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There is a great deal of evidence for the existence of metabolic
oscillations in pancreatic B-cells. Mechanisms that have been
proposed for these oscillations include glycolytic oscillations;
oscillations due to the feedback of Ca?* onto the mitochon-
drial inner membrane and on dehydrogenases; and oscillations
intrinsic to the tricarboxylic (TCA) cycle or the downstream
reactions of oxidative phosphorylation. MacDonald and co-
workers (J Biol Chem 2003; 278:51894—900) showed examples
of oscillations in TCA intermediates in isolated mitochondria
from liver cells and pancreatic B-cells. These oscillations were
clearly not due to oscillations in glycolysis or Ca?* feedback.
In this article we consider several potential mechanisms for
these TCA oscillations, using mathematical modeling to deter-
mine the phase relations that would result between the citrate
and NAD" concentrations in each case. We demonstrate that
negative feedback at only one feedback point, isocitrate dehy-
drogenase, produces the correct phase relation if oscillations
are intrinsic to the TCA cycle. Alternatively, the correct phase
relation results if oscillations are due to oscillations in oxidative
phosphorylation feeding back onto the TCA cycle. This analysis
shows that the observed phase relation between citrate and
NAD(P) places strict limits on the potential mechanism for the
metabolic oscillations in isolated mitochondria that were ob-
served by MacDonald and co-workers.

Introduction

Metabolic oscillations in pancreatic islets have been described
by several labs."® Considerable recent research efforts have
explored whether these oscillations are inherent in metabolism
within B-cells or are due to the feedback of cytosolic Ca?* onto
mitochondrial metabolism (reviewed in ref. 7). However, in one
experimental setting it is clear that the observed metabolic oscil-
lations are intrinsic to metabolism.® Here, isolated mitochondria
from liver, pancreatic islets and INS-1 insulinoma cells were
used and citric acid cycle intermediates as well as NAD(P) and
ATP were measured in the presence of pyruvate. It was shown
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that several of the intermediates, as well as NAD(P) and ATP,
exhibited clear oscillations, with a period of approximately two
minutes.® Further, it was shown that the citrate oscillations and
the NAD(P) oscillations were largely in phase with one another.
Since these oscillations were produced in isolated mitochondria,
the mechanism did not involve glycolytic oscillations’ or Ca**
feedback.!0"?

In this paper we use mathematical modeling to analyze several
possible mechanisms for the oscillations described by MacDonald
et al.> We consider two classes of oscillation mechanism: those
arising from within the tricarboxylic cycle (TCA cycle) and those
arising from downstream oxidative phosphorylation. We focus on
the phase relation between the citrate and NAD* variables, since
the MacDonald measurements showed that these variables oscil-
lated in phase with one another. Hence, a mechanism in which
the model citrate and NAD* variables oscillate in phase is more
likely to be valid than one in which in-phase oscillations are not
produced. In addition, we provide an explanation for why each
oscillation mechanism produces the citrate/NAD* relation that it
does. While the mechanism for oscillations does depend on the
details of the model, the phase relations (in-phase or antiphase)
that exist during oscillations depend only on the sequences of
chemical reactions that make up the TCA cycle and the target of
negative feedback onto the cycle. This analysis helps to restrict
the range of possibilities for the biochemical mechanism of the
metabolic oscillations reported in.?

Results

Intrinsicoscillationsin the TCA cycle. The data from MacDonald
et al.® demonstrate the existence of oscillations in TCA cycle
intermediates and in ADP. The mechanism for these oscillations
could either come directly from the TCA cycle (Fig. 1) or from
oscillations in oxidative phosphorylation feeding back onto the
TCA cycle. We begin with the first mechanism. Oscillations
intrinsic to the TCA cycle are facilitated by negative feedback of
several intermediates and by NADH. In our model, we consider
three feedback points: citrate synthase (CS) where there is nega-
tive feedback from its product citrate (CIT) and from NADH,
isocitrate dehydrogenase (IDH) where there is negative feedback
from NADH, and o-ketogluterate dehydrogenase (KGDH)
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Figure I. lllustration of the TCA cycle, highlighting the reactions that lead to NADH production.

where there is negative feedback from NADH (see Methods). An
additional element that is necessary for oscillations is that the
negative feedback should be slow or delayed. We therefore intro-
duce an explicit time delay (T = 45 sec) at each feedback target,
one by one, as we investigate the phase relation between CIT and
NAD" that is produced from the resulting oscillation. While we
do not speculate on the source of the time delay, we point out that
such a slow or delayed feedback must occur for oscillations to be
generated. In our model, time delays as short as 3 sec produce
oscillations. However, the period of the oscillations is shorter for
smaller time delays, and 45 sec was chosen based on the period of
oscillations exhibited in the experimental data. Our focus is not
on the source of the delay, but on phase relations that occur dur-
ing the resulting oscillation.

