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Figure S1 Calculated and measured concentrations of glycolytic metabolites (A) and intermediates of
the TCA cycle (B).
Grey bars indicate experimentally determined concentration ranges taken from the literature (for

glycolytic intermediates’™® and TCA-cycle intermediates™ **%°

). Black bars indicate calculated metabolite
concentration ranges for a normal energetic load (non-excited but spontaneously firing neuron) and in a

highly activated state of the neuron (e.g. interneurons involved in gamma oscillations in hippocampal

. . . . 21
slices) where the activation is about 4-fold of the normal.
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Figure S2 Comparison of the response of a more glycolytic cell (astrocyte) to a neuron with identical

activation and cytosolic calcium transients



Dashed lines show astrocytic NADH transients, while solid lines show the NADH transients for the
neuron. The relative glycolytic response is lower in the astrocyte due to the higher baseline level (not
shown). However the abrupt changes in the energy demand are very pronounce in the astrocytic
cytosolic NADH transients as the absolute contribution of the glycolytic pathway is higher and the
buffering through the shuttle systems and the mitochondrial NADH pool is lower. Mitochondrial traces
are similar, but the activation is lower in the astrocyte since the respiratory and citric acid cycle are
closer to their maximal capacity in the basal state. The averaged transients (as measured by

fluorescence) are very similar.

MODEL EQUATIONS

Kinetic rate equations for the individual enzymes were constructed on the basis of kinetic data gathered
from the literature. Guiding principle was the construction of a comprehensive rate law that captures the
regulatory features of the enzyme relevant to the chosen network and the intended purpose of the
model. The example of the a-ketoglutarate dehydrogenase reaction below illustrates the strategy
applied to select the relevant experimental information form the literature to establish a rate law that
can be used as a module of the network model. First, the enzyme name and the literature used for the
retrieval of kinetic parameters are given. Second, the stoichiometry of the reaction catalyzed by the
enzyme is depicted. Third, the implemented rate equation and the numerical values of the kinetic
parameters are given. Binding constants (K values) are given in mM, enzyme activity is given in mM/s.
The a-ketoglutarate dehydrogenase complex (KGDHC) catalyzes the irreversible reaction: akg + NAD +
CoA - SucCoA + NADH. The rate equation is of the Michaelis-Menten type with respect to reactants akg,
NAD, and CoA. The K,, values are dynamic functions of metabolite concentrations. Activity of the enzyme
is affected by the substrates akg, NAD and CoA while other metabolites as SucCoA, NADH, Ca, Mg, pH,

ATP, ADP, P, NH4, various keto-acyl CoA esters act as allosteric regulators. Included in the rate equation



were only effectors that occur as variables of the network model. Effectors that are not part of the
network model like Mg, NH," or keto-acyl CoA esters were omitted. Further reduction of the set of
included effectors was achieved by taking into account the known metabolic alterations in the
physiological regime considered. Under physiological conditions, the metabolites ATP, ADP, P as well as
the proton concentration (pH value) do not exert regulatory control and were omitted as well. K, values
were either taken directly from the literature or obtained by fitting the rate law to published data. It was
checked that used K, values were consistent with values found in various publications. V. values for all
enzymes are free parameters. They are adjusted to reproduce the correct systems behavior under the
various conditions considered. They do not directly represent catalytic activity of the enzymes but
absorb all activity influencing regulations considered to be constant within the model. For the KGDH, the
Vmax Value takes into account the effect of Mg, acyl esters, pH and otherwise unknown or neglected

effectors.

Example:

a-ketogluterate dehydrogenase complex'® >

(akg + NAD + CoA - SucCoA + NADH)

] NAD,,, CoA
akdhc
aGnio K™ ) Nap 40 EE“ NADH mm,J CoA+ K 1+ SucCoA]

NADH SucCoA
Ki Ki

Vakdhc max

ny akdhc( akg it

Ve = 268.8

K;kdhc — Krar‘gdhc + Krikzgh 1+ NA[’\)IAHD;nito
K.
1+ Camo i—akg
Ki(ia.lakg

K =25



K2 =0.13
KNP =0.021
KV*°" = 0,0045
K S =0.0013

K C = 0,0045

Glycolysis

Glucose transporter”’

(glc_ex > glc_cyt)

Vot = Vinaxgic 1+g|g(I;‘c9:(I ; gglliext
Kge " Kaw

Viex—ge = 0.72

Kd° =287

K 9% =287

Hexokinase?* ™!

