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Abstract

Synthetic biology enables 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 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 lifespan through delay of the
commitment to aging that resulted from either loss of chromatin silencing or 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.

One-Sentence Summary:

Preventing cells from the normal deterioration of aging through synthetic biology can markedly

extend lifespan.
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The era of genomic sequencing has generated a huge body of knowledge defining molecular
components and interactions within gene networks that control cellular functions. However,
further advances in understanding how these networks confer biological functions have been
hindered by the daunting complexity of related regulatory interactions (1). One strategy

in synthetic biology is to build simple orthogonal networks analogous to the core parts of
natural systems that can be used to uncover key design principles of biological functions
that are embedded in sophisticated network connections (2, 3). For example, synthetic
networks have been constructed to enable specific dynamic behaviors or functions, such

as toggle switches, genetic oscillators, cellular counters, homeostasis, and multistability (4—
12). As technologies for engineering biological systems improve rapidly, synthetic biology
also offers a powerful approach to rewire and perturb intricate endogenous networks and
interrogate the relationship between network structure and cellular functions (3, 13-19). We
engineered an oscillatory gene network that effectively promotes longevity of the cell.

Cellular aging is a fundamental and complex biological process that is an underlying

driver for many diseases (20). We studied replicative aging of the yeast Saccharomyces
cerevisiae, which has proven to be a genetically tractable model for the aging of mitotic

cell types such as stem cells and has led to the identification of well-conserved genetic
factors that influence longevity in eukaryotes (21-26). For instance, the lysine deacetylase
Sir2 and heme-activated protein (HAP) complex are deeply conserved, well-characterized
transcriptional regulators that govern yeast aging and lifespan. Sir2 mediates chromatin
silencing at ribosomal DNA (rDNA) to maintain the stability of this fragile genomic locus
and the integrity of the nucleolus (27-30). HAP regulates the expression of genes important
for heme biogenesis and mitochondrial function (31).

To track rDNA silencing during aging of WT yeast cells, we used a green fluorescent 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 abundance, we used a nuclear-anchored infrared fluorescent protein
(nuc. iRFP), the fluorescence of which depends on biliverdin, a heme catabolism product,
and correlates with the abundance of cellular heme (33, 34). To observe these two reporters,
we used microfluidics coupled with time-lapse microscopy of single cells. We saw that
isogenic WT cells age toward two discrete terminal states (34): one with decreased

rDNA silencing (Fig. 1A, red dots; Fig. S1A), which leads to nucleolar enlargement and
fragmentation (34), another with decreased heme abundance (Fig. 1A, blue dots; Fig. S1B)
and hence mitochondrial aggregation and dysfunction (34). We further identified a mutual
inhibition circuit of Sir2 and HAP that resembles a toggle switch and drives cellular fate
decisions and commitment to either of these two detrimental 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
trajectories toward a longer lifespan. Specifically, the introduction of a synthetic negative
feedback loop between Sir2 and HAP could lead to sustained oscillations in the abundance
of these two factors (Fig. 1C). Such periodic cycling might enable a dynamic balance in
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Sir2 and HAP during aging, avoiding a prolonged duration or cell fate commitment to either
rDNA silencing loss or heme depletion state, and thus slow cell deterioration and extend
lifespan.

To guide our network engineering, we devised a simple computational model to generate
design specifications. The model consisted of positive transcriptional regulation of S/R2
by HAP and Sir2-mediated transcriptional repression of HAP, forming a delayed negative
feedback loop (Fig. S2. A and B; Materials and Methods). With appropriate parameter
values, the model generated sustained limit cycle oscillations (Fig. 1C, Fig. S2C). We
used Monte Carlo simulations to systematically explore the parameter space and analyze
the dependence of sustained oscillatory behaviors on the parameter values (Fig. S3A).
Oscillations were favored by strong HAP-activated transcription of S/R2, high capacity of
transcription of HAP, and tight transcriptional repression of HAP by Sir2 (Fig. S3). We
therefore focused our engineering efforts on fulfilling these specifications.

To enable strong positive transcriptional regulation of S/R2by HAP, we replaced the

native promoter of S/R2with a CYCI (Cytochrome C 1) promoter, which is bound and
activated by HAP (35-37). To monitor dynamic behaviors of the engineered circuit, S/R2
was C-terminally tagged with the fluorescent reporter 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 a major component of the HAP complex,
under a strong, constitutive 7DH3 (triose-phosphate dehydrogenase 3) promoter. To enable
dynamic transcriptional repression of HAP by Sir2, we integrated the HAP4 construct at
the non-transcribed spacer (NTS) region within rDNA, which is subject to transcriptional
silencing mediated by Sir2 (29, 38) (Fig. 1D). The endogenous copy of HAP4 was deleted
in the synthetic strain to minimize leakiness of HAP4 expression. HAP4 was not tagged
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 CYCZ promoter and transcriptional silencing at rDNA were
selected because both of them were previously characterized to have low leakiness (36,

