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ABSTRACT

36 years after the publication of the important article by Busa and Nuccitelli on the variability of
intracellular pH (pH;) and the interdependence of pH; and intracellular Ca®* concentration ([Ca*'];),
little research has been carried out on pH; and calcium signaling. Moreover, the results appear to be
contradictory.

Some authors claim that the increase in [Ca*"]; is due to a reduction in pH;, others that it is caused
by an increase in pH;.

The reasons for these conflicting results have not yet been discussed and clarified in an exhaustive
manner.

Variations in pH; have a significant impact on the increase in [Ca”"]; and hence on some of the basic
biochemical mechanisms of calcium signaling. This paper focuses on the possible triggering role of
protons, highlighting the mechanisms potentially involved and the open issues that could be
clarified by research.
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1. INTRODUCTION

The value of intracellular pH (pH;) is the measure of the concentration of protons in the cell ([H'];)
and indicates the acid or alkaline nature of the cytoplasm. We are aware that this notation is generic,
because it does not distinguish between the concentrations [H'] of the various cellular
compartments. Referring to cytosol and using the notation [H]. would be more precise, but we
prefer to keep using the notation [H']; in consideration of previous publications [Busa and Nuccitelli
1984]. Normally, the pH; value is about 7.2, i.e. slightly alkaline. On the basis of experimental data,
until the early 1980s, it was thought that the pH; value was essentially stable. In 1984, an invited
opinion was published which dismantled this hypothesis and shifted the point of view on the
question [Busa and Nuccitelli 1984].

Comparing a huge quantity of data from the publications then available, the authors showed that, on
the contrary, pH; varies significantly. Their study includes a table [Busa and Nuccitelli 1984, Table
1] with numerous events in the life of a cell associated with variations in pH;, including
developmental transitions and stimulus-response coupling, in which calcium signaling is a
fundamental step. After analyzing the experimental data, Busa and Nuccitelli declared that the
intracellular concentration of H" ([H'];) is related to the intracellular concentration of Ca** ([Ca®'];).
Their results indicate correlations that are not always in the same direction, sometimes with trends
that are unexpected or even the reverse of expectation. Indeed, they observe: “mounting evidence
suggests that pH; and Ca’* changes can be interdependent, both in their mechanisms and their
effects, although the significance of such interactions is still largely unclear”.

Clearly, this is an important finding, both in general terms relating to cellular processes and
specifically in relation to calcium signaling. And yet, after the publication of this paper, few articles
appeared on the interdependence of concentrations of pH; and Ca*'; and the results were partly
contradictory [Austin and Wray 2000] for reasons that are still unclear and deserve investigation for
the purposes of clarification.

For some time, studies on the role of protons in cellular processes have taken into consideration the
relationship between pH and calcium and its effects, in particular in relation to cellular channels and
organelles. Protons modulate the action of various types of channel, including voltage-gated proton
channels [DeCoursey 2018] which extrude protons, the Orai/STIM and transient receptor potential
(TRP) channels [Huang 2010, Yu 2018, Vangeel 2019], which foster Ca*" influx via store-operated
calcium entry (SOCE), and two pore channels (TPC) [Kintzer 2018, Galione 2019]. Sarco-
endoplasmic reticulum Ca*-ATPase pump (SERCA) and the plasma membrane Ca**-ATPase pump
(PMCA) remove excess Ca*" from the cytosol. The former conveys it to endo/sarcoplasmic reticular
stores [Primeau 2018], the latter takes it outside the cell, exchanging it with a proton [Brini 2011,
Hegediis 2020]. The action of the PMCA would acidify the cytosol were it not for the
counterbalancing action of the Na'/H" exchangers, which expel the proton in exchange for a Na"ion
[Brini 2011, Xu 2015, Yang 2019]. The protons are also removed from the cytosol by various kinds
of Vacuolar H'-ATPase pump (V-ATPase), which can transport them to the organelles or outside the
cell, exchanging them with various cations, including Ca*" [Fogarc 2007, Colina-Tenorio 2018,
Faris 2019]. The ATP which provides the energy required for the functioning of the PMCA and
SERCA pumps is produced in the mitochondria by virtue of the protons, which — according to
chemiosmotic theory — enable the entry of Ca*" into the mitochondria [Pallafacchina 2018, Wilson
2019]. The proton gradient is the basis of the movement of the molecular rotary motors both in the
mitochondria and the V-ATPases [Stewart 2015, Colina-Tenorio 2018].

Therefore, protons clearly play a fundamental role in metabolic processes, in particular in the
organelles in which Ca®" is accumulated. The cellular homeostasis of the calcium requires balance
and continuous interchange between the organelles and the cytoplasm and between the latter and the
extracellular space. This is possible only through the concerted action of the channels, pumps, and
exchangers as described.

