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Abstract

ATP is the dominant energy source in animals for mechanical and electrical work (e.g., muscle
contraction, neuronal firing). For chemical work, there is an equally important role for NADPH,
which powers redox defense and reductive biosynthesis. The most direct route to produce
NADPH from glucose is the oxidative pentose phosphate pathway (oxPPP), with malic enzyme
sometimes also important. While the relative contribution of glycolysis and oxidative
phosphorylation to ATP production has been extensively analyzed, similar analysis of NADPH
metabolism has been lacking. Here we demonstrate the ability to directly track, by liquid
chromatography-mass spectrometry, the passage of deuterium from labeled substrates into
NADPH, and combine this approach with carbon labeling and mathematical modeling to measure
cytosolic NADPH fluxes. In proliferating cells, the largest contributor to cytosolic NADPH is the
oxPPP. Surprisingly a nearly comparable contribution comes from serine-driven one-carbon
metabolism, where oxidation of methylene tetrahydrofolate to 10-formyl-tetrahydrofolate is
coupled to reduction of NADP* to NADPH. Moreover, tracing of mitochondrial one-carbon
metabolism revealed complete oxidation of 10-formyl-tetrahydrofolate to make NADPH. Since
folate metabolism has not previously been considered an NADPH producer, confirmation of its
functional significance was undertaken through knockdown of methylenetetrahydrofolate
dehydrogenase (MTHFD) genes. Depletion of either the cytosolic or mitochondrial MTHFD
isozyme resulted in decreased cellular NADPH/NADP™* and GSH/GSSG ratios and increased cell
sensitivity to oxidative stress. Thus, while the importance of folate metabolism for proliferating
cells has been long recognized and attributed to its function of producing one carbon units for
nucleic acid synthesis, another crucial function of this pathway is generating reducing power.
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Past examination of NADPH production during cell growth has analyzed metabolic fluxes in
cells using 13C and 14C isotope tracers2->. For NADPH metabolism, however, carbon tracers
alone are insufficient, because they cannot determine whether a particular redox reaction is
making NADH versus NADPH or the reaction's fractional contribution to total cellular
NADPH production. To address these limitations, we developed a deuterium tracer approach
that directly measures NADPH redox active hydrogen labeling. To probe the oxPPP, we
shifted cells from unlabeled to 1-2H-glucose or 3-2H-glucose (Figure 1a) and measured the
resulting NADP* and NADPH labeling by liquid chromatography-mass spectrometry®, as
shown in the mass spectrum in Figure 1b (for associated chromatogram, see Extended
Figure 1a). The M+1 and M+2 peaks in NADP™ are natural isotope abundance, primarily
from 13C. The difference between NADP* and NADPH reflects the redox active hydrogen
labeling. The labeling of NADPH's redox-active hydrogen is fast (ty/» ~ 5 min) (Figure 1c;
note: as opposed to relative mass intensities, all fractional labeling data are corrected for
natural isotope abundance). NADPH labeling was similar across four different transformed
mammalian cell lines. Knockdown of the committed enzyme of the oxPPP, glucose-6-
phosphate dehydrogenase, eliminated most of the labeling, confirming that the NADPH-
deuterium labeling reflects oxPPP flux (Figure 1d).

Since most NADPH is cytosolic’, the 2H-glucose labeling results can be used to quantitate
the fractional contribution of the oxPPP to total cytosolic NADPH production:

Fraction y,ppp from o rop=2%X(NADP*H/ Total NADPH)x (*H — G6P/ Total G6’P)71>< Crrs

The terms in parentheses are the fractional 2H-labeling of NADPH's redox active hydrogen
and of glucose-6-phosphate’s targeted hydrogen (Figure 1le, Extended Figure 1b-d). The term
Ckk accounts for the deuterium kinetic isotope effect®? (see Methods, Extended Figure 1e-
g). Note that these 2H-labeling experiments directly measure the fraction of NADPH made
by the oxPPP without relying on measurement of the absolute pathway flux. Using either
1-2H- or 3-2H-glucose, we find that oxPPP accounts for 30-50% of overall NADP*
reduction.

The inferred fractional contribution of oxPPP to NADPH production can be used to deduce
the total cytosolic NADPH production rate, which is equal to the absolute oxPPP flux
divided by the fractional contribution of oxPPP to NADPH production (Figure 1f). To this
end, we measured absolute oxPPP flux using two orthogonal approaches. The first approach
measures 14C-CO, release from 1-14C versus 6-14C-glucose (Extended Figure 2a-c,
Extended Figure 3). The second measures the kinetics of 6-phosphogluconate labeling from
U-13C-glucose (Extended Figure 2d-f). Both approaches gave consistent fluxes with the
radioactive measurement more precise (Extended Figure 2g). As confirmation of its
specificity, we knocked down glucose-6-phosphate dehydrogenase and observed markedly
reduced oxPPP 14C-CO, release (Figure 1g). In the absence of such knockdown, the
observed oxPPP flux ranged from 1 - 2.5 nmol uL"1 h"1 (where volume is the packed cell
volume; Figure 1g). This flux is similar to, but slightly less than, the cellular ribose demand
(Extended Figure 3f). In combination with the fractional NADPH labeling, we deduced a
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total cytosolic NADPH production rate of ~10 nmol uL- h'! (Figure 1h), which is 5 — 20%
of the glucose uptake rate.

To investigate whether we could use 2H-labeling to directly observe NADPH production by
other pathways (Figure 2a), we fed cells 2,3,3,4,4-2H-glutamine and 2,3,3-2H-aspartate.
Downstream products of glutamine can potentially transfer 2H to NADPH via glutamate
dehydrogenase or malic enzyme, while downstream products of aspartate may do so via
isocitrate dehydrogenase (Extended Figure 4a-f). We observed identical mass spectra for
NADP* and NADPH after feeding the deuterium-labeled glutamine and aspartate (Figure
2b,c, Extended Figure 4b,d), and thus could not directly assign a fractional contribution to
these pathways. Given recent evidence that malic enzyme is particularly important in
cancer1®11 we used an orthogonal approach based on feeding U-13C-glutamine and
measuring labeling of pyruvate, lactate and citrate to evaluate its activity (Extended Figure
4g,h). While such carbon tracer studies cannot distinguish between NADH-dependent and
NADPH-dependent malic enzyme, they put an upper bound on their collective activities,
which ranged from 15% to 50% of cytosolic NADPH production depending on the cell line.

To identify other potential NADPH producing pathways, we used a genome-scale human
metabolic modell2. We constrained the model based on the observed steady-state growth
rate, biomass composition, and metabolite uptake and excretion rates of immortalized baby
mouse kidney cells (iBMK-parental cells)!3, without enforcing any constraints on NADPH
production routes. The model, assessed via flux balance analysis with an objective of
minimizing total enzyme expression requirements and hence flux* (see Methods), predicted
that both the oxPPP and malic enzyme contribute ~ 30% of NADPH (Figure 2d).
Surprisingly, however, ~ 40% of NADPH production was predicted to come from one
carbon metabolism mediated by tetrahydrofolate (THF). An alternative objective function of
maximizing growth rate further predicts a potentially substantial contribution of folate
metabolism to NADPH production (Extended Figure 5a,b).

