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Biological timing is a fundamental aspect of life, facilitating efficient
resource use and adaptation to environmental changes. In this study,

we unveil robust temporal oscillations in phospholipid abundance asa
function of the yeast metabolic cycle (YMC). These fluctuations, occurring
throughout the cell division cycle, demonstrate a systematic segregation
of various phospholipid species over time. Such segregation corresponds

logically with their physical properties, generating entropic forces for
membrane dynamics and biogenesis. Within the YMC, the temporal
oscillations in phosphatidylethanolamine and phosphatidylcholine levels
require biosynthesis from triacylglycerol as a crucial lipid reservoir, with
phosphatidylinositol and phosphatidylserine synthesized primarily
denovo. The orchestrated regulation of gene expression in biosynthesis
pathways ensures precise temporal control of phospholipid dynamics,
ultimately promoting metabolic efficiency.

Phospholipids play a fundamental role in life by facilitating biomem-
brane formation and intracellular signaling"*. These amphiphilic
molecules exhibit remarkable molecular diversity, characterized by
avariety of polar head groups and aliphatic chains differing in length
and degree of unsaturation’. In eukaryotic cells, phosphatidylcholine
(PC), phosphatidylethanolamine (PE) and phosphatidylinositol (PI)
are the most abundant phospholipids, with phosphatidic acid (PA),
phosphatidylserine (PS), phosphatidylglycerol (PG) and cardiolipin
presentin lesser amounts*. While abundant lipids like PC and PE form
the structural basis of membranes, the chemical and compositional
diversity of phospholipids within the membrane environment sub-
stantially influences their biophysical properties and interactions with
membrane-associated proteins®”’. Beyond their structural roles, sign-
aling phospholipids, such as phosphoinositides generated through Pl
phosphorylation, are crucial for cellular signaling pathways, interacting
with specific effector proteins to mediate diverse cellular responses®’.

During the cell division cycle, membrane dynamics, including
expansion, remodeling and trafficking, necessitate tight coordination
of lipid biosynthesis with various cellular regulatory mechanisms' ",
This coordination ensures the availability of sufficient membrane

materialsand proper signal transduction, orchestrating the successful
progression of cell division and proliferation'®”. For example, inmam-
malian cells, fatty acid synthesis serves as a lipid checkpointin the G1
phase, with insufficient synthesis suppressing lipid remodeling and
entryintothe Sphase”. Inyeast cells, translational control of lipogenic
enzymes, such as acetyl-CoA decarboxylase, leads to oscillations in
their protein abundance, with levels peaking late in the cell cycle’®2°.
This timing coincides with the accumulation of phospholipids and
triglycerides, which also peak inabundance during this phase®. Despite
these observations linking lipid metabolism to the eukaryotic cell
cycle, the precise temporal dynamics of diverse phospholipid species
production during cell division remain largely unknown.
Amultitude of biosynthetic processes are temporally segregated
to drive cell growth during the cell division cycle'>” . This temporal
organization, regulated by an ultradian clock, establishes ametabolic
hierarchy for optimizing energy efficiency, as exemplified by the yeast
metabolic cycle (YMC)?*%%, Within the YMC, both metabolites and
transcripts oscillate in abundance”*, orchestrating a just-in-time
mechanism to supply necessary components in a specific temporal
sequence®*. However, it remains unclear whether phospholipids
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exhibit temporal compartmentalization throughout the cell division
cycle,andif so, the underlying logic and regulatory mechanisms remain
unexplored. We employed the metabolic cycle established in the bud-
ding yeast Saccharomyces cerevisiae to investigate the temporal pat-
terns of phospholipids. In this system, cell synchronizationis achieved
through high-density growthinan aerobic chemostat with a constant,
continuous supply of limited nutrients**. Under these conditions, yeast
cellsundergo arobust ultradian rhythmin oxygen consumption while
respiringthe available glucose. This synchronization provides aunique
opportunity to investigate the cell-intrinsic clock in the biosynthesis
of phospholipids for membrane biogenesis under constant growth
conditions.

Here we discovered temporal dynamics of phospholipid abun-
dance in yeast cells undergoing the YMC, revealing periodic charac-
teristics across their molecular diversity. Within a budding cycle, the
phospholipids PE and PC exhibited opposing oscillationsinabundance,
independent of the composition of their fatty acyl chains. Unlike PE and
PC, the abundance oscillations of Pl and PS displayed temporal shifts
dependingonacylunsaturation and length. Such temporal separation
aligned consistently with their biophysical properties, influencing
membrane states. Phospholipids promoting membrane disorders
increased progressively at budding onset, followed by arise in phos-
pholipids stabilizing bilayers during bud growth. The timely regulation
of rhythmic fluctuationsin phospholipid abundance requires the pro-
gramming of gene expressioninbiosynthesis, as well as triacylglycerol
(TAG) serving as a lipid reservoir to support PE and PC synthesis. We
propose that the oscillating phospholipid abundance throughout the
cell division cycle represents a cell-intrinsic rhythm that facilitates
cell-autonomous, thermodynamic control of biomembrane composi-
tions for energy efficiency.

Results

Phospholipid levels oscillate during the YMC

We first established the YMC in a bioreactor using the prototrophic,
haploid yeast strain CEN.PK (Fig. 1a). Following growth saturation at
high density and subsequent starvation, robust cycles in oxygen con-
sumptionwere induced by feeding with glucose-limited nutrientsata
constant rate, while maintaining constant pH, temperature and aera-
tion conditions®. Each cycle was about 4 hinlength and characterized
by distinct metabolic phases (oxidative (OX), reductive building (RB)
and reductive charging (RC)) with an ordered progression (Fig.1a)*"*.
Next, we estimated the percentage of dividing cells during the YMC by
microscopically counting budded cells and found that roughly 40% of
the yeast population proceeded through the budding cycle during the
YMC (Extended DataFig.1a), a proportion close to the approximately
50% observed using the diploid cells?.. We developed amultiple reaction
monitoring-based liquid chromatography-tandem mass spectrometry
(LC-MS/MS) method capable of simultaneously detecting a library
of 70 phospholipids common in yeast cells within a 25-min chroma-
tographic run®. To ensure specific and sensitive quantification of
phospholipids, we further optimized parameters for collision-induced
fragmentation and validated their mass spectral-retention time for each
phospholipid using yeast deletion mutants that disrupt phospholipid
synthesis®.

To elucidate changes in phospholipid abundance associated
with cell division and growth within a budding cycle, we collected
cell samples from two consecutive YMCs and conducted quantitative
phospholipid analysis using the highly sensitive MS method after lipid
extraction (Fig. 1a). Among the 70 molecular species of phospholipids
quantified, we observed that the majority exhibited temporal oscilla-
tionsin abundance withinthe YMC, which were consistent and repeat-
able in a subsequent cycle (Fig. 1b). Clustering analysis and a Sankey
diagramrevealed that the abundances of most PCand Plspecies peaked
atsimilar times, during which the phospholipid PE exhibited reductions
in abundance (Fig. 1b). Thus, the synchronized yeast cells in the YMC

undergo periodic changes in phospholipid contents, varying across
their molecular diversity.

To better correlate the oscillatory phospholipid abundance with
their requirement for membrane biogenesis in cycling cells, we first
adjusted the times of sampling points to the fractional times of abud-
ding cycle (Fig.1c). We designated the first OX phase point (¢,) as bud-
ding cycle O as the buds only appeared after the OX phase (Extended
DataFig.1a). We next quantified factional levels of the abundant phos-
pholipids PE, PC and Pl and inspected their oscillation patterns. As
illustrated in Fig. 1c, total PE abundance increased after the OX phase
when the budding process began, coinciding with a decrease in total
PC and Pl abundance. Conversely, PE abundance began to decline as
total PC and Pl levels rose during the latter half of the budding cycle.
Metabolic rate calculation further revealed a temporal order in the
synthesis of abundant phospholipidsin the cycling cells: transitioning
from a dominant production of PE to a more active production of PC
and Plthroughout the budding cycle (Fig. 1d).