In relation to calcium signaling, it is believed that protons have a mainly regulatory role [Worley
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1987, Donoso 1996, Felle 2001, Poburko 2011, Raffaello 2016, Yu 2018, Yang 2019]. To our
knowledge, no study explicitly attributes a triggering role to protons or makes an in-depth
biochemical investigation of the interdependence mechanism between the H"and Ca* ions.
Nonetheless, significant progress has been made over the past 40 years or so: several fundamental
second messengers and pathways for calcium signaling have been identified [Pozzan 1994,
Clapham 2007, Berridge 2012, Balla 2013, Carafoli 2016, Galione 2019], and the understanding of
specific receptors [Rossi 2018, Prole 2019] and channels [Kozak and Putney 2017, Galione 2019]
has improved. Experimental methods, particularly calcium imaging techniques, have been
developed [Costa 2018, Liu 2018, Depaoli 2019, Siciliano 2019, Bischof 2019, Greotti 2020]. It has
been shown that stimulus induces characteristic transient calcium blips, puffs (more generically
known as calcium sparks or spikes) [Rose 2006], which in turn, through repetition, can give rise to
calcium waves and oscillations [Dupont 2011, Gaspers 2014]. Despite this, some interactions
between the various molecular players remain obscure [Raffaello 2016, Ribeiro 2018]. For
example, we do not fully understand the biochemical mechanism by which second messengers such
as inositol 1,4,5-trisphosphate (IP;) mobilize the bound calcium of cellular stores, hence the
resulting increase in [Ca®"]; concentration and the appearance of calcium spikes. The origin of an
important event such as “Ca*" Induced Ca** Release” (CICR) is also unknown.

To assess and understand the role of the molecular players involved, a better understanding of the
biochemical mechanisms involved in their interactions is required. Specifically, further
experimental research is needed to properly assess the importance of the variation in the
intracellular concentration of protons [H'];, measured as a change in pH;, in relation to the variation
in intracellular Ca** concentration ([Ca®'];) and the consequent activation of some enzymes.

2. ABOUT OUR RESEARCH

This work sets out to illustrate the biochemical mechanisms underlying H*/Ca** interconnections in
the cell, focusing on the effects of variations in the concentration of protons on the change in [Ca*'];
concentration. Our goal is to draw attention to some neglected points rather than to provide a
complete review. The chemical properties of the H" and Ca* ions, their interdependence and the
effects at the cellular level suggest that protons have an active role in terms of stimulation, not only
of control and regulation, and are therefore fundamental in calcium signal transmission. This
hypothesis shows the mechanisms of calcium signaling in a new, broader perspective, and leads to a
better understanding of numerous aspects and processes hitherto unclear.

Scientific literature available on-line from 1970 to February 2020 was drawn upon to analyze data
and critically evaluate the fundamental concepts involved in the topic under study.

3. H/Ca* INTERDEPENDENCE

3.1. HY/Ca* interdependence in aqueous solution

First, it is worth remembering that in aqueous solution, H'/Ca®" interdependence is a direct
consequence of the chemical properties of two elements, hydrogen and calcium. In its protonated
form, hydrogen (H") with anions give rise to acid molecules which are generally soluble in water.
When Ca** binds with the anions, it forms salts, but unlike other positive ions such as K, Na” and
NH," which produce soluble salts, Ca*" can give rise to insoluble salts [MacConaill 1985, Roth-
Bassel 1992, Periodic Table Solubility 2019]. For example, it is possible to verify in the lab that a
solution of a sufficient quantity of Ca*"in deionized water at alkaline pH is murky due to the
formation of miniscule solid particles of insoluble salts suspended in the solution. This occurs
because the Ca*" binding to the OH" of the water and to the dissolved CO,forms insoluble calcium
hydroxide and calcium carbonate respectively. All the more, a solution containing ions
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physiologically present in the cell cytosol is murky because the Ca** binding to the inorganic
(hydroxide, carbonate, phosphate, sulphate) and organic (oxalate, citrate, peptidate, proteinate)
anions of the cytosol tends to form corresponding insoluble salts and complex compounds [Hincke
1978, MacConaill 1985, Iida 1986, Dubois 1990, Donoso 1996, Goss 2010]. The quantity of
insoluble compounds formed which tends to precipitate depends on a number of factors: solubility
product, ionic strength, ionic radius, coordination number, temperature and, above all, pH. The
solubility of calcium salts in water is pH-dependent because the protons compete with the calcium
for the same binding sites and can easily replace it. This replacement increases calcium-free Ca** in
the solution reducing its murkiness. Therefore, adding a drop of acid with a concentration 10-20
times that of the total calcium present, it is possible to check quite easily for a reduction in
murkiness and simultaneous increase in Ca*" ions in the solution. This reaction, which can be seen
by the naked eye, is transitory and localized, because it involves a volume that is just a little larger
than the drop of acid added, and can therefore be described as a calcium spike on a macroscopic
scale. To conclude, the murkiness increases when the pH is moved towards alkaline (=basic) values
and decreases when the pH moves towards acid values. These localized and transitory variations in
murkiness are evident even for small variations in pH, especially when buffer systems are present as
in the physiological-like solution. On the other hand soluble Ca**-bound proteins do not produce
murkiness; in these cases protons reduce the binding affinity of ligands and promote Ca*' release.
In conclusion, an increase in alkalinity (increase in pH) fosters the formation and storage of bound
calcium compounds and hence a decrease in the concentration of free calcium ions [Ca*'], whilst an
increase in acidity (decrease in pH) fosters the solubilization/breaking of these compounds and
hence an increase in Ca?* concentration. Therefore, there is a direct chemical interdependence
between H" and Ca*" concentrations so, in a closed system, when one increases so does the other
and vice versa. This direct and proportional interdependence between [H'] and [Ca?'] has been
shown experimentally in skeletal muscles [Donoso 1996] and in blood [McCudden 2013]. The
relationship is shown by McCudden in Fig. 1, clearly illustrating the concept.
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FIG. 1: The effect of pH on protein-bound and free calcium in blood.

