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Abstract

The present paper concerns with ion homeostatic reactions in view of stimulus—secretion coupling of the p-cell, including Ca®" fluxes of the
endoplasmatic reticulum (ER). A steady state of cytosolic sodium and potassium ion concentrations ([Na'], and [K']., respectively), and of the
membrane potential (A ¢b) can be attained only, if the flux through the electrogenic Na-K pump (Jnaxk) is balanced electrically, and if Jy.x is rather
high (about 25% of total ATP consumption at 10 mM glucose). Metabolically caused changes of cellular pH are unlikely, because, on the one
hand, CO, can rapidly leave the cell through cellular membranes, and because ATP cycling cannot produce nor consume protons. A slight
decrease of pH, during cellular activity is caused mainly by an increased Ca-H exchange flux through the plasma membrane Ca®" pump (Jpaca),
which might be overcome, however, by H' transport into secretory granules. The present simulations show that the conductance of ATP-sensitive
K" channels (K rp) is highly susceptible to changes of [Mg”"].. As a physical link between the Ca*" filling state of the ER and the initiation of a
depolarising, Ca*" release-activated current (Icran), @ metabolite (inositol 1,4,-diphosphate (IP,)) of the inositol 1,4,5-triphosphate (IP3) cycle is
introduced. Sufficient ATP for insulin secretion is made available during glucose activation by [IP,] inhibition of a parallel [ATP]. consuming flux
through protein biosynthesis (Jpys). This leads to fast oscillations with a triphasic patterns of [Ca"]. oscillations. Slow oscillations are initiated by
including a Ca®" leak current through highly uncoupled SERCA3 pumps. Both types of oscillations may superimpose yielding compound bursting

and mixed oscillations of [Ca*"]..
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Many important results of pancreatic p-cell research were
derived from electrophysiological approaches, especially from
measurements of A ¢ and [Ca®'].. In B-cells amazingly little is
known about other parameters of biophysical interest such as
[Na'],, potassium [K']., [Mg*']e, and hydrogen ion activity
([H"]o). From biochemical thermodynamics it is known that both,
pH and pMg can strongly influence concentrations of ATP, ADP,
and Pi species, and thus, cytosolic and mitochondrial stan-
dard transformed Gibbs energies of reaction (A,G °® (ATP,) and
AG° (ATP,,), respectively [1]). Furthermore, those transport
processes, in which these species are involved, may also be affected.
These processes are ATP*/ADP®>" exchange by the adenine
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nucleotide translocator (Jog) and H'/H,PO; symport by the
phosphate carrier (Jp;), both at the inner mitochondrial membrane.

Because K orp channels are known to be controlled in 3-cells
by ATP and ADP species [2], insulin secretion might be
influenced also thermodynamically by [H'] and/or [Mg*']-
dependent species formation.

The electrogenic Na-K pump controls cellular ion home-
ostasis [3—5]. It does not only adjust [Na'], and [K']., but is
also responsible for the generation and control of A.¢. The
resting A ¢ is usually calculated using constant concentrations
of extra- and intracellular ions. The pump flux of the Na-K
pump is usually not considered. The assumption of non-
changing ion concentrations, however, is reliable only during a
short time interval. Because without pumping, [K']. would
continuously decrease, [Na"]. increase, and A b would become
depolarised. Therefore, for a more realistic description of
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cellular ion homeostasis and of A ¢, besides A &, additionally
[Na'], and [K"], must be taken into account in calculations as
time-dependent variables.

Concerning stimulus secretion coupling of the pancreatic
B-cell the question arises, to which degree a hyperpolarising Na-K
pump current (Iy,x) may interfere with glucose-induced activa-
tion of metabolism and the mandatory depolarisation of A . In
addition, the pump may abolish the inactivation of K orp channels
by an additional [ADP],, production, which likewise could pre-
vent depolarisation.

In this context, another problem has to be answered, namely
how the p-cell’s power output machinery can deliver sufficient
ATP, to satisfy the demands of increased ATP. consumption
during activation. In the PB-cell, the metabolic flux through
glycolysis (GLY) and citric acid cycle (CAC) is limited by the
activity of the recognition enzyme glucokinase (GK). A strong
activation as in skeletal muscle cells cannot be expected,
because moreover the B-cell does also not have any noteworthy
depot of metabolic fuel like for instance glycogen, which could
be recruited for a markedly increased ATP demand.

It could be demonstrated experimentally [6—8] that islet 3-cells
respond to an activating glucose concentration with a first decrease
of [Ca*"]. below steady state values (phase 0), which is followed by
a pronounced and prolonged increase of [Ca**]. (phase 1) [9], and
thereafter with a switch over into oscillations of [Ca®" ], (phase 2). It
is widely accepted that phases 1 and 2 are produced by changes of
A b. Phase 1 is kinetically coupled to a period of continuous
spiking of A.d and phase 2 to A ¢ oscillations, whereas phase 0
seems to be brought about mainly by Ca*" pumping of the sarco/
endoplasmatic reticulum Ca?"ATPase (SERCA) [10]. It was
assumed that the luminal Ca** concentration of the ER ([Ca®']y,)
is functionally involved with phase 1. In fact, it was observed that
the filling state of this organelle may be linked to opening of non-
selective cation channels of the cell membrane, which by
depolarisation may extend bursting of A ¢ during phase 1 [8,9].
The nature of this link, however, is not known so far.

R. Bertram and colleagues [11-13] hypothesised that the
glycolytic enzyme phosphofructo kinase (PFK) may generate slow
oscillations, on which fast, “electrical” oscillations may be super-
imposed, so that so-called compound oscillations may result. Be-
auvois et al. [14] could show that the behaviour of SERCA pumps
may be crucially involved with the generation of slow oscillations
of [Ca®']. and A.b. She suggested that “mixed” [Ca®']. oscil-
lations are produced by an interaction of fast oscillations with slow
ones and showed that the isoform SERCA3 is a necessary
prerequisite for the generation of mixed oscillation.

It was the aim of this study to show how pH- and pMg-de-
pendent changes on [ADP]. and [ATP], species formation may
interfere with cellular energetics and in particular with the behav-
iour of K orp channels. Ion homeostatic reactions of the 3-cell are
included in simulations to see if stimulus-secretion coupling is
compatible with these reactions, especially with a high power
output of the Na-K pump. In addition it ought to be shown, how
the triphasic dynamics of [Ca*']. may be accomplished. The
results will show that the involvement of ER reactions can repro-
duce patterns of fast and slow oscillations, including compound
bursting [15,16] and mixed [Ca*"], oscillations [14].

2. Methods

In a previous publication a novel formalism was introduced,
which describes by phenomenological equations membrane as
well as metabolic fluxes [17]. This formalism is being used
consecutively also in this paper.

For a more realistic description of cellular reactions the cyto-
solic volume 7, is reduced to 72% of the cell volume, V. This
changes the conversion factor o, from 9.4843 to 12.5135x
10'? uM/C. Thus, to yield the cytosolic flux J in pM/ms, the
membrane current has to be multiplied by this factor: J (WM/ms)=
12.5135% 10" x7x 10" (uM/C x C/ms) (C=Coulomb, /=nu-
merical value of current /) or J=12.5135x 10 ®x/. From oy,=
180.194x10'2 UM/C, a/o.=V/Vi=0v=14.4 can be obtained.

In addition to the cytosol and the mitochondrial matrix a
third compartment is introduced, the ER, with Vgr=0.05 % Ve,
and o, = o,

All biochemical equilibrium constants (K’s) were taken from
Alberty [1]. The equilibrium constant for ATP hydrolysis is now
given as a function of pH and pMg (see Appendix, A1-A10).

[Mg>"]cand [Mg?*], are set constant to 0.8 mM. In biochemistry
and physiology the measure of proton concentration usually is
related to pH, that is, to proton activity. All respective constants of
Alberty, however, are related to proton concentration at given ionic
strength and temperature. Therefore, these constants had to be
transformed into so-called mixed constants by transforming proton
concentration into proton activity at 0.25 M ionic strength and 310 K
and taking 1.0 pM as unit activity. For instance, the following
ArG’O(ATP) values for normal pH. and pH,, are calculated: for
cytosolic ATP hydrolysis at pH.=7.2, 0.8 mM Mg**, 0.25 M
jonic strength, 310 K, and K™™' =6.2666 x 10°, A,G °(ATP,)=
34.204, and under the same conditions of the mitochondrial
matrix but pH,,=7.5, ArG’O(ATPm):35.535 kJ/mol.

Equilibrium constants of metabolic reactions are given for
0.25 M ionic strength, 298 K, and fixed pH values of pH.=7.2
and pH,,=7.5, although these constants may change appreciably
with pH and/or temperature. However, a rather large change of
these constants modifies numerical results of flux calculations
only slightly, and, moreover, may be compensated by adjusting
the respective maximal conductance.

Calculations were performed using Mathcad® 2001 Profes-
sional, including Solving & Optimisation Extension Pack. The
program’s solver Radau was used to solve numerically a given
set of differential equations. Calculations were run on a desktop
Intel(R) Core(TM) 2CPU @ 2.00 GHz 1.99 GB RAM under
Microsoft® Windows XP PRO.

3. Results and discussion

For treatment of cellular ion homeostasis, proton activity [H"],
([H "], was already considered), [Na "], and [K']., [HCO3 ], and
[HCOs]., and [CO,],, and [CO,], are included as variables. As
already mentioned in the methods section, [Ca®']y, of the ER is
now also included as a further variable.