Periodic phospholipids vary in phase and amplitude

Given the robust oscillations observed in PE, PC and PI, we assumed
that the oscillatory behavior of phospholipids follows a simple har-
monic motion. This assumption simplifies the complex dynamics of
phospholipid fluctuations, allowing for analytical tractability and
clear predictions. Similar idealizations have been used to illustrate
temporal dynamics under comparable conditions**’. We thus applied
thesine function to quantify the periodic characteristics of phospho-
lipid abundance (Extended Data Fig. 1b; see Methods for details).
Except for PS and PA, the abundances of PE, PC, PI, PG, lyso-PE (LPE)
and lyso-PC (LPC) all displayed high confidence in sine periodicity
(Fig. 1e,f). Specifically, the coefficient of determination (R*) was
recorded at 0.87 for PE and 0.88 for PC, denoting highly significant
Pvalues (1.3 x107° for PEand 9.5 x 10 ™° for PC; Fig. 1fand Supplementary
Datal). The phase shiftin PEand PCresulted in alternatingincreases and
decreasesin abundance withinbudding cycles (Extended Data Fig. 1c),
yielding an evident cyclic pattern in the PE-to-PC ratio (Extended
DataFig.1d).

We calculated the time of the wave trough (7,.,g) for each phos-
pholipid class by adjusting it to the phase of abudding cycle (Fig. 1f,g).
Trougn COTTEsponds to the phase when the abundance reachesits lowest
point (Extended DataFig. 1b). Following this phase, the rate of synthesis
exceeds consumption, persisting for half of the cycle duration. Our
observations revealed that phospholipids that promote membrane
curvatures, such as PE and LPC, exhibited their lowest abundances at
the onset of budding (Fig. 1g). Although LPE is unlikely to exhibitlytic
propertiesin membranes due toits cylindrical shape®, its abundance
change mirrorsthat of LPC, aninverted-conical lipid. This observation
suggests that phospholipid acyl chainremodelingis active during the
onset of budding, which may influence membrane properties, such as
curvatures and dynamics. In contrast, phospholipids like PI, PC and
PG, which contribute to bilayer formation, showed their lowest abun-
dances around the second half of a budding cycle (Fig. 1g). For each
phospholipid species, the amplitude is determined by the maximal
difference between synthesis and consumption, represented by the
peak-to-peak amplitude (24; Fig. 1f). The abundant phospholipids like
PE, PC and Pl exhibited fluctuation magnitudes around 0.19, 0.12 and
0.11, respectively. Less abundant lipids, such as LPE and LPC, showed
larger fluctuations around 0.80 and 0.46, respectively (Fig. 1f). The
abundance variation in timing and magnitude among different phos-
pholipid classes underscores the dynamic composition of phospho-
lipid membranes throughout abudding cycle. Giventhe tight coupling
between cell division and metabolic cycles under constant growth
conditions with glucose-limited nutrients®**, yeast cells exhibited
cell cycle-dependent alterations in phospholipid composition, with
changes observed in the abundance of specific phospholipid head
group types (Fig. 1h).
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Fig. 1| Phospholipids exhibit robust oscillations in abundance as a function
ofthe YMC. a, Schematic of the continuous culture system (left) used to
induce YMC oscillations, and sampling time points across two cycles (right).
dO,, dissolved oxygen (% saturation). b, Hierarchical clustering analysis of
phospholipid abundances over the YMC. The Sankey diagram depicts the class-
specific distribution of phospholipid species. ¢, PE, PC and Pl abundance (% PL)
during ayeast budding cycle, shown as bubble size and color gradient.d, PE, PC
and PImetabolic rates during abudding cycle. Data represent average values
from cells sampled over two cycles. Shading areas represent lipid production.
e, Sine wave fitting of total abundance for major phospholipid classes. Solid
linesindicate statistically significant fits (P < 0.05), while dashed lines represent
nonsignificant fits. Shaded areas are used to highlight abudding cycle.
f,Summary table of parameters with significant fitting. 24 refers to the

maximum difference in phospholipid abundance, 7, denotes the time
corresponding to the lowest value of phospholipid abundance, R? indicates the
adjusted coefficient of determination and Prepresents the statistical significance
of curve fitting. g, Distribution of 7,4, within abudding cycle for class-specific
phospholipids. h, Schematic summary of phospholipid abundance oscillation
across the YMC and cell cycle. Each line represents a specific phospholipid

class with significant curve fitting (P < 0.05). For Pland PS, solid lines represent
net phospholipid production, and dashed lines represent net phospholipid
consumption. Gradient changes in line colors for PE and PC denote fluctuations
inabundance. For Pland PS, subclass-specific abundances are grouped by acyl
chain length and unsaturation. Statistical analyses were performed using a two-
sided t-testineandf.

Phospholipid oscillations vary by head group and acyl chain
Tounderstand the potential impact of fatty acyl composition on phos-
pholipid oscillations, we conducted tests to determine whether any
individual phospholipid species displayed periodicity following asine
function. Among the 70 phospholipid species that we examined, 40
exhibited apparent sine periodicity (P < 0.05; Supplementary Data 2).
Of note, we observed more significant fitting in abundant phospho-
lipids (Extended Data Fig. 2). This bias could be partly attributed to
the technical challenge of quantifying low-abundance phospholipids
within a linear range, suggesting that the number of phospholipids
exhibiting significant fitting may be underestimated.

Among all wave curves fitted with significance, individual species
of PEand PC exhibited similarities to their total abundance wave curves,
with minimal phase shifts (Fig. 2a,b). In contrast, Pl and PS displayed
distinct phase patterns within their respective species (Fig. 2c,d). While
the total levels of PS did not show fitting significance, half of its species
demonstrated robust sine periodicity (Fig. 2d). This finding suggests
that, for a particular phospholipid class, its sine periodicity can be
offset by species fluctuating in opposite directions.

We then examined the sine periodicity for each phospholipid class
based onthe total number of double bonds and acyl carbons. Consistent
with the findings in individual PE and PC species, the abundances of PE
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Fig. 2| The periodic pattern of phospholipid abundance varies depending on
the head group and acyl composition. a-d, Sine waves representing individual
phospholipid species within specific classes, including PE (a), PC (b), Pl (c) and
PS (d). Curves insolid lines indicate fitting of statistical significance (P < 0.05),
while dashed lines represent nonsignificant fitting. Please note that PE and PC
exhibited minimal phase shifts within their molecular species, contrasting with
Pland PS. e f, Sine waves depicting major phospholipid classes characterized

by their acyl composition in terms of the numbers of double bonds (e) and acyl
chain carbons (f). Solid lines indicate fitting of statistical significance (P < 0.05),
while dashed lines represent nonsignificant fitting. Please note that numbers
represent the combined carbon atoms or double bonds in the fatty acid chains.
Statistical analyses were performed using a two-sided ¢ testin a-f. Shaded areas
are used to highlight abudding cycle.

and PC subclasses grouped by double bond and acyl carbon numbers
exhibited remarkably similar sine waves to the total PEand PC (Fig. 2e,f).
However, for Pl and PS, we observed that phospholipids with greater
unsaturation (double bond number = 2) and shorter fatty acyl tails (car-
bonnumber =28,30) exhibited anearlier 7.,,,,, compared to phospholip-
idswith lower unsaturation (double bond number = 0,1) and longer tails
(carbonnumber =32,34,36;Fig. 2e f). Therefore, the composition of acyl
chainsinPland PS partitioned their species into different wave phases.
Similar to how head groups thatinfluence membrane biophysical states
shifted the wave phases of phospholipids, those with more unsaturated
andshorteracyltailsin Pland PS, which tend to promote membrane dis-
orders, showed agradualincrease inabundance around budding onset,
preceding those with less unsaturation and longer acyl tails.

