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Engineering longevity—design of a synthetic gene
oscillator to slow cellular aging
Zhen Zhou1, Yuting Liu1, Yushen Feng1, Stephen Klepin1, Lev S. Tsimring2, Lorraine Pillus1,3,
Jeff Hasty1,2,4, Nan Hao1,2,4*

Synthetic biology enables the design of gene networks to confer specific biological functions, yet it remains a
challenge to rationally engineer a biological trait as complex as longevity. A naturally occurring toggle switch
underlies fate decisions toward either nucleolar or mitochondrial decline during the aging of yeast cells. We
rewired this endogenous toggle to engineer an autonomous genetic clock that generates sustained oscillations
between the nucleolar and mitochondrial aging processes in individual cells. These oscillations increased
cellular life span through the delay of the commitment to aging that resulted from either the loss of chromatin
silencing or the depletion of heme. Our results establish a connection between gene network architecture
and cellular longevity that could lead to rationally designed gene circuits that slow aging.

T
he era of genomic sequencing has gen-
erated a huge body of knowledge that
defines molecular components and in-
teractions within gene networks that
control cellular functions. However, fur-

ther advances in understanding how these
networks confer biological functions have been
hindered by the complexity of related regu-
latory interactions (1). One strategy in syn-
thetic biology is to build simple orthogonal
networks analogous to the core parts of nat-
ural systems that can be used to uncover key
design principles of biological functions em-
bedded in sophisticated network connec-
tions (2, 3). For example, synthetic networks
have been constructed to enable specific dy-
namic behaviors or functions, such as toggle
switches, genetic oscillators, cellular counters,
homeostasis, and multistability (4–12). As
technologies for engineering biological sys-
tems improve rapidly, synthetic biology also
offers a powerful approach to rewire and per-
turb intricate endogenous networks and to
interrogate the relationship between network
structure and cellular functions (3, 13–19). In
this work, we engineered an oscillatory gene
network that effectively promotes the longev-
ity of the cell.
Cellular aging is a fundamental and com-

plex biological process that is an underlying
driver for many diseases (20). We studied rep-
licative aging of the yeast Saccharomyces
cerevisiae, which has proven to be a geneti-
cally tractable model for the aging of mitotic

cell types such as stem cells and has led to the
identification ofwell-conserved genetic factors
that influence longevity in eukaryotes (21–26).
For example, the lysine deacetylase Sir2 and
heme-activated protein (HAP) complex are
deeply conserved, well-characterized transcrip-
tional regulators that control yeast aging and
life span. Sir2 mediates chromatin silencing at
ribosomal DNA (rDNA) to maintain the stab-
ility of this fragile genomic locus and the in-
tegrity of the nucleolus (27–30). HAP regulates
the expression of genes that are important
for heme biogenesis and mitochondrial func-
tion (31).
To track rDNA silencing during aging of

wild-type (WT) yeast cells, we used a green flu-
orescent protein (GFP) reporter inserted at
the rDNA locus (rDNA-GFP). Its expression
and fluorescence reflect the state of rDNA
silencing: decreased fluorescence indicates
enhanced silencing (32). To track heme abun-
dance, we used a nuclear-anchored infrared
fluorescent protein (nuc. iRFP), the fluorescence
of which depends on biliverdin, a product of
heme catabolism, and correlates with the abun-
dance of cellular heme (33, 34). To observe these
two reporters, we usedmicrofluidics coupled
with time-lapse microscopy of single cells.
We saw that isogenic WT cells age toward two
discrete terminal states (34): one with de-
creased rDNA silencing [Fig. 1A (red dots)
and fig. S1A], which leads to nucleolar en-
largement and fragmentation (34), and one
with decreased heme abundance [Fig. 1A
(blue dots) and fig. S1B) and hence, mito-
chondrial aggregation and dysfunction (34).
We further identified a mutual inhibition cir-
cuit of Sir2 and HAP that resembles a toggle
switch and drives cellular fate decisions and
commitment to either of these two detrimen-
tal states, contributing to cell deterioration
and aging (34) (Fig. 1B).

