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EPIGRAPH 

I am a part of all that I have met; 

Yet all experience is an arch wherethro' 

Gleams that untravell'd world whose margin fades 

For ever and forever when I move. 

How dull it is to pause, to make an end, 

To rust unburnish'd, not to shine in use! 

As tho' to breathe were life! Life piled on life 

Were all too little, and of one to me 

Little remains: but every hour is saved 

From that eternal silence, something more, 

A bringer of new things; and vile it were 

For some three suns to store and hoard myself, 

And this gray spirit yearning in desire 

To follow knowledge like a sinking star, 

Beyond the utmost bound of human thought. 

-Alfred, Lord Tennyson
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Cells constantly incur DNA damage arising from endogenous and exogenous sources.  

Improper repair of DNA lesions, especially strand breaks, can cause chromosomal 

rearrangements that, in mammalian cells, drive the onset of cancer. Cells are especially 

vulnerable to DNA damage and chromosomal rearrangements during S phase, when replication 

forks must be protected from stalling or collapse. In the event of a strand break or collapsed 

replication fork, homologous recombination (HR)-based pathways drive restoration of the 

damaged DNA to its original state.  Homologous recombination (HR) is a multi-step process 

involving (1) nucleolytic processing of DNA ends, (2) homology search and strand invasion 

driven by recombinase enzymes, (3) DNA synthesis, and (4) resolution or dissolution of 

recombination intermediates.  The high fidelity of recombination necessitates exquisite 

regulatory mechanisms to ensure accurate repair. A key point of HR regulation is control of the 

initiation and extent of DNA end resection. 

The PI3K-like Kinase (PIKK) Mec1/ATR is critical for maintaining genome stability 

during S phase and in response to DNA damage, and it is a key regulator of DNA end resection 

and repair outcomes. Mec1/ATR phosphorylates both pro- and anti-resection factors and is 

important for the regulation of homologous recombination, but the extent and mechanism of its 

involvement remains unclear. Importantly, ATR inhibitors are currently in clinical trials as a 
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potential cancer therapy and determining mechanisms for genome maintenance via Mec1/ATR 

will shed light on the mechanism of action of these inhibitors. In turn, such findings will help 

inform opportunities for exploiting synthetic genetic interactions to selectively kill cancer cells. 

The lack of a detailed understanding of the full scope of Mec1/ATR substrates, then, represents a 

major knowledge gap in the field of DNA repair. With this work I sought to expand the network 

of Mec1/ATR substrates and identify other points of HR regulation through this kinase.  Chapter 

1 describes the currently understood roles for Mec1/ATR in maintaining genome stability, and 

Chapter 2 will serve as a detailed review of the proteomic methods that exist to study both kinase 

signaling networks and post-translational modifications more generally.   

Chapter 3 outlines a quantitative phosphoproteomic pipeline that was developed to 

identify new substrates of Mec1/ATR. In that chapter I carefully analyze an isotope label 

swapping strategy for phosphoproteomics, using data consistency among reciprocal labeling 

experiments as a central filtering rule for maximizing phosphopeptide identification and 

quantitation. I demonstrate that the approach allows drastic reduction of false positive 

quantitations and identifications even from phosphopeptides with a low number of spectral 

matches. Application of this approach identifies new Mec1/ATR-dependent signaling events, 

expanding the DNA damage signaling network. Overall, the proposed quantitative 

phosphoproteomic approach should be generally applicable for investigating kinase signaling 

networks with high confidence and depth. 

Chapter 4 describes my application of the phosphoproteomic pipeline from Chapter 3 to 

discover new substrates of Mec1/ATR.  I uncover a distinctive Mec1/ATR signaling response 

triggered by extensive nucleolytic processing (resection) of DNA ends. I find that budding yeast 

cells lacking Rad9, a checkpoint adaptor and an inhibitor of resection, exhibit a selective 
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increase in Mec1-dependent phosphorylation of proteins associated with single-strand DNA 

(ssDNA) transactions, including the ssDNA-binding protein Rfa2, the translocase/ubiquitin 

ligase Uls1, and the Sgs1-Top3-Rmi1 (STR) complex that regulates homologous recombination 

(HR). I go on to show that extensive Mec1-dependent phosphorylation of the STR complex, 

mostly on the Sgs1 helicase subunit, promotes an interaction between STR and the DNA repair 

scaffolding protein Dpb11. Fusion of Sgs1 to phosphopeptide-binding domains of Dpb11 

strongly impairs HR-mediated repair, supporting a model whereby Mec1 signaling regulates 

STR upon hyper-resection to influence recombination outcomes. Overall, my identification of a 

distinct Mec1 signaling response triggered by hyper-resection highlights the multi-faceted action 

of this kinase in the coordination of checkpoint signaling and HR-mediated DNA repair. 

Chapter 5 focuses on identifying resection-dependent signaling in mammalian cells.  

Using pharmacological inhibitors of two resection nucleases, DNA2 and MRE11, I perform 

biochemical and phosphoproteomic analyses of HCT116 cells to identify DNA damage-

dependent phosphorylation events that are ablated upon inhibition of resection.  Importantly, 

future application of this dataset will allow stratification of ATR substrates according to their 

dependence on short versus long range resection. 