(By Christopher R. McCudden and reproduced here with kind permission of Radiometer).

“As pH decreases, H" displaces Ca** from binding sites and the amount of free Ca’* increases. Conversely,

as the blood pH increases, albumin and the globulins become more negatively charged and bind more calcium,
causing the amount of free Ca’* circulating to decrease.”
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It is important to note that in aqueous solution, the above pH-dependent reactions, i.e. calcium
storage and calcium release may occur rapidly and spontaneously in the absence of biological
structures, because they are the consequence of fundamental chemical laws. For example, it is
possible to obtain the appearance of a calcium spike, on a macroscopic or microscopic scale, simply
by localized acidification. To trigger the reactions of calcium storage and calcium release in
aqueous solution, a pH change is sufficient, caused by any event that reduces or increases protons.
A clear understanding of what can and cannot happen in aqueous solution due to the chemical
interdependence between concentrations of H" and Ca** ions enables a more complete and coherent
assessment of the data obtained experimentally due to variations in pH; in the cell.

3.2. H"/Ca* interdependence in the cell

The relationship between H" and Ca*" integrated in the biochemical process inside the cell should be
considered as part of the overall metabolic system of the cytoplasm.

It could be expected that, similarly to what occurs in an aqueous solution, the acidification of
cellular cytosol always produces the depletion of calcium stores and consequently increases [Ca®"];
concentration and that, on the other hand, alkalinization always produces the formation and storage
of bound calcium and therefore decreases [Ca®‘]; concentration. If this were the case, all the results
of experimental studies on the effects of variations in pH; (decrease or increase of protons) on
[Ca®*]; concentration in the cell would be consistent. But experiments have produced contrasting
results. Some show that the increase in [Ca*']; is produced by acidification, in line with expectations
given the chemical properties described above [Orchard 1987, Kim 1988, Cairns 1993, Daugirdas
1995, Donoso 1996, Nishiguchi 1997, Nagaoka 1997, Gonzalez 1998, Balnave 2000, Chen 2001,
Thomas 2002, Marin 2010, Krizaj 2011, Paillamanque 2016, Hu 2017, Behera 2018, Berra-Romani
2019]. Other results, on the contrary, have shown that the increase in [Ca*'];is produced by
alkalinization [Kiang 1991, Guse 1994, Nitschke 1996, Lindeman 1998, Minelli 2000, Alfonso
2000, Li 2012].

The situation in the cell is highly complex due to the presence of numerous biological structures
(organelles, channels, pumps, receptors) which control and regulate ionic concentrations, in
particular [Ca*"]; concentration, modifying them according to physiological needs. Physiological
processes can influence H'/Ca*" interdependence fostering or resisting it, pumping H* and/or Ca**
outside the cell or in the organelles, and producing/consuming protons [Wacquier 2016, Raffaello
2016, Szymanski 2017, Faris 2019].

Therefore, in relation to the contrasting experimental results referred to above, it could be thought
that a biochemical process, activated out of need by the cell, and hence extraordinarily, prevails
over the ordinary chemical process producing a different result. This process should be identified
and the reasons for the need explained. Only a few studies have provided an explanation by
attributing the cause of the increase in [Ca®*]; produced by alkalinization to inhibition of the SERCA
pump [Li 2012] or to a calcium influx [Lindeman 1998, Alfonso 2000, Minelli 2000].

To clarify this, some critical factors need to be taken into consideration, above all, response times.
It is likely that studies of events with a medium/long-term response, such as those relating to
situations of acidosis or alkalosis of the organism, involve mechanisms that are partly different from
those with short-term responses. A medium/long-term response is more susceptible to outside
influences and is more difficult to interpret, whilst a rapid response is usually sharper and clearer.
The time between the stimulus and appearance/disappearance of the calcium spike is a matter of
seconds. The times are shorter in animal cells than in plant cells and excitable cells compared to
non-excitable cells. In Xenopus Oocytes, which are excitable cells, the mean rise time of puffs is 19
ms and they are often preceded by trigger events with average durations of ~12 ms [Rose 2006].
The time of neutralization of an acid with a base is a matter of pus [Donten 2012] and the
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dissociation of a weak acid, i.e. the time for the release of an H" ion, is even quicker [Kanzaki
2014].