(Glc + ATP -> GIc6P + ADP)

_ glc atp glc6p
Vhex _Vmax—hexk( i j (1_ Ic6 j
lc+KZ® K 9o

I B ) atp+ K;‘n“’[u 9'06'0] |

glc6p
Ki—atp




Voovor = 9.36
K9 =0.043
K2 =0.37
K2eP =0.074

K9P =0.1

Glucose-6-phosphate isomerase®” *?

(GIc6P <> Fru6P)

_ A eq-g6 piso
Vyspiso = Vimac-g6 piso 1+ glc6p N fruép
Krg]lcﬁp KrLrUGD
Viex-gepiso = 244
K og-gspiso = 0-5157

K 96° = 0,503

K e = 0,095

Phosphofructokinase I’ **

(Fru6P + ATP - Frul6P + ADP)

fruép

( ap o ap fru26p

Niruz6p atp + K;tp atp” + (K& P |\ fru2ep + Kafru26p

fruep + K" 11— K, fru26p n 0 ( | )
fru26pnfru26p + (Kafruze) fru26p

Vpfkl = Vmax —pfki




\Y/

max — pfkl

=49.6
K P =0.111
K2 =0.04
n=18

K =12

K, =055

K %P = 0.0042
Npuzep = 90

K 2% = 0,005

Fructose-1,6-bisphosphatase®

(frul6bp — frubp + Pi)

_ fruép
Vfbpl _Vmax—fbpl( fru6p+ Kr;ru6pj

V, =0.455

max — fbpl

K 6P = 0,132

Phosphofructokinase 11°**!

(Fru6P + ATP - Fru26P + ADP)

v zv fruép atp amp adp
pfkil max — pfkl | fru6p+ Kr:u6p atp+ Krr:\]tp amp+ K:mp adp+ K:dp




Vi =0.0026

K P =0.027

K2 =0.055
K 2™ =0,073
K 2% = 0.056

Fructose-2,6-bisphosphatase®® *’

(Fru26P > Fru6P + Pi)

fru26p
fru26p frU6p
fru26p+K,, 1+

fruép
Ki

Vfru26 pp = Vmax— fru26 pp

Vmax—fru26pp = 0052
K 2P = 0,07

K, ™" = 0.02

Aldolase®

(FruleP <> Grap + Dhap)

frulép _7grapﬂhap

Valdo = Vmax—aldo fr U16 p grapeq dhap
1+ frulép + 1+ grap 1+ dhap _1
Km Km Km

Vmax—aldo = 468




K&* =0.0976
K ¢? =0.003
K% =0.08

K9 = 0,03

Triosephosphate isomerase®

(Dhap <> Grap)
_9grap
dhap K
v, =V =

tpi max —tpi
P P 1+ dhap + grap

dhap grap
K m K m

Y/

max —tpi

_10°
K& =0.0545
Ko =0.84

KI% =1.65

Glyceraldehyde 3-phosphate dehydrogenase®**°

(Grap + Pi + NAD - Bpg13 + NADH)

. bpgl3hadh
Y V, =

gapdh = max —gapdh .
nad grap pi nadh bpgl3
(1+ Knad j(l-i- K grap j(l-'- K pi j + (1+ K nadh j(l-'- Kbpng _1

Voo = 72000




K& = 0.0868
K™ =0.01
K =0.027
K% =0.101
KPP =39

K=" =0.008

K293 = 0,0035

Phophoglycerate kinase®’

(Bgp13 + ADP <> Pg3 + ATP)

bpgl3&dp— pgﬂi}?;tp
Voo = Vo) TP 13V ad . 3 at
14092 g, SO0 gy POS g, AP g
Kmpgl3 K rf\qdp K rgg?: K rf:tp
Ve pg =396
KP* =1310

