknown-function).
Within eukaryotes, TMEM175 is found in both unicellular
organisms such as the choanoflagellate Salpingoeca rosetta
(Genbank: XP_004995857) and marine microalgae Nanno-
chloropsis gaditana (EWM26717) and multicellular organisms,
including invertebrate and vertebrate animals. Among animals,
TMEM175s are highly conserved (81% identity between hu-
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Figure 2. Identification of KEL Using Candi-
date Gene Screening
Lysosomal currents were recorded from HEK293T

cells transfected with lysosomal channel/trans-

porter candidates (LCTC1–16).

(A–C) Representative currents recorded from non-

transfected cells (A, control) and cells transfected

with LCTC7 (B) or with LCTC12 (C).

(D) Averaged amplitudes of outward (at +100 mV;

top) and inward (at "100 mV; bottom) currents

from cells transfected with each of the 16 candi-

dates. n = 4 to 7. A ramp protocol ("100 mV

to +100 mV) was used. The 16 candidates

(LCTC1–16) tested are (in order) CLN3, CLN7,

rPQLC2, TMEM104, SLC38A7, TTYH2, PTTG1IP,

TTYH3, MFSD1, SLC37A2, SLC46A3, TMEM175,

CLN5, CLN6, CLN8, and TMEM127, all from hu-

man except rPQLC2 (from rat). Data are presented

as mean ± SEM.

man and mouse, 62% between human
and zebrafish). Expressed-sequence-
tag and RNA-sequencing databases
suggest that human TMEM175
(hTMEM175) is expressed in all tis-

sues/organs, including the heart, brain, testis, kidney, and
liver, and in cultured cell lines.
Using hydrophobicity analysis (Figure 3A) and a hidden

Markov model method (Tusnády and Simon, 2001),
hTMEM175 is predicted to have a two-repeat structure, with
each repeat containing six TMs (S1–S6, Figure S2A). The two
repeats have significant sequence similarity (Figure S2B),
especially in the first TMs (IS1 and IIS1). This 2 3 6TM struc-
ture is similar to that of the two-repeat Na+ channels TPCs
(Zhu et al., 2010). TMEM175’s S4s have no obvious voltage-
sensing domains characterized by the presence of charged
residues, unlike in KVs, NaVs, CaVs, and TPCs. Intriguingly,
the predicted S5–S6 linkers in both the repeats are short
(4 aa). A GYG/GFG-signature-containing P loop (Figure S2A),
a linker that reenters the membrane to form the selectivity filter
of all the known K+ channels, is lacking (MacKinnon and Miller,
1989; Miller, 1995). Using an accessible-cavity geometry-
based set of criteria (Pore-Walker) (Nugent and Jones, 2012),
IS1, IIS1, and IIS2 are predicted to potentially contain channel
pore-lining helices.
TMEM175 was previously detected from lysosomal mem-

brane protein preparations by mass spectrometry (Chapel
et al., 2013; Schröder et al., 2007). To elucidate the localization
of TMEM175, we tagged hTMEM175 with fluorescence proteins
at its N terminus (with EYFP) or C terminus (with EGFP) (Fig-
ure 3B). The tagged TMEM175 partially colocalized with endoso-
mal (Rab5, Figures 3C and 3E) and lysosomal (Lamp1, Figures
3D and 3F; Chapel et al., 2013) markers. Because GFP and
YFP lose fluorescence at acidic pH found in the lumen of lyso-
somes, the detection of bright YFP and GFP signals overlapping
with Lamp1 suggests that the N and C termini of TMEM175 are
localized in the cytosol (Figure 3A), a topology similar to that of
TPCs (Zhu et al., 2010).
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TMEM175 Forms KEL Channels on Endosomes and
Lysosomes
We transfected HEK293T cells with YFP-tagged hTMEM175 to
identify TMEM175-expressing organelles to use for patch
clamping. Overexpressing hTMEM175 led to large K+ currents
in both endosomes (438.5 ± 133.5 pA/pF at +100mV; n = 13; Fig-
ures 4A–4F) and lysosomes (374.3 ± 96.8 pA/pF, n = 6; Figures
4G–4I). Like the native IKEL, TMEM175 currents (ITMEM175) rose
and fell instantaneously upon voltage changes without rectifica-
tion (Figures 4E and 4H). Unlike KVs, TMEM175 did not inactivate
even when tested with pulses of 10 s duration (Figure S3A).