We first consider delayed negative feedback of CIT onto CS
(Fig. 2A). This is accomplished by replacing CI7 with CIT in
Eq. (9), where CIT. means the citrate concentration delayed by T
seconds. (Note the CIT represents citrate, while CI7 represents
the citrate concentration. A similar convention, using italics for
concentrations, is used for other variables. In particular, NAD
represents the NAD* concentration). All other negative feed-
back (i.e., the NADH feedback) is retained without delay. This
produces oscillations in the TCA cycle as shown in Figure 3A.
(The CIT and NAD time courses are scaled to facilitate display
on the same figure). The important point to note is that the C/T°
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and NAD oscillations are out of phase. That is, when the cit-
rate concentration (solid curve) increases the NAD* concentra-
tion (dashed) decreases. The explanation for this will be given in
the next section. This phase relation is the opposite of what was
demonstrated in,® where the CIT and NAD(P) concentrations
oscillated in phase.

Next, we consider the oscillations obtained through delayed
negative feedback of NADH on CS (Fig. 2B). Here we replace
NADH with NADH_in Eq. 9 (and use the non-delayed C/7 in
the same equation). In the resulting oscillations, C/7"and NAD
are again antiphasic (Fig. 3B), in contrast with the experimen-
tal data.

We next demonstrate the oscillations produced by delayed
negative feedback of NADH onto isocitrate dehydrogenase
(Fig. 2C). We replace NADH with NADH_in the expression for
V., ,;» While using non-delayed values for C/7"and NADH in Eq.
9. For the first time, this produces oscillations in which C/7 and
NADH oscillate in phase (Fig. 3C), consistent with the experi-
mental data. This suggests that of the three feedback pathways
for intrinsic TCA oscillations examined, only feedback of NADH
onto IDH produces oscillations with the correct phase relation
between the CIT and NAD* concentrations.

Explanation of the phase relations. We now examine why
the CIT-NAD phases in Figure 3 are in-phase or antiphase.
To do this, we mimic the inhibitory feedback onto the various
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target points by reducing the maximum catalytic
rates of the enzymes by a factor of 10 and investi-
gating the effects. Thus, we apply the inhibition
directly. While CIT and NADH still provide nega-
tive feedback, there is no delay, so no oscillations are
produced.

Figure 4A shows what happens when the maxi-
mum catalytic rate for citrate synthase ( ki‘?) is tran-
siently reduced from 1.6 x 10 ms™ to 1.6 x 10° ms!
(indicated by an overbar). This reduction causes the
product CIT to decline and the substrate OAA to
increase. The reduction in CIT causes a reduction
in the flux through the TCA cycle, so less NADH C
is produced from NAD". Therefore, the concentra-
tion of NAD* increases. This illustrates why CIT
and NVAD oscillate out of phase when the target of
delayed feedback inhibition is CS: the inhibition
causes CIT to go down and NAD to go up.

Figure 4B demonstrates the effect of transiently
reducing the maximum catalytic rate of isoci-
trate dehydrogenase ( k;g”) from 0.0163 ms"' to
0.00163 ms™. As expected, the substrate concentra-
tion (/SOC) increases due to the reduced enzymatic
flux. This causes the intermediate that is earlier in

T “~NADH

ISO
IDH .
A v
AN _ -7 NADH
KG NADH <l

the cycle, CIT, to increase as well. The reduction of

flux through IDH results in lower flux through the
TCA cycle, so less NADH is made, and therefore the
NAD* concentration increases. In this way, C/7 and
NAD change in the same direction when the point of

Figure 2. lllustrations of the different mechanisms examined for the production of
oscillations in the TCA cycle and in NAD*. Solid lines represent enzymatic reactions
and dashed lines represent negative feedback, either delayed by T sec or oscillatory.

In the first three cases considered the oscillations are intrinsic to the TCA cycle. In the
fourth case the oscillations are produced during oxidative phosphorylation, and are then
transmitted to the TCA cycle through the negative feedback of NAD* and NADH onto

feedback inhibition is IDH, resulting in an in-phase
oscillation when inhibition is through delayed nega-

various dehydrogenases in the cycle.

tive feedback onto IDH.