The main folate-dependent NADPH-producing pathway was predicted to involve transfer of
a one carbon unit from serine to THF, followed by oxidation of the resulting product
(methylene-THF) by the enzyme MTHFD to form the purine precursor formyl-THF with
concomitant NADPH production. To assess whether this pathway indeed contributes to
NADPH production, we fed cells 2,3,3-2H-serine and observed labeling of both NADP* and
NADPH. The NADP?* labeling results from incorporation of the serine-derived formyl-THF
one-carbon unit into NADP™'s adenine ring. Relative to NADP*, the labeling pattern of
NADPH was shifted towards more heavily labeled forms, indicating specific labeling of
NADPH's redox active hydrogen (Figure 2e, Extended Figure 5¢,d). Thus, we were able to
directly confirm that serine-driven folate metabolism contributes to NADP™ reduction.

To assess the functional significance of different pathways to NADPH homeostasis, we
knocked down in HEK293T cells a variety of potential NADPH-producing enzymes and
measured the cellular NADPH/NADP* ratio (Figure 2f). While knockdown of malic enzyme
1 (MEZ1), cytosolic or mitochondrial NADP-dependent isocitrate dehydrogenase (IDH1 and
IDH2), and transhydrogenase (NNT) did not significantly impact NADPH/NADP*,
knockdown of glucose-6-phosphate dehydrogenase or either isozyme of methylene
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tetrahydrofolate dehydrogenase (MTHFD1, cytosolic, or MTHFD2, mitochondrial)
substantially decreased it. These observations further support the primacy, at least in this
growing cell line, of the pentose phosphate and folate pathways in NADPH production.

The importance of both isozymes of methylene tetrahydrofolate dehydrogenase suggests that
cytosolic and mitochondrial folate metabolism (Figure 3a) both contribute to NADPH
homeostasis. The product of methylene tetrahydrofolate dehydrogenase, 10-formyl-THF, is
a required purine precursor, with each purine ring containing two formyl groups. Thus, the
cytosolic 10-formyl-THF production rate must be at least twice the purine biosynthetic flux.
The most direct path to cytosolic 10-formyl-THF is via MTHFD1 with concomitant
NADPH production (Figure 3a, solid blue lines). Alternatively, 10-formyl-THF could
potentially be made from formate initially generated in the mitochondrion (Figure 3a,
dashed lines)1516, To distinguish between these possibilities, we fed U-13C-glycine, which
contributes selectively to mitochondrial one-carbon pools (Figure 3a, green lines). Glycine is
assimilated intact into purines, resulting in M+2 labeling of ATP; however, we did not
observe any M+1, M+3, or M+4 ATP, indicating that mitochondrial-derived one-carbon
units do not contribute to purine biosynthesis (Figure 3b). Consistent with this, feeding of
U-13C-serine revealed that most one-carbon units assimilated into purines come from serine
(Extended Figure 6a,b), and knockdown of MTHFD1 nearly eliminated NADPH redox-
active hydrogen labeling from 2,3,3-2H-serine (Figure 3c). Assuming that all 10-formyl-
THF production for purine synthesis is coupled via MTHFD1 to NADP* reduction, the total
NADPH production rate is ~ 2 nmol uL"1 h-1 (Figure 3d) or ~ 25% of total cytosolic
NADPH flux. To probe potential further oxidation of serine, we fed 3-14C-serine and
observed 14C-CO; release, implying that the THF pathway runs in excess of one-carbon
demand yielding additional NADPH (Figure 3d, Extended Figure 7).

We also investigated the consequences of elimination of serine from the medium (Extended
Figure 8). As has been observed previously both in vitrol-18 and in tumor models??, serine
depletion impaired cell growth (Extended Figure 8b). Consistent with one important
downstream product of serine being NADPH, its removal decreased NADPH/NADP*
(Extended Figure 8c). Glycine is both a product of serine metabolism, and itself a potential
source of one-carbon units via the mitochondrial glycine cleavage system, whose expression
has been linked to oncogenic transformationZ0. We accordingly tested the impact of both
removing serine and increasing glycine in the culture media. We found that increased
glycine further impaired cell growth and decreased the NADPH/NADP? ratio (Extended
Figure 8 b,c). These results are consistent with increased glycine impairing methylene-THF
production, perhaps due to reverse flux through serine hydroxymethyltransferase (Extended
Figure 8d,e).

The above results establish a major contribution of serine-driven cytosolic one-carbon
metabolism in NADPH homeostasis. Knockdown of MTHFD?2 also alters NADPH/NADP*,
suggesting an additional role for mitochondrial one-carbon metabolism. Mitochondrial
folate-dependent enzymes, especially MTHFD2, are overexpressed across human cancers??.
To probe specifically mitochondrial folate metabolism, we fed 14C-labeled glycine and
monitored radioactive CO5 release. The glycine cleavage system releases glycine C1 as
CO», while transferring glycine C2 to THF, making methylene-THF. Notably, almost as
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much radioactive CO, was released from 2-14C-glycine as from 1-14C-glycine (Figure 3e),
indicating that a majority of mitochondrial methylene-THF is fully oxidized to CO».
Consistent with such complete oxidation, when we fed 13C-labeled glycine, we did not
observe transfer of one-carbon units to the cytosol based on the thymidine triphosphate
(dTTP) or methionine labeling, with dTTP's one-carbon unit coming from serine (90 —
100%) and methionine coming from the medium (Extended Figure 6c-f). As expected based
on the mitochondrial methylene-THF oxidation pathway, release of glycine C2 as CO,was
decreased by knockdown of either MTHFD2 or ALDH1L2 (Extended Figure 7g). Such
complete one-carbon unit oxidation may be beneficial for reducing the cellular glycine
concentration. In addition, it produces mitochondrial NADPH. Thus, two functions of
mitochondrial folate metabolism are glycine detoxification and NADPH production.

One important role of NADPH is antioxidant defense. Consistent with folate metabolism
being a significant NADPH producer, antifolates have been found to induce oxidative
stress?2, To more directly link folate-mediated NADPH production with cellular redox
defenses, we measured glutathione, reactive oxygen species, and hydrogen peroxide
sensitivity of MTHFD1 and MTHFD2 knockdown cells. Knockdown of either isozyme
decreased the ratio of reduced to oxidized glutathione (Figure 3f) and impaired resistance to
oxidative stress induced by hydrogen peroxide (Figure 3g, h) or diamide (Figure 3i).
MTHFD2 knockdown specifically increased reactive oxygen species (Figure 3j), and
ALDH1L2 knockdown decreased the ratio of reduced to oxidized glutathione (Extended
Figure 7h), demonstrating that the complete mitochondrial methylene-THF oxidation
pathway is required for redox homeostasis.

A major open question regards the relative use of NADPH for biosynthesis versus redox
defense. To address this, we compared total cytosolic NADPH production (as measured
above) to consumption for biosynthesis (Figure 4a, Methods) based on the measured cellular
content of DNA, amino acids, and lipids; their production routes (measured by 13C tracer
experiment, see Methods);and cellular growth rate (Extended Figure 9a-g). The overall
demand for NADPH for biosynthesis is > 80% of total cytosolic NADPH production (Figure
4b), with a majority of this NADPH consumed by fatty acid synthesis. At least in
transformed cells growing under aerobic conditions, most cytosolic NADPH is devoted to
biosynthesis, not redox defense.

To evaluate NADPH consumption for redox defense under overt redox stress, we treated
HEK?293T cells with hydrogen peroxide at a concentration that blocks growth without
causing substantial cell death and measured the total cytosolic NADPH production rate. The
rate was 5.5nmol pL-1 h-1, about half that in freely growing cells (Extended Figure 9h).
Thus, consistent with most cytosolic NADPH in growing cells being used for biosynthesis,
growth-inhibiting oxidative stress decreases cytosolic NADPH production.