KPPt = 0,063
K2® =0.42
K@% =0.67

K2 =0.25



Phosphoglycerate mutase® *

(Pg3 <> Pg2)
_ pg2
PI3~"
Vogm :Vmax-pgm g3 = g2
(“ Knﬂ“) {“ KrngJ‘l

Vmax_pgm =14400

Ke‘;gm =0.1814

Knﬂ’gs =0.22

Kmpgz =0.28

Enolase™

(Pg2 <> Pep)

P2- Lo
Veno =Vmax—eno =
(1+ P92 j +(1+ pep j -1
KnF;gZ Krgep

V oo = 216000

K;“O =05

Knﬂ’gz =0.05

Kmpep =0.15

10



Pyruvate kinase®" >’

(Pep + ADP = Pyr +ATP)

- pep adp
v, =V, ( j
pk max — pk pep
pep+K? mm+K“{Lkmpj
m k(:np
Vi = 23.76
K ® =0.074
K 2P =0.42
KX =44
Lactate dehydrogenase®*>*
(Pyr + NADH <> Lac +NAD)
lac [(had
e

Vien =V,

nadh

V... .y =100000

K" =8400
KM =0.36
K= = 0,043
Kl* =42
K =0.088

max—ldh pyr
(1+ Ko ](1+

nadh
Km

HH

lac
k{lac
m

J

nad
P( nad
m

|-

11



Monocarboxylate transporter (MCT)>® >’

(Lac_cyt ¢ Lac_ex)

lac lac,,
_ Ka
Vmct _Vmax—rmt | |
(1+ K?ij+(1+ Sﬁj" J—l
Vmax—mct = 5

K> =11

K= =11

Creatine kinase’

(ATP + Cr ¢ ADP + CrP)

Vck = Vmax—ck{adp Ij:rp - itlil]:r J

eq-app
V., =00135

ck —
Keq—app =7

The apparent equilibrium constant is lower than the thermodynamic equilibrium constant®® as is known

for muscle cells.*

Malate-Aspartate Shuttle

Cytosolic malate dehydrogenase®

12



(Mal_in + NAD_in <> Oa_in + NADH_in)

oa[hadh

mdh
eq

th
- mal nad oa nadh
(1-'_ K mal J(l-'_ K nad ] +(1+ Koa J(l-'_ Knadh J _1

Vi =10°

m

mal [had —

oyt
deh

Ko =10
K™ =0.05
KM =077
K% =0.04

K = 0,05

Mitochondrial malate dehydrogenase
(Mal_ mito + NAD_ mito ¢ Oa_ mito + NADH_ mito)

- see section CAC

Cytosolic aspartate aminotransferase®

(Asp_cyt + akg_cyt € oa_cyt + glu_cyt)

Vacglt =Vn%,tx—aat{asp|}-kg - Oa@lu}

K
Vr%tx—aat = 32
K2 =0.147

13



Mitochondrial aspartate aminotransferase®

(Asp_mito + akg_mito <> oa_ mito + glu_ mito)

v :vn:':;%aa{asp rakg - OaEg'”]

K
K2 =0.147

Aspartate/glutamate carrier®

(Asp_mito + glu_cyt + h_cyt <> Asp_cyt + glu_mito + h_mito)

aspy, (91U,
asPyir, LOIU, ‘%
Vag- u-c :Vmax— —glu-c f Y. 1 . )
e T o Yol K e+ ol + )
Ve s giu—c, = 3-2010°
_ 1000[RLT hyy.
dGaSp—glu—c - _me + = Iog( hm‘toj
Kasp—glu—c. - GX% F |]:IGp j
& 1000(R(T
K 2Pme = 0,05
Ko™ =28
K P =0.05
Kt =2.8

14



Malate/a-ketoglutarate carrier® *°

(Mal_cyt + akg_mito <> Mal_mito + akg_cyt)

mal ., [akg,;,, —mal

mito

[akg,,

Vmal —akg-c. = Vmax—mal —akg-c.

