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O Abstract

The centromere has long been known to be a cold spot for genetic recombination. We
have discovered, in the fission ye&t pombgthat that this coldness is lessened by
expunging parts of the RNAi machinery. This was implied by the creation of DNA
breaksat the third centromere, aenlll, in the absence of RNAI proteins. In the present
work, | have set out to prove that these breaks do excite recombination within the
centromere. A genetic construct was engineered for this purpose, and exploited in RNAI
deficient strainsWe have analyzed random spores from meioses in homozygousiRNAI
deletion zygotes, as well as in the putative ribonuclease catalytic mutant of Dicer, a
critical protein in RNAI.

| report herein that recombination in the centromere castibmilated by up to
tenfold over wildtype cells. Since breaks were not detected in all RNAi mutants, we
sought to expose the existence of an RiNWiependent pathway by which the
centromere becomes recombinatoric. Thus, the aforementioned design wapplieah
to ascertain the possibility of a functional multiplicity of on RNAi member, the Dicer

endonucl ease. Wh e n Di cer 6s nucl ease acti

exhibited was [ éresul tseé]. This simggest s

centromeric recombination. We suggest a mechanistic hypothesis for our findings. In its
essence, we identified the importance of Histone methylation as a determinant of Rec12
(a DNAase) binding, break formation, and resultant observation of recorobinktithis

thesis, | will present the methods and results of my research in these areas.

RNAI, centromeric crossovers, chromatin modifications, histone methylation, Dicer,
epigenetic, SiRNA, meiotic recombination.
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1 Introduction

1.1 General Overview

This dissertation will explore the interactions between three major biochemical pathways.
A connection between centromeric structure and RNA interference (RNAI) has been
established in the unicellular eukaryof pombe(fission yeast). Strong structural
conservation between RNAI related proteins and centromeres, across several
eukaryotes, entails that similar interactions occur in more complex organisms. In the
currently accepted model, RNAI uses its derived small interfering (si) RNAs to titrate a
special group of proteins to the cognate location of the genome. These proteins induce
gene silencing by modifying the chromatin structure. These modifications are necessary
for the retention of genomic stability, and are essential for diverse processesg rang
from transcriptional control to morphogenesis.

In recent analyses, RNAI mutants showed defective meiosis; in particular, the
dynamics of reductional chromosome segregation were impaired. We posit that this
behavior is due, at least partially, to méged recombination in the absence of the
regulatory effect of RNAIi. One locant where recombination is potentially deleterious is
the centromere. Past experiments in our laboratory, in which DNA detraled breaks
(a precursor to recombination) were sest the normally silent centromere, in RNAI
mutants, corroborated this hypothesis.

In this work, we have designed and conducted a genetic analysis of recombination
across a centromere db. pombe The following thesis will expound upon the

methodologyrationale, and results obtained from these analyses.



1.2 Background and theoretical review of genetic recombination

Genetic recombination is, in the broadest terms, the movement of genetic information
from one part of the genome to another. In natarghnisms, it comprises four main
types of reactions, for which DNA is the substrate and/or possibly the catalyst. These
include, most notably, homologous recombination (HR) and transposition. Other classes
will not be discussed, and in this work, we nestour attention to HR during the meiotic

cell cycle. Meiotic HR is an invaluable pathway in the eukaryotes. It is a means by which
spontaneous DNA damage, or more precisely, destipénd breaks, is repaired
(Cervantes et al, 2000). It is also a meanssbych the cell establishes a clodedp
mechanical feedback for the regulation of chromosome dynamics (Davis and Smith,
2001). It is this later role, which identifies homologs with each other, that assures the
proper antipolar separation of the chromases from the metaphase plate (Young et al,
2002; Davis and Smith, 2001; Cervantes et al, 2000).

The substrates of recombination (we refer to HR exclusively from this point on)
are two molecules of DNA, one from each homolog. In the case of diploidg thes
molecules come from both parental gametes respectively. The DNAs become covalently
linked in a plusshaped duplex structure known as the Holliday junction. The junction is
then resolved to daughter products whose sequences depend on preceding isamserizati
It is, therefore, not uncommon for the daughters to possess genotypes that are distinct
from those of the parents. If so, they are recombinant. The simplest recombinants are
crossovers, where one gene from each homolog is interchanged with its allele.

Crossovers define a Mendelian, or randomly assorted, set of segregants after the

meiosis. Recombination between distinct loci, such as two genes, typically gives genetic



crossovers. Among meiotic daughter cells, the relative frequency of these remoisiBn

used as measure of genetic linkage, or map distance. In the present work, map distance
was treated as a phenotype that could be assessed in various mutant backgrounds. Within
a gene, recombination involves its alleles, and primarily occurs by cmmeersion,

giving nonMendelian patterns of inheritance. Conversion occurs during intergenic
crossovers, but is silent since the donor sequence is identical to the recipient.

In the Fission YeastS, pombg the stimuli for recombination are douidgand
breaks (DSBs), formed by the endonucleic cleavage of genomic DNA by the dimeric
form of Recl2, a DSB protein. Rec12 binds DNA in a sequepeeific manner (G.
Cromie et al., 2007; unpublished data), and its expression is upregulated during meiosis.
In at least one large (over 1 Mb) interval pombe map distance exhibited positive
correlation with the amount of Rec12 binding, consistent with the hypothesis that DSBs
constitute the ratémiting step in crossing over.

Recombination is further catalydeoy a series of proteins that mediate strand
exchange and resolution of the joint DNA intermediate into simplex molecules. Failure to
repair breaks is generally lethal. However, a deficiency in destbded break formation
(e.g. a deletion in theec12gene) causes stochastic chromosome segregation (Hall et al,

2002), and results in lagging homologs at meiotic anaphase.

1.3 Background and theoretical review of the centromere

1.3.1 Structural basis of the centromere effect
The distribution of crossovers is known to differ between organisms, and can be

described, to some extent, with a property known as Interference, which measures the



norrindependence of recombination events.Sn pombg there is no, or very little,
interference. As such, the conditional probabiléyposteriori of recombination between

two loci, with respect to two other loci, is nearly equal for all such pairs along the
chromosome. Clearly, every locus on the genome is not equally prone to recombination.
In S. pombgethe genomavide mean for the intensity of crossovers was measured to be
1.6 cM/kbp (Ellermeier and Smith; 2005). This average encompasses highly recombinant
regions (e.g. certain meiotic hotspots or transposon sites) and regions where
recombnation is suppressed.

Repetitive DNA sequences are typically quiescent for recombination (Peng and
Kapen, 2006; Cam et al, 2005; Pikaard and Pontes, 2007). Mutagenic genome
rearrangement could occur if homologous recombination occurred at these sequences
Tandem repeats are found at ribosomal DNA (rDNA) andtsldmeric loci, long
terminal repeats (LTRs), and the centromere (Cam et al, 2005; Martienssen et al, 2005).
The centromeres of eukaryotes are composed of arrays of repeated DNA, called satellites.
In S. pombgthe largest and most complex centromere is found on Chromosome |li
(structure shown in FIGURE 1). The site of kinetichore asseroblt,is located at the
approximate midpoint of the sequence. Flanking it are an unequal number of inverted

pericentromeric repeats that are all roughly 1.6 kilobase pairs (kbp) in length.



FIGURE 1. Structure of centromere &3 in S. pombeTandem inverted repeats are
indicated by arrows. Theent locus is the site of attachment for the kinetichore
holoenzyme.cenl and cen2 are approximately parallel in structure, but significantly
smaller. Not shown are Histones and associated proteins Chb1/2 and Abpl, which are
partially prerequisite for normalvels of H3K9me2 (Ref!).

With the exception of several tRNA genes that symmetrically interrupt these repeats, the
centromere is transcriptionally silent. This is due to the fact that the centromere is
constitutively condensed (Martienssen et al, 208bné et al, 2006; Hall et al, 2002) in
mitotic cells. This silencing is due, in turn, to a certain epigenetic covalent modification
that is made on the nucleosomes at the centromeres, telomeres, and a tract comprising
two genes (termed thmatlocus) locéed on the medial arm of Chromosome II. Possibly

as an evolutionary phenotype, vertebrate &ngombesells have pathways that localize
these modifications to the repetitive loci, as listed above. The major silencing label is
methylation of the Lysin® residue of the Histon8 subunit (H3K9me2). Nucleosomes
with K3K9me2 are protected from access by transcription factors and otheriDNA
binding enzymes. In contrast, methylation or acetylation of theridinal Lysine, or
methylation at Lysingl (H3K4me), ativates the associated DNA for transcription.
Chromatin silencing (K3K9me?2) is catalyzed by RNAigombe and possibly in other

organisms (Fukagawa et al, 2004; Robert et al, 2005).