To identify and explain the mechanism underlying calcium signaling, it is therefore necessary to
understand what happens in an extremely short time. At the experimental level, resources are
required, specifically sensitive reagents and instruments able to respond to this speed of reaction.
The reagents are the second critical factor, because they can produce interference, producing
variations in the process. In studies of H/Ca*" interdependence, variations in pH; should be induced
as far as possible physiologically, not by the introduction from outside of artifacts or acid
compounds with buffering, chelating and/or permeabilizing effects or indicators that could modify
the original pH; and [Ca*']; or the level of calcium bonded in cellular stores.

The third critical factor comprises the instruments and equipment used. Over the years, many
different instruments and techniques have been used, often not dedicated and/or insufficiently
sensitive. To overcome these limits, multiple complementary techniques and pharmacological
manipulation are required [Bird 2018]. Chemical indicators, including Fluo-4 acetoxymethyl (AM),
Rhod-2 AM, Fura-2 AM and the Ca** chelator BAPTA, commonly used over the past 25 years, are
nowadays considered by some authors to be excessively invasive [Smith 2018]. But even modern
genetically-encoded Ca*" indicators have their problems [Bootman 2018, Yang 2018]. Given the
different experimental methods, it is not surprising that the results are conflicting and not
comparable.

The fundamental concepts acquired and currently shared by the scientific community in relation to
calcium signaling are increasingly based on the key role of Ca®" in the cell metabolism. For good
ordinary functioning, the cell maintains a [Ca®']; concentration of 0.1 uM [Bootman 2019] through
the action of PMCA and SERCA pumps, which expel excess Ca** from the cytosol. The increase of
[Ca*]; from 0.1 to 1 uM and beyond, essential for the transmission of the signal, but excessive and
potentially toxic for the cell, is an extraordinary and temporary event. This event is triggered by an
external stimulus which, through the activation of a specific receptor, induces the release of a
second messenger, in turn inducing calcium store depletion, the formation of calcium spikes and/or
waves and, finally, calcium influx [Bootman 2019]. How the second messenger causes the release
of Ca*" from calcium stores, the formation of calcium spikes and increase in [Ca®]; concentration is
unknown.

However, it may be that via the chemical properties of the H" and Ca** ions described in the section
“3.1. H"/Ca*" interdependence in aqueous solution”, the protons freed by the second messenger
[Molinari 2015] foster the release of calcium, replacing it in cellular stores. The following
paragraph describes this hypothesis in detail, focusing on the PLC/IP; pathway.

4. THE DUAL MOLECULAR MECHANISM FOR IP; TRIGGERING

The PLC/IP; pathway is triggered by an external stimulus, via agonist-receptor interaction on the
plasma membrane (PM), activating phospholipase C (PLC).

Generally, the receptor is in one of the following types: G-Protein-Coupled Receptors (GPCR),
Tyrosine Kinase Receptors (RTK), or Tyrosine Kinase Non-Receptors (NRTK). In most cases, the
PLCs belong to isoform PLC-f, PLC-y, and PLC-¢ [Cocco 2015, Nakamura 2017].

All the phospholipases are heavily acidifying enzymes, because they hydrolytically split the lipid
esters, producing an alcohol and an acid [Molinari 2019].

In particular, PLCs hydrolyze the phosphatidyl-inositol bisphosphate (PIP,) into 1,2-diacylglycerol
(DAG) plus IP; [Michell 1981, Streb 1983]. The DAG is the alcohol and the IP; the acid. The newly
generated IP; is protonated and has the following formula: C¢H;0O15P5™.

1) PIP, + H:0 = DAG +  IPs
native IP; (CsH;0015P; )
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The native IP; must almost completely dissociate to bring itself into balance with the pH=7.2 of the
cytosol and hence quickly releases a proton:

(2) C6H1()O15P35_ = C6H9015P36_ + H*

native IP; dissociated IP;

The protons produced by the dissociation of the IPs, following hydrolysis of PIP,, can reduce the
affinity of Ca*" for binders, such as inorganic anions or proteins, which immobilize it in the cytosol,
and can foster the release of Ca** triggering rapid calcium spikes. It has been shown experimentally
that the stimulus causes in the cytosol an increased concentration of protons and, in parallel, of Ca**
[Kim 1988, Daugirdas 1995, Paillamanque 2016, Behera 2018, Berra-Romani 2019]. The cellular
control mechanisms and first of all the cytosolic buffering capacity respond similarly quickly,
ending the spikes and returning the situation to a stationary state.

The rapid increase and subsequent decrease in [Ca®"]; concentration, characteristic of transient
calcium spikes, can be attributed to the chemical properties of the H and Ca*" ions and their
interdependence, as shown by Busa and Nuccitelli.