Design of a synthetic oscillator for longevity
We considered the possibility of altering the
Sir2-HAP circuit to reprogram aging trajecto-
ries toward a longer life span. Specifically, the
introduction of a synthetic negative feedback
loop between Sir2 and HAP could lead to sus-
tained oscillations in the abundance of these
two factors (Fig. 1C). Such periodic cycling
might enable a dynamic balance in Sir2 and
HAP during aging, avoiding a prolonged dura-
tion or cell-fate commitment to either rDNA
silencing–loss or a heme-depletion state, and
thus slow cell deterioration and extend life span.
To guide our network engineering, we de-

vised a simple computational model to gener-
ate design specifications. The model consisted
of positive transcriptional regulation of SIR2
by HAP and Sir2-mediated transcriptional re-
pression of HAP, which formed a delayed nega-
tive feedback loop (fig. S2, A and B) (materials
and methods). With appropriate parameter
values, the model generated sustained limit-
cycle oscillations (Fig. 1C and fig. S2C). We
used Monte Carlo simulations to systemati-
cally explore the parameter space and to an-
alyze the dependence of sustained oscillatory
behaviors on the parameter values (fig. S3A).
Oscillations were favored by strong HAP-
activated transcription of SIR2, high capacity
of transcription of HAP, and tight transcrip-
tional repression of HAP by Sir2 (fig. S3). We
therefore focused our engineering efforts on
fulfilling these specifications.
To enable strong positive transcriptional

regulation of SIR2 by HAP, we replaced the
native promoter of SIR2 with a CYC1 (Cyto-
chrome C1) promoter, which is bound and
activated byHAP (35–37). Tomonitor dynamic
behaviors of the engineered circuit, SIR2 was
C-terminally tagged with the fluorescent re-
porter protein mCherry, which did not affect
cell growth or aging (fig. S4). To ensure a high
capacity for transcription of HAP, we built
a construct that contained the HAP4 gene,
encoding amajor component of the HAP com-
plex, under a strong, constitutive TDH3 (triose-
phosphate dehydrogenase 3) promoter. To
enable dynamic transcriptional repression of
HAP by Sir2, we integrated the HAP4 con-
struct at the nontranscribed spacer (NTS) re-
gion within the rDNA, which is subject to
transcriptional silencing mediated by Sir2
(29, 38) (Fig. 1D). The endogenous copy of
HAP4was deleted in the synthetic strain to
minimize leakiness of HAP4 expression. We
did not tag HAP4 with a fluorescent reporter
because its protein abundance is below the
detection limit of fluorescence microscopy.
These regulatory parts were selected based on
the model-guided design specifications: The
CYC1 promoter and transcriptional silencing
at rDNA were selected because both were
previously characterized to have low leakiness
(36, 39). We selected the TDH3 promoter to
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drive HAP4 expression because it is one of
the strongest constitutive promoters in yeast
(40, 41).

Sustained oscillations during aging

We used microfluidics coupled with time-lapse
microscopy to track dynamic changes in Sir2-
mCherry fluorescence throughout the life span
of single cells. Engineered cells (n = 113) ex-
hibited oscillations in abundance of Sir2 dur-
ing aging (Fig. 2A, fig. S5, and movie S1). WT
control cells (n = 93) did not show such oscil-
lations (Fig. 2A and fig. S5). We quantified the
amplitude and period of oscillatory pulses in
the engineered cells (fig. S6). The average am-
plitude of oscillations was 309 ± 108 arbitrary

units (Fig. 2B), which was much larger than
fluctuations in WT cells (36 ± 30 AU). The
average period was 557 ± 151 min (Fig. 2C),
longer than the typical cell doubling times (~90
to 120 min), which indicates that the oscilla-
tions were not driven by cell cycle. We also
performed spectral analysis of Sir2 time traces
(fig. S7). For the engineered strain, we could
clearly see a spectral power peak around fre-
quency 2.33 × 10–5 Hz corresponding to a
period of 12 hours. By contrast, the spectrum
of WT was flat and white noise–like, without
a clear peak (fig. S7B).
Oscillations in the synthetic strain were

