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ABSTRACT

Aging and longevity are considered to be highly complex genetic traits. In order to
gain insight into aging as a polygenic trait, we employed an outbred Saccharomyces
cerevisiae model, generated by crossing a vineyard strain (RM11-1a) and a laboratory strain
(S288c), to identify quantitative trait loci that control chronological lifespan, replicative
lifespan, and telomere length. Among the major loci that regulate chronological lifespan in
this cross, one genetic linkage was found to be congruent with a previously mapped locus
that controls telomere length variation. We found that a single nucleotide polymorphism in
BUL?2, encoding a component of an ubiquitin ligase complex involved in trafficking of amino
acid permeases, controls chronological lifespan and telomere length as well as amino acid
uptake. Cellular amino acid availability changes conferred by the BUL2 polymorphism alter
telomere length by modulating activity of a transcription factor GIn3. Among the GLN3
transcriptional targets relevant to this phenotype, we identified Wtm1, whose upregulation
promotes nuclear retention of ribonucleotide reductase (RNR) components and inhibits the
assembly of the RNR enzyme complex during S-phase. Inhibition of RNR is one of the
mechanisms by which GIn3 modulates telomere length. Thus, identification of a
polymorphism in BUL?2 in this outbred yeast population revealed a previously unknown link

between cellular amino acid availability, chronological lifespan and telomere length control.

A genome scan for loci that control replicative lifespan identified the rDNA as a
major quantitative trait locus, accounting for 45% of the genetic variation in lifespan.
Despite its large size, rDNA is inherited as a single genetic locus due to the virtual absence of

meiotic recombination. The lifespan extension conferred by the vineyard rDNA was



independent of Sir2 and Fobl, proteins known to be involved in rDNA metabolism and
replicative lifespan. Among the rDNA sequence differences between the two strains, we
identified a polymorphism in the rDNA origin of replication in the vineyard strain, which
leads to a marked decrease in origin activation in plasmid maintenance assays as compared to
the laboratory sequence, is responsible for lifespan extension. We also found that vineyard
rDNA has markedly reduced size compared to laboratory rDNA and that strains carrying
vineyard rDNA have increased capacity for replication initiation at weak origins both in the
genome and on plasmids. Our results suggest that rDNA origin activation alters DNA

replication dynamics which modulates replicative lifespan.
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INTRODUCTION

The process of aging is difficult to define. The effects of age are seen in cosmetic
characteristics like gray hairs and wrinkles, but also manifest in more serious and less visible
attributes, such as the increased risk for diseases like arteriosclerosis, osteoporosis,
Alzheimer’s disease, and cancer. One could say that the defining universal features of the
aging process are the encroachment of functional decline and the increasing mortality rate as
one grows older. The onset of aging phenotypes, however, is not the same for all individuals.
Different people age at different rates, have different susceptibility to age-related diseases,
and have different lifespans. What allows for the variation in the onset of age-related
changes? Recent studies have suggested that a combination of factors, both environmental

and genetic, can contribute to our rates of aging and our longevity.

Diet is one environmental factor that has a dramatic impact on aging phenotypes and
longevity. First reported in 1935, mice whose calorie intake was reduced by 30% lived
approximately 50% longer than their well-fed counterparts [1]. The aging benefits from a
restriction of diet, referred to as “calorie restriction” or “dietary restriction,” was further
recapitulated in studies of longevity of worms, flies, yeast, and even Rhesus monkeys,
suggesting the presence of a universal mediator of aging [2,3,4,5,6]. Use of these model
organisms identified that changes in conserved genetic pathways underlying growth and
metabolism can similarly alter longevity. Mouse, Drosophila melanogaster, and
Caenorhabditis elegans mutants deficient in IGF-1 (insulin/insulin-like growth factor)
signaling are significantly longer lived and retain youthful phenotypes longer [7,8,9,10].

Inhibition of the conserved nutrient-signaling TOR pathway by the drug rapamycin also



increases mouse longevity [11]. Though these studies have begun to dissect the processes
involved in the conversion of caloric intake into increased lifespan, the exact mechanism
meting out the longevity benefit remains elusive. If we can uncover which functions driven
by calorie restriction affect lifespan, we may better understand the processes underlying

organismal aging.

Aging has been also studied at a cellular level. Cultured fibroblasts can undergo a
finite number of divisions before senescence. This mitotic arrest is thought to be imposed by
the erosion of telomeres, repetitive regions capping linear chromosome ends, with each round
of cell division. Telomeres consist of a highly repetitive sequence and are considered a sort
of cellular clock, marking each division with the gradual shortening due to the intrinsic DNA
replication problem with lagging strand synthesis [12,13,14]. When telomeres decrease to a
certain length, cells cease division and senesce or otherwise undergo crisis as unprotected
chromosomal ends are recognized as DNA damage, usually resulting in cell death.
Reactivation of telomerase expression, the ribonucleotide reverse transcriptase that extends
telomeres, can increase the replicative potential of cultured fibroblasts, but has also been
associated with the development of neoplasia/cancer. While most somatic cells (muscle
cells, neurons, etc.) in an organism exist in a post-mitotic state, telomere maintenance
remains relevant for actively replicating cells, such as blood and epithelium, and has been
associated with overall organismal aging. Indeed, epidemiological studies have found a
strong correlation between leukocyte telomere length and rate of mortality: people with
longer telomeres generally had longer lifespans than those whose telomeres were shorter

[15].



The unicellular yeast Saccharomyces cerevisiae has emerged as a powerful model
system for determining genetic factors that affect cellular aging and longevity. The
asymmetric cell division in S. cerevisiae fortuitously creates an aging “mother” lineage as
well as a renewed “daughter” lineage, allowing for two distinct forms of aging to be studied
in S. cerevisiae: replicative aging and chronological aging. Replicative lifespan is defined by
the number of daughter cells that are generated by a budding mother cell. Chronological
lifespan is a survival time of a yeast population in stationary phase [16]. These two types of
aging in yeast have been thought to have their counterparts in humans as the aging of
dividing stem cells (replicative aging) and the aging of non-dividing cells such as neurons or
muscle cells (chronological aging). Comprehensive studies have been carried out to
understand the effect of every single nonessential gene on both replicative and chronological
aging [17,18,19,20]. Many genes identified as promoting longevity are found in pathways
that regulate yeast growth and metabolism, such as the yeast Akt/PKB homolog Sch9,
ribosomal subunits, and TOR complexes, while genes that decrease lifespan are found in
pathways which autophagy and stress. Similar screens have been performed to identify
processes which affect telomere biology. While S. cerevisiae has active telomerase
expression, strains in which genes encoding telomerase components have been deleted
senesce 40-60 cell divisions after the loss of telomerase activity [21], similar to human
fibroblasts in culture. Screens for gene deletions that either alter telomere length or
senescence in the absence of telomerase have identified over 200 genes involved in telomere
maintenance [22,23,24]. Interestingly, while many genes identified directly interact with

telomeres, a substantial fraction is from seemingly unrelated processes such as vesicle



transport, transcription, and ribosome biogenesis. Currents studies are still ongoing in order
to understand the mechanisms behind these many regulators of longevity and telomere

maintenance.

The enormous genetic diversity found in outbred populations such as humans,
however, may limit the applicability of single gene changes discovered in inbred laboratory
organisms to aging in humans. While mutations in single genes have been implicated in
progeroid syndromes, such as the WRN RecQ helicase variant linked to the development of
Werner Syndrome [25,26], the importance of genetics in determining human longevity and
human rates of aging is not limited to a single gene changes. The genetic diversity within the
human population stems from scores of polymorphisms scattered across the genome. Rates
of aging are highly variable and suggest that the interplay of many polymorphic genes affects
aging within a single person. People with similar genetic backgrounds age at more similar
rates, as documented in twin studies which showed higher longevity concordance in
monozygotic than dizygotic twins [27]. We were interested in addressing the following
questions: How do multiple polymorphisms integrate to contribute to the overall process of
aging? Are the effects of individual polymorphisms channeled through the same circuits as
those identified using single gene mutations in model organisms? Or are there aging

mediators whose effects can be appreciated only in an outbred setting?

To address the role of genetic diversity in aging, I decided to take advantage of
genetic variation within S. cerevisiae by examining longevity in an outbred yeast model. The

laboratory strain S288c and the RM11-1a vineyard strain, isolated from a California



Zinfandel winery, are both isolates of the S. cerevisiae species and are 0.5% divergent across
their genomes, which is approximately half of the genetic divergence identified between
human and chimpanzee species. The laboratory strain (BY) and the vineyard strain (RM)
were crossed to generate a library of 122 outbred “segregant” strains, which were then
genotyped at 2,956 polymorphic markers across the genome for laboratory or vineyard strain
inheritance (Figure 1.1) [28]. This outbred model allowed me to map the natural
polymorphisms that control aging-related phenotypes in yeast and assess their genetic
complexity. In the following work, I describe the findings of two separate ventures: one that
focuses on chronological aging and one that focuses on replicative lifespan. In my first
project, I identified a polymorphism in a gene that regulates amino acid import in both
chronological aging and telomere length. This finding enabled me to link cellular nutrient
availability with telomere maintenance and chronological lifespan. My second project
identified the rDNA locus as the major regulator of replicative lifespan in our outbred yeast
model. Characterization of this enigmatic region led to the discovery that control of

initiation of rDNA replication may present a key regulator of replicative lifespan.



Vineyard Segregants
RM11-1A
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Laboratory
S288c en——
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Figure 1.1. Schematic of the cross between S288c and RM11-a strains used to generate
the outbred seqregant collection.




CHAPTER 2
Natural polymorphism in BUL2 links cellular amino acid availability with

chronological aging and telomere maintenance in yeast [29]

INTRODUCTION

The observation that dietary restriction promotes longevity in organisms ranging from
yeast to primates raises the expectation that molecular mechanisms mediating this lifespan
extension may also be shared among species. In support of the idea that related genetic
circuitry controls aging in different species are the findings that genetic or pharmacological
modulations of the conserved nutrient responsive pathways, such as target of rapamycin
(TOR) [30] or insulin-like-growth factor (IGF-1) [31], increase lifespan in a wide range of
species including mammals. The budding yeast S. cerevisiae has become a popular model for
studying the genetic and molecular basis for variation in lifespan. Two different forms of
aging have been studied in yeast. Replicative lifespan (RLS) is defined by the number of
daughter cells that are generated by a budding mother cell whereas chronological lifespan
(CLS) is defined as the ability of yeast cells to survive in stationary phase as judged by the
their capability to reenter the cell cycle after nutrients are reintroduced [32]. The two types of
aging in yeast are thought to have their counterparts in mammals as the aging of dividing
stem cells or the aging of non-dividing cells such as neurons or muscle cells, respectively. In
addition to replicative and chronological aging, mutant yeast cells dividing in the absence of
telomerase components exhibit loss of viability [21] similarly to replicative senescence of

human fibroblasts in culture [33].



Recent epidemiological studies of human populations demonstrated a correlation
between reduced leukocyte telomere length and overall mortality [15], suggesting a link
between telomere maintenance and organismal aging. Furthermore, life stress has been
shown to influence leukocyte telomere length [34], establishing a role for environmental
stress in telomere stability. Little is known about how these processes connect, though twin
studies suggest that both telomere length regulation and longevity in humans have a strong

genetic component [27,35].

Most of what we have learned about telomere maintenance mechanisms and the
genetics of aging comes from model organisms where the effects of the single gene changes
can be examined independently from other genetic alterations. However, because natural
populations are genetically diverse, differences in aging and telomere maintenance are more
likely to result from the integration of effects of polymorphisms at multiple loci. In order to
gain insight into telomere maintenance in genetically diverse populations, we have
previously employed an outbred yeast model consisting of 122 haploid progeny derived by a
cross of vineyard RM11-1a (RM) and laboratory S288c yeast (BY) [28]. Parental strains
differ at 0.5% of their nucleotides and the progeny have been genotyped at >3000 markers,
allowing for quantitative trait locus (QTL) mapping. In a previous telomere length study, we

identified several loci that control telomere variation in this cross [23].

In this study, we used the same outbred model to explore chronological aging as a
complex trait. During the course of these studies, we found that one of the loci that controls

chronological lifespan is identical to a major locus found to control telomere length,



suggesting a previously unrecognized link between the two yeast aging-related phenotypes.
This was an intriguing finding because changes in telomere length are linked to DNA
replication, while chronological aging occurs in non-dividing cells. Furthermore, the two
phenotypes were regulated in opposite directions by this locus: strains that inherited the
vineyard allele had shorter telomeres and longer lifespans. We found that a single amino acid
substitution in Bul2, a component of an ubiquitin ligase complex which polyubiquitylates
amino acid permeases and regulates their presence at the cell membrane, controls cellular
amino acid availability and is responsible for the variation in both telomere length and CLS.
We also elucidated a pathway by which decreased cellular amino acid uptake conferred by
the BUL2 polymorphism and the consequent inhibition of nutrient-responsive TOR1

signaling lead to reduced telomere length.

RESULTS

Reqgulation of chronological lifespan is a dynamic process controlled by many loci

To determine chronological lifespan of the 122 haploid progeny (segregants) from the
RM/BY cross, strains were grown in YPD medium in 96-well plates to stationary phase,
where cells maintain metabolic activity but cease mitotic division. Chronological lifespan
(CLS) studies are often done in synthetic media, where yeast lifespans can be analyzed in a
few weeks [16]. Because of the observation that the use of synthetic medium in CLS studies
exposes cells to lifespan-limiting acidification [36], we decided to carry out segregant CLS
analysis in YPD where acidification of the media during culture outgrowth is not a problem.
After intervals of approximately 30 days, we harvested 1 pL of each stationary phase culture,

spotted culture dilutions on YPD plates, and determined viability of cultures as the ratio of



microcolonies after 24 hours of growth to the total cell number plated. We found excellent
correlation (R=0.98) between the cell viability determined using our microcolony method
and the viability measured using colony forming ability (Figure 2.9). The vast majority of
cultures were found to be fully viable after the initial interval of 5 days in stationary phase
(Figure 2.1A). Further along in stationary phase, segregant culture viabilities decreased to an
average of 70% after 31 days (range 30-91%), 35% after 59 days (range 11-62%) and 20%
after 100 days (range 0.5-40%). The observed viability distributions of the chronologically
aged segregant strains displayed several interesting features. First, the variation in viability
between segregants was continuous, suggesting that multiple genetic loci control survival
among the segregants. Second, we observed that the parental strains’ phenotypes are in the
middle of the range. Such transgressive segregation, in which the segregant progeny exhibit
more extreme phenotypes than either parental strain, suggests the presence of compensatory
genetic loci within both the RM and BY parental backgrounds. Finally, the rank of the
segregant viabilities was not static, as illustrated by the changing order of the parental strains

over time, which suggests that different genes are responsible for early and late viabilities.