As will be treated in detail below, [Ca*'];, interacts indirectly with
a special channel of the cell membrane to activate a depolarising,
non-selective cation current (/cr an;, for flux equation and parameters
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Fig. 1. Fast (Karp) oscillations at 10 mM [Glu]. (A) (line) [Ca®"]; (dot) [Ca® . (B) (line) A (C) (line) [Ca®"]. phases during first 2 min. (D) (line) A ¢ during first
2 min. (E) (line) transient Icr an. (F) (line) [Ca>* ] (G) (line) A.d; (dot) Gkagps (bold line) [Ca®"],, ordinates of A b and [Ca®"], are transformed to be comparable

with Ggayp. (H) (bold line) [ADP]; (dot) [Pyr],,; (line) [Pyr].

see Appendix A38a—d). It is hypothesised that this interaction
may proceed via an IP; metabolite produced in dependency on the
Ca*" filling state of the ER. M. J. Berridge [18] could show that

after a certain stimulus PIP, of the cell membrane becomes
hydrolysed to produce diacylglycerol (DAG) and IP;. This latter
compound is consecutively dephosphorylated to inositol (In)
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forming IP, and inositol 1,-phosphate (IP) as intermediates.
Inositol is further processed via phosphatidylinositol and coupled
ATP consumption to produce PIP, again.

To model this cyclic reaction sequence it was necessary to
include [PIP,], [DAG], [IPs], [IP,], and [In] as variables in
simulations (A25-28).

It is hypothesised further that in addition to [Ca*']., [DAG]
may be involved in the activation of insulin secretion. These
rather complex interactions between IP; cycle, ER reactions,
and activation of exocytotic insulin release will be handled in
more detail below.

3.1. Biochemical constraints of glucose oxidation

It seems noteworthy to emphasise that the present simula-
tions, despite the large number of variables, do fulfil the con-
straints of oxidative glucose metabolism, that is, at steady state,
in a given time interval 6 mol of CO, are formed and 6 mol of O,
are consumed per mole of metabolised glucose. At 4 mM [Glu]
JE1IER =6 (B1, B10, tam=time averaged mean). Under
conditions of glucose activation (Figs. 1 and 2) this quotient
approaches 6.0 (4.5—10 during oscillations). In addition, for the
production of reduced nicotinamid dinucleotide and flavin
mononucleotide (NAD,.q and FAD,.q, respectively) simulations
must yield the biochemical stoichiometry of 12 reducing
equivalents per mole glucose. At steady state this value is 12,
and approaches 12 (8.7-20) during oscillations. The respiratory
quotient (RQ) value equals 1.0 under all conditions.

In a similar way, cytosolic ATP production may be used to
compare the output of simulations with the requirements of
biochemistry. This value, however, depends on the degree of
coupling of oxidative phosphorylation (uncoupling is here solely
produced by a leak flux of protons (Jp;, B13) from the intra
membrane space into the mitochondrial matrix) and on the extent
of Ca®" cycling (via Ca®" uniport (Joy, B11) and H/Ca exchange
(Juce, B12)) over the inner mitochondrial membrane. With given
stoichiometries of 10 H" per NAD,.q oxidised and 6.0 H" per
FAD,q oxidised, 3.0 H' per ATP,, and 4.0 H" per ATP, formed
(B8, B9, A11), the theoretical value (no uncoupling and no Ca**
cycling) lies between 29.5 and 31 mol ATP, per mole glucose,
depending on the ratio of glycolytical FAD,.4 to total glycoly-
tically produced reducing equivalents. At4.0 mM [Glu] this value
is 30.69 mol ATP, per mole of metabolised glucose. When Jp.
and 2.0 xJcy were non-zero, as observed under physiological
conditions [19] and conditions of simulations presented here, a
value of 27.23 is reached.

3.2. [Na']., [K']. the Na-K pump, and A.¢

The Na-K pump in the present simulations produces a rela-
tively strong outward current of more than 30% (of total outward
current), and an associated large ATP consumption of about 31%
and 25% at 4.0 and 10.0 mM [Glu], respectively (total ATP
consumption (Jp, A36) increases during activation by about
51.0%). To avoid interferences with the mechanisms of
stimulus-secretion coupling, the electrical and energetic effects
of these fluxes should be compensated. This is achieved by

introducing a depolarising Na" leak current (A39, /; ,,=1.94 pA
under resting conditions). Together with the Ca®" current (B15,
Ic.v=1.63 pA under resting conditions) through Cay, channels
both currents counteract the hyperpolarising Inax (Snak/Ccs
A32) adequately, to yield a stable steady state A ¢ under resting
conditions. From experimental results of Gopel et al. [20] it can
be taken that total Na™ and total Ca®" currents are both markedly
more pronounced under resting conditions. It seems justified
therefore to include, in addition to /c,, a Na* leak current to
sufficiently counteract Iy,k.

However, not only charges have to be balanced over the cell
membrane, but also concomitant pump fluxes of Na* and K"
should be allowed to reach a steady state. This means that the basic
cellular K* conductance (Giap, A40) has to be adjusted
appropriately to yield reliable steady state values also of [Na‘],
and [K"].. The outward pump flux of Na* has to be matched not
only by the leak inward flux, but in addition by an electroneutral
Na" influx via Na/H exchange (Jyug, A21). In real R-cells,
additional Na"-coupled transport reactions may exist such as amino
acid or Na-HCOj; cotransport, which, however, are not considered
here. Beside the pump flux also these Na' inward fluxes are
involved with the adjustment of [Na "], and consequently with the
tuning of [Na'].-activated Jy,x. Na™ influx via Na/Ca exchange
(Jnce, B14) at rather low [Ca®"], is of minor importance.

During glucose activation, [K"]. decreases slightly (Fig. 2C).
This is caused mainly by a depolarised A ¢, that is, by an
increased driving force for K" efflux via Kxrp (A40) and K*
delayed-rectifier (Kge, B16) channels. [Na '], increases slightly
under these conditions, mainly because Jypg becomes activated
by acidification.

3.3. ATP cycling and pH

Gibbs free energy of cellular glucose oxidation is coupled to
ATP formation, which occurs mainly by oxidative phosphoryla-
tion in mitochondria and to a minor part by GLY. This ATP is
entirely consumed by cytosolic work generating reactions like
insulin secretion, ion pumps, and cellular protein biosynthesis.
That is, ATP has to pass cyclically through producing and
consuming reactions. This behaviour of energy metabolism
imposes, however, a serious constraint on this ATP cycle: the
line integral (LI) over the closed path of all potential differences
of ATP must vanish. This integral is given by the sum of all
driving forces 4 (4=—A,G), which are passed through during
ATP formation in mitochondria, transport of ATP into the
cytosol, ATP splitting in the cytosol, and transport of splitted
ATP back into mitochondria (A11-13, A19, 20). The results
show that LI=0 is verified for all simulations tested, as well at
steady state as during oscillations.

From this behaviour an important conclusion about pH shifts
in the cytosol and in the mitochondrial matrix can be drawn: if
ATP production and consumption proceed in a closed cycle as it
is suggested for the living cell under physiological conditions,
there cannot be neither acid production nor consumption. This
is valid for the cytosol equally like the mitochondrial matrix.

In the present simulations glucose oxidation is related to
[CO,] and not to total CO, concentration, which contains all
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species of this compound. Thus, there is no proton productionby  metabolically formed CO, may leave the cell practically without
this reaction up to CO, formation. Because CO, permeability of  intracellular proton production.

membranes may be appreciably higher than CO, flux through During glucose metabolism most reducing equivalents are
the carbonic anhydrase reaction (Jca, Al8a, A18b), the produced in the mitochondrial matrix and are reoxidised by
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respiratory chain reactions (Jya and Jga, B8, B9), so that also
these reactions cannot change pH,,,. Cytosolic reducing equiva-
lents are in part directly (glycerophosphate shuttle, Jgs, B6) or
indirectly shuttled (malate—aspartate shuttle, Jys, B7a,b) between
cytosol and mitochondria. Jy;g consumes one “electrochemical”
proton, which, however, is recycled by respiratory chain fluxes
(Una and Jpa, B8, 9). Jp; plus J5 (A12, 13) are together coupled
to one “electrochemical proton”, which is in the same manner
recycled. During GLY, practically two protons are produced.
They are needed for pyruvate cotransport (BS) into the
mitochondrion, where they finally are consumed by the pyruvate
dehydrogenase reaction (Jppy, (A23).

Summing up, glucose metabolism in accordance with textbook
biochemistry (without lactate production) can neither produce nor
consume protons as long as coupled cycles were not disrupted,
and glycolytical pyruvate production and pyruvate consumption
by mitochondria remained continuous.

Alberty [1, Table 4.12] determined a value of 12.4 for the change
of proton binding by reactions of GLY plus PDH plus CAC (here
B1-4, A23, 24). However, in these calculations reoxidation of
reducing equivalents and consumption of ATP were not included.
Furthermore, reactions were related to the sum of CO, species.
Therefore, a zero change of proton binding, as it is suggested here,
cannot be in accordance with the above results of Alberty.

3.4. Buffering and intracellular acidification during activation

The changes of intracellular pH depend on the buffering
power {3 of respective compartments. Here, it is assumed that
the intrinsic mitochondrial and cytosolic buffering powers (P 5
and BE", respectively, A16) are equal (pH and buffering power
of ER is not included in simulations). According to [21] pB" is
defined as total buffering power minus that of the CO,/HCO5
system (Al8a, b). At 4.0 mM [Glu] total mitochondrial and
cytosolic buffering powers amount to about e =75 and B =
60 mM, respectively. The values for B5O% and RSO are 69 and
35 mM, respectively. At 10 mM [Glu] respective values are all
slightly reduced through an also only negligible decreased pH
(Fig. 2B).

