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Chloride is the most abundant inorganic anions in almost all cells and in human circulation
systems. Its homeostasis is therefore important for systems physiology and normal cellular
activities. This topic has been extensively studied with chloride loaders and extruders
expressed in both cell surfaces and intracellular membranes. With the newly discovered,
large-conductance, highly selective CI~ channel formed by membrane-bound chromogra-
nin B (CHGB), which differs from all other known anion channels of conventional trans-
membrane topology, and is distributed in plasma membranes, endomembrane systems,
endosomal, and endolysosomal compartments in cells expressing it, we will discuss the
potential physiological importance of the CHGB channels to CI- homeostasis, cellular
excitability and volume control, and cation uptake or release at the cellular and subcellular
levels. These considerations and CHGB’s association with human diseases make the
CHGB channel a possible druggable target for future molecular therapeutics.

Introduction

Chloride is probably the most abundant inorganic anion in all living organisms [5,6]. Even though
Cl™ flux has often been viewed as an accompanying event auxiliary to cation-dominating currents
[7-9], such as Ca®" inflow at the presynaptic terminals prior to release of synaptic vesicles and
H"-flow across secretory granular or endosomal membranes [3,10-14], the resting concentration of
intracellular [CI"] can be one of the key determinants for cellular excitability in certain cells, such as
various types of neurons, muscle cells and neuroendocrine cells [15]. Influx of CI™ through
GABAergic or glycinergic receptors in central nervous system (CNS) is a classic inhibitory signal
because intracellular CI™ concentration, [Cl];, in neurons approached by earlier studies is low at the
resting state [16], making the Nernst potential of CI™ (E¢;) lower than the resting transmembrane elec-
trostatic potential (Vm) and driving CI™ influx upon channel opening, and the negative charges via
Cl™ influx will hyperpolarize Vm and decrease excitability. On the other hand, in cells with elevated
[CI];, such as ~34 mM in pancreatic beta-cells and ~85 mM in (murine) vomeronasal neurons
[17,18], the resting Vim is lower (less negative) than E¢;, which will drive CI™ efflux through CI™ chan-
nels and therefore produce excitatory signals. In peripheral dorsal root ganglion (DRG) neurons,
[CI"]; may vary so that their reversal potentials of CI~ may change between —20 and —70 mV and
either excitatory or inhibitory signals are possible [19]. The difference between inhibitory and excita-
tory signaling is fundamentally important to physiological controls at the cellular and systems levels,
which means that proper regulation of resting [Cl7]; in different cell types, especially excitable ones, is
critical for CI” homeostasis and for cellular physiology. Among different types of human cells, resting
[CI7]; can vary in a broad range of ~5 mM to 80 mM. ClI™ homeostasis at the cellular and systems
levels is critically important, especially from the angle of anion homeostasis and signaling through
other cations like Ca®". At the systems level, the Cl~ concentration is a balance chiefly between Cl~
intake through the digestive system and CI~ excretion via the urinary and digestive systems, where
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different hormones and cells play important roles in intricate feedback loops. In the next, we will focus on the
CI” homeostasis at the cellular level and in cells that express chromogranin B (CHGB) protein. The [Cl™];
ought to be balanced with other anions such as HCO3, NO3, taurine, etc., via the actions of anion exchangers
and various Cl™ channels permeable to them. However, in this short review, we will not discuss these other
anions because of their nondetectable permeation through the CHGB channels, instead of referring readers to
other studies (such as refs. [20-27]).

Cl™ homeostasis is mediated by ClI™ transporters and channels in general (Figure 1) [18]. These proteins
inside the plasma membranes can be classified as Cl™ loaders and CI™ extruders, depending on whether they
move Cl™ into the cells (influx or inflow) or out (efflux or outflow). A key difference is that the CI™ channels
are passive action-takers because they let the anions flow down their electrochemical gradients (Figure 1A).
Depending on ionic conditions and Vm across the plasma membranes, a transporter or channel may be a
loader or an extruder under different situations. The CI™ transporters include Na*-K*™-2CI~ cotransporter 1
and 2 (NKCC1/2) [28], K*-CI™ cotransporter (KCC) [29], Na*-Cl~ cotransporter (NCC) [18,30,31], CLC
family transporters (2CI7/H") [32-34], Cl™/bicarbonate exchangers (CBE, both SLC26 and anion exchangers
1-3 [AE1-3]) [15,19,22], etc. The chloride channels on the cell surface consist of a diversified group, including
different families of proteins, such as Cystic Fibrosis Transmembrane Regulator (CFTR) protein [18,35,36],
CLC-family anion channels (CLC-1, -2, -Ka, or -Kb) [37-39], calcium-activated chloride channels (CACCs;
TMEMI16A/B/F) [40-42], acid-activated Cl channels (PACC1 or TMEM206) [43,44], bestrophin family pro-
teins [45-48], glutamate-gated chloride channels (GluCl) [49,50], Gly/GABA receptors [16,51-54], F~-selective
channels (Fluc channels) [55-58], volume-regulated anion channels (VRAC; LRRC8A subfamily proteins) [59-
62], voltage-dependent anion channels (VDAC) [63,64], CHGB subfamily [2,4], etc. There are other electro-
physiologically identified CI~ channels whose genetic identity remains unclear [41].