This work is, broadly speaking, a treatise on phosphorylation and its role in the DNA 

damage response.  I begin by describing the development of a method to enhance the mapping of 

kinase substrate networks and then apply this method to identify new substrates of the apical 

DNA damage response kinase Mec1/ATR.  I then extend these findings to mammalian cells to 

identify resection-dependent phosphorylation signaling. Finally, I speculate on potential 

applications of these findings in cancer therapy. 
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CHAPTER 1: AN INTRODUCTION TO DNA REPAIR 

DNA lesions are mutagenic and deleterious to cellular viability, yet living organisms 

propagate their genetic material to successive generations with remarkable fidelity.  DNA repair 

is the process by which cells detect and reverse the effects of genotoxic stress to ensure genome 

stability (Ciccia & Elledge, 2010). Double strand breaks (DSBs) constitute a particularly toxic 

form of DNA damage, and the repair of these lesions proceeds via two pathways: non-

homologous end joining (NHEJ) and homologous recombination (HR) (Chapman et al, 2012; 

Symington & Gautier, 2011).  NHEJ occurs early, involves minimal DNA end processing, and 

has a higher chance than HR of generating small insertions and deletions (indels), a fact that is 

the source of its reputation for being a mutagenic form of repair (Davis & Chen, 2013).  HR is 

understood to be less mutagenic than NHEJ, and proceeds slowly in a regulated, stepwise fashion 

that begins with extensive nucleolytic processing of DNA ends, a process called DNA end 

resection.  DNA end resection exposes singe-stranded DNA (ssDNA) that is then coated with a 

recombinase enzyme to promote reconstitution of the original DNA sequence using the sister 

chromatid as a template (Kowalczykowski, 2015). 

While HR is a high-fidelity form of repair, this is only the case because each step of the 

process is tightly regulated.  Dysregulation of the various steps in HR results in aberrant repair 

that can lead to chromosomal rearrangements in both yeast and mammalian cells (Al-Zain & 

Symington, 2021).  Importantly, many human cancers display complex karyotypes indicative of 

extensive chromosomal rearrangements (Piazza & Heyer, 2019; Aganezov et al, 2019; Palumbo 

& Russo, 2017), so delineating the mechanisms by which cells ensure proper control of 

homologous recombination is important both for understanding the basic etiology of cancer as 

well as for informing therapeutic approaches.   
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A key point of HR regulation occurs at the level of DNA end resection.  DNA end 

resection is controlled by many factors including cell cycle stage and DNA lesion type; central to 

this regulation is the signaling output of DNA damage response kinases such as Mec1/ATR and 

Tel1/ATM (Symington, 2016; Cejka, 2015) (Note: this thesis frequently refers to both S. 

cerevisiae and human genes/proteins. My convention is yeast/human gene/protein name). This 

chapter provides an overview of the DNA damage response, including how damage is sensed by 

the DNA damage response kinases, how the kinases are activated, and how the eventual 

downstream signaling converges on DNA repair outcome regulation. 

1.1. Sources of DNA Damage 

Cells constantly incur DNA damage arising from endogenous and exogenous genotoxins.  

In fact, it is estimated that each of our approximately ten trillion cells undergoes on the order of 

103 or 104 spontaneous DNA lesions per day (Jackson & Bartek, 2009).  The term DNA damage 

encompasses not only chemical mutagens (which may be present in the environment or as a 

result of normal cellular processes such as energy metabolism) that form adducts with DNA 

bases but also intrinsic properties of DNA itself that can cause replication stress, such as 

repetitive DNA sequences, high level of transcription, and nucleotide depletion (Fig. 1.1).  In this 

section I review and outline common sources of DNA damage. 

Ultraviolet (UV) radiation from sunlight is perhaps the most common source of DNA 

damage.  Cyclobutane-pyrimidine dimers and 6-4 photoproducts arise as a result of UV 

radiation.  These bulky DNA lesions cause issues during DNA replication (Sinha & Häder, 

2002).  While bacteria, fungi, and plants directly repair UV-induced lesions via enzymes called 
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FIGURES AND FIGURE LEGENDS. 

Figure 1.1. Common Challenges to DNA Replication. 

Diagram depicting a subset of challenges to DNA replication and genome integrity.  From left to 

right: Nucleotide depletion causes replication fork stalling that can ultimately result in fork 

collapse; head-to-head replication and transcription can impede replication fork progression; 

DNA-protein complexes, such as topoisomerase intermediates, can block the replication fork; 

bulky DNA adducts, and strand breaks are common sources of replication stress and fork 

collapse; and chromatin context and intrinsic DNA sequence properties can cause fragile  

replication forks. 
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photolyases, mammals do not possess such enzymes and instead rely on nucleotide excision 

repair (NER) and translesion synthesis (TLS) to repair UV radiation damage (Lucas-Lledó & 

Lynch, 2009). 

Another common DNA adduct is 8-oxo-guanine, which arises as a result of oxidative 

DNA damage.  Reactive oxygen species (ROS) are abundant in cells as a byproduct of 

metabolism, and ROS chiefly attack guanine bases resulting in 8-oxo-G.  The mutagenicity of 8-

oxo-G can be traced to its aberrant basepairing with adenine which can cause G to T 

transversions (Cheng et al, 1992).  A specific enzyme, Ogg1/OGG1, is conserved from yeast to 

mammals and specifically hydrolyzes 8-oxo-G (Rosenquist et al, 1997; Van Der Kemp et al, 

1996).  The case of glycosylase enzymes like OGG1 demonstrates a common feature in many 

DNA repair pathways: notably, that the process of damage excision often is a source of DNA 

damage itself.  For example, the removal of 8-oxo-G by OGG1 leaves behind an abasic site 

which must then be filled in by a repair mechanism known as base excision repair (BER) 

(Zharkov, 2008).  Base excision repair, along with NER, is one of the most commonly employed 

repair mechanisms within cells, owing to the fact that cells experience an estimated 10,000 

oxidative DNA lesions per cell per day (Ames et al, 1993). 