We hypothesize that in addition to inhibiting transcription, H3K9metylation
suppresses recombination (known as the centromere effect) by an equivalent mechanism
of allosteric hindrance the centromere effect). At the centromere, the basal rate of
spontaneous recombination,3n Gerevisiag was associated with prematur@aetion of

sister chromatids during the both meiotic fissions (Rockmill et al, 2006). Similar
observations were made DrosophilaandH. SapiengKoehler et al, 1996; Hassold and
Hunt, 2001), suggesting that in addition to cytotoxic recombination, suBlolaertsonian
translocations (which are centromeric adducts), crossovers could impair chromosome
segregation. Thus, in addition to precipitate segregation of sisters, we hypothesize that
centromeric recombination interferes with kinetochore function,igpeding homologs

to uncontrolled segregation.

In Drosophila meiotic crosses between strains that were heterozygous, for
multiple linked markers at the third centromere, showed an atypically high frequency of
doublei crossovers (Denell and Keppy, 1978hese data contradict the theory that the
lack of recombination, at centromeres, is a result of continuous chromatin silencing.
However, since the spatial transitions between distinct patterns of methylation (H3K4 and
H3K9) are sharply defined, the negatiinterference measured in this study could have
been restricted to active (i.e. K4methylated) tracts of the genome. More recently, in
this organism, it was shown that a group of RNélated proteins required for H3K9me2
strongly represses recombination the same centromespanning region tested in the
previous study . Centromedkstal (i.e. active chromatin) crossover frequency was also
decreased in these mutants, suggesting that condensed chromatin structure may be a basis

for positive interferene in regions exterior to the centromere.



Additional explanations for the centromere effect are discussed below, and mainly
address the effect of pairing defects on crossover frequencyoniibe a telomerie
congregating proteirhgt2 was found to pahalize homologous chromosomes, preparing
them for recombination (Davis and Smith, 2006). Mutants in this gene were shown to
exhibit negative interference, and it was conjectured that, in pairing mutants, a
spontaneous crossover in a highly linked intergraegion (e.g. the 59 kb distance
betweenade6 and tps1§ would increase the likelihood of nearby regions to undergo
recombination as well. It appears that Bgt2 recruitment requires, by association of the
Rapl:Tazl telomere grouping complex, chromati@ncing moderators, since Tazl is
localized concomitantly with Rik1, a major component of RNAi (Li et al, 2005; Noma et
al, 2004; Motamedi et al, 2004; Martienssen et al, 2005). Further, the recruitment of other
pairing proteins (which are not necessaiihywolved exclusively with telomeres or
centromeres) in known to be dependent on Rikl (Nonaka et al, 2002), perhaps
contributing to the recombination defect seen in RNAi mutants (reviewed below). If we
are to extend the abovementioned hypothesis (negateddrence due to the adjacency
of otherwise freely diffusible parental strands), it is justifiable that the decrease in
recombinogenicity at the centromere is an outcome of undermined pairing, perhaps
suppressed further by interference. Since we seeetf@ist only at the centromere, this
hypothesis is only applicable to the regions immediately flanking centromere, which are
probably subject to a specialized pairing process. This type of hypothesis is developed in
greater detail, and is broadened to esisthromatid segregation as well; it has been
speculated that recombination is invasive to the cohesin complex that binds sister

chromatids, and that is sequestered to the centromere during meiosis.



To restate the points made thus far, the centromeresimadiively silent for
recombination. On the X chromosometbfSapiensmeiotic crossovers were found to be
repressed as much as-f20d, in a small genetic interval containing the centromere,
relative to the rest of the chromosome (Mahtani and Willa8®8). This repression is
due to the direct inhibition of bredkrmation by chromatin methylation, or by a pairing
defect between homologs. Recombination is suppressed in regions near the centromere,

as a probable consequence of interference.

1.3.2 Alternative models for repression of centromeric recombination
Though the prior data are discrepant, these studies support the generalization that
chromatin silencing stabilizes the centromere during meiosis. However, it is appropriate
here to specify some alternat models to RNAsuppressed recombination. Most
evidently, the deepression of recombination could be explained by inadequate
nucleation of recombinogenic sites by cohesins (attaching sister chromatids until Meiosis
Il) and/or pairing proteins, which tath the arms of meiotic homologs, preventing
dissociation of tetrads. Ipombe recombination is dependent on cohesion and pairing
(Ellermeier and Smith, 2005), by the signal transmitted between heterochrimaric
RNAI proteins and meiotic cohesins (haka et al, 2002; discussed in detail below).
Focally adherent cohesins then signal the concentration of a pairing protein, Recl0,
which was shown (Ellermeier and Smith, 2005) to be obligate for Rec12 binding and
endonucleolysis.

Since the kinetics and dgmics of cohesion and pairing evidently affect

crossover rate, this problem is probably compounded by damage to, or inability to form,



the synaptonemal complex (ipombe Linear Elements, or LinEs), which adhere
homologs and are needed for recombinatmccur efficiently. Initial examinations of

the meiotic cohesins Rec8 and Recll conclude that they are concentrated near the
centromere (Molnar et al, 2003; D). It was found (Ellemeier and Smith, 2005; Wells et al,
2006) that there is a differential redion of recombination, dependent on the genomic
interval, in the deletion alleles of these mutants. This observation is more tenably
attributed to a regiespecific, rather than sequence specific, activity of these cohesins,
since sequence variation ovarge distances would tend to confine large discrepancies in
recombinatoric intensity (cM/kb). More precisely, certain genomic tracts might
recombine more competently in the absence of {ared pairing.

An intriguing idea is that the recruitment and activity of these cohesins and LinE
proteins, or recombination in ndreterochromatic regions of cells lacking them, is
somehow contingent on chromatin structure, which in turn is deregulated in RNAI
mutants. This hypothesis was originally devised (Molnar et al., 2003) to explain the
continuation of centromeric recognition in ReclO (a LinE protein) mutants; it was
theorized that centromere pairing was facilitated by a separate mechanism. Sister
chromatid cohesss (see discussion below) are localized, preferentially to the centromere,
in an RNArmediated manner, and a similar mechanism could exist for pairing proteins.
In the ReclO deletion mutant, recombination was decreased across the entire
chromosome, so defeve catalysis(not binding) of this protein is unlikely to be the
cause of increased crossovers, as seafi(results reported in this work).

Interestingly, it was found that RNAnediated chromatin adaptation

(specifically, the localization of the RN component Swi6 to heterochromatin) recruits



cohesins (most likely Rec8 and Recl1) to centromeres (Nonka et al, 2002). Since these
cohesins are recruited in greater density near the centromere, we cannot reject the
possibility that the gradient of linkagepression seen in cohesin mutants (see above) is
due exclusively to preneiotic chromatin state (e.g. active versus silent) alone. Instead,
we can draw a valid functional link between heterochromatin and the centrspasiéic

accrual of meiotic cohasicomplexes. The abundance of these cohesins would be most
markedly impacted in RNAI mutants unable to generate H3K9me2, and thus the greatest
reduction in recombination is expected to be observed at these loci. Of course, such a
model applies only undehé assumption that normal meiotic Rec12 activity (and the
subsequent recombination of DSB products) is generally uniform, or has negligible effect
compared to that of cohesin distribution, in this micédomatin region.

It is paradoxical that crossovesise more numerous in strains lacking epigenetic
control, and thus, ostensibly, lacking coordinated recruitment of meiotic cohesins and
pairing apparatus to the centromere. If Rec12 binding is dysfunctional in these RNAI
mutants, our expectation is a genewide reduction of recombination and gene
conversion. Quite possibly, the attachment of Rec8, Recll, and subsequently, Rec10,
causes recombination to be uniquely inhibited at heterochromatin, but activated in other
locations. This has been supported by itentification of a centromeric variant of the
cohesin complex, which is protected from cleavage, before anaphase, by a centromere
specific peptide (Katijima et al, 2000jcGuinnesset al, 2005). Although cohesion is a
precursor to recombination, we expdbe recombinogenic potential of cohesion, at

centromeres and other repetitive loci, to diminish, possibly by the interaction of these



proteins with methylated chromatin, or with native proteins found normally at the
centromere.

The proceeding studies doot show an appreciable effect on intergrenic
recombination in mutants. Elevated recombination at centromeres, which we report in the
proceeding results, is not inconsistent with normal levels of recombination elsewhere.
This result strongly indicates, thibut the rigor of imaging Cohesin and LinE complexes
across diplotene meiotic chromosomes, that the centromere effect is due, in large, to
chromatin modification. There is no evidence to indicate that both chrematirated
and cohesiomediated suppress do not coexist. The hypotheses of cohesediated
repression of recombination are diagramed in FIGURE 2.