We used genome-wide linkage analysis to identify the loci (QTL) responsible for the
variation in chronological lifespan. Each segregant strain has been characterized for BY or
RM inheritance at 2,956 polymorphic markers across the genome [11]. Using genome-wide
linkage analysis, phenotype distributions can be compared between segregants that inherit the
BY or RM sequence at each locus. A significant difference between the two distributions
establishes a linkage between the trait of interest and the genomic sequence near the tested

polymorphic marker. We found that stationary phase survival is linked to several genetic

10



loci, consistent with the observed continuous range in viability (Figure 2.1B-D, Table 2.2).
We also noticed that the strength of linkage of the mapped loci changes with time. The
chromosome 13 linkage, for instance, has LOD scores >3.5 at 31 and 59 days, yet it has no
role in controlling viability after 100 days in culture. On the other hand, the chromosome 14
linkage had the opposite temporal pattern: not significant at day 31 yet has LOD scores >3.5
at day 59 and 100. The alteration of the relative importance of different loci at different time
points suggests that cells depend on different cellular processes during early and late stages

of chronological lifespan.

Chronological lifespan, telomere length and cellular permease activity are linked to the

same polymorphism in BUL2

Comparison between the genome scan for loci that control chronological lifespan and
our previous analysis for loci that control telomere length (Figure 2.1E) revealed that the
strongest linkage for chronological lifespan at day 31 (chromosome 13 locus) is congruent
with a previously identified locus that controls telomere length [23]. The segregant strains
that inherited the RM allele of chromosome 13 locus had longer CLS (65% vs. 56 % viability
at 30 days) and shorter telomeres (261 bp vs. 286 bp) compared to strains which inherited the
BY allele of the locus. In order to determine whether other mutants with short or long
telomeres exhibit either reciprocal effects or alterations in CLS in general, we examined a
panel of deletion mutants known to have telomere length alterations and found no correlation
between telomere length changes and CLS (Figure 2.10). Likewise, a more general
comparison of CLS and telomere length, using data from the recent global CLS study [20]

and our previous telomere length screen [23], did not reveal any correlation between

11



telomere length and CLS (Figure 2.10). While we found no general correlation between
telomere length and CLS, the striking overlap of genetic linkage between telomere length and
chronological aging in this cross led us to hypothesize that these two traits are both
controlled by a common polymorphism and that identifying the responsible gene may reveal

an unexpected link between telomere maintenance and chronological aging.

Among the polymorphisms in the mapped region, we identified one in the coding
region of BUL2, a gene encoding a component of the Rsp5p E3-ubiquitin ligase complex
involved in amino acid permease sorting. During growth in the presence of rich nitrogen
sources, high affinity amino acid permeases, such as the general amino acid permease GAP!
and the proline transporter PUT4, are polyubiquitylated by a complex consisting of Bull,
Bul2 and Rps5, which specifies vacuolar-targeting of permeases for degradation [37,38].
Cellular amino acid permease activity can be monitored using the toxic proline analogue
ADCB, which is transported across the cell membrane via nitrogen-regulated PUT4 and
GAPI [39]. We found that the parental RM and BY strains exhibit a striking difference in
ADCB sensitivity when grown with a rich nitrogen source (Figure 2.2A). Consistent with
higher permease activity and amino acid intake relative to the RM strain, the BY strain was
not able to grow at concentrations of ADCB that were non-toxic to the RM strain. Genome-
wide linkage analysis of ADCB sensitivity in the segregants demonstrates that the BUL2-
containing locus underlies the parental differences in permease activity (Figure 2.2B). The
BY strain carries a single Leu883Phe substitution relative to the RM version of Bul2, which
is conserved among many fungal homologs (Figure 2.2C) and all but three of the sequenced

S. cerevisiae strains (F883L is present in S288c and the two baking isolates YS2 and YS9)

12



[40]. Engineering the RM allele of BUL?2 into the BY strain restored ADCB resistance,
whereas substitution of the BY BUL?2 allele into the RM strain resulted in ADCB sensitivity
(Figure 2.2D). These findings indicate that the BY BUL2 Phe883Leu polymorphism confers
a loss of Bul2 function, similar to that of a bu/24 mutant, and increases permease activity and

amino acid uptake.

We next evaluated whether the same BUL2 polymorphism that controls cellular
permease activity also mediates chronological lifespan and telomere length variation. The
replacement of BUL?2 in the BY parental strain with the RM allele led to an increase in
chronological lifespan (from 55% to 65% viable cells at 30 days in YPD medium), which
was similar in magnitude to the increase in chronological lifespan conferred by the RM
BUL? allele in the segregants (Figure 2.3A,B). Conversely, the replacement of the RM BUL?2
allele with the BY BUL2 allele in the RM parental strain decreased chronological lifespan
(67% vs. 62%) after 30 days. We next examined the effect of BUL?2 alleles on the time-
dependant viability curves in both laboratory and vineyard background using the synthetic
media that is commonly used for CLS studies. (In order to minimize the viability reduction
due to media acidification, we used buffered SC medium [36]). Consistent with previous
reports, we observed that CLS is shortened in SC medium compared to YPD, however,
restoration of BUL2 function using RM BUL? allele in the laboratory strain extended
chronological life span even more robustly than we have observed in YPD (Figure 2.3C).
BUL? replacement in the vineyard strain with the hypomorphic BUL2BY allele shortened
CLS and deletion of BUL?2 led to further reduction in CLS (Figure 2.3D), which parallels the

effect of BUL? allele replacement and BUL?2 deletion on cellular permease activity in the

13



vineyard strain, judged by increased ADCB sensitivity in the BUL2BY alleles and BUL?2
deletion (Figure 2.2D). The effects of BUL?2 allele replacement on CLS results were also
confirmed using standard colony formation metrics [16]. These findings demonstrate that the

BUL2 polymorphism controls variation of chronological lifespan in the RM/BY cross.

The average telomere length in the segregants that contain the BY allele of BUL2 was
286 bp, which is 25 bp longer than the telomere length average of segregants that contain the
RM allele (261 bp) (Figure 2.4A). Therefore, if BUL?2 is the responsible polymorphism for
telomere length alteration, then the BUL2 allele replacement in the RM parental strain is
expected to create a 25bp increase in telomere length, while the allele replacement in the BY
strain would have a modest telomere length reduction. We found that allele replacement of
BUL?2 in both parental strains led to alterations in telomere length as predicted by the
segregant analysis: telomeres were found to be longer in the RM strains with BUL2 replaced
by the BY allele and telomeres were shorter in the BY strains containing the RM BUL? allele
replacement (Figure 2.4B). As expected from the segregant analysis, the effect of allele
replacement was modest, but also consistent and reproducible, as shown by analysis of
several independent strains. Deletion of BUL2 lengthened telomeres in the RM background,
but had no effect in the BY background (Figure 2.4C). These results demonstrate that the
leucine residue substitution present in the BY parent creates loss of Bul2 function, leading to
higher activity of amino acid permeases on cell membranes, reduced chronological lifespan,

and increased telomere length.

Telomere length alterations by Bul2 polymorphisms is mediated by GIn3

14



Reduced availability of cellular nitrogen and amino acids conferred by the restoration
of Bul2 function is expected to reduce the activity of the nutrient sensitive TOR/ kinase.
Since the region containing the BUL?2 locus had been previously identified as a regulatory
hotspot that controls abundance of many transcripts in this cross [41], we evaluated whether
these transcriptional alterations could be mediated by alterations in TORI activity. Consistent
with this possibility, we found that the set of genes overexpressed in strains containing
BUL2RM significantly overlaps with genes that were found to be overexpressed in response
to amino acid deprivation (P=1. 1x10'8) and rapamycin (P=1.2x10'3) (Figure 2.5A, Table 2.3)
[21], known inhibitors of TOR1 activity [42,43]. Because reduction of TOR1 signaling has
been shown to extend chronological lifespan [19,44], the viability gain in chronological
aging assays conferred by the restoration of Bul2 function can be explained by reduced
activity of the nutrient responsive TOR pathway. Could the same gene network be mediating

telomere length alterations conferred by BUL2 function?

To investigate this possibility, we re-examined data from our previous genome-wide
telomere length screen [23], focusing on deletion mutants of genes in the nitrogen signaling
circuit. We reasoned that such mutants would likely affect telomere length through the same
mechanism as BUL2, thus we might gain insight into BUL2’s mechanism of action on
telomere length from known modes of action through these other nitrogen-signaling mutants.
Among the mutants in genes involved in nitrogen signaling, we found that cells lacking
TOR1 have modest reduction in telomere length and that cells lacking URE?2 have strikingly
short telomeres (Figure 2.5B). In rich nitrogen environments, Ure2 binds to the

transcriptional activator GIn3 and inactivates it through cytoplasmic sequestration [45,46].
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Upon encountering nitrogen-limiting environments, GIn3 is released from its complex with
Ure2 and translocates to the nucleus to upregulate nitrogen catabolite responses [47]. The
short telomere phenotype in ure24 mutants is mediated by GIn3, as we found that the
deletion of GLN3 restored the short telomere lengths in ure24 cells back to wildtype lengths

(Figure 2.5C).

We hypothesized that the reduced nitrogen availability occurring in cells with
functional Bul2 (i.e. the RM allele) leads to increased GIn3 transcriptional activity and
shorter telomeres. In order to evaluate whether transcriptional alterations previously mapped
to the region containing the BUL2 locus [41] could be mediated by GIn3, we compared the
set of genes that are upregulated by the RM BUL?2 allele with the genes that are upregulated
in response to URE?2 deletion. Of the 19 transcripts that are significantly upregulated in
strains with the RM BUL? allele, 10 transcripts were found to be overexpressed in our
transcript array analysis of ure24 cells (of which there were 208 transcripts), including
known direct GIn3 targets such as BAT2 and DIP5 (Figure 2.5A, Table 2.4) (P=8.5 x 10
[48]. These findings, along with previous reports which link loss of Bul2 to decreased GIn3
nuclear localization [49], support a model in which restoration of Bul2 function leads to
decreased cellular nitrogen availability, thereby promoting GIn3 transcriptional activity and

reduction of telomere length.

Could Bul2’s effect on telomere length be mediated by GIn3? To address this

question, we examined the effect of the BUL?2 allele replacement in cells lacking GLN3. We

found that neither did the RM BUL2 allele in the BY gl/n34 strain shorten telomeres, nor did

16



the BY allele replacement increase telomere length in the RM g/n34 strain (Figure 2.5D).
The requirement of GIn3 for BUL?2 allele-induced telomere alterations supports the idea that
BUL? telomere length changes are mediated by modulation of GIn3 transcriptional activity.
These findings, along with previous reports which link loss of Bul2 to decreased GIn3
nuclear localization [49], support a model in which restoration of Bul2 function leads to
decreased cellular nitrogen availability, thereby promoting GlIn3 transcriptional activity and

reduction of telomere length.

GIn3 modulates nuclear-cytoplasmic shuffling of ribonucleotide reductase components

In order to determine the relationship of the telomere maintenance defect caused by the
deletion of URE? to other pathways that participate in telomere maintenance, we compared
telomere lengths of ure24 single mutants and double mutants that were ure24 and deficient
in either DNA damage signaling (fe/14), telomerase (¢/c1A4), or telomere-capping (yku704)
functions. The ure24 cells showed synthetic telomere length phenotypes with the yku704,
tellA, and tlc14 mutants (Figure 2.11), suggesting that Ure2’s effect on telomere
maintenance acts independently from pathways involved in telomere extension, telomere-

capping, and TEL /-mediated DNA damage signaling.

Our previous study of telomere maintenance genes identified a significant subset of
mutants involved in nucleotide biosynthesis as having altered telomere length [23]. For
instance, loss of the ribonucleotide reductase large subunit RNR/ results in telomere
shortening on par with loss of YKU70 or TELI. Since nitrogen availability dictates growth,

we speculated that mimicry of nitrogen starvation created by increased nuclear Gln3 would
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induce cells to conserve nitrogen and restrict nucleotide synthesis, and this in turn would
cause shortening of telomeres. We first examined transcript levels in ure24 cells, anticipating
reductions in nucleotide biosynthesis gene expression, but found only modest decreases in
RNR1 and other nucleotide genes unlikely to account for the magnitude of telomere
shortening in ure24 mutants. However, among the upregulated genes in ure24 cells, we
found a strong increase in expression of Wtm1, an inhibitor of ribonucleotide reductase.
Wtml protein levels were found to be almost 5-fold higher in ure24 cells compared to
wildtype (Figure 2.6A). In addition, allele replacement with BUL2RM in the BY background
gave rise to a 50% increase in Wtm1, while in the vineyards strain the replacement of BUL2
with the hypomorphic BUL2BY and BUL?2 deletion decreased the Wtm1 protein level by 40%

and 80% respectively (Figure 2.6A).

The ribonucleotide reductase complex assembles during S-phase and consists of large
Rnrl subunits and the two small subunits Rnr2 and Rnr4. Unlike Rnrl, which is always
cytoplasmic, Rnr2 and Rnr4 are localized in the nucleus during G1 and translocate to the
cytoplasm during S-phase [50]. This process is controlled by Difl, which promotes nuclear
import, and Wtm1, which anchors the small subunits Rnr2 and Rnr4 in the nucleus [51,52].
Based on our observation that Wtm1 expression increases in ure24 cells, we hypothesized
that ure24 cells have increased nuclear retention of the small subunits Rnr2 and Rnr4. As
previously observed, we found that Rnr4-GFP is nuclear during G1 and cytoplasmic during
S-phase in wildtype cells (Figure 2.6B,C). While Rnr4-GFP is appropriately nuclear in ure24
cells during G1, 56% of ure24 cells retain Rnr4-GFP in the nucleus during S-phase. We

determined that this aberrant nuclear Rnr4 localization in ure24 is dependent on Wtml since
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ure2AwtmlIA double mutants have completely restored cytoplasmic localization of Rnr4-
GFP. Rescue by WTM1 deletion is not merely due to loss of nuclear Rnr4 localization: more
than 50% of wtm 14 cells still maintain nuclear localization of Rnr4-GFP in G1 (Figure
2.6C). Examination of strains with different BUL?2 alleles revealed that alteration of Bul2
function has a small but reproducible effect on S-phase Rnr4-GFP localization (Figure 2.6D).
Both RM BUL2BY and RM bul24 strains had 2.6% of S-phase cells with nuclear Rnr4-GFP,
which is a significant decrease from the 5.6% seen in the RM wildtype strain. The fraction
of cells with nuclear Rnr4-GFP increases from 8.0% in BY wildtype to 10.3% in the BY
strain with the RM allele of BUL2 and decreases to 5.6% of S-phase cells in the BY bul24
strain. These results suggest that cells with decreased TOR signaling, such as in ure24
mutants and cells with BUL2RM, form fewer ribonucleotide reductase complexes during S-

phase due to increased Wtm1 expression.

We then investigated whether deletion of WTM 1 would rescue the ure24 telomere
length shortening. Telomere length comparison of ure24 and ure2Awtmi4 mutants reveals
that deletion of WTM1 partially rescues telomere shortening due to loss of URE?2 (Figure
2.7A). Along the same lines, we found that deletion of the Rnr1 inhibitor SMLI [53] also
abrogates the ure24 short telomere length defect (Figure 2.7B). These findings support our
hypothesis that the shortened telomeres in ure24 cells are due, at least in part, to limitation of

ribonucleotide reductase activity.