The production of NADPH by the oxidative pentose phosphate pathway, which makes the
nucleotide building block ribose, and by the 10-formyl-THF pathway, which contributes to
purine synthesis, leads to an inherent coupling of nucleotide synthesis with NADPH
production. These reactions together produce in growing cells roughly the amount of
NADPH required for replication of cellular lipids (Figure 4b). Interruption of this intrinsic
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coordination by feeding of purines can impair cell growth?3. In non-growing cells, or other
cases where NADPH needs outstrip production coupled to nucleotide synthesis, it is likely
that alternative pathways, e.g., malic enzyme and IDH, will be of greater importance than
observed here.

The contribution of the 10-formyl-THF pathway to NADPH production is particularly
interesting in light of the importance of metabolism of serine and glycine, the major carbon
sources of this pathway, to cancer growth?4, Serine synthesis is promoted by the cancer-
associated M2 isozyme of pyruvate kinase (PKM2) and by amplification of 3-
phosphoglycerate dehydrogenasel”:18. The present data suggest that serine serves dual roles
in providing both one carbon units and NADPH. In this respect, it is intriguing that PKM2,
in addition to sensing serine2528, is inactivated by oxidative stress2’. Such inactivation
should increase 3-phosphoglycerate and thus potentially serine-driven NADPH production.

In addition to synthesizing serine, rapidly growing cells avidly consume glycine?8.
Intriguingly, while only intact glycine (and not glycine-derived one carbon units) is
incorporated into purines, knockdown of the glycine cleavage system impairs cancer
growth?0. We find that most glycine-derived one-carbon units are fully oxidized, arguing
against the glycine cleavage system's primary role, at least in the tested cell lines, being to
release one-carbon units to the cytosol. Instead, its function may be simultaneous
elimination of unwanted glycine and production of mitochondrial NADPH.

Understanding NADPH's production and consumption routes is essential to global
understanding of metabolism. The approaches provided here will enable evaluation of these
routes in different cell types and environmental conditions. Analogous measurements for
ATP, achieved first more than a half century ago?®, have formed the foundation for much of
subsequent metabolism research. Given NADPH's comparable role in medically important
processes including lipogenesis, oxidative stress, and tumor growth30, quantitative analysis
of its metabolism may prove of similar importance.

Methods Summary

Cells were grown in Dulbecco's modified eagle media (DMEM) without pyruvate
(CELLGRO) with 10% dialyzed fetal bovine serum (Invitrogen) in 5% CO, at 37°C and
harvested at ~80% confluency. Stable knockdown cell lines were generated by shRNA-
expressing lentivirus with puromycin selection. IDH1, IDH2 and ALDH1L2 knockdown
was generated by transfecting cells with siRNA. For confirmation of knockdown, see
Extended Figure 10. For metabolite measurements, metabolism was quenched and
metabolites extracted by aspirating media and immediately adding -80°C 80:20
methanol:water. Supernatants from two rounds of extraction were combined, dried under
Ny, resuspended in water, placed in 4°C autosampler, and analyzed within 6 h by reversed-
phase ion-pairing chromatography negative-mode electrospray-ionization high-resolution
MS on a stand-alone orbitrap (Thermo)®. Fluxes from 14C-labeled substrates to CO, were
measured by adding trace 1C-labeled nutrient to normal culture media, quantifying
radioactive CO release4, and correcting for intracellular substrate labeling according to
percentage of radioactive tracer in the media and fraction of particular intracellular
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metabolite deriving from media uptake, as measured using 13C-tracer. To assess the
potential contribution of various metabolic pathways to NADPH production, we analyzed
feasible steady-state fluxes of a genome-scale human metabolic network model12
constrained by experimentally measured uptake and excretion fluxes and growth rate of the
iBMK cell line. The flux balance equations were solved in MATLAB with the objective
function formulated to minimize the total sum of fluxes*. NADPH consumption by
reductive biosynthesis was determined based on reaction stoichiometries, experimentally
measured cellular biomass composition, growth rate, fractional de novo synthesis of fatty
acids (by 13C-labeling from U-13C-glucose and U-13C-glutamine), and fractional synthesis
of proline from glutamate versus arginine (by 13C-labeling from U-13C-glutamine).
Correction for the deuterium kinetic isotope effect was based on the assumption that total
metabolic fluxes are not impacted. Let x be the fractional labeling of the relevant substrate
hydrogen, Fy be the NADPH production flux from unlabeled substrate and F|_be the
NADPH production flux from the labeled substrate.

F_2/(Vy/Vp)
F, = 1— =z (Egn.2)

VH/VD —I—.T(l — VH /VD)
x

Fr'eacti()n:FL +FU :FL (Egn.3)
Fi/x is the flux in cases without a discernible kinetic isotope effect (e.g., for 13C). The
remaining term is the correction factor for the kinetic isotope effect:

CKIE =Vy /VD —I—x(l - Vy /VD) (Ean.4)

Methods

Cell lines and culture conditions

HEK?293T and MDA-MB-468 were purchased from ATCC. Immortalized baby mouse
kidney epithelial cells (iIBMK) with and without myr-AKT were a gift of Eileen White 13:32,
All cell lines were grown in Dulbecco's modified eagle medium (DMEM) without pyruvate
(CELLGRO), supplemented with 10% dialyzed fetal bovine serum (Invitrogen) in a 5% CO,
incubator at 37°C. Knockdown of enzymes were by infection with lentivirus expressing the
corresponding shRNA
(ShMTHFD1,#1:CCGGGCTGAAGAGATTGGGATCAAACTCGAGTTTGATCCCAATC
TCTTCAGCTTTTTG,#2:CCGGGCCATTGATGCTCGGATATTTCTCGAGAAATATCC
GAGCATCAATGGCTTTTTG;shMTHFD2,#1:CCGGGCAGTTGAAGAAACATACAAT
CTCGAGATTGTATGTTTCTTCAACTGCTTTTTG #2:CCGGGCTGGGTATATCACTC
CAGTTCTCGAGAACTGGAGTGATATACCCAGCTTTTTG;shG6PD,#1:CCGGCAACA
GATACAAGAACGTGAACTCGAGTTCACGTTCTTGTATCTGTTGTTTTTG,#3:CCGG
GCTGATGAAGAGAGTGGGTTTCTCGAGAAACCCACTCTCTTCATCAGCTTTTTG;s
hNNT:CCGGCCCTATGGTTAATCCAACATTCTCGAGAATGTTGGATTAACCATAG
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GGTTTTTG;shME1,#1:CCGGGCCTTCAATGAACGGCCTATTCTCGAGAATAGGCC
GTTCATTGAAGGCTTTTTG #2:CCGGCCAACAATATAGTTTGGTGTTCTCGAGAA
CACCAAACTATATTGTTGGTTTTTG) and puromycin selection. To obtain the ShRNA-
expressing virus, pLKO-shRNA vectors (Sigma-Aldrich) were cotransfected with the third
generation lentivirus packaging plasmids (pMDLg, pCMV-VSV-G and pRsv-Rev) into
HEK?293T cells using FUGENE 6 Transfection Reagent (Promega), fresh media added after
24 h, and viral supernatants collected at 48 h. Target cells were infected by viral supernatant
(diluted 1:1 with DMEM; 6 ug/ml polybrene), fresh DMEM added after 24 h, and selection
with 3 pg/ml puromycininitiated at 48 h and allowed to proceed for 2 — 3 days. Thereafter,
cells were maintained in DMEM with 1 ug/ml puromycin. For IDH1, IDH2 and ALDH1L2
knockdown, siRNA targeting IDH1 or IDH2 (Thermo Scientific, 40 nM) or ALDH1L2
(Santa Cruz, 30 nM) were transfected into H293T cells using Lipofectamine™ RNAIMAX
(Invitrogen). Knockdown of the enzymes was confirmed by immunobloting with
commercial antibodies: G6PD (Bethyl Laboratories), MTHFD1 and MTHFD2 (Abgent),
IDH1 (Proteintech Group), IDH2 (Abcam) and ALDH1L2 (Santa Cruz) or quantitative RT-
PCR probes (ME1 and NNT, Applied Biosystems) (Extended Figure 10). For enzymes with
more than one successful knockdown sequence, data presented here are mean + SD of
independent experiments using different ShRNA sequences.

