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Materials and Methods 
Strain and plasmid construction  

Standard protocols were used for molecular cloning. All yeast strain used in this study were 

constructed based on BY4741 (MATa his3D1 leu2D0 met15D0 ura3D0). Details of strains, 

plasmids, and primers are included in Table S1-S3. 

 To make the plasmid for replacing the native SIR2 promoter by PCYC1 (NHB1075), Gibson 

Assembly (NEB) was used with a 451 bp DNA fragment that is 468 bp upstream of the SIR2 start 

codon (F1), URA3 from pRS306 plasmid (F2), a 501 bp DNA fragment that is 410 bp upstream 

from the SIR2 start codon (F3), the CYC1 promoter (F4: 468 bp), a 474 bp fragment of the SIR2 

open reading frame (ORF) starting from the start codon (F5), a fragment from pRS306 containing 

an autonomously replicating sequence (ARS) and ampicillin resistance gene (F6), to yield the 

plasmid NHB1075 (Fig. S19A). 

To make the plasmid for the single-copy rDNA-GFP reporter (NHB0730), a DNA 

fragment containing the unique sequence at the left edge of the rDNA region (52) and an XhoI 

restriction site at 5’ end (F7), a 680 bp fragment of the TDH3 promoter (F8), a 717 bp GFP ORF 

(F9), a 420 bp DNA fragment that is 196 bp downstream from the left edge of the rDNA region 

(F10), the URA3 expression cassette (F11), the F10 fragment with a BamHI restriction site (F12), 

were assembled together with F6 to make the plasmid (NHB0730) (Fig. S19B). 

 To make the plasmid for integration of PTDH3-HAP4 or PADH1-HAP4 fragment into the non-

transcribed spacer 1 (NTS1) at the rDNA region, the PTDH3-GFP fragment of the rDNA-GFP 

reporter (NHB0200) (32) was replaced by PTDH3-HAP4 or PADH1-HAP4 by Gibson assembly, 

yielding the plasmid NHB1048 and NHB1333, respectively. The HindIII (AAGCTT) restriction 

site at HAP4 ORF was synonymously mutated to ATGCTT, so that the plasmid has a unique 
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HindIII site located within the NTS1 homologous part of the plasmid for further linearization and 

integration into the rDNA region in the genome.  

 The synthetic oscillator strain was constructed by following 5 steps: 1, In the WT strain 

with nuc. iRFP (NH0263), mCherry-LEU2 was amplified by PCR and integrated at the C-terminus 

of SIR2 by homologous recombination to create the SIR2-mCherry strain (NH1378) ; 2, To replace 

the native SIR2 promoter with PCYC1, the strain NH1378 was transformed with the DNA fragment 

F1-F5 amplified by PCR from NHB1075 to replace PSIR2 with fragment containing F1-F4, URA3 

was replaced through homologous recombination of F1 and F3, and the strain was selected on 5’-

FOA plate to create the PCYC1-SIR2-mCherry strain (NH1382) (Fig. S19A); 3, In the strain 

NH1382, the HAP4 ORF was replaced by HIS3 by homologous recombination (NH1391); 4, The 

strain NH1391 was transformed with the DNA fragment F7-F12 from NHB0730 by BamHI and 

XhoI digestion. URA3 was removed through homologous recombination of F10 and F12 with 

selection on 5’-FOA to incorporate the single-copy rDNA-GFP reporter (NH1571) (Fig. S19B); 

5, The strain NH1571 was transformed with NHB1048 linearized by HindIII digestion at the NTS1 

homologous part of the plasmid to insert PTDH3-HAP4 into the rDNA region, creating the synthetic 

oscillator strain NH1574.  

To make the strain with two copies of SIR2 (NH1855), NH1545 was transformed with SphI 

digested plasmids from NHB0638; To make the strain of O/E HAP4 (NH1857), NH1545 was 

transformed with BsmI digested plasmids from NHB0659; To make 2x SIR2 + O/E HAP4 strain 

(NH1802), NH1545 was transformed with BsmI digested plasmids from NHB0659 and SphI 

digested plasmids from NHB0299 sequentially. 

To make the strain without negative feedback loop, NH1382 was transformed HindIII 

digested plasmid from NHB0730. 
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 To make the strain without feedforward loop, the very basic strain (NH268) was firstly 

transformed with BamHI and XhoI double digested plasmid from NHB0730 to make single copy 

rDNA reporter strain (NH1545); HAP4 was deleted in NH1545 to make NH1725 and SIR2 was 

then tagged with mCherry to make NH1851; finally, NH1851 was transformed with with HindIII 

digested plasmid from NHB1048. 

 To make the strain with weak feedforward loop, NH1571 was transformed with HindIII 

digested plasmid from NHB1333. 

To make fob1D sch9D double mutants, the URA3 and HIS3 fragments were amplified from 

pRS306 and pRS303, respectively, to replace the FOB1 and SCH9 ORFs in WT, respectively, by 

homologous recombination.  

The processes for making other single or double mutants were the same as described above. 

 All transformations were performed with the standard lithium acetate method, and 

integration was confirmed by PCR.  

 

Computational modeling 

 For the synthetic oscillator, the circuit is described as the following delay differential 

equations (DDEs):  
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where 𝑚𝑆, 𝑚𝐻, 𝑆 and 𝐻  are the levels of SIR2 mRNA, HAP mRNA, Sir2 protein and HAP 

protein, respectively. 𝜏# and 𝜏) are time delays for Sir2 protein and HAP protein, respectively. 

