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Abstract

The coenzyme nicotinamide adenine dinucleotide phosphate (NADP+) and its reduced form 

(NADPH) regulate reductive metabolism in a subcellularly compartmentalized manner. 

Mitochondrial NADP(H) production depends on the phosphorylation of NAD(H) by NAD kinase 

2 (NADK2). Deletion of NADK2 in human cell lines did not alter mitochondrial folate pathway 

activity, tricarboxylic acid cycle activity, or mitochondrial oxidative stress, but led to impaired cell 

proliferation in minimal medium. This growth defect was rescued by proline supplementation. 

NADK2-mediated mitochondrial NADP(H) generation was required for the reduction of glutamate 

and hence proline biosynthesis. Furthermore, mitochondrial NADP(H) availability determined the 

production of collagen proteins by cells of mesenchymal lineage. Thus, a primary function of the 

mitochondrial NADP(H) pool is to support proline biosynthesis for use in cytosolic protein 

synthesis.
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A primary function of NADK2-mediated mitochondrial NADP(H) generation is to support proline 

production for use in cytosolic protein synthesis.

Mammalian cells depend on the inter-conversion of nicotinamide adenine dinucleotide 

phosphate molecules between the oxidized (NADP+) and reduced (NADPH) forms to 

support reductive biosynthesis and to maintain cellular antioxidant defense. NADP+ and 

NADPH molecules [NADP(H) hereafter] are unable to cross subcellular membranes (1, 2). 

As a result, cellular pools of NADP(H) are compartmentalized. In the cytosol, NADP(H) is 

derived from nicotinamide adenine dinucleotide [NAD(H)] by NAD kinase (NADK, referred 

to as NADK1 hereafter). Cytosolic NADPH acts as a substrate in fatty acid biosynthesis, and 

as the reducing equivalent required to regenerate reduced glutathione (GSH) and thioredoxin 

for antioxidant defense. Mitochondria host a number of biosynthetic activities critical for 

cellular metabolism but are also major sites for reactive oxygen species (ROS) generation. 

Mammalian mitochondrial NAD kinase (NADK2) converts NAD(H) to NADP(H) through 

phosphorylation (3).

Using subcellular fractionation, we confirmed that NADK2 purified in the membrane-

associated fraction in cultured human cell lines (fig. S1, A–C). Mitochondria 

immunopurification (Mito-IP, 4, 5) from DLD1 cells following CRISPR-Cas9 deletion of 

NADK2 (fig. S1D) resulted in a metabolomic profile consistent with mitochondrial 

metabolism, and metabolites known to be excluded from the mitochondrial compartment 

were minimally detected (Fig. 1A; fig. S1, E–G; Table S1). We examined NADP(H) levels 

in immunopurified mitochondria using an adapted enzyme cycling assay (6). Although total 

NADP(H) abundance or NADP+ to NADPH ratio were not changed at whole cell level upon 

NADK2 loss as previously reported (6, 7), mitochondrial NADP(H) abundance was reduced 

by more than 80% (P<0.001) in NADK2 knockout cells (Fig. 1, B and C; fig. S1, H–J). 

NAD(H) abundance or NAD+ to NADH ratio were not altered by NADK2 knockout in 

whole cells or in mitochondria (fig. S1, K–N).

Oncogenic mutant forms of isocitrate dehydrogenase 1 (IDH1) and IDH2 require cytosolic 

and mitochondrial NADPH, respectively, to produce 2-hydroxyglutarate (2HG) from α-

ketoglutarate (αKG) (8) (fig. S1O). We deleted the NADK2 gene in chondrosarcoma cell 

lines that had either an endogenous IDH1 R132 mutation (JJ012) or IDH2 R172 mutation 

(CS1) (Fig. 1D). Loss of NADK2 resulted in reduced 2HG abundance (P<0.001) in CS1 

cells, but not in JJ012 cells (Fig. 1, E and F). We further subjected control and NADK2-

deleted CS1 cells to a xenograft tumor assay in vivo and observed similarly decreased 2HG 

abundance in tumors formed by NADK2 knockout cells (Fig. 1G). These results confirmed 

that NADK2 is required to maintain the mitochondrial NADP(H) pool.

Methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) and MTHFD2-like (MTHFD2L) 

use either NAD+ or NADP+ as electron acceptors in the mitochondrial folate pathway. Using 

[2,3,3-2H3]serine isotope tracing, cells lacking MTHFD2 or serine 

hydroxymethyltransferase 2 (SHMT2) both displayed an increase in doubly labeled 

thymidine triphosphate (TTP M+2) when compared to control cells (Fig. 2, A–C; fig. S2, A 

and B), suggesting decreased mitochondrial folate pathway activity and increased cytosolic 

serine catabolism, as previously reported (9, 10). By contrast, cells lacking NADK2 
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maintained the fraction of singly labeled (TTP M+1) derived from [2,3,3-2H3]serine (Fig. 2, 

A–C; fig. S2, A and B), indicating the mitochondrial folate pathway is not disrupted by 

NADK2 loss.

We performed isotope tracing experiments with uniformly labeled [U-13C]glucose or 

[U-13C]glutamine comparing control and NADK2-deleted cells to analyze tricarboxylic acid 

(TCA) cycle activity. We did not observe consistent changes in the TCA cycle intermediates 

derived from either glucose or glutamine (Fig. 2, D–G; fig. S2, C–V). In addition, NADK2-

deletion did not lead to changes in the mitochondrial basal oxygen consumption rate or 

uncoupled electron transport chain activity (fig. S2, W–Y).

Mitochondria are major sites of ROS generation in cells (11), and depletion of mitochondrial 

NADP(H) is thought to lead to oxidative stress. However, in all cell types that we tested, 

cells lacking NADK2 did not display increased cellular ROS or mitochondrial superoxide 

(MitoSox) abundance (Fig. 2H; fig. S3, A–G). We used mitochondria-targeted redox-

sensitive green fluorescence protein (roGFP2) constructs coupled to the yeast peroxidase 

Orp1 or human glutaredoxin-1 (Grx1) (12, 13), and measured similar amounts of 

mitochondrial H2O2 or GSH oxidation, respectively, in control and NADK2 knockout cells 

(Fig. 2I; fig. S3, H–J). Treatment with MitoParaquat (MitoPQ) increased the expression of 

enzymes involved in GSH synthesis to a similar extent in cells lacking NADK2 as that in the 

control cells (14) (fig. S3, K and L). In agreement, loss of NADK2 did not alter cellular or 

mitochondrial GSH abundance or the ratio of GSH to its oxidized form GSSG (GSH/GSSG) 

(fig. S3, M–P). [U-13C]glutamine tracing revealed no significant changes in the fraction of 

GSH or GSSG derived from glutamine upon NADK2 loss (fig. S3, Q and R). These results 

are consistent with the cytosolic NADP(H) pool, but not mitochondrial NADP(H), being 

critical for maintaining cellular GSH levels to prevent oxidative damage (7). Glutathione 

reductase (GSR) expression was absent in the mitochondrial fraction (Fig. 2J), thus the 

NADPH-dependent GSH reduction appears not to take place in mitochondria.

Hyper-oxidation of peroxiredoxins (PRXs-SO3) indicates oxidative stress of the cellular 

thioredoxin system. We observed similar amounts of mitochondrial (PRX3), as well as 

cytosolic and nuclear (PRX1 and PRX2) peroxiredoxin oxidation, when comparing cells 

lacking NADK2 with control cells (Fig. 2K; fig. S3, S and T). Cellular and mitochondrial 

oxidative stress can lead to ferroptotic cell death (15, 16). When treated with Erastin or 

RSL3, chemicals that induce ferroptosis, cells lacking NADK2 showed no increase in cell 

death (Fig. 2L; fig. S3U). Similarly, Nadk2 knockout did not increase sensitivity to 

ferroptosis in contact-inhibited, non-proliferative mouse embryonic fibroblasts (MEFs) (fig. 