DISCUSSION
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Examination of quantitative trait loci that regulate chronological aging and telomere
length in the progeny from a cross between the laboratory strain S288c and a vineyard strain,
RM11-1a, led to identification of a polymorphism in BUL2 which alters trafficking of amino
acid permeases and cellular amino acid import. Loss of Bul2 function, conferred by the
laboratory allele of the gene, initiates a cascade of events outlined in Figure 2.8 that centers
on TOR, a nutrient-responsive protein kinase previously implicated in CLS control. Our
study defines a novel downstream role for TOR signaling in the regulation DNA replication
and telomere maintenance through GIn3-mediated assembly of ribonucleotide reductase

during S-phase.

Amino acids are powerful activators of TOR signaling not only in yeast, but also in
multicellular eukaryotes. For Drosophila melanogaster larvae, amino acid deprivation
inhibits TOR activity and leads to growth inhibition and reduced body size [54]. Similarly,
Caenorhabditis elegans lacking the intestinal amino acid transporter pep-2 also have reduced
body size [55]. Increasing evidence suggests that reduced intake of amino acids, which
consequently reduces TOR activity, may be a key component of life-extending dietary
interventions. Lifespan extension granted by dietary restriction in D. melanogaster was
abolished by re-addition of amino acids [56]. Additionally, dietary reduction of a single
essential amino acid, either tryptophan or methionine, was sufficient to confer lifespan
extension in both mice and rats [57,58,59]. While dietary restriction studies in S. cerevisiae
typically involve glucose restriction, our finding that restoration of Bul2 function and
resulting reduction of cellular amino acid import extends CLS supports the idea that amino

acid-mediated regulation of TOR signaling controls longevity.
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While several of the upstream molecular events that control TOR activity, such as
growth factors and energy status, are understood in great detail [60], we only have
rudimentary knowledge of how cells sense amino acid sufficiency and transmit this signal to
TOR. TOR forms two separate complexes: the rapamycin-sensitive TOR complex 1
(TORC1), which regulates growth, ribosome biogenesis, translation and lifespan, and the
rapamycin-insensitive TOR complex 2 (TORC2) involved in actin cytoskeleton organization
and cell wall integrity [61]. Recent studies in mammalian cells have identified several
components that are required for TOR activation by amino acids, including Rag GTPase
heterodimers involved in the recruitment of TORC1 complex to the lysosomal membrane
compartment [62]. In addition to their roles as activators of TOR, the S. cerevisiae Rag
GTPase orthologs Gtrl and Gtr2 [43] are also implicated in the retrieval of Gapl and other
high affinity amino acid permeases from the vacuolar trafficking pathway [63], thus
promoting their localization to the plasma membrane. Because the retrieval of Gapl from the
vacuolar targeting pathway is regulated by amino acid availability (discussed below), these
findings raise the possibility that the related amino acid-responsive pathway that controls

TOR also controls recycling of high affinity transporters to the cell membrane.

In contrast to the majority of the 23 amino acid permeases in yeast, which are
constitutively expressed and import specific amino-acids with low affinity, high affinity
permeases such as the general amino acid permease Gapl and proline permease Put4 are
highly expressed only during nitrogen limitation [37,64,65]. Gapl and its related class of

permeases have a high capacity for amino acid transport and are thought to scavenge amino
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acids for use as a source of nitrogen. Intracellular sorting is one of the mechanisms by which
the quality of available nitrogen controls the presence of high affinity permeases at the cell
membrane: during growth with a good nitrogen source such as ammonium, glutamate and
glutamine, Gap1 is sorted to the vacuole for degradation [37]. When cellular nitrogen and
amino acids levels are low, Gapl is sorted to the plasma membrane. A complex consisting of
Rps5, Bull and Bul2 ubiquitylates Gapl and specifies its sorting to the multivesicular
endosome. From the endosome, Gap1 can be targeted either to the vacuole or trafficked to
the plasma membrane depending of the amino acid availability [66]. The amino acid-
regulated step in this process appears to be Gapl retrieval from the endosome rather than
Gapl ubiquitylation. Nevertheless, ubiquitylation is a prerequisite for controlling Gap1
localization because in its absence, Gapl never reaches the endosome and is constitutively
targeted to the plasma membrane. Therefore, loss of Bul2 function, such as in cells with the
BY allele of BUL?2, results in non-discriminatory import of amino acids and greater
intracellular amino acid and nitrogen availability. Our finding that the common laboratory
strain S288c carries a loss-of-function mutation in BUL2, subsequently leading to
indiscriminant amino acid uptake, is important for future studies that exploit yeast as a model
for amino acid sufficiency and TOR signaling. Specifically, such studies should include
strains with wild-type BULZ2; for example, they could employ the allele substitution strains
described here. The mutation in BUL2 adds to the list of genetic alterations in the standard
laboratory strain that are not representative of other members of the species such as loss of

function changes in AMNI [67] and MKT1 [68].
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Similar to the control of Gapl, mammalian growth factor receptors are also regulated
by ubiquitin-mediated trafficking. While yeast cells detect cellular resources directly through
their import via permeases, multicellular organisms rely on growth factors such as IGF-1,
which also stimulates TOR activity through Akt-Tsc-Rheb signaling, to coordinate nutrient
availability with growth [30]. Cell surface localization of the IGF-1 receptor (IGF-1R) has
been shown to depend on ubiquitylation by Nedd4, a homolog of the catalytic Rsp5 subunit
of the Rsp5/Bull/Bul2 ubiquitin ligase [69]. It is intriguing that Nedd4”* mice have reduced
IGF-1 receptors on the cell surface and phenotypes consistent with reduced IGF-1 signaling,
including decreased body size [70], raising the possibility that they may share increased

longevity with other IGF-1-related dwarf mice.

Reduced amino acid import in cells with functional Bul2 inhibits TORCI activity,
consistent with our observation of increased activity of TOR-inhibited transcription factor
GLN3 in cells containing the RM BUL? allele compared with cells which have the BY allele
of BUL2. (In favorable nitrogen conditions, high TORC1 activity sequesters GIn3 in the
cytoplasm.) Reduced TOR activity has been previously shown to extend both chronological
and replicative lifespan in yeast [18,19,44]. Because reduced TOR activity extends lifespan
also in higher eukaryotes [11,71,72], there is great interest in understanding the downstream

events that mediate this effect.

Several mechanisms by which nutrients and TOR inhibition promotes CLS in yeast

have been proposed, including reduced accumulation of acetate and/or acidification of

culture media [36], promotion of respiration and autophagy [73,74], and increased activity of
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stationary phase and stress-responsive transcription factors [44]. CLS experiments are often
carried out in synthetic media which is complicated by significant media acidification due to
release of organic acids during fermentation (the initial media pH of 4.2 decreases to <3
after cells reach stationary phase). A combination of acidic pH and high concentration of
acetate in the media has been linked to reduction of cell viability [36]. Because our
chronological aging assays are performed in rich media (YPD), which has an initial pH of 6.0
that reduces only to 5.8 after cells reach stationary phase, or buffered synthetic media, acetate

toxicity is an unlikely mechanism for CLS modulation in our study.

A study by Bonawitz et al. linked reduction in TOR activity to increased cellular
respiratory capacity [73]. While translation is generally inhibited by reduced TOR activity,
Bonawitz et al. found that translation of mitochondrial proteins was enhanced and led to
increased respiration during growth in glucose. Respiration becomes increasingly important
for maintaining energy supplies and viability as cells transition from fermentative growth to
stationary phase. The importance of respiration during the stationary phase transition is
supported by the findings of two recent genome-wide studies that identified respiratory
deficient mutants among those with the shortest CLS [20,74]. In the same studies, mutants
defective in autophagy, another process stimulated by TOR inhibition, were also found to
have short CLS. These observations suggest that autophagy and respiration constitute

important mediators by which reduced TOR activity promotes CLS.

The inhibition of TOR that occurs in cells during the post-diauxic shift and

preparation for stationary phase also elicits specific transcriptional responses that are
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essential for maintaining viability during quiescence [44]. One target of TOR is the Rim15
protein kinase that translates nutrient limitation signals from TOR, as well as Ras/PKA and
Sch9, into upregulation of cellular responses necessary for survival in stationary phase [75].
Similarly to GIn3, Rim15 is phosphorylated by the nutrient-sensing kinases and retained in
the cytoplasm, but upon nutrient deprivation, dephosphorylated Rim15 translocates to the
nucleus to activate transcription factors Gis1 and Msn2/4, which upregulate genes necessary
for post-diauxic shift [76] and stress response respectively [77,78]. Deletion of either RIM15
or its target transcription factors shortens CLS and abolishes benefits conferred by caloric
restriction or mutations in Tor/Ras/Sch9 that mimic calorie restriction [44]. Since Rim15 and
GIn3 are both directly regulated by TOR through cytoplasmic sequestration, we predicted
that GIn3, like Rim15, would be essential for proper stationary phase transition and survival.
In support of this idea, we have found that deletion of GLN3 in the vineyard strain
dramatically shortens CLS (Figure 2.12) and that alteration of Bul2 function did not affect
CLS in g/n34 mutants. However, consistent with previous reports [19,44], we found that
deletion of GLN3 in the laboratory strain increased CLS. The paradoxical increase in CLS in
response to GLN3 deletion in the laboratory strain is in opposition to the CLS detriment
conferred by the loss of function of other transcription factors such as Msn2/4 or Gis1 which
are, similarly to GIn3, upregulated during starvation. Furthermore, the opposing effect of
GLN3 deletion in the laboratory and vineyard strains makes it difficult to determine the
precise role of GLN3 as a mediator of CLS alterations in the cascade of events initiated by

the BUL2 polymorphism.
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Serving as a central link between nutrient availability and growth, TORCI regulates
many cellular processes including ribosome biogenesis, protein translation, autophagy and
respiration [30]. During the examination of how telomere maintenance is affected by amino
acid import, we discovered that ribonucleotide reductase (RNR) complex assembly during S-
phase is modulated by the TOR-responsive transcription factor GIn3, defining a novel
downstream role for TOR in DNA replication. We found that increased GIn3 activity,
conferred by the deletion of URE2, upregulates Wtm1, which, in turn, promotes nuclear
retention of the small RNR4 subunit in the nucleus. Deletion of WTM1 restores cytoplasmic
localization of the small subunits and partially rescues the telomere length defect of ure24
cells. TORCI1 inhibition by rapamycin was previously associated with genotoxic stress
sensitivity and inability to maintain high Rnrl and Rnr3 levels in response to DNA damage
[79]. Using telomere length as a phenotype, we have uncovered a role of TORC1-responsive
transcription factor GLN3 in modulation of RNR assembly during S-phase in response to
cellular amino acid availability. TOR-mediated control of DNA replication adds further to

TORCT s role in coordinating nutrient availability, growth and cell division.

What is the relevance of our observation to mammalian and human aging? Both
dietary restriction and inhibition of TOR activity have been linked to lifespan extension in
mice [1,11]. At the same time, epidemiological studies in humans have found an association
between longevity and long telomeres [27,35]. Because our study demonstrates that dietary
restriction and consequent reduction in TOR activity lead to reduction of telomere length, it

will be important to determine whether reduced signaling in response to dietary restriction
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through this highly conserved nutrient and growth related pathway also reduces telomere

length in mammals.
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Figure 2.1: Genomic linkage of chronological lifespan in S. cerevisiae segregants. (A)
Stationary phase viabilities of the segregants and parental strains (denoted by arrow) at
different time points. Genome-wide linkage scans for viability after (B) 30 days, (C) 59 days,
(D) 100 days and for (E) telomere length. Linkage to locus in common for telomere length
and chronological lifespan on chromosome 13 is denoted by arrow.
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Figure 2.2. Chromosome 13 locus contains a loss of function polymorphism in BUL2.

(A) The RM and BY parental strains show differential growth in media containing the toxic
proline analog ADCB. (B) QTL mapping reveals that segregant sensitivity to ADCB is
strongly linked to the same locus on chromosome 13 that controls chronological lifespan. (C)
Alignment of amino acid sequences from Bul2 homologs identifies a leucine substitution of a
conserved phenylalanine residue at position 883 conferred by the BY allele of BUL2
(T2647C). (D) Full BUL2 RM allele replacement and single nucleotide point mutation
encoding the BUL2 L883F substitution both confer ADCB resistance in the BY strain
background. BUL2BY allele replacement or deletion of BUL2 decreases growth of RM
strains in media containing ADCB.
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Figure 2.3. Bul2 function mediates chronological lifespan. (A) Viability of the parental
and BUL? allele replacement strains after 30 days in stationary phase in YPD. (B) Viabilities
of segregants after 30 days in stationary phase, separated on basis of BUL2 inheritance.
Mean viability for segregant populations with BUL2BY and BUL2RM are 56% and 65%
respectively (P=6.1x107). (C) The BUL2RM allele replacement significantly extended
longevity of the BY strain, measured by both microcolony counting (P<0.05 at days 10, 13,
18 and 24) and colony formation (P<0.05 at days 18 and 24). The BY bu/24 strain exhibited
CLS identical to the BY parental strain. (D) The RM parental strain had greater CLS than
either the BUL2BY allele replacement (microcolony: P<0.05 at days 18, 24, 31 and 38; CFU:
P<0.05 at days 24, 31 and 38) or BUL?2 deletion strain (P<0.05 at days 13, 18, 24, 31 and 38).
For longevity curves in C and D, triplicate cultures were aged in buffered SC media.
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Figure 2.4. The BUL?2 polymorphism is responsible for seqregant telomere length

phenotypes.
142. Segregant telomere lengths, separated by BUL2 inheritance. Mean telomere

