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ABSTRACT OF THE THESIS 

 

Sir2 Mediated Silencing and NAD Dynamics are Correlated in Aging 

 

by 

 

Gary Gordon Le 

Master of Science in Biology 

University of California San Diego, 2018 

 

Professor Nan Hao, Chair 

Professor James T. Kadonaga, Co-Chair 

 

 Sir2 is the founding sirtuin, a protein class of nicotinamide adenine 

dinucleotide (NAD) dependent histone deacetylases, that plays a prominent role 

in the aging of budding yeast by silencing ribosomal DNA. Previous single-cell 

analysis of Sir2 activity has revealed dynamic, multigenerational oscillations in 

ribosomal DNA silencing important to longevity. Time lapse fluorescence 

microscopy and microfluidic technologies are combined with a reporter expressed 

by a promoter regulated by a non-catalytic, NAD(+) sensitive activator to better 

characterize Sir2 silencing dynamics. Results reveal that multigenerational 
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NAD(+) temporal patterns exist in synchrony with Sir2-mediated ribosomal DNA 

silencing. NAD(+) levels were also shown to often decrease across life span in a 

death phenotype. Decay of both Sir2-silencing and NAD(+) metabolism at similar 

timepoints suggest that both dynamics are related but that Sir2 dysregulation is 

not likely caused by NAD(+) oscillations. Additional experiments suggest that 

regulation of NAM by the nicotinamidase, Pnc1, is a driving factor in rDNA 

silencing dynamics. These findings strengthen the connection between metabolic 

and silencing dynamics as key factors in cellular aging and could provide 

groundwork for future studies into possible pathways between mitochondrial and 

nuclear regulation of aging. 
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Introduction 

 Cellular aging is a complex phenomenon that leads to senescence related 

disease in all living organisms. Sirtuins, an NAD(+) dependent histone 

deacetylase (HDAC), have been shown to reduce genomic instability, a 

significant contributor to cellular aging, in lower eukaryotes and to a lesser degree 

in higher eukaryotes (1–6). In humans, sirtuin activity has also been shown to 

affect aspects of circadian regulation (6,7). Developing a better understanding of 

the mechanisms underlying regulation of genomic stability and its interplay with 

other facets of cellular aging through use of simpler model organisms can lead to 

better treatments for aging related diseases and a better understanding of 

senescence in humans. 

Previous work with S. cerevisiae in our lab has revealed that silent 

information regulator 2 (Sir2), the founding member of the sirtuin family and 

homolog to the mammalian Sirt1, regulates multigenerational pulses of chromatin 

silencing in the non-transcribed spacer 1 (NTS1) region of RDN1 repeats (2,5,6). 

To further characterize the sirtuin-mediated silencing pattern, the dynamics of 

NAD(+) were investigated as a potential causal factor due to Sir2’s dependence 

on the coenzyme, its involvement in many redox reactions across the cell, and the 

development of circadian regulation of the chemical in higher eukaryotes (7). 
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Sirtuins in Cellular Aging 

 SIR gene products regulate transcriptional silencing in the HML and HMR 

silent mating loci, telomeric proximal elements, and ribosomal DNA locus in 

budding yeast (8–10). In particular, sir2 is a gene with many homologs across 

different organisms, including sirt1 in humans, that deacetylates Lysine 16 of the 

H4 histone tail by converting NAD(+) to Nicotinamide (NAM) and producing O-

acetyl-ADP-ribose as the acetyl-group acceptor  (5,11). Interest in the gene and its 

homologs has risen in the past decade due to the impact Sir2 dosage has on 

increasing replicative lifespan (RLS) in yeast (5,12–15). Sir2, Cdc14 and Net1 

associate together with the replication fork barrier protein Fob1 as part of the 

RENT (regulator of nucleolar silencing and telophase exit) complex to silence the 

NTS1 region of the ribosomal DNA (Figure 1) in the nucleolus (1,2,6,12,16).  

 

 

Figure 1. Schematic of ribosomal DNA repeat (RDN) in S. cerevisiae. The non-transcribed 

spacers are located between repeats of the 35s rDNA. NTS1 includes the replication fork barrier 

(RFB), mediated by Fon1, required for RENT complex silencing of the region. Sir2 also mediates 

NTS2, containing the yeast origin of replication denoted as the autonomously replicating sequence 

(ARS), silencing in a Fob1 independent manner. 
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As an NAD-dependent HDAC, Sir2 activity can naturally be modulated 

experimentally by manipulating the global concentration of NAD(+) (2,4–6) but 

can also be affected by regulation of the NAM byproduct of deacetylation 

(5,6,15,17). The protein’s high affinity for NAD(+) in both yeast and higher 

eukaryotes suggests a link between chromatin silencing and other metabolic 

processes. Particularly, Sirt1 in humans regulates the circadian regulator gene, 

clock, and its partner bmal1 which affects downstream activation of circadian 

genes (6,18). Clock regulates Nampt in turn, which codes for nicotinamide 

phosphoribosyl transferase that converts NAM into nicotinamide mononucleotide 

(NMN), a rate-limiting step in Sirt1 expression through negative feedback on 

Sirt1 (7). Sirt1 exhibits circadian oscillations as a result, tuning the circadian 

rhythms of metabolic activities in the liver and throughout the body in humans. 

Yeast do not possess a homolog for Nampt but convert NAM into NA through the 

gene product of pnc1 (19,20). Deletion of the pnc1 open reading frame results in 

an accumulation of NAM and subsequent inhibition of Sir2 (20). Pnc1 expression 

has also been shown to be regulated by Msn2 and Msn4, linking Sir2 and rDNA 

silencing regulation to the yeast stress response (21).   

Previous work in the lab has shown regular, multigenerational, and 

unexplained oscillations of Sir2 with periods roughly between 500 and 1000 

minutes (13). The oscillations suggest a feedback loop that may be similar in 

function to the regulation of Sirt1 though not necessarily circadian in nature. Sir2 

plays a more pivotal role in life span determination in yeast than Sirt1 does in 

human aging, but conserved pathways in metabolic regulation may exist between 
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the homologs that may further elucidate the connection between cellular aging 

and growth. Combining microfluidics and fluorescence time-lapse microscopy 

allows for single-cell investigation into the regulators of Sir2 oscillation that may 

be masked in population level studies.  

 

Overview of ribosomal DNA Regulation in Budding Yeast 

 The ribosomal DNA array of Chromosome XII in S. cerevisiae is well 

studied for its role in ribosomal biogenesis, and the regulation of chromatin 

silencing within the locus by Sir2 sets the HDAC as a strong determinant of 

lifespan (2,6,10,12,22). Ribosomal biogenesis is limited by transcription of 79 

ribosomal proteins by RNA Pol II, transcription of 5S pre-rRNA by RNA Pol I, 

and transcription of 35S pre-rRNA by RNA Pol III. While the ribosomal proteins 

are transcribed elsewhere in the yeast genome, the rRNA are transcribed 

divergently (Figure 1), transcribed from opposing DNA strands, from the 

approximately 100-200 rDNA repeats in the nucleolus (22,23). Each rDNA repeat 

is approximately 9.1 kb long, comprised of the 6.9 kb 35S, 0.9 kb NTS1, 121 bp 

5S, and 1.2 kb NTS2 (Figure 1). Location of the replication fork barrier, mediated 

by Fob1, in the NTS1 locus is required for Sir2 activity and plays a key role in the 

unidirectional replication of rDNA repeats from the yeast replicative origin (ARS) 

in NTS2 during cell division (12). 