S3, V and W). Thus, loss of NADK2, and depletion of mitochondrial NADP(H), did not 

increase oxidative stress under the experimental conditions we examined, although it 

remains possible that mitochondrial NADP(H) generation might play a role in antioxidant 

defense in response to other physiological perturbations.

We observed that proliferation of cells lacking NADK2 was not perturbed compared to that 

of control cells when cultured in a nutrient rich medium (DMEM/F12) (fig. S4, A–D). 

However, our studies of IDH2-mutant cells indicated that NADK2 could have a role in 

NADPH-dependent biosynthesis (Fig. 1, F and G). To test whether mitochondrial NADP(H) 
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supports biosynthetic reactions in general, we subjected control and NADK2 knockout cells 

to culture medium composed of minimal essential nutrients (DMEM) and found that the 

growth of NADK2-deleted cells was compromised (fig. S4, A–D). Apparently, 

mitochondrial NADP(H) promotes the synthesis of one or more nutrients required to sustain 

cell proliferation.

Growth of cells lacking NADK2 was restored in DMEM by supplementing non-essential 

amino acids (NEAAs), but not by other nutrients present in DMEM/F12 (Fig. 3A; fig. S4, E 

and F). Supplementing individual amino acids revealed that proline was both necessary and 

sufficient to restore proliferation of NADK2 knockout cells in DMEM (Fig. 3B; fig. S4, G–

J). In agreement, cells lacking NADK2 showed reduced intracellular proline abundance (Fig. 

3C). Similar results were obtained under hypoxia (0.5% O2) (fig. S4, K–M). To validate that 

the proline-dependent growth phenotype was the result of NADK2 loss, we introduced 

NADK2 cDNA resistant to CRISPR-Cas9 mediated genome editing into the NADK2 
knockout cells, which restored both intracellular proline abundance and cell growth (Fig. 3, 

D–F; fig. S5, A–C). Similar results were observed when the yeast mitochondrial NAD(H) 

kinase, POS5 (17), was reconstituted in NADK2-deficient cells (Fig. 3, G–I; fig. S5, D–F).

We performed metabolite profiling of cells lacking NADK2 cultured in DMEM, and 

confirmed the depletion of intracellular proline, while amounts of many other amino acids 

were slightly increased (Fig. 4A; fig. S6, A and B). Loss of NADK2 also reduced proline 

abundance in non-proliferating (contact-inhibited) MEFs (fig. S6, C and D). By contrast, 

loss of cytosolic NADK1 did not decrease proline abundance (fig. S6, E and F). Likewise, 

the oxygen-dependent NADPH oxidase, TPNOX (18), reduced proline amounts when 

expressed in mitochondria (mitoTPNOX) but not in cytosol (cytoTPNOX) (fig. S6, G–J). To 

extend these observations, we examined the consumption of nutrients from the proline-

containing DMEM/F12 medium. While we observed net proline accumulation in medium 

conditioned by control cells, proline was consumed by cells lacking NADK2 (Fig. 4, B and 

C; fig. S7, A–D). In addition, glutamate accumulation was found in medium conditioned by 

cells lacking NADK2 (Fig. 4, B and D; fig. S7, A, B, E and F), which might result from 

compensatory accumulation of carbon and nitrogen in the form of glutamate instead of 

proline. We performed similar analyses in xenograft tumors formed by CS1 cells (Fig. 1). 

We found that across a panel of amino acids, proline amount was reduced in tumors formed 

by CS1 cells lacking NADK2 (Fig. 4E; fig. S7G), which correlated with a slower growth 

rate of these tumors compared to those formed by control cells (fig. S7H). Mice grafted with 

control or NADK2 knockout cells displayed similar plasma levels of proline as well as other 

amino acids at the time of tumor resection (fig. S7I). Thus, loss of NADK2, and the 

consequent depletion of mitochondrial NADP(H), results in proline auxotrophy.