Among all Cl™-conducting channels, the CHGB channel is so far the only one that has a large conductance
(~140 pS in the normal salt conditions), shows very strong anion selectivity, F~ ~ Cl” >> (Br~, I, NO3, SCN7,
etc.), instead of (Br~, I") > Cl, and exhibits high sensitivity to DIDS (K4~ 0.5 uM vs. ~100 M for CLC-family
proteins). Its unconventional activities were first monitored through recordings of Cl™ release from KCl loaded
CHGB-vesicles by an Ag/AgCl electrode, with flux assays that measure activities of CHGB in billions of vesicles
each time by both steady-state and stopped-flow fluorimetry, and in lipid bilayers containing a couple to dozens
of channels per membrane [4]. In all these assays, the high purity of CHGB protein (~99.8%) made it
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Figure 1. Chloride loading and extrusion on cell surface or in certain intracellular membranes.

(A) In plasma membranes, transporters and chloride channels act as CI™ loaders or extruders depending electrochemical
conditions. The collective actions of these proteins may keep the intracellular CI~ concentration above or below the level
determined by the resting transmembrane potential (Vm). The Nernst potential of CI~ may be higher or lower than Vm. (B) In
secretory granules, proton pumping and CI~ shunt load the granules to enable granule acidification. Ca®* release from the
granules is accompanied by CI™ release. The participation of other cation channels is still debated because of uncertainty in
their presence in granular membranes. (C) In other intracellular compartments, including ER, Golgi, endosomes and lysosomes,
Ca?* or H* usually is loaded by pumps consuming energy. Cl~ or other ions are needed to move across the membranes to
nullify charge accumulation and fill the stores. Quick dumping of the stores needs cation or anion fluxes to balance charges.

1 660 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://creativecommons.org/licenses/by/4.0/

Biochemical Society Transactions (2022) 50 1659-1672 ° PORTLAND
https://doi.org/10.1042/BST20220435 ... PRESS

unequivocal to assign the channel functions to the CHGB protein because the probability for any residual con-
taminant protein to do so was <1.0x1077. The uncanonical transmembrane topology of CHGB remains
undefined, is reminiscent of a plethora of dimorphic proteins [65], whose soluble forms undergo conformational
changes to reconstitute oligomeric channels in membrane, and will need high-resolution structures for full dem-
onstration. The membrane-integrated state of the CHGB is also consistent with the ‘tightly membrane-bound
form’ of full-length CHGB that was delivered to the surface of PC-12 cells after stimulated granule release, endo-
cytosed 2-4h later and resistant to harsh conditions for membrane-dissociation except detergents [66].
Furthermore, the CHGB Cl~ channel activity in secretory granules provides a simple explanation of earlier obser-
vations of impaired proinsulin-insulin conversion in pancreatic beta-cells and decreased monoamine content in
adrenal chromaffin cells from CHGB™'~ mice [67-69]. In retrospect, the strict CI~ selectivity of CHGB channels
in the secretory granules over HCO3, NOs3, sulfate, phosphate, taurine, etc., is physiologically desired in order to
prevent these anions and other organic anions including formate, ADP, pyruvate, oxalate, and lactate from being
concentrated into the granules and wasted via granule release [2,4]. The expression levels and distribution patterns
of these transporters and channels may vary among different cell types or with time in the same cell type,
making it feasible for the cells to change their intracellular Cl™ levels.