Measurement of metabolite concentrations and labeling patterns

Cells were harvested at ~80% confluency. For metabolomic experiments, medium was
replaced every 2 days and additionally 2 h before metabolome harvesting and/or isotope
tracer addition. Metabolism was quenched and metabolites extracted by aspirating media
and immediately adding -80°C 80:20 methanol:water. Supernatants from two rounds of
methanol:water extraction were combined, dried under N5, resuspended in HPLC water,
placed in 4°C autosampler, and analyzed within 6 h to avoid NADPH degradation.

The LC-MS method involved reversed-phase ion-pairing chromatography coupled by
negative mode electrospray ionization to a stand-alone orbitrap mass spectrometer (Thermo
Scientific) scanning from m/z 85-1000 at 1 Hz at 100,000 resolution 8:33:34 with LC
separation on a Synergy Hydro-RP column (100 mm x2 mm, 2.5 pm particle size,
Phenomenex, Torrance, CA) using a gradient of solvent A (97:3 H,O/MeOH with 10 mM
tributylamine and 15 mM acetic acid), and solvent B (100% MeOH). The gradient was 0
min, 0% B; 2.5 min, 0% B; 5 min, 20% B; 7.5 min, 20% B; 13 min, 55% B; 15.5 min, 95%
B; 18.5 min, 95% B; 19 min, 0% B; 25 min, 0% B. Injection volume was 10 L, flow rate
200pl/min, and column temperature 25 °C. Data were analyzed using the MAVEN software
suite®>. Data from 13C-labeling experiments were adjusted for natural 13C abundance and
impurity of labeled substrate; those from 2H-labeling were not adjusted (natural 2H
abundance is negligible)38. The absolute concentration of 6-phosphogluconate was
quantified by comparing the signal of 13C-labeled intracellular compound (from feeding
U-13C-glucose) to the signal of unlabeled internal standard.

Fractional labeling of NADPH redox active site

The fractional NADPH redox active site labeling (x) was measured from the observed
NADPH and NADP* labeling patterns from the same sample. We calculated x to best fit the

Nature. Author manuscript; available in PMC 2014 December 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fanetal. Page 9

steady-state mass distribution vectors of NADPH and NADP* (MyappH @and Myapp+) by
least square fitting in MATLAB (function: Isgcurvefit).

[ ™0 ] Mo
m M+1
MNADP+ = 77?2 M+2
| m, | M+N
[ mo x (1 —z) 1 Mo
my X (1 —z)+mp X z M+1
mg X (1 —z)+m; X z M+2
M,sppn= . - (Ean. M1)
my X (L —x)+my_ | Xz M+N
i m,, x | MNt1

Network analysis of potential NADPH producing pathways

To assess the potential contribution of various metabolic pathways to NADPH production,
we analyzed feasible steady-state fluxes of a genome-scale human metabolic network
modell2. The glucose (98 nmol/(uL*h)), glutamine (40 nmol/(uL*h)), and oxygen uptake
rates (21 nmol/(uL*h)), and lactate (143 nmol/(uL*h)), alanine (2 nmol/(uL*h)), pyruvate
(15 nmol/(uL*h)), and formate (< 0.25 nmole/(uL*h)) excretion rates were set to
experimental measured fluxes in the iBMK cell line, as measured by a combination of
electrochemistry (glucose, glutamine, lactate on YSI17200 instrument, YSI, Yellow Springs,
OH), LC-MS (alanine, pyruvate with isotopic internal standards), fluorometry (oxygen on
XF24 flux analyzer, Seahorse Bioscience, North Billerica, MA), and NMR (formate by 1H
500 MHz, Bruker, 10 uM limit of detection). The uptake of amino acids from DMEM media
were bounded to not more than a third of that of glutamine, which is a loose constraint
relative to experimental observations in iBMK cells and in NCI-60 cells28. Biomass
requirements were based on the experimentally determined growth rate of the iBMK cell-
line with protein, fatty acids and nucleotides accounting for 60%, 10% and 10% of the total
cellular dry mass, respectively, based on experimental measurements. Steady-state
intracellular fluxes that best fit these experimental constraints were then selected by solving
the flux balance equations in MATLAB with the objective function formulated to minimize
the sum of total fluxes!4.

Correction for deuterium's kinetic isotope effect

The kinetic isotope effect (V/Vp) for isolated NADPH producing enzymes ranges from 1.8
— 4, with isolated G6PD and 6-phosphogluconate dehydrogenase having Vi/Vp = 1.8 8°.
However, cellular homeostatic mechanisms (including flux control being distributed across
multiple pathway enzymes) may result in a lesser impact on labeling patterns in cells.
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The smallest reasonable correction for the deuterium kinetic isotope effect is based on the
assumption that total metabolic fluxes are not impacted. This correction was used as the
default in this work. Let x be the fractional labeling of the relevant substrate hydrogen, Fy
be the NADPH production flux from unlabeled substrate and F|_ be the NADPH production
flux from the labeled substrate.

F z/(V,/V,)
Fe=" e

U

VH/VD—I_I(l — VH/VD)

F?"ea(:ti(m,:FL +FU :FL T

(Eqn.M3)

Fi/x is the flux in cases without a discernible kinetic isotope effect (e.g., for 13C). The
remaining term is the correction factor for the kinetic isotope effect:

Cxie=Vu /VD +z(1 - VH/VD) (Egn.M4)

The largest reasonable correction for the deuterium kinetic isotope effect is based on the
assumption that pathway flux is decreased by the introduction of 2H-labeled tracer
equivalent to the decrease in activity of the associated enzyme observed in vitro:

‘/H / ‘/L)

C > =
e I+N x (VH/VD - 1) X XNADPH

(Egn.M5)

where N is the number of NADPH produced per substrate molecule passing through the
pathway. For the oxPPP, N = 2. Note that the impact of the kinetic isotope effect on
NADP2H production may be partially offset by an analogous (albeit smaller) kinetic isotope
effect in NADP2H consuming reactions. i/ for fatty acid synthetase is ~1.137. The
impact of different mechanisms of correcting for the deuterium kinetic isotope is shown in
Extended Figure 1.