lengths of segregants with BUL2BY and BUL2RM are 286 basepairs and 261
basepairs respectively (P=3.0x10™). (B) Southern blot analysis comparing telomere
length in multiple independent BUL? allele replacement transformants and wildtype
parental strains. Strains with the BY allele of BUL2 have longer telomeres in both
parental backgrounds. (C) In the RM background, deletion of BUL?2 increases
telomere length. BUL2 deletion in the BY background has no effect on telomere
length.
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Figure 2.5. Transcriptional activator GIn3 mediates BUL2 allele-induced telomere
length alterations. (A) Overlap between transcripts upregulated by the RM allele of BUL2
among the segregants and those which are upregulated by amino acid deprivation, rapamycin
treatment, or the deletion of URE? in the BY background. 11 of the 464 genes upregulated by
amino acid deprivation (1 hour), 8 of the 796 genes upregulated by rapamycin treatment (1
hour), and 10 of the 208 genes that are upregulated in ure24 cells are among thel8 genes that
are upregulated by the RM BUL? allele (P=1.1x10®, P=1.2x107, and P=8.5x10™"!
respectively for the probability of overlap occurring by chance). (18 of the 19 BUL2RM
upregulated transcripts are represented in the amino acid deprivation, rapamycin, and ure24
transcript data). (B) torl4 and ure24 mutants in the BY background have shorter telomeres
than wildtype cells. (C) Deletion of URE? in the BY background shortens telomere length
through a GLN3-dependent mechanism. Ure24 mutant telomere length shortening is rescued
by the deletion of GLN3. (D) Southern blot analysis comparing telomere length of multiple
independent BUL? allele replacement transformants and parental strains lacking GLN3.
BUL? allele replacement does not alter telomere length in parental strains lacking GLN3.
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Figure 2.6. ure24 mutants and cells with BUL2RM have increased Wtm1 expression
and activity. (A) Immunoblotting confirms that ure4 mutants and strains with BUL2RM
have increased expression of Wtml, an inhibitor of ribonucleotide reductase. Wtm1
expression was normalized to actin and Wtml intensity is listed as relative to wildtype
expression. (B,C) Wildtype budded (S-phase) cells have largely cytoplasmic Rnr4-GFP
localization (black arrowhead), with nuclear exclusion of Rnr4-GFP, while ure24 mutants
exhibit high fractions of budded S-phase cells with nuclear localization of Rnr4-GFP (white
arrowhead). Increased nuclear retention of Rnr4-GFP in ure24 mutant is rescued by deletion
of WT'M1. Unbudded (G1) wildtype and ure24 cells both have primarily nuclear Rnr4-GFP
localization, which is reduced by the deletion of WTM1. (D) Restoration of Bul2 function
with the BUL2RM allele in the BY strain increases the number of cells with nuclear S-phase
Rnr4-GFP (P=0.02), while replacement with the hypomorphic BUL2BY allele in the RM
strain results in fewer cells with S-phase nuclear Rnr4-GFP (P=0.05). Deletion of BUL2
reduced the amount of cells with nuclear S-phase Rnr4-GFP in both the BY strain
(P=0.0002) and RM strain (P=0.03).
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Figure 2.7. Removal of ribonucleotide reductase inhibition alleviates the short telomere
phenotype in strains lacking URE2. Deletion of genes encoding ribonucleotide reductase
inhibitors (A) WTM1I and (B) SML]I partially rescues telomere shortening conferred by
deletion of URE?.
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Figure 2.10: Comparison of phenotypes from telomere length and chronological aging
genome-wide deletion screens. Telomere lengths of BY deletion strains from Gatbonton et
al. [23] were plotted against their corresponding CLS from Fabrizio ef al. [20]. Telomere
length is indicated on the x-axis as -1,-2,-3 for mutants with shorter telomeres (shortened by
<50bp, 50-200bp, and >200bp respectively) and as +1,+2,+3 for mutants with longer
telomeres (longer by <50bp, 50-200bp, and >200bp respectively). In this study, 72 mutants
were identified as having short telomeres and 80 mutants with long telomeres. On the y-axis,
we have plotted the fitness at day 11 of each deletion strain relative to the rest of the pool of
~5000 strains from the deletion collection. (Strains were grown as pools and viability of each
deletion strain is assessed at different time points as a ratio to the rest of the pool. Relative
abundance of each strain at day 11 compared with their relative abundance at day 3 (t=0) is
taken as a measure of their relative fitness at day 11. For instance, a strain with a score of 1
has doubled its ratio of viable cells when compared to its ratio to the rest of the pool at day
3.) Of the roughly 600 strains identified as having putative altered longevity, either
increased or decreased CLS, only a few also exhibit a telomere length defect. Conversely,
most of the telomere length mutants have unremarkable CLS (most of the strains fall between
-1 and 1 on the y-axis). Even the strains exhibiting altered telomere length and altered CLS
did not fall into a set pattern: strains with telomere length defects, for both longer and shorter
telomeres, were equally likely exhibit have increased or decreased viability.
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Figure 2.11: Short telomeres conferred by deletion of URE2 are not epistatic with
TLCI, YKU70 or TEL1. Southern blots show telomere length of single ure24 and double
ure2A tlc14/yku704/tel 14 mutants 25 doublings after germination of URE2/ure2A
heterozygous diploids which are also TLC1/tlc14, YKU70/yku704, or TEL1/tel1A. Telomere
lengths of the double ure2AticiA, ure2Ayku70, and ure2Atel1A mutants are shorter than the
telomere lengths of single ure24, ticiA, yku704, or telI4 mutants.
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Figure 2.12: CLS curves for gin34 and telomere length mutants. (A) Deletion of GLN3
extends lifespan in the BY parental strain, yet GLN3 deletion decreases lifespan in the RM
parental background. Changes to Bul2 function, from either BUL2 allele replacement or
BUL? deletion, have no effect on lifespan in g/n34 mutants. (B) CLS analysis of g/n34,
ure24 and ure24gin34 mutants in the BY background. (C) CLS analysis of mutants with
long telomeres and short telomeres, from which we find no correlation between telomere
length and chronological longevity.
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Table 2.1: List of S. cerevisiae strains used in Chapter 2.

Lab
Number

in plate

15212
15213

15214
15222
15224

15226
15254

15181
15182
15253

14141
15272
15361
in plate
in plate

15351
in plate
in plate
in plate
in plate
in plate
in plate

15271

15335

15276
15277
15285

15286
15395

15398

Background
RmxBY

RMl1l1-1a
BY4716

BY4716
BY4716
BY4716

BY4716
BY4716

RMl11-1a
RMl11-1a
RMl1l1-1a

BY4741
BY4742
BY4742
BY4742
BY4741

BY4741
BY4741
BY4741
BY4741
BY4741
BY4741
BY4741
BY4741
BY4741

BY4741
BY4741
BY4741

BY4741
BY4716

BY4716

MAT

QR O®

o

OQ QMo

diploid
a

[ I I R S S )

Genotype
Segregant library (amn1::NAT)

leu2d0 ura3d0 HO::KanMX amnl::NAT
lys2d0 amnl::NAT

lys2d0 amnl::NAT ura3::KanMX
lys2d0 amnl::NAT ura3::KanMX BUL2RM #1

lys2d0 amnl::NAT ura3::KanMX BUL2RM #2
lys2d0 amnl::NAT ura3::KanMX BUL2(L883F)
#3

lys2d0 amnl::NAT ura3::KanMX bul2::HYG
leu2d0 ura3d0 HO::KanMX amnl::NAT
BUL2BY #l

leu2d0 ura3d0 HO::KanMX amnl ::NAT
BUL2BY #2

leu2d0 ura3d0 HO::KanMX amnl::NAT
bul2::HYG

leu2d0 ura3d0 met15d0 his3d0

leu2d0 ura3d0 met15d0 his3d0 ure2::KanMX
leu2d0 ura3d0 lys2d0 his3d0 yku70::KanMX
leu2d0 ura3d0 lys2d0 his3d0 tell :: KanMX
leu2d0 ura3d0 metl5d0 his3d0 tell::KanMX
leu2d0/leu2d0 ura3d0/ura3d0 metl 5d0/+
his3d0/his3d0 lys2/+ ure2::NAT/+
tlcl::KanMX/+

leu2d0 ura3d0 metl5d0 his3d0 torl::KanMX
leu2d0 ura3d0 metl5d0 his3d0 wtml :: KanMX
leu2d0 ura3d0 met15d0 his3d0 rifl 1 :: KanMX
leu2d0 ura3d0 met15d0 his3d0 rif21::KanMX
leu2d0 ura3d0 metl5d0 his3d0 ardl ::KanMX
leu2d0 ura3d0 met15d0 his3d0 rsal::KanMX
leu2d0 ura3d0 met15d0 his3d0 gin3::KanMX
leu2d0 ura3d0 met15d0 his3d0 ure2::NAT
leu2d0 ura3d0 met15d0 his3d0 ure2::KanMX
gin3::NAT

leu2d0 ura3d0 met15d0 his3d0 ure2::KanMX
gln3::NAT

leu2d0 ura3d0 met15d0 his3d0 gin3::KanMX
ure2::NAT

leu2d0 ura3d0 met15d0 his3d0 gin3::KanMX
ure2::NAT

lys2d0 amnl::NAT ura3::KanMX gin3::URA3
lys2d0 amnl::NAT ura3::KanMX BUL2RM
gln3::URA3
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Figures
2-1,2-2B, 2-3B, 2-
A, 52-A

2-2A,2-2D, 2-3A,
2-3D, 2-4B, 2-4C
222A

2-2D, 2-3A, 2-3C,
2-4B, 2-4C

2-2D, 2-3A, 2-3C,
2-4B, 2-4C

22D, 2-3A, 2-3C,
2-4B, 2-4C

22D, 2-3A, 2-3C,
2-4B, 2-4C

2-3C, 2-4C
2-2A,2-2D, 2-3A,
2-3D, 2-4B, 2-4C
2-2A,2-2D, 2-3A,
2-3D, 2-4B, 2-4C

2-2D, 2-3D, 2-4C
2-5B, 2-5C, 2-11,
2-12
2-5B
2-11
2-11
2-11

2-11
2-3B, 2-12C
2-12

2-12

2-12

2-12

2-12

5C

5C, 7B, 2-11

2-5C
2-5C
2-5C

2-5C
2-5D

2-5D



15399
15400
15287
15379
15380

15965
15966

15983

15967

15968
15969
15970

15971
15728
15729
15878
15890
15902
15894

15957
15959

15980
15961
15962
15963

15964
15853
15743
14606
in plate

BY4716

BY4716

RMl11-1a

RMl1l1-1a

RMl11-1a

RMl11-1a

RMl11-1a

RMl1I-1a

BY4716

BY4716

BY4716

BY4741

BY4741
BY

BY

BY4741
BY4741
BY4741
BY4741

RMl11-1a

RMl11-1a

RMl11-1a

BY4716

BY4716

BY4716

BY4716
BY
BY
BY4741
BY4742

=]

QR & & Q R

lys2d0 amnl::NAT ura3::KanMX BUL2RM
gln3::URA3

lys2d0 amnl::NAT ura3::KanMX BUL2(L883F)
gln3::URA3

leu2d0 ura3d0 HO: :KanMX amnl ::NAT
gin3::URA3

leu2d0 ura3d0 HO: :KanMX amnl ::NAT
BUL2BY giln3::URA3

leu2d0 ura3d0 HO: :KanMX amnl ::NAT
BUL2BY gin3::URA3

leu2d0 ura3d0 HO::HYG amnl ::NAT WTMI -
3HA-KanMX

leu2d0 ura3d0 HO::HYG amnl::NAT BUL2BY
WTM1-3HA-KanMX

leu2d0 ura3d0 HO::HYG amnl ::NAT
bul2::URA3 WTM1-3HA-KanMX

lys2d0 amnl::NAT ura3::HYG WIMI-3HA-
KanMX

lys2d0 amnl::NAT ura3::HYG BUL2(L883F)
WTMI-3HA-KanMX

lys2d0 amnl::NAT ura3::HYG BUL2::HYG
WTM1-3HA-KanMX

leu2d0 ura3d0 met15d0 his3d0 WTM1-3HA-
KanMX

leu2d0 ura3d0 metl15d0 his3d0 ure2::NAT
WTMI1-3HA-KanMX
from BY4712xBY4716, auxotroph free spore
from BY4712xBY4716, auxotroph free spore
RNR4-GFP (UCSF/Invitrogen)

RNR4-GFP ure2::HYG

RNR4-GFP ure2::HYG wtml::KanMX
RNR4-GFP wtml::HYG

leu2d0 ura3d0 HO::HYG amnli::NAT RNR4-
GFP-KanMX

leu2d0 ura3d0 HO::HYG amnl::NAT RNR4-
GFP-KanMX BUL2BY#1

leu2d0 ura3d0 HO::HYG amnl::NAT RNR4-
GFP-KanMX bul2::URA3

lys2d0 amnl::NAT ura3::HYG RNR4-GFP-
KanMX

lys2d0 amnl::NAT ura3::HYG BUL2(L883F)
wtml-3HA-KanMX

lys2d0 amnl::NAT ura3::HYG BUL2(L883F)
wtm1-3HA-KanMX

lys2d0 amnl::NAT ura3::HYG bul2::HYG
RNR4-GFP-KanMX

wiml::HYG

ure2::Nat

leu2d0 ura3d0 met15d0 his3d0 smll::NAT
leu2d0 ura3d0 lys2d0 his3d0 smll::KanMX
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2-5D
2-5D
2-5D
2-5D
2-5D
2-6A
2-6A
2-6A
2-6A
2-6A
2-6A
2-6A

2-6A

2-6B, 2-6C
2-6B, 2-6C
2-6B, 2-6C
6B, 6C
2-6B, 2-6C
2-6B, 2-6C
2-6B, 2-6C
2-6B, 2-6C
2-6B, 2-6C
2-6B, 2-6C
2-6B, 2-6C
2-TA

2-TA

2-7B



Table 2.2: Genomic loci linked to chronological lifespan.

Viability Viability LOD

Day Chromosome Region RM BY Score
31 9 YIL066C-YILO34W 0.57 0.64 2.6
31 13 YMLI118W-YMLO083C 0.65 0.56 3.5
59 2 YBR0O72W-YBR092C 0.33 0.39 2.8
59 13 YMLI118W-YMLO077W 0.40 0.33 3.5
59 14 YNL093W-YNLO66W 0.33 0.42 3.9
100 2 YBR045C-YBR092C 0.18 0.24 23
100 11 YKLO10C-YKRO15C 0.19 0.23 2.7
100 14 YNL093W-YNLO66W 0.18 0.25 3.9

Table 2.3: BUL2RM-uprequlated transcripts overlap with those upregulated by amino
acid deprivation, rapamycin treatment and loss of URE2. (Can be accessed from Kwan
et al PloS Genet 2011 [29].) Transcripts upregulated in the segregants with the RM BUL?2
allele and their corresponding expression level in cells undergoing amino acid deprivation,
rapamycin treatment, or in ure24 mutant cells.

Table 2.4: ure24 transcript dataset. (Can be accessed from Kwan et al PloS Genet 2011
[29].) Transcripts which were upregulated 1.5-fold or more in ure2A cells relative to
wildtype cells. The abundance of each transcript is presented as a log, ratio relative to
wildtype expression.
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MATERIALS AND METHODS:

Yeast strains and media

Experiments were carried out using standard YPD media (2% glucose, 1% yeast
extract, 2% peptone) unless otherwise noted (ie. ADCB assays). The strains used in this
study are listed in Table 2.1and are from either the S288c (BY) or RM11-1A (RM) S.
cerevisiae backgrounds. The segregant library has been previously described [28], except
that AMNI has been deleted in each of the segregants to facilitate single cell viability
analysis. (The RM allele of AMNI confers clumpiness, which precludes single cell analysis,
whereas the S288c allele of AMNI was previously shown to create a loss of AMNI function
[67]). Gene deletion mutants were either from yeast ORF deletion collection or were created

using standard PCR transformation methods.