In Figure 4C we look at o-ketogluterate dehydro-
genase (KGDH), a dehyrogenase that is downstream of IDH and
which is known to be negatively modulated by succinyl-CaA and
NADH.#" We mimic this by transiently reducing the maximum
catalytic rate %CPH from 1.5 x 10° ms” to 1.5 x 10 ms™. This
results in an increase in the substrate concentration (0lKG) and a
decrease in flux through the TCA cycle, so NAD increases and the
NADH concentration decreases. Since NAD* stimulates IDH and
NADH inhibits it, both concentration changes work together to
stimulate IDH. This results in a reduction in the concentration of
the IDH substrate ISOC, as well as other intermediates that are
earlier in the cycle, in particular, CIT. Thus, inhibition of KGDH
results in an increase in NAD and a decrease in CI7; so that oscil-
lations produced by delayed negative feedback of NADH onto
KGDH produce antiphasic changes in NAD and CIT (Fig. 3D).

For the same reason that negative feedback onto KGDH pro-
duces antiphasic changes in NAD and CI7; inhibitory feedback
onto enzymes further upstream such as succinate dehydrogenase
and malate dehydrogenase also produce antiphasic changes in
NAD and CIT. That is, NAD* levels increase and NADH levels
decrease due to reduced TCA flux, and the combined stimulatory
effect of the two changes on IDH lower the substrate ZSOC and
the upstream intermediate C/7.

www.landesbioscience.com
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Oscillations intrinsic to oxidative phosphorylation. We
focused above on oscillations that are intrinsic to the TCA cycle.
Another alternative explanation for the findings of MacDonald
et al.® is that the oscillations are produced downstream of the
TCA cycle, during oxidative phosphorylation (OP), and that
the feedback of NAD* and NADH onto TCA enzymes causes
oscillations in TCA intermediates (Fig. 2D). We examine this
possibility now, again focusing on the resulting phase relation
between the NAD* and CIT concentrations.

We begin with a very simple test: we impose a sinusoidal
oscillation onto the NADH concentration, representing an
oscillation in OP produced by some unspecified mechanism.
The NADH concentration is then described by Eq. 17, which
includes a term for sinusoidal forcing (Eq. 18). The forcing
function causes the NADH concentration to oscillate, as well as
the NAD" concentration since the sum of the two is assumed to
be conserved (Eq. 10). One or both of the NADH and the NAD
variables then feed back onto the TCA cycle at several feedback
points (CS, IDH, KGDH and MDH).

Figure 5A shows the oscillations in NADH that result from
the imposed oscillation. The subsequent oscillations in C/7 are
shown in Figure 5B, superimposed on the NAD oscillations
(both scaled). In this scenario C/7 and NAD oscillate in phase,
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Figure 3. Oscillations in citrate (CIT, solid) and NAD (dashed) produced through
four different mechanisms intrinsic to the TCA cycle. (A) Antiphase oscillations
produced by the delayed negative feedback of CIT onto citrate synthase (CS). (B)
Antiphase oscillations produced by the delayed negative feedback of NADH onto CS.
(C) In-phase oscillations produced by the delayed negative feedback of NADH onto
isocitrate dehydrogenase (IDH). (D) Antiphase oscillations produced by delayed nega-
tive feedback of NADH onto o-ketogluterate dehydrogenase (KGDH).
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Figure 4. The effects of reducing maximum catalytic rates by a factor of 10 (indicat-
ed by the black bar). Feedback of products and nucleotides onto enzymes is present,
without delay. (A) Ten-fold reduction of the catalytic rate of citrate synthase causes
NAD (dashed) to increase and CIT (solid) to decrease. (B) Reduction of the catalytic
rate of isocitrate dehydrogenase causes both NAD and CIT to increase. (C) Reduction
of the catalytic rate of o-ketogluterate dehydrogenase causes NAD to increase and
CIT to decrease.All curves have been scaled to facilitate superposition.
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in accordance with the experimental observations. The
in-phase oscillation occurs because NADH inhibits
CS, so that a peak in NADH results in a decline in CS
activity, and thus a decline in the CIT concentration.
Thus, NADH and CIT are antiphasic, and NAD and
CIT are in phase. The correct phase relation depends
critically on the NADH feedback onto CS. If this is
not present or is extremely weak, then the first feed-
back point in the TCA cycle is at IDH, and inhibition
of IDH by a peak of NADH causes isocitrate and thus
CIT to build up, so that NADH and CIT are in phase
and there is an antiphasic phase relationship between
NAD and CIT.

Finally, we use a biophysical model for oscillations
in OP (see Methods), rather than the ad hoc sinusoidal
NADH forcing function above, to once again examine
the resulting NAD-CIT phase relation. In this model,"
oscillations are produced by the interaction of the mito-
chondrial inner membrane anion channels (IMACs)®
and the mitochondrial centum-picosiemen (mCS)

¢ These two channel types interact to create

channels.
oscillations in A¥, which result in oscillations in other
mitochondrial variables, including NADH. The model
was developed to describe metabolic oscillations in
mitochondria under ischemic conditions, as have been
observed in isolated cardiomyocytes.” Other mecha-
nisms for OP oscillations under ischemic conditions
have been suggested, such as oscillations due to reactive
oxygen species,” but for our purposes the mechanism
for the OP oscillations is not critical. To our knowledge,
there is no direct evidence for oscillations intrinsic to
OP under normoxic conditions.