39). The TDH3 promoter was selected to 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 lifespan of single cells. Engineered cells (n=113)
exhibited oscillations in abundance of Sir2 during aging (Fig. 2A; Fig. S5; Movie S1). WT
control cells (n=93) did not show such oscillations (Fig. 2A; Fig. S5). We quantified the
amplitude and period of oscillatory pulses in the engineered cells (Fig. S6). The average
amplitude of oscillations was 309 + 108 arbitrary units (Fig. 2B, AU), much larger than
fluctuations in WT cells (36 + 30 AU). The average period was 557 + 151 minutes (Fig. 2C),
longer than the typical cell doubling times (90~120 minutes), indicating that the oscillations
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 frequency
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2.33e-5 Hz corresponding to a period of 12 hours. In 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. 65% of the
engineered cells exhibited sustained oscillations throughout their entire lifespans, whereas
35% deviated from oscillations late in lifespan and showed increased accumulation of
Sir2 before cell death (Fig. 2D; Fig. S8). This deviation might arise from an age-induced
decrease in Sir2-mediated silencing activity (32, 42, 43) in some cells, which could lead to
increased HAP expression from the rDNA locus and in turn a continuous increase in Sir2
expression driven by HAP.

During the process of circuit engineering, we also constructed and characterized versions
of the synthetic circuit with broken or weakened feedback interactions. These include: (1)
a circuit without HAP-activated expression of Sir2; (2) a circuit without Sir2-mediated
repression of HAP; and (3) a circuit with a weaker transcriptional capacity of HAP.

None of these circuits enabled sustained oscillations in a major fraction of cells (Fig.

S9), demonstrating the importance of connectivity and strength of feedback interactions in
generating oscillations.

The synthetic oscillator extends lifespan

The synthetic oscillator strain indeed showed an 82% increase in lifespan compared to that
of WT control cells (Fig. 3A). This is the most pronounced lifespan extension in yeast that
we have observed with genetic perturbations. Among the engineered cells, those aging with
sustained oscillations had greater lifespan extension (105% increase in lifespan, doubling
that of WT) than those that deviated from oscillations late in life (45% increase relative to
that of WT) (Fig. 3A, red vs blue dashed curves). Thus, maintaining Sir2 oscillation appears
to be important for maximally extending lifespan.

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).
Engineered cells with sustained oscillations retained a fast cell cycle rate (70 to 90 mins/cell
cycle) throughout their entire lifespans, 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 lifespan (coefficient of variation, CV=0.48),
in part due to the stochasticity and divergence of the Sir2 and HAP deterioration pathways
(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 lifespan among cells (CVV=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 abundance of Sir2, averaged over the lifetime, was
elevated by about 2-fold relative to that of WT (Fig. S10). To test whether the lifespan
extension is simply due to the increased Sir2 abundance, we examined the strain with 2-fold
constitutive overexpression of Sir2. We observed a ~23% increase in the lifespan compared
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to WT (Fig. S11A). 2-fold overexpression of Sir2 in combination with Hap4 overexpression
resulted in a more dramatic lifespan extension (~42% increase compared to WT), which is
still substantially less than the lifespan 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 oscillatory dynamics of
Sir2, in addition to its increased expression, contribute to the lifespan 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
due to broken or weakened feedback interactions (Fig. S12).

To further assess the performance of the synthetic oscillator strain, we compared it with
longest-lived single and double mutants identified from genetic screens (44-46). These
include the deletion mutants fobIA (‘forkblocking less’, encoding a protein required for
replication fork blocking), sgf73A (SAGA associated Factor 73, encoding a component of
the SAGA/SLIK complex deubiquitination module), fob1A hxk2A (the double mutant of
genes encoding “forkblocking less” and hexokinase 2), and fobIA sch9A (the double mutant
of genes encoding ‘forkblocking less’ and an ortholog of the mammalian S6 kinase). Under
the genetic background and experimental conditions used (Materials and Methods) (32,

34, 47), the synthetic oscillator strain had a longer and more uniform lifespan than most
mutants (Fig. S13, A and B). Moreover, some longevity mutants displayed impaired cell
cycle progression even in young cells, suggesting moderate physiological defects associated
with the genetic perturbations. In contrast, the oscillator strain has faster cell cycles than WT
and mutants throughout the entire aging process, indicating a healthier cellular lifespan (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 accord with previous results (34), in WT cells, about half of the cells showed
continuously increased GFP fluorescence at the later stages of aging, indicating sustained
loss of rDNA silencing, and ended life in a state with low rDNA silencing and high
abundance of heme. The other cells showed decreased iRFP fluorescence, indicating that
heme was depleted, and ended life in a state with high rDNA silencing and low abundance
of heme (Fig. 4A). In contrast, most synthetic oscillator cells exhibited short, intermittent
pulses of rDNA-GFP and iRFP signals throughout the lifespan without a prolonged
commitment to either a state of rDNA silencing loss or of heme depletion (Fig. 4B). We
further quantified the continuous times in the states of rDNA silencing loss and heme
depletion during aging of each individual cells (Fig. S14). Almost all of WT aging cells
experienced a prolonged duration in silencing loss or heme depletion, whereas the oscillator
cells showed shorter durations in either state (Fig. 4C; 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
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balance, synthetic Sir2-HAP circuits with broken or weakened feedback interactions failed
to maintain such a balance, resulting in prolonged commitments to detrimental states (Fig.
S16) and thereby shorter lifespans (Fig. S12).