TAG bursts support the synthesis of PC and PE during the YMC
As the neutral lipid TAG serves to provide reservoirs for membrane
formation, we sought to investigate whether its abundance also

undergoes cyclic changes during the YMC. We analyzed 68 com-
mon TAG species in yeast cells collected from two consecutive YMCs
using a highly sensitive LC-MS method (Fig. 3a). We observed sharp
spikes in almost all TAG species just before the onset of budding, fol-
lowed by a gradual decrease throughout the cycle (Fig. 3a). Unlike
the oscillations seen in phospholipid levels throughout the budding
cycle, the synchronous tapering pattern of TAG content following a
burst was unaffected by the acyl composition of unsaturation and
length (Fig. 3a,b). Moreover, most genes involved in TAG synthesis
exhibited their peak expression during the RC phase, aligning with
the timing before budding® (Extended Data Fig. 3a,b). This predicts
ametabolic outcome that TAG synthesis is suppressed during bud
growth. Indeed, TAG synthesis only markedly exceeded consumption
right before bud emergence (Fig. 3c). In particular, TAG consump-
tion was most pronounced during the 0.4-0.8 phase of the budding
cycle (Fig. 3¢), coinciding with the progressive increase in PC and
Pllevels.
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subgroups with indicated numbers of double bonds and acyl chain carbons in
abuddingcycle. ¢, TAG metabolic rates within abudding cycle. Shading areas
represent lipid production. Data represent average values from cells sampled
over two cycles.

To further understand the relationship between TAG dynamics
and phospholipid metabolism, we investigated the turnover of glyc-
erolipids within the YMC by feeding isotopic [U-C6] glucose. To mini-
mize perturbations to the abruptburst of respirationin the OX phase,
we opted to infuse the isotopic glucose medium during the early RC
phase, with cycling cells approaching the completion of the first half of
abudding cycle (Fig. 4a). While glucose-derived *C gradually diluted
the pool of nonlabeled carbon metabolites, we observed a substantial
decrease of approximately 25% and 50% in unlabeled TAG within 100
and 200 min ofinfusion, respectively (Fig. 4b). This dynamic turnover
reveals active use of the TAG pool, likely for phospholipid synthesis.
Interestingly, despite the infusion occurring when PC levels were
steadily increasing, we did not observe animmediate decrease in PC
levels within the initial 100 min infusion of [U-"*C6] glucose (Fig. 4c).
However, there was amoderate decrease of approximately 25% in PC
within 200 min (Fig. 4c). This delayed turnover of PC suggests that
unlabeled TAG may have provided lipid backbones for PC synthesis.
The delayed turnover of PE was expected (Fig. 4c), as PE levels began
to steadily increase around the onset of budding, approximately
120 min after infusion. In contrast, PS and Pl exhibited decreases in
their unlabeled levels within 100 min, continuing to reduce to less
than 50% within 200 min (Fig. 4c). This suggests that PS and PI might
be preferentially synthesized de novo.

However, our attempts to detect the newly synthesized phos-
pholipids with fully ®C labeling were unsuccessful due to the slow
dilution rate of glucose within the YMC. To overcome this limitation,
we performed a batch culture switch for arapid exchange of isotopic
carbon. Cells were precultured in [U-"Cé6] glucose medium until satu-
ration to synchronize them in the quiescence (GO) phase, mimicking
the YMC condition®, and then switched to regular medium contain-
ing nonlabeled glucose (Fig. 4d). These cells underwent two rounds
of doubling before quantitative lipid analysis (Fig. 4d). This switch
condition facilitated deprivation of cellular ®C, as evidenced by an
increasein fully ?C-labeled TAG and a decrease in fully *C-labeled TAG
after the two rounds of doubling (Fig. 4e). Both unlabeled and labeled

TAG levels decreased substantially as expected in the lipodystrophy
mutant pahlA (Fig. 4e).

When a phospholipid is synthesized fully de novo, approxi-
mately 50% of its newly synthesized amount would consist of the
fully >C-labeled form after one round of doubling in regular glu-
cose medium. Consistent with this prediction, unlabeled Pl and PS
accounted for 50% of their total content after one round of doubling
(Fig. 4f), suggesting that Pl and PS are preferentially synthesized
de novo. After two rounds of doubling, PS became fully replaced by
its unlabeled counterparts, while a portion of labeled Pl remained
(Fig. 4f). This halt in the turnover of Pl may be due to the recycling of
labeled inositol groups.

In stark contrast, PC fully labeled with >C was barely detectable
after oneround of doubling and increased to only 20% after two rounds
(Fig. 4f). Similarly, fully ?C-labeled PE only reached 15% and 60% after
one and two rounds of doubling, respectively (Fig. 4f). Such fully
2C-labeled PE might be attributed to the decarboxylation of PS, which
serves as a major route for PE biosynthesis (Fig. 4g). The disparate
labeling dynamics observed for PC and PE compared to Pland PS sug-
gest that the synthesis of PCand PE might mainly rely on the deposited
BBC-TAG, rather than undergoing a de novo process using *C derived
fromglucose (Fig. 4g). Importantly, the relatively slow incorporation
of?CinPC and PE was not due to unequal turnover of their head groups
choline and ethanolamine (Extended DataFig.3c). Inthe pahiA mutant,
where TAG synthesis is restricted, there was a substantial elevation
of newly synthesized PC and PE with fully labeled 2C (Fig. 4f). This
indicates that the synthesis of PE and PC was compelled to follow the
de novo synthesis route under TAG deficiency. Taken together, these
findings suggest that TAG serves as a fuel source for the production of
PC and PE within the YMC, with a preferential supply of PC.

TAG biosynthesis is essential for PE and PC oscillations

Toinvestigate whether TAG biosynthesisis required for PEand PC oscil-
lations, we constructed the dgalAlrolA mutant, which blocks TAG bio-
synthesis, and further assessed its ability to perform metabolic cycles.
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Fig. 4| TAG fuels temporal oscillations in PE and PC production. a, [U->C6]
glucose isotopic tracing schematic. YMC cells (RC phase) switched to labeled
medium for 200 min (shading areas); samples collected every 20 min (colored
dots). Phospholipid Ty, times are shown. PI/PS subclass double bond numbers
in parentheses. b,c, TAG (b) and phospholipid (c) relative abundance before and
after [U-"*C6] glucose infusion. Data normalized to pre-infusion levels (n=6
biologically independent samples). Postinfusion data grouped into 0-100 min
(n=>5biologically independent samples) and 100-200 min (n = 6 biologically
independent samples). Mean + s.d. d, RIL schematic for quantifying phospholipid
and TAG turnover/synthesis. Cells were fully labeled with [U-*C6] glucose, then
switched to unlabeled medium for two doublings. e, ®C (gray) and >C (blue)

TAG abundance in WT and pahliA cells before and after two doublings (n=3

biologically independent samples). Mean + s.d. f, Phospholipid turnover

and synthesis, measured by RIL. Data (% of full *C labeling) normalized to
preswitch levels (n = 3 biologically independent samples). Mean + s.d.

g, Phospholipid biosynthesisin S. cerevisiae. h, Oxygen consumption curves

of WT and dgalAlroiA cells. i, Hierarchical clustering of phospholipids in
dgalAlrolA cells across the YMC. Sankey diagram shows class distribution.

