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Abstract 

Gene duplication is an important evolutionary process for fostering diversification and 

for expanding gene families.  However, while this concept is well understood and accepted in a 

theoretical capacity, the particular changes that lead to the functional diversification of gene 

duplicates are less well understood and documented.  Additionally, little work has been done to 

understand how functions are gained or lost, which leads to the diversification of orthologous 

genes.  The Sir2 family of NAD+-dependent deacetylases is an excellent gene family in which to 

study questions of duplication and diversification as it is ubiquitous throughout all kingdoms of 

life.  The Sir2 family has expanded through a number of gene duplications so that while most 

bacteria have a single sirtuin per species, mammals have seven sirtuins per species.  Sirtuins also 

have a wide array of biological functions and targets. 

In this study, Sir2 is used to investigate the principles behind gene duplication and 

functional diversification in a molecular context.  Sir2 function is studied in multiple species of 

budding yeast—the model organism Saccharomyces cerevisiae, Kluyveromyces lactis, and 

Candida lusitaniae—using a combination of genetic, biochemical, and high-throughput methods.  

Sir2 and its paralog Hst1 from S. cerevisiae were compared with their non-duplicated ortholog 

Sir2 from K. lactis to examine the type of molecular changes that occur after gene duplication and 

lead to subfunctionalization.  Then Sir2 from the more divergent C. lusitaniae was examined to 

study how functions are gained or lost. 

To study the molecular mechanism of subfunctionalization in the duplicated deacetylases 

ScSir2 and ScHst1, the non-duplicated KlSir2 was used as a proxy for the ancestral state.  We 

hypothesized that the basis for subfunctionalization in this case was that the interaction domains 

in ScSir2 and ScHst1 were primarily responsible for dictating their functions, that these 
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interaction domains were conserved in the non-duplicated KlSir2, and that mutations in the 

interaction domains of the duplicated Sir2 were responsible for the separation of functions.  

ScSir2 and ScHst1 act in distinct complexes that target them to the genomic loci they regulate.  

KlSir2 interacts with the same complexes as both ScSir2 and ScHst1.  Therefore, we first 

identified the minimal regions of ScSir2 and ScHst1 necessary for each to interact with its 

respective complex.  Then we identified mutations in those interaction domains that eliminated 

those interactions.  Those mutations were then tested in KlSir2 for their impact on its interactions 

with the same complexes.  We found that the interaction domains in ScSir2 and ScHst1 were 

conserved in KlSir2, demonstrating that Sir2 and Hst1 subfunctionalized by acquiring 

complementary inactivating mutations in these interaction domains. 

To understand better how Sir2 has gained the multiple functions observed in the non-

duplicated Klsir2, we studied the Sir2 function in C. lusitaniae to serve as an intermediate 

between the fission yeast Schizosaccharomyces pombe Sir2, whose functions have been 

identified, and K. lactis and S. cerevisiae.  ClSir2 was localized to the rDNA, which is also the 

case in S. pombe, K. lactis, and S. cerevisiae, but surprisingly ClSir2 was not at the telomeres, 

another locus at which Sir2 is found in other yeast.  Additionally, ClSir2 was not found to have an 

impact on gene expression unlike Sir2 and Hst1 enzymes in other yeast, which repress 

transcription. 
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1. Introduction  

1.1 Duplication and Diversification 

Gene duplication is an incredibly powerful mechanism for driving evolution.  Duplicated 

genes have more freedom to gain a new function or to acquire mutations that may enable a 

protein to perform a formerly underdeveloped function better without putting the original 

function at risk.  

Duplicate gene pairs have been proposed to have four different fates.  The first is 

nonfunctionalization, in which one member of the pair acquires inactivating mutations rendering 

it nonfunctional and leaving a single copy, returning the gene status back to its original state.  

This fate has the least evolutionary impact since the final result is that nothing has changed.   

The second possible fate is functional redundancy, which is when both copies are 

preserved and can perform each other’s function.  Complete redundancy is when both genes 

maintain identical functions that do not diverge from one another and is the state of a gene pair 

immediately following duplication.  Persistence of complete functional redundancy is unlikely as 

functional divergence is thought of as essential for maintaining both duplicates.  Otherwise, 

nonfunctionalization occurs due to the acquisition of deleterious mutations acquired in one copy 

from the pair from the lack of selection applied.  One case where complete functional redundancy 

may occur is in macromolecular complexes in which the gene dosage is important for the 

stoichiometry of the various subunits [1, 2].  In this case, after a whole genome duplication event 

in which every gene is duplicated, loss of one duplicate of one member of a complex while the 

members of the complex retain their duplicates can be disruptive to the complex and affect the 

viability of the cell.  An example of this is the ribosome in Saccharomyces cerevisiae, which 

diverged after a whole genome duplication [2].  Over half of the structural components of the 

ribosome were found to be haploinsufficient, demonstrating the importance of gene dosage and 
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maintaining both copies of the duplicated genes, despite their redundancy [2, 3].  Even so, a 

number of the ribosomal paralogs demonstrate non-redundant functions as well [2, 4].  In other 

cases, a broader definition of functional redundancy has been more recently applied in which the 

functions of the duplicate gene pair diverge, but some functional overlap is retained, and one 

paralog can substitute for the other if necessary [2, 5, 6].  An example of this are the A-Type 

Carrier gene family members in Escherichia coli, IscA, SufA, and ErpA, where certain pairs of 

null mutations were synthetically lethal under either aerobic or anaerobic conditions but not both 

[7].  Many ways in which a gene pair could have diverged yet retained functional redundancy 

have been proposed, including both paralogs being part of one protein complex and were 

individually in other complexes, having one shared function and other divergent functions, having 

the same biological function but being differentially regulated, and having the same function but 

different subcellular localizations [2, 6, 7]. 

The other two fates have more potentially significant evolutionary impacts.  

Subfunctionalization is a fate in which the ancestral gene had multiple functions.  After 

duplication the functions are partitioned between the two copies so that the two genes together 

complement the ancestral function, but neither gene by itself is able to complement all the 

ancestral functions.  Two models by which subfunctionalization can occur have been proposed.  

Under the duplication, degeneration, and complementation (DDC) model, after duplication each 

gene acquires degenerative mutations that weaken or abolish one of the functions while each gene 

continues to perform the other function, so the two genes complement one another [8, 9].  The 

escape from adaptive conflict (EAC) model postulates that having multiple functions can prevent 

a protein from performing any of those functions optimally.  Therefore, duplication enables both 

genes to acquire adaptive mutations that enable each gene to perform one ancestral function better 

than the multifunctional, non-duplicated gene [10, 11].  
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The final fate, neofunctionalization, is a case in which one copy of the duplicated gene 

maintains all the functions of the ancestral gene while the other copy acquires mutations that 

enable it to gain an entirely novel function.  Neofunctionalization is often associated with 

accelerated rates of evolution, where the gene acquiring novel functions diverges from the 

ancestral state more quickly than the other copy.  However, the duplicated gene pair ORC1/SIR3, 

which might appear to be a case of neofunctionalization based on accelerated evolution, has been 

demonstrated to undergo subfunctionalization even though SIR3 diverged more from the ancestral 

gene than ORC1 [12, 13]. 

Because of the opportunities gene duplication provides for evolution in protein function, 

gene duplication could drive the development of large protein families.  Relatively simple, single-

celled organisms like bacteria might have only one or two genes from a particular family.  In 

contrast, higher eukaryotes such as humans may have several genes from that same family, all of 

which have different biological functions.  Some examples of well-known gene families that have 

expanded through duplication are the hexose transporters and the sirtuins. 

Many problems and gaps in understanding remain in the field of gene duplication and the 

fates of duplicated genes.  The question of what constitutes a function has led to overlap in the 

understanding of functional redundancy, subfunctionalization, and neofunctionalization [14].  

Much of the work on gene duplication has been theoretical, calculating models and analyzing and 

comparing sequences to determine evolution rates and the likely fates of duplicate gene pairs.  

While this computational work has been helpful in creating models to test, less work has been 

done directly comparing the functions of duplicate gene pairs and an ancestral gene, usually 

represented by a non-duplicated gene from a closely related species [14].  This type of work on a 

number of duplicated gene pairs is necessary to gain a better sense of the prevalence of the 

different fates of duplicated genes and the models that lead to those fates.  Additionally, 
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functional studies need to be enhanced with molecular studies that can explain how functions 

partitioned or diverged, particularly to discern between the models used to describe 

subfunctionalization.  Another unaddressed question is how multifunctional proteins gain 

functions to become multifunctional before they duplicate and subfunctionalize. 

1.2 Yeast are ideal organisms for evolutionary studies 

Many features are important to consider in selecting model organisms in which to study 

gene duplication and evolution.  An organism with a duplicated gene pair and a closely related 

organism with a non-duplicated ortholog are needed to study the functions of all three genes to 

determine which fate the duplicated pair underwent.  To do those functional studies and to study 

the particular molecular changes that led to that fate, both organisms need to be experimentally 

tractable for genetic manipulation and biochemical experiments. 

Yeast provide an excellent system of species to study gene duplication and how proteins 

have evolved.  In the lineage of budding yeast in particular, there was a whole genome 

duplication about 100 million years ago that gave rise to the several organisms, which include the 

model budding yeast Saccharomyces cerevisiae [15, 16].  Only about 10% of the genes retained 

their duplicates, but that still provides a number of candidate genes that can be used to study gene 

duplication, the fates of duplicated genes, and what molecular changes determine those fates. 

Beyond the whole genome duplication, there are a number of yeasts that are highly 

diversified from S. cerevisiae and have been established as viable organisms for study.  These 

organisms are ideal for studies of how protein functions are retained or changed over the course 

of evolution. 
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1.3 The importance of chromatin modifications in 
heterochromatin formation 

 Histones serve as a scaffold around which DNA wraps to form nucleosomes.  

Nucleosomes can interact with one another to form higher order chromatin structures that enable 

DNA to be packaged in the nucleus in an organized manner.  Higher order chromatin structure is 

thought to be important in regulating gene expression.  More loosely compacted chromatin, called 

euchromatin or open chromatin, is more accessible to transcription machinery and is therefore 

associated with gene expression.  In contrast, more highly compacted chromatin, called 

heterochromatin or closed chromatin, is inaccessible to transcription machinery and is therefore 

associated with long-term gene silencing.  One particular example of heterochromatin is X 

chromosome inactivation in female mammals, in which one X chromosome must be 

constitutively silenced to regulate gene dosage.  In addition, closed chromatin structures serve to 

stabilize regions of the genome in which they exist, including centromeres, telomeres, and the 

rDNA repeats, and protect those regions from dysfunction. 

Histone proteins contain a number of modifiable residues.  Different modifications can 

affect higher order chromatin structure and transcription by affecting nucleosome-nucleosome 

interactions and by altering the binding scaffold for transcriptional regulators.  Sirtuins have long 

been associated with long-range gene silencing and more localized gene repression by 

deacetylating specific residues of  histone proteins in regions of the genome that require silencing 

and more compact chromatin structures. 

1.4 The Sir2 family of deacetylases has a diverse array of 
functions 

The Sir2 family of proteins is nearly ubiquitous throughout all kingdoms of life.  

Members of this family (also referred to as sirtuins) catalyze the removal of acetyl groups from 
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acetylated lysines, coupled to the consumption of the cofactor NAD+ to release nicotinamide, 2’-

O-acetyl-ADP-ribose, and the unacetylated lysine residue.  All Sir2 family members possess a 

highly conserved catalytic core, including ubiquitously conserved key catalytic residues and a 

non-catalytic zinc-binding domain.  The dependence of sirtuin activity on NAD+ has suggested a 

link between sirtuin activity and nutritional availability.  The activity of Sir2 family members has 

also been associated with life span in a number of model organisms, where increased Sir2 

expression and activity leads to a longer life span and conversely, decreased Sir2 expression and 

activity leads to a shorter life span. 

Based on phylogenetic analysis, the Sir2 family, which expanded through a number of 

gene duplications, can be divided into five classes [17].  All known eukaryotic sirtuins are in 

classes I-IV, which also contain some bacterial and archaeal sirtuins.  The fifth class, class U, is 

entirely composed of sirtuins from bacteria and archaea.  Each of the eukaryotic sirtuin-

containing classes contains at least one sirtuin from humans.   

Class I contains HsSIRT1, HsSIRT2, and HsSIRT3.  The most well-studied of the human 

sirtuins, HsSIRT1 is typically localized to the nucleus and has been reported to deacetylate the 

tumor suppressor p53 and the NF-κB and FOXO transcription factors to regulate cell stress 

response and survival [18-24]. HsSIRT2 is found mostly in the cytoplasm, is predominantly 

expressed in the brain and neuronal cells, and is reported to deacetylate α-tubulin [18, 25, 26].  

HsSIRT3 is in the mitochondria and is thought to have a role in regulating metabolism [18, 27, 

28].  All three human class I sirtuins have been described as having an ability to deacetylate 

acetylated histone H3 lysine 56, a key modification in DNA damage response, which implies that 

HsSIRT2 and HsSIRT3 can both relocate to the nucleus [29, 30].  Class I also possesses all of the 

Sir2 family members from the model budding yeast Saccharomyces cerevisiae and the model 

fission yeast Schizosaccharomyces pombe.  S. cerevisiae has two members that are most closely 
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related to HsSIRT1, the founding member of the family, Sir2, and its paralog Hst1 (Homolog of 

Sir Two).  S. pombe has one homolog, Sir2.  All three of these proteins are localized to the 

nucleus and have roles in repressing transcription.  Both S. cerevisiae and S. pombe have a 

homolog of HsSIRT2, named Hst2 in both species, which is predominantly found in the 

cytoplasm like HsSIRT2 [31, 32].  S. cerevisiae also has two sirtuins, Hst3 and Hst4, in a 

subclass that only includes sirtuins that are unique to fungi.  ScHst3 and ScHst4 have roles in 

silent chromatin formation and cell cycle regulation through a DNA-damage response checkpoint 

through deacetylation of  histone H3 K56 [33, 34].  Fission yeast has one homolog from that 

subclass, Hst4, a nuclear protein involved in silencing, centromeres function and DNA-damage 

response through deacetylation of histone H3 K56 [35, 36]. 

The other three classes of eukaryotic sirtuins do not have members in the model yeasts, S. 

cerevisiae and S. pombe, although the other classes of sirtuins are found in other fungal species 

and each class has at least one member in humans.  HsSIRT4 is in class II and is in the 

mitochondria [17, 18].  HsSIRT5 is in class III and is also localized to the mitochondria [17, 18].  

Class IV is split into two subclasses, one of which contains HsSIRT6 and the other includes 

HsSIRT7.  Both HsSIRT6 and HsSIRT7 are found in the nucleus and have chromatin-associated 

functions.  HsSIRT6 localizes to the telomeres and also affects NF-κB transcriptional regulation 

[37, 38].  HsSIRT7 is found in the nucleolus and has a role in regulating rDNA transcription [39, 

40].   

The human members of classes II-IV have been reported to possess weak to absent 

deacetylase in comparison to class I sirtuins, although some of those results have been attributed 

to the specificity of these enzymes and the lack of an appropriate substrate to use in deacetylation 

assays.  For example, HsSIRT6 has weak overall deacetylase activity but can deacetylate histone 

H3 lysine 9 effectively [38].  In addition, recent results support the idea that some sirtuin enzymes 
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remove other lysine modifications in an NAD+-dependent manner.  HsSIRT5 was recently shown 

to remove malonyl and succinyl modifications from malonylated and succinylated lysines [41, 

42]. 

The varied biological functions of the human sirtuins illustrate the diversity that can be 

achieved through gene duplication.  Interestingly, many of the biological functions observed in 

human sirtuins are conserved in simpler eukaryotes such as budding yeast.  For example, Sir2 in 

S. cerevisiae has functions at the telomeres and rDNA similar to HsSIRT6 and HsSIRT7 although 

the biological functions are not identical [38, 40, 43-45].  Additionally, histone acetylation marks 

that are removed by sirtuins in yeasts are also removed by sirtuins in humans albeit not 

necessarily by the closest homologs to the particular yeast sirtuins.  Both Sir2 in S. pombe and 

SIRT6 in humans remove histone H3 K9 acetyl marks despite being in different classes of 

sirtuins [37, 38, 46].  Histone H3 K56 acetylation and removal is an important part of the DNA 

damage response in yeast and the removal of this mark is performed by ScHst3, ScHst4, and 

SpHst4, which are all members of a fungal-specific group of sirtuins [17, 33-35].  Despite the 

yeast sirtuins that deacetylate H3 K56 being fungal specific, human sirtuins SIRT1, SIRT2, and 

SIRT3 have all been shown to remove the same modification [29, 30].  Phylogenetic analysis 

clearly demonstrates gains and losses of members of various classes in different species over the 

course of evolution [47].  The conservation of functions between sirtuins that are not necessarily 

one another’s closest homologs supports the idea that sirtuins have repeatedly adapted and 

redistributed functions to retain important functions as genes have been duplicated and homologs 

lost.  These features make the Sir2 family an interesting and useful family in which to study the 

role of gene duplication in the expansion of a gene family, the fates of duplicated genes, and how 

functions diverge over time. 
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1.5 Sir2 functions and interactions in budding yeast 

The budding yeast, S. cerevisiae, has five sirtuin family members, Sir2 and Hst1-4 [17].  

As the founding member of the family, ScSir2 has been extensively studied for its roles in 

transcriptional silencing, heterochromatin formation and replicative lifespan.  ScSir2 is required 

for silencing of the extra mating-type cassettes, HMR and HML, for maintenance of haploid cell 

identity [48, 49].  ScSir2 also is required for silencing of subtelomeric genes and formation of 

heterochromatin at telomeres [43].   

