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PURPOSE. SLC4A11, an electrogenic H+ transporter, is found in the plasma membrane and
mitochondria of corneal endothelium. However, the underlying mechanism of SLC4A11
targeting to mitochondria is unknown.

METHODS. The presence of mitochondrial targeting sequences was examined using in
silico mitochondrial proteomic analyses. Thiol crosslinked peptide binding to SLC4A11
was screened by untargeted liquid chromatography/tandem mass spectrometry (LC-
MS/MS) analysis. Direct protein interactions between SLC4A11 and chaperones were
examined using coimmunoprecipitation analysis and proximity ligation assay. Knock-
down or pharmacologic inhibition of chaperones in human corneal endothelial cells
(HCECs) or mouse corneal endothelial cells (MCECs), ex vivo kidney, or HA-SLC4A11–
transfected fibroblasts was performed to investigate the functional consequences of inter-
fering with mitochondrial SLC4A11 trafficking.

RESULTS. SLC4A11 does not contain canonical N-terminal mitochondrial targeting
sequences. LC-MS/MS analysis showed that HSC70 and/or HSP90 are bound to HA-
SLC4A11–transfected PS120 fibroblast whole-cell lysates or isolated mitochondria,
suggesting trafficking through the chaperone-mediated carrier pathway. SLC4A11 and
either HSP90 or HSC70 complexes are directly bound to the mitochondrial surface
receptor, TOM70. Interference with this trafficking leads to dysfunctional mitochondrial
glutamine catabolism and increased reactive oxygen species production. In addition,
glutamine (Gln) use upregulated SLC4A11, HSP70, and HSP90 expression in whole-cell
lysates or purified mitochondria of HCECs and HA-SLC4A11–transfected fibroblasts.

CONCLUSIONS. HSP90 and HSC70 are critical in mediating mitochondrial SLC4A11 translo-
cation in corneal endothelial cells and kidney. Gln promotes SLC4A11 import to the
mitochondria, and the continuous oxidative stress derived from Gln catabolism induced
HSP70 and HSP90, protecting cells against oxidative stress.
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SLC4A11, a member of the SLC4 family of bicarbon-
ate transporters, codes an ∼100-kDa protein with

14 transmembrane domains that assembles in plasma
membranes as dimers.1–3 Although first thought to be
a bicarbonate transporter and then a borate transporter,
it is now known to function as an NH3-sensitive elec-
trogenic H+ transporter.1,4–6 SLC4A11 is ubiquitously
expressed in mammalian tissues with prominent expres-
sion in duodenum, colon, pancreas, ovary, kidney, cochlea,
and cornea.7 Homozygous recessive mutations in SLC4A11
cause congenital hereditary endothelial dystrophy (CHED),
which is manifested as poor vision due to corneal edema
secondary to dysfunctional corneal endothelial (CE) cells
and called Harboyan syndrome when associated with hear-
ing deficits.3,8,9 Slc4a11 knockout (KO) mice recapitulate
the features of CHED with progressive corneal edema at
eye opening, concurrent oxidative stress, gradual loss of
CE, and hearing and renal deficits.10,11 Whereas SLC4A11 is
clearly targeted to the plasma membrane, multiple cytoplas-

mic locations have been documented12,13 and most recently
confirmed to be an inner mitochondrial membrane (IMM)
protein.14 Whereas SLC4A11 expression is ubiquitous, only
cornea and hearing deficits have been reported in humans
with mutations. This may be due to lack of study of the rare
homozygous defects, less important glutamine catabolism,
or other compensatory pathways not present in the corneal
endothelium.

In mitochondria, glutaminase catalyzes the conversion of
glutamine (Gln) to glutamate (Glu). Glu can be converted
to α-ketoglutarate (α-KG) via glutamate dehydrogenase.
This step reduces NADP to NADPH. Both steps produce a
molecule of NH3 and α-KG can enter the tricarboxylic acid
(TCA) cycle. Gln oxidation correlates with increased reac-
tive oxygen species (ROS) production by its stimulation of
the electron transport chain (ETC).15–17 As such, the NH3-
sensitive properties of SLC4A11 are ideal for the higher pH
mitochondrial environment, where it restrains IMM hyperpo-
larization during Gln catabolism.14 Absence of SLC4A11 in
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the mitochondria leads to excess mitochondrial ROS, mito-
chondrial disruption, and apoptosis that could be rescued
by pharmacologic mitochondrial uncoupling or bypassing
glutamine catabolism.14 These results and previous stud-
ies showing multiple cytoplasmic locations12,13,18 indicate a
complex pattern of SLC4A11 trafficking. However, the under-
lying mechanism by which SLC4A11 trafficks to the IMM has
not been investigated.

Nucleus-encoded mitochondrial precursor proteins are
imported to mitochondria passing through the translocase
of the outer membrane (TOM) complex by two general
sorting mechanisms: (1) canonical mitochondrial-targeting
signals at the N-terminus of the protein (aka the prese-
quence pathway) or (2) discontinuous cryptic targeting
signals spread throughout the protein (aka the carrier
pathway).19 In contrast to presequence trafficking, carrier-
mediated import requires association with molecular chaper-
ones in the cytosol (e.g., heat shock proteins; HSP90, HSP70,
and/or HSC70) and in the mitochondrial intermembrane
space (e.g., TIM9–TIM10 and homologous TIM8–TIM13) to
prevent aggregation and to guide the proteins to their desti-
nation in the mitochondria.19–22 In particular, cytosolic chap-
erones deliver their cargo specifically to the mitochondrial
surface receptor TOM70.21,23,24 Lack of mitochondrial target-
ing presequences indicates that a carrier-mediated mecha-
nism is likely.19,25

In the current study, we explore mitochondrial SLC4A11
import using in silico mitochondrial proteomic analyses
and chemical crosslinking coupled with mass spectrometry
analysis, which suggests that SLC4A11 trafficking into the
IMM uses the chaperone-mediated carrier pathway. Block-
ing SLC4A11 translocation to mitochondria by either inhi-
bition or knockdown of the chaperone HSP90 or HSC70
dampens Gln-dependent proton leak–linked mitochondrial
respiration and accelerates mitochondrial ROS production,
highlighting the major determinant of cytosolic chaper-
ones in mitochondrial SLC4A11 trafficking. Interestingly, Gln
enhances HSP70 and HSP90 expression and increased mito-
chondrial SLC4A11 import, which in turn guards against
excess oxidative stress during Gln catabolism. Furthermore,
mitochondrial distribution of Slc4a11 and its trafficking
mediated via HSP90 are also observed in the kidney. Over-
all, our results reveal that recruitment of SLC4A11 by the
chaperone complex of HSP90 or HSC70 in the cytoplasm
is a crucial step in the initiation of mitochondrial SLC4A11
trafficking to the IMM.

METHODS

Mice

Slc4a11 KO mice10 were housed and maintained in
pathogen-free conditions and used in the experiments in
compliance with institutional guidelines and the current
regulations of the National Institutes of Health, the US
Department of Health and Human Services, the US Depart-
ment of Agriculture, and the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

Cell Culture

Conditionally immortalized mouse corneal endothelial cell
(MCEC) Slc4a11 wild-type (WT) and knockout (KO)26

were cultured in an OptiMEM-I medium (#51985; Thermo
Fisher Scientific, Canoga Park, CA, USA) supplemented
with 8% heat-inactivated fetal bovine serum (#10082139;

Thermo Fisher Scientific), 5 ng/mL EGF (#01-107; Milli-
pore, Darmstadt, Germany), 100 μg/mL pituitary extract
(Hyclone Laboratories, Logan, UT, USA), 0.08% chondroitin
sulfate (#G6737; Sigma-Aldrich, St. Louis, MO, USA), 200
mg/L calcium chloride, 1% antibiotic/antimycotic solution
(#15240062; Thermo Fisher Scientific), 50 μg/mL gentamicin
(#15710072; Thermo Fisher Scientific), and 44 U/mL IFN-
γ (#485-MI; R&D Systems, Minneapolis, MN, USA) at 33°C.
Immortalized human corneal endothelial cells (HCECs)27

were maintained in the same medium as the MCECs
but not supplemented with IFN-γ at 37°C. Stable trans-
fection of human SLC4A11-HA tagged (hSLC4A11-HA) or
empty vector (EV) into the PS120 Chinese hamster CCL39
fibroblast cell line was generated as described previously4

and cultured in DMEM (#21063; Thermo Fisher Scien-
tific), supplemented with 5% heat-inactivated fetal bovine
serum (FBS; #10082139; Thermo Fisher Scientific), 1 mg/mL
Geneticin (#10131027; Thermo Fisher Scientific), and 1%
antibiotic/antimycotic (#15240062; Thermo Fisher Scientific)
at 37°C. All cultures were grown under 5% CO2 in a
humidified incubator and replaced with fresh medium every
other day.