For allele replacement, we PCR-cloned a fragment containing 1kb of the 3’ end of
BUL?2 and 1kb BUL2 downstream sequence from either the BY or RM strain using a 5’
primer with an Xhol site (5’- GGCTCGAGGATTGATGATACCGCCAGCCAATCACC)
and a 3’ primer with a HindIII site (3’-
GGCCAAGCTTGCGGGAAAAAGGCCAAACTCTACG). These fragments were inserted
between the Xhol and HindIII sites in pRS406, a vector containing URA3. We used site-
directed mutagenesis (QuikChange II kit, Stratagene) to introduce the L883F polymorphism
into the BY BUL?2 plasmid. Allele replacement strains were generated using the “pop-in/pop-
out” gene replacement method with the linearized BUL2 plasmid [80]. BUL?2 allele
replacement strains were first screened by sensitivity to ADCB and then PCR-sequenced to

confirm the desired BUL2 polymorphisms.
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Microcolony assay for chronological aging

For each strain, 1uL of saturated culture was inoculated into 150uL of YPD (2%
glucose) or buffered synthetic complete media [36] in 96-well plates. Plates were then
incubated for 2 days at 30°C, at which point they were foil-sealed to prevent evaporation and
kept at 30°C for the remaining time. Strains were examined in triplicate. To assay viability,
1l of each resuspended culture was harvested, diluted in water, spotted onto solid YPD
media, and incubated for 24 hours at 30°C. Microcolonies and cells that had not divided were
counted using a microscope, with the total number of events (n > 200 for each culture) used
as the denominator to determine viability percentage. Additionally, colony formation unit
(CFU) assays was used to determine viability in select RM and BY strains. Comparison
between CFU and microcolony values obtained show that the two assays are highly

correlative (R=0.98) (Figure 2.9).

QTL mapping/genome-wide linkage analysis

Genome-wide linkage analysis of segregant data was performed using the publicly
available R/qtl software. Effects of RM/BY allele inheritance in the segregants were

examined using R (box plots) and Excel (student’s t-test).

ADCB toxicity assays

Initial ADCB toxicity assays were carried out using 25ug/mL ADCB (L-Azetidine-2-
Carboxylic Acid, Sigma-Aldrich) dissolved in SD media (1.9g¢ YNB, 0.5% (NH4)2SO4, 2%

dextrose) supplemented with leucine (80pg/mL), lysine (60pg/mL), and uracil (20pg/mL) to
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compensate for the auxotrophies present in the segregant library. Cells were inoculated into
150puL media in 96-well plate and incubated at 30°C. Segregant growth in ADCB was
quantified using absorbance at OD660 after 17 hours in 30°C. BUL?2 allele replacement spot

assays were carried out on solid SD media of the same composition with 25ug/mL ADCB.

Telomere length analysis

Genomic DNA was harvested from saturated 3mL cultures using a phenol:chloroform
DNA extraction. Telomere lengths were evaluated as described in Gatbonton et al. [23]:
genomic DNA was digested overnight with Xhol, resolved by gel electrophoresis (0.5%
TBE, 0.9% agarose gel, run for 360Vehr) and transferred to Hybond-N membrane. Terminal
restriction fragments containing telomeres were visualized using **P-labeled probes

amplified from the Y’ subtelomeric sequence.

Microarrays

Total RNA was harvested from 20mL logarithmic phase cultures in biological
triplicate using the hot phenol method previously described by Schmitt ef al. [81]. Three
competitive hybridizations for each experimental group (ure24 versus wildtype) were
performed using three separate cultures, and the log, of the expression ratio was calculated
for every ORF. To assess the intrinsic variation of expression levels for different ORFs,
wildtype versus pooled wildtype hybridizations were performed using three separate cultures.
Arrays used were spotted oligo probe arrays generated by the Fred Hutchinson Cancer
Research Center Genomics Resource. Probability of overlap with BUL2RM-upregulated

transcripts was calculated using the binomial probability formula.
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Western blot analysis

Yeast whole cell extracts from SmL logarithmic phase cultures were harvested using
the NaOH protein extraction method previously used by Thaminy et al. [82] and Kushnirov
[83]. Proteins were resolved using SDS-PAGE (10% polyacrylamide gel, 120V for 90
minutes) and transferred to a nitrocellulose membrane. Proteins of interest were probed with
antibodies against actin (1:1000 dilution, Neomarkers) or HA (1:5000 dilution, Covance) and
visualized using HRP-conjugated IgG antibodies (1:1000, Vector Laboratories). Wtm1 blot

intensity was quantified using ImageJ and normalized to actin intensity.

Fluorescence microscopy

The Rnr4-GFP strain was obtained from the commercially available Invitrogen/UCSF
GFP-tagged collection and genes were deleted using standard PCR transformation protocols.
Cells from logarithmic phase cultures were harvested and fixed using paraformaldehyde, as
previously described by Biggins et al. [84]. To visualize nuclei, fixed cells were incubated
with 1pug/mL DAPI for 1 hour, washed once and resuspended in sorbitol. Cells were
sonicated before visualization and scoring. At least 200 events for both S-phase and G1 cells
were scored for wildtype, ure24, wtmliA and ure2Awtmi4 strains. At least 500 S-phase cells
were scored for RM and BY BUL? allele strains. Images were captured using a Nikon E800

fluorescence microscope.
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CHAPTER 3

Origin activation at rDNA locus regulates lifespan

INTRODUCTION

The budding yeast S. cerevisiae has become a favorite model for studying the genetic
and molecular basis for variation in lifespan. In particular, the unequal division of mother
and daughter cells in this species makes it especially amenable to analysis of replicative
lifespan (RLS), the number of “daughter” cells that a “mother” cell can produce before it
senesces, which is approximately 20-30 on average, and is thought to be analogous to aging
of mitotic cells such stem cells and epithelia. Genetic screens for genes which can alter RLS
have identified many whose deletion confers lifespan extension, such as those in growth and
metabolism pathways, and many more genes whose absence reduces yeast longevity. Of the
previously identified lifespan regulators, a considerable body of evidence already exists
linking metabolic events that occur in the yeast rDNA locus with replicative aging, including

involvement of the protein deacetylase, Sir2, and the replication fork blocking protein, Fobl.

The discovery of SIR2 and FOBI as regulators of yeast lifespan first implicated
rDNA stability as limiting RLS. The rDNA locus is highly repetitive region of the genome,
IMB in size, and consists of 150 tandem repeats of a 9.1kb sequence encoding highly
transcribed rRNA transcripts (188S, 5.8S, 25S, 5S) as well as non-transcribed regions with
features to allow it to maintain its chromosome-like size, such as origins of replication. The
rDNA locus is also highly transcribed: 60% of all transcription in a yeast cell is dedicated to

the production of rRNA [85] and can only be accomplished with the concurrent transcription
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of rRNA from multiple rDNA repeats [86]. Sir2p is a NAD-dependent histone deacetylase
which silences the rDNA locus and promotes equal sister chromatid exchange by inhibiting
the RNA polymerase II (RNA Polll) transcription that disrupts IDNA-bound cohesion [87].
Unequal sister chromatid exchange in the absence of SIR2 results in rDNA
expansion/contraction, resulting in formation of extrachromosomal rDNA circles (ERCs)
[88], and this instability has been proposed to be responsible for the decreased lifespan seen
in sir24 mutants [89]. Conversely, an extra copy of genomic S/R2 extends the lifespan of
laboratory yeast by 30% and promotes equal sister chromatid exchange. The Fobl protein
binds to the rDNA replication fork barrier (RFB), creating a unidirectional replication block
thought to prevent the collision between the rRNA Poll transcription machinery and the
DNA replication machinery. However, Fobl binding also promotes rDNA recombination by
increasing the probability of double strand breaks. While the collision between transcription
machinery and replication forks is anticipated to be detrimental, the longer lifespan of a
fob 14 mutant suggested that cells are more sensitive to the damage from Fob1-induced
recombination. In addition, the lifespan of a sir24 mutant is restored to wildtype length in
the absence of FOBI, perhaps because unequal chromatid exchange may be less problematic

when double strand break-induced recombination is decreased [90].

Calorie restriction is a universal regulator of longevity between species. Restriction
of dietary intake to 70% ad libitum was first reported to extend the lifespans of mice and rats
[1,91,92]. Since then, this calorie restriction-mediated lifespan extension has been also
documented in worms, flies, and yeast [4,6,93]. Additionally, single gene changes that

reduce activity of conserved nutrient-signaling pathways such as TOR and IGF-1 have been
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shown to mimic calorie restriction’s benefit to longevity, though the exact mechanisms
governing lifespan extension remains unclear. There is no evidence, however, that the
known yeast lifespan regulators SIR2 and FOB] are affected by calorie restriction.
Furthermore, calorie restriction is able to extend lifespan of sir42 fob14 double mutants [94],
indicating that SIR2 and FOBI are dispensable in calorie restriction’s regulation of yeast
longevity. Though independent from S/R2 and FOBI function, the mechanisms of calorie

restriction must still overcome the events at the rDNA locus that limit yeast lifespan.

We used an outbred yeast model, consisting of strains generated between a cross
between the laboratory strain S288c (BY) and the vineyard strain RM11-1a (RM), to identify
naturally occurring polymorphisms that regulate replicative lifespan and found that the rDNA
locus is the major regulator of lifespan. Among the rDNA sequences that differ between RM
and BY, we identified a polymorphism in the RM rDNA that leads to a marked reduction in
rDNA origin activity in a plasmid maintenance assay. The less active RM rDNA origins
confer a reduced size of the rDNA array and extend lifespan independent from S/R2 and
FOBI. Paradoxically, the origin activity at the endogenous rDNA origin is the same between
both strains, underlining the importance of chromosomal context in the regulation of origin
firing. We hypothesize that the increased activity of the inherently weaker RM rDNA origin
in the chromosomal context is generated by the high rate of rRNA transcription. Because
rRNA transcription is heavily influenced by nutrient availability, our observation provides a

link between calorie restriction, rDNA origin activation, and lifespan.
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RESULTS

Replicative lifespan analysis of outbred segregant library

We measured the replicative life span (RLS) of 90 meiotic segregants previously
derived from a cross between the laboratory strain s288C (BY parent) and the vineyard yeast
strain RM11-1a (RM parent) [28]. By following 20 individual cells for each segregant strain,
we found continuous variation in lifespan, with mean RLS ranging from 12 to more than 40
generations (Figure 3.1A), suggesting that multiple loci are involved in controlling longevity.
This wide variation of RLS among the segregants is derived from parents with similar
lifespans (26.5 and 28.6 generations for BY and RM respectively) and indicates the presence
of multiple loci that have compensating effects in the parental strains, i.e. transgressive
segregation. In order to determine to what extent was the observed lifespan variation
genetically determined, we repeated lifespan analysis of 40 segregant strains. We found that
heritability was 82%, indicating that a large fraction of lifespan variation in this cross is

determined genetically.

Genome-wide linkage analysis revealed overwhelming linkage to a locus on
chromosome XII (LOD score of 8) (Figure 3.1B). Further investigation refined this linkage
to the rDNA locus, with significant LOD scores on both sides of this 1.2Mbp region. Only
one meiotic crossover event between the markers flanking the rDNA region was found
within segregants, consistent with the previous observation that rDNA is inherited as one
locus [95]. We determined that 38% of total lifespan variation (46% of heritable variation)

between the segregants is controlled by the rDNA locus, indicating that rDNA is the major
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regulator of lifespan in the RM and BY cross. Several other minor loci were identified in our
genome-wide analysis and the residual lifespan variation not explained by the rDNA locus is
most likely due to the combination of their smaller but significant contributions (Table 3.1).
We quantified the influence of rDNA on longevity by separating segregants into populations
based on rDNA allele inheritance (Figure 3.1B). The segregant population inheriting BY
rDNA had an average RLS of 23.5+4.6, comparable to lifespans previously seen from
laboratory strains such as s288c and W303. Segregants inheriting RM rDNA, however, had

an average RLS of 33.127.0 cell divisions, a 41% increase in longevity (P=9.5x10""2, v=88).

In order to isolate the effects of the rDNA allele from other genomic polymorphisms,
we carried out eight sequential backcrosses to the BY laboratory strain while maintaining the
RM vineyard rDNA. This backcrossed strain had a mean lifespan of 38.6, a 46% increase
compared to mean of 26.5 for parental BY strain (P=10", v=2, Figure 3.1C). Conversely,
when we used eight backcrosses to transfer the laboratory rDNA in the RM background, we
found that the BY rDNA backcrossed strain had a lifespan of 20.9, a drop of 26% compared
to vineyard parental lifespan of 28.5 (P=5x10*, v=2, Figure 3.1D). Thus, consistent with
mapping results, the backcross analysis confirmed that vineyard rDNA confers increased

lifespan.

While a link between the rDNA locus and yeast longevity is a well established one
[96,97], it is still unclear how exactly the rDNA locus influences replicative lifespan. It has
been previously proposed that mitotic intrachromosomal recombination at the rDNA locus,

concomitant with the production of extrachromosomal rDNA circles (ERCs) [97],
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contributes to the decrease in replicative lifespan potential. Although the recombination
model has been established, there is still debate as to whether this shortening of lifespan is
due to accumulation of ERCs, genomic instability generated by rDNA recombination, or
another yet unidentified cellular process. Armed with our findings, we hope to shed some

light on how rDNA regulates lifespan.

rDNA affects lifespan independently of SIR2 and FOBI

To investigate whether the effect of RM rDNA required SIR2, we deleted SIR2 in 28
randomly selected segregant strains and analyzed their replicative lifespan. While the
average lifespan dramatically decreased upon SIR2 deletion, sir24 segregant strains with RM
rDNA had significantly longer RLS (17.0+2.1) compared to their BY rDNA counterparts
(10.8+1.7, P=6.1x107, v=2) (Figure 3.2A), which demonstrates that STR2 function is not
required for RM rDNA induced increase in RLS. The SIR2-independence of the RM rDNA
allele benefit was recapitulated in our backcross strains: BY sir24 strains with RM rDNA
fared better than the parental strain, with lifespan means of 18.0 and 12.0 (p=1.7x107, v=2,
Figure 3.2B). The RM sir24 strain also lived longer (17.0) than the BY rDNA sir24 strain
(10.1) (P=9.0x10, v=2, Figure 3.2E). Additionally, we generated segregant strains in which
an extra copy of SIR2 was inserted in the genome and found that longevity benefit of the RM
rDNA allele was still maintained in the presence of SIR2 overexpression (35.40+3.4 vs.
28.08+3.0 divisions, P=2.0X10'2, v=9, Figure 3.2D). These results demonstrate the RM

rDNA lifespan extension is independent of SIR2.
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To determine whether FOBI is required for vineyard rDNA mediated lifespan
extension, we deleted FOB/ in parental strains and strains with the replaced rDNA loci. In
the BY background, FOBI deletion led to increased lifespan in strains with both native
rDNA (38.9) and vineyard rDNA (44.3) (P=6.7x107, v=2, Figure 3.2C). Since the RM rDNA
allele still increased lifespan in the absence of FOB1, we concluded that the longevity benefit
of the RM rDNA was not dependent on the presence of FOBI. Unexpectedly, in the vineyard
background (RM), loss of FOBI reduced lifespan by half, an effect that occurred in both the
RM parental strain (17.2 generations) and the strain with BY rDNA (10.3 generations; Figure
3.2F). Thus it appears that in the RM strain, unlike most of the laboratory strains, FOB1
deletion decreases lifespan through unknown mechanisms. However, the longevity effects of

the RM rDNA allele persisted (P=10"*, v=2) and are therefore separable from Fobl function.