Ionizing radiation (IR) and chemicals that mimic its effects such as bleomycin and 

phleomycin is a common source of DNA damage arising from cancer therapy, and its effects and 

repair are among the most extensively studied of all DNA repair pathways.  Many standard-of-

care cancer treatments rely on radiation.  IR creates double strand breaks (DSBs), which are 

cytotoxic DNA lesions that can permanently arrest the cell cycle if unrepaired.  Furthermore, 

improper repair of DSBs can generate insertions, deletions, and chromosomal rearrangements 

(Hadi et al, 2020; Al-Zain & Symington, 2021). 
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Many DNA damage types and repair pathways intersect with replication stress, which I 

define here as any obstacle to DNA replication, such as a bulky DNA adduct or a strand break, 

that interferes with the progression of the replication fork (Zeman & Cimprich, 2014). Another 

common cause of fork stalling is depletion of dNTP pools, a fact underscored by the finding in 

yeast that the lethality of MEC1 deletion is rescuable by deletion of SML1, a negative regulator 

of dNTP pools (Zhao et al, 1998).  Replication fork stalling is a frequent consequence of 

replication stress, and this state is recoverable; if forks stall for too long however, the replisome 

may collapse.  Replication fork collapse is unrecoverable except by homologous recombination-

based pathways such as break induced replication (BIR) (Cortez, 2015).  As illustrated in (Fig 

1.1), many of the most common forms of DNA damage share the property of potentially 

generating replication stress.  Thus, DNA damage occurring during S phase, when the genome is 

being replicated, either directly or indirectly increases the incidence of replication fork collapse.  

This increase in fork collapse necessarily increases the demand for homologous recombination, 

which is regulated in part by the apical kinase Mec1.  Throughout this work I will focus on 

Mec1/ATR-dependent regulation of homologous recombination.  

1.2. A Primer on the DNA Damage Response 

The DNA damage response is a broad-scope term referring to the cellular signaling events that 

occur following DNA damage.  Some form of response to genotoxic stress is ubiquitous among 

all cellular life, and many of the core enzymatic and signaling paradigms, such as the Mre11-

Rad50-Nbs1 nuclease activity (RecBCD in bacteria), are functionally conserved (Symington, 

2014; Dillingham & Kowalczykowski, 2008).  In eukaryotes, the DNA damage response (DDR) 

is generally stratified by 3 levels of signaling, initiated by DNA damage or replication stress.   
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First, DNA damage sensors detect the presence of DNA lesions.  There are a number of 

DNA damage sensors in yeast and mammalian cells that recognize diverse substrates such as 

exposed ssDNA and DNA ends.  Sensors include the sensor, or apical, kinases Tel1/ATM, 

Mec1/ATR, and DNA-PKcs; sensors also include proteins that directly bind to aberrant DNA 

structures that are exposed upon genotoxic stress.  For example, eukaryotic RPA is a 

heterotrimeric complex equivalent to bacterial single-stranded DNA binding protein (SSB) that 

coats exposed ssDNA (Fig. 1.2A) (Alani et al, 1992).  RPA-ssDNA complexes recruit 

Ddc2/ATRIP, the obligate cofactor of the Mec1/ATR apical kinase (Zou & Elledge, 2003).  

Estimates vary, but the accumulated biochemical evidence suggests that 3 RPA-ssDNA 

complexes, covering an approximately 90bp DNA footprint, are sufficient for Mec1/ATR 

recruitment to ssDNA (Deshpande et al, 2017; Deng et al, 2009).  Other sensors, such as the 

Ku70-Ku80 complex, detect the presence of DNA ends and channel DNA repair into the NHEJ 

pathway (Zahid et al, 2021).  Another class of sensor relates to the detection of recessed DNA 

ends, more specifically the 5’ dsDNA-ssDNA junctions that are created as a result of 5’-3’ DNA 

end resection (Fig. 1.2B).  Known as the 9-1-1 complex, this heterotrimeric sensor comprised of 

Ddc1/RAD9, Mec3/HUS1, and Rad17/RAD1 provides another layer of regulation for activation 

of the Mec1/ATR kinase (Melo et al, 2001).  The 9-1-1 complex is loaded onto 5’ dsDNA-

ssDNA junctions by the clamp loader Rad24/RAD17 and it plays an important role in linking 

DNA damage checkpoint mediators to the apical kinases (Fig 1.2C, Majka et al, 2004). 

After initial sensing of DNA damage and recruitment of the apical (sensor) kinases, DNA 

damage response mediators transduce the initial DNA damage signal to downstream effectors. 

The archetypal DNA damage response mediator in S. cerevisiae is Rad9.  Rad9 was first isolated  

nearly 50 years ago in a screen for radiation sensitive mutants in yeast (Game & Mortimer, 1974; 
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Figure 1.2. Sensing of Recessed DNA Ends. 

A. Domain architecture of the Replication Protein A heterotrimer. RPA1 is the largest subunit of 

the eukaryotic SSB protein heterotrimer RPA, and it contains 4 DNA Binding Domains (DBDs).  

RPA2 is a 32kDa protein containing a single DBD and a Winged Helix (WH) domain.  RPA3 is 

the smallest RPA subunit and contains a single DBD domain.  All three RPA subunits are 

essential in yeast and mammalian cells. 