However, not all repeats of rDNA are active in the same S phase of the 

cell cycle, with strings of repeats alternating between being fully transcriptionally 

active and completely silenced by Sir2 activity. The number of active repeats of 
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rDNA in the nucleolus is closely related to the growth rate of the cell as more 

ribosomes need to be synthesized to meet demands for increased protein 

production. The rDNA locus is the most transcriptionally active region of the 

genome as a result, yet less than half of the repeats are active during any given 

cell cycle (22). 

 

Figure 2. Products of rDNA double strand breaks during replication. Stalling of DNA replication 

at Fob1 replication fork barrier can result in restoration by homologous repair (Top), duplication 

or deletion of rDNA repeats to increase or decrease in copy number (Bottom), or formation of an 

extrachromosomal rDNA circle (ERC) capable of self-replication (Right). 

Due to the highly repetitive nature of the rDNA array, the locus is 

vulnerable to homologous recombination and production of extrachromosomal 

rDNA circles (ERCs), so silencing of repeats is thought to reduce this source of 

genomic instability (Figure 2). ERCs are generated through homologous 

recombination repair between rDNA repeats after a double-strand break, excising 

a circle of extrachromosomal DNA possessing its own ARS sequence (1,24). The 

plasmids exhibit a bias towards the mother cell during mitosis, distributing more 

evenly to late-life daughters and contributing to their pre-mature senescence. 

Accumulation of ERCs are believed to dilute transcriptional machinery, 
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deregulating ribosomal biogenesis and contributing to senescence of the mother 

cell (1). 

Double-strand breaks in the rDNA array are thought to be a result of 

stalled DNA replication at the replication fork barrier. Therefore, elimination of 

the replication fork through deletion of fob1 alleviates the effects and reduces the 

formation of ERCs at NTS1 (25). Curiously, deletion of fob1 prevents Sir2 

silencing activity at NTS1, yet Sir2 silencing at the downstream NTS2 is 

unaffected, lending evidence towards a RENT independent mode of silencing at 

NTS2 (Figure 1) (12,13). A previous study has also linked fob1 and rpa135, a 

gene encoding a subunit of RNA polymerase I, to the addition and removal of 

rDNA repeats through homologous recombination (23). It can be conjectured that 

homeostasis is maintained between silencing and unsilencing rDNA repeats 

across cell cycles, facilitating growth with minimal damage to the locus through 

mechanism that have yet to be fully characterized.  

  

Effects of NAD(+) Biosynthesis on Sir2  

 As outlined prior, Sir2 is regulated by NAD(+) metabolism along with its 

yeast homologs, Hst 1 through 4, and the human homolog, Sirt1. Through sirtuins 

and other NAD-dependent HDACs, NAD(+) plays an important factor in 

regulating genomic stability, stress responses, mitochondrial activity, and a 

myriad other functions in aging (19,21,26). NAD/NADH is important in the 

classic example of cellular respiration where it is an electron acceptor in the 

Krebs cycle and an electron donor in the electron transport chain driving ATP 
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production. The electron carrier is also well known for mediating redox reactions 

within the cell such as fermentation of alcohols.  

Dysregulation or deficiency of NAD(+) is known to lead to pathologies 

such as shortened lifespans in yeast (6,17,27). Typical concentrations of NAD(+) 

are approximately between 1 to 2 mM in yeast, remaining relatively stable 

throughout the life span (28). Historically in humans, NAD(+) deficiencies led to 

outbreaks of pellagra and the discovery of vitamin B3, niacin or nicotinic acid 

(NA), to be an important coenzyme in normal nutrition. Later studies would 

reveal that circadian rhythms regulate and are regulated by NAD(+) through 

sirtuin regulation of the Clock:Bmal1 dimer counterbalanced by the dimer’s 

regulation of Nampt affecting Sirt1 activity (6,7,29). This additional layer of 

regulation only present in higher eukaryotes further raises interesting questions 

about how underlying mechanisms in NAD(+) fluctuations are regulated in yeast 

and how circadian rhythms developed from lower eukaryotes.  

To better characterize NAD(+) metabolism, many studies have been 

dedicated to the effects perturbations of NAD(+) biosynthesis have on budding 

yeast (6,21,28,30).  NAD(+) is produced through two, main pathways: either by 

conversion of tryptophan through de novo synthesis or through conversion of 

other metabolites through the NAD(+) salvage pathway (Figure 3) (6,28). 
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Figure 3. NAD(+) Biosynthesis in yeast. The de novo synthesis pathway conversion of tryptophan 

into quinolinic acid (QA) is mediated by the BNA gene products. The de novo pathway converges 

with the salvage pathway through QPT1 conversion of QA to nicotinic acid mononucleotide 

(NAMN). Sirtuin activity requires clearance of nicotinamide (NAM) and supply of NAD(+) 

through the salvage pathway. Nicotinic acid (NA) and NAM are major metabolites used in the 

salvage pathway, though salvage of nicotinamide riboside (NR) also raises the NAD(+) pool. 

Metabolites added to media in this study are shown in bubbles above. For brevity, only Sir2 is 

shown converting NAD(+) to NAM and o-acetyl-ADP-Ribose. 

Sir2 activity is mainly regulated by the salvage pathway as deletion of qpt1 

disabled de novo synthesis but had no significant effect on the NAD(+) level, 

RLS, or rDNA silencing in yeast. Conversely, deletion of npt1, which enables 

NAD(+) salvage from NA and NAM (Figure 3), had a significant effect on 

lifespan and silencing as well as slowing growth (20,31). Since NAD(+) is 

integral to the proper function in healthy mitochondria, it is not surprising that 

inhibiting NAD(+) production would have an adverse effect on growth. Deletion 

of qns1 disables NAD(+) production from the NAMN dependent pathway. qns1Δ 

mutants, however, can be partly rescued through NAD(+) salvage from 
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nicotinamide riboside (NR), whose steady state concentration is approximately 3 

µM, in a NAMN independent pathway conserved in yeast and humans (14,30,32). 

 Cells require a sufficient pool of free NAD(+) for many processes 

including proper regulation of Sir2, yet NAD(+) metabolism produces NAM, a 

noncompetitive inhibitor that acts as a rate limiting step in Sir2 activity in both 

humans and yeast (6,7). Treatment with 5 mM of NAM added extracellularly to 

yeast media is enough to significantly reduce rDNA silencing and RLS (13,19). 

Pnc1, the yeast nicotinamidase, is responsible for converting NAM to NA in the 

NAD(+) salvage pathway, increasing Sir2 activity as a result. Over expression of 

Pnc1 increases lifespan and is induced during the stress response through Msn2 

and Mdn4, as stated prior, and under calorie restriction (19,20). Through pnc1 

regulation, Sir2 activity can respond to a variety of intracellular conditions, 

though the precise interactions remain unclear. 