Figure 6A shows the oscillations in mitochondrial
inner membrane potential (A¥) that reflect the oscil-
lations intrinsic to OP. The resulting oscillations in
NADH are shown in Figure 6B. The NADH concen-
tration rises rapidly during the hyperpolarized phase
of the inner membrane and declines rapidly during
the depolarized phase. On top of the elevated plateau
are small oscillations that reflect the interactions of
the OP variables. Figure 6C shows NAD and CIT
plotted together (scaled to facilitate comparison). The
CIT concentration, and the concentrations of other
TCA intermediates, are affected by the oscillations in
NADH produced by OP. When NADH rises (NAD
falls) at the beginning of the AY hyperpolarization
there is an initial decline in CI7, due to the inhibition
of CS by NADH. This is followed by a rise in C/7 due
to the small decline in NADH on the NADH plateau,
again reflecting the inhibitory action of NADH on
CS. Comparison of the scaled NAD and CIT levels
reveals that the two variables oscillate in phase with
one another, in accordance with the experimental
data.®

Oscillations in Acetyl-CoA. Acetyle-CoA (AcCoA)
is a product of pyruvate dehydrogenase (PDH), an
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enzyme that is positively regulated by Ca** and
negatively regulated by ATP, NADH and AcCoA.®
In addition, oscillations in glycolysis would pro-
duce oscillations in the substrate of PDH, pyru-
vate, resulting in oscillations in AcCoA. So in the

intact B-cell, where glucolytic oscillations are likely
to occur,”” AcCoA would be oscillatory. Thus, the
AcCoA concentration could be oscillatory due to
either delayed negative feedback of a modulator
such as NADH acting on PDH, or it could be oscil-
latory due to upstream glycolytic oscillations (in the
case of an intact cell). In either case, what phase

o

Scaled CIT, NAD NADH (mM)

o

relation would this produce between the NAD* and
CIT concentrations?
We examine this by imposing an oscillation onto

Time (min)

the AcCoA concentration, with the understanding
that the origin of this oscillation could be either of
the mechanisms discussed above. We use AcCoA =
0.002 + AS(#), where A = 0.0015 mM and S(2) is the

sinusoid function defined in Eq. 18. The sinusoidal

Figure 5. (A) Oscillations in NADH imposed through sinusoidal forcing, reflecting
NADH oscillations produced downstream of the TCA cycle in oxidative phosphoryla-
tion. (B) Scaled NAD (dashed) and CIT (solid) levels show that oscillations in these
variables are in phase.

AcCoA input is shown in Figure 7A, while the effect
on NAD and CIT is shown in Figure 7B. The two

concentration time courses oscillate in antiphase.

The reason for this is that when AcCoA is at its ﬁA150
peak there will be an increase of CIT production by % 100
CS. This increases the flux through the TCA cycle, I 50
resulting in an increased production of NADH at % 0
the expense of NAD*. Thus, CIT increases while

NAD decreases. This demonstrates that delayed B,-.
negative feedback onto PDH is an unlikely mecha- E 4
nism for the oscillations in C/7"and NAD reported® -

. L . . T 2
since the phase relation is wrong. Also, it predicts )
that CIT and NAD would oscillate in antiphase % 0

in an intact cell that exhibits glycolytic oscillations
(assuming that no other oscillatory mechanism is

. . 1
simultaneously active).
] ] 0.5
Discussion
0

We have considered several potential mechanisms for
oscillations in TCA intermediates in isolated mito-
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chondria, as have been observed by MacDonald et

al.® Using a mathematical model of the TCA cycle'®
coupled to a model of oxidative phosphorylation,”
we demonstrated that oscillations intrinsic to the
TCA cycle are possible if a delay is introduced into | when AY¥ is

one of several negative feedback targets (Fig. 3). We

Figure 6. Oxidative phosphorylation oscillations produced with a mechanistic model.'*
(A) Oscillations in the mitochondrial inner membrane potential (AY) reflecting oscilla-
tions intrinsic to OP. The membrane is depolarized when AY is low and hyperpolarized

exhibit in-phase oscillations.

high. (B) Oscillations in NADH. (C) Scaled NAD (dashed) and CIT (solid) levels

also demonstrated that the only delayed feedback

target that produces oscillations in the NAD* and

citrate concentrations which agree with the experimental data is
the negative feedback of NADH onto isocitrate dehydrogenase
(IDH). The explanation for this is based on the location of the
feedback target in the TCA cycle. In most cases, partial inhibi-
tion of the target enzyme leads to a decline in the citrate concen-
tration, but inhibition of IDH leads to an increase in the citrate
concentration (Fig. 4). Since the NAD* concentration rises (and

www.landesbioscience.com
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the NADH concentration falls) in all cases, only negative feed-
back onto IDH results in the in-phase oscillations in citrate and
NAD" that were observed experimentally.