 For plotting the phase plane in Fig. 1B, we used the same deterministic model for the Sir2-

HAP toggle switch circuit, as described previously (34). For plotting the phase plane in Fig. 1C, 

the synthetic oscillator circuit is described by two delay differential equations from the semi-stable 

equilibrium of equation (1) and (2). Basically, assuming mRNA transcription is a fast process, so 

that both  and  equal 0.  

then (1) and (2) become: 

                         (5) 
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Respectively, plugging (5) and (6) into (3) and (4), we have: 
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in the ordinary differential equations (ODEs) in Fig. S2 to generate oscillations (Table S4).  
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concentrations from SGD (https://www.yeastgenome.org/). One million different sets of parameter 

values were randomly generated within physiological parameter ranges and were tested for 

oscillation generation. For oscillation identification, we used the method described previously in 

Pušnik’s work (53). Specifically, to eliminate the possibility of damped oscillation, we took only 

the last 50% of the time trace from each simulation into consideration. Fast Fourier Transformation 

(FFT) was used to transfer the signal to the frequency domain, in which the indexes of peaks (Pi) 

were recorded. The oscillation occurs, if the cost function of the vector of parameters meets such 

criteria: 

      ,              

where 𝐴<= is the amplitude of the transformed signal in the frequency domain at frequency Pi of 

the i-th peak, s is standard deviation for the i-th peak in the neighboring window of size 1 (g=1), 

q is the vector of candidate parameters, C0 is the threshold for categorizing candidates as oscillation 

or not. Since a large pulse could also generate a “fat” peak in the frequency domain, we used a 

narrow window to promote sharp peaks, avoiding such a scenario. For each parameter, all 

parameter values that gave rise to oscillation were recorded and showed in the red boxplots in Fig. 
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values listed in Table S4 and changed the values of parameters of interest with other parameters 

fixed (Fig. S3B).   

 

Setting up microfluidic experiments  

The microfluidic devices and experimental setup were described previously (32, 34, 47, 

55, 56). Yeast cells were inoculated into 2 ml of synthetic complete medium (SD, 2% glucose) and 

cultured overnight at 30℃. From this culture, 2µl of the saturated culture was diluted into 20 ml 

of fresh SD medium until its OD600 reached ~ 0.9. The chip containing four microfluidic devices 

was placed under vacuum for 20 min. Meanwhile, 50 ml of SD medium with 0.04% Tween-20 

(Sigma) was filled into a 60 ml syringe (Luer-Lok Tip, BD) to which plastic tubing (TYGON, ID 

0.020 IN, OD0.060 IN, wall 0.020 IN) was connected. After vacuum, the device was quickly 

connected to the prepared syringe through plastic tubing from its inlet port. The outlet of the 

microfluidic device was also connected to plastic tubing. The chip with inlet and outlet connected 

was then fixed onto the motorized stage of the microscope ready for cell loading. For cell loading, 

cells were transferred into a 60 ml syringe with plastic tubing connected. The media supply tubing 

into the inlet was then replaced with the tubing connected to the cell loading syringe. The flow of 

medium in the device was maintained by gravity to drive cells into traps. After loading, the media 

supply syringe and tubing were switched back to the inlet of the device. Heights of all tubing were 

adjusted to make the height difference around 240 cm. Tween-20 is a non-ionic surfactant that 

helps reduce cell friction on the PDMS of the chip. We have validated previously that this low 

concentration of Tween-20 has no significant effect on cellular lifespan or physiology (32). 

 

Time-lapse microscopy 
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Time-lapse microscopy experiments were conducted using a Nikon Ti-E inverted 

fluorescence microscope with an EMCCD camera (Andor iXon X3 DU897). The light source is a 

spectra X LED system. Images were taken using a CFI plan Apochromat Lambda DM 60X oil 

immersion objective (NA 1.40 WD 0.13MM). In all experiments, the images were acquired for 

each fluorescence channel every 15 min for a total of 90 to 110 hours. The exposure and intensity 

setting for each channel were set as follows: Phase 50 ms, GFP 3 ms at 10% lamp intensity with 

an EM Gain of 50, mCherry 90 ms at 10% lamp intensity with an EM Gain of 200, and iRFP 300 

ms at 15% lamp intensity with an EM Gain of 300.   

 

Quantification of single-cell aging traces  

Image processing was conducted using a custom MATLAB code (32, 34). The background 

of images from each fluorescence channel were subtracted. Cell nuclei were masked by 

thresholding iRFP or Sir2-mCherry signal. The mean intensity value of the top 40% of the pixels 

of fluorescence reporters was quantified, as described previously (32, 34). The time traces of 

reporters were smoothed using MATLAB function smoothdata with specification of the Gaussian 

method through a 15-element sliding window (Fig. S6A).  

To plot the cell cycle length changes as a function of the percentage of lifetime, the vector 

of cell cycle length was interpolated to a new vector of 100 elements at evenly distributed 100 

query points. For single cell aging dynamics and replicative lifespan (RLS) analyses, we collected 

data from at least 3 independent experiments. Any cells showing obvious abnormal morphologies 

upon cell loading were filtered out for RLS analysis. Any cells showing dislocation of reporter 

mask were filtered out for time trace analysis but included in RLS analysis. Significant numbers 
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for RLS changes were calculated with Gehan-Breslow-Wilcoxon test by using Prism GraphPad 7 

(GraphPad Software, CA). 