heterogeneous among individual cells. Of
the engineered cells, 65% exhibited sustained

oscillations throughout their entire life spans,
whereas 35% deviated from oscillations late in
their life spans and showed increased accu-
mulation of Sir2 before cell death (Fig. 2D and
fig. S8). This deviation might arise from an
age-induced decrease in Sir2-mediated silenc-
ing activity (32, 42, 43) in some cells, which
could lead to increased HAP expression from
the rDNA locus and in turn, a continuous in-
crease in Sir2 expression driven by HAP.
During the process of circuit engineering,

we also constructed and characterized ver-
sions of the synthetic circuit with broken or
weakened feedback interactions. These include
(i) a circuit without HAP-activated expression
of Sir2; (ii) a circuit without Sir2-mediated
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Fig. 1. Construction of a synthetic gene oscillator to reprogram aging.
(A) Divergent aging in isogenic WT cells. Dot plots show the distributions of
rDNA-GFP and nuc. iRFP reporter fluorescence in single cells tracked by time-
lapse microscopy of single cells over the course of their life spans. Each
dot represents a single cell monitored individually in a microfluidic chamber.
The red dots represent aging with rDNA silencing–loss, indicated by increased
rDNA-GFP fluorescence. The blue dots represent aging with heme depletion,
indicated by decreased iRFP fluorescence. Experiments were independently
performed at least three times. AU, arbitrary units. (B) The endogenous Sir2-HAP
circuit and its simulated dynamic behaviors in WT aging. (Top) Diagram of the
circuit topology. (Bottom) Phase plane diagram illustrating the dynamic changes of
Sir2 and HAP activities during aging. The nullclines of Sir2 and HAP are represented
in red and blue, respectively. The quivers represent the rate and direction of the

movement of the system. Fixed points are indicated with open (unstable) and closed
(stable) circles. The stable fixed point on the bottom right corresponds to the
terminal states of aging cells undergoing rDNA silencing–loss and nucleolar decline
[(red dots in (A)]; the stable fixed points on the left correspond to the terminal
states of aging cells undergoing heme depletion and mitochondrial decline [blue dots
in (A)]. (C) The rewired Sir2-HAP circuit and its dynamic behaviors. (Top) Circuit
topology with the synthetic negative feedback loop in red. (Bottom) Phase plane
diagram with a limit cycle (black line) arising from the circuit, in which Sir2 and HAP
periodically change their levels. (Inset) Simulated time traces of oscillatory Sir2
expression. (D) A schematic illustrates the construction of the synthetic circuit. The
native promoter of SIR2 was replaced with a HAP-inducible CYC1 promoter (PCYC1).
HAP4 under a strong, constitutive TDH3 promoter (PTDH3) was inserted at the
rDNA locus, which is subject to transcriptional silencing mediated by Sir2.
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repression of HAP; and (iii) a circuit with a
weaker transcriptional capacity of HAP. None
of these circuits enabled sustained oscilla-
tions in amajor fraction of cells (fig. S9), which
demonstrated the importance of connectivity
and strength of feedback interactions in gen-
erating oscillations.

The synthetic oscillator extends life span
The synthetic oscillator strain indeed showed
an 82% increase in life span compared to that
of WT control cells (Fig. 3A). This is the most
pronounced life-span extension in yeast that
we have observed with genetic perturbations.
Among the engineered cells, those aging with

sustained oscillations had greater life-span ex-
tension (105% increase in life span, doubling
that of WT) than those that deviated from oscil-
lations late in life (45% increase relative to that
of WT) (Fig. 3A, red versus blue dashed curves).
Thus, maintaining Sir2 oscillation appears to be
important for maximally extending life span.
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Fig. 2. Oscillations in the synthetic strain during aging. (A) Dynamics of
Sir2-mCherry fluorescence in WT (left) and the synthetic strain (right) during
aging. (Top) Representative time-lapse images for phase and Sir2-mCherry
from single aging cells in the microfluidic chamber. For phase images, aging and
dead mother cells are represented by yellow and purple arrows, respectively.
In fluorescence images, replicative age of the mother cell is shown at the top left
corner of each image: aging and dead mother cells are circled in yellow and
purple, respectively. (Bottom) Fluorescence time traces throughout the life spans
of representative cells. The time trace in red corresponds to the time-lapse
images shown above the plot. Time traces of all the cells measured are included