Quantifying absolute oxPPP flux based on 6-phosphogluconate labeling kinetics

To quantify the absolute oxPPP flux, cells were switched to media containing U-13C-
glucose, and the kinetics glucose-6-phosphate and 6-phosphogluconate labeling were
measured. The unlabeled fraction of 6-phosphoglucanate decays with time as:

unlabeled ] unlabled

d[6 — phosphogluconate]

dt — % ozPPP

[6 — phosphogluconate

- _unlabled
F ppp X Fraction?n 2 (t)

+
[6 — phosphogluconate] ™™

where Foyppp is the flux of oxPPP, is the total cellular [6-phophogluconate]tta!

concentration, which was directly measured, and Fraction™"* (t) is the unlabeled fraction

of glucose-6-phosphate at time t, which decays exponentially. Foxppp Was obtained by least
square fitting as per Yuan et al.38
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Quantifying the upper limit of NADPH production via malic enzyme by 13C labeling

Malic enzyme can produce either NADH or NADPH. Thus, total malic enzyme flux puts an
upper limit on the associated NADPH production. To probe overall malic enzyme activity,
cells were incubated with U-13C-glutamine for 48 h, which resulted in majority of
intracellular malate being uniformly labeled (13C,), with a small portion being 13C5. For
simplicity, we assume that 13C3- malate is an equal mix of 1,2,3-13C3-malate and
2,3,4-13C3-malate due to rapid interconversion with fumarate (which is symmetric). Malic
enzyme produces 13Cs- pyruvate from both 13C4-malate and 1,2,3-13C3-malate, whereas
glycolysis produces unlabeled pyruvate (See Extended Figure 4).

Pyruvate( 1% C3) Total Malate

Fl
ua: Total pyruvate X Malate( 13 Cy)+0.5Malate( 1% Cs)

NADPH ME — X Fluxglycolysis (Eqn.M7)

Estimation of fractional contribution of MTHFD to NADPH production based on 2H-serine
labeling

Similar to quantifying relative contribution of oxPPP to cytosolic NADPH production, the
contribution of THF-pathway can be estimated from 2H-serine labeling as follows:

_ NADP?H(c) " total methylene — THF(c) <C,.
NADFH(e) from MTHFDI ™ totq] NADPH (c)~ 2H — methylene — THF (¢) = *'#

Fraction MTHFDI) (Eqn.M8)

Existing methods do not allow direct measurement of methylene-THF labeling, but such
labeling can be approximated based on intracellular serine labeling (formally, the 2H-serine
labeling places an upper bound on 2H-methylene-THF labeling).

NADP?H(c) total serine

NADPH(e) from MTHFD1 = o001 NADPIH (c) x 20 _ serine XCp (MTHFDI) (Eqn.Mm9)

Fraction

MTHFD1 has deuterium kinetic isotope effect V/Vp of ~ 3.

Measurement of 14C-CO, release

Radioactive CO, released by cells from positionally-labeled substrates was measured by
trapping the CO, in filter paper saturated with 10 M KOH as previously described!?. Cells
were grown in tissue culture flasks with DMEM medium with less than normal bicarbonate
(0.74 g/L) and addition of HEPES buffer (6 g/L, pH 7.4). At the beginning of experiment,
trace amount of desired 14C-labeled tracer was added to the media. For each cell line, the
amount was selected to be the minimum that gives a sufficient radioactive CO, signal to
quantitate accurately (~1 uCi/ml). All knockdown lines were treated identically to their
corresponding parental line. Then the flask was sealed with a rubber stopper with a central
well (Kimble Chase) containing a piece of filter paper saturated with 10 M KOH solution.
The flasks were incubated at 37°C for 24 h. CO, released by cells was absorbed by the base
(i.e., KOH) in the central well. Metabolism was stopped by injection of 1 mL 3 M acetic
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acid solution through the rubber stopper. The flasks were then incubated at room
temperature for 1 h to ensure all the CO5 dissolved in media was released and absorbed into
the central well. The filter paper and all the liquid in central well was transfer to a
scintillation vial containing 15 mL liquid scintillation cocktail (PerkinElmer Inc.). The
central well was washed with 100 uL water twice, and the water was added to the same
scintillation vial. Radioactivity was measured by liquid scintillation counting. In parallel, the
same experiments were performed using U-13C-labeled nutrient (in amounts that fully
replaced the unlabeled nutrient in DMEM) and the extent of labeling of the intracellular
metabolite that is the substrate of the CO,-releasing reaction was measured by LC-MS.
Absolute CO, release rates from the nutrients of interest were calculated as follows:

€
COg from 14 C—labeled—tracer; [

Rate

R wCi/h/pl cells)
[nmole/h/ul cells)]=

G0z Jrom sourec; overall media tracer; activity[ pCi/nmole]

1 (Eqn.M10)

Fractionint raceltular compound; from media

Fractional labeling of cytosolic formyl groups from U-13C-serine

Cells were cultured with media containing U-13C-serine for 48 h, washed three times with
cold PBS to remove extracellular serine, extracted, and the intracellular labeling pattern
analyzed by LC-MS for ATP (representing purines; there is no labeling of ribose-phosphate
based on LC-MS measurements), glycine, and serine. The purine ring has 5 carbons: 1 from
COy, 2 from glycine, and 2 from formyl groups (from 10-formyl-THF). Assume that CO,
labeling is negligible, which is realistic for cells grown in a 5% CO, incubator. Let Xatp.i
and Xglyj represent the experimentally observed fraction ATP and glycine with i and j
labeled carbons. The cytosolic 10-formyl-THF labeling fraction, x, was fit by least squares:

X Xep o % (1 —x)?

ATP—0—_ “*Gly—0

X =2 % Xg),_o *x(1 —x)

ATP-1
Xprroo=Xay_o * (1 —%)*+Xq,, o *x%  (EqnM11)
Xarp_s=2 * XGly—2 *x(1 —x)
XATP—4:XGIy—2 * x2

Cytosolic NADPH production from 10-formyl-THF pathway

Cytosolic NADPH production from 10-formyl-THF pathway was quantified by tracking its
end products: 10-formyl-THF consumed by purine synthesis and CO,. (Formate excretion
into media is below detection limit of NMR.) All 10-formyl-THF consumed by purine
synthesis is generated in cytosol and associated with production of 1 NADPH. For each CO»
released from serine C3, assuming reaction happens in cytosol, 1 NADPH is produced from
10-formyl-THF oxidation, and another NADPH is produced via MTHFD1. Total cytosolic
NADPH production via 10-formyl-THF pathway is:
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(Eqn.
M12)

Flux =2xF luwp/u,r'ﬁ'n,e sy'n,thesis"_2 X Fluz COy from serine C3

NADPH(c) from THF —pathway
If complete oxidation of serine C3 instead happens in mitochondria, there is no cytosolic
NADPH production associated with CO» released from serine C3 (i.e., no red bar in figure
3d). Instead, one mitochondrial NADPH is produced from10-formyl-THF oxidation, and
zero to one other mitochondrial NADPH from 5,10-methylene-THF oxidation depending on
the enzyme used to catalyze the reaction and its cofactor specificity. In mitochondria, this
reaction can be catalyzed by MTHFD2, which (at least in the presence of high phosphate in
vitro) preferentially uses NAD* or by MTHFD2L, which uses NADP*.)

ROS measurement, cell proliferation and cell death assay

ROS measurement followed published protocols3?. Briefly, HEK293T cells were incubated
with 5 yM CM-H2DCFDA (Invitrogen) for 30 min. Cells were trypsinized, and mean FL1
fluorescence was measured by flow cytometry. Cell proliferation was measured by
trypsinizing cells and counting using a Beckman's Multisizer 4 Coulter Counter. To measure
cell death, cells were stained with Trypan Blue. Stained/unstained cells were counted and
cell death percentages tabulated.