B. Diagram of a recessed DNA end showing 5’ dsDNA-ssDNA junction.

C. Diagram depicting assembly of proteins involved in detecting recessed DNA ends.  The 9-1-1

complex senses 5’ dsDNA-ssDNA junctions.  The RPA heterotrimer senses and coats exposed 

ssDNA. 
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Prakash, 1974).  It turns out that phosphorylation of the Rad53 checkpoint kinase, a key event in 

the DNA damage response, is strongly impaired in the absence of Rad9, leading to the model 

that Rad9 bridges DNA damage sensing to activation of the downstream checkpoint kinases 

(Schwartz et al, 2002; Gilbert et al, 2001).  The direct pathway from Mec1 to Rad9 to Rad53 is 

further corroborated by the finding that Rad53 phosphorylation (and thus activation) is impaired 

in the absence of Mec1 even when Rad9 is present (Sweeney et al, 2005).  The archetypal 

checkpoint mediator protein in mammalian cells is MDC1.  MDC1 binds to phosphorylated 

histone H2A.X, an early marker of DNA damage;  next, MDC1 binds to the phosphorylated 

CHK2 checkpoint kinase to bridge DNA damage sensing and the downstream checkpoint (Lou 

et al, 2003).  Interestingly, while MDC1 may be seen as the functional orthologue of Rad9 in its 

capacity to bridge DNA damage sensing and the checkpoint kinases, it is not the functional 

orthologue of Rad9 where resection regulation is concerned.  Mammalian 53BP1 adopts this role 

(Villa et al, 2018). 

Finally, DNA damage response effectors modulate the downstream steps of DNA repair. 

For the purpose of this introductory review, DNA damage response effectors include the 

checkpoint kinases as well as proteins involved directly in DNA repair, such as nucleases and 

helicases, that are either targets of the checkpoint kinases or targets of the apical kinases 

themselves.  This is an important distinction because the canonical view of DNA repair is a 

pathway proceeding directly from sensor kinases to mediators and then to checkpoint kinases.  I 

will return to this concept soon because a slight redefinition of the DNA damage response is 

proposed to accommodate its full regulatory complexity, a new component of which is revealed 

in this work. 
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Rad53/CHK2 is the canonical DNA damage checkpoint effector kinase.  It is activated by 

DNA damage, but not directly as in the case of Mec1/ATR via its recruitment to exposed ssDNA 

(Zou & Elledge, 2003).  Instead, it is coupled, as we have seen, to DNA damage via the 

checkpoint mediator protein Rad9 which is itself targeted by the sensor kinase Mec1/ATR.  One 

direct target of Rad53 is the kinase Dun1, which promotes increased nucleotide pools upon its 

activation (Zhao & Rothstein, 2002).  Interestingly, recent findings show that Dun1 is also 

critical for maintaining cell cycle checkpoint arrest via Pds1 in Saccharomyces cerevisiae (Yam 

et al, 2021).  Pds1/Securin, which prevents anaphase entry, is also a target of Chk1 kinase in 

yeast (Sanchez et al, 1999).  In mammalian cells, CHK1 and CHK2 are the major downstream 

effector kinases, with CHK1 being understood as downstream of ATR signaling and CHK2 as 

being downstream of ATM signaling (Smith et al, 2010). 

The DNA damage signaling dogma of sensor to mediator to effector explains much of 

what is known about the DNA damage response.  In recent years, and largely because of 

advances in proteomics, it has become clear that there are variations on this central theme.  The 

sensor, or apical kinases, can directly phosphorylate DNA repair effectors, and this can occur 

long after the initial signaling to effector kinases has occurred (Lanz et al, 2018).  Furthermore, 

mediators like Rad9 directly influence Mec1/ATR signaling by controlling the extent of ssDNA 

exposure, which is the activating signal for that kinase (Sanford et al, 2021).  For the purposes of 

this work, I propose that readers consider an expanded view of DNA damage signaling which 

agrees with many recent findings in the DNA repair field, notably that there is both anterograde 

and retrograde signaling between sensors, mediators, and effectors, and that DNA damage 

signaling is more of a network than a linear pathway.  A major unanswered question in the DNA 

repair field is how all of this signaling is coordinated in space and time. 
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1.3. Overview of Homologous Recombination (HR)-based DNA Repair 

Homologous recombination is one of the two major pathways for double strand break 

(DSB) repair, the other being non-homologous end joining (NHEJ).  HR is considered to be less 

error prone than NHEJ, owing to its use of templated DNA synthesis as opposed to direct 

ligation of DNA ends with minimal processing.  Central to HR fidelity is the use of the correct 

DNA template, and template choice is a central point of HR regulation and mis regulation (Al-

Zain & Symington, 2021).  Accordingly, HR is regulated by cell cycle phase, DNA lesion type, 

and extent of DNA end resection. 

HR is a multi-stage process involving (1) nucleolytic processing of DNA ends (Fig. 

1.3A-B), (2) homology search and strand invasion driven by recombinase enzymes (Fig. 1.3C), 

and (3) DNA synthesis and dissolution or resolution of recombination intermediates to 

reconstitute the original DNA sequence (Fig. 1.3D).  Invasion of homeologous sequences can 

result in loss of heterozygosity (LOH) and genome rearrangements, a point illustrated in (Fig. 

1.3D) by the pink (homeologous) chromosome. 

1.4. Mec1/ATR and Activation of the DNA Damage Checkpoint 

The Mec1/ATR kinase is the principal focus of this work, and in this section, I begin 

describing its functions in detail.  I will first review Mec1/ATR’s role in activating the DNA 

damage checkpoint.  In the subsequent sections I will describe the downstream roles of Mec1/

ATR, that is, recovery from the DNA damage checkpoint, regulation of DNA end resection, 

and the regulation of DNA repair by homologous recombination. 
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Figure 1.3. Overview of Homologous Recombination.  

A. Double strand breaks are often repaired by HR-based pathways.

B. HR is initiated by DNA end resection in the 5’-3’ direction, leaving a free 3’ ssDNA

overhang. 

C. The 3’ ssDNA overhang invades a homologous duplex, forming a structure known as a D

loop. Usually, the sister chromatid is used to initiate templated synthesis for repair. 

Occasionally, a homeologous duplex is erroneously used (pink DNA, right panel).  

