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Maintaining genome stability is essential for cell viability and growth.
Post-translational modifications such as phosphorylation have been implicated
in regulating the cellular processes that maintain genome integrity. Under
genotoxic stress, cells initiate a DNA damage response that includes the
activation of a phosphorylation-mediated pathway known as the DNA damage
checkpoint. Several processes are regulated by the DNA damage checkpoint
including cell cycle arrest, DNA repair, transcription, and cell apoptosis. In
Saccharomyces cerevisiae, Mecl and Tell are key protein kinases that initiate
the activation of the DNA damage checkpoint. Several studies have identified
substrates of Mecl1/Tell including Sae2, a DNA double-strand break repair
protein involved in DNA end resection and processing of hairpin structures. In
this study we identify Mec1/Tell consensus sites on Sae2, T90 and T279, which
when mutated to non-phosphorylatable alanine causes genome instability and
hyper-activation of the downstream checkpoint kinase Rad53, similar to a sae2A
mutant. We find that phosphorylation of T90 and T279 on Sae2 mediates
protein-protein interaction with several Forkhead associated-domain containing
proteins including checkpoint kinases Rad53 and Dunl. Taken together, this
suggests that the interaction of phosphorylated Sae2 with Rad53 and Dunl is
important for its role in DNA repair and genome maintenance.

Pathways that regulate other post-translational modifications have also
been implicated in genome stability, including the small ubiquitin-like modifier

(SUMO). Recently, SUMO E3 ligases have been shown to be suppressors of

XXi



gross chromosomal rearrangements, but not much is known of the enzymes
that deconjugate SUMO. In this study, we discover a role for SUMO
isopeptidases, Ulpl and Ulp2, in preventing gross chromosomal
rearrangements. We identify targets of Ulpl and Ulp2 and find that Ulp2
distinctly regulates sumoylation at three chromosomal regions: rDNA,
centromeres, and origins of replication. In contrast, Ulpl globally targets most
sumoylated proteins and mutating ULP1 leads to an unexpected decrease in
sumoylation of Ulp2 substrates. Moreover, we find that Ulp2 is able to target its
substrates at the rDNA and centromeres through interaction with a kinetochore-
associated complex Csml-Lrs4. Structural and biochemical analysis
demonstrates that the C-terminus of Ulp2 binds to the globular domain of the
Csm1 homodimer. Mutations to the residues on Ulp2 that interact with Csm1
elevate sumoylation of the nucleolar protein Tof2 and reduce its protein
abundance, resulting in a loss of transcriptional silencing at the rDNA. Lastly,
we show that the loss of Tof2 protein levels in ulp2 mutants are triggered by the

ubiquitin E3 ligase complex, SIx5-SIx8.
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CHAPTER 1
Introduction to the DNA damage checkpoint and

sumoylation



Signaling pathways that regulate genome maintenance are necessary to
ensure the faithful replication and transmission of genetic information in cells.
During DNA replication, spontaneous mutations can occur from errors caused
by the DNA replication machinery, such as intrinsic errors by DNA polymerases
or the replication of short repetitive sequences. Genotoxic stress caused by
endogenous or exogenous sources such as exposure to UV or ionizing radiation
can also cause DNA damage leading to stalled replication forks and even
deleterious DNA double-stranded breaks (DSBs). Cells have developed a DNA
damage response that utilizes several pathways to deal with such genotoxic
stresses, including repair of DNA through several mechanisms including
nucleotide excision repair (NER), base excision repair (BER), mismatch repair
(MMR), homologous recombination (HR), and non-homologous end joining
(NHEJ) [1]. Moreover, cells activate the DNA damage checkpoint to couple DNA
repair with cell cycle control to prevent further progression until the repair is
completed. Thus, mutation to genes in these pathways leads to genome
instability and can result in oncogenesis [2, 3]. In the budding yeast
Saccharomyces cerevisiae, mutations to genes involved in the DNA damage
checkpoint have been shown to cause a spectrum of gross chromosomal
rearrangements, including deletions, interstitial deletions, inverted duplications,
and translocations [4-7]. In humans, mutations to these same genes cause

cancers or cancer-prone diseases [8-10].



1.1 DNA damage checkpoint

Faithful replication of the genome is essential for proliferating cells to
survive and avoid the accumulation of mutations. Cell cycle checkpoints are in
place to ensure that each stage of the cell cycle is completed in an orderly
manner [11]. When DNA lesions are detected in the genome, cells respond with
the activation of the DNA damage checkpoint, which consists of a protein kinase
cascade leading to a multitude of responses including gene transcriptional
changes, DNA repair, cell cycle arrest and apoptosis, among others [12-14]. In
S. cerevisiae, Mecl and Tell, two PIKK family protein kinases, act at the top of
the kinase cascade in the DNA damage checkpoint and are orthologs of the
mammalian ATR and ATM kinases, respectively (Figurel.1 [15, 16]). Mecl and
Tell are among the first proteins to be recruited to the sites of DNA damage
[17]. Once recruited, Mecl and Tell activate downstream effector kinases Chk1
and Rad53, the ortholog of mammalian Chk2, via several adaptor proteins
including Rad9 and Mrcl among others [18-22]. Activation of Rad53, through
Mecl and Tell phosphorylation, leads to further propagation of the DNA
damage checkpoint and subsequent cell cycle arrest, DNA repair, maintenance
of DNA replication forks, block of late origin firing, and up-regulation of dNTP

levels in cells [23-26].

1.1.1 Regulation of DNA damage checkpoint in DSBR

Two major pathways are known to be involved in DNA DSB repair,

including NHEJ and HR [27]. A critical step in the choice of these DNA DSB



repair pathways is the nucleolytic processing of DSBs. Several enzymes have
been identified to catalyze this nucleolytic processing in S. cerevisiae. The
Mrell-Rad50-Xrs2 (MRX) complex and Sae2 act at the initial steps of DSB
recognition and processing, followed by an extensive resection by the
nucleases Dna2 and Exol together with the Sgs1-Top3-Rmil complex [28, 29].
DNA DSB processing is tightly coupled to the DNA damage checkpoint, which
becomes activated to halt the cell cycle thus allowing time for DNA repair. Tell
binds to Xrs2 of the MRX complex and is thus recruited to DNA DSBs [30].
Following the processing of DSBs into ssDNA, Replication Protein-A (RPA)
binds to ssDNA and recruits Mecl [31], which plays a major role in the activation
of the DNA damage checkpoint. Once recruited to the site of DNA damage,
Mecl and Tell phosphorylate many proteins at the sites of DNA damage,
including RPA, MRX and Sae?2 [32-34]. Mutations of MEC1 and TEL1 are known
to cause substantial increases in gross chromosomal rearrangements (GCRS)
[4, 6, 35]. Although telomere fusion is thought to contribute to chromosomal
rearrangements, as observed in the mec1A tel1A mutant, loss of telomerase
alone does not cause similar chromosomal rearrangements [4, 6], indicating
that defective DNA repair might also be involved. Many substrates of Mec1 and
Tell have been identified; however, a major challenge has been to identify and
characterize Mecl/Tell substrates whose phosphorylation specifically

regulates DNA repair and genome maintenance.



Following the completion of DNA repair, cells must inactivate the DNA
damage checkpoint, which is accompanied by the dephosphorylation and
inactivation of Rad53, in order to resume cell growth and division [36]. Thus, the
activity of Rad53 is intimately coupled to the status of DNA damage repair and
must be tightly regulated. While much is known about the mechanisms of Rad53
activation and the nature of damaged DNA structures involved, such as the
recruitment of Mecl, Tell and others [31, 37-39], relatively little is known about
how Rad53 is inactivated following the completion of DNA repair. Moreover, the
molecular basis for the coordination between DNA damage repair and the
activity of Rad53 remains poorly understood. It remains unclear whether there
exists an intrinsic signal for the completion of DNA repair or if it is merely a

passive process following the removal of damaged DNA structures.

1.2 SUMO a ubiquitin-like modifier

Small ubiquitin-like modifier (SUMO) is a conserved eukaryotic post-
translational modification that is essential for cellular function. In mammals there
are three paralogs of SUMO, SUMOL1 and the near identical SUMO2/3, while
only a single gene encodes SUMO in yeast. In S. cerevisiae SUMO is initially
synthesized as an inactive precursor that requires the cleavage of its C-terminal
tail by the SUMO protease Ulpl. This reveals a diglycine motif that is the mature
form of SUMO, which is competent in conjugation. Similar to the ubiquitin

conjugation process [40], SUMO s initially activated by an E1 activating



heterodimer (Aosl/Uba2), which in an ATP-dependent-manner forms a
thioester bond with a maturated SUMO. SUMO can then be transferred to the
catalytic cysteine on the E2 conjugating enzyme Ubc9. In budding yeast there
are three mitotic E3 ligases [17, 18, 41], Siz1, Siz2, and Mms21, and a meiotic-
specific ligase Zip3 [42]. These E3 ligases contain SP-RING domains and
catalyze the transfer of SUMO from Ubc9 onto the lysines of targeted
substrates. The SUMO maodification is dynamic and attachment on substrates
is removed by two SUMO proteases Ulpl and Ulp2 that are primarily localized
to the nucleus [43-46].

SUMO was initially discovered as a modification on RanGAP1 that
localized it from the cell cytosol to the NPC [47] and since then SUMO has been
found to mediate many cellular processes. Other such processes regulated by
SUMO include the transcriptional status of chromatin [48, 49], the state of
protein confirmation [50], and protein-protein interactions through a short
hydrophobic rich sequence typically consisting of a variant of (V/I-X-V/I-V/I)
known as a Sumo-Interacting Motif (SIM) [51]. Cells also undergo extensive
sumoylation upon induction of cellular stress or DNA damage [52-56], although
the molecular basis for sumoylation of these proteins in response to these

perturbations is not well understood.

1.2.1 Sumoylation in genome maintenance

Studies on DNA damage-induced sumoylation have found that not only

does SUMO accumulate at the sites of DNA lesions, but the same proteins



which undergo sumoylation are also involved in the DNA damage response. In
human cells, ionizing radiation triggers accumulation of SUMO1 and SUMO2/3
to the site of breaks and is conjugated to DNA damage checkpoint factors
53BP1 and BRCAL, respectively [54]. While in yeast, exposure of the DNA
alkylating agent MMS results in Siz2-dependent sumoylation of proteins
involved in HR and the DNA damage checkpoint [53]. Although many
sumoylated proteins have been identified, only a few targets have been well
characterized. In BER, SUMO attachment to thymine DNA glycosylase (TDG)
[50] leads to a conformational change that drives release of the abasic site
generated after hydrolysis to continue repair. Sumoylation of the DNA
polymerase processivity factor PCNA (proliferating cell nuclear antigen) also
plays a role in post-replicative repair. SUMO conjugation to K164 or K127 on
PCNA [57, 58], primarily by Sizl, prevents unscheduled recombination during
replication through the recruitment of the anti-recombinase Srs2 [59].

While Siz1 and Siz2 control the majority of the sumoylation in the cell
[60], single deletion of either E3 ligase does not cause severe sensitivity to DNA
damaging agents. Even genome instability assays that measure GCRs do not
show strong effects for loss of Sizl or Siz2 [60], but rather siz1A mutation
suppresses mutants that cause HR-dependent GCRs [61, 62]. In contrast,
removal of the SP-RING in Mms21 markedly increases the rate of accumulating

GCRs in strains that predominantly detect for translocations, caused by



segmental duplications [60]. Thus, it is intriguing to see whether other enzymes

involved in SUMO attachment and removal play a role in genome stability.
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Figure 1.1 The DNA damage checkpoint is conserved from yeast to humans

lllustration depicting the main factors involved in the DNA damage checkpoint pathway
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2.1 Summary

Saccharomyces cerevisiae Sae2 and its ortholog CtIP in higher
eukaryotes have a conserved role in the initial processing of DNA lesions and
influencing their subsequent repair pathways. Sae2 is phosphorylated by the
ATR/ATM family kinases Mecl and Tell in response to DNA damage. Among
the Mecl/Tell consensus phosphorylation sites of Sae2, we found that
mutations of T90 and T279 of Sae?2 into alanine caused a persistent Rad53
activation in response to a transient DNA damage, similar to the loss of Sae2.
To gain insight into the function of this phosphorylation of Sae2, we performed
a quantitative proteomics analysis to identify its associated proteins. We found
that phosphorylation of T90 of Sae2 mediates its interaction with Rad53, Dunl,
Xrs2, Dmal and Dma2, whereas Rad53 and Dunl additionally interact with
phosphorylated T279 of Sae2. Mutations of the ligand-binding residues of FHA
domains of Rad53, Dunl, Xrs2, Dmal and Dmaz2 abolished their interactions
with Sae2, revealing the involvement of FHA-specific interactions. Mutations of
T90 and T279 of Sae2 caused a synergistic defect when combined with sgs7A
and exo1A, and elevated gross chromosomal rearrangements (GCRSs).
Likewise, mutations of RAD53 and DUN1 caused a synthetic growth defect with
sgs1A and elevated GCRs. These findings suggest that threonine-specific
phosphorylation of Sae2 by Mecl and Tell contributes to DNA repair and

genome maintenance via its interactions with Rad53 and Dunl.
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2.2 Introduction

DNA double stranded breaks (DSBs) are one of the most deleterious
forms of DNA damage. If left unrepaired, DSBs can lead to aberrant
chromosomal rearrangements and cell death [13]. Two major pathways are
known to be involved in DNA DSB repair, including nonhomologous end-joining
(NHEJ) and homologous recombination (HR) [27]. A critical step in the choice
of these DNA DSB repair pathways is the nucleolytic processing of DSBs.
Several enzymes have been identified to catalyze this nucleolytic processing in
Saccharomyces cerevisiae. The Mrell-Rad50-Xrs2 (MRX) complex and Sae2
act at the initial steps of DSB recognition and processing, followed by an
extensive resection by the nucleases Dna2 and Exol together with the Sgs1-
Top3-Rmil complex [28, 29]. DNA DSB processing is tightly coupled to the DNA
damage checkpoint, which becomes activated to halt the cell cycle thus allowing
time for DNA repair. Tell binds to Xrs2 of the MRX complex and is thus recruited
to DNA DSBs [30]. Following the processing of DSBs into ssDNA, Replication
Protein-A (RPA) binds to ssDNA and recruits Mec1l [31], which has a major role
in DNA damage checkpoint activation. Once recruited to the site of DNA
damage, Mecl and Tell phosphorylate many proteins at the sites of DNA
damage, including RPA, MRX and Sae?2 [32-34]. Mutations of MEC1 and TEL1
are known to cause substantial increases in gross chromosomal
rearrangements (GCRs) [4, 6, 35]. Although telomere fusion is thought to

contribute to chromosomal rearrangements observed in mec1A tel1A mutant,
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loss of telomerase alone does not cause similar chromosomal rearrangements
[4, 6], indicating that defective DNA repair might also be involved. Despite many
substrates of Mecl and Tell have been identified; a major challenge has been
to identify and characterize those Mec1/Tell substrates whose phosphorylation
specifically regulates DNA repair and genome maintenance.

Of particular interest here is Sae2, which is phosphorylated by Mec1 and
Tell in response to DNA damage [34, 63]. Mutation of five SQ/TQ sites of Sae2,
sae225689 which conform to the consensus phosphorylation motif of Mec1 and
Tell, eliminated the bulk of its DNA damage induced phosphorylation and
caused persistent Rad53 activation in response to transient DNA damage
treatment similar to the deletion of SAE2 [34, 63]. Furthermore, these sae2
mutations caused a defect in suppression of chromosomal translocation
mediated by NHEJ [64]. Interestingly, mammalian CtIP, ortholog of Sae2, is
phosphorylated by ATR and ATM [65-67], which are orthologs of Mecl and
Tell, respectively. In particular, phosphorylation of T859 on human CtIP by
ATR/ATM was shown to have a role in HR [67]. Moreover, T859A mutation of
CtIP caused a reduced RPA-foci formation and loss of viability following
camptothecin (CPT) treatment. T859 of human CtIP is conserved in Xenopus,
and a corresponding phosphorylation of T818 on Xenopus CtIP was shown to
regulate CtIP association to chromatin [66]. Finally, T279 of Sae2, which
conforms to a Mec1/Tell consensus phosphorylation site, corresponds to T859

of human CtIP and T818 of Xenopus CtIP. These findings suggested that
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phosphorylation of this conserved threonine of Sae2/CtIP by ATR/ATM family
kinases likely has an important function in DNA repair, although the specific
function of T279 of Sae2 has not yet been determined.

Sae?2 is also phosphorylated by cyclin-dependent kinase (CDK) [68]. It
was shown that phosphorylation of Sae2 on S267 is required for cells to confer
resistance to DNA damaging agents and S267A mutation impaired resection of
an irreparable DSB induced by HO endonuclease. A recent study showed that
phosphorylation of Sae2 by CDK and Mec1/Tell appeared to alter its oligomeric
state by converting Sae2 into a monomeric and active state [69]. However, Ctpl,
the ortholog of Sae2 in S. pombe, lacks such CDK phosphorylation. Instead,
Ctpl is phosphorylated by casein kinase [70], which was shown to mediate an
interaction between Ctpl and FHA domain of Nbsl, the S. pombe ortholog of
S. cerevisiae Xrs2. On the other hand, several putative CDK sites on human
CtIP were shown to facilitate the interaction between CtIP and Nbsl [67],
suggesting that different kinases phosphorylate Ctpl and CtIP to promote their
association with Nbsl in different organisms. A possible interaction between
Sae2 and Xrs2 in S. cerevisiae has not been identified. It is also unclear whether
phosphorylation of Sae2 by CDK, casein kinase or possibly other kinases, helps
to regulate the interaction between Sae2 and Xrs2.

Here we characterized phosphorylation of Sae2 further. Through
mutagenesis analysis of Mecl and Tell phosphorylation sites of Sae2, we

identified two conserved threonine residues T90 and T279 of Sae2 to have a
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redundant role for its function in the DNA damage response. We further applied
guantitative mass spectrometry (MS) to identify Sae2-associated proteins,
which are mediated by phosphorylation of T90 and T279, and then examined
the role of this phosphorylation of Sae2 in DNA repair and maintaining genome

integrity.

2.3 Results

2.3.1 Mutation of both T90 and T279 of Sae2 cause an elevated sensitivity

to genotoxic agents

Sae? has five serine and threonine residues that follow the consensus
phosphorylation motif, SQ/TQ, of Mecl and Tell [34]. To identify the specific
SQ/TQ sites of Sae2 important for its function, we performed a sequence
alignment of Sae?2 orthologs in fungi and human and found that T90 and T279
of Sae2 are conserved among fungi (Figure 2.1A). In particular, T279 is located
in a conserved C-terminal region of Sae2, which is also present in CtIP. To study
their functions, we changed T90, S249 and T279 of Sae2 into alanine and
integrated these mutations in the SAE2 chromosomal locus. First, we analyzed
the effect of these sae2 mutations on the electrophoretic mobility shift of Sae2
using Sae2-3HA strain. Treatment of Sae2-3HA strain by either phleomycin or
camptothecin (CPT) caused an accumulation of slower migrating bands,
representing phosphorylated species of Sae2. As shown in Figure 2.1B, sae2-

T90A mutation partially reduced the slowest migrating species of Sae2 caused
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by phleomycin treatment, whereas sae2-T279A mutation caused an
accumulation of more slower-migrating species of Sae2. The sae2-2AQ
mutation, containing both T90A and T279A, caused an intermediate effect on
the electrophoretic mobility shift of Sae2. On the other hand, sae2-S249A
mutation caused a reduction of slower migrating species of Sae2, indicating that
S249 is a major DNA damage induced phosphorylation site. The sae2-3AQ
mutation, containing S249A, T90A and T279A, eliminated the bulk of slower
migrating bands of Sae2. Thus, S249, T90 and T279 are the major phleomycin-
induced phosphorylation sites of Sae2 (Figure 2.1B, bottom panel, lane 7). CPT-
induced Sae?2 electrophoretic shift (Figure 2.1B, top panel) appears to be
somewhat less pronounced compared with phleomycin treatment, but the
overall changes are similar.

We next examined growth of these sae2 mutants on plates containing
methyl methane sulfonate (MMS), CPT, and phleomycin. Compared to a wild-
type strain, sae2-T90A, sae2-S249A and sae2-T279A mutants did not show
appreciable elevated sensitivity to these drugs (Figure 2.1C). Interestingly,
sae2-T90A, T279A (sae2-2AQ) mutant showed a significantly elevated
sensitivity to MMS, CPT, and to a lesser extent phleomycin (Figure 2.1C), albeit
not to the same extent as sae2A mutant. Although sae2-S249A mutation
removes the majority of Sae2 electrophoretic shift (Figure 2.1B), it does not alter
MMS, CPT or phleomycin sensitivity of sae2-T90A, sae2-T279A or sae2-2AQ

mutant. Thus, T90 and T279 of Sae2 redundantly confer resistance to chronic
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treatments of MMS and CPT, while phosphorylation of S249 of Sae2 does not
contribute to this function of Sae2. To further examine CPT sensitivity of sae2-
2AQ and sae2A mutants, we examined their growth in liquid culture in the
presence of varying concentrations of CPT using a previously published method
[71]. We found that sae2-2AQ mutant is less sensitive than the sae2A mutant
at lower CPT concentrations (Figure 2.1D). However, at a higher concentration
such as 20 uM CPT, sae2-2AQ mutant grew similarly to sae24 mutant (Figure
2.1D). The elevated sensitivity of sae2-2AQ mutant to chronic MMS and CPT
treatments could be due to a cell cycle arrest, loss of viability, or both. To test
for a loss of viability, wild-type strain, sae2-2AQ and sae2A mutants were
treated with increasing amounts of MMS for 1 hour and quantified for surviving
colonies. MMS treatment caused a dosage dependent and increased loss of
viability of sae2-2AQ mutant, although not to the same extent as sae2A mutant

(Figure 2.1E).

2.3.2 MMS treatment caused persistent Rad53 activation in sae2-2AQ

mutant

Previous studies showed that mutations of all five Mec1/Tell consensus
phosphorylation sites of Sae2 caused persistent Rad53 phosphorylation in
response to DNA damage [34, 63]. Here we investigated whether T90 and T279
of Sae2 are specifically involved. Following MMS treatment, Rad53 became
hyperphosphorylated as evident by its slower electrophoretic mobility (Figure

2.2A). Rapid Rad53 dephosphorylation ensued within 30 minutes after wild-type
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cells were released into fresh media and it was essentially complete within 2
hours. As expected, Rad53 in sae2A mutant remained phosphorylated for up to
2 hours following its release into fresh media (Figure 2.2A). Interestingly, Rad53
remained phosphorylated for up to 2 hours after being released in fresh media
in sae2-2AQ mutant, while sae2-T90A and sae2-T279A mutations did not
appreciably alter the kinetics of Rad53 dephosphorylation compared to wild-
type strain (Figure 2.2A). Thus, T90 and T279 of Sae2 have a redundant role in
allowing Rad53 dephosphorylation to occur during recovery from a transient
MMS treatment.

Activation of Rad53 requires two adaptor proteins Rad9 and Mrc1, which
are phosphorylated by Mecl and Tell and control Rad53 activation in both
redundant and distinct manners, depending on the types of genotoxic stresses
[20, 72, 73]. In particular, Rad9 has a more important role for Rad53 activation
in response to DNA damage. Like Rad53, Rad9 remains hyperphosphorylated
in sae2-2AQ and sae2A mutants following a transient MMS treatment (Figure
2.2B), indicating the defect of Rad53 dephosphorylation in sae2-2AQ mutant
occurs at an earlier step. One possibility is that sae2-2AQ mutant suffers from
a DNA repair defect. To examine this further, we examined the effect of deleting
RAD9 and MRC1 on the growth of sae2-2AQ mutant in the presence of CPT,
which causes covalent DNA-protein adducts. Deleting RAD9 modestly improves

growth of sae2-2AQ mutant at a lower concentration of CPT (10 uM), but not at

a higher concentration of CPT (20 uM) (Figure 2.2C). This finding suggests that
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the accumulation of CPT-induced DNA lesion may require the function of Sae2
in DNA repair via its phosphorylation at T90 and T279, and cell growth cannot
be fully rescued by the loss of Rad9 to reduce Rad53 activity. On the other hand,
deleting MRC1 does not have an appreciable effect on growth of sae2-2AQ
mutant (Figure 2.2D), indicating that Mrcl does not contribute to the CPT
sensitivity of sae2-2AQ mutant.

