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Abstract

Endosome trafficking and function require acidification by the vacuolar ATPase (V-ATPase). Electrogenic proton
(H") transport reduces the pH and creates a net positive charge in the endosomal lumen. Concomitant chloride
(C1") influx has been proposed to occur via CIC Cl1”/H" exchangers. This maintains charge balance and drives
Cl™ accumulation, which may itself be critical to endosome function. Production of reactive oxygen species
(ROS) in response to cytokines occurs within specialized endosomes that form in response to receptor occu-
pation. ROS production requires an NADPH oxidase (Nox) and the CIC-3 C17/H" exchanger. Like the V-ATPase,
Nox activity is highly electrogenic, but separates charge with an opposite polarity (lumen negative). Here we
review established paradigms of early endosomal ion transport focusing on the relation between the V-ATPase
and CIC proteins. Electrophysiologic constraints on Nox-mediated vesicular ROS production are then consid-
ered. The potential for CIC-3 to participate in charge neutralization of both proton (V-ATPase) and electron
(Nox) transport is discussed. It is proposed that uncompensated charge separation generated by Nox enzymatic
activity could be used to drive secondary transport into negatively charged vesicles. Further experimentation
will be necessary to establish firmly the biochemistry and functional implications of endosomal ROS production.
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Introduction

TREMENDOUS DIVERSITY eXists among pools of intracellular
vesicles. These compartments may appear to be dis-
persed randomly through the cytoplasm but are often local-
ized to specific subcellular regions. As described elsewhere in
this issue of Antioxidants & Redox Signaling, intracellular ves-
icles can have very different and highly specialized functions.
Vesicle subtypes are identified and characterized by their li-
pid and protein composition. For example, the presence of
vesicle-specific Rab guanosine triphosphatases (Rab GTP-
ases), which contribute to the regulation of membrane traffic,
distinguish early (Rab5) from late (Rab7) or recycling (Rab11)
endosomes (36). Intravesicular pH and Cl~ concentrations
vary widely between these compartments (64, 92). These dif-
ferences are likely to have important functional implications
and to reflect differences in the presence or activity of specific
ion-transport mechanisms.

The critical role of endosome acidification in membrane
trafficking has long been appreciated (64). The vacuolar
ATPase (V-ATPase), an electrogenic proton pump, is pri-
marily responsible for this process (Fig. 1A). Secondary
transport into vesicles can be driven by either the pH gradient
or the charge separation generated by the V-ATPase. As
vesicles mature from early to late endosomes and then to ly-
sosomes, the free proton concentration increases by more than
2 orders of magnitude (pH decreases by 2 units) (25).

Just like the plasma membrane, the lipid bilayer of endo-
somes creates constraints on ion transport that are related to
charge separation and may actually be magnified by the small
volume of the endosome. In the absence of compensatory
current flow, active transport of protons into the endosome by
the V-ATPase creates a net positive intravesicular charge with
respect to the cytoplasm. The higher the input resistance of the
endosomal membrane, the greater the degree of charge sep-
aration that will develop. This resistance depends on the
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FIG. 1. (A) The V-ATPase moves
protons into endosomes by using en-
ergy derived from ATP hydrolysis.
This results in net positive charge ac-
cumulation in the lumen of the vesicle.
(B) The NADPH oxidase (Nox) trans-
fers electrons from reduced NADPH to
cytoplasmic FAD and then through
two heme groups. In the lumen of the
endosome, the electrons are passed to
molecular oxygen to form two mole-
cules of superoxide anion. This results
in net negative charge accumulation.
After regeneration of NADPH by the
pentose phosphate shunt, two protons
are created in the cytoplasm. The Nox
protein NADPH complex is depicted
without the associated membrane and
cytoplasmic proteins that are required
for function.

specific types and activities of ion channels and transporters
in the membrane.

Ion channels are trafficked by a variety of mechanisms and
therefore must cluster in specific regions of the membrane
before internalization [see (48) and (49) for reviews]. De-
pending on the activity of these internalized channels, endo-
some membrane characteristics and input resistance may
differ significantly from that of the plasma membrane.
Because of the very small size of these vesicles, the magnitude
of this resistance cannot be directly assessed.

Large potential differences across the vesicular membrane
can be used to drive secondary transport, but may also limit
the activity of the transporter that generated the gradient.
For instance, V-ATPase activity is inhibited at positive in-
travesicular potentials, and this retards acidification. CI™
movement into vesicles facilitates acidification by providing
an electrical shunt that can compensate for charge separation
created by the V-ATPase. This process has been extensively
modeled, and voltage gating of this CI”~ conductance is critical
(33). In support of this concept, acidification of clathrin-coated
vesicles has been shown to be inhibited by either anion chan-
nel blockers or replacement of Cl~ with impermeant anions
(92, 93, 104).

Specifically, members of the CIC-3, -4, and -5 and the CIC-6
and -7 branches of the CIC family of anion channels/
transporters have been proposed to participate in this process
[40, 41, 55, 95, 96; see (46) for review]. The CIC family includes
nine members (CIC-1 through 7, CIC-Ka, and CIC-Kb) (47).
The CIC-3, -4, and -5 branch of the family is the most closely
related to the more primitive CICs (ClC-ecl in Escherichia coli,
GEF-1 in yeast). CIC-3 is expressed in virtually every cell type,
and the amino acid sequence is 99.7% conserved from mouse
to human. These observations suggest that the intracellular
CIC proteins in general and CIC-3, in particular, serve a very
basic and critical function.

A subgroup of Rab5-positive early endosomes contains
NADPH oxidases (54, 65). These vesicles are formed as cy-
tokine receptors are endocytosed and have been termed

“signaling endosomes” (65, 105) or “redoxosomes” (Oakley
et al., this issue of ARS). ROS produced in this compartment
play a critical role in cytokine signaling in epithelial cells (54),
neutrophils (67, 68) and vascular smooth muscle cells (65).

