@ metabolites m\py

Supplementary Materials 1: Others solutions for pyruvate synthesis from glutamine. Multiplicity of
solutions.

The solution obtained with C2M2N for the maximum rate of pyruvate synthesis from
glutamine requires the maximum ATP synthesis flux. In the absence of this constraint, the emerging
solution (with absolute fluxes minimization) is quite different (Figure S3c). Indeed, in this solution,
pyruvate is synthesized through two pathways. The glutamine derived AKG engages in a TCA
cycle in both the reducing (flux = 0.61) and the oxidizing (flux = 0.39) pathways. The reducing
pathway gives 0.61 citrate, which are split by ATP citrate lyase (CL) to give OAAc and acetyl-CoA
ending to 0.077 palmitate. OAAc generates PEPc (PEPCK1) and then 0.61 pyruvate by PK. The 0.39
oxidizing pathway gives MALm which goes out to give MALc and then 0.39 pyruvate through
MET1. There is also a 0.15 cycle involving MDH2 and ME1 which transforms 0.15 NADHm in 0.15
NADPHc to complete the 1.078 NADPHc (IDH1 and ME1) necessary for the synthesis of 0.077
palmitate. In this scenario, no ATP is synthesized and the reductive power of glutamine is
consumed in citrate and palmitate synthesis. The mitochondrial production of NADH is low as
shown by the low activity of RC1 (0.084) as compared with 3.0 in the previous solution allowing a
high ATP synthesis flux.

Using MitoCore, we obtained a slightly different result with 1.41 pyruvate from glutamine and
no ATP. In this solution, a great part of pyruvate is obtained with the successive syntheses of serine,
glycine, alanine, and then pyruvate. In this pathway, there is a high activity of monoamine oxidase
specific of the central nervous system and of diabetic myocardium and a high activity of a
mitochondrial lactate dehydrogenase, which is rather unexpected in mammalian cells. Reducing
mitochondrial lactate dehydrogenase (R_LDH_Dm_MitoCore) activity to zero gives a similar
solution as the solution of C2M2N with no ATP synthesis above and a null activity of RC1 indicating
a fine balance of oxidative and reductive glutaminolysis (IDH1 =-0.1 and IDH2 = -0.495) in this case.
A maximal ATP synthesis flux of 10.9 can be obtained when maintaining the maximal production of
1 pyruvate for 1 glutamine, which is comparable with the yields obtained with C2M2N. The activity
of the respiratory chain is also the same as in C2M2N (R_CI =3, R_CII =1, and R_CIII = 4, MitoCore
notations). However with MitoCore, pyruvate is made through three different pathways. Glutamine
is first transformed in AKGm, then in MALm (flux = 1). From there, three fluxes will synthesize
cytosolic pyruvate. The main one (flux = 0.8) goes through mitochondrial malic enzyme (ME2)
giving PYRm released from mitochondria through an alanine cycle catalysed by the cytosolic and
mitochondrial operation of ALATm and ALATc (alanine aminotransferase or glutamate-pyruvate
aminotransferase, equivalent to GOT1 and 2 with ALA in place of ASP and PYR in place of OAA, not
represented in Figure S3d). A second pathway (flux = 0.1) goes through MDH2, PEPCK2,
PEP/Citrate exchanger and then pyruvate kinase. In the last pathway (flux = 0.1) MALm goes out
with malate/phosphate exchanger and gives pyruvate through cytosolic malic enzyme (ME1).

These examples show the diversity of solutions, which can be explored through flux variability
analysis (FVA). Furthermore, with C2M2N, but not so easily with MitoCore, we can analyse each
solution in terms of separate pathways and transporting cycles, in fact, elementary flux modes
(EFMs). It is worth noting that we can represent the MitoCore solution on the C2M2N network with
some adaptations.

Supplementary Materials 2 Decomposition of the metabolic network of Figure 8c in elementary flux

modes.

The production of biomass is in blue with XTP, SER, and PYR produced by the glycolysis. The
other metabolites of the biomass (ASP, GLUT, GLN, ARG, and PAL) are produced through citrate
synthesis in mitochondria fed by pyruvate carboxylase. This is not so usual except for palmitate
synthesis. The output flux of citrate is 1.7 which split in 0.88 for palmitate synthesis and 0.88 OAA
precursor of the 0.7 ASP. The rest of citrate (0.8) is metabolized through IDHI1 (giving a great part of
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the NADPH necessary for palmitate synthesis) to give AKG and GLUT (GOT1), and GLN (GS1). The
rest of glutamate re-enter the mitochondria to make a minute amount of ARG.

These fluxes are completed by several cycles necessary for the exchanges between mitochondria
and cytosol. These cycles share some reactions so that it is not easy to decompose all the fluxes in a
sum of cycles. Furthermore, the decomposition is not necessarily unique. One decomposition is the
following: The two cycles composing the MAS with a 2.7 flux; a AKGm-GLUTm-GLUTc cycle
involving GOT2 (-Glud1) (-T9) T4 with a 1.33 flux. In this cycle, the aspartate and arginine NH3 are
incorporated by (-Glud1). Then, we have a 1.027 cycle GLUTc-GLUTm-AKGm-AKGc with T4 and
T2. Then, we have a 0.391 citrate cycle: CITm-CITc-AKGc-GLUTc-GLUTmM-AKGm through (-IDH3)
T1 IDH1 T4 GOT2. All these cycles superimpose to give the flux values (rounded values) indicated
on Figure 8c.
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in brown arrows (end of glycolysis + TCA cycle
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Serine synthesis from glucose. Blue and gray arrows represent the main pathway (flux

2). Yellow arrows correspond to the malate-aspartate shuttle (flux

produced by glycolysis and SERSYNT. Brown arrows depict OXPHOS.