ScSir2 has no reported DNA or histone-binding activity.  Therefore, ScSir2 relies on its 

interactions with other proteins to recruit it to the proper locations in the genome.  For silencing at 

the extra mating-type cassettes and the telomeres, ScSir2 associates with ScSir3 and ScSir4 to 

form the Sir complex [50-52].  ScSir3 and ScSir4 preferentially bind unacetylated histone tails, 

and recruiting the deacetylase ScSir2 leads to the deacetylation of neighboring histone tails and 

further recruitment of the Sir complex, enabling the Sir complex to spread along a region of 

chromatin and silence the genes in that region [53].   

In addition to its role silencing at the extra mating-type cassettes and the telomeres, 

ScSir2 represses unequal recombination of the rDNA repeats, preventing the expansion or 

contraction of the repeats [54, 55].  ScSir2 interacts with ScNet1 as part of the RENT complex, 

which recruits ScSir2 to the non-transcribed spacer regions in the rDNA repeats [45, 56].  ScSir2 

promotes the association of cohesin with the non-transcribed spacers in the rDNA by repressing 

transcription from the bidirectional RNA polymerase II EXP promoter [44, 54, 55].  Cohesin 

keeps sister chromatids aligned throughout the rDNA repeats so that when recombination occurs, 

the same number of repeats are exchanged between sister chromatids [44, 54].    

ScSIR2 is one of the genes that retained its duplicate after the whole genome duplication.  

The paralog of ScSir2, ScHst1, is also a deacetylase that is involved in transcriptional repression.  
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However, instead of silencing genes through a similar spreading mechanism as ScSir2, ScHst1 

represses single genes in a promoter-specific manner.  In S. cerevisiae, ScHst1 targets genes such 

as the middle sporulation genes and NAD+ biosynthetic genes [57, 58].  Like ScSir2, ScHst1 does 

not have the ability to bind DNA directly.  Instead, ScHst1 relies on the Sum1 complex, 

consisting of the DNA-binding protein ScSum1 and the tethering protein ScRfm1, to direct 

ScHst1 to the correct promoters [58, 59].  ScSum1 recognizes a DNA sequence called the middle 

sporulation element found in particular promoters.  ScRfm1 is a small protein that serves to 

connect ScSum1 and ScHst1 since ScSum1 and ScHst1 do not interact with one another directly 

[59]. 

Another budding yeast, Kluyveromyces lactis, diverged from the S. cerevisiae lineage 

before the whole genome duplication took place.  Therefore, K. lactis only has one Sir2 ortholog.  

KlSir2 has previously been used as a proxy for the ancestral Sir2 to understand its ancestral 

functions.  KlSir2 was found to be at the extra mating-type cassettes, HML and HMR, as well as 

the telomeres in K. lactis and is required for silencing in those regions [60].  Also like ScSir2, 

KlSir2 is part of the Sir complex, containing KlSir4 and KlOrc1 [60].  ORC1 was another gene 

that retained its duplicate after the whole genome duplication, and in S. cerevisiae, the paralog of 

ScOrc1 is ScSir3.  KlOrc1 functions in a ScSir3-like silencing role in K. lactis [13].  KlSir2 also 

interacts with KlNet1 and is found at the rDNA in K. lactis, suggesting that it performs all of the 

function of ScSir2 (Hickman and Rusche, unpublished data). 

KlSir2 has also been probed for the ScHst1 function of repressing transcription in a 

promoter-specific manner.  Indeed, KlSir2 is recruited to the promoters of several genes in the K. 

lactis genome, does not spread across those genes as it does at the silent mating cassettes and the 

telomeres, and is required for repression of the genes to which KlSir2 is recruited [60].  

Furthermore, KlSir2 interacts with a complex containing KlRfm1 and KlSum1 [60].  From these 
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observations, KlSir2 was determined to have the full complement of functions and interactions of 

ScSir2 and ScHst1.  More generally, after the duplication Sir2 and Hst1 subfunctionalized, 

retaining a subset of the functions and interactions of the ancestral Sir2.  Several features of the 

Sir2/Hst1 duplicate gene pair make it ideal as a model for further studies in gene duplication and 

subfunctionalization.  The functions of both ScSir2 and ScHst1 have been well characterized, and 

a non-duplicated Sir2 in KlSir2 has been functionally characterized as well and can serve as a 

proxy for the ancestral state.  Furthermore, the interaction domains of ScSir2 and ScHst1 have 

been identified, and previous work has shown that swapping the interaction domain of one 

protein into the other paralog can add back function [61-64].  This previous work serves as an 

excellent starting point for studying the molecular changes needed in this case of 

subfunctionalization, and points to the interactions of ScSir2 and ScHst1 with their respective 

complexes as possible keys to determining their functions.  Both S. cerevisiae and K. lactis are 

experimentally tractable organisms, which should enable further work to focus on whether these 

interaction domains are conserved in the KlSir2. 

Looking beyond the Saccharomycetaceae species like S. cerevisiae and K. lactis, not 

much is known about Sir2 function in fungi.  Sir2 has only been studied in the model fission 

yeast, S. pombe, which diverged from the Saccharomycetaceae lineage about one billion years 

ago.  In S. pombe, Sir2 is involved in the silencing of the extra mating-type cassettes and the 

subtelomeric genes and is also at the rDNA [46, 65].  SpSir2 has an additional function of being 

involved in the formation of pericentromeric heterochromatin, which is not one of its functions in 

S. cerevisiae or K. lactis largely because S. cerevisiae and K. lactis have small, point centromeres 

that do not need heterochromatin formation whereas the centromeres in S. pombe are much larger 

[46, 65]. 
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The lengthy gap between the divergence of S. pombe and the whole genome duplication 

in which S. cerevisiae and K. lactis diverged presents the question of when Sir2 lost its ability to 

silence pericentromeric heterochromatin and gained the ability to repress genes in a promoter 

specific manner.  This question can be addressed by examining Sir2 function in a species that 

diverged after S. pombe and before the whole genome duplication.  A clade of species referred to 

as the CTG clade fits that prerequisite.  The CTG clade, also known as the Candida clade, is 

home to a number of species from the genus Candida, including the well-known pathogen 

Candida albicans [66].  The genomes for several species in the clade were recently sequenced 

and annotated, and while most experimental work has been carried out in C. albicans, other 

species in the clade have been garnering attention due to their status as emerging pathogens [66-

68].  Species in this clade would be viable candidates to study Sir2 as an intermediate 

evolutionary step between S. pombe and S. cerevisiae.  Several questions would need to be 

addressed.  The first question is with which genomic loci is Sir2 associated since Sir2 in yeast is a 

chromatin-associated protein.  The second question is what are the functional consequences of 

deleting SIR2 from one of these species.  The identification of where in the genome Sir2 is 

localized will be of great assistance in assessing function. The third question is with what proteins 

Sir2 interacts to be recruited to its genomic loci.
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2. The duplicated deacetylases Sir2 and Hst1 
subfunctionalized by acquiring complementary 
inactivating mutations 

2.1 Introduction 

Gene duplication is a primary evolutionary mechanism to develop novel protein functions 

without losing ancestral functions, thereby generating genetic diversity.  Several models describe 

how duplicated genes diverge after duplication, but few gene pairs have been examined 

experimentally to confirm or refute these models.  Furthermore, the types of mutations that lead 

to functional divergence have been poorly characterized.  As a case study, we examined the 

duplicated deacetylases Sir2 and Hst1 from yeast and found that they subfunctionalized by 

acquiring complementary inactivating mutations in distinct interaction domains. 

Duplicated genes can acquire distinct functions in two ways [14, 69, 70].  

Neofunctionalization occurs when one copy continues to perform the ancestral function and the 

other copy acquires a novel function.  In contrast, subfunctionalization results in each duplicated 

gene performing a subset of the ancestral functions.  The majority of duplicate pairs that have 

been studied have subfunctionalized [10-12].  Subfunctionalization can occur through a 

duplication, degeneration, and complementation (DDC) mechanism, in which the duplicates 

acquire complementary degenerative mutations  [9].  Alternatively, the escape from adaptive 

conflict (EAC) or specialization model proposes that multifunctional proteins cannot be 

optimized for each of their functions [10, 11, 71].  Hence, after duplication, mutations improve 

one function and worsen another.   

Yeasts are ideal organisms in which to study the fates of duplicated genes, as many 

species are experimentally tractable.  In addition, a whole genome duplication that occurred about 
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100 million years ago [16] provides a number of candidate gene pairs, such as Sir2 and Hst1, that 

can be studied in duplicated and non-duplicated species.   

Sir2 family deacetylases are ubiquitous in all kingdoms of life [47, 72].  Unlike other 

deacetylases, Sir2 proteins require NAD+ for catalysis, tying their activity to the metabolic state 

of the cell and thus nutrient availability [73, 74].  Some Sir2 enzymes have been linked to 

lifespan and life cycle progression, and the dependence on NAD+ may connect lifespan with 

nutrition [73-75].  These deacetylases have a variety of targets and biological functions and this 

diversity has been generated through gene duplications.  Nevertheless, all Sir2 proteins retain a 

well-conserved catalytic core, including a zinc-binding module critical for the structural integrity 

of the protein.  The conservation of this catalytic core despite the variety of targets makes these 

proteins an interesting family in which to study the evolution of specificity. 

In S. cerevisiae, Sir2 and Hst1 share two regions of sequence conservation (Figure 1A).  

The N-terminal domain is modestly conserved and functions in protein interactions.  The C-

terminal catalytic domain is highly conserved and contains the active site as well as the structural 

zinc binding module.  Despite extensive regions of sequence conservation, ScSir2 and ScHst1 

each perform a specific function due to the association with a distinct repressive complex.  ScSir2 

is involved in long-range silencing at the mating-type loci and telomeres as part of the Sir 

complex, in which ScSir2 interacts with ScSir4 [53, 61-63].  ScSir2 also suppresses unequal sister 

chromatid exchange of the rDNA repeats as part of the RENT complex, in which ScSir2 interacts 

with ScNet1 [55, 56].  In contrast, ScHst1 is a promoter-specific repressor of middle-sporulation, 

α-specific, and NAD+ biosynthetic genes [57-59, 76] as part of the Sum1 complex, in which it 

interacts with ScRfm1 [59].  The Sum1 complex is recruited to target genes through the DNA-

binding protein ScSum1 [58].   
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Figure 1: Model for subfunctionalization of ScSir2 and ScHst1. 

(A) The conserved domains of ScSir2 and ScHst1 are shown with percent identity (similarity).  
ScHst1 is numbered using the previously annotated M29 (39) as the start codon, based on 
observations that expression is unaffected by mutagenesis of M1 and M6 but eliminated by 
mutagenesis of M29 and M31.  (B) A proposed model for the subfunctionalization of Sir2. 

Although ScSir2 and ScHst1 have different functions, they can partially substitute for one 

another [63, 77].  Moreover, a chimeric protein comprised of the N-terminus of ScSir2 and the C-

terminus of ScHst1 complements both sir2∆ and hst1∆ mutations in S. cerevisiae and interacts 

with ScSir4 and ScSum1 [63, 64].  Therefore, different portions of the proteins confer specificity 

for the Sir or Sum1 complexes. 

Kluyveromyces lactis, another yeast species, diverged from S. cerevisiae prior to the 

whole genome duplication.  It has one ortholog of ScSir2 and ScHst1, which we have used as a 
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proxy for the ancestral Sir2 protein [60, 63].  KlSir2 has both ScSir2-like and ScHst1-like 

functions.  Like ScSir2, KlSir2 interacts with Sir4 and is required for silencing the cryptic 

mating-type loci and telomeres [13, 60].  And like ScHst1, KlSir2 interacts with Rfm1 and is 

required for repressing sporulation genes [60].  Therefore, the common ancestor of KlSir2, 

ScSir2, and ScHst1 also had these functions and subfunctionalization occurred after duplication. 

We propose that the ancestral Sir2 possessed two interaction domains, one of which 

interacted with Rfm1 and another of which interacted with Sir4 (Figure 1B).  After duplication, 

each deacetylase acquired mutations in one of the interaction domains, reducing or eliminating its 

interaction with one partner and making it specific for the other.  If this model is correct, the 

interaction domain for Sir4 should be shared between a non-duplicated Sir2 and ScSir2 but not 

ScHst1, and the interaction domain for Rfm1 should be shared between a non-duplicated Sir2 and 

ScHst1 but not ScSir2.  However, prior to this study, it was not known how non-duplicated Sir2 

proteins interact with Sir4 or Rfm1.      

To test our model (Figure 1B), we first determined the minimal regions required for the 

specificity of ScSir2 and ScHst1 for their respective complexes and then identified mutations that 

disrupt those interactions.  Then, using KlSir2 as a proxy for the non-duplicated, ancestral state, 

we tested whether homologous mutations in KlSir2 were also disruptive. We found that the 

interaction domain for Rfm1 is conserved between ScHst1 and KlSir2 and the interaction domain 

for Sir4 is conserved between ScSir2 and KlSir2.  We also examined and rejected a variant of our 

model, in which a single interaction domain enabled the ancestral Sir2 to interact with either Sir4 

or Rfm1 and mutations acquired after duplication restricted interaction to either Sir4 or Rfm1. 

Thus, Sir2 and Hst1 represent a clear example of subfunctionalization through the acquisition of 

degenerative mutations in interaction domains. 
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2.2 Materials and Methods 

2.2.1 S. cerevisiae strains 

S. cerevisiae strains used in this study were derived from W303-1a (Table 1).  The 

hst1∆::KanMX [78], sir2∆::TRP1, and pPES4-HIS3 [63] alleles were described previously.  The 

sir4∆::LEU2 and sir2∆::LEU2 alleles were obtained from J. Rine (University of California, 

Berkeley).  The RFM1-myc allele was constructed by integrating the 9xmyc tag plus the entire 

open reading frame of KlTRP1 from pWZV87 (K. Nasmyth) at the end of the RFM1 open reading 

frame.  The correct integration of the tag was confirmed by PCR using primers flanking the sites 

of recombination.  Expression of the tagged protein was confirmed by immunoblotting.  These 

alleles were moved into various genetic backgrounds, as described in Table 1, through standard 

genetic crosses.  

2.2.2 K. lactis strains 

K. lactis strains used in this study were derived from SAY538 (Table 1) [79].  The 

sir2∆::KanMX, nej1::LEU2 [79], sir2∆::NatMX, sum1∆::NatMX, SIR4-Flag, and myc-SUM1 

[60] alleles were described previously.  The KlRFM1-myc allele was constructed by integrating 

the 9xmyc tag plus the entire open reading frame of KlTRP1 from pWZV87 (K. Nasmyth) at the 

end of the KlRFM1 open reading frame.  The correct integration of the tag was confirmed by PCR 

using primers flanking the sites of recombination.  Expression of the tagged protein was 

confirmed by immunoblotting.  Alleles were moved into various backgrounds by genetic crosses. 
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Table 1: Saccharomyces cerevisiae and Kluyveromyces lactis strains used in this study. 

Strain Genotype Source 

Saccharomyces cerevisiae Strains 

W303-1a MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-1 R. Rothstein 

LRY1007 W303-1a MATα  

LRY1022 MATα his4 P. Schatz 

LRY2083 W303-1a  hst1∆::KanMX sir2∆::TRP1 pPES4-HIS3 ADE2 lys2∆  

LRY2507 W303-1a hst1∆::KanMX sir2∆::LEU2 pPES4-HIS3 RFM1-9xmyc::TRP1  

LRY2590 W303-1a hst1∆::KanMX sir2∆::TRP1 sir4∆::LEU2 pPES4-HIS3 ADE2 lys2∆  

Kluyveromyces lactis Strains 

LRY2128 MATα sir2∆::KanMX SIR4-FLAG::KanMX nej1::LEU2 ade1 leu2 trp1 uraA1 metA1 hmlp∆  

LRY2333 MATa sir2∆::KanMX myc-SUM1 nej1::LEU2 leu2 trp1 uraA1 met A1  

LRY2388 MATa sir2∆::NatMX SIR4-Flag::KanMX myc-SUM1 nej1::LEU2 leu2 trp1 uraA1 metA1  

LRY2654 MATα sir2∆::KanMX SIR4-FLAG::KanMX RFM1-myc::TRP1 nej1::LEU2 ade1 leu2 trp1 
uraA1 metA1 hmlp∆ 

 

 

2.2.3 S. cerevisiae plasmids 

S. cerevisiae plasmids used in this study are listed in Table 2.  The plasmids containing 

ScHST1-HA (pLR30) and the S-H chimera (pLR488) were described previously [63, 78].  The 

plasmid containing HA-ScSIR2 (pRO298) was obtained from Rohinton Kamakaka (University of 

California, Santa Cruz).  To construct the plasmid containing ScSIR2-HA (pLR753), the HST1 

open reading frame in pLR30 was replaced with the SIR2 open reading frame. First, a MfeI site 

was incorporated before the start of ScHST1 to yield pLR493.  Then, an AgeI site after the HA 

tag on pLR493 was removed to yield pLR496.  The ScHST1 open reading frame in pLR496 was 

replaced with the ScSIR2 open reading frame from pRO298 flanked by EcoRI and AgeI sites and 
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cloned into the MfeI and AgeI sites of pLR496 to generate pLR499*.  A frameshift mutation was 

identified in the HA tag of pLR499* and corrected by site-directed mutagenesis [80] to generate 

pLR499.  Finally, the HST1 promoter was replaced with a SIR2 promoter, as described below, to 

yield pLR753. 

Mutations in ScSir2 (pLR754-756) were made by site-directed mutagenesis and 

confirmed by sequencing.  On our original plasmids, pLR499 and derivatives, the ScSIR2 gene 

was under the control of a truncated ScHST1 promoter rather than the native ScSIR2 promoter.  