The availability of NAD(+) varies the NAD/NADH ratio in the cell. Some 

studies suggest a role of redox state on Sir2 activity, yet the significance is 

muddled without the ability to reliably separate the interactions between sirtuins 

and responses to oxidative stress (15,20,28,33). Though challenges remain in 

gauging the redox state and NAD/NADH ratio within S. cerevisiae, strides have 

been made in developing in vivo sensors for NAD(+) levels in different 

compartments of the cell (6,27,28,31,34–36).  
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NAD(+) Regulation of Single-Cell Sir2 Dynamics 

 A previous study with a rDNA silencing fluorescence reporter in the lab 

has shown that single-cells experience pulses of silencing loss of increasing 

magnitude towards the end of life with a death morphology correlated with 

sustained Sir2 silencing loss and another possibly linked to mitochondrial 

dysfunction (13). The first death type was characterized by large, elongated late-

life daughter cells and a state of sustained rDNA unsilencing of approximately 

1,000 minutes. The second death type was marked by smaller, round late-life 

daughters and a longer cell cycle. On average, the elongated death type had a 

greater RLS than the second death type, and there appeared to be no correlation 

between rDNA unsilencing and RLS in the second death type (13). 

 The silencing reporter was GFP driven by the constitutive promoter of the 

Gpd3 isozyme, Tsh3. The reporter was integrated into NTS1, a region not 

normally available for RNA Polymerase II activity. When silenced by Sir2 

deacetylation, the reporter showed low fluorescence, marking periods of 

unsilenced rDNA with GFP expression. Using this reporter, cells were pulsed 

with 5 mM NAM or 2.5 mM NA to repress or activate Sir2 activity respectively. 

A 1,000-minute pulse of NAM induced strong, fluorescence intensity and led to 

significantly reduced RLS without the ability to recover normal dynamics of 

rDNA silencing. A constant pulse of NA, stimulating the NAD(+) salvage 

pathway was shown to eliminate the sustained rDNA unsilencing in death type 1, 

but RLS was also significantly reduced. Results of the study suggest that the 



11 

 

dynamics of Sir2-mediated rDNA silencing was necessary for longevity rather 

than remaining in either an silenced or unsilenced state for too long (13). 

 The underlying regulation for oscillations of Sir2 silencing within the 

rDNA array remain unclear, and investigating the single-cell dynamics of 

NAD/NADH within yeast may provide insight into the mechanisms underlying 

the death morphologies characterized. To monitor both rDNA silencing and 

NAD(+) metabolism in this study, the silencing reporter developed previously in 

the lab was combined with a fluorescence reporter utilizing a transcription factor 

and promoter combination driven noncatalytic binding of NAD(+) in this study 

(13,33,37,38).  Both reporters were integrated into the BY4741 background and 

allowed for time-lapse fluorescence microscopy of single-cell responses to 

NAD(+) across life span under chemostatic conditions. The advantage of this 

approach is a robust and high throughput method for cell tracking across life span 

compared to microdissections with the ability to tag genes of interest without 

chemically altering the cells. 

 

Materials and Methods 

Plasmid Construction 

Standard methods were used in the construction and manipulation of bacterial 

strains. The NAD(+) sensor plasmid (NHB0617) was constructed by ligating a 

NAD(+) sensitive transcriptional activator, a modified protein called NadR-AD, 

into a plasmid containing a minimal his promoter with upstream binding sites for 

NadR-AD called the nadA-Box (33,38). To construct NHB0573, the nadA-Box 
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binding site repeats and minimal promoter were cloned from NHB0572 

(pLP3247, a generous gift from the Lorraine Pillus lab), GFP was cloned from 

NHB0043, and both resulting fragments were integrated into pRS306 

(NHB0102), linearized with EcoRI and BamHI, by Gibson Assembly (New 

England Biolabs). The NadR-AD coding sequence and yeast ADH2 terminator 

were cloned from NHB0536 (pLP3228) and driven by the constitutive promoter 

of TDH3, a GPD isozyme, cloned from NHB0393 and integrated into pRS303 

(NHB0100) to construct NHB0581 by Gibson Assembly (38–40).  

 

Table 1. Plasmids used in this study. 

Plasmid Features Source 

NHB0001 pCgHIS (13) 

NHB0004 pCgURA (13) 

NHB0043 pKT127_pFA6a-link-yEGFP-KAN (40) 

NHB0100 pRS303 (39) 

NHB0102 pRS306 (39) 

NHB0103 pRS313 (39) 

NHB0105 pRS316 (39) 

NHB0200 

pRS306_XhoI_NTS1_EcoRI_pGPD-

GFP_EagI (13) 

NHB0213 

pRS305_ApaI_NTS1-pGPD-

mCherry_SacI (13) 

NHB0393 pTDH3p_dCas9-NLS (41) 

NHB0536 pLP3228 (38) 

NHB0571 pDS526, pSE1107_NadR-AD (38) 

NHB0572 pDS529, pHISi_nadA-Box-HIS3 (38) 

NHB0573 pRS306_nadA-Box-yeGFP This study 

NHB0581 pRS303_pTDH3-NadR This study 

NHB0617 

pRS306_SacI_nadA-

yeGFP_XmaI_pTDH3-

NadR_yADH2t_SalI This study 

 



13 

 

 

Figure 4. Diagram of NHB0617 NAD(+)-fluorescence reporter plasmid in pRS306. Single 

restriction sites are shown with their relative locations above. The fusion protein NadR-AD non-

catalytically binds with NAD(+) in the nucleus to activate the minimal promoter through the nadA 

binding sites labeled “NAD Boxes,” driving GFP expression. 

The pTDH3-NadR-AD-yADH2t insert was then subcloned from 

NHB0581 into NHB0573 by digestion with XmaI/SalI and ligation to construct 

NHB0617. Further information on E. coli strains can be found in Table 1, and 

oligonucleotides used in cloning can be found in Table 2. 

 

Yeast Strain Construction 

Standard methods were used to manipulate and maintain yeast strains. For 

transformations, yeast were inoculated in 2 mL YPD 2% Glucose and grown 

overnight at 30˚C on a 222 rpm shaker. The overnight culture was then diluted to 

OD600 = 0.2 measured with a spectrophotometer the following morning and 

allowed to grow to OD600 = 0.6 before transforming following the lithium 

acetate method (42). 24 transformants were chosen from the primary selection 

plate, streaked for single colonies on a secondary selection plate, and screened 

using fluorescent microscopy techniques described further below and additionally 

verified by Colony PCR. 
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Table 2. Oligonucleotides used in this study. 
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Oligonucleotide Sequence 

