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Phospholipid biosynthesis modulates 
nucleotide metabolism and reductive 
capacity

Yibing Zhu1,6, Xiaomeng Tong1,6, Jingyuan Xue1,6, Hong Qiu1, Dan Zhang    2, 
Dao-Qiong Zheng3,4, Zong-Cai Tu5 & Cunqi Ye    1,2,4,5 

Phospholipid and nucleotide syntheses are fundamental metabolic 
processes in eukaryotic organisms, with their dysregulation implicated 
in various disease states. Despite their importance, the interplay 
between these pathways remains poorly understood. Using genetic and 
metabolic analyses in Saccharomyces cerevisiae, we elucidate how cytidine 
triphosphate usage in the Kennedy pathway for phospholipid synthesis 
influences nucleotide metabolism and redox balance. We find that 
deficiencies in the Kennedy pathway limit nucleotide salvage, prompting 
compensatory activation of de novo nucleotide synthesis and the pentose 
phosphate pathway. This metabolic shift enhances the production of 
antioxidants such as NADPH and glutathione. Moreover, we observe that the 
Kennedy pathway for phospholipid synthesis is inhibited during replicative 
aging, indicating its role in antioxidative defense as an adaptive mechanism 
in aged cells. Our findings highlight the critical role of phospholipid 
synthesis pathway choice in the integrative regulation of nucleotide 
metabolism, redox balance and membrane properties for cellular defense.

Phospholipids are the major components of cell membranes and are 
synthesized for membrane expansion and remodeling to ensure cell 
growth and adaptive transition1–3. While an obvious role of the regula-
tion of phospholipid synthesis is to generate cell membranes of unique 
lipid compositions, how this regulatory control necessitates metabolic 
coordination remains an open question and poorly understood.

Phospholipids are polar glycerolipids consisting of a hydrophilic 
phosphate group head and hydrophobic fatty acid tails joined by a 
glycerol backbone, primarily synthesized in the endoplasmic reticulum 
(ER)2,4. The pathways for producing phospholipids with different head 
group classes are mostly conserved among eukaryotic kingdoms and 
best studied in the budding yeast Saccharomyces cerevisiae5–9. The 
most abundant phospholipids in cell membranes, phosphatidyletha-
nolamine (PE) and phosphatidylcholine (PC), are synthesized through 

the Kennedy pathway9–12 or the cytidine diphosphate–diacylglycerol 
(CDP–DAG) pathway. In a sequential reaction, PE is generated by the 
decarboxylation of the phospholipid phosphatidylserine (PS)13–15 and 
subsequently converted to PC through methylation16,17. DAG and phos-
phatidic acid (PA) act as lipid precursors in two biosynthetic processes, 
with cytidine triphosphate (CTP) partitioning synthesis to discrete 
activations of either soluble metabolites or a lipid precursor11,18.

Curiously, different nucleoside triphosphates (NTPs) have evolved 
specific functions beyond RNA synthesis. ATP is mainly used to power 
endergonic reactions and to regulate cellular processes through protein 
phosphorylation. Guanosine triphosphate (GTP) and uridine triphos-
phate (UTP) are used for the regulation of signal transduction and sugar 
metabolism, respectively19,20. The significance of the involvement of CTP 
in driving phospholipid synthesis remains enigmatic. In this study, we 
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sufficient to induce the de novo synthesis pathway. Overall, mRNA tran-
script profiles were more affected by pah1Δ than by dgk1Δ (Extended 
Data Fig. 1d,e). KEGG analysis showed that differentially expressed genes 
in the pah1Δ mutant were mostly associated with metabolic pathways 
(Extended Data Fig. 1f,g), indicating a coordinated transcriptional 
regulation of metabolic genes in this lipodystrophy mutant.

The Kennedy pathway maintains nucleotide homeostasis
To investigate the role of the Kennedy pathway in regulating nucleotide 
homeostasis, we constructed double knockout mutants pct1Δect1Δ 
and cpt1Δept1Δ to block two sequential steps in the pathway (Fig. 2a). 
Although the Kennedy pathway is responsible for PE and PC syn-
thesis, it is dispensable for cell growth, even in minimal medium 
(Fig. 2b), because PE and PC can be alternatively synthesized through 
PS decarboxylation and PE methylation5,6. Next, we profiled intracel-
lular levels of purine and pyrimidine metabolites. Compared to WT 
and the cho2Δopi3Δ mutant (which blocks the PE to PC conversion), 
disrupting the Kennedy pathway at either the CTP-based activation 
step (pct1Δect1Δ) or the final AAPT-mediated condensation step 
(cpt1Δept1Δ) resulted in increased levels of various nucleotide metabo-
lites (Fig. 2c). Nucleotide quantification using MS revealed elevated 
levels of nucleoside monophosphate, diphosphate and triphosphate 
in both mutants, with CMP showing a 50-fold increase in cpt1Δept1Δ 
cells (Fig. 2d). In this mutant, CDP–choline increased approximately 
400-fold and CDP–ethanolamine about 800-fold (Fig. 2e). Individual 
deletion of either enzyme did not cause such substantial increases 
(Extended Data Fig. 2a), consistent with previous studies indicating a 
partial functional overlap between Cpt1 and Ept1 (refs. 27–31).

To quantify the amount of cytosine nucleotide cached in the CDP 
bases, we performed reverse isotopic labeling (RIL). In the cpt1Δept1Δ 
mutant, CDP–choline and CDP–ethanolamine concentrations were 
approximately 0.25 mM and 0.85 mM, respectively (Fig. 2f), collectively 
constituting about 480% of cellular CTP and 120% of CMP. Compared to 
WT cells, the pyrimidine cache formation in cpt1Δept1Δ cells resulted 
in an overproduction of various cytosine nucleotides (Fig. 2g).

Despite the dysregulation of nucleotide metabolism, the 
pct1Δect1Δ and cpt1Δept1Δ mutants exhibited only a limited number 
of differentially expressed genes (Extended Data Fig. 2b,c and Supple-
mentary Data 4 and 5), suggesting that Kennedy pathway deficiencies 
can induce metabolic reprogramming independent of substantial 
transcriptional regulation.

Kennedy pathway deficiency modestly alters membrane order
In contrast to the pah1Δ mutant, the blockage of the Kennedy pathway 
in the cpt1Δept1Δ mutant did not affect cell growth (Fig. 2b) and only 
modestly altered the composition levels of PE, PC and other phospho-
lipid classes (Fig. 2h). Levels of PA and DAG remained unchanged, with 
marginal decreases in TAG levels and slight increases in total phospho-
lipid levels (Extended Data Fig. 2d–g). However, the acyl composition 
of PC was notably altered in the cpt1Δept1Δ mutant (Extended Data 
Fig. 2h), showing a decrease in average acyl length and an increase in 
average unsaturation (Extended Data Fig. 2i,j). These changes likely pro-
mote membrane fluidity32–34, which was consistent with the observed 
decrease in plasma membrane order in the Kennedy pathway-deficient 
mutant (Extended Data Fig. 2k).

Additionally, we observed that the turnover of Cho2, the first 
enzyme in the PE methylation pathway, was impeded 2 h after choline 
supplementation in cpt1Δept1Δ (Extended Data Fig. 2l). Disrupting the 
rate-limiting step of PC synthesis in the Kennedy pathway by pct1Δ also 
blocked Cho2 turnover (Extended Data Fig. 2l). This suggests that in 
the presence of exogenous choline, cells prefer the Kennedy pathway 
for PC synthesis, thereby reducing enzyme levels in the PE methylation 
pathway. We propose that the choice of the phospholipid synthesis 
pathway not only modulates membrane biophysical properties but 
also has a role in regulating nucleotide metabolism.

report that CTP usage in the Kennedy pathway establishes a metabolic 
modality, where phospholipid synthesis connects with nucleotide metab-
olism and antioxidant production. Our findings indicate that deficiencies 
in the Kennedy pathway disrupt nucleotide homeostasis, imposing con-
straints on nucleotide salvage and triggering compensatory activation of 
de novo nucleotide synthesis. This necessitates the co-activation of the 
pentose phosphate pathway (PPP), ultimately fostering the synthesis of 
antioxidants like NADPH and glutathione (GSH). Notably, a diminished 
flux in the Kennedy pathway is observed under replicative aging, showcas-
ing a mechanism for antioxidative defense in aged cells. This study unveils 
the metabolic role of CTP in phospholipid synthesis, demonstrating its 
involvement in coupling the regulation of nucleotide salvage and ribose 
production to the generation of reducing equivalents.

Results
Blocking PA to DAG conversion disrupts nucleotide 
metabolism
To explore metabolic coordination with phospholipid pathways, we 
constructed deletion mutants pah1Δ and dgk1Δ in the prototrophic CEN.
PK strain background. These mutants block the conversion between the 
two lipid precursors, PA and DAG, involved in the CDP–DAG pathway 
and the Kennedy pathway (Fig. 1a). Wild-type (WT) and mutant cells in 
the logarithmic (log) and stationary phases were collected for targeted 
metabolomics analysis (Fig. 1b). In agreement with previous findings21,22, 
the pah1Δ mutant displayed a moderate growth defect in a synthetic 
defined (SD) minimal medium, while dgk1Δ cells displayed growth similar 
to WT cells (Fig. 1c). Principal component analysis (PCA) revealed distinct 
soluble metabolite compositions in the pah1Δ mutant in the log phase 
compared to WT and dgk1Δ cells (Fig. 1d). In the stationary phase, both 
pah1Δ and dgk1Δ mutants exhibited metabolic profiles different from 
WT cells (Fig. 1d), indicating unique metabolic impacts associated with 
DAG and PA-directed synthesis of phospholipids. Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis of differential metabolites 
in WT and the pah1Δ mutant highlighted enriched pathways such as 
arginine biosynthesis, purine metabolism and pyrimidine metabolism 
(Fig. 1e). In particular, pah1Δ substantially increased guanosine, inosine 
and cytidine monophosphate (CMP) levels while decreasing adeno-
sine monophosphate (AMP) and inosine monophosphate (IMP) levels 
(Fig. 1f,g). This aberrant nucleotide metabolism in the pah1Δ mutant 
paralleled findings in lipin1-deficient mouse gastrocnemius muscles23. 
Furthermore, the pah1Δ mutant exhibited a 40–60-fold increase in CDP–
choline and a 100–200-fold increase in CDP–ethanolamine (Fig. 1h). 
Under stationary stress conditions, these CDP metabolites levels further 
rose (Fig. 1h). CDP metabolites are necessary for PC and PE synthesis via 
the Kennedy pathway through an amino alcohol phosphotransferase 
(AAPT) reaction with DAG9. Consistent with reported studies in yeast24,25 
and other organisms23,26 in the pah1Δ mutant, lipid profiling using liquid 
chromatography with tandem mass spectrometry (LC–MS/MS) con-
firmed substantial reductions in DAG and TAG levels (Fig. 1i) along with 
increases in PA and total phospholipid levels, causing a perturbed class 
composition (Extended Data Fig. 1a,b). Disruption of Pah1-mediated 
DAG production likely limited the availability of DAG for the Kennedy 
pathway26,27, leading to the accumulation of CDP–choline and CDP–
ethanolamine, a metabolic phenomenon known as pyrimidine cache28.

