SCIENCE CHINA
Life Sciences

SPECIAL TOPIC: Calcium signaling
* EDITORIAL -

January 2015 Vol.58 No.1: 1-5
doi: 10.1007/s11427-014-4795-y

Calcium ion as cellular messenger

ZHENG Jie"", ZENG XuHui*" & WANG ShiQiang’

'Department of Physiology and Membrane Biology, University of California, Davis, School of Medicine, Davis, CA 95616, USA;
*Institute of Life Science, Nanchang University, Nanchang 330031, China;
3College of Life Sciences, Peking University, Beijing 100871, China

Received December 10, 2014

Citation:

Zheng J, Zeng XH, Wang SQ. Calcium ion as cellular messenger. Sci China Life Sci, 2015, 58: 1-5, doi: 10.1007/s11427-014-4795-y

The prominent role Ca®* ion plays as a major small biologi-
cal messenger is fascinating. There are many physiologi-
cally important ions, such as Na*, K*, H*, CI", Ca**, Mg**,
Fe**, and PO,” that participate in cell signaling. Among
them, monovalent ions primarily contribute to rapid electri-
cal signaling, while multivalent ions generally act as a
co-factor for chemical reactions by associating with the host
molecule through electrostatic or covalent interactions. Ca**
plays both roles. Its transmembrane influx supports the
plateau phase of cardiac action potential and helps set the
speed of pacemaker potential. Inside the cell, Ca®* switches
on (or off) a large array of effectors that control crucial bio-
logical processes, such as exocytosis (including neuro-
transmitter release and secretion), muscle contraction, ferti-
lization, enzymatic activities (e.g., the blood-clotting cas-
cade), and immune responses to antigens [1].

Why is it Ca’" instead of another ion, say, its earth metal
ion cousin Mg®*, that has been favored through evolution to
assume such a ubiquitous messenger role in biology? The
answer—which likely lies in the unique match between the
chemical properties of Ca** and the life on Earth—may not
be straightforward or singular. It is interesting to observe
that Ca®™ is predominantly coordinated in the interior of
proteins by oxygen atoms [2]. In comparison, Mg** ions
tend to be coordinated by phosphate groups of proteins and
nucleotides (ATP, DNA, RNA), Zn** and Cu®** by the
sulfhydryl group of cysteine residues and by the imidazole
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group of histidine residues. Modern biological research has
nonetheless revealed many facts that help explain how Ca**
carries out its messenger function. In a simplified view, the
cell effectively maintains the cytosolic Ca®* concentration at
extremely low levels (~100 nmol L™. (Keep in mind that
calcium is the fifth most abundant element by mass in the
human body, and that the concentration of extracellular Ca*,
which is separated by a thin lipid membrane from the cyto-
sol, is ~20,000 fold higher. In comparison, Mg2+ exists in
mmol L™ concentrations on both sides of the plasma mem-
brane.) When needed, the cytosolic Ca** concentration is
transiently and locally increased by 10-to-100 fold. Effec-
tors further strongly amplify this rapid chemical signal
through cooperative binding of multiple Ca** ions. There is
rich information now on mechanisms concerning cytosolic
Ca®" concentration control, Ca*-effector interaction, and
downstream effects.

1 Ca® coordination chemistry and Ca** sensors
(Figure 1)

In solution, Ca”* ion (as well as Mg** ion) is coordinated by
six water molecules in an octahedral arrangement, with the
electronegative Ca®* ion interacting with the electron-donor
oxygen atom. The hydration enthalpy for Ca®* is quite high,
at —1577 kcal mol™ V. It means that when Ca® transfers

1) The hydration enthalpy for Mg** is higher than that of Ca** by more than 80 kcal mol™, reflecting a much stronger interaction between Mg** and water. This is because Mg>*
exhibits greater electronegativity and hence exerts a greater pull on water or other ligands that are electron donors. This difference in strength of interaction with ligands was ex-
ploited in the design of divalent cation chelators such as EDTA (binds both Ca®* and Mg**) and EGTA (binds more specific Ca®*). Due to stronger interactions between Mg** and
its ligands, Mg?* ion blocks certain types of Ca®* channels. In comparison, the hydration enthalpies for monovalent ions K*, Na* and CI” are only 1/4 to 1/5 of that of Ca**.
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Figure 1 Ca®* coordination chemistry. A, A Ca®* ion is coordinated by
six ligands (O and N) of EDTA. B, Key amino acids in one of the
Ca’*-binding arms. Ca®* is shown as a green sphere; the oxygen atom in a
water molecule is shown as a small red sphere.