The catalytic subunits of NADPH oxidases, the Nox ho-
mologues, are electrogenic electron pumps, passing electrons
from NADPH on the cytosolic side of the membrane to a
flavin adenine dinucleotide (FAD), through two heme groups
located within transmembrane domains, and finally to mo-
lecular oxygen located on the intravesicular side of the
membrane (Fig. 1B). Like the V-ATPase, NADPH oxidases are
capable of separating large amounts of charge if current flow
is uncompensated. In the plasma membrane of neutrophils,
charge compensation is provided by a proton channel (20). If
this pathway is inhibited, Nox2 activation can depolarize the
plasma membrane by as much as +180mV (23). It is fasci-
nating that, just as in vesicle acidification by the V-ATPase,
intracellular Nox activity and cytokine signaling also are
highly dependent on the presence of CIC-3 (65, 67, 68).

Very little is known as to how electron flow through Nox
enzymes affects the electrophysiology of the signaling endo-
some. However, based on the electrogenic nature of Nox en-
zymes, the membrane potential of endosomes containing an
active NADPH oxidase must differ markedly from that of
endosomes lacking an oxidase. It is unclear how a dominantly
negative intravesicular charge will alter the biology of the
compartment. It has been presumed that the primary func-
tion of endosomal ROS generation is to initiate a redox-based
“signal.”

However, it is important also to consider the possibility
that the transmembrane potential difference generated by
Nox activity could be used to drive secondary transport and
thereby alter the composition of the lumen. In addition, the
abundance and type of ROS produced will determine the re-
dox potential of the compartment. Therefore, Nox activity
may generate a ROS “signal,” modify the composition of en-
dosomal electrolytes, and change the function of endosomal
proteins. The requirement of protons for ROS metabolism
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suggests that endosome pH is critical, and the interplay be-
tween proton and electron movement into endosomes is likely
to be very complex.

Much of what is known about ion transport across
membranes of intracellular vesicles has been learned by
using ion- or voltage-sensitive fluorescent dyes, either in
intact cells or in purified vesicle preparations (93). These
types of experiments have significant inherent limitations.
Whole-cell experiments preclude control of cytoplasmic
signaling events and ion concentrations, and vesicular
transport is subject to the dynamic changes in cytoplasmic
environment that are associated with cellular metabolism.
Studies using purified vesicles are easier to control; how-
ever, critical factors affecting ion-transporter activity may be
absent, or present in the wrong concentration. Localization
of Nox proteins to the early endosome has only recently
been appreciated. Therefore, previous studies using purified
endosomal vesicles have not addressed the contribution of
Nox proteins to the biology of the compartment, because no
reason existed to include NADPH as substrate in these ex-
periments.

This review focuses on the biophysical challenges and
constraints associated with generation of ROS in endosomes.
We explore mechanisms of endosomal acidification and
consider the potential impact of ROS production by NADPH
oxidases on these processes. Specific attention is paid to anion
transport, charge compensation, and the dependence of both
acidification and ROS production on CIC-3. Issues related to
Nox-dependent generation of ROS in endosomes may also be
relevant to other subcellular compartments in which the
NADPH oxidase is activated.

Membrane Potential

The transmembrane potential of cytoplasmic vesicles has
been extensively modeled, primarily with a focus on the in-
terdependence of voltage and acidification (33, 85). Principal
influences that have been considered include (a) the physical
properties of the vesicle, such as size, shape, buffering ca-
pacity and lipid composition; (b) electrogenic ion transport
(the V-ATPase and the Na-K ATPase); and (c) passive ion
conductance.

The surface area—to-volume ratio of a vesicle directly affects
ion transport. Smaller endosomes have a relatively larger
surface area—to-volume ratio that will reduce membrane po-
tential for a given charge density (85). Estimates of the
diameter of early endosomes range between 100 and 500 nm
(13, 70). For the purposes of this review, we base our calcu-
lations on vesicles with a diameter of 200 nm. During endo-
cytosis, both soluble extracellular macromolecules and
integral membrane proteins are incorporated into vesicles.
These molecules tend to be negatively charged and have
ionizable groups with the capacity to buffer changes in en-
dosomal pH. The magnitude of this buffering capacity will
alter the relation between proton-transport rate and pH
change. Direct measurements of endosomal buffering capac-
ity have yielded estimates of between 6 and 50 mM/pH unit
(33, 92). Thus, to change pH, several orders of magnitude
more protons must be moved into the vesicle than would be
required to acidify an unbuffered solution. This is an impor-
tant concept as we later consider the impact on pH of proton
flux coupled to sodium or chloride transport.
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A net negative charge is associated with cell-surface
proteins. This has minimal impact on the composition of the
relatively large volume of the extracellular space. However,
after endocytosis, these fixed charges become concentrated
into a much smaller space and give rise to a Donnan potential
(27), which can drive diffusion of counterions into or out of
the vesicle. Estimates of this force have ranged from —22 to
—37mV (101) in intracellular vesicles. This effect may signif-
icantly alter the ionic composition of the endosome lumen,
even before any active transport has occurred. This effect
has been proposed to account for the low CI™ concentration
in endosomes that is measured immediately after formation
(93).

The lipid composition of the vesicle membrane itself can
also influence membrane potential. The cytoplasmic leaflet of
the endosome tends to be more negatively charged because
of a preponderance of acidic lipid headgroups (84). Estimates
of the cytoplasmic surface potential range between —30 (10)
and —50mV (63). This surface potential may alter the surface
concentration of ions dramatically. For example, concentra-
tions of divalent and monovalent cations may be 5 to 50 times
higher at the endosomal surface as compared with bulk con-
centrations (33).

The impact of the V-ATPase on vesicular membrane po-
tential and pH has been demonstrated in many cell types (64)
but has perhaps been best studied in synaptic vesicles, which
can be considered specialized endosomes. Storage of neuro-
transmitters is accomplished by specific transport proteins
that are powered by either the lumen-positive transmem-
brane potential or the proton chemical gradient generated by
the V-ATPase (83). The relative magnitude of these two forces
in a given vesicle is determined by the degree to which anion
currents dissipate transmembrane potential. Higher CI™ per-
meability limits charge separation but facilitates acidification,
thus creating a large proton chemical gradient. Conversely,
limiting CI™ flux favors charge separation and enhances
transmembrane potential. These principles have been pro-
posed partially to underlie the phenotype of CIC-3-null mice,
which undergo dramatic neurodegeneration of the hippo-
campus and retina (24, 94). Vesicular glutamate transport is
driven primarily by voltage. CIC-3—null mice demonstrate
impaired acidification of glutamatergic synaptic vesicles and
an increase in the magnitude of glutamate-induced miniature
excitatory postsynaptic potentials (94). These potentials are
caused by the release of glutamate from a single vesicle, and
the size of them therefore reflects the abundance of glutamate
stored in each one. Larger excitatory potentials in CIC-3-null
tissues are consistent with the idea that the loss of CIC-3 in-
creases the transmembrane potential of the vesicles and
thereby enhances glutamate uptake. The resulting increase in
glutamatergic neurotransmission may favor excitotoxic ef-
fects and play a role in the neurodegenerative process.