Negative resting transmembrane potential usually favors a low intracellular [Cl™ ] of 5-15 mM in many cells.
In these cells, the Nernst potential of CI™ is close to Vm and there is not much CI™ flux through channels or
moved by transporters, which is energetically economic [15,18]. The CI™ transporters may work against the
resting Vm, and thus increase or decrease the [Cl7]; so that the Nernst potential for CI™ is away from the Vm.
If so, the difference between the CI™ Nernst potential and Vm will drive anion flow through the channels.
Under such conditions, the flux through the channels should be minimal so that a stable [Cl™]; level can be
established without a significant waste of energy. This may be a reason why nearly all CI~ channels on the cell
surface show small (or tiny) single channel conductances (g) when Vm lies in [-60,—10] mV and at a relatively
low abundancy per cell in order to prevent Cl™ ions from being equilibrated quickly and keep the Cl Nernst
potential stably away from the resting Vm. For example, in a typical cell of ~20-30 microns in diameter, a
cytosolic [CI7] of ~34 mM (as in a beta-cell) takes ~9.0 x 10" free ions, which is a significant amount, and
will take a long period of time for a small conductance Cl™ channel to pass (e.g. ~4000 seconds for a 5.0 pS
channel with a driving force of 50 mV). Another layer of control is that the number of the chloride channels
on the cell surface (N), their open probability (P,), and their modulation by various factors to change the total
conductance (G =N x gx P,) may all be controlled and utilized so that a minimal CI~ conductance (G) is
present and helps maintain a high CI™ concentration inside without a significant energy cost. Consistently, it is
interesting to note that human CIC-1 has a single channel conductance less than 1.5 pS [70], drosophila bestro-
phin 1 (dBEST1) ~2 pS [71], human bestrophin <1 pS [72], and CIC-2 ~5 pS [73]; and their open probability
vary when Vm is in the range of [-60, 0 mV], probably for the very purpose of enabling cells to maintain their
[CI7]; away from what is dictated by their resting Vm. Under the same logic, when a cell adjusts its volume, it
will move large amounts of anions across the plasma membranes in a short period of time, and thus need to
express and deliver or turn on a large conductance by summing CI™ channels or transporters with high turn-
over rates in order to quickly satisfy the needs.

Inside the cells, CI™ concentrations may be higher in various organelles, such as ER, Golgi apparatus, secretory
granules, etc. (Figure 1B). The high intracellular stock of Ca** (total ~20 mM) needs anions, both free and fixed
ones, to balance charges, which probably include a significant fraction of CI™. For organelles with strong acidic
pH driven by proton-ATPase, a Cl™ loader, either a transporter or a channel, and/or a counterflow of cations is
important for quick charge neutralization and fast acidification of luminal contents inside [3,13]. For organelles
acting as calcium stores, pumping of Ca®" into the luminal side or release of Ca®" from the store also will happen
quickly when CI™ anions or cations are able to move from one side of the membrane to the other (ref. [74]) so
that no charge accumulation in the organelles would counteract against the Ca®* relocation (Figure 1B,C) [75].

From a physiological standing point, the anion homeostasis is well understood for Cl~ flows across plasma
membranes when the influx and efflux reach a steady-state equilibrium. Multiple reviews have been written for
different systems [15,18,19]. However, the picture would be somewhat different if there are large-conductance
Cl -selective channels on the cell surface or in the intracellular membranes (Figure 1B). With the large-
conductance (~150 pS in physiological ionic conditions), highly selective Cl~ channel reconstituted by an obli-
gate secretory granule protein, CHGB, we can and need to view anion homeostasis from a different perspective
by bringing the CHGB channel into the play, which will be the focus of the discussions in the next sections.
Our discussions are expectedly applicable to all CHGB-expressing cells, including exocrine, endocrine, neural
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and stem cells. and may be relevant to primary neuroendocrine tumors and neuroendocrine transforms of
various types of cancer cells as well [76,77].

Anion shunting in regulated secretion and the CHGB anion
channel

An anion shunting conductance in regulated secretory pathways was first proposed in late 1970s when it was
observed that the chromaffin granules use an H'-ATPase to pump protons into the secretory granules and
need fast Cl” influx to neutralize positive charges so that granule acidification can happen quickly (Figure 2A)
[3,13,14]. Given the average size of secretory granules (300 nm), it only needs ~85 free H" to keep pH inside
granule at 5.0, and it takes ~1000 protons to set up a +55 mV potential inside. Because hydrolysis of one ATP
by the pump drives 3-4 H" ions to translocate, a small positive potential (<20 mV) in the luminal side is suffi-
cient to halt H"-pumping across one pH unit completely. But, if we assume an intragranular protein concentra-
tion of ~200 mg/ml in a dense core secretory granule (DCSG) and 30% of the residues in these proteins are
glutamates or aspartates, it will take ~2 million H" ions to protonate half of these acidic residues and shift
intragranular pH significantly. It means that the fast CI” shunting is a must for the H pumping to continue
steadily and for the granule acidification to happen reliably in a timely fashion. Otherwise, absence of CI~
shunting will delay normal luminal acidification and slow down or even diminish cargo maturation inside a
major fraction, if not all, of secretory granules. Granule maturation is important for proper processing of
peptide hormones and secretory proteins inside the granules, or for loading of small molecule compounds,
such as catecholamines, dopamine, etc., to the luminal side [78-81]. Our recent findings suggest that the
CHGB anion channel serves a good candidate as a key component for the long-missing anion shunt conduct-
ance [2,4] (Figure 2B,C).