D. Following synthesis and then dissolution or resolution of the D-loop structure, the original

sequence is reconstituted.  If the sister chromatid was used, the repair is error-free.  If a 

homeologous duplex was used, loss of heterozygosity  (LOH) or chromosomal rearrangements 

can result. 
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Mec1 was initially isolated in a screen for genes involved in a “Mitotic Entry Checkpoint 

(MEC)” (Weinert et al, 1994).  MEC1, MEC2 (subsequently determined to be RAD53), and 

MEC3 are all in the same pathway, with MEC3 encoding the yeast orthologue of HUS1, a 

component of the 9-1-1 clamp. Mec1 is a kinase in the PI3K-like Kinase (PIKK) family, which 

includes the apical DNA damage kinases Tel1/ATM and DNA-PKcs, as well as mTOR (Rivera-

Calzada et al, 2015).  The Mec1 kinase, like the closely related kinase Tel1, preferentially 

phosphorylates the consensus motif S/T-Q (Kim et al, 1999).  Additionally, it is worth noting 

that both Mec1 and ATR are essential genes, underscoring the necessity of functional DNA 

repair for cell survival.  Indeed, patients with hypomorphic mutations in ATR develop Seckel 

syndrome, a severe developmental disorder (Alderton et al, 2004). 

The canonical function of Mec1/ATR is to transduce DNA damage signals via mediators 

such as Rad9/MDC1 to effector kinases such as Rad53/CHK2. Upon DNA damage, exposure of 

ssDNA recruits the single-stranded DNA binding protein RPA (Iftode et al, 1999; Wold, 1997; 

Alani et al, 1992). The apical kinase Mec1 is then recruited to RPA by the interaction of its 

obligate partner, Ddc2, with RPA (Zou & Elledge, 2003). In parallel, the checkpoint clamp 

(Ddc1-Rad17-Mec3 in S. cerevisiae) is loaded onto an adjacent 5’ dsDNA-ssDNA junction, 

where the Mec1 Activation Domain (MAD)-containing subunit Ddc1 stimulates Mec1 to 

phosphorylate Ddc1 on T602 (Majka & Burgers, 2003; Majka et al, 2006a, 2006b; Longhese et 

al, 1997). Ddc1 pT602 is then bound by the repair protein scaffold Dpb11 (Masumoto et al, 

2000) which bridges Rad9 to Ddc1, promoting Rad9 hyperphosphorylation by Mec1 (Navadgi-

Patil & Burgers, 2011; Ohouo & Smolka, 2012; Pfander & Diffley, 2011; Ogiwara et al, 2006; 

Navadgi-Patil & Burgers, 2008). This hyperphosphorylated Rad9 is then recognizable to 

Rad53’s phosphopeptide-binding FHA domains (Schwartz et al, 2002). Now proximal to Mec1, 
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Rad53 is phosphorylated by Mec1, rendering it active and ready to propagate DNA damage 

checkpoint signaling throughout the nucleus. 

1.5. Persistence of, and Recovery from, the DNA Damage Checkpoint 

It is now necessary for a brief digression to discuss consequences of persistent checkpoint 

activation and to outline a few mechanisms of checkpoint recovery.  This is important because 

one function of the Rad53-dependent checkpoint is inhibition of DNA end resection, the critical 

initiating step for homologous-recombination based repair (Morin et al, 2008).  I will first 

discuss why checkpoint hyperactivation is generally deleterious to cellular viability (though not 

necessarily organismal fitness).  Then I will review mechanisms of checkpoint recovery in S. 

cerevisiae.  This section will conclude with some notes about checkpoint hyperactivation and 

recovery in mammalian cells. 

Despite the protective effect of Rad53 activation on genome integrity when facing 

genotoxic stress, cells are equally at risk of deleterious outcomes if Rad53 is not deactivated.  

The mechanisms of Rad53 deactivation are varied—from local deconstruction of Rad53 

signaling complexes proximal to DNA lesions, to dephosphorylation of diffuse, active Rad53 

throughout the nucleus by the action of phosphatases. The concerted action of checkpoint 

dampening proteins and phosphatases is critical to recovery from the Rad53-induced DNA 

damage checkpoint, and cells that cannot deactivate Rad53 are unable to re-enter the cell cycle 

and continue dividing (Clerici et al, 2001). Early studies in yeast analyzing the effects of 

inducing single, irreparable DSBs at the MAT locus identified key genetic requirements for 

checkpoint adaptation and cell-cycle re-entry.  For example, cells lacking the heterodimeric 
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resection blocker and non-homologous end joining factor Ku (YKU70, YKU80 in S. cerevisiae) 

fail to adapt to a single DSB at the MAT locus (Lee et al, 1998).  The same study also identified 

RPA as a genetic requirement for a lack of adaptation in cells lacking Ku—a critical detail that 

excludes non-homologous end joining itself as being the critical requirement for DSB adaptation.  

Instead, cells lacking Ku accumulate excess ssDNA-RPA complexes, and this induces a 

permanent cell cycle arrest through a pathway dependent on the two checkpoint genes RAD9 and 

RAD17 (Lee et al, 1998).  This genetic evidence strongly suggests that Rad53 activation 

becomes toxic in a dose-dependent manner, with the dosage being determined by the amount of 

exposed ssDNA, one of the earliest signals for DNA damage checkpoint activation. 

It has also been shown that overexpression of TEL1—a kinase that, like Mec1, has been 

shown to be important for Rad53 activation—leads to a mild delay in S phase progression and a 

prolonged delay of nuclear division.  Interestingly, these defects were shown to be rescuable by 

overexpression of MEC1—an effect that is at first surprising, but likely due to the fact that Mec1 

is an important factor for both checkpoint activation and dampening, whereas TEL1 likely 

activates Rad53 through mechanisms independent of the Mec1 pathway (Clerici et al, 2001; Usui 

et al, 2001).  The lack of defects upon MEC1 overexpression may also be explained by the fact 

that Mec1 requires extensive ssDNA exposure to become active—a substrate that should not be 

abundantly present in unperturbed cells.  Overexpression of DDC2 in the presence of DNA 

damage, however, is toxic - likely due to the formation of extensive Mec1 signaling complexes 

and hyperactivation of Rad53. 