Consequently, ScSIR2 was poorly expressed.  Therefore, the promoters were replaced with the 

ScSIR2 promoter, which was amplified by PCR from pLR196 using primers with flanking 

homology to the target plasmids.  The target plasmids were linearized with MfeI, and the PCR 

product containing the ScSIR2 promoter was incorporated into each plasmid by homologous 

recombination in S. cerevisiae.  Correct plasmids were confirmed by sequencing. 

To generate pLR733 (A), pLR770 (B1), pLR801 (C1), and pLR802 (C2), in which 

portions of ScHST1 were replaced by the homologous region of ScSIR2, homologous 

recombination in S. cerevisiae was used.  The desired ScSIR2 sequence was amplified by PCR 

from pLR499 using primers specific for ScSIR2 with flanking homology for ScHST1.  The 

resulting PCR product was then incorporated by homologous recombination into ScHST1-HA on 

pLR30, which had been linearized with EcoNI.  Using a similar strategy, pLR771 (B2) was 

generated by amplifying the sequence for ScHst1 amino acids 27-63 to replace ScSir2 amino 

acids 94-149 in pLR733, which had been cut with BsiWI.  pLR757 (H-S) was generated by 

amplifying the sequence for ScSir2 amino acids 256-562 to replace ScHst1 amino acids 174-475 

in pLR30, which had been cut with BglII and BsaBI.  Amino acid substitutions to generate 

pLR788 and pLR789 (from pLR30), pLR814 (from pLR733), and pLR830 (from pLR753) were 

made by site-directed mutagenesis and confirmed by sequencing. 
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Table 2: Plasmids used in this study 

Plasmid Alias Description Source 

Saccharomyces cerevisiae Plasmids 

pRS416 Vector  Sikorski and Hieter 1989 

pRO298 HA-ScSir2 HA-ScSIR2 R. Kamakaka 

pLR30 ScHst1 ScHST1-HA Rusche and Rine 2001 

pLR488 S-H HA-ScSIR21-255-ScHST1174-475 Hickman and Rusche 2007 

pLR733 A ScHST11-26-ScSIR294-198-ScHST1112-475-HA  

pLR753 ScSir2 ScSIR2-HA  

pLR754 ScSir2-2H ScSIR2N378Q L379I-HA  

pLR755 ScSir2-2H’ ScSIR2N386E K387N-HA  

pLR756 ScSir2-4H ScSIR2N378Q L379I N386E K387N-HA  

pLR757 H-S ScHST11-173-ScSIR2256-562-HA  

pLR770 B1 ScHST11-26-ScSIR294-149-ScHST164-475-HA  

pLR771 B2 ScHST11-63-ScSIR2150-198-ScHST1112-475-HA  

pLR788 ScHst1-2S ScHST1Q296N I297L-HA  

pLR789 ScHst1-4S ScHST1Q296N I297L E304N N305K-HA  

pLR801 C1 ScHST11-26-ScSIR2106-149-ScHST164-475-HA  

pLR802 C2 ScHST11-26-ScSIR294-136-ScHST151-475-HA  

pLR814 A* ScHST11-26-ScSIR294-198
Y145N G146D-ScHST1112-475-HA  

pLR830 ScSir2* ScSIR2Y145N G146D-HA  

Kluyveromyces lactis Plasmids 

pLR849 Vector   

pLR850 KlSir2 HA-KlSIR2  

pLR852 KlSir2-2S HA-KlSIR2K434N I435L  

pLR853 KlSir2-4S HA-KlSIR2K434N I435L P442N N443K  

pLR854 KlSir2* HA-KlSIR2F188N G189D  

pLR876 KlSir2-F188N HA-KlSIR2F188N  

pLR877 KlSir2-G189D HA-KlSIR2 G189D  

S. cerevisiae plasmids use the pRS416 backbone (ScCEN/ARS URA3) 
K. lactis plasmids use the pLR849 backbone (KlCEN/ARS hphR) 
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2.2.4 K. lactis plasmids 

K. lactis plasmids used in this study are listed in Table 2.  To construct the plasmid with 

HA-KlSIR2 (pLR850), KlSIR2 was amplified by PCR from genomic DNA using the primers 5’-

GCTTACGTCGACCTTGGGGTCTATGATGCACTAC and 5’-

CGAAATGCGGCCGCCGTGATACTATCACAACTGACGAAG, with underlined sequences 

annealing to genomic DNA and bold sequences creating NotI and SalI restriction sites.  The 

KlSIR2 gene was cloned into the NotI and SalI sites of the S. cerevisiae vector pRS316 to yield 

pLR666.  Next, KlSIR2 was transferred from pLR666 into the K. lactis plasmid pCXJ18 [81] 

using the SacI and SalI restriction sites, yielding pLR730.  Finally, an epitope tag was added by 

cloning an AgeI-SacI fragment containing HA-KlSIR2 from pLR490 [63], into the same sites of 

pLR730, yielding pLR734. Because Sir2-mediated repression was less robust in the minimal 

medium required to select for these URA3-expressing plasmids, the hphMX marker, which 

confers hygromycin resistance, was cloned into HaeII and HindIII sites on pCXJ18 and pLR734 

using a HaeII and HindIII fragment from pAG32 [82] to yield pLR849 and pLR850.  Amino acid 

substitutions were made by site-directed mutagenesis [80] and confirmed by sequencing. 

2.2.5 Coimmunoprecipitations 

Co-immunoprecipitations were performed using modifications of a previously described 

protocol [56].  For co-immunoprecipitations in S. cerevisiae, cells were grown in complete 

synthetic medium lacking uracil to select for plasmids and were harvested at an OD600=1.0.  In K. 

lactis cells were grown in YPD with 300 µg/mL hygromycin B to ensure retention of the plasmid 

and were harvested at an OD600=1.4.  Twenty-five OD equivalents of cells were resuspended in 

400 µl lysis buffer (50 mM HEPES-KOH, pH 7.5, 0.5 M NaCl, 10% glycerol, 0.5% NP-40, 1 

mM EDTA, 10 mM DTT, 1X Complete Protease Inhibitors (Roche), 1 mM PMSF, 1 µg/mL 
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pepstatin A, 2 mM benzamidine), and approximately 0.5 mL 0.5 mm Zirconia/Silica beads 

(Biospec) were added to each sample.  Cells were lysed by vortexing 30 minutes at 4°C.  Samples 

were then spun 10 minutes at 13,200 rpm at 4°C.  The cleared supernatants were incubated with 5 

µl α-HA (Sigma H-6908), α-myc (Millipore 06-549), α-Flag (Sigma F-7425), or α-ScSir4 

(serum from rabbit 2913.7/27.3, gift from J.Rine) antibody for 8 hours at 4°C.  60 µl of a 50% 

slurry of Protein A agarose or Sepharose beads (washed three times with PBS) were added, and 

samples were rotated overnight at 4°C.  The beads were collected by centrifugation for 2 min at 

2000 rpm and washed three times with 1 mL of lysis buffer.  The beads were then resuspended in 

30 µl 1.5x protein sample buffer and heated at 95°C for 5 min.  15 µl of IP samples were 

electrophoretically fractionated on either 7.5% or 10% polyacrylamide-SDS gels, transferred to 

nitrocellulose membranes, and probed with either mouse monoclonal α-HA antibody (Sigma H-

3663), mouse polyclonal α-myc antibody (Calbiochem OP10), mouse monoclonal α-myc 

antibody (Millipore 05-724), or mouse monoclonal α-Flag antibody (Sigma F-3165) and detected 

by chemiluminescence (GE RPN2135). 

2.2.6 Gene expression analysis 

RNA was isolated from logarithmically growing cultures [83], and treated with DNAseI 

as previously described [63].  To confirm that the DNase treatment was complete, 1 µl of DNase-

treated RNA was used in a PCR reaction containing primers for the ScACT1 or KlACT1 

transcript.  1 µg of DNA-free RNA was used for cDNA synthesis as previously described [63].  

To quantify the relative amount of mRNA transcripts, cDNA was analyzed by real-time PCR in 

the presence of SYBR green using a Bio-Rad iCycler.  Oligonucleotide sequences are provided in 

Table 3.  A standard curve was generated with genomic DNA isolated from LRY1007, LRY2128, 

or LRY2388.  Transcript levels of queried genes were first normalized to ScACT1 or KlACT1 for 
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each sample.  The fold-induction was then calculated by normalizing to the strain expressing 

wild-type ScHst1-HA or HA-KlSir2.  Results represent the average fold induction of two 

independent cultures.  The standard error measurement (SEM) was calculated from the 

differences in fold induction of two independent cultures from the mean. 

Table 3: Oligonucleotides used in this study for RT-PCR 
Target Sequence 

Saccharomyces cerevisiae Oligos 

ACT1 GCCTTCTACGTTTCCATCCA 
GGCCAAATCGATTCTCAAA 

DTR1 GGTGGGCACCTCTCAGATTATC 
CATACCAAAGGCAGTGAGAGCG  

SPS1 AAGGTCCCTTTTCGGATGCAG  
TTTCATCGTCGCGCGCAC  

Kluyveromyces lactis Oligos 

ACT1 GTGGTACCACCGGACATGAC 
CGTCGCTTTGGACTTCGA ACAA 

CDA2 CGGATCTTAGGAAAGGATTAGAG 
GTACACATACTTGGTCACATCC 

SPS4 CCTCCTGGTTGTCCAAATTTACG 
GAGGTTCGTTGGATCCACTTG 

KLLA0B14927g AGCTCTAGTGTTGTTGTTGGCTC 
CTTCTGGGGTATTAATGCTGCTG  

 

2.2.7 Chromatin immunoprecipitations 

Chromatin immunoprecipitations were performed by harvesting approximately 50 OD of 

logarithmically growing cells at an OD600 around 1.0 for S. cerevisiae or 1.4 for K. lactis.  Cells 

were collected, washed twice with PBS, resuspended in DMA (10 mM dimethyl adipimidate, 

0.1% DMSO, 1x PBS), and rocked at room temperature for 45 minutes for crosslinking.  Cells 

were washed once with PBS, resuspended in PBS and 1% formaldehyde and rocked for 45 

minutes.  The preparation of soluble chromatin and immunoprecipitation were performed as 

previously described [78] using 5 µl of the same antibodies used for co-immunoprecipitations.  
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Chromatin IP samples were analyzed by real-time PCR using a standard curve prepared from 

input DNA and oligonucleotides listed in Table 4.  The amounts of the immunoprecipitated DNA 

at experimental loci and a control locus, ScATS1 or KlRRP7, were determined relative to the 

standard curve, and then the relative enrichment of the experimental loci compared to the control 

locus was calculated.  Results represent immunoprecipitation from two or more independent 

cultures of each transformed strain, and the SEM was calculated from the differences in the 

relative enrichment from the mean. 

2.2.8 Mating and reporter assays 

One optical density equivalent of cells at 600 nm was collected from logarithmically 

growing cultures by centrifugation and resuspended in 100 µl minimal medium.  For each 

transformed strain, ten-fold serial dilutions were prepared, and 2-3 µl of each sample in the 

dilution series was spotted onto a YPD plate to confirm equivalent dilutions.  To assay expression 

of the pPES4-HIS3 reporter, 3 µl of each sample in the dilution series was spotted onto medium 

lacking histidine and uracil.  Uracil was omitted to maintain the plasmids.  To assay mating, an 

equal volume of the tester strain LRY1022 at 10 OD equivalents/mL in YPD was mixed with 

each sample in the dilution series, and 3 µl of this mixture was spotted onto minimal plates to 

select for the growth of prototrophic diploids.  Yeast were grown at 30°C for 2 days and imaged. 
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Table 4: Oligonucleotides used in this study for chromatin immunoprecipitation 
Target Sequence 

Saccharomyces cerevisiae Oligos 

ATS1 GGTAACGCAGCCGTTTGAGC 
CCTCATCGTGCCCCAGTCC  

DTR1 GTAGCCAAAGCTGCCTGTTG 
CTTACTACCATCCTTCTAGCC 

PES4 CATTGTACATTCTCCAAATGTGGTG 
TCTAGTACCTACTGTGCCGAATAATGTG   

HML-E CAGACTTCAACACAATCAGAATCAAATAG 
GGCCCCCGAAATCGATAATAATG 

HML promoter CACTTCTAAGCTGATTTCAATCTCTC 
GGATGCTTTGTTCTTAATTTTGAAAGCAG 

HML-I CGATGCTTATTGTGCTTTGTTGGG 
GTTTGCCATTTCCAGCACCTC 

Kluyveromyces lactis Oligos 

RRP7 GCAACAACAGATACTGT GG 
CCTACTACTAATGTGAAACCATC 

CDA2 CGATGTATCGGCTAGTAATATTTCG 
GGATCAATGGGGAGGCTGTAG 

SPS4 CGGCCTACAGAAATGACTACTG 
CTCGCTTAATATCGGTTGACAC 

Telomere BR-A TCGAGACCCCAGAGTTTAAGAC 
ATATACGGTACCGGTCCAAGGA  

Telomere BR-B CAAACACCAGAAATTGAAACTGCC 
GAGTAAACACCGTTGTGGTAGGA  

Telomere BR-C TGGAGAGTTCTATTACTTCCGCC 
GTGAACGAATCCGATGTCTGTG 

Telomere BR-D AGCTCTAGTGTTGTTGTTGGCTC 
CTTCTGGGGTATTAATGCTGCTG  

Telomere BR-E ATCACGTGACTGGAAGTCGAGT 
TTGCAACGATTCGAACATGCTGT 

Telomere BR-F ACAGGAAAGAAAGGAGTAGAGGTG 
CATCCCCCAGCATAAATTCATCA 

Telomere BR-G AACAAAGGAGAATGCAGGGAGAGT 
CCCGCTATATTTGGTCCATCATC 
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2.3 Results  

2.3.1 ScSir2 and ScHst1 have distinct domains for interacting with 
their respective complexes 

We postulated that Sir2 and Hst1 subfunctionalized by acquiring complementary 

mutations in interaction domains that are limited to either the N-terminal portion (Sir2-Sir4) or 

the C-terminal portion (Hst1-Rfm1) (Figure 1B) of the protein.  However, an alternative 

possibility is that the N- and C-terminal portions both contribute to both interactions by folding 

together to form an interaction surface.  The first possibility is consistent with previous results 

that a chimeric protein containing the N-terminus of ScSir2 and the C-terminus of ScHst1 (S-H) 

interacts with both the Sir and Sum1 complexes [63, 64].  Yet, these results do not exclude the 

second possibility, in which either the N- or C-terminus might be sufficient to allow the protein to 

interact with the Sir or Sum1 complex, as long as the remainder of the domain is provided by the 

paralog.  To distinguish between these possibilities we examined the function of a previously 

untested reverse chimera (H-S) containing the N-terminus of ScHst1 and the C-terminus of 

ScSir2 (Figure 2A).  If interaction domains are limited to the N-terminal portion of ScSir2 and the 

C-terminal half of ScHst1, the H-S chimera should not interact with either complex.  On the other 

hand, if ScSir2 and ScHst1 have interaction domains incorporating regions from both the N- and 

C-termini, the H-S chimera should interact with both complexes.   

To test for ScHst1 function, a previously described [63] reporter was used, in which the 

ScHst1-regulated PES4 promoter drives the expression of HIS3, which is required for growth in 

the absence of histidine.  Wild-type Hst1 function is indicated by lack of growth in the absence of 

histidine.  To test for ScSir2 function, a mating assay was used.  ScSir2 is required for silencing 

the cryptic mating-type loci, HML and HMR.  If these loci are not silenced, cells express both a 
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and α mating information and cannot mate.  Wild-type Sir2 function is indicated by growth on 

medium selecting for diploids.  For these experiments, ScSIR2 and ScHST1 were deleted from the 

genome, and ScHst1, ScSir2, or chimeric proteins were expressed from plasmids. 

 

Figure 2: Distinct portions of ScSir2 and ScHst1 are required for specificity. 

(A) Summary of chimeric proteins and their properties.  (B) Hst1-mediated repression and 
Sir2-mediated silencing were assessed using a pPES4-HIS3 reporter and a mating assay.  A 
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Scsir2∆ Schst1∆ strain (LRY2083) was transformed with an empty vector (pRS416) or 
plasmids expressing the constructs shown in A (Table 2).  To assess ScHst1-mediated 
repression (left panel), yeast were spotted on medium lacking histidine and uracil (for 
plasmid maintenance) in ten-fold serial dilutions.  To assess ScSir2-mediated silencing 
(middle panel), the same dilutions were mixed with a tester strain of the opposite mating 
type (LRY1022) and spotted onto minimal medium to select for prototrophic diploid cells.  
As a plating control (right panel), yeast were spotted on rich medium.  (C) The association 
of chimeric proteins with ScRfm1-myc was examined by co-IP.  HA- tagged protein or 
ScRfm1-myc was immunoprecipitated from a Scsir2∆ Schst1∆ ScRFM1-myc strain 
(LRY2507) transformed with plasmids expressing the constructs in A or a Scsir2∆ Schst1∆ 
ScRFM1 strain (LRY2083) transformed with ScHST1-HA (lane 7). The precipitated 
material was examined by immunoblotting with mouse α-HA or α-myc antibodies.  Two 
major bands were observed for the C-terminally HA-tagged ScSir2 but not the N-terminally 
tagged protein.  The larger band (~70 kDa) is close to the predicted size for full-length 
ScSir2-HA.  Others have also observed multiple bands for C-terminally tagged ScSir2 
constructs (14, 32) and have postulated that the smaller bands are degradation products.  
However, as multiple bands are not seen for N-terminally tagged ScSir2, the smaller band 
could result from internal translation.  (D) The association of chimeric proteins with ScSir4 
was examined by co-IP.  ScSir4 was immunoprecipitated from the same strains used in C or 
a Scsir2∆ Schst1∆ Scsir4∆ strain (LRY2590) transformed with ScSIR2-HA (lane 7). 