Buffering reactions like that of Jo (A18a, b) may proceed in
the direction of proton production or consumption, or may be at
equilibrium, depending on the value of the respective driving
force (positive, negative, or zero). This means that not only pH
shifts into both directions can be computed, but also oscillations
of a certain reaction X around equilibrium, that is around 4, =0,
should be possible, presupposed these oscillations are forced by
other driving forces than A,. The description of such reactions is
possible only if a driving force is included in the flux equation
[cf. 17].

From Fig. 2B it can be taken that pH,, and pH, both fall
slightly from steady state values of 7.5 and 7.2 at [Glu]=
4.0 mM to values of about 7.487 and 7.175, respectively, during
activation by 10 mM [Glu]. These changes of pH values could
not have been brought about by glucose metabolism or the ATP
cycle as is shown above, but must have been produced by other
proton generating reactions. These are given by Jppca (A33)
and fluxes through Ca** pumps of the ER membrane (SERCA2

and SERCA3, Jsgr, and Jggs, respectively (A29, 30)). Mainly
Jpmca and Jggro contribute to an acidification of the cytosol.
The mitochondrial matrix, on the other hand, becomes acidified
due to a net influx of “electrochemical” protons. The net proton
current over the inner membrane, however, is outward directed
(negative), so that A,,¢ becomes hyperpolarised. Therefore,
the matrix must have been acidified by Jp; (A12), which is
slightly more pronounced than Jag (A13) during the first
second.

The pH, decrease is counteracted by proton efflux via Jypg
(A21) of the cell membrane. This reaction increases during
activation (not shown). Like in other cell types also in the
pancreatic B-cell additional pH, regulatory mechanisms may
exist (as for instance Na-HCOj5 cotransport), which, however,
are not considered in the present simulations.

Insulin release from R-cells is accomplished by exocytosis of
insulin containing granules. A vacuolar-type ATP-dependent H"
pump in conjunction with a Cl~ channel acidifies granules. The
low granular pH may “prime” granules for Ca®"-dependent
exocytosis [22]. Stiernet et al. could demonstrate that glucose
activation decreases granular pH, while pH. increases [23].
Doliba et al. [24] measured also a slowly increasing pH at high
[Glu]. The results of present simulations are not in accordance
with these experimental results. Presumably the increase of pH,
is primarily caused by H" pumping of the granular H" pump,
which overcomes the Ca2+-dependent acidification by Jpymca
and Jgr,. Because the underlying mechanisms of priming and
exocytosis are not exactly known, these reactions of granular H"
transport were not considered here. This might explain why the
present results of pH, are not in accordance with recent findings
of pH measurements in p-cells.

3.5. [Mg2+]c and K 4rp channel behaviour

The Katp channel opening probability (OP) is highly sus-
ceptible to changes of [Mg*'].. This dependency is brought
about by participating species [MgADP ]., [ATP* ]., and
[ADP?"], (this model), which change appreciably, when res-
pective polynomials are altered by [Mg?"]. (Fig. 3). This be-
haviour strongly requests a powerful control of [Mg”*]. to

0.06

0.04

o
[=}
(S

Open propability

0 200 400
Cytosolic [ADP] [uM]

Fig. 3. Influence of [Mg®]. on open probability of K rp channels at pH,=7.2.
(bold dot) [Mg?>*].=0.9 mM; (line) [Mg**],=0.8 mM, this concentration is used
as a constant parameter in all simulations; (dot) [Mg2+]c:O.7 mM.
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avoid an uncontrolled influence of this ion on Ktp channel
activity (A40).

Henquin and Lambert [25] could show that insulin release
from islets is severely reduced in HEPES buffered media
compared to HCOj; containing media. Carroll et al. [26]
demonstrated that inactivation of Krp channels was abolished
under such conditions. This latter effect cannot be explained by a
passively altered [Mg”"]. brought about by a transiently
increased pH. under such conditions (HCO3/CO, withdrawal),
because [Mg*']. presumably would be decreased by increased
binding, and thus would close Ktp channels. If it is assumed,
however, that the high susceptibility for [Mg*"]. were damped
by a pHc-dependent control site of the channel, then the
behaviour could be explained. In fact, a decrease of [Mg*'].
through an elevated pH, and associated K o1p inactivation would
be counteracted by an increase of the channels OP at increased
pH,, and vice versa. At lowered pH, during glucose activation it
would overcome a possible drop of [Mg**].. These possibilities
were, however, not considered in simulations, because until the
present time too little is known about cellular transport and
binding of this cation.

MacGregor et al. [27] could show that PIP, and other phos-
pholipids antagonise ATP inhibition of Krp channels. Because
PIP, concentration is high at sub-stimulatory and rapidly de-
creased at stimulatory [Glu], also this mechanism would be help-
ful to protect p-cells against an unwanted initiation of insulin
release by a drop of [Mg*"]..

3.6. Energetic requirements of [B-cell activation

It is currently widely accepted that activation of pancreatic
B-cells is initiated metabolically by an increase of blood glucose
concentration (in simulations from 4 to 10 mM). Unlike the
activation process of a skeletal muscle cell, the p-cell first has to
decrease [ADP]., which is followed by an increase of [Ca®"].
and (this model, [cf. 17]) only thereafter by a further [Ca®' ]
dependent activation of mitochondrial ATP production. The
flux through entire glucose oxidation and coupled ATP produc-
tion depends strongly on GK activity. Therefore, ATP produc-
tion as well as ATP consumption must be limited by Jgk (B1).
This flux increases from 1.81 uM/ms at 4 mM to 2.71 uM/ms at
10 mM [Glu] (relative increase amounts to about 50%, Table 1).
ATP consumption is increased by 47.5 and 41.8%, respectively
(cells containing SERCA3 (see below) show a slightly lower
ATP consumption). This is achieved by a marked increase of
[Ca®"].-dependent fluxes of the cytosol, including exocytotic
insulin secretion (Jgxo, A34). As already mentioned, Jg,, 1S now
additionally activated by [DAG] to obtain a more pronounced
acceleration of this reaction. Such acceleration, however,
concomitantly produces a markedly increased ATP consump-
tion, which, at a limited ATP production, might be fulfilled only,
when ATP consumption of another ATP utilizing, parallel
reaction would be decelerated. The basic idea is that in a
network of parallel ATP-coupled fluxes the power output of a
given prominent flux can be further increased at a given limited
ATP production by depriving ATP power from another less
prominent flux of the network, whose power output becomes

Table 1
[ATP]. consumption of parallel, [ATP].-dependent fluxes of the cytosol at
steady state and during activation

[ATP]. consumption, %

[Glu], JNak Jeos Jemca Jsr2 JExe  Jak Jsrz 5XUIN
mM

Fast 4.0 30.87 43.55 19.86 2.74 298 3.68 0 0.004
(Karp) 10.0 25.09 26.58 21.05 8.22 18.85 3.73 0 0.23
Slow 4.0 30.78 41.94 19.78 3.61 2.86 3.67 1.03 0.002
(ER) 10.0 27.04 21.30 22.90 9.84 17.99 3.65 0.84 0.10

Jp, utM/ms
Fast (Karp) 4.0 0.708
10.0 1.044

Jp, tM/ms
Slow (ER) 4.0 0.709
10.0 1.005

Abbreviations: NaK=Na-K pump; Pbs=protein biosynthesis; PMCA=Ca>"
pump of the cell membrane; SR2=SERCA?2 pump: SR3=uncoupled SERCA3
pump; Exo=exocytotic insulin release; GK=glucokinase; In=inositol.

appropriately reduced at the same time. Such a hierarchy of ATP
consuming processes under conditions of ATP deprivation was
suggested by Atkinson [28] and experimentally confirmed by
Buttgereit and Brand [29].

A [Ca2+]c—independent flux like ATP-dependent protein
biosynthesis (Jpps, A35) appears well suited for such a purpose.

3.7. [Ca*"],, and the IP; cycle

It could be convincingly demonstrated that SERCA pumps
are involved with p-cell activation [6,7,10]. At a reduced Ca*"
filling state of the ER a depolarising Icran (A38d) is generated
[8,9], which may help to depolarise A ¢ during a certain period
at the beginning of the activation process. Mears et al. [9] could
demonstrate that a decreasing filling state of the ER, which was
produced by incubations of different durations at low [Glu],
was associated with an increasing duration of continuous
spiking of A . The physical link between [Ca®],, of the ER
and Icran (A38a—d) of the cell membrane has not been iden-
tified until now, however.

Supposing that the IP; cycle would be operative in B-cells,
this could provide several potential candidates for flux
activation and inhibition, respectively. Supposing further that
IP; generation from PIP, is initiated in p-cells by depolarisation
of A.d, then IP; would be released into the cytosol at the
beginning of glucose activation. At the same time DAG is
formed in the cell membrane, where it may activate the
exocytotic process (Jgxo, A34). IP3 activates on the one hand
Ca*" efflux from ER through Ca”" release channels (Jre, A31),
on the other hand, it activates the dephosphorylation of IP5 to
IP, and P;. IP, in turn activates further dephosphorylation to In
and two P;s (A25-27). Finally, PIP, is regained from In and
DAG [18] at the expense of five ATPs (Jn, A28).