Having briefly outlined the basic mechanisms surrounding canonical DNA damage 

checkpoint activation as well as the deleterious consequences of persistent checkpoint signaling, 

I now turn my attention to mechanisms of Rad53 de-activation, which are as manifold as those 
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of activation. A role for Ptc2 and Ptc3 phosphatases in mediating Rad53 deactivation was 

identified as PTC2 and PTC3 are high-copy suppressors of a hyperactive Rad53 mutant 

(Marsolier et al, 2000). Intriguingly, overexpression of these phosphatases is lethal in mec1Δ, 

rad53Δ, and dun1Δ cell lines, and their overexpression in otherwise wild-type cells produces a 

genotoxin sensitivity phenotype (Marsolier et al, 2000). Cells lacking PTC2 and PTC3 are 

unable to adapt to a single irreparable DSB at the MAT locus. (Leroy et al, 2003).  The genetics 

of PTC2 and PTC3, like the genetics of adaptation in yku70Δ cells cited previously, implies that 

Rad53 signaling must be perfectly titrated to maximize cell survival in response to genotoxic 

stress. 

Pph3 is yet another phosphatase that works in concert with the protein Psy2 to mediate 

recovery from checkpoint activation.  Pph3 was first identified by Affinity Purification Mass 

Spectrometry as an interactor of PSY2, a gene isolated in a screen for DNA damage responsive 

genes (O’Neill et al, 2004, 2007).  Pph3 was shown by yeast-two-hybrid to physically interact 

with Rad53’s kinase domain, and cells lacking PPH3 fail to dephosphorylate Rad53 with the 

same expediency as wild-type cells, a defect that explains the sensitivity of pph3Δ cells to MMS 

(O’Neill et al, 2007; Jablonowski et al, 2015).Taken together, the accumulated genetic and 

biochemical evidence points to phosphatases as being important in Rad53 deactivation and 

highlight that fine-tuning Rad53 activation levels is critical for cell survival in the presence of 

genotoxic stress.  A major focus of ongoing work in our lab is to delineate the mechanisms by 

which apical kinases like Mec1/ATR and Tel1/ATM further control checkpoint signaling via 

phosphatase action. 

While phosphatases work to deactivate Rad53 throughout the nucleus, there are proteins 

that act locally to downregulate Rad53 checkpoint signaling. An established pathway for Rad53 
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deactivation, termed DAMP, for Dampening of Adaptor Mediated Phosphosignaling, relies on 

the repair protein scaffold Dpb11 to transition from a checkpoint-activating role to a checkpoint-

dampening role (Ohouo et al, 2010, 2013). DAMP relies on the Rtt107-Slx4 heterodimer, which 

binds—through Slx4—to the same surface of Dpb11 as Rad9 (Cussiol et al, 2015). The 

localized, competition-based mechanism enacted by the Rtt107-Slx4 heterodimer results in the 

disruption of Rad9-Dpb11 complexes, ultimately downshifting Rad53 activation. Like Rad9, 

Rtt107 recognizes phosphorylated histone H2A, bridging checkpoint deactivation to DNA 

damage signaling (Cussiol et al, 2015), in much the same way that Exo1 inhibition enforces a 

negative feedback loop that ultimately leads to reduced Rad53 activation (Morin et al, 2008). It 

is not entirely clear how the formation of these complexes is coordinated to finely tune 

checkpoint signaling, but it is becoming clear that the DNA damage sensor kinase Mec1 plays a 

key role in writing the correct phosphorylation code that is read by scaffolding proteins like 

Dpb11. Still, because Mec1 is playing seemingly opposing roles in promoting both checkpoint 

activation and checkpoint deactivation, there must be additional layers of regulation that control 

the spatiotemporal switch between Mec1 promoting cell cycle arrest and Mec1 promoting cell 

cycle re-entry and DNA repair.  

Recently, an important role for the phospho-status of Thr80 of histone H4 (H4T80) in 

prompting the switch from checkpoint activation to checkpoint deactivation has been proposed, 

which may explain how the scales are tipped in favor of either checkpoint activation or 

deactivation (Millan-Zambrano et al, 2018). The importance of Thr80 phosphorylation came out 

of an alanine-scanning screen of resides in the histone H4 gene. The H4T80A mutant displays 

sensitivity to genotoxic agents, which, much like the slx4Δ and ptc2Δ mutants, is suppressible by 

mutations in RAD53. Expectedly, H4T80A mutants exhibit protracted Rad9p and Rad53p 
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phosphorylation (Millan-Zambrano et al, 2018). Curiously, the kinase responsible for 

phosphorylating H4T80 is not Mec1, Tel1, or any other kinase commonly associated with the 

core DNA damage response, but is Cla4, a signal transduction kinase in the PAK family (Versele 

& Thorner, 2004). Cla4 can be robustly ChIP’d at HO-induced DSBs, and a cla4Δ strain (but not 

mutants of the other PAK family kinases in yeast, STE20 or SKN1) is sensitive to genotoxins. 

The involvement of yet another kinase in the tuning of DNA damage signaling adds additional 

regulatory possibility that might begin to explain checkpoint activation-deactivation dynamics.  

Importantly, Mec1 itself is a point of regulation of DNA damage checkpoint signaling.  