In Silico Analysis

The presence of N-terminal mitochondrial targeting
sequences was predicted with four widely used software
tools: MitoProt II (https://ihg.gsf.de/ihg/mitoprot.html),28,29

TargetP 2.0 (http://www.cbs.dtu.dk/services/TargetP/),30

iPSORT (http://www.hypothesiscreator.net/iPSORT/),31

and Predotar (https://urgi.versailles.inra.fr/predotar/).32 A
rule-based algorithm used several common properties of
the N-terminal mitochondrial presequence, such as the
composition of at least two positively charged particular
amino acid residues, the absence of acidic residues in a
targeting sequence, the existence of a cleavage site, and the
capacity of forming α-helical amphiphilic structures in the
N-terminal region.

Mitochondrial Purification From the Cultured
Cells

The cell pellet was prepared as described previously.14

Briefly, cells were ruptured with prechilled glass Dounce
homogenizer, followed by centrifugation at 1000 × g for
10 minutes at 4°C. The supernatant was collected into new
tubes, and the pellet containing unbroken cells and nuclei
was discarded. The supernatant was centrifuged at 12,000 ×
g for 15 minutes at 4°C. The pellet containing mitochondria
was washed with ice-cold isotonic mitochondrial buffer (IB-
2; 10 mM Tris-MOPS, 200 mM sucrose, pH 7.4) supplemented
with complete protease inhibitor cocktail (#11697498001;
Roche, Basel, Switzerland) and centrifuged at 12,000 × g for
10 minutes at 4°C, and this washing step was repeated twice.
The intact mitochondria in the pellet were collected into
IB-2. The supernatant, containing mostly cytoplasmic and
plasma membrane proteins, was saved as a cytosolic frac-
tion indicator. The protein concentrations of resuspended
mitochondria were quantified using a BCA assay (#23225;
Thermo Fisher Scientific).

DSP Crosslinking Coupled With Liquid
Chromatography/Tandem Mass Spectrometry

For whole-cell crosslinking, cells were washed with
prechilled PBS twice and incubated in PBS containing 2 mM
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dithiobis (succinimidyl propionate) (DSP) (#22586; Thermo
Fisher Scientific), a membrane-permeant crosslinker, at 4°C
for 30 minutes. For isolated mitochondria crosslinking,mito-
chondrial pellets were incubated in 2 mM DSP in isotonic
mitochondrial buffer (IB-2; 10 mM Tris-MOPS, 200 mM
sucrose, pH 7.4) at 4°C for 30 minutes. To stop crosslink-
ing reactions, the cells/mitochondria were incubated with
quenching buffer (20 mM Tris, pH 7.5) at 4°C for 15 minutes.
Then, cells/mitochondria were rinsed with PBS twice and
then lysed in RIPA buffer (#9806; Cell Signaling Technology,
Danvers, MA, USA) with addition of 1 mM phenylmethane-
sulfonyl fluoride (PMSF) (#8553; Cell Signaling Technology).

SLC4A11 and associated proteins in an equal volume of
lysates (from whole cells or isolated mitochondria) were
immunoprecipitated by incubation with an anti-HA antibody
(#901501; BioLegend, San Diego, CA, USA). Proteins were
eluted from the beads with 4 M urea in 25 mM NH4HCO3

at 100°C for 7 minutes and then collected, followed by
centrifugation at 16,000 × g for 15 minutes. Samples were
incubated for 45 minutes at 57°C with 10 mM Tris(2-
carboxyethyl)phosphine hydrochloride to reduce cysteine
residue side chains. These side chains were then alkylated
with 20 mM iodoacetamide for 1 hour in the dark at 21°C.
Aliquots (40 μg protein) were taken and diluted to 1 M urea
using 100 mM NH4HCO3. Trypsin was added at 1:100 w/w,
and the samples were digested for 14 hours at 37°C. Individ-
ual samples were desalted using ZipTip pipette tips (EMD
Millipore, Burlington, MA, USA), dried down, and resus-
pended in 0.1% formic acid. Fractions were analyzed by
liquid chromatography/mass spectrometry (LC-MS) on an
Orbitrap Fusion Lumos equipped with an Easy NanoLC1200
(Thermo Scientific, Canoga Park, CA, USA). Peptides were
fragmented by high-energy collisional dissociation. Precur-
sor ions were measured in the Orbitrap with a resolution of
120,000. Fragment ions were measured in the Orbitrap with
a resolution of 60,000.

For the MS data analysis, Protein Prospector V 5.22.1
(https://prospector.ucsf.edu/prospector/mshome.htm) was
used to quantify the relative amounts in a label-free quan-
tification manner. Data were searched against the Cricetu-
lus griseus proteome downloaded from Uniprot on July 12,
2017. Trypsin was set as the protease with up to two missed
cleavages allowed. Oxidation of methionine, pyroglutamine
on peptide amino termini, and protein N-terminal acetyla-
tion were set as variable modifications. A precursor mass
tolerance of 5 ppm and a fragment ion quantification toler-
ance of 20 ppm were used. Data were compared in a semi-
quantitative manner using the number of spectral counts per
protein. Individual protein values were normalized to the
total number of spectral counts identified in that sample.

Proximity Ligation Assay

In situ protein interactions were detected by the DuoLink In
Situ Red (or Green) Starter Kit Mouse/Rabbit (# DUO92101;
#DUO92014; Sigma-Aldrich) according to the manufacturer’s
protocol. Cells were grown on Nunc Lab-Tek II CC2 eight-
well chamber slides (#154534PK; Thermo Fisher Scientific)
for 24 hours, fixed with 4% paraformaldehyde, and perme-
abilized with 0.5% Triton X-100. For the mitochondrial stain-
ing, cells were incubated with 150 nM MitoTracker CMX
Ros (#M7512; Thermo Fisher Scientific) for 10 minutes at
room temperature before fixation. Cells were blocked with
Duolink Blocking Solution for 1 hour at 37°C and then incu-
bated overnight at 4°C with primary antibodies for anti-
HA (mouse, #901501; BioLegend) and anti-HSP90 (rabbit,

#ab13495; Abcam), anti-HSC70 (rabbit, #PA5-27337; Invitro-
gen), or anti-TOM70 (rabbit, #14528-1-AP; Thermo Fisher
Scientific). Secondary antibodies conjugated with Duolink
PLA Plus (donkey anti-mouse) and Minus (donkey anti-
rabbit) oligonucleotides probes were incubated for 1 hour
at 37°C. Cell membranes were stained with 1 μg/mL of
CF640-conjugated wheat germ agglutinin (#29026; Biotium,
Fremont, CA, USA) in 0.01× Washing Buffer B for 10 minutes
at room temperature. Cells were mounted with a drop of
Duolink Mounting Media with DAPI (#DUO82040; Sigma-
Aldrich). The proximity ligation assay (PLA) signals were
analyzed by Zeiss LSM 800 confocal microscopy (Zeiss,
Oberkochen, Germany) with Airyscan (63× objective, 1.8×
zoom). The number of PLA puncta per cell were quanti-
fied from a single image plane using the “Analyze Particles”
feature of ImageJ software (National Institutes of Health,
Bethesda, MS, USA) with at least 45 cells counted from 8
to 11 fields of view for each sample.