Quantitation of NADPH consumption by reductive biosynthesis

The general strategy for measuring consumption fluxes was as follows: (i) identifying the
biomass components produced in cells grown in DMEM by NADPH-driven reductive
biosynthesis (these are DNA, proline, and fatty acids); (ii) determining the biomass fraction
of each component in each cell line; (iii) quantifying the cellular growth rate Ryronth =In

(2) 1 t1y2; (iv) measuring the fractional contribution of different biosynthetic routes to each
biomass component via experiments with 13C-labeled glucose and/or glutamine and LC-MS
analysis; (v) computing the average humber of NADPH per unit of biomass component,
which equals the sum of the fractional contribution of each route multiplied by the number
of NADPH consumed by that route; and (vi) determining NADPH consumption as follows:

(Eqn.

Consumption flux=(product abundance/cell volume)x R grou X (average NADPH/product)
M13)

The required data were acquired as follows:

DNA: Cellular DNA and RNA were extracted and separated with TRIzol reagent
(Invitrogen), purified, and quantified by Nanodrop spectrophotometer.

Fatty acids: Total cellular lipid was extracted and saponified after addition of isotope-
labeled internal standards for the C16:0, C16:1, C18:0, and C18:1. Samples were analyzed
by negative ESI-LC-MS with LC separation on a C8 column. Concentrations of other fatty
acids, for which isotope-labeled internal standard were not available, were measured by
comparison to the palmitate internal standard. The calculated fatty acid concentrations were
multiplied with a correction factor to account for incomplete lipid recovery in the first step
of the sample preparation procedure. This correction factor was empirically determined to be
1.9 by experiments in which lipid standards were spiked into extraction solution.
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The extent of fatty acid synthesis and elongation (both of which consume NADPH) was
determined by feeding cells U-13C-glucose and U-13C-glutamine for multiple doublings to
achieve pseudo-steady state labeling of their lipid pools. Fatty acid labeling patterns were
measured and computationally simulated to quantify the fraction of production versus
import for each individual fatty acid species. Extended Figure 9 shows the associated data
for C16:0, C16:1, C18:0, and C18:1, which together account for ~ 80% of total cellular fatty
acids and > 90% of non-essential fatty acids (essential fatty acids are imported, not
synthesized, and thus do not impact NADPH production). NADPH calculations include
similar data for all measurable fatty acids.

Proline: Proline can be made from either arginine or glutamate. Proline synthesis from
either substrate requires two high-energy electrons at the step catalyzed by pyrroline-5-
carboxylate reductase, which may use NADH or NADPH (for simplicity, we assume an
equally contribution from each). Proline synthesis from glutamate consumes one additional
NADPH?0, To quantify the fraction of proline synthesized from each substrate, cells were
labeled with U-13C-glutamine to steady state, which labels glutamate but not arginine.
Labeling of intracellular proline and glutamate were measured.

Fraction

Gl Fraction

proline 13 C—labeled

(Eqn.M14)

glutamate 13 C—labeled

growth rate X protein content

Fluz,, ppu for proline = x proline frequencyx(1.5X,, +0.5(1—-X_,,))

average formula weight per residue

Proline synthesis enzymes are present in both the cytosol and mitochondria. For simplicity,
main text Figure 4 assumes exclusively cytosolic proline synthesis.
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Extended Data
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Extended Figure 1. Probing the fractional contribution of the oxPPP to NADPH production
with 2H- -glucose

(a) Example of LC-MS chromatogram of M+0 and M+1 forms of NADPH and NADP*,
Plotted values are 5 ppm mass window around each compound. (b) Extent of NADPH
labeling must be corrected for extent of glucose-6-phosphate labeling. Incomplete labeling
can occur due to influx from glycogen or H/D exchange. (c) Labeling fraction of glucose-6-
phosphate and fructose-1,6-phosphate in iBMK cells with and without activated Akt (20 min
after switching into 1-2H-glucose). (d) Labeling fraction of fructose-1,6-phosphate and 6-
phosphogluconate after feeding 1-2H-glucose. Labeling fraction of fructose-1,6-phosphate
reflects the labeling of glucose-6-phosphate, whose peak after addition of the 2H-glucose
was not sufficiently resolved from other LC-MS peaks in HEK293T and MDA-MB-468
cells to allow precise quantitation of its labeling directly. The difference in the labeling
fraction between glucose-6-phosphate and 6-phosphogluconate reflects the fraction of
deuterium labeling specifically at position 1 of glucose-6-phosphate. (€) Due to the kinetic
isotope effect, feeding of deuterium tracer can potentially alter pathway fluxes. To assess
whether the feeding of 1-2H-glucose creates a bottleneck in the oxPPP, we measured the
relative concentration of oxPPP intermediates with or without feeding of 1-2H-glucose. No
significant changes were observed. (f) Impact of different mechanisms of correcting for the
deuterium kinetic isotope effect on fractional contribution of oxPPP to NADPH production.
(9) Impact of different mechanisms of correcting for the deuterium kinetic isotope effect on
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calculated total NADPH production rate. The correction mechanisms are (i) no kinetic
isotope effect (Ck g = 1), (ii) no impact on total pathway flux but preferential utilization

of IH over 2H-labeled substrate (Eqn. 4 of main text) (the smallest reasonable correction,
and the one applied in the main text), or (iii) full kinetic isotope effect observed for the
isolate enzyme with associated decrease in total pathway flux (Egn. M5 of Methods) (the
largest reasonable correction). All results are mean + SD, N = 2 biological replicates from a
single experiment and were confirmed in multiple experiments.
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Extended Figure 2. Two independent measur ement methods give consistent oxPPP fluxes
(a) Diagram of 1-14C-glucose and 6-14C-glucose metabolism through glycolysis and pentose

phosphate pathway. The oxPPP specifically releases glucose C1 as CO,, whereas all other
CO»-releasing reactions are downstream of triose phosphate isomerase (TPI). As TPI
renders C1 and C6 of glucose indistinguishable (both positions become C3 of
glyceraldehyde-3-phosphate), the difference in CO, release from C1 versus C6, multiplied
by two, gives the absolute rate of NADPH production via oxPPP. A potential complication
involves carbon scrambling via the reactions of the non-oxidative PPP, but this was
insignificant (see Extended Figure 3). (b) Complete carbon labeling of glucose-6-phosphate.
Glucose-6-phosphate labeled completely (> 99%) within 2 h of switching cells into U-13C-
glucose. (c) CO, release rate from1-14C-glucose and 6-14C-glucose. (d) Pool size of 6-
phosphogluconate. (e) Kinetics of glucose-6-phosphate and 6-phosphogluconate labeling
upon switching cells to U-13C-glucose. (f) Overlay upon the 6-phosphogluconate data from
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(e) of simulated labeling curves based on the flux that best fits the labeling kinetics (blue)
(see Methods), and the flux from 14C-CO, release measurements (green). (g) Calculated
fluxes and 95% confidence intervals based on kinetics of 6-phosphogluconate labeling from
U-13C- glucose, compared to radioactive CO, release from 1-14C- glucose and 6-14C-
glucose. The two approaches give consistent results, with the 14C-CO, release data more
precise. Mean £ SD, N=3.
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Extended Figure 3. The extent of carbon scrambling via non-oxPPP isinsufficient to impact
C and 6-14C-glucose, with most carbon
entering oxPPP directed towards nucleotide synthesis