BY and RM rDNA differ in ERCs, copy number, and intergenic sequence

polymorphisms

The rDNA array size was first determined in the parental vineyard (RM) and
laboratory (BY) strains using Southern blot analysis (Figure 3.3A), which revealed that the
number of rDNA repeats in the vineyard strain was approximately 60% of that in the
laboratory strain (~90 vs. ~150 copies [98]). We confirmed that RM rDNA is shorter than
BY rDNA using contour-clamped homogeneous electric field (CHEF) gel electrophoresis.
Remarkably, the reduced size of the vineyard rDNA locus, measured by the size of
chromosome XII by CHEF gel electrophoresis (Figure 3.3B), was preserved after 10

successive backcrosses to the laboratory strain (~ 500 population doublings). This
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observation suggest that cis-elements in the vineyard rDNA sequence are responsible for

maintaining reduced steady-state copy number relative to rDNA of the laboratory strain.

Intrachromosomal recombination between the tandem rDNA repeats generates
extrachromosomal rDNA circles (ERCs), whose preferential accumulation in mother cells
has been proposed as one of the mechanisms that limits replicative potential [97,99]. To
determine whether vineyard and laboratory rDNA loci differ in their ability to
generate/maintain ERCs, we measured ERC levels in logarithmically growing cultures of the
parental strains and their respective rDNA replacement backcross strains. Using 2D gels to
resolve uncut genomic DNA from ERCs, we find ERCs were reduced by 90% in the BY
strain with the RM rDNA allele (Figure 3.3D). This large reduction in ERC level in
logarithmically growing cultures, which consist primarily of young cells, suggests that
having RM rDNA leads to decreased ERC accumulation. However, we determined that the
RM parental strain had more ERCs than both the shorter-lived BY parent strain and the RM
strain with BY rDNA allele, indicating no correlation between rDNA and lifespan. These
results do not follow the previously proposed recombination model and, at least in
logarithmically growing cultures, suggest dissociation between lifespan and ERC

accumulation.

Since our results suggest that the rDNA sequence itself is important for longevity as
well as for copy number, we checked for polymorphisms between RM and BY rDNA. We
found no sequence polymorphisms in the 37S and 58S regions encoding rRNA transcripts,

consistent with their conservation. However, we found that the non-transcribed spacer (NTS)
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region is highly divergent between these two strains (Figure 3.4A). Within the NTS are
several elements that have been found to play an important role in the maintenance of the
rDNA locus: NTS2 contains the rDNA origin of replication (rARS) [100] and the cohesin
associating region (CAR) [101], and NTS1 contains the replication fork barrier (RFB) [102],
which binds Fob1, and the E-pro RNA Polll promoter silenced by Sir2 [87]. While many of
the NTS polymorphisms do not alter these landmarks, we identified sequence changes in the
rDNA origin of replication and in the replication fork barrier involved in mitotic
recombination. Using high-throughput sequencing and examination of the total number of
reads from the rDNA array of both the RM and BY parent strains, we found that the
identified RFB and rARS variants are homogenous within a strain: all 150 copies of rDNA in
the BY strain have the same BY origin and RFB sequences, all 90 RM rDNA copies have the
RM sequences. This homogeneity within the rDNA array allows us to investigate the effects
of an rDNA array as a single sequence rather than a complex hodgepodge of heterogeneous

repeats.

To assess how the rARS and RFB polymorphisms affect lifespan, we examined
rDNA sequences from a diverse collection of wild yeast. The majority of the 37 S. cerevisiae
isolates sequenced by the Saccharomyces Genome Resequencing Project (SGRP) [103,104]
possessed the RM rDNA sequence, with only a handful with polymorphisms seen in the BY
strain. More fortuitously, we found a handful of strains that have hybrid rDNA sequences:
strains whose rDNA is mostly the RM sequence but contains either the BY rARS or BY RFB
polymorphism. In order to parse out the importance of the RFB and rARS alterations, we

generated outcrossed rDNA from 3 S. cerevisiae isolates with hybrid rDNA sequences into
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the BY background. The rDNA sequences from DBVPG6765 and L1374 look like RM
rDNA but have the BY RFB. Backcross strains with either of these rDNA sequences had
significant lifespan extension (P=10", v=2) on par with RM rDNA (Figure 3.4B), suggesting
that the BY RFB does not decrease the benefit of the RM rDNA allele. However, when we
examined rDNA from the sake strain Y12, which has the RM sequence with the BY rARS
polymorphism, we found that the Y12 rDNA allele does not extend lifespan of the BY strain
(P=0.1404, v=2). The Y12 rDNA results indicate that it is the RM rARS sequence, and not
the RFB sequence, which is responsible for conferring the RM rDNA-dependent lifespan

extension.

RM rDNA ARS polymorphisms greatly reduces ARS activity

While we have not yet examined the effects of each rDNA polymorphism, we have
confirmed that polymorphism in the rDNA origin of replication affects its activity. The RM
rDNA origin of replication has a cytosine polymorphism at a highly conserved thymidine
residue in the A/T-rich IDNA ACS1 sequence, suggesting that it may impair origin function
and DNA replication (Figure 3.4A) [100,105,106]. To measure and compare origin activity
of the different rDNA sequences, we cloned the rARS sequences from RM and BY rDNA
into an origin-free vector containing a KanMX marker and tested the ability to these
sequences to promote plasmid maintenance. We found that the BY rARS is highly active
while the RM rARS is much less active, as evidenced by the lack of growth on G418 plates
(Figure 3.5). Use of the whole 2.2kb RM rDNA NTS still resulted in greatly decreased

origin activity, refuting the possibility of replication from a cryptic origin in the larger IDNA
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sequence. An origin-free plasmid (no ARS) and a plasmid with a highly active yeast origin

(ARSI) served respectively as a negative and positive control.

Plasmid maintenance is influenced by a strain’s rDNA seqguence

In the course of our studies of RM rDNA origin usage, we noticed that the RM
parental strain exhibited robust growth on G418 while maintaining the RM NTS plasmid
(Figure 3.5). Further investigation revealed that increased capacity to maintain these weak
origin plasmids is linked to the RM rDNA allele: the BY with RM rDNA grew better on
G418 while the RM strain with BY rDNA strain exhibited poorer growth. In fact, the
increased capacity to maintain a plasmid with a weak origin depends on a strain’s rDNA
origin sequence. BY strains with rDNA from DBVPG6765 and L 1374 (BY RFB) were
able to maintain plasmids with RM NTS and RM rARS sequences, visible by growth on
G418 (Figure 3.6C). The BY strain with Y12 rDNA (BY rARS), however, resembled the
BY parent strain and was unable to maintain the RM NTS and RM rARS plasmids,
illustrating that increased use of weak plasmid origins relies on having the RM rDNA origin
sequence. We wanted to address the possibility that our observations were an artifact of the
plasmid containing an rDNA sequence, which could associate them with the nucleolus where
they would be directly affected by the same replication forces governing the endogenous
rDNA. We therefore examined a plasmid containing a weak origin sequence from Lachancea
waltii, a non-rDNA sequence from different yeast species, and found that the L. waltii
plasmid was also better maintained in the BY strain with RM rDNA, suggesting that

increased plasmid maintenance is not specific to a plasmid containing an rDNA sequence.
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RM rDNA allele confers increased activity of weak genomic origins and suppresses

orc2-1 mutation

Why would having an impaired rARS sequence lead to increased plasmid origin
activity and extended lifespan? Our results led us to hypothesize that decreased activity at
rDNA origins reduces the competition for replication factors and therefore allows for greater
replication of the weak origin plasmids (Figure 3.7A). If the rDNA sequence can promote
usage of weak origins on a plasmid through increased availability of replication factors, it is
therefore possible that the rDNA locus alters origin activity across the genome. We then
examined activity at several genomic origins in strains with RM and BY rDNA using 2D gel
electrophoresis. While not all origins were affected, we found that activity at the inefficient
ARS605 origin was increased with the RM rDNA allele (Figure 3.7B). This ARS605 origin
was previously noted to have different efficiencies between two different strains,
A364A[107] and DKD-5D-HD [108], which could be due to rDNA sequence differences.
Our results suggest that the RM rDNA allele increases efficiency at a subset of genomic

origins.

While we only examined a handful of genomic origins, we wanted to know if the RM
rDNA allele can globally compensate for a limiting replication factor. Since we do not yet
know which replication factors are limited by rDNA, we decided to engineer a situation
where we restrict formation of replication complexes using a temperature-sensitive orc2-1
mutant [109,110]. Orc2 is a subunit of the origin recognition complex (ORC) which recruits
replication factors to S. cerevisiae origin sequences. The orc2-1 mutant allele generates an

unstable ORC: wildtype orc2-1 mutants, with BY rDNA, are unable to grow at non-
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permissive 26°C and also exhibit slower growth at room temperature. However, we found
this orc2-1 deficiency was rescued in strains with the RM rDNA allele (Figure 3.7C),
suggesting that having weaker and fewer origins at the rDNA locus facilitates genome-wide

replication when ORC function would be otherwise insufficient.

RM rARS maintains comparable replication function and timing at the endogenous

rDNA locus

The extreme differences in origin activity from our plasmid maintenance assay
suggest that the replication of the RM rDNA locus could be very different from that of BY
rDNA. To examine origin activity at the endogenous rDNA locus, we used 2D-gel
electrophoresis to compare the quantity of replication bubbles, which are generated by active
origins, from the passively-replicating Y-shaped intermediates. The relative origin activity
can then be estimated as the ratio of bubble arc intensity to that of the Y-arc. Although
plasmid transformation assays suggested that the RM rARS is crippled, we found that
activity of the endogenous RM rARS was as strong as the BY rARS (Figure 3.8B). We then
wanted to know if RM rDNA is perhaps replicated slower than BY rDNA. To do so, we
examined rDNA replication kinetics using a density transfer experiment [111], in which cells
cultured in “dense” media consisting of °C and "N isotopes, are released into isotopically
light media, where newly the synthesized DNA will be labeled with less dense '>C and "N.
We found that the rDNA locus replicates late when compared to the rest of the genome and
that the rates of replication of BY and RM rDNA are strikingly similar (Figure 3.8C). The
paradoxical difference we find between origin activity on a plasmid versus genomic origin

activity illustrates the importance of chromosomal context in origin regulation, as
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demonstrated by the dramatic increase in RM rARS origin activity when at the genomic

rDNA locus.

Calorie restriction reduces rDNA origin activity

Our finding that yeast lifespan is extended by a vineyard polymorphism at rDNA
which decreases rARS activity led us to hypothesize that calorie restriction could also be
reducing rDNA origin activity. Calorie restriction was previously known affect IDNA
through the reduction of ribosome biogenesis [30] and downregulation of rRNA transcription
[112], but its effects on rDNA replication have not been examined. To investigate calorie
restrictions effects on rDNA origin efficiency, we compared rDNA replication intermediates
from cells grown in 2% glucose (normal media) and 0.05% glucose (calorie-restricted media
[94]). Quantitative Southern blotting verified that the there was no difference in rDNA copy
number between normal and calorie-restricted cultures (data not shown). We found that
calorie restriction reduced BY rDNA origin activity by 58% when compared to cells grown
in normal 2% glucose (Figure 3.9A). Calorie restriction had an even more dramatic effect in
cells with RM rDNA, where rDNA origin activity was reduced by 84% in 0.05% glucose. In
fact, the reduced origin activity of the RM rDNA compared to the BY rDNA is evident in
calorie-restricted cells, in which the promotion of origin activity via rRNA transcription is
presumably reduced. The magnitude of inhibition of rDNA origin activity by calorie

restriction suggests that it may also have profound effects on genome-wide replication.

We then wanted to determine if calorie restriction could phenocopy other traits of RM

rDNA, particularly if calorie restriction could also increase genomic origin usage. To
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examine the effects of calorie restriction on genome-wide replication, we examined orc2-1
sensitivity in the absence of GPA2, encoding a signaling component of the G-protein coupled
receptor, RPL6B or RPL31A4, components of the large ribosome subunit. Loss of any of these
three genes extends replicative lifespan through effects that are epistatic with calorie
restriction [94,113]. We found that orc2-1 temperature sensitivity was partially rescued by
all three deletions (Figure 3.9B), suggesting that calorie restriction mimetics can promote
usage of genomic origins of replication. While further calorie restriction studies of genome-
wide replication are needed, the rescue of orc2-1 sensitivity by gpa24, rpl6bA, or rpl31ad
suggests that calorie restriction could also affect global replication though the same

mechanism as RM rDNA.

DISCUSSION

Our replicative lifespan studies of genetically diverse strains revealed that the rDNA
locus is the key determinant of yeast longevity between the laboratory S288c strain and the
vineyard RM11-1a strain and that the RM rDNA allele provides robust lifespan extension.
The modulation of lifespan by the RM rDNA allele was found to be independent of SIR2 and
FOBI, two previously established regulators of yeast longevity which also interact with the
rDNA locus [89,114], suggesting that the rDNA locus itself contains intrinsic properties
important for lifespan manipulation. While the intergenic rDNA sequence is highly
divergent between S. cerevisiae isolates, our studies pinpoint a polymorphism which reduces
the activity of the RM rDNA origin of replication (rARS) as being responsible for lifespan
extension. Further characterization indicates that the RM rARS polymorphism, when

propogated across the endogenous rDNA array, alters global DNA replication.
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How does rDNA affect lifespan?

We propose that fewer active origins at the rDNA locus would promote genome
stability and longevity via two possible mechanisms. The first possibility is that reduction of
rDNA origin firing promotes the stability of the rDNA locus, contributing to overall genome
stability. The rDNA locus is an incredibly difficult region of the genome to replicate and
full of potential pitfalls: replication forks have to dodge transcription at the 5S locus and the
densely populated 37S rRNA region. Replication forks are halted unidirectionally at the
Fobl-bound RFB in order to prevent collision between replication and transcription
machinery, but the RFB function also guarantees that most rDNA origins that fire will
generate a stalled replication fork [102,115] and increase the probability of rDNA
recombination[116]. Evidence for the rDNA’s greater vulnerability comes from loss-of-
heterozygosity studies of regions on chromosome VI and the rDNA-containing chromosome
XII. Loss-of-heterozygosity events on chromosome XII increased significantly as cells aged,
while loss-of-heterozygosity on chromosome VI remain unaffected, indicating sequences
proximal to the rDNA locus are more prone to age-associated instability [117]. While the
origin activity is the same between RM and BY rDNA (30% of rDNA origins are estimated
to be active), the smaller RM rDNA array (90 vs. 150 copies) would have fewer active
origins (30 vs. 50) and therefore less recombination, leading to greater overall stability of the

rDNA array.