To construct a link between [Ca*'];, and IP; metabolites in
the cytosol, it is suggested that an increased [Ca®"],, activates
dephosphorylation. In the present simulations IP, formation
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from IP; dephosphorylation is selected as an intermediate of the
IP; cycle (Figs. 2A and 5A), which on the one hand activates
Joran (A38d) at the cell membrane, and on the other hand
inhibits Jpps (A35) in the cytosol The mechanism of induction
of phosphorylation might be similar to receptor linked
activation via G protein cycling. Luminal Ca®" represents the
ligand, and a phosphatase at the outer surface of the ER
membrane stands for the effector. Soluble phosphatases of the
cytosol may then dephosphorylate IP, and IP [30].

3.8. The triphasic behaviour of [Ca’"].

p-cell activation by 10 mM [Glu] induces an increase of the
rate of glucose oxidation followed by a change of ATP and ADP
species. OP of Karp channels decreases, A ¢ depolarises and
initiates finally an influx of Ca®" through Cay channels [17,31].
These first reactions principally remain unchanged also in the
present simulations, but the whole system becomes more
complex by the inclusion of ER reactions and the IP5 cycle. As
will be shown these additional reactions are necessary to
reproduce experimental observations, especially those of
Beauvois et al., Gilon et al., and Arredouani et al. [14,32-34].

In short, this group could demonstrate that SERCA reactions
are involved with cytosolic [Ca”"], oscillations, and that B-cells
possessing, in addition to SERCA2, also SERCA3 Ca**-ATPase
are able to produce compound bursting and mixed [Ca®'].
oscillations (see below).

To clearly distinguish between the more simple oscillations,
in which Kapp channels are functionally involved, and those,
which depend on ER reactions, the former oscillations are
termed here fast (Kagp) oscillations, and the latter slow (ER)
oscillations. Fast (K rp) oscillations correspond to “simple” and
slow (ER) to “slow” oscillations of the Henquin group.

As already mentioned, the first decrease of [Ca®"]. during
glucose activation (phase 0) depends on the action of SERCA
pumps. At sub-threshold [Glu]s this decrease of [Ca®'], is not
observed. In the present simulations phase 0 is brought about by
an activation of Jsro (A29) by the glycolytic intermediate,
fructose-1,6-biphosphate ([FBP]), which becomes sufficiently
elevated at 10 mM [Glu] [10]. The reduction of [Ca®']. is
produced mainly by Jpnmca and Jsro (A33, 29), and is counter-
acted by an increasingly developing /c,, (B15) (Fig. 1C, D). This
activation at a high [Glu] allows Ca”" cycling over the ER
membrane to be rather low under resting conditions (4 mM
[Glu]), so that ATP wasting by such a futile cycle is low.

When [Ca®'], increases above steady state levels (0.17 uM
[Ca®"].) phase 1 begins, A.$ shows continuous spiking, and
[Ca®"]. remains elevated until spiking disappears. The increased
[Ca®"]. originates mainly from [Ca®']., which entered the
cytosol via Cay channels as described [cf. 17]. An essential
property of Jsr» of present simulations is that it is inhibited at a
certain elevated [Ca®" ]y, so that because of Ca®" inward pump-
ing (Jsra, A29) and release (Jre, A31), [Ca®*'];, can reach a
steady state at a moderately increased [Ca”"];, and a relative low
rate of Ca®" cycling. Ata given Jsg, the steady state concentration
is determined by the conductance GRg' of Jre. At GRg =100 pS,
[Ca®'];, amounts to 42.5 uM at 4 mM [Glu]. At 10 mM [Glu],

[Ca?"],, oscillates after about 8 min with relative small amplitudes
around a value of 275 uM (Fig. 1F).

In addition to the ER reactions IP5 formation is triggered by a
depolarised A.¢d [6], whereby the IP; reaction sequence is
initiated. DAG is increased and PIP, is lowered. IP; activates
slightly Jre (A31), whereby Ca®" accumulation into the ER
becomes decelerated. When [Ca®'],, has exceeded a certain
value (about 140 mM), dephosphorylation of IP3, IP,, and IP
becomes increasingly activated, so that peaks of IP; and IP, are
produced. As mentioned above, the rise of IP, has in the
present simulations a dual function. On the one hand it activates
Icran (A38d) to depolarise A b, on the other hand it inhibits
Jpps (A35) to spare ATP. For, a sufficiently increased ATP
supply is indispensable for the generation of a prolonged phase
of continuous spiking (phase 1) without breaks of repolarisa-
tion. Icran alone is not sufficient to produce phase 1. It helps to
decrease the time needed for [Ca®'];, accumulation. In addition,
Jeran is involved in slow (ER) oscillations induced by the 1P,
cycle (see below).

Many authors in the field propagate the idea that phase 1
behaviour is induced by Icran alone. Magnus and Keizer [35]
showed with their model that continuous spiking at the
beginning of glucose activation can be initiated by a [Glu]-
dependent activation of ATP hydrolysis. A prolonged spiking of
A& could be obtained by delaying the ATP splitting rate. This
may be interpreted as an energetic intervention (as in the present
simulation), which in addition to electrical stimuli is needed to
prolong continuous spiking during phase 1.

In the present model the length of phase 1 depends on the Ca*"
filling state of the ER, because it would take a longer time to
accumulate Ca”* from a low [Ca”'];, to a value of about 140 1M, at
which dephosphorylation is initiated, than from a high [Ca®"]y,.

When [IP,]. is sufficiently lowered again, fast (Krp) oscil-
lations appear, and phase 2 begins. These phase 2 oscillations are
very similar (Fig. 1A,B,G,H) to those described recently [17]. As
an essential characteristic of this type of oscillation, also fast
(Katp) oscillations do not require activation of phosphofructo
kinase (PFK, B1) by [ADP].. When this activation is omitted,
oscillations disappear only in the first part of GLY (Jgxk, B1, and
Ja1, B2). Oscillations of all other variables remain preserved. In-
terestingly, the second part of GLY (Jg,, B4) shows oscillations of
decreased amplitudes also under these conditions. When [Ca®*],,
is frozen to 0.23 puM, all oscillations disappear, including those of
glycolytic intermediates [cf. 17]. A similar result can be obtained
by increasing 1 + K¢y, from 200 to 1000.

3.9. Uncoupling of SERCA3 and the generation of slow (ER)
oscillations

Slow oscillations of [Ca**];, can be produced by increasing
GRE (A31) appreciably (not shown). Fridlyand et al. [36]
showed with their model that slow oscillations could be
produced by an increase of Ca”’ efflux from the ER. This
was achieved through opening of IPs-activated Ca®" channels
of the ER by an increased [IP;]. To relate an increased Ca®"
release to a certain isoform of SERCA pump, which occurs in
B-cells, an additional flux through these special pumps is
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introduced. It must be uncoupled, however, to produce a Ca*"
efflux through the pumps into the cytosol. SERCA3 seems to be
a potential candidate for such a purpose, for its Ky, of about
2.0 uM [33,37] would suggest that this isoform is less
essentially involved with Ca*" pumping into the ER compared
with SERCA2b, which is known to have a much lower Ky, for
[Ca®']..

Derivation of the uncoupled SERCA3 flux equation:

In non-equilibrium thermodynamics coupled reactions are
described by the following equations:

Ji=Ly-Xi+Lp-Xo, and S =L -Xi+Ln X

(1a, 1b)

[38—40]. J; and J; are defined as the output and input fluxes,
respectively, and X; and X, are the output and input conjugated
thermodynamic forces. L,; and L,, are the straight coefficients,
and L, represents the coupling coefficient. The degree of such
a direct coupling (in contrast to indirect uncoupling through a
parallel membrane leak) is defined as g = L12/+/L11 - Ly, the
phenomenological stoichiometry as Z = \/Ly1/La;.

According to Weiss [41], this concept may be described by an
electrical network analogue having two batteries with opposite
voltages U; and U, (U; negative), one coupling conductance
G, and two leak conductances G and G,. The output current /;
and the input current /, are given by I;=G5((\;+1)U;+U,),
and [2:G3(U1 +()\1 + 1) Uz), ()\1:G1 /G3 and )\2:G2/G3).
By comparison with Egs. (1a) and (1b), it turns out that ¢ =
1/vVN+1)-(a+1),and Z= /(N +1)/(\ + 1),

Uncoupling Ca*" transport (output flux) of the SERCA3 Ca**
pump reaction from ATP splitting in analogy to the equation for 7,
yields

Jsr3 = a¢ X Gsr3

RT [[Ca®]} ']} -
X <()\SR30a +1) x 7111([ }3 [ ]Z +AATPC>)

(Aarpe denotes —A,G (ATP,) in mV, A5, 11).

It seems noteworthy to mention that the above flux equation
was derived assuming that 2.0 Ca®>" and 2.0 H" ions are
transported per split ATP molecule under coupled conditions,
and that two protons leave the ER lumen at the same time
separately and at the same velocity through proton channels of
the ER membrane. Under such conditions both reactions can be
understood as proceeding in series with their own individual
conductances and driving forces. They are contracted to one
single reaction with conductance Gsrs and driving force Agrs
(Eq. (2)). ER membrane potentials of the contracted driving
force cancel and four protons instead of two are released per
cycle. Jpmca (A33) at the cell membrane was treated in an
analogous manner. As a result, these contracted reactions are not
electrogenic.