Deletion of MRC1 is known to cause defects in DNA replication and
compromise Rad53 activation in response to hydroxyurea (HU) treatment [20,
22]. Interestingly, sae2-2AQ mrc1A double mutant showed a significantly
improved growth compared to mrc1A mutant in the presence of HU (Figure
2.2E), while deleting RAD9 has little effect on HU sensitivity of sae2-2AQ
mutant. Considering that sae2-2AQ mutant has an elevated Rad53 activity,
while mrc1A mutant has a defect in Rad53 activation in response to HU
treatment [20, 22], we reason that sae2-2AQ mutation would elevate Rad53
activation in sae2-2AQ mrc1A double mutant, thus allowing it to better cope with
HU treatment than mrc1A mutant (Figure 2.2E). Taken together, these findings
suggest that sae2-2AQ mutant may suffer from both DNA repair and hyper-
activated Rad53 defects, which cause different outcomes in combination with

the loss of Rad9 and Mrcl, depending on the types of genotoxic agents used.

2.3.3 Genetic interactions between SAE2, SGS1, and EXO1

Sgsl and Exol are known to function in DNA DSB processing [28]. To

explore the role of Sae2 phosphorylation in DNA resection, we first examined
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effect of combining various sae2 mutations with sgs7A and exo71A mutations.
Interestingly, we found that sae2-2AQ sgs71A exo1A triple mutant is lethal
(Figure 2.3A), while sae2-T90A sgs1A exo1A and sae2-T279A sgs1A exo1A
triple mutants are viable (Figure 2.3A). This finding again supports a redundant
role of T90 and T279 of Sae2 for its DNA repair function. Although sae2A sgs1A
double mutant is known to be lethal [74, 75], sae2-2AQ sgs1A double mutant is
viable and lacks any obvious growth defect. However, sae2-2AQ sgs1A double
mutant did show a significantly elevated sensitivity to CPT compared to sae2-
2AQ and sgs1A single mutants (Figure 2.3B). To further study the role of Sae2
phosphorylation in genome maintenance, we used the yel072w::CAN1/URA3
assay, which measures GCRs formed by both segmental duplication and single-
copy sequences [76]. Compared to wild-type strain, there is a 4-fold increase in
the rate of accumulating GCRs in sae2-2AQ mutant (Figure 2.3C, Table 2),
similar to that in sae2A mutant and a phosphorylation-defective allele where all
five putative Mecl1/Tell phosphorylation sites of SAE2 are mutated [77]. The
rate of accumulating GCRs in sae2-2AQ sgs71A double mutant is modestly
higher than that in sgs1A mutant.

Next, we examined possible genetic interactions between Sae2 and
Exol. The sae2-2AQ exo1A double mutant has a comparable CPT sensitivity
like sae2-2AQ mutant (Figure 2.3D). The rate of accumulating GCRs in sae2-
2AQ exo1A double mutant is comparable to that in sae2-2AQ and exo71A

mutants (Figure 2.3E). These findings indicate either a lack of genetic
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interaction between these mutations or an epistasis relationship between them.
Taken together, these findings reveal an essential role of Sae2 phosphorylation
in cells lacking both Sgs1 and Exol for cell survival, and Sae2 phosphorylation
is important in coping with CPT-induced DNA legions in cells lacking Sgs1, but

not Exol.

2.3.4 Quantitative MS identified the proteins associated with

phosphorylated Sae2

A possible function of phosphorylated T90 and T279 of Sae2 is to
mediate specific protein-protein interactions. To test this, we used biotinylated
phosphopeptides of Sae2 containing either phosphorylated T90 (pT90) or T279
(pT279) that were immobilized on streptavidin resins to purify their associated
proteins, and then identified them using quantitative MS (Figure 2.4A). Two
separate experiments were performed to identify the associated proteins of
Sae?2 using pT90-containing peptide. As shown in Figure 2.4B, those proteins
whose abundance were significantly enriched using pT90-containing peptide
than mock-purified sample are Xrs2, Rad53, Dunl, Dmal and Dma2. The same
approach was used to identify pT279-associated proteins. Interestingly, only
Rad53 and Dunl were enriched by both pT90 and pT279 containing peptides
of Sae2 (Figure 2.4C), while Xrs2, Dmal and Dma2 were only enriched by
pT90-containing peptide of Sae2. These MS findings are summarized in Figure

2.4D.
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A common feature of Xrs2, Rad53, Dunl, Dmal and Dma2 is that they
contain a Forkhead-associated (FHA) domain, which is known to specifically
interact with phosphothreonine ligands [78, 79]. To examine the involvement of
FHA domain in binding to Sae2, each FHA domain of Dmal, Dma2, Xrs2,
Rad53 and Dunl was expressed in bacteria and cell extract was used to
incubate with pT90- or pT279- containing peptide of Sae2. We found that Rad53
FHA1 domain is strongly enriched by pT90 and pT279 containing
phosphopeptides, but not when these phosphopeptides were dephosphorylated
by Lambda phosphatase (Figure 2.5A, top panel), indicating that these bindings
require phosphorylated T90 and T279 of Sae2. The R70A mutation removes a
conserved arginine residue in the FHA1 domain that is directly involved in
binding to phosphorylated ligand [78]. This mutation largely eliminates binding
between Rad53 FHA1l domain and pT90- and pT279- containing
phosphopeptides of Sae2 (Figure 2.5A, bottom panels), further supporting a
phosphorylation-mediated interaction between Sae2 and Rad53 FHA1 domain.
In contrast, Rad53 FHA2 domain does not show detectable binding to either
pT90 or pT279 phosphopeptides (Figure 2.5B). Thus, binding between Rad53
and Sae? is specific to Rad53 FHA1 domain and it involves both phosphorylated
T90 and T279 of Sae2.

We next examined the binding between Sae2 phosphopeptides and
Dunl FHA domain. Dunl FHA domain was enriched by both pT90- and pT279-

containing phosphopeptides of Sae2 and these binding were eliminated by a
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prior treatment of Lambda phosphatase to dephosphorylate these Sae2
phosphopeptides (Figure 2.5C, top panel). Once again, R60A mutation of the
conserved arginine in Dunl FHA domain involved in ligand binding eliminated
binding between Dunl FHA domain and either pT90 and pT279
phosphopeptides (Figure 2.5C, lower panels), suggesting that this binding
between Dunl and Sae2 is phosphorylation-specific. Consistent with the above
MS finding that Xrs2 was identified using pT90 but not pT279 containing
phosphopeptide (Figure 2.4), we found Xrs2 FHA domain was enriched by pT90
and not pT279 containing phosphopeptides (Figure 2.5D). This binding was
eliminated by both Lambda phosphatase treatment and the R32G and S47A
mutations in Xrs2 FHA domain, indicating a phosphorylation-specific interaction.
Similarly, both Dmal and Dma2 FHA domains were enriched by pT90 and not
pT279 phosphopeptides in agreement with the above MS findings (Figure 2.5E).
Collectively, these findings showed that Sae2 interacts directly with FHA
domains of Rad53, Dunl, Xrs2, Dmal and Dmaz2 via its phosphorylated T90

and T279, in agreement with the above MS findings.

2.3.5 FHA domains of Rad53, Dunl and Xrs2 exhibit phosphorylation-

specific interaction with Sae2

To further characterize the interactions between Sae2 and Rad53, Dunl
and Xrs2, which are known to have important functions in the DNA damage
response, we performed pull-down experiments by incubating FHA domains of

Rad53, Dunl and Xrs2 with cell extracts derived from Sae2-3HA strain and its
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variants. We found that Rad53 FHA1, Dunl and Xrs2 FHA domains specifically
enriched Sae2 and this enrichment was eliminated when Sae2-3HA cell extract
was pre-treated by Lambda phosphatase (Figure 2.6A), indicating
phosphorylation of Sae2 is required for its binding to these FHA domains. Next,
we examined mutations of various phosphorylation sites of SAE2 and their
effects on binding to various FHA domains. We found that sae2-T90A mutation
partially reduced the amount of Sae2 bound to Rad53 FHA1 domain (Figure
2.6B, lane 6), while sae2-T279A mutation caused a further enrichment of Sae2
by Rad53 FHA1 domain (Figure 2.6B, lane 7), which was completely eliminated
by sae2-2AQ mutation and R70A mutation in Rad53 FHA1 domain (Figure 2.6B,
lane 8 and 9). Thus, both pT90 and pT279 of Sae2 are involved in binding to
Rad53 FHA1 domain, in agreement with the above findings (Figures 2.4 and
2.5A). The sae2-T279A mutation might enhance this interaction by increasing
the amount of Sae2 that is phosphorylated at T90 (Figure 2.1B). Like Rad53
FHA1 domain, Dunl FHA domain also specifically enriched Sae2 (Figure 2.6C),
which are partially reduced by sae2-T90A and sae2-T279A mutations. The
binding between Dunl FHA domain and Sae2 is completely eliminated by sae2-
2AQ mutation and R60A mutation of Dunl (Figure 2.6C). Thus, binding between
Sae2 and Dunl involves both phosphorylated T90 and T279 of Sae2 and FHA
domain of Dunl. Consistent with the binding between Xrs2 FHA domain and
Sae2 pT90-containing phosphopeptide (Figure 2.5D), Xrs2 FHA domain

specifically enriched Sae2 (Figure 2.6D), which was largely eliminated by T90A,
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but not T279A mutation of Sae2. Again, mutations of the conserved residues
R32 and S47 in Xrs2 FHA domain, which are expected to interact with
phosphothreonine ligands, abolished the interaction between Xrs2 FHA domain
and Sae2 (Figure 2.6D), indicating the binding specificity.

Due to inherent differences in the experiments in Figures 2.5 and 2.6, it
is difficult to compare the relative binding efficiency between them. It is further
possible that phosphopeptides of Sae2 may not behave the same as
phosphorylated Sae2 protein, which is phosphorylated at T90 and T279 at
unknown levels. Moreover, the binding affinity between full length Rad53, Dunl
and Xrs2 (together with Mrell and Rad50) with Sae2 remain to be investigated.
Nevertheless, these findings here show that phosphorylation of T90 and T279
of Sae2 specifically mediate its interactions with FHA domains of Rad53, Dunl
and Xrs2 via the known phosphorylation-dependent FHA recognition
mechanism. These findings also provided indirect evidence for phosphorylation

of T90 and T279 of Sae?2.

2.3.6 Genetic relationships between RAD53 and DUN1 with SGS1 and

EXO1

Considering the lethality of sae2-2AQ sgs1A exo1A triple mutant and that
Rad53 and Dunl interact with Sae2 via T90 and T279 (Figures 2.4, 2.5 and
2.6), we reasoned that rad53 and dunl mutants might share similar genetic
interaction profiles like sae2-2AQ mutant. To test this, we examined the effect

of mutating RAD53 and DUNL1 in sgs7A and exo1A mutants. We found that
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dun1A rad53-R70A,N107A sgs1A triple mutant is dead (Figure 2.7A), while
duni1A exo1A sgs1A and rad53-R70A,N107A exo1A sgs1A triple mutants are
viable (Figure 2.7A). Thus, loss of both Dunl and Rad53 FHA1 domain causes
lethality in cells lacking SGS1. We note here that sae2-2AQ mutant is lethal in
cells lacking both Sgs1 and Exol (Figure 2.3A). The stronger genetic interaction
between rad53 dun1A with sgs1A could be attributed to that Rad53 and Dunl
FHA domains are known to have additional ligands besides Sae2.

To further explore the genetic relationships between sae2-2AQ with
rad53 and dun1A mutations, we examined the effect of rad53 and dun1A
mutations on CPT sensitivity of sae2-2AQ mutant. We found that sae2-2AQ
dun1A double mutant has essentially the same sensitivity to CPT as sae2-2AQ
mutant (Figure 2.7B), while rad53-R70A,N107A sae2-2AQ double mutant is
modestly more sensitive to CPT than either rad53-R70A,N107A and sae2-2AQ
single mutants (Figure 2.7C). The sae2-2AQ rad53 dun1A triple mutant is more
sensitive to CPT than either sae2-2AQ or rad53 dun1A double mutant. Once
again, we note here that this elevated CPT sensitivity of sae2-2AQ rad53 dun1A
triple mutant could be complicated by that Rad53 and Dunl FHA domains are
known to have additional ligands.

Given that phosphorylation of T90 and T279 of Sae2 plays a role in
preventing GCRs (Figure 2.3C, Table 2.2), we compared the rate of
accumulating GCRs in sae2-2AQ mutant with those in rad53 and dun1A

mutants. As previously reported, deletion of DUN1 causes an increase of GCRs
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(~8-fold) compared to a wild-type strain [7]. Mutation of rad53-R70A resulted in
a similar GCR rate to that of sae2-2AQ mutant, while the rate of accumulating
GCRs in dun1A rad53-R70A double mutant is comparable to dun1A4, rad53 and
sae2-2AQ single mutants (Figure 2.7D, Table 2.2). Thus, the rates of
accumulating GCRs in these mutants are modest and comparable to each

other.

2.3.7 Genetic relationships between Xrs2 FHA domain with SGS1 and

EXO1

Sae?2 is known to function together with the Mrel11-Rad50-Xrs2 complex.
It is interesting to detect a specific interaction between phosphorylated T90 and
Xrs2 FHA domain here (Figures 2.4-2.6). To explore this further, we examined
the effect of R32G and S47A mutations in Xrs2 FHA domain, which specifically
disrupts its binding to phosphorylated T90 of Sae2. We found that this xrs2
mutation does not cause an appreciable increase in sensitivity to a lower
concentration (10 uM) of CPT treatment, although a higher sensitivity was
observed at 20 uM CPT (Figure 2.8A). This xrs2 mutation does not appreciably
alter CPT sensitivity of sgs14, unlike sae2-2AQ (Figure 2.8A), although we note
here that Xrs2 FHA domain only interacts with phosphorylated T90 of Sae2. On
the other hand, this xrs2 FHA domain mutation does cause an elevated
sensitivity to CPT in cells lacking Exol (Figure 2.8B), unlike sae2-2AQ (Figure

2.3D).
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Taken together, the findings presented here suggest that
phosphorylation of Sae2 and its recruitment of Rad53, Dunl and Xrs2 might

have multiple functions in DNA repair related processes.

2.4 Discussion

Sae2 and its ortholog CtIP have a key function in the initial processing of
damaged DNA, which influences subsequent DNA repair pathway choices. A
conserved feature of Sae2 and CtIP is their post-translational modifications, in
particular, phosphorylation of Sae2/CtIP, has been shown to be critical for its
functions in diverse organisms [34, 63, 65-68, 70, 80-82]. However, the
molecular mechanism concerning phosphorylation regulation of Sae2 remains
insufficiently understood. Here we showed that two conserved residues,
threonine-90 and threonine-279, of Sae2 redundantly regulate its functions in
the DNA damage response and suppression of gross chromosomal
rearrangements. We further show that phosphorylation of these residues of
Sae2 mediates specific interactions with multiple FHA-domain containing
proteins, including Rad53, Dunl and Xrs2, which are known to function in the
DNA damage response. The initial analyses presented here reveal that these
biochemical interactions are highly specific and they likely contribute to the
function of Sae2 phosphorylation in not only DNA damage checkpoint but also

DNA repair.
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2.4.1 Conserved threonines of Sae2 have a redundant role in the DNA

damage checkpoint and DNA repair

Among those Mecl and Tell phosphorylation sites of Sae2, T279 is
conserved in vertebrate CtIP, and phosphorylated by ATR and ATM, orthologs
of Mecl and Tell, respectively. T90 of Sae2 is conserved among most fungal
species, but not mammalian CtIP or S. pombe Ctpl. Despite this sequence
divergence, T90 of Sae2 has a redundant role with T279 in regulating its
functions in the DNA damage response. Mutations of both T90 and T279 of
Sae2 cause a persistent and elevated Rad53 phosphorylation, similar to
deletion of SAE2 [34, 63]. The synthetic lethal interaction between sae2-2AQ
mutation and sgs71A exo1A mutation is striking (Figure 2.3A), and it suggests
that phosphorylation of Sae2 may have an important function in DNA end
processing, consider the role of Sgs1 and Exol in DNA end processing. Further
study is needed to address this more specifically.

Interestingly, despite sae2-S249A mutation has a significant effect on
Sae2 electrophoretic mobility shift (Figure 2.1B), it does not cause any
detectable phenotype in the assays performed in this study. This does not
exclude the possibility that S249 phosphorylation of Sae2 might have another
function yet to be identified. However, our findings here suggest that
evolutionary conservation of the phosphorylated threonine residues of Sae2,
rather than stoichiometry of phosphorylation, may provide a better prediction of

potential functions of Sae2 phosphorylation.
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2.4.2 Potential functions of Sae2-associated FHA domain-containing

proteins

While it is evident that phosphorylation of Sae2 and its ortholog CtIP have
important roles in regulating their functions in DNA damage checkpoint and
DNA repair, the precise function of their phosphorylation has been insufficiently
understood. Here we show that threonine-specific phosphorylation of Sae2 by
Mecl and Tell can recruit several FHA domain-containing proteins, including
Rad53, Dunl, Xrs2, Dmal and Dma2. The biochemical data presented here
demonstrated the specificity of these phosphorylation-mediated interactions,
consistent with the known ligand-binding property of FHA domains. It should be
noted that these interactions are expected to have low micromolar affinity [78],
thus requiring the use of recombinant FHA domain or abundant
phosphopeptides of Sae2 to facilitate the detection of these interactions. For
this reason, we cannot rule out the possibility that some of the binding
interactions could occur as a biochemical artifact. On the other hand, similar
FHA-mediated interactions have been shown to be important for the DNA
damage checkpoint [73, 78, 82, 83]. Therefore, it is reasonable to suggest that
some of these interactions may have important roles in Sae2 functions. Among
them, Rad53, Dunl and Xrs2 are particularly interesting, since they have known
roles in the DNA damage response. Unlike genetic analysis of various sae2
phosphorylation-defective mutants, analysis of rad53, dun1A and xrs2 mutants

could be complicated by the fact that FHA domains in these proteins are known
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to have other ligands, which are critical for their diverse functions in the DNA
damage response. For example, both FHA domains of Rad53 are known to
interact with Rad9 and Mrcl, which are important for its activation [72, 73].
Additionally, many other ligands of Rad53 FHA1 domain have been identified
[84]. Similarly, FHA domain of Dunl is known to be critical for its interaction with
Rad53 and trans-activation by Rad53 [83, 85]. Xrs2 FHA domain has also been
shown to interact with Lifl to promote NHEJ [86]. These other functions of
Rad53, Dunl and Xrs2 may complicate the genetic analysis here. Despite these
caveats, several observations here suggest that Rad53 and Dunl may be
involved in the function of Sae2 phosphorylation in DNA repair. For example,
rad53 dun1A mutation is synthetic lethal with sgs714, although sae2-2AQ is
lethal in cells lacking both Sgs1 and Exol. Obviously, further studies are needed
to dissect the functions of the biochemical interactions uncovered here, which
point to a complex role of Sae2 phosphorylation in several processes.

We speculate that phosphorylated Sae2 may recruit Rad53, Dunl and
Xrs2 to the sites of DNA damage for different functions. Rad53 and Dunl may
phosphorylate proteins at the sites of DNA damage in a Sae2-dependent
manner. For example, Dunl was implicated in suppressing DSB-induced
chromosomal translocations in the same study that demonstrated a role for
Sae2 and its DNA damage-induced phosphorylation [64]. Clearly, identification

of the relevant substrates of Rad53 and Dunl that are specifically mediated by
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Sae2 would be essential to understand the function of the interactions reported

here.

2.5 Materials & Methods

2.5.1 Plasmids and yeast genetic methods

SAE2 plus 200 base pairs of upstream sequence was cloned into a
pFA6a plasmid using Pacl and Ascl sites [87]. Sae2 and Rad9 were tagged in
the C-terminus with a 6xHis-3xHA (3HA) epitope from pFA6a. FHA domains of
Dmal, Dma2, Rad53-FHAL, Rad53-FHA2, and Dunl were cloned into pGEX-
4T1 plasmid such that an N-terminal GST tag is fused to each FHA domain.
Xrs2-FHA domain was cloned into a C-terminal 6xHis-FLAG-TEV-Protein A
(TAF) in pET21a plasmid [84]. All point mutations were introduced by site-
directed mutagenesis and confirmed by DNA sequencing.

Yeast strains used are isogenic with W303 or S288c as shown in Table
2.1. Standard yeast genetic methods were used to introduce mutations into
chromosomal loci, which were confirmed by DNA sequencing. For plate
sensitivity, cells were grown to late log-phase and normalized before serial
dilution and spotting onto YPD and drug plates with indicated concentrations.
Cells were grown at 30°C and imaged after 2-3 days unless otherwise noted.
For dose-dependent killing curve, cells in log-phase were split and treated with

indicated doses of methyl methanesulfonate (MMS) for 1 hour. Cells were
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added to an equal volume of 10% sodium thiosulfate to quench the MMS before
serial dilution and plating onto YPD. Cells were incubated for 3 days at 30°C.
Percent viability was calculated by dividing the number of viable colonies for
each strain after the MMS treatment compared to no treatment and an average
of three independent experiments was used. Camptothecin (CPT) sensitivity as
measured by liquid culture was performed as previously described [71, 88].
Briefly, overnight cultures were diluted to YPD containing 2% DMSO to grow for
5 hours in log phase. For slow growing cultures this pre-growth was done
overnight. Cultures were then diluted to an ODseoo of 0.001 in YPD with 2%
DMSO containing camptothecin at varying concentrations of O (untreated), 1, 5,
10, and 20 pM. Cultures were grown until the untreated control had reached 10
doublings before subsequent treated cultures were measured. The slope of the
plot In(A/Ac) was calculated, and the ratio of Slopec (treated) vs Slopec=o
(untreated) from averages of three independent experiments is shown in the
graphs. Fluctuation analysis used in analyzing GCRs was described previously

[76].

2.5.2 Biochemical methods

For Western blot analysis, protein extracts were prepared using a TCA
(trichloroacetic acid) method. To monitor Rad53 phosphorylation we used a
mouse monoclonal a-Rad53, EL7E1 serum (Dr. Marco Foiani). To detect Sae2-
3HA and Rad9-3HA, we used the 3F10 antibody (a-HA, Roche). For pull-down

experiments, various Sae2-3HA cells were treated with 25 ug/mL phleomycin
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for 1 hour. Native protein extracts from these cells were prepared using glass
beads method described previously [89]. FHA-domain resins of Xrs2, Rad53-
FHAL, and Dunl were incubated with protein extracts derived from Sae2-3HA
strain in TBS-N buffer (50mM Tris-HCI pH7.4, 0.5% NP-40, 150mM Nacl) for 2
hours at 4°C and washed several times. FHA binding proteins were eluted by
boiling in 1% SDS or with cleavage by TEV protease. To dephosphorylate Sae2-
3HA in cell extract, we incubated Sae2-3HA cell extract with 4000 units of
Lambda phosphatase for 1 hour at 30 degree in the presence of 2 mM MnCl2
without EDTA and beta-glycerophosphate. To preserve phosphorylation of
Sae2, 5 mM EDTA and 5 mM beta-glycerophosphate were included to inhibit
cellular phosphatases during the preparation of Sae2-3HA cell extract, which
was not treated by Lambda phosphatase. Equal amounts of both cell extracts
(with and without Lambda phosphatase treatment) were then used for FHA
domain pull-down experiment. To prepare unphosphorylated peptide of Sae2,
pT90 and pT279 containing phosphopeptides of Sae2 bound to neutravidin
resins were dephosphorylated by 800 units of Lambda phosphatase before they
were used for binding experiments with various FHA domains.

To prepare phosphopeptide resins, pT90- and pT279- containing
phosphopeptides of Sae2 (Chi Scientific) with an N-terminal biotin were first
immobilized on neutravidin resins (Thermo Scientific). Phosphopeptide resins
or blank resins were incubated with native protein extracts, which were pre-

treated with blank neutravidin resins to deplete endogenous biotinylated
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proteins. The native cell lysates were prepared using glass beads method and
cells grown using the Stable Isotope Labeling via Amino acid in Culture (SILAC)
method [90]. After incubation, the phosphopeptide resins and blank resins were
washed by the same TBS-N binding buffer. Phosphopeptide-binding proteins
were eluted by incubation with 8M urea at 37°C for 30 minutes. Eluted proteins
were reduced by 10mM DTT and alkylated with 30mM iodoacetamide before

dilution and proteolysis with trypsin (Promega).