Proline biosynthesis takes place in the mitochondria, where glutamine-derived glutamate is 

converted to pyrroline-5-carboxylate (P5C) by pyrroline-5-carboxylate synthase (P5CS). 

P5C is further reduced to proline by mitochondrial pyrroline-5-carboxylate reductases 

(PYCR1 and PYCR2) (Fig. 4F). [U-13C]glutamine tracing revealed that most cellular 

glutamate and proline were derived from glutamine, and that glutamine-derived proline was 

reduced upon NADK2 loss (Fig. 4, G and H; fig. S8, A and B). By contrast, proline 
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abundance was not perturbed when the cytosolic pyrroline-5-carboxylate reductase 

(PYCRL) was deleted (fig. S8, C and D).

P5CS is an NADPH-dependent enzyme, whereas PYCR1 and PYCR2 have higher affinity 

for NADH than for NADPH (19–21). To test if loss of NADK2 impairs conversion of 

glutamate to P5C by P5CS, we took advantage of the fact that cellular P5C is in equilibrium 

with glutamate-5-semialdhyde (GSA), which can be diverted to produce ornithine for 

polyamine biosynthesis (Fig. 4F). Intracellular arginine can also contribute to ornithine and 

polyamines. Isotope tracing using [U-13C]glutamine and [U-13C]arginine allowed us to 

assess the relative contribution of these pathways to polyamine production (fig. S8E). The 

fraction of ornithine and putrescine derived from [U-13C]glutamine decreased in cells 

lacking NADK2, indicating that P5CS flux from glutamate to P5C and GSA was diminished 

(Fig. 4, I and J). This also resulted in a reciprocal increase in the proportional contribution of 

arginine to ornithine and putrescine (fig. S8, F–I). Because ornithine transcarbamylase 

expression is restricted to the liver and small intestine, loss of NADK2 did not change 

glutamine or arginine contribution to cellular citrulline (fig. S8, J and K). Thus, loss of 

NADK2 and the resulting decrease in mitochondrial NADP(H) blocks the reduction of 

glutamate to P5C required for proline biosynthesis.

Incorporation of the proline pyrrolidine ring slows protein translation (22, 23), but endows 

proline-containing polypeptides with conformational rigidity. As a result, proline and its 

post-translationally modified form, hydroxyproline, are abundant in collagen proteins (24), 

so a consequence of decreased mitochondrial NADP(H) generation could be impaired 

collagen production. Cultured mouse fibroblasts lacking Nadk2 had decreased expression of 

collagen when grown in DMEM (Fig. 4K; fig. S9A). These cells accumulated activating 

transcription factor 4 (ATF4), indicative of amino acid shortage. Addition of 300 μM proline 

to the culture medium restored collagen expression and blunted ATF4 accumulation in cells 

lacking Nadk2 (Fig. 4K; fig. S9, A and B). Similar results were obtained in osteosarcoma 

and chondrosarcoma cells that produce collagens (fig. S9, C and D). Fibroblasts lacking 

Nadk2 showed decreased collagen secretion, which was rescued by proline supplementation 

to the medium (Fig. 4, L and M). In patients with idiopathic pulmonary fibrosis (IPF) (25), 

higher NADK2 expression in the lung correlated with lower forced vital capacity (FVC) 

(P=0.007) and diffusion capacity for carbon monoxide (DLCO) (P=0.015), parameters that 

measure maximum air exhalation and the ability of lung to transfer air into the blood, 

respectively (Fig. 4, N and O). Similarly, IPF patients with both high NADK2 and high 

P5CS expression in the lung had reduced FVC and DLCO values compared to those with 

low NADK2 and low P5CS expression (fig. S9, E and F). Thus, increased expression of 

NADK2 correlated with enhanced fibrotic diseases characterized by excessive collagen 

deposition.