In brief, the centromere is, nominally, a calplot for recombination. Crossovers
near the centromere can interfere with chromosome segregationultiple ways.
Occurring simultaneously with kinetochore formation, recombination can lead to poor
attachment of homologs to the microtubules. Sister chromatid cohesion is compromised
when recombination occurs near or in the centromere, causing thesegtegate
randomly. The centromere, which has extensive homology, is susceptible to lethal
reordering if recombination occurs between translationally misaligned sequé&hces.
pombehas evolved several, perhaps intersecting, pathways that ensure repoéssion
recombination at the centromere. Firstly, RNAI (reviewed in the next section) mediates
the condensation of chromatin, which is proposed to silences recombination by inhibiting
Rec12 binding, and/or by contributing to negative interference proximaétohromatin
boundary and distal to intergenic euchromatin. Secondly, the recognition of

heterochromatin, by prophasic meiotic elements, such as sister cohesins and Linear



Element proteins, is faulty in RNAI mutants, contributing to chromatinsagegaon.
Finally, the loss of H3K9me2, and therefore of its associated ligands and regulatory
function, could allow normally repressed activity (such as desipénds break

formation) to occur, instigating recombination in a heterochronsg@tific manner.
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FIGURE 2. Cohesins Rec8 and Recll are recruited to the centromere bynieNidied
localization of Swi6, a protein associated with H3K9me2. Linear Element protein Rec10
is then loaded, which in turn guides Recl2 loading. We hypothesize that the cohesion
complex at the centromere inhibits binding and/or metabolism of DNA by Recl2, but
activates it in intergenic regions outside of the centromere.
It should be noted that that meiotic cohesins are exceptional in that they resist cleavage
away from nucleatio centers in the centromere during Ml, although-aise cohesion
ceases, permitting the resolution of recombination intermediates. Cohesins at the
centromere remain bound since they are protected by a recently discovered protective
factor, Sgol, which itocalized in response to Rec8 and kinetochore proteins (Kiburz et

al, 2005). This centromesspecific cefactor may be the mechanistic basis for the

proposed cohesimediated (or possible pairifrgediated) inhibition of Recl12 activity in



the centromere. Iaddition, it was found, in mammalian cell lines, that the localization of
the meiotic kinetochore checkpoint protein BubR1 was deficient in Dicpartial
deletion that was regulated by a repressible promoter (Fukagawa et. al). Thus, the
arrested and dsdered microtubules seen in Diggficient metaphase (Murchison et al,
2007) could be a result of meiotic arrest due to the failure to progress through the
checkpoint. It was shown (Eckert et al, 2007; Weber et al, 2004) that intact kinetochores
promote,but are not necessary for, the attachment of cohesins near the centromere; thus
the silencingmperative group of RNAiI mutants would not show the kinetochore
induced protection of cohesins by Sgol, or centromeric cohesion, explaining the apparent
stimuléion of recombination within the centromere.

The cohesin hypothesis is centromere specific. Recruitment of Rec8 to other loci
in the genome appears to be governed by some segseciéic affinity, since a
repeatable differential reduction in recombioatin the Rec8 and Rec11 cohesin mutants
(Ellermier and Smith, 2005). Thus, RNAi mutants would preferentially loose cohesin at
the centromere, explaining the relatively normal linkage distances observed at other

regions on the centromere (data and ratideacribed below).

14 Landmark observations on RNAI and centromeric function

Three major, and unanticipated, findings related to the effect of RNA interference
(RNAI) on chromosome function, have been reportedpdmbe when the nativeirad
gene (responsible for catalyzing the synthesis of Uracil) was deleted, viability, in the
absence of Uracil, was rescued by expressingad” transgene ircenl Expression of

this centromeric complimentary gene was only induced when two proteins, Rikl and



Clr4, were deleted. These proteins are components of the RNAI machinery (Ref!) in
pombe indicating a suppressive effect of RNAI, or the secondary action of these proteins,
on transcription of genes in silent chromatin domains.

Second, recent genomde analyses of chromatin methylation ipombe
indicated the elimination of H3K9me2 at the centromeres, and ahdhécus, which
contains repeats homologous with thoseen3 i n strains with the C
(Ref!). Lysine9 methylation was alseeduced at other repetitive loci, such as repeats
corresponding to the nucleosome, and-®ibmeric repeats. This study isolated Clr4 as
the singular enzyme required for the initiation, and possibly equilibrium levels, of
H3K9me2 at most repetitive seqees.

Finally, Dicerl p ( Dcr 1) strains showed irregular
mei osi s, with Dcrl1g homozygo{segegatiom@ef!. goi ng ¢
There is an ambiguity as to whether this inviability is caused by destabilizing \weesso
at the centromere (as concluded by Ref!), or by aberrant, or possiblgxistent,
binding of microtubules to the centromeres. Both cases are of equal interest, because they
are expected to occur more frequently in cells defective in chromatinusguct

These observations led us to believe that RNAi and centromeric recombination
could be related, either as divergent modules, or as pathways sharing common elements.

In previous work by our laboratory, azygotic meiosis was induced in five differeni-RNA

del etion (RNAi @) mutants (see bel oceng. Thr e
probably indicative of an affine sequence for Rec12 binding and DNA breakage within

each centromeric repeat (C. Ellermier and G. Smith, unpublished data). The remaining

mutants did not show breaks, or the amount of cleaved genomic substrate was too small



to be detected. This splitting of phenotypes is not contradictory to the accepted model of
RNAiI components acting in series to mediate chromatin structure, since the RNA
machinery is highly bifurcated, and H3K9me2 can be theresdlt of multiple pathways

(reviewed below).

15 Background and theoretical review of RNAimediated chromatin
modification

1.5.1 Silencing at the podtanscriptional and transcriptionalels
In S. pombeRNAI is necessary for the formation and conservation of silent chromatin
domains (reviewed in Cam et al, ). The ability of RNA interference to variegate
transcription, by defining different histone methylation patterns, has been termed
transcriptional gene silencing, as deactivation precedes RNA synthesis. Conversely,
silencing that is concurrent with transcription is referred tpasttranscriptionalgene
silencing. This later pathway has been extensively studied, whereas the mmadbfahis
former remains insufficiently understood. In the present work, we develop the notion that
these two behaviors of RNAI are interrelated (Ref!), and contribute dependently to the
suppression of centromeric recombination.

Posttranscriptional silecing, inpombe is initiated by the ribonucleic cleavage of
doublestranded prenRNA transcripts by the Dicer enzyme. This produces small, 21
23 nucleotide, interfering RNAs (siRNAs), which incorporate, with Dicer and a protein
called Argonaut, into guaternary complex (known as RISC). Argonaut uses the single
stranded template of the siRNA to recognize and bind to the native transcript, and

subsequently cleaves it, terminating gene expression.



RISC facilitates, in an unknown manner, the focal igdof Cir4 to repetitive
DNA sequences, and to preexisting heterochromatin domains. ClIr4 is a Histone- methyl
transferase, responsible for the catalysis H3K9me2. Several models have been proposed,
including direct covalent attachment to RISC or streaptue of free sSiRNAs within a
Clr4 complex capable of binding to chromatin, enabling the chromatin methylation
(Ref!). An interesting dependence has been found between CIr4 binding and Cul4, a
Ubiquitin ligase (Ref!). Clr4 forms a complex with Cul4, and th&ctive Cul41l mutant
exhibited loss of heterochromatin domains and centromeric silencing. Ubiquination of
proteins targets them for proteolysis. This suggests that transcriptional gene silencing
occurs synchronously with proteolytic targeting.

Focal Hstone methylation provides the initial signal for lateral propagation of
H3H9me2, and continuous action of transcriptional gene silencing through RNAI. The
consensus of this model involves a feedback loop in which a methylated Histone
(possibly a subunitfoa single nucleosome) is bound by a protein complex known as
RITS (RNAI induced transcriptional silencing), by recognition of, and tethering to,
H3K9me2 chromodomains, of its Chpl subunit, which recognizes these labels. Argonaut
is also a component of RSl and produces siRNAs from unidirectional sirgfi@anded
transcripts at loci targeted for silencing. These siRNAs propagate both the activation of
RITS, and localization of Clr4 through RISC. In addition, methylated Histones are
recognized and nucleatdny Swi6, which facilitates the spreading of H3K9me2 by
binding successive CIr4 proteins. A summary of these proteins, and their roles is
provided in TABLE 1. Clearly, establishing and regulating H3K9me2 requires an initial

bolus of siRNAs, most probablygduced by Diced.



Components from both RNAI conduits (RISC at the jitscriptional level, and
RITS at the transcriptional level) cooperatively ensure the delineation of various
chromatin domains. In Dcrl and Clr4 mutants, in which nearly all H3KOimdast
(Ref!), siRNAs complementary to the centromeric sequence accumulated, suggesting that
they are processed by RNAI into complexes capable to directing the Histone-methyl
tranferase, Clr4, to the centromere. It seems that siRNAs can also be produced
independently of RISC; there is a ldewel of transcription of the ansiense strand, by
the nonspecific RNA Polymerase Il, which, when hybridized to the sense strand,
produces doublstranded (ds) RNAs (Ref!). Another popular idea, addressing the origin
of siRNAs, is that long singletranded centromeric transcripts refold upon themselves to

generate hairpin RNAs, which are substiateel analogs for Dicer (Yeng et al, 2005).



Protein Abbrev. Function Covalent Associations

Dicer - 1 Dcrl Dicer cleaves dsRNA transcripts into siRNAs. It has RISC
possible non-nuclease activity.

Cryptic Locus Regulator - 4 Cir4 ClIr4 binds single H3 subunits and methylates Lysine-9. RISC (Transient), H3
Argonaut catalyzes recognition of native sequences

Argonaut - 1 Agol Locates sequences complementary to siRNA and cleaves RISC, RITS
elongating transcripts.