2.5.3 Methods used in quantitative mass spectrometry analyses

Trypsin-digested peptides were desalted using a Sep-Pak C18 cartridge
and then resuspended in 80% acetonitrile/20% water to be fractionated on a
TSKgel Amide-80 (1.0mm ID) column (TOSOH Bioscience) [91]. A total of 14
fractions were collected for LC-MS/MS analysis using an Orbitrap-LTQ mass
spectrometer. MS data were searched using Sorcerer-SEQUEST as described
previously [89]. The identified peptides were quantified using XPRESS. In cases
where peptides in the mock sample were not identified, a minimal ion intensity
of 1.0E4 was used to calculate the abundance ratio. Each protein was identified
and quantified with at least three unique peptides. The average of their
abundance ratios was used to calculate the abundance ratio for each protein for

both replicate experiments.
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Figure 2.1 T90 and T279 of Sae?2 are specifically involved in its function in the DNA
damage response

A) Sequence alignment of Sae2 orthologues revealed that T90 and T279 of Sae2 are conserved
among various fungi, while T279 is also conserved in human CtIP as T859. B) Cell lysates
derived from an untagged and the Sae2-3HA strain with various sae2 (2AQ-T90A,T279A; 3AQ-
T90A,T279A,S249A) mutants treated by 25 ug/mL phleomycin or 20uM camptothecin (CPT) for
1lhr and analyzed by anti-HA immunoblotting. Ponceau stain shows equal loading. Asterisk
denotes DNA damage-induced gel bands of Sae2-3HA. Strains used — HZY1078, JLY030,
JLY032, JLY035, JLY048, JLY050 and JLY053. C) 10-fold serial dilution of wild-type strain and
various sae2 phosphorylation-defective mutants were plated on YPD plates containing no drug,
0.02% methyl methanesulfonate (MMS), DMSO, 30uM camptothecin (CPT), or 3pg/mL
phleomycin for 3 days at 30°C. Strains used - HZY1078, HZY1235, HZY1236, HZY1239,
HZY1240, HZY1241, HZY1242, HZY1243 and HZY1244. D) Camptothecin sensitivity of wild-
type strain (open circle, HZY1077/HZY1078), the sae2A mutant (open square, HZY1239) and
sae2-2AQ mutant (open triangle, HZY1244) were examined in liquid culture at various
concentrations over 10 doubling times. The ratio of the slope of the curve between treated
(Slopec) and untreated (Slopec-o) is plot for each concentration (See Materials & Method). The
average result of three independent experiments is shown. E) Dose-dependent viability curve
of sae2 were analyzed using the same strains as in D. Cells were treated for 1 hour at the
indicated MMS concentrations and then plated on YPD plates to measure the number of viable
cells. The average result of three independent experiments is shown. Error bars represent the
S.D.
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Figure 2.2 Persistent Rad53 phosphorylated in the sae2-2AQ mutant following a
transient DNA damage treatment

A) DNA damage checkpoint inactivation was examined using anti-Rad53 monoclonal antibody
in wild-type and sae2 mutants. Cells were treated for 1 hour with 0.01% MMS and subsequently
resuspended into fresh YPD media. Cells were harvested at indicated time points to examine
Rad53 phosphorylation. Representative loading control by Ponceau stain. Strains used —
HZY1077, HZY1239, HZY1240, HZY1242 and HZY1244. B) Inactivation of Rad53 is correlated
with dephosphorylation of HA-tagged RAD9. Rad9 phosphorylation was monitored at indicated
time points similarly as in A with wild-type, sae2-2AQ, and sae2A cells. Strains used — JLY089,
JLY091 and JLY093. C-D) Effect of combining the rad9A or mrc1A with sae2-2AQ mutations in
causing DNA damage sensitivity. C) Camptothecin sensitivity at various concentrations. The
ratio of the slope of the curve between treated (Slopec) and untreated (Slopec-=o) is plot for each
concentration (See Materials & Method). The average result of three independent experiments
is shown with S.D. represented by error bars. D) Hydroxyurea sensitivity. Strains used for C and
D - HZY1077/HZY1078, HZY1244, JLY158, JLY160, JLY161, JLY162, JLY163 and JLY164.
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Figure 2.3 Genetic interactions between the sae2-2AQ mutation and mutations that
affect DNA end resection, sgs74 and exo1A

A) Tetrad dissection of diploids containing heterozygous sae2-2AQ, exo71A and sgsi1A
mutations. Strains used — JLY229, JLY540 and JLY541. B) Camptothecin sensitivity of sae2-
2AQ and sgs1A mutaitons at various concentrations. The ratio of the slope of the curve between
treated (Slopec) and untreated (Slopec-o) is plot for each concentration (See Materials &
Method). The average result of three independent experiments is shown with S.D. represented
by error bars. Strains used — HZY1077, HZY1244, JLY233, and JLY235. C) Rates of
accumulating GCRs in the sae2 and sgs7A mutants using the yel072w::CAN1/URA3 assay
measured by fluctuation analysis (see Table 2.2). Strains used - HZY2672, HZY2709, HZY 2801,
and HZY2802. D) Camptothecin sensitivity shown the same as in B except with sae2-2AQ and
exo1A mutations. Strains used — HZY1077, HZY1244, JLY230, JLY234 E) Graph of rate of
accumulating GCRs shown the same as in C except with sae2 and exo7A mutants. Strains used
- HZY2672, HZY2709, HZY3041, and HZY3042.
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Figure 2.4 Phosphorylated T90 and T279 containing peptides of Sae2 interact with
multiple FHA domain-containing proteins, including Rad53, Dun1l, Xrs2, Dmal and Dma2

A) Experimental method to identify the associated proteins of pT90- or pT279- containing
phosphopeptide of Sae2 by SILAC-based quantitative MS. B) Relative abundance of proteins
enriched by pT90-phosphopeptide resins compared to blank resins in two independent
experiments. The abundance ratio of each protein was calculated using minimally three unique
peptides per protein and shown in a logz scale. The proteins clustered in the top right area were
greatly enriched in both replicate experiments, thus considered as candidate binding proteins.
C) Same as in B except comparing the relative abundance of proteins enriched by pT90-
phosphopeptide resins or pT279-phosphopeptide resins compared to blank resins, each from
independent experiments. Strain used — SCY249. D) Summary of candidate pT90- and pT279-
associated proteins identified by quantitative MS.
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Figure 2.5 Phosphothreonine peptides of Sae2 interact directly with FHA domains or
Rad53, Dunl, Xrs2, Dmal and Dma2

A) Sae2-phosphopeptides containing either pT90 or pT279, treated with or without lambda
phosphatase, and mock beads incubated with overexpressed Rad53-FHA1 from bacterial
lysate (Top panel). pT90 or pT279 phosphopeptide and mock beads incubated with either
overexpressed Rad53-FHA1 or its FHA mutant (Rad53-R70A-FHAL) from bacterial lysate
(Bottom panel). B) pT90 or pT279 phosphopeptide and mock beads incubated with either
overexpressed Rad53-FHA2 or its FHA mutant (Rad53-R605A-FHA2) from bacterial lysate. C)
Same as in A, except with Dunl FHA domain and its FHA mutant (Dun1-R60A-FHA). D)
Xrs2-FHA domain overexpressed in bacterial lysate was incubated with pT90 or pT279, treated
with or without lambda phosphatase, and mock beads (Top panel). pT90 phosphopeptide and
mock beads were incubated with either overexpressed Xrs2-FHA or its FHA mutant (Xrs2-
R32G,S47A-FHA) from bacterial lysate (Bottom panel). E) Sae2-phosphopeptides containing
either pT90 or pT279, and mock beads incubated with either overexpressed Dmal-FHA or
Dma2-FHA from bacterial lysate.
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Figure 2.6 FHA domains of Rad53, Dunl and Xrs2 specifically enriched phosphorylated
Sae? induced by phleomycin treatment in a T90- and T279- dependent manner
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A) Pull-down of phleomycin-treated Sae2-3HA with recombinant Rad53-FHA1, Dunl-FHA, and
Xrs2-FHA domains from lysates incubated with or without lambda phosphatase. B) Pull-down
assay using recombinant GST-FHAL1 of Rad53 (2-279 amino acids) to detect the specific
enrichment of Sae2-3HA and various sae2 mutant proteins, revealing the involvement of both
T90 and T279 of Sae2 and that the binding is eliminated by the R70A mutation in the Rad53
FHA1 domain. C) Pull-down assay using GST-FHA (1-150 amino acids) of Dunl to enrich Sae2
showed the involvement of both T90 and T279 of Sae2 and that this binding is essentially
eliminated by the R60A mutation in the Dunl FHA domain. D) Pull-down assay using Xrs2 FHA-
BRCT-TAF (1-331 amino acids) showed the involvement of T90 of Sae2 and that this binding
was diminished by the R32G and S47A mutations in the FHA domain of Xrs2. Strains used
JLYO030, JLY032, JLY048, JLY050, and JLY053.
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Figure 2.7 Genetic interactions between the dun14 and rad53-R70A,N107A mutations
with the sgs14 and exo1A4 mutations

A) Tetrad dissection of diploids containing the following heterozygous mutations: dun1A, rad53
(rad53-R70A,N107A), and sgs14; exo14, sgs1A and dun1A; exo14, sgs1A and rad53. Strains
used —JLY171, JLY496 and JLY497 B-C) Camptothecin sensitivity of sae2-2AQ, dun1A, rad53
(rad53-R70A,N107A) and their combined mutations at various concentrations. The ratio of the
slope of the curve between treated (Slopec) and untreated (Slopec-o) is plot for each
concentration (See Materials & Method). The average result of three independent experiments
is shown with S.D. represented by error bars. Strains used — HZY1077, HZY1244, JLY221,
JLY?223, JLY635, JLY637, JLY639, and JLY641. D) Rates of accumulating GCRs comparing
the sae2-2AQ, dun1A, and rad53 (rad53-R70A) mutants. Strains used — HZY2672, HZY2709,
HZY?2908, HZY2909, HZY2912 and HZY2913.
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Figure 2.8 Genetic interaction between xrs2-fha mutation with sgs74 and exo1A

A-B) Camptothecin sensitivity of xrs2 (xrs2-R32G,S47A), exo14, sgs1A and their combined
mutations at various concentrations. The ratio of the slope of the curve between treated (Slopec)
and untreated (Slopec-o) is plot for each concentration (See Materials & Method). Strains used
—HzZY1077, JLY391, JLY235, JLY335, JLY230, JLY395.



Table 2.1 Yeast strains used in Chapter 2

All W303 strains isogenic to HZY1077 and HZY1078
All S288c strains background ura3-52 leu2A1 his3A200 lys2ABgl hom3-10 ade2A1 ade8
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Strain Genotype Background | Reference/
Source
HZY1077 | MATa ade2-1 canl1-100 his3-1115 leu2-3,112 W303 Xiaolan
trpl-1 ura3-1 RAD5S+ Zhao
HZY1078 | MATa ade2-1 can1-100 his3-1115 leu2-3,112 W303 This study
trp1-1 ura3-1 RAD5+
HZY1239 | MATa sae2A::HIS3 W303 This study
HZY1240 | MATa sae2-T90A::kanMX6 W303 This study
HZY1241 | MATa sae2-S249A::kanMX6 W303 This study
HZY1242 | MATa sae2-T279A::kanMX6 W303 This study
HZY1243 | MATa sae2-T90A,S249A::kanMX6 W303 This study
HZY1244 | MATa sae2-T90A,T279A::kanMX6 W303 This study
HZY1235 | MATa sae2-S249A,T279A::kanMX6 W303 This study
HZY1236 | MATa sae2-T90A,S249A,T279A::kanMX6 W303 This study
JLY030 MATa SAE2-3HA::HIS3MX®6 bar1A::URA3 W303 This study
JLY032 MATa sae2-T90A, T279A-3HA:: HIS3MX6 W303 This study
JLYO035 MATa sae2-T90A,S249A,T279A-3HA:: W303 This study
HIS3MX6
JLY048 MATa sae2-T90A-3HA::HIS3MX6 W303 This study
JLYO050 MATa sae2-S249A-3HA::HIS3MX6 W303 This study
JLYO053 MATa sae2-T279A-3HA::HIS3MX6 W303 This study
SCY249 | MATa smi1A::TRP1 arg4A W303 This study
JLY089 MATa RAD9-3HA::kanMX6 S288c Chen et al.
(2010)
JLY091 MATa RAD9-3HA::kanMX6 sae2A::HIS3 W303 This study
JLY093 MATa RAD9-3HA::HIS3MX6 W303 This study
sae2-2AQ(T90A,T279A)::kanMX6
JLY158 MATa mrc1A::URA3 W303 This study
JLY160 MATa rad9A::URA3 W303 This study
JLY161 MATa sae2-2AQ::kanMX6 mrc1A::URA3 W303 This study
JLY162 MATa sae2-2AQ::kanMX6 mrc1A::URA3 W303 This study
JLY163 MATa sae2-2AQ.::kanMX6 rad9A::URA3 W303 This study
JLY164 MATa sae2-2AQ.::kanMX6 rad9A::URA3 W303 This study
JLY230 MATa ex01A::HIS3 W303 This study
JLY235 MATa sgs1A::URA3 W303 This study
JLY233 MATa sae2-2AQ::kanMX6 sgs1A::URA3 W303 This study
JLY234 MATa sae2-2AQ.:kanMX6 exo1A::HIS3 W303 This study
JLY221 MATa dun1A::HIS3 W303 This study
JLY223 MATa rad53-R70A,N107A::kanMX6 W303 This study
JLY641 MATa rad53-R70A,N107A::kanMX6 W303 This study
dun1A::HIS3
JLY635 MATa sae2-2AQ(T90A,T279A)::URA3 W303 This study
dun1A::HIS3
JLY637 MATa sae2-2AQ(T90A,T279A)::URA3 W303 This study
rad53-R70A,N107A::kanMX6




Table 2.1 Yeast Strains used in Chapter 2, continued
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Strain Genotype Background | Reference/
Source

JLY639 MATa sae2-2AQ(T90A,T279A)::URA3 W303 This study
dun1A::HIS3 rad53-R70A,N107A::kanMX6

JLY391 MATa xrs2-R32G,S47A::kanMX6 W303 This study

JLY335 MATa xrs2-R32G,S47A::kanMX6 sgs1A::URA3 | W303 This study

JLY395 MATa xrs2-R32G,S47A::kanMX6 W303 This study
exo1A::natMX4

JLY229 MATa/MATa sae2-2AQ::kanMX6/SAE2 W303 This study
sgs1A::URA3/SGS1 exo1A::HIS3/EXO1

JLY540 MATa/MATa sae2-T90A::kanMX6/SAE2 W303 This study
sgs1A::URA3/SGS1 exo1A::natMX4/EXO1

JLY541 MATa/MATa sae2-T279A::kanMX6/SAE2 W303 This study
sgs1A::URA3/SGS1 exo1A::natMX4/EXO1

JLY171 MATa/MATa rad53-R70A,N107A:: W303 This study
kanMX6/RAD53 dun1A::HIS3/DUN1
sgs1A::URA3/SGS1

JLY496 MATa/MATa dun1A::HIS3/DUN1 W303 This study
sgs1A::URA3/SGS1 exo1A::natMX4/EXO1

JLY497 MATa/MATa rad53- W303 This study
R70A,N107A::kanMX6/RAD53
sgs1A::URA3/SGS1 exo1A::natMX4/EXO1

HZY2672 | MATa sae2-2AQ::kanMX6 canl::hisG S288c This study
yel072w::CAN1/URA3 iYELO72W::hph

HZY2709 | MATa sae2-2AQ::natMX4 canl::hisG S288c This study
yel072w::CAN1/URA3 iYELO72W::hph

HZY2801 | MATa sae2-2AQ::natMX4 sgsl1A::kanMX6 S288c This study
canl::hisG yel072w::CAN1/URA3
iYELO72W::hph

HZY2802 | MATa sae2-2AQ::natMX4 sgsl1A::kanMX6 S288c This study
canl:hisG yel072w::CAN1/URA3
iYELO72W::hph

HZY3041 | MATa sae2-2AQ:: kanMX6 exolA::natMX4 S288c This study
canl:hisG yel072w::CAN1/URA3
iYELO72W::hph

HZY3042 | MATa sae2-2AQ::kanMX6 exolA::natMX4 S288c This study
canl:hisG yel072w::CAN1/URA3
iYELO72W::hph

HZY2908 | MATa rad53-R70A::kanMX6 canl::hisG S288c This study
yel072w::CAN1/URA3 iYELO72W::hph

HZY2909 | MATa rad53-R70A::kanMX6 canl::hisG S288c This study
yel072w::CAN1/URA3 iYELO72W::hph

HZY2912 | MATa rad53-R70A::kanMX6 dunlA::HIS3 S288c This study
canl::hisG yel072w::CAN1/URA3
iYELO72W::hph

HZY2913 | MATa rad53-R70A::kanMX6 dunlA::HIS3 S288c This study
canl:hisG yel072w::CAN1/URA3
iYELO72W::hph




Table 2.1 Yeast Strains used in Chapter 2, continued
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Strain Genotype Background | Reference/
Source

HZY3377 | MATa rad53A::HIS3 smIlA::TRP1 canl:hisG | S288c This study
yel072w::CAN1/URA3 iYELO72W::hph

HZY3378 | MATa rad53A::HIS3 smI1A:: TRP1 canl::hisG S288c This study
yel072w::CAN1/URA3 iYELO72W::hph

HZY3192 | MATa exo1A::natMX4 sgs1A:: TRP1 canl:hisG | S288c This study
yel072w::CAN1/URA3 iYELO72W::hph

HZY3193 | MATa exo1A::natMX4 sgs1A::TRP1 canl:hisG | S288c This study
yel072w::CAN1/URA3 iYELO72W::hph

JLY410 MATa sae2-2AQ::natMX4 xrs2-R32G::kanMX6 | S288c This study
canl:hisG yel072w::CAN1/URA3
iYELO72W::hph

JLY411 MATa sae2-2AQ::natMX4 xrs2-R32G::kanMX6 | S288c This study
canl:hisG yel072w::CAN1/URA3
iYELO72W::hph

JLY412 MATa xrs2-R32G::kanMX6 canl::hisG S288c This study
yel072w::CAN1/URA3 iYELO72W::hph

JLY413 MATa xrs2-R32G::kanMX6 canl::hisG S288c This study
yel072w::CAN1/URA3 iYELO72W::hph




Table 2.2 Rate of accumulating GCRs for mutations to SAE2, RAD53, DUN1, XRS2,

EXO1, and SGS1

* Rate of accumulating Can 5-FOA progeny. Number in the parenthesis is the fold increase

relative to wild-type yel068c::CAN1/URAS strain (2.27x10°?)
** Rates taken from Putnam et al., 2009 study.

Genotype yel072w::CAN1/URA3 Reference
GCR rate*
Wild type** 1.97x10°8 (8.7) Putnam et al., 2009
sae24** 1.65x107 (73) Putnam et al., 2009
rad534 smil4 2.8x107 (123) This study
rad53-R70A 7.94x10°8 (35) This study
dunl4a** 1.61x107 (71) Putnam et al., 2009
rad53-R70A dunl4 1.2x107 (53) This study
sae2-2AQ 9.1x108 (40) This study
sgsl1a** 1.93x10¢ (850) Putnam et al., 2009

sae2-2AQ sgslA

5.2x10°° (2291)

This study

exolA** 8.44x108(37) Putnam et al., 2009
sae2-2AQ exola 9.4x10°%8 (41) This study
exol4asgsla 8.31 x107 (41) This study
xrs2-R32G 2.14 x10%(9.4) This study
sae2-2AQ xrs2-R32G 3.61 x10%(16) This study




CHAPTER 3
SUMO isopeptidases Ulp1 and Ulp2 control
sumoylation homeostasis and suppress aberrant

genome rearrangements
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3.1 Summary

SUMO E3 ligases are known to have a major role in preventing gross
chromosomal rearrangements (GCRSs); however, relatively little is known about
the role of SUMO isopeptidases in genome maintenance and their role in
controlling intracellular sumoylation homeostasis. Here we show the SUMO
isopeptidase Ulp2 in Saccharomyces cerevisiae has a minor role in preventing
the accumulation of GCRs and interestingly, its loss causes subunit-specific
changes of sumoylated MCM helicase in addition to drastic accumulation of
sumoylated nucleolar RENT and inner kinetochore complexes. In contrast, loss
of Ulpl or its mis-localization from the nuclear periphery causes substantial
accumulations of GCRs and elevated sumoylation of most proteins except for
Ulp2 targets. Interestingly, the E3 ligase Mms21, which has a major role in
genome maintenance, preferentially controls the sumoylation of Mcm3 during
DNA replication. These findings reveal distinct roles for Ulpl and Ulp2 in
controlling homeostasis of intracellular sumoylation and show that sumoylation

of MCM is controlled in a subunit-specific and cell cycle dependent manner.

3.2 Introduction

Protein sumoylation is an essential post-translational modification in
eukaryotes [92, 93]. Two families of enzymes control reversible sumoylation of

specific substrates, including SUMO (Small Ubiquitin-like MOdifier) E3 ligases
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and SUMO isopeptidases. Three SUMO E3 ligases Siz1, Siz2 and Mms21 have
been identified in S. cerevisiae and shown to have distinct, but partially
overlapping roles in catalyzing substrate-specific sumoylation [19, 94-96]. Siz1
and Siz2 are paralogs and they redundantly catalyze the bulk of sumoylation in
cells [19, 94]. Mms21 catalyzes sumoylation of fewer substrates, but plays a
more important role in genome maintenance than Sizl and Siz2 [94, 97].
Deletion of SIZ1 and SIZ2 is lethal in cells lacking Mms21 E3 ligase activity [19,
96]. Moreover, deletion of either SIZ1 or SIZ2 causes further accumulation of
gross chromosome rearrangements (GCRS) in cells lacking Mms21 E3 ligase
activity [94]. These findings suggest that the functions of these E3 ligases are
partially redundant, which correlate with their partially overlapping roles in
catalyzing intracellular sumoylation [19, 94].

Besides SUMO E3 ligases, homeostasis of intracellular sumoylation is
also regulated by SUMO isopeptidases, which catalyze the removal of SUMO
from its targets. Two SUMO isopeptidases Ulpl and Ulp2 have been identified
in S. cerevisiae [7, 44, 98]. UIp2 is not required for cell viability; however, its loss
causes accumulation of poly-SUMO chains, resulting in pleiotropic effects
including slow growth and sensitivity to higher temperature [7, 99]. Moreover,
over-expression of ULP2 (also known as SMT4) suppresses defects in
chromosome condensation and segregation, suggesting its role in regulating
chromosome segregation [98, 100]. This role of Ulp2 in chromosome

segregation appears to be conserved in higher eukaryotes including C. elegans



55

and human cells, although its targets are poorly known [101, 102]. Consistent
with its nuclear function, Ulp2 has been shown to localize throughout the
nucleus and occasionally the nucleolus [43, 103]. On the other hand, Ulpl is
essential for cell viability and localizes at the nuclear periphery via the nuclear
pore complex (NPC) [44, 104-108]. Ulp1 has been shown to interact with Kap95
and Kap60 via its N-terminal NPC-targeting domain (1-340 amino acids) [107].
Removal of the NPC-targeting domain of Ulp1, or the loss of NPC components
Nup60 and MIp1/MIp2 [104, 106, 108], attenuates its localization at the nuclear
periphery and causes the accumulation of Rad52 foci, which is indicative of
endogenous DNA damage and repair [106]. These studies suggest that
localization of Ulp1l at the nuclear periphery has an important role in protecting
genome integrity, possibly by preventing Ulpl from desumoylating
nucleoplasmic proteins yet to be determined. The distinct localization patterns
of Ulp1 and Ulp2 likely contribute to their substrate selectivity in cells, which has
been poorly understood.

In this study, we first characterized the function of Ulpl and Ulp2 in
preventing the accumulation of GCRs and identified a genetic basis for the
essential function of Ulpl. To identify the substrates of Ulpl and Ulp2, we
applied quantitative mass spectrometry (MS) to analyze the effect of ulpl and
ulp2 mutations on intracellular sumoylation. These studies led to the finding that
Ulp2 has highly specific desumoylation activity in vivo, while Ulp1 has a broader

specificity towards many substrates. Interestingly, loss of Ulpl or its mis-
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localization from the nuclear periphery causes specific and aberrant
desumoylation of Ulp2 targets, including the essential replicative MCM helicase
[109]. Furthermore, Mms21, the E3 ligase with a major role in preventing the
accumulation of GCRs [94], preferentially catalyzes sumoylation of specific

MCM subunits.

3.3 Results

3.3.1 The roles of Ulpl and Ulp2 in preventing GCR and maintaining
viability

Considering the known roles of Ulpl in SUMO maturation and Ulp2 in
disassembly of poly-SUMO chains [44, 99], we first examined the effect of
smt3GG and 4R-smt3GG mutations on the rate of accumulating GCRs using
the yel072w::URA3/CAN1 assay [7]. The smt3GG mutation supplies cells with
mature SUMO [44], while the 4R-smt3GG mutation additionally eliminates the
bulk of poly-SUMO chains [99]. Both smt3GG and 4R-smt3GG mutations cause
a modest change in the rate of accumulating GCRs (Figure 3.1A), suggesting
that the removal of poly-SUMO chains does not appreciably affect the
accumulation of GCRs. Next we examined the effect of ulp24 mutation and
found that the loss of Ulp2 has a minimal effect on the rate of accumulating
GCRs in wild-type, smt3GG and 4R-smt3GG mutants. Thus, neither the

accumulation of poly-SUMO chains in cells lacking Ulp2, nor the lack of poly-
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SUMO chains appreciably alters the accumulation of GCRs measured by the
yel072w::URA3/CANL1 assay.

