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Abstract 
Epigenetics is an area of biology that studies heritable changes in gene ex-
pression without any change in the DNA sequence. The most studied epige-
netic mechanisms are DNA methylation, RNA interference and histone mod-
ifications. There are over 130 different modifications that can be attached to 
histones, and the most commonly studied are methylation, acetylation, phos-
phorylation, sumoylation and ubiquitination. The modifications, spread out 
through the genome, form the histone code, which recruits transcription fac-
tors and modifies the accessibility of the DNA, which results in either active 
or silenced transcription. The silenced form of chromatin is known as heter-
ochromatin and is usually found in regions of the chromosome that need to 
be highly regulated. To study epigenetics, the model organism Schizosac-
charomyces pombe is used widely used. S. pombe is a single cell, rod 
shaped, fission yeast. The simplicity of S. pombe and its similarities to high-
er eukaryotes makes it a good model organism for studying epigenetics. We 
find that, when mutating evolutionary conserved amino acids in the Clr2 
protein, which is involved in heterochromatin formation in S. pombe, there is 
a change in silencing in different heterochromatic regions. When constructs 
of Clr2 with the BAH domain deleted are overexpressed, there is an increase 
in silencing in the central core centromere of chromosome II of S. pombe. 
 
 
 

 
 

 
 



 

 
 

We choose to go to the Moon in this decade and do the 
other things, not because they are easy, but because they 

are hard 
-John F. Kennedy, September 12, 1962  
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ATP Adenosine triphosphate 
BAH Bromo-adjacent homology domain 
C2SM1-3           Clr2 silencing motif 1-3 
CD Chromo barrel domain 
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H4K20Me2 Histone 4 lysine 20 dimethylation 
HDAC Histone deacetylase 
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lncRNA Long non-coding RNA 
MTR Mating type region 
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qPCR Quantitative polymerase chain reaction 
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Introduction 

Epigenetics  
The term epigenetics was first coined by the proclaimed founder of 
systems biology, Conrad H. Waddington (1905–1975). He defined it 
as “the branch of biology which studies the casual interaction between 
genes and their products, which bring the phenotype into being” (1). A 
lot has happened in the field since that day. Researchers all over the 
world have dedicated their careers to study epigenetics. Due to dis-
coveries in the field, a more suitable definition of epigenetics would 
be “heritable change in gene expression without any detectable change 
in the DNA sequence” (2).  
 
The most common regulatory mechanisms in the field of epigenetics 
are DNA methylation, histone modification and RNA interference 
(RNAi) (3). DNA methylation is the most common epigenetic regula-
tion in the mammalian genome (4). When DNA is methylated, a me-
thyl group (-CH3), is enzymatically added by DNA methyltransferases 
to the 5-carbon in cytosine. This occurs where there is a CG sequence. 
Hence, CpG islands are enriched in methylation. Methylation of DNA 
has been linked to transcriptional regression (5). It has previously 
been believed that DNA methylation is a stable heritable trait, but it 
has lately been shown that methyl groups can be dynamically added or 
removed (6). When DNA methylation occurs in the promoter region, 
for instance in the transcription start site, it usually leads to suppres-
sion of gene expression by the recruitment of DNA binding proteins 
and histone modifiers (7). When DNA methylation occurs in the actu-
al gene body, it instead leads to active transcription (8). The Ten-
Eleven Translocation methylcytosinedioxygenase enzymes (TETs) are 
involved in DNA demethylation, by oxidizing the 5-carbon to yield 5-
hydroxymethyl cytosine, which can be further oxidized to 5-
formylcytosine and 5-carboxylcytosine (9). Mutations or deletion of 
the TET proteins are present in a variety of cancers (10).  
The field of RNA interference has expanded since its first discovery in 
Caenorhabditis elegans. It is today known to be present in numerous 
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eukaryotic systems. RNA duplexes, around 20 nucleotides long, are 
created by processing longer, precursor double stranded RNAs. The 
RNA duplexes recruit a protein complex, which eventually leads to 
the degradation of mRNA or inhibition of translation, and thus pre-
vention of protein production (11). The microRNA machinery stops 
translation, but when the short interfering RNA pathway is activated, 
it eventually leads to the degradation of the mRNA (12). It has long 
been believed that methylation was limited to DNA and proteins, but 
recently it has been shown that the majority of the mRNA has methyl-
ated adenosine residues, which are believed to affect the fate of the 
mRNA (13). Long non-coding RNAs (lncRNA) are believed to play 
an important part in epigenetic regulation. lncRNA are characterized 
by being longer than 200 base pairs, and are categorized after their 
genomic loci and/or associated DNA strands/regions (14). lncRNAs 
are, like mRNA, transcribed by RNA polymerase II with similar 
chromatin states. lncRNA are divided into four different “characteris-
tics”; signals, decoys, guides and scaffolds, depending on their func-
tions (15). Many lncRNAs contain more than one of the characteris-
tics. Signals are involved in gene activation, while decoys are in-
volved in gene suppression. Guides regulate gene expression by re-
cruiting chromatin-modifying enzymes, and scaffold lncRNAs recruit 
proteins that assemble ribonucleoprotein complexes, which can modu-
late histone marks (15). Enhancer RNA (eRNA) is a type of lncRNA 
that is transcribed from the enhancer regions of genes. It has been 
shown that the expression of eRNA correlates with nearby mRNA 
(16). Figure 1 shows the complexity of epigenetics, a visual sugges-
tion how it all links together.  
 
Epigenetics has been linked to a variety of human diseases. There is 
an increase in DNA methylation as well as low acetylation and high 
phosphorylation of histones in cancer cells. Neurological disorders 
also show great epigenetic changes, for instance multiple sclerosis 
shows hypomethylation, while Alzheimer’s disease shows hyper-
methylation of the genomic DNA, and cells from patients with Parkin-
son’s disease have abnormal acetylation of histones. Autoimmune 
diseases like rheumatoid arthritis show hypomethylation, and diabetes 
type 1 have aberrant methylation of histones (17, 3). 
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Figure 1. Visual representation of the complexity of epigenetics (Adapted 
from (4)).  
 
 

Chromatin 
Modern day epigenetic research is focused on the alteration of DNA 
and histones by the binding of modifiers (5). Chromatin is composed 
of 146 base pairs of DNA wrapped, two turns, around an octamere of 
the four core histones, H2A, H2B, H3 and H4 (18). Chromatin has 
two forms, heterochromatin and euchromatin. Heterochromatic DNA 
is very tightly packed, which makes it hard for transcription factors to 
bind. Constitutive heterochromatin domains are found in the centro-
meres and the telomeres, as these regions of the chromosome must be 
strongly down regulated. One of the places one can find facultative 
heterochromatin is at developmentally regulated loci, where cellular 
signals and gene activity can change the chromatin state (19). Hetero-
chromatin can propagate and cause epigenetic repression of adjacent 
sequences. A good example of this is the mammalian X chromosome, 
where inactivation is initiated from a single nucleation site from where 
the heterochromatin spreads (20). On the other side of the spectrum 
there is euchromatin, where DNA transcription occurs.  
 
The tails of the histones are targets for different types of modifica-
tions. The most common are methylation, acetylation, phosphoryla-
tion, sumoylation and ubiquitination. These modifications, spread out 
through the genome, form the histone code, which recruits transcrip-
tion factors and modifies the accessibility of the DNA, which results 
in either active, poised or silenced transcription (21, 22). The modifi-
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cations are what differentiate the heterochromatin from the euchroma-
tin. Heterochromatin is characterized by trimethylation of lysine 9 of 
histone 3 (H3K9Me3) together with deacetylated histones, where as 
euchromatin has trimethylation of lysine 4 of histone 3 (H3K4Me3) 
and acetylated histones (23). Acetylated histones are usually found at 
the promoter region and in the open reading frame of a gene (24, 25). 
Lysine 4 of histone 3 can also be dimethylated (H3K4Me2) or single 
methylated (H3K4Me1). H3K4Me1 is usually found in enhancers, 
while H3K4Me2 and H3K4Me3 have been linked to active transcrip-
tion in human cell lines. H3K4Me2 is found around active promoters 
(26). Acetylation and phosphorylation of chromatin causes alteration 
of the physical properties of chromatin, which leads to a change in the 
recruitment of binding partners (5). Noncovalent modification like 
specialized histone variants and chromatin remodelling gives the cell 
the option to vary the chromatin template. The histone variants are 
histones, similar to the four core histones but with some alterations. 
For example CENP-A, which is a histone variant with a divergent N-
terminal tail, prohibiting further modifications. ATP-dependent chro-
matin remodeling complexes slide or eject nucleosomes, which alter 
the chromatin accessibility (27). Transcribed regions have a higher 
nucleosome density than promoters and other regulatory elements. 
This, together with dynamic regulation, plays an important role in the 
access for transcription factors, and this determine the transcription 
level (28). Epigenetic mechanisms sometimes overlap, for example in 
the fission yeast Schizosaccharomyces pombe (S. pombe), where the 
RNAi machinery cooperates with histone modifications in pericen-
tromeric heterochromatin formation (20, 29).         
         
  

Schizosaccharomyces pombe as a model organism 
In 1921, Osterwalder isolated S. pombe from grape juice (30). It has a 
genome of 12.5 million base pairs divided into three chromosomes, 
with a total of 5,118 protein coding genes. The largest of them is 
chromosome I at 5.5 million bases, while chromosome II is middle-
sized at 4.5 million bases, and chromosome III is the smallest one at 
2.4 million bases (31) (Pombase, www.pombase.org). S. pombe is a 
single cell fission yeast, that is rod shaped and has a size of approxi-
mately 3 µm in diameter. As fission yeast, the cell doubles its size and 
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separates by forming a septum in the middle, when dividing by mito-
sis. This results in two separate cells, equal in size. This differs from 
budding yeast, like Saccharomyces cerevisiae, in which mitosis results 
in a larger mother cell and a smaller daughter cell. S. pombe spends 
most of its time in the G2 phase of the cell cycle, and usually grows 
mitotically with a haploid genome. The haploid cell can form diploid 
zygotes, which turn into asci with four haploid spores in them when S. 
pombe is grown in low nitrogen environments (32).  
      
The mating type region (MTR) determines the mating type of the cell 
and is located on chromosome II. There exist three different genetic 
conformations of the MTR, h+, h- and h90. S. pombe cells can have one 
of two active mating types, Plus (P) or minus (M). The conformation 
h90 can switch between P and M every second cell division, which 
leads to a mixture between the two in a h90 cell culture (29). Sexual 
development, where P and M fuses, occurs when cells are grown in 
low nitrogen environments (33).  
 
S. pombe is an important model organism, as it shares a lot of features 
with higher eukaryotes, and is used to study events like cell cycle con-
trol, cytokinesis, mitosis and meiosis, DNA repair and recombination, 
centromere structure and RNAi-mediated heterochromatin assembly 
(34).   
 
 

Chromatin organization in Schizosaccharomyces pombe 
As many higher eukaryotes, the S. pombe genome contains large het-
erochromatic regions. The heterochromatin is concentrated in the peri-
centromeric region, the subtelomeric region and in the mating type 
region (24, 35, 36, 37). 
 
The heterochromatic mating type region contains three loci. From the 
mat1 locus either the P or M cassette is expressed. mat2-P and mat3-
M are heterochromatic and silent. When a mating type switch occurs, 
either mat2-P or mat3-M donates their cassette to the mat-1 locus. 
Between the different mat loci there are heterochromatic regions with 
homology to the cenH region (32).  
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The S. pombe centromeres are surrounded by repetitive sequences that 
vary in size. This is what determines the size of the centromeres. Iron-
ically the largest S. pombe chromosome has the smallest centromere 
(cen1), while the smallest chromosome has the largest centromere 
(cen3). The centromeres are flanked by inner and outer repeats, imrL, 
imrR, otrL and otrR. This is known as the pericentromeric region. otrL 
and otrR are divided into dh and dg regions, which differ between the 
centromeres, see figure 2 (32). In the central domain of the S. pombe 
chromosomes there is a conserved histone H3 variant CENP-A homo-
log called Cnp1, which is essential for kinetochore assembly (38). The 
spindle pole body is an organization centre for microtubules, which 
acts as a centrosome in higher eukaryotes. During cell division, in the 
interphase, the spindle pole body locates at the nuclear periphery (22, 
39, 40). Then during the metaphase, there is a relocation of the cen-
tromeres back to the middle, together with the spindle pole body. Dur-
ing anaphase the centromeres split and start to move to the spindle 
poles (41).  
 

 
 
Figure 2. Schematic representation showing the major heterochromatic re-
gions in S. pombe, with an enhanced view of the centromeres. The central 
core centromere (cc) in green, the pericentromeric region in red boxes (imr), 
and blue and yellow arrows represent the pericentromeric outer repeats.  
 