RNA-dependent RNA Rdr1 Rdrl polymerizes dsRNA from an ssRNA template.
Polymerase
Chromodomain Protein - 1 Chpl Chp1l recognizes and binds to H3K9me2 regions. RITS, H3
Chromodomain Protein - 6 Swi6 Swi6 facilitates dispersal of H3K9me2 by directing Clr4 to Clr4, H3

sites where it is bound.

Cullin Ubiquitin Ligase Cul4 Cul4 attaches Ubiquitin to Lysine residues of proteins Rik1:Cir4
targeted for transport to the proteosome.

K-region Silencing Protein Rik1 Rik1 associates with Clr4 to regulate H3K9me?2. Cul4:Cir4
Histone3 is a subunit of the octameric nucleosome.
Histone 3 H3 Methylation is a major determinant of chromosomal Chp1, Cir4, Swi6
condensation.

TABLE 1. The components of RNAnediated transcriptional and pdsinscriptional
gene silencing programs associatetwo major complexes with siRNAs: RISC and
RITS. Dicerl provides the initial SIRNA, and there is no evidence to indicate a
compensating pathway in Dcrloep mutants.

1.5.2 Modelbased case studies on three proteins: RNAIi is composed of two distinct
pathways but interdependent pathways
It is possible that redundancy and/or independent functionality of subunits within the two
major triplexes, RITS and RISC, allows epigenetic contrast to continue in certain
mutants. One should note that the followingpaulations are based on a hypothetical
model of RNAI, in which the compartmental distribution of SiRNAs between various
subset pathways followed massnservative kinetics; that is, upregulation of one
pathway causes downregulation elsewhere. One exani@e demonstrates the
complexity of these pathways is the recruitment of Clr4 via multiple pathways (not all

shown above, but reviewed in Matzke and Birchler, 2005). Clr4 associates directly with



both the E3Ubiquitin Ligase complex and RISC. It was propdgMartienssen et al,
2005) that RNAdependent RNA Polymerase | (Rdrl) can use soluble siRNAs to locate
the centromere; Rdrl also associated with the Cidl12-Adénosine Polymerase.
Adenylation of centromeric mMRNA is possibly, on the basis of structwaiology,
recognized by Rik1, which is stably incorporated with Clr4. Thus, H3K9me2 would not
be expected to be extinct in Agol mutants, since Agol:RISC operates in parallel with the
Rdrli mediated pathway. Indeed, we did not see DSB formation at them@ene in
the Agol@® mutants. Conversely, Rdr 1 mutants
RISCi mediated pathway. This observation would be consistent with the considerable
|l oss of H3K9me2 at the centromeric lrepeat s,
2002), given that the weak level of chromatin methylation would be sufficient to restore
full silencing. This supposition is supported by observation of mitigated repression of
silencing, at the centromer e, i nlpefegal,l o r el a-
2002), suggesting that Agol is involved in the spread, but not initiation, or
heterochromatin. More recent reports (Irvine et al, 2006) determined that Agol activity is
essential for H3K9me2. These results suggest that the functionality ofiggiifferent
in the nuclease and deletion mutants. We will investigate this phenotypic distinction at a
later point in this report (see discussion).

It i s paradoxical, however, that breaks
result may be due torige differences in the rate of methylation by Ri®€diated
recruitment of Clr4 and Rdrdignaled Rik1 catalysis. In particular, Rik1l might constitute
the dominant pathway ipombe as suggested by the strong centromeric raadlocus

silencing defect seenn single rikl mutants (Horn et al, 2005). The RI®@diated



pathway, involving Dcrl, Agol, and Rdrl, was surmised to play an auxiliary role in
chromatin silencing (Li et al, 2005) by initiating, but being uninvolved in the
maintenance of, Histone methgtm. The functional deviation, between the post
transcriptional mechanism (e.g. RISC/RITS) and the Rik1l compartment, has the result of
designating transitory silencing (e.g. termination of transcription and seeding of Clr4) and
steadystate silencing toarious subsets of the general RNAi pathway.

Precisely, RISC might direct Clr4 to the centromeric repeats, though its
interaction with RITS, which uses the first flux (formed by Dicer) of SIRNAs to detect the
centromere. However, subsequent methylationlgvbe carried out by the reproduction
of siRNAs by Rdrl or Agol, and their incorporation into Rdrl complex, the main
localizer of Rik1l and its associated Clr4. Thus, it can be assumed that focal binding of
Clr4 is able to be established at the centromepagh the action of RITS, and therefore
independently of Rikl. RITS and RISC become relatively extraneous after the initial
methylation event, which is perplexing, but might be explained by the functional (and
probably evolutionary) divergence pbmbeDcrl and Agol from Rdrl, as has been
observed in the context of c&ljcle regulation Carmichaelket al, 2003. RISC probably
mediates posdiranscriptional silencing exclusively, continuing the production of pivotal
siRNAs. Additionally, in vertebrate cellgthe Histone methylransferase homolog
(Suv39h) integrates with RISC and is directed to the centromere by the standard activity.
A similar pat hway, regul ated at resi dual
comprehensive nucleation of the centroengy Clr4.

One protein tested, Swi6, necessary for the dispersion H3K9me2, Rjiv&rand

Clr4, showed degradation of DNA e&n3 but no clear discrete fragments. There are at

€



least two hypotheses to explain this result. Firstly, our understandingd I83K@me2 in
Swi 6 mutants would be sporadic, since chro
across the centromeric repeats. This heterogeneous chromatin structure at the centromere
would result in mixed binding and cleavage by Recl2, if its spggif{for special
sequences) was reduced by random and punctuate methylation, but its overall affinity for
DNA was not. Secondly, degenerate, but partially methylated, chromatin structure could
be preferentially targeted for cleavage by exonucleases.
Another intriguing result is the lack of DSB induction in Rdrl mutants. We have
described migration of Rdrl to the centromere to be required for the binding of Rik1, the
main event governing H3K9me2. Further, the production of dsRNA is the inaugural
event in ewblishing chromatin methylation. According to our model, loss of Rdrl1 would
be compensated for by the latitudinal expansion of the H3K9me2 domain by stepwise
nucleation and recruitment of Swi6 and Clr4, or by RISC. These interactions are probably
highly upregulated in the polymerase mutant, explaining the apparentlytypid
phenotype seen aen3 The generation of elongated dsRNAs is probably accomplished
by simultaneous transcription of both strands of the centromere, since the centromere
might be moreamenable to transcription when silencing is deficient. However, it seems
that these compensatory pathways do not res:
by the formation of centromeric breaks, and the elevated rate of chromosome
missegregation (Hak t al , ) . The Rdrlom mutant appears
(discussed below) by recruiting Rik1, but this function is probably not absolute. Rik1
mu s t | ocal i ze at the centromere via a secol

expected to be phehoy pi cal l'y i ndistinguishable from Ri



been fully =elucidated, and the mei oti c st
sustained Rik1 binding.

In light of the model, and the examples studies pertaining to it (above) we are abl
to predict the presence of DSBs at the centromere various classes of mutants. These
predicted and observed effects of RNAI sind®etion mutants, with respect to

observations of DSBs icen3is shown in TABLE 2.

Elevated
Mutant Predicted: DSBs at cen3 Observed: DSBs at cen3 recombination, relative
to w.t.
w.t. Non-existent Not observed
decrlop Existent Approx. 11% total broken DNA Observed
clrdp Existent Observed
rikl o Non-existent Observed (comparable to dcrlg) Not observed
agol Non-existent Not observed Observed
Swibm Continuous spectrum of fragment sizes Mixed spectrum
rdrlcp Non-existent Not observed Observed

TABLE 2. Our predictions of DSB regulation are founded the model of RNAediated
epigenetic pathways discussed above. Methods for physical analysis of DNA are

described below.

Our analysis of this standard model of RNAISnpombendicates that its composed of

two distinct pathways that collaborate to initiate and sustain physiologic chromatin
labeling. The first pathway is more customarily thought to operate at the post
transcriptional level, producing the primary phase of siRNAs. This pathwaives two
complexes that both utilize siRNAs to selectively bind the productive locus, RISC and
RITS. The later associates covalently with Chpl, providing a basis for a saturating

feedback loop whereby methylated chromatin is continually nucleated by. RH&



second pathway involves Rdrl, which serves as an inexhaustible source for centromeric
siRNAs. Rdrl was isolated along with a poly(A) polymerase, which provides a substrate
for the binding of the ERik1:Cul4:Cir4 Ubiqutin Ligase complex, which locads Clrd

to repeated sequences. Occurring simultaneously with, and somewhat independent of,
these two pathways is the Switediated lengthening of methylated chromodomains.