Because the formation of the pyrimidine cache impedes pyrimi-
dine salvage, pah1Δ cells were expected to become more reliant on the 
de novo pathway for pyrimidine nucleotide production (Fig. 1j). Indeed, 
when de novo synthesis of pyrimidine was blocked by ura2Δ, ura1Δ 
or ura3Δ, uracil supplementation improved the growth of the pah1Δ 
mutant (Fig. 1k). This effective restoration of growth in the lipodystro-
phy mutant was in line with its addictive usage of the de novo pathway 
for pyrimidine synthesis. Moreover, RNA sequencing revealed that most 
genes in pyrimidine biosynthesis were not transcriptionally affected 
by dgk1Δ or pah1Δ (Extended Data Fig. 1c–e and Supplementary Data 2  
and 3), suggesting that the pyrimidine cache formation alone is 
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Kennedy pathway deficiency boosts nucleotide synthesis
To further investigate how phospholipid synthesis influences nucleo-
tide metabolism, we conducted tracing experiments using (U-13C6) glu-
cose to investigate the synthesis and turnover of purine and pyrimidine 
nucleotides (Extended Data Fig. 3a). In the cpt1Δept1Δ mutant, the levels 
of newly synthesized CMP, AMP and GMP were substantially increased 
compared to WT (Extended Data Fig. 3b). Notably, newly synthesized 
CMP showed a 25-fold increase in the mutant, contrasting with moder-
ate increases in labeled AMP and GMP levels (Extended Data Fig. 3c). 
This accumulation of 13C-labeled CMP was associated with reduced 
CMP turnover (Extended Data Fig. 3d), while AMP and GMP turnover 

remained similar (Extended Data Fig. 3d). The compromised turnover 
of CMP suggested a limitation in pyrimidine recycling, prompting 
upregulation of de novo synthesis as compensation.

Indeed, cpt1Δept1Δ cells exhibited increased production of ribose 
5-phosphate (R5P), sedoheptulose 7-phosphate (S7P) and erythrose 
4-phosphate (E4P; Extended Data Fig. 3e), confirming synergized PPP 
activity in supplying ribose for de novo nucleotide synthesis. Using 1,2-
13C2 glucose to assess glycolysis and PPP flux (Extended Data Fig. 3f), 
we observed substantial increases in m + 2 6-phosphogluconate (6PG) 
and m + 1 R5P from the oxidative branch of PPP, along with m + 2 glucose 
6-phosphate, m + 2 fructose 6-phosphate and m + 2 glyceraldehyde 

g

h

LipidomicsMetabolomics

6 h

24 h

a b c d

e f

lo
g 2(

fo
ld

 c
ha

ng
e)

–2

2

0

pah1∆WT

WT
pah1∆
ura2∆

pah1∆ura2∆
ura1∆

pah1∆ura1∆
ura3∆

pah1∆ura3∆

SD SD + 1 mM uracil

PEPC

EtnCho

PAH1

DGK1
TAG DAG PA CDP–DAG

PS PI CL

Kennedy pathway

CDP–DAG pathway

Metabolite/lipid extraction

WT dgk1∆ pah1∆

log

Stationary

log phase Stationary phase

 WT

dgk1∆

pah1∆

 WT

dgk1∆

pah1∆

PC 1 (42.2%)

PC
 2

 (2
0.

4%
)

PC 1 (36.2%)

PC
 2

 (3
1.3

%
)

0

–20

 20

0–20 20

0

–10

10

0–10 10

Time (h)

C
el

l g
ro

w
th

 (A
60

0)

0 1 2 3 4

–log10(P)

KEGG pathway enrichment

Arginine biosynthesis
Purine metabolism

Trehalose and sucrose metabolism
Glycerophospholipid metabolism

Alanine, aspartate and glutamate metabolism
Pyrimidine metabolism

Pyruvate metabolism
Glyoxylate and dicarboxylate metabolism

TCA cycle

Re
la

tiv
e 

ab
un

da
nc

e

Adenosin
e

Guan
osin

e

Cyti
dine

Urid
ine

Inosin
e

0

4

8

12

Nucleoside

P = 0.000497

AMP
GMP

CMP
UMP

IM
P

0

2

4

6

8

Nucleotide

0 5 10 15 20 25
0

1

2

3

4

5

WT
dgk1∆
pah1∆

WT
dgk1∆
pah1∆

WT
dgk1∆
pah1∆

WT dgk1∆ pah1∆
dgk1∆

 IMP 
 Inosine 

 Cytosine 

 Uracil 
 Uridine 
 UMP

 Adenine 
 Adenosine 
 AMP

 GMP

 CMP 
 Cytidine 

 Guanosine 
 Guanine 

j

i

k

URA2
Glutamine

Cytidine Uridine

UracilCytosine

URA2
Carbamoyl phosphate

Dihydroorotate
URA1

Orotidine 5-phosphate
URA3

Pyrimidine salvage pathway

Kennedy pathway

Pyrimidine de novo synthesis
PE
PC PAH1

DAG

PA

CDP–etn

CDP–cho

CTP

UMP

UTP

CMP
Citrulline

Argininosuccinate

Arginine

Arginine biosynthesis

log Stationary
0

20

40

60

80

CDP–cho

Re
la

tiv
e 

ab
un

da
nc

e

CDP–etn

log Stationary
0

100

200

300

Re
la

tiv
e 

ab
un

da
nc

e

log Stationary
0

0.5

1.0

1.5

2.0

Total DAG

Re
la

tiv
e 

ab
un

da
nc

e

Re
la

tiv
e 

ab
un

da
nc

e

log Stationary
0

1

2

3

4

Total TAG

P < 0.000001

P = 0.027225

P < 0.000001

P = 
0.000003

P =
0.028264

P < 0.0001

P < 0.0001

P < 0.0001

P = 0.0265

P < 0.0001

P < 0.0001

P < 0.0001
P = 0.0016

P = 0.0356

P = 0.0045 P = 0.0009 P < 0.0001

Fig. 1 | Disruption of the PA to DAG conversion impacts nucleotide 
metabolism. a, Schematic representation of phospholipid biosynthesis pathways 
in S. cerevisiae. b, Overview of metabolomics and lipidomics analyses conducted 
in WT, dgk1Δ and pah1Δ cells. c, Growth curves depicting the growth of WT, dgk1Δ 
and pah1Δ cells in minimal medium. Data are represented as mean ± s.d. (n = 3 
biologically independent samples). d, PCA plots of metabolite profiles in WT, 
dgk1Δ and pah1Δ cells in the log phase (left) and the stationary phase (right).  
e, KEGG pathway analysis of differential metabolites in WT and pah1Δ cells.  
f, Heatmap displaying cellular abundances of nucleotide metabolites in WT,  
dgk1Δ and pah1Δ cells in the log phase. g, Relative abundance of nucleosides  
(left) and nucleotides (right) in WT, dgk1Δ and pah1Δ cells in the log phase.  

Data are presented as mean ± s.d. (n = 3 biologically independent samples).  
h, Relative abundance of CDP–choline and CDP–ethanolamine in WT, dgk1Δ and 
pah1Δ cells. Data are presented as mean ± s.d. (n = 3 biologically independent 
samples). i, Relative abundance of DAG and TAG in WT, dgk1Δ and pah1Δ 
cells in the log phase and stationary phase. Data are presented as mean ± s.d. 
(n = 3 biologically independent samples). j, Metabolic pathways highlighting 
intersections at the Kennedy pathway, pyrimidine salvage pathway, pyrimidine de 
novo synthesis and arginine biosynthesis. k, Growth of WT and indicated mutants 
on minimal medium with or without 1 mM uracil after incubation at 30 °C for 
1 day. Source data are provided as a source data file. PI, phosphatidylinositol; CL, 
cardiolipin; cho, choline; etn, ethanolamine; TCA, tricarboxylic acid cycle.
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3-phosphate from glycolysis (Extended Data Fig. 3g) in both Kennedy 
pathway-deficient mutants. This indicates a more active carbon flux 
in the PPP and glycolysis pathways35.

We further examined the incorporation of newly synthesized nucle-
otides into RNA by switching WT and mutant cells to a 15N tracing medium 
containing 15N-ammonium sulfate (Extended Data Fig. 3h). Within 4 h of 
tracing, RNA bases were gradually replaced by their 15N-labeled counter-
parts (Extended Data Fig. 3i). Disruption of CPT1 and EPT1 delayed the 
turnover of cytidine in RNA (Extended Data Fig. 3i), highlighting the role 
of the Kennedy pathway in modulating pyrimidine metabolism.

Kennedy pathway deficiency enhances the reductive capacity
Given that PPP is the major source of NADPH synthesis, we investigated 
whether the accelerated PPP in Kennedy pathway-deficient mutants 

would influence the production of cellular-reducing equivalents. 
Intriguingly, mutants with Kennedy pathway deficiencies exhibited 
elevated levels of major cellular-reducing equivalents (Fig. 3a–c). 
Blocking the Kennedy pathway with either pct1Δect1Δ or cpt1Δept1Δ 
substantially increased GSH and NADPH levels (Fig. 3a,c). While GSH/
oxidized GSH (GSSG) and NADH/NAD+ ratios were similar between WT 
and the mutants, NADPH/NADP+ ratios were upregulated in the mutants 
(Fig. 3a–c). Therefore, Kennedy pathway deficiencies enhance NADPH 
generation, likely attributed to increased PPP flux. Consistently, PPP 
metabolites R5P, S7P and E4P were substantially increased in the Ken-
nedy pathway-deficient mutants (Fig. 3d).