The ends of the eukaryotic chromosomes are composed of short repet-
itive DNA sequences with protective proteins bound. This is known as 
the telomeres. The protective proteins prevent the telomeres from de-
grading and sticking end-to-end. Right after the telomeres lays a het-
erochromatic region known as the Telomere Associated Sequence, or 
TAS (42). In somatic cells, the telomeres shorten with every division 
due to a phenomenon known as the end-replication problem. It occurs 
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because DNA polymerase is unable to synthesize in the 3’à5’ direc-
tion. The end-replication problem occurs in germ cell lines but is 
solved by an enzyme known as telomerase, which adds new telomeric 
repeats. These repeats are composed of two strands, one G-rich and 
the other C-rich. The G-rich strand is the longer of the two and ends 
with a single-stranded part. The telomerase has an RNA core, and this 
core acts as a template in the synthesis of telomeric repeats, from 
which DNA polymerase synthesizes the complimentary strand. S. 
pombe telomeres are around 300 base pairs long (43, 44). In S. pombe, 
the telomeres are located at the nuclear membrane (24).  
 
 

Heterochromatin formation and remodeling  
Histone deacetylases (HDACs) remove acetyl groups from histones. 
HDACs are divided into three different classes; class I, II and III, de-
pending on their homology and phylogenetic ties to the S. cervisae 
HDACs Rpd3, Hda1 and Sir2 (45). S. pombe has HDACs of all clas-
ses.  
 
In S. pombe, the HDACs Clr3 and Sir2 remove an acetyl group from 
lysine 9 of histone 3 (H3K9Ac) and an acetyl group from lysine 14 of 
histone 3 (H3K14Ac), in order for heterochromatin to form (46, 47, 
48, 49). Clr4, a methyltransferase, is involved in the trimethylation of 
H3K9 in S. pombe. Clr4 is a homolog to human SUV39H1. It has 
been shown that SUV39H1 is important in the formation and mainte-
nance of heterochromatin (50). The trimethylation performed by Clr4 
creates a binding site for the protein Swi6, a member of the hetero-
chromatin protein 1 (HP1) protein family, which acts as a platform for 
the recruitment and spreading of regulatory proteins to the hetero-
chromatin (51, 52).  
 
Clr2 is a protein affecting silencing in the centromeric repeats, mating 
type region and the subtelomeric region. It has been shown that when 
Clr2 is deleted there is a change in acetylation levels in the mating 
type region, while overexpression shows no change in silencing in any 
of the heterochromatic regions (53). Clr2 is part of the Snf2/HDAC 
containing Repressor Complex (SHREC) together with Clr1, Clr3, and 
Mit1. It is believed that Clr1 acts as the base to which the other pro-
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teins can bind. As mentioned earlier Clr3 is an HDAC, which acts on 
H3K9Ac. Mit1 is a chromatin remodeler. The complex is recruited by 
the HP1 homolog Chp2. SHREC regulates the positioning of nucleo-
somes by deacetylating H3K14 in order for heterochromatin to form 
(54).  
 
The exact function of Clr2 is unknown but the 3D crystal structure of 
Clr2 reveals four distinct domains; an N-terminal domain (NTD), two 
internal domains and a C-terminal extension (55). The first of the in-
ternal domains resembles a chromo barrel domain (CD), but lacks the 
aromatic cage required for binding to methylated histone tails. The 
second internal domain resembles a bromo-adjacent homology (BAH) 
domain, and 3D-structures show the domain interacting with Clr1 
through a long loop that encircles the C-terminus of Clr1. Moreover, 
the BAH domain shows resemblance to the BAH domain of the 
mouse H4K20Me2 binding protein, Orc1. But the BAH domain of 
Clr2 lacks a methyl lysine binding pocket. That space is occupied by 
the Clr1 interacting loop instead. Deletion studies have shown that all 
domains are required for silencing. Part of the NTD resembles a me-
thyl-CpG binding domain 4 (MBD4). These domains are known to 
recognize methyl-CpG nucleotides in double stranded DNA. This is 
considered rather odd, because S. pombe has no DNA methylation 
(55).    
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Present investigations 

 

Paper I 
 

Conserved amino acids in the Clr2 protein 
Bioinformatic tools were used to find proteins in other fungi showing 
sequences similar to Clr2 in S. pombe. The top eleven fungal proteins 
with similarity to Clr2 where chosen for further investigation. Togeth-
er with this data and the software MEME (56), a motif search was 
performed. Three conserved motifs were discovered. Motif 1 and 2 are 
located close to the N-terminus, while motif 3 is located closer to the 
C-terminus. The motifs were named Clr2 Silencing Motif 1-3 
(C2SM1-3). From the motifs, conserved amino acids where chosen for 
mutation studies. The candidates were, C2SM1; Leu133, Pro137, 
Tyr140, Leu142, C2SM2; Arg170, Phe175, His178, Leu182 and 
C2SM3; Ala375, Glu376. All conserved amino acids listed above 
were point-mutated to glycine. 

Mutations of conserved amino acids show the importance of the 
Clr2 protein 
The point-mutated variants of the Clr2 proteins were integrated into 
the genome and silencing assays were performed. They reinforced the 
major role Clr2 plays in silencing in the mating type region. The point 
mutations with the strongest effect were E376G, L182G and L142G, 
while A375G showed no change in silencing compared to the wild 
type, probably due to the similarity between alanine and glycine. The 
assays also revealed that heterochromatin formation in the pericen-
tromeric region is less dependent on Clr2, with the point mutation 
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E376G showing the strongest effect with 2.7 times increase in the 
transcription of the reporter gene. 

Point mutants in Clr2 are associated with epigenetic switching  
In silencing assays it is hard to distinguish between an overall increase 
in expression in all cells, versus a situation where there are two popu-
lations of cells, one that is transcriptionally off and one that is on. To 
tackle this epigenetic switching, switching assays were performed on 
the point mutants and wild type. The point mutations R170G, L142G 
and L182G were associated with epigenetic switching.  
 

Conserved amino acids in Clr2 are necessary for silencing at 
several heterochromatic regions  
Additional silencing assays were performed in the rDNA repeats and 
the central core of chromosome II. The point mutations were also test-
ed in an ectopic silencing assay. The assays showed strong effect on 
silencing in the rDNA region and ectopic silencing. The weakest ef-
fect was observed in the centromeric region.    
 

Paper II 
 

Creation of deletion constructs 
To enhance our understanding of the Clr2 function, internal deletion 
constructs were created in the NTD, CD and BAH domains of Clr2. 
The soluble expression was confirmed with immunoblotting.  
 

NTD, CD and BAH domains are needed for silencing at different 
heterochromatic regions 
Silencing assays with reporter genes in the mating type region and 
pericentromeric region showed that all three domains need to be intact 
in order for proper silencing in these regions.  
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Overexpression of Clr2 deletion constructs do not rescue 
silencing  
The deletion constructs were placed in an overexpression vector and 
transformed into a S. pombe strain lacking endogenous Clr2. Silencing 
assays were performed with reporter genes placed in the heterochro-
matic regions: mating type region, pericentromeric region and sub-
telomeric region. The overexpression did not rescue silencing in those 
regions. Soluble expression of the deletion constructs was verified 
with immunoblotting.    
 

Deletion of part of the BAH domain results in enhanced 
silencing  
The same silencing assay was used as above, together with the same 
type of overexpression vector, but the reporter gene was placed in the 
central core centromere of chromosome II. This resulted in enhanced 
silencing of the reporter gene and the results were verified with qPCR. 
This indicates a major change in chromatin in the central core centro-
mere. One could speculate that heterochromatin is not stopped when 
this part of the BAH domain is deleted, and the heterochromatin 
spreads into the centromere replacing CENP-A with histone H3.     
 

Concluding remarks 
 
The aim of this thesis has been to further the knowledge of the func-
tion of the Schizosaccharomyces pombe protein Clr2. We have used 
mutated forms of the Clr2 protein in order to study the change in het-
erochromatin formation. 
 
Bioinformatic tools were first used to find conserved amino acids in 
the Clr2 protein. The conserved amino acids were point mutated to the 
small amino acid glycine. The point mutants reassured previous stud-
ies, which emphasizes the important role Clr2 plays in silencing in the 
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mating type region. There was also a change in silencing in the rDNA 
region and in ectopic silencing.  
 
Deletion of the different domains of the Clr2 protein showed that the 
NTD, CD and BAH domains have to be intact in order for the protein 
to silence at different heterochromatic regions. Deletion of part of 
BAH domain and overexpression of that construct result in enhanced 
silencing in the central core centromere of chromosome II.       
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Svensk sammanfattning  

 
Epigenetik definieras som “förändringen i genuttryck utan en föränd-
ring i DNA sekvensen”. De mest studerade mekanismerna inom epi-
genetik är DNA-metylering, histonmodifiering samt RNA-interferens 
(RNAi). DNA-metylering innebär att en metylgrupp binds till DNA-
basen cytosin. DNA-metylering har kopplats samman med transkript-
ionell repression. Ett exempel på detta är när DNA-metylering sker i 
promotordelen av en gen så leder detta till en nedgång i genexpress-
ionen. Fältet RNAi har exploderat sedan det först upptäcktes i 
Caenorhabditis elegans (rundmask). Korta, dubbelsträngade RNA-
molekyler skapas från längre ”föregångar”-RNA. Detta leder till re-
krytering av proteinkomplex som bryter ned mRNA.  
 
I cellkärnan så är DNA snurrat runt histonproteiner för att bilda kro-
matin. Kromatinet i sin tur består av fyra stycken histoner. Dessa his-
toner kan bli modifierade genom binding av olika kemiska föreningar. 
Kromatin finns i två former; eukromatin och heterokromatin. Eukro-
matin är en mer öppen form av kromatin där olika proteiner kan binda 
så att uttryck av genen kan ske. Heterokromatin har mer oåtkomligt 
DNA, och proteiner kan inte binda och är därför mer ”tyst” när det 
kommer till genuttryck. Heterokromatin återfinns oftast i områden på 
kromosomen där det sker mycket lite, eller inget, genuttryck. 
Heterokromatin besitter även förmågan att sprida sig från redan eta-
blerade platser. Heterokromatin identifieras genom förekomsten av 
specifika modifieringar; trimetylering av lysin 9 på histon 3, tillsam-
mans med en avsaknad av acetylering av histonerna. Det finns olika 
proteiner som cellen kan använda sig av för att skifta mellan de olika 
formerna av kromatin.  
 
Epigenetiska förändringar har kopplats till en rad olika sjukdomar som 
diverse cancertyper, multipel skleros, Alzheimers sjukdom och Park-
insons sjukdom. Epigenetiska förändringar har även studeras i sjuk-
domar som diabetes typ 1 och reumatisk artrit.  
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För att studera epigenetik används bland annat jästen Schizosaccha-
romyces pombe. S. pombe är stavformad och har sitt genom fördelat 
på tre kromosomer, med totalt 5,118 proteinkodande gener. När S. 
pombe delar sig så dubblar cellen sig i storlek och därefter bildas ett 
septum i mitten där delningen börjar. Detta resulterar i två celler i lik-
nande storlek. Det skiljer sig från vissa andra jästarter, som bland an-
nat Saccharomyces cerevisiae, som bildar en större modercell och en 
mindre dottercell. S. pombe kan även bilda sporer vid kvävebrist. S. 
pombe används vid forskning om heterokromatin som modellorgan-
ism eftersom den har liknande epigenetiska funktioner som människa. 
Den har bland annat heterokromatin i centromeren i mitten av kromo-
somen, vid telomererna på kromosomerna, samt i en region som kallas 
för ”mating type-regionen”. Där bestäms vilken parningstyp (mating 
type) jästcellen kommer att ha. 
 
I denna avhandling har proteinet Clr2 studerats. Clr2 är involverat i 
inaktiveringen av gener i centromeren, mating type-regionen samt vid 
telomererna. Den exakta funktionen av Clr2 är okänd, men det man 
vet är att proteinet består av fyra domäner. Clr2 agerar tillsammans 
med andra proteiner i ett större komplex, som kallas för SHREC, för 
att sprida heterokromatin. I denna avhandling studeras hur Clr2 beter 
sig när man tar bort delar av proteinet, och hur det påverkar förekoms-
ten av heterokromatin hos S. pombe.   
 