Subsequently the IP; activates its receptor (IP;R), which for most cells is located on the membrane
of the endoplasmic reticulum (ER) [Thillaiappan 2017]. There are three types of IP;R with quite
similar characteristics [ Vanderheyden 2009]. The activation of IPsRs by IP; induces the rapid
release of Ca®" from the calcium stores of the ER [Berridge 2012, Rossi 2018, Prole 2019]. For the
first time in 2017 the correlation of subsequent events “acid stimulus - PLC/IP; transmission - Ca*
release from ER” was experimentally proved [Hu 2017].

The ability of calcium to stimulate the release of further calcium was observed for the first time in
the 1970s, before the discovery of IPs. The phenomenon is known as Ca*" Induced Ca** Release
(CICR) and is discussed in detail below. The molecular mechanism of CICR is unknown as is the
gating mechanism of IP;R channels, activated by IPs, enabling the release of calcium from the endo/
sarcoplasmic reticulum [Chandran 2019, Prole 2019, Hamada 2020].

IP;R terminates the action of IP; through its phosphorylation by inositol 1,4,5-trisphosphate 3-
kinase to inositol 1,3,4,5-tetrakisphosphate or its degradation by inositol polyphosphate 5-
phosphatase (5PTase) to inositol 1,4-bisphosphate [Majerus 1992, Sims 1998, Berdy 2001, Pattni
2004, Balla 2013, Hsu 2015]. The latter pathway could be prevalent, since in bovine tracheal
smooth muscle the SPTase pathway was shown to be the dominant route in metabolism of IP; “at
all time intervals measured, especially at early times (0—300 sec), where it accounted for more than
85%” of IP; metabolism [Lynch 1997].

S5PTases are found in plants, animals and fungi; they possess phylogenetic relationships, but some
different substrate specificities. In plants they are classified into five families [Jia 2019], while
mammalians 5PTases have been classified into four groups [Majerus 1999]. Dysfunctions of
S5PTases are at the origin of various diseases in humans [Dyson 2012, Rudge 2016, Ramos 2019].
Studies on the action of 5PTases on IP; and Ca** in animals have produced results consistent with
the involvement of 5PTases in Ca* release: when 5PTase is overexpressed, IP3 decreases and Ca**
oscillations do not occur, on the contrary its underexpression leads to increased cellular levels of IP;
and Ca*" [Bui 2002, Mitchell 2002, Johenning 2004, Liu 2020]. At least five human 5PTases
capable of degrading IP; are known: the Inositol polyphosphate-5-phosphatase A, belonging to
group I, is located on the inner wall of the PM and/or in the cytosol and is active only on soluble IP;
and inositol 1,3,4,5-tetrakisphosphate [Laxminarayan 1993, Mitchell 2002]; the other four SPTases,
namely Type II inositol 1,4,5-trisphosphate 5-phosphatase [Jefferson 1995, Speed 1995, Schmid
2004], its homolog Inositol polyphosphate 5-phosphatase OCRL [Zhang 1995, Schmid 2004, Metha
2014], Phosphatidylinositol 4,5-bisphosphate 5-phosphatase A [Mokizuki 1999], and Synaptojanin-
1 [McPherson 1996, Johenning 2004] belong to group II and have a broader specificity since, in
addition to IPs, they can also remove the 5-phosphate from phosphatidylinositol 4,5-bisphosphate
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and inositol 1,3,4,5-tetrakisphosphate from soluble as well as insoluble substrates. These five
human 5PTases are encoded by the INPP5A, INPP5B, OCRL, INPP5J and SYNJ1 genes
respectively. None of them has been localized to ER or SR until now. A broad-specificity
endoplasmic 5PTase, named SKIP or INPP5K, which included IP; among its possible substrates,
was discovered in 2000 [Ijuin 2000]. Unfortunately, the IP; specificity of SKIP has not been
confirmed by other authors [Gurung 2003, Schmid 2004]. So logically one wonders what the role of
this enzyme is [Dong 2018]. Schmid et al. have provided a very interesting comparison of the
activity and substrate specificity of some 5PTases, belonging to group II [Schmid 2004 Fig.1]. A
similar comparison would be useful, with IP; as substrate, also extended to the group I PTase.
Based on the above data, it remains difficult for us to understand what is/are the main SPTase(s)
responsible of IP; degradation to inositol 1,4-bisphosphate mediated by IP;R.

However, it is important to note that, like PLCs, phosphatases and hence also 5PTases, are strong
acidifiers, because they hydrolyze phosphoric esters such as IP; producing an alcohol — the inositol
1,4-bisphosphate - and inorganic acid phosphate. The reaction is as follows:

(3) C6H9015P36_ + H,O = C6H9012P25> + H,POs
dissociated acid
inositol 1,4,5-trisphosphate (IP) inositol 1,4-bisphosphate phosphate

As soon as it is produced, the acid phosphate must dissociate almost completely to bring itself into
balance with the pH of the cytosol and releases a proton, similarly to IP;as described above.