from the bulk solution to a protein the interactions with wa-
ter need to be replaced by interactions with ligands of simi-
lar strengths. This requirement is illustrated by the
Ca*-EDTA complex, in which two amines and four car-
boxylates take the place of water molecules. Cooperativity
among the ligands likely contributes to both specificity and
affinity of this widely used divalent cation chelator. The
same principal guides coordination of Ca** inside proteins.

To use Ca™ as a cellular messenger, specific Ca**-
binding motifs have emerged in proteins through evolution.
The well-known EF-hand is found in calmodulin, troponin
C, and a large number of other proteins. Ca®" is coordinated
by side-chain oxygen atoms of specific amino acids (Asp,
Asn, Glu, Thr, and Ser), backbone carbonyl oxygen atoms,
and sometimes oxygen atom of remaining water molecules.
Noticeably the EF-hand motif often exists in multiple copies
in the same protein where they are in close proximity to
allow conformational coupling. Four EF-hand motifs are
found in calmodulin and troponin C. The C2 domain, found
in protein kinase C and hundreds of other proteins, often
coordinates two or three Ca”" ions in close proximity. In the
tetrameric voltage-gated Ca**-regulated BK channel, each
subunit contains two Ca**-binding RCK domains; the eight
RCK domains are tightly packed together to form a gating
ring beneath the channel pore which exhibits Ca®*-
dependent conformational rearrangement [3]. Similar to the
case of cooperative binding of four oxygen molecules in
hemoglobin, binding of multiple Ca** ions gives rise to
strong cooperativity through allosteric coupling among the
binding motifs. This results in an extraordinary boost in
sensitivity to changes in cytosolic Ca®* concentration.

While Ca** binding may directly alter the function of
many host proteins, Ca®* signaling is often carried out
through dedicated Ca** sensors that are regulatory proteins.
Calmodulin and troponin C are two examples of widely
used Ca®* sensors. Once activated by Ca™, these sensors in
turn modulate the function of various effectors. Multi-
ple-step signaling is advantageous in enhancing sensitivity
and flexibility. Calmodulin-mediated signaling is demon-
strated nicely in this issue by an original study by Wang
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HongBing and colleagues [4]. The study concerns calmodu-
lin-mediated Ca®* regulation of protein kinase IV
(CaMKIV), which plays critical roles in the regulation of
neuronal signaling and behavior. An increase in neuronal
activity of cortical neurons is expected to cause an increase
in cytosolic Ca** concentration, activating in turn calmodu-
lin, CaMKIV, and the downstream targets of this kinase.

2 Ca” homeostasis (Figure 2)

The plasma Ca®* concentration is tightly controlled and
fluctuates only by 1%—2% of its normal level (low mmol
L™). A large fraction of Ca** ions bind to proteins (such as
albumin) and anions (such as bicarbonate, citrate, phosphate
and sulfate), while the remaining circulate in unbound form.
To ensure a stable level of plasma Ca®, there are readily
available supplies. Intake of calcium from food is the main
source for replenishing daily loss through urine and sweat.
However, excess loss of plasma Ca®* (hypocalcemia), e.g.,
due to heavy consumption of alcohol or tea, is balanced by
dissolving calcium from bones and teeth, resulting in oste-
oporosis—spongy low-density bones. Parathyroid hormone
released from parathyroid gland controls diet calcium intake,
release of mineral calcium from bones by osteoclast and
reabsorption of ionic calcium from urine in kidney. Calci-
um-sensing receptors (CaSRs) are responsible for detecting
the extracellular (equivalent to the plasma) Ca** level in
these organs, and control parathyroid hormone release and
Ca®* reabsorption. Genetic mutations in CaSRs lead to hy-
pocalcemia or hypercalcemia. In this issue, Yang Jenny and
colleagues [5] review the current understanding of how
CaSRs detect extracellular Ca** level and contribute to cal-
cium homeostasis.