If the negative feedback is delayed at more than one point,
then results can be complicated. For example, in the model with
default parameter values, if the NADH feedback onto both
IDH and citrate synthase (CS) is delayed, then oscillations are
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the oscillations in metabolism or metabolic variables
observed in single B-cells or B-cells within intact pan-
creatic islets.>>?*?% In these physiological settings there
are indirect data suggesting that the metabolic oscilla-
tions are mediated by oscillations in glycolysis, acting

o

o
o

on mitochondria to produce oscillations in the ATP/
ADP ratio that drives bursting oscillations in electri-
cal activity and results in pulsatile insulin secretion.”’
The glycolytic oscillations could be mediated by the
allosteric enzyme phosphofructokinase-1 (PFK-1). The
product of the PFK-1 enzyme (fructose 1,6-bisphos-
phate) feeds back onto and stimulates PFK-1, leading to

Scaled CIT, NAD AcCoA (uM)
o
o -y

Time (min)

5 | substrate (fructose 6-phosphate) depletion. It has been
demonstrated that this is a viable mechanism for glyco-
lytic oscillations,® and glycolytic oscillations produced

in this way have been observed in muscle extracts”

Figure 7. (A) Imposed oscillations in AcCoA and (B) their effect on NAD and CIT.
The result of AcCoA oscillations, which could be due to delayed negative feedback of
a modulator of PDH or to glycolytic oscillations in an intact cell, is antiphasic oscilla-

tions in NAD and CIT.

that have the same isoform of PFK-1 that is dominant
in B-cells.”’ An additional factor that can contribute
to metabolic oscillations in intact cells is intracellular
Ca?*. This enters mitochondria through Ca?* uniport-

produced in which the NAD* and citrate concentrations are anti-
phasic. Likewise, if negative feedback of both NADH and citrate
onto CS is delayed, then oscillations with antiphasic phase rela-
tions occur. This indicates that the delayed NADH feedback onto
IDH is necessary, but not sufficient, for in-phase oscillations.

Another explanation for oscillations in TCA intermediates
from isolated mitochondria is that the oscillations are produced
downstream of the TCA cycle, in the reactions comprising oxi-
dative phosphorylation. We demonstrated that oscillations pro-
duced in this way result in oscillations in citrate and NAD* that
are in phase (Figs. 5 and 6), consistent with the experimental
data. Thus, it is possible to reproduce the experimentally-deter-
mined phase relation reported by MacDonald et al. through
oscillation mechanisms intrinsic to the TCA cycle or intrinsic
to oxidative phosphorylation. The large time delay (45 seconds
in the model) required for TCA-produced oscillations with an
appropriate period suggests that the oxidative phosphorylation-
driven mechanism is more likely, although we are unaware of
direct data showing oxidative phosphorylation-driven meta-
bolic oscillations in normoxic conditions. To check this, one
could manipulate oxidative phosphorylation in such a way that
oscillations intrinsic to oxidative phosphorylation are prevented.
For example, agents that block the mitochondrial inner mem-
brane anion channels (IMACS) have been shown to block
metabolic oscillations.”” These blockers would presumably leave
TCA-driven oscillations intact. In this way, one could discrimi-
nate between oscillations driven by the TCA cycle and those
driven by oxidative phosphorylation.

Oscillations in metabolism have been reported in isolated car-
diac mitochondria®* and brain mitochondria,” complement-
ing the observation of oscillations in TCA cycle intermediates
in liver and B-cell mitochondria.® It is therefore evident that at
least one oscillatory mechanism exists within mitochondria.
However, this does not imply that the mechanism for oscillations
in isolated mitochondria is the same mechanism responsible for
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ers and in so doing depolarizes the mitochondrial inner
membrane potential.!*!"?¢?% Calcium within the mitochondria
stimulates pyruvate dehydrogenase, isocitrate dehydrogenase,
and o-ketoglutarate dehydrogenase.®'? Since the cytosolic Ca?*
concentration oscillates in glucose-stimulated islets, the actions of
Ca?* on mitochondria provide an additional source for metabolic
oscillations. Indeed, in reference 8 no Ca?* buffer was used to
maintain the extramitochondrial Ca?* concentration at a physi-
ological level, and the resulting elevated Ca?* concentration could
have triggered metabolic oscillations.