Vmax—nal—akg—c. = 32

K™ =1.36
K29 = 0.1
Kmme =071
Kr'::lkgmito - 0-2

Glycerol-3-Phosphate Shuttle

Cytosolic glycerol-3-phosphate dehydrogenase

(dhap_cyt + nadh_cyt ¢ g3p_cyt + nad_cyt)

67,68

(e + K Yo + K25+

mit

. + Kg‘a]m'to )(akgcyt + K;kgcyt)

dhap,, (hadh,, _gSpcq;—madm
Vason = Viac-gapen dhap nadh,, 22‘53""“ nad
o o e e

V2 gapan = 3-2010°

K yapan = 3257.3

K® =0.17

K" =0.01

K% =0.3

15



K™ =0.03

Mitochondrial glycerol-3-phosphate dehydrogenase™ " %
(dhap_cyt + FAD_g3p <> g3p_cyt + FADH2_g3p)

(FADH2_g3p + Q <> FAD_g3p + QH2)

93p,. LFADH,
dhapcy[ |:F'ADg3pdh - C}lzmito B

Vmito - V mito eq—g3pdh

g3pdh max—g3pdh
dhap,,, 93Py
e I 105

1
V3pdh_o SAANGES EﬁFADHz_ pdhe (Qrito ~ K FAD 4, [QH Zm'toj
eq_g3p_fad_Q
Vo = 6.4010°

Vv 93dh-Q = 32110°

K mito _ exp( (2 EEmdhap/gSp _ZEEmFADgap)EF}

-g3pdh 1000[R[T
o o (2cEmy, +20Em, |F
e e 1000(RLT

Emy.ngsp =190mV

Em.,p,,, =210mV

Oxidative Phosphorylation

ATP synthetase®

16



(ATP <> ADP + Pi)

ATP.0
an :Vmﬁ |:ﬁ’A‘DPmito |:H:)rrito _—tJ
eg—syn
VN =1.80107°(dG")
aG=-v, + RO In( o ]
1000(F | h,,,,
n=3
on k
Keq—wn =ex di -kU ﬂ
ROT Mhico
dG" = 30500
k=3

The dG containing term describes activation by the proton motive force.

ADP/ATP exchanger®

(ATP_mito + ADP_cyt ¢> ADP_mito + ATP_cyt)

1 ATR ADP, ()
- V nr,16;‘1);P—@<changer AD Rn DQ‘-I-I:)mito

1+ AT exp(s, ) 1+ A mo
ADR, T\ m ATP

VATP—®<changer

V mA{j\')r(P—exchanger - 5 4 D.O_S

S, =03

ATP Consumption

ATP consumption is modeled as a Michaelis-Menten equation with low K, value.

17



_y ATP,

—— {1+ activation
max—ATP-use ATPm + K :TP ( )

VATP —use

K:TP = 1
The activation describes the additional ATP consumption upon excitation. The value for the activation is

1 in undisturbed state.

Electrophysiology

— me |:F
1000[R T

F =96490.OL
mol

J

R=8.314
K Omol

T=310«k
Electro diffusion
The passive efflux of sodium ions, potassium ions, chloride ions and protons is modeled by the Goldman-

Hodgkin equation.

Potassium’®

18



Sodium

Isjamito = Aﬂ DDNamito WiF [ﬁNam f Namito @Xp(u )]

1-exp(U)

=10 ™M

Py <

A

Protons’" ’?

Hin — Hmito |}Xp(u )J

Ifldmito = _A“ EPHmito wir I:E 1- eXp(U)

p, =200%"
S

mito

Pumps”®

The pumping of sodium, potassium and phosphate is modeled as electro-neutral proton driven antiport.

— Phos—exchanger( _ )
VPhos—exchanger - Vmax Rn DH in I:)mito EIH mito

\/ Phosmechanger = 43,3485

| pump :an]\laf;\(—pump(Nain M., —Na., |:|Hin)

Namito mi
Na- — -3
vNamee = 510

pump _ Pot—purrp( _
I Pot o Vmax Kin [H mito

K DHin)

mito
Vo P =7500"

Protons are pumped by the corresponding processes in complex I, complex Il and complex IV.

pump — _
I H - (4Vc><1 + 2Vc><2 + 2ch4)