Chromogranins, including CHGA, CHGB (SgI), CHGC (SgII) and CHGD (SgIII), as well as the other five
known members of the granin superfamily are obligate granular proteins and function in the regulated secre-
tory pathways in exocrine, endocrine, neuronal, and stem cells [82]. They are present in every tissue or organ
of a human body [82]. The CHGA and CHGB were the first to be purified as heat-stable fractions from homo-
genized tissues, and their genetic identity was revealed in 1980s [83,84]. Since then, nearly all published work
in literature was on the soluble forms of the granin proteins. Before our identification of the CHGB channel
function [4], studies of two groups suggested that the CHGB may bind to lipid vesicles or stay as a ‘tightly
membrane-bound” form on the cell surface after stimulated granule release [66,85-87]. The
‘tightly-membrane-bound form’ could not be dissociated by harsh treatment of NaHCO; at a higher, basic pH,
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Figure 2. CHGB anion channel and the anion shunt pathway in regulated secretion.

(A) Chromaffin granules permeate H* in expense of ATP hydrolysis, but not other abundant cations, and they need a CI~
conductance for proper acidification by nullifying positive charges from proton translocation. The CHGB channel is well
positioned and good fit to be a critical part, if not the sole one, of this long-missing anion shunt pathway [2]. Adapted from ref.
[3] with permissions under the PubMed open access policies. (B) Purified recombinant murine CHGB (mCHGB) reconstitutes
anion channels in planar lipid bilayers. The presence of Ca®* or Mg?* leads to inactivation at high polarization potentials. (C)
Single channel currents of mMCHGB as a function of transmembrane potential (Vm), giving rise to an average single channel
conductance of 140 pS (42/166 mM KCI). Panels B and C were from ref. [4] with permission under the PubMed open access
policies.
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which was regarded as a good indicator of bilayer-spanning transmembrane proteins. In 2018, my group
reported that recombinant murine CHGB (mCHGB) of nearly 100% purity became well integrated in mem-
brane after reconstituted into lipid vesicles [4]. More surprisingly, the mCHGB alone suffices to reconstitute a
highly selective chloride channel that favors F~ and CI~ over Br~, I", NO5 and other anions quite significantly.
The channel has a large conductance (~140 pS with ~170 mM CI7; Figure 2C) with a permeation ratio of Pqy/
Py >130:1, and stays open most of time when Vm is within [—50,50] mV. The CHGB channel starts to inacti-
vate when mM divalent cations are present and Vm is higher than 60 or lower than —60 mV. The channel is
blocked by DIDS with a K4 of ~450 nM, which is 200-300 fold higher than the reported DIDS sensitivity of
the CLC-family proteins, bestrophin proteins, and other known CI™ channels [43,71,88]. Its single channel con-
ductance shows strong sensitivity to Cl~ as expected. The high Pq)/Pg, (~25:1) or Pg/P; is very peculiar [2],
probably by following the relative scale of dehydration energy more closely than other anion channels, and
makes the CHGB channel much more selective than all other known anion channels except the Fluc channel
[57]. The latter selects F~ over Cl™ and other anions, but is not present in vertebrates [57,58]. The physical
laws require that the CHGB channels must span the two leaflets of a membrane bilayer in order to conduct
anions in a diffusion-limited fashion [7].