To make this model is internally consistent with our observation of breaks in the
centromere, we supposed (without definitive evidence) that the-ddietion mutant is
rescued by compensation of Rikidependent pathways, or by the sequestration of Rik1
to centromere without a poly(A) substrate, as is the only mode of localizationbéels
thus far. The later seems more probable, since the mediation of minor silencing pathways
is not expected to be different in Rikl and Rdrl mutants. Thus, we must presume that
Rik1 has a mode of recruitment to the centromere that has not yet badatehiic

Although the data on DSB accumulation in RNAi mutants are in consensus with
the model of RNAi we have explicated above, we cannot exclude the possibility that a
currently indeterminate pathway exists in which RNAI effectors (e.g. Dicer) act itidirec
to suppress recombination. This possibility is explored by analysis of additional catalytic

or signaling activity of the Dicer nuclease mutant (see below).

1.6 Experimental Rational
1.61 Design of a genetic assay

To test whether the breaks mapped in three
were antecedent to recombination at the centromeres (and conversely, whether the

centromeres of mutants showing no breakage,



designeda genetic construct involving assayable reporter genesn& These markers

were the wildtype his3 and ura4 trangenes, and complemented the douflgant
background ura4-D18 and his3-D1. his3" was inserted intanidl, a gene flanking one
boundary ofcer8, and ura4® was added in tandem tohkl, flanking the opposite
boundary. These markers were coupled, such that parental chromosomes contained both,
or neither. Recombination across the centromere could, in principle, be scored by the
decoupling of these ankers (i.e. daughter cells that contained one, but not the other).

In addition, the insertion were coupled to an easily quantifiable allebed e
(terminating synthesis of Adenine). Sincadeés is linked to the centromere,
recombination in an intergeminterval could be measured as a control for centromeric
recombination. Further, the meioses were carried out for heterozggetslleles that
were readily distinguishable by their distinct pigmentation. Thus, the linkage between
this control locus anthe centromere could be quantified in terms of the frequency of
crossovers and their reciprocals. Interesting, as will be discussed later, these two
frequencies are unequal in badler® and dcr strains. Effects on gene conversion, or
intragenic recombinain, could be accounted for by screening for recombiralet
haploids which gave the wiltype allele. This modality of recombination is also of
interest because our underlying premise is that the suppression of recombination by
RNAI is specific to the ag#romere, and it only modulates, directly or indirectly, the
activity of the Rec12, the DS®rming endonuclease.

Meioses were also induced in diploids in which the centroraéj@ning markers
were in coupling and repulsion with tmeat locus. It was food that a bias in gene

conversion, which was reversible by switching the coupling relation of the mating types



to an unlinked chromosome, existed atra4 transgene inserted betweade6andcen3
(Baur et al, 2005), and that this bias existed throughout the genome. It was supposed that
this bias was due to an extensible chromatin effect instigatethbylhus, some (though
not all) of our meiotic analyses were done in-{o@ipled and matepulsedoackgrounds
to determine if the bias existed at the centromere.

Finally, parental strains were heterozygoudye#95 (terminating synthesis of
Lysine). This gene was included to account for the high frequency edispmction
expected in RNAI mutasf chromosome (Chr) 3 disomes would be expected to exhibit
the tripledominant phenotype farra, his,andlys. In disomic meiotic segregants, some
recombinants would fail to be identified. According to previous linkage analysis (Ref!)
lys4is unlinked toade6and the centromeric reporters, so fiatependent segregation of
these markers communicates disomy of chromosome 3.

The defective segregation of meiotic chromosomes is potentially a large problem.
Chrl and Chr2 disomes could generate their anedgldi nordisjunction occurred at
Meiosis |, or if both MIl diploids misegregated these chromosomes. These events
produce inviable spores (Smith, personal communication), and as such, we expected to
see a reduction in viable spore yield in RNAI mutawghout the ability to germinate or
recover these spores, our measurement of meiotic crossoveendmare necessarily
inaccurate. However, aneuploidy of Chrl and Chr2, as well as disomy of Chr3, are
expected to decrease the observed frequency of cesrionecombinants. Thus, it is
probable that, in randomly segregated meiosis (as would be predicted to be the case for
dcrl andclr4 mutants), the actual frequency of recombination is higher than our analyses

indicate. If the meiotic segregation defecersen RNAI mutants is, in fact, caused by



centromeric recombination, the frequency of crossovers would only be elucidated among
viable spores, and would not reflect the total frequency of -cerdromeric
recombination events. The actual linkage acrdss t¢entromere could be more
rigorously inferred by scoring recombinants among verified haploids, but no such

distinction was practiced.

1.6.2 Design of the catalytic mutant in Dicer
The mechanism of catalysis for Dicer was inferred by structural homadogyman and
E. coliRNAase Il (Ellermeier, unpublished data, and Smith, personal communication).
Dicer contains two catalytic sites that are thought to act concurrently. These sites contain
two acid residues, Asp937/Glul027 and Aspl127/Glul222, whetbath required to
chelate a divalent Magnesium ion, a necessary ligand for inducing a stabilizing
conformational change at both catalytic dyads (Ref!). It was shown (Ref!) that mutating
the N and @ermini proximal Aspartates (Asp937 and Aspl1127) or Ghatizs (Glu1027
and Glul1222) caused complete loss of catalysis. Thus, the former pair of residues (known
as 44a and 44b) were changed, by-ditected mutagenesis, to the neutral alkyl amino
acid Alanine. Dicer forms an intramolecular dimer (Zhang et @042 and the two
catalytic moieties determine a fixed (R25 nt) distance between the cleavage points. By
mutating both sit e300 dueg epsrteivoennto fb odtshRNA, e |5eda
degraded oligonucleotides and unusually massed cleavadigcps¢Zhang et al, 2004) as
well as the production of wiltype siRNAs.

These catalytic sites aligned equivalently to both HumanEaodli RNAase Il

homologs. Thus, it is very likely that the nucleasgative Dicer ortholog, generated for



these expeéments, is indeed unable to process dowlanded RNAs. The mutations
made (44a and 44b) introduced two unique restriction sites, sensitive to digestion by
Pvull and Sphl respectively. These sites were used, diagnostically, to track the presence
and segegation of the catalytically inactive allele afcrl throughout experiments
utilizing this mutation.

The siRNAdependent model of RNAnediated chromatin silencing (described
above), must be adjusted with several, possibly incorrect, assumptionshethukibnal
load on various pathways in different mutants. The appearance of centromeric breaks in
some mutants, and not others, was qualitatively consistent with the known set of
interactions in RNAIi. However, these approximations could be quite insialté the rate
constants and specific kinetics of the pathway are not known. Major inconsistencies in
this model include, firstly, breakage in Rik1, but not Rdrl, mutants, since these proteins
constitute a major serialized signaling pathwagambeRNAi. Secondly, breaks are not
seen in the Agol mutant, but it is known that a strong silencing defect (though less
remar kabl e than that which is seen in Dice
inconsistent with the relatively negligible role, relatieethie more active Rikl pathway,
specified by the essentiality of Rik1 in centromeric break suppression, that Agol plays in
repairing heterochromatin, by its association with RITS. Ascribing the restoration of the
wild-type phenotype to complementary pathsjaindependent of Rdnhediated Rik1l
binding in one case and vertebrate Agoédiated ClIr4 binding (White and Allshire,
2004) in the other, entails that replication of H3K9me2 by Swi6 is highly amendable.

An exciting possibility is that Dicer has an &dzhal recruiting activity that could

explain the selective presence of breaks among RNAi mutants. We consider this to be a



refinement on the canonical model, in that chromatin silencing is ultimately regulated by
Clr4. However, this updated model extetiuis range of interactions of Dieérto include
signaling roles for an unknown, hypothetical, set of effectors inhibitory for
recombination. The exact nature of these interactions can, for our purposes, be considered

a formally closed blackox.

1.6.3 Relationship to the ABET criteria

Engineering design has been defined to encompasexperimental desigr{Neils,
personal communication). Much of the work presented here implements, or iterates upon,
an experimental design that was developed by o#sarchers, or independently. For
example, the genetic assay was formulated previously (Ellermeier and Smith,
unpublished data), and this assay was then applicable to a wide range of mutants. The
construction of theeaststrains which werenecessary taccomplish these experiments
utilized design based omwonsiderations ofefficiency and basic linkage analysis.
Decisions related to control variables and independent variables were also elements of
design, and these were an integral part of the rigdri®project.

The Accreditation Board for Engineering and Technology (ABET) requires that
evidence of design be present in Criteria (3) and (4). Design is defined as a process in
which systenparameters can be optimized to address a clinical need. Tleugemetic
construction of strains, as well as protein mutagenesis, are processes that must meet
stringent requirements in terms of the gmdduct. In this case, we have designed and
produced stable isogenic RNAI mutants that will allow us to carry opererents

pertaining to centromeric recombination.



1.7 Implications for human health: defining the clinical need

Centromeric recombination has been associated directly, in the yeast model system
(Rockmill et al, 2006), with aberrant separation of sisteromatids. In humans, it is
thought that recombination near the centromere causes germline chromosomes to
missegregate (Laurent et al, 2003). These-dispunctions can be lethal during
embryogenesis, causing miscarriagel ather congenital pathologjesuch as Trisomy

21. It is accepted that the majority of inviable embryos arise from chromosome
segregation defects (Smith, personal communication, 2007). Missegregation -of non
autosomal chromosomes can result in sterility dinKed defects.