Oligo1_F 

GCATTCGCGAAGATATCTTAGAATGTGATTTGTTGA

TTTG 

Oligo2_R 

CGCTACTTCTAAACTTGTCCCAATGCAAATCAACAA

ATCA 

Oligo3_F 

AGTTTAGAAGTAGCGCCAGTGTCTGAAATCGTAAA

CATGG 

Oligo4_R 

AGGACTTGGGGAACGTGGGAAGGAACCATGTTTAC

GATTT 

Sir2-

pCgURA_F 

GATATCTTAGAATGTGATTTGTTGATTTGCATTGGG

ACAAACAGGAAACAGCTATGACC 

Sir2-

pCgURA_R 

ACCATGTTTACGATTTCAGACACTGGCGCTACTTCT

AAACGTTGTAAAACGACGGCCAGT 

sir2-K475E_F CCACCTGCGTTACCTGCC 

sir2-K475E_R AGTGAGATGGGCGGTACATG 

pRS306-nadA-

Box_F 

CTATAGGGCGAATTGGAGCTCTGAATTGTAATACG

ACTCACTATAG 

yeGFP-nadA-

Box_R 

CTTTAGACATTTTGTTCTTTGCCTTCGTTTATCTTGC

C 

nadA-yeGFP_F 

GAAGGCAAAGAACAAAATGTCTAAAGGTGAAGAAT

TATTC 

pRS306-

yeGFP_R 

CGAATTCCTGCAGCCCGGGGGATCCTTATTTGTACA

ATTCATCCATACC 

pRS306-int-

ck_F GCGGCATCAGAGCAGATTG 

URA3-term_R GCGAGGTATTGGATAGTTCC 

F1-M13-int-

ck_R CAACACTCAACCCTATCTCG  

pURA3_F GCTGTGGTTTCAGGGTCC  

nadA-box-

seq_F CTCACTATAGGGCGAATTCC 
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Table 2. Oligonucleotides used in this study, Continued. 

Oligonucleotide  Sequence 

yADH2-

Term_F CGTAAATTTCTGGCAAGGTAG 

Gal4_AD-

seq_R CGGACCAAACTGCGTATAAC 

His3_F CGGGATTGCTCTCGGTC 

His3_R GACCGAGAGCAATCCCG 

pRS303-

GAP_F 

CGAATTGGAGCTCCACCGCGGTGGCGGCCGCTCATT

ATCAATACTGCCATTTC 

NadR-GAP_R 

CCGCTTTATCCATTTTGTTTTTGTTTGTTTATGTGTG

TTTATTC 

GAP-NadR_F 

ATAAACAAACAAAAACAAAATGGATAAAGCGGAA

TTAATTC 

pRS303-

NadR_R 

GAATTCCTGCAGCCCGGGGGATCCACTAGTGTGGTC

AATAAGAGCGAC 

NadR-seq_F CTCTGCAACAGGTGGCTG 

pRS306-sc-

ck_F CCGAAAAGTGCCACCTGAC 

M13-sc-ck_R CACTCAACCCTATCTCGGTC 

XmaI-

pTDH3_F AATTCCCGGGGAGTTTATCATTATCAATACTGCC 

SalI-yADH2t_R AATTGTCGACTGTGGTCAATAAGAGCGACC 
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Yeasts strains were constructed from the BY4741 (MAT a his3Δ1 leu2Δ0 

met15Δ0 ura3Δ0) strain background, labeled NH0268 (13,43). The sir2 K475E 

point mutation was introduced to the yeast strain NH0273 (BY4741 with a 

Nhp6a-iRFP reporter) using standard site-directed mutagenesis to construct strain 

NH0713 using Ura3 as the CORE selectable marker (27,44). The point mutation 

was confirmed by colony PCR and subsequent sequencing. 

NH0713 was transformed with the plasmid NHB0200, a pTDH3 driven 

GFP with homology to the native NTS1 region of S. cerevisiae rDNA for 

recombination, digested with HindIII to construct strain NH0747. Due to the 

repetitious nature of the ribosomal DNA region leading to variable copy numbers 

of rDNA repeats, transformants with the lowest fluorescence of GFP were taken 

to have a lower copy number of successfully integrated plasmids. Live image 

screening was done following methods established in previous work involving 

yeast aging and detailed further below (13). 

The fluorescent NAD(+) reporter, NHB0617 was linearized with StuI and 

transformed into the native ura3 locus in Chromosome V of both NH0273 and 

NH0713 by homologous recombination to construct NH0748 and NH0749 

respectively. Fluorescent microscopy and colony PCR were used to verify that 

only a single copy of the plasmid had been integrated. 

To validate that fluorescence generated by the NAD(+) reporter was 

affected by intracellular concentrations of NAD(+) and not through global 

fluctuations of transcription or by leaky transcription of the reporter’s minimal 

his3 promoter, a npt1Δ mutant was created by replacing the npt1 open reading 
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frame (ORF) with a PCR product containing C. glabrata yeast his3 promoter and 

ORF through homologous recombination. Deletion of npt1 disables the NAD(+) 

salvage pathway’s ability to convert NA and NAM into NAD(+) in S. cerevisiae 

and also lowers the global concentration of NAD/H (6,20,28,31). Additional 

media compositions were also used to manipulate the levels of NAD/H in the cell 

cultures. 

For imaging experiments, Synthetic Dextrose Complete (SC) medium 

with 2% glucose was used. For calorie restriction, the glucose was reduced to 

0.5% (15,33). 2.5 mM NA was added to SC 2% media to both chemically activate 

Sir2 and upregulate NAD(+) biosynthesis through the salvage pathway 

(6,21,28,31). Synthetic Dextrose media with 2% glucose and without niacin was 

also used to validate that decrease in NAD(+) reporter intensity was due to 

decreased concentration of NAD(+) rather than a result of the npt1Δ mutation. 

Similarly, 5 mM NAM was added as a Sir2 inhibitor, as detailed in the lab’s 

previous work on yeast aging and Sir2, without effect on the steady state levels of 

NAD(+) (6,13,17,28). 
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Table 3. Yeast strains used in this study. All strains are derived from the BY4741 background.  

 

 

Strain Genotype Source 

NH0268 BY4741, Nhp6a-iRFP:Kan (13) 

NH0270 

BY4741, Nhp6a-iRFP:Kan, 

RDN1_NTS1::pGPD_GFP-Ura3 

(13) 

NH0273 BY4741, Nhp6a-iRFP:Kan, ura3-1 (13) 

NH0285 BY4741 (Meng), Nhp6a-iRFP:Kan NTS2::pGPD-

GFP-Ura3 

(13) 

NH0294 BY4741, Nhp6a-iRFP:Kan, 

RDN2_NTS2::pGPD_GFP-Ura3, fob1::His 

(13) 