4) to reoxidize NADHc



18 of 21

C2M2N Figure S8a_BM =

A GLUCUP

NADPHc BALANCE

x 0.335 l GLuc NH,* x1.2
PP1 : + 1.848 (glucose)
ATP . i
0.2 NADH + 0.5 QH2 ME1: + 0.27 (glutamine)
"AM ozmososa o) | oo ATPc BALANCE IDH: - 0.577 (glutamine)
ADP x 0.335 PL1: - 1.54 (glutamine)
x0.04 A Glycolysis : - 0.335 + 0.295+0.115 = 0.075
NUC: - 0.348
PL1: -0.77 NADHm (Glucose)
CL:-0.88
ASS1_ASL_FH : -0.1 MDH2 via T1: + 0.303 (from MDH1)
BM:-4 3= 0.303 (17%)
ANT: +6.023
x0.096 ADP + Pi + NAD
x0.3
LACIO Z>U—l—3
; ATP + NADH UREA Cycle .
x0.18 A coqg 1O weo Y¥® x005 (Glutamine)
] x| BN [ e |
SeRoUT _ SERSYNT [wac] MDH2: + 0.450
ATP ADP_CO, o 012 X0.12 .l 3M*A>>w_m ﬂ%_ —1-SNADPH |\ arcase SLP: +0.546
RS N oS owor \ s
| —1 c PK H f
x0.27 \ I . ME2: + 0,096
PYR: NIG . ’
/_ ¢ 164012 _ cRe _ _ orte _E _ DPsI _T_ 4DPH _ PDH: + 0,360
G x1.476 Mﬂﬁ x0.2 NAGS_ACY: - 0.05
X 0.05 2=1.506 (83%)
GLNUP ““,V

WORNT
.36

x1.2

- PK2 —
GLNm PEPm _
x0.1
ohmi >Uv+OON.
z>_uI
z: 4 J PEPCK2

+H— DP+Pi
_ x1 naD \
o>>a \
x 0.36
i OAAc 1“ | oLute _ GLUTm [%0.39 on|
AGC \
NADH Gor1| Uv:._.uvm_ X m&mm GoTZ x 0.75/( MrHz .__
MDH1 g : NAD \
! | %0.05

IV_ MALm

AKGm

“~ NAD+ADP+Pi
SLP

QHx 0.55
x0.55 m X

Q
NADH+ATP Lj
+C02 CITMAL

Succm

NAD

oRNm E
3 (ADP + Pi)
+z>D

/)ﬂm\.mm

53
N

ADP+Pi
co, NADPH NADP X058 +Pi 7 ATP (ADP + Pi)
x0.11

x0.88

14 NADPH

ADP +Pi

._a Z>UW

The interplay between glutamine, ammonia, and glucose to sustain cell proliferation. The

S8a.
uptake of glucose and glutamine is free to make 1 arbitrary unit of biomass flux. Glutamine

Figure

catabolism is in green and glucose catabolism in blue. Nitrogen is incorporated as a large excess of

glutamine with release of ammonia. The origin of NADHm (glucose or glutamine) is indicated in the

boxes showing that most of mitochondrial ATP synthesis is due to glutamine (it is the reason for dark

green respiratory chain). Few ATPc is due to glycolysis (see ATPc balance box). Most of

NADP/NADPH cycling is also due to glutamine.
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Figure S8b. The interplay between glutamine, ammonia and glucose to sustain cell proliferation.

This solution depicts a case where ammonia release is cancelled. Ammonia produced by GLS1 is thus

stoichiometrically recycled mainly by GLUD1 (glutamate dehydrogenase) in the reverse direction

and to a lower extent by carbamyl phosphate synthesis (CPS1 in dark violet) to ultimately give
arginine. In this simulation, nearly 100% of ATP is due to glucose (see NADHm and ATP boxes).
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Figure S8c. The interplay between ammonia and glucose to sustain cell proliferation. Nitrogen is

incorporated as ammonia in glutamate by the reversion of glutamate dehydrogenase (-Glud1) and in

is incorporated directly by CPS1

glutamine by glutamine synthase (GS1). A small part of NH+

1.27) and in

(carbamyl phosphate synthase) for arginine synthesis. Four cycles in yellow (MAS flux

gray are operating. They are described in Supplementary Materials 2.
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The interplay between glutamine, glucose and ammonia to sustain a flux of biomass of 1

S9

Figure

1 are identical to the fluxes in Figure

or 3 (1/3 on the Figure). The Warburg effect. The fluxes for BM

3 in order to follow the changes of

fluxes in the Warburg effect. In comparison with Figure S8a, the ANT output of mitochondrial ATP
is nearly the same (see the ATPc box). The majority of ATPc comes from glycolysis with a large

increase in glucose uptake accompanied by a large release of lactate. There is also a nearly 3-fold

S8a. They are kept here for comparison with the fluxes for BM

increase in glutamine uptake corresponding to the 3-fold demand in biomass. The balance boxes are

=3

given for the case of a biomass BM