Jj, PE,PC,Pland PS abundance (% PL) across the YMC (n =22 for WT, n =19 for
dgalAlrolA, biologically independent samples). k, PE, PC, PS and Plabundance
inWT and dgalAlrolA cells over the YMC. Solid lines, significant fit (P < 0.05);
dashed lines, nonsignificant. Box plots (b, candj), interquartile range, mean and
min/max. whiskers. (b-c,j) Unpaired t-test; (k) two-sided ¢ test. Shaded areas are
used to highlight abudding cycle. RIL, reverse stable isotope labeling.

Without TAG biosynthesis, the mutant cells displayed unstable cycles
in oxygen consumption, with cycling times continuously decreas-
ing (Fig. 4h). Quantitative analysis of phospholipids in dgaldlrolA
cells from two consecutive cycles revealed that the obvious tempo-
ral compartmentalization of phospholipids across their molecular
diversity observed in WT cells was disrupted by dgalAlrolA (Fig. 4i).
Inparticular, cycling cells lacking DAG1 and LRO1 exhibited reductions

in total PC and PE levels and pronounced elevations in total Pl levels
(Fig. 4j). Interestingly, while PS exhibited sine periodicity within the
YMC, the robust oscillations of PC and PE, including those observed
with the respected classifications of their acyl compositions, were
disrupted in the mutant (Fig. 4k, Extended Data Fig. 3d and Supple-
mentary Data 3). These findings are consistent with the role of TAG
serving to provide reservoirs for the timely production of PC and PE,
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Fig. 5| Oscillatory transcriptional control of the PS-PE-PC metabolic axis
sustains the YMC. a, Heatmap illustrating the oscillatory expression of genes
involvedin cell cycle (top) and phospholipid biosynthesis (bottom) across the
YMC. The heatmap is generated using RNA-seq data previously published’".

b, Schematic of the phospholipid biosynthetic pathway in S. cerevisiae
highlighting key genes. Genes associated with PC and PE biosynthesis are
highlighted in red and blue, respectively, to emphasize their temporal
segregation at the transcriptional level. c, Temporal oscillations in the

abundance of PE and PC and in the transcript levels of their respective
biosynthetic genes within abudding cycle.d, Left, the oxygen consumption
curve of psd1A cells; right, oxygen consumption curves of WT and psd14 mutants
withsupplemented with 5 mM ethanolamine. e, Oxygen consumption curves

of WT cells with or without 1 mM choline. f, Oxygen consumption curves of
cho240pi3A mutants supplemented with 0.1 mM and1 mM choline. g, Oxygen
consumption curves of WT and ectIApctIA cells.

whose deficiency disrupts their oscillatory patterns as well as efficient,
sustainable YMCs.

Transcriptional control of the PS-PE-PC axis sustains YMC

Given the pervasively periodic gene expression during the YMC, we
sought to determine whether the temporal dynamics of phospholipid
abundance were an outcome of oscillatory transcriptional regulation.
Analyzingapreviously published transcriptome dataset®, we observed
temporal variation in transcript abundance for genes involved in
phospholipid synthesis, with peak timing spanning the YMC (Fig. 5a).
This periodic pattern closely correlates with the temporal expression

profiles of many genesinvolvedinthe cell cycle, suchas CLN1and CLN3
(Gl phase), RNR1and NDD1 (S phase) and CDC5 and SIC1 (G2/M phase;
Fig. 5a), suggesting that transcriptional regulation of phospholipid
synthesisis linked to cell cycle progression in these cycling cells. In
particular, genes in two major pathways for PE biosynthesis (Fig. 5b),
including PSD1inthe pathway of mitochondrial PS decarboxylation and
EKI1, ECTI and EPTI in the PE branch of the Kennedy pathway, peaked
around the onset of budding (Fig. 5c). In contrast, genesinvolved in PC
synthesis (Fig. 5b), such as CHO2 and OPI3in PE methylation, and CK/1,
PCTI1and CPTI in the PC branch of the Kennedy pathway, exhibited
peak expression levels in the latter half of the budding cycle (Fig. 5¢c).
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Fig. 6 | Disruption of the Henry regulatory circuit shifts temporal oscillations
in phospholipids, compromising competitive growth during the YMC.

a, Schematic of the Henry regulatory circuit. b, Left, relative abundance of PAin
WT cells atindicated budding phases across two consecutive cycles, depicted
with afitting curve that is not statistically significant; right, relative changes
inPAlevelsin WT cells collected atindicated phases (RC/OX/RB, n =11/4/7
biologically independent samples). ¢, Quantitative analysis of the percentage of
cells with Opil-GFP signals outside the nucleus during the YMC. The number (n)
indicates the cells counted for quantification. d, Relative phospholipid levelsin
WT and the psd1°*""" mutant of constitutive PSDI expression. Samples collected

atindicated phases (n = 3/4/4 biologically independent samples in RC/OX/RB

of WT; n=4/5/5biologically independent samples in RC/OX/RB of psd1°4™").

e, Oxygen consumption curves of WT and the psdI®**"" mutant. f, Oxygen
consumption curves of WT and the opilA mutant. g, Oxygen consumption curves
of WT and the opil"¥® mutant. h, Relative abundance of PE, PC, PSand Plin WT,
opild and opil"™*™ cells over the YMC, depicted with fitting curves. Solid lines
indicate fitting of statistical significance (P < 0.05), while dashed lines represent
nonsignificant fitting. i, Growth competition between WT and opiiA cells
(equalinitial proportions). Box plots (b,d), interquartile range, mean, min/max
whiskers. h, Two-sided t-test. Shaded areas are used to highlight abudding cycle.

The active expression windows for genes in PE and PC biosynthesis
aligned temporally before their abundance peak (Fig. 5c). Notably,
among these dynamically expressed genes, PSDI and OPI3 exhibited
the highest amplitudes, suggesting that their respective pathways, PS
decarboxylation for PE synthesis and PE methylation for PC synthesis,
play crucial rolesin controlling the temporal oscillations of PEand PC
abundance.

Blocking Psd1-mediated PE synthesis abolished the YMC (Fig. 5d).
Even in the presence of exogenous ethanolamine, the psd14 mutant

exhibited unstable cycles with shortened cycling times and reduced
oxygen consumption (Fig. 5d). Similarly, exogenous choline, which
redirects PC synthesis from PE methylation to the Kennedy pathway*’,
disrupted the synchrony of the YMC in WT cells (Fig. 5¢). Without the
PE methylation pathway for PC synthesis, exogenous choline failed to
sustain stable metabolic cyclesin the mutant cells (Fig. 5f). In contrast,
blocking the Kennedy pathway by ect1ApctiA had negligible effects
on the YMC (Fig. 5g). These findings collectively highlight the essen-
tial role of the PS-PE-PC metabolic axis in regulating the temporal
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oscillation of PEand PC abundance, likely crucial for the coordinated,
efficient cycling of metabolism within the YMC. Given that TAG synthe-
sisiscrucial for YMC progression and serves as amain provider for PC
synthesis (Fig. 4f, g), these findings also suggest that in cycling cells,
TAG likely fuels PC synthesis primarily through a coordinated pathway
involving the TAG-DAG-PA axis and the PS-PE-PC axis, rather than
solely relying on the DAG-dependent Kennedy pathway.