In somatc cells, spontaneous mitotic recombination at the centromere may result
in the duplication, or loss of, a chromosome arm. Acrocentric human chromosomes can
undergo Robertsonian translocations, specific to DNA breakage at the centromere, and
rearrange to fon geneticallyunstable adducts. Ploiggay be normal for several mitoses,
but loss of the smaller translocated product may resulielaterious gene dosages. In
germ cells, a recombined chromosome may be lost entirely, thus causing the aneuploid
genotypeto be inherited by the embryo. Finally, centromeric recombination can result in
loss of specialized nucleic acid or chromatin structure that is the site for kinetochore
formation, leading to celtycle arrest or chromosome missegregation.

Elucidating he molecular mechanisms that have evolved to suppress
recombination at the centromere will provide a greater understanding of the underlying
pathogenesis of embryonic inviability, cancer, sterility, and several birth defects. With
this understanding, we laieve the basis for the design of therapeutic interventions as a

preventative measure against these diseases.



1.8 Overview of hypotheses

This work will address two specific (minor) hypotheses and two general (major)
hypotheses. The minor hypotheses gartto our expectation placed on experimental
outcomes for the RNAI fultleletion and Dicerl catalytic mutants respectively, given our
prior observation of breaks in the centromere. In the major hypotheses, the unobservable
mechanisms behind this systeme aised, inferentially, to advance the first set. All are
stated below in terms of their nullifications. We report these highly distilled forms to
constrict this report to the refutation or tolerance of these hypasthasd to explicitly
definethese expriments within the condition set forth by ABET.

Ho: RNAI mutants that obtain breaks at ten3(Dcrl, Clr4, and Rik1) will not

show an elevated level of recombination relative to Ayfze. Those that do not

show centromeric breaks (Agol and Rdrl) will show an elevation of

recombination relative to wittlype.

?Ho: The Dicercatalytic mutant (4444b) will show the same phenotype as the

Dicerlo mutant; speci fi cadudpressedtatdnd r ec o mb i

and the frequency of crossovers will be similar to that seen in the full deletion.

3Ho: RNAI mutants defective for the initiation b&terochromatin, or involved in

the dominant pathways for chromatin methylation (Dcrl, Cir4, Rdrl, and Rik1),

will not show an increased level of recombination relative to that of-tyid

homozygotes. Mutants that are compensated dsycompensate forminor

functions related to the maintenance of heterochromatin (Ago1l) will not show this

increase in recombination.

“Ho: Mutants involved in the germinal production of siRNAs will show an

elevation of recombination at the centromere. The only such rsutar e Di cer @

and Dicer44a44b.
Note that the third hypothesis deviates with the first, of which it is a generalization, in its
prediction of the recombinogenic behavior seen in the Rdrl mutant. The basis for this

difference is related to the role of Rdm recruiting Rikl, the major pathway in

catalyzing H3K9me2 (see above for detailed discussion).



2 Materials and Methods

2.1 Culture and phenotypic profiling of strains

All strains used in this study, which are listed in TABLE 3, are isogenic to the original
isolate ofS.pombgLeupold 972, unless otherwise indicated. InitiBombecells were
stored at80°C in a 1:2 mixture of 50% glycerol to saturated supernatanthEgurpose
of purification, cells were streaked onto an ademicle yeastextract agar (YEAS5S) or
adeninefree (YEA4S) plates. Inoculums were cultured by rolling moderately in a-yeast
extract liquid (YEL) culture medium supplemented with adenine. Aliegal (mitotic)
growth was carried out at 32°C, and supplement concentration was 1% mg/mL.
Phenotypic testing of these strains, to verify supposed genotypes, was carried out
on selective media. For auxotrophies, this was done on nitrogenous base afyara(NB
commonly used dreput medium used for such purposes. The NBA series was
supplemented with glucose and all other necessary supplements. The phenatyg@ of
was easily differentiable on YEA4S, and that of the temperature sensitive marker patl
114 wa selectable at 37°C. Temperature sensitive strains, and segregants from crosses
involving these markers were incubated at 25°C. RNAi knockout strains, with the
exception of rikideletion mutant, contained &kanMX6interruption at the deleted gene,

and his was selected on the antibiotic kanamycin (G418).

2.2 Synchronous induction of zygotic meioses for experiments and
constructions

Parental haploids were purified and grown in a 5 mL subculture of YEL + adenine until

saturated. A 0.05 mL sample ofchaculture (parent) was mixed and washed twice by



centrifugation. These haploid mixtures were then spotted on a nitfremmedium;

meiosis inpombeis induced upon nitrogen starvation. Thus, these experimental crosses

(described below) were carried oonh Edinburg minimal medium (EMM2), fully

supplemented according to the auxotrophies of the parental strains. Some experiments in

Dcrlmp were done on standard sporutypati on ag

Dcr 1 o, adsad4b Epostruction crossesdsle that afford meiotic parents to be

used in RNAihomozygous experiments) were done on SPA, whereas conduction crosses

for Agolp, Clrd4p, Rdrlo, and Riklp, were don
The crosses were incubated for 6ALO0 hrs at 34°C, after which they were

typically analyzed under 40X brigiield microscopy for the formation of asci,

containing the haploid spores produced by meiosis between two parental cells. To obtain

a random spore sample, the meiotically active mixture of asci and unsporulated cells was

transferred to 0.5 mL of glusulase, lysing the membrane surrounding the asci. This

reaction was incubated at 32°C for approximately 25 hrs, after which 0.5 mL of 50%

ethanol solution (in water) was added to the lysate. Treatment with ethanol eliminates any

surviving parental cells, and was administered at RT for approx 25 min. The resulting

free-spore suspension was stored at 4°C and periodically titrated (if crosses were

resampled) when analyzing the cross segregants.

2.3 Screening of meiotic segregantsdaletermination of crossover
frequency

To obtained isolated colonies, corresponding to germinated spores, suspensions (see
above) were diluted and plated onto YEA4S, allowing us to discriminateld@

phenotype. The total volumetric viable spore ymddld then be calculated, given the



dilution magnitude and the number of colonies visible after a sufficiently long incubation
period (typically, approx. 100 hrs). Light red and red colonies were tracked as two
separate populations during meiotic screenshichade6was heterozygous; segregation
of this allele was used as a precaution against frequent diploidy and/spaelfation
due to random matintype interconversion within a strain, giving rise 8 strains,
which coexpress the'had h alleles ofmat2

Colonies were gridded (using a toothpick) onto YEASS, on which they were
grown mitotically for approx. 25 hrs. The resulting confluent patches then served as a
master template for multransfer replication. This is a method for transmitting a
pattern of cells onto various selective media, which can then be used to establish the
phenotype of a large number of colonies. For the experimental crosses (discussed
below), we were particularly interested in the phenotypearafandhis, since these
markers convey, for each meiotic segregants, its parental or recombinant
classification. The 5S masters were thus replicated onto theamrol plates NBA
His (NBA supplemated with all necessary metabolites, excluding Histidine), and
NBA-Ura. Recombinants were scored as grepdBitive on one, but not the other,
whereas parental were either growtbsitive or growthnegative on both. This type of
scoring was done for botlight red and red colonies, which provided a basis for a
threepoint analysis involving the three contiguous marleetsg midl, andchkl

As mentioned before, thade6midl interval served as a control for trans
centromeric recombination. At the centramethe total centromeric recombinant

_ nn(r)
frequency, uncorrected for possible diploidy, is therefore: Elntr}+n@ll  where

n{r) andn{p) are the number of recombinant and parental types respectively.



Strain Genotype

GP 2836 h ade6M26 ura4D18 his3D1 leut32

GP 4942 h-ade63049patl-1 14 agolm: : kanMX6
GP 4944 h ade63049patl-1 14 cr | 4p: : kanMX6
GP 4983 h ade63049patl-1 14 rdr 1g: : kanMX6

GP 6094 h ade6L52 ura4D18 his3D18leul-:3 2 r i k1l @: : LEU2

GP 6099 h* ade6L52ura4-D18 his3D1 lys495

GP 6138 h* ade6M26 ura4-D18 his3D1 mid1::his3 chkl::ura4

Clone 3 h-ade6M26 ura4D18 his3D1 leut32 mid1::his3 chkl::ura4

GP 6100 h-ade6L52 ura4-D18 his3D1 lys4-95

GP 641 h* ade6M26 ura4-D18 his3D1 mid1::his3 chkl::ura4" lys4-95

GP 6102 h ade6L52ura4-D18 his3D1lys495 dcr 1 : : kanMX6

GP 6139 h* ade6M26 ura4-D18 his3D1 mid1::his3 chkl:ura4 lys49 5 dcr 1 g: : kan MX6
GP 6335 h-ade6L52ura4-D18 his3D11lys495c | r 4 p: : kan MX6