CLC-3 appears not an ideal candidate for the anion-shunting conductance, although it is probably an
important modulator of the granule release [89]. Around 2008, CIC-3 was assessed as a possible Cl™ loader in
regulated secretion with conflicting data from different groups [90-93]. The main discrepancies are in several
layers. First, instead of a channel as originally thought, CLC-3 is a 2CI7/H" exchanger with fS conductance per
functional unit [94]. High-resolution cryo-EM studies suggest a kinetic barrier for the two-gate process of the
transporter [95]. Second, CIC-3 delivered to the cell surface after overexpression shows strict outward rectifica-
tion, which should prevent CI” flow into the granules (inward current) [94,96]. Third, CIC-3’s physical
presence in secretory granules bears uncertainty due to ambiguity in specificity of antibodies used for immuno-
histochemistry and low-resolution imaging in immunofluorescence microscopy. Antibodies verified in cells
from knockout mice reported CLC-3’s absence (or below detection limit) in insulin-secretory granules [97],
contrasting with two other studies [91,92]. A more recent study reported that all commercial CIC-3 antibodies
failed to detect a CIC-3 splicing variant, CIC-3c, in secretory granules, but a customized antibody by the group
did [89], which may need further examination by high-pressure freezing and immuno-electron microscopy or
by introducing specific tags to CIC-3 gene by genome-editing [98]. Fourth, CIC-3’s roles in granule exocytosis
showed significant variations in experimental data by different groups. Two earlier studies showed that CLC-3
knockout abolished almost (>85%) all granule-release-triggered increase in membrane capacitance [91,92]. But
the recent study showed a clear increase in membrane capacitance of granule exocytosis in chromaffin cells of
young mice, but only a minor decrease (<25%) in granule-fusion related capacitance in adult cells [89], casting
shadow on the earlier conclusion that CLC-3 is a licensing factor for granule release [91,92]. Fifth, a 250 pS
CI” channel assigned to secretory granules bears uncertainty due to potential biochemical contaminants
[99,100]. Recently, it was found that VAMP-3 antibody-based affinity purification may overcome most, if not
all, of technical issues from unknown contaminants, and could be used to further evaluate this unknown CI~
channel [101]. At the current stage, it is safe to say that these past studies as well as the channel function of
CHGB do not exclude, but instead, support more consistently a modulatory role of CLC-3 in regulated
secretion. In contrast, the CHGB channels are well positioned to contribute to Cl~ shunting [2,4,102].

The role of a cation counterflow against H"-translocation in secretory granule faces uncertainty (Figure 1B).
Although multiple cation channels were reported in lysosomes and the fluxes of K™ or Na* contribute to the
lysosomal acidification in the absence of Cl™ flow [99,103,104], the chromaffin granules were first found to be
impermeant to Na*, K*, Mg** or Ca®* [13]. Later, K" channels were identified in isolated zymogen and chro-
maffin granules [99,100], which suffered from the same biochemical uncertainty due to unknown contami-
nants. Affinity purification of secretory granules or localization of the expression products from genomically
edited genes may be used to resolve this ambiguity more reliably in the future.

CHGB channels distribute among intracellular membranes
and affect organellar anions

In a neuroendocrine cell, translation of a CHGB mRNA is initiated in the cytosol before the nascent protein
goes through the ER and Golgi apparatus, during which the signal peptide is cleaved, post-translational modifi-
cations happen, and protein folding takes place so that only properly folded and maturated CHGB leaves ER
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and is utilized in the Golgi apparatus for sorting various proteins and small molecules into the regulated secre-
tory pathway (Figure 3) [105]. Because of the dimorphic nature of CHGB, namely existing in both soluble and
membrane-integral states, it is expected that a significant fraction of the nascent CHGB is inserted in the mem-
branes of ER and Golgi, and molecular chaperones like HSP70 and HSP90 may help CHGB’s folding and
dimerization and/or oligomerization. After the biogenesis of secretory granules at the trans Golgi network
(TGN), whereby the oligomeric CHGB and other granin-aggregates, such as amyloid-like polymerization of
cargo components [106,107], CHGA/CHGB oligomerization, membrane-binding-induced SgIII oligomerization
[108,109] and/or phase-separation-triggered condensation of SgII (CHGC) [110], etc., may facilitate granule
biogenesis in varying degrees, the CHGB protein becomes concentrated in immature secretory granules. During
the maturation of secretory granules, proteolysis of the CHGB soluble form gives rise to CHGB-related peptides
[111-116], whereas its ‘tightly membrane-bound form’ is protected by membranes and remains full-length
throughout (Figure 3B). After granule release, the membrane-integrated CHGB channels stay on the cell
surface for a short while (e.g. 2-4 h in PC-12 cells [66]) before being taken up via endocytosis. After going
through the endosomal compartments, the CHGB-integrated granule membranes are expected to be recycled
back to trans-Golgi cisternae or the TGN via the endosome recycling compartment (ERC) or lysosome-related
organelles (LROs), or even directly fuse with immature secretory granules [1,79,117,118]. A fraction of granular
membrane-integrated proteins (including CHGB) may be delivered to lysosomal compartments for degradation.
This complicated lifecycle of the CHGB membrane-bound form makes it inevitable that a certain level of
CHGB anion channels probably exist in the ER, the Golgi apparatus including the TGN, the plasma membrane,
the endosomal compartments, the ERCs, and even some lysosomes, LROs, or autophagosomal compartments
[117-119]. Without highly specific blockers to keep them shut, the large conductances of CHGB channels will
likely make these compartments permeable to Cl”, and help cations in these membrane-enclosed spaces to
move in and out quickly and pH control to be achieved readily. The net results are somewhat elevated Cl~ con-
centrations in at least some of these compartments, which can serve as a buffer stock for intracellular CI™
homeostasis (Figure 3B).
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Figure 3. CHGB channel functions in granule release and its distribution among endomembranes and membrane
trafficking pathways in a secretory cell.