TMEM175 Is K+ Selective
Removing K+ from the bath containing Cl! abolished the current,
indicating that hTMEM175 is not permeable to anions (Figure 5A).
The current increased when K+ was replaced with Rb+, suggest-
ing that, like many canonical K+ channels, hTMEM175 is Rb+

permeable (Figure 5A). To determine hTMEM175’s cation selec-
tivity, we recorded ITMEM175 under various ionic conditions.
Replacing bath K+ with NMDG, Na+, or Ca2+ largely abolished

the outward currents (moving into lysosomes) (Figures 5A–
5C), suggesting that hTMEM175 is minimally permeable to
NMDG, Na+ and Ca2+. We recorded IhTMEM175 under bi-ionic
conditions and used the resulting reversal potentials to quantify
hTMEM175’s relative permeability (Figures 5D and 5E).
hTMEM175 was selective for K+ over Na+ and Ca2+ (PK/PNa =
36.0 ± 4.4, n = 11; PK/PCa = 141.6 ± 27.7, n = 9), with a PK/PNa

within the range of those of KV and K2P channels (Heginbotham
et al., 1994; Honoré, 2007). Unlike the canonical K+ channels but
similar to the behavior of lysosomal membranes (Casey et al.,
1978; Henning, 1975), hTMEM175 permeated Cs+ better than
K+ (Figure 5B; PK/PCs = 0.51 ± 0.03, n = 9).
We tested whether K+ conduction through hTMEM175

required a co-movement of H+, a property of H+ cotransporter/
exchangers. Under conditions where there was no H+ gradient
(pHlumen = pHcytosol = 7.2) and K+ was the only other permeable
cation, the reversal potential follows the changes in [K+]cyt with
a slope of 56.8 mV/decade (Figure 5F), close to that of a pure
K+ electrode (58.8 mV/decade at 23"C), suggesting that H+ co-
movement is not required (Accardi and Miller, 2004).

A

B

C

D

E

F

Figure 3. TMEM175 Is Expressed in Endosomes and Lysosomes
(A) Top: hydrophobicity plot of human TMEM175 (hTMEM175). Bottom: a predicted two-repeat six-transmembrane-spanning (23 6TM) topology of hTMEM175.

Domains that may contain the pore lining are in red.

(B) Western blot detecting non-tagged and GFP-tagged hTMEM175 transfected in HEK293T cells.

(C and D) Localization of N-terminally YFP-tagged hTMEM175 with RFP-tagged Rab5 (C) or RFP-tagged Lamp1 (D) co-transfected in HeLa cells.

(E and F) Co-localization of C-terminally GFP-tagged hTMEM175 with RFP-tagged Rab5 (E) or RFP-tagged Lamp1 (F). Scale bars, 5 mm.

See also Figure S2.
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The Conserved FSD Signature Is Required for TMEM175
Function
The highest sequence similarity among TMEM175s is found in
IS1 and IIS1. These two regions contain an FSD signature
conserved in TMEM175s of eukaryotes (Figure S2A), bacteria,
and archaea. TMEM175 with the FSD signature mutated gener-
ated proteins comparable to that of the wild-type (WT; as judged
by the intensity of the attached YFP protein, data not shown).
However, the mutants exhibited no active channel activity (Fig-
ures S3B and S3C).

TMEM175 Has Pharmacological Properties Distinct
from Those of Canonical K+ Channels
ITMEM175 was not inhibited by Cs+, Ba2+, tetraethylammonium, or
quinine at concentrations commonly used to block canonical K+

channels but was sensitive to Zn2+ (IC50, 38.4 mM) and 4-amino-
pyridine (4-AP; IC50, 35.0 mM) (Figures S3D–S3G). The lack of

voltage dependence and the distinct pharmacological prop-
erties suggest that ITMEM175 was not the result of a potential
upregulation of canonical K+ channel proteins caused by overex-
pressing TMEM175.

Bacterial TMEM175 Homologs with Only One Repeat
Form Plasma Membrane Voltage-Independent
K+-Permeable Channels
The predicted 23 6TM structure of hTMEM175 is similar to that
of the TPC channels but deviates from those of most other ion
channels whose structures are 2TMs, 6TMs, or 4 3 6TM. To
test whether proteins with only one of the two repeats can
form ion channels, we expressed the bacterial TMEM175 homo-
logs (bacTMEM175s) from gram-positive (Chryseobacterium;
Genbank: KFF73457; cbTMEM175) and gram-negative (Strepto-
myces collinus, Genbank: AGS72644; scTMEM175) bacteria in
HEK293T cells.
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Figure 4. TMEM175 Forms a Voltage-Independent, Non-Inactivating Channel
(A–I) Whole-endosomal (A–F) and lysosomal (G–I) currents recorded from non-transfected (A–C) or hTMEM175-transfected (D–I) HEK293T cells. Representative

current traces recorded using a ramp protocol (A, D, and G: !100 to +100 mV in 1 s, Vh = 0 mV) or step pulses (B, E, and H: !100 to +100 mV, 20 mV step, Vh =

0 mV, illustrated) under conditions of symmetrical [K+] (150 mM in both lumen and cytosol; black lines) or non-symmetrical [K+] (150 mMK+ in lumen and 150 mM