Unlike the synchronous oscillation observed in the expression of
genes involved in PE and PC synthesis, the transcriptional regulation
of Pl synthesis exhibits segregation. Specifically, the expression tim-
ing of PIS1,encoding PIsynthase, and INOI, encoding the rate-limiting
enzyme for generating the myo-inositol precursor, differed within a
budding cycle (Extended Data Fig. 4a). Interestingly, the ino14 mutant
showed stable metabolic cycles with myo-inositol supplementation,
albeit with a mild reduction in oxygen consumption (Extended Data
Fig. 4b). Therefore, the transcriptional regulation of PI synthesis
appears dispensable for sustaining the YMC.

Henry circuit drives lipid cycling for optimal YMC growth

We nextinvestigated the activity of the Henry regulatory circuit within
the YMC, atranscriptional program controlling phospholipid synthe-
sisin response to the abundance of the phospholipid precursor PA
(Fig. 6a). During the OX phase before budding, PA reached its lowest
abundance (Fig. 6b). Inline with PA depletion triggering the release of
Opil from the endoplasmic reticulum (ER) for nuclear translocation®,
Opil-GFP transiently appeared in the nucleus around budding onset
(Fig. 6cand Extended Data Fig. 5a). During this period, nuclear Opil led
tothe transcriptional repression of genes in PC biosynthesis (Fig. 5c).

Surprisingly, genes required for PE biosynthesis, such as PSD1and
EPT1,were transcriptionally repressed before Opil nuclear transloca-
tionand derepressed even when Opil was in the nucleus (Fig. 5c). This
unexpected finding contradicted the expected coregulation of both PC
and PE biosynthetic genes under the Henry regulatory circuit, as they
contain cis-acting inositol-sensitive upstream activation sequences
(UASyo). However, the deletion of OP/I led to substantial increases
in mRNA levels of these UAS,, genes in YMC cells, including the PE
biosyntheticgenes PSD1and EPT1 (Extended DataFig. 5b), confirming
their regulation under the Henry regulatory circuit. We speculated that
variationin the composition of the UAS,y,-containing promoter might
subtly tune expression timing, resulting in a phase shift in phospholipid
oscillation. To test this hypothesis, we disrupted PSD1 regulation from
the Henry regulatory circuit by constitutively expressing an additional
copy of PSDI from the HO locus (psd1°**""). This expression of PSD1 led
to elevated PE levels and reductions in PC, PS and Pl levels (Fig. 6d),
underlying an aberrant upregulation of Psd1-mediated decarboxyla-
tion for PE production. This caused severe growth delay under batch
conditions, defective oxygen consumption and shortened cycling
times under YMC conditions (Fig. 6e). These findings further substan-
tiate that the transcript periodicity of PSDI is crucial for maintaining
phospholipid composition throughout the budding cycle, contributing
to sustaining metabolic cycles.

Tofurther elucidate theimpact of the Henry regulatory circuit on
phospholipid oscillations within the YMC, we next used two mutants,
opild and opil"*", to constitutively activate and repress phospholipid
synthesis, respectively*. While opil4 exhibited growth indistinguish-
able from WT under both batch and YMC conditions (Fig. 6f), opi1*"*°
showed reduced oxygen consumption, retarded batch growth and
shortened cycling times of the YMC (Fig. 6g). The transcriptional activa-
tion of phospholipid synthesis by opilA resulted in moderate increases
inPElevelsand decreases in PSlevels (Fig. 6¢,h). These changes resem-
bled the effects observed upon constitutive expression of PSDI, albeit
to alesser extent. This suggests that PS decarboxylation is a major
effector pathway in the YMC governed by the Henry regulatory circuit.
Consistently, the transcriptional repression of phospholipid synthesis
by opi1"*"led to a marked reductionin PE levels and a corresponding

increase in PS levels, accompanied by the loss of sine periodicity in P
(Fig. 6h).

Notably, the abundance of phospholipids in the opi14 mutant
remained temporally segregated within the YMC (Extended Data
Fig. 5d), with evident phase shifts observed in PE, PC and various PI
and PS species (Fig. 6h, Extended Data Fig. 5e-g and Supplementary
Data1and 4), while its cyclic growth was unaffected (Fig. 6f). This
indicates that temporally controlling phospholipid abundance is not
essential for sustaining the YMC. However, considering the energetic
efficiency of temporal compartmentalization of metabolism within
the YMC, we reasoned whether the competitive growth of the opilA
mutant might be compromised. To test this, we performed a growth
competition experimentby coculturing WT and opiiA cells starting at
the same proportion. With the progression of the YMC, opi1A mutant
cells were gradually outcompeted by WT cells (Fig. 6i). This confirms
the growth advantage under the Henry regulatory circuit, suggesting
that the autonomous, temporal oscillation of phospholipids promotes
metabolic efficiency during the YMC.

Discussion

The synthesis of lipid bilayers demands substantial energy, often rep-
resenting the mostsignificant portion of cellular energy expenditure®.
This high cost necessitates energy efficiency in lipid synthesis across
various timescales. However, cellular phospholipids encompass a vast
array of molecular species, exhibiting chemical diversity in their struc-
ture and compositional diversity in biomembranes. This molecular
diversity operates at multiple levels, including organism, cell type,
organelle, bilayer-leaflet and membrane subdomain, presenting a sub-
stantial challenge in understanding the temporal processes involved
in establishing functional phospholipid membranes. In light of this
complexity, our study revealed a fascinating temporal compartmen-
talization of phospholipids across different molecular species during
yeast budding cycles. Unlike many previous studies that provide static
snapshots of lipid profiles'®**, we employed a chemostat system to
synchronize yeast cell growth and collected samples at defined time
points. By integrating a robust, high-sensitivity LC-MS/MS-based
approach capable of comprehensively analyzing 70 common yeast
phospholipids®®, we uncovered high-resolution temporal oscillations
throughout the cell division cycle. These oscillations were character-
ized by phospholipid class-specific and species-specific variations in
phase shift and dynamic amplitude. However, we acknowledge the tech-
nical challenge posed by the presence of nondividing cells within the
synchronized yeast population. While their influence onlipid changes,
particularly fluctuation magnitudes, cannotbeignored, itis plausible
that these fluctuations, particularly temporal patterns, are largely
independent of the nondividing cell population due to their lack of
need for membrane biogenesis.

The temporal oscillation of phospholipids is closely correlated
with their biophysical properties, as illustrated in Fig. 1f,h. Conical
phospholipids like PE and inverted-conical phospholipids like LPC
possess unique biophysical properties that generate membrane
curvatures®. Their increases at the onset of budding likely enhance
entropic force to facilitate membrane deformation by disrupting
bilayer membranes*¢*%, necessitating membrane dynamics as an ener-
getically favorable strategy. In contrast, bilayer-forming phospholipids
such as PC and Pl begin to increase as the cycle is about halfway com-
plete, which may be thermodynamically favored to stabilize the forma-
tion of bilayer membranes®. This temporal segregation based on lipid
polymorphismunveils abiophysical logic underlying cell-autonomous,
thermodynamic control for membrane biogenesis throughout the cell
division cycle. We proposed that the opposing oscillations in PEand PC
have a crucial role in shaping the overall membrane biophysics, while
fine-tuningis achieved through fluctuationsin Pland PS, with varying
acyl compositions at specific membrane domains. Specifically, phos-
pholipid compositions may promote a more fluid membrane during
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the early stage of the budding cycle, facilitating membrane expansion
and vesicle trafficking. In the latter half of the cycle, the membrane
may transition to a less fluid state, potentially creating a more stable
membranous environment conducive to the growth of the cell and
itsorganelles. However, how these lipid changes specifically alter the
physical properties of different membrane systems, such as the plasma
membrane, mitochondrial membranes and vacuolar membranes,
remains to be elucidated. Further investigations into lipid changes
within specificorganelles and their coordinated transport during the
cell cycle will be crucial to fully understand the functional significance
of these dynamic changes in lipid composition.

