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ABSTRACT

Cells need to complete DNA replication in a timely and error-free manner.
To ensure that replication is completed efficiently and in a finite amount of time,
cells regulate origin firing. To prevent any errors from being transmitted to the

next generation, cells have the checkpoint mechanism.

The S-phase DNA damage slows replication to allow the cell to repair the
damage. The mechanism of replication slowing by the checkpoint was not clear
in fission yeast, Schizosaccharomyces pombe, at the start of my thesis. The
downstream targets of the DNA damage checkpoint in fission yeast were also
unclear. | worked on identifying the downstream targets for the checkpoint by

studying if Cdc25, a phosphatase, is a target of the checkpoint.

Work from our lab has shown that origin firing is stochastic in fission yeast.
Origins are also known to be inefficient. Inefficient origins firing stochastically
would lead to large stretches of chromosome where no origins may fire randomly
leading to long replication times, an issue called the random gap problem.
However, cells do not take a long time to complete replication and the process of
replication itself is efficient. | focused on understanding the mechanism by which
cells complete replication and avoid the random gap problem by attempting to

measure the firing efficiency of late origins.

Genome-wide origin studies in fission yeast have identified several

hundred origins. However, the resolution of these studies can be improved upon.



viii

| began a genome-wide origin mapping study using deep sequencing to identify
origins at a greater resolution compared to the previous studies. We have
extended our origin search to two other Schizosaccharomyces species- S.
octosporus and S. japonicus. There have been no origin mapping studies on
these fission yeasts and identifying origins in these species will advance the field

of replication.

My thesis research shows that Cdc25 is not a target of the S-phase DNA
damage checkpoint. | showed that DNA damage checkpoint does not target
Cdc2-Y15 to slow replication. Based on my preliminary observation, origin firing
might be inhibited by the DNA damage checkpoint as a way to slow replication.
My efforts to measure the firing efficiency of a late replicating sequence were
hindered by potentially unidentified inefficient origins firing at a low rate and
replicating the region being studied. Studying the origin efficiency was maybe
further complicated by neighboring origins being able to passively replicate the
region. To identify origins in recently sequenced Schizosaccharomyces species,
we initiated the genome-wide origin mapping. The mapping was also done on S.
pombe to identify inefficient origins not mapped by other mapping studies. My
work shows that deep sequencing can be used to map origins in other species

and provides a powerful tool for origin studies.
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Chapter |

Introduction- DNA replication and origin efficiency



The process of DNA Replication

DNA replication is a crucial step in the cell cycle of all organisms (Bell and
Dutta 2002). High fidelity must be maintained during this process in order to
maintain genomic integrity. In prokaryotes, replication initiates at a single locus or
origin, while in eukaryotes, replication is initiated from multiple points along the
genome (Dutta and Bell 1997; Gilbert 2001; Bell and Dutta 2002). Therefore,
eukaryotic replication is highly complex process. Activation of origins and

initiation of replication must be tightly regulated.

The process of initiation requires the sequential and cell cycle dependent
binding of proteins (Fangman and Brewer 1992; Kelly and Brown 2000). Several
protein complexes are assembled at sites of replication initiation allowing these

origins to fire.

In the fission yeast Schizosaccharomyces pombe, the first complex
formed is the pre-replicative complex (pre-RC) at the origin. This multiprotein
complex consists of the origin recognition complex (ORC), Cdtl, Cdc6 and a
hexameric complex of the minichromosomal maintenance proteins (Mcm 2-7)
(Aparicio et al. 1997; Donovan et al. 1997; Tanaka et al. 1997; Nishitani et al.
2000). The fission yeast homolog of Cdc6 is Cdc18. Formation of the pre-RC on
the origin is referred to as origin licensing. Two protein kinases, the cyclin-
dependent kinase (CDK) Cdc2 and the Cdc7 homologue, Hskl, phosphorylate

pre-RC components, which lead to the activation of the pre-RC and loading of



replication protein Cdc45, a replication initiation protein essential for replication.
Loading of Cdc45 is followed by the attachment of Replication protein A (RPA),
polymerases, establishment of replication forks and the initiation of replication
{Figure 1.1}(Zou and Stillman 1998; Zou and Stillman 2000; Masai and Arai

2002).

Formation of Pre-RC complex

The pre-RC is assembled during the G1 phase of the cell cycle. The origin
recognition complex (ORC) is composed of six proteins Orcl-6. The ORC
proteins are conserved from yeast to metazoans. ORC components display DNA
binding activity and were originally identified in budding yeast (Bell and Stillman
1992). The timing of ORC recruitment does not appear to be conserved between
organisms (Gilbert 2001). In fission yeast, ORC associates with replication
origins both in vivo and in vitro and is formed during the late M and G1 phase
(Chuang et al. 2002; Kong and DePamphilis 2002; Takahashi et al. 2003).
Human ORC is capable of binding to any primary DNA sequence. ORC binds to
the DNA in an ATP dependent manner. Fission yeast Orcd4p has multiple AT
hook motifs present at N terminus, which are absent in other organisms (Chuang
and Kelly 1999). This hook is essential for viability in fission yeast and is shown
to prefer AT rich tracts of DNA. ORC remains bound to the DNA throughout the
cell cycle in the case of budding and fission yeast (Santocanale and Diffley 1996;

Aparicio et al. 1997; Tanaka et al. 1997; Ogawa et al. 1999). However, in



Figure 1.1 Formation of protein complexes leading to origin firing

Origin recognition complex marks the origin sites. At the beginning of G1,
MCM complex is recruited by Cdcl8 and Cdtl loading onto the chromatin and
this complex is known as pre-replicative complex (pre-RC). The origin is now
licensed to fire. G1-S transition marks the recruitment of more factors, shown in
the figure, to the pre-RC forming the pre-initiation complex (pre-IC) and leading
to the initiation of replication. Once the origins are fired, further licensing is
prevented and the complexes are converted to post-replicative complex (post-

RC).



Figure 1.1 Formation of protein complexes leading to origin firing



mammals, only the Orc2 subunit is continuously associated with the chromatin
whereas Orcl disassociates with the chromatin at the end of S phase and
attaches again only at the beginning of G1 (Natale et al. 2000; Tatsumi et al.
2000). This data is consistent with the observation that Orcl chromatin
association is diminished in mitosis. Similarly, in Xenopus ORC is cleared from

chromatin during metaphase (Carpenter et al. 1996; Romanowski et al. 1996).

ORC binding to the origin recruits the initiation proteins Cdc6 and Cdtl.
ORC binding to the chromatin is essential for Cdc6 and Cdc6 in turn is required
for Mcm2-7 association (Coleman et al. 1996; Aparicio et al. 1997). A direct
association of the budding yeast protein with the origins has also been shown by
ChIP (Tanaka et al. 1997). Cdc6 is an AAA+ ATPase and has been shown to
increase the stability of ORC on chromatin while simultaneously inhibiting
nonspecific ORC binding (Mizushima et al. 2000; Harvey and Newport 2003).
Cdc6 is a cycling protein. In budding and fission yeast, after cells have entered S
phase, Cdc6 is targeted for degradation by SCF°“* dependent ubiquitination
and undergoes proteosome mediated degradation (Jallepalli et al. 1998; Wolf et
al. 1999; Perkins et al. 2001). Degradation occurs after CDK dependent
phosphorylation of the N terminus as shown by mutation studies (Jallepalli et al.
1998; Perkins et al. 2001). In mammals, CDK dependent phosphorylation
promotes the export of Cdc6 from the nucleus. Cdc6 is subsequently degraded
by the anaphase promoting complex (APC) during metaphase (Petersen et al.

2000).



In fission yeast, Cdtl associates with the C terminus of Cdc6 and leads to
the recruitment of MCM proteins to growing origin complex (Nishitani et al. 2000).
Much like Cdc6, Cdtl levels peak in G1 and as the cell progresses through S
phase it declines. Crystal structure of the Cdc6 homolog Pyrobaculum
aerophilium has shown that it is an AAA+ ATPase and is suspected to be a prime
candidate to act as the clamp loader as a part of ORC (Perkins and Diffley 1998;
Liu et al. 2000). Some of the proteins of the ORC- Orc1, 4 and 5- also belong to
AAA+ ATPase family (Lee et al. 2000). It is highly likely that these proteins along
with Cdc6 act as a clamp loader to load the replicative helicase MCM complex on

the origins.

After Cdtl and Cdc6 loading, origin DNA must be unwound. This process
requires the Mcm2-7 complex (Walter and Newport 2000). The MCM complex is
a heterohexamer formed by six different Mcm proteins. Mcm2-7 are essential in
both budding and fission yeast (Kelly and Brown 2000). ORC, Cdc6 and Cdtl are
all required for MCM origin recruitment. The recruitment of MCM requires ATP
hydrolysis by both Cdc18 and ORC subunits (Randell et al. 2006). After the MCM
complex has been loaded, ORC and Cdc6 are no longer required for origin firing
indicating that these two proteins act primarily to load the MCM helicase (Rowles
et al. 1999; Walter and Newport 2000). MCM proteins are the only components
of the pre-RC known to associate with replication forks (Labib et al. 2000).
Previous works using various techniques have suggested the Mcm complex to

act as the replicative helicase during S phase (Labib and Diffley 2001; Forsburg



2004). MCM complex has only recently been shown to actually have the in vitro
helicase activity (Bochman and Schwacha 2008). The subcomplex of Mcm2-7-
Mcm4, 6 and 7- display limited in vitro helicase activity (Lee et al. 2001; You et
al. 2002) suggesting that Mcm4/6/7 acts as the core helicase with Mcm2/3/5
working as the regulatory subunits. All six proteins are required for ATPase
activity (Schwacha and Bell 2001). The structure of the MCM complex as seen
by EM studies shows the fission yeast MCM proteins forming a doughnut-like
structure with a central cavity (Adachi et al. 1997). A similar toroidal structure
with six lobes surrounding a central cavity has been observed by EM for human
Mcm4/6/7 complex (Sato et al. 2000). Presumably DNA strand(s) occupy this

central cavity.

MCM proteins are present in the nucleus only during G1 and S phase in
budding yeast and are actively exported to the cytoplasm during G2. Only an
intact six-subunit complex is able to re-enter nucleus in both budding and fission
yeast (Labib et al. 1999; Nguyen et al. 2000). Export of the unbound MCM
proteins has been shown to be mediated by the Crm1l nuclear export factor in
fission yeast (Pasion and Forsburg 1999). In fission yeast, the bulk of the MCM
proteins are constitutively nuclear (Bell and Dutta 2002). Likewise, in metazoans,
MCM proteins are present in the nucleus constitutively and their chromatin

association weakens through the S phase (Lei and Tye 2001).



MCM recruitment completes the formation of the pre-RC. Origins bound
by the pre-RC are licensed to fire or are capable of firing. However, only a
fraction of licensed origins actually fire (Santocanale and Diffley 1996; Walter and
Newport 1997; Okuno et al. 2001). If, for some reason, the origins that are
licensed, fail to fire, then neighboring licensed dormant origins fire (Santocanale

et al. 1999).

In order for the origins to fire, the pre-RC must be converted to pre-
initiation complex (pre-IC) during the G1 to S transition. Not all pre-RC’s are
converted to pre-IC. Cdc2 and Hskl-dependent phosphorylation is required for
initiating replication at the pre-RCs and ultimately, activation of the MCM

helicase.

Initiation of Replication

Mcm10 is the earliest initiation factor that binds to the pre-RC. It is
essential for the subsequent steps of the complex formation to take place. A role
has been suggested for Mcm10 in the fork elongation and presumably travels
along with the replication fork (Gregan et al. 2003). Mcm10 seems to have
several critical functions while the replication fork is traveling and is needed for
pre-RC formation only in budding yeast and not in fission yeast or Xenopus
(Homesley et al. 2000). Mcm10 binds to the chromatin independently of Mcm2-7

except in Xenopus where the MCM complex needs to be loaded first
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(Wohlschlegel et al. 2002; Gregan et al. 2003). In mammals, MCM10 displays a
cyclic chromatin association, which is highest during S phase, unlike budding
yeast, which displays constitutive chromatin binding (lzumi et al. 2000; Izumi et

al. 2001).

Replication is triggered at the origins when the S phase cell cycle
regulated kinases, Hskl (Cdc7 in budding yeast) and cyclin dependent kinase
(CDK) Cdc2, are activated (Kelly and Brown 2000; Bell and Dutta 2002; Masai
and Arai 2002; Kim et al. 2003). CDK and Dbf4-dependent kinase (DDK) modify
the pre-RC and facilitate the loading of additional factors, which are required for

the initiation of DNA synthesis (Jares and Blow 2000).

Cyclin dependent kinases ensure the progression through various phases
of the cell cycle including initiation of replication. In fission yeast, the CDK activity
is low at the beginning of the S phase but the levels gradually increase through
the S phase. It is presumed that CDK’s intermediate levels are sufficient to
initiate replication but are below the threshold for its mitotic functions. However,
CDK does play a major role during replication, phosphorylating many replication
factors (Kelly and Brown 2000). Mammals have different CDKs for different
stages of the cell cycle. Fission yeast however expresses a single CDK, Cdc2.
The major cyclin Cdc2 associates with in fission yeast is Cdcl13. There are three
other cyclins Cigl, Cig2 and Pucl which are also present and have overlapping

functions (Fisher and Nurse 1996).
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In addition to CDK Cdc2, the Cdc7 kinase is required. Cdc7 has a catalytic
partner, Dbf4 and the heterodimer is known as Dbf4-dependent kinase (DDK).
The fission yeast analog of budding yeast Dbf4 is Dfpl. Dfpl expression is
periodic with levels peaking at the beginning of S phase. DDK kinase activity is
required for Cdc45 recruitment to the pre-RC (Walter and Newport 2000; Zou
and Stillman 2000). DDK activates origins throughout S phase (Bousset and
Diffley 1998; Patel et al. 2008). DDK phosphorylates MCM and Mcm1l0 is
required for the interaction between DDK and MCM complex (Lee et al. 2003).
The phosphorylation has been shown both in vivo and in vitro (Lei et al. 1997;
Jares and Blow 2000; Jares et al. 2000). DDK preferentially phosphorylates

chromatin bound MCM (Sheu and Stillman 2006).

Recently the essential targets for phosphorylation by CDK have been
identified as Sld2 and Sld3 (Tanaka et al. 2007; Zegerman and Diffley 2007).
Phosphorylation allows them to bind to Dpbll. The fission yeast homolog of
Dpb11 is Rad4. This in turn recruits Cdc45, Go, Ichi, Nii and San (GINS) and

DNA polymerases to the origin DNA (Labib and Gambus 2007).

Cdc45 is the initiation protein, which is required not only for initiating
replication but also for maintaining replication. It has been suggested that Cdc45
along with GINS are responsible for stimulating the helicase activity of MCM by

forming the Cdc45/Mcm2-7/GINS (CMG) complex (Moyer et al. 2006).
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It has also been suggested that CDK and DDK function in parallel and
lead to the loading of Cdc45 onto the chromatin {Figure 1.2} (Dolan et al. 2004).
Cdc45 recruitment initiates replication, presumably by activating the MCM
helicase unwinding origin DNA. DNA unwinding leads to the recruitment of the
DNA polymerases- DNA pol o, 6 and ¢. The processivity factor, Proliferating Cell
Nuclear Antigen (PCNA) then encircles the DNA and topologically links the
polymerase to DNA (Jonsson and Hubscher 1997). This loading of PCNA is done
by the clamp loader, replication factor C (RFC) (Ellison and Stillman 2001).
Replication forks then travel in a bi-directional manner with MCM and Cdc4

traveling with the forks {Figure 1.3}.

How is re-replication prevented?

Replication must be a highly coordinated and controlled process. Cells
must ensure replication occurs only once during each round of the cell cycle. Re-
replication would lead to chromosomal breakage and genomic instability. To
prevent re-replication, cells must ensure any origin will fire only once during S
phase. Several studies have identified different mechanisms utilized to ensure
fired origins cannot fire again. In budding yeast, origin firing leads to disassembly
of the pre-RC, hence ensuring that origins fire only once during each cell cycle

{Table 1.1} (Diffley 1996).
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Figure 1.2 Hsk1 and Cdc2 regulate initiation of replication

Hsk1-dfpl kinase regulates the assembly of the replication complex on the
origins. It does so by phosphorylating MCM proteins to allow for the binding of
Sld3. Rad4 and Drcl on the other hand mediate the signal from CDK Cdc2 to
initiate replication. Cdc2 phosphorylates Drcl. The regulation by both DDK and
CDK is required to activate the preRC and initiate replication and disrupting
either signals leads to the disruption of the origin firing. Adapted from Dolan and

forsburg 2004



Figure 1.2 Hsk1 and Cdc2 regulate initiation of replication
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Figure 1.3 Steps leading to the formation of Initiation complex

The model is based on studies of the various replication factors. At the
beginning of S phase, after the formation of pre-RC, Sld3 binds to the origins
where the pre-RC is bound in a DDK dependent manner. CDK is then needed for
the binding of GINS and Cut5. Cut5 and GINS are mutually dependent for
binding. Cdc45 then binds to the origins only if these three factors have bound to
the origin. Binding of cdc45 leads to the initiation of replication. Adapted from

Yabuuchi and Yamada 2006



Figure 1.3 Steps leading to the formation of Initiation complex
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Table 1.1 Mechanisms for preventing pre-RC formation

S. cerevisiae S. pombe Xenopus Mammals
ORC CDK ? Destabilization | Orc1 dissociation/
phosphorylation of ORC on degradation
on chromatin chromatin
Cdc6 Degradation Degradation | Nuclear Nuclear Export
Export CDK phosphorylation
on chromatin
Cdtl Nuclear export | Degradation | Degradation Degradation
Geminin Geminin
MCM Nuclear export | ? Reduced Reduced affinity for
affinity for chromatin
chromatin CDK inhibition of

helicase activity
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Cdc6, ORC and Cdt1 are the licensing factors that need to be regulated or
prevented from reattaching to origin sites and licensing them. CDK is the primary
regulator for preventing licensing once the S phase has begun, which it does by
phosphorylating its targets. Intermediate levels of CDK are required for initiating
S phase but also lead to prevention of pre-RC formation. Therefore pre-RC may
only be formed when CDK levels are low at the M/G1 transition. Beginning with S

phase initiation, CDK levels rise and thereby prevent pre-RC formation.

CDK interacts and phosphorylates subunits of ORC, which is necessary to
prevent further pre-RC formation (Nguyen et al. 2001; Vas et al. 2001). Studies
have shown that replication may be initiated in G2 phase if CDK activity is
inhibited (Itzhaki et al. 1997). In mammals, ORC affinity for chromatin decreases
after origins fire. In fission yeast, CDK is recruited by ORC and disruption of this
interaction allows re-replication (Wuarin et al. 2002). In eukaryotes, CDK activity
results in reduction of Cdc6 activity. In budding yeast, beginning in S phase, CDK
protein levels increase, phosphorylate Cdc6 and target it for SCF mediated
ubiquitination and proteolytic degradation (Drury et al. 1997; Jallepalli et al.
1997). In vertebrates, Cdc6 activity is prevented by its export from the nucleus
upon CDK phosphorylation (Saha et al. 1998; Delmolino et al. 2001). Cdtl on the
other hand becomes ubiquitinated only after PCNA loading at fired origins in
fission yeast (Arias and Walter 2006). In mammals, Cdtl is phosphorylated by
CDK and targeted for degradation (Liu et al. 2004). In budding yeast Cdtl is

exported away from the nucleus (Tanaka and Diffley 2002).
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MCMs on the other hand, travel with the forks and hence are no longer
present at the origins (Aparicio et al. 1997). The MCMs that are nuclear but not
bound to the chromatin have a decreased affinity for chromatin due to
phosphorylation by CDK (Coue et al. 1996; Fujita et al. 1998). In budding yeast,
MCMs released from the forks are exported from the nucleus (Labib et al. 1999;

Nguyen et al. 2000).

Another mechanism for preventing re replication is seen in metazoans.
Geminin forms a dimer with and prevents Cdtl dependent origin licensing
(McGarry and Kirschner 1998; Maiorano et al. 2004). Geminin prevents Cdtl
dependent Mcm recruitment through steric hindrance of the Mcm-Cdtl

interaction (Cook et al. 2004).

Early studies on origin sites

Replication is initiated at defined regions of the genome called origins.
Origins are best characterized in budding yeast. Origins are defined sequences
capable of initiating replication or autonomously replicating sequences (ARS).
Origins were originally identified using plasmid stability studies in proliferating
yeast. Two-dimensional gel electrophoresis has also been used to study origins
in both plasmid and native chromosomal context (Brewer and Fangman 1987;
Brewer and Fangman 1991). Budding yeast contains a 10-12bp ARS conserved

signature sequence called the ARS consensus sequence (ACS). Budding yeast
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origins are about 100-150 bp containing one ACS element and 2-3 additional
origin B elements (Newlon and Theis 1993; Bell et al. 1995). Only 1 of these ACS
elements is actually conserved between origins (Rao et al, 1994). Budding yeast
origins fire with high efficiency at defined periods of the S phase (Kelly and
Brown 2000; Gilbert 2001). Origins are defined as either early or late firing
(Raghuraman et al. 2001; Yabuki et al. 2002). However, there is no clear
demarcation between early and late firing origins. Rather, origins fire throughout

S phase (Raghuraman et al. 2001).

Due to a lack of well-defined difference between early and late firing
origins it is very difficult to identify which origins fire early or which fire late. This
problem can be circumvented by using the drug hydroxyurea. Origins firing in the
presence of hydroxyurea are defined as early origins (Santocanale and Diffley
1998; Kim and Huberman 2001; Lopes et al. 2001). Hydroxyurea is a
ribonucleotide reductase inhibitor, which prevents deoxyribonucleotide synthesis.
The inhibition leads to nucleotide depletion and because of this, replicating forks
cannot incorporate nucleotides at the regions where replication is occurring and
hence the forks stall. Hydroxyurea triggers the replication checkpoint that
prevents origins from firing. Early origins are able to fire before the pools of
nucleotides are depleted and before the checkpoint activity prevents firing, hence
they fire during early S phase (Yabuki et al. 2002). Late origins do not fire in HU
and are prevented from doing so by the replication checkpoint (Shirahige et al.

1998). Genome-wide studies in yeast have identified and mapped many origins
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(Raghuraman et al. 2001; Yabuki et al. 2002; Segurado et al. 2003; Feng et al.

2006; Heichinger et al. 2006; Eshaghi et al. 2007; Hayashi et al. 2007).

Unlike budding yeast origins, metazoan origins are not well defined and
average origin firing efficiency is low. Several studies indicate that in Xenopus
and Drosophila embryos any region is capable of acting as an origin and
replication therefore may be initiated from anywhere in the genome (Hyrien and
Mechali 1993; Shinomiya and Ina 1994). In mammals origins have been difficult
to identify. Regions where ORC binds have not been identified and the origins
that are known are highly inefficient with the best studied example, hamster
DHFR locus firing only 20% of the time (Burhans and Huberman 1994; Gilbert

2001; Dijkwel et al. 2002).

Origins in fission yeast

Fission yeast serves as an excellent model organism for origin studies
related to higher eukaryotes. Unlike budding yeast origins, but like metazoans,
fission yeast origins contain no consensus sequence. However, replication does
initiate at defined regions in the genome in fission yeast (Dubey et al. 1994;
Gomez and Antequera 1999). Fission yeast origins are large AT rich regions
(Clyne and Kelly 1995; Dubey et al. 1996; Segurado et al. 2003; Dai et al. 2005).
Similar to metazoans, fission yeast origins are inefficient with the average

efficiency ranging between 25-40% (Dubey et al. 1994; Gomez and Antequera
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1999; Kim and Huberman 2001; Segurado et al. 2002; Segurado et al. 2003;
Patel et al. 2006). Lastly, fission yeast origins are not always interchangeable
with the budding yeast origins (Clyne and Kelly 1995). Hence the mechanisms of

origin regulation in fission yeast maybe more similar to metazoans {Figure 1.4}.

Genome-wide studies have been conducted recently in an effort to identify
origins across the genome. One of the earliest efforts was done by bioinformatic
analysis where AT rich sequences were the criteria used to select origins
(Segurado et al. 2003). They looked for regions greater than 72% AT rich, and
these AT rich segments should be present in 0.5-1 Kb windows. This method
identified 384 AT rich islands, which could serve as origins and 20 of them tested
for origin activity by 2-D gel electrophoresis. It was shown recently that fission

yeast origins had properties similar to the inter-genic regions (Dai et al. 2005).

Another genome-wide analysis is based upon mapping single stranded
DNA on ORF microarrays in the presence of HU. The analysis in an S-phase
checkpoint deficient strain identified 321 origins in fission yeast (Feng et al.
2006). 61% of these origins function during a regular S-phase which suggests
that S-phase checkpoint functions in suppressing many origins which will be

discussed later.
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Figure 1.4 Origins in fission yeast and stochasticity of origin selection

(A) Fission yeast origins are characterized by AT rich islands. These are
regions of asymmetric stretches of adenine or thiamine. The origins are located
in the inter-genic regions as identified by various studies. (B) Origins in fission
yeast display stochasticity in firing. Different origins fire in each cell during cell
cycle. Each origin fires only in a fraction of cells. Origins are marked by a red line
and the corresponding efficiency is given above the origin location. (C) Temporal
stochasticity is marked by origins firing throughout S phase. There are no clear
demarcations as to when an origin fires early and when it fires late. Adapted from

Legouras and Lygerou, 2006
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Figure .4 Origins in fission yeast and stochasticity of origin selection

A ori

G ! — Cene? gy Cened g

7N

AT-rich Long
AT-Asymmetric

B. Stochasticity in Space C. Stochasticity in Time

oril Cell 1 i Cell 2
45% 5% 80% 20% 20% 25% ori
M Early S H

Cell 1*

Mid S
Cell 2* I
Cell 3#

Cell 4* Late S



25

Recently, Heichinger et al have identified more origins in fission yeast
based on an increase in copy number with a resolution of about 6.5 Kb
(Heichinger et al. 2006). DNA content was measured in the G2 phase and S
phase of the cell cycle and the regions that had doubled their amount of DNA
were the regions that had replicated. They identified 401 strong and 503 putative
weak origins which seemed to be spaced on average every 14 kb throughout the

genome (Heichinger et al. 2006).

As part of this thesis, | have participated in a genome-wide study to find
origins using a similar copy change number described in Heichinger et al, 2006.
However, this study was done using deep sequencing the details of which will be
described in Chapter IV. We have also done similar studies on two other

Schizosaccharomyces species; S. octosporus and S. japonicus.

Origin location influences timing of firing

Origin location is important for its efficiency (Friedman et al. 1995).
Inefficient origins can be made to fire if their passive replication is prevented by
neighboring origins (Santocanale et al. 1999). Late firing origins located in a
heterochromatic region may fire early if transferred to euchromatin (Stevenson
and Gottschling 1999; Vogelauer et al. 2002). Also, early firing origins may be

forced to fire late by placing them in heterochromatin (Friedman et al. 1996;
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Zappulla et al. 2002). This data shows that origin location dictates whether that

origin will fire early or late.

What is Random gap problem?

In contrast to budding yeast where efficient origins are spaced relatively
evenly across the genome, only a few licensed origins actually fire in humans
and fission yeast. Origin firing in fission yeast is random in nature compounding
potential problems completing replication. Random firing was determined by
measuring the distance between origins that had fired. Patel et al found an
exponential distribution of inter-origin distances which was interpreted as
stochasticity of origin firing {Figure 1.4} (Patel et al. 2006). Random and inefficient
origin firing may lead to disastrous consequences. Large regions of the genome
may have no origin firing due to the stochastic firing of origins, thereby leading to
cells taking a long time to complete replication, a problem known as ‘random gap
problem’ (Lucas et al. 2000; Herrick et al. 2002; Jun et al. 2004). In a recent
paper on budding yeast, it was shown that although budding yeast seems to
have a highly regulated temporal program, when looked at globally, at the
individual cell level replication seems to be stochastic. This data argues that even
in budding yeast there is a randomness at a local level instead of a regulated
temporal program as shown previously (Czajkowsky et al. 2008). However, cells

are able to finish replication in an efficient manner (Hyrien et al. 2003). Hence
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there is no random gap problem and cells must employ a mechanism to regulate

origin firing. Several models have been proposed to explain this discrepancy.

How fission yeast reconciles random origin firing and inefficient origins
with efficient replication is the focus of my studies. My hypothesis is that the
origin efficiency increases as the cells progress through S phase. In order to test
this, my thesis has focused on measuring the efficiency of an origin during the
later part of S phase. Chapter Il discusses the model that | believe explains this

conundrum and my efforts to show this.

In order to understand why origins are inefficient biochemically, we
hypothesized that there is a rate-determining factor that is responsible for
activating all the origins. This factor would have to be present in limited quantities
and be physically present at each origin. Any of the factors that are responsible
for activating the pre-RC would be good candidates. Studies in our lab have
shown that this factor is Dfpl which is the activating co-factor of Hskl Kinase

(Patel et al. 2008). This work is presented in Appendix IlI.1.

DNA damage checkpoints and origins

Replication is far from perfect and its progress is hampered by damage
both endogenous and spontaneous, to DNA. In order to ensure an error free

transmission of genetic material, cells have devised elaborate mechanisms such
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as various repair systems and cell cycle checkpoints to detect unreplicated DNA,

DNA damage and repair aberrant DNA structures (Zhou and Elledge 2000).

Checkpoints are molecular signaling cascades that delay or arrest the cell-
cycle in response to DNA damage, thereby providing sufficient time for repair.
Checkpoint signaling consists of damage sensors, which sense the damage,
transducers which relay these signals, and effectors which regulate the various
targets of the checkpoint (Elledge 1996). The phase of the cell cycle where the
damage occurs determines the specific response. Checkpoints ensure the
accurate segregation of genetic material and repair of damage and ensure that
cells meet the specific cell size, mass and nutrition requirements. The absence of
checkpoints can be lethal to cells. DNA damage results in mutations,
chromosomal rearrangements and aneuploidy which can lead to cancer (Hartwell
et al. 1994). There are four different DNA damage checkpoints. The G1-S, S-M
and G2-M checkpoints are responsible for arresting the cell cycle until the
damage is repaired. The S-phase damage checkpoint slows replication till the

damage is repaired.

The G1-S checkpoint ensures that cells have reached a sufficient size
before entering the S phase of the cell cycle and repair any damage during G1.
G2-M checkpoint prevents mitosis in the presence of damage to ensure that
damaged chromosomes do not undergo chromosomal segregation. The S-M

checkpoint prevents mitosis till the entire DNA is replicated to ensure that cell
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division does not take place with incomplete copies of the genome. The S-phase
DNA damage checkpoint slows replication in the presence of damage to allow
cells to repair the damage before completing replication. My work focuses on the

S-phase DNA damage checkpoint.

How does S-phase DNA damage checkpoint work?

S-phase DNA damage checkpoint is activated and responds to DNA
damage occurring in S phase. This checkpoint slows replication in contrast to the
other checkpoints, which induce a complete cell cycle arrest (Painter and Young
1980; Rowley et al. 1999). This checkpoint is conserved in eukaryotic organisms
and requires the Ataxia-Telangectasia Mutated (ATM) family of protein kinases
(Kastan and Lim 2000). There are two members of this family, Ataxia-
Telangectasia Related (ATR) and ATM in metazoans (Savitsky et al. 1995;
Bentley et al. 1996), Mecl & Tell in budding yeast, and Rad3 & Tell in fission
yeast (Rhind and Russell 1998). In fission yeast Rad3 responds to all forms of
DNA damage (Bentley et al. 1996). Effector proteins are also conserved and
consist of Chkl & Chk2 in vertebrates, Chkl and Rad53 in budding yeast, and
Chkl & Cdsl in fission yeast {Table 1.2} (Rhind and Russell 2000). DNA damage
induced by methyl methane sulfonate (MMS) also slows fork progression
(Tercero and Diffley 2001). Delay in S phase progression can be induced by the
checkpoint either by inhibition of origin firing or by slowing fork progression. The

presence of well defined origins in budding yeast has shown that late origins are
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inhibited from firing and are Mecl and Rad53 dependent (Shirahige et al. 1998;
Tercero and Diffley 2001). However, the downstream targets of Rad3 have not

been identified for slowing of replication.

A well characterized target of the checkpoint effectors in metazoans is
cyclin dependent Kinase, Cdk2 {Figure 1.5} (Falck et al. 2001). The inhibition of
origin firing is mediated mainly by the effector Chk2 targeting Cdk2 via Cdc25.
Cdk2 is inactivated when phosphorylation at Tyrosine-15 (Tyr-15) occurs and this
inhibitory phosphate must be removed to activate Cdk2. The Cdk2-cyclin E
complex, which facilitates loading of Cdc45 onto chromatin, is activated by
Cdc25 phosphatase that removes the inhibitory phosphate from Cdk2. Chk2
phosphorylates Cdc25 thereby targeting it for degradation (Mailand et al. 2000;
Falck et al. 2001; Sorensen et al. 2003; Xiao et al. 2003). However, in yeasts
Cdc25 inactivation by the checkpoint has not been shown and the regulation of

Cdc2 via this pathway has not been demonstrated.

A parallel pathway in the S-phase DNA damage checkpoint has been
shown to exist in vertebrates and fission yeast which appears to act through a
heterotrimeric complex consisting of Mrell, Rad50 and Nbsl (MRN) (Costanzo
et al. 2001; Falck et al. 2002). Mutations in one of the pathways show only a
partial loss of the checkpoint and a loss of both the pathways is required for a

complete loss of slowing {Figure 1.5} (Falck et al. 2002).
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Protein functions | S. cerevisiae S. pombe Mammals
ATM/ATR-like Meclp Rad3 ATR
kinases Tellp Tell ATM
ATR-interacting Ddc2p Rad26 ATRIP
proteins
RFC-like proteins | Rad24p Rad1l7 Rad1l7
Rfc2-5p Rfc2-5 Rfc2-5
Mediators Rad9p Crb2 BRCA1
Mrclp Mrcl Claspin
Replication fork Toflp Swil Timeless
stabilizers
DSB recognition Mrellp Rad32 Mrell
processing Rad50p Rad50 Rad50
Xrs2p Nbsl Nbsl
Effector kinases Rad53p Cdsl Chk2
Chklp Chk1 Chk1
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Figure 1.5 Model for the S phase DNA damage checkpoint in Mammals

lonizing radiation induces double stranded breaks (DSB). IR activates the
checkpoint where ATM triggers the two parallel pathways, which work together to
inhibit DNA replication. ATM phosphorylates Chk2, which in turn induces the
destruction of Cdc25A phosphatase. The destruction of Cdc25A prevents the
activation of the S phase cyclin E/Cdk2 complex by dephosphorylation, and does
not allow the binding Cdc45 onto the origins. This inhibits the firing of origins and
slows replication. ATM also initiates the second pathway by phosphorylating
Nbs1, required for activating Nbs10-Mrell-Rad50 complex. The mechanism of
replication slowing by this pathway is unknown. Adapted from Falck and Petrini,

2002
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Similar to vertebrates, MRN mutants in fission yeast display a partial
defect in S phase slowing implying the existence of a parallel pathway similar to
mammals (Willis and Rhind 2009). The MRN independent pathway of the
checkpoint has been shown to be dependent upon Rad3 and Cdsl (Marchetti et
al. 2002). Although the downstream targets of this pathway are not known, recent
studies have identified Cdc25 a possible candidate (Kumar and Huberman
2004). However, this seems unlikely in the case of fission yeast as the
dephosphorylation of Cdc2 (fission yeast Cdk2) would lead to cells undergoing
premature mitosis (Moser et al. 2000). It has always been assumed that Cdc2

remains phosphorylated during S phase in fission yeast. Therefore the role of

Cdc25 in the checkpoint needs to be studied to remove the ambiguity in
the field. | have shown that Cdc25 is not the target of the intra S-DNA damage
checkpoint in chapter Il of my thesis (Kommajosyula and Rhind 2006). This
shows that although the inhibition of origin firing is conserved between
vertebrates and yeast; the mechanism is different (Shirahige et al. 1998;

Kommajosyula and Rhind 2006; Kumar and Huberman 2009).

A key regulator required for origins to fire in S phase is the Hsk1/Dfpl
kinase. Hskl is a serine/threonine kinase that becomes activated after binding to
its regulatory subunit Dfpl (Jackson et al. 1993; Johnston et al. 1999). The
activated Hsk1 then phosphorylates Mcm proteins at the origins (Lei et al. 1997).

Budding yeast homologue Cdc7 has been shown to be necessary for initiation of
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early and late firing origins (Bousset and Diffley 1998; Donaldson et al. 1998).
Cdc7 has been implicated in the checkpoint as a potential downstream target
(Jares and Blow 2000). Hskl has been shown to be phosphorylated by Cdsl
(Chk2 homolog) upon treatment with Hydroxyurea (HU) making Hsk1l a potential
target for the checkpoint (Snaith et al. 2000). Thus, the DNA damage checkpoint

can target Hsk1 through Cds1 and inhibit origin firing and slowing replication.

Origin regulation by checkpoints

A recent genome-wide study in fission yeast to identify origins was
conducted in a checkpoint deficient strain. In this study the origins that were
identified had a 61% overlap with origins firing in a regular S-phase. This showed
that checkpoints also play a role in regular S phase (Feng et al. 2006). Various
studies have shown that damage during S phase activates the S-phase DNA
damage checkpoint, which inhibits origin firing (Shirahige et al. 1998; Kelly and
Brown 2000). In mammals the lack of well defined origins has hampered the
study of the checkpoint mechanisms. A few studies have shown that upon
damage origin firing is inhibited by the checkpoint (Larner et al. 1999). Inhibition
of origin firing has been supported by 2D gel analysis on replication of rDNA
locus. rDNA is one of the few loci in mammals showing well defined early or late
origins (Larner et al. 1999). The presence of well defined origins in mammals
being an exception rather than a rule makes it harder to extrapolate the results

from these studies to the whole genome. These studies have all been carried out
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on a population level and not on individual origins. A recent study using DNA
fiber labeling technique has shown that different DNA damaging agents slow
replication by different mechanisms including inhibition of origin firing and slowing
of fork progression (Merrick et al. 2004). It is however not clear as to how fork
progression is slowed and what molecules are playing a role in it. Since fission
yeast have a similar origin setup, identification of the targets and mechanism of
the checkpoint in them will help in understanding the human checkpoint due to

the conserved nature of the checkpoints.

Work in my thesis has shown that Cdc25 is not a target of the intra-S DNA
damage checkpoint. | have attempted to measure the efficiency of a late
replicating sequence to fire. We have also shown that deep sequencing is a
powerful tool for the identification of new origins in the Schizosaccharomyces

species and further analysis will continue on this project.
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Chapter Il
Cdc2 tyrosine phosphorylation is not required for the S-phase

DNA damage checkpoint in fission yeast
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ABSTRACT

The S-phase DNA damage checkpoint slows replication when damage
occurs during S phase. Cdc25, which activates Cdc2 by dephosphorylating
tyrosine-15, has been shown to be a downstream target of the checkpoint in
metazoans, but its role is not clear in fission yeast. The dephosphorylation of
Cdc2 has been assumed not to play a role in S-phase regulation because cells
replicate in the absence of Cdc25, demonstrating that tyrosine-15
phosphorylated Cdc2 is sufficient for S phase. However, it has been reported
recently that Cdc25 is required for the slowing of S phase in response to damage
in fission yeast, suggesting a modulatory role for Cdc2 dephosphorylation in S
phase. We have investigated the role of Cdc25 and the tyrosine phosphorylation
of Cdc2 in the S-phase damage checkpoint, and our results show that Cdc2
phosphorylation is not a target of the checkpoint. The checkpoint was not
compromised in a Cdc25 overexpressing strain, a strain carrying non-
phosphorylatable form of Cdc2, or in a strain lacking Cdc25. Our results are
consistent with a strictly Cdc2-Y15 phosphorylation-independent mechanism of

the fission yeast S-phase DNA damage checkpoint.
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INTRODUCTION

Cells slow replication in response to DNA damage during S phase (Bartek
et al. 2004). This S-phase DNA damage checkpoint, also know as the intra-S
checkpoint, does not completely block replication. Instead, it reduces the rate of
bulk replication, about 50% in human cells, presumably allowing cells to
coordinate replication with repair or bypass of the damage (Painter and Young
1980; Bartek et al. 2004). Although this checkpoint has been proposed to allow
for the repair of damage during S phase, there is not a strong correlation
between checkpoint proficiency and damage tolerance. Furthermore, DNA
damage induced before or during S phase can persist through the checkpoint
and be repaired in G2 (Orren et al. 1997; Rhind and Russell 1998). Nonetheless,
loss of the checkpoint leads to increased chromosomal rearrangements and

profound cancer predisposition in humans (Petrini 2000; Myung et al. 2001).

The checkpoint pathway regulating replication in response to DNA
damage is conserved amongst eukaryotes (Bartek et al. 2004). Members of the
ATM-family of protein kinases form the center of the checkpoint pathway, serving
to recognize DNA damage and initiate checkpoint signaling. ATM itself appears
to be the major kinase in the vertebrate S-phase DNA damage checkpoint; the
related kinases, Mecl and Rad3, are required for the checkpoint in budding and
fission yeast, respectively. When activated, these kinases phosphorylate a

number of downstream effectors including the FHA-containing effector kinases —
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Rad53 in budding yeast, Cdsl in fission yeast and Chk2/Cds1 in vertebrates. In
addition to these checkpoint kinases, an array of accessory damage recognition
and checkpoint mediator proteins are also conserved. Although this signaling

pathway is well conserved, it is less clear if its targets are also conserved.

A priori, there are two ways that the checkpoint could slow replication. It
could reduce the number of replication forks by inhibiting origin firing or arresting
a subset of active forks, or it could slow the rate of progression of a majority of
forks. Origin firing is inhibited by the checkpoint in vertebrates and in budding
yeast (Santocanale and Diffley 1998; Shirahige et al. 1998; Larner et al. 1999;
Costanzo et al. 2000). In vertebrates, Chk2 regulates origin firing by targeting
Cdc25A for proteolysis, thus preventing the dephosphorylation and activation of
S-phase cyclin-dependent kinases such as Cdk2/Cyclin E, which are required for

origin firing throughout S phase (Costanzo et al. 2000; Falck et al. 2001).