Epistasis analysis with mutants disrupting the oxidative (zwf1Δ) 
and nonoxidative (rpe1Δ) phases of the PPP further supported this idea. 
Blocking the oxidative phase by zwf1Δ predominantly inhibited cell 
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Fig. 2 | The Kennedy pathway is required for maintaining nucleotide 
homeostasis. a, Illustration of pathways involving genes for PE and PC biosynthesis 
in S. cerevisiae. b, Growth curves of WT, cho2Δopi3Δ and cpt1Δept1Δ cells in minimal 
medium with or without 1 mM choline addition. Data are represented as mean ± s.d. 
(n = 3 biologically independent samples). c, Heatmap depicting abundances of 
nucleotide metabolites in WT, cho2Δopi3Δ, pct1Δect1Δ and cpt1Δept1Δ cells in 
the log phase. d, Relative abundance of nucleoside monophosphates (NMPs, 
left), nucleoside diphosphates (NDPs, middle) and NTPs (right) in WT, pct1Δect1Δ 
and cpt1Δept1Δ cells in the log phase. Data are presented as mean ± s.d. (n = 3 

biologically independent samples). e, Relative abundance of CDP–choline and 
CDP–ethanolamine in WT and cpt1Δept1Δ cells. Data are presented as mean ± s.d. 
(n = 3 biologically independent samples). f, Cellular concentrations of CDP–
choline, CDP–ethanolamine, CMP and CTP in the cpt1Δept1Δ mutant growing 
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presented as mean ± s.d. (n = 3 biologically independent samples). h, Pie chart 
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in the log phase in minimal medium. Source data are provided as a source data file.
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growth, while the defective growth of the nonoxidative phase mutant 
rpe1Δ was exacerbated by cpt1Δept1Δ (Fig. 3e). This suggests that  
Kennedy pathway deficiencies induce a metabolic synergy in the PPP 
to fuel de novo nucleotide synthesis. Next, we conducted a metabolic 
analysis to confirm these results. As anticipated, ZWF1 deletion led to 
a depletion of 6PG and NADPH (Fig. 3f,g), substantially diminishing 
GSH content (Fig. 3h) and R5P, S7P and E4P levels in Kennedy pathway- 
deficient mutants (Fig. 3i). Additionally, 15N tracing experiments using 
a medium with 15N-ammonium sulfate revealed that Kennedy pathway 
mutants, pct1Δect1Δ and cpt1Δept1Δ, exhibited substantial increases 
in newly synthesized GSH and NADPH (Fig. 3j,k). Together, these find-
ings indicate that deficiencies in the Kennedy pathway enhance the 
cellular production of NADPH and GSH, bolstering reductive capacity. 
Consistent with this, the Kennedy pathway-deficient mutants displayed 
increased resistance to H2O2 treatment (Extended Data Fig. 4a).

GSH synthesis is stimulated by increased NADPH levels through 
γ-glutamylcysteine ligase activity36,37 but is constrained by cysteine 
availability17,38, which is not present in a minimal medium. In this 
medium, devoid of choline, PE methylation is obligatory for PC 
synthesis. We hypothesized that Kennedy pathway deficiencies 
hyperactivated PE methylation, using it as a methyl sink for cysteine 
and GSH synthesis17,28 (Extended Data Fig. 4b). To test this, we used 
methionine-(methyl-d3) to label PC from PE methylation and compared 
newly synthesized PC species (m + 9) in WT and the mutant (Extended 
Data Fig. 4c). The cpt1Δept1Δ mutant produced substantially more 
m + 9 PC species, as shown by the top five most abundant PC species 
(Extended Data Fig. 4d,e). This indicates that Kennedy pathway defi-
ciency is substantially compensated by PE methylation, serving as 
an active methyl sink fueling GSH synthesis. Thus, disruption of the 
Kennedy pathway activates pathways for GSH and NADPH production, 
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Fig. 3 | A detour from the Kennedy pathway to PE methylation enhances 
cellular reductive capacity. a–d, Relative abundance of GSH, GSSG and GSH/
GSSG ratio (a), NADH, NAD+ and NADH/NAD+ ratio (b), NADPH, NADP+ and NADPH/
NADP+ ratio (c) and PPP metabolites R5P, S7P and E4P (d) in WT, pct1Δect1Δ and 
cpt1Δept1Δ cells. Data are presented as mean ± s.d. (n = 6 biologically independent 
samples). e, Schematic representation of the PPP and growth curves of WT 
and indicated mutants in minimal medium. Data are presented as mean ± s.d. 
(n = 3 biologically independent samples). f–h, Relative abundance of 6PG (f), 

NADPH (g) and GSH (h) in WT, pct1Δect1Δ, cpt1Δept1Δ, zwf1Δ, pct1Δect1Δzwf1Δ 
and cpt1Δept1Δzwf1Δ cells. Data are presented as mean ± s.d. (n = 3 biologically 
independent samples). i, Relative abundance of R5P, S7P and E4P in WT, pct1Δect1Δ, 
cpt1Δept1Δ, zwf1Δ, pct1Δect1Δzwf1Δ and cpt1Δept1Δzwf1Δ cells. Data are presented 
as mean ± s.d. (n = 3 biologically independent samples). j,k, Levels of 15N-labeled 
GSH (j) and NADPH (k) in WT, pct1Δect1Δ and cpt1Δept1Δ mutant after tracing 
with (15NH4)2SO4 for 60 min. Data are represented as mean ± s.d. (n = 4 biologically 
independent samples). Source data are provided as a source data file.
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likely serving as a cell-intrinsic mechanism for modulating antioxida-
tive capacity.

Dysregulated synthesis and turnover cause sharp CMP rises
To further explore how the Kennedy pathway deficiency impacts nucle-
otide metabolism, we used 15N-ammonium sulfate to trace nucleo-
tide synthesis and turnover in WT and mutant cells (Fig. 4a). Before 
tracing, steady levels of all NMPs and NTPs were notably elevated in 
the cpt1Δept1Δ mutant (Fig. 4b and Extended Data Fig. 5a,c). Upon 
switching to the 15N tracing medium, the mutant demonstrated an 
overall increase in newly synthesized nucleotides labeled with 15N atoms 
(Fig. 4b and Extended Data Fig. 5a,c). Most nucleotides, including ATP, 
GTP, UTP, AMP, GMP and UMP, exhibited similar turnover rates in both 
WT and the cpt1Δept1Δ mutant (Extended Data Fig. 5b,d). However, the 
turnover of CDP–choline and CDP–ethanolamine in the cpt1Δept1Δ 
mutant was relatively slow compared to other nucleotides, likely due 
to growth dilution (Extended Data Fig. 4f). This finding supports the 
notion that the AAPT reaction mediated by Cpt1 and Ept1 is the sole 
pathway consuming these CDP bases.

Blocking the rate-limiting step in the Kennedy pathway by 
pct1Δect1Δ also led to a similar increase in newly synthesized nucleo-
tides as observed in the cpt1Δept1Δ mutant (Extended Data Fig. 5e–h). 
However, evident differences were observed specifically for CMP in the 
cpt1Δept1Δ mutant (Fig. 4b,c). In this mutant, the abundance of fully 
15N-labeled CMP (m + 3) markedly increased, while the abundance of 
15N-labeled CTP and CDP increased moderately (Fig. 4b), supported by 
the calculated synthesis rate (Extended Data Fig. 4g). The turnover of 
CMP and cytidine was substantially delayed in the cpt1Δept1Δ mutant 
(Fig. 4c), consistent with notable reductions in their turnover rates 
(Extended Data Fig. 4h). Furthermore, cytidine-to-CMP ratios, includ-
ing both steady and labeled levels, showed pronounced decreases in 
the mutant compared to WT (Fig. 4d,e), indicating a defect in CMP 
hydrolysis. Thus, unlike other nucleotides, the accumulation of CMP 
in cpt1Δept1Δ cells likely stemmed from increased synthesis and 
decreased turnover.

CMP hydrolysis enzymes are subject to substrate inhibition
We next focused on understanding why CMP hydrolysis becomes less 
efficient in the cpt1Δept1Δ mutant. We centered our investigation on two 
nucleotidases, Phm8 and Sdt1, known to hydrolyze NMP into nucleo-
side and phosphate. In the log phase, Phm8 protein levels dropped by 
40–60%, while Sdt1 decreased by 20% in the mutant (Extended Data 
Fig. 6a–d). Interestingly, stationary phase cells tended to increase 
Phm8 and decrease Sdt1 protein levels (Extended Data Fig. 6a–d). Phm8 
increase in the stationary phase was completely blocked by cpt1Δept1Δ 
(Extended Data Fig. 6a). Despite this, PHM8 mRNA levels in the mutant 
increased similarly by more than 100-fold in the stationary phase 
(Extended Data Fig. 6e), suggesting an unknown post-transcriptional 
regulation. Similarly, the Sdt1 protein decrease did not correlate with 
transcription in the stationary phase (Extended Data Fig. 6f). This regula-
tion of Phm8 and Sdt1 implies the dynamic adjustment of nucleotidase 
activity to metabolic states by modulating enzyme levels.

To understand the regulatory relationship between CMP levels and 
Phm8 abundance, we overexpressed PHM8 in both WT and cpt1Δept1Δ 
cells (Extended Data Fig. 6g). While this overexpression did not affect 
CMP levels in WT cells, it led to a 30% reduction in the mutant (Fig. 4f). 
However, even with PHM8 overexpression, CMP levels remained more 
than 20-fold higher in the mutant than in WT cells (Fig. 4f). In contrast, 
GMP hydrolysis was highly sensitive to nucleotidase levels. PHM8 over-
expression substantially reduced GMP levels by 60% in WT and 90% in 
the mutant (Fig. 4f). The inability of increased nucleotidase levels to 
normalize CMP suggests additional regulatory mechanisms beyond 
enzyme abundance.

We then characterized Phm8 and Sdt1 enzyme kinetics against 
various NMPs. Phm8 exhibited stronger catalytic activity for NMP 

hydrolysis, favoring GMP and CMP (Extended Data Fig. 7a,b), consist-
ent with previous studies39,40. Interestingly, both enzymes showed 
substrate inhibition during CMP hydrolysis (Extended Data Fig. 7c,d). 
The turning point of maximal activity decreased with lower Phm8 
concentrations in vitro (Fig. 4g and Extended Data Fig. 7e). Thus, 
reduced Phm8 levels likely contribute to the hypersensitivity of CMP 
hydrolysis to substrate inhibition in the Kennedy pathway-deficient  
mutant cpt1Δept1Δ.

While the turning point at which Phm8 was inhibited remained 
notably above the cellular CMP concentration in the cpt1Δept1Δ 
mutant, the complex metabolic environment in intact cells prompted 
us to explore whether the presence of other nucleotide substrates 
might influence the effective concentrations for inhibiting nucleotide 
hydrolysis. We evaluated the inhibitory effect of CMP concentration on 
Phm8 hydrolysis in a reaction system with four substrate NMPs mixed 
at their reported cellular concentrations41. Phm8 could hydrolyze 
CMP, GMP and UMP at its cellular concentration (10 μg ml−1 or 40 nM)42 
(Fig. 4h). Increasing CMP to 1 mM, approximating the intracellular con-
centration in the cpt1Δept1Δ mutant (Fig. 2f), substantially decreased 
Phm8 nucleotidase activity toward CMP, GMP and UMP (Fig. 4h). This 
inhibitory effect was evident even at 200 μM of CMP, indicating that 
substrate inhibition could occur at lower concentrations in the pres-
ence of other nucleotides.

We further explored how changes in other NMPs might affect 
Phm8 activity using this composite mixture. Elevated UMP concen-
trations markedly inhibited the hydrolysis activity of Phm8 toward 
CMP, whereas GMP or AMP levels had minimal to no effect (Extended 
Data Figs. 7f–h). Given the observed increase in all nucleotides in both 
Kennedy pathway-deficient mutants, we suggest that accumulating 
pyrimidine nucleotides may induce substrate inhibition, hindering 
nucleotide salvage while promoting de novo nucleotide synthesis. 
Thus, CTP usage in the Kennedy pathway establishes a connection 
between pyrimidine recycling and the regulation of nucleotide bio-
synthesis and antioxidant production.