 

Quantification of the amplitude and period of Sir2 oscillatory pulses  

Peaks (Pi) and valleys (Vi) of oscillations of Sir2 trajectories for each single cell were 

identified by iPeak (from MathWorks File Exchange), where i denotes the i-th peak or valley. The 

baseline was formed by connecting all valleys with the polyline (Fig. S6B, black dashed line). The 

amplitude (Ai) was measured as the vertical distance from Pi to the baseline between Vi-1 and Vi 

(Fig. S6B). To define the peaks of oscillation, only the peaks with an amplitude at least five times 

higher than the average amplitude of fluctuation pulses in WT cells were considered as the 

“oscillatory pulses” that came from the synthetic oscillation circuit (Fig. S6, B and C). The period 

(Ti) for each oscillatory pulse was measured as the time span between valley Vi-1 and Vi (Fig. S6, 

B and C). 

 

Spectral analysis of Sir2 oscillations 

Time traces of Sir2-mCherry were detrended (with Matlab function “detrend(x,n), n=2” ) 

from raw data without smoothing and then Fast Fourier transformed (FFT) and squared (Fig. S7A). 

The power spectrum of an individual time trace was calculated as 𝑃(𝑓) = |BBC(D($))|E

F
. Based on 

the periods of single pulses of oscillator and WT cells (ranging from 1.2 h to 23 h), time traces 

shorter than 23 hours or deviated before 23 hours were not applied to FFT. To plot average power 

spectrum for all cells, 𝑃(𝑓) of each cell was firstly linear interpolated at 5000 query frequency 

points which were uniformly distributed along the frequency range. Average power <𝑷(𝑓H) > was 

then calculated at each query frequency point 𝑓H. 
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Stability determination for Sir2 oscillations  

In the synthetic oscillator strain, a fraction of cells showed a deviation from Sir2 oscillation 

with an abrupt increase of Sir2 level late in their lifespan (Fig. S5). To quantitatively determine 

the stability of Sir2 oscillation for each single cell, we applied the changepoints detection method 

described in previous studies (57, 58). The changepoints were calculated with MATLAB 

findchangept function. In brief, we assumed the time trace of Sir2 (s0:w) has a set of K change 

points Tw={t:0=t0<…< tK-1<tK=w}, then the function minimizes. 

                                         

where b is the fixed penalty added for each changepoint, and S is the time trace of Sir2 within  

and . D is the deviation measurement following the cost function: 

                                    

Here, s2 denotes the variance. Cells with a lifetime shorter than 2500 min have 1 changepoint, 

whereas cells with a lifetime longer than 2500 min could have 2 or more changepoints. For each 

cell, the Sir2 time trace was therefore divided into 2 or more sections by the changepoint(s) where 

the standard deviation of the trajectory changed the most (Fig. S8). The mean of each section was 

calculated (mi). The ratio for the mean value of the last section divided by that of the next to last 

section ( "J/K
"J/KL0

) was defined as the changing ratio for the Sir2 trace. The cells with changing ratios 

larger than 1 (n=91 out 113) were sorted based on their changing ratios in an increased order. The 

changepoints detection method was applied to the resulting changing ratio trajectory across cells 

to identify the turning point on the trajectory, which serves as the threshold (THR; horizontal red 

1

1

11

1
0

( ) ( ; ([ ]))
r

r r

r

tK

i t t
r i t

F K s S s s Kb
+

+

--

-
= =

= D ××× +åå

rt
s

1 1rt
s

+ -

1 1

1 1 1

1 1
2

1 1 1( ; ([ ])) ( 1) ln ( )
r r

r r r r r r

r r

t t

i t t t t t t
i t i t

s S s s s s s ss
+ +

+ + +

- -

- - -
= =

D ××× = - + × × ×å å



 11 

dash line in Fig. S8A) for sustained oscillations vs deviations. The cells with changing ratios above 

the threshold were considered deviations from the oscillation.  

 

Quantification of the continuous times at the rDNA silencing loss or heme depletion state  

The threshold (red dash line in Fig. S14A) for the state of rDNA silencing loss was defined 

as the third quartile (75th percentile) of all the rDNA-GFP fluorescence values measured from WT 

and synthetic oscillator strain. The portions of time traces above the threshold represent the state 

of silencing loss (red portions in Fig. S14A). The mean value of the continuous time spans at this 

state was calculated for each single aging cell. The threshold (blue dash line in Fig. S14B) for the 

state of heme depletion was defined as the first quartile (25th percentile) of all the nuc. iRFP 

fluorescence values measured from the WT and synthetic oscillator strains. The portions of time 

traces below the threshold represent the state of heme depletion (blue portions in Fig. S14B). The 

mean value of the continuous time spans at this state was calculated for each single aging cell. 

Continuous times at the silencing loss state and the heme depletion state were shown for each 

single aging cell in Fig. 4C. Continuous durations as a percentage of the cell’s lifetime were also 

calculated to facilitate the comparison among strains with different lifetimes (Figs. S15, S16, and 