NMDG in cytosol; red lines) conditions are shown. (C, F, and I) Averaged current amplitudes at +100 mV obtained with the ramp protocol. Non-transfected cells

had little lysosomal currents (see Figure 2A). Data are presented as mean ± SEM. See also Figure S3.
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The prokaryotic TMEM175s are small (192 aa in cbTMEM175
and 206 aa in scTMEM175) and are predicted to have only
one 6TM repeat (Figure 6A). Bacterial and human TMEM175s
are conserved, especially in the first two TMs (cbTMEM175
versus hTMEM175 repeat II: 39% identity, 56% similarity;
Figures S4A–S4D). As a reference, the mammalian protein
with the highest similarity to the bacterial Na+ channel NaCh-
Bac is the 4 3 6TM T-type Ca2+ channel CaV3.1. The identity
and similarity between CaV3.1 and NaChBac are 27% and
51%, respectively.

Unlike most other bacterial ion channel proteins,
bacTMEM175s were readily expressed in mammalian cells.
HEK293T transfected with bacTMEM175s had large K+

currents when recorded under symmetric [K+] conditions
(Figures 6, S4F, and S4G). Thus, prokaryotes use TMEM175 ho-
mologs, instead of K2Ps, to form K+-permeable leak-like chan-
nels. As bacteria and archaea have no intracellular organelles,
the function of TMEM175 is perhaps to set themembrane poten-
tials of the cells and/or to regulate cellular osmolarity.

The sequence similarity between the two bacTMEM175s
(35% identity, 59% similarity) is only as large as the similarity be-
tween each and hTMEM175 (Figure S4). The two, however,
generated currents with similar properties. Like hTMEM175,
bacTMEM175s also had linear current (I)-voltage (V) relation-
ships and the currents did not inactivate (Figures 6D, 6E, and
S4F). Compared to hTMEM175, bacTMEM175s were less
permeable to Cs (PK/PCs: 2.1 ± 0.7, n = 4 for cbTMEM175;
2.3 ± 0.3, n = 5 for scTMEM175) and were noticeably permeable
to Na+ (PK/PNa: 2.4 ± 0.5, n = 4 for cbTMEM175; 4.4 ± 1.4, n = 5
for scTMEM175). Unlike hTMEM175, bacTMEM175s were not
inhibited by 4-AP when applied either in the bath or in the pipette
solutions (Figures 6G and S4H). The distinction in ionic selectiv-
ities and channel blocker sensitivity of conductance generated
from different TMEM175 proteins support the idea that
TMEM175 forms the ion conductive pore that determines ion
selectivity.

TMEM175 Is the Major Lysosomal K+ Conductance
To determine the extent to which TMEM175 contributes to
the total K+ conductance in lysosomes, we used the CRISPR/
Cas9 technique to knock out mouse TMEM175 (mTMEM175)
in RAW264.7, a leukemic monocyte macrophage cell line
commonly used for lysosomal studies (Steinberg et al., 2010).
We selected PAM-adjacent sequences encoding the second
putative TM (IS2) to target such that channel function would
be disrupted by both frame-shifting indels resulting in protein
truncation and by non-frame-shifting indels resulting in rotation
of the membrane-spanning a-helix (Figure 7A). For the control
of specificity, we used a CRISPR construct that targets
hTMEM175 but does not match mTMEM175 sequences. Knock-
ingoutmTMEM175eliminated IKEL (Figures7B,7C, and7E).Asan
additional control, transfecting hTMEM175 cDNA into the mouse
knockout cells rescued and enhanced IKEL (Figures 7D and 7E).
To further rule out the possibility that the elimination of IKEL in

the CRISPR KO cells resulted from off-targeting by the synthetic
guide RNA at the genomic level, we also used short hairpin inter-
fering RNAs (shRNAs) to knock down mTMEM175 in RAW264.7
cells and hTMEM175 in HEK293T cells. Transfecting targeting
shRNAs markedly reduced the native IKEL (Figure S5). Together,
the knockout and knockdown experiments suggest that
TMEM175 is required for KEL and that other channels contribute
little to the K+ conductance. We conclude that KEL results from
TMEM175 (hereafter called KEL).

KEL Determines DJ and Its Sensitivity to K+

To determine the function of the dominant organelle K+ conduc-
tance, we performed current-clamp recordings to test whether
KEL controls DJ. Similar to those from glia (Figure 1I) and
peritoneal macrophages (Cang et al., 2013), artificially enlarged
lysosomes from RAW264.7 cells under the whole-organelle
patch clamp configuration had a positive ‘‘resting’’ membrane
potential (lumen more negative than cytosol) when [K+]cyt was
140 mM, close to its physiological concentration (Figure 7H).
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Figure 5. TMEM175 Is K+ Selective
(A and B) Representative endosomal currents re-

corded using a ramp protocol (!100 to +100 mV in

1 s, Vh = 0 mV) from hTMEM175-transfected

HEK293T cells with pipette (lumen) solutions of

145 mM Na+ (A) or 150 mM K+ (B) and bath

(cytosol) solutions containing various cations

(concentrations indicated). The green (for NMDG-

Cl) and red (for NMDG) traces in (A) overlap and are

not well separated.