19



Calcium””°

Iceglmw - An [2|IU F [Ecam _(_:am'to &XP(ZDU )J PC:MC 1- Cacyt = + Pcr\gcu ncain — ncain ! oW
1 exp(ZEUJ) Cacyt + Ki ” Cam +(Km—Ca) Cam : +(Ka )

prve = o0 M

<

<=

K =0.0001
PMcu = 2[:'.0_2 m
“ s
KM =192
n=0.6
K =0.0003
n,=5
CaTﬂ (Na| )rl nNa 1 nNa
| p:Tpa = ito n Ca-mi o EINam ——_Cain DNami .
= (Camiw R ]((Nan)" skp P AT KG™ ‘

Ké?qa—Na =exp - me [F
1000[R[T

Ko =8

K S = 0,0096

Cam-to + Kria"m K Ca-H

um| C ito n 1 n
I(F;a—fl :( a‘mt j(cam'to |:GHin) - Cam [GH mito) ]
eq
Ké?qa—H - exp(_ me DF J
1000[RLT

20



K Cme = 0,01

H _
n" =3
Currents
= | pump ed _ Na pump
Namito | Nam’to Namito n EICa— Na
— | pump ed
POtmito POtmito P0tm10

+ 3LV,

— e pump pump pump _ oH pump
= +1 +1 Nayito +1 n DCa—H + VPhos—exchanger syn

H mito H mito H mito POtmitu

— | pump pump ed
Canmie ICa—Na + ICa—H + ICamito

Membrane potential

The mitochondrial membrane is modeled by the capacitor equation.

= 2 )
VV - o IC + I K + I H + l Na + DCa _VPhos—exchanger + VATP—exchanger

"G [A,
c,, =0.900°° farad/cn?

A, =3.700%cn?

Complex 1"

(NADH + Q + 4 H_mito <->NAD + QH2 + 4 H_in)

chl = Vn‘w:; nadhm‘to E(D- - % na'dmito [(DH 2

eq

Ve =225

21



4
K& =exp 2(Em, +2(Em, + Ao FF ) P
1000(RT |\ h,

Complex III*°

CX n 1 n
Voan = Vma>|<II [EQH 2 m;ytcox - W Q m3ytcred J

eq

Vel =2 25010*

4
2V OF \ hy,
chlll =ex _ZEE +2|:|E + mm mito
™ p( o Moo 1000EREI'I nnj

80-82

Complex IV

(2 cyt_red + 02 + 4 H_mito - H20 + 2 cyt_ox + 2 H_ in)

L syoig MGy Opmio p(_ dG, [F jz
Cy max Cthredn +(Kr(T:]lered )” OZmito + Knciz 1000[R[T

Vo4 =325
K =0.001
K e = 0,001

n=2

dG, F Y’
The factor exp| ——————— | was included to ensure proper activation of complex IV with increased
1000[(R[T

demand, but complex IV activity might actually be regulated by the intra- and/or extramitochondrial

ATP/ADP ratio and/or calcium, but exact kinetics are unknown.
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CAC
Pyruvate exchanger®

(Pyr_in + H_mito <-> Pyr_mito + H_in)

_VPyr—®<changer E(Pyrin [Hin B Pyrmito [Hmito)
pyr—exchanger — ¥ max
1+ IDyrin 1+ Pyrm'to
K Pyrin K PYTito

VmF;yxr —exchanger = 128

\Y

K> =0.15

K me = 0,15

Pyruvate dehydrogenase complex”® ** #*
(Pyr_mito + CoA + FAD_pdhc -> AcCoA + CO, + FADH; pdhc)

(FADH, pdhc + NAD_mito <-> FAD_pdhc + NADH_mito)

. . FAD .
Vpdhc_fad :Vn?a(ihc_ fad (14_ Agym c C‘im;t(o o J( Pyr-r:nc;< o ][ pdthADpdh ] COAnlto
1
FADH, i INAD,;,, = FAD 4, INADH
Vpdhc nad =Vn?a?<hc_nad ( P fs,ilgnad‘
- NADmito + Km mim)

Vv pde_tfad =131
Vmp;;hc_nad — 1e4

AP =17
KSme =107
K> =0.068

K NPme = 0,041
K ¢Awe = 0,0047

23



K/%Aw = 0,0004

K P = 0.00001

K — p((z |:ErnFAD + 2 |:ErnNAD) |:F
eq-pdhc_fad_nad —

Em™ = 297mV

Citrate synthetase®

(Oxa + AcCoA - Cit)