Immunoblot Analysis

Whole cells/isolated mitochondria from cells were lysed
in ice-cold 1× RIPA buffer (#9806; Cell Signaling Tech-
nology) with addition of 1 mM PMSF (#8553; Cell Signal-
ing Technology) immediately before use. Then, 15 μg
of lysates for whole cells, mitochondrial or cytosolic
fraction (supernatant) was resolved by SDS-PAGEs and
then transferred to a polyvinylidene difluoride membrane.
Membranes were blocked with 5% nonfat dried milk in
TBST and incubated overnight at 4°C with the indicated
primary antibodies. Secondary antibodies were applied
for 1 hour at room temperature. Primary antibodies used
were HA tag (#901501; BioLegend), SLC4A11 (custom33;
detects all isoforms SLC4A11-A, SLC4A11-B, and SLC4A11-
C; see Supplementary Fig. S4b), HSP90 (#sc-13119; SCBT,
Dallas, TX, USA), HSC70 (#sc-7298; SCBT), VDAC (#ab15895;
Abcam, Cambridge, MA, USA), ANT (#ab102032; Abcam),
RISP (#sc-271609; SCBT), COXIV (#4850; CST, Danvers,
MA, USA), TOM70 (#sc-390545; SCBT), α-tubulin (#sc-8035;
SCBT), GAPDH (#sc-32233; SCBT), and β-actin (#A5441;
Sigma-Aldrich). The immunoreactive bands were visual-
ized by enhanced chemiluminescence, ECL buffer (#34578;
Thermo Fisher Scientific), using the Gel Doc XR+ system
(Bio-Rad, Hercules, CA, USA).

Immunoprecipitation

Immunoprecipitation was conducted according to the manu-
facturer’s protocol (#26146; Thermo Fisher Scientific).Whole
cells/isolated mitochondria from PS120-hSLC4A11-HA and
-EV cells were lysed in ice-cold immunoprecipitation (IP)
lysis/wash buffer (0.025 M Tris, 0.15M NaCl, 0.001M EDTA,
1% NP-40, 5% glycerol, pH 7.4) supplemented with 1×
protease/phosphatase inhibitor cocktail (#5872; Cell Signal-
ing Technology). Then, 5 μg of an antibody specific
to an antigen of interest or a nonimmune mouse IgG
control was incubated with 1 mg of the precleared whole-
cell/mitochondrial lysates overnight at 4°C. The following
antibodies were used for IP: HA tag (#901501; BioLegend),
HSP90 (#sc-13119; SCBT), HSC70 (#sc-7298; SCBT), TOM70
(#sc-390545; SCBT), and mouse IgG control (#10400C;
Thermo Fisher Scientific). The immune complex from the
resins was eluted by incubation with 2× sample buffer (0.5
M Tris-HCl [pH 6.8], 4.4% [w/v] SDS, 20% [v/v] glycerol, 2%
[v/v] 2-mercaptoethanol, and bromophenol blue in distilled

https://prospector.ucsf.edu/prospector/mshome.htm
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water) at 100°C for 10 minutes, and the precipitates were
resolved on SDS-PAGE gels.

In Vitro HSP90 Inhibitor Study on Mitochondrial
SLC4A11 Transport

Cells were seeded in T175 flasks, cultured in Complete
Media at 37°C for 24 hours, and treated with 18 μM
geldanamycin (#sc-200617; Santa Cruz, Dallas, TX, USA) for
an indicated time. For novobiocin treatment (#sc-358734;
Santa Cruz), cells were treated with the inhibitor at differ-
ent concentrations (10, 100, 300, and 500 μM) for 6 hours.
Dimethyl sulfoxide (DMSO) and H2O were used as a control
for geldanamycin and novobiocin treatments, respectively.
After treatment, cells were washed twice with PBS, scraped
with a cell lifter, and pelleted by centrifugation at 500 × g
for 5 minutes, followed by purification of mitochondria and
immunoblotting of mitochondrial and supernatant fraction,
as described above.

Small Interfering RNA Transfection

Small interfering RNAs (siRNAs) of HSC70 (#NM_006597)
and MISSION siRNA Universal Negative Control #1 (#SIC001-
10NMOL) were purchased from Sigma-Aldrich. siRNAs
targeting human HSP90 (#sc-35608) and mouse HSP90 (#sc-
35610) were obtained from Santa Cruz. Cells were trans-
fected using Lipofectamine RNAiMAX Transfection reagent
(#13778075; Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol. After 68 hours of transfection
at 37°C, cells were harvested for mitochondrial purification
for the immunoblotting analysis or cell/isolated mitochon-
dria Mito Stress Test on a Seahorse XFe24 Analyzer (Agilent,
Santa Clara, CA, USA).

Mitochondrial Purification From Slc4a11 WT and
KO Mice Kidneys

Fresh kidneys from Slc4a11 WT and KO mice were
harvested at termination and rinsed with PBS, and renal
capsules were immediately removed. The kidneys were thor-
oughly minced in ice-cold mitochondrial isolation buffer
(MIB-1; 10 mM Tris-MOPS, 1 mM EGTA-Tris, 200 mM
sucrose, pH 7.4, supplemented with complete protease
inhibitor cocktail [#11697498001; Roche]) to wash away
blood and rinsed three more times with fresh MIB-1. All
steps were performed at 4°C. The kidney pieces in the ratio
10 mL of MIB-1 buffer per gram of kidney (i.e., 10:1, v:w)
were ruptured with a prechilled Dounce glass homogenizer,
followed by centrifugation at 800 × g for 10 minutes at
4°C. The pellet containing unbroken cells and nuclei was
discarded, and the supernatant was centrifuged at 10,000
× g for 15 minutes at 4°C to pellet the mitochondria-
enriched fraction. This pellet was washed in ice-cold IB-2
and centrifuged at 10,000 × g for 15 minutes at 4°C. The
final pellet containing mitochondria was gently resuspended
in IB-2. The supernatant containing mostly cytoplasmic and
plasma membrane proteins was saved as a cytosolic fraction
indicator.

Ex Vivo Kidney HSP90 Inhibitor Study on
Mitochondrial Slc4a11 Transport

To enhance drug penetration, approximately 15 holes were
made in Slc4a11 WT kidneys using a 31-gauge needle and

then preconditioned with 20 mg/kg novobiocin in Hank’s
balanced salt solution (HBSS) containing 0.5% BSA for 15,
30, or 60 minutes at 37°C. Control kidneys were incubated in
HBSS containing 0.5% BSA. The kidneys were washed two
times in HBSS, followed by mitochondrial purification assay
and immunoblotting of the mitochondrial and supernatant
fraction.

Mitochondrial Function Measurements Using
Seahorse XFe24

The mitochondrial bioenergetics of live cells and isolated
mitochondria were determined through the real-time
measurement of oxygen consumption rate (OCR) using
a Seahorse XFe24 Analyzer (Agilent). For a cell mito-
chondrial stress test, MCECs were seeded onto FNC
(#0407; Athena Enzyme Systems, Baltimore, MD)-coated
XF24 microplates (#100777-004; Agilent) in an antibiotic-
free complete medium overnight and transfected with the
indicated siRNAs for 48 hours, followed by incubation
in an assay media containing DMEM (no glucose, no
glutamine, no sodium pyruvate, no phenol red) (#A14430-
01; Thermo Fisher Scientific), 1 g/L glucose (#A24940-01;
Thermo Fisher Scientific) ± 0.5 mM glutamine (#250030-
081; Thermo Fisher Scientific), and 0.5% dialyzed FBS
(#26400-036; Thermo Fisher Scientific) for 20 hours at
33°C. On the day of analysis, the medium was replaced
with XF Base Medium (#102353-100; Agilent), supplemented
with 1g/L glucose and 0.5 mM glutamine, and cells were
incubated for 45 minutes in a non-CO2 37°C incubator.
Each compound from a Mito Stress Test Kit (#103010-100;
Agilent) was sequentially injected in the well set to a final
concentration: 2 μM oligomycin, 0.5 μM carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone (FCCP), and 0.5 μM
rotenone and antimycin A. Three OCR measurements were
conducted each for baseline, followed by injection of
oligomycin, FCCP, and rotenone and antimycin A, respec-
tively. After assay, cell number per each well was counted
after trypsinizing the cells plated on the XF24 microplates
and used to normalize the OCR.

For the purified mitochondrial bioenergetics, MCECs
were transfected with the indicated siRNAs for 48 hours,
followed by incubation in an assay media for 20 hours at
33°C. Then, 10 μg of isolated mitochondria in 50 μL of
cold Mitochondrial Assay Solution (MAS; 70 mM sucrose,
190 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM
HEPS, 1 mM EGTA, 5 mM NaCl, 20 mM taurine, 100 μM
NAD, 100 μM NADP+, and 0.2% [w/v] fatty acid-free BSA,
pH 7.2) supplemented with respiratory substrates (10mM
pyruvic acid and 2mM malic acid) was loaded into XF24
microplates (#100777-004; Agilent) and spun at 2000 × g for
20 minutes at 4°C. After centrifugation, 450 μL of prewarmed
MAS containing respiratory substrates (10 mM pyruvic acid
and 2 mM malic acid) ± 4 mM glutamine (#103579-100;
Agilent) was added to each well. OCR was measured three
times each for baseline, followed by consecutive addition
of 2 mM adenosine diphosphate (ADP), 3 μM oligomycin,
4 μM FCCP, and 4 μM rotenone and antimycin A (set to final
concentration per well).