The sodium-potassium ATPase (Na*-K" ATPase) also con-
tributes to endosomal membrane potential (31). After endo-
cytosis, this electrogenic transporter is oriented such that it
moves three sodium ions into the vesicle in exchange for two
potassium ions (Fig. 2). This creates a more-positive intra-
vesicular charge, which will limit acidification (11). It has been
speculated that this mechanism may be most important in the
early endosome, in which the Na*-K" ATPase is more highly
expressed relative to the rest of the endosomal pathway. Na*-
K" ATPase activity may also be important for maintenance
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FIG. 2. Membrane ion transporters and channels that
may affect the electrophysiology of the signaling endo-
some. Endocytosis results in the extracellular face of these
proteins being exposed to the lumen of the endosome. The
intracellular ion concentrations provided for sodium (73) and
Cl™ (14) are estimates for vascular smooth muscle cells.

of endosome-to-cytoplasm Na™ and K* gradients that are
analogous to the gradients from the extracellular fluid to the
cytoplasm. These gradients will contribute directly to vesic-
ular membrane potential if ion-selective channels are present.
They also can provide a driving force for secondary transport
of other ions.

It is clear that multiple types of cation channels, including
inward rectifier (K;;) (57) and voltage-dependent (K,) potas-
sium channels, and the epithelial sodium channel (ENaC) (56),
are internalized through endocytosis. Membrane cycling
may provide an important mechanism by which cell-surface
channel activity is regulated. Membrane recycling of the
K,1.5 potassium channel occurs via Rab-dependent pathways
including initial uptake into Rab5-positive early endosomes
(15, 22). The voltage-dependent sodium channel Nay1.5
has a strictly intracellular distribution and localizes to Rab7-
positive late endosomes in macrophages, where it regulates
acidification by coupling sodium efflux to proton influx (12).
It is likely that the ion channel composition of specific en-
dosomal subtypes is highly variable and must be individually
characterized.

The membrane potential of signaling endosomes cannot be
directly measured. The volume of a sphere with a diameter of
200nm is ~4.2x107'® L. The change in membrane potential
produced by Nox activity will be a function of the abundance
and activity of Nox protein relative to the surface area and
input resistance of the membrane. Previous measurements of
the depolarization induced by Nox2 activation were based on
plasma membrane potential changes in intact neutrophils
with a volume of ~3x107 % L (97). However, Nox2 protein is
clearly recruited to phagosomes, which are much smaller
(~1.2x10" " L), but still very large compared with signaling
endosomes. Nox recruitment to a smaller compartment
would be expected to enhance current density, but to a degree
that will vary greatly with compartment size (71). In resting
neutrophils, the majority of CIC-3 protein is found in secre-
tory vesicles, and like Nox2, CIC-3 is also recruited to pha-
gosomes (67). Consistent with this primarily intracellular
localization, we observed no difference in the ability of CIC-
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3-null neutrophils to generate extracellular ROS, but the de-
fect in intracellular ROS production is pronounced (67). In
nonphagocytes, plasma membrane Nox1 is clustered in lipid-
raft domains (98) from which it is recruited to signaling en-
dosomes. Enrichment of Nox1 in endosomes could result in
very high Nox1 current density, which would magnify the
need for charge neutralization.

Acidification

The V-ATPase has long been recognized as the primary
mechanism for endosomal acidification. It is a member of the
family of large, multi-subunit complexes that function as
ATP-driven proton pumps (4, 30). These complexes operate
via a rotary mechanism in which ATP hydrolysis, carried out
by a peripheral domain, drives rotation of a central integral
membrane domain that is directly responsible for transport of
protons across the membrane (19) (Fig. 1A). The coupling
ratio between ATP consumption and H" transport has been
estimated to be in the range of 1:2 but can be modulated and is
clearly pH dependent, with more energy required to move
protons against higher pH gradients (8, 34). The reversal po-
tential for H* transport must therefore also vary. In the
presence of bafilomycin A1, an inhibitor of V-ATPase, endo-
some acidification is severely limited (93). The rate and degree
of acidification reflect a balance between active inward
transport by the V-ATPase, the buffering capacity of the
lumen, and passive outward proton movement via “leak”
pathways. Potential leak pathways may include the electri-
cally neutral Na¥/H"* exchanger and proton channels. As
discussed earlier, buffering capacity is a critical consider-
ation. At neutral pH, a 4.2x10'® L vesicle will contain very
few free protons. The actual number of protons present must
be considered on a time-averaged basis because at pH 7.0
(10~7 M protons), only 0.25 “free” protons are present per
endosome!

The NHE3 Na*/H" exchanger (74) is internalized via
clathrin-coated pits (16) and modulates acidification of liver
endosomes (100). Minimal data are available with respect to
the dynamics of endosome sodium concentration. However,
one might expect the initial sodium concentration to ap-
proximate that of extracellular fluid (~140 mM) and signifi-
cantly exceed that of the cytoplasm (~10mM). This gradient
could provide a driving force for proton movement into en-
dosomes via this exchanger (Fig. 2). This mechanism of acid-
ification might be sustained if the Na/K™ ATPase maintains a
vesicle-to-cytoplasm sodium gradient. The importance of
Na*/H" exchange to endosome acidification has been well
documented in yeast (9).