Discussion

Most studies of aging focus on measuring lifespan as a static endpoint assay and on
identifying genes, whose deletion or overexpression affects lifespan. These investigations
have led to identification of many conserved genes that influence aging (24, 48-50).
Building on the knowledge of aging factors and pathways from genetic studies, we used
engineering principles to rationally optimize aging dynamics toward extended longevity.
Specifically, based on the understanding of Sir2 and HAP pathways in the aging of WT
cells (34, 45), we rewired their interactions into a negative feedback loop and created

a gene oscillator that functions to maintain cellular homeostasis. This synthetic system

is advantageous in its robustness and effectiveness on lifespan extension over longevity
mutants from genetic screens and simple overexpression of Sir2 or HAP or both (Fig. S17).
The latter led to variations in gene expression that inevitably drive cell fate commitment and
deterioration in a fraction of cells (Fig. S18), leading to short-lived cell subpopulations (34).
We established a causal connection between gene network architecture and longevity and
further validated the mechanistic understanding of aging in the natural system.

Using engineering principles to modulate biological functions is one of the major goals of
synthetic biology (2, 3). Many studies have succeeded in generating specific spatiotemporal
dynamics and functions with synthetic gene circuits, yet it remains a challenge to rationally
engineer a biological trait as complex as longevity. Our work represents a proof-of-concept
example, demonstrating the successful application of synthetic biology to reprogram the
cellular aging process, and may set the stage for designing synthetic gene circuits to
effectively promote longevity in more complex organisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Construction of a synthetic gene oscillator to reprogram aging.
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(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 lifespans. 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 panel shows the diagram of the
circuit topology. Bottom panel shows the phase plane diagram illustrating the dynamic
changes of Sir2 and HAP activities during aging. The nullclines of Sir2 and HAP are shown
in red and blue, respectively. The quivers show 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 panel 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 panel A). (C) The rewired Sir2-HAP circuit and

its dynamic behaviors. Top panel shows the circuit topology with the synthetic negative
feedback loop in red. Bottom panel shows the phase plane diagram with a limit cycle (black
line) arising from the circuit, in which Sir2 and HAP periodically change their levels. Inset
shows simulated time traces of oscillatory Sir2 expression. (D) A schematic illustrates the
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construction of the synthetic circuit. The native promoter of S/RZ2was replaced with a
HAP-inducible CYCI promoter (P cycz). HAP4 under a strong, constitutive 7DH3 promoter
(P 7pH3) was inserted at the rDNA locus, which is subject to transcriptional silencing
mediated by Sir2.
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Fig. 2. Oscillationsin 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
marked 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 lifespans 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. See Materials and Methods and Fig. S6 for the
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quantification of amplitude and period. (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). See Materials and Methods and Fig. S8 for stability
determination for Sir2 oscillations. Experiments were independently performed at least three
times. AU, arbitrary units.
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Fig. 3. Lifespan extension by the synthetic oscillator.
(A) Replicative lifespans for WT (black; n=131) and the synthetic oscillator strain (purple;

n=120). Among the cells in the synthetic oscillator strain, the lifespans for those that
deviated from oscillations (n=39) and those with sustained oscillations (n=74) were shown
as blue and red dashed curves, respectively. p<0.0001with 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 lifespan curves for WT and the synthetic
oscillator strain, scaled by the median. The Coefficient of Variation (CV) of lifespans among
cells was calculated for WT and the synthetic oscillator strain. (D) The histograms show
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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Fig. 4. The synthetic oscillator maintains a balance between rDNA silencing 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 lifespan. 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. The top half in the color maps —

WT cells that showed continuous high GFP and iRFP signals, indicating rDNA silencing
loss and high heme abundance, at the later stage of lifespan. These cells also produced
elongated daughters at the later stage of lifespan and were previously designated as “mode
1" aging (34). The bottom half in the color maps — WT cells that showed constant or
gradually decreased GFP fluorescence and sharply decreased iRFP fluorescence, indicating
high rDNA silencing and heme depletion, at the late stage of aging. These cells produced
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small round daughters throughout the lifespan, previously designated as “mode 2” aging
(34). (B) Single-cell color map trajectories of  DNA-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 panel 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 panels A and B (Fig. S14; Materials
and Methods). Experiments were independently performed at least three times.
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