While PE methylation and the Kennedy pathway for PC synthesis
exhibit acyl chain preferences®®”, the oscillation patterns of individual
PE and PC species closely mirror their respective total abundances in
cellsundergoing the YMC. These findings suggest that acyl chain speci-
ficity may not be a critical determinant of PE and PC synthesis for cell
cycle progression. Interestingly, the composition of acyl chains in Pl
species partitionstheminto distinct wave phases. We speculate that this
oscillation pattern may be linked to organelle-specific Pl distribution
and the temporal biosynthesis of phosphoinositides, which play diverse
signaling roles in the Golgi, plasma membrane and endosomes®**>>.,
Furthermore, PS decarboxylation exhibits a preference for forming
di-unsaturated PE, potentially due to the mitochondrion-dependent
selectiveimport of such di-unsaturated PS species®**. Our observation
that the oscillation pattern of di-unsaturated PS temporally aligns with
that of PEin cycling cells suggests that di-unsaturated PS may serve as
aprecursor for PE synthesis.

The precise control of temporal oscillations of phospholipids
relies on the following two key mechanisms: TAG synthesisand a tran-
scription program governing phospholipid synthesis. In our study, we
found that TAG serves as a major precursor for PC and PE synthesis,
while PS and Plare primarily synthesized de novo. PC and PE synthesis
occurs via the following two major pathways: the Kennedy pathway
and the CDP-DAG pathway***® (Fig. 4g). In the Kennedy pathway,
DAG condenses with activated polar head groups (CDP-choline and
CDP-ethanolamine). In the CDP-DAG pathway, PA, after activation
to CDP-DAG, reacts with serine to produce PS, which can be subse-
quently decarboxylated to PE in the mitochondria and methylated
to produce PC in the ER. While both DAG and PA can be derived from
TAG, PA can also be synthesized de novo through the acylation of
glycerol-3-phosphate and dihydroxyacetone phosphate**°. The find-
ing that blocking the Kennedy pathway had a negligible effect on the
YMC suggests that this pathway may not be a major contributor to
PE and PC synthesis, or that the CDP-DAG pathway can compensate
effectively under these conditions. In contrast, we found that the oscil-
latory transcriptional control of the PS-PE-PC metabolic axis, down-
stream of the CDP-DAG pathway, is required for PE and PC abundance
oscillation and YMC progression. Itis likely thatin these cycling cells,
TAG-derived PA undergoes activation to synthesize PS, and subse-
quently, the TAG-derived PS, rather than the DAG-dependent Kennedy
pathway, fuels the synthesis of PE and PC via the PS-PE-PC metabolic
axis. Wespeculate that PS synthesized from PA, derived from different
sources, may be differentially trafficked to the mitochondria and the
plasma membrane. This source-based segregation of lipid precursors—
whether from TAG or de novo synthesis—may be subject to distinct
regulatory controls to meet the specific membrane requirements of
different cellular compartments, potentially related to the timing and
biomass production needed during the cell cycle.

Infurther support of thisidea, we observed that the transcriptional
oscillations of PSD1 and OPI3—genesinvolvedin PS decarboxylation for
PE synthesis and PE methylation for PC production—exhibit the most
pronounced periodic patterns among all phospholipid biosynthetic
genes. This finding highlights the critical role of the transcriptional reg-
ulation of PS decarboxylation and PE methylationin the oscillation of
phospholipid abundance during the YMC. We also note that additional

regulatory mechanisms beyond Opil-mediated repression likely influ-
ence the timing of PSDI expression. Variations in UAS,y,-containing
promoters, or the presence of other regulatory motifs, may impact the
recruitment of chromatin remodeling complexes, leading to changes
inchromatin accessibility thatinfluence the timing of gene expression.
Additionally, factors such as transcript stability may contribute to the
observed temporal regulation of PSD1. These observations raise impor-
tant questions about the complexity of phospholipid gene regulation
and highlight the need for further investigation into these additional
regulatory pathways in the cell division cycle.

Insummary, we propose that temporal oscillation of phospholip-
ids throughout the cell division cycle represents an inherent cellular
rhythm that allows the integration of environmental cues, such as
nutrient quality and quantity, to regulate the timing of phospholipid
synthesis, which ultimately modulates metabolic efficiency. A cen-
tral aspect of our findings is the pivotal role of the PS-PE-PC axis in
sustaining phospholipid oscillations, with the synthesis and turnover
of PE at its core. This coordination occurs through processes such
as mitochondrial PE biosynthesis, subsequent export to the ER and
methylation, which collectively tune the PE-to-PC ratios. In this light,
mitochondria may play a central rolein this cellular rhythm, actingasa
timekeeper for phospholipid synthesis and coordinating adjustments
inmembrane biophysics with bioenergetic states.
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Methods
Yeast strains and media
The prototrophic, haploid CEN.PK strain background was used in this
investigation®’. Gene deletions and the creation of carboxy-terminal
tags in this background were carried out through conventional
PCR-based methods, using resistance cassettes with appropriate flank-
ingsequences and employing homologous recombination for integra-
tionat their native locus. All transformations were performed using the
lithium acetate method. Strains and genetic alterations were verified
through PCR, sequencing and phenotype analysis. Specifically, the
depletion of lipid dropletsin pahiA and dgalAlrol1A mutants was con-
firmed via microscopy after BODIPY staining. To generate the opil"'?°
mutant, we introduced the point mutation to the OP/I-containing pFA6
plasmid using primers with the desired mutation that amplifies the
entire plasmid template using the 2x MultiF Seamless Assembly Mix
kit (ABclonal). The DNA fragment was then amplified by PCR and trans-
formed into the opilA mutant through homologous recombination.
Theintegration of the point mutation was confirmed through sequenc-
ing. The growth defect of opi1™*° mutant in media lacking inositol
was confirmed®®. To create the psd1°*""" mutant, we first constructed
the HO plasmid containing GAP promoter-driven PSDI fragment via
fusion PCR. The DNA fragment amplified by PCR was transformed into
WT cells. The integration of the GAP promoter to the chromosomal
loci of PSD1 was confirmed through sequencing. The information on
strains, primers and plasmids is provided in Supplementary Data 5.
The following mediawere used in this study: yeast extract peptone
dextrose (YPD) mediumwas composed of 2% yeast extract, 2% peptone
and 2% glucose. YPD medium was used to cultivate yeast cells overnight
fromasingle colony onasolid plate before conducting the YMC experi-
ments. Synthetic defined (SD) medium was composed of 0.17% yeast
nitrogen base without amino acids, including 0.5% ammonium sulfate
(Difco) and 2% glucose. SD medium was used in tracing experiments,
wherein unlabeled glucose in SD was substituted by [U-C6] glucose
to create ®C-tracing medium. YMC medium for continuous culture
was composed of 0.5% ammonium sulfate, 0.2% potassium dihydrogen
phosphate, 0.05% magnesium sulfate heptahydrate, 0.08% calcium
chloride, 0.0018% iron sulfate heptahydrate, 0.0009% zine sulfate
heptahydrate, 0.0005% copper sulfate, 0.00008% manganese chloride
tetrahydrate, 0.1% yeast extract, 1% glucose, 0.035% (vol/vol) sulfuric
acid and 0.05% Antifoam 204.