The essential function of Ulpl has been attributed to its role in SUMO
maturation and desumoylating other proteins in cells whose identities have been
unknown [44]. We reasoned that the latter function of Ulp1 could be bypassed
by mutations that down-regulate intracellular sumoylation. Since Siz1 and Siz2
are known to have a major role in intracellular sumoylation [19, 94, 95], we
tested whether loss of Siz1 and/or Siz2 could suppress the lethality of ulp14 by
performing tetrad dissection of diploid cells containing heterozygous ulplA,
sizlA and siz24 mutations, as well as a homozygous smt3GG mutation to
supply mature Smt3. As shown in Figure 3.1B, deletion of SIZ1 and SIZ2, but
neither one alone, suppresses the lethality of ulplA4. In contrast, loss of Mms21
E3 ligase activity does not rescue the lethality of ulpl4 (Figure 3.1B). This
suggests that an essential function of Ulpl is to desumoylate the bulk of
intracellular sumoylation, catalyzed by Siz1 and Siz2.

Interestingly, the loss of Ulpl in the sizlA siz24 mutant causes a
significant increase in the rate of accumulating GCRs, which is comparable to
that of an mms21-CH mutant and is considerably higher than that of the siz14
siz24 mutant (Figure 3.1C). By comparison, the loss of Ulp2 in the siz1A4 siz24
mutant causes a smaller increase in the rate of accumulating GCRs. The ulp1-
N3384 mutation has been shown to compromise the localization of Ulp1 at the

nuclear periphery without affecting cell viability [105, 107, 108]. We found this
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ulp1-N3384 mutation causes a significant increase in the rate of accumulating
GCRs comparable to that of the mms21-CH mutant and is independent of Ulp2
(Figure 3.1C). This suggests that mis-localized Ulpl could either directly
desumoylate Mms21 targets or indirectly down-regulate Mms21 activity to
cause accumulation of GCRs. Distinguishing these possibilities would require
knowledge of Ulpl and Ulp2 targets and how they are regulated by the

localization of Ulp1l.

3.3.2 Ulp2 has a specific role in desumoylating proteins at the rDNA,

centromere and origins of DNA replication

To identify the in vivo targets of Ulpl and Ulp2, we chose to use our
guantitative MS approach as previously described [94]. In this approach,
following purification of sumoylated proteins, Ulpl is used to elute sumoylated
proteins for MS analysis. This approach provides information on the amount of
sumoylated proteins, but does not distinguish whether they are poly-sumoylated
or mono-sumoylated at one or more lysines, which can be studied using
alternative methods. Using this quantitative MS approach, we found that
deletion of ULP2 in the 4R-smt3GG strain causes substantial increases in three
protein complexes located in distinct chromosomal regions, including rDNA (the
RENT complex), centromere (inner kinetochore complex) and origins of DNA
replication (the MCM complex) (Figure 3.2A and Table 3.2). Among them, loss
of Ulp2 causes accumulation of approximately 20-fold more sumoylated Netl,

Cdc14 and Tof2, subunits of the RENT complex in the nucleolus [110, 111].
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Similarly, the loss of Ulp2 also causes accumulation of approximately 20-fold
more sumoylated Amel, Mcm21, Okpl, Mcm16 and Mcm22, which are
components of the inner kinetochore complex [106, 107, 112]. This drastic
accumulation of sumoylated RENT and inner kinetochore complexes is
consistent with them being Ulp2 targets.

Loss of Ulp2 also causes significant accumulations of sumoylated
subunits of the MCM complex, the essential replicative DNA helicase [52, 104,
108, 109]. However, unlike the RENT and inner kinetochore complexes, the
effect of Ulp2 removal on MCM sumoylation is subunit-specific. As shown in
Figure 3.2A, loss of Ulp2 results in relatively modest changes in the amount of
sumoylated Mcm2 and Mcm6 but causes a 4- to 10-fold accumulation of
sumoylated Mcm3, Mcm4, Mcm5 and Mcm7. In addition to these increases in
sumoylation, loss of Ulp2 reduces the amount of most other sumoylated
proteins (Figure 3.2A and Table 3.2), which is unlikely a direct effect of Ulp2
removal. Since Ulp1l is the remaining SUMO isopeptidase, its activity could be
up regulated to compensate for the loss of Ulp2. Alternatively, loss of Ulp2 may
down regulate the activity of SUMO E3 ligases in cells; although this possibility
is difficult to reconcile with the drastic accumulation of sumoylated RENT,
kinetochore and MCM complexes upon Ulp2 removal, which is largely
unaffected by the 4R-smt3GG mutation (Table 3.3). Loss of Ulp2 has been
shown to cause excessive poly-sumoylation and slow growth [99]. However, we

found that deletion of ULP2 in the HF-SUMO and HF-4R-smt3 strains did not
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cause detectable changes to their cell cycle profile or growth rate (Figure 3.7).
One possible explanation is that the N-terminal HF tag on Smt3 in these cells
may partially compromise poly-SUMO formation in the absence of Ulp2,
although this tag has little appreciable effect on cell growth or GCR phenotype
in wild type background [94]. For this reason all subsequent biochemical
experiments were performed using the HF-SUMO strain background unless
noted otherwise.

To rule out the possibility that the observed changes of sumoylated
proteins are due to a change in protein expression and to validate the MS
findings, we chose to analyze selected Ulp2 targets further. To this end, we
used Ni-NTA and anti-FLAG affinity resins to purify total sumoylated proteins
from HF-SUMO (6xHIS-3xFLAG-Smt3) strain, which additionally contains Net1-
6xHIS-3xHA, and then probed for the presence of sumoylated Netl using an
anti-HA antibody. As shown in Figure 3.2B, loss of Ulp2 causes a drastic
accumulation of slower migrating and sumoylated species of Netl in purified
sumoylated proteins, while the abundance of un-modified Netl in the cell lysate
is unaffected, indicating a specific role of Ulp2 in desumoylating Netl. To study
MCM sumoylation, we first evaluated the effect of epitope-tagging of MCM
subunits on the rate of accumulating GCRs using the yel072w::CAN1/URA3
assay [7, 94]. Since C-terminal tagging of Mcm3 compromises its function [113],
a 6xHIS-3xHA tag was introduced to the N-terminus of Mcm3 at its endogenous

locus, while the same 6xHIS-3xHA tag was fused to the C-termini of other MCM
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subunits. We found a modest accumulation of GCRs caused by epitope-tagging
of most MCM subunits except for Mcm5, whose tagging resulted in a drastic
accumulation of GCRs (Figure 3.8). Although this finding implicated a role of
MCM in preventing the accumulation of GCRs, sumoylation of Mcm5 was not
analyzed further. Moreover, N-terminal tagging of Mcm3 causes a relatively
stronger, albeit modest accumulation of GCRs, which prompted us to develop
an anti-Mcm3 antibody for its analysis.

Following purification of sumoylated proteins in the indicated strains (all
containing HF-SUMO), we probed for the presence of sumoylated Mcm2,
Mcm3, Mcm4, Mcm6, and Mcm7, using either an anti-HA or an anti-Mcm3
antibody. As shown in Figure 3.2C, sumoylated Mcm2 in unperturbed wild type
cells was not detected in this experiment and there is no evidence for its
accumulation upon the loss of Ulp2. Sumoylated Mcm6 was readily detected in
wild type cells and is partially reduced by the loss of Ulp2 (Figure 3.2D). In
contrast, two major sumoylated species of Mcma3 are present in wild type cells
and both are strongly induced upon the loss of Ulp2 (Figure 3.2E). Like Mcm2,
sumoylated Mcm4 and Mcm7 in wild type cells were not readily detected [52].
However, the loss of Ulp2 causes significant accumulations of sumoylated
Mcm4 and Mcm7 (Figures 3.2F and 3.2G). In each case, the abundance of each
MCM subunit is unaffected by the loss of Ulp2 and sumoylated species of MCM
subunits are undetectable in cell lysate without enrichment. Un-sumoylated

MCM could still be seen after anti-FLAG immuno-purification due to the
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relatively low stoichiometry of MCM sumoylation. Together, these findings are
in general agreement with the MS findings (Figure 3.2A). It should be noted here
that a previous study using C-terminal tagged Mcm3 did not detect sumoylated
Mcm3 in unperturbed wild type cells [52]. However, C-terminal tagging of Mcm3

has been found to compromise its function [113].

3.3.3 Ulpl has a broad role in intracellular desumoylation distinct from
Ulp2

To identify Ulpl targets, we applied the same quantitative MS assay to
measure the effect of deleting ULP1 on sumoylated proteins in the siz1A siz2A
mutant, in which Ulpl is not essential. As shown in Figures 3.3A (Tables 3.4
and 3.5), losses of Ulpl, Sizl and Siz2 cause drastic accumulations of the
majority of sumoylated proteins compared to wild type and siz1A siz2A mutant,
indicating a broad role of Ulpl for desumoylating most proteins in cells.
Interestingly, sumoylation of Netl is strongly reduced by the loss of Ulp1 (Figure
3.3A), which we confirmed by Western blotting to detect sumoylated Netl
(Figure 3.3B). Since Ulp2 has a highly specific role in desumoylating Netl
(Figure 3.2A), we hypothesized that this reduction of sumoylated Netl could be
explained by elevated Ulp2 activity to compensate for the loss of Ulp1l.

In cells lacking Siz1 and Siz2, Mms21 and/or the E2 enzyme Ubc9 are
expected to be responsible for the accumulation of sumoylation caused by the
loss of Ulpl (Figure 3.3A). However, other Ulp2 targets including MCM were

below the detection limit of these MS experiments, perhaps due to elevated
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Ulp2 activity. To investigate the relative specificity of Ulpl and Ulp2 in
desumoylating MCM, we purified total sumoylated proteins and analyzed the
presence of sumoylated MCM subunits. As shown in Figures 3.3C, loss of Ulp2,
Siz1, and Siz2 results in a drastic accumulation of sumoylated Mcm2, which is
below the detection limit in wild type and the ulp1A siz1A siz2A mutant. Similarly,
loss of Ulp2, but not Ulpl, causes a more drastic accumulation of sumoylated
Mcm3, Mcm4, and Mcm6 (Figures 3.3D-3.3F). These findings show that Ulp2
has a more specific role than Ulpl in desumoylating MCM in cells lacking Siz1

and Siz2, while Ulp1 has a broad role in desumoylating non-Ulp2 targets in cells.

3.3.4 Localization of Ulpl prevents its desumoylation of Ulp2-specific

targets

Ulpl and Ulp2 are known to have different subcellular localizations [43,
103, 105, 107], which may contribute to their distinct substrate specificity. To
test this we investigated the role of the NPC-targeting domain of Ulpl (N-
terminal 338 amino acid), which directs Ulp1 to the nuclear periphery [105, 107,
108]. We found that removal of the Ulpl NPC-targeting domain causes an
approximately 20-fold reduction of sumoylated Netl and about 4-fold reduction
of sumoylated Mcm2 and Mcm3 (Figure 3.4A and Table 3.6). In contrast, there
are significant accumulations of many sumoylated proteins in the ulp1-N338A
mutant, including Pol30, Smc5 and others. This finding shows that mis-localized
Ulpl does not non-specifically desumoylate all nucleoplasmic proteins, but

instead specifically reduces the amount of sumoylated Netl and MCM subunits.
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The reduction of sumoylated Netl raises a possibility that Ulp2 could be
involved. To test this, we compared sumoylated proteins in ulp1-N338A ulp2A
and ulp2A mutants using quantitative MS and found that removal of the Ulpl
NPC-targeting domain results in significant reductions of sumoylated Net1,
Tof2, Cdcl14, various kinetochore and MCM subunits in cells lacking Ulp2
(Figure 3.4B and Table 3.7). The accumulations of many other sumoylated
proteins in the ulpl-N338A ulp2A mutant indicate that Ulp1-N338A does not
non-specifically desumoylate proteins in the nucleoplasm.

In agreement with these MS findings, removal of the Ulpl NPC-targeting
domain largely eliminates sumoylated Netl and this occurs independent of Ulp2
(Figure 3.4C). Similarly, sumoylated Mcm6 is strongly reduced upon removal of
the Ulpl NPC-targeting domain, again in an Ulp2-independent manner (Figure
3.4D). Interestingly, removal of the Ulpl NPC-targeting domain specifically
reduces the amount of slower migrating sumoylated species of Mcm3, which is
independent of Ulp2, while the faster migrating sumoylated species of Mcm3 is
relatively unaffected. Together, these results show that the localization of Ulp1
at the nuclear periphery prevents it from desumoylating Ulp2 targets including
Netl and MCM as well as being necessary for proper desumoylation of other

targets.

3.3.5Roles of E3 ligases Sizl, Siz2 and Mms21 in sumoylating Ulp2 targets

Considering that the accumulations of GCRs in cells lacking Ulp1 or its

NPC-targeting domain are comparable to that caused by the loss of Mms21 E3
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ligase activity (Figure 3.1), we reasoned that these ulpl mutations might reduce
the amount of sumoylated Mms21 targets. While the loss of Ulpl could do so
by up-regulating Ulp2 activity to desumoylate Ulp2 targets (Figure 3.3), mis-
localized Ulpl could achieve the same task directly (Figure 3.4). If so, the
guestion is whether Mms21 preferentially sumoylates Ulp2 targets. To address
this, we quantified sumoylated proteins in ulp24 mms21-CH and ulp24 siz14
siz24 mutants using MS. As shown in Figure 3.5A and Table 3.8, sumoylated
Septins and Pol30, known Siz1/Siz2 targets, are considerably more abundant
in the ulp24 mms21-CH mutant than in the ulp24 sizlA siz24 mutant as
expected. On the other hand, known Mms21 targets including the SMC family
proteins are more abundant in the ulp24 siz14 siz24 mutant than in the ulp24
mms21-CH mutant [94]. Among Ulp2 targets, the amount of sumoylated Net1,
Cdcl4, Tof2, and kinetochore subunits are comparable in cells lacking
Siz1/Siz2 or Mms21 E3 ligase activity (Figure 3.5A). Interestingly, sumoylation
of essentially all MCM subunits is considerably more abundant in the ulp24
Siz1A siz2A mutant than the ulp24 mms21-CH mutant (Figure 3.5A), indicating
that sumoylation of MCM is preferentially controlled by Mms21 albeit in cells
lacking Ulp2.

To investigate whether Mms21 preferentially controls the sumoylation of
MCM in cells containing intact Ulpl and Ulp2, we next quantified sumoylated
proteins in siz14 siz24 and mms21-CH mutants by MS. As shown in Figure 3.5B

and Table 3.9, the amount of sumoylated SMCs are more abundant in cells
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lacking Siz1/Siz2 compared to cells lacking Mms21 E3 ligase activity, while
sumoylation of Septins and Pol30 are strongly Siz1/Siz2-dependent [94].
Interestingly, sumoylation of MCM subunits show a varying dependency on
these E3 ligases. For example, sumoylation of Mcm2 and Mcm3 are more
dependent on Mms21, while sumoylation of Mcm6 is more specific to Siz1/Siz2
as previously reported [94]. In agreement with these MS findings, sumoylated
Mcm2 is reduced more by the mms21-CH mutation compared to the loss of Siz1
and Siz2 (Figure 3.5C). Between the two major sumoylated species of Mcm3,
the slower migrating species of Mcm3 is specifically reduced by the mms21-CH
mutation, while the loss of Siz1 and Siz2 has little effect (Figure 3.5D). On the
other hand, sumoylated Mcm6 is more strongly reduced by the loss of Siz1 and
Siz2 compared to the mms21-CH mutation (Figure 3.5E). These findings reveal
that Mms21 more specifically controls the sumoylation of Mcm2 and Mcm3,

while Siz1 and Siz2 preferentially control the sumoylation of Mcmé6.

3.3.6 Regulation of MCM sumoylation in response to DNA replication

stress

A previous study showed that a DNA alkylating agent could induce the
sumoylation of MCM, including Mcm2, Mcm4, Mcm5 and Mcm6, but not Mcm3
and Mcm7 [52]. To explore a role for MCM sumoylation during DNA replication,
we asked whether MCM sumoylation could be induced by hydroxyurea (HU)
treatment, which causes stalled DNA replication forks without extensive DNA

damages. As shown in Figure 3.6A, HU treatment has little effect on sumoylated
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Mcm2, Mcm4, Mcm6, and Mcm7; however, it causes a significant accumulation
of the slower migrating sumoylated species of Mcm3, whereas the faster
migrating species of sumoylated Mcm3 is relatively unaffected (Figure 3.6A).
Moreover, Mms21, but not Sizl and Siz2, is required for the HU-induced
sumoylated species of Mcm3, detected by anti-Mcm3 and anti-HA antibodies
(Figure 3.6B). It is presently unknown whether this HU-induced sumoylation of
Mcm3 by Mms21 is a consequence of stalled DNA replication fork or it helps to
stabilize stalled replication forks. Nevertheless, this finding suggests that
Mms21-dependent sumoylation of Mcm3 might occur during DNA replication.
To test this we examined the timing of Mcm3 and Mcm6 sumoylation during the
cell cycle. As shown in Figure 3.6C, the faster migrating species of Mcm3 is
relatively unchanged during the cell cycle, while the slower migrating species of
Mcm3 accumulates during the S phase and it is largely absent in the G1 and
G2-M phases. In contrast, sumoylated Mcm6 is already present in G1 cells,
persists as cells enter S phase and disappears during the G2-M phase (Figure

3.6C).

3.4 Discussion

Protein sumoylation is essential for cell viability and regulates many
nuclear processes [92, 93]. Recent studies have revealed a major role for
Mms21 in DNA recombination repair and preventing the accumulation of GCRs

[52, 94, 97]; however, relatively little has been known about the function and
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substrates of SUMO isopeptidases in genome maintenance. The NPC has been
shown to contribute to genome maintenance and regulates the localization of
Ulp1l, although the mechanism has been insufficiently understood [96, 104-108].
Here we report several advances in addressing these questions, using
Saccharomyces cerevisiae as a model organism.

First, we identified an essential function of Ulp1 in desumoylating the bulk
of intracellular sumoylation, which is rescued by the removal of Siz1 and Siz2.
Concerning the role of Ulpl and Ulp2 in genome maintenance, we found that
the loss of Ulp2 or elimination of the bulk of poly-sumoylation in cells does not
cause appreciable accumulation of GCRs (Figure 3.1A). Interestingly, either
deleting Ulpl or disrupting its localization at the nuclear periphery causes
substantial accumulation of GCRs (Figure 3.1C). Considering the major role of
Mms21 in preventing the accumulation of GCRs [94], reduced sumoylation of
certain Mms21 targets might have occurred in these ulpl mutants. While
disrupting Ulp1 localization at the nuclear periphery could lead to its aberrant
desumoylation of Mms21 targets in the nucleoplasm, reducing sumoylated
Mms21 targets by the loss of Ulpl is expected to be indirect.

Second, understanding the functions of Ulpl and Ulp2 requires
knowledge of their substrates. Here we found that the loss of Ulp2 causes a
drastic and specific accumulation of sumoylated proteins at three chromosomal
regions, including the RENT complex in the nucleolus, the inner kinetochore

complexes at centromeres and specific subunits of the MCM helicase at DNA
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replication forks (Figures 3.2A and 3.6D). On the other hand, Ulpl broadly
desumoylates many proteins in cells except for these Ulp2 targets (Figure 3.3A).
Interestingly, Ulpl and Ulp2 appear to compensate for the loss of each other.
For example, a broad reduction in many sumoylated proteins caused by the loss
of Ulp2 could be explained by elevated Ulp1l activity, while reduced sumoylated
Netl in cells lacking Ulpl is best explained by elevated Ulp2 activity. The distinct
substrate specificity of Ulpl and Ulp2 is further illustrated by their roles in
regulating the desumoylation of various MCM subunits (Figure 3.3).

Third, the NPC has been shown to regulate Ulpl localization at the
nuclear periphery [96, 104-108]. Given the broad specificity of Ulpl towards
many sumoylated proteins, one might speculate that the NPC may restrict the
access of Ulpl towards proteins in the nucleoplasm to prevent aberrant
desumoylation. Interestingly, we found that removal of the NPC-targeting
domain of Ulpl causes a specific loss of sumoylated Ulp2 targets including
MCM in an Ulp2-independent manner, and this is accompanied by the
accumulation of many sumoylated proteins in the nucleoplasm (Figure 3.4). This
observation argues against the model that mis-localized Ulpl may non-
specifically desumoylate all proteins in the nucleoplasm. The accumulation of
most sumoylated proteins in cells lacking the NPC-targeting domain could be
due to elevated activities of SUMO E3 ligases to counter the activity of mis-
localized Ulpl, a characteristic feature of sumoylation homeostasis in which a

relatively small number of enzymes could compensate for each other.
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Finally, we and others have shown that sumoylation of the SMC family
proteins are preferentially controlled by Mms21 [94, 96, 110]. Sumoylation of
MCM has been reported previously [52, 94], although how the SUMO pathway
regulates MCM sumoylation is largely unknown. Interestingly, epitope-tagging
of most MCM subunits causes varying degrees of GCR accumulation (Figure
3.8), suggesting a properly functioning MCM is needed to prevent genome
rearrangements, which could be compromised by improper epitope-tagging.
Here we have characterized sumoylation of MCM in greater detail and found
that Mms21 preferentially controls the sumoylation of Mcm2 and Mcm3 (Figure
3.5). Interestingly, between the two major sumoylated species of Mcm3 found,
Mms21 specifically controls the accumulation of the slower migrating
sumoylated species of Mcm3 (Figure 3.5), which occurs during S phase and is
further induced in response to DNA replication stress (Figure 3.6). On the other
hand, Siz1 and Siz2 have a stronger role in regulating sumoylation of Mcme,
which occurs during the G1 and S phases but disappears during the G2-M
phase. While Ulp2 has a more important role in desumoylating MCM (Figure
3.3), the association of Ulpl with the nuclear periphery is necessary to prevent
its aberrant desumoylation of MCM (Figure 3.4), which could contribute to the
role of the NPC in genome maintenance [106, 112].

Taken together, our findings here have identified Ulpl and Ulp2
substrates and revealed that sumoylation of MCM is controlled in a subunit-

specific and cell cycle dependent manner. These findings further raise a
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hypothesis that sumoylation of Mms21 targets including Mcm2 and Mcm3 may

contribute to the suppression of genome rearrangements.

3.5 Materials & Methods

3.5.1 Yeast genetics

All yeast strains used for MS and biochemical experiments were derived
from the HF-SMT3 (HF-SUMO) strain, in which a 6xHIS-3xFLAG tag was
integrated into the N-terminus of SMT3 in its chromosomal locus [94]. The
strains used to study GCRs were derived from RDKY6678, which contains the
yel072w::CAN1/URA3 assay [7]. All tagged MCM strains and indicated
mutations were integrated into the chromosomal locus of the gene of interest
(Table 1), using standard yeast genetic methods unless otherwise noted. The
yeast strains used here also have their 2-micron circles removed, according to
a previous study [98]. Fluctuation analysis of GCRs was performed as
previously described [76]. At least 16 isolates were examined per mutant to
calculate the median rate of accumulating GCRs. Error bars in the graph
represent the upper and lower limits determined by the 95% confidence
intervals of the median.
(https://epilab.ich.ucl.ac.uk/coursematerial/statistics/non_parametric/confidenc
e_interval.ntml). pvalues were calculated using the two-tailed Mann-

Whitney U test as previously described [77]
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3.5.2 MS and biochemical methods

For quantitative MS analysis, each mutant strain was grown in synthetic
media containing either light or heavy stable isotope-labeled Lysine and
Arginine. A two-liter culture was used for each strain, which was grown to an
optical density (600 nm) near 0.5 and then harvested. Cell pellets of the two
yeast strains to be compared were combined and used to purify sumoylated
proteins under denaturing conditions using methods described previously [94].
The methods used in the MS experiments and data analysis have been
described previously [94]. The complete list of sumoylated proteins and their
abundance changes are shown in Tables 3.2-3.9. Each sumoylated protein was
guantified based on the median of the abundance ratios of at least three unique
peptides per protein.