Choline enhances NADPH and GSH via CTP trapping  
in cpt1Δept1Δ
Next, we introduced choline, a natural dietary supplement, to a minimal 
medium at various concentrations to explore its impact on cellular 
reductive capacity (Fig. 5a). Even without exogenous choline, block-
ing the Kennedy pathway with cpt1Δept1Δ led to substantially elevated 
levels of choline metabolites, like phosphocholine and CDP–choline 
(Fig. 5b,c). The addition of 10 μM choline led to a remarkable 460-fold 
increase in phosphocholine and a 4,300-fold increase in CDP–choline 
in the mutant, accompanied by a twofold increase in cellular choline 
levels (Fig. 5a–c). With 1 mM choline, choline, phosphocholine and 
CDP–choline levels surged to about 30-fold, 1,500-fold and 5,000-fold, 
respectively (Fig. 5a–c). These substantial increases in CDP–choline 
levels were expected to siphon cellular CTP, potentially signaling CTP 
drainage and promoting nucleotide synthesis. In line with this hypoth-
esis, cellular NTP and NMP levels increased with choline supplementa-
tion in the cpt1Δept1Δ mutant (Fig. 5d–g and Extended Data Fig. 8a–d). 
This elevated nucleotide demand likely stimulates ribose supply via 
the PPP, facilitating NADPH generation. Indeed, choline provision 
enhanced NADPH levels in the cpt1Δept1Δ mutant (Fig. 5h), coinciding 
with a maximal 33-fold increase in GSH levels (Fig. 5i). Unsurprisingly, 
exogenous choline also heightened the survival rates of the mutant cells 
under oxidative stress (Fig. 5j). Conversely, the PE methylation-deficient 
mutant cho2Δopi3Δ exhibited hypersensitivity to H2O2 in the presence 
of 1 mM choline (Fig. 5j). These findings suggest that a blockage at the 
final condensation step in the Kennedy pathway allowed the tuning of 
cellular reductive capacity based on the availability of choline through 
the entrapment of CTP in the pyrimidine cache.

As the Kennedy pathway’s activity in PC synthesis is affected by the 
availability of exogenous choline43, we investigated whether altering 
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the PC synthesis pathways in response to choline availability impacts 
nucleotide and antioxidant levels (Extended Data Fig. 8e). Upon choline 
removal, reductions in cellular choline metabolites (Extended Data 
Fig. 8f) were observed, accompanied by transient increases in NADPH 
and GSH levels (Extended Data Fig. 8g,h). However, notable dynamics in 

nucleotide levels were observed specifically for UMP during this transi-
tion (Extended Data Fig. 8i). Given that CMP accumulation occurred in 
the cpt1Δept1Δ mutant (Fig. 2d), it is possible that choline deficiency 
might disrupt the Kennedy pathway primarily at the rate-limiting step, 
rather than the terminal step.
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(n = 4 biologically independent samples). c, The percentage abundance of 
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15N-SD tracing medium for indicated times. Data are represented as mean ± s.d. 
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represented as mean ± s.d. (n = 3 biologically independent samples). g, Phm8 
nucleotidase activity curves with enzyme input at different concentrations.  
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(n = 3 biologically independent samples). h, The turnover rates of CMP, AMP, 
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control without Phm8; groups B–D represent mixture conditions containing 
10 µg ml−1 Phm8 and increasing amounts of CMP. Data are represented as 
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significance, with P values indicated in the corresponding colors. Source data are 
provided as a source data file.
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Oxidative stress inhibits the AAPT step in the Kennedy 
pathway
Having observed an enhanced antioxidative defense upon genetic 
disruption of the Kennedy pathway, we explored the natural respon-
siveness of the pathway to oxidative stress. Building on our previous 
study, which reveals the inhibition of the CDP–choline branch of the 
Kennedy pathway in an oxidative environment due to histone meth-
ylation deficiency28, we sought to investigate if this responsiveness 
extended to cells growing in the minimal glucose medium. Under oxi-
dative stress induced by various compounds (Extended Data Fig. 9a), 
we found increased levels of CDP–choline and CDP–ethanolamine 
(Extended Data Fig. 9b), indicating inhibition of the Kennedy pathway at 
the AAPT-mediated condensation step. Consistently, the incorporation 
of choline-(trimethyl-d9) tracer into PC was blocked under oxidative 
stress (Extended Data Fig. 9c). Interestingly, AAPT enzymes, Cpt1 and 
Ept1, formed protein condensates over time during H2O2 treatment 

(Extended Data Fig. 9d), possibly restricting substrate access. These 
condensates apposed closely to the vacuole marker protein Vph1 
and overlapped with the ER marker Sec63-mCherry but not with the 
processing body (P-body) marker Edc3-mCherry (Extended Data 
Fig. 9e). Despite unchanged enzyme amounts under H2O2 treatment 
(Extended Data Fig. 9f,g), the formation of these condensates likely 
limited enzyme activity. Unexpectedly, most DAG species decreased 
under H2O2 treatment (Extended Data Fig. 9h), reducing total DAG 
levels (Extended Data Fig. 9i). These findings collectively indicate that 
oxidative stress inhibits the AAPT reaction by limiting DAG availability 
and restricting substrate access to the enzymes.

To gain further insights into whether oxidative stress directly inter-
feres with the AAPT enzymes, we performed site-directed mutagenesis 
to alter oxidation-prone cysteine residues in Cpt1 and Ept1. Upon 
screening all cysteine residues through cysteine-to-serine mutation, 
we found that cpt1Δept1Δ cells expressing either CPT1C98S or EPT1C184S 
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Fig. 5 | Choline enhances cellular reductive capacity by trapping CTP in 
the pyrimidine cache under Kennedy pathway deficiency. a–c, Relative 
abundance of choline (a), phosphocholine (b) and CDP–choline (c) in WT and 
cpt1Δept1Δ cells in minimal medium with varying choline supplementation. 
Data are represented as mean ± s.d. (n = 3 biologically independent samples). 
d–g, Relative abundance of CTP (d), UTP (e), ATP (f) and GTP (g) in WT and 
cpt1Δept1Δ cells in minimal medium with different choline supplementation. 
Data are represented as mean ± s.d. (n = 3 biologically independent samples). 

h,i, Relative abundance of NADPH (h) and GSH (i) levels in WT and cpt1Δept1Δ 
cells with different choline supplementation. Data are represented as mean ± s.d. 
(n = 3 biologically independent samples). j, Survival rates of WT, cpt1Δept1Δ 
and cho2Δopi3Δ cells under H2O2 treatment. Cells growing in a minimal medium 
with indicated amounts of choline provision were subjected to 1 h exposure to 
5 mM H2O2. Data are represented as mean ± s.d. (n = 4 biologically independent 
samples). Source data are provided as a source data file.
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displayed a substantial elevation in CDP–choline or CDP–ethanola-
mine levels (Extended Data Fig. 10a,b). This finding emphasizes the 
importance of these residues for enzyme activity. However, these 
mutations did not prevent protein condensation formed during H2O2 
treatment (Extended Data Fig. 10c), suggesting that other factors might 
contribute to this process.

Notably, the formation of AAPT protein condensates occurred 
gradually, suggesting that the Kennedy pathway may not be the rapid, 
first-line response to oxidative stress44–47. Instead, it might function 
to restore reductive capacity during recovery from oxidative stress.  
To investigate this hypothesis, we exposed cells to a 30-min H2O2 
treatment and switched them to a minimal medium without oxidative 
stress, monitoring cellular NADPH content. Following the depletion of 
NADPH in both WT and cpt1Δept1Δ cells after the 30-min H2O2 treat-
ment (Extended Data Fig. 10d), we observed a subsequent increase in 
NADPH levels (Extended Data Fig. 10e). Interestingly, the cpt1Δept1Δ 
mutant exhibited a faster increase in NADPH levels after the removal 
of H2O2, followed by an elevation in GSH levels after 2 h (Extended Data 
Fig. 10e,f). Therefore, cells with a defective Kennedy pathway demon-
strated enhanced capacities for restoring cellular reductive capacity 
after oxidative stress.

Kennedy pathway attenuation for aging antioxidation
As oxidative stress escalates during the aging process48, we postulate 
that the activity of the Kennedy pathway may diminish in response to 
age-associated oxidative stress, thereby acting as a protective mecha-
nism with concurrent antioxidant production. To test this, we used the 
yeast replicative aging model, isolating aged cells from young cells 
using a biotin–streptavidin labeling system, as described previously49 
(Fig. 6a). Metabolite analysis revealed a reduction in NADPH and an 
increase in GSH levels in aged cells, along with substantial increases 
in NADP+ and GSSG, resulting in profound reductions in both NADPH/
NADP+ and GSH/GSSG ratios (Extended Data Fig. 10g,h). This finding 
confirms increased oxidative stress during replicative aging50.

Under this oxidative stress, aged cells exhibited an increased 
fraction of cells with disrupted localization of Cpt1 and Ept1 in the ER 
(Fig. 6b,c). Consistent with reduced Kennedy pathway activity at the 
terminal step, the substrate metabolite CDP–choline was elevated by 
more than 30-fold in aged cells (Fig. 6d). To further substantiate the 
reduction in Kennedy pathway activity in aged cells, we performed 
metabolic flux analysis using 100 μM choline (trimethyl-d9) as a tracer 
(Fig. 6e). Aged cells showed substantial increases in labeled and unla-
beled levels of choline metabolites 2 h after the addition of the choline 
tracer, compared to young cells (Fig. 6f–h). This finding resonates 
with the observations in the Kennedy pathway mutant cpt1Δept1Δ with 
choline supplementation (Fig. 5a–c), suggesting that aged cells reduced 
choline usage for PC synthesis in the Kennedy pathway. Consistently, PC 
synthesis, as estimated by the flux rate, was indeed diminished with age 
(Fig. 6i). These findings together indicate that the Kennedy pathway for 
PC synthesis is compromised during replicative aging. To investigate 
whether the reduction in Kennedy pathway activity contributes to 
antioxidant production, we compared NADPH and GSH levels in WT and 
Kennedy pathway-deficient mutant cells with age. Strikingly, blocking 
the Kennedy pathway at either step was sufficient to elevate NADPH and 
GSH levels, as well as the ratios of NADPH to NADP+ and GSH to GSSG in 
aged cells (Fig. 6j,k). Cellular fitness declines with age, as demonstrated 
by a reduced ability to recover colony growth on a solid plate (Fig. 6l). 
Coincident with the elevations in antioxidant production, the aged cells 
with Kennedy pathway deficiency displayed improved fitness (Fig. 6l,m). 
This finding suggests that the attenuation of Kennedy pathway activity 
during aging fosters antioxidant production to combat oxidative stress.