(4) H,PO, = HPO42_ + H*

It is known that protons are important allosteric modulators and can produce changes in the
conformation of proteins with considerable structural modifications [Onufriev 2013]. The
multidentate Ca** binding promotes folding of the protein structure, while protonation of amino acid
residues through Ca?®* replacement promotes electrostatic repulsion and consequent unfolding of the
structure [Berggard 2000]. Functional consequences can be seen [Fan 2017]. The IP;R in its
structures and functions evokes other ligand-gated ion channels, as ionotropic glutamate receptors,
some of which are subject to allosteric modulation by protons [Zhang 2018]. Interestingly, hystidine
residues are involved in the allosteric modulation by protons and divalent ions of the gating of
P2X7, a tetrameric, ligand-gated, purinergic channel [Acufia-Castillo 2007].

The study of the gating mechanisms of IP;R is difficult, because the distance between the IP;
binding site, facing the cytosol, and the Ca** conducting pore, facing the ER lumen, is relatively
long. The mechanism is not yet completely understood and the structures of opened channels were
never obtained. However, we know that the IP;-dependent mechanism of IP;R gating needs a
certain level of Ca®": the activity is boosted by slight increases in [Ca*"]; and is inhibited by
significant increases [Bezprozvanny 1991, Foskett 2007, Prole 2019].

The structures currently available of IP;R determined by electron cryomicroscopy and X-ray
crystallography prove that: IP;R is tetrameric and requires four IP; molecules in addition to Ca** to
open the channel [Hamada 2020]; the gating is due to reversible conformational changes of the
structure; the tetramer faces the cytosolic side [Hamada 2020] and so it is accessible to both
cytosolic phosphatases and cytosolic protons. Moreover, the binding of IP; breaks the hydrogen
bonds between the amino acid residues of IP;-binding core and causes a rearrangement that leads to
the allosteric opening of the Ca*" conducting pore [Chandran 2019]. Probably, the 5-phosphate
group of IP; is also involved, because flipping of hydrogen bonding between the 1-phosphate and 5-
phosphate groups of IP; has been observed [Chandran 2019].

Since the degradation of IP; by SPTase concerns the 5-phosphate group, it is possible to think that
the flipping reflects the enzymatic action. Furthermore, the protons produced by IP; as a result of its
degradation could modulate the amount of bound Ca*" in IP;R and induce the conformation changes
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necessary to open the channel. Consequently, for the first time, we put forward the hypothesis that
S5PTases, by degrading IPs, enable the action of IP; when the hydrolysis ends, freeing protons,
opening the IP;R channel and releasing Ca** from ER stores.
In summary, the action of IP; could take place in the cell, via the release of protons, at two different
moments and in different points:
1) at the moment in which, via the PLCs, IP; frees a limited but significant quantity of H" and
Ca* on the inner wall of the PM [reactions (1) and (2)];
2) at the moment in which IPsis degraded by the 5PTases on the outer side of the ER
membrane or close by, with the consequent release, via the IP3R, of a larger quantity of H"
and Ca®' [reactions (3) and (4)].

The two events are not mutually exclusive, and are likely inter-related as well as related to the
control mechanisms that, via STIM and ORALI, activate the Ca*" influx at the next phase of calcium
signaling.

Since in some cells, such as oocytes, the SPTases are mainly cytosolic enzymes and IP;Rs are
present in various ways throughout the cytoplasm [Yoon 2019], it is possible that in some cases the
activation of IP;R occurs in places other than that specified in point 2 above and involves the entire
cytoplasmic space.

The hypothesis summarized above in points 1 and 2 is apparently simple, but has numerous
implications. It is based on three fundamental and experimentally consolidated concepts:
e The activation of hydrolytic enzymes, such as phospholipases and phosphatases, produces

acids.

e Via their protons, the acids foster the solubilization and release of bound calcium, freeing
Ca*".

e Due to the high solubility and small size of the H" ion, protons are much more mobile than
Ca*" and IP;.

The third concept may help to clarify the origin of calcium waves and oscillations. The Ca*" ion has
a large mass and ionic radius and, in addition, its movements in the cytoplasm are obstructed by the
tendency to form salts and complex compounds that bind it 99% [Prole 2019].

It was thought that IP; was highly mobile and, spreading rapidly in the cytosol, was responsible for
the formation of calcium waves. The topic is under discussion, because experimental measurements
seem to indicate the opposite, i.e. that IP5 is not much more mobile than Ca** [Prole 2019].