As previously reported, a chimera containing the N-terminus of ScSir2 and the C-

terminus of ScHst1 (S-H) was able to function as both ScSir2 and ScHst1 (Figure 2B).     In 

contrast, the new reverse chimera, H-S, was not able to function as either ScSir2 or ScHst1 

although it was stably expressed (Figure 2C).  Therefore, different portions of the deacetylases 

confer specificity to ScSir2 and ScHst1. 

To assess the interactions of these chimeric proteins with ScSir4 and ScRfm1, a co-

immunoprecipitation (co-IP) assay was used.  The S-H chimera was able to interact with ScRfm1 

robustly (Figure 2C) and ScSir4 weakly (Figure 2D).  In contrast, the H-S chimera was unable to 

interact with ScSir4 and had a weaker interaction with ScRfm1 (Figure 2C and D), indicating that 

the N-terminal domain of ScSir2 is necessary for association with ScSir4 and the C-terminal 

domain of ScHst1 is required for optimal association with ScRfm1. The modest interaction 

between the H-S chimera and ScRfm1 is consistent with previous work indicating that ScSir2 

itself interacts weakly with the ScSum1 complex [63].  This interaction may be increased in the 
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chimeric protein, which lacks the N-terminal Sir4 interaction domain, and hence is available to 

interact with Rfm1.  In summary, although both portions of these deacetylases are required for 

maximum interaction with ScSir4 and ScRfm1, the N-terminus is more critical for ScSir2 and the 

C-terminus is more critical for ScHst1. 

 The ability of S-H to interact with both ScRfm1 and ScSir4 raises the possibility that 

both interactions occur simultaneously. However, ScSir4 did not co-IP with ScRfm1 in the 

presence of S-H (Figure 2D), suggesting that a single molecule of S-H cannot interact with both 

complexes simultaneously.  

2.3.2 Four amino acid changes enable ScSir2 to function as ScHst1 

The proposed model for the subfunctionalization of Sir2 and Hst1 (Figure 1B) postulates 

that the domains that interact with Sir4 and Rfm1 were present in the ancestral, non-duplicated 

Sir2.  To test this idea, we identified mutations in ScHst1 that would disrupt its interaction with 

ScRfm1 and then determined whether mutations in the homologous residues of KlSir2 disrupt its 

interaction with KlRfm1.  To facilitate the identification of such mutations, we first determined 

the minimal portion of ScHst1 that, when placed in ScSir2, would confer the specificity of 

ScHst1.  The C-terminal portion of ScHst1, which enables it to interact with ScRfm1 (Figure 2), 

has high homology with ScSir2, suggesting that small differences between these deacetylases 

determine specificity.  Indeed, replacing two amino acids in the zinc-binding module of ScSir2 

with the amino acids from ScHst1, N378Q and L379I, enables ScSir2 to interact with ScRfm1 

and repress a promoter containing a heterologous ScSum1 binding site [64]. 

To determine whether one of these two amino acids is sufficient for ScSir2 to interact 

with ScRfm1, we generated separate N378Q and L379I mutations and tested them using the 

pPES4-HIS3 reporter (Figure 3A).  Neither single mutation conferred the ability to repress this 

reporter (data not shown). Moreover, the two amino acid mutation (ScSir2-2H) was less effective 
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than ScHst1 (Figure 3B) and had lower affinity for ScRfm1-myc (Figure 3C).  Therefore, 

although the previously described two amino acid substitution increases the affinity of ScSir2 for 

ScRfm1, it does not match the affinity of wild-type ScHst1. 
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Figure 3: Four amino acid substitutions confer ScHst1 function to ScSir2. 

(A) Summary of mutations and their properties.  An alignment of the zinc-binding domains 
of ScHst1 and ScSir2 is shown, with mutated residues in bold and the zinc-binding cysteines 
in gray boxes.  (B) ScHst1-mediated repression was assessed using the pPES4-HIS3 reporter.  
A Scsir2∆ Schst1∆ ScRFM1-myc strain (LRY2507) was transformed with an empty vector 
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or plasmids expressing the constructs shown in A and analyzed as in Fig. 2B.  (C) The 
association of mutated proteins with ScRfm1-myc was examined by co-IP.  HA-epitope 
tagged protein or ScRfm1-myc was immunoprecipitated from the same strains used in B or 
a Scsir2∆ Schst1∆ ScRFM1 strain (LRY2083) transformed with ScHST1-HA (lane 9).  (D) 
Expression of ScDTR1 and ScSPS1 was assessed by RT-PCR in the same strains as B.  
Levels of ScDTR1 and ScSPS1 mRNA were first normalized to ScACT1 and then expressed 
relative to the strain containing wild-type ScHst1-HA. 

To determine whether additional mutations in ScSir2 could enhance its interaction with 

ScRfm1, two other amino acids not conserved between ScSir2 and ScHst1 were mutated.  These 

two mutations, N386E and K387N, were made by themselves (ScSir2-2H’) and with the original 

pair of mutations (ScSir2-4H) (Figure 3A).  ScSir2-2H’ had no ScHst1-like function (Figure 3B) 

and did not co-IP with ScRfm1 (Figure 3C).  However, in combination with the two previously 

identified mutations, N386E and K387N increased the ability of ScSir2 to repress the reporter 

(Fig. 3B) and increased the co-IP with ScRfm1 (Figure 3C).   

The pPES4-HIS3 reporter provides only a qualitative assessment of repression.  Therefore, 

quantitative RT-PCR was used to assess the levels of mRNA of two ScHst1-regulated genes, 

DTR1 and SPS1 (Figure 3D).  In the presence of ScSir2-2H and ScSir2-4H, DTR1 and SPS1 were 

increased in expression only slightly compared to wild-type ScHst1, indicating that even the two 

amino acid substitution confers Hst1-like properties on ScSir2.  Thus, modest amino acid changes 

in ScSir2 were sufficient to confer ScHst1-like function. 

The identification of amino acid substitutions that enhance the affinity of ScSir2 for the 

ScRfm1 pinpointed the interaction domain and enabled us to test whether a small number of 

mutations in this domain would disrupt the interaction, as might have occurred during the process 

of subfunctionalization.  Therefore, mutations at the two originally identified residues (ScHst1-

2S) and all four residues (ScHst1-4S) were made in ScHst1 and examined for their effect on the 

function of ScHst1.  Indeed, neither ScHst1-2S nor ScHst1-4S repressed the HIS3 reporter 

(Figure 3B) or the DTR1 and SPS1 genes (Figure 3D).  A weak interaction with ScRfm1 was 



 

 33

detected for ScHst1-2S (Figure 3D), but the four amino acid mutations in ScHst1-4S were 

sufficient to eliminate the interaction with ScRfm1 (Figure 3C). 

2.3.3 ScSir4 was not recruited to promoters repressed by ScSir2-4H 

The ability of ScSir2-4H to interact with both ScSir4 and ScRfm1 raises the possibility 

that ScSir2-4H could bring the Sir complex to ScHst1-regulated genes.  If so, the Sir complex 

could be responsible for repressing those genes.  To examine this possibility, the presence of 

ScSir4 was examined at the DTR1 and PES4 promoters using chromatin immunoprecipitation.  

Consistent with the functional and co-IP results discussed above, ScSir2-2H was more enriched 

than ScSir2 at the DTR1 and PES4 promoters, and ScSir2-4H had an enrichment comparable to 

ScHst1 (Figure 4A).  However, even in the presence of ScSir2-4H, there was no enrichment of 

ScSir4 at either promoter (Figure 4B).  ScSir4 was detected at HML (Figure 4B), indicating that 

the immunoprecipitation was successful.  Therefore ScSir4 was not recruited to these promoters 

by ScSir2-4H and was not responsible for the repression mediated by ScSir2-4H. 

As a control, the presence of ScRfm1-myc at these promoters was also examined.  

ScRfm1 was enriched regardless of whether a deacetylase was present (data not shown), 

consistent with the view that ScRfm1 is recruited through an interaction with ScSum1 

independently of its interaction with ScHst1. 
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Figure 4: ScSir4 not associated with promoters of sporulation genes. 

(A) The association of ScHst1, ScSir2 and derivatives with the ScDTR1 and ScPES4 
promoters was examined by chromatin IP.  HA-tagged proteins were precipitated from 
Scsir2∆ Schst1∆ ScRFM1-myc yeast (LRY2507) transformed with empty vector or plasmids 
containing the constructs shown in Fig. 3A.  Associated DNA was analyzed by quantitative 
PCR, and enrichment is expressed relative to the ScATS1 locus, which is not associated with 
ScSir2 or ScHst1.  (B) The association of ScSir4 with the ScDTR1 and ScPES4 promoters 
and the HML-E silencer was examined by chromatin IP, as in A. 

2.3.4 Interaction domain for Rfm1 is conserved between ScHst1 and 
KlSir2 

To determine whether the interaction domain between Hst1 and Rfm1 pre-dates the 

duplication, we used the non-duplicated Sir2 from K. lactis as a proxy for the ancestral 

deacetylase.  If the interaction domain is ancestral, mutating amino acids in KlSir2 homologous to 
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those that disrupt the interaction in S. cerevisiae should also disrupt the interaction in K. lactis.  

Therefore, we generated mutations equivalent to ScHst1-2S (KlSir2-2S) and ScHst1-4S (KlSir2-

4S) and examined their ability to interact with KlRfm1-myc by co-IP.  The affinity of KlSir2-2S 

for KlRfm1-myc was slightly reduced compared to KlSir2 (Figure 5B), and the four amino acid 

mutation, KlSir2-4S, had a much weaker interaction with KlRfm1-myc.  To confirm that the loss 

of interaction was specific for these amino acids, three other pairs of mutations in KlSir2 were 

generated targeting residues that differ between KlSir2 and ScSir2.  The T358M/E359H and 

S457K/L460R mutations fall on the surface of the zinc-binding domain some distance from the 

4S mutations, and the E412S/P413T mutation falls on the surface of the main catalytic domain on 

the same face of the protein as the 4S mutations.  These mutations either had no effect or very 

slight effects on the interaction between KlSir2 and KlRfm1 (data not shown).  Thus, the KlSir2-

2S mutation has a considerably greater impact on the interaction with KlRfm1 and likely 

identifies an interaction surface that is homologous to the interaction surface in ScHst1. 

Therefore, the interaction domain for Rfm1 is ancestral rather than derived after the duplication.  

Moreover, the capacity of this interaction to be reduced by simple substitution mutations is 

consistent with the DDC model for subfunctionalization.  The duplicate that became SIR2 only 

needed to acquire a few mutations in this region to be outcompeted by Hst1 and largely excluded 

from the Sum1complex. 
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Figure 5: Interaction domain for Rfm1 is conserved between KlSir2 and ScHst1. 

(A) Summary of mutations and their properties.  An alignment of the zinc-binding domains 
of ScHst1, KlSir2, and ScSir2 is shown, with mutated residues in bold and the zinc-binding 
cysteines in gray boxes.  (B) The association of KlSir2 with KlRfm1 was examined by co-IP.  
HA-KlSir2 or KlRfm1-myc was immunoprecipitated from a Klsir2∆ KlRFM1-myc strain 
(LRY2654) transformed with an empty vector (pLR849) or plasmids expressing the 
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constructs shown in A or a Klsir2∆ strain with untagged KlRFM1 (LRY2128) transformed 
with HA-KlSIR2.  (C) The association of HA-KlSir2 with the promoters of KlCDA2 and 
KlSPS4 was assessed by chromatin IP using the same strains as in B.  Enrichment at the 
promoters is expressed relative to the KlRRP7 locus, which is not associated with KlSir2.  
(D) Expression of KlCDA2 (KLLA0C17226g) and KlSPS4 (KLLA0F08679g) was assessed by 
RT-PCR in the same strains as in B.  Levels of KlCDA2 and KlSPS4 mRNA were first 
normalized to KlACT1 and then expressed relative to the strain containing wild-type HA-
KlSir2. 

To determine whether the decreased interaction with KlRfm1 was sufficient to reduce the 

recruitment of KlSir2-2S and KlSir2-4S to repressed loci, chromatin IP was conducted at the 

KlCDA2 and KlSPS4 promoters.  KlSir2-4S was still present at both promoters but to a lesser 

extent than KlSir2 or KlSir2-2S, consistent with its reduced interaction with KlRfm1 (Figure 5C).  

A potential explanation for the residual association of KlSir2-4S with repressed promoters, 

despite the apparent lack of interaction with KlRfm1, is that the chromatin IP is stabilized by 

crosslinking.  In addition, KlSir2-4S may be recruited to these promoters by other proteins, as 

suggested by previous observations that wild-type KlSir2 is recruited to KlCDA2 and KlSPS4 in 

the absence of KlRfm1 [60]. As expected, the association of KlRfm1 with KlCDA2 and KlSPS4 

was not significantly affected in the presence of KlSir2-2S and KlSir2-4S (data not shown). 

To assess the functional consequence of the reduced association of KlSir2-2S and KlSir2-

4S with target promoters, the expression of KlCDA2 and KlSPS4 was examined by quantitative 

RT-PCR (Figure 5D).  Both KlCDA2 and KlSPS4 were induced in the presence of KlSir2-4S 

although not to the levels of a strain lacking KlSir2.  These results are consistent with the lower 

enrichment at the promoters of these genes and the loss of affinity of for KlRfm1. 

2.3.5 Amino acids 94-149 of ScSir2 enable ScHst1 to function as 
ScSir2 

The results above indicate that, after duplication, the paralog that became Sir2 lost 

affinity for the Sum1 complex by acquiring mutations in the zinc binding module.  To determine 

whether a similar process reduced the affinity of the paralog that became Hst1 for the Sir 
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complex, the region important for the interaction of ScSir2 with ScSir4 was identified and this 

information was used to determine whether this interaction domain is conserved between ScSir2 

and KlSir2.  The sequences of the N-terminal domains of ScSir2, ScHst1, and KlSir2 are less well 

conserved than the zinc binding module, and consequently it is unlikely that a few amino acid 

substitutions in ScHst1 could confer the specificity of ScSir2.  Therefore, we identified the 

minimal region of ScSir2 necessary for its function by generating a series of chimeric proteins in 

which a region of ScSir2 replaced the homologous region of ScHst1 (Figure 6A).   

The design of chimeric proteins was guided by an observation that deleting the first 93 

amino acids of ScSir2 has no effect on its interaction with ScSir4, whereas deleting the first 198 

amino acids abolishes the interaction [61].  Chimera A (containing ScSir2 aa94-198) functioned 

as well as ScSir2 in a mating assay (Figure 6B) suggesting that the interaction domain for ScSir4 

is contained within amino acids 94-198.  Indeed, chimera A co-immunoprecipitated with ScSir4 

(Figure 6C) and associated with the silenced HML locus (Figure 6D).  However the affinity of 

chimera A for ScSir4 was reduced compared to that of ScSir2, consistent with the reduced 

affinity of the S-H construct (Figure 2D).  Chimera B1 containing a smaller portion of ScSir2 

(94-149) restored mating to about one-tenth the level of ScSir2 and chimera A and associated 

with HML (Figure 6B, 6D). However, an interaction between chimera B1 and ScSir4 was not 

detected (Figure 6C). The interaction of chimera B1 with ScSir4 must be sufficient for some 

silencing of HML but not stable enough to be maintained through co-IP.  In contrast, chimera B2 

(ScSir2 aa150-198) was unable to restore mating, although it was expressed and retained the 

ability to repress ScHst1-regulated promoters (Figure 6B, 6C, and data not shown).  Therefore, 

amino acids 94-149 of ScSir2 are critical for the interaction of ScSir2 with ScSir4, and amino 

acids 150-198 increase this interaction.   
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Figure 6: ScSir2 amino acids 94-149 confer ScSir2 function to ScHst1. 

(A) Summary of chimeric proteins and their properties.  (B) ScSir2-mediated silencing was 
assessed using a mating assay.  A Scsir2∆ Schst1∆ strain (LRY2083) was transformed with 
an empty vector or plasmids expressing the constructs shown in A.  Mating was assessed as 
for Fig. 2B.  (C) The association of the chimeric proteins with ScSir4 was examined by co-
IP.  ScSir4 was immunoprecipitated from the same strains used in B or a Scsir2∆ Schst1∆ 
Scsir4∆ strain (LRY2590) transformed with ScSIR2-HA.  (D) The association of ScHst1, 
ScSir2 and chimeric proteins with HML was examined by chromatin IP.  HA-epitope 
tagged proteins were immunoprecipitated from Scsir2∆ Schst1∆ ScRFM1-myc yeast 
(LRY2507) transformed with empty vector or plasmids expressing the constructs shown in 
A or a Scsir2∆ Schst1∆ Scsir4∆ ScRFM1 strain (LRY2590) transformed with ScSIR2-HA.  
Black bars above HML indicate the location of PCR amplicons.  (E) The association of 
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ScSir4 with HML in the same strains as in D was assessed by chromatin IP.  (F) The 
association of ScRfm1-myc with HML in the same strains as in D was assessed by chromatin 
IP. 

Chimeric proteins containing smaller fragments of ScSir2 had no ScSir2 function, as 

neither chimera C1 (ScSir2 aa106-149) nor C2 (ScSir2 aa94-136) conferred the ability to mate 

(Figure 6B) or associated with ScSir4 (Figure 6C).  Therefore, the minimal region required for 

ScSir2 function is amino acids 94-149. 

Another way to determine whether the chimeric deacetylases functioned at HML was to 

determine whether they enabled the spreading of ScSir4.  ScSir4 is recruited to silencers 

independently of ScSir2, but cannot spread without ScSir2 [51, 84, 85].  Therefore, the 

distribution of ScSir4 across HML was examined by chromatin IP.  ScSir4 was more enriched at 

all three HML loci queried in the presence of chimeras A and B1 than in the presence of ScHst1 

but was less enriched than in the presence of ScSir2 (Figure 6E).  Thus, chimeras A and B1 

promoted the spreading of ScSir4. 