The genetic identity of endosomal proton channels has not
been clearly established. In neutrophil phagosomes, they are
thought to be the same as the plasma membrane proton
channels that provide charge neutralization for Nox2 (20, 71).
A candidate protein for this channel has been cloned and
expressed (81, 88). Although these channels are best charac-
terized in phagocytes, they are broadly expressed at the
plasma membrane of many different cell types. As yet, it
remains to be definitively proven that charge compensation
for Nox2 activity can be attributed to this specific protein. The
channel rectifies very strongly in the outward direction and
therefore functionally should be able only to mediate proton
efflux at the plasma membrane (Fig. 2). If endocytosed, this
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orientation should readily allow proton influx into endo-
somes, but may not allow protons readily to leak out of acid-
ified vesicles. Passive proton influx could theoretically
contribute to vesicle acidification if the NADPH oxidase was
active and the endosome lumen, negatively charged. The
cytoplasmic pH of neutrophils is transiently acidified, largely
because of liberation of protons from NADPH by Nox ac-
tivity (35). This enzymatic production of protons at the cy-
toplasmic face of signaling endosomes may provide an even
stronger local gradient favoring passive endosome acidifica-
tion via proton channels. It has been proposed and hotly de-
bated whether the NADPH oxidase might have a secondary
ability to conduct protons and provide its own charge bal-
ance (23, 61).

The effect of superoxide (O, ") production inside the sig-
naling endosome on the pH of the compartment is likely to be
very complex. The Nox enzyme deposits superoxide within the
endosome, whereas the protons that are liberated from
NADPH in the process remain on the opposite, or cytosolic,
side of the vesicular membrane. Two protons are consumed in
the dismutation of superoxide, one to create hydroperoxyl
radical [HO,", pK, =4.75 (7)], and the second to yield hydrogen
peroxide [HyO,, pK, =11.62; Fig. 3]. Spontaneous dismutation
occurs rapidly (~10° M/s) at neutral pH (78), but slows re-
markably under alkaline conditions. The half-life of O, " is
prolonged approximately tenfold for every tenfold decrease in
the free proton concentration (1-point increase in pH) between
pH 6 and 14. The proton dependence of dismutation is nicely
demonstrated by the observation that a 150 mM solution of
potassium superoxide in DMSO showed less than 10% de-
composition in a full day at room temperature (99). In the
absence of another source of protons, superoxide will effec-
tively “pull” protons from H,O, leaving OH™ behind and
thereby causing alkalinization. The overall supply of protons
to the lumen of signaling endosomes during the oxidative
burst is critical to the redox chemistry of the compartment,
but no data have quantified this. If the pH of signaling en-
dosomes is neutral or alkaline, biologically significant accu-
mulation of O, ° may occur. An attempt to quantify the
concentration of endosomal O, * in TNF-a—induced endo-
somes has been made in this issue of ARS (52). Estimated
O, " production for a single vesicle with a 200-nm diameter
was 4.3x107?* moles or ~260 molecules per second. The
steady-state concentration of O, ° within the vesicle will
depend on a number of factors, including vesicle size and pH.
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A 200-nm vesicle with the stated production rate was calcu-
lated to contain ~14 uM O, * at pH 7.4. This concentration
increased to ~30 uM at pH 8.0 and decreased to ~4.4 uM at
pH 5.0. The concept that biologically significant endosomal
O, * accumulation occurs is supported by the observation
that superoxide exits endosomes through a DIDS-sensitive
anion conductance (69). This implies that either superoxide
accumulates in endosomes, or superoxide is somehow
shielded from interaction with protons within the vesicle.

Nox2 activity has been proposed to provide a regulated
means of retarding acidification in phagosomes of dendritic
cells, which have a higher pH than those of macrophages (59).
Proton consumption for H,O, production maintains a less
acidic environment. Reduced acidity has the important effect
of limiting degradation of endocytosed protein and thereby
facilitating antigen cross-presentation. It remains to be de-
termined whether the V-ATPase and the NADPH oxidase can
be active simultaneously in the signaling endosome. Theore-
tically, both enzymes might be relieved of charge constraints
if their currents were of similar magnitude. This might lead to
very efficient production of H,O,. However, if both pumps
can be active at the same time, why would CIC-3 be required
for either process?

Despite the relatively high rate constant for the sponta-
neous dismutation of superoxide, nature has developed an
enzymatic mechanism, superoxide dismutase (SOD), which
markedly accelerates the reaction rate to >10? M/s. Specific
isoforms of SOD are localized to the mitochondria (Mn-SOD),
the cytoplasm (CuZn-SOD), and the extracellular space (EC-
SOD), and defects in these enzymes have profound physio-
logical consequences (38, 58). EC-SOD binds to the surface
of the plasma membrane via its heparin-binding domain and
creates a mechanism by which SOD may be present inside
early endosomes. EC-SOD is known to be internalized via
clathrin-coated pits and localizes to EEA-1-positive early
endosomes, whereas EC-SOD lacking a functional heparin-
binding domain is not endocytosed (17). This localization
seems to have functional significance, as carriers of a com-
mon genetic variant (EC-SODgz135) with disrupted heparin
binding have a higher circulating plasma concentration of
EC-SOD, but are at an increased risk for vascular disease
(17). The functional significance of SOD inside this com-
partment remains to be determined. One might anticipate
an acceleration of proton consumption and enhanced alka-
linization.

FIG. 3. (A) Charge neutralization of the
V-ATPase by CIC-3. Cl™ enters the endosome,
and H" leaves with a stoichiometry of 2:1. C17/
H" exchange can provide appropriate opfosing
current flow, but at a cost of removal of H"™ from
the compartment. The net result would be acidi-
fication and CI” accumulation. (B) Charge neu-
tralization of the NADPH oxidase by CIC-3. H*
enters the endosome, and Cl™ leaves. Dismutation
of superoxide consumes 2 H* per molecule of the
H,0, produced. The net result of these processes
would be alkalinization and CI™ depletion.

B NADPH NADP* + 2H*

2CF 0,++H* == HO;
HOz* + HOp* == H202+ 0,

V[CI]
tpH
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SOD also localizes to the cytoplasmic side of the signaling
endosome (Fig. 3). CuZn-SOD is recruited to early endosomes
by cytokine activation, in which it directly binds to Racl and is
required for activation of the Nox complex (42). Endosomal
O, * may be delivered to this cytoplasmic SOD by efflux
through a DIDS-sensitive anion conductance (69). Oxidation
of Racl by H,O; reversibly uncouples SOD1 binding, thereby
creating a potential feedback mechanism for redox-based
sensing of O, " levels. This interaction between SOD and Racl
may play a critical role in familial ALS, in which failure of
SOD to dissociate from and to inactivate the Nox complex
may be linked to excess ROS production and long-term oxi-
dative stress (42).