On the other hand, the H" ion has a low mass and very small ionic radius and cannot be
immobilized easily because it tends to give rise to soluble compounds. The discussion above, about
the dissociation of IP;, indicated the extremely high speed of the reactions freeing and consuming
protons. Furthermore, the velocity of the protons in the cell has been measured and compared to the
speed of sound [Fitchl 2016]. Locally generated protons are believed to be irrelevant, because
cellular buffers can easily neutralize them. However, the neutralization process is not instantaneous
[Donten 2012]. Experimental measurements of the diffusion coefficient of H' in the cytoplasm
prove that, while neutralization occurs, protons are in motion and some of them can cover a
significant distance [Al-Baldawi 1992, Swietach 2007]. Furthermore, they can modulate the action
of enzymes, as suggested by Al-Baldawi et al. in the examples at the end of their publication [Al-
Baldawi 1992]. So it can be inferred that at least part of these protons can activate other nearby
acidifying enzymes and produce new Ca*" spikes, in a repetitive manner.

Therefore, protons have all the chemical and physical characteristics required for them to be a basis
for the formation of calcium waves and oscillations.
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5. CONTROL AND FEEDBACK

The various systems of calcium signaling are interconnected and control each other by the
modulation of numerous Ca?*-dependent enzyme activities including phospholipases, phosphatases,
kinases, and phosphorylases, as well as the action of second messengers such as IP;, cAMP and
NAADP. It should be remembered that cCAMP and NAADP, as well as cADPR, ATP, UTP, and S1P,
can free protons similarly to IP; [Molinari 2015]. Furthermore, protons can mobilize other ions,
such as Mg*" and Zn** parallel to Ca*" and these ionic cofactors can also specifically influence the
activity of the enzymes involved.

The intensity of the stimulus induces diverse effects giving rise to both spatial and temporal
modifications of the signal, with important functional consequences [Samanta 2017].

In these processes, the levels of ionic concentrations and particularly of [Ca®"]; are a subtle
discriminant. Generally there is a direct proportion between [Ca®*]; and biological activity, but this
is not always the case. In particular, IP;Rs receptors are subject to biphasic regulation by [Ca*'];, as
mentioned above.

To protect itself from the risk that very rapid cellular biochemical processes, such as those involved
in Ca*'signaling, evade control, the organism carries out a number of different mechanisms.

For example, due to the immediate increase in PLC activity because of its Ca**-dependence, the
chain reaction of the PLC/IP; pathway (the hydrolysis of PIP,— generation of IP; — liberation of
protons — release in the cytosol of Ca?" — the increase in Ca**-dependent phospholipase activity)
could give rise to a self-sustained and self-stimulating closed circuit with the risk of an exponential
increase in its activity were it not for control action with the opposite effect.

This action is carried out by phosphorylating enzymes, kinases and phosphorylases, which have the
function of reconstructing the estero-phosphoric bindings previously split.

Consequently, the activation of phosphorylating enzymes also produced by the increase in [Ca*;
fosters biochemical processes that go in the opposite direction to the reactions of the catalyzed
hydrolysis of the phospholipases and phosphatases as described above.

The action of phosphatidyl inositol phosphate kinase (PIPK) opposes that of PLC [Sun 2013],
whilst the various kinases control the phosphatases by the synthesis of an array of inositol
trisphosphate (IP;) and tetrakisphosphate (IP4) molecules [Irvine 2001, Shears 2004, Bunney 2010,
Irvine 2016, Anguita 2018].

The opposing action must take place rapidly and with sufficient force, conditions guaranteed by the
fact that phosphorylating enzymes are no less Ca*-dependent than the phospholipases and
phosphatases.

Furthermore, for control to be effective, the opposing actions must comprise a balanced
biochemical system, i.e. they must take place simultaneously. It has already been suggested that
PIP, hydrolysis is stimulated concomitant with its synthesis [Loew 2007].

It could also be thought that the action of the phospholipases and phosphatases takes place
alternately with that of the phosphorylating enzymes, in a rapid sequence of repeated hydrolysis and
synthesis and that this could explain the appearance of the oscillations characteristic of calcium
signaling [Salazar 2008, Vanderheyden 2009]. However, the phosphorylating enzymes act via
chemical and biochemical mechanisms which are substantially different: the kinases transfer the
phosphoric group of the ATP to the substrate, whilst the phosphorylases introduce the inorganic
phosphoric group into the substrate.

To sustain alternance, it would be useful to show that the acidification produced by the hydrolysis is
followed by alkalinization produced by the synthesis, i.e. prove that at least one of the two types of
synthesis reaction, either the one catalyzed by the kinases (unlikely) or the one catalyzed by the
phosphorylases (likely), is able to remove protons from the system and hence to alkalinize the
cytosol.

In consideration of the above recalled H'/Ca*" interdependence, calcium waves and oscillations can
be seen as consequence of parallel, underlying proton waves and oscillations; in other words [Ca*];

d0i:10.20944/preprints202003.0274.v2


https://doi.org/10.20944/preprints202003.0274.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2020 d0i:10.20944/preprints202003.0274.v2

always varies in space and time in parallel with [H'];.. Therefore, [Ca*']; can be influenced by either
acidifying enzymes or alkalinizing enzymes or cytosolic buffers. An interesting question is: when
acidification occurs, what is the prevalent opposing action, enzymatic alkalinization or cytosolic
buffering? The topic deserves investigation and clarification.