(C) Current amplitudes measured at +100 mV of

the ramp protocol used in (B).

(D) Representative current traces elicited by step

pulses from !50 to +50 mV (10 mV step) under bi-

ionic conditions (150 mM K+ in lumen and 150 ms

Cs in cytosol).

(E) Current amplitudes measured at the end of the

steps in (D) (indicatedbyarrow)wereplottedagainst

the test voltages to determine the reversal potential.

(F) Reversal potentials (Jrev) recorded with a

150 mM K+-containing pipette solution and

cytosol solutions containing 150, 75, 30, or 15 mM

[K+]. JK, K
+ equilibrium potential. Data are pre-

sented as mean ± SEM.
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Compared to WT, lysosomes from the KEL knockout cells were
14 mV depolarized. When [K+]cyt was reduced to 1 mM, a condi-
tion under which a K+ conductance presumably generates
depolarization, the KO lysosomes were 23 mV hyperpolarized
compared to WT (Figure 7H).

DJ versus [K+]cyt shows that lysosome potential was directly
correlated with K+ in the WT. Strikingly, the K+ sensitivity was
essentially absent in the KO lysosomes (Figures 7F–7H). Thus,
KEL controls lysosomal DJ and is the major determinant of
DJ’s sensitivity to K+.

KEL Contributes to Lysosomal pH Stability
In addition to setting DJ, K+ may also serve as a counterion
to maintain the acidic pH in the lumen (Haggie and Verkman,
2009; Mindell, 2012; Steinberg et al., 2010). Under nutrient-
replete conditions, lysosomes in the RAW264.7 KO cells ex-
hibited pH close to that in the WT cells. When cells were starved
for 2 hr, the KO lysosomes became alkalinized by 0.7 units to 5.3,
while the WT maintained their pH of 4.8 (Figures 7I–7K). Thus,
KEL contributes to lysosomal pH stability.

KEL Regulates Organelle Fusion
Because of the charges of lipids and proteins on the membrane,
a function of DJ may be to regulate the organelle’s fusion with
other organelles. We tested KEL’s potential role in organelle
fusion by comparing the autophagosome-lysosome fusion in
the WT and KO cells. During starvation, cells generate autopha-
gosomes that fuse with lysosomes to deliver engulfed materials
for digestion and recycling (see Mizushima and Komatsu [2011]
for review). We used LC3 (microtubule-associated proteins 1A/
1B light chain 3A) tandem tagged with mCherry and GFP (RFP-
GFP-LC3) as an autophagosomemarker to monitor the numbers
of autophagosomes before (RFP- and GFP-positive puncta) and
after (RFP positive, but GFP negative because of low GFP activ-
ity at acidic pH in lysosomes) fusion with lysosomes (Cang et al.,
2013; Klionsky et al., 2012). The total number of autophago-
somes formed during 2 hr of starvation was similar in the WT
and the KO cells (Figures 7L and 7M), indicating that the forma-
tion of autophagosomes as an early step of autophagy does not
require KEL. However, the number of GFP-positive puncta (Fig-
ures 7L and 7M) and the ratio of numbers of GFP-positive to
RFP-positive puncta (Figure 7N) were significantly lower in the
KO, suggesting accelerated fusion of the autophagosomes to
lysosomes, presumably due to depolarization of the KO lyso-
somes. As a control, the numbers of GFP-positive puncta were
similar in the WT and KO when cells were incubated with bafilo-
mycin to suppress the autophagosome-lysosome fusion (Klion-
sky et al., 2012). Furthermore, transfecting hTMEM175 into the
KO cells restored the number of GFP-positive puncta (Figures
7L–7N).

DISCUSSION

We have uncovered the mechanism of endosomal and lyso-
somal K+ permeability. KEL has a structure drastically different
from the canonical K+ channels in both the number of TMs and
the formation of pore region. KEL determines DJ’s sensitivity
to K+ and is the major control for DJ, which regulates lysosomal
pH stability and organelle fusion. Together with the extensive
studies of plasma membranes K+ conductances in the past
seven decades, how themost abundant intracellular ion, K+, per-
meates both plasma and the intracellular organelle membranes
has now been revealed at the molecular level.

Figure 6. Bacterial TMEM175 Homologs Form K+-Permeable
Channels
(A) Hydrophobicity plot (left) and a predicted one-repeat 6TM structure (right)

of a bacterial TMEM175 from Chryseobacterium (cbTMEM175).