(A) In a beta-cell, the glucose and Ach signaling lead to the influx of Ca?* from outside or the release of Ca* from the
insulin-secretory granules. CHGB channels are in both the granular membranes and the plasma membranes and may
participate in both pathways. (B) CHGB channels go through the endomembrane system, be taken from the cell surface and
distributed to the endosomal compartments. CLC transporter proteins are not sorted into the regulated secretory pathway. EE:
early endosomes; LE: late endosomes; ERC: endosomal recycling compartments; TGN: trans-Golgi network. Panel B was
adapted from ref. [1] with permissions following the PubMed Open Access policies.
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CHGB channels in the plasma membrane and regulation of
cytosolic [CI]

Pancreatic beta-cells are a type of neuroendocrine cells with a high expression level of CHGB protein [78,120]. From
the above discussions of anion balance by Cl™ loaders and extruders (Figure 1), it is expected that when dozens of
CHGB channels (say 25) are on the cell surface, they will generate a huge CI” conductance (e.g. a total of 3500 pS in
the resting condition), allow the passing of millions to billions of anions quickly (e.g. ~1.0 x 10° CI~ ions moving
down 50 mV with 3500 pS in one second), and help bring quickly the intracellular CI~ concentration close to a
steady-state level so that the reversal potential (E¢) for Cl™ is close to the transmembrane potential (Vm), whereby
the net Cl flux is minimized. This steady-state level suggests that for a beta-cell with an intracellular CI~ concentra-
tion of ~34 mM, its resting Vm is expected to be at ~—40 mV due to the CHGB conductance on the cell surface,
which is very close to what was measured from the primary beta-cells in the resting condition [18,121].

During granule release, more CHGB channels will be delivered to the cell surface. Action potentials are trig-
gered by Vm depolarization after the closure of Karp channels and activities of voltage-gated Na™ channels and
L-type voltage-gated Ca** channels (Figure 3A) [122]. The influx of Ca>" leads to the fusion of the granules
with the plasma membranes. After granule release, if we still use a pancreatic beta-cell as an example, the
number of CHGB channels on the cell surface may be 10-20 folds higher than that under the resting condition,
a.k.a. ~400 CHGB channels/per cell [2]. The large CHGB conductance will drive Vin repolarization due to a
large CI™ influx. This will probably shorten the action potential duration in the beta cells [121], and may
increase the chance of burst firing. From the angle of CI™ homeostasis, the large CHGB conductance will favor
stabilization of transmembrane potential close to the reversal potential of Cl7, instead of being dominated by
the K™ conductance (including both Karp and Kv channels) and thus set by the reversal potential of K*, which
is determined mainly by Na-K-ATPase (Na-pump), NKCC, KCC, etc. Up-regulating Cl~ transporters (NCCs,
NKCCs and AEs, etc.) that load the CI™ will increase the resting intracellular Cl™ concentration. The CHGB
channel on the cell surface is therefore an important factor in the controlled batch-release of insulin-secretory
granules from multiple electrically coupled beta-cells, which may be related to the reported genetic associations
of Chgb loci with type-2 diabetes in the human population worldwide [67,123].

After a short period (e.g. 2-4 h in PC-12 cells), the CHGB channels will be removed from the cell surface so
that the surface CI~ conductance will be reduced to the resting level [66]. In the in vivo conditions, beta-cells
may undergo multiple cycles of granule release every day such that there are likely a significant number of
CHGB channels on the cell surface for an extended period of time, which expectedly will make the intracellular
Cl™ level higher and the transmembrane potential to be less negative than other cells (closer to the threshold
Vm), enhancing the likelihood for action potential firing among the beta-cells [121] and making it easier to
release granules (a positive feedback).

An additional advantage of the elevated [Cl ]; in the beta cells is that they will have sufficient cytosolic Cl™ for
anion shunting to work efficiently in individual secretory granules. Each beta-cell has tens of thousands of secre-
tory granules [124], which in total would need ~2.0 x 10" CI” ions for proper acidification to happen. The total
amount of cytosolic Cl™ in a beta cell is estimated to be 9.0 x 10'® (~35 mM), sufficient to satisfy the needs of the
secretory granules. A prediction from this comparison is that the shortage of Cl™ loaders (e.g. NKCC) in the beta-
cells should lead to partial impairment of granule acidification, and in sequence, slow down normal insulin secre-
tion, which has been reported before [125]. Similarly, inhibition of Cl™ extruders (e.g. KCC2) in the beta cells
up-regulates intracellular [CI”] and stimulates both basal and glucose-stimulated insulin secretion [31].