For the purified mitochondrial bioenergetics from
Slc4a11 WT and KO kidneys, 10 μg mitochondria in 50
μL cold MAS containing respiratory substrates (10 mM
pyruvic acid and 2 mM malic acid) was loaded into XF24
microplates (#100777-004; Agilent) and spun at 2000 × g for
20 minutes at 4°C, followed by addition of 450 μL prewarmed
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MAS containing respiratory substrates (10 mM pyruvic acid
and 2 mM malic acid) ± 4 mM glutamine (#103579-100;
Agilent) to each well. OCR was measured three times each
for baseline following sequential injections of 3 mM ADP,
3 μM oligomycin, 4 μM FCCP, and 4 μM rotenone and
antimycin A, respectively (final concentration per well).

After assay with isolated mitochondria, mitochondria
from all wells were viewed under the phase contrast using
an EVOS FL Auto Imaging System (Thermo Fisher Scientific)
to ensure consistent adherence to the well even after the
assay (see Supplementary Fig. S4c). All data were analyzed
using XFe Wave (Agilent) and GraphPad Prime 8.0 (Graph-
Pad Software, La Jolla, CA, USA).

Ammonia Production Assay

A total of 1 × 105 MCEC cells/well were plated into 12-well
plates in antibiotic-free complete medium overnight, trans-
fected with 50 nM of the indicated siRNAs for 48 hours, and
then incubated with an assay media for 20 hours at 33°C.
After 68 hours posttransfection, medium supernatant was
collected and centrifuged at 500 × g for 5 minutes to remove
debris. The supernatant was measured for ammonia concen-
tration with an Ammonia Colorimetric Assay Kit (#K370-100;
Biovision, Milpitas, CA, USA).

Flow Cytometric Analysis for Mitochondrial ROS
Level

MCECs were prepared using the same protocol as described
for the ammonia production assay and harvested after
68 hours posttransfection. Mitochondrial superoxide was
detected using the MitoSOX Red probe (#M36008; Thermo
Fisher Scientific). Cells were incubated in HBSS with
2.5 μM MitoSOX Red for 25 minutes at 37°C, washed with
prewarmed HBSS, and resuspended in HBSS. Cells were
filtered through 50-μm sterile CellTrics Filters (#04-004-2327;
Sysmex, Lincolnshire, IL, USA) for flow cytometry analysis.
Cells were analyzed using a four-laser LSRII flow cytome-
ter (BD Biosciences, San Jose, CA) equipped with a 488-nm
30-mW laser for forward scatter (FSC) and side scatter (SSC)
detection and a 561-nm laser, 582/15 emission filter for
MitoSOX detection. Cells were gated based on light scat-
ter (FSC-A versus SSC-A) and single-cell (FSC-A versus FSC-
H) characteristics, and 10,000 single cells per sample were
saved for fluorescence analysis. Data were collected using
FACSDiva 6.1.3 software (BD Biosciences) and analyzed
using FlowJo software 10.7.1 (FlowJo LLC, Ashland, OR,
USA).

Statistical Analysis

All analyses were performed in triplicate or more unless
otherwise stated. Statistical analysis and graphical illustra-
tions were performed using GraphPad Prime 8.0 (GraphPad
Software). The data given in figures and text are expressed as
mean ± SEM. A two-tailed Welch’s test was applied for two-
group comparison. A one-way ANOVA or two-way ANOVA
followed by multiple comparisons test (Tukey, Bonferroni,
or Dunnett) was used for data of more than two groups. A P
value of <0.0032 (* or δ), <0.0021 (** or δδ), <0.0002 (*** or
δδδ), and <0.0001 (**** or δδδδ) was considered statistically
significant and asterisked in the relevant plots.

RESULTS

Mitochondrial SLC4A11 Import Is Not via the
Presequence Pathway

As an initial step toward elucidating the underlying mecha-
nisms of SLC4A11 trafficking to the mitochondria, in silico
mitochondrial proteomic analyses from MitoProt II,28,29

TargetP2.0,30 Predotar,32 and iPSORT31 predict potential traf-
ficking pathways by examining the existence of the N-
terminal canonical mitochondrial targeting sequence. Five
well-annotated mitochondrial proteins having canonical
targeting sequences at the N-terminus (SIRT3,34 SOD2,35

HSP60,36 GLS2,37 and RISP38) were used as positive controls
(Fig. 1a). Herein, along with all three isoforms of SLC4A11,12

three newly discovered proteins that have cytoplasmic and
mitochondrial distribution (SOD1,39 Akt,40 and SIRT141)
had low probabilities of import to the mitochondria
based on the N-terminal targeting sequence. Figure 1a
shows that SLC4A11 is also similar to other well-known
mitochondrial membrane proteins having cryptic inter-
nal signals, ANT120,42 and UCP243 (see also Supplemen-
tary Fig. S1a).28–32 Since SLC4A11 is in mitochondria, this
finding raised the possibility that mitochondrial SLC4A11
could have cryptic internal signals and traffic to the IMM
through the carrier pathway, which uses specific molecular
chaperones in cytosolic and mitochondrial intermembrane
spaces.19,21

We next screened for potential interactors of SLC4A11
on the mitochondria surface. PS120 hamster fibroblasts
stably transfected with either N-terminal HA-tagged human-
SLC4A11 isoform B (hSLC4A11-HA) or EV were treated
with the thiol crosslinking agent DSP and lysate peptides
analyzed by LC-MS/MS, as illustrated in Figure 1b. Using
either whole-cell or isolated mitochondria lysates, SLC4A11-
HA–interacting proteins were immunoprecipitated using HA
antibody (Fig. 1c) and identified by untargeted LC-MS/MS
analysis. Figure 1d shows that HSC70 and HSP90 were
the only proteins observed to be at least twofold higher
in isolated mitochondria from SLC4A11-transfected cells
than in mitochondria from EV-transfected cells (Supplemen-
tary Fig. S1b). HSP90β was shown to be associated with
SLC4A11 protein from PS120-hSLC4A11-HA whole cells rela-
tive to PS120-EV (Supplementary Fig. S1c). Thus, we selected
HSP90 and HSC70 as putative candidates that would bind to
SLC4A11 and further demonstrated their role in targeting
mitochondrial SLC4A11 import.

To determine whether the leading candidates observed
from LC-MS/MS correspond to physical interaction with
SLC4A11, SLC4A11 and either HSP90 or HSC70 were
analyzed by PLA, which visualizes the in situ protein–protein
localization.44 Anti-HA antibody was paired with either anti-
HSP90 or anti-HSC70 antibodies in PS120-hSLC4A11-HA
or -EV. Hybridized and amplified primary antibody-linked
oligonucleotides (PLA probes) can be detected by fluores-
cence signal only when the antibodies are in very close
proximity to each other (<40 nm).44,45 We found robust
HA/HSP90 as well as HA/HSC70 PLA signals in PS120-
hSLC4A11-HA cells relative to PS120-EV cells and a no 1°
antibody negative control (Figs. 1e–g and Supplementary
Fig. S2b). These data reveal that SLC4A11 can bind to the
molecular chaperones HSP90 and HSC70, suggesting the
possibility that mitochondrial SLC4A11 import follows a
carrier pathway.
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FIGURE 1. Chaperone-mediated carrier pathway for mitochondrial SLC4A11 import. (a) In silico proteomic screening for the presence of
an N-terminal mitochondrial targeting signal of all three isoforms of SLC4A11 (-A, -B, and -C) together with other mitochondrial proteins.
The graph shows the probability, ranging from 0 to 1, of having N-terminal mitochondrial targeting signals. (b) Experimental procedure
flowchart: SLC4A11-interacting proteins were crosslinked with SLC4A11 using a DSP crosslinker in whole-cell or isolated mitochondrial
lysates from PS120 fibroblasts transfected with EV or human SLC4A11 tagged with HA epitope (hSLC4A11-HA) and immunoprecipitated
with anti-HA antibody. Peptide sequences of SLC4A11-binding proteins were analyzed by untargeted LC-MS/MS analysis. (c) Validation of
efficient SLC4A11-HA immunoprecipitation coupled with DSP crosslinking in whole-cell and isolated mitochondrial lysates was analyzed
by immunoblotting before LC-MS/MS analysis. (d) Putative protein candidates bound to SLC4A11 on mitochondria of PS120-hSLC4A11-HA
cells, identified by LC-MS/MS analysis as HSP90 and HSC70: average peptide counts of individual protein from three replicates are shown
in the table. Raw data are shown in Supplementary Figure S1b. (e) Representative confocal images of HA/HSP90- and HA/HSC70-PLA
(red) and DAPI (blue) from n = 8 fields of view in PS120-hSLC4A11-HA and PS120-EV cells. Scale bar: 5 μm. (f, g) Quantification of
HA/HSP90 and HA/HSC70-PLA signal from (e). Each symbol represents average number of PLA puncta per each field of view (n = 8). Mean
values ± SEM are present above bar and significances were tested against the corresponding PS120-EV cells by a two-tailed Welch’s t-test.
****P < 0.0001.
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HSP90 and HSC70 Chaperones Participate in
Assisting SLC4A11 Transfer to the Outer
Mitochondrial Membrane