Discussion
Here we propose that phospholipid synthesis has evolved as an inte-
grative defense mechanism, requiring coordination with nucleotide 

metabolism to produce antioxidants. This metabolic connectivity is 
illustrated as a stepwise, cell-intrinsic flow (Fig. 6n). Oxidative stress 
inhibits the Kennedy pathway at the AAPT-mediated condensation 
reaction, leading to the formation of a pyrimidine cache that captures 
CTP in the form of CDP–choline and CDP–ethanolamine. This oxidative 
inhibition diverts phospholipid flux away from the Kennedy pathway, 
resulting in an increase in cellular CMP (Fig. 6n, step 1). Due to substrate 
inhibition of nucleotidase activity by CMP, the oxidation-induced Ken-
nedy pathway deficiency causes a pronounced increase in CMP (Fig. 6n, 
step 2). This leads to a reduction in NMP hydrolysis, constraining the 
salvage pathway and promoting a compensatory activation of de novo 
nucleotide synthesis and the PPP (Fig. 6n, step 3). The increased flux 
of the PPP enhances NADPH generation, ultimately stimulating GSH 
production. Downstream of the CDP–DAG pathway, PE methylation 
has a crucial role by serving as a methyl sink that synergistically fuels 
GSH synthesis (Fig. 6n, step 4). As such, alternative pathways for phos-
pholipid synthesis may be activated based on the degree of oxidative 
stress, representing an automatic control of metabolism that harnesses 
phospholipid pathways to sense and combat oxidative stress.

CMP accumulation under Kennedy pathway deficiency is a com-
pelling observation, serving as a nodal point connecting the responsive 
metabolism of phospholipids and nucleotides. Intracellular metabo-
lites, such as CMP, are typically equilibrated at their production and 
turnover rates. While CMP accumulation can be amplified by substrate 
inhibition and maintained with decreased nucleotidase protein abun-
dance, it raises the intriguing question of how cellular CMP reaches a 
critical concentration that restricts nucleotide hydrolysis. This critical 
concentration may be attributed to the release of CMP from discrete 
pathways in phospholipid synthesis. As an energy input for phospho-
lipid synthesis, one molecule of CTP is theoretically converted to one 
molecule of CMP for every phospholipid produced in a cell, irrespective 
of whether the activated substrates are lipidic or polar metabolites. 
Increases in CMP were observed to be associated with modest increases 
in the total amounts of phospholipids in pah1Δ and cpt1Δept1Δ cells 
(Extended Data Figs. 1a and 2g). The net increase in phospholipid 
production may contribute to a net increase in CMP. The synthesis of 
the phospholipid phosphatidylinositol via CDP–DAG occurs at a very 
fast rate51. The CDP–DAG pathway may generate CMP at a high yield, 
diffusing from the membranes. This pool of CMP may not be as readily 
hydrolyzed as the CMP released from CDP-linked polar metabolites in 
the Kennedy pathway. Thus, reaching an inhibitory CMP level is likely 
influenced by factors such as the net production of phospholipids, 
the synthesis rate of CDP–DAG and Kennedy pathways and the spatial 
concentration and accessibility of CMP to nucleotidase.

Interestingly, the disruption of the Kennedy pathway at the rate- 
limiting step by pct1Δect1Δ also triggers the co-activation of de novo 
nucleotide synthesis and the PPP, accompanied by an increase in anti-
oxidant production. These common metabolic outcomes highlight 
that the antioxidative defense mechanism of the Kennedy pathway can 
be triggered by different environmental cues. Unlike cpt1Δept1Δ, the 
pct1Δect1Δ mutant exhibits a generalized increase in most nucleotides, 
with a notable rise in UMP contributing to the constraint of nucleotide 
salvage. First, this increase in UMP can reduce Phm8 hydrolysis activity 
toward CMP. Similar to the pyrimidine cache, this UMP accumulation 
may ultimately limit NMP hydrolysis and nucleotide recycling (Fig. 6n). 
Second, during choline deficiency, increases in antioxidant levels coin-
cided with notable dynamics in UMP levels (Extended Data Fig. 8e–i). 
The increase in UMP likely contributes to the rise in antioxidant produc-
tion through the inhibition of nucleotide salvage. The rate-limiting step 
of the Kennedy pathway is highly sensitive to choline availability43,52,53. 
Choline may act as a sentinel metabolite to reflect nutrient status. In its 
absence, the Kennedy pathway is constrained at the rate-limiting step, 
reducing CTP usage and leading to enhanced antioxidant production, 
which is likely crucial for combating stresses associated with nutrient 
scarcity. However, the specifics of how the regulation of Kennedy 
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Fig. 6 | Attenuation of Kennedy pathway activity as an antioxidative 
mechanism during replicative aging. a, Workflow for isolation of aged mother 
cells and young daughter cells. b, Live cell imaging of Cpt1-green-fluorescent 
protein (GFP) in young and aged cells. The z-projected images show the bud 
scars. The number of bur scars is noted. c, Percentage of young and aged Cpt1-
GFP and Ept1-GFP cells with different localization patterns of Cpt1-GFP and 
Ept1-GFP, including ER, foci with ER, foci without ER and vacuole inclusion. More 
than 100 cells were counted for each group. Data are presented as mean ± s.d. 
(n = 3 biologically independent samples). d, Relative abundance of CDP–choline 
in aged and young WT cells. Data are presented as mean ± s.d. (n = 4 biologically 
independent samples). e, Experimental setup for isotopic tracing of PC synthesis 
in the Kennedy pathway with choline (trimethyl-d9). f–h, Levels of labeled 
choline (f), phosphocholine (g) and CDP–choline (h) in young and aged WT 

cells. Data are presented as mean ± s.d. (n = 4 biologically independent samples). 
i, Relative synthesis rate of PC, indicated by the total PC and the top five most 
abundant PC species with an m + 9 mass shift in young and aged WT cells. The 
rate for PC synthesis is calculated by normalizing the levels of m + 9 labeled 
PC species to the level of m + 9 labeled CDP–choline. Data are presented as 
mean ± s.d. (n = 4 biologically independent samples). j,k, Relative abundance of 
NADPH, NADP and NADPH/NADP ratios (j) and GSH, GSSG and GSH/GSSG ratios 
(k) in aged WT, pct1Δect1Δ and cpt1Δept1Δ cells. Data are presented as mean ± s.d. 
(n = 4 biologically independent samples). l, Recovery rate of young and aged WT 
and indicated mutant cells. Data are presented as mean ± s.d. (n = 3 biologically 
independent samples). m, Relative recovery rates. Data are presented as 
mean ± s.d. (n = 3 biologically independent samples). n, Model illustration. 
Source data are provided as a source data file.
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pathway activity coordinates an increase in CMP or UMP levels remain 
unknown and await further investigation.

The synthesis of phospholipids is well known to be regulated in 
response to various growth conditions54, including growth phase5, 
inositol supplementation55,56 and zinc depletion57. Additionally, levels 
of endogenous precursor metabolites, such as choline58,59, CTP60–62 
and S-adenosyl methionine (SAM)63, can influence specific reactions 
in phospholipid synthesis. Considering the substantial cellular invest-
ment in building lipid membranes, it is crucial to recognize that the 
relationship between phospholipid synthesis and other metabolic 
processes is bidirectional. For instance, phospholipid methylation con-
sumes substantial amounts of the major methyl donor SAM, facilitating 
SAM turnover to fuel GSH production17,28. Furthermore, the synthesis of 
highly unsaturated fatty acids64 and the glycerol-3-phosphate shuttle65, 
which provides glycerol backbones for phospholipids, can modulate 
cellular redox homeostasis by regenerating NAD+. The division of 
labor for the nucleotide energy carrier CTP in phospholipid synthesis 
designates an efficient control mechanism for redox homeostasis 
with this endergonic process. Under the threat of oxidative stress, a 
safety mechanism regulating the synthesis of phospholipids serves 
as a critical component in the integrative regulation of nucleotide 
metabolism, redox balance and membrane biophysical properties 
for cellular defense.
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Methods
Yeast strains and media
All yeast strains used in this study are listed in Supplementary Data 1.  
All strains and genetic manipulations were verified through sequencing 
and phenotypes. The prototrophic CEN.PK strain background was used 
in all experiments66. Gene deletions were carried out using standard 
PCR-based strategies to amplify resistance cassettes with appropriate 
flanking sequences and replace the target gene by homologous recom-
bination67. The epitope tags were introduced into the chromosomal 
loci at the C terminus of targeted genes and confirmed by PCR and 
western blots. Medium used in this study included SD minimal medium  
(0.17% yeast nitrogen base without amino acids containing 0.5%  
ammonium sulfate (Difco), 2% glucose). Tracing media used in this 
study were SD-15N (0.17% yeast nitrogen base without amino acids 
containing 0.05% 15N-ammonium sulfate and 2% glucose), SD-13C (0.17% 
yeast nitrogen base without amino acids containing 0.5% ammonium 
sulfate and 0.2% (U-13C6) glucose) and SD-methionine-(methyl-d3) 
(0.17% yeast nitrogen base without amino acids containing 0.5% ammo-
nium sulfate, 2% glucose, 100 μM methionine-(methyl-d3)). All stable 
isotope tracers were obtained from Cambridge Isotope Laboratories.

Determination of cell growth by absorbance at 600 nm and 
spotting assay
To determine cell growth rates in liquid medium culture, cell growth 
was monitored by absorbance reading at 600 nm using a spectrometer 
from MAPADA (model P6). For spotting, cells precultured in a minimal 
medium with 1 mM uracil were washed with a fresh SD medium. A total 
of 3-μl aliquots of a series of tenfold dilutions from 0.5 optical density 
at 600 nm (OD600) were spotted onto the SD plate with or without 1 mM 
uracil and incubated at 30 °C for 1 day.