Given that chimeras A and B1 are also recruited to sporulation genes (data not shown) 

and therefore must interact with the Sum1 complex, it was possible that these proteins were 

bringing the Sum1 complex to HML and that the Sum1 complex was contributing to silencing of 

HML.  However, ScRfm1-myc was not enriched at HML when either chimera A or B1 was 

associated with HML (Figure 6F).  This result, in conjunction with Figs. 2D and 4B, suggests that 

ScSir2 and ScHst1 do not interact simultaneously with the Sir and Sum1 complexes. 
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Figure 7: Mutations that disrupt the ScSir2-ScSir4 interaction are identified. 

(A) Summary of mutations and their properties.  An alignment of the relevant portion of 
ScSir2 and ScHst1 is shown.  Positions that were mutated in ScSir2 are in bold.  The gray 
box indicates amino acids 137-149, which are essential for ScSir2 function.  (B) ScSir2-
mediated silencing was assessed using a mating assay.  A Scsir2∆ Schst1∆ strain (LRY2083) 
was transformed with an empty vector or plasmids expressing the constructs in A.  Mating 
was assessed as in Fig. 2B.  (C) The association of the mutant proteins with ScSir4 was 
examined by co-IP.  ScSir4 was immunoprecipitated from the same strains used in B or a 
Scsir2∆ Schst1∆ Scsir4∆ strain (LRY2590) transformed with ScSIR2-HA.  (D) The 
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association of ScHst1, ScSir2 and chimeric proteins with HML was examined by chromatin 
IP.  HA-epitope tagged proteins were immunoprecipitated from Scsir2∆ Schst1∆ yeast 
(LRY2507) transformed with empty vector  or plasmids expressing the constructs in A or a 
Scsir2∆ Schst1∆ Scsir4∆ strain (LRY2590) transformed with ScSIR2-HA.  (E) The 
association of ScSir4 with HML in the same strains as in D was assessed by chromatin IP. 

2.3.6 Two mutations in ScSir2 disrupt its interactions with ScSir4 

Having identified the region of ScSir2 that interacts with ScSir4, we investigated whether 

this interaction domain for Sir4 is the same in KlSir2.  To do so, we sought simple substitution 

mutations that would disrupt the interactions of both ScSir2 and KlSir2 with Sir4. Given that 

chimeras C1 and C2 lack ScSir2 function, amino acids 94-105 and 137-149 must be required.  

Guided by an alignment of Sir2 and Hst1 proteins from both non-duplicated and duplicated yeast 

species, amino acids Y145 and G146 of ScSir2 were identified as good candidates to confer 

specificity based on their position and conservation among duplicated Sir2 proteins but not all 

duplicated Hst1 proteins.  This pair of amino acids was mutated to the homologous amino acids 

from ScHst1 in both ScSir2 (ScSir2*) and chimera A (A*). 

The Y145N G146D mutations in both ScSir2 and chimera A completely abolished 

mating (Figure 7B).  However, A*, like chimera A, was still able to repress the ScHst1-repressed 

reporter (data not shown), indicating that the Y145N G146D mutations did not affect the overall 

stability or catalytic function of the protein.  In addition, ScSir2* and A* were unable to interact 

with ScSir4 (Figure 7C) and did not associate with HML (Figure 7D).  Furthermore, enrichment 

of ScSir4 at HML was reduced in the presence of ScSir2* and A* to the same levels as when the 

vector alone or ScHst1 were present (Figure 7E).  Thus, the Y145N G146D mutation eliminated 

the interaction between ScSir2 and ScSir4. 
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2.3.7 Interaction domains for KlSir4 were conserved in KlSir2 and 
ScSir2 

To determine whether the interaction domain between Sir2 and Sir4 was ancestral, we 

investigated whether mutations homologous to the ScSir2* mutations would disrupt the 

interaction of the non-duplicated KlSir2 with KlSir4.  Residues F188 and G189 of KlSir2 were 

mutated to the same amino acids that were disruptive in ScSir2 (Figure 8A), and this protein 

(KlSir2*) was tested for its interaction with KlSir4-FLAG.  Whereas wild-type KlSir2 had a 

robust interaction with KlSir4, KlSir2* did not interact (Figure 8B).  Thus, homologous amino 

acids are necessary for KlSir2 and ScSir2 to interact with Sir4, consistent with the interaction 

domain being ancestral. 

To examine the functional consequences of eliminating the interaction between KlSir2 

and KlSir4, the association of KlSir2* with Telomere BR was examined by chromatin IP.  We 

previously found that KlSir2 and KlSir4 are associated with Telomere BR but KlSum1 is not 

[13], suggesting that recruitment of KlSir2 is dependent on KlSir4 but not KlSum1.  KlSir2 was 

recruited to the end of the chromosome and its enrichment tapered off with increased distance 

from the telomere (Figure 8C).  In contrast, KlSir2*, which does not interact with KlSir4, was not 

enriched at Telomere BR above background levels. 

In S. cerevisiae, Sir4 can be recruited to the telomeres in the absence of Sir2 but requires 

Sir2 for spreading [51, 84, 85].  If a similar dependency exists in K. lactis, the association of 

KlSir4 with Telomere BR should be reduced in the presence of KlSir2*.  Indeed, the distribution 

of KlSir4 was restricted at Telomere BR in the presence of KlSir2* compared to KlSir2 and had 

the same sharp drop off as in the absence of KlSir2 (Figure 8D).  Therefore, KlSir4 cannot spread 

at the telomere without an interaction with KlSir2. 
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Figure 8: Interaction domain for ScSir4 is conserved between KlSir2 and ScSir2. 

(A) Summary of mutations and their properties.  An alignment of the relevant portion of 
ScSir2, KlSir2, and ScHst1 is shown.  Positions mutated in KlSir2 are in bold.  (B) The 
association of HA-KlSir2 with KlSir4-FLAG was examined by co-IP.  HA-KlSir2 and 
KlSir4-FLAG were immunoprecipitated from a Klsir2∆ KlSIR4-FLAG strain (LRY2388) 
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transformed with empty vector or plasmids expressing the constructs in A or from a Klsir2∆ 
KlSIR4 strain (LRY2333) transformed with HA-KlSIR2.  (C) The distribution of HA-KlSir2 
at Telomere BR was assessed in the same strains as B by chromatin IP.  (D) The 
distribution of KlSir4-FLAG at Telomere BR was assessed as in C.  (E)  Expression of 
KLLA0B14927g was assessed by quantitative RT-PCR in the same strains as B.  Levels of 
KLLA0B14927g mRNA were first normalized to KlACT1 and then expressed relative to the 
strain containing wild-type HA-KlSir2. 

The impact of the KlSir2* mutation on transcription was assessed by examining the 

expression of the telomere-proximal gene KLLA0B14927g by quantitative RT-PCR (Figure 8E) 

[86].  KLLA0B14927g was induced in the absence of KlSir2 about seven-fold compared to the 

presence of KlSir2.  In the presence of KlSir2*, KLLA0B14927g was induced approximately 11-

fold, indicating that KlSir2 must interact with KlSir4 to silence at least this sub-telomeric gene. 

2.3.8 A single nucleotide change disrupted the interaction between 
KlSir2 and KlSir4 

The results outlined above support a DDC mechanism for the subfunctionalization of 

Sir2.  In particular, the retention of the interaction domains for the Sir and Sum1 complexes 

between S. cerevisiae and K. lactis implies that the ancestral deacetylase that became duplicated 

also employed these domains.  Thus, all that would be required for subfunctionalization would be 

for the duplicates to acquire complementary mutations in these two interaction domains.   

To determine whether the simplest type of mutation, a single nucleotide change, could be 

sufficient to differentiate the functions of the duplicate deacetylases and initiate 

subfunctionalization, the F188N and G189D mutations were made singly (Fig. 8A).  KlSir2-

F188N still interacted with KlSir4 similarly to KlSir2 (Fig. 8B).  However, the G189D mutation 

abolished this interaction.  Moreover, KlSir2-G189D was absent from Telomere BR (Fig. 8C), 

resulting in the inability of KlSir4 to spread (Fig. 8D) and the induction of KLLA0B14927g (Fig. 

8E).  In contrast, KlSir2-F188N was recruited to and spread across Telomere BR in a similar 

fashion as KlSir2, thereby enabling the spreading of KlSir4 and the silencing of KLLA0B14927g.  
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Thus, the single amino acid change, G189D, which results from a single nucleotide change, was 

sufficient to disrupt the interaction of KlSir2 with KlSir4.  This glycine is preserved in some 

duplicated Hst1 orthologs and therefore is unlikely to have been a key mutation that distinguished 

Hst1 from Sir2. However, a mutation with a similar impact could have occurred in one paralog 

after duplication, forcing the other paralog to maintain its interaction with Sir4 and become Sir2. 

2.4 Discussion  

2.4.1 Subfunctionalization through the acquisition of complementary 
inactivating mutations 

This work strongly supports the model that Sir2 and Hst1 subfunctionalized through the 

acquisition of complementary inactivating mutations in specificity-determining domains (Fig 1B).  

It was previously concluded that the ancestral deacetylase that underwent duplication had both 

Sir2-like and Hst1-like functions [60, 63], indicating that subfunctionalization occurred.  In 

addition, distinct regions of ScSir2 and ScHst1 were found to confer specificities for their 

respective complexes [63, 64].  However, it was not known whether these specificity-determining 

regions were ancestral, in which case inactivating mutations would lead to subfunctionalization, 

or whether these specificity-determining regions were derived after duplication.  We now 

demonstrate that the interactions of Sir2/Hst1 with Sir4 or Rfm1 are disrupted by homologous 

mutations in the duplicated species S. cerevisiae and the non-duplicated species K. lactis, strongly 

implying that the common ancestor of ScSir2, ScHst1, and KlSir2 utilized these same interaction 

domains.  Thus, the interaction domains were ancestral, making it probable that inactivating 

mutations in these domains led to subfunctionalization.  Moreover, the interaction between KlSir2 

and KlSir4 can be disrupted by a single amino acid change, resulting from a single nucleotide 

change, indicating that relatively minor sequence changes would be sufficient to generate 

functionally distinct paralogs and initiate subfunctionalization.   



 

 47

The specificity of Sir2/Hst1 for the Sum1 complex is determined by amino acids in the 

zinc-binding module, a structural element found in all Sir2 family members but not directly 

involved in catalysis.  An alignment of this module from non-duplicated and duplicated yeast 

species reveals few sequence differences that distinguish Hst1 and Sir2 paralogs.  Indeed, the 

previously identified specificity-determining amino acids (ScHst1-Q296, I297) [64] are the only 

two residues that consistently differ between duplicated Hst1 and Sir2 paralogs.  Moreover, the 

Q296 position is conserved as a lysine in non-duplicated orthologs but mutated in almost all 

duplicated orthologs.  Thus, mutations at this position are likely to have contributed to 

subfunctionalization and may have been coupled with compensatory mutations in the interacting 

partner Rfm1.  

The specificity of Sir2 for the Sir complex is determined by a domain N-terminal to the 

catalytic core.  An alignment of this region reveals much greater sequence variation than in the 

zinc-binding module.  Strikingly, changes in the duplicated Sir2 sequences compared to the non-

duplicated orthologs tend to occur in fixed positions and to be found in all orthologs.  In contrast, 

changes in the Hst1 orthologs are more sporadic and frequent.  These patterns are consistent with 

the greater importance of this domain for the interaction with Sir4 than Rfm1.  Thus, there are 

multiple positions at which mutations might initially have occurred to reduce the affinity for the 

Sir complex but not the Sum1 complex, thereby placing a duplicate on the path to becoming Hst1.  

The duplicate that became Sir2 also acquired mutations, but these were fixed early in the lineage.   

In summary, the ancestral nature of the interaction domains for the Sir and Sum1 

complexes, combined with the ability to disrupt these interactions by simple mutations, implies 

that the functions of the ancestral deacetylase were partitioned through the acquisition of 

complementary degenerative interactions.  Both Sir2 and Hst1 have been maintained in all post-
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duplication yeast species examined, and gene synteny for SIR2 and HST1 has been largely 

preserved [87].  Thus, the fates of Sir2 and Hst1 were likely fixed early after the duplication.    

2.4.2 Chimeric deacetylases did not interact simultaneously with the 
Sir and Sum1 complexes 

It was theoretically possible that the chimeric deacetylases capable of interacting with 

both Sir4 and Rfm1 could interact with these proteins simultaneously.  However, although 

ScSir2-4H gained the ability to co-precipitate with ScRfm1 and associate with sporulation genes, 

its presence did not result in the recruitment of ScSir4 to these genes (Figs. 3,4).  Thus, ScSir2-

4H did not stably associate with ScSir4 when it was part of the Sum1 complex.  Likewise, 

chimera A did not stably associate with ScRfm1 when it was part of the Sir complex (Fig. 6).  

These results suggest that the binding of one complex to a deacetylase prevents the other complex 

from gaining access.  Presumably, the two complexes interfere sterically with one another, 

although how the N-terminal and the zinc-binding modules are positioned relative to one another 

is unclear, as no structure for a full-length Sir2 or Hst1 has been determined.   

The inability of a single deacetylase to interact simultaneously with the Sir and Sum1 

complexes probably reduces the chance of silenced chromatin forming in inappropriate locations.  

For example, the low-level interaction of ScSir2 with the Sum1 complex [63] would have the 

undesirable consequence of initiating the formation of Sir-silenced chromatin at Sum1-repressed 

genes if Sir2 could interact simultaneously with both complexes.  This barrier against the 

formation of Sir-silenced chromatin at Sum1-repressed genes is even more critical in K. lactis, as 

the same deacetylase is normally part of both Sum1 and Sir complexes [60].  Indeed, KlSir4 does 

not associate with Sum1-repressed sporulation genes, despite the presence of KlSir2 at these 

genes [60].  Therefore, like its orthologs in S. cerevisiae, KlSir2 does not interact simultaneously 

with the Sir and Sum1 complexes. 
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2.4.3 The subfunctionalization of Sir2 and Hst1 is consistent with the 
DDC model 

The subfunctionalization of Sir2 and Hst1 through the acquisition of complementary 

inactivating mutations is a good example of the duplication-degeneration-complementation 

(DDC) model for subfunctionalization [8, 9].  This model was originally discussed in the context 

of complementary expression patterns, and several examples of this type have been described [9, 

88-90].  However, to our knowledge, there are not other well-documented examples of 

complementary mutations partitioning protein functions.   

An important aspect of the DDC model is that the initial fixation of the duplicate genes in 

a population does not involve adaptive mutations conferring new, beneficial properties.  Rather, 

complementary, loss-of-function mutations in the duplicates necessitate the maintenance of both 

genes to retain the full complement of ancestral functions.  Indeed, there is no existing evidence 

that the combined activities of ScSir2 and ScHst1 provide any function not also present in the 

non-duplicated KlSir2.  However, it remains possible that dividing the ancestral functions 

between Sir2 and Hst1 was ultimately beneficial to the yeast.  For example, ScHst1 has a lower 

affinity than ScSir2 for the cofactor NAD+ [57], and consequently, at certain cellular 

concentrations of NAD+, Hst1-repressed genes are induced but Sir2-repressed genes are not.  

Consequently, as NAD+ levels start to fall, the ScHst1-repressed NAD+ biosynthetic genes are 

induced to restore NAD+ pools, without compromising ScSir2 function. 

2.4.4 Quantitative subfunctionalization 

Subfunctionalization has been categorized as qualitative or quantitative [8, 9, 91].  In the 

qualitative case, each duplicate experiences an irreversible loss of one function through an event 

such as the loss of a protein domain.  In contrast, quantitative subfunctionalization involves the 

acquisition of reversible mutations that reduce, but do not eliminate function.  These reversible 
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mutations have been described as “activity reducing mutations” [91] that occur in cis regulatory 

elements and affect expression or in coding regions and impair catalysis or alter substrate 

specificity.  Activity reducing mutations are thought to promote retention of duplicate genes until 

the occurrence of subfunctionalization, neofunctionalization or loss of one copy of the gene.  

Although the types of mutations we have described in ScSir2 and ScHst1 should be reversible 

and meet many of the qualifications of quantitative subfunctionalization, the mutations that likely 

led to subfunctionalization differ conceptually from the previously described activity reducing 

mutations, which largely affect the ability of the duplicates to perform their catalytic functions.  

Instead, disruptive mutations in Sir2 and Hst1 have occurred in the interaction domains, resulting 

in one deacetylase out-competing the other for binding to a given repressive complex and thereby 

affecting the biological functions of Sir2 and Hst1 without impairing catalysis.   

2.4.5 Conclusion 

This study demonstrates the value of yeast species for investigating the fates of 

duplicated genes.  Because both duplicated and non-duplicated species are experimentally 

tractable, it is possible to infer the properties of the ancestral protein and the paths by which the 

duplicates have diverged.  Given that roughly 10% of S. cerevisiae genes are duplicates retained 

from the whole genome duplication, large numbers of duplicated genes could be studied 

experimentally to uncover general patterns of duplicate gene divergence.  
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3. Sir2 function in Candida lusitaniae 

3.1 Introduction 

The Sir2 family of NAD+-dependent deacetylases has expanded over the course of 

evolution, growing from having only one member per species in most bacteria to seven members 

per species in mammals.  This expansion of the family can reasonably be explained by gene 

duplication followed by the divergence of the duplicated genes.  Previous work on gene 

duplication in sirtuins has examined a duplication in budding yeast using the paralogs Sir2 and 

Hst1 in the model organism S. cerevisiae and the non-duplicated ortholog Sir2 in K. lactis [60].  