S18).   
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Fig. S1. Representative time-lapse images of WT cells with divergent aging processes. (A) 
Time-lapse images of a mother cell aging with rDNA silencing loss, previously designated as 
“mode 1” aging (34). (B) Time-lapse images of a mother cell aging with heme depletion, 
previously designated as “mode 2” aging (34). Mode 1 and Mode 2 cells were classified based on 
their age-dependent changes in their daughter morphologies (Mode 1 – elongated daughters; Mode 
2 – smaller round daughters) and dynamics of iRFP fluorescence (34, 55). Time-lapse images are 
shown for (top) Phase, (middle) rDNA-GFP, and (bottom) nuc. iRFP of the same cells. Replicative 
age of the mother cell is shown at the top left corner of each image. For phase images, aging and 
dead mother cells are marked by yellow and purple arrows, respectively. In fluorescence images, 
aging and dead mother cells are circled in yellow and purple, respectively.  
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Fig. S2. A mathematical model of the gene oscillator circuit. (A) Diagram of the gene oscillator 
model with a synthetic negative feedback loop. (B) Ordinary differential equations of the gene 
oscillator model. (C) Example of sustained oscillations in Sir2 and HAP from model simulation 
(see Materials and Methods for details). 
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Fig. S3. Exploration of the parameter regime that favors oscillation. (A) Boxplots show the 
ranges of parameter values that generate oscillation (red) vs no oscillation (black). The Monte 
Carlo method was used to explore parameter regimes for the model from Fig. S2. Specifically, 1 
million different sets of parameter values were randomly generated and were categorized into two 
groups - the ones that generate sustained oscillation and the ones that cannot generate sustained 
oscillation (see Materials and Methods for details). For each parameter, the red boxplot shows the 
range of parameter values from the parameter group that generate oscillations and the black 
boxplot shows the range of parameter values from the group that cannot generate oscillations. The 
left two columns show the parameters that govern the synthetic negative feedback loop. The right 
column shows the parameters that govern mRNA/protein production and degradation. (B) 
Bifurcation plots show the dependence of oscillations on key parameters identified from the Monte 
Carlo method. Top: the plot shows how oscillations depend on the strength of SIR2 induction by 
HAP (aS) and the capacity of HAP transcription (aH). Middle: the plot shows the how oscillations 
depend on the basal expression of SIR2 (aS0). Bottom: the plot shows how oscillations depend on 
the basal expression of HAP upon full Sir2-mediated repression (leakiness from Sir2-mediated 
transcriptional repression of HAP) (aH0). 
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Fig. S4. Effects of the mCherry tag to Sir2 and the rDNA-GFP reporter on yeast aging and 
growth. (A) Replicative lifespans for WT with (+) rDNA-GFP and with (+) mCherry tag to Sir2 
(n=131), WT with (+) rDNA-GFP and without (-) mCherry tag to Sir2 (n=109), WT without (-) 
rDNA-GFP and with (+) mCherry tag to Sir2 (n=107), and WT without (-) rDNA-GFP and without 
(-) mCherry tag to Sir2 (n=121). (B) Age-dependent changes of cell cycle length for WT with (+) 
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rDNA-GFP and with (+) mCherry tag to Sir2, WT with (+) rDNA-GFP and without (-) mCherry 
tag to Sir2, WT without (-) rDNA-GFP and with (+) mCherry tag to Sir2, and WT without (-) 
rDNA-GFP and without (-) mCherry tag to Sir2. (C) Single-cell color map trajectories of rDNA-
GFP (top) and nuclear-anchored iRFP (bottom) for WT with (+) rDNA-GFP and with (+) mCherry 
tag to Sir2 and WT with (+) rDNA-GFP and without (-) mCherry tag to Sir2. Each row represents 
the time trace of a single cell throughout its lifespan. Color represents the fluorescence intensity 
as indicated in the color bar. (D) Boxplots show the distributions of Sir2 abundance averaged over 
the lifetimes of single aging cells in WT with Sir2-mCherry, (left) with or (right) without rDNA-
GFP. The difference is not significant with p = 0.41 in unpaired t-test.   
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Fig. S5. Color map aging trajectories of Sir2-mCherry for WT (n=93) and the synthetic 
strain (n=113). Each row represents the time trace of a single cell throughout its lifespan. Color 
represents the fluorescence intensity as indicated in the color bar. Cells are sorted based on their 
replicative lifespan (RLS). 
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Fig. S6. Quantification of the amplitudes and periods of Sir2 oscillatory pulses. (A) Raw time 
trace data of Sir2-mCherry in a representative cell to illustrate the process of trace smoothing. 
Black dots are raw data; red curve is the smoothed time trace. The details of the smoothing method 
and parameters are provided in Materials and Methods. (B) Illustration for the quantification of 
the amplitude and period of oscillatory pulses using the representative time trace from (A). Peaks 
(downward blue triangle) and valleys (upward green triangle) were determined using iPeak (from 
MathWorks File Exchange). Dashed line represents the baseline which connects all valleys. The 