(B–E) Representative whole-cell plasma membrane currents recorded from

control (mock-transfected, B and C) HEK293T cells and cells transfected with

the cbTMEM175 (D and E) using ramp protocols (B and D; !100 mV

to +100 mV in 1 s, Vh = 0 mV) or step protocols (C and E) as illustrated.

(F) Averaged current amplitudes at !100 mV with bath cation concentrations

indicated.

(G) Drug sensitivity presented as the current amplitudes (at !100 mV)

after drug application, normalized to the amplitudes before drug applica-

tion. Numbers of cells recorded are in parentheses. Data are presented as

mean ± SEM.

See also Figure S4.
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Is TMEM175 an ion-conducting subunit of KEL or an ‘‘auxiliary’’
subunit of a pore-forming protein yet to be identified? Multiple
lines of evidences suggest that TMEM175 forms the ion con-
duction pathway. First, the properties of KEL conductance are
consistent with the idea that TMEM175 is an ion channel.
At !1 nS (!"100 pA at "100 mV) on a membrane area of
!10"7 cm2 (assuming !3 mm diameter of the enlarged lyso-
some; 1 pF capacitance), the native total organelle KEL conduc-
tance is remarkably high and is comparable to that of many ion
channels such as KVs and NaVs found abundantly in the plasma
membrane of excitable cells. For a membrane with 1,000 func-
tional KEL channels, the single KEL conductance would need to
be 1 pS even if KEL functions as a constantly open channel
(Po = 1.0). This single-channel conductance is within the range
of those of many ion channels and higher than the !fS value
found in the CRAC and Kir7.1 channels (Krapivinsky et al.,
1998; Zweifach and Lewis, 1993). In addition, overexpressing
TMEM175 in HEK293T cell lysosomes drastically increased
IKEL to as large as !1 nA (!3.5 mA per cm2 surface area) at
"100 mV, a conductance of !35 mS/cm2. Furthermore, IKEL
doesn’t require ATP or other ions, a property generally found in
ion channels but distinct from those of transporters. Second,
knocking out TMEM175 abolished IKEL. Auxiliary subunits may
regulate the channel’s biophysical properties but knocking
them out usually does not abolish the currents, although the
sizes of the currents may be reduced. Third, bacTMEM175s
also produce K+ conductance when expressed in mammalian
cells, which are less likely to have endogenous proteins to asso-
ciate with them. Fourth, the animal and bacterial TMEM175
homologs differ in sequences and selectivity; although all are
K+-selective, hTMEM175 is more selective for Cs+ than K+ and
bacTMEM175s is more selective for K+ than Cs+. Since ion
selectivity is generally determined by the pore-forming proteins,
the simplest interpretation of these data is that TMEM175 is a
pore-forming subunit of KEL. Studying the single-molecule
behaviors of KEL will require single-channel recording from lyso-
somes expressing TMEM175, but such recordings have not so
far been successful.
How does KEL achieve its K+ selectivity without a GYG/GFG-

containing P loop? Between eukaryotic KELs and their bacterial

homologs, the regions with significant sequence similarity are
S1 and S2 (Figure S4). Since both channels are selective for
K+, it is tempting to speculate that KEL’s K+-selective pore is
formed by the first transmembrane-spanning segment. Similarly,
uses of both P-loop-based and P-loop-independent mecha-
nisms to achieve ion selectivity are found in other channels.
For example, the voltage-activated Ca2+ channels (CaVs) and
the Ca2+-release-activated Ca2+ channels (CRAC) are both
selective for Ca2+, but they use distinct pore structures. In CaV,
the glutamate-containing selectivity filter is formed by four P
loops, each contributed from one of the four repeats (Tang
et al., 2014; Yang et al., 1993). In CRAC, the central pore is
aligned by TM1s from multiple ORAI protein subunits; the gluta-
mate residues at the extracellular end of TM1s, one from each
subunit, form a ‘‘glutamate ring’’ as the ion selectivity filter
(Hou et al., 2012). If TMEM175’s IS1 and IIS1 indeed form the
ion filter, the negatively charged residues (D/E) within the helices
could potentially interact with K+ to achieve the K+ selectivity
(Figure S2A). To elucidate the detailed selectivity and permeation
mechanism of KEL at the atomic level requires detailed mutagen-
esis studies and high-resolution structural information.
With the identification of the major K+ conductance, how lyso-

somes control DJ is now much better understood. Our patch-
clamp recordings revealed K+, Na+, Cl", and H+ conductances
(Cang et al., 2014). The organelle is highly permeable to H+