Our second model proposes that a reduction in the number of actively replicating

origins at the rDNA locus would decrease the competition for replication factors and
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therefore increase usage of more genomic origins, ensuring the complete replication of the
genome. We found that strains with a less active rDNA origin sequence had more activity at
a genomic origin and partially rescues lethality in orc2-1 mutants. A similar rescue was
reported by Ide ef al. [109] when they characterized clones that were able to suppress the
orcl-4 and orc2-1 temperature sensitive phenotype. A majority of the rescued strains
possessed a dramatically smaller chromosome XII, a result of severe reductions to the rDNA
array. This flexibility in rDNA size suggests that it is a dynamic structure which can respond
to and compensate for replication constraints. Our model proposes rDNA can affect normal
genome-wide replication through decreased competition for a putative limiting replication
factor, artificially emulated using the orc2-1 mutant. Future experiments include a screen for
the putative replication factor(s) limited by rDNA and determining if lifespan can be

extended by the increased availability of said factors.

Could a reduction in rDNA origin firing make a difference in yeast genome replication?

In addition to 300-400 genomic origins, S. cerevisiae has another 150 potential
origins of replication contributed by the laboratory strain’s rDNA locus. Therefore, a third of
available origins of replication reside in the rDNA locus, reported previously with ORC
ChIP-seq data. As rDNA origin efficiency is estimated to be approximately 20-30%, the
initiation of 50 active rDNA origins [102,118] would comprise 15% of total origins used
during replication. Although we found rDNA origin efficiency to be the same between the
RM and BY rDNA alleles, the shorter RM rDNA array would utilize 20 less rDNA origins,
approximately 5% of the total origins used. While a 5% decrease may not appear significant,

this modest reduction in origin firing may be enough to reduce the chances of having a large
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region of DNA without origin firing, the “random replication gap problem [119] (Figure
3.10),” previously observed in fission yeast [120]. Large gaps between active origins may
lead to stretches of incomplete DNA replication, which is undesirable and can induce
genomic instability. Strains deficient in origin initiation, such as an orc2 mutant or a sic/
initiation mutant, arrest at the end of S-phase with large stretches of unreplicated DNA and
cells which recover from this checkpoint arrest do so through massive genome
destabilization, seen as gross chromosomal rearrangements and chromosome loss [121].
Due to the stochastic nature of origins, each origin has only a probability of being active,
with late firing origins used to synthesize any remaining stretches of unreplicated DNA.
Since rDNA is a late replicating region of the genome and most likely consists of late-firing
origins, having the shorter RM rDNA array would facilitate replication from 20 more late-
firing origins, which may be crucial in the completion of any remaining unreplicated
genomic gaps. The resultant increase in the probability of completing genomic replication

would therefore be beneficial to overall genomic stability.

SITR2 mutants and rDNA origin efficiency

rDNA biology has long been proposed to govern yeast longevity. However, the
canonical model proposed is that the stability of the rDNA locus determines lifespan.
Examination of sir24 mutants revealed a correlation with increased mitotic recombination
between rDNA repeats [88] and decreased longevity [89]. Conversely, manipulations which
decrease rDNA recombination, namely SIR2 overexpression and FOB/ deletion [122],
extend yeast lifespan [89]. Along with the increased accumulation of recombination-

generated ERCS seen in old cells [97,117], this correlation between rDNA instability and
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lifespan culminated in the hypothesis that increased rates of rDNA recombination could
destabilize the genome and reduce replicative potential. Our model, however, proposes that
decreasing the number and efficiency of rDNA origins increases genome stability and
replicative lifespan though decreased competition for replication factors. While we propose
that lifespan may also be regulated through rDNA replication, it does not necessarily
preclude the effects of SIR2 on longevity. The loss of SIR2 deacetylase activity opens up
rDNA chromatin to increased transcription [87] and doubles the number of rDNA origins

utilized [123], which would reduce replicative lifespan as per our model.

Transcription at the rDNA locus promotes replication

The comparable activity of the RM and BY rARS genomic sequences was indeed
puzzling. More perplexingly, most plasmid-genome disparities from identified ARS
sequences are opposite to what we have found with the rDNA origin of replication: many
origins sequences have activity on a plasmid, but are dormant in their endogenous sites.
However, the unique biology of the rDNA region may account for this paradox. Firstly,
rDNA replication initiation is associated with rRNA transcription. The rDNA locus is a
heavily transcribed region of the genome [86] and two-thirds of all transcription is devoted to
the generation of rRNA [85] for ribosome biogenesis required for cell growth. This constant
transcription of rDNA repeats may be responsible for keeping this region in a nucleosome-
poor open chromatin state [124], which could allow for increased replication factor
accessibility. Previous studies have found that rDNA replication is primarily induced
downstream of transcribed rRNA sequences [125]. Secondly, cells with shorter rDNA arrays

have increased percentage of transcribed repeats [86] and increased rARS activity [109].
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French ef al. [86] demonstrated that a strain with 150 repeats will have transcription at 50%
of rDNA array, while a strain with 42 repeats will transcribe all repeats, each with an
increased polymerase load, suggesting that cells require a certain rate of rRNA synthesis
regardless of rDNA size. Ide et al. [109] additionally found increased rDNA origin

efficiency in strains with severely reduced rDNA repeat numbers.

We therefore propose that the RM rDNA with its reduced rDNA repeat number
would have increased transcription, leading to increased rARS efficiency (Figure 3.11).
Since our plasmid maintenance assay used plasmids without heavily transcribed rRNA
sequences, the RM rARS sequences remain poorly utilized. We anticipate that a plasmid
with a complete RM rDNA repeat would show more origin activity than just the limited
rARS sequence due to rRNA transcription. If true, if we were then to disable plasmid
transcription by removing the rRNA-transcribing Poll promoter, the RM rDNA plasmid
would revert back to being a weakly maintained plasmid. We also predict that if we were to
disable Poll transcription, expressing rRNA instead through a GAL-driven plasmid sequence,

we would find a dramatic decrease in the RM rDNA origin activity.

This permission of origin activity by transcription solves the puzzle of how the
chromosome-sized rDNA locus is able to replicate itself with the apparently crippled RM
rARS sequence and may help to explain the smaller size of the RM rDNA array. The
similarity between RM and BY rDNA origin activities suggests that there may be a preferred
origin efficiency required to maintain rDNA. And expansion of the RM rDNA array to 150

repeats would be predicted to decrease the density of rRNA transcription, corresponding with
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decrease in origin efficiency. This would lead to longer gaps between active rDNA origins
and result in stretches of unreplicated DNA by the end of S-phase. Confronted with this
situation, a cell would likely have to contract its rDNA locus in order to complete replication
in a timely fashion or die. We predict that strains with BY rDNA would behave similarly if

their rDNA array ever doubled in size.

Could calorie restriction mediate lifespan extension through rDNA origin efficiency?

The coupling of rRNA transcription to rDNA replication could provide the yet-
elusive mechanism behind the lifespan extension mediated by calorie restriction, which also
extends lifespan independent of SIR2 and FOBI [94]. The promotion of longevity by calorie
restriction is well documented in wide range of species [6] and suggests the involvement of a
highly conserved mechanism. Since all organisms require ribosomes for protein synthesis, a
region encoding ribosomal components is attractive as a universal regulator of lifespan.
Abnormal nucleolar phenotypes have been reported in aging mammalian cells and reduction
in rRNA production is seen with age [126,127], suggesting that the nucleolus/rDNA may be
responding to age-related cues. Indeed, rDNA stability was initially hailed as potential
explanation for the conservation of calorie restriction’s influence on longevity, though the

exact mechanism of lifespan regulation has remained unclear.

Use of calorie restriction mimetics, either through genetic and pharmaceutical
manipulation of conserved pathways such as the TOR nutrient-signaling pathway, have
illustrated the tight regulation of ribosome biogenesis by nutrient availability. Cellular

growth requires a high level of protein synthesis and therefore transcription of rRNA and
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ribosomal subunits must be coordinated to the demand for ribosomes. In situations when
growth is reduced, such as with calorie restriction or TOR pathway inhibition, there is a
dramatic downregulation of genes involved in ribosome biogenesis. tTRNA transcription is
particularly attuned to growth conditions and the number of repeats transcribed decreases
when cells are shifted from rich complete media to nutrient-poor minimal media [112].
Coincidently, the rDNA locus has a dramatic increase in nucleosome occupancy when cells
are shifted to a nutrient-deprivation situation [124], and the rDNA origin itself becomes
populated by a nucleosome in low nutrient situations, presumably obstructing ORC binding
and replication initiation. Supported by our finding that calorie restriction reduces rDNA
origin activity by 60-80%, we propose that the decrease in rRNA transcription decreases
rDNA origin efficiency and therefore regulates replicative lifespan in response to nutrient

availability.

While we acknowledge that our findings are not congruent with those of previous S.
cerevisiae TDNA studies, we note that differences exist which may help explain the
discrepancies between our results. Previous studies of rDNA size found that strains with
shortened rDNA arrays, rather than granting lifespan extension, exhibit either shortening of
[128] or little change to replicative lifespan [129]. The shorter-lived strains have extremely
reduced rDNA arrays, decreased down to approximately 20 repeats in size, which is much
shorter than the 90 repeats in an RM rDNA array. No obvious growth defects were found
between strains with long or short rDNA arrays. A strain with a mere 20 repeats must heavily
transcribed each repeat to maintain production of rRNA. Combined with the dramatic

increase in origin efficiency, collisions between replication and transcription machinery in
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20-repeat strains may become unavoidable and detrimental to cells. The RM rDNA has a
less dramatic but significant reduction in repeat number and retains similar rDNA origin
efficiency to BY rDNA, suggesting that the difficulty of coordinating rDNA transcription
and replication are not as extreme as with a 20 repeat rDNA array. While no difference in
sensitivity to the DNA damaging agent MMS was found between strains with RM and BY
rDNA (unpublished), cells with a 20 repeat rDNA array were much more sensitive to MMS
exposure, suggesting the incredibly short rDNA may be more prone to or unable to repair
replication lesions due to constant interference of rRNA transcription. The genetic instability
generated at such a short rDNA array could result in the lost of replicative lifespan. The
similarity of lifespans of strains with long (200 copies) and short (~135 copies) rDNA arrays
seen by Michel et al. [129] may be due to size-dependent regulation of rDNA origin

efficiency, resulting in the same number of origins firing regardless of rDNA size.

Also in direct contrast to our findings, a previous study by Ganley et al. [130]
reported that a decrease in rDNA origin activity was correlated with loss of replicative
potential. In this study, Ganley et al. reduced origin activity by replacing the non-essential
rARS ACS3 sequence with the URA3 marker (rARSA-3). While rARSA-3 did show
decreased origin efficiency by 2D gel electrophoresis, we noted two differences between the
rARSA-3 array and our RM rDNA allele. Firstly, the rARSA-3 allele allowed the integration
of a foreign open reading frame, URA3, into the NTS2 sequence. In addition to possibly
disrupting rRNA transcription with a foreign ORF, the proximity to the URA3 sequence was
previously reported to alter timing of origin firing [131], shifting origin activity to earlier in

replication. Since the rDNA locus is a late replicating sequence, this disruption of replication
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timing may dramatically change the role of the rDNA locus. Second, in direct contrast to the
RM rDNA array, which maintains its reduced copy number after 10 backcrosses (~500
generations), the size of the r4RSA4-3 array achieved the wildtype size of 150 copies after 500
divisions. These discrepancies suggest that, even though they both exhibit loss of origin
efficiency, the RM rARS and r4RSA4-3 sequences may have other fundamentally different

behaviors that could affect IDNA mediated lifespan.

Does replication become more problematic with age? Our studies focus on rDNA’s
mediation of genomic replication in young cells, but do not yet address replication in old
yeast cells. Young cells are adept at responding to replication stress. However, as they age,
it is possible that DNA damage responses decline and any replication stress may be
exacerbated in old cells. There are hints in the literature that replication may become
problematic for an old cell. Experiments by McMurray et al. showed that old mother cells
had more loss-of-heterozygosity events than young cells, indicating the increase of genomic
instability with age [132]. Kobayashi et al. also report that old mother cells exhibit more
difficulty in replicating chromosome XII, almost certainly due to the rDNA locus [130].
Though needing further study, our preliminary study of old mother S. cerevisiae cells has
found that older cells have decreased plasmid maintenance when compared with young cells
(data not shown). Additionally, though not surprisingly, defects in genes involved in DNA
replication lead to a decrease in lifespan [133]. The importance of DNA replication may
become more important with age and, if so, faithful maintenance of DNA replication

programs may prolong cellular longevity.
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Figure 3.1. rDNA is the major requlator of replicative lifespan in the RM/BY cross.

142. Mean replicative lifespans (RLS) of 90 segregants and parental strains
(indicated by arrows). (B) Genome-wide linkage analysis of RLS. rDNA linkage on
chromosome XII is indicated by arrow. RLS distribution of strains inheriting the BY
or RM rDNA allele (inset). Average RLS for strains with BY rDNA was 23.5+4.6
and average RLS for strains with RM rDNA was of 33.1+7.0 (P=9.5x107"?, v=88).
(C) Replicative lifespan curves for the BY parent and the significantly longer-lived
backcrossed BY strain with RM rDNA (P=1x107, v=2). (D) RLS curves for the RM
parent and RM strain with BY rDNA (P=5.0x10", v=2). Mean RLS for backcross

strains are indicated in parentheses (C,D).
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Figure 3.2. rDNA inheritance regulates lifespan independently of SIR2 and FOB].

Mean RLS distribution of (A) 28 segregants with SIR2 deleted or (D) 9 segregants
overexpressing SIR2. Segregants with the RM rDNA allele remained longer-lived than those
inheriting the BY allele even in the absence of SIR2 (17.0+2.1 vs. 10.8+1.7, P=6.1x107, v=2)
or with SIR2 overexpression (35.4+3.4 vs. 28.1+£3.0, P=2.0x10, v=2). Examination of the
BY backcross strain found that RM rDNA still granted lifespan extension in both (B) sir24
and (C) fob 14 backgrounds. (E) Even in the absence of SIR2, the RM parental strain lives
longer than the RM strain with BY rDNA. (F) Deletion of FOBI decreased lifespan in the
RM background, but the RM fob 14 strain remained longer-lived than the RM fob 14 strain

with BY rDNA.
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Figure 3.3. Examination of rDNA copy number and ERCs in the RM and BY strains.
142. Southern blot comparing intensity of the rDNA signal from the RM and BY

parent strains. Single-copy MCM?2 was used to normalize amount of input. (B)
CHEF gel electrophoresis analysis of chromosome XII size reveals that RM rDNA
size is the same in the RM parent and BY backcross, indicating that the regulation of
rDNA array size is determined in cis. (C) Diagram of rDNA and ERC positions on
2D-gel run from an undigested genomic DNA sample. (D) ERC quantification in RM
and BY strains using 2D-gel electrophoresis.
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Figure 3.4. Polymorphism in the rDNA origin of replication mediates replicative
lifespan. (A) Schematic of rDNA landmarks and identified polymorphisms, not drawn to
scale. Location of differences between the RM and BY rDNA sequences are noted with
asterisks (*). (B) Wild yeast isolates DBVPG6765, L 1374, and Y12 have RM rDNA
sequences with the single BY RFB or BY rARS polymorphisms. When backcrossed into the
BY background, rDNA alleles from DBVPG6765 and L1374 confer significant lifespan
extension (P=10", v=2) while the Y12 rDNA allele does not (P=1.4x10"", v=2). Mean
replicative lifespan is indicated in parentheses.
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Plasmid with:

BY rARS RM rARS BY rDNANTS  RMrDNANTS
no ARS ARS1 (110bp) (110bp) (2.2kb) (2.2kb)

T

BY parent

RM parent

Figure 3.5. The RM rDNA origin (rARS) has a loss of function polymorphism.