Artikel I: Evolutionärt konserverade aminosyror är 
viktiga för Clr2s funktion 
 
Med hjälp av en bioinformatisk analys identifierade vi evolutionärt 
konserverade aminosyror i Clr2-proteinet. Totalt valdes elva kandida-
ter ut för mutationsstudier. Analysen av dessa mutanter visade att Clr2 
proteinet spelar en stor roll i inaktiveringen av gener i mating type-
regionen. Samma starka effekt kunde inte ses i den pericentromeriska 
regionen. Punktmutationerna var associerade med ett epigenetiskt 
skifte, där en population av celler som härstammar från en enda cell 
har resulterat i en blandning av celler med både på- och av stadiet. 
Vidare studier visade även att Clr2 påverkar bildandet av heterokro-
matin i rDNA-regionen samt i ektopiskt inaktiverande av gener.  
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Artikel II: Deletion av BAH-domänen i Clr2 resulterar i 
förstärkt nedtystande av gener 
 
I denna studie så tog vi bort olika delar av domäner i Clr2-proteinet. 
Studien visar att alla domäner av Clr2 måste vara intakta för att Clr2 
ska kunna bilda heterokromatin i mating type-regionen samt den peri-
centromeriska regionen. Överuttryck av dessa trunkerade versioner av 
Clr2 kunde inte kompensera för förlusten av Clr2 proteinet. Studien 
visade även att om man tar bort en del av BAH-domänen och överut-
trycker denna version av Clr2 så ökar repressionen av gener i centrala 
(central core) regionen på kromosom II.       
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Abstract

The fission yeast, Schizosaccharomyces pombe, is a well-established model for heterochromatin formation, but the exact
sequence of events for initiation remains to be elucidated. The essential factors involved include RNA transcribed from
repeated sequences together with the methyltransferase Clr4. In addition, histone deacetylases, like Clr3, found in the
SHREC complex are also necessary for transcriptional silencing. Clr2 is another crucial factor required for heterochromatin
formation found in the SHREC complex. The function of Clr2 has been difficult to establish due to the lack of conserved
domains or homology to proteins of known molecular function. Using a bioinformatics approach, three conserved motifs in
Clr2 were identified, which contained amino acids important for transcriptional repression. Analysis of clr2 mutant strains
revealed a major role for Clr2 in mating-type and rDNA silencing, and weaker effects on centromeric silencing. The effect on
mating-type silencing showed variegation in several of the strains with mutated versions of Clr2 indicating an establishment
or maintenance defect. Moreover, the critical amino acids in Clr2 were also necessary for transcriptional repression in a
minimal system, by the tethering of Clr4 upstream of a reporter gene, inserted into the euchromatic part of the genome.
Finally, in silico modeling suggested that the mutations in Clr2 cause disruption of secondary structures in the Clr2 protein.
Identification of these critical amino acids in the protein provides a useful tool to explore the molecular mechanism behind
the role of Clr2 in heterochromatin formation.
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Introduction

Chromatin in eukaryotic cells is an organized structure,
composed of DNA together with interacting proteins. The basic
unit of chromatin is the nucleosome, the nucleoprotein complex,
which consists of 147 base pairs of DNA, wrapped around an
octamer of four core histone proteins [1]. The histone tails
protruding from the nucleosome are modified for example by
acetylation and methylation. These modifications give rise to
different types of chromatin with diverse properties and functions.
There are two basic types of chromatin in the eukaryotic cell,
heterochromatin and euchromatin. Heterochromatin was thought
to be a compact transcriptionally silent structure, however it is now
accepted that chromatin is flexible, and although transcription
mostly occurs in the euchromatin, some transcription originates
from the heterochromatic areas [2,3]. In euchromatin there are
many transcriptionally active genes as compared to heterochro-
matin and in addition, the latter is enriched in repetitive
sequences. Heterochromatin is characterized by methylation of
histone H3 lysine 9 bound by chromodomain proteins of the

Heterochromatin Protein 1 (HP1) family, while euchromatin has
high levels of acetylation on the histone tails and also methylation
on histone H3 lysine 4 [4].

Several locations in the genome, for example the centromere,
telomeres and the mating-type region in the fission yeast
Schizosaccharomyces pombe, are heterochromatic and genes intro-
duced into these areas are silenced, [4–6]. In S. pombe, the
transcription factors that determine the mating type, P or M, are
expressed from the mat1 locus in the mating-type region. The non-
expressed mating-type information is stored in the mat2-P or mat3-
M cassettes, which lies in a heterochromatic area [7]. The
heterochromatin in the mating-type region has several important
functions; firstly, to keep the storage cassettes mat2-P or mat3-M
silent; secondly, to guide the switching event in a productive way
to ensure that in an M cell the mat2-P cassette is picked and vice
versa; and thirdly, to prevent unwanted recombination events [8].
The centromeres in S. pombe share similarities with higher
eukaryotes, such as the evolutionarily conserved CENP-A protein,
a histone H3 variant that marks the site for kinetochore assembly
[9]. On both sides of the central core centromeres there are inner
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repeats (imr) and outer repeats (otr) where the pericentromeric
heterochromatin assembles [10]. Moreover, a distinct form of
repressive chromatin for PolII transcribed genes is present at the
rDNA repeats [11].

Heterochromatin formation in fission yeast is a multi-step
process, which slightly differs for each of the various heterochro-
matic regions. The formation of heterochromatin at centromeres is
dependent on small interfering RNAs (RNAi) transcribed from the
centromeric repeats as well as on the activity of histone
deacetylases, either Sir2 or Clr3 [12,13]. This results in the
recruitment of the Clr4-Rik1-Cul4 complex (ClrC), which
methylates histone H3 at lysine 9, [14,15]. Clr4-methylated
H3K9 residues serve as a platform for HP1 proteins (Swi6, Chp1
and Chp2). The formation of heterochromatin in the subtelomeres
and at the mating-type region on the other hand can be mediated
via RNAi or other redundant mechanisms that are active in these
areas [16–18].

The histone deacetylase Clr3 has a specific activity against
histone H3K14 [19]. At least a fraction of the Clr3 proteins are
part of the SHREC complex together with a Snf2 related
chromatin remodeling factor, Mit1, the Zn-finger containing
protein Clr1, the chromodomain protein Chp2, and Clr2, which
so far has an unknown function [20,21].

Clr2 was first identified as a factor involved in silencing of the
mating-type region in S. pombe [22,23]. Later on Clr2 was shown to
associate with and affect, the silencing of all major heterochro-
matic areas in S. pombe, as well as the central core of the
centromeres and polII transcribed genes inserted into the rDNA
repeats [11,20]. Clr2 shares no homology to other functionally
annotated proteins, and lacks conserved domains of known
function. However, many fungal genomes have been sequenced
lately, and several of these genomes contain proteins with
similarity to Clr2. Using these novel sequences a ‘‘Clr2-region’’,
accession number PF10383 in the Pfam database in the C-
terminal half of the protein, has been established by bioinformatics
analysis [24].

The role of Clr2 in heterochromatin formation and mainte-
nance remains poorly understood. In order to get insight into the
molecular function of Clr2, we used a bioinformatics approach
which revealed three motifs in the Clr2 protein conserved among
other fungal species. We mutated several conserved amino acids in
these novel motifs and found that they were indispensable for
mating-type silencing, and to a lesser extent affected transcrip-
tional repression in the centromeric region. In addition, some of
the mutated strains displayed an epigenetic switching phenotype
with respect to mating-type silencing. Finally, a molecular
modeling approach indicated that the introduced mutations
caused disruption of the secondary structure of Clr2.

Materials and Methods

Bioinformatics
BLAST searches with the Clr2 protein sequence (UniProtKB

O13881) were performed at the European Bioinformatics Institute
(EBI) to find similar sequences in the Uniprot database [25].
Eleven UniProtKB protein sequences (B6K156, B0CTW5,
D5G5I9, D1ZMD9, Q0U2S0, Q2H122, A6SNC1, D5G9P5,
A7F911, B2B300, E4ZQG7) with an E-value lower than 7.0E-4
were selected to be included in an analysis using the Multiple EM
for Motif Elicitation (MEME) software [26]. This analysis was
done at http://meme.sdsc.edu/meme4_6_1/ using default values.
Logos for the found motifs were generated using the WebLogo
software [27].

Media and strain construction
AA drop-out plates were prepared using an amino acid mix

purchased from Formedium following the protocol in [28] except
that adenine (58 mg/L) was added. All other media was prepared
as in [29].

All the strains used in the study are listed in Table S1. Strain
PJ1085, where the clr2+ ORF was replaced by ura4+, was
constructed using a method described in [30]. Briefly strain
PJ1044 was transformed with a PCR product generated by
primers D74 and D75 (Table S2) and plasmid KS-ura4 as
template. Point mutations were introduced into the clr2+ gene
using the following strategy. The full-length clr2+gene was
amplified by PCR using primers B71 and B72 (Table S2),
introducing BamHI sites at the 39 and 59 ends, using genomic DNA
as template. The PCR product was then cloned into pCRH2.1-
TOPO vector (Invitrogen) and sequenced. Different point
mutations were introduced in clr2+ by a PCR based method using
Phusion (Finnzymes) [31]. The following primers were used to
create the mutation: P137G F25+26, Y140G F38+F39, L142G
F40+F41, R170G F27+F28, H178G F29+F30, L182G F43+F44,
A375G F45+F46 and E376G F47+F48. Primers sequences are
listed in Table S2. The full length and mutant clr2 genes were
sequenced and then cut out of the TOPO vector using BamHI and
religated into the fission yeast expression vector pREP41PkN
containing three V5 (PkN) tags in the N-terminus [32]. The
different versions of V5-clr2 were amplified from the pREP41PkN
(V5) vector by PCR using primers D80 and D81. The PCR
products were then introduced into strain PJ1085 (clr2::ura4+) by
electroporation using a Bio-Rad gene pulser (Bio-Rad) according
to [33]. Cells were plated onto YEA plates and after an overnight
incubation replica plated onto Fluoro-orotic acid (FOA) plates.
Colonies that appeared on the FOA plates were screened by PCR
for loss of the ura4+ gene, using the primers A2+A3 and gain of the
V5-clr2 gene was screened using the primers A6+A7. The resulting
PCR product was sequenced to confirm that only the desired
mutation was introduced. Crosses were performed using standard
techniques and the V5-clr2 alleles were followed by detection of the
V5 tag using primers F21+F22.

Silencing assays and photos of yeast colonies
Spot tests were performed according to [29] using the following

procedure: log-phase cultures were diluted in steps of five and
drops of 5 ml were applied to the plates. The RT-qPCR was done
as in [34]. Briefly, cells were allowed to grow overnight to log
phase in PMGtotal media. RNA was extracted with the RNeasy
miniprep kit (Qiagen) followed by DNase treatment (Fermentas).
cDNA was synthesized with the Maxima First Strand cDNA
synthesis kit for RT-qPCR (Thermo scientific). RT-qPCR was
then performed with Maxima SYBR green qPCR master mix
(Thermo scientific) on a BioRad Mini Opticon thermo cycler
(BioRad). The following primers were used: ura4+ forward,
CGTGGTCTCTTGCTTTTG, ura4+ reverse, GTAGTCGCT-
TTGAAGGTTAGG; act1+ forward, GGTTTCGCTGGAGAT-
GATG, act1+ reverse, ATACCACGCTTGCTTTGAG. Data is
presented as ura4+ transcript levels relative to act1+. Experiments
were done in biological triplicate and all error bars indicate S.E.M.
Canon EOS 1100D with a Canon MP-E 65 mm f/2.8 1-5X
Macro Lens objective was used to take pictures of yeast colonies.

Western analysis
S. pombe cells, transformed with the pREP41PkN plasmids with

different versions of V5-clr2, resulting in over-expression of V5-
Clr2 protein (PJ1279, PJ1280, PJ1440-PJ1448 in Table S1), or S.
pombe strains with integrated V5-clr2 variants at the endogenous
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clr2 locus under the control of the endogenous promoter (wt and
different point mutants: PJ1044-PJ1353 and PJ123-PJ1430 in
Table S1) were grown in 50 ml of PMG-leu or YEA media up to
the log phase (OD600 0.4–0.5). Cells were collected by centrifu-
gation at 4000 g for 5 min, resuspended in 3 ml of STOP buffer
(450 mM NaCl, 50 mM NaF, 10 mM EDTA, 1 mM NaN3,
pH 8.0) and aliquoted into 1.5 ml test tubes to obtain 50–70 mg of
wet cell pellet upon centrifugation. Cells were resuspended in
100 ml of ice-cold RIPA buffer (50 mM Tris, pH 8.0, 150 mM
NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA, 50 mM NaF,
0.1 mM sodium vanadate, 5 mM b-glycerophosphate, 20 mM b-
mercaptoethanol), boiled for 6 min at 98uC and whole cell extracts
were prepared using glass beads (400 ml of BioSpec 0.5 mm dia,
Cat. No. 11079105) and FastPrepTM FP120 Cell Disrupter (max
speed for 30 sec at 4uC). After beadbeating, 200 ml of Protein
Extraction buffer (50 mM Tris, pH 8.0, 2.2% SDS, 2 mM EDTA,
20 mM b-mercaptoethanol) was added to each sample (to final
concentration 1.5% SDS) and mixed thoroughly by vortexing.
Samples were boiled for 6 min at 98uC and centrifuged at RT for
10 min at 16000 g. Supernatants were carefully moved into new
1.5 ml test tubes and aliquots of 2 ml were taken for protein
concentration measurement, using a NanoDrop 1000 instrument.
800 mg of protein was loaded onto an 8% SDS-PAGE gel and run
at 120 V for 90 min at RT. Wet transfer was performed on PVDF
membrane (Immobilon-FL, Millipore) at 200 mA for 45–60 min
at RT. The primary mouse anti-V5 (Invitrogen, Cat. No R960-25)
and mouse anti-b-actin (Abcam, Cat. No ab8224) antibodies were
used for immunoblotting with a dilution of 1:5000 and 1:10000,
respectively. As a secondary antibody, ECL Mouse IgG HRP-
linked whole Ab (GE Healthcare, Cat. No LNA931V/AG) was
used with a dilution of 1:5000. Membranes were exposed for 5–
20 min using ChemiDocTM Imaging System with Image LabTM

Software.