NH0684 

BY4741, Nhp6a-iRFP:Kan, Sir2::Sir2-pCgURA-

K475E 

This study 

NH0713 BY4741, Nhp6a-iRFP:Kan, ura3-1, Sir2:Sir2-K475E This study 

NH0747 

BY4741, Nhp6a-iRFP:Kan, ura3-1, Sir2:Sir2-K475E, 

RDN1_NTS1::pGPD_GFP-Ura3 

This study 

NH0748 

BY4741, Nhp6a-iRFP:Kan, ura3-1::nadA-GFP-

pTDH3-NadR-yADH2t-Ura3 

This study 

NH0749 

BY4741, Nhp6a-iRFP:Kan, ura3-1::nadA-GFP-

pTDH3-NadR-yADH2t-Ura3, Sir2:Sir2-K475E 

This study 

NH0757 BY4741 (Meng), Nhp6a-iRFP:Kan ura3-1::nadA-

GFP-pTDH3-NadR-yADH2t-Ura3, npt1::His3 

This study 

NH0758 BY4741 (Meng), Nhp6a-iRFP:Kan ura3-1::nadA-

GFP-pTDH3-NadR-yADH2t-Ura3, Sir2:Sir2-K475E, 

npt1::His3 

This study 

NH0774 BY4741 (Meng), Nhp6a-iRFP:Kan ura3-1::nadA-

GFP-pTDH3-NadR-yADH2t-Ura3, 

NTS1::pGPD_mCherry-Leu 

This study 

NH0775 BY4741 (Meng), Nhp6a-iRFP:Kan ura3-1::nadA-

GFP-pTDH3-NadR-yADH2t-Ura3, Sir2:Sir2-K475E, 

NTS1::pGPD_mCherry-Leu 

This study 

NH0797 BY4741 (Meng), Nhp6a-iRFP:Kan ura3-1::nadA-

GFP-pTDH3-NadR-yADH2t-Ura3, 

NTS1::pGPD_mCherry-LEU, npt1::His3 

This study 

NH0799 BY4741 (Meng), Nhp6a-iRFP:Kan 

RDN1_NTS1::pGPD_GFP-Ura3 pGPD::pGPD-Pnc1-

His 

This study 
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Live Cell Imaging and Image Analysis 

Experiments were conducted using a Nikon Ti-E inverted fluorescence 

microscope with Perfect Focus coupled with an EMCCD camera (Andor iXon ×3 

DU897). The light source was a Spectra X LED system. Images were taken with 

Nikon Immersion Oil Type F with refractive index = 1.518, dispersion = 41, 

viscosity = 410 cst, and very low autofluorescence at 23˚C. The microscope was 

programmed to acquire images with the following channel settings: Phase 50 ms. 

exposure at 10% lamp intensity with an EM Gain multiplier of 56, GFP 10 ms. 

exposure at 10% lamp intensity with an EM Gain of 20, and Cy5 (iRFP) 300ms. 

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

Yeast were prepared by first inoculating strains in 2 mL of SC 2% or 0.5% 

Glucose media from a single colony on a YPD plate and allowed to grow 

overnight. The following day, the overnight cultures were diluted 1:10000 and 

grown for 22 hrs. until an OD between 0.4 and 0.6 was reached. The diluted 

cultures were then treated with NA, NAM, or other metabolites and imaged every 

two hours for 8 hrs.  

Positions of cells were tracked with the Cy5 channel and thresholded 

through the FIJI distribution of ImageJ to generate a nuclear mask using the Max 

Entropy auto-threshold algorithm (45). Since the fluorescent reporters used were 

distributed across the cell, the nuclear masks were dilated during quantification to 

encompass the cell. Regions of interest were manually curated to remove false 

positives or nuclear masks of cells that had moved during imaging. The mean 
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intensity value of the cell area was taken as the mean reporter intensity for both 

the rDNA silencing and NAD(+) reporter. 

 

Time-lapse Microscopy and Quantification of Single-cell Traces 

 Time-lapse imaging experiments were performed using a Nikon Eclipse 

Ti-2 inverted fluorescence microscope coupled with a Photometrics Prime 95B 

CMOS camera with a 25 mm. field of view. Images for all experiments were 

taken with Nikon Immersion Oil Type A with refractive index = 1.515, dispersion 

= 41, viscosity of 150 cst, and low autofluorescence at 23 ˚C. The microscope was 

programmed to acquire images every 15 mins. with the following channel 

settings: Phase 50 ms. exposure at 10% lamp intensity, GFP 10 ms. exposure at 

10% lamp intensity, and Cy5 (iRFP) 300ms. exposure at 15% lamp intensity. The 

GFP exposure was adjusted to 7 ms. for use with the NAD-GFP reporter. Long 

term experiments of 80 hours were conducted by Beverly Naigles and quantified 

following previously established methods using custom MATLAB code and 

modified in this study to quantify multiple fluorescence reporters simultaneously 

(13). The mean intensity value of the top 40% of fluorescence reporter pixels 

were taken as the intensity of the rDNA and NAD(+) reporters. 

 Mother cells were identified as cells closest to the dent of the microfluidic 

device trap (Figure 5). The nuclear protein Nhp6A tagged with iRFP was used to 

label the nucleus of the cell throughout the experiment and determine cell cycles. 

All single-cell time trace fluorescent reporter intensities were normalized to the 

first generation of the mother cells and smoothed following prior protocols (13). 
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Figure 5. Diagram of Microfluidic Cell Trap. Traps were 4.3 µm in height while media channels 

were 20 µm high. Media flowing from above loaded mother cells into the traps. Mother cells were 

unable to escape through the bottom of the trap due to the indent designed to be smaller than the 

average cell-size of S. cerevisiae. As shown in the middle and right traps above, mother cells were 

still capable of budding daughters through the dent which would be washed away by media 

flowing towards the waste outlet, facilitating tracking of the mother cell throughout lifespan with 

reduced overcrowding. 

 Cell cycles were manually determined as the timepoint where the nuclei of 

the mother and daughter cells became separated prior to budding. In periods 

where the nuclear marker became faint or degraded, cell cycles were determined 

relative to the timepoint where budding was completed. Mother cells were also 

categorized by phenotype of the mother and late-daughters at the end of the 

replicative lifespan. The first death type was characterized by presence of the 

nuclear marker and production of elongated daughters. The second death type was 

characterized by production of small, round daughters and the usual loss of the 

nuclear marker due to degradation of heme affecting iRFP (46). 

 Some mother cells displayed unusual morphologies at the beginning of the 

experiment. Cells that had fewer than five generations or displayed initially slow 

cell cycles greater than 150 minutes were excluded from counting. Occasionally, 

ERCs caused exponential growth of the rDNA marker intensity leading to 
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oversaturation in the mother cell’s trap. Due to the inability to quantify the 

intensity, cells with ERCs were removed from counting as were cells with 

affected fluorescence intensities in the two, adjacent traps on each side. 

 

Results 

High Sensitivity of NAD(+) Fluorescence Reporter 

 To monitor NAD(+) levels throughout yeast replicative lifespan using 

time-lapse microscopy, a fluorescent reporter needed to be constructed that was 

sensitive to the NAD(+) pool. The fusion protein NadR-AD, containing the 

NAD(+) dependent DNA binding domain of NadR from S. typhimurium, a yeast 

nuclear localization sequence, and the GAL4-AD, was used to drive expression of 

GFP by binding to sites in the upstream activating sequence of a minimal his 

promoter (Figure 4) (33,37). The resultant protein was then able to detect the 

nuclear NAD(+) pool. Both GFP and NadR-AD inserts were ligated into the same 

vector to facilitate ease of reporter integration into the restored ura3 ORF on 

Chromosome V in the BY4741 background. Integration of a single copy of the 

plasmid was then confirmed by colony PCR.  