To further investigate whether HSC70 and HSP90 partici-
pate in SLC4A11 protein targeting to mitochondria, we tested
the interaction between these chaperone proteins with HA-
tagged SLC4A11 by anti-HA IP. We found that coimmuno-
precipitation with HA-SLC4A11, HSP90, and HSC70 anti-
bodies in both whole cells (Fig. 2a) and isolated mito-
chondria (Fig. 2b) from PS120-hSLC4A11-HA cells revealed
that SLC4A11 and HSP90/HSC70 direct interactions are
present in both the cytoplasm and mitochondria. Previ-
ous studies have demonstrated that docking HSP90 and/or
HSP70 onto TOM70 is essential for the targeting of mito-
chondrial precursors having multiple internal signals to
the import pore of TOM complexes.20,21 Figure 2b shows
that HSP90 as well as HSC70 could pull down TOM70.
Also, a direct physical interaction between SLC4A11 and
TOM70 was found by reciprocal coimmunoprecipitation
from PS120-hSLC4A11-HA mitochondrial lysates. Consistent
with these findings, PLA revealed significant colocalization
of SLC4A11 with TOM70 in PS120-hSLC4A11-HA cells but
not in PS120-EV cells (Figs. 2c, 2d). Overall, these results
support HSP90, HSC70, and TOM70 as physical binding part-
ners with SLC4A11, suggesting a possible role of the chaper-
ones (HSP90/HSC70) in SLC4A11-HSP90/HSC70 complexes
recruited in the cytoplasm to deliver SLC4A11 to the mito-
chondrial surface through TOM70.

SLC4A11–Chaperone (HSP90 and/or HSC70)
Complexes Are Targeted to Outer Mitochondrial
Membrane, Specifically to TOM70

Evidence suggesting that HSP90, HSC70, and TOM70 bind
to SLC4A11 prompted us to further explore the localization
of SLC4A11–chaperone complexes with mitochondria. Cells
were labeled with MitoTracker CMXRos prior to PLA. Figures
3a and 3b (open arrows) show that more than half of
the HA/HSP90 PLA signal was visualized as single green
dots in the cytoplasm as expected, where initial interac-
tions would occur. The rest of the discrete HA/HSP90 PLA
puncta colocalized with mitochondria or were in close
contact with the surface of mitochondria, showing an over-
lapping yellow signal (Fig. 3b, arrows). We observed a simi-
lar distribution pattern of HA/HSC70 PLA signals at the
mitochondria and cytosol (Figs. 3c, 3d). Since TOM70 is
the outer mitochondrial membrane protein, TOM70 staining
does circumscribe inner matrix MitoTracker CMXRos stain-
ing (Supplementary Fig. S2a). Notably, most PLA puncta
for HA/TOM70 interactions showed overlapping localiza-
tion to the mitochondria (Figs. 3e, 3f). Consistent with
direct interaction between SLC4A11 and TOM70 in a recip-
rocal pull-down assay (Fig. 2b), it indicates that TOM70
is most closely a direct binding receptor for mitochon-
drial SLC4A11 translocation. No PLA signal was detected in
negative control samples incubating with a single primary
antibody or no primary antibody (Supplementary Figs.
S2b, S2c). Overall, immunofluorescence colocalization of
HA/HSP90, HA/HSC70, and HA/TOM70 PLA puncta with
mitochondrial staining validated that HSP90 and/or HSC70
are the cytosolic chaperones, which allow SLC4A11 to
traverse across the mitochondria through specific binding to
TOM70.

Inactivation of the Chaperone Function Inhibits
Mitochondrial SLC4A11 Translocation

After establishing that HSP90 and HSC70 are associated with
SLC4A11 mitochondrial targeting, we inhibited the func-
tion of HSP90 and knocked down the expression of HSP90
or HSC70 to demonstrate functional interaction. We first
applied geldanamycin, an HSP90 ATPase inhibitor for both
HSP90α and HSP90β, which is widely used in studies of
mitochondrial precursor import.20,21,46,47 In the presence of
18 μM geldanamycin, mitochondria from PS120-hSLC4A11-
HA cells (Fig. 4a) and WT MCECs (Supplementary Fig. S3a)
showed gradually diminishing levels of SLC4A11 (HA tagged
or endogenous, respectively) in the mitochondria over
time, suggesting there is an impairment of the import of
SLC4A11 into the mitochondria. For verification of HSP90
inhibitor specificity on mitochondrial SLC4A11 transloca-
tion, another selective HSP90 inhibitor, novobiocin,20,48 was
tested in both Slc4a11 WT MCECs (Fig. 4c) and PS120-
hSLC4A11-HA cells (Supplementary Fig. S3b), and purified
mitochondria were analyzed by Western blotting. The mech-
anism of novobiocin action has been shown to reduce
precursor interactions with HSP90, resulting in blockage
of TOM70 targeting.20 Similar to geldanamycin, novobiocin
decreased SLC4A11 translocation to the mitochondria. As
expected, the distribution pattern of mitochondrial SLC4A11
after either geldanamycin or novobiocin treatment was
very closely linked to the TOM70-dependent mitochon-
drial protein, adenine nucleotide translocator (ANT),20,42 but
not to the TOM70-independent Rieske iron–sulfur protein
(RISP)38 (Figs. 4b, 4d). In agreement with HSP90 inhibitor
studies, reducing HSP90 expression in HCECs (Fig. 4e and
Supplementary Fig. S3c) and WT MCECs by siRNA (Supple-
mentary Fig. S3e) resulted in significant suppression of
SLC4A11 translocation to mitochondria. Consistent with data
shown in Figure 4e and Supplementary Figure S3e, a similar
effect was observed in mitochondrial fractions isolated from
HCECs that were transfected with HSC70 siRNA (Fig. 4f and
Supplementary Fig. S3d). Thus, these results demonstrate
that HSP90 and HSC70 are required for recruiting SLC4A11–
chaperone complexes, which in turn target SLC4A11 to the
mitochondria.