In addition to the Cdc25-dependent regulation of origin firing, there is a
parallel, Cdc25-independent checkpoint mechanism in mammals (Falck et al.
2002; Henry-Mowatt et al. 2003). Although the mechanism of this branch of the
checkpoint is not well understood, it is known to require ATM phosphorylation of
MRN, a heterotrimeric recombinational repair complex consisting of Mrell,
Rad50 and Nbsl. MRN is involved in homologous and non-homologous
recombinational repair, as well as meiotic recombination, DNA damage signaling

and telomere maintenance. The fact that MRN is required only for the Cdc25-
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independent branch of the checkpoint suggests that it acts downstream in the
checkpoint pathway, rather than as an upstream signaling factor (Falck et al.
2002). The regulation of fork progression has also been shown to require the
XRCC3 recombination protein (Henry-Mowatt et al. 2003). The role of MRN in
the regulation of recombination, and the role of XRCC3 in regulating fork
progression, has lead to the speculation that the checkpoint may slow replication
fork progression through induction of replication-coupled recombinational repair

(Rhind and Russell 2000; Henry-Mowatt et al. 2003).

The targets of the S-phase DNA damage checkpoint in fission yeast are
less well defined. The role of the tyrosine-15 phosphorylation of Cdc2 (the only
cyclin-dependent kinase in fission yeast) as a checkpoint target has been well
established. In response to DNA damage in G2 or replication blocks during S
phase, Cdc25 is inhibited, preventing the dephosphorylation of Cdc2 tyrosine-15
and arresting cells before mitosis (Rhind et al. 1997; Rhind and Russell 1998). It
has also been reported that inhibition of Cdc25 and phosphorylation of Cdc2
tyrosine-15 are required to slow replication in response to DNA damage (Kumar

and Huberman 2004).

The published work notwithstanding, there is reason to suspect that Cdc2
tyrosine phosphorylation is not the target of the S-phase DNA damage
checkpoint. Since Cdc2 is the only cyclin-dependent kinase in fission yeast, and

since it is required for both replication and mitosis, it has been assumed that
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there must be different mechanisms of Cdc2 regulation that independently
regulate these two events. The model with the most experimental support
proposes that different levels of Cdc2 activity trigger the different events:
replication is triggered by moderate level of Cdc2 activity, comprised of tyrosine
phosphorylated Cdc2/cyclin complexes, and mitosis is triggered by the high level
Cdc2 activity achieved when Cdc2/cyclin complexes are dephosphorylated
(Stern and Nurse 1996). Consistent with this model, tyrosine-15 kinase activity of
the Mik1 tyrosine kinase is high in S-phase, while Cdc25 levels are low, favoring
Cdc2 tyrosine phosphorylation during S-phase (Moreno et al. 1990; Christensen
et al. 2000). Consequently, Cdc2 remains largely phosphorylated during S-phase
(Gould and Nurse 1989). Furthermore, it is clear that the bulk of Cdc2 cannot be
dephosphorylated during S-phase, because such premature dephosphorylation
leads to immediate and catastrophic mitosis (Lundgren et al. 1991). These
observations are inconsistent with general activation of Cdc25 during S-phase.
Yet, for inhibition of Cdc25 to be an important target of the S-phase DNA damage
target, Cdc25 would have to be active during S-phase, and required for timely
replication. Therefore, its activity would have to be limited, either in extent or
location, to prevent premature mitosis. Such a subtle regulatory role for Cdc25
seems unlikely, because Cdc25 can be replaced by unrelated tyrosine
phosphatases, either human T-cell protein tyrosine phosphatase or over-
expression of fission yeast Pyp3 (Gould et al. 1990; Millar et al. 1992). In both

cases, replication appears normal (our unpublished result). This line of reasoning
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argues against a role for Cdc25 in the S-phase DNA damage checkpoint.
Therefore we have revisited the question of whether Cdc25 or the tyrosine
phosphorylation of Cdc2 is required for the S-phase DNA damage checkpoint in

fission yeast.
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MATERIALS AND METHODS

Yeast methods

Yeast were grown in YES at 30°C and manipulated by standard methods
(Forsburg and Rhind 2006). Temperature-sensitive (ts) cells were grown at 25°C

unless otherwise stated. Strains used for this study are listed in Table 1.

Flow cytometry methods

Isolated nuclei were prepared for flow cytometry by an adaptation of the
protocol of Carlson el al (Carlson et al. 1997; Forsburg and Rhind 2006). 1.0 OD
of cells was fixed in 70% EtOH, washed in 1 ml 0.6M KCI, resuspended in 1 ml
0.6 M KCI, 1 mg/ml Novozym 234 (Sigma L1412), 0.3 mg/ml Zymolyase 20T and
incubated for 30 min at 37°C. The cells were pelleted, resuspended in 1 ml 0.1
M KCI 0.1% triton-X100 and incubated for 5 minutes at room temperature. The
cells were washed and resuspended in 1 ml 20 mM Tris-HCI, 5 mM EDTA pH
8.0. 10 ul 20 mg/ml RNase A was added and the cells were incubated overnight
at 37°C. The spheroplasted cells were disrupted, and isolated nuclei released,
by sonication with a Branson Sonifier using a microtip at 0.7 power for 5
seconds. 300 pl of disrupted cells were added to 300 pl of 2 mM Sytox Green
(Molecular Probes) in PBS and analyzed on a Becton-Dickinson FACScan flow

cytometer. G1 synchronized experiments were quantitated in CellQuest (Becton-
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Strain Genotype Source

yFS104 h+ leul-32 ura4-D18 Lab Stock

yFS189 h- leul-32 ura4-D18 ade6-704 rad3::ura4 | Lab Stock

yFS260 h- leul-32 ura4-D18 cdc10-M17 Lab Stock
rad3::ura4

yFS280 h+ leul-32 ura4-D18 ade6-210 cdc10- Lab Stock
M17

yFS357 h+ leul-32 ura4-D18 his3-237 ura4d Russell Lab (Russell
adhl:cdc25 and Nurse 1986)

KGY14 h- leul-32 ura4-D18 cdc2::ura4 cdc2- Gould Lab (Gould and
Y15F LEU2 Nurse 1989)

yFS430 h- leul-32 ura4-D18 ade6-210 his3-237 This study
cdc10-M17 ura4 adhl:cdc25

yFS445 h- leul-32 ura4-D18 cdc2::ura4 cdc2- This study
Y15F LEU2 cdc25::ura4

yFS437 h+ leul-32 ura4-D18 cdc2::ura4 cdc2- This study

Y15F LEU2 cdc10-M17
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Dickinson) by measuring the mean of the S-phase peak as a percentage of the

position of between the means of the 1C and 2C controls.

Asynchronous Experiments

Asynchronous experiments were carried out as described (Kumar and
Huberman 2004), except that flow cytometry was carried out using the isolated
nuclei protocol described above. Briefly, cells were grown to an O.D. of 1.0,
diluted to an O.D. 0.1 and allowed to recover for 1 hour. At this time, the culture
was divided and treated as described. Samples were collected after every hour,

fixed by 70% ethanol and processed for flow cytometry.

Synchronous Experiments

We used centrifugal elutriation to synchronize cells either in G1 or G2.
Since fission yeast spends a short time in G1, experiments were conducted in
cdc10-M17 background to synchronize cells in G1. Cultures were grown to O.D.
0.5 arrested at 35°C for 1.5 hours and then synchronized by elutriation. The
culture was divided and treated with 0.03% MMS, 10 mM hydroxyurea (HU) or
mock treated. The cells were kept at 25°C and samples collected after every 20

minutes for 3 hours.

For G2 synchronization, cultures were grown to O.D. 1.0 and elutriated.
The synchronized samples were divided and treated with 0.015% MMS, 10 mM
hydroxyurea (HU) or mock treated. Cells were collected after every 20 minutes

and processed for flow cytometry.
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RESULTS

We employed flow cytometry to assay the S-phase checkpoint response
of fission yeast to DNA damage. To reduce cytoplasmic background and thus
increase sensitivity, we performed our analyses on isolated nuclei (Carlson et al.
1997). Initially, we examined the response of asynchronous cultures (Kumar and
Huberman 2004). Fission yeast spend most of their cell cycle in G2, therefore the
cytometry profile of an asynchronous culture is largely 2C, with a small 1C and S-
phase population (Figure II.1A). The alkylating agent methyl methane sulfonate
(MMS), which produces DNA damage in the form of base adducts, was used to
induce DNA damage and activate the checkpoint. MMS damage is most
efficiently recognized during replication, and therefore preferentially activates the
S-phase checkpoint, rather than the G2 checkpoint. However, at 0.03% MMS,
the standard concentration used in previous synchronous checkpoint
experiments (Lindsay et al. 1998), a significant fraction of cells in an
asynchronous culture arrest in G2 (our unpublished observation). Therefore, for
these experiments we used 0.015% MMS, a concentration used in previous
asynchronous experiments (Kumar and Huberman 2004). Hydroxyurea (HU), a
ribonucleotide reductase inhibitor which arrests cells in the early S-phase by
depleting deoxynucleotides, was used as a control for cells containing close to
1C DNA content. As previously reported, wild type cells respond to MMS
treatment by accumulating as sub-2C cells, presumably due to slowing of bulk

replication (Figure 11.1A) (Lindsay et al. 1998; Kumar and Huberman 2004). In
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Figure 1.1 S-phase DNA damage checkpoint analysis in asynchronous cells
(A). A mid-log, asynchronous cultures wild type culture (yFS104) was split
three ways and incubated in the presence or absence of 0.015% MMS or 10 mM
HU; samples were taken for flow cytometry every hour.
(B) Asynchronous cultures of wild type (yFS104), rad3A (yFS189),
adhl:cdc25 (yFS357) and cdc2-Y15F (KGY14) were treated and collected for
flow cytometry as in panel A; for clarity, only the MMS treated samples are

shown.
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Figure Il.1A S-phase DNA damage checkpoint analysis in asynchronous
wild type cells
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Figure 11.1B S-phase DNA damage checkpoint analysis in asynchronous
mutant cells
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contrast, the rad3A strain, which is DNA damage checkpoint defective, showed

no significant accumulation of sub-2C cells (Figure 11.1B).

Although the asynchronous experiments show a robust checkpoint-
dependent accumulation of sub-2C cells, it is difficult to infer cell-cycle kinetics
from asynchronous experiments. To more carefully examine the effect of DNA
damage on replication, we used synchronous cultures to analyze the progression
of cells through S phase in the presence and absence of MMS. We synchronized
cells by centrifugal elutriation, which isolates the smallest cells in a culture. Since
in fission yeast cytokinesis is coincident with S phase, the smallest, newborn
cells are in early G2. Thus, after elutriation we can follow a synchronous G2
population through mitosis into G1 and through S phase back to G2. As in the
asynchronous experiment, we used 0.015% MMS because 0.03% MMS causes
a significant fraction of the culture to arrest in G2 (our unpublished observation).
Most untreated cells replicated between 80 and 120 minutes post elutriation
(Figure 11.2A). The MMS-treated cells begin replicating about the same time as
untreated cells but do not complete replication by 180 minutes. This MMS-
induced slowing is abrogated in rad3A, confirming that it is a checkpoint

response (Figure 11.2B).

As a third approach, we synchronized cells in G1. G1 synchronization has
two advantages: the cells are past the G2/M transition, allowing us to use 0.03%

MMS without evoking the G2 checkpoint, and the cultures are more
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Figure 1.2 S-phase DNA damage checkpoint analysis in G2 synchronized
cells.

(A) Wild-type cells (yFS104) were synchronized in G2 by centrifugal
elutriation, 0.015% MMS or 10 mM HU were added immediately and samples
were collected every 20 minutes for flow cytometry. (B) G2 synchronized cultures
of wild type (yFS104), rad3a (yFS189), adhl:cdc25 (yFS357) and cdc2-Y15F
(KGY14) were treated and collected for flow cytometry as in panel A; for clarity,
only the MMS treated samples are shown. (C) cdc25A cdc2-Y15F (yFS445) cells
synchronized in G2, 0.015% or 0.03% MMS or 10 mM HU was added

immediately and samples were collected every 20 minutes for flow cytometry.
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Figure 1l.2A S-phase DNA damage checkpoint analysis in G2 synchronized
wild type cells.
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Figure 11.2B S-phase DNA damage checkpoint analysis in G2 synchronized
mutant cells.
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Figure 11.2C S-phase DNA damage checkpoint analysis in G2 synchronized
cdc25A cdc2-Y15F cells.
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synchronous, allowing for meaningful quantitation (Figure 11.3C). We employed a
cdc10-M17ts temperature sensitive allele, which at 35°C inactivates the fission
yeast S-phase transcription factor, to block cells in G1. To avoid prolonged G1
arrest, we incubated asynchronous cdc10-M17ts cells at 35°C for 90 minutes,
and selected the smallest cells by elutriation. These cells will have just divided,
and thus only recently entered G1. We estimate that the cells we isolate spend
about 30 minutes arrested in G1 before they are released at the beginning of the
time course. After elutriation, we observed a 1C peak showing that cells were
arrested in G1. Cells were then released into the cell cycle and S-phase
progression was assayed by flow cytometry (Figure I11.3A). Untreated cells
replicated between 40 and 80 minutes after release. MMS-treated cells did not
complete replication by 180 minutes, and this slowing was dependent on Rad3

(Figure 11.3B, C).

Over-expressing Cdc25 fails to override the S-phase DNA damage
checkpoint

As an initial test of the role of Cdc25 in the S-phase DNA damage
checkpoint, we examined if we could override the checkpoint by over-expressing
Cdc25. Such over-expression efficiently overrides the Cdc25-dependent
replication checkpoint arrest in G2 (Enoch and Nurse 1990). We used a strain in
which Cdc25 was over-expressed from the strong, constitutive adhl promoter
(Russell and Nurse 1986). If no difference in the cytometry profiles of cells with or

without damage was seen, it would indicate that over-expressing Cdc25 had
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overcome the S phase DNA damage checkpoint. However, in asynchronous
culture, we observed sub-2C DNA content in the presence of damage, indicating
that the checkpoint was still active (Figure 11.1B). In fact, adhl:cdc25 cells
accumulate in a sub-2C population to a greater extent than wild-type cells,
presumably because some of the wild-type cells arrest in G2, while the

adhl:cdc25 cells, lacking the G2 checkpoint, do not.

We also observed an MMS-induced delay of S-phase progression in
synchronized adhl:cdc25 cells. In both G2 and G1 synchronous experiments,
the wild-type and adhl:cdc25 strains demonstrated a similar degree of MMS-
induced slowing of replication (Figures 11.2B, 3B and 3C). Results from these
experiments indicate that Cdc25 over-expression is not sufficient to override the

S-phase damage checkpoint.

Inhibitory phosphorylation of Cdc2 is not required for the S-phase DNA
damage checkpoint

Although the Cdc25 over-expression results suggest Cdc25 inhibition is
not the mechanism for slowing of S phase, it is possible that the S-phase DNA
damage checkpoint is able to inhibit even the over-expressed Cdc25. To directly
test the role of Cdc2 tyrosine-15 phosphorylation in the checkpoint, we used an
allele of cdc2, cdc2-Y15F, in which tyrosine-15 is mutated to phenylalanine,

preventing its phosphorylation. Because Cdc2-Y15F cannot be inhibited by
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tyrosine phosphorylation, it should bypass any Cdc25-dependent S-phase
checkpoint, in the same manner that it overrides the G2 checkpoints (Rhind et al.
1997; Rhind and Russell 1998). Contrary to that prediction, asynchronous cdc2-
Y15F cells treated with 0.015% MMS accumulated in a sub-2C peak, showing no
defect in the checkpoint. As with the adh1:cdc25 cells, cdc2-Y15F cells actually
accumulate as sub-2C cells to a greater extent than wild-type cells, presumably

due to the lack of a G2 checkpoint (Figure 11.1B).

Synchronous experiments using the cdc2-Y15F strain also showed no
defect in S-phase slowing in response to DNA damage. Because the Cdc2-Y15F
cannot be inhibited by tyrosine phosphorylation, cdc2-Y15F cells go very quickly
through G2. They compensate for this short G2 by expanding G1,; this effect can
be seen in the large G1 peak in asynchronous cdc2-Y15F cells. Thus cdc2-Y15F
cells begin replication later than wild-type cells. Untreated G2 synchronized cdc2-
Y15F cells began replicated around 100 minutes and completed replication by
160 minutes (data not shown). In the presence of MMS, cells started replicating
at the same time as untreated samples but did not complete replication by 180

minutes (Figure 11.2B).

G1 synchronized cdc2-Y15F cells begin replication at the same time as
wild-type cells, because the arrest is at the end of G1. The MMS induced S-
phase slowing is comparable between cdc2-Y15F and wild-type cells, beginning

at around 60 minutes and not finishing by 180 minutes (Figures 11.3B and 3C).
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Figure 1.3 S-phase DNA damage checkpoint analysis in G1 synchronized
cells

(A) Flow cytometric analysis of S-phase DNA damage checkpoint in G1
synchronized cdc10-M17ts cells (yFS280). 0.03% MMS or 10 mM HU were
added immediately after elutriation and samples collected after every 20 minutes.
(B) G1 synchronized cultures of cdcl0-M17ts (yFS280), cdcl0-M17ts rad3A
(yFS260), cdcl0-M17ts adhl:cdc25 (yFS430) and cdclO0-M17ts cdc2-Y15F
(yFS437) were treated and collected as in panel A; for clarity, only the MMS
treated samples are shown

(C) Quantification of the data of A and B. The previously reported minor,
checkpoint independent slowing is evident in the rad3A culture (Rhind and
Russell 1998). Each point is the average of two experiments; the error bars

represent the range of the data.
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Figure 11.3A S-phase DNA damage checkpoint analysis in G1 synchronized
wild type cells
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Figure 11.3B S-phase DNA damage checkpoint analysis in G1 synchronized
mutant cells



Figure 11.3C Quantification of slowing in G1 synchronized cells
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These results show that Cdc2 tyrosine-15 phosphorylation is not required

for cells to slow replication in response to MMS-induced DNA damage.

Cdc25 is not required for the checkpoint

The previous results show that Cdc2 tyrosine-15 phosphorylation is not
required for the S-phase DNA damage checkpoint, but they leave open the
possibility that Cdc25 is required to regulate another target besides Cdc2. To
test this possibility directly, we wanted to study the S-phase progression in the
absence of Cdc25. Since Cdc25 is an essential gene, we created a strain in
which the essential function of Cdc25 - the dephosphorylation of Cdc2 - is
bypassed by Cdc2-Y15F. cdc25A cdc2-Y15F cells were synchronized in the G2
phase by elutriation and their progress through S-phase in the presence or
absence of MMS was monitored. Since these cells lack a G2 checkpoint, we
were able to use 0.03% MMS without arresting the cells in G2; we also used

0.015% for comparison with the other G2 synchronization experiments.

As for cdc2-Y15F cells, untreated cdc25A cdc2-Y15F cells replicate later
than wild-type, in this case between about 80 and 140 minutes (Figure 2C).
cdc25A cdc2-Y15F cells treated with 0.015% MMS did not complete replication
by 180 minutes; cells treated with 0.03% MMS replicated even more slowly.
cdc25A cdc2-Y15F cdcl0-M17 cells are inviable, precluding G1 synchronization.
These results show that S-phase damage checkpoint operates normally in the

absence of Cdc25.
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Cdc25A nmtl:Pyp3 cells have a partial slowing in the presence of damage

To study the effect of cdc25A we also used a phosphatase
overexpression, which has been shown to rescue cdc25A lethality. Cdc2 is
dephosphorylated by Pyp3 as well as Cdc25 (Millar et al. 1992). Pyp3 is a
tyrosine phosphatase and plays a minor role in mitotic control. Pyp3 is not
regulated by the G2 DNA damage checkpoint (Rhind and Russell 2001). Pyp3
overexpression rescues cdc25A lethality. In our studies pyp3 was overexpressed

by using the strong nmtl promoter for continuous expression of Pyp3.

Asynchronous experiments were performed for Pyp3 overexpression
strain with or without Cdc25. Pyp3 overexpression cells, where cdc25 has not
been deleted, slowed S phase in the presence of damage similar to wild type
fission yeast. However, DNA damage had only a slight slowing of S phase in a
cdc25A background (Figure 11.4). G2 synchronized cells slowed replication in the
presence of damage even when cdc25 was deleted. The slowing seems to be

partial compared to wild type and similar to the asynchronous data (Figure I1.5).

Our results are consistent with a strictly Cdc2-Y15 phosphorylation
independent mechanism for the S-phase DNA damage checkpoint. However,
results from the pyp3 studies are not consistent with our conclusions about
Cdc25 is not the target of the S phase DNA damage checkpoint. We talk about

the possible explanations for this result is the discussion.
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Figure 1.4 S-phase DNA damage checkpoint analysis in asynchronous
Pyp3 cells.

Flow cytometric analysis of S-phase DNA damage checkpoint in
asynchronous nmtl:pyp3 cells (yNR248), nmtl:pyp3 cdc25A (yNR253). A mid-
log, asynchronous culture was split three ways and incubated in the presence or
absence of 0.015% MMS; samples were taken for flow cytometry every hour. For
clarity, only the MMS treated samples are shown. The data shows that
nmtl:pyp3 slow in the presence of 0.015% MMS whereas nmtl:pyp3 cdc25A

slows only partially.



Figure 1.4 S-phase DNA damage checkpoint analysis in asynchronous
Pyp3 cells.
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Figure 1.5 S-phase DNA damage checkpoint analysis in G2 synchronized
Pyp3 cells

Flow cytometric analysis of S-phase DNA damage checkpoint in G2
synchronized nmtl:pyp3 cells (yNR248), nmtl:pyp3 cdc25A (yNR253). Data is
shown for cells in the absence and presence of 0.015% MMS panel. MMS was
added immediately after elutriation and samples collected after every 20 minutes.
The data shows that cdc25 deletion leads to a partial slowing in the presence of

0.015% MMS.
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Figure 1.5 S-phase DNA damage checkpoint analysis in G2 synchronized
Pyp3 cells
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DISCUSSION

We have investigated the role of inhibitory tyrosine-15 phosphorylation of
Cdc2 and of the Cdc2 tyrosine-15 phosphatase, Cdc25, in the S-phase DNA
damage checkpoint. Inhibition of Cdc25, and thus inhibition of Cdc2 tyrosine-15
dephosphorylation, is the mechanism by which fission yeast arrest in G2 in
response to DNA damage or replication blocks (Rhind et al. 1997; Rhind and
Russell 1998). Recent work has suggested that a similar mechanism may also
slow replication in response to DNA damage (Kumar and Huberman 2004). We
have tested this idea and the bulk of our results indicate no involvement of Cdc25
or Cdc2 tyrosine phosphorylation in the fission yeast S-phase DNA damage

checkpoint.

Neither the overexpression of Cdc25, nor the mutation of tyrosine-15 to an
unphosphorylatable phenylalanine, impairs the S-phase checkpoint; yet both
override the G2 checkpoint (Enoch and Nurse 1990; Rhind et al. 1997; Rhind
and Russell 1998). Furthermore, cells lacking both Cdc25 and tyrosine-15 of
Cdc2 slow replication normally in response to MMS-induced DNA damage. This
result rules out checkpoint mechanisms that involve Cdc2-independent targets of
Cdc25, and Cdc25-independent regulation of Cdc2 tyrosine-15 phosphorylation.

Although the above cited results support our conclusion, cells lacking
Cdc25 in a Pyp3 background seem to have only a partial slowing of replication in

the presence of DNA damage. This result is not consistent with our observation
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that deleting cdc25 does not have an effect on the slowing of replication. There
are a couple of possibilities that can explain the contradictory results seen for
cdc25 deletion in a cdc2-Y15F and the Pyp3 overexpression background.

First, there can be something wrong with the genotype in nmtl: pyp3
cdc25A strain which is having an effect on the results. There can be a mutation in
one of the upstream checkpoints leading to a lack of slowing in the presence of
damage. Second, data from the nmtl: pyp3 cdc25A suggests that there is a
Cdc25 dependent target which is independent of Pyp3. It is possible that Cdc25
has a role in S-phase slowing in a Cdc2-Y15 independent manner. However,
replication slowing in the cdc25A Cdc2-Y15F strain rules out such a possibility.
Slowing of replication in the presence of damage when Cdc25 is overexpressed
is also contradictory to this theory. Third, slowing of replication in the Cdc2-Y15F
background can be due to some background mutations. Mutating Cdc2 maybe
having an effect on the S phase progression of the cells. However normal
progression through S phase in unperturbed cells is inconsistent with such a
possibility. To completely rule out this possibility, other Cdc2 mutants can be
used for looking at the effect of inducing DNA damage.

Finally, Cdc2 may also be slowing replication at the site of DNA damage in
a checkpoint independent manner. To show that the slowing of replication in the
mutant strains is checkpoint dependent, these experiments can be done in rad3A
and cdslA cells. Majority of our data shows that Cdc25 is not the target of the

checkpoint and it is hard to reconcile the Pyp3 data with the other experiments.
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We have drawn our conclusions based on the known literature and the majority
of the data showing that Cdc25 is not the target of the checkpoint. It is possible
that a more complicated model may exist.

These results contradict those of Kumar and Huberman, who, using
similar approaches, concluded that adhl:cdc25 and cdc2-Y15F cells lack the S-
phase DNA damage checkpoint. There is technical difference between the two
studies that may explain the discrepancy. Kumar and Huberman used a whole-
cell flow cytometry protocol, in which cytoplasmic background contributes
significantly to the total signal, reducing the sensitivity of the assay. We used an
isolated-nuclei protocol, which removes the cytoplasm before analysis. This
approach greatly increases the resolution of the assay and allows for quantitation
of the data. In addition, for their G1 synchrony experiments, cells were arrested
in G1 for up to 4 hours, which allows the cells to elongate, further reducing the
sensitivity of the whole-cell assay. We find that the combination of the four hour
arrest and the whole cell flow-cytometry analysis compromises detection of the
checkpoint delay (Nick willis, unpublished results). We used -centrifugal
elutriation to isolate cells that had been arrested for only 30 minutes, allowing for
a more sensitive analysis of the checkpoint. We believe that these technical

differences are responsible for the different conclusion drawn.

Recently, another paper from the same lab gave a number of reasons for

the discrepancy between the two datasets (Kumar and Huberman 2009). Use of
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a higher concentration of MMS (0.03%) in some of our experiments was cited as
a reason for slowing of S phase in the mutant strains. Figure 11.6 shows that even
at 0.0075% MMS concentration the level of slowing is similar in the mutant
strains compared to the wild type. The data from the G2 elutriation experiments
at the lower concentration also show a similar effect of slowing in the mutant
strains (Kommajosyula and Rhind 2006). Hence, using 0.03% for a subset of the
experiments does not effect our conclusions. The data for 0.015% was not
presented in our paper, since the cells have a shorter time for entering S phase
from G1 synchrony, making the response to damage subtle as opposed to a
more pronounced effect at a higher concentration. Indeed, previous work from
our lab has checked the effect of different concentrations of MMS for inducing
checkpoint effects and we find that 0.03%MMS works best for studying
checkpoints in our hands. Nonetheless, as shown in figure 11.1.1 all doses of

MMS have the same pattern of slowing.

Batch to batch variation in effective concentrations of MMS was also cited
as a reason for the results. However, we have used the same absolute
concentration of 0.03% MMS in our lab over the last several years and have
observed no such variations. The fact that Kumar et al. have to use varying
concentrations to observe a slowing of S-phase seems to suggest an issue with
their FACS preparation, an observation that we elaborated upon in the

discussion of our paper.
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Figure 1.6 S-phase DNA damage checkpoint analysis in asynchronous cells
using low MMS

Flow cytometric analysis of S-phase DNA damage checkpoint in
asynchronous wild type (yFS104), rad3A (yFS189), adhl:cdc25 (yFS357) and
cdc2-Y15F (KGY14). The 0.0075% MMS panel is from the same experiments
shown in Figure II.1. A mid-log, asynchronous culture was split three ways and
incubated in the presence or absence of 0.0075% MMS; samples were taken for
flow cytometry every hour. For clarity, only the MMS treated samples are shown.
The data shows that adhl:cdc25 and cdc2-Y15F slow in the presence of

0.0075% MMS.
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Figure 1.6 S-phase DNA damage checkpoint analysis in asynchronous cells
using low MMS
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Another objection made in the paper was our observation that MRN is a
target of S-phase damage checkpoint. Work from the Huberman lab suggests
that MRN does not play a role in the damage checkpoint (Marchetti et al. 2002).
The explanation given was that a higher concentration of MMS would lead to
such an effect. However, in our opinion such a opposite result for the same
strains between our labs can be explained by the technical difference in flow

cytometry described in the discussion section of chapter II.

The Huberman lab claimed that the magnitude of inhibition of progression
in our work was consistently higher for the same concentration of MMS used by
both labs. These differences can be explained by a higher resolution of our
FACS protocols. We were also able to observe significant slowing in our
asynchronous and G2 synchronized populations showing that the results we
observed were not due to high MMS concentration (Kommajosyula and Rhind

2006).

The paper also argues that cdsl deletion should have been tested for an
effect on MMS induced checkpoints instead of rad3 deletion, which we used.
Studies from our lab show that cds1A has the same effect as a rad3A and there
is a complete absence of S phase slowing in the presence of MMS (Nick Willis,

unpublished data).

Our results implicate a Cdc2 tyrosine phosphorylation independent target

of the S-phase DNA damage checkpoint in fission yeast. Precedent for such a
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target exists. In mammals, the S-phase checkpoint appears to have two
branches: one which acts through inhibition of Cdc25A to inhibit origin firing, and
one which is Cdc25-independent and requires the MRN complex and XRCC3
(Falck et al. 2002; Henry-Mowatt et al. 2003). Since the fission yeast checkpoint
requires MRN, it may be mechanistically similar to the MRN-dependent branch of
the mammalian checkpoint (Chahwan et al. 2003). Little is known about the
mechanism or purpose of the MRN-dependent branch of the pathway, except
that its loss leads to severe cancer-predisposition in humans (Petrini 2000). The
possible role of MRN and XRCC3 in slowing replication fork progression through
induction of replication-coupled recombinational repair provides a model that can
be tested in fission yeast (Rhind and Russell 2000). Whatever the case, fission

yeast provides an tractable system for the study of this checkpoint mechanism.
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INTRODUCTION

Replication needs to be completed with high fidelity and in a finite amount
of time to ensure a faithful transmission of genetic material to the next generation
and to avoid genomic instability. Eukaryotes initiate replication from multiple sites
known as origins (Dutta and Bell 1997; Gilbert 2001; Bell and Dutta 2002). Many
origins are licensed but only a few fire. It is unclear how only a fraction of
licensed origins are allowed to fire. Specific origins that fire during any one cell
cycle do not necessarily fire during the subsequent round. Any origin that fires
during a specific cell cycle does so in only a fraction of the total population.
Fission yeast origins don't fire at the beginning of the S phase concurrently but
rather fire throughout the S phase (Patel et al. 2006). Xenopus and Drosophila
embryos are able to initiate replication on any DNA sequence (Hyrien and
Méchali 1993; Shinomiya and Ina 1994). Similarly, in humans large regions
appear to sustain replication initiation at random sites inside the sequence
(Krysan and Calos 1991). Budding yeast have well defined origins that fire at
particular times during the cell cycle and hence are defined as early or late firing

origins (Kelly and Brown 2000; Gilbert 2001).

Genome-wide analysis of fission yeast origins was initially done
bioinformatically (Segurado et al. 2003). Origins were found to contain AT rich
tracts. However, unlike budding yeast, which has a well defined ARS consensus
sequence (ACS), no consensus sequence was identified for fission yeast. Fission

yeast origins are inefficient as shown in work from various labs including ours.
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Studies from our lab have shown that origins fire in a stochastic manner in fission
yeast (Patel et al. 2006). The efficiency of fission yeast origins averages about
30%. The origins are present in the intergenic region in general and they are

about 1kb in length.

Random gap problem

Inefficient origins and random firing of origins will increase the time taken
by cells to complete replication in metazoans and fission yeast. Theoretically,
random firing may lead to long inter-origin gaps. These gaps may be too long to
be passively replicated by replication forks traveling from neighboring origins in a
timely manner. Such gaps would prevent cells from completing replication within
the defined and short time of S phase. This phenomenon has been described as
the random gap problem (Lucas et al. 2000; Herrick et al. 2002; Jun et al. 2004).
Cells must overcome this potentially serious problem since replication is
completed in a finite amount of time (Hyrien et al. 2003). However the

mechanism by which cells overcome this potential problem is unclear.

Several models have been proposed to explain how cells complete
replication (Legouras et al. 2006). The origin redundancy model suggests that
there is an excess of origins distributed throughout the genome (Chapter | Figure
I.4) (Legouras et al. 2006). These origins are closely spaced. Random origin
firing would lead to some origins firing early and most being passively replicated

and not firing. The origins that are not passively replicated would have the
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potential to fire and thus solve the random gap problem. Using this model it is
hard to explain efficient replication in fission yeast and mammals due to several
restrictions including intergenic location of origins in fission yeast to chromatin

structure and ongoing transcription in mammals.

The coordinated model describes a defined distance between origins that
fire and prevent large unreplicated sequences from causing random gap problem
during S phase (Hyrien and Méchali 1993; Blow et al. 2001). This model is based
on plasmid studies in various organisms. An exponential distribution of inter-
origin distances, where a majority of the fired origins are spaced close together
but some are very large distances apart, shown by our lab disproves this model
in fission yeast (Patel et al. 2006). Data from Xenopus embryos also prove that

this model is incorrect (Herrick et al. 2000).

The increasing origin efficiency/Redistribution model describes an
increase in the firing efficiency of origins as cells progress through S phase
(Lucas et al. 2000). Thus, the efficiency of origins that have not fired or been
passively replicated increases. Thus, origins present in regions in which no
origins have fired are more likely to fire allowing the cell to overcome the random
gap problem. We propose a mechanism to explain this model involves a rate-
limiting factor, which allows only a subset of origins to fire at any given time.
Since this rate-limiting factor is limited in quantity, it will only be able to activate a

few origins at any given moment. Once these origins have fired, this factor freely
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diffuses to provide firing elsewhere. We have shown recently that Dfpl, the
catalytic subunit of Hsk1, is the rate-limiting factor which determines as to which
origin fires during the S phase (Patel et al. 2008). The study to identify the rate-

limiting step is shown in Appendix I11.1.

The increasing origin efficiency model seems the most plausible
mechanism by which fission yeast overcomes the random gap problem. An
increase in origin firing through S phase is seen in budding yeast and Xenopus
embryo extracts (Herrick et al. 2000; Lucas et al. 2000; Raghuraman et al. 2001,
Yabuki et al. 2002; Goldar et al. 2009). Identifying Dfpl as the rate-limiting factor
responsible for determining which origins fire strongly supports this model. A
similar model has been proposed to explain the efficiency of origins in Xenopus

embryos (Lucas et al. 2000).

Although studies from our lab support the redistribution model, we need to
measure if there is an increase in efficiency of a late firing origin in S phase to
test our hypothesis. However, no late firing origins have been identified in fission
yeast making it hard to look at a specific origin throughout our studies. Late
replicating sequences have been identified (Kim and Huberman 2001). These
late replicating sequences are passively replicated by replication forks traveling
from distant early firing origins or by unidentified late firing origins. Due to these
reasons, the chances of any one particular origin firing during late S phase are

very low since it will be replicated before it gets a chance to fire.
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To measure if the efficiency of an origin increases during the S phase we
blocked passive replication of a late replicating sequence from neighboring
origins, and forced that region to be replicated by a late/inefficient internal origin,
which allowed us to test the efficiency of that origin. To block passive replication
we used the replication termination sequence 1 (RTS1), a unidirectional fork-
blocking sequence originally identified in the mating-type locus (Dalgaard and
Klar 2001). RTS1 arrests forks coming from the proximal side. The fork arrest is
replication termination factor 1(Rtfl) dependent and studies show that RTS1
arrests at the Mat locus and at other regions of the genome (Eydmann et al.
2008). RTS1 is 859bp in length with a 60bp partially conserved sequence motif

(Codlin and Dalgaard 2003).

AT2062 is a late replicating sequence present on chromosome Il and has
a firing efficiency of about 10%. In this study we used RTS1 on either side of
AT2062 to prevent passive replication from neighboring origins and allow us to
measure the firing efficiency of the origin. We are also integrating RTS1 to
prevent passive replication of an early firing origin, AT3003. Various methods

have been used to look at the firing efficiency of the origin.

Our studies show that there are a number of small very inefficient origins
that seem to fire to ensure the replication of the region flanked by RTS1. We
were unable to see origin firing at AT2062. The possible reasons for this are

discussed later.
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MATERIALS AND METHODS

All strains were grown in yeast extract with supplements (YES) at 25°C or

30°C and manipulated using standard methods (Forsburg and Rhind 2006).

Table lll.1 - Strain list

Strain Genotype Source

yPP113 h+ leul-32 ura4-D18 rts1(R):hph AT2062 This study

rts1(L):kanMX

yFS105 h- leul-32 ura4-D18 Lab stock

yKN18 h+ ura4-D18 ade6-M210 rts1(R):hph This study

rtsl(L):kanMX cdc25-22

yFS128 h- leul-32 ura4-D18 cdc25-22 Lab stock

yNW239 h- smtO leul1-32 ura4-D18 his3-D1 cdc10-M17 From Nick Willis

sfrl::urad swib::urad

yKN20 h- ura4-D18 ade6-M210 rts1(R):hph This study

rts1(L):kanMX rad51::nat

yKN22 h+ leul-32 ura4-D18 his7-366 AT3003 This study

rtsl(L):kanMX leul adhl :hENT1 his7 adhl :tk

yKN23 h- leul-32 ura4-D18 AT3003 rts1(R):hph leul This study
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adhl :hENT1 his7 adh1l :tk

Strain construction

RTS1 was integrated on the left side of AT2062 using PP192
(GTTTTAACTGTCAGCAATACTACACTACGCTATGATACTCCACGTTGCATAT
CACTATATGTCACATGTTCACAATGTCGATGAATTCGAGCTCGTTTA) and
PP193
(CTTATAACTGAACTGAGGGACGAGGTTCAGTTGTTCTCAATTTATAATATTT
GAAGTAGTAAGAATTATATCTGATAGAACGCGGCCGCCAGCTGAAGC).
RTS1 was integrated on the right side of AT2062 using PP196
(ATAACAGCGTTTAAGAATTAGTTACTTATAAAGACCGAAGCGATCTTCCAGA
TAATGAATAGCAATACATTAGATGTGAACGCGGCCGCCAGCTGAAGC) and
PP197
(TATACCGTTGTAACAGCAAGAGCTTAATTGTTTCAACAATCCAACTTACGCG
TTAGGCGGAGTCAGTAAGTCACCTAACGATGAATTCGAGCTCGTTTA). The
two resulting constructs were mated to get yPP113. RTS1 has been integrated
on the left side of AT3003 using NK53
(ATTTACAGCCGCCAAACGTGGCTTATTCAAAGCCCCACTTGAGAACCAATG
CGAGCGCATCTGGAAAAAGGGCTATCGGTGAATTCGAGCTCGTTTAAAC)
and NK54

(GCCATGGCAGCTAGGTAACAACCACGAGGCCGATCGCTGCTTCGGCGGAT
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TTAGGCTGACGTAAGATGAGACTGTTTGTTTTAGGTGACACTATAGAACG).
RTS1 has been integrated on the right side of AT3003 using NK55
(TTTGCGAATCCAAAGTCTGCCAATGGATATACGCTCTACTTTCGACCACTGA
TTGTTTCCTGCATTTCTCAAATAATAGGTTAGGTGACACTATAGAACG) and
NK56
(AAACCAACACCACTGCACATACGACCGATAAGAATTAAATACAGCCATTGT

GCACGGTACGCTAGTGAATACAGTAAATGGAATTCGAGCTCGTTTAAAC)

Synchronization experiments

For two-dimensional gels, cells were grown to an ODggo 0.5. 10 mM HU
was added to the culture and a quarter of cells harvested and frozen at 1.5 hours
and 3 hours. The remaining culture was pelleted, HU washed, and the pellet
resuspended in a HU free media. Half the culture was collected after 30 minutes

post release from HU arrest and the rest collected 90 minutes post release.

For the microarray HU experiment, cells were grown to an ODgg 0.5 and
collected for G2 phase sample. 10 mM HU was added to the culture and the cells

were collected after 3 hours for the S phase sample.

For the microarray time course experiments, cells were synchronized by
centrifugal elutriation and then kept at the restrictive temperature of 35°C to
synchronize cells in G2 using cdc25-22 mutation for 3.5 hours. The cells are then
shifted to the permissive temperature of 25°C. Samples were collected at the

indicated times.
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Two-dimensional gel electrophoresis

Genomic DNA was isolated using cesium chloride gradients and two-
dimensional gel electrophoresis performed as described (Noguchi et al. 2003).
To study replication at AT2062, genomic DNA was digested with BamHI and
Xhol. For analysis at the RTS1 integration site, DNA was digested with Kpnl and

Sacl. Southern blotting was performed as described (Noguchi et al. 2003).

Micro-array design

Probes were designed to cover 128 kb region with AT2062 in the middle
using the Arraydesigner 4.2. The average distance between the probes was 250
bp and 448 probes were designed with an average length of 60 bp. The slides for
microarrays were printed in the Rando lab and the slides were post-processed

using the protocols followed in their lab.

DNA preparation and microarray experiment

Genomic DNA was isolated using cesium chloride gradients as described
(Noguchi et al. 2003). DNA was indirectly labeled with Cy3 and Cy5 dyes using
the Amino-allyl labeling protocol from the DeRisi lab with a few modifications

used in our lab (http://derisilab.ucsf.edu/data/microarray/protocols.html) (Dutta et

al. 2008). Experimental DNA was mixed with the reference DNA, which was the
G2 samples for all our experiments, for differential hybridization. The sample was

hybridized onto the microarray slides for 16 hours at 65°C. Slides were scanned
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using Genepix5000b scanner and the data was acquired using Genepix pro 6.0

software. The data was normalized and replication profiles created using excel.

Deep sequencing experiments

Cells were synchronized using centrifugal elutriation. One half of the
culture was collected immediately after elutriation as the G2 sample for
sequencing. To the other half 10 mM HU was added and cells kept at 25 °C for
four hours and the cells collected as the S phase sample for sequencing. 1 OD
was also collected every 20 minutes, pelleted and resuspended in 70% ethanol,
and processed for flow cytometry. Genomic DNA was isolated using cesium
chloride gradients as described (Noguchi et al. 2003). DNA samples were sent to
Helicos Biosciences and the data collected analyzed by the Weng lab using Igor

software.

Flow cytometry:

Cells were collected for flow cytometry and processed as described

previously (Forsburg and Rhind 2006).
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RESULTS AND DISCUSSION

Origin efficiency at AT2062

To measure the efficiency of a late firing origin we chose AT2062, a late
replicating sequence present on chromosome Il in fission yeast. AT2062 was
chosen because known adjacent neighboring origins are present very far away.
Recent study from Nurse lab shows that AT2062 fires with about 10% efficiency
(Wu and Nurse 2009). We integrated RTSL1 sites on either side 40Kb apart. The

schematic representation is shown in Figure 111.1.