To detect Netl and MCM sumoylation, the same denaturing method
using Ni-NTA and anti-FLAG affinity resins was used to purify sumoylated
proteins from the same amount (200 milliliters) of yeast culture during
logarithmic growth [94]. After cell lysis, Bradford assay was used to ensure the
same amount of total proteins was used to purify sumoylated proteins. To elute
sumoylated proteins from anti-FLAG affinity resins, Buffer containing 50 mM
Tris, pH8.0, 10 mM EDTA and 1% SDS was added to the anti-FLAG resins,
which were heated to 100 °C for 10 min. The eluted sample was analyzed using
an appropriate antibody as indicated. To induce DNA replication stress, 0.1 M

HU was added to a logarithmic growing YPD culture (optical density at 0.5) for
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2 hours. For cells growing in synthetic media, 0.1 M HU was added for 3 hours.
To analyze Mcm3 and Mcm6 sumoylation during the cell cycle, Mcm6-6xHIS-
3HA cells (Barl-deficient) were arrested by adding either 30 nM alpha-factor
(G1 arrest) or 7.5 pg/ml nocodazole (M-phase arrest) for 3 hours at 26°C. To
prepare S-phase cells, G1-arrested cells were washed with fresh YPD and then
released into fresh YPD media for 40 min at 26°C. The G1, S and G2-M phase
cells used for pull-down experiment were confirmed by FACS analysis. Full
length recombinant Mcm3 purified from bacteria was used to immunize rabbits
(Covance) and serum containing anti-Mcm3 polyclonal antibody was used to

detect Mcm3 [113].
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Figure 3.1 Characterization of the functions of Ulpl and Ulp2 in genome maintenance
and cell viability

A) Rate of accumulating GCRs in cells lacking Ulp2 or poly-sumoylation using the
yel072w::CAN1/URA3 assay. B) Tetrad analysis shows the lethality of ulp14 is suppressed by
the removal of both Siz1 and Siz2, but not Mms21 E3 ligase activity. C) Rate of accumulating
GCRs in cells lacking Ulpl or the NPC-targeting domain of Ulpl using the
yel072w::CAN1/URA3 assay. Error bars represent the upper and lower limits of the 95%
confidence intervals of the median.
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Figure 3.2 Effect of the loss of Ulp2 on intracellular protein sumoylation

A) Effect of loss of Ulp2 on the relative abundance of sumoylated proteins by comparing ulp24
mutant to the parental strain. B) Sumoylated Net1-6xHIS-3xHA in wild-type or ulp24 mutant was
purified by anti-FLAG affinity resins and then probed by anti-HA antibody. Sumoylated Netl is
indicated showing slower electrophoretic mobility compared to un-sumoylated Netl. C-G)
Sumoylated Mcm2, Mcm3, Mcm4, Mcm6 and Mcm7 in wild type and ulp24 mutant are analyzed
using the same approach. In each case, sumoylated MCM subunits in the anti-FLAG affinity-
purified sample show a slower electrophoretic mobility compared to unmodified MCM subunits,
which occasionally appear as a contaminant.
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Figure 3.3 Ulp1 has a broad role in intracellular desumoylation distinct from Ulp2

A) Effect of the losses of Ulp1, Siz1 and Siz2 on sumoylated proteins measured by quantitative
MS. White bar: abundance ratio of sumoylated proteins between ulpl4 siz1A4 siz24 and wild-
type strains. Black bar: abundance ratio of sumoylated proteins between ulpl4 siz14 siz24 and
sizl4 siz2A mutants. B) Effects of deleting Ulp1, Siz1 and Siz2 on sumoylated Netl. C-F) Effects
of deleting Ulpl or Ulp2 on sumoylated MCM subunits in cells lacking Sizl and Siz2.
Sumoylated proteins were purified and analyzed by various antibodies as indicated, using the
same method as in Figure 3.2B.
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Figure 3.4 Loss of Ulp1l NPC-targeting domain causes specific desumoylation of Ulp2-
specific targets

A) Effect of ulp1-N3384 on intracellular protein sumoylation measured by quantitative MS.
Asterisk indicates the protein was not identified. B) Effect of ulp1-N3384 on intracellular protein
sumoylation in cells lacking Ulp2 measured by quantitative MS. C-E) Effect of ulp1-N3384 and
ulp24 mutations on sumoylated Netl, Mcm6 and Mcm3, using the same method as in Figure
3.2B.
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Figure 3.5 Comparison between siz1l4 siz24 and mms21-CH mutants reveals MCM as a
target of Mms21

A) Relative abundance of sumoylated proteins in ulp24 siz1A siz24 and ulp24 mms21-CH
mutants measured by quantitative MS. B) Relative abundance of sumoylated proteins in siz14
siz24 and mms21-CH mutants measured by quantitative MS. Asterisks indicate the protein was
not identified. C-E) Effect of siz14 siz24 and mms21-CH mutations on sumoylated Mcm2, Mcm3
and Mcm®, using the same method as in Figure 3.2B.
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Figure 3.6 Regulation of MCM sumoylation in response to DNA replication stress and

during the cell cycle

A) Effect of hydroxyurea (HU) treatment on sumoylated MCM subunits. B) Effect of siz14 siz24
and mms21-CH mutations on HU-induced sumoylated Mcm3 detected by anti-HA and anti-
Mcm3 antibodies. C) Cell cycle dynamics of sumoylated Mcm3 and Mcm6 following G1 release
into S and G2/M phase. In each case, sumoylated MCM subunits were analyzed using the same
method as in Figure 3.22B. D) Regulation of sumoylation of MCM and other Ulp2 targets by the

SUMO-pathway.
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ulp2A
HF-SMT3
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C
value for GCR rates compared to

Strain smi3-GG R-smt3-GG ulp2s | ulp-AN338
ulp2A smi3-GG 0.3371 - 08181 -
Ulp2A 4R-smi3-GG - 0.1645 08103
ulp1A siz1A siz2A smt3-G6 <0.0001 . - :
ulpt-AN338 smi3-GG <0.0001 - - 0879
Ulpt-AN338 up2A smt3-GG <0.0001 - - 0984

Figure 3.7 Growth effects in ulp24 mutants

A) FACs profile of the parental strain and strains with or without HF-SMT3 or HF-4R-smt3-GG.
B) Plating of ulp2 mutant strains with or without HF-SMT3 or HF-4R-smt3-GG. Cells were
normalized and serial diluted 1:10 before plating. Cells were grown at 30°C and 37°C for 3 days
before imaging. C) Table of p-values of GCR rates for ulpl and ulp2 mutants from Figure 3-1A

and C.
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Figure 3.8 Rate of accumulating GCRs in MCM-HH tagged strains

Rate of accumulating GCRs of cells tagged with a 6xHis-3HA epitope at each individual MCM
gene in the yel072w::CAN1/URA3 assay. Error bars represent the upper and lower limits of the
95% confidence intervals of the median.



Table 3.1 Yeast strains used in Chapter 3

HF-SMT3

refers

to 6xHIS-3xFLAG-SMT3. HH tag refers to

6xHIS-3xHA

82

tag.

4R-smt3 — smt3-(K11R, K15R, K19R and K27R), while smt3GG indicates mature SUMO with
the C-terminal three amino acids of Smt3 removed.

Strain

name Genotype Source

RDKY6678 | MATa, leu2A1 trp1A63 his3A200 lys2ABgl hom3-10 ade2A | Putnam, et al,
ade8 ura3-52 iYELO72W::hph canl::hisG Nature 2009
yel072w::CAN1/URA3

RDKY6677 | MATa, leu2A1 trp1A63 his3A200 lys2ABgl hom3-10 ade2A | Putnam, et al,
ade8 ura3-52 iYELO72W::hph canl::hisG Nature 2009
yel068c::CAN1/URA3

HZY3392 MATa, smt3GG::kanMX®6, isogenic to RDKY6678 This study

HZY3451 MATa, 4R-smt3GG::KanMX®6, isogenic to RDKY6678 This study

HZY3443 MAT a, ulp24::HIS3 4R-smt3GG::kanMX®6, isogenic to This study
RDKY6678

HZY3860 MATa, ulp24::HIS3 smt3GG:: TRP, isogenic to RDKY6678 | This study

HZY3864 MATaq, ulp24::HIS3, isogenic to RDKY6678 This study

HZY3865 MATa, ulp24::HIS3 siz14::TRP1 siz24::NAT, isogenic to This study
RDKY6678

HzY3644 MATa, ulpl4::kanMX6 siz14::HIS3 siz24::NAT This study
smt3GG::TRP1, isogenic to RDKY6678

HZY3785 MATa, ulp1-N3384::kanMX6 smt3GG::TRP1, isogenic to This study
RDKY6678

HZY3998 MATa, ulp1-N3384::kanMX6 ulp24::HIS3 smt3GG:: TRP, This study
isogenic to RDKY6678

HZY2786 MATa, MCM2-HH::HisMX®6, isogenic to RDKY6678 This study

HZY4252 MATa, HH-MCM3 sml1A::TRP1, isogenic to RDKY6678 This study

HZY4046 MATa, MCM4-HH::kanMX®6, isogenic to RDKY6678 This study

HZY2788 MATa, MCM5-HH::HisMX®6, isogenic to RDKY6678 This study

HZY2789 MATa, MCM6-HH::HisMX®6, isogenic to RDKY6678 This study

HZY2790 MATa, MCM7-HH::HisMX®6, isogenic to RDKY6678 This study

HzY2101 MATa, HF-SMT3 smiI1A::TRP1 arg4A ura3-52 leu2A1 Albuquerque,
trp1A63 his3A200 lys2ABgl hom3-10 ade2A ade8, 2-micron |et al, PLoS
removed. genetics 2013

HZY2109 MATa, siz14::HIS3 siz24::URA3, HF-SMT3, isogenic to Albuquerque,
HZY2101 et al, PLoS

genetics 2013

HZY2136 MATa, mms21-CH::kanMX6, HF-SMT3, isogenic to Albuquerque,

HZY2101 et al, PLoS
genetics 2013

HZY3393 MATa, HF-4R-smt3GG::kanMX®6, isogenic to HZY2101 This study

HZY3485 MATa, ulplA4::HIS3 siz14::URAS3 siz2A::NAT This study
HFE-smt3GG::kanMX6, isogenic to HZY2101

HZY3710 MATa, ulp24::HIS3 HF-4R-smt3GG::kanMX6, isogenic to | This study
HZY2101

HZY3252 MATa, siz14::URAS3 siz24::NAT This study
HF-smt3GG::kanM X6, isogenic to HZY2101
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Strain

name Genotype Source

HZY3716 MATa, ulp24::HIS3 siz14::NAT siz24::URA3 HF-4R- This study
smt3GG::kanMX6, isogenic to HZY2101

HZY3752 MATa, ulp24::NAT HF-SMT3, isogenic to HZY2101 This study

HZY3766 MATa, ulp24::NAT siz14::HIS3 siz24::URA3 HF-SMT3, This study
isogenic to HZY2101

HZzY3870 MATa, ulp24::HIS3 mms21-CH:kanMX6 This study
HF-4R-smt3GG::URA3, isogenic to HZY2101

HZY3896 MATa, ulp1-N3384::kanMX6 HF-SMT3, isogenic to This study
HZY2101

HZY3934 MATa, ulp24::NAT ulp1-N3384::kanMX6 HF-SMT3, This study
isogenic to HZY2101

HZY3721 MATa, NET1-HH::kanMX6 HF-SMT3, isogenic to HZY2101 |This study

HZY3725 MATa, NET1-HH::kanMX6 ulp24::HIS3, isogenic to This study
HZY2101

HZY4139 MATa, NET1-HH::HisMX6 ulp1-N3384::kanMX6 HF-SMT3, | This study
isogenic to HZY2101

HZY4140 MATa, NET1-HH::HisMX6 ulp1-N3384::kanMX6 This study
ulp24::NAT HF-SMT3, isogenic to HZY2101

HZY1706 MATa, NET1-HH::kanMX6 siz14::HIS3 siz24::URA3 HF- This study
SMTS, isogenic to HZY2101

HZY1708 MATa, NET1-HH::kanMX6 ulp14::HIS3 siz14::URA3 This study
Siz2A::NAT HF-SMT3, isogenic to HZY2101

HzZY2791 MATa, MCM2-HH::kanMX6 HF-SMT3, isogenic to This study
HZY2101

HZY1982 MATa, MCM2-HH::kanMX6 ulp24::NAT HF-SMT3, isogenic | This study
to HZY2101

HZY4213 MATa, HH-MCM3, HF-SMTS3, isogenic to HZY2101 This study

HZY4217 MATa, URA3::HH-MCM3 mms21-CH::kanMX6 This study
HF-SMT3, isogenic to HZY2101

HzY4222 MATa, URA3::HH-MCM3 siz14::HIS3 siz24::kanMX6, HF- | This study
SMTS, isogenic to HZY2101

HZY3875 MATa, MCM4-HH::kanMX6 HF-SMT3, isogenic to This study
HZY2101

HZY3876 MATa, MCM4-HH::kanMX6 ulp24::NAT HF-SMT3, isogenic | This study
to HZY2101

HZY3880 MATa, MCM4-HH::kanMX6 ulp24::NAT siz14::HIS3 This study
siz24::URA3 HF-SMT3, isogenic to HZY2101

HZY1716 MATa, MCM4-HH::kanMX6 ulp14::HIS3 siz14::URA3 This study
siz2A4::NAT HF-SMT3, isogenic to HZY2101

HZY2795 MATa, MCM6-HH::kanMX6 HF-SMT3, isogenic to This study
HZY2101

HZY1902 MATa, MCM6-HH::HisMX6 barl4::URA3 HF-SMT3, This study
isogenic to HZY2101

HZY1997 MATa, MCM6-HH:: kanMX6 ulp14::HIS3 siz14::URA3 This study
Siz2A::NAT HF-smt3GG::kanMX6
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Strain

name Genotype Source

HZY4027 MATa, MCM6-HH::kanMX6 siz14::HIS3 siz24::URA3 HF- | This study
SMT3, isogenic to HZY2101

HZY4029 MATa, MCM6-HH::kanMX6 ulp2A4::NAT HF-SMT3, isogenic | This study
to HZY2101

HZY4031 MATa, MCM6-HH::kanMX®6 siz14::HIS3 siz24::URA3 This study
ulp24::NAT HF-SMT3, isogenic to HZY2101

HZY4033 MATa, MCM6-HH::kanMX6 mms21-CH::KanMX6 HF- This study
SMT3, isogenic to HZY2101

HZY4037 MATa, MCM6-HH::kanMX6 ulp1-N3384::kanMX6 HF- This study
SMT3, isogenic to HZY2101

HZY4039 MATa, MCM6-HH::kanMX6 ulp24::NAT This study
ulp1-N3384::kanMX6 HF-SMT3, isogenic to HZY2101

HZY4198 MATa, MCM7-HH::kanMX6, HF-SMT3, isogenic to This study
HZY2101

HZY1704 MATa, MCM7-HH::kanMX6 ulp24::NAT, HF-SMT3, This study
isogenic to HZY2101
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Table 3.2 Abundance of sumoylated protein identified and quantified by comparing ulp2A
HF-4R-smt3GG (HZY3710) and HF-4R-smt3GG (HZY3393) strains

Median ratio # 9f
Gene ORF (HZY3710/HZY3393) pfep“des
ound

ABF1 YKL112W 0.63 35
ABP1 YCR088W 0.57 8
AME1 YBR211C 16.53 10
AOS1 YPR180W 1.91 3
BIR1 YJR089W 0.35 30
BOP3 YNLO42W 0.50 26
BRF1 YGR246C 0.75 3
BRN1 YBLO97W 0.87 12
BUD3 YCLO014W 0.25 6
BUD4 YJR092W 0.58 9
CBF1 YJRO60W 3.99 13
CBF2 YGR140W 1.75 31
CDC11 YJRO76C 0.42 12
CDC14 YFR028C 35.50 19
CDC3 YLR314C 0.60 22
CDC48 YDL126C 2.05 39
CET1 YPL228W 1.24 17
CIN5 YOR028C 0.56 7
CRZ1 YNLO27W 0.41 4
CST6 YILO36W 0.87 3
CYC8 YBR112C 0.33 24
GCN5 YGR252W 0.44 7
GCR1 YPLO75W 0.17 20
GCR2 YNL199C 0.32 4
HPC2 YBR215W 0.23 8
HRP1 YOL123W 0.61 4
HTA2|HTA1 | YBLOO3C|YDR225W 8.05 3
HTB2|HTB1 | YBLOO2W|YDR224C 2.89 7
ISW1 YBR245C 0.56 7
ISW1|ISW2 YBR245C|YOR304W 0.61 3
ITC1 YGL133W 0.32 3
MAD1 YGLO86W 0.38 10
MCD1 YDLOO3W 4.95 33
MCM16 YPRO46W 33.44 4
MCM2 YBL023C 1.74 6
MCM21 YDR318W 22.33 15
MCM22 YJR135C 13.88 6
MCM3 YELO32W 7.56 5
MCM4 YPRO19W 5.50 12
MCM5 YLR274W 3.16 3
MCM®6 YGL201C 0.66 10
MCM7 YBR202W 13.17 15
MET4 YNL103W 0.77 10
MLP1 YKRO95W 0.47 154
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Table 3.2 Abundance of sumoylated protein identified and quantified by comparing ulp2a4

HF-4R-smt3GG (HzY3710) and HF-4R-smt3GG (HZY3393) strains, continued
. . # of
Median ratio .
Gene ORF (HZY3710/HZY3393) fem'des
ound
MLP2 YIL149C 0.68 59
MOT1 YPL082C 1.18 4
NET1 YJLO76W 18.71 225
NGG1 YDR176W 0.54 5
NPL6 YMR091C 0.36 7
NUP2 YLR335W 0.31 13
NUT1 YGL151W 0.47 21
OKP1 YGR179C 37.37 3
ORC3 YLLOO4W 0.66 3
PAAl YDRO71C 0.44 3
POB3 YMLOG69W 0.71 22
POL30 YBR088C 0.61 25
PRP45 YAL032C 0.28 22
RAP1 YNL216W 0.66 18
REB1 YBR049C 0.72 10
RIF1 YBR275C 0.38 5
RPA43 YOR340C 1.21 5
RPB4 YJL140W 0.48 7
RPC37 YKRO025W 1.14 17
RPC82 YPR190C 1.51 5
RPO21 YDL140C 0.77 65
RPO26 YPR187W 0.77 7
RSC8 YFR0O37C 0.33 28
RTT102 YGR275W 0.37 6
RVB1 YDR190C 0.12 15
RVB2 YPL235W 0.26 4
SEF1 YBL0O66C 0.32 5
SHS1 YDL225W 0.51 37
SIN3 YOLO004W 0.34 30
SIR3 YLR442C 0.78 7
SIR4 YDR227W 0.35 17
SIZ1 YDR409W 0.98 22
SKO1 YNL167C 0.52 11
SLK19 YOR195W 0.79 11
SMC2 YFRO0O31C 0.64 4
SMC3 YJLO74C 1.55 14
SMC4 YLRO86W 0.79 5
SPC24 YMR117C 0.58 7
SPP41 YDR464W 0.51 5
SPT15 YER148W 3.70 6
SPT7 YBR081C 0.38 52
STB3 YDR169C 0.50 13
STE12 YHR084W 0.38 7
STUlL YBL034C 0.46 15
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Table 3.2 Abundance of sumoylated protein identified and quantified by comparing ulp2a4

HF-4R-smt3GG (HzY3710) and HF-4R-smt3GG (HZY3393) strains, continued
. . # of
Median ratio .

Gene ORF (HZY3710/HZY3393) foeuprf'(fes
SUB2 YDL084W 0.44 4
SUM1 YDR310C 0.33 13
SWC5 YBR231C 0.57 3
SWI3 YJL176C 0.61 28
TAF12 YDR145W 0.61 7
TAF2 YCR042C 0.63 3
TAF3 YPLO11C 0.45 5
TAF5 YBR198C 0.41 3
TEC1 YBR0O83W 0.37 23
TFC7 YOR110W 0.44 16
TIF2|TIF1 YJL138C|YKRO59W 0.42 24
TOAl1 YOR194C 1.24 9
TOF2 YKR010C 43.17 38
TOP2 YNLO88W 0.37 11
TUP1 YCR084C 0.38 72
TYE7 YOR344C 0.59 12
UAF30 YOR295W 5.11 5
UBA2 YDR390C 0.68 43
UBC9 YDL064W 0.38 21
VHR1 YILO56W 0.48 5
VID21 YDR359C 0.67 3
VPS72 YDR485C 0.23 7
YCG1 YDR325W 0.92 31
YCS4 YLR272C 0.46 56
YMR111C YMR111C 1.24 20
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Table 3.3 Abundance of sumoylated proteins identified and quantified by comparing
ulp2A HF-SMT3 (HZY3752) strain and ulp2A HF-4R-smt3GG (HZY3710) strains

Median ratio # 9f
Gene ORF (HZY3752/HZY3710) pfep“des
ound
AOS1T YPR180W 7.94 3
BDP1 YNLO39OW 5.44 41
BIR1 YIRO8OW 2.29 31
BOP3 YNLO42W 3.53 29
BRF1 YGR246C 3.67 9
BRN1 YBLO97W 3.64 12
BUDA4 YIR092W 8.675 4
BURG YER159C 1.75 4
CBF1 YIRO60W 2.92 18
CBF2 YGR140W 3.29 12
cDC3 YLR314C 237 39
CDC48 YDL126C 2.32 47
CET1 YPL228W 7.06 3
CINS YOR028C 14.335 16
CST6 YILO36W 3.065 6
CTI6 YPL181W 6.905 6
CYC8 YBR112C 5.76 3
HAP1 YLR256W 6.79 4
HIR2 YORO038C 3.82 5
HPC2 YBR215W 6.03 38
HTA2|HTAL | YBLOO3C|YDR225W 3.475 10
HTB2|HTBL | YBLOO2W[YDR224C 3.135 10
IRR1 YIL026C 2.07 7
ISW1 YBR245C 431 7
MCD1 YDLOO3W 227 31
MCM16 YPRO46W 2.71 3
MCM21 YDR318W 223 3
MCM22 YIR135C 3.785 2
MCM3 YELO32W 1.76 14
MCM4 YPRO19W 1.455 2
MCM7 YBR202W 251 3
MET4 YNLIO3W 8.98 8
MLP1 YKRO95W 113 99
MLP2 YIL149C 1.7 31
MOT1 YPL082C 4.605 6
NETL YILO76W 2.87 399
NGG1 YDR176W 5.8 10
OKP1 YGR179C 2.025 6
POB3 YMLO69W 2.88 6
POL30 YBRO8SC 4.07 30
PRP45 YAL032C 1.9 18
RAP1 YNL216W 5.035 8
REB1 YBR049C 3.42 21
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Table 3.3 Abundance of sumoylated proteins identified and quantified by comparing
ulp2A HF-SMT3 (HZY3752) strain and ulp2A HF-4R-smt3GG (HZY3710) strains, continued

Median ratio # of .

Gene ORF (HZY3752/HZY3710) {?ep“des
ound

RETL YOR207C 3.475 4
RPB4 YIL140W 4.55 13
RPC37 YKRO25W 7.01 15
RPC53 YDL150W 6.94 31
RPC82 YPR190C 6.34 16
RPO21 YDL140C 3.9 32
RPO26 YPR187W 5.62 7
RRP5 YMR229C 237 5
RSC2 YLR357W 10.875 14
RSC8 YFR037C 3.77 8
SHS1 YDL225W 2.1 23
SIN3 YOL00AW 3.355 4
SIR3 YLRA442C 5,535 32
SIR4 YDR227W 6.01 31
SIZ1 YDRAOIW 153 24
SKO1 YNL167C 8.7 21
SLI15 YBR156C 1.77 4
SMC1 YFLOOBW 1.915 8
SMC2 YFR031C 2.14 4
SMC3 YJL074C 2.425 14
SMC4 YLROB6W 3515 16
SPC24 YMRI117C 12 3
SPP41 YDRAGAW 4.46 51
SPTI5 YER148W 3.42 3
SPT7 YBROB1C 8.535 30
STB3 YDR169C 3.77 6
STHL YIL126W 5.81 9
SUM1 YDR310C 9.745 70
SWI3 YIL176C 5.65 10
SWR1 YDR334W 6.45 4
TEC1 YBROS3W 8.29 21
TEC7 YOR110W 4.38 5
TEG1 YGR186W 6.775 16
TIF2[TIFL | YJL138C|YKRO59W 1.365 6
TOAL YOR194C 8.93 11
TOF2 YKR010C 6.14 117
TOP2 YNLOS8BW 1.77 27
TUP1 YCROBAC 6.39 37
TYE7 YOR344C 7.195 46
UAF30 YOR295W 3.19 13
UBA2 YDR390C 13 34
UBC9 YDLO64W 1.095 28
UPC2 YDR213W 9.045 6
YCG1 YDR325W 4.075 6
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Table 3.3 Abundance of sumoylated proteins identified and quantified by comparing
ulp2A HF-SMT3 (HZY3752) strain and ulp2A HF-4R-smt3GG (HZY3710) strains, continued

Gene ORF Median ratio e#tci)ges
(HZY3752/HZY3710) bep
found
YCS4 YLR272C 2.425 12
YMR111C | YMR111C 4.21 25
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Table 3.4 Abundance of sumoylated proteins identified and quantified by comparing

ulplA sizlA siz2A HF-smt3GG (HZY3485) and HF-SMT3 (HZY2101) strains
. . # of
Median ratio ;
Gene ORF (HZY3485/HZY2101) pfp“des

ound
ABF1 YKL112W 0.545 24
AOS1 YPR180W 179.495 36
BIR1 YJR089W 0.28 5
BUD3 YCL014W 0.17 3
BUD4 YJR092W 0.07 11
CBF2 YGR140W 1.53 8
CDC11 YJR076C 0.07 11
CDC3 YLR314C 0.115 34
CET1 YPL228W 6.75 22
CYCS8 YBR112C 3.87 17
GCR1 YPLO75W 0.5 5
HRP1 YOL123W 2285 4
ISW1 YBR245C 5.73 3
MCD1 YDLOO3W 2.185 8
MET4 YNL103W 0.38 3
MLP1 YKRO95W 1.005 44
NET1 YJLO76W 0.35 7
NUP2 YLR335W 39.775 14
POB3 YMLOG6OW 10.38 25
POL30 YBR088C 1.44 13
REB1 YBR049C 1.225 4
RPA135 YPR010C 5.27 6
RPC37 YKRO25W 0.905 6
RPO21 YDL140C 0.47 29
RPO26 YPR187W 3.03 5
RSC58 YLRO33W 15.74 4
RSC8 YFR037C 4.67 37
RTT102 YGR275W 13.19 5
RVB1 YDR190C 3.23 17
SEF1 YBL0O66C 3.54 3
SHS1 YDL225W 0.095 36
SIN3 YOL004W 1.195 6
SIR4 YDR227W 3.33 3
SIZ1 YDR409W 0.105 14
SKO1 YNL167C 2.65 4
SMC2 YFRO0O31C 14.115 18
SMC4 YLRO86W 26.215 30
SMC5 YOL034W 44 21
SMC6 YLR383W 10.585 4
SPT7 YBR081C 0.17 21
STB3 YDR169C 2.955 14
STE12 YHR084W 1 3
STU1 YBL034C 0.96 3




92

Table 3.4 Abundance of sumoylated proteins identified and quantified by comparing
ulp1A siz1A siz2A HF-smt3GG (HZY3485) and HF-SMT3 (HZY2101) strains, continued

Median ratio # of .