Homology Modeling, Energy Minimization and Molecular
Dynamics Simulations

The homology modeling for the three silencing motifs (C2SM1-
3) of the Clr2 protein was performed using Modeller [35].
Subsequent energy minimization was performed using the
Gromacs-implemented, Charmm27 forcefield. The crystal struc-
ture of the Haloalkane Dehalogenase (PDB entry: 3QNM) was
used for the modeling of C2SM1. Likewise the crystal structures of
the Hemopexin-Like Domain Of Mmp12 and Alpha-2,3-
Sialyltransferase Cst-I (PDB entries: 2JXY, 2P2V) were used as
template structures for the modeling of the C2SM2. Finally, the
Isocitrate Lyase (PDB entry: 3I4E) was used for the modeling of
C2SM3. The sequence alignments between the target sequences of
the Clr2 motifs and the template sequences revealed 90%, 86%,
62% and 75% identities respectively, which allow reliable
conventional homology modeling techniques to be performed.
The overall homology modeling process was divided into the
following steps: First, the initial spatial constraints for the target
sequence were derived from a large number of template protein
structures; the target sequence was aligned to the backbone of a
template structure copying the geometric coordinates of the
template to the target sequence. Second, target regions where
geometric constrains could not be copied from the template easily,
were modeled. These regions represented either deletions or
insertions with respect to the template. The third step involved
loop selection and side chain packing, where a collection of
independent models was obtained. Fourth, the final models were
scored and ranked, after they had been stereochemically tested
and evaluated with a built-in module for protein geometry error
detection. Models were structurally evaluated using the Procheck

utility [36]. Energy minimizations were used to remove any
residual geometrical strain in each molecular system, using the
Charmm forcefield as it is implemented into the Gromacs suite,
version 4.5.5 [37,38]. All Gromacs-related simulations were
performed though our previously developed graphical interface
[39]. An implicit Generalized Born (GB) solvation was chosen at
this stage, in an attempt to speed up the energy minimization
process.

Molecular systems of the Clr2 constructs were subjected to
unrestrained Molecular Dynamics simulations (MDs) using the
Gromacs suite, version 4.5.5 [37] [38]. MDs took place in a
Simple Point Charge (SPC) water-solvated, periodic environment.
Water molecules were added using the truncated octahedron box
extending 7 Å from each atom and molecular systems were
neutralized with counter-ions as required. For the purposes of this
study all MDs were performed using the NVT ensemble in a
canonical environment, at 300 K, 1 atm and a step size equal to 2
femtoseconds for a total 500 nanoseconds simulation time. An
NVT ensemble requires that the Number of atoms, Volume and
Temperature remain constant throughout the simulation.

Results

Three conserved silencing motifs in the Clr2 protein
To investigate the molecular mechanisms of transcriptional

silencing we focused on one of the least understood components in
this pathway, namely Clr2. Since several fungal genomes have
been sequenced lately, a similarity search among every known
sequence present in the TREMBL and Swissprot sections of the
InterproKB database were performed. This resulted in 50 hits
when searching with the full-length Clr2 protein, none with a
characterized function. Among these 50 hits, the 11 with the
highest score, all of them fungal proteins, were chosen for further
analysis. The top hit was from Schizosaccharomyces japonicus
(B6K156), S. pombes closest relative, and the only yeast species
among the 11 top hits. Moreover, all the top hits were from
Ascomycota, with one exception (BOCTW5) found in a species
from the Basidiomycota. A motif search was performed, using the
program MEME that resulted in the identification of three
conserved motifs in the Clr2 protein. Motifs 1 and 2, located in
close proximity at the N-terminal of the protein, were novel and
the C-terminal Motif 3 corresponded to the previously described
Clr2 domain (REF IPR018839) (Figure 1A). The motifs were
named Clr2 Silencing Motifs 1–3 (C2SM1-3) since they proved to
be essential for transcriptional silencing (see below). C2SM1 was
27 amino acids long and at four positions displayed high levels of
conservation, Leu133, Pro137, Tyr140 and Leu142 (Figure 1B).
The second motif, C2SM2, had a similar size of 29 amino acids
and showed 100% conservation between the 12 species at four
evenly spaced amino acid positions, Arg170, Phe175, His178 and
Leu182 (Figure 1C). Finally, for C2SM3 all twelve sequences
shared the Gly374, Ala375 and Glu376 amino acids in a central
position of the motif (Figure 1D). These conserved amino acids
were used to design the mutated versions of Clr2 presented below.

Point mutations in the Clr2 protein alleviated silencing
By PCR mutagenesis of clr2, three of the conserved amino acids

in C2SM1 [proline 137 (P137), tyrosine 140 (Y140), leucine 142
(L142)], three in C2SM2 [arginine 170 (R170), histidine 178
(H178), leucine 182 (L182)], and two in C2SM3 [alanine 375
(A375) and glutamic acid 376 (E376)], were mutated. Each of the
amino acids was converted to glycine, a simple amino acid with
hydrogen as the variable group. The wild type clr2+ gene fused to
the V5 tag (V5-clr2), along with the mutated clr2 bearing point
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Figure 1. A bioinformatics approach revealed three conserved motifs in Clr2. (A) Sequence alignment between Clr2 and 11 other similar
fungal proteins. Three conserved motifs, named C2SM1-3, always present in the same order were identified. C2SM1 (red) and C2SM2 (light blue) are
present in the N-terminal part of Clr2 and C2SM3 (dark blue) in the C-terminal part. Height of the boxes reflects significance (p-value). Logos for the
three motifs that highlight conserved residues (B) C2SM1 (C) C2SM2 (D) C2SM3
doi:10.1371/journal.pone.0086948.g001
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mutations, also fused to the V5 tag, were introduced at the
genomic clr2 locus under the control of the endogenous promoter
in strain PJ1085. In addition, this strain had an ade6+ reporter gene
inserted next to the mat3-M cassette in the normally silent mating-
type region to monitor the effect of the introduced mutations on
silencing [40]. The wild type, clr2+, strain grew poorly on plates
lacking adenine as expected (Figure S1, first lane). It was clear that
in the strain used for integration of the V5-clr2 constructs where
the clr2 ORF had been replaced by the ura4+ gene, silencing of the
mat3-M::ade6+ reporter gene was alleviated, visualized by growth
on plates lacking adenine (Figure S1, second lane). Moreover, it
was evident that the V5 tag did not prevent the Clr2 protein from
silencing the mat3-M::ade6+ reporter gene, since the strain with the
V5-clr2 construct integrated grew as poorly as the wild type on
plates lacking adenine (Figure S1, third lane). All of the introduced
mutations, except, R170G and A375G, also resulted in growth on
plates lacking adenine, indicative of failure of heterochromatin to
form at the mating-type region. The wild type phenotype of
Clr2A376G is not surprising since a change from alanine to
glycine brings little difference in amino acid properties. To be
more confident in the effect of the mutations we also combined
each of them with another reporter gene, ura4+, which was
introduced at the same position in the mating-type region as the
ade6+ reporter. Moreover, the ura4+ reporter has the advantage
that expression can be counter-selected on FOA plates, since
increased expression of the ura4+ reporter results in less growth on
FOA plates. The effect of the ura4+ reporter resembled the growth
pattern obtained with the ade6+ gene (Figure 2A). In this spotting
assay we also included the previously published strain, Hu582,
where his7+ was used to replace the entire clr2 ORF resulting in
derepression of the ura4+ reporter gene inserted into the mating-
type region (Figure 2A, second lane) [11]. Using the mat3-M::ura4+

reporter, silencing was disrupted also in the strain carrying the
R170G mutation. The degree of derepression was measured by
quantifying the amount of ura4+ transcripts by RT-qPCR and the
results concurred well with the spotting assay, with tight repression
in the wild type strain and the strains expressing V5-Clr2 and
Clr2A375G while the strains with the other point mutations were
derepressed to varying degree. The strain completely lacking Clr2
displayed a strong effect on ura4+ transcript, since it was elevated
43 times. Mutating L182 and E376 to glycines gave the strongest
effect on mating-type silencing with a 37 times increase in ura4+

transcripts, while R170G was the point mutant that had the least
expression of ura4+, with 8 times increase (Figure 2A).

To further characterize the mutations, V5-clr2 together with all
the mutated versions of clr2 was combined with the ura4+ reporter
gene inserted into the pericentromeric heterochromatin. Serial
dilutions of cells were spotted onto plates with or without uracil
and onto FOA media. In this spotting assay we also included the
strain PJ42, were the clr2 gene has been replaced by his7+

combined with the ura4+ reporter gene inserted into the imr locus
of centromere 1 [11]. This strain grew well on plates lacking uracil,
but not at all on plates containing FOA (Figure 2B, second lane)
[11]. When the effect of silencing was quantified using RT-qPCR
it revealed a weak derepression since the amount of ura4+

transcripts only increases 3 times in the clr2D strain as compared
to the wild type strain (Figure 2B, second lane). Strains with the
point-mutated versions of Clr2 affected pericentromeric silencing,
also here the R170G mutation together with the Y140G mutation
gave the weakest effect of around 1.5 times the wild type
expression while E376G had the strongest influence since it gave
2.7 times increase in the ura4+ transcription. These strains could
grow on plates lacking uracil, and most of them were unable to
grow on the FOA plates, similar to the complete knockout. The

exception was Clr2-L142G that grew well on FOA plates as well as
on plates lacking uracil, probably reflecting an unstable silencing
phenotype also in the pericentromeric region for this mutant strain
(Figure 2B, lane 6).

To summarize, the analysis of the clr2 mutant strains revealed a
major role for Clr2 in mating-type silencing, while the pericen-
tromeric silencing was less dependent on Clr2.

Variegating phenotypes in the Clr2 mutant strains
When silencing is measured with spotting assays or with RT-

qPCR it is difficult to distinguish between an overall increased
expression in all cells versus a situation where there are two
populations of cells, one that is transcriptionally off and another
that is on. To further characterize the silencing effects, we streaked
the wild type strain as well as the strains carrying mutations in clr2
on plates with low amounts of adenine, YE plates. A red pigment
will accumulate in cells with low levels of Ade6 protein, resulting in
red colonies when transcription is repressed (off state) and white
colonies will be formed when ade6+ is derepressed (on state). The
wild type strain and the strain with V5-Clr2 formed exclusively red
colonies, while the strain lacking Clr2 formed only white/slightly
pinkish colonies (Figure 3A and B). Interestingly, the strains
carrying different point mutations in Clr2 displayed different
phenotypes on plates with low adenine. Part of the mutated strains
had a phenotype similar to the strain completely lacking Clr2
forming white/slightly pink colonies, with the exception of L142G,
R170G, L182G and A375G. The strain with the A375G mutation
resembled the wild type strain, which was expected since it
behaved like the wild type strain on the spotting assays (Figure 2A
and 3J). The R170G mutant strain formed mainly red colonies,
around 97%, indicative of a repressed ade6+ gene, but occasionally
white colonies were observed (Figure 3G and Table 1). Upon
replating cells from two independent red colonies, on fresh YE
plates the same pattern was repeated (Table 1). Two other mutant
strains, L142G and L182G, that were plated on YE plates and
subsequently replated, displayed distinct switching phenotypes,
forming white or pink colonies in approximately equal proportions
(Figure 3F, I and Table 1). Another way to monitor derepression
in the mating-type region is to stain sporulating colonies with
iodine vapor. The spore ascus formed when two cells of opposite
mating-type fuse and undergo meiosis is stained brown, while
vegetatively growing cells are stained yellow. Wild type h90 strains
efficiently switch mating-type resulting in a uniform brown
staining by iodine vapor (Figure 4A). Deletion of the clr2+ gene
affects sporulation in two different ways; firstly, the directionality
of switching is affected resulting in numerous unproductive
switching events and secondly, there is expression from the
normally silent cassettes, resulting in haploid cells containing P and
M information, which makes cells undergo haploid meiosis
forming aberrant spore asci and resulting in mottled staining
(Figure 4B) [11]. Staining the strains with mutations in clr2 resulted
in different staining patterns, Clr2A375G stained like wild type as
expected, but also R170G and P137G had a uniform dark staining
with iodine vapor (Figure 4D, G and J), while strains carrying
other mutations resulted in a mottled staining pattern resembling
the clr2D strain, namely; Y140G, H178G and E376G. The strains
with Clr2L142G and Clr2L182G had distinct phenotypes; L142G
with two types of colonies, staining either brown or yellow while
L182G formed mostly dark staining colonies, with a portion of the
colonies being slightly lighter and more mottled (Figure 4F and I).
Taken together these assays indicate that the mutations in Clr2
have different effects on heterochromatin formation in the mating-
type region. Some of the mutations, Y140G, H178G and E376G,
have a phenotype similar to the strain completely lacking Clr2,
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with a more uniform silencing effect while others, L142G, R170G
and L182G, display a stronger variegating phenotype, with the
reporter being either on or off.