Vcs - Vn?Zx Oxantio

1000 (RLT j

AcCoA;,

OXayy, + Kﬁi*a(l

Ve =1.28M10°
Ko =0.0045

Ke' =37

K &2 = 0,005

K =0.025

Aco _—_
Ke =

Aconitase®’

(Cit <> IsoCit)

Cit
+

K g“tto J ACCOATItO + KQCCOA EE1+

24



IsoCit

Citmito - K Aoonito
v, =\VA® . e«
Aco - Tmax 1 Cit i, . 190Cit 0

+ Kriit + K:nS)Cit

VA® =1.6010°

K2 =0.067
KS =0.48
K%t =0.12

NAD-dependent isocitrate dehydrogenase®® >

(IsoCit + NAD -> akg + NADH)

1soCit

NAD

mito

i IsoCit.
—\/icdh t
Vicdh _Vmax [ e

IsoCit"e" + (K=ot )™ } NAD.,

Vi = g4

n'** =19

T
v

Ki%et =0.11

K 2¢t = 0.06

+ KNP [El

NADH
+

mito
NADH
Ki

|
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K< =0.0074

n® =2
K0 = 0,001
KMo = 0,041

a-ketogluterate dehydrogenase complex

(akg + NAD + CoA —> SucCoA + NADH)

16, 22-26

v — \/ dkdhe_fad ( akg, i, J[ FAD, g J CoA
akdhc_fad — Vmax akdhc FAD,
- akg, . +K . hoane
1
FADH 2_kgdhc |:NADmito - K I:ADkgdhc ENADH mito\]
Vv - V pdhc_nad eq_kgdhc_ fad _nad
pdhc_nad max

v/ kdhe_nad — 134 4

akdhc_fad _—
Vkde_fad — 14

akdhc
ke =) Mmoo [1+ RS
1+ Ca.mito Ki—a\kg
Ki(iaakg
K3 = 2 5
K0 = 0,021

K" =0.0045

(NADm.to + K AP [€1+

mito }

NADH . D

NADH
I<i
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K = 0,0013
K CA = 00045

K %= = 000001

K — (2 |:EmFAD + 2 |:EmNAD ) |:F
eq-kgdhc_ fad _nad — 1000[R[T

Em™® = 297mV

Succinyl-CoA synthetase®™®

(SucCoA + ADP/GDP + P ¢ Succ + CoA + ATP/GTP)

S.ICCm- to [COATI to mTPm to

P SJCCOAn'to mDPm'm [Pm'to - K
Vsicooa-atp = Vo™ {14‘ A EE n’ e PY” ]J SUcCoA; ADP, P, Suce, eq_suocoascoAn ATP,
Pruio + (Km) (1"' K oo ][1"' K o ](1"' Kmiltao ] + (1*' K e ][1"' K oA j(l"' K e ] -1

\Y/ =1.92110"

max —succoas—atp

n"=3

K 209 = 0,041

K/°P =0.25
KP =072
K3 =16
K S = 0.056
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KA =0.017

S"Iccrrito II:OAn'to @Tprmo
K

eg-succoas

p

Vsuocoa—gtp =Vn?ajxmagtp[1+ A*:ax I:E PnP +na°< p)nu
m

mito

KP

m

]J S"ICCO'Amito mDPm"[o EF’m‘io -
[1

+ S“ICCO'Amito j(1+ GDPm‘to j(l-'- Pm‘to j + (1_'_ S“Iccm‘io ][1+ CoAmo ][1+ GTPm'to j - 1

SucCoA GDP Succ CoA GTP
K m K m K m K m K m

K; =25

n =3

K 304 = 0,086
K P =0.007
KP =226
K% =049

K S = 0,036

KS™ =0.036

Succinate dehydrogenase®**

(Succ + FAD_succdh ¢ Fum + FADH2_succdh)

(Succ+Q ¢> Fum + QH,)

_ Furnm'to I:GQHZ)n

S'ICCn'ito [(-)n K

eq-succdh

Ki

Vsucodh_ fad = Vmax—suocdh_ fad
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E[ FADH, . [INAD,;, — B S FAD ., (INADH min
V - V succdh_nad i eq_ pdhc_ fad _nad‘
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