These findings provide insights into the regulation of intracellular metabolism. In 

endosymbiosis with the host cell, mitochondria produce NADP(H) that supplies biosynthetic 

precursors to their host and appear not to use the NADP(H) for antioxidant defense in 

support of their own homeostasis. Compartmentalization of cellular metabolism thus has 

important roles in eukaryotic cells beyond the well-known collaborative production of ATP.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. NADK2 is required to maintain the mitochondrial NADP(H) pool.
(A) DLD1 cells expressing HA-tagged OMP25 protein (DLD1-OMP25HA) were 

engineered to express control guide RNA (sgCtrl) or two independent guide RNA sequences 

targeting NADK2 (sgNADK2-1 and sgNADK2-2), and were subjected to Western blot of 

whole cell or anti-HA immunopurified mitochondria (Mito-IP). (B and C) Colorimetric 

enzyme-based measurement of total NADP(H) abundance in (B) whole cell or (C) 

immunopurified mitochondria of DLD1-OMP25HA cells with sgCtrl, sgNADK2-1, or 

sgNADK2-2, cultured in DMEM/F12 medium. (D) Western blot analysis of JJ012 (mutant 

IDH1) and CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or sgNADK2-2. (E and F) 

2HG abundance measured by gas chromatography-mass spectrometry (GC-MS) in (E) JJ012 

and (F) CS1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2. (G) 2HG abundance measured 

by GC-MS in xenograft tumors formed by CS1 cells with sgCtrl or sgNADK2-2. Error bars 

in (B) represent mean+SD, n=6; in (C), (E) and (F) represent mean+SD, n=3; in (G) 

represent mean±SD, n=10. In (C), one-way ANOVA was performed with matched measures. 

In (F), one-way ANOVA was performed. In (G), two-sided t-test was performed with 

Welch’s correction. ***P<0.001.
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Fig. 2. Mitochondrial NADP(H) depletion does not have significant effects on folate pathway, 
TCA cycle activity, or measures of oxidative stress.
(A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism of [2,3,3-2H3]serine in 

the mitochondrial or cytosolic folate pathway produces singly or doubly deuterated 

thymidine triphosphate (TTP M+1 or TTP M+2), respectively. (B) Western blot of DLD1 

cells with sgCtrl, sgNADK2-1, sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue 

distribution of TTP measured by liquid chromatography-mass spectrometry (LC-MS) in 

DLD1 cells denoted in (B), cultured in [2,3,3-2H3]serine-containing medium for 8 hours. (D 
to G) Isotopologue distribution of the indicated metabolites measured by GC-MS in DLD1 

cells with sgCtrl, sgNADK2-1, or sgNADK2-2, cultured in [U-13C]glutamine-containing 

medium for 6 hours. (H) Cellular ROS measured by CM-H2DCFDA in the indicated DLD1 

cells, mock treated or treated with 150 μM H2O2 for 4 hours. (I) DLD1 cells expressing 

Mito-Orp1-roGFP2 and the indicated guide RNA were treated with vehicle (DMSO) or 100 

μM MitoPQ for 24 hours. Oxidation status was expressed as percentage of maximal 

oxidation which was determined by treating cells with 5 mM H2O2 for 5 min before harvest. 

(J) Western blot analysis of whole cell or immunopurified mitochondria of DLD1-

OMP25HA cells expressing the indicated guide RNA (K) Western blot of the indicated 
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DLD1 cells mock treated or treated with 500 μM H2O2 for 6 hours. SE, short exposure. LE, 

long exposure. (L) Ferroptosis sensitivity of the indicated DLD1 cells, measured as 

percentage cell death upon mock, Erastin (5 μM) or RSL3 (0.5 μM) treatment for 24 hours. 