Slc4a11 Is Present in Kidney Mitochondria and
Facilitates Gln Catabolism

Slc4a11 KO mice also exhibit renal abnormalities, includ-
ing polyuria with low urine osmolality.10,11 SLC4A11 is
highly expressed in the proximal tubule,7,10 where numer-
ous mitochondria are present and adenosine triphosphate
(ATP) production relies on mitochondrial oxidative phos-
phorylation fueled mainly by Gln and free fatty acids.49

We first examined the weight and size of kidneys as this
is often a potential surrogate measure of dysfunction. We
observed that the kidney to body weight ratio was reduced
in Slc4a11 KO mice at 8-week-old relative to Slc4a11 WT
mice, in both male and female mice (Figs. 5a, 5b). However,
we did not find histomorphologic differences within the
renal tissue structure by hematoxylin and eosin staining
(data not shown). To determine if Slc4a11 expression facil-
itates Gln catabolism in the kidney, we examined oxygen
consumption of kidney mitochondria isolated from WT and
KO mice. Figure 5c shows that basal oxygen consumption
of WT and KO mitochondria was similar in the absence of
Gln. However, in the presence of Gln, oxygen consumption
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FIGURE 2. HSP90 and HSC70 chaperones are SLC4A11-binding partners assisting transfer to the outer mitochondrial membrane. (a) Recipro-
cal coimmunoprecipitation to determine cytosolic chaperones that bind to SLC4A11. Whole-cell lysates from PS120-EV and PS120-hSLC4A11-
HA cells were immunoprecipitated with an antibody specific for the corresponding proteins, as indicated. The immunocomplexes were
analyzed by Western blotting using indicated antibodies. A mouse IgG control was used as a negative control. Input comprised preim-
munoprecipitated whole-cells lysates that were blotted to check the molecular weight of each protein as a positive control. Representative
Western blots of three independent experiments. (b) Western blotting of reciprocal coimmunoprecipitations conducted with mitochondrial
lysates from PS120-EV and PS120-hSLC4A11-HA cells showing that HSP90 and HSC70 are the SLC4A11-binding proteins on the mitochon-
dria in PS120-hSLC4A11-HA cells, and all three proteins are directly bound to TOM70. Representative Western blots of three independent
experiments. (c) Representative confocal images of HA/TOM70-PLA (green) puncta in PS120-hSLC4A11-HA and PS120-EV cells. A nuclear
counterstain marker was labeled in blue with DAPI. n = 12 fields of view per condition. Scale bars: 5 μm. (d) Quantification of HA/TOM70-
PLA signals from panel (e). Each symbol represents average number of PLA puncta per each field of view (n = 12). Mean values ± SEM are
present above the bar and significances were tested against the corresponding PS120-EV cells by a two-tailed Welch’s t-test. ****P < 0.0001.
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FIGURE 3. SLC4A11–chaperone (HSP90 or HSC70) complexes are targeted to outer mitochondrial membrane (OMM), specifically to TOM70.
(a) Representative confocal images showing the colocalization of HA/HSP90-PLA (green) signals with mitochondria, labeled with MitoTracker
CMXRos (red) in PS120-hSLC4A11-HA and PS120-EV cells. (b) Inserts from panel (a) showing magnified merged images. Open arrows:
green PLA puncta in the cell cytoplasm. Arrows: colocalization of HSP90 and SLC4A11-HA puncta along the mitochondria. (c) Representative
confocal images showing the colocalization of HA/HSC70-PLA (green) signals with mitochondria, labeled with MitoTracker CMXRos (red) in
PS120-hSLC4A11-HA and PS120-EV cells. (d) Inserts from panel (c) showing magnified merged images.Open arrows: green PLA puncta in the
cell cytoplasm.Arrows: colocalization of HSC70 and SLC4A11-HA puncta along the mitochondria. (e) Representative confocal images showing
the colocalization of HA/TOM70-PLA (green) signals with mitochondria, labeled with MitoTracker CMXRos (red) in PS120-hSLC4A11-HA
and PS120-EV cells. (f) Inserts from panel (e) showing magnified merged images. Arrows: colocalization of TOM70 and SLC4A11-HA puncta
along the mitochondria. All cells were stained with CF640-conjugated wheat germ agglutinin (WGA) (pink) to label the cell membranes and
with DAPI (blue) as a nuclear counterstain marker. n = 10 fields of view per condition. Scale bars: 5 μm.



SLC4A11 Mitochondrial Targeting IOVS | September 2021 | Vol. 62 | No. 12 | Article 4 | 10

FIGURE 4. Inactivation of the chaperone function interrupts mitochondrial SLC4A11 translocation. (a) The extent of mitochondrial SLC4A11
transport in the presence of HSP90 inhibitors geldanamycin was analyzed by immunoblotting of mitochondrial and supernatant (cytoplasmic)
fractions from PS120-hSLC4A11-HA. The TOM70-dependent mitochondrial protein, ANT, and the TOM70-independent protein, RISP, were
probed as positive and negative controls, respectively. The levels of VDAC served as a mitochondrial marker. α-Tubulin is a loading control
for cytoplasmic fraction. (b) Immunoblots of mitochondrial fraction from (a) were normalized relative to VDAC. Quantification is reported in
relative to initial time point. (c) Immunoblotting of each fraction from WT MCECs that were treated with increasing concentrations of HSP90
inhibitor novobiocin for 6 hours. (d) Quantification of Western blots of mitochondrial fraction from (c). Mean values ± SEM. n = 3 (*P value
versus 0 μM, SLC4A11; δ P value versus 0 μM, ANT). (e) Immunoblotting analysis of each fraction from HCECs that were transfected with
control scrambled siRNA or HSP90 siRNA for 68 hours. Mitochondrial SLC4A11 transport was interrupted by HSP90 knockdown. Efficiency
of HSP90 knockdown in HCECs analyzed by immunoblotting is shown in Supplementary Figure S3c. Bottom: quantification of Western blots
of mitochondrial fraction. (f) Immunoblotting analysis of each fraction from HCECs that were transfected with either control scrambled
siRNA or HSC70 siRNA for 68 hours, showing interruption of mitochondrial SLC4A11 transport by HSC70 knockdown. For validation of
efficient HSC70 siRNA delivery, see Supplementary Figure S3d. Bottom: quantification of Western blots of mitochondrial fraction. Data are
presented as mean ± SEM from n = 3 independent experiments. *P < 0.0332, **P < 0.0021, ***P < 0.0002, ****P < 0.0001 and ns = not
significant, two-way ANOVA with Dunnett’s multiple comparison (for b, d) and two-way ANOVA with a Bonferroni’s multiple comparison
(for e, f).
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FIGURE 5. SLC4A11 presents in the mitochondria in the Slc4a11 WT mice kidney. (a) Representative photo of 8-week-old kidney from
Slc4a11 WT and KO male and female mice. Size is shown in centimeters for scale. Kidneys were removed at termination and directly
compared. n = 4 biologically independent mice per genotype and gender. (b) Graph comparing the ratio of kidney weight to body weight
of Slc4a11 WT and KO male and female mice shown in panel (a) and expressed as mg/g. Mean ± SEM. n = 4 biologically independent
mice per genotype and gender. Significances were tested against the corresponding Slc4a11 KO by a two-tailed Welch’s t-test (**P < 0.0021,
for same gender). (c) Mitochondrial OCR of kidney mitochondria from Slc4a11 WT and KO mice was measured using a Seahorse XF Mito
Stress Test. The mitochondria were purified from Slc4a11 WT and KO kidneys (n = 3 biologically independent kidneys per genotype). (d)
Summary of results from panel (c). Mean ± SEM. Significance levels were tested by a two-way ANOVA with Tukey’s multiple comparison
test from n = 3 (**P < 0.0021, ***P < 0.0002, and ****P < 0.0001 versus without Gln for same genotype; δδP < 0.0021, δδδP < 0.0002,
and δδδδP < 0.0001 versus WT for same treatment). (e) Experimental procedure flowchart: the extent of mitochondrial Slc4a11 transport in
the presence of HSP90 inhibitors was analyzed by immunoblotting mitochondrial and supernatant fractions from Slc4a11 WT kidney after
preconditioning with 20 mg/kg novobiocin for indicated times at 37°C. (f) Western blot of each fraction showing the effect of mitochondrial
Slc4a11 translocation by HSP90 in Slc4a11 WT kidney. (g) Quantification of Western blots of mitochondrial fraction from panel (f). Mean
values ± SEM are present above the bar, and significance levels were tested by a two-way ANOVA with Bonferroni’s multiple comparison.
n = 3 biologically independent kidneys (**P < 0.0021, ****P < 0.0001, and ns = not significant).
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FIGURE 6. Failure in Slc4a11 translocation disrupts an NH3-sensitive Slc4a11 mitochondrial uncoupling. (a) Mitochondrial OCR of WT MCECs
after knockdown of HSP90 or HSC70 was determined using a Seahorse XFe24 Mito Stress Test. MCECs were preincubated in XF Base Medium
supplemented with 1 g/L glucose and 0.5 mM Gln for 45 minutes in a non-CO2 37°C incubator. OCR was measured three times each for
baseline followed by injections of 2 μM oligomycin, 0.5 μM FCCP, and 0.5 μM rotenone and antimycin A, respectively. (b) Summary of results
from (a). Mean ± SEM. n = 4. *P < 0.0332, **P < 0.0021, ***P < 0.0002, and ****P < 0.0001 versus WT scramble; two-way ANOVA with
Tukey’s multiple comparison test. (c) Ammonia production in DMEM assay media containing 1 g/L glucose, 0.5 mM Gln, and 0.5% dialyzed
FBS that were incubated for 20 hours in WT and KO MCECs after 48 hours posttransfection with indicated siRNAs. Mean ± SEM. n = 3.
*P < 0.0332 and **P < 0.0021; one-way ANOVA with a Dunnett’s T3 multiple comparison test. (d) Flow cytometric analysis of mitochondrial
ROS in WT and KO MCECs transfected with indicated siRNAs (see also Supplementary Fig. S4a). Mean ± SEM. n = 3. *P < 0.0332 and
***P < 0.0002; one-way ANOVA with Dunnett’s T3 multiple comparison test. (e, f) OCR trace and summary results of mitochondria purified
from WT and KO MCECs after posttransfection with indicated siRNAs. In total, 10 μg mitochondria was preincubated in mitochondrial assay
buffer containing 10 mM pyruvic acid, 2 mM malic acid, and ± 4 mM Gln. OCR was measured three times each for baseline following
sequential injections of 2 mM ADP, 3 μM oligomycin, 4 μM FCCP, and 4 μM rotenone and antimycin A, respectively. Mean ± SEM. n = 3.
*P < 0.0332, **P < 0.0021, and ****P < 0.0001 versus WT scramble Gln; δδδP < 0.0002 and δδδδP < 0.0001 versus without Gln for same
genotype; two-way ANOVA with Tukey’s multiple comparison test.