(a) Schematic of glycolysis and PPP showing fate of glucose C6. Note that glucose C6
occupies the phosphorylated position (i.e. last carbon) in every intermediate. Thus, upon
catabolism to pyruvate, glucose C6 always becomes pyruvate C3, irrespective of any

substantially oxPPP flux deter mination using 1-1%
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potential scrambling reactions. (b) Schematic of glycolysis and PPP showing fate of glucose
C1. Glucose C1 can be scrambled via the non-oxPPP, moving to C3 (red boxes) or C6 as
shown here. The forms shown in the green boxes were not experimentally observed. As
glucose C3 becomes pyruvate C1 (the carboxylic acid carbon of pyruvate), which is
selectively released as CO, by pyruvate dehydrogenase, scrambling of C1 to C3 can
potentially increase CO, release from glucose C1 relative to C6. This is ruled out in panels
(d) and (e). (c) Feeding 1-13C-glucose or 6-13C-glucose results in 50% labeling of 3-
phosphoglycerate without any double labeling (i.e., M+2), as expected in the absence of
scrambling. (d) MS/MS method to analyze positional labeling of 1-labeled pyruvate.
Collision induced dissociation breaks pyruvate to release the carboxylic acid group as CO.
If the daughter peak of 1-labeled pyruvate does not contain labeled carbon (M/z = 43), the
labeling is at the C1 position; otherwise, it is at C2 or C3. (e) After feeding 1-13C-glucose or
6-13C-glucose, pyruvate is not labeled at the C1 position (<0.5%), ruling out extensive
scrambling. (f) OXPPP flux is similar to or smaller than ribose demand for nucleotide
synthesis. Mean + SD, N=3.
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Extended Figure 4. Probing the contribution of alternative NADPH producing pathways
(a) Pathway diagram showing potential for 2,3,3,4,4-2H -glutamine to label NADPH via

glutamate dehydrogenase and via malic enzyme. Labeled hydrogens are shown in red. (b)
NADP* and NADPH labeling patterns (without correction for natural 13C-abundance) after
48 h incubation with 2,3,3,4,4-2H-glutamine. The indistinguishable labeling of NADP* and
NADPH implies lack of NADPH redox active hydrogen labeling. (c) Pathway diagram
showing potential for 2,3,3-2H-aspartate to label NADPH via isocitrate dehydrogenase. (d)
NADP* and NADPH labeling patterns (without correction for natural 13C-abundance) after
48 h incubation with 2,3,3-2H -aspartate. The indistinguishable labeling of NADP* and
NADPH implies lack of redox active hydrogen labeling. (e) Diagram of 2,3,3,4,4-2H-
glutamine metabolism through TCA cycle, tracing labeled hydrogen. Hydrogen atoms of
lighter shade indicate potential H/D exchange with water. (f) Malate labeling fraction after
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cells were fed 2,3,3,4,4-2H-glutamine for 48 h. (g) Pathway diagram showing potential for
1,2,3-13C-malate (made by feeding U-13C-glutamine) to label pyruvate and lactate via malic
enzyme. (h) Extent of malate and pyruvate/lactate 13C-labeling. Cells were incubated with
U-13C-glutamine for 48 h. M+3 pyruvate indicates malic enzyme flux, which may generate
either NADH or NADPH. Similar results were obtained also for M+3 lactate, which was
used as a surrogate for pyruvate in cases where lactate was better detected The
corresponding maximal possible malic enzyme-driven NADPH production rate ranges,
depending on the cell line, from < 2 nmol pL-1 h" to 6 nmol pL-1 h"1. Mean + SD, N > 2.
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Extended Figure 5. Computational and experimental evidence for THF-dependent NADPH
production

(a) Predicted contribution of folate metabolism to NADPH production based on flux balance
analysis, using minimization of total flux as the objective function, across different biomass
compositions. The biomass fraction of cell dry weight consisting of protein, nucleic acid,
and lipid was varied as follows: protein 50% - 90% with a step size of 10%; RNA/DNA
3%-20% with step size of 1%, and lipids 3% - 20% with step size of 1% (considering only
those combinations that sum to no more than 100%). With this range of physiologically
possible biomass compositions, the model predicts a median contribution of folate
metabolism of 24%. Note that with the constraint of experimentally measured biomass
composition, yet without constraining the uptake rate of amino acids other than glutamine to
be < 1/3 of the glutamine uptake rate, the contribution of folate pathway to total NADPH
production is predicted to be 23%. (b) Range of feasible flux through NADPH producing
reactions in Reconl model computed via Flux Variability Analysis under the constraint of
maximal growth rate. As shown, the model predicts that each NADPH producing reaction
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can theoretically have zero flux, with all NADPH production proceeding through alternative
pathways. Only reactions whose flux upper bound is greater than zero are shown. Reactions
producing NADPH via a thermodynamically infeasible futile cycle were manually removed.
As shown, among all NADPH producing reactions, MTHFD has the highest flux consistent
with maximal growth. (c) Pathway diagram showing potential for 2,3,3-2H-serine to label
NADPH via methylene tetrahydrofolate dehydrogenase. (d) NADP* and NADPH labeling
pattern after 48 h incubation with 2,3,3-2H-serine (no glycine present in the media). The
greater abundance of more heavily labeled forms of NADPH relative to NADP* indicates
redox active hydrogen labeling. Results are mean £ SD, N = 2 biological replicates from a
single experiment and were confirmed in N = 2 experiments. Based on the data in panel (d)
the contribution of MTHFDL1 to cytosolic NADPH production spans a broad range (10% -
40% of total cytosolic NADPH; the range is due to variation across cell lines, experimental
noise, and the large KIE3L). This range includes the flux calculated based on purine
biosynthetic rate and 14C-CO, release from serine (Figure 3d). Note that the total
contribution of the cytosolic folate metabolism to NADPH production can exceed that of
MTHFD1, as 10-formyl-THF dehydrogenase also produces NADPH.
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Extended Figure 6. One-carbon unitsused in purine and thymidine synthesis are derived from
serine
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(a) Serine and ATP labeling pattern after 24 h incubation of HEK293T cells with U-13C-
serine. The presence of M+1 to M+4 ATP indicates that serine contributes carbon to purines
both through glycine and through one-carbon units derived from serine C3. (b) Quantitative
analysis of cytosolic one-carbon unit labeling from measured the intracellular ATP, glycine,
and serine labeling reveals that most cytosolic 10-formyl-THF assimilated into purines
comes from serine. (c) U-13C- serine labels the methyl group that distinguishes dTTP from
dUTP. (d) U-13C-glycine does not label dTTP. (e) The extent of dTTP labeling mirrors the
extent of intracellular serine labeling. (f) Methionine does not label from U-13C-glycine. In
all experiments, cells were grown in U-13C-serine or glycine for 48 h. Mean + SD, N = 3.
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(a) 14C-CO;, release rate when cells are fed medium with a trace amount of 3-14C-serine,
1-14C-glycine or 2-14C-glycine. (b) Fraction of intracellular serine labeled in cells grown in
DMEM media containing 0.4 mM 3-13C-serine in place of unlabeled serine. The residual
unlabeled serine is presumably from de novo synthesis. (¢) Fraction of intracellular glycine
labeled in cells grown in DMEM medium containing 0.4 mM U-13C-glycine in place of
unlabeled glycine. (d) CO, release rates from serine C3, glycine C1 or C2. (e) Potential
alternative pathway to metabolize glycine or serine into CO,, via pyruvate. (f) Pyruvate

labeling fraction after 48 h labeling with U-13C-serine or U-13C-glycine. The lack of
labeling in pyruvate indicates that serine and glycine are not metabolized through this

pathway. (g) Knockdown of MTHFD2 or ALDH1L2 decreases CO5 release from glycine

C2. (h) Knockdown of ALDH1L2 decreases the GSH/GSSG ratio. Mean + SD, N=3.
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Extended Figure 8. In the absence of serine, elevated concentrations of glycineinhibit cell growth
and decrease the NADPH/NADP? ratio