To validate the reporter’s sensitivity to NAD(+) levels, an npt1 mutant 

was generated since deletion of the gene product is known to significantly reduce 

the NAD(+) level and reduce growth speed while a qns1 mutant that inhibits 

NAD(+) synthesis from all NAMN sources would be inviable without treatment 

of nicotinamide riboside throughout growth and selection (20,28,47).  
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Figure 6. Validation of NAD(+) Reporter by NR addition. 8 hr. time course of NH748 (WT + 

NAD-Reporter) and NH757 (npt1Δ + NAD-Reporter) treated with 10 µM NR. The npt1Δ mutant 

showed reduced fluorescence intensity across the experiment. Addition of NR was able to rescue 

fluorescence intensity and NAD(+) levels. Representative cells of each timepoint for NH757 

treatment with NR are shown above. Addition of NR to NH748 had no effect on fluorescence. 

Deletion of npt1 disabled the ability of yeast cells to salvage NAD(+) from 

traditional sources such as NA or NAM that converge on NAMN while retaining 

the ability to synthesize NAD(+) from the de novo and NR salvage pathways 

(Figure 3) (20,30). Both WT and npt1 mutants with the integrated NAD(+) 

reporter were then treated with SC 2% glucose or SC 2% glucose with 10 µM NR  

 

0 hr 2 hr 4 hr 6 hr 8 hr 

npt1Δ 

+ NR 
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Figure 7. NAD(+) metabolite dose response curve. (a) NH757 treated with 1, 5, 10, or 50 µM NR. 

Doses of 100 and 300 µM were also tested but showed no significant difference from treatment 

with 50 µM NR and so were excluded. Addition of 5 or 10 µM NR was sufficient to maximally 

induce GFP expression in the npt1Δ mutant. Values were normalized to the average GFP intensity 

of the NH757 control at time = 0 hrs. with no NR. (b) NH774 cultured in SC 2% Glucose media 

without Niacin then treated with 3, 6, 9, or 15 µM NA. Doses of 30, 150, and 300 µM were also 

tested but showed no significant difference from treatment with 15 µM NA and so were excluded. 

Addition of 3 µM NA was sufficient to maximally induce GFP expression. Values were 

normalized to the average GFP intensity of NH774 at time = 2 hrs. with no added NA.  5 mL. 

cultures were aliquoted from a stock culture and treated with the appropriate doses at time = 0hrs 

then imaged after an additional 2 hrs. for both the NR and NA dose response curves.  
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a) 

b) 
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added at time = 0 hours to restore NAD(+) through an NMN dependent salvage 

pathway.  

Results showed that deletion of npt1 resulted in reduced fluorescence of 

the reporter under standard conditions with reporter activity being rescued by 

addition of 10 µM NR (Figure 6). The npt1 mutant responded to NR treatment 

rapidly and reached maximal expression between 2 and 4 hours, showing 

significant difference from the WT strains after the second hour. A NR dose 

response of the npt1 mutant was conducted with varying concentrations of the 

metabolite, confirming that 10 µM of NR would be sufficient to maximize 

fluorescence intensity (Figure 7a).  

The intracellular concentration of NAD(+) in yeast grown with SC 

supplemented with NA had been previously reported to be approximately 2 mM, 

declining a half-fold to approximately 1 mM with age and saturation in a liquid 

culture. The same study showed that yeast grown in media without a NAD(+) 

metabolite was shown to have a constant concentration of approximately 1 mM 

NAD(+), consistent with the depressed GFP expression of the npt1 mutant 

without NR treatment compared to the steady decline observed after addition of 

NR (28). 

The sensitivity of the reporter was then assessed with a dose response to 

SC media without Niacin but supplemented with NA (Figure 7b). Results of NA 

treatment revealed that 3 µM of NA, which is the average concentration of NA 

found in commercial yeast nitrogen bases, was sufficient to maximally induce 

GFP expression and meant that the NAD(+) reporter was fully activated by NA 
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already supplied by SC 2% Glucose media (28). With the NAD(+) reporter 

saturated at the physiological level of NA and NAD(+), changes in the 

fluorescence reporter could be interpreted to reflect changes in the nuclear 

NAD(+) pool, decreasing or increasing with the available NAD(+) for NadR-AD 

binding. However, singe-cell analyses were predicted to show more variable 

behaviors under chemostatic conditions as opposed to in a liquid culture. 

 

NAD(+) Decreases Across Lifespan of Death Subtype 

The NAD(+)-GFP reporter was integrated alongside the NTS1-mCh 

silencing reporter to construct the strain NH0774. Co-expression of both reporters 

allowed for characterization of the relationship between Sir2 dependent rDNA 

silencing and NAD(+) single-cell dynamics across lifespan. Cells were grown to 

exponential phase and loaded into a microfluidic device designed then tracked 

under chemostatic conditions for 80 hrs. (Figure 5) (13). 

The experiment captured the lifespans of 168 total cells with 132 cells 

falling under the first death type with elongated late-life daughters and the 

remaining 36 falling under the second death type with small, round daughters  

before death. No significant differences in RLS (Table 4) were found when 

compared to previous data of the wild type life span using the control strain, 

NH0270 (13).  

Table 4. Replicative Life Span of NTS1-mCh and NAD-GFP double reporter. Death type 1 had 

elongated daughters while death type 2 had small, round daughters before death. 

Strain Death Type Mean RLS n % of Total 

NH0774 1 22.86 ± 7.565 132 78% 

 2 15.92 ± 4.836 36 21% 
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Figure 8. Dynamics of silencing loss and NAD(+) oscillations during aging. Single-cell traces are 

represented by rows with normalized reporter intensity as indicated by the color bar. Fluorescence 

of cell traces were normalized to the mean fluorescence of the first cell cycle. Each cell’s lifetime 

is represented along the x-axis. Cells are positioned along the y-axis in order of increasing RLS 

from top to bottom. (Left) Normalized NTS1-mCh intensity. (Right) Normalized NAD(+)-GFP 

intensity for the corresponding cell on the left. (a) Dynamics of cells with elongated daughters at 

death. (b) Dynamics of cells with small, round daughters at death. 

In the first death type, cells showed great diversity in both lifetime and 

replicative life span, with a range from 7 to 48 generations. A few patterns 

emerged, however, as most cells expressed pulses of high GFP intensity, 

correlating with changes in the nuclear NAD(+) pool, in phase with pulses of 

decreased NTS1 silencing (Figure 9a). Each oscillation was multigenerational 

with many cells experiencing a variable number of pulses before reaching a death 

phase characterized by a sustained period of unsilencing of approximately 750 to 

1,000 minutes in duration (Figure 8a) (13). NAD(+) levels remained relatively 

b) 

a) 
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Figure 9. Select time traces of silencing and NAD dynamics during aging. Normalized mCh 

intensity was subtracted from the max fold change, 8.0, to track NTS1-silencing across lifespan. 