Chloride Transport

Although the importance of C1™ for vesicular acidification
has been appreciated for decades, the identity of this anion
pathway has only recently been proposed. It has been sug-
gested that the intracellular CIC proteins (CIC-3, -4, -5, -6, and
-7) provide shunt current for V-ATPase activity (46). The best-
studied example of this relation is CIC-5. Mutations in this
gene (CLCNDS) cause Dent disease (OMIM 300008). CIC-5 is
required for proper acidification and trafficking of early en-
dosomes in renal proximal tubular epithelial cells (37, 40).
Loss of CIC-5 function results in a complex series of down-
stream consequences that ultimately disrupt the endocytic
pathway and lead to the formation of kidney stones (77). C1C-
4 also localizes to intracellular vesicles in renal proximal tu-
bules and cultured epithelial cells. Disruption of CIC-4
expression limits endosomal acidification and alters traffick-
ing (66). Similarly, loss of CIC-3 in CHO cells (41) limits
acidification of both transferrin-containing early/recycling
endosomes and oy-macroglobulin—containing late endo-
somes, although not to the same extent as the anion channel
blocker NPPB or bafilomycin Al. In pancreatic beta cells,
impairment of CIC-3 interferes with terminal acidification and
release of insulin granules (5, 95).

The proposed relation between the CIC proteins and the
V-ATPase was intuitive when the CICs were all assumed to be
anion channels. The relation became less clear when it was
determined that, like the bacterial protein ClC-ec1 (1), CIC-4
and -5 are not simple anion channels but CI/H™ antiporters
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(76, 89). Based on sequence homology, and in particular the
presence a specific “gating” glutamate residue (2), it was in-
ferred that CIC-3 through CIC-7 are all exchangers. In support
of this, we provided direct evidence supporting exchanger
function for CIC-3 (60). The best available evidence suggests a
2:1 CI~ for H" stoichiometry of exchange for ClC-ecl (72).
Precise measurements of the coupling ratio of eukaryotic CIC
antiporters are not available, and estimates have ranged be-
tween 1 and 5 (60, 76, 89). For the purposes of our discussion,
we assume that the prokaryotic ratio of 2:1 applies.

For a CI7/H™ antiporter to provide compensatory charge
flow for the V-ATPase, CI~ must move into the endosome,
and protons, out (Fig. 3A). Two puzzling aspects to this sce-
nario exist: (a) this direction of current flow is not favored by
the very strongly rectifying CIC currents, which generate very
little detectable current in this direction, even at strong mem-
brane voltages (Fig. 4); and (b) this system cannot achieve
higher than 66% efficiency as a charge compensator for the
V-ATPase. Assuming that three units of charge move through
CIC-3 (72), one third of the total represents protons moving in
the opposite direction from the V-ATPase. CIC-3-mediated
proton efflux will therefore retard the V-ATPase-mediated
acidification that it is proposed to facilitate. This question of
efficiency has led to speculation that perhaps it is critically
important to maintain a high endosome chloride concentra-
tion, and that this is achieved at the expense of acidification
(28, 46). Stated another way, the proton electrochemical gra-
dient generated through energy expended by the V-ATPase
may be used for the explicit purpose of concentrating Cl1™ in
this compartment.

Why might vesicular Cl~ concentration be important? Ve-
sicular CI™ concentration is unexpectedly low (~15-20 mM)
as early as it can be measured (~5 s) after endosome formation
(93). This has been attributed to the Donnan potential of the
endosome (92). Chloride accumulation subsequently paral-
lels acidification, and endosomal CI™ increases again over a
period of ~30min to the range of 40-60 mM. Similar to pH-
dependent changes in protein function caused by protonation
of critical amino acid residues, CI™ can interact with specific
sites on chloride-sensitive proteins (CSPs) and alter their
conformation or activity. Known CSPs include hemoglobin
(79), cathepsin-C (18), an isoform of the Na/H" exchanger
(87), the endosomal TRPV2 calcium channel (86), and many

300 pA |

Voltage protocol (mV) | 500 msec

—

FIG. 4. Rectification of CIC-3 favors outward
current in HEK 293 cells overexpressing adeno-

-+ CIC-3 (n=26)
--GFP (n=24)

PA/PF 25

13

-100 -80 -60 -40 -20

20 40

60 80 100
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viral CIC-3. Large currents are seen at positive
intracellular potentials where Cl~ is moving into
the cell and H' is moving out. After endocytosis,
this becomes movement of C1~ out of the signaling
endosome and H" movement into the vesicle.
These data are reprinted from (60). *The current in
CIC-3-expressing cells is significantly larger than
that in control, GFP-expressing cells (p < 0.05).
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others (reviewed in ref. 28). CSPs may thereby transduce
chloride concentration changes to the vesicular membrane.

Conversely, if the role of CIC-3 is to provide charge com-
pensation for an NADPH oxidase, this would require CIC-3 to
conduct ions in the opposite direction. In this scenario, CIC-3
current flow is in the direction that is favored by the rectifi-
cation properties of the transporter (Fig. 3), and movement of
protons is into the endosome. This would directly facilitate
acidification and provide additional protons for H,O, pro-
duction. CI7/H" antiport also seems like a very efficient
means for dissipation of the Donnan potential. In addition to
relieving membrane depolarization and reducing vesicular
Cl~, CI/H" exchange driven by this force could “jump-start”
endosomal acidification at no energetic expense. A significant
issue for charge compensating the NADPH oxidase with a
ClI/H" antiporter is whether the availability of Cl™ in the
endosome is sufficient to support the process. This is partic-
ularly a problem if Donnan effects reduce the concentration of
Cl” inside the endosome immediately after formation. The
amount of CI™ required for sustained CIC-3 activity will be
directly related to the magnitude and duration of the electron
current produced by the Nox protein. This issue of Cl™
availability is discussed in detail later.