Uncoupling of Jsr3 causes an additional release of Ca’" from
the ER via SERCA3 pumps. The effect of such an uncoupling at
NRr3ca=2 is shown in Fig. SE. Obviously, fast (K o1p) oscillations
are replaced by much slower oscillations (Figs. 4 and 5), which

differ from the latter in several aspects. Most noticeable, under
these conditions slow (frequency v=0.177 1/min) oscillations of
[Ca®"],, having high amplitudes are produced (Fig. 4F). [ADP],
(and Gkap, A40) oscillations are now in phase with bursts of
A and [Ca®"], oscillations (Fig. 4G). These slow (ER) oscil-
lations are initiated in the same way as the triphasic [Ca*'].
oscillations described above: after an increase of [Glu] above
7.0 mM, [ADP], becomes reduced, A ¢ depolarises, and [Ca”"].
increases. However, instead of passing from phase 1 into fast
(Karp) oscillations, a long lasting silent phase begins. This phase
is not related to an increase of [ADP], but is brought about by
pronounced oscillations of [Ca®'];, and all constituents of the IP5
cycle, especially of [IP,], because dephosphorylation of IP, (and
IP) is kinetically coupled to [Ca**];, (Fig. 5A). On the other hand,
[IP,] activates Icran (A38d) and depolarises A, so that bursts
and elevations of [Ca® "], are practically in phase (Fig. 4G). Peaks
of [ADP], are also in phase with these slow (ER) oscillations, but
cannot induce repolarisation, because they obviously take place at
a too low level ([ADP]®™ =174 uM). The lowered [ADP]. pro-
duction is caused by the additional Ca*" leakage through
SERCA3, which initiates [Ca*'],, oscillations. Thereby [IP,] is
forced to oscillate at a more elevated level than without [Ca® '],
oscillations (for comparison see Figs. 5SA and 2A), so that
Jpps (A35) inhibition is more pronounced and, as a result, total
[ATP]. consumption (Jp, A36) finally becomes reduced.
That [ADP]. and hence Kpp channels are not involved with
slow (ER) oscillations except during initiation, can be taken from
the fact that [Ca’'],, activation of mitochondrial metabolism
(Jppu, A23, Jeac, A24) is not an indispensable requirement for
slow (ER) oscillations. Under conditions of Figs. 4 and 5,
inhibition of Ca®" cycling over the inner membrane freezes matrix
[Ca®" ] to 0.23 uM, but does not impair oscillations (not shown).
Moreover, also an increase of 1+kc,y from 200 to 5000 does
practically not change oscillatory behaviour. Obviously, under
conditions of slow (ER) oscillations amplitudes, especially of
[Ca?"]. oscillations are not considerably altered [cf. 42]. Only
Juce (B12) is slightly delayed (out of phase) compared to
Jeu (B11), so that amplitudes of pH,,, oscillations become reduced.
In contrast to fast (Karp) oscillations, slow (ER) oscillations
require PFK activation by [ADP].. Without PFK activation the
system is transferred into a state of continuous spiking (not shown).

3.10. Compound bursting and mixed [Ca’"]. oscillations

In a recent experimental study, Beauvois et al. [14] could
demonstrate that mixed [Ca®"]. oscillations in mouse B-cells
result from so-called compound bursting of A.d. Compound
bursting is characterised by oscillations of A.¢$ occurring in
several bursts of variable length, so-called bouts, which are
separated by prolonged silent intervals. These authors showed
further that compound bursting and mixed oscillations of [Ca®*],
could be initiated only with 3-cells, which possessed SERCA3
Ca”" pumps. Ablation of SERCA3 was not compensated for by
other SERCA isoforms, including the main isoform of (-cells
SERCA2b [33].

These types of oscillations are fairly well reproduced by a
simulation, which includes also uncoupling of SERCA3 like
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that for slow (ER) oscillations, in which, however, IP,-
dependent deactivation of protein biosynthesis is omitted
(deactivation factor=1.0, A35), PDH conductance is reduced
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(A23), or by reducing redox shuttles. Fig. 6 shows compound
bursting and mixed [Ca®"]. oscillations brought about by
omitting Jy;s (B7a) and by reducing the maximal conductance
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of Jgs to 0.85xGES (B6). This indicates that a reduced
availability of [ATP], may be functionally involved, confirming
results of Beauvois et al. [14], who found that compound
bursting and mixed [Ca®"]. oscillations could be best initiated at
a slightly reduced but still activating [Glu] of 8.0 mM. In
simulations, however, a reduction of [Glu] alone was ineffective
to yield these effects, perhaps because [Glu] in present oscil-
lations is a fixed parameter, whereas it can oscillate under
experimental conditions [43].

During silent phases low amplitude oscillations come into
view, which behave similar to fast (Krp) oscillations. From
Fig. 6D it can be taken that oscillations of [ADP]. and A b
indeed show the phase behaviour of fast (K tp) oscillations, that
is, peaks of [ADP], are in phase with silent phases of A.¢ and
[Ca®"].. The bouts of A.d go along with elevations of [ADP],
and [Ca®']., but are less pronounced when compared to the
results of Beauvois et al. [14]. When [Ca”*],, is frozen at a value
of 0.23 uM, slow oscillations appear, which are similar to slow
(ER) oscillations, but are less pronounced, and bursting of A .
has vanished. Obviously, compound bursting and mixed [Ca*"].
oscillations at a decreased [ATP], availability are possible only,
when mitochondria can be activated by [Ca**]m (Jppn, A23,
and Jcac, A24). Slow (ER) oscillations, on the other hand, are
entirely independent of such an activation. It may be concluded,
therefore that compound bursting and mixed [Ca*']. oscilla-
tions are brought about by a superposition of slow (ER) and fast
(Karp) oscillations.

Slow (ER) oscillations are fundamentally different from
those slow oscillations presented recently [cf. 17]. Such
oscillations could be produced by appreciably reducing the
flux through PDH plus CAC. A very similar behaviour can be
obtained here with fast (Katp) oscillations by reducing PDH
conductance to 0.15xLppy; (A23, not shown). Slow (ER)
oscillations, however, pass over at this conductance into fast
(Katp) oscillations, because under these conditions [ADP],
becomes much more elevated, so that now K orp channels (A40)
are involved again with the generation of oscillations. Large
[Ca®"]\, oscillation disappears under these conditions. At a
more moderate reduction of PDH conductance to 0.53 x Ly,
as mentioned already, mixed [Ca”']. oscillations appear.
[ADP]™ is slightly increased from 174 to 176 puM, [Ca®'],,
shows large amplitude oscillations, but compound bursting of
A can be recognised only at the base.

Bertram et al. [12] demonstrated with their model that slow
oscillations are due to glycolytic oscillations, whereas fast oscil-
lations are related to their electrical Ca** model of oscillations.
Compound bursting can be produced by superimposing fast on
slow glycolytic oscillations. A serious drawback, however, of
their model is given by the fact that the flux equations violate the
stoichiometry of oxidative glucose metabolism: the quotient of O,
consumption and glucose utilisation (Jo/Jgk, [12]) amounts only
to 0.75 to 1.2 instead of 6.0. ATP output and associated [ADP];
production therefore must be rather weak, so that glycolytic
oscillations brought about by an autocatalytic PFK reaction may
be facilitated. Moreover, coupled ATP and NAD,.4 production by
GLY were not considered, which seriously truncates glucose
metabolism.

If, however, [ATP]. production were much more pro-
nounced, and moreover, all cytosolic [ATP]. consuming
reactions would be responsible for [ADP]. formation, as it is
known for intact cells, then the flux through PFK would be
merely 3.7% of total [ADP], production (Jgi/Jp, see Table 1,
B1, A36). In other words, PFK-induced oscillations can be
expected only, if the predominant part of [ATP]. production
would be accomplished solely by GLY. Therefore, autocatalysis
and generation of oscillations by this single reaction step alone
seems to be rather improbable. Thus, oscillations of glycolytic
intermediates under physiological conditions can be mediated
and possibly reinforced, but probably are not generated by the
PFK reaction. This applies for both fast (Karp) and for slow
(ER) oscillations of the present simulations.

4. Summary and conclusions

For the treatment of cation homeostasis, it is imperative to
include Jy.k into simulations. At a given steady state loss of
[K*]C through Karp channels, Jya.x has to be of sufficient
magnitude in order to avoid a serious reduction of [K'].. The
associated outward current has to be balanced by an adequate
Na' inward current. Under such conditions Jy,x does not
disturb electrical and energetic processes associated with
conditions of B-cell rest and activity, so that Jy.x is not directly
involved with production of oscillations.

It has been shown by introducing binding polynomials that
the decrease of pH during p-cell activation is only small, and,
moreover does not affect cellular energetics or opening
behaviour of the Karp channel. However, pH-dependent
changes of [Mg?"]. might be sufficient to produce an
appreciable alteration of [ADP]. and [ATP]. species, which in
turn might interfere with the channel’s OP. It seems plausible
therefore to suggest that this channel is additionally controlled
by pH. to counteract such unwanted [Mg**].-evoked effects.

For the triphasic patterns of fast (K arp) oscillations, additional
ER reactions are necessary. The Ca”" filling state of the ER is
signalled to the cell membrane by IP,, an intermediate of the IP;
cycle, which triggers depolarisation of A ¢, which in turn can
prolong the first bursting phase of A d. This is supported by an
additional transient inhibition of Jpy through IP,, to increase
[ATP], availability. The first decrease of [Ca®"], at the beginning
of glucose activation is achieved by activation of Jsr, by FBP.