(PH/PK: !7,000 in macrophages). Because of the high [H+] in
the lumen (!0.03 mM at pH4.5 to 0.01 mM at pH5.0), the H+

permeability makes large contribution to DJ ((PH/PK)[H
+]lumen =

!70 mM to 210 mM). The Cl" and H+ conductance is likely
due to the CLC H+/Cl" transporters/channels (Graves et al.,
2008; Stauber and Jentsch, 2013) and, for H+, many other chan-
nels that are also permeable to H+. Native lysosomal Ca2+

currents are small or undetectable (data not shown); the ion’s
contribution to DJ is perhaps mainly through its regulation of
other conductances. For the Ca2+ permeability, CaV proteins
normally found on the plasma membrane are also functional in
lysosomes (Tian et al., 2015). In addition, overexpressing several
ion channels such as TRPMLs and P2X4 generates lysosomal
Ca2+-permeable channels and leads to Ca2+ release (Dong
et al., 2010; Huang et al., 2014; LaPlante et al., 2004). At

Figure 7. TMEM175 Forms the Native KEL, Controls DJ, Contributes to Lysosomal pH Stability, and Regulates Organelle Fusion during
Autophagy
(A) Targeted disruption of mouse TMEM175 (mTMEM175) gene in RAW264.7 mousemacrophage cells using CRISPR. The sequences of WT in the IS2-encoding

region (amino acid sequences shown) are in red, followed by the PAM sequences (TGG, in blue). Threemutations (two deletions and one insertion) detected in the

KO cells are aligned against the WT.

(B–E) (B–D) Representative lysosomal currents recorded using voltage-clamping from a control (B), a knockout (KO; C), and a knockout cell transfected with

hTMEM175 (KO + hTMEM175) (D). Averaged current amplitudes at +100 mV are in (E). Recordings were done using a ramp protocol ("100 mV to +100 mV in 1 s,

Vh = 0) with 150 mM NMDG in the pipettes and 150 mM K+ (or NMDG, as indicated) in the bath.

(F–H) Representative (F and G) lysosomal membrane potentials DJ recorded using current-clamping (I = 0) from a control (F) and a KO (G) RAW264.7 cell with

varying bath [K+] as indicated. Averaged DJ values are in (H).

(I–K) Lysosomal pH from control (I and K) and KO (J and K) RAW264.7 cell lysosomes before and after starvation. pH value distribution histograms (fitted to

Gaussian functions) are in (I) and (J), and averaged values are in (K).

(L and M) Autophagosome-lysosome fusion as assayed with the mCherry- and GFP-tagged LC3 (tandem tag, illustrated) transfected into control (WT), KO cells,

or KO cells co-transfected with hTMEM175, with or without bafilomycin (bafi) treatments. (L) Cells were starved for 2 hr and imaged for RFP (top panels, indicative

of total number of autophagosome puncta before and after phagosome-lysosome fusion) and GFP (middle, indicative of autophagosome before fused with

lysosome, due to lowGFP activity in acidic organelles) puncta. RFP andGFP signals aremerged in the bottom panels. Scale bar, 10 mm. (M) Averaged numbers of

GFP and RFP puncta upon treatments as indicated (n = 20–50).

(N) Numbers of GFP-positive puncta normalized to those of RFP-positive ones.

Data are presented as mean ± SEM. See also Figure S5.
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‘‘rest,’’ lysosomes have much lower PNa than PK as estimated
by patch-clamp recordings from enlarged lysosomes (PNa/
PK, !0.3) (Cang et al., 2014) and by indirect measurements
with semi-intact lysosomes (Casey et al., 1978; Henning,
1975). As such, the ‘‘resting’’ membrane potential is perhaps
largely determined by H+ and K+ permeabilities and is predicted
to be !"18 mV at pH5.0 and +12 mV at pH4.5 (assuming
140 mM [K+]cyt. PCl/PK is small [< 0.1 in macrophages; data not
shown]). These predicted values are within the range of those
measured with current clamp using artificially enlarged lyso-
somes (!> 0 mV) and those estimated with a FRET-based
‘‘non-invasive’’ method using semi-intact lysosomes ("19 mV)
(Koivusalo et al., 2011). Upon electrical and chemical stimulation
such as decrease in [ATP]cyt, luminal alkalinization, and/or
increases in PI(3,5)P2 concentration, lysosomes can exhibit
an !30-fold increase in PNa/PK. At the ‘‘stimulated’’ state, Na+

and K+ permeabilities are expected to be major determinants
of DJ. Indeed, Na+ conductance-dependent long depolariza-
tions with properties resembling those of action potentials
have been observed in a subset of lysosomes (Cang et al.,
2014). There are two Na+ selective channels, the voltage-inde-
pendent TPC2 and, in some cells such as cardiac myocytes,
the depolarization- and alkalinization-activated TPC1 (Cang
et al., 2013, 2014; Wang et al., 2012). Consistent with the idea
that TPCs are the major Na+ conductance, DJ in lysosomes
deficient in TPCs is insensitive to changes in [Na+] (Cang et al.,
2013). Unlike plasma membrane, the organelle membrane ap-
pears to exhibit only one major type of K+ channels. Knocking
out KEL largely eliminated the total organelle K+ conductance
and DJ’s K+ sensitivity. Such simplicity in K+ conductance can
perhaps be explained by the relatively similar environment or-
ganelles face across different cell types.