Electrophysiology of a ROS Signaling Endosome

The electrophysiology of endosomes with positively
charged lumens has already been extensively modeled with
respect to acidification and CI™ handling (28, 33, 85). A sig-
naling endosome with an active NADPH oxidase and a
negatively charged lumen is a fundamentally different envi-
ronment. These endosomes may represent completely differ-
ent compartments, or alternatively, both modes of operation
might apply to the same vesicle at different times. We must
consider the possibility that superoxide production occurs
immediately after endosome formation, and acidification is a
slower and slightly delayed process. It is also possible that
CIC-3 plays a role under both conditions by moving charge in
opposite directions. We outline a working model for the
electrophysiology of the signaling endosome (Fig. 5).

How many ions are moving?

How many net ions must be transported across the en-
dosomal membrane in the process of acidification and dur-
ing dynamic changes in Cl~ concentration? Are the observed
changes in ion concentrations consistent with a fundamental
role for coupled H" and Cl™~ transport?

First we consider whether V-ATPase-mediated transport of
protons into endosomes coupled to CI/H' exchange is a
plausible mechanism to drive the changes in vesicular pH and
Cl™ concentration that have been reported (40, 41). As we have
already calculated, given the tiny volume of the endosome at
neutral pH, fewer than one free proton is in the compartment at
any instant in time. In contrast, when intravesicular chloride is
~15mM,, as it is within seconds of endocytosis, ~38,000 free C1~
ions are present. Over a ~15-min period, the pH decreases to
~6.0, and the number of Cl™ ions approximately triples to a
concentration of ~45mM. At this point, the compartment will
contain ~2.5 free protons and ~114,000 CI™ ions. Therefore, to
achieve the required amount of C1™ transport via CIC-dependent
2:1 CI7/H" exchange, the V-ATPase would have to make
~38,000 protons available to the exchanger, so that H" efflux

1341

0,*>H*— {pH
O;*<H*—= {pH O0;:

FIG. 5. Potential contributors to the electrophysiology of
the signaling endosome. It remains to be determined whe-
ther the V-ATPase and Nox enzymes operate in the same or
different populations of vesicles. If they are present in the
same compartment, the balance between superoxide pro-
duction by Nox and proton accumulation by all potential
mechanisms (V-ATPase, proton channels, Na'/H* exchange,
CI/H" antiport) may determine both the pH and the redox
state of the compartment. Control of the microenvironment
of the signaling endosome may be critical to proper proces-
sing of endocytosed proteins and subsequent signal trans-
duction. Rapid superoxide production associated with
alkalinization of the vesicle lumen could allow significant
accumulation of superoxide, which may then leave the en-
dosome vig an anion conductance. This mechanism may
provide a controlled pathway for cytoplasmic ROS signaling
by superoxide that is independent of H,O, production.

from the compartment could be coupled to the influx of ~76,000
Cl™ ions. To reduce the pH, additional protons must be accu-
mulated. The buffering capacity of endosomes has been esti-
mated to be 35 to 50 mM/pH unit, based on measurement of
alkalinization induced by NH4CI (92). The number of protons
required to alter the concentration in an unbuffered 4.2x10™"* L
vesicle by 50mM is ~126,000. This means that a total of
38,000 + 126,000 = ~164,000 protons are required both to in-
crease the CI™ concentration from 15 to 45 mM and to reduce the
pHby 1 unit. Roughly three fourths of these protons are buffered
within the endosome, and one fourth are used to drive Cl™
transport. These calculations illustrate the inefficiency of this
coupled transport mechanism as a means either to acidify or to
concentrate C1™ ions. If the primary goal is reducing pH, and the
exchanger provides charge neutralization, extra protons must be
pumped so that they are available to be exchanged for C1. If the
goalis CI™ accumulation, the buffering capacity of the endosome
must be overcome to create a significant pH gradient by which
to drive this process. However, provided that the antiporter can
support sufficient charge flow in this direction (not favored by
rectification properties), the system is feasible.

Next, if we assume that an intra-endosomal Donnan po-
tential drives the initial rapid decrease in endosomal CI™
concentration via Cl7/H" exchange, we can then ask if this
effect would be sufficient to significantly change the vesicular
pH. In this scenario, antiporter current is moving in its fa-
vored direction. If extracellular C1™ is normally ~100 mM and
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decreases to ~15mM by this mechanism (40, 41), this 85 mM
change in C1™ concentration could drive a 42.5 mM increase in
unbuffered vesicular proton concentration. As before, based
on the buffering capacity of early endosomes, this should
decrease the vesicular pH by ~1 pH unit, a pretty good “jump
start” to the acidification process. Of note, this initial low
endosomal C1™ concentration was still observed in endosomes
from CIC-3-deficient hepatocytes (41), suggesting that if this
mechanism is involved, it is mediated by a different C17/ H*
exchanger, at least in this cell type.

Now we must estimate the capacity of an active NADPH
oxidase to affect these processes. What is the magnitude of the
Nox-mediated electron current that moves into the signaling
endosome to produce O, *? Direct measurements of the
density of current in intracellular vesicles have not been made;
however, modeling and measurement of superoxide produc-
tion in whole neutrophils and phagosomes suggest that Nox2
produces “enormous quantities” of O, ° [reviewed in (71)].
Stimulated human neutrophils can generate ~10nmoles of
O, " per minute per million cells. This translates to a total flux
of ~10® electrons per second per cell or ~16pA of current
across the plasma membrane of a neutrophil of average size
(90). Direct measurements of PMA-induced electron current
by using perforated-patch whole-cell recording in human
neutrophils yielded slightly smaller currents (2.3+1.5pA),
which may have been limited by the in vitro conditions and
low temperature (20°C) at which the experiments were per-
formed (21). Intraphagosomal electron current and O, * pro-
duction have been presumed to be much higher. Production
estimates range from 2.5 to 10 mM per second (39, 103), and
cumulatively, ~4 M electron-equivalents may be introduced
into the phagosome during an oxidative burst (82). Previous
estimates of the rate of superoxide production in non-
phagocytes suggested that they produce no more than 1-10%
as much as phagocytes. This is due in part to the lower ex-
pression level of NADPH oxidase in nonphagocytes (50).
However, if even a fraction of neutrophil phagosomal ROS
production is occurring in the more-confined space of the
signaling endosome, the impact on vesicular electrophysi-
ology might be equally important. In this issue of ARS, Li et al.
estimate the total flux of O, for a single signaling endosome
to be ~0.1mM per second, clearly less than that of phago-
somes. However, if this production rate is considered as ~260
O, " molecules per second in a vesicle with a 200-nm diam-
eter, this translates to ~234,000 molecules/endosome over a
15-min period. This is more than the number of protons that
we calculated would be needed to alter pH and Cl~ concen-
tration over the same time period. This level of O, * produc-
tion and the associated protons required for the production
of H,O, seems likely to significantly alter vesicular pH. Re-
gardless of the precise rate of O, * production, if the supply of
O, outstrips the influx of protons, this will alkalinize the
compartment. In this setting, the buffering capacity of the
endosome would be called on to function in the opposite di-
rection, with protons being released from endosomal proteins
and H,0O; to provide a substrate for the dismutation of O,™".