Gene ORF (HZY3485/HZY2101) ]E’Oefrt]'(;jes
SUB2 YDLOBAW 48.47 14
SWI3 YIL176C 212 11
TEC1 YBROS3W 1.01 7
TOA1 YOR194C 2.835 4
TOP2 YNLOSSW 5.51 3
TUP1 YCRO84C 5.15 49
TYE7 YOR344C 0.115 4
UBA2 YDR390C 4.72 62
UBCY YDLO6AW 2.42 17
YCG1 YDR325W 4.01 6
YCS4 YLR272C 2.09 19
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Table 3.5 Abundance of sumoylated proteins identified and quantified by comparing
ulplA sizlA siz2A HF-smt3GG (HZY3485) and sizl1A siz2A HF-smt3GG (HZY3252) strains

Median ratio # c.)f
Gene ORF (HZY3485/HZY3252) pfg&'ggs
ABF1 YKL112W 08 41
AOS1 YPR18OW 58.77 33
AZF1 YOR113W 3.16 3
BRN1 YBLO97W 1.58 3
CDC3 YLR314C 4.44 7
CETL YPL228W 14.635 8
CRZ1 YNLO27W 53.265 4
cvCs YBR112C 12.84 8
HAPL YLR256W 6.25 4
HPC2 YBR215W 437 3
HRP1 YOL123W 37.44 3
HTB2|HTB1 | YBLOO2W[YDR224C 1.095 4
ISW1 YBR245C 32.15 9
ISWI[ISW2 | YBR245C|YOR304W 10.44 3
MCD1 YDLOO3W 057 5
MCM2 YBLO023C 0.14 1
MLP1 YKRO95W 1.78 5
NETL YILO76W 0.235 36
NUP2 YLR335W 13.45 5
PAF1 YBR279W 11.27 7
POB3 YMLOBOW 25375 18
POL30 YBRO8SC 20.66 7
RAD16 YBRL1AW 47.215 10
REB1 YBR049C 1.74 11
RPA135 | YPRO10C 273 3
RPA1O0 | YOR341W 8.215 18
RPC53 YDL150W 38 5
RP0O26 YPR187TW 63 4
RRP5 YMR229C 6.1 19
RSC58 YLRO33W 34.65 6
RSCS YFR037C 2522 13
RVB1 YDR190C 24.94 4
SIR3 YLR442C 1.35 3
SIR4 YDR227W 3.02 15
SKO1L YNL167C 24.495 4
SMC1 YFLOOSW 1.08 5
SMC2 YFRO31C 3.21 22
SMC3 YILO74C 0.915 12
SMC4 YLROS6W 8.225 70
SMC5 YOL034W 67.54 78
SMC6 YLR383W 9.85 7
SPN1 YPR133C 24.69 3
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Table 3.5 Abundance of sumoylated proteins identified and quantified by comparing
ulp1A siz1A siz2A HF-smt3GG (HZY3485) and siz1A siz2A HF-smt3GG (HZY3252) strains,

continued
. . # of
Median ratio .
Gene ORF (HZY3485/HZY3252) ]E’ep“des
ound

SPP41 YDR464W 2.37 3
SPT5 YMLO10W 6.3 6
STB3 YDR169C 35.56 7
STH1 YIL126W 6.83 5
SUB2 YDL084W 22.4 7
SUM1 YDR310C 4.225 4
TFG1 YGR186W 25.3 12
TOF2 YKR010C 0.37 6
TOP1 YOL006C 22.125 22
TOP2 YNLO88W 28.795 60
TUP1 YCR084C 21.96 48
UBA2 YDR390C 4.23 52
UBC9 YDLO64W 0.5 29
YCS4 YLR272C 2.11 7
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Table 3.6 Abundance of sumoylated proteins identified and quantified by comparing

ulp1-N338A (HZY3896) and HF-SMT3 (HZY2101) strains
. . # of
Median ratio ;
Gene ORF (HZY3896/HZY2101) pfg&'ggs
ABF1 YKL112W 0.56 22
ABP1 YCR088W 2.93 7
AOS1 YPR180W 16.18 13
ASF2 YDL197C 0.15 4
AZF1 YOR113W 6.07 6
BDP1 YNLO39W 0.12 13
BIR1 YJRO89W 1.19 14
BOP3 YNLO42W 1.09 14
BRN1 YBLO97W 0.815 6
BUD3 YCLO014W 14.01 15
BUD4 YJR092W 12.23 35
BURG6 YER159C 10.71 3
CBF1 YJRO60W 1.33 4
CDC11 YJRO76C 5.715 14
CDC14 YFR028C 0.09 1
CDC3 YLR314C 3.92 43
CDC48 YDL126C 14.575 62
CET1 YPL228W 7.995 16
CIN5 YOR028C 1.78 3
CRZ1 YNLO27W 6.13 15
CST6 YILO36W 4.67 19
CYC8 YBR112C 1.405 6
GCN5 YGR252W 1.39 5
GCR1 YPLO75W 0.17 8
GIN4 YDR507C 12.65 34
HAP1 YLR256W 3.06 3
HIR2 YORO038C 0.97 19
HMS1 YORO032C 1.22 3
HPC?2 YBR215W 1.26 29
HRP1 YOL123W 5.58 4
HSL1 YKL101W 3.995 4
HTA2|HTA1 | YBLOO3C|YDR225W 0.255 4
IRR1 YIL026C 0.83 3
ISW1 YBR245C 5.12 33
ISW1[ISW2 | YBR245C|YOR304W 5.43 3
ITC1 YGL133W 3.79 11
KRE33 YNL132W 0.6 3
MAD1 YGLO86W 0.29 3
MCD1 YDLOO3W 0.465 4
MCM2 YBL023C 0.23 1
MCM3 YELO32W 0.27 1
MET4 YNL103W 7.225 10
MLP1 YKRO95W 0.14 89
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Table 3.6 Abundance of sumoylated proteins identified and quantified by comparing

ulp1l-N338A (HZY3896) and HF-SMT3 (HZY2101) strains, continued
. . # of
Median ratio .
Gene ORF (HZY3896/HZY2101) :?e'o“des
ound

MLP2 YIL149C 0.13 48
MOT1 YPL082C 6.79 23
NET1 YJLO76W 0.06 60
NFI1 YOR156C 5.85 12
NGG1 YDR176W 1.35 10
NUP2 YLR335W 1.82 7
NUT1 YGL151W 9.06 5
PAF1 YBR279W 6.565 4
POB3 YMLOG69W 7.94 21
POL30 YBR088C 6.33 13
PRP45 YAL032C 0.42 15
RAD16 YBR114W 3.81 9
RAP1 YNL216W 1.28 12
REB1 YBR049C 0.61 15
RET1 YOR207C 1.82 4
RPA135 YPR010C 5.61 12
RPA190 YOR341W 1.18 7
RPB4 YJL140W 2.01 5
RPC37 YKRO025W 2.105 8
RPC53 YDL150W 3.12 15
RPC82 YPR190C 1.21 7
RPO21 YDL140C 2.19 44
RPO26 YPR187W 1.28 3
RRP5 YMR229C 1.55 21
RSC2 YLR357W 1.87 12
RSC8 YFR0O37C 3.96 21
SEF1 YBLO66C 1.18 4
SHS1 YDL225W 6.365 38
SIN3 YOLO004W 1.73 15
SIR3 YLR442C 1.02 20
SIR4 YDR227W 0.79 25
SIZ1 YDR409W 2.99 31
SKO1 YNL167C 1.41 16
SMC1 YFLO0O8W 0.555 4
SMC3 YJLO74C 0.46 6
SMC4 YLRO86W 1.615 12
SMC5 YOL034W 6.09 40
SMC6 YLR383W 1.515 6
SPP41 YDR464W 1.46 16
SPT5 YMLO10W 3.9 26
SPT7 YBR081C 0.85 21
STB3 YDR169C 5.19 21
STH1 YIL126W 1.93 16
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Table 3.6 Abundance of sumoylated proteins identified and quantified by comparing
ulp1l-N338A (HZY3896) and HF-SMT3 (HZY2101) strains, continued

Median ratio # c.)f
Gene ORF (HZY3896/HZY2101) pfp“des
ound
STU1 YBL034C 7.39 21
SUB2 YDL084W 5.395 8
SUM1 YDR310C 2.2 59
SWI3 YJL176C 2.34 9
SWR1 YDR334W 0.94 5
TAF2 YCR042C 3.49 5
TEC1 YBR0O83W 0.58 11
TFC4 YGR047C 0.31 4
TFC7 YOR110W 0.71 3
TFG1 YGR186W 8.58 39
TIF2|TIF1 YJL138C|YKRO59W 5.905 18
TOAl1 YOR194C 5.675 6
TOF2 YKR010C 0.07 32
TOP1 YOLO006C 4.71 21
TOP2 YNLO88W 5.08 61
TUP1 YCR084C 1.43 27
TYE7 YOR344C 5.63 11
UBA2 YDR390C 2.98 34
UBC9 YDLO64W 11.47 33
UPC2 YDR213W 2.92 4
VHR1 YILO56W 0.59 3
VPS72 YDR485C 0.74 3
YBR025C YBR025C 2.26 3
YCS4 YLR272C 1.48 7
YER064C YERO064C 3.745 6
YMR111C YMR111C 1.19 20
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Table 3.7 Abundance of sumoylated proteins identified and quantified by comparing

ulp1-N338A ulp2A (HZY3934) and ulp2A (HZY3752) strains
. . # of
Median ratio )
Gene ORF (HZY3934/HZY3752) pfp“des
ound
AOS1 YPR180W 53.5 15
AZF1 YOR113W 25.1 4
BDP1 YNLO39W 0.075 12
BIR1 YJRO89W 0.155 26
BOP3 YNLO42W 0.41 27
BRN1 YBLO97W 0.49 9
BUD3 YCLO14W 20.5 13
BUD4 YJR092W 67.15 32
CBF1 YJRO60W 0.06 7
CBF2 YGR140W 0.05 22
CDC11 YJR076C 17.7 18
CDC14 YFR028C 0.015 24
CDC3 YLR314C 9.04 51
CDC48 YDL126C 9.655 50
CET1 YPL228W 18.5 15
CINS YOR028C 0.14 3
CRZ1 YNLO27W 34.95 12
CST6 YILO36W 10.6 21
CYCS8 YBR112C 3.82 5
FOB1 YDR110W 98.2 4
GCN5 YGR252W 0.24 5
GCR2 YNL199C 10.9 3
GIN4 YDR507C 21.4 20
HAP1 YLR256W 7.04 9
HIR2 YORO038C 4.47 18
HMS1 YOR032C 0.91 9
HPC2 YBR215W 2.15 23
HRP1 YOL123W 44.9 5
HSL1 YKL101W 14.65 10
HTA2|HTA1 | YBLOO3C|YDR225W 0 3
HTB2|HTB1 | YBLOO2W|YDR224C 0.045 6
IRR1 YILO26C 0.01 17
ISW1 YBR245C 29.8 33
ISW1[ISW2 | YBR245C|YOR304W 503 4
ITC1 YGL133W 20.2 8
KRE33 YNL132W 12.2 11
MCD1 YDLOO3W 0.095 20
MCM16 YPRO46W 0.23 3
MCM2 YBL023C 0.07 9
MCM21 YDR318W 0.02 7
MCM3 YELO32W 0.035 28
MCM4 YPRO19W 0.03 6
MCM5 YLR274W 0.05 2
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Table 3.7 Abundance of sumoylated proteins identified and quantified by comparing

ulpl-N338A  ulp2A (HZY3934) and ulp2A (HZY3752) strains, continued
. . # of
Median ratio .
Gene ORF (HZY3934/HZY3752) :?e'o“des
ound
MCM7 YBR202W 0.025 8
MET4 YNL103W 14.2 9
MLP1 YKRO95W 0.06 102
MLP2 YIL149C 0.14 50
MOT1 YPL082C 24.7 37
NET1 YJLO76W 0.01 219
NFI1 YOR156C 10.15 8
NUP2 YLR335W 32.45 12
NUT1 YGL151W 11 5
OKP1 YGR179C 0.07 6
ORC3 YLLOO4W 36.9 3
PAF1 YBR279W 53.65 6
POB3 YMLO69W 69.65 20
POL30 YBR088C 8.23 19
PRP45 YAL032C 0.135 12
RAD16 YBR114W 17.7 11
RAP1 YNL216W 3.86 11
REB1 YBR049C 0.14 11
RET1 YOR207C 86.76 4
RIF1 YBR275C 1.3 5
RPA135 YPR010C 43.7 25
RPA190 YOR341W 11.5 27
RPB4 YJL140W 2.91 5
RPC37 YKRO25W 8.11 6
RPC53 YDL150W 29.8 15
RPC82 YPR190C 2.235 18
RPO21 YDL140C 9.64 61
RPO26 YPR187W 1.55 3
RRP5 YMR229C 27.4 32
RSC2 YLR357W 6.39 13
RSC58 YLRO33W 13.6 4
RSCS8 YFRO37C 54.4 24
RVB1 YDR190C 13.88 4
SHS1 YDL225W 14.2 35
SIN3 YOLO004W 2.21 7
SIR3 YLR442C 1.165 36
SIR4 YDR227W 3.77 37
SIZ1 YDR409W 5.67 27
SKO1 YNL167C 1.29 14
SMC1 YFLOO8W 0.43 20
SMC2 YFRO031C 11.5 15
SMC3 YJLO74C 0.14 29
SMC4 YLRO86W 14.4 43
SMC5 YOL034W 64.2 61
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Table 3.7 Abundance of sumoylated proteins identified and quantified by comparing

ulpl-N338A  ulp2A (HZY3934) and ulp2A (HZY3752) strains, continued
. . # of
Median ratio )
Gene ORF (HZY3934/HZY3752) pfp“des
ound
SMC6 YLR383W 17.95 20
SNF2 YOR290C 3.36 7
SNF5 YBR289W 11.9 3
SPP41 YDR464W 0.5 24
SPT15 YER148W 0.095 8
SPT5 YMLO10W 16.5 15
SPT7 YBR081C 0.28 23
STB3 YDR169C 235 14
STH1 YIL126W 13.2 15
STUlL YBL034C 41.05 44
SUB2 YDLO84W 17 4
SUM1 YDR310C 1.78 47
SWIi4 YER111C 4.2 3
SWR1 YDR334W 10.625 6
TAF2 YCRO042C 26.95 12
TEC1 YBRO83W 7.77 8
TFC7 YOR110W 7.1 3
TFG1 YGR186W 53.3 33
TIF2|TIF1 YJL138C|YKRO59W 436 28
TOA1 YOR194C 20 5
TOF2 YKR010C 0.02 41
TOP1 YOL006C 18.85 20
TOP2 YNLO88W 36.85 86
TUP1 YCRO084C 1.35 28
TYE7 YOR344C 7.54 14
UAF30 YOR295W 0.01 5
UBA2 YDR390C 10.65 56
UBC9 YDLO64W 74.9 33
VHR1 YILO56W 1.08 7
YCG1 YDR325W 90.945 6
YCS4 YLR272C 5 15
YMR111C YMR111C 11.3 21
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Table 3.8 Abundance of sumoylated proteins identified and quantified by comparing
ulp2A siz1A siz2A HF-4R-smt3GG (HZY3716) and ulp2A mms21-CH HF-4R-smt3GG
(HZY3870) strains

Median ratio # 9f
Gene ORF (HZY3716/HZY3870) pfep“des
ound

ABF1 YKL112W 1.095 62
AME1 YBR211C 5.06 3
BDP1 YNLO39W 0.18 21
BIR1 YJR0O89W 0.04 11
BOP3 YNLO42W 0.065 12
BRF1 YGR246C 0.52 5
BRN1 YBLO97W 1.96 5
BUD3 YCLO014W 0.055 8
BUD4 YJR092W 0.025 18
CBF1 YJRO60W 1.27 7
CBF2 YGR140W 1.11 11
CDC11 YJR0O76C 0.01 14
CDC14 YFR028C 1.14 29
CDC3 YLR314C 0.015 50
CDC48 YDL126C 0.125 24
CRZ1 YNLO27W 0.03 8
FOB1 YDR110W 3.54 5
GIN4 YDR507C 0.045 6
HAP1 YLR256W 0.07 6
HPC2 YBR215W 0.12 7
HTA2|JHTA1 | YBLOO3C|YDR225W 2.025 8
HTB2|HTB1 | YBLOO2W|YDR224C 6.45 9
IRR1 YIL026C 5.775 28
MCD1 YDLOO3W 4.86 19
MCM?2 YBL023C 21.685 22
MCM21 YDR318W 1.61 3
MCM3 YELO32W 12.405 40
MCM4 YPRO19W 11.55 25
MCM5 YLR274W 14.52 5
MCM6 YGL201C 5.71 5
MCM7 YBR202W 5.33 17
MET4 YNL103W 0.09 3
MLP1 YKRO95W 0.19 45
MLP2 YIL149C 0.93 17
MOT1 YPL082C 0.24 4
NET1 YJLO76W 0.9 207
NFI1 YOR156C 0.01 3
OKP1 YGR179C 5.13 3
POB3 YMLO69W 0.16 9
POL30 YBR088C 0.025 18
PRP45 YALO032C 0.02 12
REB1 YBR049C 0.38 9
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Table 3.8 Abundance of sumoylated proteins identified and quantified by comparing
ulp2A siz1A siz2A HF-4R-smt3GG (HZY3716) and ulp2A mms21-CH HF-4R-smt3GG
(HZY3870) strains, continued

Median ratio # of .
Gene ORF (HZY3716/HZY3870) 'foep“des
ound

RPA190 YOR341W 4.5 5
RPC53 YDL150W 0.065 18
RPC82 YPR190C 0.02 7
RPO21 YDL140C 0.06 25
RRP5 YMR229C 2.01 5
RSC2 YLR357W 0.1 3
RSC8 YFR037C 0.15 5
SHS1 YDL225W 0.01 32
SIR3 YLR442C 0.345 20
SIR4 YDR227W 0.82 13
SIZ1 YDR409W 0.02 17
SKO1 YNL167C 0.08 3
SMC1 YFLOOBW 6.23 32
SMC2 YFRO31C 4.86 9
SMC3 YJLO74C 8 47
SMC4 YLRO86W 5.705 12
SMC5 YOL034W 3.16 8
SMC6 YLR383W 2.58 3
SPP41 YDR464W 0.09 8
SPT15 YER148W 2.25 4
SPT7 YBR081C 0.07 11
STU1 YBL034C 0.03 4
SUM1 YDR310C 0.04 21
TEC1 YBR0O83W 0.125 6
TFG1 YGR186W 0.11 11
TIF2|TIF1 YJL138C|]YKRO59W 0.92 3
TOF2 YKR010C 2.62 79
TOP2 YNLO88W 0.11 38
TUP1 YCR084C 0.24 28
TYE7 YOR344C 0.02 16
UAF30 YOR295W 2.55 6
UBA2 YDR390C 1.31 59
UBC9 YDLO64W 2.6 25
VHR1 YILO56W 0.04 3
WTM1 YOR230W 0.09 3
YCG1 YDR325W 3.59 6
YCS4 YLR272C 0.72 5
YER064C YERO064C 0.03 4
YMR111C YMR111C 0.03 19
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Table 3.9 Abundance of sumoylated proteins identified and quantified by comparing

untreated  sizlA  siz2A  (HZY2109) and mms21-CH  (HZY2136) strains
. . # of
Median ratio :
Gene ORF (HZY2109/HZY2136) pfep“des
ound

ABF1 YKL112W 20.94 25
ABP1 YCR088W 1.39 3
AOS1 YPR180W 1.035 6
ASF2 YDL197C 0.24 5
BDP1 YNLO39W 7.535 8
BIR1 YJR0O89W 29.26 10
BOP3 YNLO42W 30.67 16
BRF1 YGR246C 3.395 8
BRN1 YBLO97W 1.04 13
BUD3 YCLO14W 96.285 4
BUD4 YJR092W 142.8 25
CBF1 YJRO60W 6.29 5
CBF2 YGR140W 1.575 4
CDC11 YJR076C 101.03 23
CDC14 YFR028C 1.05 3
CDC3 YLR314C 99.95 48
CDC48 YDL126C 4.255 40
CET1 YPL228W 14.9 7
CST6 YILO36W 25.97 8
CYCS8 YBR112C 6.06 11
FOB1 YDR110W 0.225 8
GCN5 YGR252W 6.91 10
GCR1 YPLO75W 3.025 10
HAP1 YLR256W 154 12
HIR2 YOR038C 2.67 5
HMS1 YOR032C 42.14 12
HSP104 YLLO26W 1.825 14
HTB2|HTB1 | YBLOO2W|YDR224C 0.64 7
ISW1 YBR245C 3.49 16
ISW1[ISW2 | YBR245C|YOR304W 3.545 4
MAD1 YGLO86W 2.27 7
MCD1 YDLOO3W 0.12 17
MCM2 YBL023C 0.09 13
MCM3 YELO32W 0.21 2
MCM4 YPRO19W 0.535 2
MCM5 YLR274W 0.4 3
MCM6 YGL201C 1.405 6
MCM7 YBR202W 0.29 1
MET4 YNL103W 33.52 7
MLP1 YKRO95W 14.75 165
MLP2 YIL149C 7.22 69
MOT1 YPL082C 9.23 15
NET1 YJLO76W 1.545 26
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Table 3.9 Abundance of sumoylated proteins identified and quantified by comparing

untreated siz1A siz2A (HZY2109) and mms21-CH (HZY2136) strains, continued
. : # of
Median ratio ;
Gene ORF (HZY2109/HZY2136) Pep
NFI1 YOR156C 32.05 5
NGG1 YDR176W 1.935 8
NUT1 YGL151W 16.96 7
PAF1 YBR279W 2.5 3
POB3 YMLOG69W 7.58 19
POL30 YBR088C 45.71 15
PRP45 YAL032C 117.515 26
RAP1 YNL216W 2.95 9
REB1 YBR049C 3.045 26
RET1 YOR207C 10.55 4
RIF1 YBR275C 4.73 6
RPA135 YPR010C 0.065 18
RPA190 YOR341W 0.16 20
RPA43 YOR340C 0.22 7
RPB4 YJL140W 13.795 10
RPC37 YKRO025W 9.37 11
RPC82 YPR190C 18.135 14
RPO21 YDL140C 13.88 63
RPO26 YPR187W 1.45 4
RRP5 YMR229C 0.745 6
RSC1 YGRO56W 1.775 6
RSC2 YLR357W 9.38 18
RSC58 YLRO33W 1.17 6
RSC8 YFR0O37C 5.05 19
RVB1 YDR190C 2.8 5
SEF1 YBLO66C 1.675 4
SHS1 YDL225W 208 43
SIN3 YOLO004W 4.65 15
SIR3 YLR442C 2.81 26
SIR4 YDR227W 1.67 4
SIZ1 YDR409W 200.82 19
SKO1 YNL167C 16.095 6
SLK19 YOR195W 13.105 10
SMC1 YFLOO8W 0.125 32
SMC2 YFRO031C 0.18 21
SMC3 YJLO74C 0.11 36
SMC4 YLRO86W 0.195 38
SMC5 YOL034W 0.24 43
SMC6 YLR383W 0.38 21
SPC24 YMR117C 23.015 4
SPP41 YDR464W 4.4 3
SPT15 YER148W 1.69 5
SPT5 YMLO10W 4.87 26
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Table 3.9 Abundance of sumoylated proteins identified and quantified by comparing

untreated siz1A siz2A (HZY2109) and mms21-CH (HZY2136) strains, continued
. : # of
Median ratio ;
Gene ORF (HZY2109/HZY2136) PeRE
SPT7 YBR081C 15.88 31
STB3 YDR169C 48.06 15
STE12 YHR084W 1.995 4
STH1 YIL126W 3.17 3
STUlL YBL034C 23.27 26
SUB2 YDLO84W 1.4 6
SUM1 YDR310C 22.895 22
SWI3 YJL176C 4.52 14
SWR1 YDR334W 3.95 5
TAF2 YCRO042C 8.84 7
TAF3 YPLO11C 30.3 3
TEC1 YBRO83W 7.705 22
TFC4 YGR047C 7.57 4
TFC7 YOR110W 5.825 4
TFG1 YGR186W 17.33 16
TIF2|TIF1 YJL138C|YKRO59W 1.38 16
TOA1 YOR194C 37.815 6
TOF2 YKR010C 0.4 15
TOP2 YNLO88W 3.46 3
TUPL YCRO084C 10.03 45
TYE7 YOR344C 23.865 8
UBA2 YDR390C 0.77 34
UBC9 YDLO64W 0.44 33
VHR1 YILO56W 18.01 11
VID21 YDR359C 4.57 5
VPS72 YDRA485C 54 3
WTM1 YOR230W 17.44 7
YBR025C YBR025C 1.62 3
YCG1 YDR325W 0.49 7
YCS4 YLR272C 2.27 17
YER064C YER064C 21.34 13
YMR111C YMR111C 37.615 16
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4.1 Summary