For the induction of slow (ER) oscillations, 3-cells must
additionally possess the isoform SERCA3, which, when
sufficiently uncoupled, allows Ca®" leakage from the ER into
the cytosol. This additional leak flux initiates oscillations of
[Ca®' ], and, thereby, oscillations of [Ca®']. through the
mediation of the IP5 cycle. [ADP], and Krp do not participate
with the generation of slow (ER) oscillations.

All oscillations presented here are generated by interacting
metabolite and/or Ca*" cycles. It is concluded that PFK, as a
putative glycolytic oscillator, is not causally involved with the
generation of oscillations, because [ATP], consumption by the
PFK reaction alone is too low compared to parallel [ATP],
utilisation, to generate oscillations of glycolytic intermediates
by autocatalysis.
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Appendix A

The new mathematical simulations presented here are founded on those given in my recent article [cf. 17]. In section “A” all new
equations are listed, whereas section “B” contains taken over equations. Explanations about these latter equations are to be found in
that article.

One additional variable of glucose metabolism, acetyl coenzyme A, is included to allow input of fatty acid metabolites from
oxidation (not treated here). As a further modification, pH,, is lowered from 7.7 to 7.5.

A. New equations

pH and pMg dependent ATP hydrolysis
In biochemistry Gibbs free energy of ATP hydrolysis usually is expressed as

[ADP]eq [Pi]eq

ATP], ] (A1)

A,G'= —RTIK'+ RTInl/;and K’ =

[¢"]=unit concentration to make a logarithmic argument dimensionless, 1" denotes the corresponding mass action quotient of non-

equilibrium concentrations. K’ depends on [H"] and [Mg?"]. To obtain an expression for A,G , which contains already these dependencies,
K’ has to be related to a reference constant K™ in chemical notation:

[ADP*]_ [HPO3 ] 1"

. o H' L
K = [Aqur] [CO]; % (Alberty, [1]). "
eq

From this K™ another reference constant can be derived by replacing [HPO?{]eq[HwL] eq DY [HoPOy4 ] yielding

. [ADP3*]eq[H2PO;]eq
Kol — AT ][] (A3)

K™ =K™"/K1pi=2.2666x 10> (K1pi=first dissociation constant of H,POy).
Introducing this latter constant yields

P, _P _
A,G' = —RTIn Krefl o 2 ADP3—1"H2PO4— —|—R711'(F’), or (A4)
Patps—
Anrp = RTIn ke  Pavra=Praoeoa— 1) (AS5)
Patpa— I’

This equation considers influences of [H'] and [Mg>*] on A,G’ through introduction of [H']- and [Mg>"]-dependent polynomials
and K™ for K. The Ps denote so-called binding polynomials (see Alberty, [1]). The indices of binding polynomials indicate the
species towards which polynomials are evolved.

The following binding polynomials were used in equations of ATP hydrolysis, the ATP cycle, and conductance of K orp channel:

2
poo g B W M Mg Mg (A6)
ATPA= Klat ' KlatK2at =~ K3at = KlatKdat = K3atKSat'
po g W T Mg Mgt (A7)
ADP3 = Klad ' KladK2ad ' K3ad = KladK4ad -
K3ad
Prgapp— = Papp3— X ————=. (A8)
g [Mg2+}
[HY] | [Mg™]
Pupos. . =1+ 1,175 1 A9
HPO4 +K1pi K2pi (49)
K 1pi
Propos— = Propos4—— X [Hif} (A10)

Constants were taken from Alberty [1]. They are here related to proton activity (10”P*') at 0.25 M ionic strength.
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Fluxes of the mitochondrial ATP cycle
All fluxes of the ATP cycle contain now pH and pMg dependent binding polynomials.
The flux through FFy,-ATPase is given by

[ADP]rzn max 1 1 (RT [H+]c
JSY :am.vs.W.GSY X —AATPm+v— 7]1’1 [H+] —Amd) y (A]l)
M m s m

Axrpe=Anrpe! F, Aatpe, and RT/F are given in mV throughout, Kxrpm=. Kxt =500 uM, GE¥*=760 pS, vs=1/3.
The flux through proton/phosphate symport is given by

m 3 +
JPi — a X Ggax % RT Inl PH2P04— [P.I]C [H ]c , (AlZ)
' Piiopos- [Pily, [H],,

and through the adenine nucleotide exchange reaction by

ADP]? RT [ PS P ATP| [ADP
JhE = o X [ e X GIEX <ln< atpa— Papps— [ATP, | ]c) _ Am¢>a (A13)

(K{F)*+[ADP] F \Pps_ Pipps_ [ATP], [ADP],

X =4560 pS, G2 is reduced from 1140 to 80 pS to make A,,¢ more negative. Kat =20 uM.

Buffering and fluxes of CO,
To obtain an expression for the time derivative of proton activity, from which [H"] can be computed, the following relation is used:

d[HJr}tot _ d[H+] + d[H+]bound
dt dt dt
([H"]="*“free” proton activity). The left hand term is given by the sum of all proton producing and consuming reactions of a given

compartment, 2v;J; (v;=stoichiometric coefficients of produced (+) or consumed (—) protons). One possibility to yield this
derivative would be given by including d[H " Jpouna/d? into the sum of proton consuming reactions. Another way is given by

dH" HT
9H Jpouna Cjtb(’“nd = kB x 4] ” ] ,yielding (A14)
d[HT] 1
KBU
KBV = [BUyy] ——2——isused [44],
(KBY + [H*))?

Kp"=dissociation constant of intrinsic buffer BU. According to [21] two intrinsic buffers were supposed having the following constants:
KBY=10"%9 uM, KBY=10""°7 uM, [BUL,]=84.22x10° pM, [BUZ,]=29.38 x 10> pM.
From the definition B =—d[H" ],/ dpH, it follows,

RPY =1n(10) [H'](1 + xp"). (A16)

Because one variable can be spared by the latter formulation, this is used in simulations throughout. This implies, however, that
intrinsic buffers react with high velocities, since they are treated in computations as an at once process. Because the flux through
carboanhydrase, (Jca), probably proceeds at a much lower velocity, it is included in 2v;J; and, therefore, does not appear as an
additional k;°? in the denominator of Eq. (A14).

CO, permeation of the mitochondrial inner membrane and of the cell membrane are given by

RT, ([COY]
Jeoam = o X GEgs X —In| ——=" ], and (Al17a)
o > Teog,

RT [ |COY
Jeoze = o X Gigne X 71n< %coi‘%c)’ (A17b)
2 le
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GE&,1=6.7x10° pS, GE&5.=0.287x GE&5,=1.9x10°. The surface of the cell membrane is by a factor of 0.287 smaller than
mitochondrial membranes of a cell. The factor can be obtained by building the quotient from capacitances of the cell membrane and
mitochondrial membranes 5309 fF/18,493=0.287 fF (fF=femtofarad, see [cf. 17]).

Fluxes of CO, and HCOj; through the CA catalysed reaction is given by

_ [Hco ], max [co],
JCAm - (KJ\C/[A)3+ [HCO;]zn X LCAm X RTn m X KC02 y and (A18a)
Jeae = [HCO§]3 X Lgpe X RTn| % x Kcoz |- (A18b)
(K$A) +[HCO;]T [HCO; | [H'],

LEs =L =10""  Kcop = 1077 x 10°uM = 0.676 uM,  K* = 2.0 x 10°.

ATP cycling and proton binding
The line integral (LI) over the closed path of all potential differences of ATP must vanish. LI=A zrp. — A arpm —Aar T 4p; —(— Afiy).
One negative Afiy has to be subtracted, because it was included in the driving forces of coupled reactions of Jog plus Jp;.

[ATP*] ]
[ADP*"| [H2PO]

[ADP*~] _[H,PO; ],
[ATP*"] [c"]

AAg + Api — (—Ajiy) = RTIn + RTIn (A19)

Adding Aarp. —Aarpm (chemical notation) yields
LI=RTInK™" — RT InK™™ =0 (both constants are equal).

The change of H' binding must also vanish, because

k™"
ANy = (—) =0. A20
7\ AHT ) e (A20)

In contrast to K, K" does not depend on pH [cf. 1], that is, during cycling of ATP protons are whether produced neither
consumed by cycling. This applies to the cytosol as well as to the mitochondrial matrix.

pH.. control by cell membrane reactions
The primary mechanism to counteract intracellular acidification is given by the Na'/H" exchange reaction of the cell membrane.
The flux through this reaction is given by

JNHE = Q¢ X

1+exp<[1m-”> < R ([Naﬂc [H+]Z>' (A21)

[Snhe]

G = 100 pS, [Hy ] \yp = 0.0727 pM,  [Sxug] = 0.007 pM.

NHE

Intracellular alkalinisation is counteracted by the anion exchange reaction of the cell membrane. The flux through this reaction is given by

W 1 [HCO; ] " [CL7], [HCO3],
e I +exp([ﬂ S ) (K™ +[HCO, % 1 ([CL I [Hco3]e)’ (422)

Ghat =180 pS,[Hy ] = 0.0159uM,  [Sang] = 0.008puM, K™ = 15 x 10°.