The mutant Clr2 proteins were detected by Western blot
To exclude the possibility that the effects on silencing were due

to a mere lack of protein caused by the introduced mutations, an
immunoblot analysis was performed. In order to detect the V5-
Clr2 constructs the cells were transformed with the different
pREP41Pk plasmids containing the various V5-clr2 construct
under the control of the medium strength no message in thiamine (nmt)
promoter. This resulted in a clear detection the V5-Clr2 fusion
protein with the predicted size of 63.4 kDa (Figure 5, lane 2).
During over-expression the mutated versions of Clr2 were also
detected, except the L142G mutant protein and a weak staining
for the L182G mutant, which is possibly explained by instability of

these mutant proteins (Figure 5, lane 2-8). The actin control
showed equal loading of the proteins. Moreover, Western blot
analysis was also performed on the strains used for the spotting
assays where Clr2 was expressed from the endogenous promoter
and integrated at the clr2 locus. Most of the mutated Clr2 proteins,
except P137G and L142G, could be detected but surprisingly not
the wild type V5-Clr2 protein (Figure S2).

Molecular modeling of silencing motifs in Clr2
Since no 3D structure information is available for the Clr2

protein we took a homology modeling approach to understand the
consequences on protein folding when introducing the amino acid
changes in the protein. It was not possible to generate a model of
the whole Clr2 protein since not enough similarity could be found
between Clr2 and any other protein with with a determined
structure. However, using the Modeller software discrete parts of

Figure 2. Point mutations in Clr2 resulted in derepression of reporter genes in the mating type and pericentromeric regions. Cells
were serially diluted in steps of five and 5 ml were spotted onto selective media. Media used were (+URA), counter-selective (FOA) and selective (-
URA) plates. The amount of ura4+ transcript was quantified using RT-qPCR and the wild type expression was set to 1. Top lane is the wild type strain
(Clr2) that grew poorly on the selective plates. Second lane is a strain lacking Clr2 (D), third contains the V5-Clr2 followed by strains expressing
mutated versions of the Clr2 protein: V5-Clr2P137G, V5-Clr2Y140G, V5-Clr2L142G, V5-Clr2R170G, V5-Clr2H178G, V5-Clr2L182G, V5-Clr2A375G and V5-
Clr2E376G. (A) The spotted strain carries the mat3-M::ura4+ reporter in the mating type region. (B) The strains have the pericentromeric reporter gene
imr(NcoI)::ura4+.
doi:10.1371/journal.pone.0086948.g002
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the Clr2 protein containing the identified motifs could be modeled
(Figure 6A, B and C top panel) [35]. Moreover, the consequence
of the introduced mutations could also be predicted via molecular
dynamics simulations using the Gromacs software [37,38].
Modeller predicted a a-helical conformation for C2SM 1
(Figure 6A, top). The induced P137G, Y140G and L142G
mutations provoked the partial unwinding of that helix and
consequent deformation of more than half of the original wild type
a-helical conformation (Figure 6A and Movie S1). The wild type
structure of C2SM 2 in Clr2 was predicted to consist of 3
antiparallel b-sheets (Figure 6B, top). The position of the R170
and H178 residues were modeled to be right in the middle of two
of the b-sheet connecting loops (Figure 6B), while; L182 was
modeled to be in the middle of one of the adjacent b-sheets. The
R170G change was predicted to lead to partial loss of the first b-
sheet of the three antiparallel b-sheet formations, as half of it was
converted to an unstructured coil conformation (Figure 6B and
Movie S2). The H178G change induced a structural loss of the
second and third b-sheets of the three b-sheet formations. The
L182G mutation also affected C2SM2 (Figure 6B). The hydro-
phobic leucine residue was predicted to actively establish hydrogen
bonds to the residues in close proximity that stabilize the b-sheet
structure. The L182G mutation introduces a small glycine residue
in the original leucine position that was modeled to induce

breakage of the contact between the two upper b-sheets (Figure 6B
and Movie S3). Finally, C2SM3 was predicted to form an a-helix
(Figure 6C top). The substitution of E376 to glycine in C2SM3
caused a collapse during the molecular dynamics simulation,
resulting in a complete loss of the a-helical structure (Figure 6C
and Movie S4). The A375G mutation was predicated to cause a
partial unwinding of the a-helix secondary element. In summary,
the introduced mutations in Clr2 were predicted to cause
disruption of the protein’s secondary structure.

Conserved amino acids in Clr2 were necessary for
silencing at several loci

To extend the investigation of how the point mutated Clr2
proteins affected transcriptional silencing, we investigated what
effect the mutations had on the repression of the ura4+ reporter
introduced into the RNA polI transcribed genes encoding
ribosomal RNA, the rDNA repeats (Figure 7A). The previously
published effect of clr2D on rDNA silencing was confirmed
(Figure 7A, compare lane 1 and 2) [11]. The effects of all studied
mutant proteins on rDNA silencing were very similar to the
complete deletion of clr2+, with the exception that the clr2-H178G
behaved more like the wild type strain, growing well on FOA
plates and poorly on plates lacking uracil. Moreover, strains were
crossed to generate a combination of one of the mutations in clr2
and a ura4+ reporter gene inserted into the central core centromere
2. In this part of the genome the chromatin is composed of

Figure 3. Strains containing the reporter gene mat3-M::ade6+

and point mutations in Clr2 have red/white sectored colonies.
All the strains carried the mat3-M::ade6+. (A) PJ1044, the wild-type strain
(Clr2), (B) PJ1085, lacking Clr2 (D), (C) PJ1335 contains the V5-Clr2, (D)
PJ1349 with V5-Clr2P137G, (E) PJ1425 with V5-Clr2Y140G, (F) PJ1424
with V5-Clr2L142G, (G) PJ1347 with V5-Clr2R170G, (H) PJ1361 with V5-
Clr2H178G, (I) PJ1362 with V5-Clr2L182G, (J) PJ1363 with V5-Clr2A375G
and (K) PJ1353 V5-Clr2E376G.
doi:10.1371/journal.pone.0086948.g003

Figure 4. Strains containing point mutations in Clr2 has
mottled and sectored iodine stained yeast colonies. (A)
PJ1044, the wild-type strain (Clr2), (B) PJ1085, lacking Clr2 (D), (C)
PJ1335 contains the V5-Clr2, (D) PJ1349 with V5-Clr2P137G, (E) PJ1425
with V5-Clr2Y140G, (F) PJ1424 with V5-Clr2L142G, (G) PJ1347 with V5-
Clr2R170G, (H) PJ1361 with V5-Clr2H178G, (I) PJ1362 with V5-Clr2L182G,
(J) PJ1363 with V5-Clr2A375G and (K) PJ1353 V5-Clr2E376G.
doi:10.1371/journal.pone.0086948.g004
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nucleosomes with a variant histone, CENP-A named Cnp1 in S.
pombe, instead of the canonical histone H3. This special type of
chromatin causes a weak but reproducible repression of the ura4+

reporter gene that is relieved in cells lacking Clr2 (Fig. 7B,
compare lane 1 and 2) [11]. The repression is so weak that even in
the wild type background cells are unable to grow on the FOA
plates, therefore these plates were omitted for monitoring of
central core silencing. The strains with mutations in the clr2 gene
displayed weak effects on central core silencing since most of the
strains grew at a comparable level to the wild type strain with the
exception of L142G and R170G mutant strains that grew similar
to the strain completely lacking Clr2.

The Clr4 protein, lacking its chromodomain, (Clr4DCD), will
recruit all the factors needed for heterochromatin formation when
forced to bind in a normally euchromatic area of the genome [41].
The fusion of Clr4DCD with Gal4 DNA binding domain (Gal4-
DBD) was used to target it to Gal4 binding sites upstream of the
ade6+ reporter gene introduced at the ura4 locus (3gbs::ade6+) [41].

This represents a ‘‘minimal’’ system to study crucial factors for
formation of silent chromatin in a euchromatic environment. We
tested whether the point-mutated versions of Clr2 would disrupt
the ectopic silencing by Clr4DCD-GBD, which they did
(Figure 7C). In conclusion, mutating conserved amino acids in
the Clr2 protein gave the strongest effects on mating-type, rDNA
and ectopic silencing and had lesser affects on centromeric
silencing.

Discussion

Identification of three conserved motifs in the Clr2
protein

Many of the core silencing proteins in fission yeast share
functional similarities with homologous proteins in humans,
indicative of a strong conservation of heterochromatin formation.
However, other core silencing proteins like Clr2, have no
identified homologous proteins in higher eukaryotes. Since more

Table 1. Epigenetic switching between different expression states.

Mutation
Original
colony color

Number of
red colonies

Number of white
colonies

Percentage
of red colonies

Percentage of
white colonies

L142G White 42 46

51 50 49.2 50.8

Red 163 96

124 40 67.8 32.2

R170G Red 63 2

Red 24 1 97.0 3.0

L182G White 76 109

White 59 71 42.8 57.3

Red 66 13

Red 89 19 82.8 17.2

White 61 86

White 49 69 41.5 58.5

Red 60 19

Red 67 18 77.4 22.6

Red and white colonies were picked and replated on fresh YE plates. After 3 days at 30uC the numbers of colonies with each color was counted.
doi:10.1371/journal.pone.0086948.t001

Figure 5. V5-Clr2 constructs were detected by Western blot. All the proteins were fused to a V5 tag in the N-terminus and detected using an
anti-V5 antibody. The wild type Clr2 protein, wtClr2, as well as most of the point mutated versions of Clr2 could be detected when expressed from an
nmt promoter (np). In all strains except L142G a protein of predicted size (63.4 kDa) was detected between the 55 and 70 kDa size markers. The
mutated versions of the Clr2 protein migrated to the same position as the wild type protein and were detected by the anti-V5 antibody. Equal
loading was detected using an anti-actin antibody.
doi:10.1371/journal.pone.0086948.g005
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and more genome sequences are available we searched the
databases for proteins with homology to Clr2 and found many
similar proteins exclusively in fungi. It is possible that Clr2 is a
fungus specific protein, but we cannot exclude that there are
similar proteins with functional conservation in higher eukaryotes.
Three conserved motifs (C2SM1-3) were found in Clr2 when
comparing 11 sequences with similarities to Clr2. The three motifs
were in the same order, which underlines the conservation
(Figure 1). A second search using the motifs was undertaken that
identified many similar proteins, but none with a described
function. There were several highly conserved amino acids in the
three motifs and when these were mutated to glycine at the
endogenous clr2+ locus transcriptional repression in the mating-
type region was disrupted (Figure S1 and 2A).

Stability of the point mutated versions of Clr2
When the V5-Clr2 protein was expressed from a plasmid under

the control of the medium nmt promoter it could readily be
detected, as well as most of the mutated versions of the Clr2
protein, except L142G (Figure 5). However, the V5-Clr2 protein
could not be detected when expressed from its endogenous
promoter (Figure S2). This was unexpected since most of the
mutated versions of Clr2, with the exception of P137G and
L142G, could be detected when expressed from the endogenous
promoter inserted at the clr2 locus (Figure S2). These results
indicated that the introduced mutations do not simply cause
instability and degradation to the protein, with the exception of
L142G, which could not be detected even when over-expressed.

The 3D structure of Clr2 has not been determined. However,
we could find short stretches of similarity with known 3D
structures for the C2SM1-3 motifs using Modeller (Figure 6 top
panel), and in combination with molecular dynamics with
Gromacs the consequences of the mutations could be in silico
simulated (Figure 6 and Movie S1–4). Modeller predicted an a-

helix conformation for C2SM1, a larger a-helix, flaked by two
smaller ones (Figure 6A, top) with proline 137 was found in the
middle larger a-helix (Figure 6A). Even though proline has very
poor a-helix-forming tendency, glycine has an even lower helix-

Figure 6. In silico analysis of the conserved motifs C2SM1-3 and
the consequences of introducing the mutations. 3D molecular
modeling study of the three conserved motifs in Clr2. C2SM1 (A),
C2SM2 (B) and C2SM3 (C). Mutating the conserved amino acids in Clr2
was predicted to disrupt the secondary structure of the protein. Overlay
between the predicted wild type structure in red and the simulated
post-MD mutant protein conformation in green color.
doi:10.1371/journal.pone.0086948.g006