Lipid extraction and quantification
Yeast lipids were extracted with chloroform:methanol (2:1, vol/vol)68. 
Ten OD600 units of yeast cells were harvested for lipid extraction. Cell 
pellets were resuspended in 0.5 ml MS-grade methanol and lysed by 
bead-beating. Cell pellets and lysates were then transferred to glass 
tubes. Chloroform and citric acid were used to achieve phase separa-
tion. The bottom lipid phase was collected and dried using a vacuum 
concentrator system (Labconco). The dried lipid extracts were dis-
solved in a mixed MS-grade solution containing isopropanol, ace-
tonitrile, water (2:1:1) and 17:0 PC, 17:0 PE and 14:0 PS with Lipidomix 
(Avanti) used as spike-in standards. The redissolved lipid samples 
were injected for quantitative analysis by LC–MS/MS with a triple 
quadrupole mass spectrometer (QTRAP 6500 + System; AB SCIEX). 
For monoacylglycerol (MAG) measurement, we extracted MAG using 
chloroform:methanol (2:1, vol/vol) without adding citric acid and resus-
pended dried lipid samples in a mixture of methanol:dichloromethane 
(1:1, vol/vol) containing 5 mM ammonium acetate. Lipids separated 
chromatographically on a C18 column (ACQUITY UPLC BEH C18 col-
umn, 130 Å, 1.7 μm, 2.1 mm × 50 mm) were followed by quantifica-
tion using multiple reaction monitoring (MRM) transitions of mass 
spectrometry in positive mode for neutral lipids such as DAG and 
in negative mode for phospholipids such as PE and PC. Specifically, 
LC was programmed as follows: buffer A contains 33.3% methanol, 
33.3% acetonitrile, 33.4% water, 5 mM ammonium acetate, and buffer B 
contains 5 mM ammonium acetate in 100% isopropanol. The flow rate 
was 0.15 ml min−1 using the following method: T = 0 min, 20% buffer B; 
T = 1 min, 20% buffer B; T = 3 min, 60% buffer B; T = 13 min, 98% buffer B; 
T = 13.1 min, 20% buffer B; T = 16 min, 20% buffer B. The retention time 
for each MRM peak was compared to an appropriate standard. The area 
under each peak was then quantitated using Analyst Software OS v2.0.

Metabolite extraction and quantitation
Intracellular metabolites were extracted using a previously estab-
lished method69. Care was taken to quench cells quickly and maintain 

metabolites in acid to minimize oxidation. In brief, equal OD units of 
cells were rapidly quenched to stop metabolism by addition into four 
volumes of quenching buffer containing 60% methanol and 10 mM 
tricine (pH 7.4) that was precooled to −40 °C. After holding at −40 °C for 
5 min, the cells were spun at 4,000g for 3 min at 4 °C, washed with the 
same buffer and then resuspended in 1 ml extraction buffer containing 
75% ethanol and 0.5 mM tricine (pH 7.4). Intracellular metabolites were 
extracted by incubating at 75 °C for 3 min, followed by chilling on ice 
for 10 min. The samples were spun at 15,000g for 1 min to pellet cell 
debris, and 0.9 ml of the supernatant was transferred to a new tube. 
After a second spin at 15,000g for 1 min, 0.8 ml of the supernatant was 
transferred to a new tube. The extracted metabolites in the extraction 
buffer were dried using a vacuum concentrator system (Labconco) 
and stored at −80 °C until analysis. The dried metabolite extracts were 
resuspended in either 60% acetonitrile or 5 mM ammonium acetate for 
injection according to specific LC methods used below.

Cellular metabolites were quantitated by LC–MS/MS with a triple 
quadrupole mass spectrometer (QTRAP 6500 + System; AB SCIEX) 
using previously established methods17,70. Briefly, the redissolved 
metabolites were separated chromatographically on a SeQuant 
Zic-hydrophilic interaction liquid chromatography (pHILIC) column 
(5 μm polymer 150 × 2.1 mm; MilliporeSigma) or a C18-based column 
with polar embedded groups (Synergi 4 μM Fusion-RP, 150 × 2 mm; 
Phenomenex), using a high-performance LC system (ExionLC AD 
System) coupled to a triple quadrupole mass spectrometer (QTRAP 
6500 + System; AB SCIEX). For targeted metabolomics, we performed 
a 34-min LC on the pHILIC column at a flow rate of 0.15 ml min−1, with 
20 mM ammonium carbonate and 0.1% (vol/vol) ammonium hydroxide 
as solvent A and 100% acetonitrile as solvent B. The following gradient 
was used: 80% solvent B for 0.01 min, 20% solvent B for 20 min, 80% 
solvent B for 20.5 min and 80% solvent B for 34 min. Metabolites were 
detected by MRM transitions in positive and negative modes.

For a better separation of nucleotides, we used another LC method 
using the C18 column. Specifically, we performed a 24-min run at a flow 
rate of 0.3 ml min−1. In total, 5 mM ammonium acetate in 100% water 
was used as solvent A and 100% acetonitrile was used as solvent B. The 
following gradient elution was performed: 0% solvent B for 0.01 min, 
0% solvent B for 3 min, 0.2% solvent B for 4 min, 2% solvent B for 5 min, 
4% solvent B for 6 min, 6% solvent B for 7 min, 25% solvent B for 11 min, 
50% solvent B for 13 min, 100% solvent B for 15 min, 100% solvent B for 
18 min, 0% solvent B for 19 min and 0% solvent B for 24 min. The raw 
data were analyzed with the software OS v2.0.

RIL to quantify nucleotide concentrations
An overnight culture of cpt1Δept1Δ cells in SD-15N medium was diluted 
with fresh SD-15N medium to 0.05 of OD600 and harvested when  
the OD600 reached 1.0. One OD unit of cells was collected for metabolite 
extraction using an extraction buffer with a mixture of 14N-metabolite 
standards containing ATP, GTP, UTP, CTP, CMP, CDP–choline and 
CDP–ethanolamine. Molar concentrations of 15N-incorporated metabo-
lites in a sample were calculated based on the intensity peak areas of 
the added 14N-metabolite standards. Cellular concentrations of each 
metabolite in a single yeast cell were calculated based on the incurred 
dilution rate, the number of yeast cells in one OD600 unit (1.5 × 107) and 
the cell volume of a single yeast cell (3.7 × 10−14 l).

Metabolic flux analysis using (U-13C6) glucose
Metabolic flux analysis using (U-13C6) glucose was based on published 
methods71,72. When the growth reached the log phase, cells were spun 
down, washed with SD medium without glucose and resuspended in the 
SD-13C tracing medium where the glucose carbons were all 13C-labeled. 
The cells were collected at the indicated times, and metabolites were 
extracted as described above. 13C-metabolites were detected by LC–MS/
MS, with the targeted parent and daughter ions specific to the 13C form 
of the metabolites.
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Metabolic flux analysis using 15N-ammonium sulfate
15N-ammonium sulfate-based tracing was based on published meth-
ods28,72. When the growth reached the log phase, cells were spun 
down, washed with SD medium without ammonium sulfate and resus-
pended in the SD-15N tracing medium where the sole nitrogen source 
of ammonium sulfate was 15N-labeled. The cells were collected at the 
indicated times, and metabolites were extracted as described above. 
15N-metabolites were detected by LC–MS/MS, with the targeted parent 
and daughter ions specific to the 15N form of the metabolites.

Metabolic flux analysis using (1,2-13C2) glucose
Metabolic flux analysis using (U-13C2) glucose was based on products 
with unique MRM in glycolysis and PPP. When the growth reached the log 
phase, cells were harvested by centrifugation, washed with SD medium 
lacking glucose and resuspended in SD-13C2 tracing medium. At speci-
fied time points, cells were collected, and metabolites were extracted 
according to previously established protocols. 13C-metabolites were 
detected using LC–MS/MS, with the analysis targeting specific parent 
and daughter ions indicative of the 13C-labeled metabolites.

Isotopic tracing of PC synthesis in the Kennedy pathway with 
choline-(trimethyl-d9)
Aged cells after 2-h recovery in SD medium were supplemented with 
100 μM choline chloride (trimethyl-d9) for tracing. After 2 h of tracing, 
aged mother cells and young daughter cells were separated. Phospho-
lipids and metabolites were extracted and analyzed using LC–MS/MS. 
PC (m + 9) denotes newly synthesized PC from the Kennedy pathway. 
The quantification focused on the top five most abundant PC species, 
along with choline and its metabolites in the Kennedy pathway for 
PC synthesis, providing an overall assessment of PC synthesis in the 
Kennedy pathway.

For the detection of the Kennedy pathway flux in response to H2O2 
treatment, log phase cells were exposed to 5 mM H2O2 for 1 h. Follow-
ing treatment, cells were washed with fresh SD medium, and 100 μM 
choline chloride-(trimethyl-d9) was added for 1 h of tracing.

Isotopic tracing of the PE to PC conversion with methionine-
(methyl-d3)
In total, 100 μM methionine-(methyl-d3) was added to WT and 
cpt1Δept1Δ log phase cells for tracing. Phospholipids were extracted 
and analyzed using LC–MS/MS. PC (m + 9) represents newly synthesized 
PC from PE via a three-step methylation reaction. We quantified the 
top five most abundant PC species, indicative of an overall rate of the 
production of PC via PE methylation.

RNA extraction and real-time quantitative PCR analysis
RNA isolation of yeast cells under different growth conditions was 
carried out following the manufacturer’s manual using the MasterPure 
yeast RNA purification kit (Epicenter). RNA concentration was deter-
mined by absorbance at 260 nm. In total, 1 μg RNA was reverse tran-
scribed to cDNA using the HiScript III First Strand cDNA Synthesis Kit 
(Vazyme). Real-time PCR was performed in triplicate with the ChamQ 
SYBR qPCR Master Mix from Vazyme. Transcript levels of genes were 
normalized to ACT1. Primers for ACT1 are as follows: forward, CACC-
CTGTTCTTTTGACTGAAG and reverse, AGTAACCACGTTCACTCAAGAT. 
Primers for PHM8 are as follows: forward, GGCTGTTTACAAACTCG-
TACAA and reverse, GCAATAGGTTATGCCGTCAAAT. Primers for SDT1 
are as follows: forward, ACTACTCTAGGACAGATACGCT and reverse, 
CACTAATGACAATAGCGCCTTC.

Determination of nucleotide incorporation into RNA using 
15N-ammonium sulfate
Log phase cells were spun down and washed with SD medium without 
ammonium sulfate. The cells were then replaced with SD medium 
with 15N-ammonium sulfate. Total RNA was extracted and proceeded 

to digestion by adding an acid buffer (0.1 M NaOAc and 20 mM ZnCl2 
(pH 6.8)), RNase A and Nuclease P1. After a 4-h incubation at 37 °C, 
calf intestinal alkaline phosphatase and snake venom diesterase were 
added to the reaction system in a basic buffer containing 0.3 M NaOAc 
(pH 7.8). After an overnight incubation at room temperature, superna-
tants were collected after 5-min centrifugation at 15,000g at 4 °C. The 
supernatants were further cleared by centrifugation using Amicon 
Ultra 0.5 ml centrifugal filters at 15,000g for 45 min at 4 °C. The cleared 
supernatants were diluted and injected for LC–MS/MS analysis.

Determination of membrane surface order with Laurdan
Yeast cells were grown to the log phase in the SD medium. The cells were 
collected and spheroplasted with 1 mg ml−1 zymolyase in 1 M sorbitol. 
The spheroplasts were incubated with 1 μM Laurdan at 30 °C for 30 min. 
The samples were excited at 360 nm using SynergyNEO2 Multiscan 
Spectrum (Biotek), and fluorescence intensities were measured at 
440 nm and 490 nm. The Laurdan generalized polarization (GP) value 
was calculated by the following formula: GP = (I440 – I490)/(I440 – I490). 
The background of the Laurdan-containing buffer was subtracted 
from emission values72.