Continuous culture conditions for the YMC

The bioreactor (INFORS, Minifors2 3.0 1) was used to establish con-
tinuous culture conditions for the YMC. Each runinvolved setting the
bioreactor to atemperature of 30 °C, apH of 3.4, agitation at 1,000 rpm
and aeration at1l min™, with aworking volume of 11. Once the system
reached equilibrium, each YMC was initiated by inoculating 10 OD¢,
units of cells cultured overnight in YPD medium. Following growth
saturation, the yeast cells were subjected to a minimum of 12 h of star-
vation. After this starvation period, fresh YMC medium containing 1%
glucose was continuously infused at a dilution rate of 0.1 per h. Robust
YMC cycles in oxygen consumption were observed in WT, opilA and
cptldeptiA cells. However, WT cells failed to sustain the YMC in the
presence of 1 mM exogenous choline. The cho240pi34 mutant was
unable to undergo metabolic cycles even with choline supplementa-
tion. Conversely, the ino1A mutant displayed metabolic cycles with
supplementation of 1 mMinositol. Interestingly, the psd14 mutant was
unable to undergo metabolic cycles but showed abnormal metabolic
cycles with exogenous ethanolamine.

YMC sampling

Approximately 8 OD,, units of YMC cells per time interval were har-
vested from the bioreactor, snap-frozen using liquid nitrogen and
stored at-80 °C. Specific time points for YMC sampling were indicated
in the figures. The first time interval of a cycle was typically chosen

to be at the RC phase, minimizing disruptions to the abrupt burst of
oxygen consumption in the OX phase. For the mutant with aberrant
cycling times, such as psdI1°***", samples were collected after continu-
ous feeding at the same phases as those of the WT cells.

Lipid extraction

Lipid extraction was carried out when all cycling samples were col-
lected. Yeast lipids were extracted with chloroform/methanol (2:1;
vol/vol) as described previously®. Cell pellets were resuspended in
0.5 mlmass spectrometry (MS)-grade methanol containing the spike-in
standards (PC=17:0,1.97 uM; PE=17:0,2.08 uM and PS = 14:0, 2.14 uM)
and lysed by bead-beating. Cell pellets and lysates were then trans-
ferredtoglass tubes. Chloroformand citricacid were added to achieve
phase separation. The bottom lipid phase was collected and dried using
avacuum concentrator system (Labconco).

Quantitative analysis of phospholipids using LC-MS

The dried lipid extracts were dissolved in a mixed MS-grade solution
containingisopropanol, acetonitrile and water in the ratio of 2:1:1. Qual-
ity control (QC) samples were generated by combining equal volumes
ofeachsamplein the experiment. Lipidomix (Avanti) wasadded as an
internal standard for the estimation of phospholipid concentrations.
For quantitative analysis of phospholipids, 5 pl of samples wasinjected,
with two QC samples were injected for every ten samples. Chromato-
graphic separation of phospholipids was performed on a C18 column
(ACQUITY UPLC BEH C18 column, 130 A, 1.7 KM, 2.1 mm x 50 mm),
followed by detection using multiple reaction monitoring (MRM)
transitions of MS in negative ion mode (the QTRAP 6500+ System, AB
SCIEX). This method had been previously optimized for the simultane-
ousdetection of alibrary of yeast phospholipids (Supplementary Data
6).Liquid chromatography was configured as follows: buffer A—33.3%
acetonitrile, 33.3% methanol, 33.4% water and 5 mM ammonium ace-
tate; buffer B—100% isopropanol containing 5 mMammonium acetate.
Flow rate was 0.15 ml min™ using the following gradient: 20% buffer B
at T=0min, 20% buffer B at T=1min, 60% buffer B at T=3 min, 98%
buffer Bat =20 min, 20% buffer Bat 7=20.1 min and 20% buffer B at
T=25min. Theretention time foreach MRM peak was comparedtoan
appropriate standard. The area under each peak was then quantified
using Analyst software OS v1.7.

Quantitative analysis of TAG using LC-MS

For quantitative analysis of TAG levels, lipid extracts were resuspended
in an MS-grade solution containing a 1:1 mixture of methanol and
methylene chloride, supplemented with 5 mM ammonium acetate,
and Lipidomix as aninternal standard. Each sample was injected with
5 ul,and two QC samples were injected for every ten samples to ensure
consistency and reliability. Chromatographic separation of TAGs was
achieved usinga C18 column (ACQUITY UPLC BEH C18 column, 130 A,
1.7 pM, 2.1 mm x 50 mm), followed by detection using MRM transitions
of MS in positive ion mode (the QTRAP 6500+ System, AB SCIEX).
Liquid chromatography was configured with buffer A consisting of
33.3%acetonitrile, 33.3% methanol, 33.4% water and 5 mM ammonium
acetate, while buffer Bcomprised 100% isopropanol containing 5 mM
ammonium acetate. Flow rate was set at 0.15 ml min™, using the fol-
lowing specified gradient: 20% buffer B at 7= 0 min, 20% buffer B at
T=1min, 60% buffer B at T=3 min, 98% buffer B at T=13 min, 20%
buffer B at 7=13.1 min and maintained at 20% buffer until 7=20 min.

Lipid data processing and quantification

For phospholipid analysis, we employed a combined approach using
both a home-made spike-in standard mixture and commercial lipido-
mix standards. The spike-in standards (PC =17:0, 1.97 uM; PE=17:0,
2.08 pMand PS =14:0, 2.14 uM) were added directly to each sample dur-
ingthe extraction process. These standards served to monitor potential
sample loss during extraction, ensuring accurate quantification of
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phospholipid levels across all samples. It is important to note that no
corrections were applied based on spike-in standard recovery in this
study, as consistent recovery of the major phospholipid spike-in stand-
ards was observed across all samples. Lipidomix standards (Avanti
Polar Lipids, 330707), which contain deuterated lipids, were added
after extraction during the reconstitution process before LC-MS/MS
analysis. While the use of the home-made spike-in standard mixture
during extraction is a more cost-effective option, the commercial
Lipidomix standards, containing a wider range of lipids with defined
concentrations, provide more consistent and precise quantification
across different lipid classes. To ensure accurate peak annotation for
thedetected lipids, phospholipid species at specific MRM transitions
and elution times were verified using yeast mutants. The area under
each peak was quantified using Analyst software and reinspected for
accuracy tominimize potential errors. For TAG analysis, lipid extracts
wereresuspended inan MS-grade solution containing a 1:1 mixture of
methanol and methylene chloride, supplemented with 5 mM ammo-
nium acetate, which proved more efficient for dissolving TAG.
Themolar concentration of a phospholipid species or TAG species
inasample (C) was calculated using the following equation:

A
Cs = Csa X A_S (o)
std

where C; is the molar concentration of the target lipid species, C is
the molar concentration of the corresponding deuterated internal
standard, A, is the measured LC-MS peak area (signal intensity) of the
lipid species in the sample and Ay, is the measured LC-MS peak area
(signalintensity) of the internal standard.

The concentrations of different phospholipid species were sub-
sequently normalized to the total phospholipid content to obtain the
relative abundance of each species as a percentage. Additionally, class
compositions were calculated as mol% to provide insights into the
relative abundance of different phospholipid classes within the YMC.
In some cases, the structural characteristics, such as the number of
carbons or double bonds in the acyl chains of specific phospholipid
classes, were analyzed to gain an understanding of the impact of lipid
acyl composition.

Metabolicrate calculation
Metabolic rates were determined as follows: (1) determine the change
in lipid concentration over time by calculating the difference in lipid
concentration (C(¢,. ;) — C(t,)) between consecutive time points (¢,.,
andt,) x C(¢,,,) and C(¢,) represent the absolute concentrations of the
lipid at time pointst,.,and ¢, respectively, expressedin pM. (2) Calcu-
late the metabolic rate by dividing the change inlipid concentration by
the time interval between the two time points. This provides the rate
of lipid synthesis (for increasing concentrations) or consumption (for
decreasing concentrations) over the given time period.