Endosomal pH

Nox activity depolarizes the membrane and generates cy-
toplasmic protons, causing local acidification. This will favor
passive proton flux into endosomes via three possible mech-
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anisms: CIC-3, Na'/H" antiport, and proton channels. These
passive mechanisms, perhaps combined with V-ATPase ac-
tivity, can contribute protons during this phase. However, the
pH is likely to remain neutral or even to become slightly al-
kaline if superoxide production is rapid. It is the supply of
protons, compared with the rate of O, * generation, that will
determine the vesicular concentrations of superoxide, H,O,,
and the pH. If superoxide production outstrips the influx of
protons from outside the compartment, alkalinization will
occur. However, the pH may return rapidly toward neutral or
become acidic as soon as the oxidative burst terminates,
provided that significant proton transport into the vesicle
continues. If large quantities of hydrogen peroxide are pro-
duced and diffuse out of the endosome, this may also con-
stitute one kind of redox “signal.” Ample evidence indicates
this has important biologic effects, including recruitment of
TRAF6 to the endosome during cytokine signaling down-
stream of NF-«xB and p38 MAP kinase (53, 54, 65, 68).
Another way of looking at this process is to consider that
endosomal H,O, generation, coupled to diffusion of H,O,
into the cytoplasm and subsequent inactivation by glutathi-
one peroxidase or catalase, amounts to a mechanism for re-
moval of protons from the endosomal lumen. It is possible
that deprotonation of endogenous proteins in a transiently
alkaline environment may have independent biologic effects.

Endosomal ROS levels

Are steady-state levels of endosomal O, * or H,O, biolog-
ically significant? Modeling of ROS production in phagosomes
has yielded specific predictions regarding intraphagosomal
ROS concentrations (103). Important factors include (a) the
ability of HyO,, but not O, ", readily to diffuse out of the
compartment; and (b) the fact that neutrophils express mye-
loperoxidase (MPO), which uses H,O, and Cl™ to produce
HOCI for microbial killing. These estimates yield steady-state
phagosome O, * concentrations of ~25uM and H,O, con-
centrations in the low micromolar range. If MPO is removed
from the calculations (as is appropriate for our discussion of
endosomes in nonphagocytes), these levels increase to
>100uM O, * and ~30 uM H,0O,. These numbers are sur-
prisingly similar to the previously discussed ~1- to 30-uM
estimates of O, * concentration in TNF-a—induced endosomes
(52). Anion channel-mediated efflux of O, * from the endo-
some might also contribute to reducing the steady-state O, *
level in the endosome (69) and could provide yet another
mechanism of charge neutralization for oxidase activity. It has
been proposed that CIC-3 itself mediates transmembrane su-
peroxide flux (29, 43), raising the possibility that O, * can
substitute for C1I™ and exit the endosome by this mechanism.
Another issue worth considering is that hydroperoxyl radical
[HO,"; pK,=4.88 (6)], the protonated intermediate between
O, * and H,0,, is not ionized and could theoretically diffuse
passively out of the endosome and revert to superoxide in a
more-alkaline cytosol.

Endosomal membrane potential

As previously discussed, the negatively charged lumen of
the signaling endosome may drive electrogenic CI /H" anti-
port (Cl™ out, HT in) and perhaps also the passive flux of other
ions, including protons. Under these circumstances, one
would not expect V-ATPase activity to be constrained by
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charge. The plasma membrane of neutrophils is only mod-
estly depolarized during the oxidative burst as long as normal
mechanisms are available for charge neutralization (45). By
analogy, we would predict that vesicular depolarization
should not be excessive if CIC-3 is functional.

This raises a very interesting question. We have proposed
that endosomal membrane potential will become very lumen
negative if the Nox complex is activated but CI7/H" antiport
is inhibited. Can Nox activity then be used as a “battery,”
creating a voltage difference that then modifies protein
function or drives secondary transport (Fig. 6)? This function
of the NADPH oxidase would be analogous to how, in the
absence of charge compensation, the V-ATPase creates a
voltage difference of the opposite polarity that is then used to
drive neurotransmitter uptake (62, 83). Traditional assess-
ment of Nox activity by ROS detection might not be very
useful under these conditions because O, * production would
be minimal. The magnitude of this potential difference would
be controlled by interplay between activation of the oxidase,
regulation of charge-compensation pathways, and rates of
secondary-transport pathways that would consume the en-
ergy provided by NADPH oxidation. An inherent appeal
exists in the concept that cells have the flexibility to transport
charged molecules into or out of vesicular compartments by
using either a proton- or electron-motive force as appropriate.
Obviously, additional investigation will be required to de-
termine whether this functional, but electrochemically con-
strained state, can be sustained by the NADPH oxidase, and
whether this state has any specific secondary functions.

Cations

Co-transporters?