CHGB channels in ER, Golgi apparatus and dense core

granules

When CHGB is expressed continuously to replenish the regulated secretory pathway, there will be a fraction of
CHGB proteins that are inserted in the ER membranes after being folded properly. Presumably, they reconsti-
tute conducting channels and allow CI™ ions to cross the ER membrane. The anion conductance in the ER
membranes used to be assigned to the CLIC channel [126,127], which is a misname because the CLIC channels
have been showed to be non-selective or even more likely cation-selective. When the ER is loaded with Ca®* by
Ca-ATPase, it requires either Cl™ ions to move in, or cations, such as K" to move out through the trimeric
intracellular cation (TRIC) channel or other cation channels [74,128]. Because voltage-gated channels tend to
inactivate quickly near zero transmembrane potential, we don’t expect them to be very efficient in balancing
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charges of the ER compartment. The TRIC channels become nonconductive when Ca*" is high (K;~ 0.4 mM),
and only are active when the Ca®" level is significantly low [74]. The CHGB conductance is not blocked by Ca",
and can function effectively in the presence of 1-5 mM Ca*, which may be helpful for sustained pumping of
Ca** to maintain a free Ca®* level of 1-2 mM in the ER lumen (in CHGB+ cells). The ER membranes have large
surface areas. In a typical ER tubular structure of 150-200 nm in diameter, ~2000 Ca** ions are sufficient to
charge a 1.0 micron-long tubule to +100 mV (relative to the cytosol), which can barely increase the Ca®" concen-
tration by 0.1 mM, but is sufficient to shut down the Ca**-ATPase. It is hence beneficial to have a CI” conduct-
ance in the ER membranes that functions in the presence of ~1.0 mM Ca”* so that Ca®>* loading can continue to
a higher level when the TRIC channels are significantly inhibited. In cells expressing no CHGB, other cation or
anion channels may be recruited to serve the same purposes. Similarly, for the Ca** release by ion channels, such
as ryanodine and IP;-receptors [129,130], the fast release requires a counter-flow of cations or a parallel flux of
anions (Cl; Figure 3). The CHGB channels in ER membranes, if present, obviously can support this function so
that the Ca®" release (as spikes or waves) can happen transiently within ms duration. The same may happen in
nuclei if CHGB is present in the nuclear membranes, not limited to the inner nuclear membrane [131,132].

CHGB channels should play similar roles in the Golgi apparatus as in the ER. The individual stacks of Golgi
cisternal membranes need Cl~ conductances or cation channels for Ca2+—loading or -release [133,134]. CHGB
can serve as the anion channels in the CHGB+ cells. In the IP;R-containing dense-core secretory granules
(DCSGs), right before secretory granule release, the signaling (via acetylcholine) from the cell surface
(Figure 3A) may lead to activation of phospholipase C (PLC), which produces IP; to trigger calcium release
from the granules. An accompanying efflux of ClI” through the CHGB channels or an influx of cations (e.g.
maybe via TPC1/2 channels [135]? or other cation channels) is required for the fast Ca’* release [136]. The
large conductance of CHGB channels is advantageous in adding another route to fulfill such a role so that Ca**
release from the granular stores can occur very quickly.

CHGB channels for CI~ accumulation in endosomal and
endolysosomal compartments

Similar to Cl™ accumulation in secretory granules (Figure 2A), it is expected that when the CHGB channels are
retrieved from the cell surface into the endosomal compartments, weak acidification of these compartments
driven by proton-ATPase will drive the Cl™ flux through the CHGB channels, and lead to Cl™ accumulation
(Figure 3B). In a conventional view, certainly in cells without CHGB expression, 2C1I7/H" exchangers like
CIC-3, -5, or -7 are used to cancel out 33% of the work by the proton-ATPase and achieve charge neutraliza-
tion by a net translocation of 2H" and 2Cl™ at the expense of 3 ATP [34,103,104,137], which is a wasteful way
in comparison with the CHGB conductance, but allows a fine control of the pumping cycles and Cl™ accumula-
tion. It is expected that the slow acidification in the endosomal compartments does not ask for fast flux of
anions and the protein concentration inside these compartments are much less than that of the DCSGs so that
either CLC family exchangers or the CHGB channels can serve the needs of generating a CI™ influx well.