To measure origin efficiency of AT2062, two-dimensional gel
electrophoresis was employed. 2-D gels are a common method of distinguishing
if a stretch of DNA being studied is getting passively replicated or is actively firing
(Brewer and Fangman 1987) (Figure 111.2). Signal from the 2-D gels may be
guantified to determine the firing efficiency of an origin. Using 2-D gels we
wanted to compare the origin firing efficiency of AT2062 in a wild type strain and
a strain containing AT2062 flanked by RTS1 on either side. DNA was isolated

and from culture arrested and released from HU.

There are three different possibilities that can come as a consequence of
using RTS1 to block passive replication. First, we may see an increase in the
origin firing efficiency at AT2062. Second, the firing efficiency of the origin does
not increase. This would indicate that either the increase in origin efficiency

model is incorrect or there is passive replication occurring at that region.
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Figure lll.1 Schematic representation of RTS1 integration
The regions where RTS1 was integrated are shown: AT2062, the late
replicating sequence present on chromosome Il and AT3003, an origin present in
the ura locus. The RTS1 sites are 40 kb on either side of AT2062 and 7 kb on

either side of AT3003.

Figure 1ll.2 A general description of two-Dimensional gel electrophoresis

DNA is digested with specific restriction enzymes and run in two
dimensions with different conditions. In the first dimension, DNA is separated by
size and in the second by shape. The common replication intermediates seen are
described in the right-handed panel. If the region of interest has an active origin
then we see a bubble arc whereas Y-arc is seen when replication forks from
neighboring origins passively replicate the region. X-shaped intermediates are
the recombination intermediates. Linear DNA is the majority of DNA containing

no shape.



Figure 1.1 Schematic representation of RTS1 integration

Figure 111.2 A general description of 2-Dimensional gel electrophoresis

90



91

The final possibility is that cells will be unable to replicate the region
between RTS1 due to the failure of AT2062 to fire and hence it may lead to
genomic instability and lethality. The result will show that our model is incorrect
and the region can replicate only by passive replication. The increase in firing
efficiency can be measured on the 2-D gels by measuring the percentage of
bubble arcs, the shape that appears on the blots when the origin fires and

comparing it between the wild type and the RTS1 strain.

HU arrest experiments were performed for 2-D gels. We observed no
difference in the replication pattern between the wild type and the RTS1 strain.
Passive replication seems to be occurring in both the strains at AT2062 as
indicated by the Y-arc (Figure I11.3). We were unable to observe any bubble arcs
in either strain. This passive replication indicates that AT2062 is not firing during
the S phase or it is firing at a low rate, which cannot be detected due to
limitations of 2-D gels. To ensure that RTS1 sequences were blocking the forks,
HU arrest and release was performed and 2-D gels were run to check for fork
blockage at the termination site upstream of AT2062 in Figure IIl.4. The spot on
the 2-D gel shown on the Y-arc indicates fork arrest. These results demonstrate

that forks appear to be blocked at the RTS1 sites.

The spots seen on 2-D gels at the RTS1 sites seem to be very weak
which means that the block might not be very strong and would allow for forks to

bypass it. Studies have shown that replication forks can bypass RTS1 blockage
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in a recombination dependent manner. Passive replication observed at AT2062
could be due to forks bypassing the RTS1 sites and replicating AT2062 before it
fires. rad51A prevents recombination-mediated fork bypass of RTS1 allowing us
to observe if passive replication occurs at AT2062. Origin efficiency studies at
any origin using RTS1 sites need to be done in a rad51A background to ensure

that the neighboring forks are getting blocked.

Passive replication observed at AT2062 may also be due to inefficient
origins firing which have not been identified in the various genomic studies.
Inserting RTS1 sites on either side of AT2062 may force a number of these
inefficient origins to fire, replicating the 80 kb region efficiently. We used two
approaches to identify new origins in this region. First, we used microarray

analysis and secondly deep sequencing.

Oligonucleotide arrays at AT2062

Micro-array analysis has been used in previous studies to look at origin
firing (Raghuraman et al. 2001; Yabuki et al. 2002; MacAlpine et al. 2004;
Woodfine et al. 2004). We used micro-arrays to measure changes in the copy
number of the AT2062 region during S phase. We designed oligos ~250bp apart
spanning that 128 kb region on chromosome II. This 128 kb region contains the
80 kb region flanked by RTS1. Replication profiles were generated for the array
experiments by fluorescently labeling S phase DNA and hybridizing it to the

oligonucleotide arrays. The DNA copy number was measured by normalizing the
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Figure 111.3 AT2062 replicates passively with or without RTS1
Passive replication is observed in wild type cells (yFS105) when cells are
arrested in the beginning of S phase using 10 mM HU. The arrest was for
either 1.5 hours or 3 hours and the cells released into a HU free media. The
release was for 30 or 90 minutes. To study replication at AT2062, genomic
DNA was digested with BamHI and Xhol. Southern blotting was performed as

described (Noguchi et al. 2003).

Passive replication was also observed in RTS1 flanking AT2062 (yPP113).
There seems to be no difference in the Y-arc, which represents passive
replication, between wild type and the RTS1 flanked strain indicating a failure

of AT2062 to fire.



Figure 111.3 AT2062 replicates passively with or without RTS1
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Figure 1.4 Forks are getting blocked at RTS1 sites

Passive replication is observed in RTS1 cells (yPP113) when cells are
arrested in the beginning of S phase using 10 mM HU. The arrest was for either
1.5 hours or 3 hours and the cells released into a HU free media. The release
was for 30 or 90 minutes. DNA was prepared using cscl gradient method. For
analysis at the RTS1 integration site, DNA was digested with Kpnl and Sacl.
Southern blotting was performed as described (Noguchi et al. 2003). Fork
blockage appears as a blob or big spot in the place where Y-arc is expected. The
block does not seem to be very strong but appears in all the four conditions

tested.



Figure 1.4 Forks are getting blocked at RTS1 sites
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data to G2 DNA. The array was designed to give us a resolution of 1 kb. Figure
1.5 shows the replication profile generated during the arrest, effectively the
beginning of S phase. Replication does not occur at AT2062 consistent with
previous studies showing that AT2062 gets replicated later in S phase

(Heichinger et al. 2006; Wu and Nurse 2009).

To study the increase in origin efficiency at AT2062, we looked at
replication profiles as cells progressed through S phase in wild type cells by
performing a microarray time course experiment. Samples collected every five
minutes from 80-95 minutes show that the region has been mostly replicated by
two or three potentially inefficient origins (Figure I11.6). The timing of when cells
enter S phase varies between elutriation and we were unable to capture the
transition from a non-replicated locus to completely replicated locus in a strain
lacking RTS1 sites. This limited our S phase progression experiments. We
looked at origin efficiency in the RTS1 strain by collecting cells at two points- 95
and 105 minutes after release and saw similar replication profiles (Figure 111.7)
indicating that we are unable to study replication kinetics using microarrays. A
higher resolution or more sensitive technique is required to understand the origin

pattern in the 80 kb region.

Using deep sequencing to look at AT2062 region

Data from micro-array analysis suggests that inefficient origins maybe

present in the 80 kb region including AT2062. To confirm the presence of
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Figure 111.5 AT2062 does not fire in early S phase
Cells were arrested in early S phase using HU in the strain flanking
AT2062, yPP113. DNA was prepared and hybridized against G2 DNA.

Replication profile was made as described in materials and methods. Known

origins are represented with 4B and there are only two known origins in the

region on our microarray. AT2062 is the origin in between the RTS1 represented

by 4 As expected in HU, only early/efficient origins fire and we do not detect

any signal from within the RTS1 region.



Figure 111.5 AT2062 does not fire in early S phase
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inefficient origins, we used deep sequencing to identify origins in this region. We
used Helicos single molecule sequencing technology. In this approach, genomic
DNA is randomly fragmented to 100-200 bp and poly-A tail attached to the
fragments with a fluorescently labeled A at the end of the tail. The poly-A tail
attached fragments are hybridized to flowcell, a platform coated with immobilized
poly-T oligomers. Sequencing consists of numerous cycles of replication. During
each cycle, polymerase and a single labeled nucleotide which has a reversible
fluorescence terminator attached to it is flowed in. The flow cell is imaged to
locate the position and therefore identify fragments to which this nucleotide has
attached. The fluorescent label is then cleaved and released and the cycle of
polymerase and nucleotide is repeated for the remaining three nucleotides. This
sequential cycle using reversible fluorescent labeling followed by imaging is

repeated 200-250 times.

Similar to the micro-array analysis, we measured the copy number of S
phase DNA and normalized it to G2 phase of the DNA. Sequencing was done on
a strain without the RTS1 inserts. Cells were synchronized by centrifugal
elutriation in G2 phase and released in a HU media for four hours. Figure II1.8
shows the replication profile of the same 128 kb region. The replication profile at
AT2062 indicates that there is a presence of small inefficient origins in the 80 kb
region flanked by RTS1. The inefficient origins can potentially fire and passively
replicate the AT2062 locus. We conclude that AT2062 is not a particularly useful

region for studying late origin efficiency.
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Figure 1.6 Replication profile during S phase at AT2062 in wild type cells
cdc25-22 (yFS128) cells were synchronized in G2 by centrifugal elutriation
and then synchronized a second time due to the cdc25-22 arresting cells in G2
when kept at the restrictive temperature (35°C) for 3.5 hours. Cells were allowed
to go through the cell cycle by switching back to the permissive temperature
(25°C). Samples were collected for 80, 85, 90 and 95 minutes to look at the

replication progression though late S phase as followed by flow cytometry.

Known origins are represented with 4B and there are only two known origins in

the region on our microarray. AT2062 is the origin in between the RTS1

represented by 4 The replication profile shows no progression through time.
However, the array suggests that there may be atleast two more inefficient

origins present between RTS1.
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Figure 111.6 Replication profile during S phase at AT2062 in wild type cells
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Figure 1.7 Replication profile during S phase at AT2062 in RTS1 strain
RTS1 flanking strain with a cdc25-22 background (yKN18) cells were
synchronized in G2 by centrifugal elutriation and then synchronized a second
time due to the cdc25-22 arresting cells in G2 when kept at the restrictive
temperature (35°C) for 3.5 hours. Cells were allowed to go through the cell cycle
by switching back to the permissive temperature (25°C). Samples were collected

for 95 and 105 minutes to look at the replication progression though late S phase

as followed by flow cytometry. Known origins are represented with 4P and there

are only two known origins in the region on our microarray. AT2062 is the origin

in between the RTS1 represented by 4 The replication profile shows no
progression through time. However, the array suggests that there may be atleast

two more inefficient origins present between RTS1.
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Figure 11l.7 Replication profile during S phase at AT2062 in RTS1 strain
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Origin efficiency at AT3003

AT3003 is one of the well-defined origins in the ura4 locus on
chromosome lll in fission yeast (Kim and Huberman 1999). AT3003 fires early
during the S phase and the efficiency of the origin is about 30% (Patel et al.
2006). RTS1 sites were integrated on either side of AT3003 in opposite
directions thereby preventing the passive replication of the region. RTS1 sites
are about 7.5 kb on either side of AT3003. Since there are no inefficient origins
present in the region flanked by RTS1, AT3003 must fire during every cell cycle
for the region to replicate. Fork directional studies next to the origin within the
RTS1 region will allow us to identify the direction in which the forks are traveling
and determine if the efficiency of AT3003 increases during S phase (Dalgaard

and Klar 2001).

Fork bypass in arecombination dependent manner

Rad51 is the central mitotic recombination protein essential for
homologous recombination in budding yeast. rad51A prevents recombination-
mediated fork bypass of RTS1 allowing us to observe if passive replication
occurs at AT2062. Studies show that a strain having rad51A background with a
non origin stretch of DNA flanked by RTS1 on either side is lethal (Lambert et al.
2005). AT3003 flanked by RTS1 in rad51A background will be lethal unless
AT3003 fires everytime. If forks bypass replication blocks in a recombination
dependent manner, then deleting rad51 will prevent the bypass. In the future, we

will compare the efficiency of the origin in the presence or absence of rad51.
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Figure 111.8 Replication profile at AT2062 in HU arrest using deep
sequencing

S.pombe (YNW239) was synchronized in G2 by centrifugal elutriation. 10
mM HU was added and cells kept at 25°C for four hours. HU arrested sample
was collected after four hours. G2 sample was collected after elutriation. Raw
data from sequencing was taken for the G2 and S phase samples and
normalized. The G2 peaks were subtracted from the S phase and the resulting
data was smoothed to give the replication profile for the region on our microarray.
X-axis is the window index of 200 bp. Y-axis is the height of the peak and gives

the number of reads at each chromosomal position. Known origins are
represented with 4P and there are only two known origins in the region on our

microarray. AT2062 is the origin in between the RTS1 represented by 4 There
seem to be about four more inefficient origins present within the RTS1 and these

inefficient origins may be responsible for passively replicating AT2062
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Figure 111.8 Replication profile at AT2062 in HU arrest using deep
sequencing
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CONCLUSION

Origin efficiency at AT2062 was studied using 2-D gels, microarrays and
deep sequencing. We were unable to force AT2062 to fire using RTS1 sites.
However, as shown above the passive replication observed at the origin was due
to the presence of a few inefficient origins within the 80 kb region flanked by
RTSL1. This rendered AT2062 unsuitable for testing our hypothesis of an increase

in origin firing efficiency through S phase progression.

We have started to study the origin firing efficiency of AT3003. AT3003
has the RTS1 sites close enough to make sure that there is no origins present in
the region which can passively replicate AT3003 region. We plan to study this
origin in detail using the various methods used in the study at AT2062. All the
studies at AT3003 will be done in rad51A background to prevent the forks from
bypassing the RTS1 block sites. Viability of this strain will show that the AT3003
region flanked by RTS1 is only replicated by AT3003. We are also planning to
study the origin efficiency using a rad51 shutoff strain, which allows us to shut off

rad51 during the course of our experiment.
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Chapter IV

Genome-wide analysis of origins in Schizosaccharomyces

group
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INTRODUCTION

Origin studies using a variety of model organisms have been ongoing for
the last three decades. However these studies have been primarily limited to the
study of a few well defined origins or a low resolution search for new origins.
Only recently have genome-wide analysis experiments been feasible for global
origin identification and characterization. These studies have been helpful not
only in defining origin location but also in defining replication timing of origins.
These origin studies also allow for the identification of common origin features.
These features may then be used to identify putative origins in additional

organisms in which these origin studies have not been performed.

Different origin identification methods

A number of methods have been employed to identify origins in fission yeast
and other organisms. Hydroxyurea arrest has been used to identify origins that
fire early in S phase for some of the genome-wide studies.These methods

include:

1) Plasmid stability assays: Plasmid stability assays identified genomic
regions capable of maintaining plasmid copy numbers termed as
autonomous replication sequences (ARS) (Clyne and Kelly 1995). These
regions capable of maintaining this activity, ranged in size from 100-150
bp for budding yeast, to 1 kb fission yeast, and to more than 10 kb for

human cells.
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Two-dimensional gel electrophoresis: Two-dimensional gel
electrophoresis was also used early for identification of origins. Origins
located on the smallest budding yeast chromosome Ill, were originally
identified using 2-D gels (Reynolds et al. 1989).

Density transfer experiments: Density transfer approach using heavy
isotope labeling of newly replicated DNA was the first genome-wide
method used to identify origins in budding yeast. Heavy isotope labeling
was followed by hybridization to microarrays to identify origins firing
throughout S phase (Raghuraman et al. 2001).

Copy number change: Measuring copy number (replicated versus
unreplicated DNA) using microarrays has been used in the recent past to
identify the regions where origins are present (Yabuki et al. 2002;
Heichinger et al. 2006).

ChIP-microarrays: Chromatin immunoprecipation followed by hybridization
to microarrays can be used to map the binding sites of various pre-
replicative complex (pre-RC) components. The binding sites are the
origins where the pre-RC is formed (Wyrick et al. 2001).

BrdU pulse-microarray: Asynchronous or synchronized cells are pulsed
with BrdU and flow cytometry is used to isolate BrdU labeled cells. BrdU
labeling represents cells present in the S phase. DNA is then isolated from

the samples, enriched by immunoprecipitation using BrdU specific
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antibodies and hybridized to microarrays (Schubeler et al. 2002; Woodfine
et al. 2004).

7) Single stranded DNA microarrays: Single stranded DNA produced upon
HU arrest is hybridized on open reading frame (ORF) microarrays in the
presence of HU have been used to map origins in fission yeast (Feng et
al. 2006). The resolution for this study was about 12 Kkb.

8) Bioinformatic analysis: Bioinformatic analysis has also been used to
propose putative origins based on AT rich islands in fission yeast
(Segurado et al. 2003). The putative origins were validated using 2-D gels.

Studies in fission yeast and other organisms have identified origins at the

genome-wide level (Raghuraman et al. 2001; Yabuki et al. 2002; MacAlpine et al.
2004; Jeon et al. 2005; Feng et al. 2006; Heichinger et al. 2006). However, the
resolution of these studies is not very high. Budding yeast ARS consensus
sequences (ACS) is very generic and cannot be used to actually map origins. On
the other hand, no such motifs have been identified in any other organism and
known origins have not given enough information to identify additional origins
based on sequence homology. Therefore, precise identification of origin
sequences on a genome-wide scale still needs to be done (MacAlpine and Bell
2005).

Origin sites are not conserved across species. Sequences important for origin

activity are conserved across the Saccharomyces genus (Nieduszynski et al.

2006). ldentifying origins across the Schizosaccharomyces genus will help
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identify essential sequence or regions, which will in turn allow the identification of
additional putative origins across the genome. Due to similar nature of origins in
metazoans and fission yeast, identification of essential or signature sequences of
origins may also allow identification of origins in metazoans with greater
accuracy. In this chapter, we discuss our efforts at using a new technique of

single molecule sequencing for identifying origins.

Sequencing to identify origins

Recent advances in sequencing technology have lead to improvements in
the time taken to sequence DNA and also the cost of sequencing. There are
various methods by which high throughput sequencing is done (Shendure and Ji
2008). One of the sequencing methods developed recently is the single molecule

sequencing technique developed by Helicos Biosciences.

Single molecule sequencing does not use an amplification step like other
sequencing methods, such as Solexa. DNA from the samples to be sequenced is
randomly fragmented into 200 bp fragments. Fragmented DNA is then labeled at
the 3’ end with a poly-A tail. This library of the fragmented poly-adenylated DNA
is tethered to a surface coated with poly-T oligomers known as flow cell
producing a disordered array of primed sequencing templates. The flow cell is
imaged to identify the position of each tethered DNA strand. Sequencing consists
of numerous cycles of strand replication, which allows for the sequence

identification of the DNA strand. At each cycle, polymerase and a single labeled
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nucleotide is added which has a reversible fluorescence terminator attached to it.
Flow cell is again imaged to locate the position and therefore identify fragments
to which the nucleotide has attached. The fluorescent label is then cleaved and
released and the cycle of polymerase and a nucleotide is repeated for all four
nucleotides. This sequential cycle using reversible fluorescent labeling followed
by imaging is repeated 200-250 times. The average read length is about 25 bp

since four cycles are needed for each and every base pair sequenced.

We show that deep sequencing may be used to identify origins in various
organisms. Cells can be synchronized and samples collected during S phase.
Samples are also collected from G2 phase and the DNA is sequenced. Regions
that have replicated will have twice the amount of reads compared to regions that

have not. Replication profiles can be created based on the number of reads.

We use deep sequencing to identify origins in three fission yeast- S.
pombe, S. octosporus and S. japonicus. Although origins have been identified in
S. pombe, no origins are yet to be identified in the other fission yeasts like S.
octosporus and S. japonicus. The aim of this project is to identify the inefficient
origins that have not shown up in the previous studies and to map the already
known origins more precisely. This study shows that single molecule sequencing
can be used to identify origins. In collaboration with the Weng lab, bioinformatic
analysis is currently underway to identify signature sequences defining origins

across the Schizosaccharomyces genus.
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Strain maintenance
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All strains were grown in yeast extract with supplements (YES) at 25°C or

30°C and manipulated using standard methods (Forsburg and Rhind 2006).

Table IV.1 - Strain list

Strain Genotype Source

yFS101 h- Lab stock

yNW239 h- smtO leul-32 ura4-D18 his3-D1 cdc10-M17 From Nick Willis
sfrl::ura4 swi5::urad

yFS128 h- leul-32 ura4-D18 cdc25-22 Lab stock

yFS275 Wild type Schizosaccharomyces japonicus Lab stock

yFS286 Wild type Schizosaccharomyces octosporus Lab stock

G2 synchronization

For the first dataset, the cells were grown at 25°C. S.octosporus and

S.japonicus were grown at 30°C. Cells were grown to ODgyo 1.4 for S. pombe

and 0.8 for S. octosporus and S. japonicus. Cells were synchronized in G2 using

centrifugal elutriation. A fraction of the cells were collected for the G2 sample and

the rest incubated at 25°C for four hours in the presence of 10 mM hydroxyurea
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(HU). 1 OD was also collected every 20 minutes, pelleted and resuspended in
70% ethanol, and processed for flow cytometry. Cells were also collected and
DNA prepared for sequencing by cesium chloride gradient centrifugation. DNA
samples were sent to Helicos Biosciences and the data collected analyzed by the

Weng lab using Igor software.

Time-course experiment

Cells were synchronized in G2 using a cdc25-22 temperature sensitive
mutant. The culture was grown to an ODgy 0.5 and the culture shifted to the
restrictive temperature of 35°C for 3.5 hours. A fraction of the cells were collected
as G2 sample control for sequencing. Cells were then shifted to 25°C and
samples collected every five minutes for flow cytometry. For sequencing samples
were collected at time points 65, 75, 85, 95, 105, 115 and 125 minutes. DNA was
prepared for sequencing using Qiagen G/20 columns as previously described

(Wu and Gilbert 1995).

Flow cytometry:

Cells were collected for flow cytometry and processed as described

previously (Forsburg and Rhind 2006).

Deep sequencing experiments

Cells were synchronized using centrifugal elutriation or using cdc25-22 ts
strain. One half of the culture was collected immediately after elutriation as the

G2 sample for sequencing. To the other half 10 mM HU was added and kept at
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permissive temperature for different times and the cells collected as the S phase
sample for sequencing. 1 OD was also collected every 20 minutes, pelleted and
resuspended in 70% ethanol, and processed for flow cytometry. Genomic DNA
was isolated using cesium chloride gradients as described (Noguchi et al. 2003).
DNA samples were sent to Helicos Biosciences and the data collected analyzed

by the Weng lab using Igor software.

Alignments

To align the reads that we get, an alignment strategy is employed where
the read (from sequencing) is aligned using the genomic sequence as a
reference. Only uniquely mapped reads are used for the mapping study to
eliminate repeat sequences in the genome. For each alignment all putative
alignments to the reference genome are considered and alignments are
considered unique if the best alignment has a normalized score greater than 4.2
(out of 5) and the next best alignment is at least .5 worse. Normalized Alignment
scores are calculated as follows: sum (5*matches - 4*mismatches) / ReadLength.
The reads are assembled into contigs or chromosomes at Helicos. The number
of hits at each nucleotide in the genome is counted, histograms made and
normalized for S and G2 samples. Normalized G2 hits for each nucleotide are
subtracted from S phase hits and the frequency at each nucleotide is plotted

giving us the replication profile for each chromosome.
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RESULTS AND DISCUSSION

Various labs have done genome-wide analysis of origins in fission yeast
(Segurado et al. 2003; Feng et al. 2006; Heichinger et al. 2006; Mickle et al.
2007). However, there have been no reports of genome-wide search for origins
in either S. japonicus or S. octosporus. We have used deep sequencing to not
only identify number of origins in the three Schizosaccharomyces species but
also identify efficient and inefficient origins. The difference in efficiency can be
measured by building replication profiles made by plotting the number of hits at
each nucleotide across the genome against the nucleotide position. The height of

the peaks at each origin gives us the efficiency of each origin.

Identifying Schizosaccharomyces pombe origins

To identify origins in S. pombe we used HU to arrest cells at the beginning
of S phase. For the first experiment, we synchronized an S. pombe strain in G2
phase of the cell cycle by centrifugal elutriation. The synchronized cells were
then arrested in HU for four hours. HU arrest in early S phase was monitored by
flow cytometry and S phase progression plotted {figure 1V.1}. Flow cytometry
shows that the forks have traveled about 15% in S phase. In the presence of HU
the forks have not traveled far from the origins. Deep sequencing generated
about 12 million reads for both G2 and S phase samples and the aligned reads
were about 6 million. The number of reads for each point in the genome were
measured and normalized to aligned G2 counts allowing us to generate high

resolution replication profiles for early S phase. These profiles were smoothed
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Figure IV.1 Replication arrest in the presence of HU for S.pombe

S.pombe (YNW239) was synchronized in G2 by centrifugal elutriation. 10
mM HU was added and cells kept at 25°C for four hours. HU arrested sample
was collected after four hours. G2 sample was collected after elutriation. Cells
were fixed every 20 minutes and nuclear DNA content measured by flow
cytometry. A) S-phase flow cytometry histogram stacks shows that at the end of
the time course cells are arrested in the beginning of S phase. B) S-phase
progression is plotted over time by measuring the shifting of the mean of S-phase
peaks from unreplicated 1C towards fully replicated 2C values. S-phase
progression curve shows that cells have replicated about 15% showing that HU

has arrested cells in the beginning of S phase.
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Figure IV.1 Replication arrest in the presence of HU for S.pombe
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and a peak finding algorithm used to identify the origins in the dataset. Figure
IV.2 shows the process of identifying origins from the raw sequence reads.
Figure 1V.3 shows the data for all the three chromosomes of S. pombe. Using a
peak finding model we identified origins. To verify the peaks we identified were
origins, we compared this sequencing data with our microarray data for ura4
gene cluster located on chromosome lll. As seen in figure V.4, the sequencing
data correlates very well with our microarray data. Resolution of the origins using
sequencing is greater than our array data and work from other labs (Heichinger
et al. 2006). Origins identified in the previous studies were also identified in this
study indicating that our technique is capable of identifying previously
characterized origins as seen in figure IV.5. Rigorous analysis has been carried
out by Weng lab to ensure that peaks identified in our studies are not random
noise. There are peaks that have not been identified as origins in the previous
studies due to the low resolution of those studies and these peaks are the ones
that we are interested in exploring further to understand the complex nature of

origin efficiency and location.

We were able to see peaks on chromosome Ill but on chromosome | and
Il the peaks seemed to be in regions near the centromere. Recent work shows
that the region near the centromeric region seem to replicate early in a swi6é and
dfpl dependent manner (Hayashi et al. 2009). To see if the peak effect that we
observed is due to the pericentromeric effect, we have done a similar experiment

on a dfpl1-3A mutant, which does not allow dfp1l to localize in the pericentromeric
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Figure IV.2 Process of identifying origins on Chromosome |

yNW239 cells were synchronized using elutriation and cells collected for
G2 phase and after 4hours in HU. Samples were sent for sequencing and the
reads aligned to the three chromosomes using the known genomic sequence of
S.pombe as the reference. A) The Raw data from sequencing the G2 and S
samples of yNW239 are represented here for chromosome |. X-axis is the
chromosomal location. Y-axis is the height of the peak and gives the number of
reads at each chromosomal position. B) The reads for the G2 and S phase
samples are then normalized. C) The G2 reads are subtracted from the S phase
reads. D) The resulting data is smoothed to give us the potential origins. E) Peak

finding algorithm is used in the Igor software and identifies the peaks.
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Figure IV.2 Process of identifying origins on Chromosome |
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Figure IV.3 Replication profiles of S. pombe chromosomes
Raw data from sequencing of yNW239 was taken for the G2 and S phase
samples and normalized. The G2 peaks were subtracted from the S phase and
the resulting data was smoothed to give the replication profile for S. pombe
chromosomes. X-axis is the window index of 200 bp. Y-axis is the height of the
peak and gives the number of reads at each chromosomal position.
Chromosome Ill shows lots of peaks representing origins. Chromosome | and I

have only few peaks in regions centered around the centromere. Centromere is

represented with \
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Figure IV.3 Replication profiles of S. pombe chromosomes
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Figure IV.4 comparison of ura4 locus between array and sequencing data
To analyze the difference in resolution between the microarray method
and the deep sequencing method we compared the ura4 region. A) Microarray
data for the urad4 region from HU arrest experiment in yFS240 B) Deep

sequencing data for the same region from yNW239 cells arrested in HU.

The greater resolution of the sequencing data can be seen by the
separation of AT3004 and AT3005 which in the microarray data appear as one
origin. AT3004 and AT3005 are identified as separate peaks by the peak finding
program establishing deep sequencing as a higher resolution method. There also
seems to be the presence of some inefficient origins not yet identified in other

studies.
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Figure IV.4 comparison of ura4 locus between array and sequencing data
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Figure IV.5 Comparison of origins identified with previous studies

To analyze the difference in resolution between previous studies that used
different methods from the deep sequencing method we compared all the three
chromosomes with origins identified from Nurse lab. Origins identified at a lower
stringency on chromsome Il are shown as a representation of the origins
identified. X-axis is the window index of 200 bp. Y-axis is the height of the peak
and gives the number of reads at each chromosomal position. The figure shows
that we are able to not only identify majority of the origins identified in the Nurse
paper but also a few more. Detailed bioinformatics analysis is still ongoing on

these origins
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Figure IV.5 Comparison of origins identified with previous studies
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region. The DNA is presently being sequenced.

To overcome the centromeric effect observed in the first experiment we
did another experiment where the forks had traveled 30% in another S.pombe
strain, measured by flow cytometry, at the time of collection for sequencing
(figure 1V.6). Figure IV.7 shows the replication profiles for the three S. pombe
chromosomes. Compared to the previous dataset, peaks were broader and
interpreted as forks progressing further. Direct comparison between the two
datasets for chromosome Il is shown in figure IV.8. This is a result of the cells
starting to leak through from the HU arrest. To look at the noise between two
independent experiments we subtracted the G1 reads, obtained from the two

experiments, from each other and observed a noise level of about 10%.

The microarray data from Nurse lab did not show a pericentromeric effect
and to compare and measure the differences in resolution between deep
sequencing and the microarray data, we synchronized the cells using the
temperature sensitive cdc25-22 for 3.5 hours and released to arrest cells in HU.
Cells were collected after 90 minutes in HU, and this served as the S phase
sample. The G2 sample was collected at the end of the synchronization with
cdc25-22. These samples are presently being sequenced and the replication
profile expected from this dataset should show us the sensitivity of our origin
identification strategy since the experiment is similar to previous studies allowing

us to directly compare the origins identified (Heichinger et al. 2006).
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Figure IV.6 Replication arrest in the presence of HU in wild type S. pombe

yFS101 was synchronized in G2 by centrifugal elutriation. 10 mM HU was
added and cells kept at 30°C for four hours. HU arrested sample was collected
after four hours. G2 sample was collected after elutriation. Cells were fixed every
20 minutes and nuclear DNA content measured by flow cytometry. A) S-phase
flow cytometry histogram stacks shows that at the end of the time course cells
are arrested in the beginning of S phase. B) S-phase progression is plotted over
time by measuring the shifting of the mean of S-phase peaks from unreplicated
1C towards fully replicated 2C values. S-phase progression curve shows that
cells have replicated about 30% showing that HU has arrested cells in the
beginning of S phase. The % replicated was twice when compared to the
previously sequenced strain. The difference in % replicated could be due to the
difference in the strain genotype where yFS101 is completely wild type but
yNW239 has sfrl and swi5 deletion, which might effect the ability of the forks to

travel and replicate DNA.
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Figure IV.6 Replication arrest in the presence of HU in wild type S. pombe
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Figure IV.7 Forks progress slowly during HU arrest in S. pombe

Raw data from sequencing of yFS101 was taken for the G2 and S phase
samples and normalized. The G2 peaks were subtracted from the S phase and
the resulting data was smoothed to give the replication profile for S. pombe
chromosomes. X-axis is the window index of 200 bp. Y-axis is the height of the
peak and gives the number of reads at each chromosomal position. The peaks
are broader in all the three chromosomes owing to a 30% replication seen by S-
phase progression. Chromosome Il shows lots of broad peaks, which can be
one origin having traveled far or two origins firing close by and merging.

Chromosome | and Il have only few peaks in regions centered around the

centromere. Centromere is represented with \ 4
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Figure IV.7 Forks progress slowly during HU arrest in S. pombe
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Figure IV.8 Comparison between two independent S. pombe datasets
A) Raw data from sequencing was taken for the G2 and S phase samples
and normalized. The G2 peaks were subtracted from the S phase and the
resulting data was smoothed to give the replication profile for S. pombe
chromosomes. X-axis is the window index of 200 bp. Y-axis is the height of the
peak and gives the number of reads at each chromosomal position. Replication
profile from Chromosome lll for both the S. pombe experiments was overlayed.
The peaks from the second dataset are broader and flatter due to several forks

merging together.

B) The G2 sequence reads for the two wild type replicates were subtracted
from each other, normalized and then smoothed. The G2-G2 control was done

for chromosome lll. The data shows that there is very little noise.
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Figure IV.8 Comparison between two independent S. pombe datasets
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The experiments performed till now were done by synchronizing cells in
early S phase using HU. This prevents us from identifying origins that will fire
during late S-phase. Also, HU activates the replication checkpoint. The activation
of checkpoints can itself have an effect on the genomic replication profile. It is
imperative to perform experiments in the absence of HU to compare the results
and identify if HU is having an effect on the replication profile. We have
performed an S-phase time course experiment to understand the kinetics of
replication timing in S. pombe. The cells progressed through S phase without HU
which allows us to look at the replication profiles without the activation of any
checkpoint. We can compare the origins identified in the time-course with those
identified in our previous experiments. cdc25-22 mutant strain was synchronized
by incubating cells at restrictive temperature (35°C) for 3.5 hours. Cells were
then released at the permissive temperature (25°C) and samples collected every
10 minutes to measure the progression of replication throughout the S phase.
These timepoints will be assembled into a kinetic profile which will allow us to
observe the replication kinetics of all the origins in the genome over time. This
dataset will allow us to compare the origin efficiency between sequencing and

microarray analysis.

Identifying Schizosaccharomyces octosporus origins

S. octosporus is a fission yeast similar to S. pombe except for having
eight-spored ascii. S.octosporus genome has recently been sequenced in

collaboration with the Broad Institute. No information is available regarding
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origins in this fission yeast species. Origin identification will contribute greatly to
understanding how replication occurs in S. octosporus and whether there are any
similarities between the species. Origin identification in these different species
will also be helpful in identifying the signature motifs, which could be employed to
identify origins de novo. To collect samples for sequencing, cells were
synchronized in G2 by centrifugal elutriation and a fraction was collected as the
G2 sample. The culture was arrested in HU for four hours to synchronize cells in
early S phase {figure IV.9A}. Replication profiles were made for S. octosporus
chromosomes in the same way as for S. pombe. Using sequencing we were able

to identify origins. Figure 1V.9B shows the profiles for the three chromosomes.

Identifying Schizosaccharomyces japonicus origins

Rounding out the three fission yeast investigated, S. japonicus is different
from both S. octosporus and S. pombe displaying invasive hyphal growth form.
Hyphal growth is a virulence trait of pathogenic fungi. Those interested in
understanding fungal diseases can take advantage of S. japonicus as a model
organism. Similar to S. octosporus, no origin information is available for S.
japonicus and we wished to address this point by identifying origins using deep
sequencing. The HU experiment used for S. japonicus was similar to the ones
used for S. pombe and S. octosporus. However, we observed that HU treated
cells did not arrest in early S phase. Samples were still sequenced and we
observed some peaks, which could be potential origins {figure IV.10}. This

approach needs to be repeated using enough HU to efficiently arrest these cells
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Figure IV.9 Replication profiles of S. octosporus chromosomes

A) S-phase flow cytometry histogram stacks shows that at the end of the
time course cells are arrested in the beginning of S phase. B) Raw data from
sequencing of yFS286 was taken for the G2 and S phase samples and
normalized. The G2 peaks were subtracted from the S phase and the resulting
data was smoothed to give the replication profile for S. pombe chromosomes. X-
axis is the window index of 200 bp. Y-axis is the height of the peak and gives the
number of reads at each chromosomal position. The three chromosomes have
plenty of peaks, which are potential origins. There does not seem to be any
centromeric effect on any of the chromosomes. The potential origins do not have
AT rich islands. The peaks identified as origins in this study are currently being

experimentally verified using 2-D gels.
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Figure IV.9A HU arrest of S. octosporus
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Figure IV.9B Replication profiles of S. octosporus chromosomes
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Figure IV.10 Replication profiles of S. japonicus scaffolds

Raw data from sequencing of yFS275 was taken for the G2 and S phase
samples and normalized. The G2 peaks were subtracted from the S phase and
the resulting data was smoothed to give the replication profile for S. pombe
chromosomes. X-axis is the window index of 200 bp. Y-axis is the height of the
peak and gives the number of reads at each scaffold position. The number of
chromosomes in S. japonicus is not known and the data shown is from two of the
contigs. Due to a lack of S phase arrest in HU, the number of S phase peaks
after removing the G2 peaks is low. There are potential peaks identified by the

peak finding software but the amplitude is low.
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Figure IV.10 Replication profiles of S. japonicus scaffolds
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S phase. It appears S. japonicus yeast requires a greater HU concentration (100
mM) for efficient arrest in S phase. We repeated the experiment with the HU
arrest for only one hour to prevent cells from leaking through. We have also used
an asynchronous culture using higher dose of HU and collected cells after 3

hours. Sequencing of the samples is currently going on.

CONCLUSIONS

Initial bioinformatic analysis shows that the AT rich islands prevalent in S.
pombe origins do not seem to be determinants of origins in the other two fission
yeast (Segurado et al. 2003). There seem to be no similarities between the
origins identified on the different chromosomes of S. pombe and S. octosporus
on which initial analysis has been performed. Further analysis is going on to
identify the characteristics of origins to be able to identify them de novo across

the genome.

We have shown that single molecule sequencing is an effective way of
identifying origins across the genome and to make replication profiles, which can

help in measuring the efficiency of an origin.
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Table IV.2 — List of experiments performed for deep sequencing

Experiment Strain Origins Species Method
1) G2 Synchronized | yNW239 | Sharp peaks S.pombe Deep
+ 2)HU arrest 4 identified as sequencing
hours origins
1) G2 Synchronized | yFS101 Peaks are fewer, | S.pombe Deep
+ 2)HU arrest 4 broad, flat sequencing
hours
1) G2 Synchronized | yFS718 Sequence S.pombe Deep
+ 2)HU arrest 2 awaited sequencing
hours
1) Cdc25-22 arrest | yFS128 Sequence S.pombe Deep
35C-3.5hrs + 2) 90’ awaited sequencing
HU arrest
1) Cdc25-22 arrest | yFS128 Sequence S.pombe Deep
35C-3.5hrs. 2-8) awaited sequencing
timecourse through
S phase
1) G2 Synchronized | yFS286 Sharp peaks- S.octosporus | Deep
+2) HU arrest 4 peaks being sequencing
hours verified as origins

experimentally
1) G2 Synchronized | yFS275 Not many peaks | S.japonicus Deep
+2) HU arrest 4 due to lack of HU sequencing
hours arrest
HU arrest 2 hours yFS275 Sequence S.japonicus Deep

awaited sequencing
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Chapter V

Unpublished data
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APPENDIX V.1. ORIGIN INHIBITION BY DNA DAMAGE CHECKPOINT

INTRODUCTION

DNA damage during S phase leads to a slowing of replication. Studies in
mammals have shown that slowing occurs by inhibition of origin firing and a
slowing of fork progression (Falck et al. 2002). However, it is unclear as to how
the DNA damage checkpoint slows replication in fission yeast. Recent work by
Nick Willis in our lab shows that in the presence of DNA damage, replication
forks are slowed and hence S-phase progression is slowed. This result does not
rule out the possibility that replication origins are also prevented from firing once
the cells encounter damage. Recent work has suggested that a combination of
replication fork slowing and inhibition of origin firing is the mechanism by which
DNA damage checkpoint slows replication (Kumar and Huberman 2009). |
performed an experiment to look at ars3001, known efficient origin present in
multiple copies in the rDNA loci, in the presence or absence of damage (0.03%
MMS) using two-dimensional gel electrophoresis. In the presence of DNA
damage ars3001 stopped firing as observed by the absence of bubble arcs,

which are present when there is no damage.



148

MATERIALS AND METHODS

yFS128, a cdc25-22 mutant was grown to an ODggo 0.6 and kept at the
restrictive temperature of 35°C for four hours which arrests and synchronizes
cells in G2. The cells were then shifted to the permissive temperature of 25°C in
the presence of HU for two hours to synchronize and arrest cells at the beginning
of S phase. The first time point was collected at the end of the HU arrest. The
remaining culture was pelleted, HU washed, and the pellet resuspended in a HU
free media. The culture was divided into two and 0.03% MMS was added to one
of the cultures. The cells were kept at 25°C to allow for progression through S
phase and samples were collected at 30 and 60 minutes from + or — MMS
cultures. Cells were also fixed every 20 minutes and nuclear DNA content

measured by flow cytometry.

Two-Dimensional gel electrophoresis

Genomic DNA was isolated using cesium chloride gradients and two-
Dimensional gel electrophoresis performed as described (Noguchi et al. 2003).
To study origin firing at ars3001, genomic DNA was digested with Kpnl and

Hindlll. Southern blotting was performed as described (Noguchi et al. 2003).
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RESULTS

Figure V.1 shows the 2-D gels for the ars3001 origin in the presence or
absence of MMS. ars3001 is an efficient origin and fires early represented by the
presence of bubble arcs on the 2-D gel. In the absence of any insult, when cells
are released from HU arrest, replication is still on going at 30 minutes evident by
the presence of the bubble arc at the 30’ -MMS 2-D gel. However, in the
presence of MMS, origin firing is inhibited inferred from a loss of bubble arc on
the 30’ + MMS 2-D gel. Replication is still continuing because Y-arcs can be seen
which implies that the forks that have already fired are passively replicating the

genome but no further origins are being fired.

CONCLUSIONS

The data shown here suggests that origins are inhibited from firing in the
presence of DNA damage. Origin inhibition might not be responsible for bulk
slowing but it certainly may play a role in slowing DNA replication. Further
experiments involving different drugs and ionizing radiation (IR) can be done

using 2-D gels allowing us to understand the mechanism of replication slowing.