in fig. S5. (B) Distribution of the amplitudes of Sir2 oscillatory pulses in the
engineered cells. (C) Distribution of the periods of Sir2 oscillatory pulses in the
engineered cells. Panels (B) and (C) show distributions of single pulses. The
quantification of amplitude and period is included in the materials and methods
and fig. S6. (D) Proportions of aging cells from the synthetic strain that show
sustained oscillations (Sustained) or a deviation from oscillation late in life (Late-
deviated) (n = 113). (Left) Representative time traces for sustained oscillation
(top) and late deviation from oscillation (bottom). The stability determination for
Sir2 oscillations is available in the materials and methods and fig. S8.
Experiments were independently performed at least three times.
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The synthetic oscillator strain exhibited a
fast cell cycle rate and the elongation of cell
cycles during aging was delayed and decreased
compared to that in WT cells (Fig. 3B). Engi-
neered cells with sustained oscillations retained
a fast cell cycle rate (70 to 90 min per cell cycle)
throughout their entire life spans, whereas
those that deviated from oscillations had much
slower cell cycles late in life (Fig. 3B, red vs
blue dashed curves). Thus, maintaining Sir2
oscillation appears to slow age-induced cell
deterioration.
WT cells show a large cell-to-cell variation in

life span (coefficient of variation (CV) = 0.48),
in part because of the stochasticity and diver-
gence of the Sir2 and HAP deterioration path-
ways (34). The synthetic negative feedback

loop in our engineered strain could function to
avoid or delay such pathway divergence. In
agreement with this, the synthetic oscillator
strain showed a more uniform life span among
cells (CV = 0.29) and less increase in cell cycle
length during aging compared to WT (Fig. 3,
C and D).
In the synthetic oscillator strain, the abun-

dance of Sir2, averaged over the lifetime, was
elevated by about twofold relative to that of
WT (fig. S10). To test whether the life-span
extension is simply because of the increased
Sir2 abundance, we examined the strain with
twofold constitutive overexpression of Sir2.
We observed a ~23% increase in life span
compared to WT (fig. S11A). Twofold over-
expression of Sir2 in combination with Hap4

overexpression resulted in a more notable life-
span extension (~42% increase compared to
WT), which was still substantially less than the
life-span extension from the oscillator strain
(82% increase compared to WT) (fig. S11).
The oscillator strain also has a faster cell cycle
rate than the overexpression mutants (fig.
S11C). These results confirm that the oscil-
latory dynamics of Sir2, in addition to its in-
creased expression, contribute to the life
span extension and fast cell cycle rate in
the synthetic strain. In line with this, the
oscillator strain is also much more long-
lived than strains with engineered Sir2-HAP
circuits that cannot generate oscillations be-
cause of broken or weakened feedback inter-
actions (fig. S12).

Zhou et al., Science 380, 376–381 (2023) 28 April 2023 4 of 6

C
el

l c
yc

le
 le

ng
th

 (
m

in
)

10 20 30 40 50 60 70 80 90 100
60

100

140

180

220

260100

80

60

40

20

0

Fr
ac

tio
n 

vi
ab

le
 (

%
)

0 2010 40 6030 50 70

Replicative lifespan (generations) Lifetime (%)

WT (RLS = 21.6)

Oscillator (RLS = 39.3)

Deviated (RLS = 31.4)

Sustained (RLS = 44.4)

WT 

Oscillator 

Deviated 

Sustained

100

80

60

40

20Fr
ac

tio
n 

vi
ab

le
 (

%
)

0 10.5 2 31.5 2.5

Replicative lifespan (normalized)

WT (CV = 0.48)

Oscillator (CV = 0.29)

C

Scaled

Cell cycle length (min)
100 200 300 400 500

Cell cycle length (min)
100 200 300 400 500

10

20

30

40

50

0

C
ou

nt
s 

(%
)