Methods

Model of the tricarboxylic acid cycle. We use the model of the
TCA cycle (Fig. 1) developed by Cortassa et al."® This consists of
a set of ordinary differential equations for the TCA cycle inter-
mediates isocitrate (ZSO), a-ketoglutarate (0KG), succinyl-CoA
(8C0A), succinate (SUC), fumerate (FUM), malate (MAL) and
oxaloacetate (OAA). We assume for simplicity that there is no
anaplerosis or cataplerosis; neither process would affect the phase
relations that are the focus of our attention. Since the total con-
centration of citric acid intermediates is therefore conserved, the
citrate (CIT)) concentration can be obtained through a conserva-
tion equation:

CIT = TOT - ISO - 0KG - SCoA - SUC - FUM - MAL -
OAA
M)

where 707 = 1 mM is the total concentration of TCA cycle
intermediates that we assume (reviewed in ref. 18). For simplic-
ity, we use CIT to denote citrate and CI7, in italics, to denote its
concentration (in units of mM), and similarly for other variables.
The differential equations are:
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diIso 2
7 = Vam - V!DH @
daKG (3)

dt = V!DH - VKGDH

dSCoA (4)
T =Vioon =Vt
dsuc )
dt =Vsr = Vspn
dFUM 6)
T =Voorr =Vin
dMAL (7)
dt = VFH - VMDH
d0AA 8
dr =V MDH — I/::_‘_i ®

where subscripted V' is the reaction rate for aconitase (ACO),
isocitrate dehydrogenase (IDH), o-ketogluterate dehydrogenase
(KGDH)), succinyl-CoA synthetase (SL), succinate dehydroge-
nase (SDH), fumerase (FH), malate dehydrogenase (MDH) and
citrate synthase (CS). Mathematical expressions for these reaction
rates are given in Cortassa et al.'® We describe in detail only those
that are the target of negative feedback in the various oscillation
mechanisms that we examine. This negative feedback is required
to generate oscillations, and we examine several feedback points
that are known to exist.

There are several known targets of negative feedback in mam-
malian mitochondria (reviewed in ref. 13). One target is citrate
synthase (CS). This enzyme is inhibited by citrate and NADH,
among other modulators. We modify the expression used in'® to
include these negative feedback pathways:

kf't O 1
Ves = -0
K AcCod KOAA KA eCod KO.M NADH 9
+ + CIT(1+ NADH ) ( )
" acCon” 044" AcCon 044 K;

cs
The parameters and parameter values that we use are: k =

0.00016 ms"! is the CS catalytic rate, Ef° = 0.04 mM is the CS
concentratlon K’S;C"A 0.0126 mM is the AcCoA Michaelis
constant, KM =6.4x10“mM is the OAA Michaelis constant,
and KMPH _ 0.5 mM is the NADH inhibition constant.

A second target for negative feedback is isocitrate dehydroge-
nase. This enzyme is inhibited by NADH, and the feedback is
V,,, used in."® The feedback
enters into the reaction rate as it does in Eq. 9. All parameter val-

except KMF=5mM.

contained within the expression for V,

ues for V. are the same as in,'®

IDH
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Model of oxidative phosphorylation. We use the model of oxi-
dative phosphorylation (OP) that was developed in Bertram et al.”
This is a simplification of the model developed earlier by Magnus
and Keizer.!*!"¥ The full model consists of the TCA compartment
described above coupled to the OP compartment described below.
The input to the OP compartment is the NADH from the TCA
cycle, and the primary output is mitochondrial ATP. The vari-
ables are NADH concentration, mitochondrial ADP concentration
(ADP), mitochondrial inner membrane potential (A¥), and the
mitochondrial Ca?* concentration (Cz). The adenine and pyridine
nucleotides are assumed to be conserved, so that

NAD + NADH = NAD,,
(10)

ADP+ ATP=A (11)
where we use NAD, =10 mM and 4 , = 15 mM. The vari-
ables change in time according to the following differential
equations:

% =Vou =V, (12)
dgw=hw-mw (13)

df;_fw = Vitres =Virap =Vavr =Viseak = Viaca =2V C,, D
L Vi~V (15)

where units of time are ms, units of NADH and ADP are mM,
units of AY are mV, and units of Cz are UM. The reaction
rates V are for NADH production through dehydrogenases
(DH), NADH utilization reflected by oxygen consumption (o)
(we omit the contribution from FADH,), exchange of ATP for
ADP through the mitochondrial antiporter (ANT), ATP syn-
thesis through the ATP synthase (F1IFO ATPase), membrane
hyperpolarization through the respiration-driven proton flux
(H,res), depolarization through the ATP synthase proton flux
(H,atp), depolarization through proton leakage (H,leak), Ca?*
influx through the uniporter (uni) and efflux through the Na*/
Ca?* exchanger (NaCa). The extra-mitochondrial Ca?* con-
centration is held fixed at 0.1 pM. The TCA cycle component
influences the OP component through the dehydrogenase rate:

Vou=VoutV,

1DH KGDH

+V

MDH

(16)

The OP component influences the TCA cycle component
through NADH, which inhibits CS and IDH.
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Model of oscillations in oxidative phosphorylation. To simu-
late oscillations that are intrinsic to oxidative phosphorylation we
first add a sinusoidal forcing function to the differential equation
for NADH concentration:

dNADH
dt

=Vou =V, +8(1] 17)

where V,  is the summed reaction rates of the dehydrogenases, 1/
is the oxygen consumption rate, and S(2) is the sinusoidal forcing
function,

S(1) = 4 sin(%} 18)
where A is the amplitude of the imposed oscillations and
T = 120,000 ms (2 min) is the period. This model is used in
Figure 5.

We use a separate model for oscillations in oxidative phospho-
rylation. This model, developed by Jafri and Kotulska," describes
oscillations in cardiac mitochondria under conditions of meta-
bolic stress, such as ischemia. It is coupled to a model of the TCA
cycle developed by Jafri.'* The key players in the production of
the oscillations are the mitochondrial inner membrane anion

channels (IMACs)" and the mitochondrial centum-picosiemen
(mCS) channels.' In this model, these two channel types inter-
act to create oscillations in AW, which result in oscillations in
other mitochondrial variables, including NADH. The NADH
oscillations then feed back onto the TCA cycle through inhibi-
tion of CS and IDH, resulting in TCA oscillations. Thus, in this
scenario the oscillations are produced by OP and cause oscilla-
tions in TCA cycle intermediates, including CIT.

Computer programs for both models are available for free
download from www.math.fsu.edu/~bertram/software/islet.
Differential equations in model 1 were solved numerically
using the CVODE solver in the XPPAUT software package.?
Differential equations in model 2 were solved numerically using
the forward Euler method implemented in FORTRAN.

Acknowledgements

R.B. is supported by National Science Foundation grant DMS-
0613179. P.B.-G. was supported by National Science Foundation
grant DMS-0112050 to the Mathematical Biosciences Institute.
M.S.]. is supported by National Science Foundation grant DMS-
0443843.

References 13. Williamson JR, Cooper RH. Regulation of the citric ~ 24. Juntti-Berggren L, Webb D-L, Arkhammar POG,
acid cycle in mammalian systems. FEBS Lett 1980; Schultz V, Schweda EKH, Tornheim K, et al.

1. Longo EA, Tornheim K, Deeney JT, Varnum BA, 117:73-85. Dihydroxyacetone-induced oscillations in cytoplas-
Tillotson D, Prentki M, et al. Oscillations in cytoso- 14. Jafri MS, Kotulska M. Modeling the mechanism of mic free Ca?* and the ATP/ADP ratio in pancreatic
lic free Ca®, oxygen consumption and insulin secre- metabolic oscillations in ischemic cardiac myocytes. B-cells at substimulatory glucose. J Biol Chem 2003;
tion in glucose-stimulated rat pancreatic islets. ] Biol J theor Biol 2006; 242:801-17. 278:40710-6.

Chem 1991; 266:9314-9. 15.  O’Rourke B. Pathophysiological and protective roles ~ 25. Ainscow EK, Rutter GA. Glucose-stimulated oscilla-

2. Kennedy RT, Kauri LM, Dahlgren GM, Jung S-K. of mitochondrial lion channels. J Physiol 2000; tions in free cytosolic ATP concentration imaged in
Metabolic oscillations in B-cells. Diabetes 2002; 529:23-36. single islet B-cells. Diabetes 2002; 51:162-70.
51:152-01. 16. Kinnally K, Antonenko Y, Snyder S, McEnery M, 26. Krippeit-Drews P, Dufer M, Drews G. Parallel

3. Luciani DS, Misler S, Polonsky KS. Ca** controls Tedeschi H. Mitochondrial benzodiazepine receptor oscillations of intracellular calcium activity and
slow NAD(P)H oscillations in glucose-stimulated linked to inner membrane ion channels by nanomolar mitochondrial membrane potential in mouse pancre-
mouse pancreatic islets. J Physiol 2006; 572:379-92. actions of ligands. Proc Natl Acad Sci USA 1993; atic B-cells. Biochem Biophys Res Commun 2000;

4. Bergsten P, Westerlund J, Liss P, Carlsson PO. 90:1374-8. 267:179-83.

Primary in vivo oscillations of metabolism in the 17. Aon MA, Cortassa S, Marbin E, O’Rourke B. 27. Chou H-F, Berman N, Ipp E. Oscillations of lactate
pancreas. Diabetes 2002; 51:699-703. Synchronized whole cell oscillations in mitochondrial released from islets of Langerhans: evidence for