Figure 7. Point mutations in Clr2 affected transcriptional
silencing at several locations in the S. pombe genome. Cells
were diluted by a factor of 5 for each and spotted on +URA, selective –
URA and counter-selective FOA plates. Top lane is the wild type strain
(Clr2) that grows poorly on the –URA plates. Second lane is a strain
lacking Clr2 (D), third contains the V5-Clr2 followed by the point
mutations in Clr2; Clr2P137G, Clr2Y140G, Clr2L142G, Clr2R170G,
Clr2H178G, Clr2L182G and Clr2E376G. The reporter gene is (A)
rDNA::ura4+ (B) cc2(SphI)::ura4+ and in (C) the ade6+ reporter gene
inserted into the ura4 locus and with Gal4DBD-Clr4DCD resulting in
repression of the ade6+gene.
doi:10.1371/journal.pone.0086948.g007
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forming propensity [42]. Hence, the substitution of the proline
137, predicted to be in the a-helix in C2SM1, with a glycine most
likely induces a kink to the helix, which eventually leads to
unwinding and the subsequent loss of 3D structure (Figure 6A and
Movie S1). The same argument applies to the Y140G and L142G
mutants. Both bulkier Y140 and L142 are capable of adopting an
a-helical conformation, whereas the smaller glycine substitutions
are predicted to disrupt the a-helix and lead to a local complete
loss of structure. Modeller predicted C2SM2 to form three
antiparallel b-sheets (Figure 6B, top). The arginine 170 was
predicted to be outside of the b-sheet formation most likely
because there is no space available to accommodate it. However,
the tiny side chain of the glycine residue substitution was small
enough to allow the loop to further bend backwards towards the b-
sheet formation resulting in the conversion of the first b-sheet to a
coil structure (Figure 6B and Movie S2). The L182 in C2SM2 was
predicted to stabilize the b-sheet formation, since the hydrophobic
leucine residue actively establishes hydrogen bonds to the residues
in close proximity. The introduction of a small glycine residue in
the original leucine position leads to breakage of the b-sheet,
which moves away from the other two b-sheets (Figure 6B and
Movie S3). The H178 residue via its bulkier imidazole ring
protrudes towards the outer space of the adjacent b-sheet
formation, thus stabilizing the later in an optimal antiparallel
conformation. However, its substitution with the smaller glycine
residue (H178G) triggers a dramatic bend of the coil segment
between the two b-sheets, which eventually leads to an extended
loss of structure in the two b-sheet formations. Likewise the effect
of mutating the glutamic acid 376 in Motif 3 is quite similar to the
histidine 178 mutation. Introduction of the E376G mutation
substitutes the negatively charged glutamic acid residue with an
uncharged amino acid, which results in a collapse of the a-helix
during the molecular dynamics simulation (Figure 6C and Movie
S4). Overall, the computer simulations predicted that the point
mutations in Clr2 would disrupt the secondary structures, but
since most of the mutant proteins can still be detected this does not
seem to lead to any major instability or loss of the proteins.

Clr2 has its major function in mating-type, rDNA and
ectopic silencing

Heterochromatin is formed at several locations in the S. pombe
genome and the different regions have shared but also unique
features. The Clr2 protein is one of the factors that contributes to
transcriptional repression in all regions. Strains lacking Clr2
express reporter genes inserted into the mating-type region,
pericentromeric region, central core centromere and the rDNA
repeats [11]. Examples of differences between heterochromatin in
the mating-type region as compared to the pericentromeric area,
are that redundant factors contribute to the initiation of
heterochromatin formation in the mating-type region, and that
the mating-type region has a stronger silencing of inserted reporter
genes (compare the first lanes in Figure 2A and B). Eight conserved
amino acids were mutated in the Clr2 protein and seven of these
displayed silencing defects in the mating-type, pericentromeric and
rDNA regions as well as in an ectopic silencing system (Figure 2
and 7). The effect on mating-type silencing was pronounced, with
around 43 times difference in expression level between the wild
type and the clr2D strain (Figure 2A, lane 2). The derepression
effect of the point mutations in Clr2 varied between 8 to 37 times
the wild type expression level, indicating a partial silencing effect
in the most of the mutant strains (Figure 2A). The strain with a
ura4+ reporter gene in the pericentromere displayed a weak effect
on silencing when Clr2 was lacking and the strains with the point
mutations had slightly weaker effects, varying between 1.3 and 2.7

(Figure 2B). The amino acid in the Clr2 protein that stood out was
glutamic acid 376 since mutating this amino acid resulted in a
phenotype that was almost as severe as the for the strain that
completely lacked Clr2. Furthermore, the 3 times increase in ura4+

transcript detected in the strain lacking Clr2 corresponded well to
the previous quantification done on clr2 mutant strains (Figure 2B)
[5,21]. The weak increase in ura4+expression can be compared to
the 12 times increase in a strain lacking the methyltransferase Clr4
where the heterochromatin is completely absent, making it clear
that Clr2 only marginally contributed to pericentromeric silencing
[21]. The weak silencing that operates in the central core
centromere was disrupted in the clr2 knockout strain and in two
of the strains carrying mutations in Clr2, namely L142G and
R170G (Figure 7B). Moreover, several of the mutations in Clr2,
for example clr2-R170G, resulted in an unstable silencing of the
ade6+ reporter gene in the mating-type region. This on/off
epigenetic switch could be monitored as mostly red colonies but
also a few white colonies on plates with limited amounts of adenine
(Figure 3G and Table 1). The red and white colonies indicate that
the reporter gene was most of the time turned off, presumably due
to the formation of heterochromatin, but occasionally the
establishment or maintenance of this chromatin state failed
resulting in expression of the ade6+ gene visible as white colonies.
Interestingly, the R170G mutation, with the weakest in vivo
phenotype, was in silico predicted to give the least drastic
consequence for the Clr2 protein. It was modeled to be in an
unstructured connecting loop between two b-sheets and introduc-
ing the R170G mutation was simulated to cause only partial
unwinding of the first b-sheet. Another point mutation, Clr2-
L182G, resulted in white and pink rather than red, colonies on
plates with limited amounts of adenine, indicating that the
reporter gene was never completely turned off, but the expression
levels varied somewhat (Figure 3I and Table 1).

The different phenotypes of the mutated strains provide us with
an excellent tool for further analysis of the Clr2 protein in
heterochromatin formation. Of particular interest will be to
elucidate the indicated involvement of the Clr2 protein in
heterochromatin establishment or maintenance. Perhaps this issue
can be further clarified by understanding the molecular role of
Clr2 in the SHREC complex, for example, whether Clr2 is needed
to bring in the rest of the SHREC complex, needed for the Clr3
HDAC activity, or whether Clr2 has another function?

Conclusion

In summary, we have identified conserved silencing motifs in
the Clr2 protein with critical amino acids necessary for silencing in
various regions of the S. pombe genome. Several of the strains with
mutated versions of Clr2 displayed unstable silencing phenotypes
indicating deficiencies in either establishment or maintenance of
heterochromatin. These mutated proteins provide us with the
necessary tool to elucidate the molecular mechanism of Clr2 in
heterochromatin formation.

Supporting Information

Figure S1 Point mutations in Clr2 resulted in derepression of
reporter genes in the mating type region. All the strains contained
the mat3-M::ade6+ reporter gene. Cells were serially diluted in steps
of five and 5 ml were spotted onto unselective media (+ADE) and
selective (-ADE) plates.
(EPS)

Figure S2 V5-Clr2 constructs expressed from endogenous
promoter were detected by Western blot. Wild type Clr2 protein
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fused to a V5 tag was not detectable under the endogenous
promoter, while most of the Clr2 proteins with a point mutation,
except P137G and L142G were. Proteins were detected between
the 55 and 70 kDa size markers consistent with the predicted size
of around 63 kDa using an anti-V5 antibody. Equal loading was
ensured using an anti-actin antibody. (A) Strains with the
imr1R::ura4+ reporter gene. (B) Strains with the mat3-M::ade6+

reporter gene.
(EPS)

Movie S1 The consequence for the Clr2 proteins secondary
structure by the introduction of the P137G mutation was predicted
via molecular dynamics simulations.
(AVI)

Movie S2 The consequence for the Clr2 proteins secondary
structure by the introduction of the R170G mutation was
predicted via molecular dynamics simulations.
(AVI)

Movie S3 The consequence for the Clr2 proteins secondary
structure by the introduction of the L182G mutation was
predicted via molecular dynamics simulations.
(AVI)

Movie S4 The consequence for the Clr2 proteins secondary
structure by the introduction of the E376G mutation was
predicted via molecular dynamics simulations.
(AVI)

Table S1 List of S. pombe strains used in this study.
(DOCX)

Table S2 List of PCR-primers used in this study.
(DOCX)
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Abstract 

The fission yeast, Schizosaccharomyces pombe, has heterochromatin 

in the mating type region, the centromere and the telomere. In addi-

tion, a special form of repressed chromatin is formed at the central 

core centromere, where the kinetochore is found, by the incorporation 

of the conserved histone variant CENP-A. Reporter genes inserted 

into these areas of the genome are transcriptionally repressed or si-

lenced. The Clr2 protein is a part of the Snf2/HDAC-containing Re-

pressor Complex, or SHREC complex, and is involved in silencing at 

heterochromatic regions in S. pombe. Clr2 is composed of three do-

mains, an N-terminal domain, a chromo barrel (CB) domain, and a 

bromo-adjacent homology (BAH) domain. 

In this study, the effect on transcriptional silencing, when parts of one 

of these three domains were deleted, were monitored using reporter 

genes placed in various heterochromatic regions and into the central 

core of centromere 2. The results show that the NTD-, CD- and BAH 

domain of the Clr2 protein are necessary for the silencing of the ura4+ 

reporter gene inserted into the mating-type region or the pericentro-

meric heterochromatin. Surprisingly, over-expression of the Clr2 pro-
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tein lacking 13 amino acids of the BAH domain resulted in an en-

hanced silencing at the central core of centromere 2.   

Introduction  

In eukaryotic cells, the DNA is wrapped around an octamere of four 

core histones to form a nucleosome (Luger et al., 1997). The tails of 

the histones are exposed and therefore suitable for modifications. The-

se modifications allow the histones to change properties and give rise 

to the different types of chromatin. Heterochromatin is a silent type of 

chromatin, while euchromatin is transcriptionally active. Heterochro-

matin is characterized by the histone H3 lysine 9 methylation, while 

high levels of acetylation and histone H3 lysine 4 methylation de-

scribes euchromatin (Rodriguez and Bjerling, 2013). In the fission 

yeast Schizosaccharomyces pombe, the centromere, mating type and 

telomeres are heterochromatic, and reporter genes introduced into the-

se regions are not expressed (Olsson and Bjerling, 2010). 

The centromeres of S. pombe share features with higher eukaryotes, 

one of which is the evolutionary conserved CENP-A protein. This 

protein, a histone H3 variant, marks where the kinetochore should 

assemble in the central core centromere (Joglekar et al., 2008). On 

each side of the central core are assembly sites for pericentromeric 

heterochromatin, known as outer repeats, otr, and inner repeats, imr 
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(Bjerling and Ekwall, 2002). The heterochromatin in the centromeres 

is formed as a co-operative action between histone deacetylases, either 

Clr3 or Sir2, together with small interfering RNA (RNAi), which are 

transcribed from the centromeric repeats. This action results in the 

recruitment of the Clr4-Rik1-Cul4 complex, which will methylate 

histone H3 lysine 9 (Yamada et al., 2005). This in turn will act as a 

platform for HP1 proteins (Hall et al., 2002).  

Cryptic loci regulator 2 (Clr2) is a protein that is involved in the si-

lencing of heterochromatic regions of S. pombe (Bjerling et al., 2004). 

It is part of the Snf2/HDAC-containing repressor complex (SHREC). 

Together with Clr2 the complex is made up of the silencing factor 

Clr1, the histone deacetylate Clr3 and Mit1. A recent study revealed 

that Clr2 is composed of four domains, an N-terminal domain (NTD), 

a chromo barrel (CB) domain, a bromo-adjacent homology (BAH) 

domain and a C-terminal extension (Job et al., 2016). In most cases 

CB domains are involved in binding methylated histone tails, but the 

CB domain of Clr2 is lacking the aromatic residues required for the 

recognition of methylated lysines (Job et al., 2016). Previous point-

mutation studies of conserved amino acids in the NTD and BAH do-

mains show that they are essential for the ability of Clr2 to promote 

formation of heterochromatin in the mating type region and rDNA 
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(Steinhauf et al 2014). Clr2 binds to the central core centromere of all 

three chromosomes of S. pombe (Sugiyama et al 2007).    

Here, we investigate the effect on heterochromatin formation and 

maintenance at different heterochromatic sites in strains expressing a 

mutated Clr2 protein, each with a different internal deletion removing 

parts of one of the three domains. Interestingly, a truncated form of 

Clr2 lacking the 13 amino acids of the BAH domain, results in an en-

hanced silencing of the central core centromere indicating that this 

part of the Clr2 protein might have an anti-silencing activity in this 

region. 

 

Materials and methods 

Construction of the internal deletions in the Clr2 protein 

Three different Clr2 constructs were made (accession number 

NP_594802), each with an internal deletion; Clr2-D31 (deletion of 

amino acids 273-297 of the CD domain), Clr2-D32 (deletion of amino 

acids 321-333 of the BAH domain) and Clr2-D33 (deletion of amino 

acids 143-174 of the NTD domain), described in (Kristell, 2011). First 

full length Clr2 was amplified via PCR (primers Wild type Table S1) 

from genomic DNA, and cloned into a pCR2.1 TOPO vector (Thermo 

Fisher Scientific). The three internal deletions in the clr2+ gene were 
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created in two steps. In the first step the deletion construct primers 

(Table S1) were used to amplify upstream and downstream of the in-

tended area to delete, with the full length clr2+ gene used as a tem-

plate. In the second step, the wild type primers were combined with 

the up- and downstream amplicons, and amplified and cloned into the 

pREPPkN vector (Addgene) resulting in an N-terminal fusion of the 

Clr2 protein with the V5 tag (Kristell, 2011). The three mutated ver-

sions of the clr2 gene each with an internal deletion fused to the V5 

tag and recombined into the genome at the endogenous clr2+ locus 

using a PCR based method followed by electroporation (Steinhauf et 

al., 2014). The resulting strains were subsequently crossed with strains 

containing reporter genes in the mating-type region, two different lo-

cations of the centromere and the telomere (Table S2). In addition, the 

three plasmids were transformed into strains with the same reporter 

genes as mentioned above resulting in the over-expression of the Clr2 

protein with an internal deletion (Table S3).  