amplitude (Amp) of a pulse was calculated as the distance from the peak to the point crossed by 
the vertical line from the peak to the baseline. The period (T) of a pulse was calculated as the time 
span between two valleys. (C) Left: Bar graph shows the amplitudes of each pulse in the time trace 
in (B). Only the pulses with amplitudes over the threshold (dash line - 5 times of the average 
amplitude of fluctuation pulses in WT) were considered as true oscillatory pulses, as opposed to 
small fluctuations (Materials and Methods). Right: Bar graph shows the periods of each pulse in 
the time trace in (B). 
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Fig. S7. Spectral analysis of Sir2 oscillations. (A) Illustration of the power spectral computation 
using single-cell time traces of (top) a representative oscillator cell and (bottom) a WT cell as 
examples. The time trace of Sir2-mCherry fluorescence was detrended from raw data (no data 
smoothing) then Fast Fourier transformed (FFT) and squared. The same parameters were used for 
both the synthetic oscillator strain and WT. Details for the computation pipeline are provided in 
Materials and Methods. (B) Average power spectrum for (left) the oscillator strain and (right) WT. 
Boxplots show the frequency-dependent distributions of power spectrum. The bottom and top of 
the box are first and third quartiles, respectively. The band inside is the median. Average 
power spectrum of the oscillator strain and WT are shown in red and blue, respectively.  
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Fig. S8. Stability determination for Sir2 oscillations. (A) Defining the threshold for deviation 
from oscillations. The changepoints detection method (see Materials and Methods for details) was 
performed and the changing ratio (mend/mend-1) was calculated for the cells with for the Sir2-
mCherry time trace of each single aging cell from the oscillator strain. The cells with changing 
ratios larger than 1 were then sorted based on their changing ratios (n=91 out of 113). The 
changepoints detection method was applied to the resulting changing ratio trajectory across cells 
to identify the turning point on the trajectory, which serves as the threshold (THR; horizontal red 
dash line) for sustained oscillations vs deviations. (B) A representative Sir2-mCherry time trace 
illustrating the deviation from sustained oscillation with the changing ratio larger than THR. The 
time trace was separated by the change point into sustained region (green) and deviated region 
(red). (C) A representative Sir2-mCherry time trace illustrating sustained oscillation with the 
changing ratio smaller than THR. 
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Fig. S9. Synthetic Sir2-HAP circuits with broken or weakened feedback interactions. (A) 
Diagrams illustrate gene interactions in different versions of the Sir2-HAP circuit. Circuit without 
HAP-activated expression of Sir2 - SIR2 is expressed under its native promoter and hence is not 
regulated by HAP. Circuit without Sir2-mediated repression of HAP – HAP4 is expressed under 
its native promoter and is not inserted at rDNA-NTS. Circuit with a weaker transcriptional capacity 
of HAP – HAP4 is expressed under the ADH1 promoter, weaker than the oscillator’s TDH3 
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promoter. (B) Color map aging trajectories of Sir2-mCherry for the strains carrying the synthetic 
Sir2-HAP circuit without HAP-activated expression of Sir2 (n=110), without Sir2-mediated 
repression of HAP (n=103), or with a weaker transcriptional capacity of HAP (n=84). (C) 
Proportions of aging cells with different versions of the synthetic circuit that show sustained 
oscillation or a deviation from oscillation late in life (late-deviated), or no oscillation. (D) Power 
spectral analysis for aging cells with different versions of the synthetic circuit. For (C) and (D), 
single-cell data from different strains have been processed through the same analytical pipeline 
used for the oscillator strain in Fig. 2D and Fig. S7. 
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Fig. S10. Sir2 abundance in WT and the oscillator strain. Boxplots show the distributions of 
Sir2 abundance averaged over the lifetimes of single aging cells in WT (black) and synthetic 
oscillator strain (red). The mean Sir2 expression level in WT is 439.7 ± 117.6 AU. The mean Sir2 
expression level in the oscillator strain is 950 ± 284 AU. 
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Fig. S11. Comparison of the synthetic oscillator strain with strains constitutively 
overexpressing SIR2 and HAP4. (A) Replicative lifespans for WT (n=131), the synthetic 
oscillator strain (n=120), SIR2 twofold overexpression (2 x SIR2, n=92), HAP4 overexpression 
(O/E HAP4, n=95), and combined HAP4 overexpression and SIR2 twofold overexpression (O/E 
HAP4 + 2 x SIR2, n=97). (B) Lifespan curves for WT, the synthetic oscillator strain, SIR2 twofold 
overexpression (2 x SIR2), HAP4 overexpression (O/E HAP4), and combined HAP4 
overexpression and SIR2 twofold overexpression (O/E HAP4 + 2 x SIR2), scaled by the median. 
The Coefficient of Variation (CV) of lifespans among cells was calculated for each strain. (C) 
Age-dependent changes of cell cycle length for WT, the synthetic oscillator strain, SIR2 twofold 
overexpression (2 x SIR2), HAP4 overexpression (O/E HAP4), and combined HAP4 
overexpression and SIR2 twofold overexpression (O/E HAP4 + 2 x SIR2). 
 