5. Ortsiter H, Liss P, Lund PE, Akerman KE, Bergsten metabolism triggered by a local release of reactive oscillatory glycolysis in B-cells. Am ] Physiol 1992;
P. Oscillations in oxygen tension and insulin oxygen species in cardiac myocytes. ] Biol Chem 262:800-5.
release of individual pancreatic ob/ob mouse islets. 2003; 278:44735-44. 28. Kindmark H, Kohler M, Brown G, Brinstrom R,
Diabetologia 2000; 43:1313-8. 18. Cortassa S, Aon MA, Marbin E, Winslow RL, Larsson O, Berggren P-O. Glucose-induced oscilla-

6. Nilsson T, Schultz V, Berggren P-O, Corkey BE, O’Rourke B. An integrated model of cardiac mito- tions in cytoplasmic free Ca®* concentration precede
Tornheim K. Temporal patterns of changes in ATP/ chondrial energy metabolism and calcium dynamics. oscillations in mitochondrial membrane potential in
ADP ratio, glucose 6-phosphate and cytoplasmic Biophys ] 2003; 84:2734-55. the pancreatic B-cell. ] Biol Chem 2001; 276:34530-
free Ca** in glucose-stimulated pancreatic B-cells. 19. Bertram R, Pedersen MG, Luciani DS, Sherman A. A 6.

Biochem J 1996; 314:91-4. simplified model for mitochondrial ATP production. ~ 29. Smolen P. A model for glycolytic oscillations based on

7. Bertram R, Sherman A, Satin LS. Metabolic and elec- J theor Biol 2006; 243:575-86. skeletal muscle phosphofructokinase kinetics. J theor
trical oscillations: partners in controlling pulsatile 20. Gooch V, Packer L. Oscillatory states of mitochon- Biol 1995; 174:137-48.
insulin secretion. Am J Physiol 2007; 293:890-900. dria. Studies on the oscillatory mechanism of liver ~ 30. Tornheim K, Lowenstein JM. The purine necleotide

8.  MacDonald MJ, Fahien LA, Buss JD, Hasan NM, and heart mitochondria. Arch Biochem Biophys cycle: Control of phosphofructokinase and glycolytic
Fallon MJ, Kendrick MA. Citrate oscillates in liver 1974; 163:759-68. oscillations in muscle extracts. ] Biol Chem 1975;
and pancreatic beta cell mitochondria and in INS-1 21. Vergun O, Votyakova TV, Reynolds IJ. Spontaneous 250:6304-14.
insulinoma cells. J Biol Chem 2003; 278:51894-900. changes in mitochondrial membrane potential in ~ 31. Yaney GC, Schultz V, Cunningham BA, Dunaway

9. Tornheim K. Are metabolic oscillations responsible single isolated brain mitochondria. Biophys ] 2003; GA, Corkey BE, Tornheim K. Phosphofructokinase
for normal oscillatory insulin secretion? Diabetes 85:3358-66. isozymes in pancreatic islets and clonal B-cells (INS-
1997; 46:1375-80. 22. Jung S-K, Kauri LM, Qian W-J, Kennedy RT. 1). Diabetes 1995; 44:1285-9.

10. Magnus G, Keizer J. Minimal model of B-cell Correlated oscillations in glucose consumption, oxy- ~ 32. Magnus G, Keizer J. Model of B-cell mitochon-
mitochondrial Ca?* handling. Am J Physiol 1997; gen consumption, and intracellular free Ca®* in single drial calcium handling and electrical activ-
273:717-33. islets of Langerhans. J Biol Chem 2000; 275:6642- ity II. Mitochondrial variables. Am ] Physiol 1998;

11. Magnus G, Keizer J. Model of B-cell mitochondrial 50. 274:1174-84.
calcium handling and electrical activity I. Cytoplasmic 23. Dahlgren GM, Kauri LM, Kennedy RT. Substrate ~ 33. Ermentrout GB. Simulating, analyzing and animat-
variables. Am J Physiol 1998; 274:1158-73. effects on oscillations in metabolism, calcium and ing dynamical systems: A guide to XPPAUT for

12. Civelek VN, Deeney JT, Shalosky NJ, Tornheim secretion in single mouse islets of Langerhans. researchers and students. Philadelphia, STAM 2002.
K, Hansford RG, Prentki M, Corkey B. Regulation Biochem Biophys Acta 2005; 1724:23-36.
of pancreatic beta-cell mitochondrial metabolism:
influence of Ca?, substrate and ADP. Biochem ]

1996; 318:615-21.
94 Islets Volume | Issue 2