 

Immunoblot 

Protein extraction and immunoblotting were performed as previously 

described (Steinhauf et al., 2014). Protein concentration was measured 

with a BCA protein assay kit (Thermo Fisher Scientific).   
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Spotting assay 

Spotting assays were preformed as previously described (Steinhauf et 

al., 2014). Cells were grown to a cell density of 3.0 x 106 cells/ml. 

The cells were diluted 5 times by a factor 5, which means that the first 

spot had a cell density 3.0 x 103 cells/µl and the last spot had a cell 

density of 1 cell/µl. 5µl of each dilution was spotted on both selective 

plates and non-selective plates. The plates were incubated for 3 days 

at 30oC and photographed. 

 

qPCR 

Cells were grown over night to log phase in PMG-leu medium, and 

RNA was extracted with a RiboPure RNA purification kit (Thermo 

Fisher Scientific). Samples were DNase treated (Fermentas) followed 

cDNA synthesis, using a Maxima first strand cDNA synthesis kit for 

RT-qPCR (Thermo Fisher Scientific). cDNA was mixed with Fast 

EvaGreen qPCR mix (Biotium) according to the manufacturer's proto-

col. PCR was preformed on a BioRad MJ Mini with a MiniOpticon 

fitted (BioRad). Gene expression was calculated as described before 

(Simon, 2003).  
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Results 

Construction of three different strains expressing truncated forms 

of the Clr2 protein 

To enhance our understanding of how Clr2 functions in heterochroma-

tin formation in fission yeast, three internal deletions of the Clr2 pro-

tein were made and named Clr2-D31, Clr2-D32 and Clr2-D33. Clr2-

D31 lacks 25 amino acids and deletes one fourth of the CB domain 

(Fig. 1A and B), while Clr2-D32 lacks 13 amino acids and deletes the 

N-terminal part of the BAH domain (Fig. 1A and C). Clr2-D33 has the 

largest deletion, removing 32 amino acids of the NTD domain (Fig. 

1A and D). These mutated Clr2 proteins were fused at the N-terminus 

to a V5 tag and integrated under the control of the endogenous clr2+ 

promoter. Soluble expression of the deletion constructs was detected 

by immunoblotting using an antibody against the V5 tag, meaning 

constructs with the deletions do not interfere with the stability of the 

Clr2 protein. The point mutation from Steinhauf et al 2014 was used 

as a positive control (Fig. 2A).  

 

The NTD-, CD- and BAH domains of the Clr2 protein are all nec-

essary for the silencing of the ura4+ reporter gene inserted into the 

mating-type region or the pericentromeric heterochromatin 
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The strains expressing mutated forms of the Clr2 protein were spotted 

on selective media to test for any defects in their ability to form and 

maintain heterochromatin. The plates used for spotting assays were; 

non-selective plates (+URA), plates selecting for expression of the 

ura4+ reporter gene (-URA), and finally plates containing fluoroorotic 

acid (FOA). The ura4+ gene encodes the enzyme orotidine 5'-

phosphate decarboxylase, which decarboxylates FOA into fluoroura-

cil, which is toxic, and thus FOA functions as a contra-selective media 

for ura4+ expression. The spotting assays were done together with 

three control strains. The first strain expresses wild type Clr2 protein 

(wt). In this strain, heterochromatin was formed, which results in poor 

growth on plates lacking uracil (Fig. 2B, center panel), and full growth 

on FOA containing plates (Fig. 2B, right panel). The second control 

strain lacks the Clr2 protein (clr2Δ), which leads to failure of hetero-

chromatin formation, and thus the reporter gene was expressed. The 

last control strain had Clr2 with a V5 tag fused to the N-terminus, to 

test if the addition of the V5 tag affects the ability of Clr2 to silence. 

In other words, this strain should grow to the same extent as the wild 

type strain (Fig. 2B). 

When ura4+ was used as a reporter gene in the mating-type region or 

in the peri-centromeric region, all three of the strains carrying a mu-
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tated form of the clr2+ gene showed the same level of derepression as 

the strain completely lacking Clr2 (Fig. 2B and C). The three strains 

expressing the Clr2 protein lacking parts of one of the domains; NTD, 

CD or BAH, displayed better growth on the plates lacking uracil as 

compared to the wild type strain, comparable to the strain completely 

lacking Clr2, indicating that in this location the deleted parts of Clr2 

was necessary for silencing (Fig. 2B and C). This conclusion was sup-

ported by the lack of growth of three strains expressing the Clr2 pro-

tein with internal deletions on FOA containing plates (Fig. 2 B and C, 

right panel).  

Finally, the three strains with the reporter gene inserted into the cen-

tral core centromere 2 expressing the mutated forms of the Clr2 pro-

tein, do not grow to the same extent as the strain completely lacking 

Clr2, but more, as compared to the other two control strains, on the 

uracil lacking plates (Fig. 2D, center panel). This result indicated that 

silencing of the cc2::ura4+ reporter gene was operating in strains lack-

ing parts of Clr2. When the same strains were spotted on a FOA plate, 

the control strains show the same amount of growth, while the strains 

with the deletion construct, all grew less (Fig. 2 D). This results con-

tradicts the finding on the –URA plates and instead indicated a strong-

er expression of the ura4+ reporter gene in the strains with a mutated 
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form of the Clr2 protein as compared to the strain completely lacking 

Clr2.  

 

Overexpression of the three mutated Clr2 proteins, each with a 

different internal deletion did not rescue the silencing defect in a 

strain lacking endogenous clr2+ 

To further investigate the effect on silencing of the three different mu-

tated forms of the Clr2 protein, plasmids were transformed into the 

control strains used above, lacking endogenous Clr2, and with reporter 

genes inserted into various repressed regions of the genome (Table 

S2). The overexpression of the deletion constructs was detected with 

immunoblotting (Fig. 3A).  

The different strains carrying overexpression constructs of wild type 

as well as mutated forms of Clr2 were spotted together with control 

strains on AA-leucine –uracil –thiamine, -leucine to select for the 

plasmid, -thiamine for the activation of the promoter, -uracil to test the 

effect of the deletion of Clr2 on heterochromatin formation and/or 

maintenance. First, the effect on silencing in the mating-type region 

during overexpression of the three different mutated Clr2 proteins was 

monitored (Fig. 3B). The three strains overexpressing the Clr2 protein, 

each with a different internal deletion, showed the same level of 
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growth as the empty vector. Along the same lines, all strains over-

expressing the mutated form of the Clr2 protein showed the same lev-

el of growth as the strain with the empty vector when overexpressed 

and ura4+ was used as a reporter gene in the pericentromeric region 

(Fig. 3C). Finally, strains carrying an extra mini-chromosome, where 

the ura4+ reporter gene was integrated in the subtelomeric area were 

spotted onto plates lacking adenine to select for the mini-chromosome. 

The three strains overexpressing the mutated form of the Clr2 protein 

displayed the same level of growth as the empty vector while the 

strain with the wild type Clr2 protein showed poorer growth on plates 

lacking uracile (Fig. 3D). These results indicates that all the three do-

mains, the NTD, the CD and the BAH domain were necessary for si-

lencing in the heterochromatic areas of the S. pombe genome, even if 

the mutated Clr2 protein was over-expressed.  

 

Deletion of 13 amino acids of the BAH domain results in enhanced 

silencing of the central core centromere 2 (cc2) 

In strains with the ura4+ gene placed in the central core centromere 

(cc2) together with overexpression of the Clr2 protein with internal 

deletions, the strains with the deletions in the CB and the NTD do-

main (D31 and D33) grew comparable to the strain with the empty 
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vector and the strain expressing the wild type Clr2, while the strain 

over-expressing the Clr2 protein lacking parts of the CD domain 

(Clr2-D32) grew poorly (Fig. 4A). This unexpected result indicate 

that, overexpression of the Clr2 protein lacking the first 13 amino ac-

ids in the BAH domain resulted in an enhanced silencing of the ura4+ 

reporter gene in the central core centromere of centromere 2. This 

finding was further observed by qPCR which showed a lower expres-

sion of the ura4+ reporter gene in the strain lacking parts of the BAH 

domain (Clr2-D32) as compared both to the wild type and the other 

strains over-expressing mutated forms of the Clr2 protein (Fig. 4B).  

The same effect could however not be observed when ura4+ was 

placed in the central core centromere 1 (cc1) or the central core cen-

tromere 3 (cc3) (Supplementary Fig. S1).  

 

Discussion 

Strains expressing mutated forms of the Clr2 protein with three differ-

ent internal deletions, one deleting parts of the CD domain (Clr2-

D31), one deleting parts of the BAH domain (Clr2-D32) and finally 

one deleting parts of the NTD domain (Clr2-D33) were monitored for 

the effects on transcriptional silencing in the heterochromatic regions 

and of the central core of centromere 2 in the S. pombe genome. The 
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mutated forms of Clr2 were combined with the ura4+ reporter gene 

inserted at various heterochromatic loci. When the various forms of 

the Clr2 protein with internal deletions were under endogenous ex-

pression and the reporter gene was placed in the mating-type region or 

in the pericentromeric region, cells grew to the same extent as the 

strain completely lacking Clr2 on plates lacking uracil (Fig. 2B and 

C). This means that an intact NTD, CD and BAH domain was neces-

sary for the Clr2 function in the formation of heterochromatin, and/or 

to maintain it, in these regions. When the mutated forms of the Clr2 

protein was combined with the ura4+ reporter gene inserted into the 

central core region, the deletion constructs did not grow to the same 

extent as the strain completely lacking Clr2 (clr2Δ) but better than the 

two wild-type control strains (Fig. 2D). This result indicates a partial 

repression of the reporter gene in the central core centromere in strains 

lacking parts of Clr2.  

Over-expression of the mutated forms of the Clr2 protein did not res-

cue the lack of silencing of the ura4+ reporter gene inserted into the 

mating-type region (Fig. 3B), the imr pericentromeric region (Fig. 3C) 

or the subtelomeric region (Fig. 3D). The three different strains over-

expressing the Clr2 protein each with an internal deletion grew better 
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on plates lacking uracil as compared to a strain transformed with full 

length Clr2 in all three strain backgrounds.  

Finally the three mutated Clr2 proteins, each with an internal deletion 

was over-expressed in strains with the ura4+ reporter gene in the cen-

tral core centromere 2, cc2. The strain over-expressing the Clr2 pro-

tein lacking 13 amino acids in the BAH domain (Clr2-D32) grew 

poorly on plates lacking uracile as compared to control strains and the 

strains over-expressing the other two mutated Clr2 proteins (Clr2-D31 

and Clr2-D33) meaning that the silencing of cc2 was enhanced when 

Clr2-D32 was over-expressed (Fig. 4). However the silencing of the 

ura4+ the reporter gene inserted into the central core centromere of 

centromere 1 (cc1) and 3 (cc3) was not affected by the over-

expression of the Clr2 protein lacking parts of the BAH domain (Clr2-

D32) (Supplementary Fig. S1). The stronger silencing in cc2 caused 

by the over-expression of the Clr2 protein lacking the N-terminal part 

of the BAH domain indicated a major change in the chromatin. One 

possible scenario could be that the heterochromatin has spread into the 

centromere, replacing the histone variant CENP-A with canonical his-

tone H3, as it has previously been shown that Clr2 binds to the central 

core centromere.  

 



 60 

Acknowledgements 

The work was supported by the Swedish Cancer Society, grant num-

ber 521-2011-2437 and the Swedish Research Council, grant number 

621-2011-468.  

 

References 

Bjerling P and Ekwall K (2002). Centromere domain organization and 
histone modifications. Braz J Med Biol Res 35, 499-507.  
 
Bjerling P, Ekwall K, Egel R, and Thon G. (2004). A Novel type of 
silencing factor, Clr2, is necessary for transcriptional silencing at var-
ious chromosomal locations in the fission yeast Schizosaccharomyces 
pombe. Nucleic Acids Res 32, 4421-4428.  
 
Hall I, Shankaranarayana G, Noma K, Ayoub N, Cohen A, and Grew-
al S. (2002). Establishment and maintenance of a heterochromatin 
domain. Science 297, 2232-2237.  
 