This work demonstrated that KlSir2, which served as a proxy for the ancestral state had the 

functions of both ScSir2, which is required for long-range silencing of the silent mating-type 

cassettes and telomeres and for repressing unequal recombination of the rDNA repeats, and 

ScHst1, which represses genes in a promoter-specific manner [43, 49, 53, 55, 57, 58].  Other 

work has shown that Sir2 from the fission yeast S. pombe, which diverged from S. cerevisiae 

about a billion years ago, is involved in silencing the extra mating-type cassettes and the 

telomeres, is at the rDNA, and also participates in the formation of pericentromeric 

heterochromatin [46].  No evidence has been obtained indicating that SpSir2 represses gene 

expression in a promoter-specific manner like ScHst1. 

SpSir2 and Sir2/Hst1 from S. cerevisiae and K. lactis are both able to silence the extra 

mating-type cassettes, although these cassettes evolved independently in S. pombe and in K. 

lactis/S. cerevisiae lineages.  SpSir2 and Sir2/Hst1 from S. cerevisiae and K. lactis also repress 

sub-telomeric genes and are present at the rDNA although the precise roles of SpSir2 and KlSir2 

at the rDNA have not been demonstrated.  However, there is also some functional divergence 

between SpSir2 and Sir2 from S. cerevisiae and K. lactis where SpSir2 has a role in the silencing 

of pericentromeric heterochromatin that is not found in S. cerevisiae and K. lactis.  Similarly, 



 

 52

KlSir2 and ScHst1 have the ability to repress genes in a promoter-specific manner, which is a 

function SpSir2 has not been demonstrated to have.  Given that S. pombe and S. cerevisiae 

diverged around a billion years ago whereas K. lactis and S. cerevisiae diverged about 100 

million years ago (before the whole genome duplication occurred), there is a substantial amount 

of time in which the function of Sir2 could have evolved, losing the pericentromeric 

heterochromatin function and gaining the promoter-specific repression function.  However, how 

and when those events occurred is not understood.  No substantive work has been done on Sir2 in 

a species that diverged after S. pombe and before the whole genome duplication. 

 

Figure 9: Species tree of budding yeast. 

Tree is adapted from Butler, et al., 2009.  WGD is the whole genome duplication. 

The Candida or CTG clade diverged from the Saccharomyces lineage before K. lactis but 

after the divergence of S. pombe (Figure 9).  After this lineage diverged, it experienced a 

reconfiguration of its genetic code, changing the amino acid assignment of the CTG codon from 

leucine to serine, a change which is unique to this clade [66].  Many of the species from this clade 

are opportunistic pathogens that cause fungal infections in immunocompromised patients.  The 

species in this clade can be used to study the function of Sir2 and better understand the functional 

transition that occurred from S. pombe to S. cerevisiae.   
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From this clade, the emerging pathogen Candida lusitaniae was chosen for studies on 

Sir2 function.  C. lusitaniae is a haploid organism, has a defined sexual cycle including meiosis, 

and is amenable to genetic manipulation [92, 93].  Its genome was recently sequenced and 

annotated, which is important for genetic manipulation as well as for performing experiments 

such as chromatin immunoprecipitation and gene expression analysis, both of which are critical 

for uncovering the function of Sir2 [66].  C. lusitaniae was selected over the more commonly 

studied C. albicans because C. albicans is a diploid organism, which would make strain 

construction more arduous.  In addition, C. albicans is able to mate but does not go through 

meiosis [94].  Instead, C. albicans has a parasexual cycle in which it returns to a diploid state 

through a concerted chromosome loss event and therefore does not undergo meiotic 

recombination or meiosis [94].  Having a complete sexual cycle and being able to go through 

meiosis seemed advantageous both for strain construction purposes and for study of Sir2 function, 

as Sir2 has a role in mating and ScHst1 regulates meiotic genes.   

Sir2 in C. lusitaniae has several potential functions based on its orthologs in S. pombe, K. 

lactis, and S. cerevisiae.  The functions found in all three species are silencing of the extra 

mating-type cassettes, silencing of the sub-telomeric genes, and repression of unequal 

recombination of the rDNA repeats.  Functions found in a subset of other species are silencing of 

the pericentromeric heterochromatin and promoter-specific gene repression, particularly of 

sporulation genes.  Interestingly, all species in the Candida clade lack additional mating-type 

cassettes that would need to be silenced, so that cannot be a function for Sir2 in C. lusitaniae. 

However, it is possible that ClSir2 has another role in mating.  From the remaining functions, we 

hypothesized that ClSir2 would retain the ability to silence sub-telomeric genes and would have a 

function at the rDNA.  We also expected that ClSir2 would have a more general role in repressing 

transcription either in a long-range silencing capacity or a promoter-specific repression function. 



 

 54

To test our hypotheses, we used a combination of genetic, biochemical, and high-

throughput sequencing analysis to study the function of ClSir2.  We demonstrated that ClSir2 is 

localized to the non-transcribed spacer regions of the rDNA repeats and that deletion of ClSIR2 

resulted in an increase in histone acetylation in that same region.  Surprisingly, we found no 

evidence for ClSir2 associating with the four telomeres we queried and no change in histone 

acetylation at the telomeres was observed when histone deacetylases were inhibited.  

Unexpectedly, we also observed that ClSir2 has no direct impact on gene expression. 

3.2 Materials and Methods 

3.2.1 C. lusitaniae growth and transformation 

All C. lusitaniae strains were grown at 30°C in YPD medium containing 1% yeast 

extract, 2% peptone, and 2% glucose. Electroporation conditions were derived from previous 

protocols [92, 95, 96].  Briefly, 75 OD of cells were harvested at an optical density between 1.5 

and 1.8, then resuspended in 10  mL 0.1 M lithium acetate, 1x TE, and 10 mM DTT.  Cells were 

shaken one hour at room temperature, collected, washed in 25 mL cold, sterile water, and 

collected again.  Cells were resuspended in 0.5 mL cold 1 M sorbitol.  Electroporation reactions 

were set up in 0.2 mm cuvettes using 40 µL cells, 2 µL 10 mg/mL salmon sperm DNA, and 1-5 

µg DNA in a volume no more than 5 µL.  Electroporation conditions were 1800 V, 200 Ω, and 25 

µF.  Cells were incubated in YPD 4 hours at 30°C after electroporation and then plated on 

selective media except for cells plated on 5-FOA medium, which were incubated overnight at 

30°C before plating.   

3.2.2 Plasmids 

Since most of the genes in the C. lusitaniae genome have only been assigned systematic 

names, Table 5 lists the C. lusitaniae genes used in this study with the common name assigned to 
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the gene, its systematic name, and its S. cerevisiae homolog and function.  To aid in construction 

of the C. lusitaniae strains, genes were first subcloned into S. cerevisiae vectors (Table 6).  To 

generate a plasmid containing ClURA3, the gene and approximately 800-1000 base pairs of 

homology on either side of the open reading frame were amplified from genomic DNA by PCR 

using a primer upstream of a SpeI site on the 5’ side of the gene and a primer containing a XbaI 

site (CGCGCGTCTAGACTACCCTTGACATTCTCTCGC) on the 3’ side.  The PCR product 

was cut with SpeI and XbaI and cloned into the SpeI and XbaI sites of pRS415 to create pLR787.  

To delete the complete open reading frame of ClURA3, plasmid pLR787 was amplified by PCR 

using complementary oligos that bridge the deleted sequence to create pLR810.  The correct 

deletion was confirmed by sequencing. 

Table 5: Genes used in this study for strain construction. 
Common 
Name 

C. lusitaniae Systematic 
Name 

S. cerevisiae 
Homolog Biological Function in S. cerevisiae 

ClSIR2 CLUG_01277 ScSIR2 Silences HML, HMR, and telomeres; represses unequal 
recombination of rDNA repeats 

  ScHST1 Represses gene expression in promoter-specific manner 

ClRAP1 CLUG_02967 ScRAP1 Telomere maintanence; recruits Sir complex to telomeres; 
transcriptional regulator 

ClURA3 CLUG_04406 ScURA3 Biosynthesis of uracil 

ClHIS1 CLUG_02145 ScHIS1 Biosynthesis of histidine 

 

To generate a plasmid containing ClHIS1, the gene and approximately 1000 base pairs of 

genomic sequence on either side were amplified from genomic DNA by PCR.  The ClHIS1 PCR 

product was then cut with BamHI and SalI and cloned into the BamHI and SalI sites of pRS416 

to generate pLR891.  To delete the open reading frame of ClHIS1, the caSAT1 flipper cassette 

was amplified by PCR from pSFS2 [95] using primers with flanking homology to sequence 

immediately upstream and downstream of the ClHIS1 open reading frame.  The caSAT1 flipper 

cassette was incorporated into pLR891, which had been linearized with EcoNI, by homologous 

recombination in S. cerevisiae to generate pLR909. 
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To generate a plasmid containing a myc tag and the ClHIS1 marker, the ClHIS1 gene, 

including its promoter and some downstream sequence was amplified from pLR891 by PCR 

using primers with flanking homology to pFA-MYC-HIS1 [97], which contains the C. albicans 

HIS1 gene.  This flanking homology was designed so that the ClHIS1 PCR product could be 

stitched into pFA-MYC-HIS1 in place of the CaHIS1 gene by PCR in a similar way to PCR-

mediated site-directed mutagenesis.  In this way, the ClHIS1 gene was inserted into the plasmid 

in place of CaHIS1 to create pLR950.  Correct incorporation of the ClHIS1 marker was 

confirmed by sequencing. 

Table 6: Plasmids used in this study for strain construction 

Plasmid Description 
pLR786 ClSIR2 

pLR787 ClURA3 

pLR810 Clura3∆ 

pLR811 Clsir2∆::ClURA3 

pLR891 ClHIS1 

pLR909 Clhis1∆::SAT1-FLIP 

pLR950 3xMYC ClHIS1 

pLR951 ClRAP1 

pLR956 ClSIR2::3xMYC-ClHIS1 

pLR958 ClRAP1::3xMYC-ClHIS1 

Plasmids use pRS415 was used as vector backbone (ScCEN/ARS 
ScLEU2) except for pLR891 and pLR909, which use pRS416 as 
vector backbone (ScCEN/ARS ScURA3) 

 

To generate a plasmid containing ClSIR2 (CLUG_01277), the gene and approximately 

800-1000 base pairs of genomic sequence on either side of the open reading frame were amplified 

from genomic DNA by PCR.  The ClSIR2 PCR product was cut with XhoI and SpeI and cloned 

into the XhoI and SpeI sites of pRS415 to generate pLR786.  To delete the open reading frame of 

ClSIR2, the ClURA3 gene was amplified from pLR787 by PCR using primers with flanking 

homology to the genomic sequence on either side of the ClSIR2 open reading frame.  The PCR 

product was incorporated into pLR786, which had been linearized with HindIII and StuI, by 

homologous recombination in S. cerevisiae to generate pLR811.  Replacement of the ClSIR2 
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open reading frame with the ClURA3 open reading frame was confirmed by sequencing.  To add 

a myc tag to the C-terminus of ClSir2, the myc tag and ClHIS1 marker were amplified by PCR 

from pLR950 using primers with flanking homology to the 3’ end of the ClSIR2 gene.  The PCR 

product containing the myc tag and ClHIS1 marker was incorporated into the 3’ end of the 

ClSIR2 gene by PCR stitching to generate pLR956.  Correct integration of the tag was confirmed 

by sequencing. 

To generate a plasmid containing ClRAP1 (CLUG_02967), the gene and approximately 

1000 base pairs of genomic sequence on either side of the open reading frame were amplified 

from genomic DNA by PCR using a primer upstream of the gene that contained a XmaI site (5’-

CGAGTGCCCGGGGGTCTCTTGAACTTCTCTTTAGG) and a primer downstream of the gene 

that contained a XbaI site (5’-CGAGTGTCTAGACGTCTTATACCAGGCCAGTG).  The PCR 

product was cut with XmaI and XbaI and cloned into the XmaI and XbaI sites of pRS415 to 

generate pLR951.  To add a myc tag to the C-terminus of ClRap1, the my tag and ClHIS1 marker 

were amplified by PCR from pLR950 using primers with flanking homology to the 3’ end of the 

ClRAP1 gene.  The PCR product containing the myc tag and ClHIS1 marker was incorporated 

into the 3’ end of the ClRAP1 gene by PCR stitching to generate pLR958.  Correct integration of 

the tag was confirmed by sequencing. 

3.2.3 Strains 

Strains used in this study were derived from CL143 (Table 7).  The Clura3∆ allele was 

obtained by integrating the Clura3 deletion construct from pLR810 cut with XbaI and SpeI into 

the genome.  The Clsir2∆ allele was obtained by integrating the Clsir2∆::ClURA3 construct from 

pLR811 cut with XhoI and SpeI into the genome.  The Clhis1∆ allele was obtained by integrating 

the Clhis1∆::FRT-caFLP-caSAT1-FRT from pLR909 cut with ApaI and AleI construct into the 

genome.  After integration, the caSAT1 flipper excised itself, leaving a single FRT site in place of 
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the ClHIS1 gene.  The ClSIR2-myc was obtained by integrating the ClSIR2::myc-ClHIS1 

construct from pLR956 cut with XhoI and SpeI into the genome.  The ClRAP1-myc allele was 

obtained by integrating the ClRAP1::myc-ClHIS1 construct from pLR958 cut with NdeI and XbaI 

into the genome. 

Table 7: C. lusitaniae strains used in this study. 

Strain Genotype Source 

CL143 MAT a chxr (congenic to ATCC 42720) J. Reedy and J. Heitman 
CL145 MAT α chxr (congenic to ATCC 42720) J. Reedy and J. Heitman 

LRY2544 MAT a chxr ura3∆  

LRY2623 MAT a chxr ura3∆ sir2∆::ClURA3  

LRY2671 MAT a chxr ura3∆ sir2∆::ClURA3  

LRY2672 MAT a chxr ura3∆ sir2∆::ClURA3  

LRY2673 MAT a chxr ura3∆ sir2∆::ClURA3  

LRY2826 MAT a chxr ura3∆ his1∆::FRT  

LRY2858 MAT a chxr ura3∆ his1∆::FRT SIR2::3x-myc-ClHIS1  

LRY2859 MAT a chxr ura3∆ his1∆::FRT RAP1::3x-myc-ClHIS1  

LRY2860 MAT a chxr ura3∆ his1∆::FRT RAP1::3x-myc-ClHIS1   

 

3.2.4 Gene expression analysis 

RNA was isolated from 20 OD logarithmically growing cells with optical densities 

between 3 and 4 [83].  DNA was removed from up to 100 µg RNA using the RNase-Free DNase 

set (QIAGEN) and further purified using the RNeasy Mini Kit (QIAGEN).  To confirm that the 

DNase treatment was complete, approximately 100 ng of DNase-treated RNA was used in a PCR 

reaction containing primers for the ClACT1 transcript.  1 µg of DNA-free RNA was used for 

cDNA synthesis as previously described [63].  To quantify the relative amount of mRNA 

transcripts, cDNA was analyzed by real-time PCR in the presence of SYBR green using a Bio-

Rad iCycler.  Oligonucleotide sequences are provided in Table 8.  A standard curve was 

generated with genomic DNA isolated from CL145.  Transcript levels of queried genes were first 

normalized to ClPRI2 (CLUG_00368) for each sample.  The fold-induction was then calculated 

by normalizing to the strain expressing wild-type ClSir2.  Results represent the average fold 
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induction of two independent cultures.  The standard error measurement (SEM) was calculated 

from the differences in fold induction of two independent cultures from the mean. 

Table 8: Oligonucleotides used in gene expression analysis 

C. lusitaniae Target Sequence 
ClPRI2 (CLUG_00368) GCCCACGGATGTCCTTAC 

CAACTGCCTCGACCTGTC 

CLUG_01197 GTCTGGACAATCCACTGCG 
GACTGGCGACAGAAAGACG 

CLUG_02300 GTCCTACACAGACCCATCG 
CTTGTGGCGGAACAACCG 

CLUG_02906 GCTCCGGCATTGGCATTG 
CTTAGCGACCTCTTGTTCCC 

CLUG_03274 GACTCAAACACCAACGGGTC 
GGAAACGCCAGTGACGAC 

CLUG_03674 GCTATCCTCCGCACTGTC 
GCCCCATCTACGCAACATC 

CLUG_03702 GGCATAGGTCAGGCCAATTC 
GGACACTTGAGGGTAGGG 

CLUG_04043 CCACAAGGTAACTGGTCTCC 
GCGCCGTTCATCTCGTTG 

CLUG_00157 CTTGGATGTGAAGTACCACAAGC 
GGTCGCTAGTTTCCTTTGGAAC 

CLUG_01649 GGGTCAGTTGATGGGAATGG 
CATCATTTCAGCTCCAACGGC 

CLUG_02516 CACACGTAATGTGCTCCGG 
GGACCTTACTACGTGGAGTTG 

CLUG_05168 GTCAACTCCCTGCTGTTTGG 
CTCCAATGTCTGTCTGCGTC 

CLUG_05602 GGTACGACTGATCCCAAAACC 
CAGTCCAACGACCCACAG 

CLUG_05766 CCATTCCACTGGAAGGCTAC 
GCTCCTTCTTGATGTTTGCGG 

 

3.2.5 Chromatin immunoprecipitation 

Chromatin immunoprecipitations were performed by harvesting approximately 100 OD 

of logarithmically growing cells at an OD600 between 3.0 and 4.0.  Cells that were crosslinked 

using a single agent were rocked at room temperature in 1 % formaldehyde for 30 minutes.  To 

use two crosslinking agents, cells were collected, washed twice with PBS, resuspended in DMA 

(10 mM dimethyl adipimidate, 0.1% DMSO, 1x PBS), and rocked at room temperature for 45 

minutes for crosslinking.  Cells were then washed once with PBS, resuspended in PBS and 1% 

formaldehyde and rocked for 45 minutes.  The preparation of soluble chromatin and 
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immunoprecipitation were performed as previously described [78] , except that cells were lysed 

by vortexing for 45 minutes. Immunoprecipitations were performed using 5-10 µl of  α-myc 

(Millipore 06-549), α-tetraacetyl histone H4 (Millipore 06-866), or α-histone H4 acetyl-lysine 16 

(Active Motif 39167) antibody.  Chromatin IP samples were analyzed by real-time PCR using a 

standard curve prepared from input DNA and oligonucleotides listed in Table 9.  The amounts of 

the immunoprecipitated DNA at experimental loci and a control locus, ClPRI2, were determined 

relative to the standard curve, and then the relative enrichment of the experimental loci compared 

to the control locus was calculated.  Results represent immunoprecipitation from two or more 

independent cultures of each transformed strain, and the SEM was calculated from the differences 

in the relative enrichment from the mean.  