10

20

30

40

50

0
C

ou
nt

s 
(%

)

10

20

30

40

50

0

C
ou

nt
s 

(%
)

D WT Oscillator

50% lifetime

75% lifetime

100% lifetime

A B

Fig. 3. Life-span extension by the synthetic oscillator. (A) Replicative life
spans for WT (black, n = 131 cells) and the synthetic oscillator strain (purple, n =
120 cells). Among the cells in the synthetic oscillator strain, the life spans for those
that deviated from oscillations (n = 39 cells) and those with sustained oscillations
(n = 74 cells) were shown as blue and red dashed curves, respectively. P < 0.0001 with
Gehan-Breslow-Wilcoxon test. (B) Changes of cell cycle length during aging for WT
(black), the synthetic oscillator strain (purple), the oscillator cells that deviated from

oscillations (blue dashed curve), and the oscillator cells with sustained oscillations
(red dashed cells). Shaded areas represent standard errors of the mean (SEM).
(C) The life-span curves for WT and the synthetic oscillator strain, scaled by the
median. The CV of life spans among cells was calculated for WT and the synthetic
oscillator strain. (D) The histograms represent distributions of cell cycle lengths
at different stages of aging for WT and the synthetic oscillator strain. Experiments
were independently performed at least three times.
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To further assess the performance of the
synthetic oscillator strain, we compared it with
longest-lived single anddoublemutants identified
from genetic screens (44–46). These include

the deletion mutants fob1D (“forkblocking less,”
which encodes a protein required for repli-
cation fork blocking), sgf73D (SAGA-associated
factor 73, which encodes a component of the

SAGA/SLIK complex deubiquitination mod-
ule), fob1D hxk2D (the double mutant of genes
that encode forkblocking less and hexokinase 2),
and fob1D sch9D (the double mutant of genes
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Fig. 4. The synthetic oscillator maintains a balance between rDNA silenc-
ing and heme biogenesis. (A) Single-cell color map trajectories of rDNA-
GFP (top) and nuclear-anchored iRFP (bottom) in WT aging cells (n = 83). Each
row represents the time trace of a single cell throughout its life span. Color
represents the fluorescence intensity as indicated in the color bar. Color maps
for rDNA-GFP and iRFP are from the same cells with the same top-to-bottom
order. Cells are classified into two groups. Those in the top half of the color maps
are WT cells that showed continuous high GFP and iRFP signals, which indicated
rDNA silencing–loss and high heme abundance at the later stage of life span.
These cells also produced elongated daughters at the later stage of life span and
were previously designated as “mode 1” aging (34). Those in the bottom half
of the color maps are WT cells that showed constantly or gradually decreased GFP
fluorescence and sharply decreased iRFP fluorescence, which indicated high

rDNA silencing and heme depletion at the late stage of aging. These cells
produced small round daughters throughout the life span, previously designated
as “mode 2” aging (34). (B) Single-cell color map trajectories of rDNA-GFP
(top) and nuc. iRFP (bottom) in aging cells of the synthetic oscillator strain
(n = 64). Color maps for rDNA-GFP and iRFP are from the same cells. Color maps
used the same color bars as those in (A). (C) Bar graphs showing continuous
times of the rDNA silencing–loss or heme-depletion state for WT (left) and the
synthetic oscillator strain (right). Each bidirectional bar represents a single
cell, in which the red upward portion indicates its continuous time of the rDNA
silencing–loss state, and the blue downward portion indicates the continuous
time of the heme depletion-state. The graphs were quantified using the data
from (A) and (B) (fig. S14) (materials and methods). Experiments were
independently performed at least three times.
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that encode forkblocking less and an ortholog
of the mammalian S6 kinase). Under the genet-
ic background and experimental conditions we
used (materials and methods) (32, 34, 47), the
synthetic oscillator strain had a longer and
more uniform life span than most mutants
(fig. S13, A and B).Moreover, some longevitymu-
tants displayed impaired cell cycle progression
even in young cells, which suggests moderate
physiological defects associated with the gene-
tic perturbations. In contrast, the oscillator strain
had faster cell cycles than WT and mutants
throughout the entire aging process, which indi-
cated a healthier cellular life span (fig. S13C).