(a) Schematic of serine hydroxymethyltransferase reaction. High glycine may either inhibit

forward flux (product inhibition) or drive reserve flux. (b) Relative cell number after

culturing HEK293T cells for 3 days in regular DMEM, DMEM with no serine, and DMEM
with no serine and 12.5-times the normal concentration of glycine (5 mM instead of 0.4

mM). (c) Relative NADPH/NADP™ ratio (normalized to cells grown in DMEM) after

culturing HEK293T cell for 3 days in regular DMEM, DMEM with no serine, and DMEM
with no serine and 12.5-times the normal concentration of glycine. (d), (e) Labeling of serine
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and glycine after feeding U-13C-serine or U-13C-glycine reveals reverse serine
hydroxymethyltransferase flux. Mean = SD, N=3.
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Extended Figure 9. Quantitative analysis of NADPH consumption for biomass production and
antioxidant defense

(a) Cell doubling times, which are inversely proportional to biomass production rates. (b)
Cellular protein content. (c) Cellular fatty acid content (from saponification of total cellular
lipid). (d) Quantitation of fatty acid synthesis versus import, with synthesis but not import
requiring NADPH. HEK293T cells were cultured in U-13C-glucose and U-13C-glutamine
until pseudo-steady state, and fatty acids saponified from total cellular lipids and their
labeling patterns measured (green bars), and production versus import of each fatty acid was
stimulated based on this experimental data. The fractional contribution of each route was
determined by least square fitting, with the theoretical labeling pattern based on the
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elucidated routes shown (pink bars). Similar data were obtained also for MD-MBA-468,
iBMK-parental, and iBMK-Akt cells (not shown) and used to calculate associated NADPH

consumption by fatty acid synthesis. (e) Cellular DNA and RNA contents. (f) NADPH

consumption by de novo DNA synthesis. (g) Proline and glutamate labeling patterns after 24
h in U-13C-glutamine media, which was used to quantitate different proline synthesis routes

and associated NADPH consumption. (h) Quantitative analysis of cytosolic NADPH

consumption in normally growing HEK293T cells (control) and non-growing cell under

oxidative stress (150 UM H,0,, 5 h). Total cytosolic NADPH turnover was measured based

on the absolute oxPPP flux divided by the fractional contribution of the oxPPP to total
NADPH as measured using NADP2H formation from 1-2H-glucose. Mean + SD, N=3.
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shNT shNNT

Cell doubling times

shNT shG6PD shMTHFD1 shMTHFD2 shME1 shNNT

22h 38h 35h 26h 24h 22h

Extended Figure 10. Confirmation of knockdown efficiency by western blot or Q-PCR
(a) Western blot for G6PD knockdown. (b) Western blot for MTHFD1 and MTHFD2

knockdown. (c) mRNA level for ME1 knockdown. (d) mRNA level for NNT knockdown.

(e) Western blot for IDH1 and IDH2 knockdown. (f) Western blot for ALDH1L2

shME1-#2

knockdown. (g) Cell doubling times of HEK293T with stable knockdown of indicated genes

(results for different hairpins of the same gene were indistinguishable).
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Figure 1.
Quantitation of NADPH labeling via oxPPP and of total cytosolic NADPH production. (a)

OxPPP pathway schematic. (b) Mass spectra of NADPH and NADP™* from cells labeled
with 1- 2H-glucose (iBMK-parental cells, 20 min). (c) Kinetics of NADPH labeling from
1-2H-glucose (iBMK-parental cells). (d) NADPH labeling from 1-2H-glucose (20 min). (e)
1-2H-glucose and 3-2H-glucose yield similar NADPH labeling (iBMK-parental cells, 20
min). Substrate labeling is reported for glucose-6-phosphate for 1-2H-glucose and 6-
phosphogluconate for 3-2H-glucose. (f) Schematic illustrating that the total cytosolic
NADP™ reduction flux is the absolute oxPPP flux (measured based on 14C-CO, excretion)
divided by the fractional oxPPP contribution (measured based on NADPH 2H-labeling). (g)
OxPPP flux based on difference in 14C-CO; release from 1-14C- and 6-14C-glucose. (h)
Total cytosolic NADP™ reduction flux. All results are mean + SD, N = 2 biological
replicates from a single experiment and were confirmed in multiple experiments.
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Figure 2.
Pathways contributing to NADPH production. (a) Canonical NADPH production pathways.

(b) NADPH and NADP* isotopic distribution (without correction for natural isotope
abundances) after incubation with 2,3,3,4,4-2H-glutamine tracer to probe NADPH
production via glutamate dehydrogenase and malic enzyme (HEK293T cells, 20 min). See
also Extended Figure 4. (c) NADPH and NADP*isotopic distribution as in (b) using
2,3,3-2H-aspartate tracer to probe NADPH production via IDH. See also Extended Figure 4.
(d) NADPH production routes predicted by experimentally-constrained genome-scale flux
balance analysis. (¢) NADPH and NADP™ isotopic distribution as in (b) using 2,3,3-2H-
serine tracer to probe NADPH production via folate metabolism (no glycine in the media).
See also Extended Figure 5. (f) Relative NADPH/ NADP* ratio in HEK293T cells with
knockdown of various potential NADPH producing enzymes: glucose-6-phosphate
dehydrogenase (G6PD), cytosolic malic enzyme (ME1), cytosolic and mitochondrial
isocitrate dehydrogenase (IDH1 and IDH2), transhydrogenase (NNT), and cytosolic and
mitochondrial methylene tetrahydrofolate dehydrogenase (MTHFD1 and MTHFD2). Plotted
ratios are relative to vector control knockdown. Results are mean + SD, N = 2 biological
replicates from a single experiment and were confirmed in multiple experiments.
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Figure 3.
Quantitation of folate-dependent NADPH production. (a) Pathway schematic with serine C3

in blue, glycine C1 in red, and glycine C2 in green. (b) Glycine and ATP labeling pattern
after incubation with U-13C-glycine (HEK293T cells, 24 h). The lack of M+3 and M+4 ATP
indicates that no glycine-derived one-carbon units contribute to purine synthesis. (c)
Fraction of NADPH labeled at the redox active hydrogen after 24 h incubation with
2,3,3-2H-serine in HEK293T cells with stable MTHFD1 or MTHFD2 knockdown. Same
cells used also in (f) — (i). (d) Absolute rate of cytosolic folate-dependent NADPH
production. (e) CO, release rate from glycine C1 and glycine C2. (f) GSH/GSSG ratio. (g)
Relative growth, normalized to untreated samples, during 48 h exposure to H,Oo. (h)
Fractional death after 24 h exposure to 250 pM H,O,. (i) Fractional death after 24 h
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exposure to 300 uM diamide. (j) Relative ROS levels measured using DCFH assay. Mean *
SD, N=3.
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Figure4.

Comparison of NADPH production and consumption. (a) Major NADPH consumption
pathways. (b) Cytosolic NADPH production and consumption fluxes. Mean + SD, with error
bar showing the variation of total production or consumption, N = 3.
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