Normalized GFP intensity was multiplied by half the max fold change for ease of visual 

comparison. (a) Dynamics of cells with elongated daughters at death. Oscillations in silencing and 

NAD(+) vary in amplitude and intensity. (b) Dynamics of cells with small, round daughters at 

death. Gradual silencing and NAD loss are observed in some cells. 

stable throughout life span and oscillated without greatly affecting the nuclear 

NAD(+) pool by more than a half-fold change by the end of life and before the 

death phase (Figure 9a).  

b) 

a) 
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The second death type, with round daughters, displayed no coherent 

patterns in NTS1 unsilencing (Figure 8b) but still displayed a wide range in life 

span from 8 to 30 generations. rDNA was unsilenced at NTS1 earlier in life span 

compared to the first death type with few cells possessing few if any large 

oscillations in silencing (Figure 9b). Notably, cells of this death type appeared to 

show a more significant decrease in the NAD(+)-GFP reporter across life span 

(Figure 8b). Single-cell traces of representative cells show a gradual decrease in 

the nuclear NAD(+) pool over life span and appear to lead towards depletion 

(Figure 9b). 

 

rDNA Silencing Dynamics Independent of Recombination 

 rDNA silencing observed in NTS1 steadily decayed over life span with 

oscillations that tended to lower in amplitude. A possible factor for the decreased 

silencing could have been an increase in the copy number of NTS fluorescent 

reporters repeats due to duplication events following double strand breaks and 

homologous repair during DNA replication, as increased fluorescence due to 

increased RNAP II activity is the result of silencing loss (1,2). To observe 

whether copy number of the reporter was a significant contributor to fluorescence 

intensity, a fob1Δ mutant strain, NH0294, was constructed to reduce the 

recombination rate of the rDNA locus (23). Deletion of fob1 resulted in loss of 

silencing at NTS1, because the RENT complex could not interact with the region 
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Figure 10. Quantitative analysis of fob1Δ mutant. (Left) Results of cells with elongated daughters. 

(Right) Results of cells with round daughters. (a, b) Dynamics of WT (NH0285) and fob1Δ 

(NH0294) with the NTS2-GFP reporter respectively. (c, d) Select cell traces of normalized NTS2-

GFP intensity taken from the heatmap for NH0285 and NH0294, respectively, that include the 

traces of cells with minimum and maximum RLS. No significant difference in dynamic patterns 

were found between strains. Cells with round daughters showed high silencing throughout life at 

NTS2. 

b) 

a) 

d) 

c) 
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without the replication fork barrier (2,12). Previous work by the lab has shown 

that a reporter inserted into NTS2 possessed similar dynamic patterns as the 

NTS1-GFP reporter (13). 

 Time lapse fluorescence microscopy revealed that the fob1Δ mutant with 

NTS2-GFP silencing reporter, NH0294, did not have significant differences in 

silencing pattern from the WT with NTS2-GFP silencing reporter, NH0285, at 

NTS2 (Figure 10). However, cells with round daughters near death consistently 

had little to no silencing loss at NTS2 (Figure 10) compared to the wider variety 

of silencing dynamics at NTS1 (Figure 8). 

 The fob1Δ mutant showed an increase in RLS for both death types, 

corroborating earlier studies while also increasing the variance in life span, 

particularly in the second death type (Table 5) (25). Notably, the lifetime of many 

cells was significantly extended in the fob1Δ mutant, indicated by the increased 

number of cells that survived past 4,000 min. (Figure 10b). 

Table 5. Replicative Life Span of WT and fob1Δ with NTS2-GFP silencing reporter. Death type 1 

had elongated daughters while death type 2 had small, round daughters before death. 

Strain Death Type Mean RLS n % of Total 

NH0285 1 20.27 ± 5.946 15 25% 

 2 16.27 ± 5.744 44 75% 

NH0294 1 24.11 ± 6.799 18 22% 

 2 22.71 ± 9.6383 65 78% 

 

NAD(+) Modulates Sir2 Mediated Silencing 

 NAD(+) appeared to fluctuate with a similar periodicity as Sir2 mediated 

silencing. However, the data was insufficient to suggest a mechanism for Sir2 

oscillations. The sir2 point mutation K475E was then introduced, allowing the 
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mutant Sir2 to function in NAD(+) depleted environments (27). This improved 

catalysis and would effectively allow the mutant Sir2 to act optimally and 

independently of NAD(+) dynamics across life span. 

 Results of the experiment revealed that the mutant Sir2 (Figure 11) had 

similar dynamics to the WT strain (Figure 8). Notably, the intensity of the 

fluorescent reporter was decreased by roughly a half fold during the oscillatory 

phase of life span compared to the WT strain (Figure 11a). The increased  

 

Figure 11. Quantitative analysis of Sir2 K475E mutant. GFP driven by the TDH3 promoter was 

inserted into NTS1. Single-cell traces are represented by rows with normalized reporter intensity 

as indicated by the color bar. Fluorescence of cell traces were normalized to the mean fluorescence 

of the first cell cycle of the WT strain (NH270). Each cell’s lifetime is represented along the x-

axis. Cells are positioned along the y-axis in order of increasing RLS from top to bottom. (Left) 

Results of cells with elongated daughters. (Right) Results of cells with round daughters. (a) 

Heatmap for each death phenotype. (b) Select single-cell traces representative of each death 

phenotype. 

  

b) 

a) 
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Table 6. Replicative Life Span of Sir2 K475E mutant with NTS1-GFP silencing reporter. Death 

type 1 had elongated daughters while death type 2 had small, round daughters before death. 

Strain Death Type Mean RLS n % of Total 

NH0747 1 22.23 ± 5.660 70 60% 

 2 19.23 ± 5.768 47 40% 

 

repression of the GFP reporter correlated with increased rDNA silencing, 

consistent with a more active Sir2 (27). 

 The replicative life span of cells with elongated daughters in the sir2 

mutant strain were not significantly different than those in the WT strain. 

However, cells of the second death type showed a significant increase in RLS 

(Table 6). 

 

Sir2 Mediated Silencing Driven by NAM Dynamics 

 NAM was a proven, non-competitive inhibitor of Sir2, so it was a likely 

candidate as a driver for the oscillations of Sir2-mediated rDNA silencing (17,19). 

Treatment of yeast with high doses of NAM were also shown to inhibit rDNA 

silencing and decrease life span (13,19), so a strain was constructed to over 

express the nicotinamidase, Pnc1, to decouple Sir2 from NAM regulation. 

 The results of a long term microfluidics experiment revealed that over 

expression of Pnc1 and the corresponding decrease in steady state concentrations 

of NAM significantly decreased the fluorescent reporter intensity (Figure 12a).  

Table 7. Replicative Life Span of Pnc1 OX mutant with NTS1-GFP silencing reporter. Death type 

1 had elongated daughters while death type 2 had small, round daughters before death. 

Strain Death Type Mean RLS n % of Total 

NH0799 1 18.59 ± 7.863 29 32% 

 2 17.03 ± 5.465 62 68% 
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Figure 12. Quantitative analysis of Pnc1 OX mutant. GFP driven by the TDH3 promoter was 

inserted into NTS1. Single-cell traces are represented by rows with normalized reporter intensity 

as indicated by the color bar. Fluorescence of cell traces were normalized to the mean fluorescence 

of the first cell cycle. Each cell’s lifetime is represented along the x-axis. Cells are positioned 

along the y-axis in order of increasing RLS from top to bottom. (Left) Results of cells with 

elongated daughters. (Right) Results of cells with round daughters. (a) Heatmap for each death 

phenotype. (b) Select single-cell traces representative of each death phenotype. 