  



 25 

 
 
Fig. S12. Comparison of the synthetic oscillator strain with strains carrying synthetic Sir2-
HAP circuits with broken or weakened feedback interactions. (A) Replicative lifespans for 
WT (n=131), the synthetic oscillator strain (n=120), the strain without HAP-activated expression 
of Sir2 (n=110), the strain without Sir2-mediated repression of HAP (n=103), and the strain with 
a weaker transcriptional capacity of HAP (n=84). The genetic circuits of these strains are shown 
in Fig. S9A. (B) Lifespan curves for WT, the synthetic oscillator strain, the strain without HAP-
activated expression of Sir2, the strain without Sir2-mediated repression of HAP, and the strain 
with a weaker transcriptional capacity of HAP, scaled by the median. The Coefficient of Variation 
(CV) of lifespans among cells was calculated for each strain. (C) Age-dependent changes of cell 
cycle length for WT, the synthetic oscillator strain, the strain without HAP-activated expression 
of Sir2, the strain without Sir2-mediated repression of HAP, and the strain with a weaker 
transcriptional capacity of HAP. 
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Fig. S13. Comparison of the synthetic oscillator strain with long-lived mutants identified in 
genetic screens. (A) Replicative lifespans for WT (n=131), the synthetic oscillator strain (n=120), 
fob1D (n=93), sgf73D (n=134), sch9D fob1D (n=151), and hxk2D fob1D (n=60). The lifespan of 
the synthetic oscillator strain is significantly longer than that of sch9D fob1D (p = 0.0045 with 
Gehan-Breslow-Wilcoxon test). (B) Lifespan curves for WT, the synthetic oscillator strain, fob1D, 
sgf73D, sch9D fob1D, and hxk2D fob1D, scaled by the median. The Coefficient of Variation (CV) 
of lifespans among cells was calculated for each strain. (C) Age-dependent changes of cell cycle 
length for WT, the synthetic oscillator strain, fob1D, sgf73D, sch9D fob1D, and hxk2D fob1D. 
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Fig. S14. Quantification of the continuous times at the rDNA silencing loss or heme depletion 
state. (A) Representative time traces of rDNA-GFP in WT (left) and the synthetic oscillator strain 
(right) to illustrate the quantification of the continuous times at the rDNA silencing loss state for 
each single aging cell. The threshold (red dash line) for the state of rDNA silencing loss was 
defined as the third quartile (75th percentile) of all the rDNA-GFP fluorescence values measured 
from WT and synthetic oscillator strain. The red portions of time traces above the threshold 
represent the state of silencing loss. The mean value of the continuous time spans at this state (H1 
for WT and H1-5 for the synthetic oscillator, respectively) was calculated for each single aging cell. 
(B) Representative time traces of nuc. iRFP in WT (left) and the synthetic oscillator strain (right) 
to illustrate the quantification of the continuous times at the heme depletion state for each single 
aging cell. The threshold (blue dash line) for the state of heme depletion was defined as the first 
quartile (25th percentile) of all the nuc. iRFP fluorescence values measured from the WT and 
synthetic oscillator strains. The blue portions of time traces below the threshold represent the state 
of heme depletion. The mean value of the continuous time spans at this state (L1 for WT and L1 for 
the synthetic oscillator) was calculated for each single aging cell. Continuous times at the silencing 
loss state and the heme depletion state were shown for each single aging cell in Fig. 4C. 
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Fig. S15. Bar graphs showing continuous durations (as percentage of the lifetime) of single 
cells at the rDNA silencing loss or heme depletion state for (left) WT and (right) the synthetic 
oscillator strain. Each bidirectional bar represents a single cell, in which the red upward portion 
indicates its continuous duration of the rDNA silencing loss state and the blue downward portion 
indicates the continuous duration of the heme depletion state, as percentages of its lifetime. The 
graphs were generated using the data in Fig. 4C. Continuous times for each cell were normalized 
by its lifetime to facilitate the comparison among strains with different lifetimes.   
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Fig. 16. Synthetic Sir2-HAP circuits with broken or weakened feedback interactions are less 
able to maintain the balance between rDNA silencing and heme biogenesis. (A) Diagrams 
illustrate the synthetic Sir2-HAP circuits with broken or weakened interactions. (B) Single-cell 
color map trajectories of rDNA-GFP (top) and nuclear-anchored iRFP (bottom) in cells carrying 
the synthetic Sir2-HAP circuits without HAP-activated expression of Sir2 (n=110), without Sir2-
mediated repression of HAP (n=103), and with a weaker transcriptional capacity of HAP (n=84). 
(C) Bar graphs showing continuous durations (as percentage of the lifetime) of single cells at the 
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rDNA silencing loss or heme depletion state for strains carrying the synthetic Sir2-HAP circuits 
without HAP-activated expression of Sir2, without Sir2-mediated repression of HAP, and with a 
weaker transcriptional capacity of HAP.  
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Fig. 17. Scatter plot shows the mean lifespan versus coefficient of variance (CV) of lifespans 
among cells for all the strains tested in this study. Data are from Figs. S11-13. 
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Fig. 18. Strains constitutively overexpressing SIR2 and HAP4 are less able to maintain the 
balance between rDNA silencing and heme biogenesis. (A) Single-cell color map trajectories of 
rDNA-GFP (top) and nuclear-anchored iRFP (bottom) in cells with HAP4 overexpression (O/E 
HAP4, n=95), SIR2 twofold overexpression (2 x SIR2, n=92), and combined HAP4 overexpression 
and SIR2 twofold overexpression (O/E HAP4 + 2 x SIR2, n=97). (B) Bar graphs showing 
continuous durations (as percentage of the lifetime) of single cells at the rDNA silencing loss state 
or the heme depletion state for O/E HAP4, 2 x SIR2, and O/E HAP4 + 2 x SIR2.  
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Fig. S19. Illustrations of strain construction. (A) Diagram illustrating the steps for replacing the 
native SIR2 promoter by PCYC1. (B) Diagram illustrating the steps for constructing the single-copy 
rDNA-GFP reporter. 
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Strain Name Description 
NH0268 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX 

NH0270 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS1-PTDH3-GFP-
URA3,NHP6a-iRFP-kanMX 

NH0465 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS1-PTDH3-GFP-
URA3,NHP6a-iRFP-kanMX, sgf73D::HIS3 

NH1378 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, PSIR2-
SIR2-mCherry-LEU2 

NH1382 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, PCYC1-
SIR2-mCherry-LEU2 

NH1391 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, PCYC1-
SIR2-mCherry-LEU2, hap4D::HIS3 

NH1545 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, 
NTS1unique-PTDH3-GFP 

NH1571 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, PCYC1-
SIR2-mCherry-LEU2, hap4D::HIS3, NTS1unique-PTDH3-GFP 

NH1574 

BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, PCYC1-
SIR2-mCherry-LEU2, hap4D::HIS3, NTS1unique-PTDH3-GFP, RDN1::NTS1-
PTDH3-HAP4-URA3 

NH1577 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, PSIR2-
SIR2-mCherry-LEU2, NTS1unique-PTDH3-GFP 