Additional fluxes of glucose metabolism
Present simulations contain the PDH reaction given by

4 2
JPDH — (KIPDH) X [Caz+]m X [Pyr]?n X Lgl]g)[(—[
= 2 2 2 2 3
(KPP NADly KRG T, (k) ey
[NADy],, [AcCoA.], [Pyr]
RTl m oxJm m / A23
. ! [NADer]m [ACCOAred]m [Cogq}m Kb ( )
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e =8.34x 10" (uM/ms) x (mol/J), Kppy=2.3602x10°, the constant for PDH inhibition by NAD,q is set to ;=10 uM. CO3
denotes dissolved CO, (single species). Total acetyl-coenzyme A concentration of the matrix, [AcCoA ]m, is set to 130 pM.
All following reactions of the citric acid cycle were contracted to one single step yielding

(KPP +[NADwal,  (KG™) +[Ca* ]2 (KO +HACoAw]l
NAD,_ |’ [FAD AcCoA &> [ADP] [Pi
><R711'1 [ ox]m [ ox]m [ red]m [ ] [ }m[ Ln % IQD,AC , (A24)

[NAD, J3; [FAD],, [AcCoA, ], [COS [ATP],[c"]

LI =1.938 x 107> (uM/ms) x (mol/J),Kéac = 1.3536 x 10", Ki© = 60 uM.
All other fluxes of glucose metabolism, constants and explanations are given in ref. [17].
IP; cycle

The IP; cycle in the present simulations is activated by depolarisation. This is enabled by the first activation factor. Flux through
phospholipase C is given by

1 y [PIP, ]’
1+exp(wh7—w) (KFIP2)* 1 [PIP,]?

Swmp

e L

ey e ")

Jrp2 =
Lyp, = 4.0 x 10_8(HM/ms) x (mol/J), Kip, was set to Kitp. = 5.76 % 10°, MP, = —56mV, Syp = 1.0mV,
KiP? = 1.0 uM.
Flux through IP; phosphatase is given by
[P’
(KAP) +iPs]?

IP,] [c°
X L x RYIn[QE X K’m] ) (A26)

" 1P, [P

L = 1.0 x 10"%(uM/ms) x (mol/J), Kip3 was setto Kirp. = 5.76 x 10°, K3»* = 1.0 x 107%.
The two next dephosphorylation steps of the cascade were contracted to one single step yielding
I LA
n 3
1+exp(7[caﬁ*[§”ca2 1,> (K2 +{1P

caph N

CO 2
% % m}ez)z]. (A27)

Jipy = X Lyt x RTln

L3 = 0.2 x 1078 (uM/ms) x (mol/J), Kibs was setto K{rpe, K> = 2.0 uM, [Ca?*]™" =200 uM, [Scaph], = 20 M.

Resynthesis of PIP, from In and DAG starts from DAG phosphorylation by ATP and cytidine monophosphate activation to yield PI in
the presence of In [cf. 45]. Two further phosphorylation steps are needed to get PIP,. Thus five ATPs are used up to complete the cycle. The
flux proceeds however at a rather low velocity, so that ATP consumption by the cycle is negligible. Five reaction steps are contracted to one
single step yielding

]2
Jm:#ng}fX X RTIln

(Kl'\’,[hA) +[mn)?

] [DG] [ATP]’[c’]
[PIP2] [pi]* [ADP)’

prﬁA]‘ (29

Lipa = 0.18 x 10~ (uM/ms) x (mol/J), KI}\’,?A =4.0 uM, Kjha wasadjustedto 1.0.

Fluxes of the ER membrane
Flux through SERCA2 Ca*" pumps is given by

1 [Ca']? [FBP]? RT _[[Ca* 2 [H'] -
Jsry = o X = S < X Ggy X | (Nsr3ea + 1) X — In 3 T +Aatee | |
1 oxp( T G (KSRl L (TP [P FO\[e P

[Ssra2]

C

(A29)
G =12 pS, [CaZT** = 200 uM,  [Sspa] =20 uM, KSR = 0.4 pM,  KIPP = 1.0 uM.
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Flux through SERCA3 Ca*" pumps is given by

1 [Ca®*]? RT _[[Ca™2[H']} -
Jsr3 = o X pe: TS 3 ¢ 3 X Glsnlg X ()\SR3ca + 1) X — Inl ; 2 + AATPc .
1 +exp(%) (K1§/1R3) +[Ca2+] F

C

(A30)
G = 15pS,  [CaZ P =300uM, [Ssg3] = 10pM, KSR = 2.0uM.
Flux through Ca*" release channel is given by
. 1 1 RT 2 "
JRel - % X C 2+1Rel C 24 [IP ]7[IP ] X i{l:lx X ?ln [Ca2+]r [ +}C X 1] N (A31)
1 +exp(_[ a, ]Y[SR;][ a ]1) 1 +6Xp(73[’:glp3} 3) [Ca ]c [H ]1‘

The factor “1” in the logarithmic argument is caused by a charge compensating ionic flux in series having zero driving force.

Grat = 100pS, [Caﬁ-‘r]:iel =30uM, [Sgel] = 400uM,

[IP3h] = 1.2}11\/[7 [S[pﬂ = 04MM
Power output reactions

The flux through Na-K pump was changed to include now [K'], and [Na'], as variables. It is given by
Na']? K] RT _[[Na*
Ak =oex— e KT G (BT N )y
(KU™)"+Na™Jg (K§°)"+K ]2 Fo\[Na')
RT (K] 8
21 —1 S — A, Aptpe |-
+ (F n<[K+]C> 4)) +AaTp )

15 pS, K3 =10 mM, Kiy=2.0 mM. A voltage-dependent inactivation of the pump reaction as shown by Chapman [4]
was not incorporated, because interference with A ¢ during activation could not be adequately compensated.
The flux through the Ca®" pump of the cell membrane is given by

Ca2t1? rT [ica®t] P N
Jemca = ac % Gep' X [ —In [ 2+]C [ J; +Aatee |, (A33)
(Ky') +[Ca™" ¢ Fo\[Ca™], [H7]

H'],=10""* and [Ca’"], =12 x 10°uM,GF =16.0pS, Ki = 0.4uM.

The flux through the reactions of insulin secretion is given by

(A32)

max _
GNaK -

1 [Ca®" RT .
JExo = Q¢ X c X gﬁx X 711(LoadEX ) + Aatpe |- (A34)
’ " Jrexp(%) (KII\EAXO)Z—F[CaH]i 0 F 0 c
GExo

=8.2 pS, {DGy}=3.0 pM, {Spg}=1.0 uM, Kix®= 0.4 pM, Loadg,, is set constant to 3.2x 10 >. Curly braces indicate
membrane concentrations in mol/dm?.

The flux through reactions of protein biosynthesis is given by

1

X L x [RTInLoadpys) + AaTpe)-
[IP,] —[1P,,] Pbs
1+exp( TSl Zh)

Jpbs =

(A35)

LI =92 x 107%(uM/ms) x (mol/J), [IPy] = 4.0uM, [Spps) = 0.8uM, Loadpys = 5 x 107°.

All parallel fluxes of total ADP production (ATP consumption) are given by

Jp = JInak + JImpca + Jsr2 + Jsr3 + JExo + Jpos + ST (A36)
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ADP utilisation (ATP production) is given by

Ju = (ac/am)Jae + 2 (Joa — Jok), (A37)
Jgk and Jg, are given below (B1 and B4, respectively).
Additional currents of the cell membrane
A depolarising, non-selective cation current is included now, which is activated by [IP,] in present simulations. The respective

channel is known to be permeable to Na* and K™ under physiological conditions. The sum of Na" and K currents through these
channels is given by

GgRA
[CRAN = G]%SAANa + G%RAAK = GI%EA X (ANa + —AK),

€
Na'] K (A38a)
RT. [[Na cra _ |RT, [[K
= G%‘A X <F1n<[Na+]i> —ZNa A + O X Fln<[K+£> - zKAc(b] > , orfor zy,=zx =1,
CRA
RT Na'], [[K*].\%
Icran = G4 (14 Q5 x In| e ( < —Ad | A38b
CRAN Na ( QG ) F(l + QSRA) [Na+]c [K+]c d> ( )
The equilibrium potential of this current is given by
CRA
RT [Na'] ([Kﬂ )QG
E = In| = = . A38c
CRAN F(l + QSRA) ([Na*]c [K+}C ( )
The value of Ecran is about —15 mV. Inserting this value into Eq. (A34a) for Icpan=0 yields
QSR =1.2432. The full current is given then by
1 , RT, ([Na® RT, (K"
IcraN = x (1+05*)GExy x | —=In| [ a+]e —Acd + O x (—n| K7L _ Acd .
1PSRA ) [1p F\[Na™] F \[K7]
1+exp[2h][2] C c
[5557]

(A38d)

GEran=2.0 pS, [IPSR41=4.0 uM, [S53*41=0.4 uM. The first factor on the right hand side of Eq. (A34c) causes activation by
[IP,]. INa \x and I&gan denote the Na™ fraction and K fraction of the current, respectively. These fractional currents are given by
total Icran, Whose A or Ay,, respectively, was set to zero.