150

Figure V.1 Origin inhibition in the presence of damage
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APPENDIX V.2 USING MICROARRAYS TO MEASURE REPLICATION
ORIGIN FIRING EFFICIENCY

INTRODUCTION

Studies from our lab showed that Hsk1l-Dfpl kinase regulates origin efficiency
(Patel et al. 2008). Hsk1-Dfp1 is rate limiting and is required at each origin to fire.
Level of Dfpl, the catalytic subunit of Hsk1, increases at the beginning of the cell
cycle and it is a freely diffusible factor. DNA combing studies from our lab
showed that modulating the levels of either Dfpl or Hskl affects the origin
efficiency (Patel et al. 2008). We sought to show a similar effect on origin
efficiency using microarrays. We designed probes to cover the well studied ura4
locus present on chromosome Il of S. pombe. Experiments were performed on
wild type and Dfpl overexpression strains to measure the difference in origin

efficiencies when Dfp1l is constitutively active or localized to an origin.
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MATERIALS AND METHODS

Synchronization experiments

For the microarray HU experiments, cells were grown to an ODgg 0.5 and
collected for G2 phase sample. 10 mM HU was added to the culture and the cells
were collected after 2, 3 or 4 hours for the S phase sample for different

experiments.

For the microarray time course experiments, cells were synchronized by
centrifugal elutriation followed by synchronization using the cdc25-22 mutation
which arrests cells in G2 at restrictive temperature of 35°C. Cells were kept at
35°C for 3.5 hours. The cells are then released from the block by shifting to the
permissive temperature of 25°C. Samples were collected at the indicated times

and cell cycle progression followed by flow cytometry.

Micro-array design

Probes were designed to cover 200 kb region around the ura4 locus using
the Arraydesigner 4.2. The average distance between the probes was 250 bp
and 768 probes were designed with an average length of 60 bp. The slides for
microarrays were printed in the Rando lab and the slides post-processed using

the protocols followed in their lab.
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DNA preparation and microarray experiment

Genomic DNA was isolated using cesium chloride gradients as described
(Noguchi et al. 2003). DNA was indirectly labeled to cy3 and cy5 dyes using
Amino-allyl labeling protocol from DeRisi lab with a few modifications used in our

lab (http://derisilab.ucsf.edu/data/microarray/protocols.html) (Dutta et al. 2008).

Experimental DNA was mixed with the reference DNA, which was the G2
samples for all our experiments, for differential hybridization. The sample was
hybridized onto the microarray slides for 16 hours at 65°C. Slides were scanned
using Genepix5000b scanner and the data was acquired using Genepix pro 6.0

software. The data was normalized and replication profiles created using excel.
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RESULTS AND DISCUSSION

To measure the change in origin efficiency when Dfpl was constitutively
expressed, we designed probes for 200 kb region of chromosome Il including
the ura4 locus which has well defined origins (Dubey et al. 1994). We used
microarrays to study origin efficiency as measured by the change in DNA copy
number described previously in chapter Ill. To study if we could look at origin
efficiency using this technique, we did HU arrest experiments where cells were
arrested for different periods of time. HU arrests cells in early S phase where
early firing origins have fired and traveled about 10 kb and then arrested. We did
HU arrest experiments for four hours using wild type cells (figure V.2A). Although
we observed the firing of all the origins known in ura4 locus, the peaks were very
broad and it seemed that forks are able to travel longer making it hard to
estimate the exact location of origin firing. We proceeded to shorter HU arrests of
three and two hours (figure V.2B and 2C). Figure V.2C shows that two hour HU
arrests gave us sharp peaks closer to the known origins and we used two hour

HU arrests for subsequent experiments.

The positions of peaks identified in our microarrays correspond to already
known origins in the ura4 region. To ensure that the peaks observed in our
experiments are not random noise, we label G2 samples with two different dyes
and hybridize on the array to give us self-self hybrizidization. There are no peaks
in the G2 control array indicating that the peaks identified are actual origins and

not random noise (figure V.3). Hybridizing two G2 samples with different labels
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served as the negative control for all experiments and also indicated the level of

noise for each array experiment.

Dfpl effect on origin firing was studied using two different strains. We
used a strain in which dfpl was constitutively expressed using an adhl promoter.
Studies from our lab showed that origin efficiency increased globally when Dfpl
was expressed continuously indicating an effect on origin efficiency. Dfpl was
also tethered near the origin AT3003 using Gal4 DNA binding domain (DBD) as
described in appendix Ill.1. To measure the increase in origin efficiency in the
adhl:dfpl cells, we performed the two hour HU arrest experiment in the wild type
and adhl:dfpl cells. Replication profile of the ura4 locus in the wild type cells is
shown in Figure V.4A. The replication profile shown is an average of three
independent experiments and shows all the known origins represented by peaks
in the ura4 locus. Replication profile of adhl:dfpl has a similar pattern to the wild
type cells (figure V.4B). Overlays of the replication profiles of wild type and
adhl:dfpl indicate no change in origin efficiency when dfpl is constitutively
expressed (figure V.4C).. We also looked at the replication profiles when dfpl is
tethered to AT3003. Although we observed the known origins firing in the ura4
locus, the data is noisy and it is difficult to make conclusions from it (Data not
shown). Based on our combing data, we expected an increase in origin efficiency
by around 15-20%, but it is possible that the microarray data has a low signal to

noise ratio to detect that magnitude of change.
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Figure V.2 Timing of HU arrest to look at replication profile of ura4 locus
Cells were arrested in early S phase using 10 mM HU in wild type
S.pombe yFS240. Known origins are represented with Hll. 2A) Cells were
arrested in HU for four hours. 2B) Cells were arrested in HU for three hours. 2C)
Cells were arrested in HU for four hours. The peaks representing the origins
become sharper as the HU arrest time is reduced. AT3004/3005 is a combination
of two origins, which we cannot separate on our array due to the resolution. The

data shows that two hours is the suitable time for HU arrest experiments.
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Figure V.2 Timing of HU arrest to look at replication profile of ura4 locus

A)
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Figure V.3 Control for HU arrest profiles using Self hybridizations
Cells were arrested in early S phase using HU in yFS240 and is the same
experiment performed in the previous figure. The replication profile is from the
control array where two G2 samples were labeled was Cy3 and Cy5 and
hybridized to the array. The array shows the noise level for the HU experiment.
The profile has been created by averaging the control arrays for all the three HU

experiments.
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Figure V.3 Control for HU arrest profiles using Self hybridizations
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A time course synchronization experiment was performed and replication
profiles for cells during S phase were made. The S phase progression was
followed by flow cytometry. Figure V.5 shows the replication profiles from 80 to
95 minutes. Although the origins in the ura4 locus seem to fire during this time
course, there is no noticeable change in the profiles itself at the various points.
The lack of change in the replication profiles can be due to a lack of synchrony or
due to the resolution of the microarrays itself. We used a double synchronization
protocol to ensure maximum synchrony and the absence of any difference in the
profiles indicates that the change in efficiency we are looking for cannot be
observed using microarrays. We have also done early time course points (60-75
minutes) and see no peaks at all indicating that the origins have not fired yet
(Data not shown). We tried to capture the transition of an origin from no firing, to
firing, and collected cells every 10 minutes or 20 minutes. However, these
datasets were very noisy and we have been unable to reach any conclusions

from them (Data not shown).
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Figure V.4 No change in replication profile when dfpl is overexpressed
Cells were arrested in early S phase using 10 mM HU in wild type yFS240
and adh1:dfpl yFS458. Cells were arrested in HU for two hours. 4A) Replication
profile of wild type cells. 4B) Replication profile of adhl:dfpl cells. The known
origins are represented by Hl. There seems to be no increase in origin
efficiency in these cells. 4C) Replication profile overlays of yFS240 and yFS458

show no noticeable difference in the origin efficiency.
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Figure V.4 No change in replication profile when dfpl is overexpressed
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Figure V.5 Replication kinetics at ura4 locus
cdc25-22 mutant cells were synchronized in G2 by centrifugal elutriation.
The cells were then arrested at 35 C for 3.5 hours. Cells were collected at 80’,
85’, 90’ and 95’ and replication profile made as described earlier. The replication
profile shows no change in the origin firing over time as represented by no
change in the peaks indicating that we are unable to see the small change in

origin efficiency observed using DNA combing.
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Figure V.5 Replication kinetics at ura locus
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CONCLUSION

Microarrays have been used as a method to measure a change in copy
number to study change in origin efficiencies in various mutant strains. Although,
we are able to identify known origins from the replication profiles, we have been
unable to notice a change in origin efficiency. The absence of any changes in the
replication profiles during various time courses shows that our setup has a low
signal to noise ratio. Microarrays can be used to measure changes in origin
efficiency using density transfer method instead of measuring the change in DNA
copy number. The data shows that microarrays can be used for origin studies
and different origin studies can still employ microarrays. The resolution of my
setup was also significantly higher than the previous origin mapping studies and
such a high-resolution array can be made for the entire genome. We are also
able to see a couple of putative origins, which have not been identified in the
previous genomic studies and we can use this system to look at other regions for

identifying new origins.
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APPENDIX V.3. EFFECTS OF MODULATING DFP1 LEVELS

INTRODUCTION

Studies from our lab showed that origin firing is stochastic in fission yeast.
We have been working on identifying the factor responsible for the stochasticity
and randomness of origin firing. We were able to identify Hsk1-Dfpl as the
kinase that regulates origin efficiency (Patel et al. 2008). Hsk1-Dfpl is rate
limiting and is required at each origin to fire. Level of Dfpl, the catalytic subunit of
Hskl, increases at the beginning of the cell cycle and it is a freely diffusible
factor. DNA combing studies from our lab showed that modulating the levels of
either Dfpl or Hskl affects the origin efficiency (Patel et al. 2008). This appendix
presents my work towards showing that Hsk1-Dfpl is responsible for regulating

origin efficiency.
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RESULTS AND DISCUSSION

To increase the activity of the Hsk1-Dfpl kinase, we overexpressed Dfpl
from the constitutive adhl promoter, leading to an approximately 3-fold increase
in Dfpl protein and Hsk1-Dfpl kinase activity relative to wild-type S-phase levels
(Figure V.6). The adhl1:dfpl cells grow normally and have normal bulk replication

kinetics by flow cytometry.

To test if over-expression of Dfpl interferes with or activities the
replication checkpoint in fission yeast, we assayed HU sensitivity and Cdsl
kinase activity in adhl:dfpl cell. We find no evidence of HU sensitivity, Cdsl
inhibition or Cds1 activation, suggesting that the effects of Dfpl over-expression

are not due to indirect effects on the replication checkpoint (Figure V.7).

Although the simplest explanation for the effect of tethering Hsk1-Dfpl on
the efficiency of local origins in that Hsk1-Dfpl is directly activating the origins by
phosphorylating MCM, it is also possible that the local high concentration of
Hsk1-Dfpl affects local chromatin structure, which in turn indirectly affects local
origin efficiency. We reasoned that any effect on local chromatin structure that
would affect origin efficiency would also affect transcription. Therefore, to test for
local chromatin affects, we used genome-wide transcriptional profiling to assay
transcript levels in cells with and without Hsk1-Dfp1 tethered near the ura4 locus
(Oliva et al. 2005). We find no significant difference in transcript levels near ura4

between wild-type cells and cells with Gal4-Dfp1 tethered at AT3003
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Figure V.6 Expression levels of dfp1l alleles.

A) Protein levels measured by Western blot. Cells were elutriation
synchronized and harvested in S phase as determined by septation index and
flow cytometry. 150 pg of whole cell lysate was separated by SDS-PAGE on a
10% gel, transferred to a PVDF membrane and visualized using anti-
Dpflantibodies as previously described (Takeda et al., 1999). The bands
representing Dpfl and the Dpfl-2xGFP fusion are indicated; asterisks indicate
non-specific bands. The membrane was reprobed with anti-tubulin antibodies.
When normalized to the tubulin control, the adhl-expressed Dfpl is
approximately 3-fold more abundant that the wild-type Dfpl and the Dfpl-2xGFP
is approximately equal.

B) Protein activity measured by in vitro kinase assay. Cells were elutriation
synchronized and harvested in S phase as determined by septation index and
flow cytometry. IP kinase assay was performed as described, using polyclonal
anti-Dfpl antibodies and myelin basic protein as substrate (Takeda et al.1999).
Lanes 1 and 2 are wild type (yFS240) cells; lane 3 is adhl:dfpl (yFS458) cells.
Lane 1 is a mock IP, using no antibody; lanes 2 and 3 are Dpfl IPs. Quantitation
of activity is shown below the figure in arbitrary units with the background in Lane

1 subtracted.
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Figure V.6 Expression levels of dfp1 alleles
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Figure V.7 Over-expression of Dfpl does not activate or inhibit the
replication checkpoint.

A) Dfpl over-expressing cells are not sensitive to chronic exposure to HU.
Wild-type (yFS240), adhl:dfpl (yFS458) and cdsl::ura4 (yFS199) cells were
grown to mid-log, 10-fold serially diluted, spotted onto YES plates containing 0, 1
or 3 mM HU and grown for 5 days.

B) Dfpl over-expressing cells are not sensitive to acute exposure to HU.
Wild-type (yFS240), adhl:dfpl (yFS458) and cdsl::ura4 (yFS199) cells were
grown to mid-log, transferred to YES containing 10 mM HU, grown for the
indicated time, plated on YES, grown for 5 days and counted. Data points
represent mean +/- s.e.m.; n = 4. C) Dfpl over-expressing cells activate Cdsl
normally in response to HU. Wild-type (yFS240), adhl:dfpl (yFS458) and
cdsl::ura4 (yFS199) cells were grown to mid-log, transferred to YES containing
10 mM HU for 4 hours and harvested. Cds1 was immunoprecipitated from 10 OD
pellets and assayed by in vitro kinase assay using myelin basic protein as a

substrate (Lindsay et al., 1998). Quantitation is mean £ SEM; n is 3 or 4.
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Figure V.7 Over-expression of Dfpl does not activate or inhibit the
replication checkpoint.
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(Figure V.8). Specifically the change in transcript levels for the 24 genes with in
the 50 kb around AT3003 is 1.02 fold, as compared to a genome wide change of
1.01 fold (p > 0.2). These results suggest that the increased local concentration
of Hsk1-Dfpl is not affecting origin efficiency indirectly through local chromatin

effects.

CONCLUSION

Using DNA combing and other methods we identified Hsk1-Dfpl as the
regulatory kinase responsible for firing efficiency. | used microarrays to measure
a change in firing efficiency when Hsk1-Dfpl levels are increased globally and
locally. Here we show that putting Dfpl under adhl promoter increases the Dfpl
protein and kinase levels 3-fold and does not activate a checkpoint response.
Increasing local Dfpl levels also does not change firing efficiency indirectly by

having any effect on local chromatin state.
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Figure V.8 Genome-wide transcript levels of in cells with Gal4-Dfp1
tethered at AT3003.

Relative transcript levels in wild-type and 5xGal4 UAS:AT3003 Gal4-Dfpl
(yFS459) cells were determined by competitive hybridization of labeled cDNA to
an microarray containing probes for all 5004 pombe annotated ORFs as
described (Oliva et al., 2005). Wild-type (yFS105) cDNA was used as a reference
in both cases to control for dye bias. The figures show relative difference in
transcript levels between the two strains (Log 2) versus chromosome position.
Relative p-values are shown by circle size; a circle of p = 0.01 is indicated on
Chromosome 2. 98% (5282/5414) probes showed less than a two-fold difference
between the two strains. The location of the Gal4 UAS site on Chromosome 3 is
indicated; the bar shows the 50 kb surrounding the sites. All array data will be

available at ArrayExpress (www.ebi.ac.uk/arrayexpress).
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Figure V.8 Genome-wide transcript levels of in cells with Gal4-Dfp1
tethered at AT3003.
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Chapter VI

Discussion and Future Directions



176

Maintenance of DNA replication fidelity during S phase is essential to
prevent cells from disastrous consequences. Cells must replicate in an efficient,
timely and error-free manner. Cells ensure error-free manner of replication
through cell cycle checkpoints, which make sure that cells do not replicate when
encountering damage. To ensure that replication is completed in an efficient and
timely manner, the cells regulate origin firing. Checkpoints and origin regulation
are the crucial components of a successful S phase. During my thesis research, |
have studied the various aspects of checkpoints and origin regulation. My studies
have also indicated origin regulation during DNA damage by the cell cycle

checkpoints.

Mechanism of slowing and role of Cdc25 in damage checkpoint

Studies from the metazoans have identified the downstream targets for
the origin regulation by the checkpoint (Falck et al. 2002). Another mechanism by
which cells can slow replication is by slowing the progression of forks in the
presence of DNA damage. Such a mechanism has been shown in mammals
when damage is induced by MMS (Merrick et al. 2004). Recent work from our lab
shows that in the presence of damage, fork progression is slowed (Willis N,
personal communication). However, it remains to be seen whether checkpoints
affect replication only by slowing the fork progression or also by inhibiting origin
firing. Using 2-D gels, | did preliminary experiments where DNA damage was
induced using MMS. Looking at rDNA origin ars3001, origin firing seems to be

prevented in the presence of damage. It is possible that inhibition of origin firing
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might not contribute to the bulk slowing observed due to a relatively minor role in
slowing replication. This result along with Nick Willis’s results seems to favor
slowing by inhibition of origin firing as well as slowing the replication fork

progression.

When | began my thesis research, it was not clear as to what the
downstream targets were for the S-phase DNA damage checkpoints in fission
yeast. Work from the Huberman lab suggested that Cdc25 is the target for the
checkpoint and the checkpoint functions in a similar manner to the metazoans
(Kumar and Huberman 2004). It is believed that different levels of Cdc2 trigger
different functions of Cdc2 and dephosphorylation by Cdc25 during S phase
would lead to catastrophic mitosis (Lundgren et al. 1991; Stern and Nurse 1996).
Cdc2 is also known to remain phosphorylated during S phase (Gould and Nurse
1989). Cdc25 levels are also known to be low during S phase (Moreno et al.
1990). Due to these reasons we did not believe that Cdc25 would be a
downstream target of S-phase damage checkpoint. In an attempt to resolve this
confusion in the field, we initiated experiments using mutant strains in which
cdc25 is over-expressed or cdc25 is deleted. Studies from our lab showed that
asynchronous as well as different synchronized cultures of these mutant strains
had a slowing of S phase comparable to a wild type strain in the presence of
damage. Although data from the Pyp3 studies shows a lack of slowing when
cdc25 is deleted, based on the literature and data from cdc25 deletion in the

cdc2-Y15F background we drew the conclusion that Cdc25 is not a target of the
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S-phase DNA damage checkpoint (Kommajosyula and Rhind 2006). The
difference in the results obtained in these studies is primarily due to the kind of
flow cytometry being used in both the labs. We use isolated-nuclei approach as
opposed to a whole-cell method used by the Huberman lab. Our protocol
increases the resolution of the assay and is quantifiable allowing us to
reproducibly detect checkpoint dependent slowing in situations in which is
slowing is not apparent in whole-cell flow cytometry experiments. Recently, work
from their lab has raised concerns over our paper and | have addressed those

concerns in the discussion.

Hskl as an alternate target

If Cdc25 is not acting downstream of the damage checkpoint, then we
need to identify the target of the checkpoint in order to understand how
replication is slowed in the presence of damage. The downstream target of the S-
phase damage checkpoint could be Hskl. Previous work has suggested that
Hskl may play a role in S-phase damage checkpoint in fission yeast (Snaith et
al. 2000; Sommariva et al. 2005). Hskl interacts with Cdsl and is
phosphorylated by it. However, Hskl is essential to cells and its deletion leads to
lethality due to its requirement in replication initiation. To study the role of Hsk1 in
S-phase damage checkpoint, we need to bypass the replication function of Hsk1.
Such a bypass has been done in budding yeast where a mutation in mcm5
(P83L) is able to bypass the Cdc7 or Dbf4 requirement for origin firing (Hardy et

al. 1997). This mutant is known as the mcm5-bobl. The corresponding amino
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acid is at position 85 in fission yeast. We initiated work to replace the
endogenous mcm5 with bob-1 by transforming the mcm5 P85L into wild-type
fission yeast. However, due to the recessive nature of mcm5-bob1, where bobl
will express only in the absence of the wild type mcm5, we were unable to get
transformants. Future work in the lab will focus on making the bob-1 mutant in
fission yeast. Hsk1 will be deleted in the bob-1 background and then the effect of
DNA damage on replication can be studied. If Hskl is involved in the DNA
damage checkpoint, then its deletion will lead to the absence of slowing when
damage is induced using methyl methane sulfonate (MMS). If cells slow
replication when presented with damage in the hskl delete, then Hskl is not a

target of the DNA damage checkpoint.

It is possible that the checkpoint may function by not targeting either
Cdc25 or Hskl. Nevertheless, it is important to identify the targets for the DNA
damage checkpoint to give us a clear understanding of the mechanism by which
this checkpoint functions. ldentifying the downstream targets for the DNA

damage checkpoint will advance the field of S phase checkpoints in fission yeast.

Origin efficiency studies

In the second part of my thesis, | have tried to measure the efficiency of a
late replicating sequence. Previous studies and work from our lab have
demonstrated that origin firing is stochastic in nature (Patel et al. 2006). The

stochastic nature of origin firing could lead to a potential problem in replicating by
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taking long time to finish replicating DNA stretches where no origin may fire
(Lucas et al. 2000; Herrick et al. 2002; Jun et al. 2004). This potential problem
has been termed as the random gap problem. Work in Xenopus embryos have
suggested that the efficiency of a particular origin increases as the cells progress
through S phase (Lucas et al. 2000; Herrick et al. 2002). We proposed that a
similar mechanism in fission yeast was responsible for efficient replication in
spite of inefficient origin firing. To study such a phenomenon, we have to
measure the efficiency of a late replicating sequence. Two things made this
project challenging: the absence of well defined late firing origins and passive

replication of origins, which are capable of firing late.

Regions are capable of firing late in S phase, but if they have not fired in
the early stages, the chances are that replication forks from neighboring origins
would passively replicate them. We set out to solve the problem of measuring
efficiency of a late firing origin by preventing the passive replication from
neighboring origins. The block was established using fork terminators known as
RTS1 sequences (Dalgaard and Klar 2001). The RTS1 sequences are present at
the mating locus in fission yeast and it has been shown that RTS1 is capable of
blocking replication when placed at other sites in the genome (Codlin and
Dalgaard 2003; Lambert et al. 2005). We integrated RTS1 sites on either side of
a late replicating sequence AT2062. Using a combination of methods we tried to
study the efficiency of this region. Initial results from two-Dimensional gel

electrophoresis showed that passive replication was occurring at AT2062. We
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also used microarrays and deep sequencing to look at the 80 kb region flanked
by RTS1 sites. Deep sequencing revealed several inefficient origins yet to be
identified and we surmised that when forks from neighboring regions were
prevented from passively replicating AT2062, these inefficient origins would be
responsible for the replication of the 80 kb region. We looked to make sure that
forks were getting blocked at RTS1 sites and the forks were getting arrested.
However, the block seemed to be weak leading to the possibility that forks were
beginning to bypass the block. Deletion of rad51 in the strain having RTS1
flanking AT2062 had no effect on the viability of the strain. Deleting rad51
prevents any bypass of RTS1 sites by neighboring forks and hence replication of
the 80 kb region is due to origins present within the region. We realized that
AT2062 was not a good choice for studying origin efficiency due to the large
distance between the RTS1 sites. | have recently focused my attention on
integrating RTS1 sites at AT3003, a well-defined origin which fires during the
early S phase. The RTS1 sites are being integrated at AT3003 about 7.5 kb apart
on either side. To ensure that neighboring forks do not bypass the RTS1, | am

integrating the fork blocks in a rad51A background.

A biochemical explanation for the increasing efficiency model would be a
rate-limiting factor required at each origin for it fire. Factors essential for origin
firing could be an ideal candidate. One of the prime candidates for regulating
origin firing was Hskl. We showed that Dfp1, the regulatory subunit of Hsk1, was

indeed a rate-limiting factor (Patel et al. 2008). Increasing Dfpl levels in the cell
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led to an increase in a global increase in origin efficiency as determined by DNA
combing. Reducing Hskl levels by using a temperature sensitive allele led to a
decrease in origin efficiency. Also, when the local concentration of Dfpl was
experimentally increased near one of the origins in the ura4 locus, an increase in
efficiency was noted for that particular origin. | measured the protein levels of
Dfpl as well as kinase activity in the Dfpl overexpression strains and there was
a three-fold increase in the Dfpl activity. Normal activation of checkpoints was
observed in the dfpl overexpression strain showing that the effects observed

were not the indirect results of checkpoints.

| used microarrays and 2-D gels to show similar effects of increase in
origin efficiency using a different method. Because we were looking to see an
increase in efficiency by only about 10-20%, these techniques were not sensitive
enough. Although | observed replication profiles using microarrays at the ura4
locus, | was unable to note a change in efficiency due to the high background

noise when measuring the change in copy number using oligonucleotide arrays.

Ways of using RTS1 sites to study origin efficiency

Another mechanism to prevent forks from bypassing RTS1 is by putting
rad51 under an nmtl promoter. The presence or absence of thiamine allows for
shutting off the nmtl promoter thereby shutting off rad51. Experiments will be

performed in the presence of thiamine to prevent rad51 expression. Efficiency of
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AT3003 will be measured using two-Dimensional gel electrophoresis as well as

deep sequencing described in chapter IV.

We hope to address the random gap problem by the efficiency studies at
AT3003. There are several lines of data that suggest that increasing origin
efficiency is the way cells deal with stochastic firing. Mathematical modeling
(Monte-carlo simulations) done in collaboration with Bechhoefer lab show that
inefficient origins firing randomly would lead to longer replication times whereas
increasing the efficiency of origins through the S phase leads to completion of
replication in a finite amount of time (Rhind N, personal communication). Studies
from Xenopus embryos have led to similar models being proposed (Lucas et al.
2000). Finally, identifying Hsk1-dfpl as the rate-limiting kinase responsible for
origin efficiency suggests that our model may be correct. Understanding the
mechanism of how cells avoid the random gap problem will lead to a more

realistic picture of how origin regulation works.

However, the direct evidence for the increasing efficiency model will come
from measuring the efficiency of a potentially later firing origin, which usually gets
passively replicated before it has a chance to fire. Presently, the work is focused
upon measuring the efficiency at AT3003. In the future a cryptic origin like ars727

can be targeted.

One of the advantages of using RTS1 to measure firing efficiencies will be

to study the effect of DNA damage on late firing origins in fission yeast. Studies
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in budding yeast have shown that DNA damage during S phase prevents late
origins from firing (Shirahige et al. 1998). However, the mechanism by which S
phase DNA damage checkpoint slows replication is not known. Isolating a
potential late firing origin from getting passively replicated will allow us to study
the effect of drugs like methane methyl sulfonate (MMS) on replication. The
advantages of these studies lies in the fact that mammalian origins are similar to
fission yeast origins and the results inferred from DNA damage studies in fission

yeast can be extrapolated on mammals.

Identifying replication origins

We recently started genome-wide search for Schizosaccharomyces genus
using deep sequencing. Looking at origin efficiency at AT2062, we realized that
the 80 kb region flanked by RTS1 seemed to have some inefficient origins which
have not been identified. The reason for this is the low resolution of the various
genome-wide analyses for origins in fission yeast. The only known common
features of origins in S. pombe are the presence of AT rich islands, AT
asymmetry and their presence in intergenic regions. We are using sequencing in
collaboration with Helicos Biosciences and the Weng lab. Preliminary studies of
the replication profiles in S. pombe show that the origins identified by sequencing
correlates very well with previously characterized origins from other studies. The
peak finding algorithm in the Igor software being used for studying replication
profiles has identified potential origins in both S. octosporus and S. japonicus.

The identification of peaks as well as correlation with previously identified origins
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makes deep sequencing a good method for identifying origins. The reason for
identifying origins in three different fission yeast species is an attempt to
overcome a lack of sequence specificity between the known origins of S. pombe.
Identification of sequences determining origin activity can help in finding origins
in fission yeast de novo. The origins are large and inefficient similar to mammals.
Resolution of genome wide origin studies in mammals is only about 100 kb which
is very low for identifying specific regions acting as origins. Sequencing can also
be used to identify origins in mammals and should provide sufficiently higher
resolution compared to the previous studies. Identifying origins will also lead to
the advancement of research in S. japonicus and S. octosporus where origins
are yet to be identified. Studying the origins across the three distant pombe
species will also give us an idea about the evolutionary divergence of replication
amongst these fission yeasts. To identify these origins | have performed the
experiments using HU arrest in the early S phase in all the three fission yeast
species. | have also done a time course in S. pombe in order to make replication
kinetic profiles and see the how replication progresses through the genome.
Bioinformatic analysis will be done on these datasets and common motifs
identified. The origins identified in S. octosporus in our studies do not have AT
rich islands and due to this | believe that it is not simply the presence of AT rich
islands that defines an origin but a sequence motif that is yet to be identified. The
results from our sequence analysis should help us in understanding the nature of

the origins and identify this sequence motif. The absence of origins defined by
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AT rich islands, markers for origin prediction in S. pombe, in S. octosporus and

S. japonicus, is the proof that some other sequence specificity governs origins.

Potential uses of using sequencing to identify origins

In the future, the effect of nucleosome positioning on origin firing can also
be studied using deep sequencing. The presence of nucleosomes at a particular
region would alter the firing potential of origins. Genome-wide analysis of such a

nucleosomal effect on origin regulation can be studied using sequencing.

Effects of DNA damage can also be studied using sequencing. Cells can
be sequenced in the presence or absence of DNA damage like MMS and the
corresponding replication profiles can be compared. If origin firing is inhibited
upon damage, then we will see the absence of origins in the replication profiles of

damage induced cells.

Deep sequencing approach will open up many avenues of research
especially in identifying origins in organisms with newly completed genome
sequences. This is clearly seen by finding potential origins in S. octosporus and
S. japonicus. The potential impact on mammalian origin studies can also be

huge.
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SUMMARY

Origin regulation and checkpoints have been the focus of my thesis
research. My results have shown that neither tyrosine-15 phosphorylation of
Cdc2, nor Cdc25 itself, is involved in the S-phase DNA damage checkpoint in
fission yeast. | have also studied the origin efficiency of a late replicating
sequence. Although, my work has not proven that firing efficiency increases
through S phase, my work has setup the platform for future studies pertaining to
origin efficiency. This work can be pursued in a number of different ways. This
work also has the potential to help in future studies pertaining to DNA damage
and becoming a good model to study the effects of damage on origin firing.
Finally, 1 have collaborated with other labs to carry out a genome-wide analysis
of origins as well as finding origins in three Schizosaccharomyces species. Two
of these Schizosaccharomyces species did not have previously identified origins
and this work identifies the origins across the genome in these species for the
first time. This will advance the field of origin studies in Schizosaccharomyces
species and information gained from this study can potentially be used to identify

origins de novo in mammals.
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Appendix Table List of oligonucleotides for AT2062 microarray

Sequence Name

SPB1801420.63

SPB1803820.59

SPB1804370.61

SPB1804970.60

SPB1806370.58

SPB1806920.63

SPB1807420.63

SPB1808020.58

SPB1808670.63

SPB1809220.59

SPB1809670.63

SPB1810120.58

SPB1822220.62

Bases

63

59

61

60

58

63

63

58

63

59

63

58

62

Sequence

GTA AAT GTT TTA ATG ATA CGG TGA GTG ACG
GAA AAT TTG AAT ACT GGT CAG CTA CGC AGT
TTA

TAA ATC ATA CCT TAT TGG CAATTT ACA ACG AGA
CTG TAG AACTCC ACAACAGGTTTG GA

ATT AAC TAA AAT CCT TAC CCG ATT AGG TGG
GTG TTG TTC ATC CAT TATCTG TGC TACATT T

TAG CAA GTC CAA CCT ATA ATA AGG AAA ATA
AGC TCACTCTGG AAGTTC TACTGG TTT GGC

GAA AAT TTG TGG AAA CGA GAT GTG CAG TTA
AAA CGT GCA ATT TCC GAA GGA ACT ATTC

TTTACCTTATGT TTC CCT TGT GTT GAC TAA CAT
ATTATT TGT AGCCTGTTITTTG CAG TTT GTC

GAA GCT GAG TAT GTG GAA CTT GCC AAT TCT
TTA AAA ACA AAA GTA GAG ACC AAT ATA GAG ATT

TTAATT GCA AAA CTA CGC ATAACT TGT CTATCG
TTT AAT TGTATC TTT TCACCCTAGT

GTA GAT AGA AAC ATC TGATTATCA ATG AACTTC
CAT CCC GAT TGT AAATCT TGT GTA CTC AAA

CCT CTT TTG AAC CCG CAC AAG CAG AAC AAT
GAG AGA TTG CAG GAT GAA GAACGG TGATC

TGA ACT TAA AAA ATG TGA AAA GGA AAA ACC
CAC CAG GAA ATT AAA GAG AAG AAAGAATTA
ACG

GGC TAG AGA AAA TGA GAG GTT CGA TGG GCA
GTT TAT ATT CGC AAG ATT CGC AAT AGA T

AAT CAT GGT CAAACT TTT CGA GCG TAATAT TTA
GAA TCT ACG TAC CAC GAA CAAAGAGCATC



SPB1822820.63

SPB1823320.63

SPB1823770.57

SPB1824320.63

SPB1824920.59

SPB1825470.63

SPB1826120.63

SPB1827120.57

SPB1827620.63

SPB1828220.63

SPB1828720.59

SPB1835770.63

SPB1836370.63

SPB1836820.62

63

63

57

63

59

63

63

57

63

63

59

63

63

62

204

TGA GAC GCT ATAGAATTT TACGTATTC GTG TGT
GTC CGAATC TTT TGT AAT AGT AAA CAG CAG

ATT ACT ATG AAA GAC CTC CTC GAT AGT AGA
TGC TGT AGA GGT ATT AAA CAT GGA GTT GAA
CTT

AAA CTT TGT TAT GTC TAT TGA TGA TTC CGT GCA
GCCTCCTTTACTTTC TTG GAT GGG

ATG ACT AAG AAA ACC GGC ATT TGT AAT AGA
AGT GTA AGC GAA CCA TAG TAG TAC ATT AAC
CTT

TTT TGG GAA ACT ATG GGT CGT GAA TGG ACG
GGA ATT GAT ATT TTA CGA ACA GAC AAATT

TTC TGA ATA TAC AAAGGA TTC ACA ATA ATT AAT
TGATTC GGCACG TTTATT AGG TTT TGG TGA

TGA GTA AAA CAG TCA GAT TGC AGT AAG ACC
TCG ATATCATAATTA ACC TCT AGA AAT ACA CCA

ACT TAG ATG CAG ATACTACCACTT TCAACCTTT
ACC AAC CAC CATGTC TCAATT TCC

GAG ATA AAG TCATTG CCA AGT CGA GAA AAG
AAC AAG AAA AAC TGT TGG AAG AAA ATG AAA
GCA

CGT TGT AGC AAATAC TGAACG TCC GTACTG
TAG TTATTT CAT TTAATG TGATTT GTATCT AGC

AGA CAATCG TTC AAAAGA CCC TTG CTC CAA
AAC TTT CCC GTC TCC AAC AAC AATTATTT

AAT GTC AAT GGC AAATCATATACT GTT TTG AGT
TAA AGAGGC TTT GGC AGA TCA TAA ATC AGC

CAC CTC CTC CCG AAG AGG CAT CCCTTT ATG
CTA GTA AAT GTG ACT ATT ATG AAAGCG ATATTT

ATC GAT TAA ATG AAC AAC AAA GCT TCT ACC AAA
GGC ATT TAG AGT CTA CTA GGC ATG AATTT



SPB1837370.61

SPB1837820.58

SPB1838270.63

SPB1838720.59

SPB1839370.57

SPB1839970.60

SPB1840470.57

SPB1840970.57

SPB1841570.58

SPB1848620.63

SPB1849320.62

SPB1849820.58

SPB1850470.61

SPB1851070.63

SPB1851520.57

SPB1852070.63

61

58

63

59

57

60

57

57

58

63

62

58

61

63

57

63
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AGG AGG AGA AAC GAG CCC AGA AAATTC AAA
AGT CAA AAT CTACTC ATCTTC TAT AGC GAAT

TAA ATT TGG ACA ATC CCA ATG GCA CCA GAT
ACT GCT TGA AGC CCC AAC CAAGGATCAA

AGC TGA AGG ATT AGG ATA CGA CAT CCC GAA
GTATTT GTT TGC TAATTG AAT TTT AAG TCA GAA

ACT AAC CGT TAT TAATCA ACT TGC TAT ACG CTG
TGA CAT CTAACACTCTTTGACCAGTT

CCAGTG TAG CCT TCT ATATAA ACA AAG GTC
CTATTC TTT GAC CTC CAC CAC AAA CGG

ATA TAA AAT GCT CCA AAG ATT ACCCTT GTT TGT
GCTTCTTGT TGT TTT GAT TTACTAATT

GCT TTC AAAACC CGCATT TTATAG CGT CTG ATT
CTC CAT CCT CCG TAT TATCTG GTC

ACA ACA ACATCACCATCT AAATAT GGA TAT GTG
TCT GGC AGA ATAGCT CTATCT CCT

CGG AAATCTTTT CAACCT GAACTG TCT ACCTTA
CTTTTG AGG CGAGACGCTTTG TCT A

TCG TAG AAA GAA CAT CAG CAC CAG GAG CTC
TTG CAACTAATT TTT GAT ATA AAG AAT CTC TGT

AAG TAAACATGG CAT TAG TCT TTT CCT CAT CCT
TTC AGAGCC TTC AGT AGAATC TAATTC CC

TTT TTG CTA TAT CGC TTA GAT AAC CAG GAG AAT
GAA GAA ACA GAA GTC GCC AAG CATC

AGT CCT TTA ATAACATCT TTA GCT TCA GCG TAT
TGA ACA GTAAAATTG TCG AAATAT TGC A

GTC AAG TCAGTT CTA AAT TGA ACACTT CTG ATG
CCT AAC CCT AAG GAT AAAAAC AACAGATTT

TAT GTA GCA ACG GAG CGAATATTT TCA GAA
ACA AAA GCA GAG GTC ATC AAAACT TTG

TAT TGT AAA TGG CAT CACTAATACTTT GCATTA
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TGA TTG GAG TAA CAG ATC CAG AAG ATA CAC

GTT TTA TAA GAC TTAGAT GTC TTT TGA GAT GCT
GCT CCAGTG TTC TCT GAAACAAGT GCAT

GTT TAA CCA AAG GGA AAC AGA ATATCC ATT AAT
TGG CAT TAC AGG AGA GCT CAG CGT AAA

ATA ACT CAA CAA GAG ATG CAT TGG TAT TAT CTT
GCA AAG AAG GTA CAA GCT TCA AAA GCG AAA

AGC AGC ATT CAA AAA TAT CAA GAC TTA GTA
ACG ATT GAA AGT TTA GCT TAG TGA CAG CCT
TCT

GAT GCTTGC TTAAATTTATCG TTATTG AAACTG
GCA ATAATAGTT CGT AGT GGT TGG CGG

AGC TCA GAG CTA AAT TAG AAG GAA GAG GAG
GTG AAA ATA AAT GAT TAC GAACGG TCT TGT G

AAT GCT TCC TTT AAC CCT TCC GAC ATA GAT TCC
CAA AAT TCC GGT AGC ACATTA GTC

CGCTTTCGG TTG TCA ACG GTG CGA TTAACT
CGA TCT AAT GTT ACT AAG CCA AAC CCG

GAG GAT AGA CGA GGT TTC CAA CAC CGC ATC
CGA CTT CAAGGA TAG TCA ATG GCA ACT TAT

AGT GCA TTG GAG CAG AGA ATG GGT TCC TGT
TGT TGT AGATAC ATATTC TAATGA AGATGAT

CTT TGT AAAATATCAATATCT TCT ATG ATG ATC
GTG GAG TTT TCA AAT TCAAAATCG TTT TCC

AAT GTG ACAGGT GTT TCT CTT GTT CCC AGT
AGC AAA GTT AAA GAA AAA GGC TCA GGA AT

AAT AAT TCC AGA GAT TGG TGA GAA CAA GGA
ATAGTT TTATAAACATTT GTT TCT GTA CAT TGT

GGT AAC AGA AAA GGA TGC CAG GAAGTATTG
CTC CAA GTG CCC CAT AAATGC CAAGGAA

CGA CCA CAA CAT AAATAG ATATTG TTT CCT GGT
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AAATTC TTA TAT CGG CTT TCA ATATGC GGT

TAC AAC AAT TCA GGG CTC AAA GTT AGA AAA
ATC AAG TTT AAT AAATTA TAC TAT CCG TGC

ATT CAC TGT ATT TAG TGG AAA TGT AGT TCA CAA
GAT TAT CGAATT AGATTG TTATTC CTC AAT

CAT ACA AAA CGT AGC CGG GAG AGG AGG GGA
GAG AAG TAG AAA AAG ATT GAA AAT TGT

CTG GGT CAC TAG CGC TTT GAA CCA TTA AAT
CTG AAG GCA CAC GAT ACG GAG TTT GAT

AGT AAAATATCG GTATGA AAG TTC TGC ATT CCT
TGT TGC GAT ATA TAC CAT TAT ACC ACT

AAC CAT ACG CTA ACG ATT AAT TAG GAATTG ATA
CAG GTT CAT AAC ACC GTT CAT GGA TTG GAA

GATTGTTTC ACT ATC CACTAG TTT TGG ATT ACA
TGC CAT TAG TGA TCA GGG CTA TAA GCG

CGT GCA AGA CAA GTG AAG AAT AGT AAC ATC
TGG CTA GTG AGA AAT AGC TGA GAA CGA AT

CAC CAAACGTTC TTG AGT TTT ACT GGT CTT GCA
CAA CTT GGA ACA AAC AAA CAACCT

CTCTCT CTT TTC CAAGGC ATT GGG TTC AAC
TCG AAG TGT CGT TGT TGT GTA ATAATG

CATGCATTC CGATTT GTT CCT ACT TAC ATC CTT
TGG AGT ATA CAT ATT CTC CTT AGC ACCTTC

TTTATC TATCTG GTT CGT TTG CAT TTACTT TCT
CAGTCGTCG GTTGGTTACTTG CATT

TCCACCTTT GCTGGACTATGC TGATTC TTATAC
TGCTTT GGA CTC TTC TCT CAT TAAT

TAT TAG TAA CAT TGT TAT TGG CAT GGC TCATCG
AGG TCG TCT GAATCT TCT TCA CAA

ATG ATA AGA CAAGTT ATG TGG CTA CCT TCG
TAA CTG CCG TAG TGT GTC ATC AAC GGT A
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TCT GAT AAC CAT AAT GGC TTA ACG AATTTC ATA
TGC TAATCA CTG ACC GTT ATG AAT ACA ATT