The synthetic oscillator avoids fate
commitment to deterioration states

To test whether sustained oscillations in the
engineered Sir2-HAP circuit could prevent aging
cells from committing to either the rDNA
silencing–loss or heme-depletion state, we
simultaneously monitored rDNA silencing and
heme abundance in the synthetic strain with
the rDNA-GFP and iRFP reporters.
In accordance with previous results (34), in

WT cells, about half of the cells showed con-
tinuously increased GFP fluorescence at the
later stages of aging, which indicated a sus-
tained loss of rDNA silencing and ended life in
a state with low rDNA silencing and a high
abundance of heme. The other cells showed
decreased iRFP fluorescence, which indicated
that heme was depleted, and ended life in a
statewith high rDNA silencing and a low abun-
dance of heme (Fig. 4A). In contrast, most
synthetic oscillator cells exhibited short, inter-
mittent pulses of rDNA-GFP and iRFP signals
throughout the life span without a prolonged
commitment to either a state of rDNAsilencing–
loss or of heme depletion (Fig. 4B). We further
quantified the continuous times in the states
of rDNA silencing–loss and heme depletion
during the aging of each individual cells (fig.
S14). Almost all of WT aging cells experienced
a prolonged duration in rDNA silencing loss
or heme depletion, whereas the oscillator cells
showed shorter durations in either state (Fig.
4C and fig. S15). Thus, the engineered negative
feedback loop in the Sir2-HAP circuit enabled
a time-based balance between rDNA silencing
and heme biogenesis that promoted longevity.
In further support of this balance, synthetic
Sir2-HAP circuits with broken or weakened
feedback interactions failed to maintain such
a balance, which resulted in prolonged com-
mitments to detrimental states (fig. S16) and
thereby, shorter life spans (fig. S12).

Discussion

Most studies of aging focus on measuring life
span as a static endpoint assay and on iden-
tifying geneswhose deletion or overexpression
affects life span. These investigations have led
to the identification of many conserved genes

that influence aging (24, 48–50). Building on
the knowledge of aging factors and pathways
fromgenetic studies,we used engineeringprin-
ciples to rationally optimize aging dynamics
toward extended longevity. Specifically, based
on the understanding of Sir2 andHAP pathways
in the aging ofWT cells (34, 45), we rewired their
interactions into a negative feedback loop and
created a gene oscillator that functions to main-
tain cellular homeostasis. This synthetic system
is advantageous in its robustness and effec-
tiveness on life-span extension over longevity
mutants fromgenetic screens and simple over-
expression of Sir2, HAP, or both (fig. S17). The
overexpression of longevity factors such as Sir2
or HAP led to variations in gene expression that
inevitably drive cell fate commitment and de-
terioration in a fraction of cells (fig. S18), leading
to short-lived cell subpopulations (34). More-
over, through this synthetic biology study, we
established a causal connection between gene
network architecture and longevity and fur-
ther validated the mechanistic understanding
of aging in the natural system.
The use of engineering principles to mod-

ulate biological functions is one of the major
goals of synthetic biology (2, 3). Many studies
have succeeded in generating specific spatio-
temporal dynamics and functions with syn-
thetic gene circuits, yet it remains a challenge
to rationally engineer a biological trait as com-
plex as longevity. Our work represents a
proof-of-concept, demonstrating the success-
ful application of synthetic biology to repro-
gram the cellular aging process, and may lay
the foundation for designing synthetic gene
circuits to effectively promote longevity inmore
complex organisms.
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Editor’s summary
Yeast cells have a transcriptional toggle switch that leads them to die by one of two fates: One causes death by
nucleolar decline, the other by mitochondrial decay. By rewiring this transcriptional switch into a negative-feedback
loop, Zhou et al. were able to cause yeast cells to oscillate between the two states and increase their life span by 82%
(see the Perspective by Salis). These results represent a step forward toward the use of engineering principles to
design synthetic gene circuits that control complex biological traits. —L. Bryan Ray
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