The integrity of ribosomal DNA (rDNA) repeats in the nucleolus is
maintained by assembly of multiple protein complexes that inhibit aberrant
recombination and promote gene silencing, but the regulation of these
complexes has remained insufficiently understood. Here we describe a novel
role of the SUMO isopeptidase Ulp2 in promoting rDNA silencing by stabilizing
silencing complexes. Using progressive truncations of the poorly-characterized
Ulp2 C-terminus, we identified a conserved region that directly interacts with the
monopolin/cohibin complex protein Csm1. Using x-ray crystallography, we show
that Csm1l binds Ulp2 in a structurally equivalent manner to its interaction with
the monopolin complex subunit Mam1. Truncation of the Ulp2 C-terminus or
mutation of its Csm1-binding region cause a defect in rDNA silencing and show
elevated sumoylation of nucleolar Ulp2 substrates including Netl and Tof2. We
find that increased Tof2 sumoylation correlates with a marked reduction in its
cellular abundance, and that this reduction depends on SIx5, a subunit of the
SUMO-targeted ubiquitin ligase SIx5-SIx8. Moreover, mutation of the SUMO-
interacting motif of SIx5 also rescues the abundance loss of Tof2 in Ulp2
mutants, suggesting that sumoylated Tof2 is ubiquitinated and targeted for
degradation by SIx5-SIx8. Taken together, our findings demonstrate that Ulp2
is recruited to the nucleolus by Csml and ensures rDNA silencing by
desumoylating, and thereby stabilizing, Tof2 and other critical rDNA silencing

factors.
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4.2 Introduction

Protein sumoylation regulates numerous nuclear processes including
gene transcription, nuclear transport and DNA metabolism [40, 93]. Like
ubiquitin, SUMO (Small Ubiquitin-like MOdifier) is attached to lysine residues of
target proteins via an enzymatic cascade consisting of an E1-activating enzyme
(Aosl-Uba2 in Saccharomyces cerevisiae), an E2-conjugating enzyme (Ubc9)
and a number of SUMO E3 ligases [17-19, 60]. SUMO can also be cleaved off
its target proteins by SUMO-specific isopeptidases, of which S. cerevisiae
possesses two: Ulpl and Ulp2 [44, 45]. Hundreds of proteins have been found
to be sumoylated and their sumoylation is strongly affected by various
environmental stimuli [52, 55]. Moreover, homeostasis of protein sumoylation in
cells is controlled by multiple E3 ligases and isopeptidases in a substrate-
specific manner [19, 60, 114]. Despite recent advances in understanding these
pathways, the substrate specificity of the enzymes involved in reversible
sumoylation, and in most cases the biological function of the SUMO modification

itself, remains to be determined.

A major biological role for ubiquitin modification is the targeting of
substrate proteins to the proteasome for degradation. While SUMO modification
does not directly target proteins for degradation, the recent discovery of a family
of SUMO-targeted ubiquitin ligases (STUDbls) suggests that SUMO could
promote target degradation indirectly through STUbI-dependent ubiquitination

of sumoylated proteins [115]. Extensive genetic studies of an S. cerevisiae
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STUDbI comprising SIx5 and SIx8 have suggested that SIx5 has a prominent role
in regulating the abundance of SUMOylated proteins [60, 116-119]. While one
SIx5 substrate, Plil (ortholog of Siz1/PIAS in fission yeast), has been shown to
undergo SUMO-dependent protein degradation [120], a general mechanism for

SIx5 regulation of sumoylated protein abundance has remained unclear.

Recently, we used quantitative mass spectrometry (MS) to show that
deletion of the SUMO isopeptidase Ulp2 results in a strong increase in
sumoylation of several nucleolar proteins including Netl, Tof2 and the Cdcl4
phosphatase [114]. These proteins are part of a complex called RENT
(Regulator of Nucleolar silencing and Telophase exit) that regulates DNA
replication, recombination, and silencing in the ribosomal DNA (rDNA) repeats
that comprise the bulk of nucleolar chromatin [111, 121, 122]. The rDNA
comprises ~200 copies of a 9.1 kb repeat that includes an origin of replication
and genes coding for the 5S and 35S ribosomal RNAs (Figure 4.1B). A
specialized locus in the non-transcribed region #1 (NTS1) binds the replication
fork blocking protein Fobl, which in turn recruits Netl, Tof2, Cdcl4, and the
Sir2 histone deacetylase complex. Recently, the monopolin complex subunits
Csml and Lrs4 (Csml:Lrs4 is referred to as cohibin when localized to the
nucleolus) have also been found to associate with the RENT complex [121,
123]. Together, this protein network mediates silencing of the rDNA loci and
also suppresses illegitimate recombination between rDNA repeats [121, 123,

124].
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Our prior finding that Ulp2 regulates the sumoylation of several RENT
complex subunits suggested a direct role in the regulation of the rDNA repeats
in the nucleolus. Ulp2 has recently been shown to interact with the Csm1:Lrs4
complex, suggesting a mechanism for direct recruitment of Ulp2 to the rDNA
[125]. Here, we show that Ulp2 is involved in maintaining rDNA silencing, and
that its recruitment to the nucleolus depends on a direct interaction with Csm.1.
Disruption of the Ulp2-Csm1 interaction causes an increase in SUMOylation,
and a dramatic decrease in abundance, of the RENT subunit Tof2. Both the
rDNA silencing defect and the decrease in Tof2 abundance are suppressed by
deletion of SIx5, supporting a model in which SUMOylation of RENT subunits
targets them for degradation by SIx5-mediated ubiquitination. Specific
localization of the SUMO isopeptidase Ulp2 to RENT, through the Csm1:Lrs4
complex, is thus required to maintain RENT complex stability by
deSUMOylating several of its critical structural components to inhibit their SIx5-

dependent degradation.

4.3 Results

4.3.1 Ulp2 has a specific role in promoting rDNA silencing, mediated by its

C-terminal domain

Our identification of several RENT complex subunits as substrates of

Ulp2 [114] and a more recent finding that RENT complex subunits’ rDNA
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localization is defective in the ulp24 strain [126], prompted us to investigate
whether Ulp2 functions with RENT in rDNA silencing. As shown in Figure 4.1A,
the isopeptidase domain of Ulp2 is flanked by poorly-characterized N- and C-
terminal regions. While the N-terminal region of Ulp2 contains nuclear
localization signals [43], the only known features of its C-terminal region are
several putative SUMO interacting motifs (SIMs) (Figure 4.1A). To gain a better
understanding of the roles of Ulp2 C-terminus, we progressively truncated the
protein at residues 707, 781 and 873, and examined effects on gene silencing
at several chromosomal locations, including the NTS1 and NTS2 regions in the
rDNA and at the LEUZ2 locus (Figure 4.1B). We found that while loss of the
histone deacetylase Sir2 disrupts rDNA silencing at both the NTS1 and NTS2
regions in the rDNA, the ulp24 mutation causes a specific defect in silencing at
NTS1 (Figure 4.1C). NTS1-specific loss of silencing is also observed in fob14,
tof24, csmlA, and Irs44 mutants [121, 122], suggesting that Ulp2 may function
with these proteins in the rDNA. When examining our ULP2 truncation mutants
we found that silencing at NTS1 is unaffected by the ulp2-8734 mutation, but is
disrupted by both ulp2-7074 and ulp2-7814 mutations (Figure 4.1D). ULP2
mutants had no effect on silencing at NTS2 (Figure 4.1C,E). These results
suggest that the region between amino acids 781 and 873 of Ulp2 has a specific
role in promoting silencing at NTS1, potentially by mediating an interaction with

the RENT complex.
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4.3.2 Ulp2781-873 js required for desumoylation of Tof2 and for maintaining

its abundance

We recently showed that loss of Ulp2 causes a dramatic accumulation of
sumoylation of proteins associated with three distinct chromosomal regions,
including the rDNA, the centromere, and origins of DNA replication [114]. To
determine the role of the Ulp2 C-terminal domain in substrate targeting, we
compared the relative abundance of sumoylated proteins in wild-type and ulp2-
7814 strains, using the quantitative MS approach described previously [60]. As
shown in Figure 4.2A and Table 4.3, while most sumoylated proteins show a
modest reduction in their levels of sumoylation in the ulp2-7814 mutant, a
subset of previously-identified Ulp2 substrates shows 2-4 fold elevation of
sumoylation in this mutant. These substrates include Netl, Tof2 and Cdcl14 in
the nucleolus and Mcm21, Okpl and Mcm22 in the kinetochore. In contrast, we
observed no such accumulation in sumoylated MCM complex proteins in the
ulp2-7814 mutant, as previously observed in the ulp24 mutant. These findings
suggest that the region of Ulp2 spanning residues 781-873 specifically mediates

its ability to desumoylate nucleolar and centromeric substrates.

Considering the role of the Ulp2 C-terminus in rDNA silencing, we chose
to analyze the nucleolar substrates of Ulp2 further. First, we purified total
sumoylated proteins using the previously-described HF-SUMO strain (HISe-
3XFLAG-SMTS3; [60]) in strains containing HA-tagged TOF2 and various

mutations to ULP2. We first observed that the overall abundance of Tof2 is
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reduced in the ulp24 and ulp2-7814 mutants compared to wild-type cells (Figure
4.2B; “Input”). By purifying sumoylated proteins using Ni**-NTA and anti-FLAG
chromatography, we further found that loss of Ulp2 causes a drastic
accumulation of higher molecular weight and poly-sumoylated Tof2 (Figure
4.2B; “Ni**/aFLAG Elution”). The ulp2-7814 mutation causes a similar
accumulation of poly-sumoylated Tof2, albeit less dramatic than in ulp24. These
findings are in agreement with the MS finding confirming that the C-terminal
region of Ulp2 contributes to the ability of Ulp2 to desumoylate Tof2. We have
previously shown that loss of Ulp2 also causes a drastic accumulation of poly-
sumoylated Netl; however, unlike Tof2, there is no detectable change to Netl

abundance upon the loss of Ulp2 (Figure 4.2 [114]).

4.3.3 Ulp2 residues 781-873 bind to Csm1 in a Mam1-like manner

A prior mass spectrometry-based examination of protein-protein
interactions in the S. cerevisiae SUMO system identified an association
between Ulp2 and the Csml:Lrs4 complex [125]. We therefore tested whether
deletion of CSM1 would affect the sumoylation and abundance of Tof2. Similar
to the ulp24 and ulp2-7814 mutations, the csm14 mutant causes an increase in
Tof2 poly-sumoylation and a reduction in its abundance (Figure 4.2D). This
suggests that the role of Ulp2 residues 781-873 may mediate a direct interaction
with Csm1, thereby recruiting Ulp2 to the rDNA to desumoylate RENT complex
subunits. To test for such an interaction, we purified GST-Ulp2781-873 and tested

its ability to bind Csm1 using a GST pull-down assay. While GST alone failed to
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interact with Csm1, GST-UIp2781-873 robustly bound both full-length Csm1 and
its globular C-terminal domain (residues 69-181) (Figure 4.7C) [124]. Using
isothermal titration calorimetry, we found that Ulp2781-873 bhinds Csm16%-1%0 with
a Kq of 0.9 uM and a stoichiometry of ~1 Ulp2 per Csm1 chain (Figure 4.7E).
Ulp2 binding is not disrupted by mutations in a conserved hydrophobic surface
(Figure 4.7A,B) of Csml (Figure 4.7D) that we previously showed mediates
interactions with the kinetochore protein Dsnl and rDNA regulator Tof2 [124],
indicating that a separate surface of Csml likely mediates Ulp2 binding. We
next co-expressed Ulp2781-873 with Csm1%°-181  and found that they form a stable
2:2 complex (Figure 4.8B). We progressively truncated Ulp2 based on
sequence conservation, finally identifying a minimal Csml-interacting region

comprising Ulp2 residues 821-847 (Figure 4.8A).

We identified conditions for crystallization of the Ulp2821-847:Csm169-181
complex, and determined its structure to a resolution of 2.15 A (Table 4.1). In
agreement with our isothermal titration calorimetry findings, the structure shows
a Csm1 dimer bound to two copies of Ulp2, each of which wrap around one side
of the Csml dimer (Figure 4.3A, 4.8C). Ulp2 buries several conserved
hydrophobic residues against Csm1, including Y826 and F827, which insert into
a pocket on Csm1 lined with hydrophobic residues, and L832, F839, and V842
(Figure 4.3B). Additionally, Ulp2 R835 forms a salt bridge with Csm1 residue
D117. As expected from our binding assays, Ulp2 does not interact with the

conserved hydrophobic surface on Csm1 that mediates its interaction with Tof2.



115

To validate our structural findings, we performed GST pulldown assays
with GST-Ulp2781-873 containing mutations in key hydrophobic residues that
interact with Csml: F827, L832, and F839. While mutation of L832 had no
detectable effect, mutation of either F827 or F839 to a negatively-charged
residue (aspartate) completely disrupted Ulp2 binding to Csm1 (Figure 4.3C).
Single mutations of these residues to alanine had a more subtle effect, but
mutation of both phenylalanine residues to alanine (2A mutant; F827A/F839A)
also completely disrupts binding (Figure 4.3D). By isothermal titration
calorimetry, we found that the Ulp2 F839D mutant caused a 20-fold weakening
of the binding affinity of Ulp2781-873 for Csm16%-1% (18.3 uM versus 0.9 uM; Figure

4.7E).

Strikingly, the structure of Ulp2821-847:Csm1%°-181 closely resembles our
previous structure of Csml bound to the monopolin complex subunit Mam1
(Figure 4.3E,F) [127]. While Mam1 forms a more extensive interface with Csm1
that includes a short C-terminal a-helix packing against the Csm1 B-sheet, the
bulk of Mam1’s interface with Csm1 overlays closely with that of Ulp2. Each
conserved residue in Ulp2 that interacts with Csm1 has an analog in Mam1,
including all of the buried hydrophobic residues plus the arginine residue (Ulp2
R835, Mam1 R234) making a salt-bridge with Csm1 D117 (Figure 4.3E). When
combined with our data indicating that Tof2 and the kinetochore protein Dsnl
interact with the same conserved hydrophobic surface on Csml ([127] and

below), a picture emerges wherein Csm1 uses a common set of protein-protein



116

interfaces to nucleates assembly of functionally-divergent protein complexes at

the kinetochore and in the rDNA repeats.

To verify the biological significance of the Ulp2-Csml interface we
identified, we next tested the effect of the Ulp2 residues F827 and F839 on Tof2
abundance and sumoylation, and on rDNA silencing at NTS1. While neither
ulp2-F827D nor ulp2-F839D has a strong effect on Tof2 abundance compared
to ulp2-7814, both mutations caused a marked increase in Tof2 sumoylation
(Figure 4.4A). This effect was more pronounced in the ulp2-F839D mutant than
the ulp2-F827D mutant. Additionally, mutation to both F827 and F839 to alanine
also increased Tof2 sumoylation while only having a small effect on Tof2
abundance (Figure 4.4B). In keeping with these results, we found that both
ulp2-F839D and ulp2-2A mutants have a silencing defect at NTS1, but not the
ulp2-F827D mutant (Figure 4.4C). These results confirm that Ulp2 binds Csm1
to localize to rDNA and desumoylate and stabilize the RENT complex, and show

that Ulp2 F839 plays a more prominent role in in Csm1l binding than F827.

4.3.4 SIx5 and its SUMO-interacting motif are required for the reduction

of Tof2 abundance

Our finding that increased Tof2 sumoylation is accompanied by a marked
loss in protein abundance raised the possibility that Tof2 sumoylation may act
as a signal to induce its degradation via a SUMO-tageted ubiquitin ligase
(STUDbI) (Figure 4.5). SIx5 is the founding member of the STUbI family in S.

cerevisiae [115], so we next tested whether SIx5 plays a role in regulating Tof2
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sumoylation and abundance. We first examined Tof2 abundance in ulp24,
sIx54, and ulp2A six5A double mutant. While s/x5A mutant alone has little to no
effect on Tof2 sumoylation or abundance, it strongly suppresses the loss of Tof2
abundance and decreased its sumoylation in ulp2A cells (Figure 4.5A). The
same effect was also observed in ulp2-781A sIx5A double mutants (Figure
4.5B). We next tested more specifically the role of the SIxX5 SUMO-interacting
motifs, which recognize SUMO-conjugated substrates [51]. We found that
a sIx5-sim mutant, with these motifs disrupted, strongly suppresses the loss of
Tof2 abundance seen in the ulp2-787A mutant, indicating that specific
recognition of sumoylated Tof2 by SIx5 is required for its loss of abundance
(Figure 4.5E). These results stongly support a model in which SIx5-SIx8
recognizes and ubiqutinates sumoylated Tof2, targeting the protein for
degradation. Finally, we examined the effect of six5A on rDNA silencing. While
the s/x6A mutant did not have an effect on silencing at NTS1, it did rescue the

silencing defect of a ulp2-F839D mutant Figure 4.5C,D).

4.4 Discussion

Protein sumoylation is a critically-important post-translational
modification for a wide range of cellular pathways, but how specific substrate
proteins’ sumoylation is regulated in both space and time is still poorly
understood. S. cerevisiae Ulpl and Ulp2 are the two founding members of the

SUMO isopeptidase family whose orthologues are found in higher eukaryotes
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[128]. We previously showed that Ulp1 and Ulp2 have distinct specificities, with
Ulp1l responsible for the bulk of desumoylation in the cell and Ulp2 showing a
strong bias towards desumoylation of substrates associated with several
regions of the chromosome [114]. Here, we identify a new mechanism for
regulating Ulp2 substrate specificity, through direct localization to the rDNA-
associated RENT silencing complex. A direct interaction between Ulp2 and the
monopolin complex subunit Csml targets Ulp2 activity to Tof2 and RENT
complex subunits, stabilizes Tof2 by suppressing SIx5-SIx8-mediated
degradation, and is required for robust rDNA silencing. While binding of Ulp2 to
Csml is required for its activity on both nucleolar and kinetochore-associated
substrates (see below), it is not required for activity on other substrates including
the MCM proteins. This suggests that Csm1 binding is only one of several

means by which Ulp2 activity is regulated.

The Csml:Lrs4 complex has long been known to lead a double life,
mediating rDNA silencing during interphase as part of the RENT complex, and
re-localizing to kinetochores in both meiotic prophase and mitotic anaphase.
Our structural and biochemical data show that Csm1 nucleates functionally-
diverse complexes in these different contexts using a common set of protein-
protein interfaces. Ulp2 and the monopolin complex subunit Mam1 bind Csm1
in a strikingly similar manner, and Tof2 likely binds Csm1 equivalently to the
kinetochore protein Dsnl. In multiple structures of Csml bound to different

proteins, we have observed the conserved Dsnl/Tof2 binding hydrophobic
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surface interacting with phenylalanine residues [124], Figure 4.7B). While our
structures now show that Maml and Ulp2 share sequence features in their
Csml-binding regions, there is no clear similarity between the Csml-binding
regions of Tof2/Netl and Dsnl. Further work will be required to determine if

these proteins bind Csml in a structurally similar manner.

While Csml:Lrs4 nucleates distinct complexes at rDNA and meiotic
kinetochores, the complex also localizes to kinetochores in mitotic anaphase
where it contributes to the fidelity of chromosome segregation in an unknown
manner. Our data showing an increase in sumoylation of the inner-kinetochore
proteins Mcm21, Okpl, and Mcm22 in mutants where Ulp2-Csm1 binding is
disrupted suggests that Csm1 may recruit Ulp2 to kinetochores in mitotic cells.
Additionally, we cannot fully discount the possibility that a subset of monopolin
complexes also recruit Ulp2 to kinetochores in meiotic prophase. How Ulp2
localization and desumoylation of kinetochore proteins might contribute to
chromosome segregation fidelity, in both mitosis and meiosis, will be an

intriguing avenue for future research.

4.5 Materials & Methods

4.5.1 Protein Expression and Purification

Ulp2 C-terminal domain, Ulp2781-873 was cloned into a pET3a-derived

vector containing an N-terminal Hise-GST tag and expressed in E. coli Rosetta
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2 DE3 pLysS cells (EMD Millipore). Ulp2 point-mutations were cloned by PCR
mutagenesis. The recombinant Ulp2 C-terminal domain (full-length and point-
mutants) was purified using glutathione affinity sepharose resin (GE Healthcare
Life Sciences) followed by cation-exchange (HiTrap SP HP, GE Healthcare Life
Sciences) chromatography before pooling fractions and concentrating. We
expressed Csml as previously described [124]. Briefly, we cloned full-length S.
cerevisiae Csml (or the 69-190 or 69-181 truncations) into a pET3a-derived
vector containing an N-terminal Hise-tag, expressed the protein in E. coli
Rosetta2 DE3 pLysS cells (EMD Millipore) at 20°C for 16 hours in 2XYT media
by induction with 0.25 mM IPTG. We purified Csm1 using Ni?* affinity (Qiagen
Ni-NTA Superflow) anion-exchange (HiTrap Q HP, GE Life Sciences), and size-
exclusion (Superdex 200, GE Life Sciences) chromatography, then
concentrated the protein and snap-froze aliquots for biochemical assays. For
Ulp2:Csm1l complexes, we generated a coexpression vector with Ulp2
fragments fused to a TEV protease-cleavable N-terminal Hiss-SUMO-tag and
untagged Csm15%-18l (for crystallography) or Csm1%%-1% (for Tof2 binding
assays). We purified the complexes with Ni2* affinity chromatography, followed
by tag cleavage with TEV protease, removal of tags and uncleaved protein with
Ni2* resin, then passed over a Superdex 200 size-exclusion column in a final
buffer of 20mM Tris-HCI pH 7.5, 300mM NaCl. The protein was concentrated

and stored at 4°C for crystal trays.
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4.5.2 Binding Assays

To analyze the interaction between Ulp2 and Csm1 by pulldown, either
GST-Ulp2781-873 or GST alone was incubated with 10 pg of bait protein (Hiss-
Csm1l or Hise-Csm®9-181) in 40uL binding buffer (20mM HEPES pH 7.5, 300mM
NacCl, 5% glycerol, 1mM DTT, 0.1% NP-40) for 90 minutes at 4°C. Ten percent
of the purification was removed to be analyzed as Input and the remaining
fraction bound to glutathione sepharose beads for 2 hours at 4°C. The beads
were washed 3 times with 0.5mL binding buffer and eluted with 25 pL elution
buffer (25 mM glutathione in 2x LDS sample buffer) and boiled. The eluted

proteins were analyzed by SDS-PAGE and visualized by Coomassie staining.

4.5.3 Gene silencing assay

Yeast strains were grown and normalized to an equal density and serial
diluted 10-fold to plate on CSM complete and CSM-URA plates. Plates were

incubated at 30°C for at least 3 days before imaging.

4.5.4 Quantitative mass spectrometry analysis of intracellular

sumoylation

Quantitative MS analysis used to measure changes in sumoylated
protein abundance between two strains was previously described [60]. Each
mutant strain was grown in synthetic media containing either light or heavy
stable isotope-labeled lysine and arginine. Cell pellets of the two yeast strains

to be compared were combined and used to purify sumoylated proteins under
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denaturing conditions for quantitative MS analysis. MS data was searched using
SEQUEST on a Sorcerer 2 (Sage-N) system and quantified using XPRESS
(Trans-Proteomic Pipeline v4.3). A complete list of sumoylated proteins and
their abundance changes are shown in Table 4.3. Each sumoylated protein was
guantified based on the median of the abundance ratios of at least three unique

peptides per protein.