3.2.6 Histone deacetylase inhibition 

Overnight cultures were diluted and grown for 6 hours at 30°C with no inhibitor, 25 mM 

nicotinamide, or 10 µM trichostatin A.  Cells were then harvested as usual for chromatin 

immunoprecipitation. 
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Table 9: Oligonucleotides used in chromatin immunoprecipitation analysis 

C. lusitaniae Target Sequence 
ClPRI2 (CLUG_00368) CGGAGCAAATCGCAAGTACC 

GTGTTGTTGAAGACGCGTAGTG 

rDNA 

NTS1 CATACGACTTAGATGTACAACGGAG 
GTTGGGCGTCACTTGGC 

NTS1 GATCTGGAGAATAGGAATTAAGTGG 
CTTGTATTTTGCATCTTTCGCCTG 

NTS1 GCAAATACAATGAAGCGGTCATCAG 
CCTGGTGTTGTATCGCCTG 

8S gene promoter GACTAACGTTGATCGGACGG 
CCAATCCCTCCGCAACTATATAAACC 

NTS2 CTCGGATCAAGCCCTAATTAGG 
GGCACACCACAAAATTACGAAAACG 

NTS2 GCCTCATCGGGGGAAAAAAC 
GTTCGTCGCTAACATTTTTATGGACG 

NTS2 GACAATGTCAGGGCGAGC 
CAGGGTGCGAGAATATACCG 

18S gene CTGCGAAAAGCATTTGCCAAGG 
CTTGCGACCATACTCCCC 

Junction between 5.8S and 26S genes CTCGAGGCATTCCTCGAG 
CTGGGGCAATCCCTGTTG 

26S gene GGAAACTCTGGTGGAGGC 
GGCTAAGGCTATTTCCGCC 

26S gene CTCCAAGGTTAACAGCCTCTAG 
GGGTTGGCAAGCAAGCAC 

26S gene GCTCTTCCTATCATACCGAAGC 
GGTGCCTGATCAGACAGG 

Telomeres 

Telomere 2L GCACCTGAGTTGGTTTCACAG 
GCTTTTCGTGACAATTGACATGGC 

Telomere 4R GGTTTCTCGATTGTTGACGACTC 
CAGTAAGCGAGTCTTCCAGTG 

Telomere 5L CGTGTGAGCAATGGGTTGTAAAC 
GTTAGCAAGGAATTGACTCCTAGTC 

Telomere 7R GCCCTCTTCATACTCTACAACG 
CGCATTTGGAAAGAGGTTGATATC 

Gene Promoters 

CLUG_01197 GCGAGTTTCGCGTAAGTAGC 
CGAACACTGGAACGGTAACG 

CLUG_02516 GACTTTGTCCGAGACACCG 
CTCGTAGTTGGTGTTCTGCG 

CLUG_02906 CCCCTCTAAAAGCATGTAGTACAC 
CTGAAGGAGAAGCCGGAG 

CLUG_03274 GCGCTGATAACGGCTCAG 
GAACGGGCAGAAAACGGAAAC 

CLUG_05602 CCGTACATCATCAATGTAGTGGC 
CAGTAAGGGCTGAACTCGC 
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3.3 Results 

3.3.1 Identification of SIR2 gene in C. lusitaniae 

To study the function of Sir2 in C. lusitaniae, it was first necessary to identify the correct 

ortholog to ScSir2, ScHst1 and KlSir2.  Therefore, BLAST analyses were performed using the 

amino acid sequences of ScSIR2, ScHST1, and KlSIR2.  Each of the three genes returned four hits, 

and the top hit in each case was CLUG_01277.  The other three hits were likely other members of 

the sirtuin family, which is to be expected since budding yeast generally have multiple sirtuins.  

To confirm that the correct gene was identified as SIR2, the amino acid sequences of sirtuin genes 

from several species of yeast and higher eukaryotes were aligned in a multiple sequence 

alignment and mapped into an unrooted tree to demonstrate the clustering of the genes into the 

different classes of sirtuins.  Indeed, CLUG_01277 clustered with the S. cerevisiae SIR2 and 

HST1 genes, the K. lactis SIR2 gene, and the human and mouse SirT1 genes.  Furthermore, none 

of the other sirtuin genes from C. lusitaniae was found in this group.  CLUG_04582 was found in 

the HST2/SirT2 cluster.  CLUG_04799 was in the HST3/4 cluster (only found in yeast).  

Interestingly, CLUG_02628 was found in the SirT5 cluster, which does not contain a homolog 

from S. cerevisiae or K. lactis.  This was initially surprising given the lack of a SirT5 homolog in 

any of the budding yeast that underwent the whole genome duplication as well as the non-

duplicated yeast K. lactis and the fission yeast S. pombe.  However, closer examination of other 

budding yeast species shows that the other non-duplicated yeast as well as other species in the 

CTG clade, in which C. lusitaniae is found, have a SirT5 homolog.  The combination of the 

BLAST analysis, the clustering of CLUG_01277 with ScSIR2, ScHST1, KlSIR2, and SirT1, and 

the absence of the other C. lusitaniae sirtuins in this cluster strongly support CLUG_01277 as the 

correct gene for studies in the evolution of function of Sir2 in budding yeast.  Therefore, from this 

point forward in our analysis, CLUG_01277 is referred to as ClSIR2. 
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3.3.2 ClSir2 is at the rDNA but not the telomeres 

Based on the properties of Sir2 in S. cerevisiae, K. lactis, and S. pombe, it is expected that 

ClSir2 associates with genomic loci at which it acts.  Likely sites include sub-telomeric regions 

and the rDNA repeats.  Therefore, four telomeres and the rDNA locus were queried by chromatin 

immunoprecipitation for an association with myc-tagged ClSir2.  The rRNA genes were 

annotated in the sequenced genome of C. lusitaniae, found at the Broad Institute’s Candida 

Database.  Several copies of each rRNA gene were annotated and found at three different 

genomic loci, all at ends of supercontigs.  Three successive repeats were on the left side of 

supercontig 3, one complete repeat with an additional 8S gene was on the right side of 

supercontig 3, and one complete repeat was on the right side of supercontig 8 (Figure 10A).  An 

alignment of the repeats showed the best agreement between the three repeats on the left end of 

supercontig 3.  Therefore, chromatin immunoprecipitation analysis at the rDNA focused on these 

repeats.  ClSir2 was enriched across NTS1 and NTS2 , the non-transcribed spacer regions 

between rRNA genes, and was not enriched across the 35S transcript (Figure 10B).  This result is 

consistent with the previously reported positioning of Sir2 across the rDNA repeats in S. 

cerevisiae [45]. 

Telomeres were identified by BLAST using the previously identified C. lusitaniae 

telomere repeat sequence AAAGAACATCAGTACCTCCCT [66].  Six different supercontig 

ends returned multiple hits on the telomere repeat sequence: the left side of supercontig 2 

(Telomere 2L), the right side of supercontig 3 (Telomere 3R), the right side of supercontig 4 

(Telomere 4R), the left side of supercontig 5 (Telomere 5L), and both ends of supercontig 7 

(Telomeres 7L and 7R).  Telomere 3R was excluded from the analysis because it is next to the 

rDNA repeat on the right side of supercontig 3 and there is not enough unique sequence to 

distinguish between ClSir2 being at the rDNA and ClSir2 being at the telomere.  Telomere 7L 
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was excluded from the analysis because it consistently amplified inefficiently in the real-time 

PCR analysis.  Therefore, telomeres 2L, 4R, 5L, and 7R were assessed for enrichment of ClSir2 

(Figure 10C).  ClSir2-myc was not enriched at any of these four telomeres compared to the 

untagged strain (Figure 10C).   
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Figure 10: ClSir2 is found at the rDNA but not the telomeres. 

(A) Schematic of the three locations where rDNA genes are found in C. lusitaniae.  The 35S 
transcript contains, in order of transcription, the 18S gene, the 5.8S gene, and the 26S gene.  
All three loci are found at the ends of the supercontigs, but only the right end of supercontig 
3 has a telomere repeat, indicating the end of the chromosome.  (B) The association of 
ClSir2 across the rDNA repeats was examined by chromatin IP.  Myc-epitope tagged 
proteins were immunoprecipitated from ClSIR2 (LRY2826) or ClSIR2-MYC (LRY2858) 
yeast.  (C) The association of ClSir2 with telomeres was examined by chromatin IP.  Myc-
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epitope tagged proteins were immunoprecipitated from ClSIR2 (LRY2826) or ClSIR2-MYC 
(LRY2858) yeast.  (D) The association of ClRap1 with telomeres was examined by 
chromatin IP.  Myc-epitope tagged proteins were immunoprecipitated from ClRAP1 
(LRY2826) or ClRAP1-MYC (LRY2859, LRY2860) yeast. 

This unexpected result can be explained in one of two ways.  The first is that ClSir2 is 

not recruited to telomeres, which would be different from the behavior of Sir2 in S. cerevisiae and 

K. lactis.  The second explanation is that these repeats are internal repeat tracts and are not really 

at the ends of the chromosomes.  In this case these repeats would not indicate real telomeres and 

not recruit the proteins typically found at telomeres.  To confirm that the repeats being examined 

had other telomere-like properties, a myc-tagged ClRap1 strain was used.  Rap1 is a DNA-

binding protein that has multiple functions, including binding to telomere repeats to recruit other 

proteins to the telomere and regulate telomere function [85, 98-100].  In all species examined, 

including S. cerevisiae, K. lactis, C. albicans, S. pombe, and humans, Rap1 has a telomere 

binding and regulation function [101-104].  Therefore, if these repeats are truly telomeres, it is 

expected that ClRap1 will be recruited to the repeats.  Indeed, ClRap1-myc is enriched 50 to 90-

fold at all four queried putative telomeres (Figure 10D).  Therefore, the presence of ClRap1 and 

the absence of ClSir2 at the telomere repeats support the conclusion that the telomeres have been 

properly identified and that ClSir2 is not recruited to the telomeres. 

3.3.3 HDAC inhibition does not preferentially affect acetylation status 
of histones at telomeres 

The lack of ClSir2 at the telomeres raised the question of whether there was another 

deacetylase responsible for deacetylating histones at the telomeres.  Therefore, cells were treated 

with nicotinamide (NAM), which inhibits NAD+-dependent (sirtuin) deacetylases, or trichostatin 

A (TSA), which inhibits class I and II deacetylases (non-sirtuin, not NAD+-dependent).  The 

efficacy of the inhibitors at their experimental concentrations was validated by immunoblotting 

whole-cell lysates (data not shown).  Cells treated with either HDAC inhibitor were compared 
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with untreated wild-type ClSIR2 cells and Clsir2∆ cells.    The four telomeres described above 

were queried for histone H4 acetylation using a pan-acetyl H4 antibody and an antibody specific 

for acetylated Lys 16 on H4 (Figure 11A).  If a particular deacetylase is present at the telomeres, 

it is expected that acetylation at those telomeres will increase upon treatment with the appropriate 

inhibitor. At all four telomeres, no change in acetylation was observed after nicotinamide 

treatment.  At telomere 4R, there was an unexpected decrease in both overall histone H4 

acetylation and lysine 16 acetylation upon treatment with trichostatin A.  At the other three 

telomeres, there was no change in acetylation when treated with trichostatin A.  In contrast, when 

the rDNA locus was queried for histone acetylation in the same inhibitor-treated cells, histone 

acetylation levels increased up to 3 fold across NTS1 when treated with nicotinamide or when 

ClSIR2 was deleted but did not change when the cells were treated with trichostatin A (Figure 

11B).  Taken together, these results suggest that there is no deacetylase present at the telomeres, 

and perhaps deacetylation does not play a role in telomere structure as it does in other species. 
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Figure 11: Inhibition of sirtuins increases histone acetylation at the rDNA but not the 
telomeres. 

(A) The acetylation of histone H4 at the telomeres was examined by chromatin IP. Tetra-
acetylated H4 (left) or H4 acetylated on lysine 16 (right) was immunoprecipitated in ClSIR2 
(LRY2544) yeast left untreated, treated with 25 mM nicotinamide (NAM), or treated with 
10 µµµµM trichostatin A (TSA) and Clsir2∆∆∆∆ yeast.  At each locus, relative IP levels were 
normalized to the ClSIR2-untreated value.  (B) The acetylation of histone H4 at the rDNA 
was examined by chromatin IP. Tetra-acetylated H4 (left) or H4 acetylated on lysine 16 
(right) was immunoprecipitated in ClSIR2 (LRY2544) yeast left untreated, treated with 25 
mM nicotinamide (NAM), or treated with 10 µµµµM trichostatin A (TSA) and Clsir2∆∆∆∆ yeast.  At 
each locus, relative IP levels were normalized to the ClSIR2-untreated value.  

3.3.4 ClSir2 has a limited and likely indirect impact on gene 
expression 

ScSir2, ScHst1, and KlSir2 all have roles in repressing transcription.  To explore the 

possibility that ClSir2 has a similar function and to determine in an unbiased way which genes it 

regulates, RNA-seq was used to identify genes whose expression changed when ClSIR2 was 
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deleted.  Two independently constructed Clsir2∆ strains were compared to the wild-type ClSIR2 

strain.  Genes whose expression changed 3-fold or more in both Clsir2 null strains compared with 

the wild-type were identified and analyzed by quantitative reverse transcriptase PCR for 

confirmation (Figure 12A).  A total of 13 genes were confirmed to change upon the deletion of 

ClSIR2 and are summarized with their S. cerevisiae and C. albicans homologs and functions in 

Table 10.  This number was unexpectedly low, given the number of genes regulated by Sir2 and 

Hst1 in S. cerevisiae and Sir2 in K. lactis [59].  Moreover, although seven of the genes were 

induced in the Clsir2 null, as expected for targets of a transcriptional repressor, the other six 

genes were repressed.  The functions of several of the genes were also surprising, given the 

function of genes that Sir2 and Hst1 repress in S. cerevisiae and K. lactis.  ScHst1 and KlSir2 

repress genes such as the middle sporulation genes and NAD+ biosynthetic genes in a promoter 

specific manner [57, 58, 60].  In a long-range silencing capacity, ScSir2 and KlSir2 silence the 

extra copies of the mating-type genes and sub-telomeric genes [43, 49, 53, 60].  Of the genes that 

came out of the RNA-seq analysis, several of the genes are related to flocculation (S. cerevisiae) 

or adhesion (C. albicans) or cell wall biogenesis or membrane transport.  A couple are also 

involved in stress response (heat shock and oxidative stress).  Interestingly, several of the C. 

albicans homologs are regulated by transcription factors, which generally regulate stress 

response.  Of these gene functions, only the homologs of the flocculation genes, which are sub-

telomeric, are silenced in S. cerevisiae.  However, none of the C. lusitaniae genes are near 

telomeres (or ends of supercontigs, where the telomeric repeats are not in the annotated 

sequence).  Additionally, subsequent analysis of expression of these genes as part of other 

experiments gave inconsistent results, suggesting that the effect observed may not be a result of 

direct regulation by ClSir2 at the promoters of these genes. 
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To see if ClSir2 was directly affecting the transcription of these genes, chromatin 

immunoprecipitation was used to determine whether the myc-tagged ClSir2 was enriched at 

promoters of five of the genes (Figure 12B).  None of those promoters were enriched for ClSir2 

when comparing the myc-tagged ClSir2 strain with the untagged strain.  These results suggest 

that ClSir2 is not involved in directly regulating the expression of the genes that were induced or 

repressed in the absence of ClSir2. 

Table 10: Genes identified by RNA-seq has having a change in expression due to the 
deletion of ClSIR2. 