GP 6336 h* ade6L52ura4-D18 his3D1lys495 c | r 4 p: : kanMX6

GP 6337 h* ade6L52ura4-D18 his3D1c | r 4 : : kan MX6

GP 6338 h ade6M26 ura4-D18 his3D1 midl::his3 chkl:urad c |l r 4 p: : kan MX6

GP 6339 h- ade6L52 ura4-D18 his3D1 lys4-95rik1::LEU2

GP 6340 h* ade6M26 ura4-D18 his3D1 mid1::his3 chkl::ura4 rik1::LEU2

GP 6341 h-ade6M26 ura4-D18 his3D1 mid1::his3 chkl::ura4 rikl::LEU2

GP 6342 h-ade6M26 ura4-D18 his3D1lys49 5 agol @: : kanMX6
GP 6343 h* ade6L52ura4-D18 his3D1lys49 5 agolg: : kanMX6

GP 6344 h* ade6L52 ura4-D18 his3D1 mid1::his3 chkl::ura4 agol::kanMX6

GP 6345 h-ade6M26 ura4-D18 his3D1 mid1::his3 chkl::ura4 agol::kanMX6
GP 6346 h-ade6L52ura4-D18 his3D1lys49 5 r dr 1 g: : kan MX6
GP 6347 h* ade6L52ura4-D18 his3D1lys49 5 r dr 1 : : kanMX6
GP 6348 h* ade6M26 ura4-D18 his3D1 mid1::his3 chkl::ura4 rdrl::kanMX6

GP 6349 h-ade6M26 ura4-D18 his3D1 mid1::his3" chkl::ura4 rdrl::kanMX6



GP 6049 h-ade6L52 ura4D18 his3D1 dcrl::ura4
TF-3 h-ade6L52 ura4D18 his3D1 dcrl-44a44b
Clone39-1 h* ade6M26 ura4-D18 his3D1 mid1::his3 chkl::ura4 dcrl-44a44b
Clone39-2 h-ade6M26 ura4-D18 his3D1 mid1::his3 chkl::ura4" dcrl-44a44b
Clone39-3 h-ade6L52 ura4-D18 his3D1 lys4-95 dcrt44ad4b

Clone39-4 h* ade6L52 ura4-D18 his3D1 lys4-95 dcrt44a44b
TABLE 3. Some Clr4p and Rikl::LEU2 parental st

the nonrecoverability of these genotypes during screening of segregants. However, we were able to cr
pairs that were isogenic, except for the couplielations oimatto adeg in all mutantsade6L52 andade6
M26: light red and red pigmentation, in colonies grown in limiting adenine, respecting8/D1: inability
of cells to grow without Histidineura4-D18: strong auxotrophy resulting in inabylitof cells to grow
without Uracil;lys4-95: inability of cells to grow in absence of Lysideul-32: inability of cells to grow in
absence of Leucinemidl::his3: transplacedhis3 gene rescuing nativlis background;chkl::ura4':
transplacedira4 gene rescuing natiuera’ backgroundgdcri::ura4® anddcrl1-44a44b transformationalira4
reporter insertion irdcrl, complementingura” background, and the Diceatalytic mutant, respectively;
rik1::LEU2: interruption of rikl with orthologousLEU2 from S. Cerevisiag kanMX6. RNAi gene
interruption with G41&esistant selectable markéf. andh: heterothallic mating typespatl-114 enables
meiosis to be induced with temperate shift.

Lysine was scored with respect to the adefiméed phenotype (lighred or red, since

ade6is putatively unlinked tolys4) by replicating, additionally, to NBAys. Possible

disomy of Chr3 could then be deduced by an overrepresentation of thedtnpieant

phenotypeade6 (red) lys" his" ura™. Finally, among experimertterived spores, the

genotype of the mutant locus was scored by replication onto YEA5S+G418, oLBIBA

in the case of ri k1aom. This was done to conf

deleted gene, although true homozygosis could not be deterndefadtely. The

locations of these RNAg¢ncoding genes, as well as the markers involved in our-three

point analyses, are listed in TABLE 4. The existence kanansgrisitive colonies would

indicate recombination betweeitrl andrikl, signifying that the mss producing them

was heterozygous at these loci. As can be st andrikl are the only linked genes



involved in RNAI (both are weakly linked to the centromere athel§; the other markers

are on separate chromosomes, and their segregation isromafife.

Contig Location (Mbp)

Locus Chromosome (distance from telomere) Predicted Linkages (cM) with other loci
ade6 3 1.3167 1.318 midl (26.9)

cen3 3 1.0657 1.144

mid1 3 1.1477 1.150 3 6en3 (0.48)

chkl 3 1.0607 1.061 506 c(@a#)3

derl 3 1.5061 1.510 rikl (6.16)

clr4 2 0.4577 0.458 None

rikl 3 1.4687 1.471 derl (6.16)

agol 3 0.334171 0.337 None

rdrl 1 1.3257 1.328 None

TABLE 4. Contig locations were referenced from the San§erpombesequence
(GeneDB). The contig oden3was determined from boundaries of the outermost tRNA
genes (which were anticodons for Serine and Lysine respectively). Linkages were
considered significant for markers separated by less than 100 kb. The genetic map
distance (in cM) was determined by multiplying the physical distance bydhede
genomewide average intensity 1.6 cM/10kb (Ellermeier and Smith, 2005). For the
midl/chklcen3interval, we used the closest distance between the boundaries of the open
readingframes for each pair of markers. For therl-rikl andade6midl interval, we

used the distance between the midpoints of the genes.

We were less rigorous about the scoring of analytes produced by the construction crosses
(see below). For these crosses, temperaensitive segregants were screened against by
replicating masters onto YEAS5S and a incubating at 37°C. Auxotrophies uwaeds
though replication. The crossover frequency, acoess in RNAI heterozygotes (most
crosses involved the w.t allele during construction) was determined as before. The

adeninenegative populations were kept distinct, as in the experiments, to detetine

frequency of recombination in tlaele6cen3interval.



2.4 Determination of intragenic recombination frequency

Theade6L52 andade6M26 alleles, constituting the heterozygous locuaad6in the
experimental crosses, are known to recombine at a relatively high frequency (in w.t
zygotes). This frequency, among mutants, was measured by diluting (typically 1:200)
the spore suspensions onto YEA4S + 4S, a discriminator for the adificient
parentattype segregants. A second dilution (typically by 1:100) of the original diluent
was then titrated onto YEA42 + Guanine, a medium selectivad®rspores, which

appear as robust uncolored colonies, and are recombinant. The intragenic frequency of
recombination, which occur predominantly by gene conversion, since the distance

introgenic = I'ij_Tl(T'}
between the allelic polymorphisms is very small (< 1kb),"is dzn(p), where

dy anddz are the dilution factors plated fade” and parental colies respectively. A

schema of intragenic recombination is given in FIGURE 3.
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FIGURE 3. Heteroduplex DNA is formed within thde6gene, causing a bapairing
mismatch at the site of conversion (vertical arrow). As shown, mismatch repair converts
the recipient sequence (heaele6M26) to the wildtype allelic homolog. If the matched
allele (52) is simply retained in the crossovezsolutionof this intermediate gives the
wild-type alleleM26". If the markersre converted simultaneously {conversion),

the resulting recombinant will be the wilgpe alleleade6. The righthanded arrow

shows the direction of transcription. P1 and P2 are the meiotic parents.



2.5 Experimental crosses in deletion mutants

Meioses were induced, on SPA at 34°C, between the parental strains, shown in FIGURE
4 and FIGURE 5. The crosses were incubated1(®D hrs), and treated with glusulase

and ethanol as described above. We subsequently screened for centromeric recombinants.
It should be noted that a negligible increase in map distance of 1.12 cM (TABLE 4) is
incurred, due to the strict linkage between ¢ka3and its flanking coupled markers. In

our analyses, this was not corrected for, due to the large size of the centrelatere to

the noncoding region between these markers.

W ocen3 @
ht his3-D1 lys4-95 ura4-D18

- - - — K- mid!
EEEm D

ade6-M26

ade6-L52

FIGURE 4. Both parents are homozygous for the natig&D1 ura4D18 background, but
heterozygous for the transgenic complementation markers flacking In most crosses, the
ade6dominant akkle M26) was in coupling with the centromeric insertions (note that one cross
betweenmat-cen3coupleda g o $tigns involvedM26 in repulsion with the centromere).
Crossesfon g 0 1 o a rwdre qardied buipfor both mating type relations, with eespo the
centromere. Finally, crosses were heterozygous foer&unlinked control markerlys4-95,

which was used as an approximate, but not definitive, screen for the possibility of nondisjunct
random spore segregants. Markers are not drawn to scale.