6. THE CICR PHENOMENON

“Ca’" Induced Ca*" Release” (CICR) was discovered by studying the biochemical system of the
cellular activity of the muscles [Ford 1970, Endo 1977, Endo 2009] and was defined as “Ca’*
release by the action of Ca’" alone without the simultaneous action of other activating processes”
[Endo 2009].

Therefore, it is the mechanism by which a small increase in cytosolic Ca*" is able to induce the
release of Ca® from the cellular stores of the endo/sarcoplasmic reticulum reaching significant
[Ca*]; concentrations.

The cellular process of CICR has been confirmed experimentally on numerous occasions both for
excitable and non-excitable cells. The phenomenon can occur by involvement of two types of
receptors, IP;Rs and ryanodine receptors (RyR) [Endo 2009, Laver 2018]. It is known that there is
~40% structural homology between IP;R and RyR [Santulli 2017]. They are deputed to Ca** release
and are activated through similar paths. It has been experimentally demonstrated that both the IP;Rs
and the RyRs can be activated by H" [Orchard 1987, Donoso 1996, Dabertrand 2011, Krizaj 2011,
Hu 2017]. However, the molecular mechanism of the process by which CICR activates the gating of
IP;R and RyR channels has yet to be clarified.

The description of the metabolic phenomenon that occurs in the cellular cytoplasm is paradoxical
from the biochemical point of view. It is known from the common ion effect that the addition of the
same ion in a solution decreases its solubility. Therefore, the action described by the acronym CICR
seems difficult to carry out from a purely ionic standpoint.

Nonetheless, given H"/Ca*" interdependence, there are two possible mechanisms for the gating of
the IP;R and RyR channels.

A - In the simplest case, it could be thought that the small increase in the cytosolic Ca**
activating the CICR is a consequence and indicator of a parallel increase in H', caused by
the unconscious intervention of an operator, for example by introducing a buffer or reagent.
Therefore, it is H" and not Ca** that causes the gating of the IP;R and RyR channels. Since
the mechanism is exclusively chemical, no other activating process is required.

B - The second hypothesis presupposes the presence of an as yet undetected biological
process that partially or totally modifies the cellular homeostasis of the calcium. For
example, it could be thought that the small increase in cytosolic Ca*" activates Ca-dependent
phospholipases or phosphatases, which in turn produces the release of H" and hence the
opening of the channels. Indeed, some authors have come to this conclusion to explain a
phenomenon similar to CICR observed in smooth muscles [Urefia 2013].

The two hypotheses, A) and B) are not mutually exclusive and could occur simultaneously.
The expression “Ca’" Induced Ca*" Release” describes an important phenomenon without providing
any explanation. Perhaps “Proton Induced Ca*" Release” would be a more suitable expression.
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7. CONCLUSION

This work investigates some possible, important consequences of H/ Ca*" interdependence in
relation to calcium signaling. Given the chemical properties of these two ions and starting from the
hypothesis that protons may have a stimulatory and not only regulatory role in the cell, it is possible
to discuss the process in a new and broader manner and to posit biochemical explanations for the
mechanisms causing some fundamental steps, which for some time have defied clarification. New
connections can be suggested for the well-known events that occur, as established experimentally,
in the process of calcium signaling, and a plausible and coherent picture can be built up for the
basic mechanism involved.

Above all, it has been shown that the enzymatic activity of the phospholiphases and phosphatases
frees protons. Investigations have been carried out into the ability of the protons to:

e generate calcium spikes and oscillations;
e trigger the gating of IP;Rs and RyRs;
e induce CICR.

In our opinion these three important cytoplasmic activities carried out by the enzymatically
produced protons are made possible by the particular chemical and physical characteristics of the
protons themselves: very small, highly mobile, with a rapid reaction and ability to replace Ca*" in its
binding sites. These considerations are reason enough to posit the activation and not merely
regulatory role of protons in calcium signaling. A significant role, that could be indispensable in two
fundamental steps in the transduction of the signal: the release of bound Ca®" and gating of IP;R and
RyR receptors. Therefore, it is important for the first time to present the basic events in the
mechanism of calcium signaling within the general framework set out above.

The biochemical reactions involved in the production/consumption of protons inside the cell should
be studied in depth. Among these, of particular interest are esterifications and the enzymes that
catalyze them, in both directions, i.e. those of hydrolysis and synthesis. Enzymes such as
phospholipases, phosphatases, kinases, and phosphorylases may significantly modify the levels of
free calcium and hence all the spatial and temporal aspects of the related signal. About protons, it is
important to confirm that the diffusion times are shorter than the neutralization times. Clearly, to
carry out experiments into the processes in which protons play an important role, it is necessary to
maintain the strictest control over pH and the buffering capacity of the materials under examination.
Recent progress in calcium imaging techniques and particularly in biosensors, which allow to study
subcellular H" and Ca*" dynamics simultaneously, should bring to light the biochemical data and
steps relating to the various processes and confirm the triggering role of protons set out above.
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