Two phosphoproteomic studies identified Mec1 autophosphorylation sites in response to DNA 

damage—S38 and S1991 (BastosdeOliveira et al., 2015; Hustedt et al., 2015, respectively).  A 

recent, more in-depth phosphoproteomic analysis of Mec1 autophosphorylation revealed that 

Mec1 S1964 is an important regulatory site mediating checkpoint adaptation and recovery, as 

mec1-S1964A mutants fail to adapt to a single, irreparable DSB and exhibit prolonged Rad53 

activation in response to DNA damage (Memisoglu et al, 2019).  Furthermore, Mec1 S1964 

autophosphorylation is prompted by the Ddc1-Dpb11 pathway of Mec1 activation—the same 

pathway that modulates the switch between checkpoint activation and deactivation through 

Rad9-Dpb11 or Slx4-Dpb11 complex formation, respectively.  This same signaling axis is 

critical for the control of DNA end resection. 

1.6. Mec1/ATR Regulates DNA End Resection 

The function of Mec1/ATR in activation of the DNA damage checkpoint has been 

described, and I now turn to the role of Mec1/ATR in the regulation of DNA end resection.  
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Mec1 has been shown to target multiple components of the DNA end resection machinery and 

regulate end resection at multiple steps (Clerici et al, 2014).  I will first describe a few discrete 

examples of Mec1 targeting DNA end resection proteins, and then I will describe another 

mechanism by which Mec1 regulates the extent of DNA end resection through competition 

between two proteins, Rad9 and Slx4.   

DNA end resection is the 5’-3’ nucleolytic processing of DNA ends following formation 

of a double strand break (Liu & Huang, 2016).  Resection can be subdivided into two broad 

categories based on the extent of DNA processing: short-range resection and long-range 

resection (Cejka, 2015).  Long range resection in S. cerevisiae, which is the focus of Chapter 4, 

can be further subdivided into to genetically distinct pathways: an Sgs1 and Dna2-dependent 

pathway and an Exo1-dependent pathway (Zhu et al, 2008).  Short-range resection occurs 

through the MRX/MRN1 complex and is stimulated by the enigmatic Sae2/CTIP (Cannavo & 

Cejka, 2014; Ferrari et al, 2015). 

Mec1 targets multiple components of the DNA end resection machinery, both short and 

long range, including the nucleases and various accessory proteins that control the extent of 

DNA end resection.  One example involves the resection accessory protein Sae2/CTIP.  Genetic 

and biochemical evidence from S. cerevisiae indicates that Sae2 is important for stimulating 

Mre11 nuclease activity at DNA ends early in the double-strand break repair pathway (Cannavo 

& Cejka, 2014).  Cells that lack Sae2 fail to deactivate checkpoint signaling in a timely manner 

and exhibit MRX retention at DSB ends; furthermore, Mec1 and Tel1 both target Sae2 (Clerici et 

al, 2006).  Thr90 and Thr279 of Sae2 are examples of Mec1 consensus sites for which a function 

1 Yeast MRX: Mre11, Rad50, Xrs2; Human MRN: MRE11, RAD50, NBS1 (Nibrin). 
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is well described—in this case, phosphorylation of these residues stimulates an interaction 

between Sae2 and Rad53.  Admittedly, this mechanism is at first counterintuitive, since yeast 

with Ser to Ala mutations at these two sites exhibit checkpoint hyperactivation, not a checkpoint 

defect as might be expected (Liang et al, 2015).  A potential explanation is that the interaction 

between Sae2 and Rad53 channels Rad53 activity into pathways to stimulate checkpoint 

recovery and promote downstream steps of DNA end resection. 

Mec1 targets both pathways of long-range resection in S. cerevisiae, though its regulation 

of Exo1 is indirect and occurs through Rad53.  In this case, Mec1-dependent activation of Rad53 

stimulates Rad53 to phosphorylate Exo1 and downregulate its exonuclease activity.  The 

importance of a Rad53-Exo1 signaling pathway is reinforced by the genetic finding that Exo1 

phospho-mimetic mutations rescue fork collapse (which occurs as a result of excessive nuclease 

activity) in cells lacking RAD53 (Morafraile et al, 2020).  Mec1 also targets Sgs1 and Dna2-

dependent resection directly via phosphorylation of Sgs1, and recent findings from our lab 

indicate that this phosphorylation of Sgs1 is a critical event in mediating Mec1-dependent gross 

chromosomal rearrangement (GCR) suppression (Lanz et al, 2018a). 

In addition to phosphorylation or indirect regulation of the nucleases that control 

resection, Mec1 also regulates resection through competition between the proteins Rad9 and 

Slx4.  Rad9 is both a mediator of the DNA damage checkpoint and a potent blocker of DNA end 

resection (Pfander & Diffley, 2011). Slx4 functions to dampen DNA damage checkpoint 

signaling and promote DNA end resection (Ohouo et al, 2013).  Importantly, Slx4 and Rad9 

accomplish their respective functions in concert with the same DNA repair scaffolding protein, 

Dpb11/TOPBP1.  Sequential recruitment of these factors helps ensure that DNA checkpoint 

activation, deactivation, and DNA end resection are spatiotemporally regulated (Fig. 1.4).  A 
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Figure 1.4. Mec1 Regulates Distinct Signaling Complexes in DNA Damage Checkpoint 

Activation, Deactivation, and End Resection.  

Early in DNA damage signaling, Mec1 promotes DNA damage checkpoint activation via the 

Rad9-Dpb11 axis (left).  Eventually, Mec1 promotes checkpoint deactivation and DNA end 

resection via the Slx4-Dpb11 axis.  To what extent Mec1 regulates later steps of HR is less clear 

and is the primary focus of this work. 
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major unanswered question prior to this work was whether Mec1/ATR could function to regulate 

HR downstream of DNA end resection (represented by purple “??” in Fig. 1.4).  In subsequent 

chapters I will show that there is indeed a role for Mec1 in regulating HR downstream of DNA 

end resection via the helicase Sgs1 (Sanford et al, 2021). 