In the endolysosomal compartments, luminal acidification is even stronger than the secretory granules (pH
< 5.0; Figure 3B) such that the high concentration of proteins inside, especially various enzymes, requires the
transportation of a large number of protons for protonation of acidic residues. The presence of CHGB channels
may still be functional in a pH lower than that of the mature secretory granules (~pH 5.5), and allow fast flux
of sufficient Cl™ ions for charge balance (millions or more for each lysosomal compartment that is ~100 nm in
diameter). In both endolysosomal and lysosomal compartments, counterflows of K" and Na" against H" trans-
location may contribute to charge balance as well as the CLC antiporters (CIC-3,-5, or -7) [103].

CHGB and cellular anion homeostasis in regulated

secretory cells

In CHGB+ cells, the need for ClI™ homeostasis is satisfied by Cl™ loaders and extruders as usual (Figure 1A).
For a cell that releases secretory granules, every batch release of granules dumps out a large amount of Cl™ ions
(millions to billions per release, say ~50 readily releasable granules) [124], which need to be compensated for
by CI™ loaders on the cell surface [18]. Usually, the known families of small conductance Cl~ channels on the
cell surfaces (without overexpression) may not be able to load so many anions quickly, but the large-
conductance CHGB channels delivered to the cell surface in synchrony with granule release can do it well.
During this process, the exquisite selectivity of the CHGB channel prevents other anions from being
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concentrated into secretory granules and being lost to the extracellular side and on the cell surface, keeps other
anions, such as HCO3 and NO3, from going into the cell. After this task is done, the intact CHGB channels
are retrieved back from the cell surface. If the quick compensation through the CHGB channels is not enough,
a cell may lose too many anions after repeated release of thousands of granules in a short period of time, and
become hypotonic and be swollen. If so, VRACs (volume regulated anion channels) will be recruited to adjust
and restore cell volumes [43,59,60,62,138-140]. Even in the presence of the transient roles of the CHGB chan-
nels on the cell surface, the main drivers for sustained Cl~ loading are still the active transporters, such as
NCCs, NKCCs and AEs.

Because CHGB channels have high open probability in the Vm range of [-50,50] mV [4], their large conduct-
ance on the cell surface will shift the transmembrane potential towards the Nernst potential of CI~, which might
be fairly costly for a cell’s ability in maintaining minimal or no chloride conduction in the resting steady-state
when necessary. If so, it is important to remove all or almost all CHGB channels from the cell surface or find a
way to keep the CHGB channels shut after their delivery with secretory granules. Similar to the synaptic vesicle
membranes after fusion, the CHGB and other granular membrane components may stay clustered together on
the cell surface [141,142], and are presumably taken up via the clathrin-mediated endocytosis [81,142].

Conclusions

The CHGB anion channels, if being open as observed for recombinant channels, should add significant chloride
conductances into all membranes they reside in. In intracellular membranes, they facilitate cation loading or
release via charge neutralization and support chloride accumulation in calcium stores in different intracellular
compartments. Their high selectivity of CI” over almost all other main intracellular anions abrogates unintended
translocation of the latter group to the luminal side and wasteful dumping to the extracellular side after granule
release. At the cell surface, transient presence of CHGB channels enables the utilization of their large conductance
to achieve fast flow of Cl™ across the plasma membrane and facilitate replenishment of CI™ loss during repetitive
release of a large number of secretory granules in a short period of time. The CI™ homeostasis is thus supported
by CHGB channels in cells expressing them, especially in regulated secretory pathways, which reveals a critical
aspect of CHGB intracellular functions and may be associated with CHGB-related human diseases.

Perspectives

e CHGB is present in human cells that utilize regulated secretion to send signals to the outside.
CHGB-mediated CI~ homeostasis is thus of critical importance to signal release, cation
storage and release, and cell volume control in CHGB+ cells.

e The current framework of cellular CI~ homeostasis includes low-selectivity CI~ channels with
small conductance, transporters of high turnover rates, or cation channels in some cases. The
highly selective, large-conductance CHGB channels are advantageous to overcome some
critical limitations in the current paradigm.

e As the CHGB anion channel is new to the field, many questions remain open on its transmem-
brane topology in forming the ion-conducting pore, its roles in adjusting [CI7];, CI~ accumula-
tion in organellar space, and cell volume control in normal CHGB+ cells, other cells that
transiently become CHGB+, and neuroendocrine transforms of cancer cells or other immorta-
lized cells. How CHGB channels and other known CI~ channels or transporters are coordi-
nated in a cell to achieve real-time control of CI~ homeostasis under different phases of a
cell’s life is yet another mystery that awaits further studies.
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