The roles of lysosomal DJ are still not well established, but
they may include several cellular functions. First, DJ regulates
organelle pH. The pumping of H+ into the lumen by the vacu-
olar H+ pump (V-ATPase) to achieve acidic pH leads to a highly
negative DJ (lumen more positive), in turn limiting the H+

pumping ability of the V-ATPase due to increased proton
motive force, unless the high DJ is dissipated by influx of an-
ions and/or efflux of cations. Cl", Na+, and K+ can each serve
as a DJ-dissipating counterion when DJ is more hyperpolar-
ized than the ion’s equilibrium potential and if lysosome is
permeable to the ion (Mindell, 2012; Steinberg et al., 2010).
The ion channels mediating the counterion permeability are
not well established. Knocking out CFTR Cl" channels or
ClC Cl"/H+ exchangers/channels has moderate effect on lyso-
somal pH (Steinberg et al., 2010) (but see Graves et al. [2008]).
Knocking out TPCs (Cang et al., 2013) or KEL leads to luminal
alkalinization during nutrient starvation. In nutrient-replete
cells, however, alkalinization in the mutants is minimal, sug-
gesting that there is redundancy in the ion conductance mech-
anism. Future studies using cells with multiple major ion
channel genes simultaneously disrupted will reveal the genetic
redundancy.

Second, DJ may regulate substance digestion, via its influ-
ence on luminal pH, and the subsequent substance export
from lysosomes. Consistent with this idea, lysosomes without
functional TPCs have lower export rates for charged amino

acids (Cang et al., 2013). Third, DJ may regulate Ca2+ release
from lysosomes. Lysosomes have !0.5 mM luminal Ca2+

(Christensen et al., 2002; Churchill and Galione, 2001).
Hyperpolarizing DJ can increase Ca2+ release from voltage-in-
dependent Ca2+-permeable channels such as TRPs and P2X4
(Huang et al., 2014; Xu and Ren, 2015). Hypothetically, depola-
rizing DJ can also activate lysosomal Ca2+ release from CaVs
(Tian et al., 2015). Finally, DJ may influence the insertion of
membrane proteins with charged residues and regulate the
fusion between organelles, either directly by acting on charged
lipids and protein residues or indirectly by stimulating Ca2+

release to promote organelle fusion. Among mitochondria, the
homotypic organelle fusion requires inner membrane DJ;
increased K+ permeability with K+ ionophore valinomycin sup-
presses such fusion (Meeusen et al., 2004). In KEL knockout
cells, the fusion between lysosomes and autophagosomes
appears to be accelerated. Lysosomes also fuse with other
organelles such as endosomes and with plasma membrane.
Future studies with in vitro assays will directly test the contribu-
tion of ion channels and DJ to organelle trafficking and inter-
organelle interaction.
In summary, we have identified TMEM175 as a newK+ channel

that is responsible for the K+ conductance KEL in endosomes and
lysosomes. The molecular mechanisms underlying the major ion
permeability in lysosomes are now understood. Mutations in
lysosomal Cl"/H+, Ca2+, or Na+ channel/transporter genes in hu-
man patients and in mice have been found to cause lysosomal
pH instability, reduced amino acid export, compromised meta-
bolic response and physical endurance, neuronal degeneration,
lysosomal storage diseases, fatty liver disease, osteopetrosis,
and resistance to Ebola viral infection (Grimm et al., 2014; Sa-
kurai et al., 2015; Stauber and Jentsch, 2013; Sun et al., 2000;
Xu and Ren, 2015). KEL is a major ionic transport channel in the
lysosomal membrane and it conducts the most abundant ion in-
side the cell. Future studieswithmutant animalmodels will reveal
the organismal function of lysosomal K+ permeability in health
and diseases.

EXPERIMENTAL PROCEDURES

Cell Culture and cDNA Transfection
Cells were cultured at 37#C in a humidified CO2 (5%) incubator. Details for cell

culture and cDNAs used for transfection are described in the Supplemental

Experimental Procedures.

CRISPR Knockout and shRNA Knockdown
To knock out mTMEM175 in RAW264.7 cells, sequence GAGCAGGCAGTG-

GATTCCGAwas targeted using the lentiCRISPRv2 vector. Details for CRISPR

knockout and shRNA knockdown are described in the Supplemental Experi-

mental Procedures.

Protein Chemistry and Protein Localization
For the western blot used in Figure 3, a polyclonal TMEM175 antibody (Pro-

teintech Group, Cat. 19925-1-AP) was used at 1:500 for western blot analysis.