TAA AAG TAC AGG ATC GCC AAA ACA AAA GGG
AAC ATA AGA GAC AAT CGA AGT ATG ACT CC

TTG CAC CAATTC AAA AGT GTT CCA ATC ATA AAT
TTC GAC GCG ATC ATC AACTGC AATT

CGATTT CTC CAT GTT CTATAAATT TTG TAT GAC
CTT CAC CAACTT CAG GTT CAT AGT CTT CA

CGA GAC TTA AGC AAA TAC TGT AAG AAT ATT AGA
TCC CCG TAT CAG AAT CTA TCG AAT

ACG AAATTG CCG CGA GAC TAC ATT GTC CAT
GAA ATT AAT GTT TGT GTT TAT TCT ACT AAA GGG

CTC CAC ATC CAG GGTATC TGA TGT CCT CGA
CAA AGT CTC AGC GAACGAGCG ATT TGG

ATA GTC CAAAAATTATTT CGT ATG TTT AAG TCG
CCG AGT CCATTAAGC TAACATTGT TTT TCT

CGA AAA GCG GAA GAA GAA TCA ACT AAT AAC
AAC AAA TGG GCT AAAAAG TTC TCA ACC AGC

CCAATAAAT TCT TTAATG TTG GGG GTA AAG
CGA AAAGGA ACAATTTCT CCATTATGG TAAACT

CAG GAA TGT AAA ATT TCA AAC AACGTCTTC
GAG TCT CAC AAT TTA AAG CAA GTG CAT CATTT

ATT TGG AGT GCT CTA AGC TAA AAT TCT GAG
AGG AGC CTT GGA AAG AAAACTGGATTG

TCAATC TGT TGA AAC ATT CTAGCATTACTT GGA
GAA GTG GTAGTATTT CCT TGT AAA GAG AA

ACA CTC AAA TAT ATT CGG AAA CTC GGA TTC CAA
AAT TTC GAC GAA AAC AGA TGG GTC

CAG CAT TTT CCT GTA AAG AAT CTC TCAGCT TCA
TAA ACT CGA AAT TCA GAG AAG TCAATTTTC

TCA AAC TGT TTA AGA GCA GCA CCA AAACTT
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CTC AAT AAA TAG GCG AGA AAA GAG AAT GATTT

ACA CTG CCA TCT CTT CAT TAT CAT TAA CGA CTA
TAC GAA GAA GCA CGG CAAAAG TCC

TTC GCT ATT TTAATT AACGGC CTTATTATT TTG
TGC GGT AGA AGT TGC TAA AAT GAT GAA CGA

TCATTT AAG AGA AGT GCT TTT ATT CAT TAG TAA
TTG ATG AAT CCT TCG ATT TAT TGA TGA GT

GGC TCG TAA AAC CTT GGG ATT ATA ACC ATG
AAT TGT ATATTT GAT TAG ATT GCC ATG AAT AAC

CAA ATAAAACGATCATAT TCCATCTTC CAATTT
TTCTTC ATC ACCAGTGTT TTC TTC ACT ACC

GCAGGT TAATTT TTG ATT TAT AAG AAG GAG AAA
AAG AAG TTA CAG GAG TGT TTATTT CCG AAA

CAG CAA AGT TGA TCT GGA AGA CCCAGT CTT
TCA TGG AGA AAT AAT TGT TCC CGG AAA

TGG TGC TAAATC TGA TCT GAT CTC ACT GTC ATT
GTTTTG TTT CCT CCC ATA AGC TCA

TAA GGC ACA ATC CTA AGG CAG CAACGT AGT
AAG GAG ATT TGG AAT TGT AACTTATTG C

AAT TAT TCC CGT AAG TTT CCC GCT TTA GAA AAC
AAA GAA TCA TGG TAA CAA AGA ACG TAT GGA

ATC AAA CGA TGC GTT TTC GAT CCT ACC ATT AAC
CAA CTATAT TGC CACAAATTC TCATTG ATT

TTC ATA CTT AAC TAC ATATCC TAA CCT ATC CTA
CCCTATTCTTTTATT TTCTCT CTT CTCTTC

CTT ATC AAG CAATGT CTT ATT CAG TTAGTC CTA
CCT CTACCAATTCTT CCG TAG CTA

CAAATCTTT TCG CCA TGG AGT TAC TTA AAG TAA
TTT CACTATTGT TTT CCC CTT AGA T

CCCCCTTTTAAG TTT TAATAT CTT TCT CTT AGT
CTCACT ATG TCT TTC GAC CCG CCG
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GGT ACG ACGACCTCCTTCCTCTTT TGT CAA
AAT ATAGAATGATGC CTT GAATTT CTG ATG

GCC GCT AAC AAT TGG AGT ATT GTC ACC ATC
AAA TCC GTATTC GGA GAG TAG CTC ACG

AGA TCA GAA AGG CAT TTA GTAATA GCA GCC
GTCAACGTCGTTTTACCG TGG TCAACAT

TCT GAT CTC TAA AGG AAT GTC AATCTG ATT TTG
CTA GAT CGC AAG AGC AAC CAC CAT

AAT GTC GAA AGA TAA GTT ATC AAA TAT TGA AGC
TGA AGG ACG AGT TGG GTATGC AAACC

TTA AAT CAC CGA GAG CAT CTT GTG TAG TCC
TGG AAA GTT TCC GAA CAT ACT CTC CAT AAA

ATT CCATCC CTG ACC CCT TGC TAG TGT GAA
GAG ACG AAAAAC ATTGACTTT CTT GTT

TTC CAC GAA GTA CTC TAC ATT CGC ATA AGG
TAG GTG CTT TGG TAC ATACTAAGATTT CATTT

ACATTT AGT GAC ATT GAAGGT TTG TTA CGG GTT
GTATTC ATA TTA AAT TAA CCA CAT GCAGTT

AGA AAA AGG AGC CTG AAA AAC CTA AAA AGA
CTA AAA CCA AAAAGG AGACCATCCAGGT

AGT AGA ACA AAT CCA GCT CTG TGC AGT TGA
TCC TAA TAC GAA ACT TTC CAT CAC CAT

AAC AAT TTG TAC ATT TGC CAT CAA AGC AAC GTG
GTC GCT GGG ATATCTTCCTTC TAAA

CAA ATA CGT AAT TCATAC TAC GTT CTATAATGT
CAG TAG CCC TTT GGC AGA TGG ATA GAG GG

GAC GAATAT TTG TCT GAG CAAGTA CGT TGT
AAG TCA TAA TAG TAA TAT CCAATG CAG A

CGT ACAACCTCAGGT ATATCATCT AAAATA
CCG CAT ACTAGC GTG CTC TCCTTG ATG

GGAGAC TTATGG TGC TTT TAT ACG GTT GGT
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GTT ATT GGA GAA GTC GGT GGT AAG TGT

AAA CAG GCT AAC ACT CTT GAG AGT CCC GAC
GCT TAT CGT TTC TTG TAT AAATTT TAT CG

AAT CGA ATG ACA TCC AAG AAC CTT GCA GTA
GTATTT TCC CCA ACATTA ATA CGC GAC

TTT TTC CCA AGA TCC CTAACT TAG GAAATG CTA
GTG CAACGT ATT GTG AGT AAG TGATTT TG

TCA AAA GCC CAA ACA TAT AGA ATG CCT ACT TGT
GGA CTC TAA AAT CAC CAA AAC AAG GAG

TAATAT TGG TCC TCAAGT TTATTT CGATCC TAG
GGA AAG ATT GCT TCA TGT TAA GGA GTT ACT

CCCCCATGATGT TTCATT CTT AGT CACTCCTTT
GTT TAT CTT CGAGGA TTC ACT CAT C

GTT CAG GAG TTATATATCTTT CTC GTATCC CTC
CTT ACATGG CAC CAAACAAGCTTAGAC

GAA ACA AAA GAC TTA TCA GAA GAT ACT AAG
CCA AGC AAG CAAGCCcGCcecgeTTCTTT

GTC CTT TGT CAT CTC CTG CAA AAATAC CTC TAG
CTT GGC CGT TTG GAG TAATGG TAA TAA TAT

AAC ACA TGT AAT TCT ATA ACG GTG ACC ATA AAG
AAC CCG CTT CAAGCT AGC CTT AATG

CTACTG CGG CAG CAA GCT CAAATT CATTTT
CAATAT TTT CAA GAT CTATAG CACCTT

CAA AAG GTC GTA AAC GAATTA AGT AAG AAC
ATA CAATCA TTG CAG AGG AGT AAT GAG TAC CA

CCC CAA GGC TCA TCA CAC ATA AAA AAG TAA
CCAATT TGC TTATGG CGT CGT AAA AAA

GCG GCG GAT TAATAG CTT GAG GAG TTG CAG
ACA GTT GTT GCT GTA ATT GCT GCT GAT

TAG CAC GAG TTG ATT CTA GCT TGA TAG CGA
CCT CTT CAC CAG AAA CGA CAT TAG TCC
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GAT CTA AAA AGA TAG AGA AAATTC GGG TTC
TCA GAC GAA AAT AAA AGC TGT AAG ATA CAC
TGT

TCG TAATTT TGA AAG ACG AAA ATA GAT CAG
CCG TTG GAG ATA GCG ATATTT GAG AAATGG
TTT

GCC CAATAG ACG CAATTG TTC AGT AAC GAT
TTC CAT TGA AAA CAT ACCTTC TCCGATTT

ATG TTC TAATTG CAA CTG TAA ATA CTA GGC ACA
TAC TAT TAA GGC TGA CAACCATTAGGA GT

AAC TAT TAA TAT GCT GGC ACT ATG GCA ACATTA
GCA CAT CCCAGG CTT CTATATATC TCT TC

AAC AAG AAATTT AAC AGT TTAGTG TCA CCG
CCA ATA ACC CAT ATA AAC AAT GAT ACC AGC
AAC

ACA ATT CTC ACT TGG GCA GAT ACCTTT TGA
TGC ACTATT TCATCT TCATTG TAT ATA TCA ACA

ATG TCG AGA GCG AAATTG TCC TTTTTAACC GTT
GCG ATC AAA ATA TAC CAC AAA AAT CAAATG

TAT AGT TCATGT ACAGTTGTT TCT TTT AAATGC
ATC ATA TAT AGG TCG GAA AAT TAG GAC AGA

ACA AGG GCG GTT CGATCC CGATTG CAA ACG
CTG GAA AAT CTA GAAATATTG GAAAGTT

GCT GAT CAG TTT GCT GTT AGA TAACTT GGT
GTG TCATGACTT ATACCT TTGGAGTTG C

TTT TCACTT TAC AAATAT CTCACT CTC TACTTT
ATG GTA GGC TCT CAT TTT TGG AAT

TTG AAG ATG CTA AAG ACG CTT GTA ACC GCA
TTT CTG CTA CTG AGA ATG TAG ACT GTAATT

GAT GGA CAA CGA AAAGCT TCC ATTTTG CGT
GAA AAG AGG GAA GAG TTG GGT TTA AAT AA
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CTC TTA AAT CTG CTT CGT TAT GCT GAT AGACTT
TGA AAT TGATTC GTG CAATGA CTACACCTT

GAC TGG GAAGGA CGTTCG TTC TAC TAT TCA
GGT TCA AGT TGG GTA AGC GCA TAG ATA

TTT AGA CCT GGA CCA AGC TAC ACA ACA CAC
GCT AGG AAG AGA ATT GAA GAG GTT CGC

TAG AGAAGG ATTTTATTT TGT CCG CTA AGT AAG
TGA AAT AAATAA ATATCT CGG CCA CCT CGG

GGC AAT TGA AGA TTA CGG GAT GCT ATT TTC
CTTTTC ATG CAATTA GCA AGT ATT ACT GAT TT

TAT ACT GGC GTATCG CAT GTG TGC TGT CTA
TCACCATGTTGG TTATAAGGA TGT CTC

GCC CTATTT CAG AGT GAT TGC TTG GGA TCC
AAC TAT TGC CCT CAC TGG AAG TAAGTTT

CCTACG TTT AAA ATATAC ACACAACAACTT TTA
CAA GAA AAG ACG GTT TCA AAA GCA GAA GT

CTCTGT CTG AATATG GTG TTT TAG GTT TTG AGT
ATG GTT ACT CTT TGT CAT CAC CTA

TGG AAA CAG ATG GCA GCC AAT ATT TCG CAG
TAT CCT AAT TTG AAG GAAATT ATT TGG TG

ATA ACG GTT ATA CGA TAT AAG AAA ATG AAT TAA
AAC ATA ACA GAA CAG AAC TTT ACG GCG ACA

CCT CGT CAA ATG GCC TAA CAC GAA CCG AAC
TAG GCA TGA CTATTC GAG AGT TAC CAG

TGG GTT CAT GCC CTT TTG ATT TAA AGG AAC
GTA AAT ATC ACG AAC GAC ATC AAT GCT

AAA GAT TTA GCA ATA GAA ATA TGT TCG AGC AAA
AGA ACG ATG ACA GAG ACA GGAAGTTCG C

GAA CTC AAT GAT AAA ACC AAG TCG TAA AAG
ACC TAA ACC GCA AGT AAT GGC ACC TGC

TGG TTC GGG ATA AAC AGG GAC GAA ATT AGA
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TGG TGG TGG AAC AAG ACC AGG CAC ACT

AAA GCG GTG TAAGAACTT TTACGA CTC CGT
TCA GCT ATG AAA CAG ACAGAG TGG TTG

GCG GAC GGA CGT TAT AGA GAA GAA GAA GAG
AAT TGT GAG AGA AAT GCA AGG AAA AGA AAA

CAA AGG TAC ACA TAA ACA CCT GTT CAT TCA CAT
TAT GTC TCT TGA AAACCT CCCTCCC

AAG TTC GAT TCG GTT GAA GAA GGA AGT TTC
ATTTCATCC GTT ACG ATC CCC AAACGAA

AAT AAC CAC AAT ACC CTT GCC AGC ATCTTA
CGAGCTTTAGAACTT TGG TAA GTA CCA

ATC ATA GAG AAT ACT ATT TGT CTC CAA GAA ATG
AGA TCA CGC CAAAGA TTA ATATCG TCC CAG

ACA AGT TGT ATT CTG ATT CTG AGA AGG GAA
TGG CTT CAC TGC GAG CCT TGG TCT GTG

TTT TTA GGA ACA AAT CCA GTT GTT TGA AAA AGG
TAA ATC TGC CAA GAG GAATAG CTG AAC C

GCA CCA CAACACTTAAAAACCATCTACGTT
GAT CTC CTAAGC TTG CCATGC GTACTC TAA
TAA

AAT AAT GAT AACCCC TTC TTT GAAAGT GGATTT
TCT TCA ACT GGT TCG GGA AAA AGC G

CAATCG TAG CGT AAG CGG CTTGTT TTA CCA
TAG GAT CTT CGAGTT TAATGT AGT TCC

TTT AAA CTA GAT A AAAGCATT TTT GTA ATG GAC
GAT ATA CAC CTG CGA ATA GGA AGA AAT AGA

TCA ATA ACG AAA GTG AGG CAG TCT CTA GGA
CTT TAG AAT CAG ATA GAA CAT TAA GGT GTT GAA

AGA AGA TCAACCACACTAAGTTTAGAATTGTTG
GAAATG TTC TCAATAGCT TGT TGC ACA GT

AGA CCT GGT ATT TTC ATT TTC AGA ACA TAA AGA
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TTC GAA AAT TCC GTT GAT GCA CGT AGT

CTT AAT AAC ACA ACT GGG GAG ATT GAA GTC
ACA AAA GAA TTA AAC GAA GAG CAATTG GAT GC

CAG GTA ATG AAG ATT ATA CGA GCA GAG AAG
CTC TTG AAT CCT GGT GGT CGG AAA ATC

TAC TCA ATA TAA GAA GAATTT CGT ACT ATATGT
AAG AAA CAG AAATAG TGAATTACGCTG T

AGG AAG AGT CGATTC GAG ATAACTTTG TTC
TTG TTT ATG AAT TGT TAG ACG AGATCATGG A

TCC TAT CGC ATG AGT TCA AAT GTA AGT TAT TAG
TTTGTG CCTGTTCTTTTT ATT CCC TCT CTC

TCTACCTTT AGATAC CTT TCC CTT CAT CTATAT
ATTTGT TTT CTT AGT GTACTG ATC CCATTT

TACATATTATTT GCT CCA CTC AGC GAA AAC ATT
AAT TCG TCT TGC CAT TTC AGC TGC

ACC ACC AAC TAC AAG TACTGATTC ACC CAC
GAATAATTC TGG TTC ACG GAATAG CGA T

ATA TCC AAT TGT GAA GGA GTG TAATTG AAT GAA
AAC TACACT TTATGT GCG TTT TAT ATCTTT

AGC GTT TAAGAA TTA GTT ACT TAT AAA GAC CGA
AGC GAT CTT CCA GAT AAT GAA TAG CAA

TGG TTAAAATTG GCA GCA CAATAT AGT TTT TGA
TGC AAT TAC AGT TAA CAT GCATAATACTTG

AAA AGG AAG CAATGT AAT GAA CAA AGC GAT
CTA GAC TAG AAT ATG TCA AGG AAACATACT TT

TGG GAAATC GCATTATTT AAAATAGGT TTT CGC
TCT ACACCAAAT TGATTT TTCATT TTT

GTT TTA AGT CTG CAC GTA CTC ATT GCC GAT ATT
TAT TTC AAC TCA ATAGGT ATC ATT ACG GTT

CTA ACT CGT AAA GCA AAT GTT CAT TCT GCC
TCG TTT GAC ATA TCA GAC GGA AGT CAA
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AAATTC ATT CAA CCA TTA CGG AAG ACA CTA AAT
TTC CTT AAA GAA TGA GTT CTG AGC TAA AGG

TCA AAT CCT TGA AAC AAA GCC CTC AAT TGA TAG
TTTATACCT TGT ATC TCT TTT ACC CAT

TGA AAT GCA CAT TGC TAA ACATGA AAT TCG
AGC TCATTT TCA GGA GGA GGAGTT TCA

TAT CTT TCC CCT TTATCC AGC AAC TCG ACC AAT
TGAGCTTTT TGAACATGC CATTTAT

AGC GGG TCC TAC ACT TTC AAA AAC TGG CGG
GCATTC TTC ATC CCA ACT AAT ACC TAAA

TGG ATG GTA TCA GGC GAA GGA ATG GCA GCT
CGC TTT AGT TGG AGA GGAAACTTAAGA A

ATA TCT AAC GTA CAG CGAGCAGGG TCT TTT
GGC GTG GTT GAA CGA GGT AGT GCAAGT TTT
AAT

AGC TGA ACA AAG GAACTT TAT GAG TTT GCT TTA
TGT CTC CCT TAG TGATGATGT TTT

ACG GTG ATT AGG TTT ACG CTA AAC GAATTA
ATG CAG AGAACCGTG TTT CCATAA GTG

GAT TTC ATC CAA AGA AAG CCT CAC CAAATC
AAG AGG TTC CGC GAC CTACAAACATTA

CCT CTG GAC GTG GTC ATA AAG GAT CTG GTC
AAA GGC GTG GAC GGA GAATTA AAC CTG

TTT CAA AGA AAG ACA TAC GCT ACT ACA CAAATC
CACATT TTG CAG GGT ATCTTG CCAA

TAG TCAGTT CAT TCT CTG TCA GAT AAACCC TTT
CTCACATTTATT CATTTG CTT CATTAG T

ATA AAT GAT TAATGT ACT AAC ACT GTAAGATCG
AAA AAC TCG TGA TAAGGC TCT TGA ATC GTT

CTAACT GCT TTT AGT ACC GAAAAT CTTGCT TTT
CCA AAT GGG ATT TTATTC CAT TTA GCT GAT
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TGTTGC TTG ACT TGT GTT TTA AAC ATT CCT AAT
GAA CATTCG TAATCAATT ACCCGACGTG

GTGTTTGCT TTAATG TCT TGG CGT TCC TAT TTG
ACA AAT CTC AAACTCCCGACTTGAT

TGA ATT TTG AAA ATG ATT CGG AAG CTG AAC AAA
CTAGATTTG AAC AGA ACT TTC CTC CCA

CCTTTTTGC TTT CAATGC TTG CAC ACT ACCCTT
CCTTTT GAC ACA ATT AGC AGT GTT TAA AAT

GTTTTAGAT TTT ACAGTT TCT TCT CAG TTG ATA
TTG CTT AAAGGA ACAATTTCC GCAGCCCTT

CTC CGG GAA AGA AAG CAC AAAACT ACAATT
CGCTCG TTT GGC AGC ATC TTC GAT TTC

TTT CAC GGA AGC AAC AAC ACA ACC AAC AAC
CAA CCCTTC AGAAGT AACTTT CGG AAT AATTT

TCC CAA AAT TCT AAT CAG CAA ACT TGT GCT CGA
AGA ACC CCT CGA AAACCT CCTTTT

AAT GAA GGC TAC TGA ATC AAT TAATAT TTATAC
ATT ACC GTT TTG CAG CGA CTC AAT CCC TCG

TTT CAAGCT CTG AAT TGT CCT CTATTG TAT CCT
CGA CTG GCT CCATAG TGG AAA CAA AT

GAG TAATTA AAG GAA TGA ACA CAATGT TGC
TTG AAT TTC CAG CTG AGATGC ACT TTT ACG TTC

ATA CAC ATC TTA AGT GCA CAA TAT AAT TTA ATG
AAC GTG ATC CAC GCA GAATTT TGA AGC ACA

AGG GGG AAT GTT GTATAG TTC ATT TTT AGT CGT
ACA ATA AAT CTC GAT AAATTT GTA TAA GCA

CTT ATG AAT TCG GGT ACG ACA CTT CAT CTG
GAC AGACTT AGT TTG GAG ACG CCATCC

AAT TGT CGA GCT TTC ATT AAT TCA AAT GCT TTT
GGC AAG TTC AAA GGT CAA CAT TAC TGC

TTC AGC TAATGC CTC TCCATTTGATTC GTG TGA
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CTCTTTTCATTC TGG AAG TTC GAT A

ATG TGA ACC TGA ATACAATCG AAG TTC TTT GGT
TAG AGC AAG TGATGT GTT TAC TTC AAA CG

GTT GCATCT AGC CTT GGA TTT AGA CCC AAA
GAC AAT AAA GAC AAG GAG AGT GGA GGG TAT AA

CCT AGA GAC ATT ATAAAC ATC TTG GAT TGA ATC
ACC CGA CTC AAT AGA CCG CATAACC

TTTTCATTAAAT GTG TTC TGT GCC AAT TGC TTT
CTT AAATGT TCC AAT CGA GAA AAT TGA AGA

AAA CTA CCC AAATCA TCA ACA ATT TCA AGC CAG
CTG CCCTTC AAATAT CCT AAGAGAT

TCA GCA GTA ATA GTA TCC ACT GGA GAT AAA
AAC GGA AAC ACAACC TTA GTC AAA AGT TCA
CTA

GAG TTATCA TGG AAG AAA ATC GCC TCA AAA
AGG ACG GTT CACCATTTGACTTTATGAG

AAT CAA AAT CTA AAATTA AAT ATC GAA ACA ACA
GTG GAT TCA TTA CAA GAG GAT GCT TAAAGC

AGA ACG AGA GAATGC TTG AAT ACT ATG CAG
TAAATCTTC GGT ATTTGATTT AGAATC TTG GA

GGA CTA AGG TAA TCA AAT GCC ACG AAG GTG
GAT TTA GAC TAG GAT TATCTT TGT AAATT

CAT TCG ACA CTC CAA AAG TGG CAC AAT GTA
ATG TGA TCT CAT TGA GCA AAT CTT TCG

AGG AGA AGC AGC TTG AAT AGA AGA ATC TGT
CTT GGA AGA AGT ACC TAT TGC ATA AAT GGA
AAT

TTA CTT GAA TAA AAG ATA GAA GAA AGA ACC TAA
CAA AAATAT TCG TTC CTA GCC CCT GGT GC

TCA TGA AAT GAA CGC TTC AAT AAAACA GTC
AAG CAC GAG ATC ATG CAC CCA GAA CAC
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TTC TGT ATT ATG TCG CAA TCG GGG CAA GCA
ATA TAA AGC GTA ATG CAT ATAATT ACT CAAGTT

ACG CTG AAG GTG GGT AGT AAG TAA AGT TAT
ACT AGT CACTCG TTG ATA ACA ATT AAATAG CA

GCA GTT AAT GTA TCA ATG CAA GCA GAA CCC
AAA ACT TCA AGC AAAGAATCT TCG GTT ATATC

TTT GAT ATA CCA CTC ATATCT CCT AAC AATTTC
GTA GCA CGG TCT TCT ATA TGT ATG AAA GA

CTC GCA TAT TCC ACT ACG AAAGTG ATTTGG
CAT TCG AGA AAG ACG CAG GAATCC GGT

AAT ATC CAT TCC CTAATATTG GTT CAG TAG GTT
AGT CAT ACG AAT AGT TTATCATTC AACC

AAC CAG AGT AAG AAT GAA CAA GCC GGT CAG
TAA TGC AAA GCT AGT TCT AAT ATT ATA GAA GTT

TTATTT TCT TTG TGA AGC CAA GGC ATATTA CAC
GTA AGA CTT CCT AGT GGG ACG AAC

GTG GAG GAC GAT ATA AGT GGC ACG TAT GGC
AAT AAA CTG TAT TAA CAA AGA CAG AGT C

TTT TGT TGT CGG TAA GGA TAT GAACCCCTT TTG
CGA TGG AGG GTG AAG TAAATATTAG

AAA ATA ATG GGA GGG TGT AAT TGA GAA AAT
ATT AGA AAT GAA GGT ACG GAA GCA ACG AAAA

GCG GTC AGC AAC TAC TAT TAA GTT ACT AAC
CTC ATG GCA GCT AAATTT TGA AAAATG A

TAG GAAATC CTG TTC CCC AAA GAA AGG CAT
TTG ACG CAT TGT ACG TGC ATA ATA AGG

TGC GGG TTT AAATTT TGT AAT CCT AAG AAATTG
GCA AAG ACG ACC AAACTG TAT AATT

CTG TAT GACTCATTT TCAATC AAATTT ACT TCG
TCTTTT ATAAGAAGATTC ATT GAC TTG AGA

CAT ACAAAT GTT TTT GAA GAATAC CTACCATTG
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GGG CTG AGC TAG AAG AAATAT GGG ATT T

ACT CAG CAT GTC TGT TTT GTA ATT ACC AAT CCG
TTT AAT TTATTT GAT GTG CGC TCA A

GAA GGT GGT AACCCC TTT TAT TGG CTA CGT
GTA ACT TTA GCG AGT CAA GAT ATT GGC

TGA AGA GGT GTT TCG ATG TTT GCC ATT TAT CTC
AGA TTC ATT TGA TAA GTA TAC AGT TGA AGG

TTCGCCTTG TTC ATT CGC TCT CTT TAT TTG ACA
TTT ACG TGA AAT TTG GAT GGT GTC

TTG TACATC TCGATT TCC TCT TCC TTAATC TCT
CTT TGC CAT TGT TAT AAT ATTAGTGTT T

ACG TGT CTT TCT TCT CTT CAA CAA AAT CGT ACC
TTT GCT ACT CAA CCT ACT GATGAT T

CACTTG AAC ATT ATG GTT TTA CGG AAT CTG ACC
TTAATC GCACAATTCATC TGG GTC

GTG TTG TAT ATG AAACATTTG GTT TAC ATG CTT
TAC CTG GCT ACAGCACTG GTG GTA

TGA AAG ATA GAG GAT TGT GCT TTG ATTACT TTT
AAT TTC TACTTACTAGCC GTTCTC TTT TGA

GTA AAT GAA ACC ACC CAA AAC ATA AAT CTT CTA
TCC AAA CAA AAG AAC TCT AAAAGT CTG C

AAT ATT TAA GTA AAC ACA TAC CGT TAAGTC TAA
AGA CAT GAA ACG AAT GCT GCAATC TGC TCC

CTGAGAGCG TTC TTT TCC TCA AAT AGT TTATCC
TTT CTT CCA TAT AAA CGT AAATGG TCA ATT

AGT TCC TCC TCC ACC ACC AAC CGC CATTTG
ATG GTT ATT AAT CCA ACA AAG AGA ATAA

CAA CTT TGC TAC AGA CAC TAT TTA ATATCT CGG
TCT CCT GTACATTTTACCAGG TTTACG TTG

ATAATATGT TGTTTC ATTTCC TTATTT AAC TAC
CAATTCTTG TTC ATT TGC AAT TCA CTC AA
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AGT TTT GCC TCC AAC TCT TAC CGT TGA AGA
AGA ACT TGA ACT TGT AAATTATTATAGTTT CCA

TTT TAG ATT GTC AAA CAG TGC TTC CGA AAG TTG
CTG TCG AAAAGT TTT ACG AAT GTC ATG

GAC TGG TAA GTT ACC ATAAGC AAC CTG ACT
TAA TGA TGC AAC CCT TCG CAT TAT AAG ATC

TTT TTC AGC ATC AGT AGATTC CTG ACT AAT TTG
GGAGTT TAATTC CAT CATATG TTTTGA T

AAT TCC ACT TCA GGA AGA AAC CTT TCT ATG CAA
GAA AAACTATTG TTG TTATCCTTG TGC

AAATTC TTG AGT AAG ATT ATC CAAGCAAAGTTC
AAA TAT TCG AAG CCC TTG ACTAGC T

TTT TCG GGA AAA ACA TTC ACA GTC ATA AAG
GCC AAC TTG AAT AAT CGC AAT AAA ACA GAA
ACC

AAAACT TCATTAGTT GAACTAAGATGT AACTTT
TCA GAC CAT TCC TGA GCT GTA AAA

GTC GTA ATG AAT GCT GAG AAG TGA TTC CAG
AAC CAACTAGAATTT TGG TAT CAAGTAGTT

TTT GAA ATA GGA GAA AGA CGA TAA TGG GAA
ATT CAG CAG TGA CCT TGA AAC TCG AAG AAG

GGA ATG AAAGTT TCAAAATTC GTCTTT TCAGTT
ACC AAC ACATCATCC AGT GCATCT CG

CGA CGG TTA ATG AAG GAG TAT AAG GAG TTA
ACG GAG AAT GGG CCT GAT GGT ATT ACT

CGA GAC TAACCTTCATTT CAG TTT ACA AAG ATG
GGACGG TTTGCATTT CCATCC TAC

TAATCCATC TTT TAATAAACATCACTT GAACTT
TCT ACA CAG ATA CAT GGC AAC GTA CAT CGC

TTT CAT CAC GAC GAC TTAATT CTT GTG GAC ATT
TCT CTATAATCT CAT CTAGTA ACT CCT CA
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ATC CTC TAT TGAATC TTC AGA TTT GGA ATC CAG
ATTTTCTCG TTT TGG AAG TGT TTC A

ATC CGC TGG GTA AAA ACT GCT TAC AAA AAC
TAT GGG GCC GAG TGG AAA CGAATATGG

TAC TCG TAC CAG TCT ATT CAT AAG GTC AGG
AGC ATC CCG TCG ATC TGT ATC CGC CTG

TCT TAA TAA GCC CAT TGC AAT TTG GCG ATT CTT
ATG CTACAAGGCCTCTTTGTT TGC

AAC TTATAC AGT ACA GAA CAG TGT ACATGC
TCA AAC ACT CTT AGT CCATTC ATT TACCTATGT

TTT TAC ACA ATA AGT GAT ATT TCACTC TCC AGC
ACA TCC GAA CCC TTA CTA AAC GGA AG

TTCTGTTTC TGG CTC CCC TAACTC TTC TAG CAA
TAG TAC TCC CGC TAATCAAGG TTC

GGATGT CAAGTTTTG TCTTGC TGG CTC TTT ATA
CCGTTCTTGCGTCTCTTGCTTTTAT

AAC TAT GCT TTA CTT AAA CCG AAT TCA TAA AGG
TAT TTA CAA TAT GTG AGT AAT GGT CGT CCA

CAA TAA GTT CAT AAATGC ACT AAT CCA AAAGTT
CAG TAACCAAAG CTGTGC CTACAG TG

TAG TCT TTA AAT GGC TAC CAT AACCGACGATTT
CGATTT CAG CAC CCT TCT TTA AAG TAC

CAA CAA TGA TAG CGC CAT CCATTG TAG CAG
CAC CAG TAATCA TAT TCT TAA TGT AAT CGG

AGC CTT GAA AGA GGA GAG AGG TAG CTT TAG
CTG AAT TCA TAA CGA AGG GAG CGT GTA

ATA ACA AGA AGT GGT GCG TGA CTA AAG AAA
GAT AAA ACT ATC CAT CCA ACG GAA TAA AGG
AAA

AAT GAACTT AGC TGT CCT ACAGTT ATATCACCT
GCA GCA ACCATT CTT CCG CCT AAC
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ATG ATT CTA CCA AAG TTA CAA GCT GAA CCA
AGG AAA AAT AAA CCC AAC AAA CCA ATA TAA AAC

ACT ATAATATTC TGC ATT TGG CGT GGG AAG
TAA TAG AGT ATT CGT ACT TTT GTAAGC C

AGG GAT AAG CTA GAA CTT AGT GAT GAC AGG
TAT GAA ATA TAC GGT TTG GAG AGG AAATCG G

ATT CCT GGA GGC ATG TCG TAT CAT CAT ATG
CTTATG TCT TTATTA AAA GTA ATT AAA GAT GC

TTCTTT TGG AAG CCT TTA ATG CTG AAC TAG AAG
GGA AGC CGT CCT TAG CAA AAC AAT AT

GAA GGA ATC ATC GAC ACA ACG AAA GGT GAG
ACT ATT CCT CAATTG TCT TAAATTTTT CTG CTT

TCT GGG TGA ACC AGT TTA TAG CCC ACT GAA
TAA AGA CTG AAAAGT ACGGGATTT TGC

TGG TGT TCATTC TAC CTG GTA ATT CAT CAT GAT
CAT CGT AAT AAATAG TCAAATCTT GCAC

GGG TAT CGAATCTGC CATCTTGTTCTT TTT CTG
ATC AAA GAATGATAT AGCAAG TTT GGA T

ATT AAG ATT AGA TTT GCA CTA GAA TGT TGA ATA
GTCATC TCATCT TCT GTA ACA GGT GGT

TTT GCT ACTATT CTT CTC AAAACCTTC GTC TCT
TAATCT ATT TAT TCC TAT TGG CAT GTT

AGC AAT ATC TTC GCA ACC TTC CTAATC CAATTA
TTA CCT ATG ACC AAT ACT TTC CGT TCA

GTCATT TTT AGA TGT CAT CGT GAA ATC AGT
GGC AGATGAGTG TTT TAT GGATTT GGC GTA
TAG

TAT TTT ATT ATC TAT GTG AAC AAA ATT ACG GAA
TTT TAC TAATGG CAG ATG TTA TTA AAC GAT

GGT AGC TAG AGC CTG TAAACAGTT TCC GTT
AAA CCAAAG GTCCCCTTTACT TGACTT
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AGC GTC TTG CTC ATC TTG AAA AGG AATATT TTG
ATA AGG ATG TAT CCA AAT TAG TGC TTT GA

AGC TGA ACA ATT ATT TGG GGC CGA AGA AGA
AGA GAA GTA CGT TGA CCAAGATTT GAG

AAA GAG CAG TTG GTA TCA CGA TGA TAT ATG
GAA CAT GAAATATCT TCC TAAGTT TAA ATG GCA

TAT TAA GAC ATA AAT TAATTC TTA TAA CAT AAA
GGC ATT TGT CGG TAA CAC TCA TAA CAG GTT

CAT CCG AGT TTT CAT TGT AAA TCC GAG ATAACT
TAT CTT TAACAA GTATTT TCC CAT TGA CGT

AGA AGG ATC ATATTG TAT GTG AGC AACCTT TTT
ACA AAT CCT AAT AAT GGG AGA GCAGCT TTG

ATA GCT GGA TCG CCT TTA GCC CAA GGT GGT
AAT ATAACATCG TTG ATA GGG GTG GAT T

AGT TAAATC ATT ATAGGT ACG CCC AGC TAATGT
GTT CAC AAT TTG AAG ATA GTT AAA

TAG AAT TTA AGT CAA CAC AAG ATC TTC AGC CAA
ATA AGC TAT GAA CCC TCAATAAACT

GGA ATC CCC GAC ATA AGA CCT CTG TAG GCG
TAG AGATCT TCT TCT CCATAATCT TTT

GAG CAA GTT AGG TAA CGT AGA AGT AAA GAA
CTT AAA GTA AAC ATA ACG AGA GTT AGC ATT GC

AAT AAA ATA AAA TAA ACT GAC AAT GGG CAG
GAT AAA AGA AAG GGG AAA AAC ACG CAA AAC
ACT

GAT TCA GCA ACT CCG AGT CAT CAG TCT GTA
AAC ATT TAG TTT GCA GTA TAT CTT GAG GAT CAA

TATTTG ACT GGG GTC TTC TTC ACT TTT GGG ATT
AGT GGG ATTACT TTT TGT TTT GGA

ATT TTA GGA TCG CAG TAA TAT AAT TCATAAGTC
AAATCT AGC ATTTGT TTT GCA CCT TCT TCT
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GAC TAATGT CGT TTT ATG CAAATC TGT AAG GTT
TTC ATT GAATGG ACG CTC CTC ATG

CAA AGA GGA AAT GTG CGG AGAGCT TTT GCG
GGA ATA ATG ATG ATT ATT ACG ATT ATC G

GAT TAG AGG GAC TAG GTG AAG TTG ACT TGT
TGG TGT GTC GTC CAATTT TAT AAATCG TTG

TGT ACA TAA AAG CAC TTT AAATTA ACG ATT AAT
GCA GCATAG TAACCTACTTTT CGG TTT CAC

AAC ATA AAA CCA GGG AGATTC CCA ATATCA
AAC CATTTATAACTG CTT AGG CAATTG AAC AGA

AAT GTT GCG AAT GTT CGC CTACGT ATTTCATTT
TGA CAT TTA CAA TCA TAA AAG GAT TTT AGA

GAA GAC ACC AAA AGC AGT AGC GGA AAA AGT
GAT GAG AGT CTT GAT TAT AGC TACAAG T

TTG CCG AAAACAACG CTT TTC AAC TTA GAA AAT
TTA GCAAAC CCACTCATACCTTTT

TCT ACT ACA AGG GTT GAG CGT CGA TGT CAT
AAA TAA AGT CAT TGG CAA AATTACTTT CAC TC

TTT TCA ATC GCA AGG CGC TGT CAA GAACTC
TGA GCTACT GTGGCTTGG TTT TTATAAA

TAT ACT ACT ACC CAT GCG AGA TTC ATT ATG GCT
AAATCACCATTC CTG GAG CTT TCT TAC

TGA CAG ATG AAC AAA ATA TGC TAT CAG CCT
ATC GCG GAA GAATTG CTA ATT TTA AAT CAG GTT

TGG GTG TTTAGG TTT GGG TTC TCTTCATTT GCA
AGA ACAGACATCTGATCCCAGCATT

AAAATT TGT TGG GCT CTT GCT CTC TATTTG TCG
TTT GCG TTG GTG GTT TGT AAT ATT

GCCTTG TCT TGT CTT GTC TCG TCT AGT GTT GCT
TGTATT GTC TTACCC TATCTG TTC

TGG TAT ATT CAAGTC GCATTT TGC GTA ACC TCT
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GGATTCTTT TCATATTTG TTT ATT AAT GCC

CTC GCA AAT TTAATT TACTGT TTAATG TCT ATG
TTT GAC CTT CCG AAA CCT CTA AAG TAT CAG

AAA AGG ATC TTG AAC AAT CGT AAC AAG TCAATT
AGC TCA GGT GAA GGT ATC GAT ATG CC

ATC AAG ATT GTAATATTC AAG CCATTT ATG TTA
CTA AGC CAT CGCAGTATT TCCATG CTCTT

GATTTACAATTATTG ATT GTG TTC CAATGC CAT
GAATTC CTATCG TAG TTAACG AATTTG T

CGG CAC CGT CTG AGT GCT CGA TAT TTT CAT
TTT CAACTT CATTCG TGA CAATTT TGG

ATC AAC GAG AGC TTG AAC ACC AGT AGT ATC
AAT ATG ATT GAC AGC ACT GAA ATC TAAA

AAA AGG AGA GTT TGT CGC CAA GGA ATG ATG
AGA TCA AAA ACA GAA TGG ATG ATG ACG

AAT AAT GAT GAC GGC ACT ACG AAG CAC ATT
GGT GAG GAA GAAAACACG TTG AAATTT AGT
ATA

GTA GCG ACTTTG GCG TAA GAC ATA CCT TGA
GGT ACG ACA ACA CAACCG ACAGTG ATA

ACT CGA ATA ATT CAA TAG TAA ACA CGT CAA AAC
TAA GTC GTT TCG GGG AAAATT AAA A

TTG TAC CCACCAATC CCAACT TTACTT TAA ATA
AAC TTC AAT TTT AGG TAG CAA ACA AGG TCC

TGC TTA GTA AAC ACT CCT CAT AGC ATC TCT CCA
ATA CCT TCT TTC AGC ATT ACC AAA

ATT TTAATT ATT GAA GTG TGC TAT TAT ACC AAT
TTT TAAGTG CGATGC CTC ACG TCCTTT GTC

CTTTATTTG TTG CTG GAG CAT TCG TGC TTT GAT
TGG TAG AAA GAA AGT TAG ATT GTATGC

TTT GTAACAACC TCC AAACCTGTTTTC AGATCT



SPB1897320.63

SPB1897920.58

SPB1898470.58

SPB1899070.63

SPB1899720.62

SPB1900170.63

SPB1900770.63

SPB1901370.63

SPB1901970.63

SPB1902420.63

SPB1909120.57

SPB1909770.60

SPB1910320.63

SPB1910870.57

SPB1911470.57

63

58

58

63

62

63

63

63

63

63

57

60

63

57

57
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CTT GGG TTT TGT AGA TAA CAT AAAACT TGC