4.5.5 Crystallography

We obtained crystals of Ulp2821-847:Csm169-181 by mixing protein (15
mg/mL) 1:1 in a crystallization buffer containing 100 mM M HEPES pH 7.5 and
20% PEG 3350. We added 25% glycerol for cryoprotection, then flash-froze
crystals in liquid nitrogen and collected diffraction data on beamline 14-1 at the
Stanford Synchrotron Radiation Lightsource (support statement below). We
processed all datasets with the SSRL autoxds script, which uses XDS [129] for
data indexing and reduction), AIMLESS [130] for scaling and TRUNCATE [131]
for conversion to structure factors. We determined the structure by molecular
replacement in PHASER [132] using a previous structure of Csm1 (PDB ID
3N4S) [124]. We manually built Ulp2 residues 821-845 into difference density
maps in COOT [133], guided by the structure of Mam122-2%0:Csm1 (PDB ID
4EMC). We refined the model in phenix.refine [134] using positional, individual
B-factor, and TLS refinement. The final model is of high quality, judged by

refinement statistics and model geometry (Table 4.1).
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Figure 4.1 Ulp2 C-terminal domain is required for silencing in the rDNA region

A) Domain map of Ulp2, showing the catalytic domain (residues 456-674), two predicted SUMO-
interacting motifs (SIMs; 725-728 IQIl; 931-934 VNLI), and the locations of three truncations at
residues 707, 781 and 873. Shown in red is the minimal region for Csm1 binding (residues 821-
847). B) Schematic of a single rDNA repeat in S. cerevisiae. The locations of the 35S and 5S
rRNA genes, the replication fork block sequence (RFB), and the origin of replication (rARS) are
shown. Insertion sites for the mURA3 reporter gene in non-transcribed sequences (NTS) 1 and
2 are indicated. C) Effect on rDNA silencing of the ulp2A and sir2A mutations. (D and E) Effect
of ulp2 C-terminal truncations on rDNA silencing at NTS1 D) and NTS2 E).
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Figure 4.2 The Ulp2 C-terminal domain and Csm1 contribute to Tof2 desumoylation and
prevent its abundance loss

A) Quantitative mass spectrometry analysis of ulp2-781A vs WT reveals a role of Ulp2 C-
terminal domain in facilitating desumoylation of a subset of nucleolar and kinetochore proteins.
B) The ulp2A and ulp2-781A mutants both cause decreased abundance and increased
sumoylation of Tof2. C) Western blot showing that Netl protein abundance is not affected by
the ulp2A and ulp2-781A mutants. D) Western blot showing that the csm1A and ulp2-781A
mutants have similar effects on Tof2 sumoylation and abundance.
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Figure 4.3 Structural basis for Ulp2 binding to Csm1

A) Structure of Ulp282-847 (green) bound to Csm1%%-18 (yellow, white surface). Biochemical
characterization of this complex, and additional views of the structure, in Figure 4.8C-F. B) Detail
views of Ulp2 binding to Csm1 (locations indicated by dotted boxes in panel A). C) and D) GST
pulldown assays showing effects of mutating Ulp2 residues F827, L832, and F839 on its
interaction with Csml. See Figure 4.7E for isothermal titration calorimetry measurements of
Ulp278+873 (WT and F839D) binding Csm15°-1%, D) Structure of Mam1221-2%0 (magenta) bound to
Csm18%18! (yellow, white surface). View is equivalent to panel (A). Shown is a rebuilt version of
our original Csm1:Mam1l structure (PDB ID 5KTB), with a register error fixed (see Materials &
Methods). E) Structure-based sequence alignment of Ulp2 and Mam1, with equivalent Csm1-
binding residues boxed in yellow.
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Figure 4.4 Ulp2-Csm1 binding is required for rDNA silencing and maintenance of Tof2
sumoylation

A-B) Western blot of Tof2 after purifying for sumoylated protein in ulp2 mutants: ulp2-7814, ulp-
F827D, ulp2-F839D, and ulp2-2A(F827,839A). C) Effect of ulp2 mutants, defective in Csm1
binding, on rDNA silencing at NTS1.
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Figure 4.5 Roles of SIx5 in rDNA silencing and the control of Tof2 abundance
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A-B) Western blot of Tof2 after purifying for sumoylated protein in sIx5 and ulp2 mutants show
arescue in protein abundance. C-D) Effect of sIX5A on rDNA silencing at NTS1 in ulp2 mutants.
E) Western blot of Tof2 show that sIx5-sim mutation rescues the loss of Tof2 protein abundance
in the ulp2-781A mutant strain.
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Figure 4.6 Control of rDNA silencing complexes by SUMOylation/deSUMOylation

lllustration depicting Ulp2 localization to the nucleolus through Csml interaction. Ulp2 regulates
Tof2 sumoylation at the rDNA to prevent SIx5-SIx8 ubiquitin-mediated degradation.
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Figure 4.7 Monopolin complex structure and Ulp2 binding

A) Overall structure of the Csm1:Lrs4 monopolin/cohibin subcomplex (Corbett Cell 2010). The
complex comprises two dimers of Csm1 (four copies in total) and two copies of Lrs4. B) Detalil
views of the Csm1 globular C-terminal domain. The two subunits of the dimer are shown in
yellow and gray, respectively. The top view is equivalent to the views in Figure 3A and E. Shown
in sticks are the four residues in the conserved hydropobic surface that are implicated in Dsnl
and Tof2 binding (Corbett Cell 2010). C) GST pulldown assay showing a direct interaction
between Csm1 (full-length or isolated C-terminal domain residues 69-181) and GST-UIp2781-873,
The Ulp2-Csm1 interaction is not affected by mutations to the conserved hydrophobic surface
on Csml1 that has been implicated in binding Dsn1 and Tof2 (Figure S3) [124]. D) GST pulldown
assay showing that mutation of the Csm1 conserved hydrophobic surface does not disrupt
binding of Ulp2. E) Isothermal titration calorimetry showing binding between Csm168%1% and
Ulp278-873 wild-type versus Ulp2 F839D mutant.
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Figure 4.8 Biochemical and structural characterization of the Ulp2:Csm1 complex and
crystal packing interactions

(A) Ni?* pulldowns from co-expression tests of Hiss-SUMO-UIp2 fragments with untagged
Csm15%181 | anes are marked “S” (soluble fraction after cell lysis) and “B” (bound to Ni?* resin).
All four tested fragments efficiently bind and pull down untagged Csm15°-18%, (B) Size exclusion
chromatography/multi-angle light scattering (SEC-MALS) analysis of the Ulp2781-873;Csm169-181
complex. Elution volumes of 158 and 44 kDa standards are shown at top. Calculated molecular
weight is shown in red, and agrees closely with a 2:2 stoichiometry for the complex. (C) Two
views of crystal packing interactions in the Ulp2821-847:Csm16%18! structure. The asymmetric unit
comprises one chain each of Csml and Ulp2 (orange/green), with a two-fold rotation axis
generating the full 2:2 complex (gray/cyan; left panel). In addition, the N-terminus of the Ulp2
fragment (residues ~821-825) contact the conserved hydrophobic patch of a third symmetry-
related Csm1l (yellow; right panel). (D) Detail of Ulp2 residues 821-825 interacting with the Csm1
conserved hydrophobic patch. This interaction, anchored by the poorly-conserved Ulp2 residue
Phe822, is structurally similar to a crystal packing interaction observed in the Csml:Maml
structure [127]. (E) Overall view of the Ulp2821-847:Csm15%-181 complex structure, without (top)
and with (bottom) refined 2F.-F¢ electron density, contoured at 1.0 I/c for Ulp2. (F) Stereo detalil
view of (E).
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Table 4.1 Data collection and refinement statistics

Data collection Sc Csm1:UIp2
Resolution (A) 44.0-2.14
Wavelength (A) 1.1808 A
Space Group P43212

Unit Cell Dimensions (a, b, ¢) A

46.74, 46.74, 124.64

Unit cell Angles (o.,B,y) °

90, 90, 90

I/c (last shell)

53.9 (2.0)

'Rsym (last shell)

0.053 (1.318)

°Rmeas (last shell)

0.055 (1.369)

3CCu (last shell)

0.699

Completeness (last shell) % 98.7 (98.2)
Number of reflections 111900
unigue 8129
Multiplicity (last shell) 13.8 (13.4)
Refinement
Resolution (A) 44,0 —2.14
No. of reflections 8102
working 7292
free 810

“Rwork (last shell) (%)

23.45 (31.46)

“Riree (last shell) (%)

27.82 (34.49)

Structure/Stereochemistry

No. of atoms 1019
solvent 20
r.m.s.d. bond lengths (A) 0.003
r.m.s.d. bond angles (°) 0.565
5SBGrid Data Bank ID 327
5Protein Data Bank ID TBD
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IRsym = 22[li = (D|/2N;, where |j is the intensity measurement for reflection j and (l) is the mean
intensity for multiply recorded reflections.

2Rimeas = 2 [ V(/(N-1)) X [Inj - (In)] / hj {In)

where Iy is a single intensity measurement for reflection h, (lh) is the average intensity
measurement for multiply recorded reflections, and n is the number of observations of reflection
h.

3CCu2 is the Pearson correlation coefficient between the average measured intensities of two
randomly-assigned half-sets of the measurements of each unique reflection (Karplus &
Diederichs (2012) Science 336:1030-1033). CCu2 is considered significant above a value of
~0.15.

*“Rwork, free = 2.||Fobs| — |Fearc||/|Fobs|, where the working and free R-factors are calculated using the
working and free reflection sets, respectively.

SDiffraction data for each structure have been deposited with the SBGrid Data Bank
(https://data.sbgrid.org) with the noted accession codes.

6Coordinates and structure factors for each structure have been deposited with the Protein Data
Bank (http://www.pdb.org) with the noted accession codes.
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All strains are derivatives of W303 and share the same markers as A2587 unless otherwise
noted. All strains with HF-SMT3 are isogenic to HZY2101

ﬁgfxger Relevant Genotype Reference
HzY2101 MATa HF-SMT3sml1A:: TRP1 arg4A ura3-52 leu2A1 trp1A63 |(Albuquerque et
his3A200 lys2ABgl hom3-10 ade2A ade8, 2-micron removed. fal., 2013)
HZY4068 MATa ulp2-781A::HIS3 HF-SMT3 This study
HZY4171 MATa TOF2-His6-3xHA::His3MX6 HF-SMT3 This study
JLY881 MATa TOF2-His6-3xHA::His3MX6 ulp2-781A::natMX4 HF-  |This study
SMT3
JLY892 MATa TOF2-His6-3xHA::His3MX6 ulp2A::natMX4 HF-SMT3 [This study
HZY3721 MATa NET1-His6-3xHA::kanMX6 HF-SMT3 This study
HZY3725 MATa NET1-His6-3xHA::kanMX6 ulp2A::HIS3 HF-SMT3 This study
HZY1905 MATa NET1-His6-3xHA::kanMX6 ulp2A::HIS3 HF-SMT3 This study
JLY1013 MATa TOF2-His6-3xHA::His3MX6 csm1A::natMX4 HF-SMT3 [This study
JLY1321 MATa TOF2-His6-3xHA::His3MX6 ulp2- This study
2A(F827,839A)::kanMX6 HF-SMT3
JLY1323 MATa TOF2-His6-3xHA::His3MX6 ulp2-F827D::kanMX6 HF- [This study
SMT3
JLY1326 MATa TOF2-His6-3xHA::His3MX6 ulp2-F839D::kanMX6 HF- [This study
SMT3
JLY963 MATa TOF2-His6-3xHA::His3MX6 sIx5A::URA3 HF-SMT3  [This study
JLY966 MATa TOF2-His6-3xHA::His3MX6 sIx5A::URA3 ulp2- This study
781A::natMX4 HF-SMT3
JLY1277 MATa TOF2-His6-3xHA::His3MX6 KanMX6::pSLX5-sIx5-SIM [This study
HF-SMT3
JLY1294 MATa TOF2-His6-3xHA::His3MX6 KanMX6::pSLX5-sIx5-SIM [This study
ulp2-781A::natMX4 HF-SMT3
DMY?2798 MATa leu2::mURA3 (Huang et al.,
(JLY786) 2006)
DMY2804 MATa RDN1-NTS2:mURA3 (Huang et al.,
(JLY787) 2006)
DMY2800 MATa RDN1-NTS1:mURA3 (Huang et al.,
(JLY788) 2006)
JLY810 MATa leu2::mURA3 ulp2A::natMX4 This study
JLY812 MATa RDN1-NTS2::mURA3 ulp2A::natMX4 This study
JLY814 MATa RDN1-NTS1::mURA3 ulp2A::natMX4 This study
JLY816 MATa leu2::mURAS3 ulp2-707A::natMX4 This study
JLY819 MATa RDN1-NTS2::mURA3 ulp2-707A::natMX4 This study
JLY822 MATa RDN1-NTS1::mURA3 ulp2-707A::natMX4 This study
JLY826 MATa leu2::mURAS3 ulp2-781A::natMX4 This study
JLY828 MATa RDN1-NTS2::mURA3 ulp2-781A::natMX4 This study
JLY830 MATa RDN1-NTS1::mURA3 ulp2-781A::natMX4 This study
JLY832 MATa leu2::mURAS ulp2-873A::natMX4 This study
JLY834 MATa RDN1-NTS2::mURA3 ulp2-873A::natMX4 This study
JLY836 MATa RDN1-NTS1::mURA3 ulp2-873A::natMX4 This study
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ﬁturr?:ger Relevant Genotype Reference
JLY838 MATa leu2::mURAS3 sir2A::natMX4 This study
JLY840 MATa RDN1-NTS2::mURAS3 sir2A::.natMX4 This study
JLYB842 MATa RDN1-NTS1::mURAS3 sir2A::.natMX4 This study
JLY1333 MATa leu2::mURA3 ulp2-F827D::kanMX6 This study
JLY1335 MATa leu2::mURA3 ulp2-F839D::kanMX6 This study
JLY1337 MATa leu2::mURA3 ulp2-2A(F827,839A)::kanMX6 This study
JLY1339 MATa RDN1-NTS1::mURA3 ulp2-F827D::kanMX6 This study
JLY1341 MATa RDN1-NTS1::mURA3 ulp2-F839D::kanMX6 This study
JLY1344 MATa RDN1-NTS1::mURA3 ulp2-2A(F827,839A)::kanMX6  [This study
JLY1075 MATa leu2::mURA3 sIx5A::HIS3 RAD5+, 2um removed This study
JLY1070 MATa RDN1-NTS2::mURA3 sIx5A::HIS3 RAD5+, 2um This study
removed
JLY1045 MATa RDN1-NTS1::mURA3 sIx5A:;HIS3 RAD5+, 2um This study
removed
JLy1147 MATa leu2::mURA3 sIx5A::HIS3 ulp2-781A::natMX4 RAD5+, [This study
2um removed
JLY1076 MATa RDN1-NTS1::mURA3 sIx5A::HIS3 ulp2-781A::natMX4 [This study
RAD5+, 2um removed
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Table 4.3 Abundance of sumoylated protein identified and quantified by comparing ulp2-

7814 (HZY4068) and wild-type (HZY2101)
Gene ORF Median ratio ﬁggtides
(HZY4068/HZY2101) found

ABF1 YKL112W 1.075 43
ABP1 YCR088W 0.863 5
AOS1 YPR180W 0.711 11
ASF2 YDL197C 0.797 8
AZF1 YOR113W 0.777 7
BDF1 YLR399C 0.966 9
BDP1 YNLO39W 0.451 34
BIR1 YJR0O89W 0.6635 52
BOP3 YNLO42W 0.7345 26
BRF1 YGR246C 0.524 22
BRN1 YBLO97W 0.363 33
CBF1 YJRO60W 1.226 9
CBF2 YGR140W 1.3735 12
CDC11 YJRO76C 0.894 13
CDC14 YFR028C 4.235 13
CDC3 YLR314C 0.829 40
CDC48 YDL126C 0.959 31
CET1 YPL228W 0.432 27
CIN5 YOR028C 1.1325 6
CRZ1 YNLO27W 0.795 6
CTI6 YPL181W 0.737 11
CYC8 YBR112C 0.839 6
DIG1 YPL049C 0.488 5
EBP2 YKL172W 0.44 7
ENO2 YHR174W 1.822 5
FOB1 YDR110W 0.53 24
GCN5 YGR252W 0.728 13
GCR2 YNL199C 0.508 11
HIR2 YOR038C 0.4335 4
HMO1 YDR174W 0.4175 12
HMS1 YOR032C 0.5915 4
HPC2 YBR215W 0.571 30
HSP104 YLLO26W 1.654 3
HTA2|HTA1l | YBLOO3C|YDR225W | 0.6495 6
HTB2|HTB1 | YBLOO2W|YDR224C | 0.675 13
IPP1 YBR011C 1.72 9
ISW1 YBR245C 0.731 9
ISW1]ISW2 | YBR245C|YOR304W | 0.6475 4
MAD1 YGL086W 0.844 14
MCD1 YDLOO3W 0.438 12
MCM2 YBL023C 0.7665 12
MCM21 YDR318W 3.661 4
MCM22 YJR135C 2.505 3

strains
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Table 4.3 Abundance of sumoylated protein identified and quantified by comparing ulp2-

7814 (HZY4068) and wild-type (HZY2101) strains, continued

Median ratio # of .
Gene ORF (HZY4068/HZY2101) ]E’Oeup;'(?es
MCM3 YELO32W 0.5435 8
MCM6 YGL201C 0.785 7
MET4 YNL103W 0.5495 10
MLP1 YKRO95W 0.7665 82
MLP2 YIL149C 0.685 50
MRPS YKL142W 1.059 14
NET1 YILO76W 2.695 127
NFIL YOR156C 1.02 6
NGG1 YDR176W 0.808 11
NPL6 YMR091C 0.699 ]
NUP2 YLR335W 1.019 33
NUP60 YARO02W 1.299 5
OKP1 YGR179C 1.6395 ]
PAF1 YBR279W 0.719 12
PDC1 YLRO44C 3.774 15
PGK1 YCRO12W 1.1195 40
POB3 YMLOGOW 0.752 19
POL30 YBRO8SC 0.456 18
PRP45 YAL032C 1.259 27
RAD16 YBR114W 0.661 8
RAP1 YNL216W 0.946 43
REB1 YBR049C 0.751 37
RPA190 YOR341W 0.308 ]
RPA43 YOR340C 0.519 13
RPB4 YIL1A0W 0.649 17
RPC37 YKRO25W 0.427 17
RPC53 YDL150W 0.6045 36
RPCS2 YPR190C 0.2095 6
RPO21 YDL140C 0.534 25
RPO26 YPR187W 0.587 11
RRP5 YMR229C 0.877 3
RSC1 YGRO56W 0.6145 2
RSC2 YLR357W 0.669 28
RSC58 YLR0O33W 0.676 16
RSC8 YFRO37C 0.779 32
RVB1 YDR190C 0.809 13
SGF73 YGLOB6W 0.723 7
SHS1 YDL225W 0.768 21
SIR3 YLRA442C 0.539 ]
SIR4 YDR227TW 0.6965 74
SIZ1 YDRA0OW 0.6485 22
SKO1 YNL167C 1.017 20
SLI15 YBR156C 0.6265 14
SMC2 YFRO31C 0.512 7




Table 4.3 Abundance of sumoylated protein identified and quantified by comparing

ulp2-7814 (HZY4068) and wild-type (HZY2101) strains, continued

Gene ORF Median ratio ﬁggtides
(HZY4068/HZY2101) found

SMC3 YJLO74C 0.337 7
SMC4 YLRO86W 0.456 23
SMC5 YOLO034W 0.89 15
SMC6 YLR383W 1.085 6
SNF5 YBR289W 0.56 3
SPC24 YMR117C 0.876 9
SPN1 YPR133C 0.532 11
SPP41 YDR464W 1.0545 70
SPT15 YER148W 0.718 8
SPT5 YMLO10W 0.556 39
SPT7 YBR081C 0.718 25
STB3 YDR169C 0.9255 22
STE12 YHR084W 0.5835 6
STH1 YIL126W 0.635 7
SuUB2 YDL0O84W 1.7535 4
SUM1 YDR310C 0.7265 38
SWC3 YALO11W 0.734 9
SWI3 YJL176C 0.601 15
SWI4 YER111C 0.66 5
TAF12 YDR145W 0.737 3
TAL1 YLR354C 4.7845 14
TEC1 YBRO83W 0.524 15
TFC3 YAL001C 0.7035 6
TFC6 YDR362C 0.63 8
TFC7 YOR110W 0.584 13
TFG1 YGR186W 0.518 35
TKL1 YPR074C 4.758 3
TOAl YOR194C 0.5715 6
TOF2 YKR010C 1.9595 42
TOP1 YOL0O06C 0.441 10
TOP2 YNLO88W 0.387 12
TUP1 YCR084C 0.601 53
TYE7 YOR344C 0.381 11
UAF30 YOR295W 0.746 9
UBA2 YDR390C 1.0605 24
UBC9 YDLO64W 0.968 15
UPC2 YDR213W 0.668 4
VID21 YDR359C 0.734 10
VPS72 YDR485C 0.726 23
WTM1 YOR230W 0.545 18
YMR111C YMR111C 1.073 44
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5.1 Conclusion and future directions

These studies here illustrate the vast and complex roles of different post-
translational modifications and their regulation of the genome. The findings will
help further the understanding of how PTMs regulate the functions of different
proteins and their contribution to cellular homeostasis.

In chapter 2 we describe a role for the Mecl/Tell-dependent
phosphorylation of Sae2. We find that a phosphorylation-defective mutant of
Sae?, sae2-2AQ, can impair its DNA repair and checkpoint functions resulting
in genome instability. Since the sae2-2AQ mutant abrogates checkpoint
inactivation it would suggest that it can also prevent adaptation, a phenomenon
that occurs in yeast where cells can cope with irreparable DNA lesions, such as
in a sae2A mutant. The interaction between phosphorylated Sae2 with FHA-
domain containing proteins gives new insight into how the DNA damage
checkpoint can couple with DNA repair to maintain genome integrity. The
interaction between phosphorylated Sae2 and either Rad53 or Dunl suggests
that it could be localizing either kinase to the sites of DNA lesions to target
additional substrates. It would be interesting to look into the combination of FHA
mutants of Rad53, Dunl, and Xrs2 to see if they have an effect on Sae2
functions like DNA end resection and resolving inverted Alu repeats [34].

In chapter 3 we determine the substrates of Ulpl and Ulp2 and implicate
Ulpl as a suppressor of GCRs. Ulp2 substrates are distinct and assemble into

large protein complexes found localized to rDNA, centromeres, and origins of
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replication. Ulpl on the other hand has a broader role in regulating the bulk of
intracellular sumoylation. A truncation of the N-terminus of Ulpl, that mis-
localizes it from the nuclear periphery, reduces sumoylation of Ulp2 substrates
including the MCM complex. Sumoylation of several MCM subunits including
Mcm3 are also dependent on the SUMO E3 ligase Mms21. Given that the MCM
complex is a critical component of the DNA replication fork and its sumoylation
is decreased in both ulpl and mms21-CH mutants, suggests that sumoylation
of MCM plays a role in genome maintenance.

The results in chapter 4 describe how a SUMO isopeptidase, Ulp2, can
interact with a perinuclear complex, Csml-Lrs4, to promote stabilization of
rDNA silencing complexes. Since Csml, as part of the monopolin complex,
recruits to kinetochores at both mitotic anaphase and meiotic prophase, it would
be intriguing to see whether these ulp2 mutants also affect chromosome
segregation. Since we discovered that increased Tof2 sumoylation leads to a
loss of its protein abundance, we should explore whether this function is
recurring for other Ulp2 substrates like the COMA complex or other kinetochore
subcomplexes. While Tof2 and Netl both show elevated sumoylation levels in
ulp2 mutants, only Tof2 levels are affected and dependent on the SIx5-SIx8
StUbL. This suggests that SIx5-SIx8 is not broadly regulating sumoylated
protein levels, and that it is specific in its substrate selection. Identifying SIx5-

SIx8 targets and the mechanism of how the StUbL interacts with its targets
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would be considerably important, especially since mutation to SLX5 and SLX8
has been shown to cause genome instability [135].

While we studied many different aspects of PTMs like enzyme
regulation, substrate identification, and substrate characterization, there remain
many layers of complexity. For example, many substrates that are
phosphorylated by the DNA damage checkpoint have also been found to be
sumoylated or modified by other PTMs. Whether these dynamic modifications
work in conjunction to regulate the same substrates remains to be seen. Future
studies into the existence of crosstalk across different PTMs will require further

analysis.
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