Western blot and protein localization are described in the Supplemental Exper-

imental Procedures.

Lysosome pH Imaging and Autophagosome-Lysosome Fusion Assay
Lysosome pH measurement and autophagosome-lysosome fusion imaging

were described previously (Cang et al., 2013) and are described in detail in

the Supplemental Experimental Procedures.
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Electrophysiology
Electrophysiology using enlarged organelles followed previously described

methods (Saito et al., 2007). Endosomes were enlarged by transfecting

the Rab5 mutant Rab5-Q79L (Stenmark et al., 1994) (a gift from Roger

Chang). Lysosomes were enlarged by treatment with 1 mM (RAW264.7 cells,

HEK293T cells, cardiac myocytes, and fibroblasts) or 5 mM (neurons and

glia) vacuolin-1 for 1–6 hr (RAW264.7) or overnight (HEK293T cells, neurons,

glia, cardiac myocytes, and fibroblasts) (Cerny et al., 2004; Dong et al.,

2010). Individual organelles were manually released from each cell sliced

open with a glass pipette. Recordings were performed with a Multiclamp

700B amplifier and a Digidata 1440A data acquisition system controlled by

PClamp software (Molecular Device).

Unless otherwise indicated, the bath solution used in organelle voltage-

clamp recordings contained (in mM) 145 K-methanesulfonate, 5 KCl, 10

HEPES (pH 7.2). The pipette solution contained (in mM) 145 K-methanesulfo-

nate, 5 KCl, 10 MES (pH 5.5). For current clamp recordings presented in

Figures 1 and 7, the bath solution contained (in mM) 140 K-methanesulfonate

(or substituted with NMDG- methanesulfonate), 10 NaOH, 2 MgCl2, 1 EGTA,

0.39 CaCl2, 10 HEPES, (pH 7.2) bymethanesulfonic acid. Pipette solution con-

tained (in mM) 70 KCl, 70 NaCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 MES, 10

glucose, (pH 5.5) by NaOH. Liquid junction potentials were corrected online.

For the recordings described in Figure 2 for screening purposes, the pipette

solution contained (in mM) 70 KCl, 70 NaOH, 2 CaCl2, 1 MgCl2, 10 HEPES, 10

MES, 10 glucose, 23 amino acids, (pH 4.6) by methanesulfonic acid. For the

recordings of LCTC1-6, 8, and 9, the bath solution contained (in mM) 145

K-methanesulfonate, 5 KCl, 0.39 CaCl2, 1 EGTA, 10 HEPES, (pH 7.2) by

NMDG. For the recordings of control and LCTC7, 10-16, bath solution con-

tained (in mM) 50 KCl, 100 NaOH, 2 MgCl2, 0.39 CaCl2, 1 EGTA, 10 HEPES,

(pH 7.2) by methanesulfonic acid.

The relative permeability of hTMEM175 was obtained with endosomal re-

cordings under bi-ionic conditions. The pipette solution contained (in mM)

150 KOH, 5 HCl, 10 MES, (pH 5.5) by methanesulfonic acid. The bath solutions

contained (in mM) 150 NaOH (or 150 CsOH, 100 Ca(OH)2), 5 HCl, 10 HEPES,

(pH 7.2) by methanesulfonic acid. Relative permeabilities were calculated us-

ing the following equations:

PK=PX = ½X"cytosol expðJrevF=RTÞ
.
½K"lumen; ðX=Na or CsÞ

PCa=PK =
!
½K"lumenexpðJrevF=RTÞ½expðJrevF=RTÞ+ 1"

".n
4½Ca"cytosol

o
;

where PK, PNa, PCa are the permeabilities to K+, Na+, and Ca2+, respectively,

Jrev is the measured reversal potential, F is Faraday’s constant, R is the gas

constant, and T is the absolute temperature.

The inhibition curves presented in Figures S3E and S3F were fitted with the

Hill equation:

I=I0 = 1
.h

1+ ðX=IC50Þh
i
;

where I and I0 are the currents obtained in the presence and absence of inhib-

itors, respectively, X is the inhibitor concentration, IC50 is the concentration

required for half-maximal inhibition, and h is the Hill coefficient.

For whole-cell recordings of bacTMEM175s (Figures 6 and S4), the bath

solution consisted of (in mM) 150 KOH, 10 TEA, 3 HCl, 1 MgCl2, 1 CaCl2, 10

HEPES, (pH 7.2) by methanesulfonic acid. Pipette solution contained (in

mM) 150 KOH, 5 HCl, 0.1 CaCl2, 10 HEPES, (pH 7.2) by methanesulfonic acid.

Data Analysis
Data were analyzed using Clampfit, OriginPro, Prism, and Excel. Numeric data

were shown asmean ± SEM. Statistical significance was calculated with t test.

SUPPLEMENTAL INFORMATION
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