While bones and teeth are the major mineral storage for
plasma Ca®, intracellular organelles such as endoplasmic
reticulum (ER) and sarcoplasmic reticulum (SR) are the
major Ca®* stores for the cell. While the cytosolic Ca**
concentration is maintained at the 100 nmol L™ level, Ca*"
concentration in ER and SR can be 1,000- to 10,000-fold
higher. Transient cytosolic Ca** spikes occur when Ca®" is
released from ER and SR into the cytosol. When the signal-
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Figure 2 Major body compartments involved in the maintenance of Ca**
equilibrium.
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ing mission is accomplished, Ca** is taken back into ER and
SR for future use. Exchange between the extracellular and
intracellular compartments also contributes to cytosolic
Ca’* dynamics, and often serves as the trigger for rapid Ca**
release from intracellular stores. An extensive array of Ca’*
transport proteins are involved in these processes. Gaining
structural and mechanistic understandings of these Ca®
transport proteins has been a major focus of modern re-
search on Ca®* homeostasis and signaling.

3 Ca’ transport pathways (Figure 3)

There are four major pathways for Ca®* entrance across the
plasma membrane. The pathway controlled by rapid elec-
trical signaling (action potential) is mainly mediated by the
voltage-gated Ca®* (Ca,) channels. There are a number of
Ca, channels that vary in tissue and cell distribution, con-
ductivity, and voltage sensitivity [6]. Auxiliary Ca,p subu-
nits are known to associate with the pore-forming Ca,a
subunits to modify the flavor of channel properties. Further,
a family of GTPase molecules called RGKs bind to
Ca, channels and regulate their expression and bio-
physical properties. This is reviewed by Yang Jian and col-
leagues [6].

Chemical signals can also trigger Ca** influx at the
plasma membrane. Receptors for chemical signals include
nicotinic acetylcholine receptor (nAChR), ionotropic glu-
tamate receptor, purinergic receptor, cyclic nucleotide-gated
channels, etc. These are non-selective cation channels hav-
ing various levels of Ca** permeability and selectivity. In
many cases, the primary function of the receptor is to gen-
erate an excitatory current for electrical signaling. Nonethe-
less, Ca®* influx through these channels does play important
roles in regulating signal transduction and can inhibit chan-
nel activity through negative feedback.

Another group of Ca**-permeable channels are the TRP
channels. This is an extremely diverse collection of chan-
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Figure 3 Examples of Ca®* transporting membrane proteins. Arrows
indicate the normal flux direction; numbers indicate the stoichiometry of
coupled ion transport.
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nels that are responsive to a wide spectrum of physical and
chemical stimuli. Many TRP channels are polymodal,
meaning that they can be potently activated by multiple
stimuli. Again, most TRP channels support electrical sig-
naling but are Ca**-permeable. The review on TRPC4 by
Zhu Michael X. and colleagues [7] gives an example of the
complicity of TRP channels.

Furthermore, the Orai Ca®* channels are unique in that
their activity is controlled by information coming from in-
side the cell. As discussed earlier, intracellular organelles
ER and SR serve as cellular Ca** reservoirs. Exhaustion of
these Ca®* stores is sensed by an intracellular membrane
protein called STIM (an EF-hand containing protein), which
triggers aggregation and activation of Orai. This allows ex-
tracellular Ca®* to enter the cytosol and replenish the store.
This store-operated Ca>* entry (SOCE) pathway and its role
in cancer cells are reviewed by Pan Zui and Ma JianlJie [8].