All error bars in this figure represent mean+SD, n=3.
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Fig. 3. Mitochondrial NADP(H) depletion results in proline auxotrophy.
(A and B) Cell proliferation measured as cell number fold change (Day 4/Day 0) of T47D 

cells with sgCtrl, sgNADK2-1, or sgNADK2-2, cultured in the indicated medium and 

supplementation. LA, lipoic acid. Pyr, pyruvate. Cu, cupric sulfate. Zn, zinc sulfate. B12, 

vitamin B12. A, alanine. D, aspartate. N, asparagine. E, glutamate. P, proline. All 

supplements are added at the concentrations present in DMEM/F12. (C) Proline abundance 

measured by GC-MS in the indicated T47D cells cultured in DMEM. (D to F) (D) Western 

blot, (E) proline abundance measured by GC-MS, and (F) cell proliferation of DMEM-

cultured T47D cells with sgCtrl or sgNADK2-2 and ectopically expressing vector or 

NADK2 cDNA resistant to sgNADK2-2 mediated CRISPR-Cas9 genome editing. (G to I) 

(G) Western blot, (H) proline abundance measured by GC-MS, and (I) cell proliferation of 

DMEM-cultured T47D cells with sgCtrl, sgNADK2-1, or sgNADK2-2 and ectopically 

expressing vector or the POS5 cDNA. All error bars in this figure represent mean+SD, n=3. 

In (A), (B), (C), (H) and (I), one-way ANOVA was performed. In (E) and (F), two-sided t-
test was performed with Welch’s correction. **P<0.01; ***P<0.001; n.s., P>0.05.
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Fig. 4. The mitochondrial NADP(H) pool is required to support proline biosynthesis and collagen 
production.
(A) Heatmap representing changes of metabolite levels measured by GC-MS in T47D cells 

with sgCtrl, sgNADK2-1, or sgNADK2-2 cultured in DMEM for 48 hours. The average of 3 

biological replicates is shown. For each metabolite, values of sgNADK2-1 and sgNADK2-2 

cells are shown as log2 (fold change) relative to the value of sgCtrl cells. (B) Changes of 

metabolite levels measured by GC-MS in DMEM/F12 medium used to culture T47D cells 

with sgCtrl, sgNADK2-1, or sgNADK2-2 for 48 hours. (C and D) (C) proline and (D) 

glutamate data from (B) re-plotted as normalized values to sgCtrl cells. (E) Proline 

abundance measured by GC-MS in xenograft tumors formed by CS1 cells with sgCtrl or 

sgNADK2-2. (F) Scheme of proline biosynthesis pathway in the mitochondria. (G to J) 

Relative total level and isotopologue distribution of the indicated metabolites measured by 

LC-MS in MEFs with sgCtrl, sgNadk2-1, or sgNadk2-2, cultured in DMEM containing 

[U-13C]glutamine for 8 hours. (K) Western blot of the indicated MEFs, cultured in DMEM 

or DMEM supplemented with 300 μM proline. (L) Scheme of ECM extraction and collagen 

staining in cells and under conditions described in (M). (M) Secreted collagen levels 

quantified by picro sirius red staining in extracellular matrix (ECM) derived from MEFs 

with sgCtrl, sgNadk2-1, or sgNadk2-2, cultured for 48 hours in DMEM or DMEM 

supplemented with 300 μM proline, in the presence of 50 μM ascorbate. (N) Pearson 

correlation of NADK2 mRNA level and forced vital capacity (FVC) before bronchodilator 

(pre-BD) as percentage of what was predicted for each patient. Data from GSE32537. (O) 

Pearson correlation of NADK2 mRNA level and diffusing capacity for carbon monoxide 
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(DLCO) as percentage of what was predicted for each patient. Data from GSE32537. Error 

bars in (E) represent mean±SD, n=10. All other error bars in this figure represent mean+SD, 

n=3. In (B to D), one-way ANOVA was performed. In (E) and (M), two-sided t-test was 

performed with Welch’s correction. *P<0.05; ** P<0.01; ***P<0.001.
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