TCT TTA ATG GCA AGA GGT TGA GAT ACT GACTTT
TGA AGT GTC ATA AAG CAT TGA AAG GTA AGT

GCA GCA CAC TTA ACG AAA GAT GAA ACC AAA
GTA GAG ATCACATTCGGT CGATTGTTTA

CCATAAAAT CCATTCGTATTT TGG TAT CTT TAG
ATG CCG TAG CAAGAA GGAAGG CTT G

GAA TAA CTG AAA GTA GTA GTT GTT TAA AAT CAT
CAGCCTCATTCGTGTCTTCTTCTT CTTCTG

ATG AAT TGG TAA ACT GTC AAA GGC TGT GAT
ATA CCC TGA ACATCT TCG GAG ATA ACT AAT CT

CAA ACATGA GTG TAA ACA GAATGA ACA ACA
TCCTTATCAATAAAG TTATTT TCT CCG CAT GAC

GCA CCA ACG AAT CGA GTT ATT AAATCG CCA
TTACGT GCATTATTC AAA ATA TAC ATC CAG GTA

TTA TGA GCC ACC AAA GAA GCA AAT AGT AAA
TGC AAG CAA GTA GCC CTT AAT TTT CGT AAA
GAA

AGC TTATGA TGT GAA TCA TAC GAA AGT ATT GCT
TTT AAG CCG AGA AAT CCAGCATTCTTT TGG

ATA GAT CTT TGC AGA TAATAAGAT TCATCT TTG
TCA GGG CAC AACCTACCATTAGAGACT TGC

ACATAG ATG TTC CTG CTG AAT TTG AAG CAT TTG
ATG AGC GTACTGCTG TTG TTA ACG

TCGTTG CACTTT CTT GGG ATT TGT GGC TTT TAA
TAT TTACAATGT TTG AGATCA AATTTT

TGA TAT CCC CAT GTC AGT AGT TGA AAAGTT TTT
ACC TTT AAA ATC AGA AGT TGA AGA AGA ACA

TGC TGC CGA TGG TAC GGT CAT TCA AAG TGA
AAT CTT AGG AAA AGT TCG TCT CAA ATG

GCG TGC TGA AAT GGG TTT ACC AAG TGT TAA



SPB1912020.63

SPB1912570.63

SPB1913170.59

SPB1913770.60

SPB1914470.62

SPB1915070.57

SPB1915770.57

SPB1916020.57

SPB1916570.57

SPB1917170.57

SPB1917770.57

SPB1918320.57

SPB1919120.57

SPB1919620.58

SPB1920070.60

63

63

59

60

62

57

57

57

57

57

57

57

57

58

60
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AAA TGA AGA TAT TCA AGT TCA GAA AAA

AAC ATA ATA AAT TAA AAA CCA AAA GCG AGA GAA
TGA GAG GGA GAC CGG ATA GTA AGA AAA AGA

ATT TCA ACT TAG CCA GGG AAG GAA ATG GTA
CGG AAT ACA AGT ATC CGG TAC AAT AAATAA
CTC

AGC TTT GAT CAC AAT AAC CCATCAACT CAATTG
GGG TAT TAG TTT GCA GAT CAC GAT AC

ATG GAT TCA AAAACG CATCCG CTTTTC GCA
ACT TTA AAC AAT CTT TTC ATC ATA CTC AAT

AAA CGT TCG TTT TTA TAA TCA GAG ACA AGA AGA
TTT TAA GAT TTG CAG GGA GGT ATACTC AT

CAACTCTTT CTACTT GAATGC GAA AGT GGA
TTG GTC TCA CCA AAA GAT TAC CGT ACA

AGA TCA CTT ACA AAC AGA AAAGTC GCT GCT
GAG ATG CAA TAA CAA GAG GAG ATG AGA

GGA CAC GTT TAA CAG ATT TAG GGC TTC CAG
AGT ACA AAC ATC CTT CTA CAC TAT TGC

TTT AAT AGG TGC CTT TCT TCT TCC CAG AGC ATC
TAACGCAGG TTTCCTTCCTGG TTT

ATA CTACAATCATTC GGC ACA CCA ACT ATC ATA
GTAATG CTT ATC CATGTTACT TTT

AGA ATA AAG GTT GCT ATG CAC GCA AGG ATG
GAG TGA ATG TAT GGA TAC TTA GCT ACT

CGCAGTTTCTTT GCT ATCGGT CTT TTCCTCCTT
GTC ATC GAC CTC TAT ACT ATC AGT

ATT CTA AGC GAA GTC TCT CAA AAT CTT TCT CAT
TCA GCATGT GTG GAT CAG ATT CAT

GGATCG TCATGT GCG GCT GTG TCA TAA GCA
TAA GAAGTT TCAGCT TGT TCCATTTCT T

CAT ACG TCG GTA TTA GGA AAT GCT TCT TTA AGA



SPB1920670.60

SPB1921120.57

SPB1921720.57

SPB1922170.58

SPB1929770.61

SPB1930420.63

SPB1930970.63

SPB1931520.58

SPB1932170.57

SPB1932570.63

SPB1933120.62

SPB1933720.63

SPB1922620.57

SPB1923220.63

SPB1923920.62

60

57

57

58

61

63

63

58

57

63

62

63

57

63

62
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GTC GCACGC GCT TTC TCA GCC ATATAA

GGA AAG AAA ACA GCC ATCATT AGT TTAAAAGTT
TGG ACG TAA ACA AAG CGA TTA TAA CAT

AAA AGC AGC AAA AAG GAT CGG CAG TCT CCT
TGG TGA GGA AGA TAATTC AAG CAA ATC

TAAATT TGATACTTT GTC AAA AGG TCG GGT
GCC TCG ATG TAA TGG AAT AGG AAG GAC

TTAACG GTC TGA ATG TGA ACA ATC GGT AAT
GTTTGT CTC AATTGG TTT GAT GCT CTT G

AAA TGT CTA TAG CGA ACT TAA TAA ACA CAC AAG
TTG AAG TGA CAAACACCATTG AAGAGCT

AAT ATC AAG TTC ATT ATT TAA AGA GTG CAA AGT
AAA ATG CTT GAC AGT TTT GAC TAA GAATGA

CAT TTG TAG TAG TAA AGC GCA CAG CTT CAT
TAG AGC GAA GAT CAT TTT TAT AAA TAA GAT GGT

AGC AAATGT CGG GGT CAAAGT TCG ACT TGC
ACA AGT ATT GAC ACC TTA CAA AGA AAAT

TCT CGA CCA AGT ACATCC AAATTT ACCTCT TCG
TGT AAG GGC GTC TGT TTT GTC AAC

TGG ATATAAAAT TTG CTT TAC TTT CAT TTG CAA
CCG CTT TAG CCAACAGAGTTT TAC CAC ATC

TAATTG ACG GAAGTC AAAATC TCC ACT AAGTTT
CAA ACC CTT TGC CAT AGT ACG TAAAAT TT

CAA GCA ATT CGT TAA TAC AAT CAT CTAGTC CTC
CTATAT CAC TCA AAG AAATGT CACTTG GTG

AAC GCA AATTCATTT GGA AGG TCT TTC TAC
AGC GGT GCT AAC GTC GCA ATC TTA GAG

GAT TTA CTA TAATGG TAT CAT TAA GGT TGA AGT
AAT AAC AAA CCA CCT CAC AAACGC CGATCT

TTT TCC TTA AAAATAGCACATTTACGATTATTT
CAT AGA CGA AAG CGT TTG TAA CAATCC CG



SPB1924620.57

SPB1925120.63

SPB1925720.58

SPB1926370.63

SPB1926870.63

SPB1927520.57

SPB1928170.63

SPB1928770.61

SPB1929220.57

SPB1916270.62

SPB1916920.57

SPB1917470.59

SPB1918070.58

SPB1918570.63

SPB1919370.63

SPB1919870.59

57

63

58

63

63

57

63

61

57

62

57

59

58

63

63

59
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ATG GTG AAATAT TCC GTG TTT TAA AGC CTG
GTG GTG TCT TCG GTG TAT ATG AAT GGG

TAG TTT TCT TAC AGT TAC ATT TGT TTG TAG TGA
AAC CAATGT TTG AGT ATT AAC TTT TCA GCG

ATT TGG AGA GCA TGA AGG CCG CCA TCA AAT
TCATCT TTT AGT AAT CCATAA ACAAGTC

TCG GAT TAC CAA ACG CTG TAG TAC ACC AAA
AGG TTT ACT ACT ATA TGC CAG TAT CTT CCT ATA

CAC AATGACTGG TAATTT TCATAT GGC TTT ATG
AGA ATA GAT TGATTG GAATTT AGT ATC AAG

CAT GAG CCC AAA ATT GCA AAA GGT TAT GCT
CGC ACA GAA GTC CTT GAT ATT AAA CAA

TAAACC TGT ATTTTC AACTCT TCTTTACCT CTT
AAC CGT ACT TTG AAC ACA TGG AAT CTT CAT

AAT CTG CAT TCT GGG ATT GAT TAC TCATTA TAA
ATG GAG CCC TGT GAA GAC AAATGT AAG C

CGT CGC GGA ATT A AAGCAATT TTT AAG ACA
ACA GTG CAATTC TTG CCT ACA AGA CTG

AAT CTC TGT ATA AAC GGC ATT CTT AGC ACA
GGG CGG CTC GAC CGG ATAATT GTACTG ATT TA

ATA TCT GAT CTA AGT GCC GTG TGG TTC GAT
GAT TGT ACT GTT AAC CCG GTATGC AAC

AGA ACC GTATTAATG GTTGCAGCT TTTTCC TCT
TCATGG AAT CGG TAT AGATTATGT CG

TAC TCG TAC CCT GAA TAC TCA AGG CAT ATA
TAG TAC CAT TAG CTG ATT ACAACTCTT G

CTAGCTTTIG TTATTTTCGTCCTTACTCTCCTTT
TCT TCC CCAACG TCAGAT TTC TCT TCT AAA

CACCCATTCCATACTTCTTTG CTT AAATGATTG
GAA TCC ACG CAT AAATGT ATC TTT GAT GAC

CAC AGT ACA TCC CCA AAG ACA CGA AAT ATA



SPB1920370.59

SPB1920870.60

SPB1921470.63

SPB1921970.57

SPB1922420.57

SPB1930170.63

SPB1930720.57

SPB1931220.61

SPB1931870.59

SPB1932370.57

SPB1932820.57

SPB1933420.59

SPB1934070.57

SPB1922920.63

SPB1923470.63

59

60

63

57

57

63

57

61

59

57

57

59

57

63

63
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TGT GTA GCC TAA TAC TTA CCA AGC AAT GC

GTG ATG AAT TTG AAT GAA CAA CGA GGC GTA
CTG CTT CTT ACT GAG GGT ATA CGT CTT AT

GCT GACTTT GGT AGT GAA CAG TTC CAG AAG
CAA GAG ATC CTG AAA CCT CGA AAT TGA TAT

AAG GAA GGAACCTTG TGT AAT CCAAGC TTT
TAG AAG ATATCATGT TTC CTA AGA TAA AGC AGA

GAA GAC GAC ATT AAATCA CAT TGG GCA CAA
ATT ACA GCAGGC CAG GTT GGT TCT TTA

GGTCTTTCCTTT CTT AGA TGT ATG GAG CTC AAC
AAA CGATGC GCT TAG TGT GCG ATC

GGC AGT AAT CTAATACTC GCC AGT TGAGTT
ATT GAG CCATTT AAA AAT TCT AAG TAAAGT TGA

CAC CAAGGA TGG ATT CTAAGC GTG TAT TCA
AAG CAG CAACTC TGT CGG TGA GAT CTA

ATCTTT CAG GAAACATTTTGG TTT TGA TCC ATC
AAA GTA AAAATG AACTGC CTG TGACTG G

ACC CGA AAT CCG TAAACAATAATT TCAATC TAG
TCAGCATCATTT GTACTT GCC GAA GA

AAG ACC GTC CAG TTC AGT AAG AAG GGT ATT
TAC AAC TCT TGA CGA GGC TTC TGA CAG

TTT GGC GAG TGC TTC AAT AAAATC TTG TGG
ACA AAT AGC GAG TGG TTC AAG TTC CTC

TTT GAG CAC TTT CAC GTT TGG GAG TAA CGG
CAT CAATTT CAT CTA TAA ACA TCA AAC AG

AGA GCA GCA AAG CAT ACC TTAACT TCC ATC
AAG TTT GAG TCA GAT TGT TCT TCC ATG

TAA TGT CAT AAG GAA AGG AAT AAATCG AGC
AAT TCATGG GAATTT CGG TTA GCG CCA TAA
ATG

GAC AAT GAT TAA TAG ACG ACG AAAGCT CATTTT



SPB1924220.57

SPB1924870.57

SPB1925420.63

SPB1926170.61

SPB1926520.63

SPB1927220.59

SPB1927820.59

SPB1928470.58

SPB1929020.60

SPB1929470.61

57

57

63

61

63

59

59

58

60

61
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ACCTTT TACACCTTCCTGTTT TGG CTT AGT

TAC GAT TTA GCT ACC GAT TTG TAT GAA TAT GGC
TGG TCG CAAAGTTTC CATTTC TCC

ATT GAC TGG TGA CAT TAC CAA GTG TCA AAA
CATTTG GGATGT CTT CACTGTTTT CCG

TGTTTT GTA GAA TCG ACG GTA CAT ATT GGC
AAC GTG TAT ACT AAT TTAAGT AAATAATCG CTG

TGG AAT TCT TTT CCA CGA GTG TTA GAG GAC
AAA CAT ACT TTT ACC AAA CCG AAT GATATG T

GGATTT AGT AGAGAAGCATTG TTITTTC TTT AGT
TTG TGA AAT TTG ATA AGG AGG CAG TTG TAC

TTT GCT TGG AAA GAT TGA AAG TTA CTT GAA CAA
TGG CTC GTC CAT GAA ACA CGA GGA AT

TAATGAAAATTCTTG TGATTT GAATCT CTC AAG
GAC CGC AAC CAT CAA GCT AGA ATC GG

TCT TTG GGA GGG AAT GAT ATT TAC ACC CAT
ATC AAT ACT GGA TTT CAC GAAAGG TTC G

ATA TAC GTG AAT CCG AGA GAG AGC CAC CGC
AAT CCC ATAATT CAG TCT TTC AAC TGT TAT

TTC AAC AAA ATC GAC TAC TTG ATA GGA ATT TGA
AAG GAT GGA TTC AAG GGG AAT CAG AAA A
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Appendix Table List of oligonucleotides for ura4 microarray

Sequence Name Bases

SPC45000.63 63
SPC45550.57 57
SPC46200.62 62
SPC46750.62 62
SPC47350.58 58
SPC47900.57 57
SPC48450.58 58
SPC48950.61 61
SPC49700.58 58
SPC50250.61 61
SPC50750.61 61
SPC51300.63 63

SPC58200.57 57

Sequence

AAA AAC TCG ATT TCT GTT CAA ATT TCC GAA AGT
GAA AAG GTG AGT TAC GAT ACA GTG GAT TCT

TTT CAT TGG GTG ATT CAT TCATTG CTT GAC TAT
TTG ATT AGT AAA CTG TCG AAG AAA

AAT TGA AAATCA GCAATT AGC TTT GAA TAC GAG
ATATCATCG AAG CCG AGATAG AACTTTTC

CTATGG AAT GAT GCT TGATTT TTC TAG GGT ATT
CAT CTT TCA ACG AAC GAG AAATAC AGT GT

CTATAAACT GTT AACTTT ATG GGA AGG TTG CTT
GGAAGG TTG CTT GGT TGG ATG GTT A

GCT GTT CAG ATC TTG CAT GTT CCT TTC TCT CAA
AGC ACT TGA TAC ACC CAT TAC AAG

AGA AGT ACT TTT CCT TCT GAT GCC ATG GTG TAT
AAT GAATGG GTGATC TTTGCAGCT T

ACA TAC CAAGCT AGAATG TTG CTC GTT TCA AAA
GAC AAC TGT AAATTT GAT CTATTC AATT

CTA CTA AAC AAT CGT GGC GAC TGT GTG GAT AAC
GTA TAT GCG GAAATATAC TAC AATT

GAT ACT TAG CAA GTC GAT ATT TAT TTA GTG AAG
TTT AGG AAT GTC GGT TAC GGC GAAGAT T

GAC AAT AGG AAG AAA AGG CACTCT CTT AGT TAT
CTT CATTCATTG GAAAGTCAGTTG GCTC

AAC TTT TAG AAT TTG GAT TAG ATC GCT CCC ATT
TAACTT CCG TTC AAT GTC TGT TAT GTC TGG

CCAACCTTAGAAAACATGGTATGTTTG GTATAC
TTG GTAATG TCG TCG GTG CAT TCG



SPC58700.63

SPC59200.61

SPC59700.57

SPC60300.63

SPC60800.61

SPC61250.63

SPC61750.57

SPC62250.57

SPC62750.63

SPC63300.60

SPC63800.63

SPC70600.57

SPC71100.57

SPC71600.61

SPC72150.63

SPC72850.63

63

61

57

63

61

63

57

57

63

60

63

57

57

61

63

63
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TAA ATC ACT CAA GAC ACA ACC ACAATT TCT ATA
ATT CGA TAT TCG AAC AAG GGA ATT ACA ATC

GAA AGA TGC TTAATA AAATTA AAAGCT AGACTT
TTC AGT CGC AAACTT GTG CTG GAC ATG C

TTC GTC CAA TAT ACT TAG GAG TGC AAG TCT AAG
GTC GAA GAA AGG CTG GAA GTG AAA

AGC ATC AAC TTA GTA AAC AAA ATA GTT ACT TAG
ATTTCG CTT TATTCT TTATTT CCC TCT CCA

TGT TAATGATTATTA GCA CTG ATG GAA TGT GCT
CTT AAAAGG TCACCT TTAGTG GCAAAG C

CTA CAT AGG ATT CAT AAACTG CAACTT TTATTT
ATCTTT TTC TAA GCA CAT TAG CTT TAA ACG

TGT ACT AAG TAG CTG AGC ATT TCG GTA AGT CAA
GCA AGA GCA AAA CTG AAATTG ACG

TTATCA AGA TAA CCG AAA CAA CCT TAG TAG CTG
CGT CAATAC ACT CACTACTCAGTG

GTT AAC GCA ACA GAT TCG ACG CAA AGT ATAGTA
GAT AAT TTA AGC AAACTT GTAATATTG GAG

TCACTC CTT TGG CAT ATT CTG CAT TTG AAG CTG
GAA GGT AAG A AATGATCT GTATTG TAC

TTG TGC AAC GGA AGT ATG ACT ATT ACA CTC AAC
AAA AAT CGA GAA GTC TGT CAA ATA TAC AAA

GAC TCA CAAGAATCAAGG CCACACTTTTGG CTT
TAT CTG CGA GTG CAT ACA TGA TAT

AAA ACT GGC CTG TGG AAT AAG GTA TAG AAG GAA
CGA GAA AAC AAAGAG AAATTCTTT

GGT AGA CAT GAT GGT AGA AGG AGA ATAGAATTA
TGA TAG GAT ATG ATG ATAAGT ATC GAAT

GCTTTACAATCT CTC TTA CAT TGT ACT ATG TAT
GAT GAA AAT CCAAGT TTT GCATAT TTC GCC

GAT CCT CGC TAC ACT ACT GAA CCT CTACAC ATC



SPC73450.60

SPC73950.61

SPC74500.60

SPC75050.57

SPC75600.59

SPC76050.58

SPC76700.63

SPC83650.63

SPC84200.58

SPC84900.62

SPC85400.59

SPC85900.57

SPC86450.63

SPC87000.62

SPC87650.63

60

61

60

57

59

58

63

63

58

62

59

57

63

62

63
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TAA CATTTT GCATAT TTT TCT AAT ATC CTC

ATT TCA ATC ACT TCC AGA AAA ATT AGC AGA AGT
ATG GGG TTT TCT AAAATAGCACTTTTT

CTC GAATCT TGT GCC TTT TAATGA CTC ATC CTA
CTTCCATCCTTACTGTTG GATTGACTAT

ATTGTTTTC CTC CTT CTG CAT ACT GGC ATT CCC
ATT ATT TAT TAT GGA GAA GAA CAA CGC

ATA CAT CAT CTG CCA CAT CAA GCT CCA AGT CTA
GCT CTA GCT CTA GCT CCA GGT CCG

TTG TAAACATATTTC GCT TTT ATG TAA GGA TAC
TGA GAT TCT ATC ATATGC GTT CAA AA

AGT CTT TAA GAG CAA AAG CAG TTAAACGGTTTT
GTA GAA CAG GTAGTG AAACGT CAAT

TGTTTT TCA AAAATAAAG TCT CTT GAA GGA ATT
TAT AAA CGG ACT CAC AAA CAC AGA ATC AAC

TTTTCG CTT GGT GCA TAT ACG GTATCC TAT TGT
CTATCT TTT TTA AAG AAATTC GAG CCG ATG

TAT ATC TGC TGC AGA TAC AGT TGG TGC TAT CTG
TGG AGG CGC TAT ATT TGA TAT AAC C

TCA TGA GTA AAA ATT GGT TGA AGA AGT AGC TCC
ATT TGT AAA AGC GTA AAATTAGTAGGACT

TTT TAT TCA AAA GTG CGT TTG CAG GAT GGA TGG
ATA CAC ACA TGA AAG ATG AAC ATC AC

ATC CCT GAC AAG TAT CGT CGT GTG AGC ATT TAA
ATTTTC CCATTG ATAGAT TTACTT

TAT AAG TGC GTAATG TTT CAACAG CCTTTG GTG
TTT TTATGAACT TGT TAAATATTT CTT GAT

CTT TGA CAT AGG ATG AAT TGC TCG GTT CGA TGG
AAA CGC CTT AGT AAA TAT ACT ATG AGG AG

TCATTG AAATGA GTATAG CAACTC TTG AAG TGT
GAT TAT CTT TGA TAAATT CGC TACATT CTT



SPC88200.58

SPC88750.62

SPC89200.57

SPC89750.57

SPC97100.57

SPC97700.62

SPC98150.63

SPC98600.62

SPC99050.57

SPC99500.57

SPC100100.63

SPC100650.57

SPC101200.58

SPC101750.63

SPC102250.63

SPC102750.63

58

62

57

57

57

62

63

62

57

57

63

57

58

63

63

63
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GCC AAC AGT TGA AAG AAAGAAAAG TTT TAATGG
AAA GTC CGT CGG ACATATTGAAGG C

GCA GCT AAG ACG TAA CCC GAC TCT ATG TCA AAT
TTG GGT AGT AACTACTGT TTAACACTT AC

TAA TAA AAA CCG ATG CAA AGA ATT GGT TGG CGA
CAT CTA AAA AGG TGC TAC AAG CTG

GTA CGT TAG AAA AAA TCA AAC AAC AGC AAC ATG
GGC CGC GAT ATT TAC AAG GAC GAG

AAT TCC TTC CTT TCC AGT TAA CAG AAG AAG TTT
TAC CGA CCG CTC GCATTG AGT CTG

CTG CCT CTG AAT CTT TCA AGG CCC TTA AAT CAT
TAT CTT CTAATATCC CCAATGATGTTIGTT

TCT CCT TTA GGC AAC AAT GAT TAATGT TAT TTT
CCA ATG AAT TAATAC CAATAAATAATT TGG

TGA ACT CTT GAA CGT TTC ACT CCC AAT AAT TAT
ATA CAT TTC CAA TAT AAT AAT ACA CGT GA

GCATGG TGTTCATGG TCC CTT GCATAG TGT TCA
TGG TCC CTT GCATAG TATTTATGG

AAATTAATATTG TTT AGT AGT AAC GCG AAT AGC
AAG CTG GGT GCA GCC AAG TGT AGT

CGA AAA GGA ATT CGA TTA AAT ATT CAT ACT AGC
TGAGCATTATTTCTTTTATACCTT CTC TGT

TAC CAC TAG AAG TTA CCA AGA TTC CAG AGT TAC
TTATGG TGG CAT GGT TAATGT CTT

TTT CAC AGC ATT GTC GAATGC ACC TGT ATA AAG
AAA CAG ATT ACC CTT GGA AAAACAC

GGT CCAAATTTT AGT TTAGCT TCT TGT AAA ATA
AAG CAT TCC TCT GGT GTA AAATCA ACATGA

CAG AAG TTATGG GTT GCT GAG TGA GTT TAA GGC
ACT GAT TGA TAT AAAGAATTT ACT AAG TCC

CTATGG TTG CAT GTATCATCT GAGCTTTCT TTT



SPC109850.59

SPC110400.61

SPC110850.58

SPC111350.63

SPC112050.57

SPC112550.60

SPC113050.57

SPC113550.63

SPC114050.60

SPC114800.57

SPC115350.63

SPC115900.57

SPC122800.57

SPC123550.63

SPC124200.57

59

61

58

63

57

60

57

63

60

57

63

57

57

63

57
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CTTGTAGTT CAATAATTT TGC TTT CAATGG

CGTTGG CAATTG ACT TCT TGT TTA CAC CAA GTA
ACC AAC AAAAGAGGTCTT TAACAACT

TCTTACGTTCTTCTT TCAACCCTT TTG TAT CCT
TAG AAT TCG CTT CCT GAG TAGTTC CAT C

AAT CAT TAA ACG ACA AGG GCC TTC CGT GCT ATA
GTGTTATGC TTT GCC GTAATT TAAA

TAA TTA GTG TAA AAC AAT TAAAGG TTA TCA AGC
GTT GTT CAT ATA ATT GAT CGT GGC CTG TCT

TCG TGAAGCTAGTTG TTT CTA AGT ATA AAC GAT
TGT GTA AAT CTC TTATCG CAT AAA

GAG CAAAACTTC TCATAATCATGT TGT TATTTC
GAG AGA GCC TCA TGT CCA TAC GAT CAA

GGC TCATCC AGA CTATCT AAT GTC CTT TCA GAT
CGG CCCCAT TCATTT ACA ATA CCG

CCT TAT GTG ACT CACTGACTATTC ACATTT GCT
GAG CAT ATC TCATCC ATC TGATCATGA ATG

ACA AAT AAAATC ACCATAATCTTG CCG CTG TCA
TTA GGA ATT TCA CTT ACA AAA GAC GAA

AGT CTA GCT TTA CAG CTT GGC ATT GTT CAT ACA
AAC GTC TTC AGC ATATCT TTC CAC

TGT GAT ATT GAC GAA ACT TTT TGA CAT CTAATT
TAT TCT GTT CCA ACA CCAATG TTT ATA ACC

TAC CGC AGT TTACAATCA CTT CTT CAG GAG TAC
GAT ATT GCT GTC CCA GCC CGT CTC

TTG GTT TGT CTG CAATGT TGG ATATCA AACTTG
AAA ATA ATT TAG ACT ATAGCA TGC

ATA AAATTA TCA GTA GGA TCA TTA GCA AAC AAA
AGC AAT TGA GTT CGA CAA GGA GGG CAA AAG

TCATTC CGT TCG TTG ATT ATT TGC CAA ACT CAC
TAC CAT TCA ACT CAT ACT GTA CCT
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TCT GTC CAAACG GAG TTT CCA AAT GTT ATT TCT
GTT GTG TAT ACT GGC GAC AAT GTT A

GCG GAC TAT GTG ATG ACT AAC TCT TCA TGG ACG
AGA AAC CAC ATT GCATCT CTT TGG

GCA CCA TTA GCG AAT ATG CTG AAG CCT ACC ATA
AAG CTC TTA CAT TGA GTC CTC AAG

TGA AAA GCG AAA CTT AAA CAA GTACTATAATGC
CAT TGT AAA ACT AAT CTC CAT ACT AAC T

GCA ATG ATG AGA CCT CAGTTC TTT ATA AAATAA
TCAATC TCG ATT GCATTT AAT TGT TAA CCA

ATT CTA TCA GAT GAC TGG ACC AAA AGT GTT CAT
TTA CAA ACT GAT CGAACG GTCGATTTTC

AAG TCC TTA CAT GAG CAA AGA CCA GGG TTA CAG
CAT GCC CAT TAAATC TCTTCACTG

TCT GTA TGA AAA GGC AAG ACT GAT TGC TAATCC
CTT CTC TTA TGA GGA ACATCG TCA AAA

CTC CCT CTG GTATGG AAATGA CATTCAAGG TTG
AAA AGA AAA AGAAGT CTAAACCTGTT

GAG AAA CCG TGA CAA GCA ATT ACA AAA CGA GCA
AAG ATAAGG TTT GTT TCC ATT CAC

ACG AGA ATT AGC CTC CGT CTG GGT CAAATG TTC
GGT TGC AAT AGA GCG TCT CCA AAC

TTG GCA AAG GAT TTC ATT TAC TAG GTA AAAATT
TGT CGC CTC AAT TTAACAGTACTTTTITG

AAA CAT GTA AAT GAA TAT ACA CAA AAG TTA AAG
GCT GCT GCT GGC CCT TCA AAT TCT TCG

AAT ACT GTA CCA CTT TAA ACA CTG CCT GCT ACA
ATA GTG CAT AACTTC TATTTC ACT TGG

CCTAGT AGT TCG TGG TCG ATT CCT CTAAACTTT
CGTGTATCG TGT TGT GTC GTATTT

TTC GGT GGG ATT TAATGA ATT GTG AAA CGT AGC
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GCTTGC TGTTTG TTATTT ATT GGT

CCATCG TTT CCA GCT TCA GGT TCA ACT CCATAA
ACT TCG CAG TTT GGA GCA AAATGG

TTC ACATTT AAAAAA CAC TTC TGC CAC AAACTC
TTT ATT TAC TGT GCT CGA CGT GAG TAC

AAA CAG TGA CAT GTA GCA TAG CGAGTATAATGC
TAATCACTATTT GTAGTATTC CTC TGT

ATT GTT AATTCACTTTTCGGT CCTTTT CTT TTG
GTGTTACTC TACTTACTGAATTCTTTTCTT

TAC GAC TTG CAG TAT CAA ACC AAC GAC AAG TAA
ATA ATG TTA GTC TAG CAA ATG GGA AGG AAA

AAT TGC GTT TTG AGT AAT CTT GGA AAA TAT AAT
TTA GAG CTA ATG AAT TGG CAC TAT AAACT

ATC TAC GTC TGA ATT TGT ATC TCC AAT TAG CGA
TAC TGA AAACGG CTCTTCATC TCAGC

ATC GGG CAT CAC CAA GGT ATT GTA CAC ATA CAA
AGA ATG ATG TTATGT AAT TGA AAC ACATT

GAA TGA CAAGCT TTG CCG TGA GCA TAAACG TCA
AAC CTAAAG TTACCCTTG TGT CCT A

TAG GAT TTT AAG AAATCT GACACATTT ACT TCA
TTC CCA CCA AGA GAT TCT ATT TCA ACC AAA

ATG ATT TCG TTA ATC AGC GTT AAG TCAGCG TCA
TAC TGG AAG TCA GCT CAATGG AAATA

ACT CAA GAA TAA GTC ATG GAC TAC GGA CTA AAA
TTATCAAATTTC TCAGTAACT TAAG

TCA AGA GTG GTG TGT TTT CAT GGC TCA GGA AGT
CCATAATTAAGT TTC AAG TTGATATTTT

GCC ACC AAATTC ACT ATG TCG GCT TTC TAT GAT
AAT TCC TCT AAT TCT TCA CAATGATGT T

TGG TAC AGA TAT TAA GAA ATT TAC GGC AGA AGA
CTT GGA AAA CAC AAT AAG CCTTAGACCTT
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TTG CCC AAAACATTT TGC CAA AAC GCT CTAGGT
TGC TCAAAATCAACG TCG GTAATTT

CAG ACCTTAGTAAGATCG AAAATG TTG TAG CGA
TATTTT TCA GCC TCC TGA GGG GTC

CAT AAA CAG TGA ATG CCA CAAGAC TATTTG CTC
TTT TAT GTC CTG AAA TAT TCC AGA

AGA CGA AAT GTATTG ATC CCG AGT TAAATC ACC
AAA ATA CGT ATC TAC GAT GCG AGA CAATC

ATT GAT GAA CGG GAA AGG GGA AAA GCA AAA
GGA TAA ACT GAA GGA GAA TGA GCA AAG

ATT TCA ACT GTA CGC TCA GTA GAC TGT GGA AGC
ATG TCT TTG GAA GCA ATC ATA CGG

TTG AAT AGT AGA ACC GTT AGT AAG AGT CGA TAG
AGG TGT AGA GGG CTT TGG AGT AGG TAT

GGT GGG GAA ATA ACG AAG TTT GAA GAA CGT ATA
GTA AAG TCG CAC AAT TTA CTG ATA GGA AGT

ATT CGAATACCT ATT TGT TCACCC GTACCT CTT
TAG GTT TATATT TGT TCT TGC AAACTG TTC

CAC AGT AGC GTG TAC CAT TCT TCT ATA CCT CAC
TGA ACG AGG AAG TCT ACAATT CTG

AAA AAC AGC AGA CAG ACT TAC GGT GTA ATA AAT
TAA CTG TCG ATG GAT TTG AGC TGG TAA AAA

CGT ACG AACTTC AAAGAATCATAC TCG ACA AAT
AAT ATA TAC ATG GAC AAC AAATGA CCC TGT

GCG CAACTT GACCTTAAGTTT CTT CCA TAT AAT
CAA TAG TGC AAG CAC AGA CAT AAC G

ACA ACG AAA ATA ACA AGA CAC CCC ACA AAT CCT
AGT TTT GAATTG GTATCC TGT TTG ACATC

CAA ACC GGG GAA TGT ACG CGA AGT AGA AAA
GAT ACG AAA AAT GTC TGA TCA CAAGAT T

TAT AAATGAAGC TCAATTCCT TTC ATT TTG AAA
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CCAGATTAGGATTTGGTG TTITTCATTG CT

TGA TTC AAT ATT TGG ACA AAA CAG CCT TGT CTT
ATG CCG CTCTTT ATG GTA TGA AGA CG

GTTTTT ATT CCT AGT AAT CCC AGT AAA GCC CGT
TTT CTG TCT TCT CGT GAG AAG CGT ATT

TTTATT CAG TTG GTAACATTG TGT CGC CTC AGT
TAT TTA AAT CGG GTC AAACTC CTG

TGC AAG TGG TACATC TGT TCACTACTCTTT CTA
ATA ATG TAT CAG GTG ATATAG TCG T

AGC ACT ACG ACC GAAACAGTG ACATGG AGT
CAG TAT AAA CCT CAG GAA ACT CAA AGA

ACG CTC TACTTT CGACCACTG ATTGTT TCC TGC
ATT TCT CAA ATAATAGGC CATTTA

TTT CAT TTC TAT CTT TAATGT TGC CGG TTA TCA
AAC CAG TGT ACC TAT TTA CGC TAA AGC ACT

TGG CTT TAT TGC TAT GAATTT GGG TAT TGC CTT
ACT GGTTTT TAT TCAGCT CCT CTACTT

TTG CAT TTA CCG AGT CTT TAATAT GTG TAT GTT
CTATACTTC AACTTC ATG GCC TAT GTT TGC

CCACCCAAGAGATCTATTGCATTITGTCCTGCTT
AAC AGT ATT CTC TCA GAT ATG TCC AT

TAC TCATGT AGA GCT TGG TTG AGA AGA TGT AAA
CAA ATT GCAATATTC AGC CCA ACG

ATT CCT GCT TCC TTT TCA TAAATG TAG TCT TGA
TGTTCAAGT TTTCCATCATGT TTT ATT GTG

CAA GAT GCG ATT CACGAT TTT GTT GTT TGG AAT
GTA ATT TAG AGC ATA AAC GGT TAA

AAA GCC AAC ATA CAC GCA CCT GAT GAT ATG CAG
TTT ATG ATAAAATCT AGAAAG TCG C

AAT ATG GAT TTG GGA TAT GGT ATC TAG GTC ATA
GAG CGT CCA TAC TGG CAA AGG ATT
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ACC CTC AACCCATTG ACT TTC ATG CCT TTA AGA
ACT TGT TAA AGC AAT TAT TAG GTT ATG ACC

TTACTC ACTATT TGC TGC TTT CAC GGA CTT ATA
CTG AAATTG AAT CAA AGT TAATGG ATG ATG

TGT ACA GTG ACT TTA GAC ACA GGC GTT TTA GAT
TTAATG GTG TCG AACATTTGCTTT T

AAA TAA CAG AGA CCA AGG GAC ATA CAC TAT CcCC
AAA ACG TGG ACA AAAAGACTT TGA AC

TCG AAA ATT ATG AAT TTC AAG GAT TTATTG TTT
TTA GGA TTG GGA AAG GCT TCA CAA AT

GCT AATCTT TGA TGT CTT GGT CGT GGT TCA CTA
GTCTTT GAATCT AACCATTTC TGG G

CTAGTT TCT CCATTATAA CGC AAC TGG CCAATT
CAAACTTTG TCATATCCT CTT GCA G

TAT GCT TAA GGG AAT GAA ACAACT TGG ACAGTT
GAC ATTTTC TCC ATC ACC AGC TGC

TTTGTATTG GTT TTAGCA TTT CAG CGT TAA AAT
AGC AAG TAT GAC TCATTG GTT TAT GGC

GTATGT GTATCAATC TCT TCT TTC CAT TGC ATA
ATT GCT ACA ACC GGA GCA ACAACC

CAT CAT CAA TAA ATT CGG ATT CAT TAG ATT CTT
CTG GAG ATG ACA ATG GCA CAAACTTT

AGT AGA AAATGG AGC CTGCCCATTACTTTG CTC
ATCATT ATT GTC TGC TTG AAG AGA

AAC GGA TGA AGA AGC TGA AGA CAA CGA GGA
CACTTT TTC AAT GAATTC AAG AGC TGG

TTT GAC TGA ATT AACAGATGT ATC TTT TCA AGG
TGCCTTTTT GGT TTC TTC CTC AGA ATG GA

AAA CAT TGT CCT TAA GAAGGT GTC TGT CACTTG
GAG ATAAAACTG TTC GTG CAG TAT TG

TTATTT TCA AAT TAG ATG ATATGG TCT GCG AAC
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AAA TAG CTAACCATT TCT TTG GGT AAT GAA

GAA AAT ATT GAT TCT AAT GCT TAATAATTC GAG
TTT ACG ACT ACG GTC ATG AGC CTC ACT

CTG CGT AGC TAA CAG ATAACATAC ATT TAT TTA
CTC ACATAT ATT CTG GTT AAT TAT CAG TTT

TTT GGT TAT CAA AAT TCC AAG CTT ACT CGC TCG
AAT TTC TCA ACT ATT AAT CTATGT GTC TCA

CAG ACA TAG GGT CCAATT TTATCT ACC AAT TCT
AAG ATT TCG GAT TTC TTC GTC AAATCG AC

ACC ATG CCA AAA ATT ACA CAA GAT AGA ATG GAT
GTT TGA AAT TAA ACG TGA GTA TAC AAA

ATC ATT TAT AAA ACA ACT TCT TCC ATT AAA AAT
TCC TTG GGC AAA ACA AAAGTT CCAATCAT

TAC CCA AAT TCA TCT GAC ATT GAT TAT GAT ACA
TTG AAG GTG TGC TTA CAT CTT TCT AGT C

ACT TCT TCC AAG CCT TGG TGA CGA AAA CGT CAT
TTA CGG CAA CGA CAT AGATTC CGC

ATG GTT CGT GCG ATATTC GGT ATT TGACTG TTG
TAA AAA GGC AAG AAA CGC TGA GAC

GTG GTATTG CGA CAC AAT TAG CCAGTG CTATGA
ATA GAG CGA GAA AGG TGG AAAAAT T

AGC TAAGTG TCT ATG TTT ATACGA TTT ACC GAA
CTA GAA GGT AGG ATG AATTTG GGT TTC C

ATG GGA TTG GAA AGC CCAACA TTA AAT GGA TAA
AAA TCA TAT GTC AAATAC ATT CCG ATG GAA

TGG GTA GCT TGT GAA CTG CAT CTA ATA CTA GAT
GAATGG CTACTG CCAAAATTC CCAA

AAA CAG CGT TCT TTG AAT GAATTG TCG CTT TTG
CTA ATATAC CTC CAA GGA AGG GAC

TGG AAC AAG ACT TGA ACG ATT ACT CTG AAATGT
TTC AGT AACCGACTCGACTTCTGAT
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CAA CAAATT ATATAT ATC TTA GCT GTG GTAATG
TAA AGAATC TGG TAATCC ACT TCG TAT TGC

GTT TAA CAA CTG GAT CAAATC TGT TCT CAT ACA
AAA ATT CGC ACCCCATGCTTCTGATTATC

CACCTCCACGCTCTT TTC GAC CTC CGT ATG GAA
TTC AAT ATT ATTTTT ATT TAG AGG ATG C

ATA AAT AAA GTATGC TCC CAG GCATATTTC ATC
AAA TCA GAT TGC CCC AAAAAT TGC C

GAG AAT A AAAAT TCCTTT GTT AGATCT CTTTTG
CAG CAT AAAGGC ATTGATGTT TTT GTG CA

TCATTC ATAAAG TTATCCAGATTT CTGTTAGTC
ATA CCCATT CACTTG CTC TTA CAA AGT TCG

CGA AGT CTATGA ATT TGA TAT GAAGCT TTT ACT
TGATCG TGATTC TAC CTC TTC CAA GAA

ATG AGATGC AGC TACTTT TTG AAG GAT CTATAC
CGATTC TTACTAGTT ATG AAAATT ATA AGC

ATAGTT TTG ACATCC CAATAACCG TCAATT TGT
CTCATTTGACTG TTG AGC ATATGTC

CTT AAAGTT CTC AGA GAATACTTG TTT TCC CAG
GAA AGT TCT CAATTATGG GACGATTCCC

ACG GTTTTG TCT GAT TCT AGA TTT ATG AAA GCT
CCA ACT AAA AAA TCC CAA CGT GAG AAA AAA

TTT GAG AGT ACA GAA AGA ACT TGG AAT CCT TAA
AAC TGA AAG AGA TAC CTC TAC GAA TAG AAA

GCT AACGCC TTATCC TAC TTG CAT AAG AAG CAT
GTA ATA CAC CGT GAT ATC AAACCT G

CTC ATT TAA TAG AGG ATC ACC ACC ATA AAC TAA
TCGTTTTCCAGATTTTCT TTT CGA

AGT AGC TCG TCG TTT GAC GCATTC TTG ATG ATG
CTT CCG AAAAGT TTT AAT GTT ACC

GAC AAC AAA CGATAT CTC TAATAAATG TCAATT
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AAT AAATTT TAC CTG TAC AAC ATT AGG TGG