NH1701 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, PSIR2-
SIR2-mCherry-LEU2, sch9D::HIS3, fob1D::URA3 

NH1725 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, 
NTS1unique-PTDH3-GFP, hap4D::LEU2 

NH1802 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, 
NTS1unique-PTDH3-GFP, fob1D::LEU2 

NH1808 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, 
NTS1unique-PTDH3-GFP, PTDH3-HAP4-HIS3, SIR2::PSIR2-SIR2-LEU2 

NH1816 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, 
NTS1unique-PTDH3-GFP, fob1D::LEU2, hxk2D::URA3 

NH1850 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, PSIR2-
SIR2-mCherry-LEU2, NTS1unique-PTDH3-GFP, RDN1::NTS1-PTDH3-HAP4-URA3 

NH1851 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, 
NTS1unique-PTDH3-GFP, hap4D::LEU2, PSIR2-SIR2-mCherry-HIS3 

NH1852 

BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, PCYC1-
SIR2-mCherry-LEU2, hap4D::HIS3, NTS1unique-PTDH3-GFP; RDN1::NTS1-
PADH1-HAP4-URA3 
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NH1854 

BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, 
NTS1unique-PTDH3-GFP, hap4D::Leu2, PSIR2-SIR2-mCherry-HIS3, RDN1::NTS1-
PTDH3-HAP4-URA3 

NH1855 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, 
NTS1unique-PTDH3-GFP, SIR2::PSIR2-SIR2-HIS3 

NH1857 
BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, 
NTS1unique-PTDH3-GFP, PTDH3-HAP4-HIS3 

 

Table S1. Strains used or constructed in this study. All the strains will be available upon 
request. 
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Plasmid Name Description 
NHB0299 pRS305--PSIR2-SIR2 
NHB0638 pRS303-PSIR2-SIR2 
NHB0659 pRS303-PTDH3-HAP4 
NHB0730 pZZ-rDNA-GFP-reporter2.0-URA3 (for single copy rDNA reporter) 
NHB1048 pRS306-NTS1-PTDH3-HAP4(HindIIID) 
NHB1075 pZZ-PSIR2-T-PCYC1 (for replacing SIR2 promoter to CYC1 promoter) 
NHB1333 pRS306-NTS1-PADH1-HAP4(HindIIID) 

 

Table S2. Plasmids constructed in this study. All the plasmids will be available upon request. 
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Primer Sequence (5'-3') Description 
sir2-tag-F AGAGAAGGATAAGGGCGTGTATGT

CGTTACATCAGATGAACATCCCAA
AACCCTCGGTGACGGTGCTGGTTTA 

Forward primer for sir2 fluorescence 
protein tagging, using pKT series 
plasmid as template 

sir2-tag-R TACTATGTAAATTGATATTAATTTG
GCACTTTTAAATTATTAAATTGCCT
TCTACTCGATGAATTCGAGCTCG 

Reverse primer for sir2 fluorescence 
protein tagging, using pKT series 
plasmid as template 

hap4del-F ATTTGTTTTACCTACATTTTCTAGTA
CAAAAAAAAAACAAAAAAAGAATC
cggcatcagagcagattgtac 

Forward primer for HAP4 gene 
deletion 

hap4del-R TTTGTTTTCGTGATTTTTAGTTGTTT
TCGTTTTATTGCAACATGCCTATTgct
ttccccgtcaagctctaa 

Reverse primer for HAP4 gene 
deletion 

pSir2up@
AmpOri 

CCACGCTACTAGTGCCAAGAGTGTT
GCTGCTTAT 

Forward primer for F1 

pSir2up@
Ura3 

GCGTGGTGCCTCCAAGGGAGAAAG
ACTGC 

Reverse primer for F1 

Ura3@pSi
r2up 

CCCTTGGAGGCACCACGCTTTTCAA
TTCAA 

Forward primer for F2 

Ura3@H
OMO 

GAAGTCCTCCTTAGTTTTGCTGGCC
GCATC 

Reverse primer for F2 

HOMO@
Ura3 

CAGCAAAACtaaGGAGGACTTCGCT
ACCGA 

Forward primer for F3 

HOMO@
pCYC1 

GTCTCACACGGAAACACATTGAGG
AGTTGCAGGCT 

Reverse primer for F3 

pCYC1@
HOMO 

AACTCCTCAATGTGTTTCCGTGTGA
GACGACATCG 

Forward primer for F4 

pCYC1@
Sir2dw 

GTGGGATGGTCATTATTAATTTAGT
GTGTGTATTTGTG 

Reverse primer for F4 

Sir2dw@p
CYC1 

CACTAAATTAATAATGACCATCCCA
CATATGAAAT 

Forward primer for F5 

Sir2dw@
AmpOri 

ctcgagATCCTCGGGGAGGTAAGTGT Reverse primer for F5 

AmpOri@
Sir2dw 

CTCCCCGAGGATctcgagTATCCGCTC
ACAA 

Forward primer for F6 

AmpOri@
pSir2up 

CTTGGCACTAGTAGCGTGGTGCACT
CTCAG 

Reverse primer for F6 

RDNup-
pGPD-F 

GAAATATCCATTACCCACAGTAAG
ACTTTTTTGAATACTCTTTAATATTT
TTTatttCAGTTCGAGTTTATCATTATC
AATAC 

Forward primer for F7-8 

pTDH3@
GFP 

tcacctttagacatTTTGTTTGTTTATGTGT
GTTTATTCG 

Reverse primer for F7-8 

GFP@pT
DH3 

ataaacaaacaaaATGTCTAAAGGTGAAG
AATTATTCAC 

Forward primer for F9 
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GFP@rdw AACAATCTTGCGGttatttgtacaattcatccata
cc 