Determination of yeast survival rates under H2O2 treatment
Yeast cells cultured in the log phase were subjected to 5 mM hydrogen 
peroxide treatment. To measure cell survival rate, an aliquot of liquid 
culture cells was taken, diluted and spread on YPD plates for colony 
formation before and after H2O2 treatment. The rate of survival was 
calculated by the following formula: survival rate (%) = (100 × the num-
ber of colonies after treatment × dilution factor)/(number of colonies 
before treatment × dilution factor).

Fluorescence microscopy
For live cell imaging, logarithmically growing cells with CPT1 and EPT1 
or mutated CPT1 and EPT1 with a single cysteine-to-serine mutation 
chromosomally GFP-tagged at the C terminus were taken for imaging 
every 30 min under hydrogen peroxide treatment. All images were 
taken under a ×100, 1.4 numerical aperture (NA) oil-immersion objec-
tive lens with a Deltavision Elite microscope (Applied Precision, GE 
Healthcare). All images were deconvolved using SoftWoRx software.

After the isolation of aged yeast cells using biotin–streptavidin 
affinity purification, aged cells with CPT1 and EPT1 chromosomally 
GFP-tagged at the C terminus were taken for imaging. To image bud 
scars, cells were stained with Fluorescent Brightener 28 (Sigma) for 
10 min, then washed and resuspended for fluorescence microscopy. 
The z-series of the cells was acquired using 30 z sections with 0.3 μm 
spacing. Images were processed using ImageJ to acquire maximum 
projection images.

Nucleotidase protein purification and enzyme assay
The plasmids harboring C-terminally Strep-tagged Phm8 or Sdt1 were 
transformed into Escherichia coli BL21 (DE3) for protein purification73. 
The nucleotidase activity of Phm8 and Sdt1 was performed according 
to previous methods39,40. Briefly, the enzyme assay was conducted in a 
total 60 µl volume reaction containing 0.1 M Tris–HCl (pH 7.0), 10 mM 
MgCl2 and 1 mM dithiothreitol (DTT). The reaction was stopped in 
a developer buffer containing 0.86 N H2SO4, 1.4% ascorbic acid and 
0.36% ammonium molybdate. Nucleotidase activity was assessed by 
the amount of phosphate released and measured at the absorbance of 
820 nm after incubation at 45 °C for 20 min.

Various substrate concentrations between 0 and 25 mM were 
used to assay the activity of Phm8 against AMP, GMP, UMP and CMP. 
Substrate concentrations between 0 and 10 mM were used to assay 
the activity of Sdt1 against AMP, GMP, UMP and CMP. Of note, Sdt1 
did not show nucleotidase activity toward AMP and GMP. The kinetic 
parameters were calculated by fitting the data to the Michaelis–Menten 
equation. Note that Phm8 and Sdt1 exhibited great differences in 
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nucleotidase activities toward AMP, GMP, UMP and CMP. Enzyme input 
for each reaction was thus adjusted accordingly so that the readings in 
the phosphate assay were kept in the same linear range.

Determination of nucleotidase activity in a composite mixture 
of NMPs
NMPs were mixed at their cellular concentrations of estimate. CMP 
levels were titrated at 20, 200 and 1,000 μM to examine the effect of 
substrate inhibition. Phm8 reaction buffer contains 0.1 M Tris–HCl 
buffer (pH 7.0), 0.1 mM MgCl2 and 20 μg ml−1 purified Phm8 protein. 
The reaction was kept at 30 °C for 10 min and proceeded to metabolite 
extraction and quantitation using LC–MS/MS as described above.

Whole yeast cell extract preparation and western blotting
A urea-based protocol was used to lyse yeast cells for western blots. 
Cells were quenched in 20% trichloroacetic acid on ice for 15 min and 
washed with acetone. Cell pellets were resuspended in urea buffer 
containing 50 mM Tris–Cl (pH 7.5), 5 mM EDTA, 6 M urea, 1% SDS, 
1 mM PMSF, 2 mM sodium orthovanadate and 50 mM NaF and lysed by 
bead-beating. After collecting supernatants, protein concentration was 
determined using the Pierce bicinchoninic acid (BCA) protein assay, 
and the same amounts of proteins were separated using SDS–PAGE 
gels. Proteins were transferred to a nitrocellulose membrane or a PVDF 
membrane and blotted with the corresponding antibodies. Block-
ing was performed in 5% dry milk/Tris Buffered Saline with Tween 20 
(TBST), and antibody incubation was performed in 5% dry milk/TBST. 
Specifically, mouse anti-FLAG M2 antibody (Sigma, F3165) was used at 
1:5,000 dilution, and rabbit anti-G6PDH antibody (Sigma, A9521) was 
used at 1:5,000 dilution.

Isolation of aged yeast cells using biotin–streptavidin affinity 
purification
Aged yeast cells were isolated based on affinity methods49. Cells were 
grown in SD medium until reaching OD600 of 0.5. Then, five units of yeast 
cells were washed and resuspended in 1 ml of cold PBS. Separately, 2 mg 
of sulfo-NHS-LC biotin (Thermo Fisher Scientific) was dissolved in 1 ml 
PBS at room temperature and immediately added to the cells. The cell 
suspension was incubated at 4 °C for 2 h with gentle agitation. After 
biotinylation, the cells were washed, diluted and grown in SD medium 
for six generations. Following growth, the cells were washed and resus-
pended in 20 ml of cold PBS, and 200 μl of streptavidin magnetic beads 
(Beyotime) were added to the cells. The mixture was incubated at 
4 °C for 2 h with gentle shaking. The suspension was then subjected 
to magnetic separation using a magnetic sorter (Beyotime) at 4 °C. 
After 20 min, the supernatant was aspirated, and 20 ml of cold PBS was 
added. This magnetic sorting was repeated once more. After removing 
the supernatant, the beads-bound mother cells were resuspended in 
1 ml of cold PBS and transferred to a tube placed in the sorter. After 
3 min, the supernatant was removed and 1 ml of cold PBS was added. 
This washing process was repeated seven times. The remaining cells 
were resuspended in 2 ml of SD medium and cultured for 4 h to allow for 
recovery. To separate aged mother cells and young daughter cells, the 
cells underwent the isolation step twice using the magnetic sorter. The 
supernatant from the first isolation step was collected as young daugh-
ter cells, while the remaining cells were harvested as aged mother cells.

Fitness assessment of aged yeast cells
Aged and young cells were obtained following the procedure described 
above. Cell counts were determined using a hemocytometer. To assess 
the fitness of yeast cells in a liquid culture, we determine their abil-
ity to form single colonies on a solid yeast-extract-dextrose (YPD) 
plate. To determine this recovery rate, an aliquot of cells was sampled, 
diluted appropriately and spread onto YPD plates to allow for colony 
formation. The recovery rate was calculated using the following for-
mula: recovery rate (%) = (100 × number of colonies × dilution factor)/

(average cell count per square × 104). To compare the fitness of aged WT, 
pct1Δect1Δ and cpt1Δept1Δ cells, the recovery rates were normalized 
to those of the respective young cells.

Statistics and reproducibility
The normalized abundances of metabolites were log-transformed, 
centered about the median and clustered by the Spearman rank correla-
tion algorithm using cluster 3. Heat maps were attained by the software 
Treeview 1.2.0. For KEGG pathway analysis, we used MetaboAnalyst 
5.0, a web-based analysis platform74. For the statistical test used in 
this study, we used two-tailed Student’s t tests in Figs. 2e, 4d,e and 
6d,f,g–i and Extended Data Figs. 2d–g,i–k and 4a. We used the one-way 
analysis of variance (ANOVA) method in Figs. 1g, 2d,g, 3a–d,j–k, 4h, 5j 
and 6j–k,m and Extended Data Figs. 1c, 2a, 4e,g,h, 6e,f, 7f–h, 8f–i, 9b,h 
and 10a,b,e,g,h and two-way ANOVA method in Figs. 1h,i, 3f–i, 4b,f and 
5a–i and Extended Data Figs. 1a, 3b,e,g, 5a,c,e,g, 6c,d, 8a–d, 9i and 10d 
for comparisons involving multiple groups, with the false discovery 
rate approach for the calculation of adjusted PO values. The exact  
P values and sample sizes (n) are provided in each figure legend.  
The experiments shown in Figs. 1c,d,g–i, 2b,d–g, 3a–k, 4b–h, 5a–j, 
6b–d,f–m and Extended Data Figs. 1a,c, 2d–l, 3b–e,g, 4a,e,f, 5a–h, 6a–g, 
7a–h, 8a–d,f–i, 9b,h,i, 10d,g,h were repeated independently at least 
three times with similar results.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All the data supporting the findings of this study presented in this 
article are available within the article, Supplementary Information 
and Source data. In addition, the RNA-sequencing data reported in this 
publication have been deposited in National Center for Biotechnology 
Information (NCBI)’s Gene Expression Omnibus (GEO) and are acces-
sible through GEO Series accessions GSE269275 and GSE269277. Source 
data are provided with this paper.
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Extended Data Fig. 1 | Coordinated transcriptional regulation of metabolic 
genes due to dysregulation in PA to DAG conversion. (a) Relative abundance 
of PA and total phospholipids in WT, dgk1Δ and pah1Δ cells. Data are presented as 
mean ± SD (n = 3; n = biologically independent samples). (b) Pie chart depicting 
the composition of different phospholipid classes in WT, dgk1Δ, and pah1Δ cells 
in the log phase in minimal medium. (c) Relative mRNA levels of genes involved 

in pyrimidine de novo synthesis in WT and pah1Δ cells in the log phase in minimal 
medium. Data are presented as mean ± SD (n = 3; n = biologically independent 
samples). (d,e) Volcano plots of significantly differential expression of mRNAs 
in dgk1Δ (d) and pah1Δ (e) cells. (f,g) Enriched KEGG pathway analysis of 
significantly differentially expressed genes in dgk1Δ (f) and pah1Δ (g).
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Extended Data Fig. 2 | Kennedy pathway deficiency alters phospholipid 
composition and membrane order independent of significant 
transcriptional regulation. (a) Relative abundance of CDP-choline (CDP-
cho), CDP-ethanolamine (CDP-etn) and CMP in WT and indicated mutants. 
Data are presented as mean ± SD (n = 3; n = biologically independent samples). 
(b,c) Volcano plots showing significantly differential expression of mRNAs in 
pct1Δect1Δ (b) and cpt1Δept1Δ (c) cells. (d–g) Relative abundance of PA (d), DAG 
(e), TAG (f) and total phospholipids (g) in WT and cpt1Δept1Δ cells in the log 
phase in minimal medium. Data are presented as mean ± SD (d,e,g, n = 4; f, n = 7; 
n = biologically independent samples). (h) Heatmap showing abundances of 
PC and PE species in WT and cpt1Δept1Δ cells. (i,j), Average acyl length (i) and 