Ca®™ release from intracellular stores is mainly mediated
by two types of ligand-gated channels, IP; receptor (IP;R)
and ryanodine receptor (RyR). The ligand for IP;R, inositol
1,4,5-trisphosphate (IP3), is a product of the phospholipase
C (PLC) signaling pathway. Through the PLC pathway and
IP;R, chemical signals from the extracellular side regulate
Ca’* release from intracellular stores. While RyRs get their
names from ryanodine, it is not an endogenous biological
ligand. (Ryanodine is a poisonous alkaloid found in the
plant Ryania speciosa and was used as a pesticide. It binds
and closes RyRs at high concentrations but locks the chan-
nels in a half-open state at lower concentrations, leading to
paralysis or massive muscle contraction, respectively.) The
physiological ligand for RyR is Ca**. Ca®" release due to
activation of RyR is called Ca**-induced Ca®* release
(CICR). In cardiomyocytes, CICR is triggered by Ca®* in-
flux across plasma membrane through Ca, channels. It pro-
vides the majority of Ca®* ions that support contraction.
Excessive Ca’* release, however, causes arrhythmia. A re-
view by Hector Valdivia and colleagues [9] illustrates how
genetic mutations in a cardiomyocyte-specific RyR leads to
arrhythmia.

Ca®* ions entered into the cytosol through plasma and in-
tracellular channels are taken back by transporters. Given
the steep concentration gradients, Ca** reuptake by trans-
porters is a challenging job. In the plasma membrane, there
are one pump and two transporters to move Ca** out of the
cell. The plasma membrane Ca**-ATPase (PMCA) is a
pump that uses the energy released from ATP hydrolysis to
drive Ca®* efflux. Na™-Ca®" exchanger (NCX) relies on the
transmembrane Na* concentration gradient as energy source,
while Na*-Ca**-K* exchanger (NCKX) takes advantage of
both Na* and K* gradients. A major difference between
PMCA and the exchangers is that PMCA exhibits
high-affinity but low-capacity, while the exchangers exhibit
low-affinity but high-capacity. Working together, the pump
and exchangers ensure effective Ca>* export. In the SR or
ER membrane, sarcoendoplasmic reticulum Ca’*-ATPase
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(SERCA pump) serves a role similar to PMCA. Since the
mitochondrial (MT) membrane is electrically charged (neg-
ative inside, close to —200 mV), Ca** is driven into MT by
the electrical potential through mitochondrial Ca** uniporter
(MCU, a Ca**-permeable channel). Ca** is extruded from
MT by H*-Ca™ exchanger (in non-excitable cells) or
Na*-Ca®* exchanger (NCLX); the latter is reviewed by Isra-
el Sekler and colleagues [10].

4 New frontiers for Ca®* signaling research

Due to buffering effects, Ca** ions are transiently trapped
near the release site (channels and transporters). The rate of
cytosolic Ca** diffusion could be further limited by geomet-
ric factors at many cellular structures such as cilia, neuronal
dendrites, synaptic terminals. In many cases, Ca®* sensors
and Ca”*-dependent effectors are localized near the release
site through protein-protein interactions. Localized Ca®*
signaling is beneficial for speed, specificity, as well as sen-
sitivity. The ability to detect local events generated by a
small number of Ca** ions and protein molecules has been
greatly limited by the sensitivity and resolution of available
methods. It is likely that the development of new Ca** sen-
sors and super-resolution microscopy will substantially ad-
vance this area of research.

An exciting new area is the structural investigation of
proteins involved in Ca* signaling, in particular the reveal-
ing of high-resolution structures of Ca®* transport proteins.
Crystallography continues to yield high-resolution struc-
tures of proteins packed in crystal lattice. Latest develop-
ments in cryo-electron microscopy (cryo-EM) technologies,
especially for electron detection (e.g., the use of direct de-
tection device K2), have demonstrated great promise for
structural study of membrane proteins. Indeed, solving
TRPV1 structures at resolutions up to 3.4 A by the cryo-EM
approach [11] indicates that a new era of membrane protein
structural investigation has arrived. In this issue, Wang
LiGuo and Tonggu LiGe introduce the latest developments
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in preparation of membrane protein samples and lipid
reconstitution methods for structural and functional
studies [12].

Given the ubiquitous role of Ca”* as a signaling ion, it is
not surprising that so many diseases are caused by deregula-
tion of Ca**-mediated events. Knowledge on the role Ca**
plays in hypertension, diabetes, excitotoxicity (apoptosis
and necrosis), blood coagulation, neurodegenerative diseas-
es, infertility, and others will continue to guide clinical
practice and pharmaceutical pursuit. The advance in under-
standing the signaler will continue to signal new hope for
patients.
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