Job G, Brugger C, Xu T, Lowe B, Pfister Y, Qu C, Shanker S, Banos 
Sanz J, Partridge J and Schalch T (2016). SHREC Silences Hetero-
chromatin via Distinct Remodeling and Deacetylation Modules. Mol 
Cell, 62(2):207-21 
 
Joglekar A, Bouck D, Finley K, Liu X, Wan Y, Berman J, He X, 
Salmon E.D and Bloom K (2008). Molecular architecture of the ki-
netochore-microtubule attachment site is conserved between point and 
regional centromeres. J Cell Biol. 2008 May 19;181(4):587-94. 
 
Luger K, Mäder A, Richmond R, Sargent D, and Richmond T. (1997). 
Crystal structure of the nucleosome core particle at 2.8 A resolution. 
Nature 389, 251-260.  
 
Kristell C. (2011). Chromatin Dynamics in the Fission Yeast, Schiz-
osaccharomyces pombe. In Faculty of Medicine (Uppsala University).  



 61 

 
Olsson I and Bjerling P. (2010). Advancing our understanding of 
functional genome organisation through studies in the fission yeast. 
Current genetics 57, 1-12.  
 
Rodriguez, A., and Bjerling, P. (2013). The links between chromatin 
spatial organization and biological function. Biochem Soc Trans 41, 
1634-1639.  
 
Simon P. (2003). Q-Gene: processing quantitative real-time RT-PCR 
data. Bioinformatics. 19, 1439-40. 
 
Sugiyama T, Cam H, Sugiyama R, Noma K, Zofall M, Kobayashi R, 
Grewal S. (2007). SHREC, an Effector Complex for Heterochromatic 
Transcriptional Silencing. Cell. Volume 128.  
 
Steinhauf D, Rodriguez A, Vlachakis D, Virgo, G, Maksimov V, Kris-
tell C, Olsson I, Linder T, Kossida S, Bongcam-Rudloff E, and Bjer-
ling P. (2014). Silencing Motifs in the Clr2 Protein from Fission 
Yeast, Schizosaccharomyces pombe. PLoS ONE 9.  
 
Yamada T, Fischle W, Sugiyama T, Allis C and Grewal S. (2005). 
The nucleation and maintenance of heterochromatin by a histone 
deacetylase in fission yeast. Mol Cell 20, 173-185.  
 
 
 
 
Figure legends 

Figure 1. Primary and tertiary structure of Clr2 with indicated 

internal deletions. (A) Schematic representation of the conserved 

elements in Clr2 (Steinhauf et al., 2014) marked in blue, the part of 

Clr2 deleted in Clr2-D31 (yellow), Clr2-D32 (orange) and Clr2-D33 

(red) and the structural motifs of Clr2; N-terminal domain (NTD; 

grey), chromo barrel domain (CB; pink), BAH domain (brown), and 
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C-terminal extension (CTE; white). (B-D) Tertiary structure of Clr2 

with the three different parts of Clr2 deleted in the Clr2-D31 (A), 

Clr2-D32 (B) and Clr2-D33 mutant proteins(D) in red. Protein struc-

tures were visualized using the software PyMOL 

(https://www.pymol.org/) with data obtained from Jobs et al 2016. 

 

Figure 2. The intact NTD-, CD- and BAH domains were necessary 

for silencing in the mating-type region and in the pericentromeric 

heterochromatin.  (A) All the proteins were fused to a V5 tag in the 

N-terminus and detected using an anti-V5 antibody. The wild type 

protein could not be detected but the point mutation construct from 

Steinhauf et al 2014 could be detected as a positive control. The three 

different mutated Clr2 proteins; Clr2-D31, Clr2-D32 and Clr2-D33 

were detected when expressed from an nmt promoter (np). (B-D) The 

top row is a control strain containing wild type Clr2 (wt). The row 

below is the control strain completely lacking Clr2. The third row, is 

the last control strain, with the V5 tag. The tree rows below are the 

strains with the Clr2 protein with internal deletions; Clr2-D31, Clr2-

D32 and Clr2-D33. On the plate to the left cells were grown on unse-

lective media (+URA). On the plate in the middle cells were grown on 

a media lacking uracil to select for the expression of the reporter gene 
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(-URA). On the plate to the furthest right cells were grown on a media 

containing the contra-selective substance FOA (+FOA). (B-D) Spot-

ting assay preformed with ura4+ as a reporter gene in the (B) mating 

type region, (C) pericentromeric region and (D) central core centro-

mere.   

 

Figure 3. Silencing of the heterochromatic regions was not rescued 

by the over-expression of any of the Clr2 proteins with different 

internal deletions. (A) All the proteins were fused to a V5 tag in the 

N-terminus and detected using an anti-V5 antibody (upper panel). The 

wild type Clr2 protein as well as the Clr2 proteins with internal dele-

tions; Clr2-D31, Clr2-D32 and Clr2-D33 could be detected when 

overexpressed. Actin was used as a loading control (lower panel). (B-

E) The top row is the first control strain transformed with the empty 

vector (pREPPkN). The row below is the second control strain with a 

plasmid expressing the full length Clr2 protein (pREPPkN-Clr2). The 

tree rows below are the strains with plasmids expressing one of the 

Clr2 proteins with internal deletions; Clr2-D31 (pREPPkN-Clr2-D31), 

Clr2-D32 (pREPPkN-Clr2-D32) and Clr2-D33 (pREPPkN-Clr2-D33). 

On the plate to the left cells were grown on media selecting for the 

plasmid (-LEU). On the plate in to the right cells were grown on a 
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media lacking uracil to select for the reporter gene (-LEU-URA). 

Spotting assay preformed with a strain carrying an ura4+ as a reporter 

gene in the (B) mating type region, in the (C) pericentrimeric region, 

and the (D) subtelomeric area of a mini chromosome which was se-

lected with –ADE selection.  

 

Figure 4. Deletion of 13 amino acids of the BAH domain (Clr2-

D32) results in enhanced silencing of the central core centromere 

2 (cc2) 

 (A) The top row is the first control strain transformed with the empty 

vector (pREPPkN). The row below is the second control strain with a 

plasmid expressing the full length Clr2 protein (pREPPkN-Clr2). The 

three rows below are the strains with plasmids expressing one of the 

Clr2 proteins with internal deletions; Clr2-D31 (pREPPkN-Clr2-D31), 

Clr2-D32 (pREPPkN-Clr2-D32) and Clr2-D33 (pREPPkN-Clr2-D33). 

On the plate to the left cells were grown on media selecting for the 

plasmid (-LEU). On the plate in to the right cells were grown on a 

media lacking uracil to select for the reporter gene (-LEU-URA). (B) 

qPCR showing the fold change in the reporter gene ura4+ in the dif-

ferent strains. The first lane shows the fold change in ura4+ in a strain 

that is transformed with the pREPPkN vector with the wild type Clr2 
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protein. The second lane shows fold change in a strain transformed 

with the empty vector. The three following lanes show the fold change 

of the reporter gene in strains transformed with the pREPPkN vector 

allowing for expression of the three different Clr2 proteins with inter-

nal deletions; Cl2-D31, Clr2-D32 and Clr2-D33. Actin was used as a 

reference gene.   

 

Supplementary Figure 1. Deletion of 13 amino acids of the BAH 

domain (Clr2-D32) did not result in enhanced silencing of the cen-

tral core centromere 1 (cc1) or central core centromere 3 (cc3) 

The first three strains are controls with the strain showing an enhanced 

silencing from Figure 4. The three lower strains were transformed 

with a plasmid expressing the Clr2 protein with the internal deletion 

removing parts of the BAH domain, Clr2-D32. The strains contain the 

ura4+ reporter gene placed in the central core of chromosome 1 (A) 

(cc1::ura4+) and (B) chromosome 3 (cc3::ura4+).  
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Supplementary data 
 
 
Table S1. Primers used to create the internal deletions in the Clr2 pro-
tein. 

 
 

Construct Forward 5’-3’ Reverse 5’-3’ 
Wild type CCCGGATCCCCATGCC	  TGC-‐

TATTACTTGTGTTTG	  
CCCG-
GATCCTTATTACATTACAACTGCTGACAC
C 

D31 CAAATTAATATCTGA-‐
TACTTTT	  ATTGAGCCTT-‐
GGTCCCGGC	  	  

GCCGGGACCAAGGCTCAAT 
AAAAGTATCAGATATTAATTTG  

D32 CTAGTTGCTCATTCTA-
TATGT GGTATAGA-
TATGGAAGAACC  

GGTTCTTCCATATCTATACC ACATA-
TAGAATGAGCAACTAG  

D33 CCCACCAATTACCAGCTA 
CTTCATCATTTGTATTGGC  

GCCAATACAAATGATGAAG TAGCTGG-
TAATTGGTGGG  

Strain name strain 
PJ124 = FY597 h90 mat3-M::ura4+ ura4-DS/E leu1-32 ade6-M210 
Hu582=PJ141 h90 mat3-M::ura4+ his7-366 clr2::his7+ ura4-DS/E leu1-32 ade6-M210 
PJ1396 h90 V5-clr2 mat3-M::ura4+ ura4-DS/E leu1-32 ade6-M210//DN/N 
PJ1706 h90 V5-clr2-D31 mat3-M::ura4+ ura4-D18 leu1-32 ade6-M210//DN/D 
PJ1708 h90 V5-clr2-D32 mat3-M::ura4+ ura4-D18 leu1-32 ade6-M210//DN/D 
PJ1707  h90 V5-clr2-D33 mat3-M::ura4+ ura4-D18 leu1-32 ade6-M210//DN/D 
PJ123=FY498 h+ imr1R(NcoI)::ura4+ leu1-32 ura4-DS/E ade6-M210 
PJ42 h+ clr2::his7+ his7-366 imr1R(NcoI)::ura4+ leu1-32 ura4-DS/E ade6-

M210//DN/N 
PJ1405 h+ V5-clr2 imr1R(NcoI)::ura4+ leu1-32 ura4-D18 ade6-M210//DN/N 
PJ1719 h+ V5-clr2-D31 imr1R(NcoI)::ura4+ leu1-32 ura4-DS/E ade6-

M210//DN/N 
PJ1720 h+ V5-clr2-D32 imr1R(NcoI)::ura4+ leu1-32 ura4-DS/E ade6-

M210//DN/N 
PJ1716 h+ V5-clr2-D33 imr1R(NcoI)::ura4+ leu1-32 ura4-DS/E ade6-

M210//DN/N 
PJ122 FY412: h+ cc2(SphI)::ura4+ leu1-32 ura4-DS/E ade6-M210 

 
PJ32 h+ clr2::his7+ his7-366 cc2(SphI)::ura4+ leu1-32 ura4-DS/E ade6-M210 
PJ1408 h+ V5-clr2 cc2(SphI)::ura4+ leu1-32 ura4-DS/E ade6-M210//DN/N 
PJ1717 h+ V5-clr2-D31 cc2(SphI)::ura4+ leu1-32 ura4-DS/E ade6-M210//DN/N 
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Table S2. Strains used in this study  
 

PJ1714 h+ V5-clr2-D32 cc2(SphI)::ura4+ leu1-32 ura4-DS/E ade6-M210//DN/N 
PJ1738 h+ V5-clr2-D33 cc2(SphI)::ura4+ leu1-32 ura4-DS/E ade6-M210//DN/N 
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Table S3. Strains over-expressing one of the mutant forms of the Clr2 
protein  
 
Strain name Strain  
Background strain: PJ141 h90 mat3-M::ura4+ his7-366 clr2::his7+ ura4-
DS/E leu1-32 ade6-M210 
PJ1073 PJ141 with pREPPkN 
PJ1072 PJ141 with pREPPkN-Clr2 
PJ1077 PJ141 with pREPPkN-Clr2-D31 
PJ1078 PJ141 with pREPPkN-Clr2-D32 
PJ1074 PJ141 with pREPPkN-Clr2-D33 
Background strain: PJ42 h+ clr2::his7+ his7-366 imr1R(NcoI)::ura4+ leu1-
32 ura4-DS/E ade6-M210//DN/N 
PJ1286 PJ42 with pREPPkN 
PJ1280 PJ42 with pREPPkN-Clr2 
PJ1284 PJ42 with pREPPkN-Clr2-D31 
PJ1285 PJ42 with pREPPkN-Clr2-D32 
PJ1281 PJ42 with pREPPkN-Clr2-D33 
Background strain: PJ32: h+ clr2::his7+ his7-366 cc2(SphI)::ura4+ leu1-32 
ura4-DS/E ade6-M210 
PJ1279 PJ32 with pREPPkN 
PJ1273 PJ32 with pREPPkN-Clr2 
PJ1277 PJ32 with pREPPkN-Clr2-D31 
PJ1278 PJ32 with pREPPkN-Clr2-D32 
PJ1274 PJ32 with pREPPkN-Clr2-D33 
Background stain: PJ31: h+ clr2::his7+[Ch16M23:: ura4+  ade6-M216] his7-
366 leu1-32 ura4-DS/E ade6-M210 
PJ1272 PJ31 with pREPPkN 
PJ1266 PJ31 with pREPPkN-Clr2 
PJ1270 PJ31 with pREPPkN-Clr2-D31 
PJ1271 PJ31 with pREPPkN-Clr2-D32 
PJ1267 PJ31 with pREPPkN-Clr2-D33 
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