Experimental crosses involvingi k 1 ¢:" wérdeaddditionally screened, on NBAu,
in order to verify that the alleles at the deleted gene were not heterozygous. It turned out
that in initial experiments, we observed a low frequendgwhaploids sgregating from

the cross. This was probably due contamination, bl strain in our original parental



isolates. Data from those particular spores were discardetkuAltolonies were scored

and retained in our analysis, under the assumptiorritiaheterozygotes would exhibit

the dominant wildtype phenotype, suppressing the recombinant frequency. In previous
heterozygous crosses involving thiel mutant, we did not observe any recombination,
strongly indicating that the allele is recessive. lhegitcase, it is fully expected that the

homozygous crossover frequency is higher than observed in the first set of crosses.

a ocen3 3
h* leul-32 his3-D1 lys4-95 ura4-D18

- - - - — |k (- mid1
fadadada EpEpEpER
- = emy= - —RE (-———- mid] AR
h leul-32  his3-D1 lys4* ura4-D18

FIGURE 5. Therik1®' &ross is isogenic to crosses between other mutants, howevenathe
was only tested in coupling witade6M26, as shown above, due to the lack of the proper
uncoupled isogenic. Parental strains are homozygous forlete32 his3D1 ura4D18
backgroundMarkersare not drawn to scale.

ade6-M26

 rikiAzLEU2"

Linkage (i.e. genetic) maps can be used for directly comparing observed crossover
frequencies with those predicted by the physical distance (as determined fgmythe

sequence). We report our results in terms of linkage, since the genetic resolutien at th
centromere is poor (i.e. traceable makers are lacking). To do this among mutants, we
transformed our raw data to ¢cM by wusing Hal
case, assuming recombination occurred uniformly across the genome, including the
centromere, in critical RNAi mutants, we scaled the physical distance by the

experimentally characterized genomile average intensity of recombination.



Thus, for cross derived frequencies, the linkage was computed as,

. 1
ﬂ!fQE?’!ELLl: — E]n{l _ 2}1‘; :I

and theoretical frequencies wetetermined by the following:

mM
kb is the mean intensity.

d:gana:‘:'c — Ea‘pk:}-ﬂlicﬂz g= 1.6

B ,  Where

2.6 Construction crosses for deletion mutants

In order to obtain the set aen3coupledisogenics for all five RNAI knockout mutants,
we performed a set of@sses designed to introduce the desired alleles. All constructions,
except those fork1, were commenced from an origirgtl-114derivate (Grewal et al.,
2006). The constructions all consisted of a-ptase meiotic screen. The two successive
crossesare shown in FIGURE 6, and for the special casekaf are shown in FIGURE
7. The final segregants isolated from these screens were then purified, retested for their
phenotypes, and cryogenically stored

The first step in the screen involved selectioniasf thepatl-114 temperature
sensitive marker, and introduction of the knockout allele, into a irguessivaira4-D18
his3-D1 lys495 background. Secondly, treede63049 allele of the original derivate is
phenotypically identical tade6M26; retainng this allele would eventually confound the
process of assaying the segregation of chromosome 3. Thus, we replaced the allele with
the phenotypically distinchde6L52, which remains in repulsion with the centromere
flanking markers in our experimentgleiosesbetween the two haploids, in crosses C1,
C6, and C8 (forclr4, rikl, andrdrl respectively), were induced in the standard way in
SPA at 25°C. Only thé" variant was recovered. Due to the relatively high volume of

marker segregation, we scored appmately 70 candidates, by replicating them onto



YEAA4S, NBA-Ura, NBA-His, NBA-Lys, G418, and YEA5S/37°C. We selected for

(light red) ura® his" lys tps" kan segregants. The first construction cross of riké

strain (C3) was screened similarly, ladte6M26 ura4D18 his3D1 were homozygous,

and the centromerianking insertions andeul-32 were crossed in. Rescue of teer
genotype of this strain could then be used in the subsequent cross, to report the
segregation of theikl::LEU2 complementatio allele. In this cross, approximately 70
candidates were replicated onto YEA4S, NBRa, NRAHis, and NBALeu, and we
selected foh* ura” his' leu segregants accordingly.

In all crosses, the matifgpe locus,mat2 was scored by backcrossing the
canddates (typically after the other markers were scored) to the common Eetbe
testers GP2 and GP1@hich areh” and h" respectively. Sporulation was assayed by
staining the test mixtures with iodine fumes, which react only with-@sciucing
populatians, causing them to darken. Occasionally, the extent and quality of sporulation
was determined by microscopy, or by a combination of the two methimdgsegregants
were purified, and an isolate was obtained for the next phase of the construction.

In the second phase, we produced two sets of strains that carried the RNAI
deletion. In C2, C7, and C9 (continuationgbfl, agol,andrdrl, as before), neset was
the strain produced in the preceding construction step, recovered fairly trivially. This
stran was devoid of the centromeric insertions coupled the recessive matle&is52
and lys4-95. The second set of strains emerged from the segregation of the deletion
cassette into the centromeremplementation background (strain GP 6138 in TABLE 3).
We expected the centromeric markers to remain tightly coupled, since the mutant allele

was heterozygous. We replicated approximately 70 red and light red segregants onto



YEA4S, NBA-Ura, NBA-His, NBA-Lys, and G418. We selected for two the two sets of
phenotypesand generally (although not always) obtainedithandh™ isogenics of both
(light red)ura his lys karl and (redura® his* lys" karl. In the secondikl construction
(C4), we again obtained two types of strains. To construct the first, we ctgs4&b
and therik1::LEUZ2 allele into the centromer@omplementation background generated by
the previous cross. The second was acquired by crossihthe centromerflanking
markers and gaining thek1::LEU2 allele while maintaining thé/s4-95 marker Thus,
we replicated approximately 70 red and light red colonies onto YEA4S -IBANBA-
His, NBA-Lys, and NBALeu. We selected for the two phenotypes (light ne@d) his
lys leu" and (red)ura” his" lys' leu’, but did not isolate both of their matitgpe
isogenics. Nevertheless, these crosses afforded the strains required by the experiment.
To verify the phenotypes (which are almost certainly correlated with the
genotypes) of these strains, we plated a sample of an isolated inoculum of each strain
onto YEAS5S. Upon incubation, a confluent layer of cells was formed, and was
consequently replicated onto YEA4S, which differentiated strain color,-NB# NBA-
His, NBA-Lys, G418, and additionally for thekl strains, NBALeu. As mentioned
previously, thegrowth profile of most (15/16) of the strains were consistent with their
predicted phenotypes. Omi&l derivate had an inverted coupling relation betwade6
andcen3 and thus was infeasible for crosses that were simultaneously heterozygous for
the centomeric markers andde§ and thus, does not appear in our experiments. Lastly,
one of theclr4 parental strains showed aberrant coupling betvWeshandade6 Thus,

we were not able to establigtatcoupling effects for these mutants.
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FIGURE 6. Arrows indicate markers under positive selection (i.e. retained in the cross).
First phase: introduction of mutant allele into recessive background; replacement of
original ade6with a phenotypically distinct allele; loss of temperature seitsiti8trains
involved are GP 6099 crossed with GP 4944, GP 49424g01), GP 4983(drl). See

TABLE 3. Second phase: introduction of centrorA@making complementary markers

into mutant background; coupling edde6M26 and lys4-95. Arrows (light and dik)
correspond to markers under positive screen for both parents, respectively, for the
experimental cross. Strains involved are clones generated by first phase and GP 6138 (the
original cen3 transformant).R N Ai : : ksaarkamdisruption of the target RNAI

locus (Grewal et al, 2006). Genes not drawn to scale.
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FIGURE 7. First phase: introduction of centromeriegnplementation markers inteu
background. Strains involved are GP 2836 and GP 6138. Second phase: genération
wild-type (noncomplimented) parent aen3by loss of flanking markers; introduction of
mutant r i k Aallgle into complimented background; coupling atle6 to cen3
introduction of ; introduction ofys4. Strains involved are the clone generated by firs
phase and GP 6094iklgp: : L @ 2lisruption ofrikl, and compliments the native
Leucinenegative background. Genes not drawn to scale.

2.7 Experimental crosses with Diegaitalytic mutant

The nuclease mutantdqrl-44a44l) were crossed, with viradly identical marker
structure as in the above experiments. Crosses were accomplished using standard
techniques, and done in dependent duplicate by mixing two samples of each monoculture

(from one isolate). The cells were incubated on supplemented EMIBY¥C for 50 hrs.



Sporulation was assessed via microscopy and found to be adequate for a quantitative
yield. Asci were harvested and plated in duplicate on YEA4S and YEAA4S, supplemented
with Guanine, to determine the intragenic recombinant frequency vaitle@é The

experiment was carried out as single trialsni@at2both in coupling and repulsion with

the centromere. As an isogenic control, these crosses were induced simultangbusly wi
thedcr1® @omplete deletion) cross, which was also done in duplicate, but with a single
mat2coupling relation. Segregants [will be] were scored in a thoset analysis, as

before, to determine centromeric crossover frequency. The cross is shBIGURE 8.
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FIGURE 8. The Dicecatalytic mutant experiment is isogenic with the Dideletion
cross. Arrows show the approximate location of skmgleleotide or singleesidue
polymorphisms. Markers are not drawn to scale. Segregants resuttmgthis cross
were only tested for auxotrophies; we assumed that reversion of the nudgasee
mutation was a rare event, and thus did not amplifgth&-44a44bsequence.

2.8 Genomic integration of the Diceatalytic allele

2.8.1 Sequence detmination and cloning of mutant fragment
The nucleotide poiAmutations necessary to produce dloel-44a44ballele were

inferred by structural (and quite certainly, functional) homology with the existing