  
C. lusitaniae 
Gene 

Fold 
Change1 

S. cerevisiae 
Homolog S. cerevisiae Function 

C. albicans 
Homolog C. albicans Function 

IN
D

U
C

E
D

 

CLUG_01197 4.5 MUC1 GPI-anchored glycoprotein PGA18 Putative GPI-anchored 
protein 

CLUG_02300 3.2 FLO9 Lectin-like protein involved 
in flocculation 

none   

CLUG_02906 4.6 FLO5 Cell-wall protein involved in 
flocculation 

orf19.4906 Putative adhesin-like protein 

CLUG_03274 3.7 SAG1 Alpha-agglutinin, GPI-
anchored protein 

ALS2 Roles in adhesion, biolfilm 
formation and germ tube 
induction 

CLUG_03674 6.8 BIO2 Biotin synthase BIO2 Putative biotin synthase 

CLUG_03702 4.4 STP2 Transcription factor; 
activates transcription of 
amino acid permease genes 

orf19.3643 Similarity to transcription 
factors 

CLUG_04043 2 UTH1 SUN family member 
involved in cell wall 
biogenesis and  
mitochondrial autophagy 

orf19.5896 Similarity to SUN family 
members 

R
E

P
R

E
SS

E
D

 

CLUG_00157 3.4 HSP26 Small heat shock protein 
with chaperone activity 

orf19.822 Similar to heat-shock 
protease protein 

CLUG_01649 6.7 PUT1 Proline oxidase PUT1 Putative proline oxidase 

CLUG_02516 7.2 AZR1 Major facilitator superfamily orf19.7554 Putative transporter 

CLUG_05168 3.2 ESBP6 Protein with similarity to 
monocarboxylate permeases 

orf19.4337 Predicted membrane 
transporter, member of the 
monocarboxylate porter 
family 

CLUG_05602 2.8 YER076C Putative protein of unknown 
function 

orf19.6777 No known function 

CLUG_05766 3.2 CTA1 Catalase A CAT1 Catalase 

1 - Fold change was calculated by averaging the fold change in expression in four independently constructed Clsir2∆ strains (see 
Figure 12A). 
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Figure 12: ClSir2 has a very mild, indirect impact on gene expression 
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(A) Expression of several genes identified by RNA-seq to be affected by deleting ClSIR2 was 
assessed by quantitative RT-PCR in ClSIR2 (LRY2544, white) and four independently 
constructed Clsir2∆∆∆∆ (LRY2623, light gray; LRY2671; medium gray; LRY2672, dark gray; 
LRY2673, black) yeast.  Levels of mRNA for each gene assessed were first normalized to 
ClPRI2 (CLUG_00368).  For fold induction, normalized levels of mRNA were then 
expressed relative to the WT ClSIR2 strain.  For fold repression, the inverse was taken.  (B) 
The association of ClSir2 at promoters of some of the genes identified was examined by 
chromatin IP.  Myc-epitope tagged proteins were immunoprecipitated from ClSIR2 
(LRY2826) or ClSIR2-MYC (LRY2858) yeast.  

3.4 Discussion 

This work demonstrates that ClSir2 is present at the rDNA repeats and deacetylates the 

histones associated with these repeats, a function that is conserved in S. cerevisiae [45].  

Interestingly, while ClSir2 is found at the rDNA, ClSir2 is not present at the telomeres, whereas 

Sir2 is commonly present in other species, including S. cerevisiae, K. lactis, and S. pombe as well 

as SirT6 in humans [38, 43, 46, 60].  Moreover, inhibiting either sirtuin deacetylases or non-

sirtuin deacetylases seemed to have no impact on the acetylation of histones at the telomeres even 

though histone acetylation increases at the rDNA in the absence of ClSir2 or the presence of a 

general sirtuin inhibitor but not in the presence of an inhibitor specific for non-sirtuin 

deacetylases.  The presence of ClRap1, which has a conserved telomere binding function, at the 

telomere repeats supports the assertion that those repeats are true telomeres, not internal tracts of 

telomere repeats, and ClSir2 is not present at the telomeres. 

The absence of ClSir2 from the telomeres and the apparent lack of deacetylation at the 

telomeres suggest that ClSir2 lost the function of promoting the formation of telomeric 

heterochromatin and silencing sub-telomeric genes.  The loss of this particular function is 

surprising given the importance of maintaining proper telomere structure.  Also surprising is that 

another deacetylase does not seem to have substituted for ClSir2 in deacetylating histones at the 

telomeres.  This implies that C. lusitaniae may have adapted other ways of regulating telomere 

function that do not involve deacetylation.   
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These findings raise the question of how Sir2 lost its telomere-related function in C. 

lusitaniae.  Interestingly, some other Candida clade species have an extra sirtuin that does not fit 

within any of the defined clusters but is most closely related to the SirT1 cluster to which ClSir2, 

KlSir2, ScSir2, ScHst1, and SpSir2 all belong.  Of note is that this additional sirtuin is not limited 

to only haploid or diploid species from the Candida clade, and the absence or presence of it in the 

different species seems random.  An intriguing possibility is that Sir2 underwent a duplication 

early in the lineage of the Candida clade before any species diverged.  This Sir2 duplicate pair 

could have subfunctionalized, so that one copy retained the rDNA function and the other copy 

retained the telomere function.  After the species in the clade diverged from one another, some 

species could have lost one of the two copies, while other species maintained both copies and the 

full complement of functions.  C. albicans is one of the species with an additional sirtuin.  Future 

studies could include examining both sirtuins for rDNA and telomere functions to test this 

hypothesis.  

ClSir2 was also found not to have an impact on gene expression, unlike KlSir2, ScSir2 

and ScHst1.  Deletion of ClSIR2 caused a slight change in expression at a small number of genes.  

However, ClSir2 was not present at the promoters of these genes, indicating that ClSir2 is not 

directly responsible for the regulation of these genes in the way that ScHst1 and KlSir2 regulate 

gene expression in a promoter-specific manner.  This result raises the question of how deleting 

ClSIR2 impacts the expression of these genes.  One possibility is that ClSir2 deacetylates other 

proteins that regulate these genes.  Another possibility is that deleting ClSIR2 produces a mild 

stress response.  This seems likely since many of the genes that came out of the RNA-seq 

experiment are induced or repressed during a stress response, particularly in C. albicans.
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4. Isolation and identification of proteins that may 
interact with ClSir2 

4.1 Introduction 

In S. cerevisiae and K. lactis, Sir2 and Hst1 are not able to get to the appropriate genomic 

loci on their own.  They interact with several different proteins and complexes, Sir4 in the Sir 

complex, Rfm1 in the Sum1 complex, and Net1 in the RENT complex, to be directed to the 

proper targets [56, 59, 60, 105, 106].  No definitive homologs of these proteins or Sum1, which is 

also part of the Sum1 complex but does not interact directly with ScHst1 or KlSir2, could be 

identified in C. lusitaniae by BLAST analysis.  However, it is reasonable to believe that ClSir2 

must interact with another protein to localize it to the rDNA.  ClSir2 may be part of other, 

unknown complexes that either localize ClSir2 to other genomic locations or enable to perform 

other biological functions.  To identify proteins that potentially interact with ClSir2, we used a 

strain expressing myc-tagged ClSir2 to co-purify ClSir2 and its interactors, which were identified 

by mass spectrometry. 

4.2 Materials and Methods 

For both the untagged ClSir2 strain (LRY2826) and the myc-tagged ClSir2 strain 

(LRY2858), six liters of cells were harvested at an OD600 around 3.  Cells were washed with ice 

cold water, then ice cold lysis buffer (50 mM HEPES-KOH, pH 7.5, 0.5 M NaCl, 10 % glycerol, 

0.5 % NP-40, 1 mM EDTA, 1 mM PMSF, 1 µg/mL pepstatin A, 2 mM benzamidine, 2 µg/mL 

leupeptin).  Cell pellets were stored at -80°C. 

To prepare the whole cell lysate, cells were resuspended in ice cold lysis buffer.  The cell 

resuspension was added to a 50 mL small chamber assembly (Biospec cat. no. 110803-50SS) 

filled with 0.5 mm glass beads according to manufacturer instructions for a Biospec BeadBeater 
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(cat. no. 1107900) so that there were 3 L of cells/BeadBeater.  Ice cold lysis buffer was used to 

fill the small chambers and 100 µl Yeast Protease Inhibitor (Sigma P8215) was added to each 

assembly.  Cells were homogenized by bead beating 30 seconds on, then 90 seconds off for 45 

minutes at 4°C.  The lysates from each assembly were split into 2 tubes and incubated with 

rocking with 50 µl 10 mg/mL heparin and 50 µl 2.5 U/mL benzonase per tube for 15 minutes at 

room temperature.  Lysates were centrifuged for 20 minutes at 14,000xg at 4°C.  Supernatants 

were then spun in an ultracentrifuge for 90 minutes at 45,000 rpm at 4°C.  After 

ultracentrifugation, supernatants were combined (two into one 50 mL tube), and the protein 

concentrations were checked using the BioRad assay (BioRad dye cat. no. 500-0006). 

Lysates containing 580-750 mg of total protein were incubated overnight at 4°C with 600 

µl of a 50 % slurry of pre-washed anti-c-myc agarose resin (Sigma A7470) per tube. The resin 

was then collected and washed once with 10 mL lysis buffer, once with 10 mL PBS+0.5 % NP-40 

with yeast protease inhibitor cocktail (Roche), then twice with10 mL PBS with yeast protease 

inhibitor cocktail (Roche).  The resin was resuspended in 500 µl PBS with yeast protease 

inhibitor cocktail (Roche) and transferred to a microcentrifuge tube and collected.  The resin was 

then submitted to the Duke Proteomics Core Facility, where the sample was eluted by Rapigest 

and run on a SDS-PAGE gel.  Bands were selected for isolation by in-gel digestion and LC-

MS/MS analysis by FastMS2. 

4.3 Results 

To identify potential interactors of ClSir2, a C-terminally myc-tagged ClSir2 was 

partially purified from a cell lysate using anti-c-myc agarose resin to precipitate ClSir2-myc and 

any proteins associated with it.  A strain with untagged ClSir2 was used as a negative control.  

Protein samples were then analyzed by LC-MS/MS and spectra were searched against the NCBI 
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database to identify the proteins that were pulled down in each sample.  From this analysis, 18 

proteins from C. lusitaniae were identified as potential interactors with ClSir2 based on their 

increased enrichment in the myc-tagged ClSir2 sample compared to the untagged ClSir2 strain 

(Table 11).  Interestingly, one of the genes that was identified, CLUG_02406, has ScNET1 as its 

top BLAST hit in S. cerevisiae.  This is especially interesting given that ScNet1 interacts with 

ScSir2 to recruit it to the rDNA [56], the only genomic locus at which ClSir2 was found.  

Moreover, we had been unable to identify this gene as a Net1 homolog in a reciprocal BLAST 

analysis using ScNET1 as the query sequence.   

Of the other identified proteins, seven are components of the ribosome or otherwise 

involved in translation.  Some of these proteins also had peptides in the untagged ClSir2 sample 

but were more abundant in tagged sample.  Several other ribosomal subunits also came through 

the analysis in both the tagged and untagged samples and were not enriched enough in the tagged 

ClSir2 sample to be identified as potential interactors.  This result suggests that the presence of 

ribosomal proteins is non-specific and may be because ribosomal proteins are the most abundant 

in the cell.  However, given that ClSir2 is associated with the rDNA genes, it remains possible 

that it also regulates ribosomes themselves. 

4.4 Discussion 

Mass spectrometry was used to identify proteins that co-purify with ClSir2.  From this 

analysis, the potential interactor CLUG_02406 is of special interest because it is a potential 

homolog of ScNET1.  This result presents the possibility that ClSir2 not only shares the rDNA 

function of ScSir2 but also performs that function as part of the same complex. Co-

immunopreciptation and chromatin immunoprecipitation studies will be necessary to confirm that 

this putative ClNet1 protein interacts with ClSir2 and is found at the rDNA.  Further work needs 

to be done on the other potential interactors as well.  These proteins could interact with ClSir2 to 
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help localize ClSir2 to appropriate locations in the cell.  Another possibility is that these proteins 

are targets for deacetylation by ClSir2. 

 

 

 

 

Table 11: Proteins associated with ClSir2 and their S. cerevisiae homologs. 
C. lusitaniae 
Gene 

S. cerevisiae 
Best Candidate S. cerevisiae Function 

# of Peptides in 
Untagged Sample 

# of Peptides in 
Tagged Sample 

CLUG_02406 NET1 Core subunit of the RENT complex, 
recruits ScSir2 to rDNA 

0 6 

CLUG_05797 EFT1/2 Elongation factor 2; catalyzes ribosomal 
translocation during protein synthesis 

8 19 

CLUG_04402 RPL4A/B Component of the large (60S) ribosomal 
subunit 

5 14 

CLUG_04273 RPP0 Conserved ribosomal protein P0 of the 
ribosomal stalk 

3 8 

CLUG_03440 RPL16A/B 60S ribosomal protein L16 0 8 

CLUG_00030 RPS8A/B 40S ribosomal protein S8 0 5 

CLUG_00924 RPS2 Protein component of the small 40S 
subunit 

1 4 

CLUG_02499/ 
CLUG_01760 

RPL8A/B 60S ribosomal protein L4 0 3 

CLUG_03468 RPO21 RNA pol II largest subunit B220 6 15 

CLUG_05804 THS1 Threonyl-tRNA synthetase 3 6 

CLUG_02509 PSA1 Mannose-1-phosphate guanyltransferase; 
required for normal cell wall structure 

6 15 

CLUG_04779 URA2 bifunctional carbamoylphosphate 
synthetase 

2 9 

CLUG_01626 GSP1 Ran GTPase, GTP binding protein 
involved in nuclear organization, RNA 
processing, and transport 

3 6 

CLUG_03989 RKR1 RING domain E3 ubiquitin ligase 0 5 

CLUG_00319 CTS2 Putative chitinase 0 5 

CLUG_04122 SSC1 Hsp70 family ATPase 1 4 

CLUG_02744 SEC21 Gamma subunit of coatomer 0 5 

CLUG_00171 ADH3 Mitochondrial alcohol dehydrogennase 
isozyme III 

0 4 
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5. Conclusions 

Sir2 has functions that are conserved in all examined yeast species over the course of 

evolution, and Sir2 also has functions that have been gained or lost in specific lineages.  Two 

conserved functions of Sir2 have been observed in Schizosaccharomyces pombe, Kluyveromyces 

lactis, and Saccharomyces cerevisiae.  One of these functions is regulating telomere function 

including silencing sub-telomeric genes.  The other function is repressing unequal recombination 

of the rDNA repeats although the rDNA function has only been demonstrated in S. cerevisiae 

while Sir2 has been shown to be present at the rDNA repeats in K. lactis and S. pombe.  Sir2 is 

also involved in silencing of the extra mating-type loci in these yeast, but that silencing function 

evolved independently in S. pombe from its evolution in K. lactis and S. cerevisiae.  In S. pombe, 

Sir2 also has a silencing function in the pericentromeric heterochromatin, but this function was 

lost in the evolution of the yeast lineage since it is not found in K. lactis and S. cerevisiae.  

Conversely, the function of promoter-specific gene repression was gained in K. lactis and S. 

cerevisiae, but that function has not been observed in S. pombe.  Given that the rDNA and 

telomere functions are conserved over such a long period of evolutionary time, it is likely that 

these are the ancestral functions of Sir2.  Silencing in the pericentromeric heterochromatin may 

likely be another ancestral function of Sir2 since loss of this function coincides with the evolution 

of small point centromeres, which are found in S. cerevisiae and K. lactis and are limited to 

budding yeast.  Most other organisms have large centromeres that likely have a need for Sir2 

deacetylation and silencing.  

This work demonstrates that in the Saccharomyces lineage, Sir2 subfunctionalized by 

acquiring complementary mutations that eliminated interactions with one or more complexes 

necessary for Sir2 to perform its complete array of functions.  This work also illustrates the loss 
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of telomere association by Sir2 in Candida lusitaniae.  This loss of function highlights the 

conservation of the ability of ClSir2 to associate with the rDNA repeats and to interact with Net1. 

Studies of Sir2 in yeast, particularly those identifying conserved and ancestral Sir2 

functions, can be useful in identifying the functions of sirtuins in other organisms.  In humans, 

SIRT6 and SIRT7, which are not orthologous with Sir2 in yeast, have similar functions as those 

seen for the yeast Sir2.  S. cerevisiae, however, does not encode orthologs of either SIRT6 or 

SIRT7.  SIRT6 participates in regulating telomere function, similar to Sir2 [38].  Additionally, 

SIRT7 has a function regulating the rDNA although SIRT7 has not been examined for its ability 

to repress recombination between the rDNA repeats in the way Sir2 does in yeast [39, 40].  

Additional studies of sirtuins in yeast may help identify potential functions of sirtuins in other 

eukaryotes. 

That the sirtuin family would undergo multiple events in which biological functions were 

lost seems unusual and counterintuitive to the idea behind gene duplication as a mechanism for 

diversification.  Gene duplication is purported to allow for the evolution of novel functions 

without losing or obstructing old functions.  For the sirtuin family, to lose a conserved function 

like the telomere regulatory function as observed in C. lusitaniae is unexpected.  Some losses in 

function can be explained by changes in the biology of the organism.  For example, the loss of 

silencing in the pericentromeric heterochromatin can be explained by the shift from large, 

regional centromeres to small, point centromeres, rendering that silencing function unnecessary.  

In similar way, a change in telomere structure perhaps caused deacetylation of the telomeres to be 

no longer needed.  What should also be noted is that the catalytic function of Sir2 is not changing.  

Sir2 retains the ability to deacetylate histones.  This may indicate that loss of function over the 

course of the evolution of Sir2 may be due to either mutations in the interaction domains of Sir2, 

as was observed in the subfunctionalization of Sir2 discussed in this work, or loss of the 
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interacting proteins.  A homolog for Sir4, which interacts with Sir2 in K. lactis and S. cerevisiae, 

was not found in C. lusitaniae, and the protein that interacts with SpSir2 and localizes SpSir2 to 

the telomeres in S. pombe has not been identified.  It may be possible that the loss of the telomere 

function of Sir2 observed in C. lusitaniae was because the interacting partner from S. pombe was 

lost and Sir4 had not yet arisen when C. lusitaniae diverged. 

This work has demonstrated that mechanistic detail concerning evolutionary models can 

be ascertained using genetics, mutagenesis, and molecular analysis to understand how functions 

evolve.  Furthermore, while sequence data and phylogenetic analysis are helpful in understanding 

evolutionary relationships among genes, experimental work is necessary to determine functional 

conservation or divergence.  The conservation of the interaction domains of ScSir2 and ScHst1 in 

KlSir2 could not have been elucidated based solely on sequence.  Likewise, the sequence of 

ClSir2 does not reveal which functions ClSir2 retained and which function it lost. 
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