unsaturation (j) of PC and PE in WT and cpt1Δept1Δ cells in the log phase.  
Data are represented as mean ± SD (n = 4; n = biologically independent samples). 
(k) Membrane order state of spheroplasted cells assayed by the fluorescence 
spectral shift of Laurdan. Data are expressed as generalized polarization 
(GP) values and presented as mean ± SD (n = 16; n = biologically independent 
samples). (l) Western blots assaying protein levels of Cho2-flag in WT and 
indicated mutants harvested in log phases in SD minimal medium with or 
without choline supplement. G6PDH was used as a loading control. The asterisk 
(*) denotes a non-specific band. Data are representative of three independent 
experiments.
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Extended Data Fig. 3 | Kennedy pathway deficiency leads to activation of 
nucleotide synthesis and the PPP. (a) Diagram showing 13C incorporation  
from [U-13C6] glucose into corresponding nucleotides. (b) Levels of 13C-labeled 
CMP, AMP and GMP in WT and mutant cells after tracing with [U-13C6] glucose. 
Data are represented as mean ± SD (n = 4; n = biologically independent samples).  
(c) Relative abundance of fully labeled CMP, AMP and GMP in WT and mutant 
cells after a 60-min tracing with [U-13C6] glucose. (d) Percent abundance of 
13C-labeled CMP, AMP and GMP in WT and mutant cells after tracing with [U-13C6] 
glucose. Data are represented as mean ± SD (n = 4; n = biologically independent 
samples). (e) Levels of 13C-labeled R5P, S7P and E4P in WT and the cpt1Δept1Δ 

mutant after tracing with [U-13C6] glucose. Data are represented as mean ± SD 
(n = 4; n = biologically independent samples). (f) Diagram of glycolysis and 
the PPP with illustration of 1,2-13C2 glucose incorporation into corresponding 
metabolites. (g) Levels of 13C-labeled 6PG, R5P, G6P, F6P and G3P in WT and 
mutant cells after tracing with [1,2-13C2] glucose. Data are represented as 
mean ± SD (n = 4; n = biologically independent samples). (h) Schematic showing 
the assay for incorporation of nucleotides into RNA. (i) Percent abundance of 
15N-labeled cytidine, adenosine, guanosine and uridine released from total RNA in 
WT and cpt1Δept1Δ cells incubated with (15NH4)2SO4 tracer.
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Extended Data Fig. 4 | Kennedy pathway deficiency is compensated by PE 
methylation that fuels GSH synthesis. (a) Survival rate of WT and cpt1Δept1Δ 
cells with a 30-min exposure to 5 mM H2O2. (b) Diagram illustrating antioxidant 
pathways that generate reducing equivalents cooperatively. (c) Schematic of the 
assay to determine the rate of PC synthesis from PE methylation using 100 μM 
methionine-(methyl-d3). (d) Pie chart depicting compositions of different PC 
classes in WT and cpt1Δept1Δ cells growing in the log phase in minimal medium. 
(e) Levels of the top 5 most abundant PC species with an m + 9 mass shift in WT 
and cpt1Δept1Δ cells. Note that m + 9 PC is derived from PE via methylation.  

Data are represented as mean ± SD (n = 4; n = biologically independent  
samples). (f) Levels and percent abundance of 15N-labeled CDP-choline and  
CDP-ethanolamine in the cpt1Δept1Δ mutant after tracing with (15NH4)2SO4.  
Data are represented as mean ± SD (n = 4; n = biologically independent samples). 
(g) Average synthesis rates of newly synthesized cytidine, CMP, CDP and CTP 
in WT and the cpt1Δept1Δ mutant after tracing with (15NH4)2SO4. (h) Average 
turnover rates of cytidine, CMP, CDP and CTP in WT and the cpt1Δept1Δ mutant 
after tracing with (15NH4)2SO4.
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Extended Data Fig. 5 | Synthesis and turnover of nucleotides in Kennedy 
pathway-deficient mutants. (a–d) Levels (a) and the percent abundance 
(b) of 15N-labeled ATP, GTP and UTP, together with levels (c) and the percent 
abundance (d) of 15N-labeled AMP, GMP and UMP in WT and the cpt1Δept1Δ 
mutant after tracing with (15NH4)2SO4. Data are represented as mean ± SD 

(n = 4; n = biologically independent samples). (e–h) Levels (e) and the percent 
abundance (f) of 15N-labeled CMP, UMP, AMP and GMP, together with levels (g) 
and the percent abundance (h) of 15N-labeled CTP, UTP, ATP and GTP in WT and 
the pct1Δect1Δ mutant after tracing with (15NH4)2SO4. Data are represented as 
mean ± SD (n = 4; n = biologically independent samples).
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Extended Data Fig. 6 | Protein and transcriptional expression of 
nucleotidases in WT and cpt1Δept1Δ cells. (a,b) Western blots assaying 
protein levels of nucleotidases Phm8-flag (a) and Sdt1-flag (b) in WT, cpt1Δ, 
ept1Δ and cpt1Δept1Δ cells harvested in log and stationary phases. G6PDH was 
used as a loading control. Data are representative of at least three independent 
experiments. (c,d) Relative protein abundance of Phm8 (c) and Sdt1 (d) in WT and 
cpt1Δept1Δ cells in log and stationary phases. Data are represented as mean ± SD 

(n = 4; n = biologically independent samples). (e,f) Relative mRNA level of PHM8 
(e) and SDT1 (f) in WT, ept1Δ, cpt1Δ and cpt1ept1Δ cells in minimal medium at log 
and stationary phases. Data are represented as mean ± SD (n = 4; n = biologically 
independent samples). (g) Western blots assaying protein levels of nucleotidase 
Phm8-flag. G6PDH was used as a loading control. Data are representative of three 
independent experiments.
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Extended Data Fig. 7 | CMP hydrolysis enzymes are subject to substrate 
inhibition. (a,b) Enzyme kinetics of Phm8 (a) and Sdt1 (b) against NMPs. Note 
that kinetic curves of Phm8 against AMP were shown in c. These curves did not fit 
with a standard Michaelis–Menten equation and thus did not generate numeric 
values for kinetic parameters. Sdt1 showed no activity against GMP and AMP.  
(c) Nucleotidase activity curves of purified Phm8 against CMP, GMP, AMP and 
UMP with indicated amounts of the enzyme. Data are represented as mean ± SD 
(n = 3; n = independent experiments). (d) Nucleotidase activity curves of purified 
Sdt1 against CMP, GMP, AMP and UMP. Sdt1 was used at 80 µg/ml for AMP and 

GMP, 40 µg/ml for CMP and 26.67 µg/ml for GMP. Data are represented as 
mean ± SD (n = 3; n = independent experiments). (e) Nonlinear regression  
fitting showing the relationship between the turning point of maximal 
nucleotidase activity and Phm8 concentration. (f–h) Turnover rates of CMP, AMP, 
GMP and UMP in a composite mixture of NMPs. Group A represents a negative 
control without Phm8; Group B–D represent mixture conditions containing 
10 µg/ml Phm8, with increasing amounts of UMP (f), GMP (g) and AMP (h).  
Data are represented as mean ± SD (n = 4; n = independent experiments).
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Extended Data Fig. 8 | Effects of exogenous choline on cellular nucleotide 
metabolism and reductive capacity. (a–d) Relative abundance of CMP (a),  
UMP (b), AMP (c) and GMP (d) in WT and cpt1Δept1Δ cells in minimal medium 
with different choline supplementation. Data are represented as mean ± SD 
(n = 3; n = biologically independent samples). (e) Experimental setup for 
switching cells from SD medium with 1 mM choline to SD minimal medium. (f) 
Relative abundance of choline, phosphocholine (P-choline) and CDP-choline 

in WT cells after switching to choline-free medium. Data are represented 
as mean ± SD (n = 3; n = biologically independent samples). (g,h) Relative 
abundance of NADPH (g) and GSH (h) levels during the removal of exogenous 
choline. Data are represented as mean ± SD (n = 3; n = biologically independent 
samples). (i) Relative abundance of CMP, AMP, UMP and GMP in WT cells  
after switching to choline-free medium. Data are represented as mean ± SD  
(n = 3; n = biologically independent samples).
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Extended Data Fig. 9 | Oxidative stress inhibits AAPT step in the Kennedy 
pathway. (a) Schematic depicting metabolite and lipid analyses of cells 
exposed to oxidizing agents. (b) Relative abundance of CDP-choline and CDP-
ethanolamine in WT cells exposed to N-methyl-N'-nitro-N-nitrosoguanidine 
(MNNG; 5 mM), menadione (MND; 1 mM) and H2O2 (5 mM) for 1 h. Data are 
presented as mean ± SD (n = 4; n = biologically independent samples). (c) The ion 
chromatogram of PC and d9-labeled PC species before and after H2O2 treatment. 
(d) Live cell imaging of Cpt1-GFP and Ept1-GFP under H2O2 treatment. (e) Live 

cell imaging of Cpt1-GFP and Ept1-GFP under H2O2 treatment. Vph1-mCherry is 
a vacuole marker, Sec63-mCherry is an ER marker and Edc3-mCherry is a P-body 
marker. Scale bar = 3 μm. (f,g) Western blots assaying protein levels of Cpt1-flag 
(f) and Ept1-flag (g) under H2O2 treatment. (h) Relative levels of DAG species in WT 
cells with or without a 60-min treatment of H2O2. Data are presented as mean ± SD 
(n = 4; n = biologically independent samples). (i) The total amount of DAG in cells 
with or without a 60-min treatment of H2O2. Data are presented as mean ± SD 
(n = 4; n = biologically independent samples).
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Extended Data Fig. 10 | Defective Kennedy pathway demonstrates enhanced 
capacities in restoring cellular reductive capacity after oxidative stress.  
(a) The position of C98 residue in Cpt1 and relative abundance of CDP-choline 
in all Cpt1 cysteine residue mutants in cpt1Δept1Δ cells. (b) The position of C184 
residue in Ept1 and relative abundance of CDP-ethanolamine in all Ept1 cysteine 
residue mutants in cpt1Δept1Δ cells. (c) Live cell imaging of Cpt1-GFP and Cpt1 
(C98S)-GFP in ept1Δ cells and Ept1-GFP and Ept1 (C184S)-GFP in cpt1Δ cells before 
and after H2O2 treatment. Scale bar = 3 μm. (d) Relative abundance of NADPH in 

WT and cpt1Δept1Δ cells before and after H2O2 treatment. Data are represented 
as mean ± SD (n = 4; n = biologically independent samples). (e,f) Levels of NADPH 
(e) and GSH (f) in WT and cpt1Δept1Δ cells switched to fresh minimal medium for 
indicated times after a 30-min H2O2 treatment. (g) Relative abundance of NADPH, 
NADP+ and NADPH/NADP+ ratio in aged and young WT cells. Data are presented  
as mean ± SD (n = 4; n = biologically independent samples). (h) Relative 
abundance of GSH, GSSG and GSH/GSSG ratio in aged and young WT cells.  
Data are presented as mean ± SD (n = 4; n = biologically independent samples).
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