Various replication origin sequences were cloned into a vector containing the KanMX6 gene.
With a strong origin of replication such as ARSI, cells are able to replicate the KanM X6
plasmid and grow on media containing the antibiotic G418. Cells transformed with plasmids
containing the 110bp BY rARS sequence and the 2.2kb NTS region from BY rDNA also
grow on G418, indicating the robust activity of the BY rDNA origin. Plasmids containing
the RM rARS and RM NTS sequences, however, conferred much lower G418 resistance,
suggesting that they are poorly maintained due to poor replication. Interestingly, the RM
parental strain was able to better replicate the plasmids containing RM rDNA origin
sequences, suggesting the presence of a strain-specific mechanism that increases initiation of
RM rDNA origins.
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Figure 3.6. Strains with the RI\/I rARS array can utilize weaker origins.
142. The BY strain with RM rDNA can better maintain plasmids using the weak
origin sequences from the RM NTS, RM rARS, and L. waltii ARSVII-929. (B)
When the BY rDNA allele is backcrossed into the RM strain, it loses capacity to
utilize weak plasmid origins. (C) Strains with rDNA inherited from DBVPG6765
(RM rDNA w/ BY RFB) are able to maintain weak origin plasmids better than strains
inheriting rDNA with BY rARS sequence (BY parent or Y12 rDNA).
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Figure 3.7. RM rDNA allele may promote genome replication through decreased
competition for replication factors. (A) Proposed model in which the rDNA locus titrates
putative limiting replication factors away from initiating plasmid and genomic origins of
replication. (B) Analysis of activity at genomic origins ARS601/602 and ARS605 on
chromosome VI. There was no difference in ARS601/602 activity between the two strains,
but ARS605 activity was doubled in the BY strain with RM rDNA. (C) Partial rescue of
orc2-1 temperature sensitivity by RM rDNA.
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Figure 3.8. Replication of RM rDNA and BY rDNA is unexpectedly similar.

142. Diagram of rDNA replication intermediates seen by 2D gel electrophoresis.
Stalling of replication forks at the RFB and 5S rRNA transcript can be seen as spots
of increased intensity on the Y arc. (B) No difference was found between origin
activity in the BY rDNA versus the RM rDNA, which had a surprisingly strong
bubble arc. (C) Replication kinetics of strains with BY rDNA (black) or RM rDNA
(green). rDNA synthesis occurs late in S-phase, but the rates of both total genomic
replication (circles) and rDNA replication (triangles) are identical between the BY
parental strain and the BY strain with RM rDNA.
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Figure 3.9. Calorie restriction (CR) reduces rDNA origin activity and CR mimetic
mutants can partially rescue orc2-1. (A) 2D gel analysis of rDNA replication intermediates
reveals that both BY and RM rDNA have dramatic reductions to origin activity in response

to calorie restriction (0.05% glucose). Additionally, in 0.05% glucose, RM rDNA has much
less origin activity than the BY rDNA, reflective of origin plasmid transformation assays.

(B) Similar to strains with RM rDNA, strains that are rp/6bA, rpl31aA, or gpa2A can partially
rescue orc2-1 temperature sensitivity.
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Random replication
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Figure 3.10. The random replication gap problem. (Left) Genome replication is initiated
at early firing origins of replication during early S-phase. If a stretch of unreplicated DNA
persists later in S-phase, replication can initiate at a later firing origin to ensure timely
completion of replication. Due to the stochastic nature of origins, however, there is only a
probability of initiation at a late firing origin of replication. The resultant stretch of
unreplicated DNA remaining at the end of S-phase is detrimental to cell fitness and is known
as the “random replication gap” problem (right).
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Figure 3.11. Hypothetical model of how the similar origin efficiency between BY and
RM rDNA may be achieved through transcription’s influence on origin firing. (A) BY
rDNA’s 150 copies is represented by 15 arrows, RM rDNA’s 90 copies is represented by 9
arrows. The amount of rRNA transcription remains static regardless of the number of rDNA
copies, indicated here by open arrows. Active rDNA origins of replication are found
downstream from actively transcribed repeats. (B) Since BY rDNA origin activity is
estimated at 30%, this would mean that 5 of the 15 copies would have active origins, found
with the 8 actively transcribed BY rDNA repeats. Fewer active RM rDNA origins would be
found in the 8 actively transcribed RM rDNA repeats, but 3 active origins in 9 RM rDNA
copies would maintain the same origin efficiency as the BY rDNA. The difference between
RM and BY rDNA origin activity is therefore lost in the “active origins” to “total I DNA
copies” ratio, but can be seen in the ratio between the “active origins” to the “transcribed

repeats.”
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Table 3.1: List of S. cerevisiae strains used in Chapter 3.

Lab
Number
in plate

15212
15213

15691
15695

15859
in plate

in plate

in plate
in plate

in plate
in plate

in plate
in plate

in plate
in plate

15728
16075
in plate
in plate
in plate

JRY7459
16099
16102

16100

16101
in plate
in plate
in plate

Background MAT

RmxBY

RMl1l1-1a
BY4716

BY4715

BY4715

RMl11-1a
RmxBY

RmxBY

RMl1l1-1a
BY4715

RMl1l1-1a
BY4715

RMl11-1a
BY4715

RMl11-1a
BY4715

BY
BY
BY
BY
BY

BY4741
BY4741
BY4741

BY4741

BY4741
BY4742
BY4742
BY4742

O oo o

Genotype
Segregant library (amnl::NAT)

leu2d0 ura3d0 HO: :KanMX amnl::NAT
lys2d0 amnl::NAT

lys2d0 amnl::NAT

lys2d0 amnl::NAT,; RM rDNA

leu2d0 ura3d0 HO::KanMX amnl::NAT; BY
rDNA

Segregant library (amnl::NAT) sir2::HYG
Segregant library (amni::NAT) (with integrated
Bglll-digested pRS305-SIR2)

leu2d0 ura3d0 HO::KanMX amnl::NAT
sir2::HYG

lys2d0 amnl::NAT sir2::HYG

leu2d0 ura3d0 HO::KanMX amnl::NAT
sir2::HYG; BY rDNA

lys2d0 amnl::NAT sir2::HYG; RM rDNA
leu2d0 ura3d0 HO::KanMX amnl::NAT
fobl::HYG

lys2d0 amnl::NAT fobl::KanMX

leu2d0 ura3d0 HO::KanMX amnl::NAT
fobl:HYG; BY tDNA

lys2d0 amnl::NAT fobl::KanMX; RM rDNA

RM rDNA

DBVPG6765 rDNA

L 1374 rDNA

Y12 rDNA

his3 leu2 lys2 ura3 canl mfal::MFAI-pr-HIS3
orc2-1::NAT (has another NAT allele
segregating)

leu2 lys2 his3 (ura3?)

leu2 lys2 his3 (ura3?) orc2-1::NAT

leu2 lys2 his3 (ura3?) orc2-1::NAT, RM rDNA
(marked w/ HYG)

leu2 lys2 his3 (ura3?); RM rDNA (marked w/
HYG)

leu2d0 ura3d0 met15d0 his3d0 rpl6b.:KanMX
leu2d0 ura3d0 met15d0 his3d0 rpl31a::KanMX
leu2d0 ura3d0 met15d0 his3d0 gpa?2::KanMX
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Figures
3-1A
3-1D, 3-3A-D, 3-5,
3-6B

3-1C, 3-3A, 3-3D, 3-
5, 3-6A, 3-7B, 3-8B
3-1C, 3-3A, 3-3D, 3-
5, 3-6A, 3-7B, 3-8B

3-1D, 3-3A-D, 3-6B
3-2A

3-2B

3-2C
3-2B

3-2C
3-2B

3-2F
3-2E

3-2F
3-2E

3-3B, 3-4B, 3-6C, 3-
8C

3-3B, 3-8C

3-4B, 3-6C

3-4B, 3-6C

3-4B, 3-6C

3-7C
3-7C

3-7C

3-7C
3-9B
3-9B
3-9B



Table 3.2. Genomic loci linked to replicative lifespan.

Chromosome
2
4
10
12
13

Region
YBR218-YBR231C
YDR475C-YDR481C
YJR066W-YJRO80C
YLR139C-YLR182W
YMLI121W-YMLI101C
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RLS
RM
32.0
31.4
27.3
33.0
26.7

RLS
BY
26.9
27.1
32.0
23.4
31.8

LOD
Score
2.3
2.1
2.4
9.0
2.3



MATERIALS AND METHODS

Yeast strains and media

Experiments were carried out using standard YPD media (2% glucose, 1% yeast
extract, 2% peptone) unless otherwise noted (ie. Density transfer, calorie restriction.) The
segregant library has been previously described [28], except that AMNI has been deleted in
each of the segregants to facilitate single cell viability analysis. (The RM allele of AMNI
confers clumpiness which precludes single cell analysis whereas the S288c allele of AMNI
was previously shown to create a loss of AMNI function [67]). The Saccharomyces Genome
Resequencing Project (SGRP) strains were provided by the National Collection of Yeast
Cultures (NCYC) [104,134]. The S288c orc2-1 mutant strain was generously provided by
the Rine lab. Gene deletion mutants were either from yeast ORF deletion collection or were

created using standard PCR transformation methods.

Replicative lifespan analysis

Replicative lifespan studies were conducted as previously described by Kaeberlein et
al. [18]. All lifespan studies were conducted on YPD plates (2% glucose) and 40 individual
cells (virgin mothers) were analyzed for each strain, except for the segregant strain studies in
which 20 cells were analyzed. Statistical significance between strain lifespans was
determined using Mantel-Haenszel logrank test (the PRIZM program’s survival curve

comparison function).

QTL mapping
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Genome-wide linkage analysis of segregant data was performed using the publicly
available R/qtl software. Effects of RM/BY rDNA allele inheritance were examined using R

(box plots) and Excel (student’s t-test).

Analysis of rDNA size by quantitative Southern blot and CHEF gel

For quantification by Southern blot, genomic rDNA was harvested from saturated
3mL cultures. Sample DNA was then digested overnight with BglII, resolved by gel
electrophoresis (0.5X TBE, 0.9% agarose gel, run for 360+Vhr), and transferred to Hybond-N
membrane. Abundance of single-copy MCM2 was visualized using **P-labeled probes
amplified from the MCM2 sequence; rDNA was similarly visualized using **P-labeled
probes amplified from the BY rDNA NTS sequence. Relative rDNA copy number was
determined by normalizing rDNA band intensity to the intensity of single-copy MCM2

[135].

DNA sample preparation for CHEF (clamped homogeneous electric field) gel
electrophoresis (also known as “pulse field gel electrophoresis”) has been previously
described. For each strain, genomic DNA from saturated cultures from 3 individual colonies
was harvested in 1% agarose plugs, each plug containing approximately 10° cells.
Chromosome XII size was resolved by CHEF electrophoresis as previously described by
Ganley et al. [130]: 300-900 s pulse time and 100V for 68 hours at 14°C in a 1% agarose

gel in 0.5X TBE. Chromosomes were visualized by ethidium bromide staining.

2D gel electrophoresis
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For ERC and rDNA replication intermediate analysis, DNA from logarithmically
growing cultures was harvested in 0.5% agarose plugs. The agarose-embedded DNA was
either digested with Nhel (for rDNA replication intermediates) or run undigested (for ERC
analysis). DNA for genomic origin (ARS605) analysis was harvested from logarithmically-
growing cultures, grown in synthetic complete media, using Huberman preparation[136,137].

Genomic origin samples were then digested with Hincll and Ncol.

Two dimensional (2D) gel electrophoresis was performed as described previously
[138]. Samples were resolved in the first dimension using 0.5% agarose at 1V/cm for
approximately 20-22 hours; second dimension was run at 7V/cm for 4-6 hours using 1%
agarose and 0.3ug/mL ethidium bromide. The 2D gel was then transferred to Hybond-N
member and probed using **P-labeled probes amplified from either the RM NTS2 or

ARS605 sequence.

rDNA sequence analysis

The BY rDNA sequence was obtained from the Saccharomyces Genome
Database[139] and the RM11-1a rDNA sequence was obtained from the Broad Institute
Saccharomyces cerevisiae RM11-1a Database [140]. To examine wild yeast IDNA, BLAST
searches using rDNA sequences were performed using the SGRP database. rDNA sequence
comparison was performed with DNA Strider. To verify polymorphisms found in RM and
BY rDNA, the 2.2kb NTS sequence (NTS1/5S/NTS2) was amplified from genomic DNA,
cloned into pRS416, and sequenced from the plasmid. In order to assess the potential

heterogeneity within an rDNA array, genomic DNA from parental strains was further
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analyzed using Illumina sequencing and read abundance from each sequence was used to

estimate rDNA repeat variation.

Plasmid maintenance assay

S. cerevisiae origin sequences were amplified from genomic DNA and cloned into the
ARS-free pU18-KanMX-LwCEN vector previously used by Di Rienzi ef al. [141]. 50ng of
each plasmid was transformed into 10° cells of logarithmically growing culture.
Transformation cultures were allowed to recover 24 hours on YPD plates before being
replica-plated onto selective YPD+G418 media. Colony formation was visualized after 48

hours at 30°C, 72 hours for plasmids with RM rARS or L. waltii ARSVII-929.

Density transfer

Density transfer experiments were performed as previously described by the protocol
by Raghuraman et al. [142]. Cells were grown at 26°C to permit finer resolution of
replication. 30 minutes prior to release from a-factor, G1-arrested cells were transferred
from dense isotope media (minimal media with 0.01% 15N ammonium sulfate, 0.1% 13C
glucose) to isotopically light synthetic complete media with a-factor. A-factor release was
induced by addition of pronase to culture. Genomic DNA was harvested at the indicated
time points, digested with EcoRI, separated by density using ultracentrifugation in a CsCl
gradient, and drip-fractionated to preserve the density gradient. Samples were then slot-
blotted and probed, first with **P-labeled p° genomic DNA (low rDNA) and then with **P-
labeled rDNA. Abundance of dense replicated (HL) and lighter unreplicated (HL) DNA was

determined by plotting slot blot intensity and quantified using ImageJ.
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