A Na" leak current had to be added to the sum of cell membrane currents to match in part the hyperpolarising current of the Na-K
pump. This current is given by

— (omax RT [Na+]e _
INaL = GNaL X <? 1n<[Na+] > Acd)) . (A39)

C
G = 14.5pS.

pH and pMg dependent binding polynomials are now included into the conductance of the K orp channel, to show how pH and/or
pMg changes of the cytosol might influence the opening characteristics of this channel. The current through this channel is
given by

2
0.08 (1 + 5 L2000 ) o 0.89 (5 L2400 T /TR
IKatp _ Puvgapp-  Kag Pumgapr-  Kaa % GMAX ( ([ ]e) _ Acd))

— In|
1 [ADPL)? | [ADP] | [ADP]\ | [App\2 K F \[K1]
(1 + Prgapp—  Kaa ) X (1 + Papp3- Ku + Patpa— Ky ) (PMgADP— Kaq ) ¢

(A40)

GKap 0f 4000 pS was not changed, K, was changed from 22 to 43.9 uM, K4 and K4q remained unchanged at values of 57 and
31 uM, respectively.
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B. Taken over equations from reference [17]

The flux through GK plus PFK is given by

__ [owp [ADPI; o Glu] [ATPP
Joe = (KSX)*+[Glu]* (KPF)*-+]ADP? Lax ><M“([FBP} [ADP? % KGK>’ (B1)

[ATP].=[S]c— [ADP]., [S]., was set to 4.0x 10° uM, K5 =8.022x 107, LEX was set to 12x 10~ * (uM/ms) x (mol/T), K~ and Kyj
were adjusted to 5.5x 10% and 250 uM, respectively.
The flux through aldolase is given by

[FBP]

JAl=
AT KA+ [FBP]

[FBP] ["]
LY x RTn|[ —————— { B2
Al X n([GAP] DA (B2)
GAP=glyceraldehyde-3-phosphate, DHAP=dihydroxyacetone phosphate, Ki;=9.2329x10"°, Kp=0.2 puM, LA¥*=
150 10~ ® (uM/ms) x (mol/J).
The flux through triose phosphate isomerise is given by

_ [DHAP]
~ KJi + [DHAP]

DHAP
Jni LI RT1n<[ N KT’> (B3)

[GAP]
K'1;=0.0455, L =600 10® (uM/ms) x (mol/J), Kfi=4 pM.

The flux through glyceraldehyde-3-phosphate dehydrogenase is given by

(GAP]

Joa = —g—t—
9 KG+[GAP]

o o (GAPL[ADPE [P, INAD,J. .
Féa xR <[Pyr]c [ATP? 9] ~ [NAD,], KG)

K,=4.8393 x 105, Pyr.=cytosolic pyruvate, [NAD]c=[NAD].—[NAD,q]c, [NAD{]. was set to 500 uM.

L8 =80 x 107*(uM/ms) x (mol/J), LS = 2.0 pM.
The flux through proton/pyruvate cotransport is given by
Pyr]? RT [P H'
oy =y ¥ Zr]c < G x i [Pyrle | +]° : (BS)
(KPYmy> 4 [Pyr]; F o\ [Pyr],  [H']

Gpix = 190pS, K™ = 50 pM.

m

The flux through glycerophosphate shuttle is given by

3 2492 3
Jas = o [DHAP] [Ca +]c [NADred]c x Gmax E 1 ([NADred]c [FAD

ox}m /)
. (B6
(K9S’ +[DHAP] (KSS)*+[Ca’*]? (KES)’ +[NADed]; "\ [NAD,,J, " [FAD,yl,, Ao (B6)

OX]C

K'gs =3.5844 x 10",  GE2* =38pS, K, =30, Ky =12, and Ki =0.5uM.

The flux through malate—aspartate shuttle is given by

NAD, |} RT . ([NAD NAD .
JMS = ap [ ) red]c 5 G{\n/[asx % [ == Inl [ red]c % [ ox}m _ Am Iy |, (B7a)
(K]I\\I/IS) +[I\IADred]c F [NAD [NADred]m

OX]C

. _RT _([HY],
i =0

F ) + Am¢7 (B7b)

G =4.94 pS, KNP =0.5 pM.
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The flux through the redox span NAD,.4/O; is given by

. NAD, o RT . [ [NAD,. 0,]%? N
JNa = %m [ : dlm 5 GRY x [—=1In [ dln X i 2]05 X KNa | 4 vn A g(mV) |,
Yo (KNA)'+NADgly, F -\ INADody, [

Ka=1.6858x10%® [0,] was set constant to 35 pM, Gua*=1140 pS, K¢ =6.0 uM, v,=10.

The flux through the redox span FAD,.4/O,is given by

3 0.5
Jpa = Am [F3ADred]m + Gia' X RT In [FADredlry X [02]0 = X Kéa | +vrAp iy (mV) |,
Vi (KFA) 4[FADq]’, F [FADu],, ]

1a=3.6229x10%, GE*=1710 pS, Kap=0.5 uM, v(=6.

The flux of O, consumption is given by

A
Joo = — (4 JEA ).
02 =50 (Jna + Jra)

m

The flux through Ca”" uniporter is given by

C 2413 C 2+
JCU: [ 4 :|c 2 Gg%x 1% (E 11’1<[ 4 ]c) _2Am¢>a
M

2+
Fo\[ca* ]
GSa =38 pS, Ky =1.0 uM.

The flux through the H/Ca exchange reaction is given by

[Ca**]; RT ([ca®],  [H*]?
Juep=a ———— 8 GE¥ x — In| —2 x —=% |,
hee = e OH T N [ e

G =38 pS, KNE=1.0 pM.

The proton leak flux through the inner mitochondrial membrane is given by

s = aw (ST 0{) )

m

GPL: 12 pS

The flux through the Na/Ca exchange reaction is given by

_ [Caz+] c max RT [Caer} c RT [Na+]c
JNCE_aC([(II\\I/IC)J,-—[CaHL; GNC X 7ln[CTZ+L +3 F1n<[Na+])—Acd) .

€

[Na'].=143x10* and [Ca®"].=1.2x10% pM, GhG,=6.0 pS, Ky =0.8 uM.

The current through Cay channels is given by

1 1 RT . ([Ca*"]
1 av — -y : ; G x | —1In el - Acd) R
C 1 4 e(Vm‘_mAcd’) | n ei(Vh;}?C‘b) Ca (F <[Caz+]c

Va=4.0 mV, s,=14.2 mV, V,=-2.0, s,=10 mV, and G¢5*=600 pS.
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(B9)

(B10)

(B11)

(B12)

(B13)

(B14)

(B15)
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The outward delayed rectifier K* current is given by

e (ST ) ).

N U
d_n_(l+e<—“ss°¢>) ’

dt Ty

Vo=—15mV, s,=5.6 mV, Ggie=2500 pS, and 7,=20 ms.

Differential equations

d(A 1 1
( md)) = X | —Jsy +Jag + 2Jcu + Ims + IpL — VadNa — VidJEa |-
dt Cmm * Om Vs

dH"], 1 1
— —J Jpi +J Ji 2J; Jeam — VndNa — Vi) .
dt 1—|—K]13U+K2BUX " sy +Jpi +JpL +JIms + 2JHe + Jea VndNa — ViJra
dINAD;
% = Jppu + 3Jcac +JIuvs — JIna-
d|FAD,
dIFADreal,, = Jeac +Jgs — JrA-
dt
d|ADP
Q = Jag — Jcac — Jsy.
dt
d[Ca*"] 1
m = Jeu — Jue).
dt ey Weu=Jue)
d[Pi]
™y — Jsy — Jeac.
7 pi —Jsy —Jcac
d|ADP
[ 7 E = JExo + Jpbs + 2J6k + JInak + Jpmca — JAE — 2JGa-
d|Pi
[dt]c = JExo + Jpbs + INak + JIpmca — Jpi — JGa-
d[Pyr],
= Jpym — JPDH-
7 Py PDH
d[Pyr|
dt ¢ = JGa — JPym-
d[NADre(ﬂc
—————< = Jga — Jms — JGs-
ar G Ms — Jas
d[FBP]
AP Jok — Jan
7 Gk — Jal
d|GAP
[ ] = Ja1 +J1i — JGa-

dt

(B16)

(B17)
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dDHAP
dt — JAI Ti-
d(Acd) - 1 1
= X |\ Icay + Ikre + Ikap + IcraAN + INaL + —JINCE — —INak | -
dt Cm, o o
dlca] 1 X(OLC[ e e J p )
A 1+ e 5 lca +Juc + Jret = Jemea — Jeu — Ince — Jsra — Jsks )
o\,
dn 1+ exp (—V";‘?Cd’)
dr Ty ’

Additional new variables

d[Ca®"] 1 (2spo + 2 Jrat)
= X - et/
dt 1 + Kear o o -
dH"], _ ! % (Joa + 4Jspa + 4Jsrs + 2J) Jnte — Jrel)
d 14k kb CA SR2 SR3 PMCA — NHE — JRel)-
d[Na*
[ dr k_ INHE + 3INCE + JInaL + Celopan — 3Nak -
dK*
[dt le = 2JNak + aelkayp + Oclkre + ac[(lj(RAN'
d|CO
[ dtz]m = Jppu + 2Jcac — Jcorm — Joam-
d|CO
[ z]c f— Jcozm _— JCA(: - JCOZC'
dt
amcos],
dt .
AHCO )., e
dt
d[IP;]
= Jpip2 — Jpiz-
7 PIP2 — JPI3
d[IP,)
= J — J .
P IP3 P2
d[In] _J 7
—— =Jirz —Jn-
t
d{PIP,}
T2 g — e,
p i PIP2
d{DG
(DG} _ Jeip2 — Jin.
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d[AcCOAed),,
dt

1+ Keam=200, 1+ Kcae= 100, 1+Keg=50.

= Jppu — Jeac.

The following fluxes of my recent article [cf. 17] were renamed: Jcp, Jne, Juce, and Jsp are now designated as Jpnvica, JNCEs

Juce, and Jyax, respectively.
Appendix B. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/1.bpc.2008.02.001.
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