FIG. 6. Proposed electrophysiology of the vesicle in the
absence of charge neutralization. If the NADPH oxidase is
activated without charge neutralization, oxidase activity, and
therefore ROS production, will be low. However, a large
potential difference (lumen negative) could theoreti-
cally be maintained. Under these conditions, activity of the
V-ATPase should not be constrained, and a variety of sec-
ondary ion-transport mechanisms, including ion channels or
co-transporters of larger charged molecules, could be facili-
tated. From the viewpoint of membrane proteins, this state
would be the equivalent to that of a depolarized plasma
membrane.
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Endosomal chloride

In vascular smooth muscle cells and neutrophils, the ab-
sence of CIC-3 or the presence of an anion channel blocker
limits vesicular NADPH oxidase activity (65, 67). We have
hypothesized that the close relation between CIC-3 and Nox
activity is based on a requirement for charge neutralization.
The profound impairment of ROS production in the absence
of CIC-3 in vascular smooth muscle cells suggests that these
cells do not have an effective alternative mechanism to pro-
vide charge neutralization for Nox enzymatic activity. This
must include the V-ATPase, suggesting either that these two
electrogenic transporters are not simultaneously active or that
the amount of charge moved by the oxidase outstrips the
ability of the V-ATPase to keep up. Consistent with this, ba-
filomycin A1l does not interfere with cytokine-induced ROS
signaling in vascular smooth muscle cells (65).

These observations are in contrast to what has been ob-
served in MCF-7 mammary epithelial cells, in which anion
channel blockers do not prevent ROS production, but rather
appear to impede efflux of O, from endosomes (69). In
neutrophils, CIC-3 is very important for intracellular ROS
production, but the process is not completely CIC-3 depen-
dent (67, 68). The mechanisms of charge neutralization of
endosomal NADPH oxidases may differ between cell types,
or even in the same cell responding to different stimuli.

As noted earlier, for CIC-3 to provide charge neutralization
for Nox current, Cl1™ availability within the endosome must
be adequate. If Nox activity is sustained, the concentration of
Cl" in the endosome could become limiting. CI~ deple-
tion may provide a mechanism that limits the duration and
intensity of Nox activity, or alternatively, CI™ may be re-
plenished from an alternative source. One mechanism by
which the CI™ concentration of the endosome could be sus-
tained during the oxidative burst might be an electrically
neutral K*/Cl™ cotransporter. Although we are not aware
that any of the KCC family of transporters has been defini-
tively characterized as an endosomal protein, immunostain-
ing in HEK293 cells for the ubiquitously expressed KCC1
protein yields granular immunostaining of the cytoplasm,
which could be endosomal (51).

Immediately after endocytosis, the cytosolic concentrations
of both K™ and Cl~ exceed their respective concentrations in
the vesicle. Extracellular K™ is far lower than intracellular, and
we already discussed the surprisingly low initial endosomal
Cl"™ concentration. In addition, both vascular smooth muscle
(14) and neutrophils (91) actively accumulate cytoplasmic C1™
and have surprisingly high cytosolic C1~ concentrations.

A useful exercise in evaluating the potential role of CIC-3 is
to consider the biologic implications if it provided all of the
charge neutralization for superoxide production. Three mol-
ecules of NADPH consumed by a Nox enzyme yield six en-
dosomal electrons (i.e., six superoxide molecules) and, after
processing of NADP™" through the pentose phosphate shunt,
six cytoplasmic protons. Two cycles of CIC-3 will move a total
of four CI™ ions out of and two protons into the endosome to
balance completely the charge separation induced by the ox-
idase. Both charge and osmotic imbalances will result, and
these will change dynamically as both protons and O, * ions
“disappear” through production of H,O,. These effects
must be balanced by movement of other ions such as KT,
which has also been shown to be able to contribute to charge


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2448&iName=master.img-005.jpg&w=216&h=185

1344

neutralization of the oxidase (82). This highly dynamic nature
of ROS metabolism limits specific predictions.

Implications

We have speculated as to how compartmentalization of
ROS generated by Nox family NADPH oxidases facilitates
redox-mediated cellular signaling. A complex set of variables
arises as one attempts to understand a system of O, * and
H,0, production that facilitates “signaling.” It also is impor-
tant to consider the broad range of effects of vesicular Nox
activation and to entertain the possibility that ROS production
for “signaling” or microbial killing may not be the only goals
of Nox activation. The NADPH oxidase expends significant
metabolic energy to produce these ROS, and in the process,
significant charge is separated by electron transfer across an
insulating membrane. Energy stored as NADPH can thereby
be converted to voltage. As we have discussed at length, this
system will modify the ionic composition and redox potential
of the early endosome. These local environmental changes may
be important for the regulation of kinase and phosphatase
activity (3) and for the proper processing of endocytosed
proteins. This may include the TNF-receptor itself, which is
internalized within the signaling endosome (32, 102). Both
TNFR1 and TNFR2 have several cysteine-rich modules in their
extracellular domain. Exposure to high concentrations of a thiol
oxidant (I1mM diamide) promotes self-association of these
domains, which activates ligand-independent TNF signaling.

Perhaps even more interesting, although a low concentra-
tion of diamide (1 uM) did not provoke self-association, it did
enhance TNF-induced signaling, suggesting that ligand-
dependent responses are also redox dependent (75). The
critical importance of a redox environment for TNF-receptor
signaling is further supported by observations that the redox
state alters the affinity of TNF receptors for TNF (26, 44).

An unavoidable side effect of the need for a microenvi-
ronment with a redox state that differs significantly from that
of the cytoplasm is the creation of potentially toxic ROS in-
termediates, which then must be biochemically “managed.”
Potential problems include numerous unintended redox re-
actions with metals or nitric oxide. These reactions yield
highly reactive intermediates, including hydroxyl radical and
peroxynitrite (see ref. 80 for review). Proteins both inside and
immediately outside of the signaling endosome must either be
exposed to these ROS or be protected from redox reactions by
specific, and probably highly localized antioxidant systems. If
biologic systems need to undertake chemical reactions that
require an altered pH and redox state, confinement of this
process to a cytoplasmic vesicle is logical mechanism by which
to achieve this.

It is intriguing to consider how inflammatory diseases or
aging might lead to failure to of the mechanisms that confine
and control these redox-active processes. This would result in
“oxidative stress,” a common theme in the etiology of so many
disease states. Defining the mechanisms and primary goals of
endosomal ROS signaling is an exciting new frontier in free
radical biology.
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