CTATTT CATTGT GTT TGG AAT ATT TCATTC CAT
CGAGTTTCT TAT AAAGTG TTG GGA TTACTT

ATT GCG ACG CCT TGA GCC TAC AGC TAT TGT TGC
TTT CCATCA AGC AGATGT TGG TGA ATATC

AAA TAG CCT AGCATCTTT CGACTTTTG CTT CGG
ATG TAT AAG AGA AGT TGA CTC GGT ATA AC

AGT AGC CTT AGG ATT GAA GCT TTT AGG GGT GGG
TTTTCTTCTCTT CCGAGTCTTTTT A

AAT CTT ATAGTG TAATGC ATC GCC TAATCC AAC
CAA GCC CGG AGA ATA TAA AAC CGA

ATCTTT GGA AAT TTT GAG AGACTC TTT GGA GGC
TTT TTC ATT ATC ACC AGC TTG TAA ATA GGC

TAATCATCG CTT TCATCA CCAAAATCG AAGTCT
TTT TAC ATG GCT ATT CAAATACATTTG

TTT AAT CCC TAA CCG GAG CGA TAT TGT TCA AGC
TAT ACA GAT GCT TCT ATC CTA CAA

ATT TGA ATA AGC AGA CGA GCC ACATAC ATT CGT
TTG AGG TCA TAT AGG TTA AAC AGT TGC

CCC AAG TCC CAACTT CTA AAG CAT GAG CAT TGA
GTTTTTCTCTTT CTG CGATTG TCC

TTG GAG TTC CAC TAAATG TTT CAG GTACTC GTA
TGT CTG TCT CAATCATTG GCA AAC

TCA CAATAG CTA GTG AAC ACATGT CGG TGT GAT
AAT AAC AGT ATG ATG TTG CAA GTATGT

AAG CCATCAATT ATACGC TTT CAT CAATGT CGA
ATT CAT CAA GGC ATT TAG CAG GTA GAG

GGC AGG CTT AAT ATC CTT CAG CGC ATA CCA AAA
CTCATTATCCTT GTT GTC AAA AGC

ATG TTA AAT TCA TCT TAA AAT CAG ATG GAT ACG
TTT GAATCT AAAGTG GTT TCG GCA CAATTC
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TCG AAT AAT TTT ATA CCA ACA ACG CCT CTA TAT
TCG AAA TCA TTA AAA AGA TAA GAT GTC AAC

TGC GTG AGC TAT TCA GGA CAT TATTGT GTT TCC
ATA TAT CCC ATT TGA TAT TAA AAG AAT T

GTC GTAAGTAGATTTACATGTTTT CGT TTT TCG
GTCTTT TCT AAC TAAACAGATGTT TAG CTT

CAA GTG CCT ATG ATC TAT CTT TGC CAG ATATCA
CAA AAG ACAACAAGACTACTT GGAATTTTC

TAA ATT TAT CGG CTT CAT TAT GGG GAG ACC CAC
GAT GTT AAAACG GTC GGA CGC CAGTATT

AGT CTT TCG AGT TCATTT CGC TGA TGT TTG AAT
CCT TAG ACT GAG AAG ATG CAAATC TG

GTG AGC CAAAGAGCATCATTATTA GCG AAG CTA
CAA TGA CAAATT AACTTC TTC TAC AGC C

ATG TGC TAA GAT CGG GAA ATG GGT GAG TGA
GAA AAG GAAGTT ATG GTAATT TTATGA

GTT GTT TCC CAT CGC TCACTC TACATT CGC TTA
AAT AAACTACTACCATTT GACTCG TC

GTT GAAACT CTT GCA ATG CTG CTA AAC GCC GTT
GCC TAT GAG AAT AAT AAG ATT GGC

TCATTC GTC TAG TCATCACTG CTC GGC TCACTA
ATATCG TTG GTA AGT AAT AAA GCG

AAA GTT TCT ATACTATTG AAATTG AAG AAA AGA
AAG CAG GCA AAT TTT ACG TGT TGA AGT ATG

AAT TCT CGAATT GCTTCTTTT TGAATG TTC TTC
TAG GATTTACTC TTG CTT GTG GTAAGATTG

ATC GTT TAA CAT CAC GAT TCT AAC CCT ATA CAC
CTA ATA CAG TGG GTA AAACGC AAAGTCT

ATC TTT GGA AAT TCA ATT TGG AAA GGA ATATGG
ACA AGT AGATGT TTC ATT TGG TCA TAC AAG

TCGTGC TTC GGT CCATTT TAT TAATCATGA TGG
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AAATTT AGT TGATGC CGC TTG TATC

AAA ACA ATG CTT TGA TGG AAT GGG ATG ATATTT
CTCTTCATT TGA TTA ACA CTT CGC TAT CCT

AAC GAC AAT GGT GAA TGA AAT GCA AAG AAT TGT
GTT ATT TAA CAG CAT CAA AGC CGC

GCG GAG TATTTT ACC ATATAT CAG TCATTAGTT
GTA CGG CTACTG TAC TAG CTC ACATGG

CTG TTC GGG TCG ATC ATT TTG GCT ACT ATC CGT
CTG TCT ATG ATA ACC AGT GTATGC

CATCTT CCT TTC CTG AACATC GCAATG TTT CCT
CATCTCTTCTTCCCT TTC CCATGT

AGA ATATAT CGC CCGGCG TTT GAT TTT GTT TCC
CATATTTTC CTC TTC GAC ACG AGC

TTCTTATTG CGG TGG TAC ATG GAG CGG TAT TCG
TTC TAA ACT CGA CTA CAT CCA AGG

TTACGATCC CAATGT CTCTTG TTC AGT GCG TAA
TTATCT CGA CAG CAT TAC CAG CTAT

GAA AAG GTG ATG TTT TGG GAG TTT ACA CAAACT
ACG AGT CAAGTT CTG ACAACG TTACTT AT

TGC TGT TCG TGT ATC TAT CCT TGG CGT TGC AGC
ATT CAT TGC TAT CGT TCT ATT CAT T

GGA AAC TAT CAA AAG ACC CAA ATG GAG CAT TCG
TTT ATT AAAAGC TTAATT TTA GGC GA

ATC CAC GTATCT CGA TAG CTG TGT ACT AAA ATA
TCA AAG CAA AAG TAAACATCT TTC AGT

CAG AAA CCA GTATTT ACA CAC CCT CCT GCA CAA
TAG CGT AAG ATA GTA ATA AGA AAG TAT GGC

AGC GTT CCC ATT TAT GCT AAA GAG CTT TAT CAT
TAC AAT GCC TTT CAATCT GGTAACTTT CTT

AAA AAT CAT TTA GAT TTG TGA GAC CTT AAATCA
GATATATTT GTT CTACGA GGA TTT GGA ATG
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AAT TCT TTATCACTC TCG CTA ATG ATAGCT TGT
GAC GATTTAGTT TTT CTA AAA CGG TAATGA

TGATGAATT TCT TGC ATT TCG TAA AAATGG AGG
AGA GTT AACGGATTT TGG ATT TCC AGG

GAT ATT ATC ATATTC TTA CCA ATT ATA CAT ACA
CTCACAATTTGT TTT ACATTT CCG CTC CCT

GGT ATC TGA GAG TGC TAG TAC AAT GTG TAA ACG
AGT ATT TTC AAAATC CGA GTCCTT G

CAG CCATGT TAC GAAGTT GGT TCAATTCTC TTT
CATGCTCCGATTTTG TGATTT TGA

CAA GGT TGG ATG GAC CAT CTT GGA AGATAATCG
CAC TAA GAA GCC TGT AAT TAG GAT TA

AGT AACGAT TTG CTT CTT TTG GTA ATC AGA AAA
TAC GTT TGACTC CACTGAATTTTT CA

GAC GGA TAG CAC GAG TCT TCT TTT GAC GGA GAT
CAA GAG GAATGTACTTCT TGT TCT T

ATT GCT CAG CCAAGT TCT CTT GCG ATT GCT TAC
GAA GTT CAAAGG TCTTTAATG CCAT

ATG TAT CAC ATG CAA AAT GAATGA AAATGG TTT
GTT GGC GAT TTC AGA CAA GCT AAAAGG T

CTT TGA AGT CAG CAC CCACAAAGATTT CTT CTG
GGG AAT CAC GTG TTT ATT CCA AAG

TAC AGT TGC TGT GGG TAA CCT TGA CGT GCT CCC
TTACTA CGA TGA GCT TTA GGA TAC

AGA GCG GTT AAC TTATAT TAACTT CAG ATT TCT
CAT AAAACG GAT TTT CGA AGA CAG TAT GTT

TCG AGA ACA TTG ACT CCT AGA CAA CCG ATC TAC
ATC TTG AAC TGA AGT AAT TGG AGG

AACCTTTTT ACG CGC TCATTT GTA CGA ATC TCC
TCTTCATTCAGG TGAGTTTTGTTC

TTGTTT GTTACTATG TTTTGC TTT TGA GTT ATC
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AAA CCA GTC AGT TGA TCA TTA AAG AAA CA

AAC ATA CGG TTA GCT TTG AAG CAT CCT CAC TGA
ACC CTC CGT AAG TTATGG CTG AATT

ACATCC TCT GTT ATT AGA AGT ATG AAA ACT ATC
ATA TCC AAT AAT GAC TTT GTC AGA TGA CCT

CCC GTC CATAAGTTGATGAACTTGTTCTCT TTG
GAA GTA AGA TGA GCC TGC ATT GTA AA

ACG GTT TCG GGC AAG GTA GCT CTG CGC GAT
AAA AAG GAT CAT AAATCT CAAATTCTT

TTC CAA AAC GCA TAT ACT GAC TTA GGG AAT TAC
GGT CCA AAA AAC TAG GAT AAC AAA AAA

CAC CAT CTA GCT TTA CAC AAT TAAACC CGG CTT
TTC GAA GTC GCC AAT GAA TGA GAT

CAT CCAACAATC ATC GGG GCT ACAGTG CTT AGC
AAG TTC TTC AGC AGT AAC GGA AAT

AAG TTA CAAGCC ACAAACGTT TACTTTGTT CTT
TAAACATCG CTAGTT GTAGTATAATTT CGG

ACATTT AAATTATCC ACG CAAGTT GGT TTC ATT
ATA CTC AAG TGT GTT AAA CGT GAA TCA GGG

AAA TGC GCG AGT GAT AAT ATAATG TATTTG TGT
TCT TAA CAA CCAACCTCT TTA AGA CGA

TCT GTT TAT TCG CTA GAG GAA AAT GGG CTG AAA
GTG TAG CTT TCG TCG TAA GCC GCC

CCACTC ATC CAT CGAGTT CCTCCACTCTTT ATC
CTCTTCTCTGGCTTTCTT CCATTC

TTA ACG ACC GTT CGC AGG GAG GTT GAA CGC
CCA AGT CAT TCG CAAATAGTT CATTTA A

TTAAAT TTT GTT ATT CCA ATATGAGAT TTATTT
TGA GAA ATA CGG GCT AAC AGT GGA

TGC TTATCG ATC ACT GAATAT TTC TCT TCT CGA
CAG TTATAAATATTAATT CACATG TTT ACT
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TCC TCG TAA CAT TGC CAG TAA GTA AGA ATT GAT
CCTATT GTT AGCAACTTTGGC TTG TG

AAA ATT TTA CCA AAG AGT ACT TGT ATACTAATT
CTA AAT GCC TTC TGA CAT AAA ACG CCT AGG

CAA AGG TAAACCAACTTC TTT GAG GCC TTG TAT
AAT ACC CTC GCC TGG CAC TGT ATG

AAG AAA TAA ATC ATA TAA AAT AGG AAT AAT TTT
TAG CGA ACT CTT TGC ATT AGA ACG AAT GAA

ATG AAG TGC GCT GCT TTG CCT TTT ACA AAC CAC
AAAATT GGT TGATTATACTTATTTT

GAC AGT TAA AAC ATC AGC CTAATCCTT CTACCT
CCCTTCTTTTACTTT TCT CATTTT

TTTTCATTG ACACCATGG GATATGCTTTCACTT
TTT GTG TCG TTA AAA GCT TCC AAA AT

TAC TGG TCG GTA GCG TTC GAG GTG AAG AAG
ACATGT GTT TTG TGA ATC ATT TGA AGA

TCT CAC ATA ATA AAT AAC AGT TTG GGG CAT TAA
CGT TGT CAA TTA CAG GCT CTT AAT CAC CTC

TACTAG TTG TTT AAG GAA AAG CTC ACATTC CTA
TTA CCT ATT CAT TCC AAAGTT CGC G

CTT AAA GTT CAA AAT CCG AAT AAT GTA CGG GTT
TAC ACAGTT TCT GGT GAA GGC GTA AC

GTG TTA ATG TAA TAG ATATAAATC CTATGC ACC
AAT TGT TGG CTT TTG GGA CAG ATG CTG GC

CTG GTT TAATTC TTA CAG CTA ATG AAG GTT CTC
CTATGC ACG CATTCT ATATTC CATCGT T

TTT GAA GTG GAT GAA GAT ACT TTG GAA TAT AAG
CAA TTA CAT CCT TCT AGG TCT GAA GCA AGG

TTT CTG TGT TGT ATA CAT CTT CAT TTAGCT TTA
TTTTTG GTT TAG CAAGTT GGT ATT TGG GTT

GAT AAG AAA TAA CAA ACT TAG CAG GAACTT TGA
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TCC AGG TGG GAA CTT GCT GAATAAGACC

TTT CAA CTG ATT AAT TAT ATG TGT ACT GCA ACA
AAT GGT ATT GGT AGC TAG AGG AAT TGC G

AAT CAATTT CCC CTT CGT CCT AAA AAC CGC ACA
TAC AGT GAT GCA AAT GGT GAA GCA

ATC AAC CAAACG AGT GCG CTG CTG TTG ATG AAG
ATTACT CCTTTATTT AGT TTAATC AAT G

CTC CAATGA TTA AAC CAA AGC ATC GAAACATCT
CATTTATTT TTA ACT AAC GAC GAG CAG CAA

GCC TTA ATT TGG TAA AAG GGC TAA ATG CGT TAG
TGA CTC GGT GGA GTACAATGC GTT TATTTT

ATC AAA AAG ATG ATA ATT ATG ATT ACT GTG ATA
AGA AAT GGG CAT AAC GCT CAATGT CTA CGT

CAT CTT TGT ATC TAT CAT ACATGATTA CTT GAC
CAC CAT AGC CTT TCG TGG CAG CGA

CAA ATC AAG CAG AGC TCT CGATCATTT ATA GAG
AGA ACC GTC AACTGT AACGCT ATCTTATC

CCAAGC CTCGTTAATTTC TGT AAACTG TAT CTG
CTC AGC AAT GGA CTT GAC TGC AGC TTA AAT

TAA CAT TTG TAG AAT CGA AGT GGG TTC GTATGC
TAAATAAATTCG TTC ATAATTTCCATG T

TAT TGT GGC TCT CAA AAC ATT GCATAAGTC TGA
ACT TGT CCA GTC AAA GAT AGA AAA GCA

CTG TTA TAC GAG CAC ACC GTA CTG CAAATG GCC
TTC GAT ACT CGA CAC TAT ACA TAG

TTATTG TTA GAATTC CCT CTT TAT TAT GTG CGA
ACC ATATGT TAG CAT GGA CAG ATTACT T

GGT ATATCATAA TCG AGG TAT TGA GGA GGT GAA
TAT TGG ATG ACT TTT ATC TCA GAATGC TC

TTT TTG CGT CAC AGG AAC CTC TAC CAT GAATTT
TAT CGC CTT CAATGT AGT AGG GTAA
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AGA CGG TTATTG AAC TCG AGC AGT AAT GGG AGT
GTT CAT GAT TTT ATG GTG TAG TAG TAG

CAA TCG TAT TGA AGC AAA GTT GGA ACC CTT CTG
CGA TCT GAA ACT TGC AAT GAA GTA AA

ACT AGAATCTTG TATTTG TAAGTT TGC TAT TGG
TTT GGC TAT GTT GAG TGA AGT GCC TGC

AAT TAATTT CGG CAA AAT CAA AGA TGT CAA ATG
CCCTCAACGGAACTAGTCGTCCCATTTT

TTAATA GTT ATT CGA AAATTT CAT TGA TAA ACC
GGC CAAACCTCAACTGGCTTT GAATACT

TTT ACAAAC TAATTT CGC ATAAGC GCATTATGA
GCTTCC TTG GAA CATATG GGG TTC

AGA ATA GTT AAA GAC AGG ACA CTT AGG AGA ATT
GAC GGG AAT TTG CTC GAA ATT AGC

CCC AAG TCA GAG AAAAGAATCATAACT TGATGG
ATG GAC TCT GCG TTT TGA GAA AGG

GAA ACC ATC AAA CCA ACC AAATCC GTA AAG ACT
AGT TTA AAA GCA AAT TTG TAA TAT AAT GAA

CTG CTG TCA AAA GAG TCG AGT AAACTAAAATTA
AAA CCC ACT AAG TGA ATA GTG CCA AAA

TTT CCG AAATCT TAG ATC CTC CAC GAC CTATTA
TAC AAC CAACCATAT CTG CGG GAAT

GTC CAC TAA TAG TTA AAA CAC GAT CAT GAA CAT
TAG GAA CAG CCT TGG TAA CGC CGG

TAG TAT TGG TTA ATT GAA TAG GAC ACA TAT GCG
TTT CTA GGA GGA GAG TAGAACCTTT

TCGTTG GCC TTT GCT TCG GTA TAT AGG ATA GCG
TGG TTC AAG CGA CTT TGT AAG ATC

AAG TAT CTC AGT ATT CAA CCC AAA GTC ATA AAA
ATT CTT GAACCT TTAGCT TTC CAA GCG

CAT TTA GAA AAC TCA ATA GAA ATT TAG CAA ATA
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TCG TCA ACC AACCTAGAT TGATCCTGT TTC

GTA GGAACG GTGACCGCTGTT TGG TAC TGC
ACT TCATCT TTATCT ATT GAA AAG GTA T

TTT TATAGG TTG TTT GTC TAATTG ATC ATA ATG
GCATACCTCTCT ATG TGT TAATTG AAG GGC

AAA ACA AGG GTG TAA ATA ATA AAG TAAGGT TGT
ACG AAT TCC TTG CCT GTA TAG TGA ATAGTT

ATT CCA GAT ATC GCT TTG AGA CTT CAT TGA AGA
CTT GGC CAT TAATCC TCC GAT GAAT

GCA CAC AAT GTT CGT TGT CAT TCT ATG CTAGTT
ATT GAG ATATGT TGG TCAACT TTG GC

CTT GAT TCATCG ATT CCC TCT CTA CTT TAT ACA
TTGTTT TAATTATGT CTT CCATCACTT CAA

TCATTA ACA TCA CAG CAATGT GGT ATC GTC GTG
AAG AAC AAC CCATGC GTACTC TAT

TTCATT TCT GGT GTC TTG TGC AAG GTC TTT AAA
AAT GGT CGT CTT TTAATC GGT GTT TTT ATG

CAT TTT AAT ATC TCG TTA ATG AAT GAT CCT TAC
TCT GCC TAT TGC GGT CACACG TTC CC

TTA GCA CCA TAT TCT CAATTA AAAATC CCT ACA
AAA CCT GTG ATC TAAATA CAACAG CT

CAATTG CACTTG TAT TAC TCA ACAATC TCATGT
CTG AAATGTCTTTGACTATTG CGTTGC C

CCTTTC TGG GTG GTA TAT TAG CGA AGG CTT CTA
TGC ACT TGA CAG ACC CAATTT GGA AT

CCC GTACAG CCCTATTTT GTT TTA TAT TCC ATA
ATG CAATTT GGA TTT AGC GTT GGT TCG

ATA TAT AAT TTC TGT ATT TCA GCT TGG TAT TAC
CAT CTA AAACAAAACTTG CCG CTAG

ATA GAG TTG ATC AGC CTC AAAGGC AGC CTT CTC
GCTTGAGTACTG TAG CTAGTATTT



SPC83300.61

SPC90900.63

SPC91450.62

SPC92000.63

SPC92450.57

SPC93050.62

SPC93600.63

SPC94100.58

SPC94650.63

SPC95200.58

SPC95750.63

SPC96300.60

SPC96900.58

SPC103550.59

SPC104050.57

SPC104600.58

61

63

62

63

57

62

63

58

63

58

63

60

58

254

TGC CAATGG ATATAC GCT CTACTT TCG ACC ACT
GAT TGT TTC CTG CAT TTC TCA AAT AAT A

CAT TAT GTATAT AGCAGT TTT CTT TCC ACG ATT
GAT ACG GTT TGT CTC ATA ATT AGC CGA ATC

GTTTTC TAG ATG CAATTT TCT TCA GCA CAT GCT
TTA TAA AAA TAC AAG ACG CGATTC ATC GT

CAT TAATAT CAAGTT TGC TCC CCC TTC CAA CAA
AAA GAG AAG ATT AAATAG AAC ACATTATGA

TTC AAG CTC GGA GCAATC AGACGATTCTTC CTC
TTCTTC CTC TTG TAT ATCGGATTC

ATA TTA AAAATC TGT TCG ATA CCT TGT TTA GCA
TACGTT GTAAATTTCTTG GTG TGC TTC GT

GCT AAC GGT ACT TAT TAG GAT GAG CCA GTG ATT
AAG CAATTA ACC TCA TAC ATC ATT TCT CGA

GCT GTT GCT TAT GAC AAATGA GGA TTT CAA AAA
TTT GGT TCC CAA GCT GAT GGA AATT

TAT TTT CAA CTT ACA AAG TGC ATATCT GTC TTC
TTC TTAAAG TCG CTT CTAACG ACACTTCTT

GGG TACTGC TGA CTC TCA AAATCG CATGTG GTT
ACT TCC AGAGGAGACTTT GTATCT T

TTT AGG ATATGT GTG GTT AGC TCT CAG GAT ACA
TTATTA CCT ACT ATT TTT GAG ATT GAT GCG

TTC ATT ACT AGA CAT TAC TAC AAG TAA AGT TGA
AGG CTT AGC TTT TAA ACA AAT CCA CAT

TGTTTC GCA CCT TTT GGA GAA GTT TGC ATT TAA
AAC TAC GGAAGAGCG TTCTGCTTT A

ATG TTT GCATAATTATTC AAA ACG ACACCT TCA
GCA AGATAT GTATTAAATTTTCTTTT

TCT GGC AGT GTT ACA AGT CCT TGA TTT GAT ACC
ATG GGC CTC ATC AAG TAT AAT TCG

TGT TGT CGA ATC AGA CGATAATGG GTT CTT TCA
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TGT GAT GGA ATT GAT TTT GCT TGT G

CAC GCT CGA CTT GTT GAT TTG AAG CAT TCC CCT
TTG AAT CAC CAT TAT CAT CTA GAA

TAT CCT CAG CAT ACT AAG GATTTC TTT AAA ATG
TCA AGT GGA AGT CGG GTG AGA GGG

TCAGGATTT GTG TAT ACG AGT TAT TGC TGA ATA
CAT AAATGA TAT CGA AGC TTT TGG GGA

ATC TTG ATG ATG AAT GCG TCC GTC TAT TAG CTG
GTT GTAGAAATCTTG TCA GTT TGA AG

TAG GGC GTG AAG TTC AAT AAG GAT GGA AAT ACT
TTCTTTTTC AAT TTT ATC AAAGGT TTT GGT

TAATGG TAT TGC TTG CCA GAC TAAAGA GGT TTA
CTG CTG CTC GGA AAC GCA AAG CTC

CCT TAT ATACTATCT ATT TTG CAG AGC TAA AGG
GAC GAT TGT TAA AGC GGA GAT AAT GTC AGC

GTT AAAAAC AACTTT AGT TAT GTT GAACTT CCT
TGG CTG TGT TGA ATA AAG AATTCG CAG TT

ATG AAC TCT TTG AAA CTA AAA CAT AGC AAA GCT
CTG CGC CCG AAT AAT AAA AAT ATC AGT CA

ACG ACA TGT GCA GAG ATG CCG ACG AAG CAT
AGT TAA ACT GGG ATG GTA AAATCA ATT AA

GCTTCT GTC AAAGTT TAACAATATTTCTTT TGG
TTT AAA TCA AAT CTT CCA TGC GAT TAA GA

TTT TTG ACC ATT GAC TAG GAG GAC TTT GAG AAA
TGG AGG ATG AAG CTG TCT CCC TGG

GTG CTT TAT CTC CAT CAT TTC AAA CGC CCT TAA
ATAAGG AGCTTATCTTTTTGATTC TAAGTT

TAG TAG TAATAAATT TGT GTA AAAGTT AAA GCA
AGT GGT ATA AAATCT TTA GGA GTA ACG GCG

AAAGTT TGATTC ATT TTC AAG GTT GTT TAATTG
CTT TCA AGAAAG TCACTG TAGTTT CCC CTC
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TGA CTG GTA ATT GAT AAG TAC GTA TAC AAA CAC
ATT CCA CGT GTC TAT TCA GCA ATT

CTCCCTTTC TCA TGA TGC AAG TAA CGG AGT TAG
ATG TTT AGAATCTCATTTTCTTTT

CTAGGATCT TTG CTT AATGTG TTT TGC ATT TCA
AGG ATC CCC ACATAAAGATTAATT GCATGT

GTG TAAATG GAAATACTAGCT TGG TAG CCG TTC
ACG GTA AAG TAT GCT ATA AAT GCC AC

ATG GCC AAA AAT GTG AGC AAACGAAGATACTAC
CAT TGG TCG GAA GTA CAG AGT ATAA

TGG TAG ATA AGC GAT TCA AGG AGT TTT ATG CCG
ATG AAG CCT ATA GTA TAG CTC GAT

TTT ATT TAT AAT AAT ATT TAT AAT AAG AGA TAT
GAG CAG CTC GAA CTC CCG AGT GCATGA GGA

ATT AAC GAATTA CTT CCC CCA GAC CAA AGA AAA
TTT GACGTT GTTTCT CTACAG TTTTGC

TGG ACA GGA AAA AGA AGC AGC AGG ATTTTATTT
AGC ATT TGC CTT TGA GAA GAG GGG AAT TTA

TAG TCT CGATTG ATT A AATGAGTC ATCTGC TTT
TCG CGTATT ACCTTT GCAACG ACATTC

CGA TAATAG GAAATG AACTTT ATG GCTTTG GTA
CTA ACG TAA ACA ATA CGC TCG GAA TAG CAA

CTACTC CAAGGA GAG TTG CTG GCT TAT TAT CGC
CTG TCATACATG CCGTTT GTACTA

TAC AAA TAT AAT AGA ATT GAA AAT TTA CAA ATG
GTT GTT GGA GTC CGT GCG AGCGCTTCTG

TTT CTC CAT GGC ATC TTG ATT CACGCT TTT CAC
CTT TAA AAG AAAACCTTT CAAAACTTG

TCT AAT GGATCT TTC ACT TAG TTATCA CGC TGA
GGAGCTTTATTC ACG ATG TAT TGATTATGC

ACA ATA TAG AGT CTG CTT CGT CAG GAG GGG ATA



SPC135100.59

SPC135650.63

SPC142550.63

SPC143150.63

SPC143650.60

SPC144150.58

SPC144850.57

SPC145450.60

SPC146000.63

SPC146500.59

SPC147050.62

SPC147550.57

SPC148050.60

SPC148550.63

SPC148750.62

59

63

63

63

60

58

57

60

63

59

62

57

60

63

62

257

AAA CAC AAT TAA ATG GTC CTG GGG

CAT CTC AAG TAATTT ATC AAG AAT CGA AGA AGC
GCATTT CCAATG GTT CTC CAACTAGT

ATT TGC TAC ATG GTG AAT TAT TTATTAAGC TTT
TGT TTC ACG ATA CCAATC ACACATTTT ACA

CGT ATC GCC AAAGTT GAC TTA AAA ATT CCA AGC
TTT GTT CCT CCT GAT GCA CGG GAT CTT ATT

ACG GGA TAT TAT AAA ATG GGA GGG GAA GGG
AGT TGA CAT AAT AAC TATCTG ACT TTT GTA AAC

TTA CCG GGAATG TAACCT CCAGTACTT TGT GCA
TCA CAAGGC TGG CAAGAAATG TCT TTA

ATT GCA AGC TCT TTC ACA TAA AAC AGT ACA ACG
CAAAAG TTT TGC AGT TTATAACGT T

GAA AAT GGC TAC ATC TGT AGC TCG CCA AAATCT
GAT GTC GTT GGG TATTTG CTT TGG

AAA GAG GTTTTG GGC TTA ACT GCAACC GTATTG
GTTTGG CATTTT GGG TTG TGT GGT TTT

AAA GGA TTA ATT TGA GAA ATT GAA GCG AGA TAA
CGA AGT AAT GTG ACT AGG TCA TGA GTA AGG

ATT CAATTT CCT TAT CCA GAT AGC AAA GAG CAG
CAA CTT TAC AAG AAACTAATTCGCTT

TTT TCT CAC TGA ACG CTG CTT TCC CAC AGC CAT
GTC CAG CAA GGC CAAATT TCG AAT AAATT

AAC TGC AAT CCA GGA AGC TGT GAA GCA GCA
GCA AGC ATATTC ACT CGA ATA TCA GCG

TAT CACTTTTTG TAT CCC CAACTT CAATTTTTC
CAA TAC GCT GAG CAAGTT CCT CAATCT

TAAGTC ATTTTG ACCTACACG CTAGTTGTT TTG
CAA CGT GTT TTT AGA CAA AAT AGACTC ATT

AAA AGA AAA TAA ATG AGT AGC ACT TAC AGA GAC
ACG AAT GAC GAACAG TTT TTC AAT TAG TG
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TTT AAATGC TCT GCA ACC AGG TCA GCC ATT CCT
TGA ATAGCT GTC ATACTT CCATTA AT

CCATTC GAAATCTTT TTC CAT TCC CTT TTC AAT
AAG TTT TCT TCG TAATTC ATT GAG AGA AGC

ACC CAT GTT CAT CAT GAC AAC AGC CTG CAC ACC
TCT GTT AGT AAT ATA ATA ATT AAA

AGG TCT TAATGC AACTGATTC GCG TTACTC GTA
TTATAG CTG TAT AAG TAC TAC AAT AGG TT

ATA AAATGG GAG TCT TGA AAA AGA GGA AGT CAA
GAA ATG GCA AAG AAC TAT CAG GAT TTA CGA

TGA ATA ATG CTG ATA ATA GAA CCG TAG AGA CTT
AAT TGA CCG ATG ACT ACG TAAAGC GGC

CAA AAT CTT TTATCT AGT AGA AAA TAA AGG GGT
TTT GCC TTT GGA GTT GAC TCC ACC TCT TCC

CAA TAA AAA AGT GAG AAG GAG AGT TCA ACATCG
CAT GGA AAACCT CTTTCAGTG CTG

AGA GAA ATT CAA TGA AGA TGG GAT GAA TGT TAT
GGA CTA GTA TTA AAT ATA AGA ATC TCG ACG

AAC TTT TTA GAA ATT AGC TCC GAT TCA GTT GGT
TAAATC TAG GCTCTTTAGTTTGTCTITT

CTT GAA TAT GTA AAC ATT ACA ATA AAC GGA ACC
AAA AGT CAA AGC ATG CAA AGC GAA GTG AAT

AAT AAC CGT ATC TAT GAA AGC AAG GAA TGA ACA
CAT TACTCCAGT TTG TAAACT TTG GGT

GGA ACA GCC CGG CAG CTAAATTGATAATTC CTG
CGA TAAAGG CAATCAATC CAGTTA

AAG CTAGTT TTA GGG CCC AAAAGATGG TTT TCT
GAA GGA GAC GAC ATT GCT ACA AAC

CAA GAG AAA ACA CTG AAA AAC AGT ATG AAG CAG
TCG AAA CAAGTG CTT TCATGA ATT

TGA GTT GAA GCC ATT CAT TTT ACA ATG AAA GAA
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GTT AGA GTA GTA ATT TGC GGT GAC CAA GG

GTT CTT TGC GAA AAT AAA TCA GAG GAT CTG GAC
AAC TAT CAG GGA CTT CAT ACA ATT

TTT ATG AAG GAC AGT TGACTT TGC CTG GGTTTT
TAG CTT ATA ATC GTG TAC AAG TTG AAA ATG

GAT TAT AAAACAACATTG GCT TAT TTG GCG TAC
CTT GGG TTT GAC ACT GAT GGA CGT

TTAGAATTT ATA CCC GGA TCT TCA AAA GAT TCC
CTG CGT TTT CGC TGC TAC CAA GGC

ATA TAT TGC CAA GTA TGC TAG AAT CGC ATT ATG
CAT TAT TGG TTATTT CGT AAAATT AGG GC

CAT TTT GAA GTT CGG GCA AAT CAA AGA CAC CAA
TTA AAA CGC ATG TCG CTA AAC TAA AG

GCTTCG TCACTG TCCATG TCT TCATTA ATT GAC
TGC AAA GAT AAATGC GAT TGA ATATGA

ACA CACACT CTC TTG GTA AAC TGT TAATCT AGA
AAA CCG GGAAGTTTCCGTTCTTTTC

CAA CAA CGATAACTC CTATGG TGG AAA CAA CAA
CAATTC TTC CTATGG CAG CAATGA

AGC ATG GTA AGC ACC ATAAGG ACG ACAACT CCT
ATG GAA GCA ATG ATA ACT CCT ACG

AAC AAT TAA ACG TCA ACG ACA ATT CGT CGA ACA
ATA ATT CAT CTG GCA ATA CAG ATAGTT CCA

CTA ACA ACA ATT CCA ATA CAT CCAACA ACAATT
CCA ATA CAT CCA ACA ACG AGT CCA

TCGTTCTCATTTTCT TTG GTAAACAGG TTG GTG
AGC GCATTCTAGTTCTTTTGATAG TTAG

CCG CTG AAAGTT GGA ATA AGC AAT CGATACTTT
TAT CTC GGC TGA TCG CAA ATT AAAA

GGA AAA GGC TAA AAT TGC AAA GGC TAA AGG AAG
CAC TAG ATT TTG TAT GGG AAG TGC
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CCC TGT AGG AGA CGC TGT AAA AGA GAG ACT
TCCGATTCATCCTITCCTTCG CTC CATT

TAG AACCCT TTG AATTTACTT GTG CTAATG TGC
TGTTCATTC GAT AAATCAACCGTT AGG T

ACT GAC TTT TAG AAA ATT GGT CTT CTG AAA AAC
GTT GGT AGAGCG ACTTTATTG CATTT

AAC AAA ATA GAT GAG GAG GAT TTT ACC TGG GAA
CTA AAG GAT TCG AGT TTA GAA CTA GAT CC

AGC GTG CAG ATG AGC GCG AGT TTG AAC GAA
CGT AGC TGG GTA AAA CAT TAT TGA CGG

CTT TGAGGA TTT CCG TAT GAA GAA GGC AAA CCT
GTT TGC GAA GAA CCATAAACT TCC

ACT TCAACAGTT TGATTT CAA GCT AAAATG GTA
AAT TTT AAT GCA TAA AAT ATA CCC ATT GAG

CAG GTC GCA CGT ATA AGT CTA CCG TAT GTT ATA
AAC AAA GAT AAT AAATTT TAA TAA GAT GAC

TAG TGT CGC ATT ATT TAC ATT ACC ACT TAT AAC
TTATTT TTG GAC GTT GAAGAC TTT ATT CA

CAC GAA TTA GCA AAA TGC AAT TGA TAT GGC AAT
TTC AAC CAATTT TAT AAT TAAATT TTC CTT

AGG ATT CAT GGA AAA GAG AGA TGA TAC CTT CAA
TGC TGATCAAGT GGAATATCT TCCTTCC

TTT GGA CCG TAATAATGG ACCTTC TTATTC TCT
TCT AGCATC TCT GGC CTCTCAGCTT

CTG TAT ATATGT AAAACA ACT TCG TCC GAA GCG
CTA CAA CAG CAT GCA AACGTT GAAA

AAC AAG AAAATC TTT GGC CGA GGA ATG GTT CAT
GAA TAT ACT TTT AAA AAT CGA AGC TCC

TTA AAG ATA TCC CAT GAT AATTTT TCA GAC TCC
AAC GAT TTC TCG TTC CAA AAG AAA CTG AA

TAG TAT CGATTT TGA AAG TAATTTCTTTTG CTT
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TAT TTA ATC ATT AAA AGA TGC CGT AAA GGA

CTC ACG TTATGC AAT TCC TGA AGAAGC TTC ACT
CTTTTCGTT TGA GCATCATGC AGT

AAA CGT TTC TAT TTACTG ACA GAT TGA TTA ATA
TAT TTA CGG ACT GGT TGT AAA GGC AGG CAG

CAA CTG ATT GAG GTA TAA ACATTA AGA GAC TGT
AGC TAATCT CCGATTTTTCTG CTCCACT

TTT CCG CTG ATC GTG GTT ATC TCT GTT GTC AAT
GCA GTT ATC GAG ATG ACT TTC TGT AT

ATT GAT TCG AAG GAA GGG TAT AAA TAA GCA AAC
CTG AGA AAT ATG TGT TAT CGG TTT ATT ACT

TTC AGAATA GCT TTC ACATAT TTT ACA CCA GAA
CGC CAAATGCTT GTAATTCTATTTT

CTT AGAGCAAGTTTG GTC ATC AAG GTG AGATTC
GAAATT TAGTTGCTT GTTTACATT T

ATA TGT ATA GAA CTG TAT CAC CAA AAG AAT CAT
ATA ATA GTC ATG CTT TAAGCC TCT TCAGTC

TTA AAA CAATCATTATTT GCT AAC AACTTC TGT
CTT CAG TTT GCT ACC TGA TAT CGT TTA ACA

TCC CTC CCT ATT TGA GTATTG CAG CCG TTT GAT
AAT CAT TTAAAATACGATTCCTTC G

GCG GTCCTCACCTCGGTACTTTTCTTCTTT CTC
TAT ATT ATATCT TTT GAG ATT TTC TAT ACA

TAC GCA GAC AGG TAT GAT CCT GTC ACA GAT ACG
TAT TCG TAT TCT TCT GCT CGC CAA

AAATTT CCATTCATT CTC TCT CATTCC TTT TGT
TTGAGT CTT GTATTT TGC GTATTC GCT CTC

ATC ACC AAC ATG AGA GAT TTC CAATCT CGT TTC
GCA GAT CGG TAT AAT CCG GTA ACA

GTATCC ATG GGT ATT AACTTG CTT TGG GGT ATC
ATC ACCTTCATC GGT ATTTCTTTCC
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CCATTG ATT ATT GGT GCT CTT TGG CAATCC ATT
ACTTTC TTC ATT TAC GCAGCT GTT

AAG GTATTG AGG ACT CTA GCA ATG ACATTAGTT
CCA CAA CAT CTT CGG ATG GCC GTG

TAAAAG TCT CTT TTC CCT TGC TGT CTT TTT ACA
ATT TAT TCC AAT GGT CGT TAC TGT ATT GAA

AAA TGT TAA AAG TAA GAATGT ACACTG CCT TCT
AAG TTT AAACCACCACTC TCG TCT ATC ATT

CCG CCA ACCACAATT TCA AGG AAATCT TAG AAA
ACT GTT CGT TGA AAA AGT TAA CAC GAT TAT

TTTTTAATT GTT TAT TTG ATT TGG TTA ATA TAT
GAC GAT GGG TTT GTA ACA GGA AAA GAT CGG

GTA TCC AAG AAATCC TGT GTT AGC ATT CTT TCC
CGT AAG CCA GGT GATAGT GTT TTG

GAA ATC TAT GAG GTT CAT GAA GAG TAC ATC CGA
AGA CTT GAA GGC TTA TGG AAC AAA TAC AAA

TAATTC AGT AAG TCT TAG CGATCG TTT ACATTT
GAT GAG TTG ACA GGG TTT GTA AAT TCA AAC

TACTTT ATATATTTC TTG TAG ATG GCA AAT ACT
CTG CGT ATT GCA ATG CAG CGG TTT ACA ACT

TAG ATACTACGC TTATTT ACT GTT CAG CAT ACC
TTT CTA CTC AAT GTC TAC AAT TCG CAA

AAC AAA CTT ATG CGT AGC GAT CTT GTT CAT CAA
CAT AGT TAG ACT CAG GCT TAG CAC

AAC GGC ACC GGC ACG ATG GTT TGA GGT ACC
ATT CTT ACG AGT AAG AGC ACG ATT ACC

CAG GAA GGA AAG AAATAC CGATGA ACATGA TAA
TAC CCC AAA GCA AGT TAATAC CCA

TCC GGC CAT GGA CAC GAA GAC CAA CAT GAC
AAT GGT CAATGT CTT ACC CAT TTT AAG TAAATT

AAG CCG AAG GAA CTG AAA CCC CGT CGA ACA
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AAA GTT AAATTA ACC GTAAAC CACAGATTT TA

CGA ACCTCT GCT ACT TTC TAC CAAATG TCA CAT
TGA TAG CAA AAC TGT CCA TAT TGT ACT TG

ATC TAT TAG ACG CAT CCT TAC AAAATCTTATCG
TAG TTC GTA GGG AGG CGA TAT AAG A

TTA CCG TGT ATT GCC AGA CGT GTT AAATCC CTT
CAT GAT AAG AGT AAA GAC CAAAAG TTG

GGA AAA GTA GTG CGG TAG GAATCT CTC TAT TCG
TTG ATT AAG GAG GGG AAG AGG GGT A

CAG GTA TAG AGA AGG AAG TAG GAA GGA AAG
GAG AAG AAT AGC AAA GGG AAATGA ATG

GCT ATT GTC AAG TGA TGC GTC CCT TCC TGA GAC
ATT TCC TGT AGA ATT CCC CTC AGG GCC

GCT TCT ATA CCA AAC AAC TGC CTC CCG TGA CTG
ACT TCA AAT TGC ATT CTT GAC GCA AAT

AGA CCT GAG ACA AGG TCT TCA GAC CAA AAATAG
TCG CAA AAT GAT AGC ATG CTC GCT TGC

TTC CATCTATTATTG TCATTACGT CTT GGT ATC
ACT ATA CAC GAG TAG AGA AAC AGT ATG

ATT ATA CCA ATA AAA TTA ACA AAT AGT TAG CAT
CAG GGAATT TGT ATT TTATGA TGA TGT

AGT GAT AGT GAA GAG TAC CGT AAG GGA AAG
CAA TGA AAT AGT TAA TCT ATA AGC GAA GAT AGT

TCT ATT TAA AAG GTT ACG TGA GTT GGG TTA AAT
CCG TCG TAA GAC AGG ATG GTT CCT ATC TA

CATTTG TTT TCC CAAGGT GTT GTG CAATTAGTG
TTA AGT CGA AAT AAG GTAACC GTA GTG

AAA AAT AAA TAT TCC CGA GGA TCA CAA CAT CCA
AAG GAT AAA TAA AAT AAG TTC AAG GT

TGG TAT GGT CTC ATC ACT TATTCACAG TTG GTT
TAG ATG TTG ATACTAGAG CTT ATT TCAGT
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TAG CTT TGG CTA ATAATT ATATGA TTG ATG CTC
CTG AAC CTT CAAATATTT CAT ACT TCT GGA