Overall, metabolic rates are calculated using the following
formula:

x Vx10° )

Metabolic rate(nm()l) = Cltny) ~ C (&)

min tha1 =ty

where C(t,.,) and C(¢,) represent the absolute concentrations of the
metabolite at consecutive time points ¢,,; and ¢,, expressed in uM
(umol ™), and Vis the reaction volumein liters.

Curvefitting

The mol% datarepresenting relative phospholipid abundances across
two consecutive cycles of the YMC were subjected to curve fitting using
asine function:

f () =Axsin2mr x (x + C)) 3)

This analysis and visualization were conducted using RStudio (ver-
sion 2021.90.351). The goodness-of-fit and statistical significance of the
curve fitting were assessed using the coefficient of determination (R?)
andthe Pvalue, respectively. The frequency of this sinusoidal function
represents the number of budding cycles per unit time (x). The maxi-
mum displacement is denoted by the amplitude (4), which indicates
the relative change from the equilibrium position. The peak-to-peak
amplitude (24) represents the maximum fluctuation in phospholipid
abundance and is determined by the maximal difference between
synthesis and consumption. T, corresponds to the phase when
phospholipid abundanceis atits lowest point. Ccorresponds toa phase
shift, which characterizes the temporal oscillation of a phospholipid
species or class as afunction of the YMC.

Fluorescence microscopy

Forlive cellimaging, WT cells with Opil chromosomally GFP-tagged at
the C terminus were taken from the indicated times forimaging across
the YMC. All images were taken under a x100/1.4-NA oil-immersion
objective lens with a Deltavision Elite microscope (Applied Precision,
GE Healthcare).

RNA extraction and real-time qPCR analysis

RNA isolation of yeast cells under different growth conditions was
carried out following the manufacturer’s instructions using the Mas-
terPure yeast RNA purificationkit (Epicenter). RNA concentration was
determined by absorbance at 260 nm. One microgram of RNA was
reverse transcribed to cDNA using the HiScript Ill First Strand cDNA
Synthesis Kit (Vazyme). Real-time PCR was performed intriplicate with
the ChamQ SYBR qPCR Master Mix from Vazyme. Transcript levels of
genes were normalized to ACTI.

Growth competitioninthe YMC

WT and opiiA cells precultured overnightin YPD were inoculated into
the bioreactor systemat the same density equivalentto 10 OD, units.
Every12 h, the mixture growth was sampled by spreading cells onto the
YPD plate, allowing the formation of single colonies. These YPD plates
were then replicated onto YPD plates containing G418 to distinguish
between WT and opild cells. The proportions of WT and opilA cells at
eachindicated time point were determined by calculating the fraction
of single colonies corresponding to each strain.

Determination of phospholipid and TAG turnover using
[U-3C6] glucose

InWT cellsundergoing stable metabolic cycles, we performed substitu-
tion experiments by replacing the feeding YMC medium with amedium
containing 1% [U-Cé] glucose at the indicated phase. Samples were
collected before the substitution and at the 20-min intervals thereaf-
ter. Following sample collection, lipid extraction was performed to
quantify the remaining levels of each phospholipid and TAG species.
The turnover rates for the abundances of phospholipid classes and
TAG were calculated as a fraction relative to those before the substi-
tution of the ®°C feeding medium. Specifically, samples taken within
the first 100 min and those collected between 100 and 200 min were
grouped to estimate average turnover rates. However, due to the slow
dilution of 2C by *C derived from [U-C6] glucose after substituting
the medium containing 1% [U-Cé] glucose in the YMC, the amounts
of glycerolipids in the *C fully labeled form were not detectable. This
poses achallenge to estimate the synthesis rate of phospholipids under
YMC conditions.

Reverse stable isotope labeling to quantify the turnover and
synthesis of phospholipids and TAG

To address the slow replacement of isotopic metabolites, we imple-
mented amedium switchinthe batch culture. WT and pahi4 cells were
precultured overnight in SD medium containing only [U-Cé6] glucose
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and diluted to 0.2 0D, with the same [U-"*C6] glucose SD medium to
ensure full *C labeling. Following synchronization by growth satura-
tionin [U-Cé] glucose medium, the cells were harvested, washed and
rediluted to 0.5 0D, with SD medium containing nonlabeled glucose.
Atvarioustime points, including one or two rounds of doubling when
the OD¢y, reached 1.0 and 2.0, respectively, 4 OD, units of cells were
collected forlipid extraction. We quantified ®*C-labeled and unlabeled
phospholipid and TAG species using specific MRM transitions. Spe-
cifically, we accounted for the mass shift resulting from the labeling
changesin polar head groups, fatty acyl chains and the glycerol back-
bone, asillustrated in Extended Data Fig. 3c.

Statistical analysis

Normalized glycerolipid abundances were log-transformed,
median-centered and clustered using the Spearman rank correlation
algorithm with Cluster 3. Heatmaps were generated using Treeview
1.2.0.Sankey diagrams were created using Sankey MATIC, a web-based
platform for visualizing flow diagrams. Statistical significance was
determined by unpaired Student’s ¢ test (one-sided, except for sine
wave fitting, which used a two-sided t test). P values and sample sizes
(n) are provided in the figure legends.

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

Data availability

All data supporting the findings of this study presented in this article
areavailable within the article, Supplementary Information and source
data. Source data are provided with this paper.
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Extended Data Fig. 3 | RIL to quantify the turnover and synthesis of

phospholipids. a, Schematic of the TAG biosynthesis pathway with genes
atrespective steps highlighted in red. b, Heatmap depicting the oscillatory
expression of genes involved in TAG biosynthesis across the YMC. The heatmap

is generated using RNA-seq data previously published”. ¢, Relative abu
ofindicated phospholipid classes with acyl chains, polar head groups a
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ndance
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2C after

two rounds of doubling in the RIL experiment. Relative abundance was calculated
by normalizing to the total amount of corresponding lipid classes with full *C
labeling before the RIL switch. d, Sine waves fitting of PE, PC, Pland PS abundance
inthe dgalAlrolA mutant of the YMC, characterized by their acyl composition.
Solid lines indicate fitting of statistical significance (P < 0.05), while dashed lines
represent nonsignificant fitting. Statistical analyses were performed using a two-
sided t-testin d. Shaded areas are used to highlight abudding cycle.
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Extended Data Fig. 5| Disruption of the Henry regulatory circuit shifts
temporal oscillations in phospholipids. a, Representative Opil-GFP
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phospholipid biosynthesis genes in WT and opiiA cells during the YMC. Data are
presented as mean + s.d. (n = 27 biologically independent samples). ¢, PE, PC, PI
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presented as mean * s.d. d, Hierarchical clustering of phospholipids in opilA
cells across the YMC. Data normalized to total ion counts, log-transformed

and clustered (Spearman rank). Sankey diagram shows phospholipid class
distribution. e, Top, sine waves representing major phospholipid classes in the
opilAd mutant. Solid lines indicate fitting of statistical significance (P < 0.05),
while dashed lines represent nonsignificant fitting. Bottom, summary table of
fitting parameters. Shaded areas are used to highlight abudding cycle.

f,g, Comparison of PI(f) and PS (g) oscillations between WT and the opilA
mutant, showing differences in 7, and amplitude across their molecular
species. Statistical analyses were performed using an unpaired ¢t testinb and c.
Statistical analyses were performed using a two-sided ¢ test in e. Shaded areas are
used to highlight abudding cycle.
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