Reverse primer for F9 

rdw@GFP gaattgtacaaataaCCGCAAGATTGTTCCC
AG 

Forward primer for F10 

rdw@Ura
3p 

gcctccatgtcATCACCGTTGAGCCTTTT
G 

Reverse primer for F10 

Ura3p@rd
w 

GCTCAACGGTGATgacatggaggcccagaat
ac 

Forward primer for F11 

Ura3@RD
Ndw 

gaacaatcttgcggTTATAATTGGCCAGTC
TTTTTCAAATAAG 

Reverse primer for F11 

rdw@Ura
3 

aagactggccaattataaCCGCAAGATTGTTC
CCAGTAT 

Forward primer for F12 

rdw@Am
pOri 

TTTGAGTGAGCTGgatccATCACCGTT
GAGCCTTTTG 

Reverse primer for F12 

XhoAmp-
@RDNup 

CTTACTGTGGGTAATGGATATTTCtc
gAGACGTCAGGTGGCACTTTTC 

Forward primer for F13 

BamAmp-
@RDNdw 

ACGGTGATggatcCAGCTCACTCAAA
GGC 

Reverse primer for F13 

Hap4@pR
S 

gtgggTCAAAATACTTGTACCTTTAAA
AAATCG 

Forward primer for HAP4 replacing 
GFP at rDNA silencing reporter 

HAP4@p
TDH3 

CAAACAAAATGACCGCAAAGACTT
TTCTAC 

Reverse primer for HAP4 replacing 
GFP at rDNA silencing reporter 

pRS@Hap
4 

AGGTACAAGTATTTTGAcccaccgcggtg
gagc 

Forward primer for PCR out the 
backbone of rDNA silencing 
reporter 

pTDH3@
HAP4 

ctttgcggtCATTTTGTTTGTTTATGTGT
GTTTATTC 

Reverse primer for PCR out the 
backbone of rDNA silencing 
reporter 

pSIR2-T-
F 

GCCAAGAGTGTTGCTGCTTAT Forward primer for PCR out F1-F5 

pSIR2-T-
R 

ATCCTCGGGGAGGTAAGTGTC Reverse primer for PCR out F1-F5 

sir2up-I-F GTTTGGCGCTGAAAAGATTC Forward primer for CYC1 promoter 
replacement checking 

pCYC1-I-
R 

TGCTGCAAAGGTCCTAATGT Reverse primer for CYC1 promoter 
replacement checking 

GFP-I-F ttccatggccaaccttagtc Forward primer for single copy 
rDNA reporter checking 

RDNdw-
R 

ATCACCGTTGAGCCTTTTGT Reverse primer for single copy 
rDNA reporter checking 

Hap4-I-F CTGATTCGCATCACCATGAC Forward primer for HAP4 gene 
deletion checking 

Hap4-I-R CGTCGATGAAACTGCTTTGA Reverse primer for HAP4 gene 
deletion checking 

SIR2ORF
-I-F 

TGCATCACAGGGTTCAATGT Forward primer for SIR2 tagging 
checking 
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mCherry-
I-R 

GCA CCG TCT TCT GGG TAC AT Reverse primer for SIR2 tagging 
checking 

pADH1@
Hap4 

GTCTTTGCGGTCATTGTATATGAGA
TAGTTGATTGTATGC 

Primer for making NHB1333, use 
yeast genomic DNA as template  

Hap4@pA
DH1 

CAACTATCTCATATACAATGACCGC
AAAGACTTTTCTACT 

Primer for making NHB1333, use 
NHB1048 as template 

NTS1@p
ADH1 

TGTTCTATTGTATATCTCCggatccCTA
GAAACTGCCATTTACTTA 

Primer for making NHB1333, use 
NHB1048 as template 

pADH1@
NTS1 

TTCTAGggatccGGAGATATACAATAG
AACAGATACC 

Primer for making NHB1333, use 
yeast genomic DNA as template 

 
Table S3. Primers used in this study. 
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Parameter Value Description 
aS 30.5 h-1 Rate constant of Sir2 transcription 
aH 183 h-1 Rate constant of Hap4 transcription 
aH0 0.1 h-1 Rate of Hap4 leaking expression 
aS0 0.1 h-1 Rate of Sir2 basal expression 
b 3.7 h-1 Rate constant of translation 
dm 0.3 h-1 Degradation rate of mRNA 
dH 3.8 h-1 Degradation rate of Hap4 
dS 0.2 h-1 Degradation rate of Sir2 
KH 326 Median effective concentration for Hap4 activation of SIR2 
KS 185 Median effective concentration for Sir2 repression of HAP4 
n1 3 Hill coefficient for SIR2 activation by Hap4 
n2 4.8 Hill coefficient for HAP4 inhibition by Sir2 

tH x h 
Time delay for Hap4 effection on SIR2; x=0 for four-equations 
version; x=1 for two-equations version 

tS y h 
Time delay for Sir2 effection on HAP4; y=0 for four-equations 
version; y=2 for two-equations version 

 
Table S4. Kinetic parameters used in the model. 
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Movie S1. Time-lapse movie showing oscillations of Sir2-mCherry fluorescence in the 
synthetic oscillator cell during aging. Right, the movie of a representative engineered cell in 
which Sir2-mCherry fluorescence were measured during aging. Left, real-time quantification of 
reporter fluorescence was plotted as a function of time. 
 