GAA TTT GAT TAC AAA GGT CCA ATA GCT CGT AAA
AGA ACT TCT GAATCT AGACATCTTCATT

TAC ATA TAA AGT GCA TCG CAT ACG CTT GAAATT
AAC TTT TGATTC AGA AAT CTT CTC GTG TCT

CGATTG CCG ATT AAAGCATTC CGACATTTT TGT
TTT CAT CAG ATT ATT CAAGTAACG AGT T

AAC GAA AGAATTTACTGT TTAATATTC TGT TGA
TTCCTT AACTTCTTG GAG GAT CTATTT

CTTTTC TGC TTA ACC CAG TAG GAT CAAGTC CTG
GTA AAT TGC CCG TGC CTT CAA GGA A

CAAACAATT TCACCATTATTC AAAGGG ATG TTG
TAA GGC AAC AAG AAA ATG AAT ATC ACA AGG

CAG CCG AAT AACTTT GCA CAAACG TCG TTC GAT
TAC CAA CCT AAT CAT CCA AAT GCA

GTT TCA AAATTA AGG GAAACAGTC CTATGT GTT
TTG TAG AAT TTG AGG AAG TTT GCC ATG CTG

TTT TAA CAT TCA GAA TCA GTT GCA TGA CAG AAT
TATTTT ATCCTT TGT GAA AAATTC CAC A

CGAAGG CTG TTG CTT TCG GAT TGC TAG GAC AAT
CAATTA ACA TAT AAATTC GAT AGC TTC TC

AAG GTT CCT TCT TTT CCATGA ATT GTC ATT GTC
AAT ACT TTT AAC AAAATC TAAAACACG C

ACA TAG ATA TAT AGT TCT ATG GGA AAT AAA TAG
AAA GCA AAG TAT AAG CAT TTT GCC ATT GAT

AAG AAG GAT TAG TTC GAT GGG ATA AAG TGG AAG
CTG CAT CTT CAAGGA TAAATTCTG C

AGC ATC TGAAGC TTG AGT ACT TTT GGA ACG CAT
CGA AAT TGA CTC AGCATC TGA TGT ATAATT

GAC TAG GTA TTG AAG GAG CTA ACT GGG GAG
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AAT TTT GCG CGA ATT GGG CAT TAT ATG

AAC GTT CAT TGA CTG TAG GTG CAG ATG AAA CAT
TGA CAG AAT TGA TGG AAT GAA AAG G

TTC TAG AAA AGA ATC CTA AAATTC GAT CAATAA
ATT AAC GAA CCT GAT TTA AGG GGA AGG GAA

AAT CGT TGT GTT GTG GAG AGA CAG TCA GCA ATT
TTA CCC AAG GAA ATC GCT ACG CTA

ATG CTATTC GAG ACG CAG TAA AGG TAT GGA AAA
CGT ATG ATT AAT CCA AAT ATC TAC AATCTT

CAA AGC ACT AAA CTA CAC AGG CGA AAA CGG TAA
CAA CAA CGT AAATAATGA ATT TAC

AAA GCG AAT GTC AAA ACC CCA GAA AAT AGT CAG
GAG ACT GCA TCA AGA CAT GAT TCG

TTAAAATTT GCATGG TGC TGG TTT ATT AAT TGA
TAT AGG ATG AAG TGT ACA GCG TAA AGG AAA

CGT ATT TGC CAT GGG AAACGAATCTTCTTCTTG
TCT GCT TTC CCT CTT TCA AGA AAT

AAC TGG CGT AAATCG TAA CAT TTT AAG AAG TAT
CAA ATA AAT TAG TAT CTC CGA TGT TGC GA

ACT CAT TGT TGT ACA CAAATC TTCGTACTT TTG
TTACTAAGT GTC CCTTTC CTT ACT ATG TGC

AAG AAG CAA CTC AAC TGG CGA AAG ATACTG GTC
TTT CAC TTAAAATTT GCA CAG ACG

ATA GTC CGT GAACGT GTT GCT GCT TGG TGG GCT
AAA GAG GCA GAT ACT TCT CCT AAT AGT ATT

GTA ATT GAT GTA GGT TTC ATC ATG GAA CAG AAA
ACA ATA GTC GTA AAG TTA CAG AAC GT

TTG GTT GTATTC TCA TAAATT TAG GCC AACCTT
TGT CTG TCA CTT CAA AAG CTA TAC GAT GC

TCT CTG AAG GTG CTG AAT GAG TGA AAATGT TTT
TTATAC TTT GAT ATA CAC GTT CCAACT
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GTT TGC AAT TAAGTC TGA GAATCATGG TTT AGA
ATACTAGTT AGTTCCGCG TTCTTG

ATA GCA ACG GTA TAT AGG ACA ATA GAC CAT GAG
CAT CGC CAC CAACAATAT TCT AGG ATAT

CTCCGCATCCGTTTG TTT GGA ATT ATT ACT GCT
GCT GAC CTT GAACTC TCC ATC ACT

ATCCTG CTT CCTTCT TCT TTC ATT TTA GGA AGT
AAT TCT TTC AAC ACT CGA ATT TTA CCT GAA

GAA AGC GAG CAA GGA AAC TAATTC TTT GAG ATT
GTT TTG TAA AGG AGT ACCAGT CAG C

CTC ATC AGC CAAAATCCCTGACAGTTTCTGTTG
ATA AAG CAA ATG TAA CCAATT AACGC

TAC TGC TGT TTA TAA AAT TGA GTACAG TTC TCT
CTAACG CCG ATG TATCCCTGT GAAC

GAA AGG AAC AAA TAA ATA AGG TAT TTT GAC AAT
GGA CAG AGAAATTTG TTT GAAGAT TCT TCC

CCA AAT GAT ATT GCA GAA AAC AAT ACC TCT AGG
ATA AGA AGC CTT TTC GTA ACC GAA

GGT TTATCA AGT AAC TAT GAT CGG TTC GGT TGA
GGA GAT AAA CGC ATT CAA AGT TAG AGT

AAA CTT CTA AAA GTG AAT TTT GAT TGA AAT TAA
AAG TCG AAG AGA ACT ATT AGC ATT GCC GTT

TGC GGT ATG TTAAATAGT TGG TTT TTG TGA ATC
ATAGTC GCT TCATCT CTCCTTTTT

GAC CTATAG CCG TGT ACAACAGTT CACCTG TCA
CGG AAA TAA CAG AAA TAA AAC AGG

CGG CGG ATG GAACTATTACACTCT TTG ATC AAC
TGA AGC AAA CAC AAT ATT CAATTG AC

GCATACAGC TCC TGT TAG TGC TTT GAG CTT CAG
TCATAACGG TCG CTATCT TGC TAC

GTG AAC GCA AAT TAG TGG CTT CGT CTA ACATAA
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ATC AAA AGG AAC ATT ACT ATA GGT AAA GAT

GAC ATC GAA TAA ACC GGG AAC CAT ATG TTC GAT
ACA ATC AAC GAT ATA ATC CCT AAAGGT GTC

CTATCT AGT TCAGGT TCACTT TCACGT TTC ATA
AAT GTG TCAACG CTG CTC TGG AAC

TGG ATT TAG CAT CGC GTATACTTT TCAACACTT
CAT CAG AAG ATT CTT CAG CCT CGA

TTA CCT TGC AGT TAA AGG AAG AAA TGA AGA ATG
TAT GAA AAT TCT TAC TCG TAATGC TGG CCT

TAC GTT ATC GTT GGT GAA TCG TAT CCC ATT CGT
TAT CGT TCC AAG TGT GCT GCC GTC

TTT CAAGTC CCAATATGA AGA CACTTAGATTTT
AAG TCC AGA TAA AAT TGG ATT TCC GCC GAA

ATG AAT AAC ATG CGT AAATAATAC GGATTG GAG
AGT GAATGA ACAAGT ATCTGCATTT

GAA AGG AAA AAG AAA AAG GCA CGC GAT GCT AAT
GAG TAG CAC AGA TTT TGA AAG AAG

AAC GAA ACG AAA CAA AAC GAG AAAATAATCTTT
CATTTG ATG TTT GCG AAT CAT TAG CGT T

CCG ATAATAATT TTC ACC AAT GAC ATAAAT TTG
CGA CCA ACA GAATAG AAG CCTGTG CA

TAT TATGTG TTT TAT TTT TGT TTATGT ATG TGT
GTA TGG AAA AGG TTT GAT GGG AAT

GGA TGG TTT CAT AGC TGC ATC ACA CAT TGC AAA
AGT AGAACT TGT TTT CAAACT CTAGTG

GTT TAG TTA AAA CAT TGT TAG TAC ATA GTT AGT
AGA TAG CTA GGA TCA CAG GGA GAA GCA ATT

TGA TAA GCC ATG ACA CCA AGA AAT CCT AGT AAT
TAT GATTCC CTC TTC GAC TCATCG

CAT CCATGC GTC GTT ACT TGT CCG TTC GGT AAA
ACT GTC AGC AAG GCAATT TTG TGG
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GTA GGG AGT CGA TCT CAG ACT GCA AAT CGC TAA
ATT TCA AAATTT GAT AAG GGT AGA GTC

TCATTA ACA ATA CTA CCC TAT GTACGT TACGTT
GTC ACC GAT AGATGT AAT GTT TGC A

TTT TAT CAT CTT TAC CGC AAG TTG TTG CAA GTC
TGG TCA GTA AAT GCG TAG AGC AAG

AGT TAA GCT TAT ATC TCA CAA ACT TAT AAG GCA
AGA GAATAATTAAAG TATGTTGGT GCT T

CTTTCG TTA CAATAACGA CACAACTTT GTA CAC
CCA GCA CTT GAA ACA AAC CAAAAA G

ATA TTA GTA GTC TCA GAA GGG AAT ATATATTTG
GAT GTG AAT CTT TGAATTCTTGTC TTC TTT

ATT TCT TAG AAA CAATCT ATT ATT GAATGA TAT
ACA CAC AAA TAG TTC AAT TGT TGT GAT TGC

TCACTC TTT AAC AAC TAC AGT GGA ATA TAC AGT
TAG AAC GTACATTTT GCG TTG CTT TCA CG

TAA CCT CGA AGA AGG TGA CGA AGT TGT ATT CGT
CTC AAC GTT ACA CGG TAA AAC AAT ATT TA

CCTTCATCC TCA TCT GAT GAG AAT GGATGT TGC
CTG GAATGAATATTG TTA TGA GAA GGA

CGA GAT ATT CCC ACC ACG GGT GTT ATC GCC ATT
TAG GCT GGA ATC ACT CTCAGCATTT

TTAAGC ATC AAATTT TCA CTT ACC TCG TAA CAA
TAT GTATGA CCG CAATGA GTG GTA

TAA AAG TCC ATA AAACGC TCATTATGAGTC GTG
GAT TCAGAG AGG CTGCTT CTT TCC

AAT TGA GAG AAA TAA TAG AAC GAG ATT TTC GCG
TAT TTC GAT GGA TTG ATC GGC CAG C

TGG AAG AGA GGT CTT CAG AAT CGG AAT TGG AAT
CAG CGT GCT CCA AAT ATC TGG CTG

AGA GCA CGA TTA CCA ACA GCT GCA TAG ATG AAG
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AAA CAA ATG GAT TGC CAA ACA CCA

CAA GTT AAT ACC GAT GGA TAC ACG CCATTG AGC
AGT TTT ATAAAG TTT GTG GGT ACC

AAG ACC AAC AAC GAT GTT GTG AAG TTA AAG GAT
ATTTTG TTTTTAAGACTT TGT AGG CTC TGC

GCG AAG GGT AAG TTT AGG AAA GAT CAG AGA
ATG TAG CTC GAAAGATGC CTT TAC CTT

AGT AGA AAG TTA GTT AAT CGG TTG AGT GGG ATG
AAT GGG ATT TGA GAG AAA GGT TAT GGG

CAT TAC TTC CAC TCG GTT GGC AGG ACG AAT GAT
CGT TGG CTA AGC GAT CGT TTA GGT

CGCCGGGTTTCCTTC GGG TTCCTTTCCTTT GGC
TTT TAC AACATT CTC GTC TTG ACATC

TTTCTTAATCTTTTT GCTAGT TTT TCT TTC TAT
GTG AAG GGA GCG GAC GAG TGT CCTTTC

TTG ACG TGA AAG AAGACCCTTTCTTAG TTACTT
GGC AGT CTC CAA CCG ATC CTA AAA

CAG ATT CGT TTA AGC AGA TAT AAG TCA ATT GGC
AGA CCT TCT GAT TTC CAC TTA GAT TAT GTT

AAT TAA GGT TAG ATT GTC TTATTC TTC AAATCT
TTAATT GTT TCC CCC TTC AAT CAT TTA AAG

ACA CAC TTA AAT GAT TAT CTT ATG TTC TAT CTA
ACTTTC ATC TTT ATC GGT GTA ATC TAT GCT

CCA AAATTA CGT GAA CGA TTA GAC GAC CCT GAC
ACT TCC GTT GTA AAT GCT GCT GTC

AAA ATATCC GTACTATCG TTAAAACTT TAATGC
TCC AAT TAATCG TTT CGT CGG ATG AAT CAG

TTT AAT CAA GTC AGT GAC ATT GTT AAC ACC TCT
GAT ACT ATG GAAGTT CTT GAG TTA CAA A

AAC CTG AAA ATT TAAATG TTG AAA CGT CGA TGT
CAG ATG AGG CTT TCA ATG CTG ATA AAG TG
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CTT TGA AAA GAG TCT TAA ATC CAA AGA AAT GTT
ATT TGG TGC AAT TTA CAAAGT GTT T

TTC GAA GAA CAC GTAACATACTGG CTTTATTTT
CTA CTG CAA CAA CTT CAA AAG AAA CAA GAT

GGT ATT TGA TAA AGT CAT TTG CTG GGT CAA GAT
TGA CGATAATACTACTCC TTC CTA TGG CAG

TCC TTATGT AAT ATT GAA GTT TGA GAT GAC ATT
TAA AGA GTT GTG GCAGTT ATT GAAATT TGG

AAA ATG AAA ACA TTA CAT CCT GAT GTT GCT CAG
GGA AAA GAC GCT GCC TTAGCT CAAA

ATATGG AAATCT TCG TAG GTAGGA ATT CTT ATT
TTT GAT GCT TAG CCA TAC GCC AAATGATTT

CCTTTG ATT GCC AAG CGT TCA CAAATT TAT TCT
TGT AAT TTAAACGTT TCATAACGG CTT

ATTTTG AAC TTT AGG TGT CCT ACG TTT CGC AAT
GAATTT TCC TAATGAATT TTG AAA A

TTCTTT TTA GTG CAA AAC ATG ATG GGC AAA ATC
GAATCATTT TGG CAT GAG TAG TCG A

GAA TGC CTT CTA CAA GAATGC GTT ATATGA ACT
CAC TTA CAT TCA ATG ATT AGA ACT CTC CGA

TAT AAT TAA GAC GAA GGC AAT GGG GTA CAG CCA
GTA CAC ATG ATA TCC AAA CAC ATG AAT AC

GAA TCG AGT AAACTT GCACTAAGCATG TTT GTG
TAT TGG TAG GCT AGT ACA ACG AAAT

TTG AGG AAT TAT GAG TGT AAT GAC TTT TAT CGA
AGT CAG AAG TACTGC TTT CCT GGT ATG ACT

ATG CAG TAG TAA ATT AAT AGT AAAAGC TCG ACT
TTT GAA ATT AAT ACC TGAGTT GGC TTG CT

TAT CAC GAG TAT TAACGA TTT GGT AAATGT TAA
GAC AGTTTATTATGT CCGGTCCTCCTGTTT

TAA GCT TGC TAG GGG TTT TAA CGA AAT TGC GTT
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ATG TCATTC TGT GTA ATAAAATTG TCA CCA

TTT TTG AAA GCA AAT TCG TAA GGA GAA TAATAA
TAG TAT TAT AAA CAC CAC TTG ATC GCAGTG

GAT TTA AGA TTT CGA CAA CCT ATG AGC AAC GAT
ATT GTA ATA CAT GAA AGT ATAGTG GT

TGC AAA TGA TAA TGC AAT AGG CAC AGA GAG ACA
AGC AGT CGA GCA GCC AGC TAA CAC

GAA ATA AGT CAT AAG ATT TAACTT GCA CTT AGT
GAA TTG ACT GTATTA TCA AAT TGG TAG GTC

CTT TGT ACT TAT AGT AAT AGT TGT TGT TCC CTT
GGC AGC CCAAAATCATTITTAATGGTT

CGT GTA GCG GAT AGC AAT GAA AGA GAATATTTA
GCA GCA GAA ATA AAA AAG GCA AAT GTG ATT

AAT AAT CTT ACT AGA CAA TGA GAA AAG CTA CAA
TTC ATG CTC TGA GTAGGA TCT TCT GTA CGT

TGG TAG ATC TCT TTT ATC AAT TCG ATA GAG ATA
ATG ATG GTG CCT TGA ACA ATG AGG AACTTT

GTG TTG AAT TCC AAA GCA CAC AAA GAT ATT TGG
TGG TAT GGG ATATAT TTATTT AAT ACTTT

CAG TAT CCAGCT TCC TCT ATT ATC CGC ATT CCT
GAA GAA GAT TCT AAT AAG ACA AAT TAC CAG

TTA CAA AGT CGG GTG TAT A AATAT GCATCT TTA
AAA GTAGCAGAG TCCATTTCTTGATTGC

GAT CTG GTG ACT GGA AAA CAT CAG AAATGT GTC
CCACTATCA ATG ATA AGC GTA CAA

CTT TCA TAG GAG TAT TAT GAA ACA CAT GAC CTA
AAG TAG CAAATG GTG GTC GGT TAA CAAGTG

AGG CCT ACA ACG AGT ACC AAAAGT ACA ACAACA
ATG ACA GCA ACA ATAATA GCAGCAATAA

AAT GAC AAC TCC TAT GGA GGA AAC AAC AAC AAC
AAC TCC TAT GGT GGA AAC AAC GAC
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GGT AAC AAC AAC TCC TAT GGT AAT TCT GGT AAT
GGC AGT GGT TAT GGA AACGAC TAT T

CTC ATG AAT AAA ACA AAT TAC TCT GCT AAT CAA
TCC CAG AAT GGG AAT TCT CAA AAC AGC GGT

GAA CAG TAA TAA GCA GAA TTA CAA CAA CAA CAA
TAA CCA GAATTA TGG CAA TAA CAA CAA CCA

AGT TTG TTT TAG TAG CTT TTC ATC TAAATAGTT
AAT ATC TGA TAT ATG CTG AAATCT ACA GTG

TAC GACACACCATTG ATCGAT TTGATT TTT AGA
GCC GCT TCC ATA CAT AGA AAATTC CAC

ATT ATC AGC ACT AGG ACA TAT GAT GAACGG TTA
AAT ACT ATT GAC AAT CTT CGG AAA GCT

TAA AAG CTAATTTTG GTT TTC CCAGCC TGG TTC
TTT GAT GTG ATT CCA AAA TCA AAT CAG AC

AAC AAC TTC TGT A AATTATCT CAC TCATCA CGA
CAA CGC TTG ATT GCT AAT TAT AAATTT GT

TTT AGG AAT ATT ATT CGA GAT ATC TAG ATT CTG
CGC TAGTTC TTG CAATTG TAAATG ACAGTG

CCTTTG AGT AAATTT CAATCC AAC ACT GAG GAA
GTC AAT GAAGAC CCAATT CTAAAGCCTT

AAT AAC CAAAAT TGT TGT TGA TTG CAG CGG GAG
CAT CTC TGG AAT AAG CATTGG ACATT

AAC GGT AAT TAT CGC AAT GCC GTATAT ACT TTA
ACC TGT CAG GAATAG TACACT ACG CTA TG

CAC CACTGT TTG ATA CAC CCT TGC CTG CTA AAC
AAT TCAATG TGA GTT TGT AAATTG

ATG GAA AGG AAATCC CAA GTT TCA GAT ACA AAT
AAT AAC TCT ATACCT ACG TAAGTTT

CTA AAT CAAATT TTG AAG CGG ATT TTC CTT CTG
CCA ACG TAT TTA GGT GAATCATTC GAT GTC

AAAGTT TGG TGT TAATTATTT ATTTTATTC TGT
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TTT CTG CTG ATT CAAAGACTT CGAACATGT

GAT CTG ATACAAATT TTC AAG GTG AAA ACG AAC
AAATTC CTC AAGCTACAGCTCCTTT

GAT TAA GCG AGA AAG ACT TTT CAAACC CTT AGG
AAT TCAATT TTATAT TATCTT TTC AAC ATC

ATA AGC AGC GCC AAG A AATAATAATTATTT TTA
GGA CGT GTT CAA GGT AAG TAATTG AGA ATC

GAA GGT TGAAACTGC TCG TTT GGA GAA TGA ACA
GAA ATC TTA CGA AGA AAT GAA ACA AA

AAC TTA AGA TAA AGA ATA TCT AGA CAT AGA AAA
GCT AGA GCT TAAGAC TTG ATG ACT TCT ACA

ATA ATT ATA AAA GCA AAG CAATAC ACG GGTCTT
AGA TAG CTA GTC AAA ACA ATA GCA ATG CGT

TTA GCT TTC GAT CTT AAT TCC AAG CAT CCT AAC
AAG GAC CAC TTACCT CACATT GTC

TGT TCG AAT TTA CCT ATAGTG TTC AAATCG TCT
ACG AGG CTC ATT TAA GTA ATA ATA TAT ACT

TTT CAG AAAATATTT ATG TAG TAC TCA GTA AGT
AGA TGG AAA GGT TTA AAG ATT GCT ATC TCT

CAC TGT TCA AAC GGC ACA AGG AATTCG TTT CGT
CAACTTTTG GTAGTATGT GTATTG

TAT GGT AGC ACCATG GCG TACTAG TTT TCT GAT
TTG TCG GTT ACT GAATAT TTATTG AAT

TGA AAT TTT TCT CAA AGT CTG CAC AAACAATTT
TGT CAT TAT CCATTG GAT CTA TAG AAG ACC

TGT GTC AGT TTG CAC TGA ACT TCA CTC AGT CTG
TTAGTGTTT TCG TTA CTG AAG AAT T

GTG ATG AAATTA CAC AAAACT CCAATCATG CTG
ATT CAT GGT TGA GAC AGG ATG ACT GAAT

AAC TTG AACGTT TTT GCA CTAAGT GCG GGG TTA
TAATTG ATG AAT TAG CTAGTT GTC TG
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TTTTCGTTT GTT TACATC CCATTT TTC TCC ACA
TTATTGACACTGTTITGTTTGTTTTT

TCTCTATACTTACTCTTC TATTCTTTCCTTCTT
TCT CTAATATTA CTA CAT CGT TGC GA

AAT TCC ATC TTG GGT TCA AAT GAT GGT AGC TAA
AAT TTG GAC TGG TCT TGG CAT TGG

TAA CGA TAG TTAAACTTC GGT TTC GGT TCT ATT
TTGGGCTTT TGT CTT GTC ATT GAA AG

ATG GAT CGC ATT GGT AAG CGT ACC TCT ATT ATG
TTT TGG ACT ATT GTT TAT TTG ATT GGT

GTTATCGTACCTTCCTTG GTCTTG GTG TCATGT
CTC TTC AAC AACTTA CCG GTG ATA

TGT GGG GTTTCCTTATTTCCT TTT TCACTC CCT
TCATTACCAACT CCATTG GATTCAA

TTT ATT ATATCC CTG AAAATT TCT GAT GTT TGT
TAG GAG TAG CGG TGG CAT TTT TTA AAG ATT

ATTTTT CAAGTT TGT TAA AAATTT GAA TGA GTA
AGG TGA TTA GAG GAA CGG AAT TAT GT

TTG ACT TGC TTG CAA AGG GAA AAG TGT CTT TCC
AAT ATC TGA CTG TCA ATG AAA GAG

TGT AAG TGAGCATCT TTT CTG ATG TTA CAATAT
CAATGATTT CTG AAAGTG AAACTT CATTTG

GGA AAT TAG AGG CTACTC TACATC AGTGTT TTC
CCTTTT AATTCC ACACATAGT TTTCTT

TTT GAT GTT GTT TACTTT AGT ATC TTG CTA ACC
AAC ACA AGA CAT TTT TGA ACA GGT TGA

ATT TAC AAT ATAATG TTT GAG GCA CTT TAG ACT
TGTTTATTITCTG TTC CCT TCT TCA ATT

ATG GTT CGA AGG TTC AGA CCT GCA ATAAGT TTA
ATT AAT TCA AGC AAC CAT GTA CGC

TCACGT ATAGTT TTAAGT ATAATATTT TCA ACC



SPC226500.63

SPC227000.58

SPC227500.61

SPC228100.62

SPC228550.63

SPC229000.57

SPC229550.57

SPC230000.57

SPC230550.60

SPC231000.57

SPC231450.57

SPC40169.60

SPC40289.60

SPC40409.60

SPC40529.60

63

58

61

62

63

57

57

57

60

57

57

60

60

60

60

275

ATA GCT TTC AAT GTT TCA CTC TAA GTA GAA

ATT ACC AGT TAA AAA GCA TGC ACA CCA ACT TAA
TAT TAA TAT CTC TAA CAG AAA GGA CGG AAC

ATA CAG TTC GTT AAT CTC TTC CAA GGT AAG ACC
TTT GGT TTC ATG GGC AAA CAA GAA A

AAG GAG AGT TCA TAC CAG TAC CCT CAA ACACCT
CGA AAC CAT AGT AGA AGT AGT AGT TAT C

TAA TAC CAA TCA AAT AAA CAA TAG TCC AAA ACA
TAA TGG AAA CAC GCT TGC CAA TGC GAT CC

GTATTA ATG TAA AGG GAA TGT GGA TAA TAT GAA
CCA GCG AAA TTA AAT AGA AAA GAA TAG AGG

TGA AGA GAG GAAGCAATT ATG CTC AGT TTT GCA
CTC CCA AAT GCG GAACCATTT ATG

TAG GAT GGT CAAATT AGT ACG GCACTATTC CGA
ATG CAC CAT AAC TGT CCA CTC CGC

GAC AAG TAT AAA CAA ACC AGA AAA TGA TAT GAA
GAG ATG AGA CGA GAT GAT CCA AAA

GGG CAC CCA CTC AAC GAG GCA TAA ATG ACA
AGA GAC TAT GTAGCG GCATTT GAC AAATTA

TAC AAA GAA ATATCC ACC CTT TTC GAT ATC AAA
GCA AAC GTC CAT CCC TCA AGA AAA

CTTCATTTT AGG GTT GTG TGT CGG CTT GCG GAA
GCA CGT GTATTA ACG GTG CGA AAA

CTC GAAACT GTC ACCCCT TCATCT TCATCT TCC
TGC ACT GCC TTC AGA TTG TCC ATA CCG

AAT TGA ATG AAC AAG TCG CAT TGC TCA CAA CCA
TGG TAT AAT CTA TCA AAAAGC ACATCT

AGG TGT ACAACA TCT ATT ACA ATT CAA CGG AAT
ATT ATT CCT GTT TCA TAA TAT TTC AAT

AAC TCT TAAGAATGT TTT TGA TCT TTT AAT AGA
AGC CTT AAT TGG TAT TGA ATA ATT ATA
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TAATTA CTA TGA AAA GTA CAG TAC TGT TGA GTG
TTT TTA CCG TCT TAG CGA CAT GGG CTG

GAA TAT CTT AAG GTG TTG AGA GAACTATGC TTA
AGG AAC TCG GCA AAT TAG CTC TGT TACTTC

GTA AAA GCT TAA CAA GCT CAA ATC GTAATC ATG
ACA CTA AGT GGT GCT CTG ATCACATTG G

CTT GGG GAA AAT TCG CCT GGT TAA ATC CAT CAG
AGA CTC GTT TCT ATC ACA ATT AGA

AAG TTT CTATTC ATC TCC CTA AAC ACT TAA AAC
CAG CTAATGATT CTC AATTTG GTC ACT

CTG TTT AGC AGC TAC ATT ATATTT ACATGG ATA
CAA ACATTC ATC AGT ATT CTT TGG AAT CAG

AAA ACC TAC GTC TAT CAT CTC AAA CAT ATATAC
AAC TAC GGG TCC CGC TAA GGT CAG

AAC CCT GCA AAG GGA ATG CGT CTT AGT TCA ATG
ATT TGA TAACAATAT TTATCT TCT TAATCG

AAC CATTCTATTCTTTCT CTT TCC TTG CTA CCA
CCATCC ATT TCT AGT CAT TCA GTT CAG

CCT CAC ATC GAC GAC ATAAGC AAATTC CGT TCT
CTC ACT AGG CCTATT GACCGATTT

TGA ATA ATG AGT CAA CTT TAT GCT TTA AAC GGA
CAA CCT CTA GCA GGG AAATCT GAT GAC

CTAGCT TGG TAC CGG AAC ATT ACT TTG ATG ATA
CCG ACA AAT CAG TAC ATT CTA AAA G

CCC AAT AAAGGC TCC TAA AGC TGA ATATCT TAA
TCA ATC ACG AGC ATC AAT GGG AAA CC

ATATGT CCG TGT TTG TGA ATT AAA ATG CCT TCA
GGA AGA AGA ATT TGA TAA TAA AGT GCT

TGC TGT TGA ACG AAAATACCATTT TCA AAATAT
GAC TCC AAA ACC AAATGG AAC CAACA

TAA CGA CGTCTT CCATTT AAAGTC GAATTA ACG
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ATTTAT GTT TGT TAG TTC GTCATG GTT T

AAC AAT GGATTT ATG GTG ATT GTC GTT AAA CCT
CTG GTT CGATGA TGA TGT TAG CAA TGA AG

GAA AGG AAC TTG CGG AAT CGT TAC ACT TCA ATA
AAC TAATTT CTC GAG CCC TAA CGA ATC

GTG ATC GTA ACC ACC GAT GAG ATC CAA AAG ACC
ATG TTT TTC AAA AAT ATG AAG AACTTG C

GCA TGC AAG TAG GTA CAG TGG AGA ACA CAG
GCA TGA TAAAGAATG TTG CTA ACA AAATAAG

GAG GAG GTA AGT AAACTG GATTGT TTG GCT TGG
GAG GGG AAG GAA AGT TAC TAG ATAA

AGA AGATGA TTT AGC AGA ACC AGA GGC TCG CTT
TTGTTT TTC ATC AGC ATT TCG ATT AAA

TAA CAA AGA TTC AAA CGT TAA AAACAATTA AAG
AGA AAA TGC AAA ACG CAG TTA AAATGA TGA

AAT CAA AGT CAA ATC CCC AAC AAG CAAGGC TAT
GAC AAA GAA GAT GAG CGA AGC AAA A

ATT CTG TAT TTA ACT CCC AGA AAATGA ATT GTA
GGT CAA CGA TAT GAT AGT TGA ACG ATG GAA

CAA TGA ACC TCG AAT TAT GTA AAC AGC GTATTC
AAA TTA TCG GAA AGA GTA ACT GCT AAC CAG

TCC GAC CCT CTACACGAT TTG ATT GGT TTG CTA
CAG CTT AAT GTG CAT CCT AAC CCC

ATA TGT GAT CAT GTT AAT GGA GGC ATT GCA CTG
GTT TTA AGT CAG ACT CTAGTT TAACTC GG

ATA GTATCG TGG CTG GTC CAA ACC CAT CAT CAA
ACT TAACCGACT CATTTTGTTTCAT

GCA TTA CTC AAG CTG GAT ATA GGG AGA GAATGA
GTT TGT ACG AAA TGG AAC AAG ATT AGT

TTACCT CGT CCT CGG TTACTATTC TAG TGA CCA
CTACTGCTGTTIGTTG CTATTC CTA
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AAC TAAACC TCT TGATGC CTC GCC TACTGT TCC
CTT CCC TAG CGT TAC CCG AGA AAG

AGATTG TAACCG TCT TGC CGA AGA GTATTT GGA
ATT ACG AAATAT GCAATATTC TAACTCG

TAA CTT GCG CAT TGC TAG TCT GCC ATATTC TTT
TGG TTTGTT CTATTTATT TATTTT CGC TCT

CGC CGC TGT CAT ACA GAAACC GTG AAT TGG
TGC GAG AAAATG GAA CAG TATTATTTC

GAA AGG AAT ATT AGAAAGTTTTGC TTG AGC TTG
CTCTTTGTATTTTTC TTT AAG ATAGT

TGA TCT TAA GTA GGC ATC AGT AAG TAG TGA ATG
AAT GAA TGT AAC TCG ACG CGT GAT

AAA AGA TGA AAA GCA GAA GGG TAA GAC TCA ATA
ATA CCT TGT ATA ATC GAT GAATTATTA ACT

CTT GGTAGT TTT TTC TAT TGT GCT TAC GAC AGG
TGA CGC CTC GGT GTC TAAATC TAA AT

ATC ATC GAATGG ATT ATA AGA GCA GTC ATA CAA
TAT CAC CAC ATT TGC ACA CGC TAAA

CAT ATC GAT TGT AAATTT CCAACT GGT TTT CTG
ATA ACT TAC AAT GTT CAATAATCT GAG TCT

CTA ACT GAT AAG TAG TAA CCA AAATGT CAT ACT
TTATTTCGTTTTCTT CTATTG CTT CGC

AGA AACTCG CATTTG GCAATT AGATTATCAATT
GCA TAA TAT CCT TCC ATG GTT TCC ATA CAA

TTG GAA TAC CAA GGT CAC AAC TCAAATATT TTT
GAG ATA AAA TAG AAAGTG CTG CAG TCT CA

GTT TGG AAT CAC TGT TAA AAA CTG ACA GAA AAG
CAA GTACTC CTT ATG ACC CCATGAAC

CCT ATATGG ATT AAT ACA GTT AGT AAATTA GAA
AAT GAG AAG TTG AGA TAA GAC ACT GCA CCT

TTT AGA GCG GTC TTA TAT CAG AAAGAAGCATTC
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GCT TGA CCT TGA AAC ATT TGT AAT AGA AA

TAA CTA ATA CTT CCA CAACTA CTA AAAACCGTC
TCA ATG GGA ATT CGT CGA CAATCC TTC AA

AAT GAA AAT CCT TGT AAACTC CCT TTC TAT CTC
ACC GTA CCT CAT ATA TGC GAA ACG ACA

AAC AGATTATTG TCT GCAATCTTC TTT CGA TAA
CCAAGA TAT CACTGG CGTTGC TTG

TAG TGA TAC CAC TGT TAAGGT AAATTT CTT TTG
TCATTC TAATAATTACTG TTT TCT AAC GT

TAT CCATTTATT ACAGTAGGT TCG TTG GGT CAT
CAT CTA TAG TCA AAT ATATAC ATAT

GTT TTG AAG GAC TGC TTC AAC CAA GGA CAA AGG
TGC ATC CCAGTATGC TTC TTT CAG

TCA AAG GTG TTG AGC AAAGTG TTA TCC ATA AAG
CCAGCACACTTTAAATTATCATTA GCTACT

AGA CTG CTT TAG TTA CAA GGC CAA CAA GACACT
CTT GAT AAATGG AAG CAAATG TTT

TTC TCG AAG CTT AGA AAG TTT ATA ATG GGC GCG
TAA CAA ATT TGG CAT ATC AGA GTC AA

TTT GAT TCT TGATGC TGT CAACTT TGG ATG TAC
GTTTGG TGC TAT CTT TGT TCT TGA ATACTT

CAA AGC GAC TCA GAA AAG GAG CGT GGA CCT
ACT TCT AAG TTA CAT GAA TAC GTT GAG

ATGTTG CATTTG TTT GAAGTG GTG TTT GTG AAT
GAA GGA GTA AGA GAG GAG AGA AAG ATA TG

ATG AGA GGA GAC GAG GAG AAT GGA ATG GAA
TGA TCATGG CCT AGC TGA TAT AAC GAT

TCT CAT GGT TCG GTG TTA TAG GGT GCT GGA ACG
AGT AAG ACG ATA AGA CGC AAG CCTA

TAT TAT CAA ACA CCG AAATAA GGG TAC GCA CTA
GGG AAA GAC TCA TGT GAT GGA AAG AA



SPC209050.57

SPC209550.60

SPC210050.57

SPC210550.57

SPC211050.57

SPC211600.63

SPC218150.63

SPC219050.63

SPC220450.63
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280

GTT GAA TGC AAA CAT TTG AAA GAC AAT GGA TGA
GGG TGT CAA GCA TGA AGA AAG AGA

TGT AAC TAG GTG AAT CAC CAT GTATCC AAG CTG
TAC GTATCC ACG CAA AGT TAA GAT TAC

AGT GTG TGT TGT GGA TCT TGT GGA TCT TAT GGG
ACA CGAATG TTT TGA GGG GCA GGG

CGTACT GCCTGATGC TGG AGATAG CTT GTC ATG
AGG AGG AGG AGG ATG ATG CAT ACC

GGG TCAGTACCG TTACATCCCTTC CCATCT CTC
ACT GTC TCATTG TCT CTC TCT CTC

TAT ATATTATAACTG CAAACCCGG TCT TTT CCT
TCG TCC AAC AAT CGG TTT TAT CCATCT CTA

TCT AAA CAT ACT GGA ATA GAT TAT ATG TGA ACT
AAG GAA CAT TCG AAT AGATCA TCT TCA TAG

TGA AAT ACT CTAAACACATCATGATTTGTT TGG
TAA ATC ACAATT ATATAG ATG CTT CTT TCC

AAT AAT AGC AAG TGA AAA GTA AAATTC CAA AAC
TCATTT TCAAAATGT AAT TGC TTC TGA CAC

AAA GAA GCT ATACCATTC CCG ATAAAT TTG GGC
ATCCTT TTG AGA GCACCTGGACGTT

CAATTACCT TTACACATT TTG CCA AGA AAACTG
CAG TCACCTTTACACATTGTG CCAA

AGA CAC AGC AAATAATCC TTG ACACAC TCAATT
CTT TAT CTT ATC CAC CAA CAA CAC AAC A

TAG TAATTT CAATAT AGC GGT ATG CGC CCT GTT
AAC TAA CAA TAT TAT ATT TAT TGT

CTT TCA AAC CTT GGC TCA ACT AAG TTG GGA TCA
TTG ATT GAT TAT ATG GCT CAA ATA ATA GAA

AAATCA TTC ATC ATG AAC AGA AAC CAT AGA CCA
GGT TAAGGT TACTTGATTTCTCGG T

CCA AAG CAG TAA TAC CAT TTC CAT TAC TTC CAT



SPC225050.59

SPC225550.62

SPC232150.62

SPC232650.58

SPC233200.60

SPC233700.57

SPC234200.58
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281

TGA CAG GAG CTA CGA AGT CAT CGT

ACT GTT TGA GGC AGC AAC CAC ATT CAT TATTTC
ATA TAC AAG ATATGC TGG TGAAGG TT

GAA CCT CCATTT TCT CAT CGT CCA AGT TAT TAT
TAT AAT TTT CTT CAT CGT CTT CAT CCA AA

TTAGGT TCA CTC TAC TCT CCC AAT GTACCG TGG
ATTTTT ATT GCC TTT AGC TAT TAATTT CT

TAA ACA TCC TTA AAG CAG AAA ACG GAATCA AAC
AAA AAA CAATTA AAT ACAGGT GTG T

GAT GTA ACC ATA CTT GAA TCC AAT GGA GTT GGT
GAT AAATGG AGT GAA GAA GGA AAT CAA

TTC CCAAAAATG TTCTGT ATC TGATTT CCT TAC
CAA AAATCT CTG GCC ATG TGC ATG

TGA ATG ATA ACG CCG ATG AGG TAA ATA ACA CAG
AAC CCAATAATGGAATTACGCTTAC

TTT TAC GCT TAC GAT TGT TGG ATT GGA ATA GGC
AGT TGA ATG AGA GAG AAT GGG AAT

GTT GCA TAC CAAGCC CAAATC CATTCACTT CCT
CTATGC CTG TTA AAC TCA AAC GCA AAT TT

TCC AAC TAT TCC TCT CTA CCT TAC TCC CCT ATA
CCTTAT CCT TTG CAT CGG AGG GTTTT

GTC CAATTC ACC ATT AGC TCA TCC AGG TAA GAT
GTC TGA ACA CAC ATC GGA TCA CCT

CTAAGG TGATGG TTG GTA AAA CGT AAA CAA TAG
ATA GTG AAA CTG TGG GAT ACT ATA AAT CAA

TTCTTT TGT ATT CAT TTAGTT TTATTA AAC TCG
TTATTT GCTTTG CTT GGC ATC TCT TGA CTG

CAT GATTAG CGC TCC TTT ATC GGAAGT TTT TGG
ACG TCG TAT GCT ATT GCA AGT TGG

ATT GGTTTC TTACCT ATT ACAGTT TTAGTC GCT
ATCTCT TTATTAGAATTT GGT ATTGCT TTT



SPM17651.57

SPM19201.57

SPA4665250.63

SPA4665900.62

SPA4666400.63

SPA4666850.62

SPA4667300.58

SPA4667900.57

SPA4668500.63

SPA4668900.60

SPA4669450.57
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63

62

58

57
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282

GGT TTA AGG AGC GAT ATT TGA GCT ATT GTG ATT
TAT TCATCG CAG GTT CGA ATC CTG

ACG GAC AAT GTAGTG AACTTT GTG GTG TACTTC
ATT CAT CTATGC CTATTGTTG TTC

ATA CAC ATG CGATGT CAC TTT TAT ATG AGT GTA
TCAACACAATAGTTT CCG GTAATATGCTTG

TTA CCT GCC ATC ATATGG TGC CTC GGT GAA TAT
GCT GAATTT ATT GAG GAA TAT CTT GAT AT

TGA AGT ACC AAA AGA GCT ACT TGA AAA CAT CAT
CCAAAG TGATGATTC GTT AAT TAATTT TGA

ATACTCCTT AATTTC TTT GGA CCC TCCACT TTC
TAC CAATCA AGG ATC AAT GGG TGA TAT TG

AGT AGC AAA AGA TGA AGA TGA CAC AAG CAA GGT
TGA GTAAAATCT TTC AACTTT CAAA

CAG AAG GAT TCG TGC AGC AAT ATG CAT CTA CAA
GTT GTA CGG ACA CAG GTC TAT AAT

AAT ACA AAG ATT GGT AGAATTTCC TTAAATTTT
TCA AAT GTA GAC GTT AAATTC ACC GAACTG

CTT TAGGCCCTTTATTTC TTT TGC ACA GAA GAG
TTT ATT CAA TCG ACA AAT TAC TGG AAA

ATA CGG AAA GCA ATG GAG TCT TCA AAT TGG GAT
AGT GCT CTG CTA TAT GTC AAT CGG
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