increased significantly more in WT. Moreover, calculated
proton leak (Fig. 5d) was increased by Gln in WT but not
KO, consistent with a previous study showing NH3-sensitive
mitochondrial uncoupling by Slc4a11.14 Immunoblotting
analysis of mitochondrial and supernatant fractions from
Slc4a11 WT kidneys (Fig. 5e) revealed that Slc4a11 was

markedly enriched in mitochondria (Fig. 5f). To exam-
ine carrier-mediated targeting, kidneys were preconditioned
with 20 mg/kg novobiocin, and mitochondrial and super-
natant fractions were analyzed by immunoblotting. Figure 5f
shows significant reduction of Slc4a11 and ANT but not RISP
expression in the mitochondrial fraction with novobiocin



SLC4A11 Mitochondrial Targeting IOVS | September 2021 | Vol. 62 | No. 12 | Article 4 | 13

FIGURE 7. Glutamine induces the expression of SLC4A11 and HSPs. (a) Western blotting of SLC4A11 and HSPs in HCECs incubated with
1 mM glutamine (Gln) for 12 and 24 hours. Control group cells were incubated with glucose (Gluc) alone (n = 3 biologically independent
samples per treatment). (b) Quantification of Western blots at 12 hours Gln treatment from panel (a). Mean values ± SEM. Significance
tested against control group by a two-tailed t-test (ns = not significant). (c) Quantification of Western blots at 24 hours Gln treatment
from panel (a). Mean values ± SEM. Significance tested against control group by a two-tailed t-test (*P < 0.0332 and ns = not significant).
(d) Representative immunoblot of mitochondrial and supernatant fractions from PS120-hSLC4A11-HA cells that were treated with and without
1 mM Gln for 12 and 24 hours (n = 3 biologically independent samples per treatment). (e) Quantification of Western blots of mitochondrial
fraction from (d) that were normalized relative to VDAC. Mean values ± SEM. Significance tested against the corresponding control group
by a two-way ANOVA with Bonferroni’s multiple comparison. (f) Quantification of Western blots of supernatant fraction from (d) that were
normalized relative to α-tubulin. Mean values ± SEM. Significances tested against the corresponding control group by a two-way ANOVA
with Bonferroni’s multiple comparison.
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treatment (Figs. 5f, 5g). In sum, our data show that Slc4a11 is
present in kidney mitochondria and HSP90 is necessary for
trafficking to the mitochondria. Furthermore, Slc4a11 in the
kidneys facilitates Gln catabolism and provides mitochon-
drial uncoupling.

Chaperone Interference Inhibits Mitochondrial
Slc4a11 Function in Corneal Endothelium

SLC4A11 facilitates Gln catabolism in CE by suppressing
the damaging effects of an activated electron transport
chain (ETC) and NH3.14 In particular, SLC4A11 limits mito-
chondrial ROS by functioning as an NH3-sensitive uncou-
pler, which suppresses mitochondrial membrane potential
(MMP) hyperpolarization in the IMM.14 Since mitochon-
drial SLC4A11 import is mediated by chaperone-dependent
trafficking, HSP90 or HSC70 knockdown should disrupt
SLC4A11 mitochondrial function. We investigated the effects
of siRNA against HSP90 or HSC70 in WT MCECs by measur-
ing oxygen consumption (OCR) following the addition of
specific inhibitors of the ETC. Figures 6a and 6b show that
knockdown of HSC70 in WT MCECs resulted in signifi-
cant reduction of glutamine-dependent oxygen utilization
and reduction in proton leak (oligomycin – rotenone and
antimycin A) and ATP-linked respiration when compared
with WT MCECs. Similarly, HSP90 knockdown showed
decreases of all OCR parameters, but only basal respira-
tion was statistically significant (Figs. 6a, 6b). Consistent with
reduced OCR, Gln consumption, measured by NH3 produc-
tion, in WT MCECs transfected with HSP90 or HSC70 siRNAs
was significantly reduced relative to WT and similar to KO
MCECs (Fig. 6c).

Mitochondrial ROS generated by an energized ETC during
Gln catabolism and the direct action of Gln-derived NH3 on
the ETC damaged mitochondria in KO MCECs due to the
absence of Slc4a11 uncoupling.14 We observed that altered
mitochondrial Slc4a11 import by knockdown of HSP90 and
HSC70 in WT MCECs caused higher levels of mitochon-
drial ROS in response to Gln, similar to Slc4a11 KO MCECs
(Fig. 6d). These data indicate that failure of Slc4a11 traf-
ficking to the IMM increases mitochondrial ROS production
during glutamine catabolism.

Next, we used isolated mitochondria to avoid potential
confounding variables from plasma membrane SLC4A11 and
other sources of Gln-derived NH3. Figure 6e shows OCR
using mitochondria purified from WT and KO MCECs that
had been transfected with HSC70 or HSP90 siRNAs with
and without glutamine. All OCR parameters in response to
Gln were significantly higher in WT mitochondria compared
to KO mitochondria. Mitochondria from WT MCECs trans-
fected with either HSP90 or HSC70 siRNA showed a signif-
icant reduction in all OCR parameters, specifically proton
leak–linked respiration with exposure to Gln (Figs. 6e, 6f).
The OCR analysis of isolated mitochondria provided confir-
mation that the altered cellular OCR characteristics due to
HSP90 and HSC70 siRNA were not secondary to plasma
membrane or other potential locations of SLC4A11.

Glutamine Upregulates SLC4A11, HSP70, and
HSP90 Expression

Glutamine catabolism within mitochondria accelerates the
ETC inducing increased ROS production,14–17 and ROS is
known to increase SLC4A11 expression via NRF2 activa-

tion.50 Therefore, we examined the effect of Gln on SLC4A11
expression as well as cellular cytoprotective heat shock
proteins (HSPs), which are induced by various of stress stim-
uli. Gln significantly increased inducible HSP70 and HSP90
α/β protein expression after 24 hours post-Gln treatment in
both HCECs and PS120-hSLC4A11-HA cells, whereas consti-
tutive HSC70 expression did not change. Interestingly, Gln
upregulated the expression of SLC4A11 in both HCECs at 24
hours and in PS120-hSLC4A11-HA cells at 12 and 24 hours
(Figs. 7a–c and Supplementary Figs. S5a, S5b). As the total
expression of SLC4A11 was upregulated by Gln, we next
asked whether the upregulated SLC4A11 affects the level of
mitochondrial SLC4A11 under the same condition. A signif-
icant increase in SLC4A11 expression in the mitochondrial
fraction was induced by Gln at 12 hours in both HCECs and
PS120-hSLC4A11-HA cells. Induction of cytoplasmic HSP70
and HSP90 but not HSC70 expression were slightly increased
at 12 hours and statistically significant at 24 hours. The
expression of SLC4A11 in the supernatant fraction, including
plasma membrane and cytoplasmic proteins, was also upreg-
ulated by Gln at 12 to 24 hours (Figs. 7d–f and Supplemen-
tary Figs. S5c, S5d). Taken together, these results indicate
that increased oxidative stress caused by Gln catabolism not
only induces HSP70 and HSP90 but also confers cell protec-
tion by upregulation of the expression of SLC4A11 and mito-
chondrial targeting.