The single-cell races showed that smaller, fluctuations in NTS1-GFP expression 

remained but lacked the stronger peaks of the WT strain (Figure 9a). Instead, the 

time traces of reporter intensity showed either a slight, increasing trend or 

fluctuations around a steady state value (Figure 12b). 

 As expected from the lab’s previous work, extended periods of silencing 

due to high Sir2 activity and lack of inhibition resulted in decreased replicative 

life span, particularly in mother cells with elongated daughters (Table 7) (13). 

 

b) 

a) 
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Discussion 

 For this study, a fluorescent reporter had been engineered for the detection 

of NAD(+) dynamics in S. cerevisiae in vivo that can be adapted to monitor the 

impact of further mutations on NAD(+) metabolism.  

The results of this study indicated that multigenerational NAD(+) 

dynamics exist in S. cerevisiae and are likely to be correlated with rDNA 

silencing patterns. Insertion of a fluorescent reporter at the ura3 locus in 

Chromosome V had shown no oscillations, so the oscillations of the NAD-GFP 

reporter are unlikely to be artifacts of the experiments (13). The NAD(+) 

fluorescence reporter had also been shown to reach saturation at 3 µM NA (Figure 

7b) and 10 µM NR (Figure 7a), concentrations of metabolites shown to restore 

average intracellular NAD(+) levels.  

Furthermore, NAD(+) dynamics appear to differ between the elongated or 

round late-life daughter death types. The nuclear NAD(+) pool remained stable 

throughout life span in cells of the first death type (Figure 9a), similar to 

previously reported data (28). Most mother cells did not experience a fold 

increase greater than 2.0 or decrease less than 0.5 (Figure 8a). The NAD-GFP and 

NTS1-mCh silencing reporter expressions appeared to be correlated until the 

death phase where sustained silencing lost contributed to mortality (Figure 9a). 

Coupling of the two reporters until the death phase may signify that cause of 

prolonged unsilencing of rDNA was not directly caused by NAD(+) oscillations 

but by dysregulation of a common factor upstream of NAD(+) metabolism and 

Sir2 regulation. 



38 

 

When Sir2 activity was decoupled from NAD(+) fluctuations with the 

introduction of a sir2 K475E mutant, no significant changes were observed in the 

Sir2 dynamics (Figure 11). The life span of cells with round late-life daughters 

was also significantly increased from 15.92 ± 4.836 generations (Table 4) to 

19.23 ± 5.768 generations (Table 6) as well. The experiment suggested that Sir2 

mediated silencing in the rDNA locus in not dependent on the general fluctuations 

of the nuclear NAD(+) pool. Previous microfluidic work done by our lab has 

shown that pulses of NA or NAM were sufficient to induce silencing or 

unsilencing, respectively, after a short delay (13).  

The results of the Pnc1 overexpression further evidenced that NAM 

regulation was a driving factor for dynamics in Sir2 mediated silencing in rDNA 

rather than on the NAD(+) metabolic network in general since the over expression 

resulted in strong silencing across life span and collapse of the reporter 

oscillations (Figure 3). Possibly, the dependence of yeast Sir2 activity on NAM 

dynamics has been conserved in the circadian regulation of Sirt1 by negative 

feedback through NAMPT (7,17).   

As characterized prior, the Nhp6A-iRFP nuclear marker remained stable at 

the end of lifespan compared to the second death type where the fluorescent 

protein intensity decayed or becomes undetectable sporadically throughout and at 

the end of life span (13). NAD(+) levels were shown to decline with NTS1 

silencing in cells with small, round late-life daughter (Figure 8b). Fluorescence 

intensity of the NAD-GFP reporter appeared to peak around 1,000 mins. before 

gradually decaying towards depletion (Figure 9a). Loss of the nuclear marker over 
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life span in these cells may be due to dysregulation in the yeast heme pathway, 

since biliverdin-IXα is necessary for iRFP fluorescence (46). Heme metabolism 

depends on NADP(H) which can be converted from NAD/H in both the cytosol 

and mitochondria (48–50). Decay of the NAD(+) reporter may then be the result 

of NAD(+) conversion to NADPH or consumption by dysregulated metabolic 

processes at the end of life. 

The enzyme, Pnc1, responsible for clearance of NAM to facilitate Sir2 

activity, is upregulated during the yeast stress response and may be connected to 

NADP(H) synthesis in the mitochondria for protection against stresses such as 

radical oxygen species (19,50). Through regulation of the NAD(+) pool and Pnc1 

expression, Sir2-mediated silencing may regulate and be regulated by metabolic 

processes. Dysregulation of heme metabolism may contribute to loss of nuclear 

NAD(+),  retarded cellular growth, and reduction of Sir2-mediated rDNA 

silencing observed in mother cells with small, round daughters before death. 

 

Future Directions 

 Due to the saturation of the NAD-GFP reporter in liquid cultures at 

standard media concentrations of niacin or NA, the dynamic range of the reporter 

was limited in its ability to detect smaller increases in the NAD(+) pool. Further 

work can be done in reducing the sensitivity of NadR-AD to NAD(+) or by 

modifying the NAD Boxes in the minimal promoter driving fluorescent protein 

expression to increase the dynamic range of the reporter.  
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Observing a strong pattern in NAD(+) dynamics in mother cells with 

round late-life daughters, further investigation into NAD(+) metabolism would be 

beneficial for clarifying the dynamics of Sir2-mediated silencing and better 

characterizing the death phenotype.  

 Overexpression of NNT1 may also be tested to reduce the negative 

feedback of NAM production by Sir2 activity without converting NAM into NAD 

through the salvage pathway. Combined with the double NAD(+) and silencing 

reporter, the NNT1 OX can be used to track changes in Sir2 activity in relation to 

its consumption of NAD(+). Similarly, a pnc1 deletion may result in greatly 

reduced Sir2 chromatin silencing and strengthen the connection Pnc1 as a driving 

regulator of Sir2. Since Pnc1 expression has also been shown to respond to other 

stimuli within budding yeast, perturbation of Pnc1 dynamics may reveal how Sir2 

integrates different inputs throughout the cell to appropriately silence certain loci 

within the genome (19).  

 Perturbation of heme metabolism may further reveal insight into the 

relationship dynamics between metabolic and silencing networks in budding 

yeast. Deletion of hap4 can probe the downstream effects of heme metabolism 

and upstream of Sir2 activity (33,51). Alternatively, a fluorescent protein driven 

by the promoter of cyc1, a Hap4-dependent gene, can be used as a read out of 

heme metabolism in vivo (52). 

 The creation of a fluorescent reporter able to respond non-catalytically to a 

coenzyme like NAD(+) is a valuable tool for studying broad aspects aging 

including the effects of metabolic shifts on silencing. A phenomenological model 
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of NAD(+) and Sir2 activity can be used to simulate dynamics and predict the 

impact of metabolic consumption or dysregulation of NAD(+) metabolites on 

rDNA silencing. Cross-correlation studies and further quantitative analysis on the 

existing experiments conducted in this study can be completed to better inform 

the construction of these models. 
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