DISCUSSION

Our data support a model (Fig. 8) wherein SLC4A11 can
traffic to mitochondria with the aid of HSC70 and HSP90—
chaperone complexes that can be recruited to bind to
the surface receptor, TOM70, thereby allowing SLC4A11 to
traverse to the IMM, where it functions as an NH3-sensitive
mitochondrial uncoupler. Glutamine catabolism significantly
increases ETC flux (i.e., increased OCR), providing a strong
MMP hyperpolarizing force. If left unchecked (e.g., in
Slc4a11 KO), a hyperpolarized mitochondria yields exces-
sive ammonia-dependent ROS production that significantly
damages mitochondria.14 As such, functional consequences
of interfering with mitochondrial SLC4A11 translocation
included reduced Gln consumption, reduced Gln-dependent
oxygen consumption and proton leak, and increased ROS,
which is the Slc4a11 KO phenotype.

Our previous study using CE cells and SLC4A11-
transfected PS120 fibroblasts showed IMM localization of
SLC4A11 and its function as an NH3-activated mitochondrial
uncoupler.14 N-terminus analysis indicated a low probability
of presequence mitochondrial targeting for SLC4A11. The
predictors had minor discrepancies, but on the whole, they
were in agreement. Our previous data14 and this work clearly
show that SLC4A11, as a newly discovered mitochondrial
protein, is highly enriched in the IMM by traversing through
a chaperone-mediated carrier pathway. The LC-MS/MS anal-
ysis identified molecular chaperones as putative interac-
tors of SLC4A11 responsible for mitochondrial SLC4A11
import, suggesting that HSC70 and HSP90 were leading
candidates. HSP90β is the constitutive isoform, whereas
stress factor–derived HSP90α only appeared to be associated
with SLC4A11 protein in the PS120-hSLC4A11-HA whole-cell
lysates (Supplementary Fig. S1c). Detection of only HSP90β
is likely due to the lower relative abundance of HSP90
proteins in the cytoplasm that may limit analytical detec-
tion in whole-cell fractions. Because HSP90 proteins account
for only 1% to 2% of total cellular proteins under nonstress



SLC4A11 Mitochondrial Targeting IOVS | September 2021 | Vol. 62 | No. 12 | Article 4 | 15

FIGURE 8. Schematic model for the chaperone-mediated carrier pathway in targeting mitochondrial SLC4A11. (1) The nuclear-encoded
SLC4A11 precursors are synthesized on cytoplasmic or endoplasmic reticulum (ER)-bound ribosomes. (2) Chaperones, HSP90, and/or HSC70
in the cytosol bind to SLC4A11 precursors to prevent their aggregation, to escort them to the mitochondria, and to bind specifically to TOM70.
(3) SLC4A11 precursor–chaperone (HSP90 and/or HSC70) complexes are targeted to the mitochondrial surface, specifically to TOM70. (4)
After traversing across the OMM through the TOM complex, TIM9–TIM10 chaperones in the intermembrane space possibly transfer the
SLC4A11 to the IMM. Finally, SLC4A11 is laterally released into the inner membrane of mitochondria, although the mechanism of release
has not yet been clarified. (5) At the IMM, SLC4A11 acts as an ammonia-sensitive uncoupler that reduces MMP hyperpolarization, which
suppresses ROS production during glutamine-induced electron transport chain activity, thereby protecting mitochondria.
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conditions, HSP90β expression level is, in general, higher
compared to HSP90α in most cells.51

With regard to the mechanism by which cytosolic molec-
ular chaperones mediate the targeting of mitochondrial
precursors to the mitochondrial surface receptor TOM70,
there is extensive evidence linking involvement of HSP90,
HSP70, and HSC70 in this pathway, known as the carrier
pathway.21,25 The mechanism of HSP90 action in the context
of TOM70-dependent mitochondrial precursor trafficking
has been demonstrated by using two HSP90 inhibitors that
have different inhibitory mechanisms: (1) novobiocin targets
the C-terminal domain of HSP90, causing degradation of
the preprotein–chaperone complex in the cytosol, and (2)
geldanamycin binds to the ADP/ATP binding pocket on the
N-terminal domain of HSP90, inhibiting targeting of precur-
sors to the outer mitochondrial membrane.20,21,46,47 Consis-
tent with this observation, both pharmacologic inhibitors of
HSP90 reduced the mitochondrial SLC4A11 translocation,
which parallels the disruption of mitochondrial SLC4A11
import by siRNA knockdown of the chaperones HSP90 and
HSC70. What is less clear is whether the chaperones act
together in trafficking SLC4A11 or can work alone. More-
over, transport of “carrier pathway”–dependent precursors in
the intermembrane space to IMM is predominantly through
TIM9–TIM10.52,53 We suspect that TIM9–TIM10 may be at
work in the intermembrane space to guide SLC4A11 into
IMM, but further studies are needed.

A study by Gee et al.54 showed the expression of Slc4a11
in the upper descending thin limbs of the mouse kidney,
which was hypothesized as a transporter-modulating ammo-
nia recycling in the outer medulla. Slc4a11 localization to
kidney mitochondria and OCR analysis using isolated kidney
mitochondria reveal similar characteristics of SLC4A11 as in
corneal endothelium and transfected fibroblasts. While we
postulate that Slc4a11 acts potentially as an NH3-sensitive
mitochondrial uncoupler in renal proximal tubule mito-
chondria where the majority of ammonia is produced by
Gln catabolism, its specific expression profile over the
kidney segments, submitochondrial localization, and trans-
port kinetics in response to Gln requires further analysis.

SLC4A11 overexpression protects HCECs from oxidative
stress. Oxidative stress induces SLC4A11 expression, which
requires the transcription factor NRF2-mediated antioxi-
dant signaling.50 We show here that Gln catabolism, which
induces oxidative stress, increases HSP70 and HSP90 and is
in part cytoprotective by promoting mitochondrial targeting
of the NH3-sensitive uncoupler SLC4A11, providing atten-
uation of excessive hyperpolarization as a defense against
mitochondrial oxidative stress. Slc4a11 confers mild mito-
chondrial uncoupling that could interconnect with other
cellular mechanisms, including autophagy, mitophagy, Ca+

homeostasis, and apoptosis.55 Mitochondria are the source
and targets of inevitable ROS by-products generated from
an energized ETC and from the direct action of NH3 on
complexes I and III during Gln catabolism.15–17 The cellu-
lar stress caused by continuous oxidative stress during Gln
catabolism has been thought to be offset by increased
production of glutathione and reduced NADP. This can be
also curtailed by virtue of induction of SLC4A11, HSP70, and
HSP90, which is consistent with previous reports of the role
of SLC4A11 as an oxidative response gene.50,56 However,
further studies of the underlying mechanism of SLC4A11
in facilitating Gln catabolism in response to oxidative stress
are needed. Moreover, further work should focus on those
tissues (e.g., gut epithelium57–59 and vascular endothe-

lium60) that upregulate glutamine consumption during
stress.

Last, to validate the targeting by these chaperones,
we examined the metabolic consequences of blocking
delivery of SLC4A11 to mitochondria. We found reduced
mitochondrial SLC4A11 import (∼ 60% between 68 and 70
hours), caused by inhibition of HSP90 and HSC70 in WT
MCECs, resulted in lower levels of oxygen consumption and
proton leak, a reduction of NH3 production, and a signif-
icant increase in %MitoSOX+ cells compared to the WT
MCEC control. This change in cellular respiration and ROS
levels in WT MCECs with chaperone disruption was simi-
lar to Slc4a11 KO.14 Importantly, OCR analysis of isolated
mitochondria provided confirmation that the altered cellu-
lar characteristics were not secondary to plasma membrane
or other potential locations of SLC4A11. Further research is
required to understand whether any of the SLC4A11mutants
implicated in human disease have specific defects in inter-
actions with HSC70/HSP90 chaperones and mitochondrial
targeting.
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