1.7. Mec1/ATR and the Suppression of Chromosomal Rearrangements 

Improper repair of DNA lesions, especially double-strand breaks (DSBs), leads to 

chromosomal rearrangements; importantly, cancers in higher eukaryotes exhibit complex 

karyotypes that are the result of genomic rearrangements (Hanahan & Weinberg, 2011; 

Rowley, 1973; Palumbo & Russo, 2017; Aganezov et al, 2019; Fig. 1.5).  Accumulated evidence 

in yeast has pinpointed aberrant homologous recombination (HR)-based repair as a key 

mechanism driving the formation of gross chromosomal rearrangements (GCRs), particularly 

upon loss of the apical DNA damage checkpoint kinase Mec1 (hATR)(Myung et al, 2001b, 

2001c; Kolodner et al, 2002; Myung et al, 2001a).  Emerging evidence suggests that the high 

incidence of GCRs in cells lacking Mec1 is due to loss of a quality control mechanism whereby 

Mec1 prevents non-allelic recombination via the helicase Sgs1 (hBLM), though this mechanism 

was not well understood until the work discusssed in this thesis was published (Sanford et al, 

2021; Lanz et al, 2018a).  Indeed, the exact mechanism in yeast is still elusive, though much of 

the current effort of the yeast side of the Smolka lab is focused on this problem.  Moving on from 

yeast, whether an orthologous quality control mechanism operates in human cells is incompletely 

understood, though ATR does control the abundance of homologous recombination factors, 

suggesting that ATR signaling dysregulation may influence the propensity for cells to undergo 

chromosomal rearrangements(Dibitetto et al, 2020). 
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Figure 1.5. Aberrant karyotype of human osteosarcoma (U2OS) cell lines. 

Spectral karyograph of human U2OS cells as published in (Janssen & Medema, 2013). Note 

aberrant ploidy, chromosomal translocations, and truncations. 

22



While non-homologous end joining is understood to be the canonical driver of 

chromosomal instability in cancer cells, comparatively less is known about the mechanisms by 

which aberrant homologous recombination triggers complex chromosomal rearrangements in 

higher eukaryotes(Piazza & Heyer, 2019; McClintock, 1941).  HIM-6, the BLM ortholog in C. 

elegans, prevents chromosomal rearrangements arising through heterologous recombination 

(htREC), further supporting a role for homologous recombination quality control mechanisms in 

preventing genome instability(León-Ortiz et al, 2018).  Indeed, lack of the BLM helicase in 

humans is the cause of Bloom’s syndrome, a pathology marked by elevated rates of sister-

chromatid exchanges and increased cancer susceptibility(Thompson & Schild, 2002; German et 

al, 1965; Li et al, 2004).  Another important conserved mechanism for preventing recombination 

between divergent DNA sequences utilizes the mismatch repair heterodimer MSH2-MSH6 to 

reject strand invasions at homeologous sequences and is conserved from yeast to humans(Tham 

et al, 2016; Spies & Fishel, 2015).  Given the relevance of HR quality control mechanisms for 

genome integrity, the degree of conservation between clades, and the propensity for 

dysregulation to cause cancer, it represents a major knowledge gap in the field of DNA repair 

that a precise mechanism by Mec1/ATR suppresses gross chromosomal rearrangements has not 

been elucidated. 

1.8. Dpb11/TopBP1 is a DNA Repair Protein Scaffold involved in DNA Repair 

Dpb11 (TopBP1 in mammals) is a scaffolding protein implicated in both checkpoint 

activation and recovery (Cussiol et al, 2015; Ohouo et al, 2013; Pfander & Diffley, 2011).  Much 

of the focus of chapter 4 is on this scaffolding protein, so it is necessary to briefly introduce it 

here.  Dpb11 accomplishes its scaffolding function via its BRCA1 C-Terminus (hereafter BRCT) 
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domains, which interact with phosphorylated serine and threonine residues on client proteins (Yu 

et al, 2003).  Dpb11 is an essential gene with no known suppressors, though its essential function 

is not in DNA repair but in the initiation of DNA replication through its interacting partner Sld2 

(Kamimura et al, 1998; Zegerman & Diffley, 2007; Tak et al, 2006).  Dpb11 interacts with 

several proteins implicated in the suppression of GCRs, such as Rtt107, Ddc1, Slx4, and Rad9.  

This work adds another protein, Sgs1, to that list.  The list of Dpb11 interacting proteins spans all 

stages of DNA repair from initial checkpoint activation to checkpoint dampening to 

homologous-recombination-based DNA repair.  Indeed, a major question still plaguing the DNA 

repair field is how Dpb11 interactors are spatiotemporally regulated to ensure DNA repair 

fidelity.  The available evidence points strongly to Mec1, but such an explanation still begs the 

question of how exactly Mec1 activity is regulated. Dpb11 itself participates in Mec1 kinase 

activation because it contains a Mec1-activating domain (MAD) (Mordes et al, 2008; Lanz et al, 

2018). The mammalian ortholog of Dpb11 is TOPBP1, a multi-BRCT domain-containing protein 

that shares many of Dpb11’s functions, including the initiation of DNA replication and roles in 

DNA repair (Wardlaw et al, 2014). 

1.9. The Role of Helicases in HR-based DNA Repair 

Helicases are a key player in DNA repair by homologous recombination, and the 

Sgs1/BLM helicase is a key protein discussed in Chapters 4 and 5.  Helicases are enzymes that 

use the energy of ATP hydrolysis to disrupt complementary nucleic acid base pairing (Wu & 

Spies, 2013).  In the context of HR, helicases dissolve the D-loop structure that arises during the 

course of homologous recombination by synthesis-dependent strand annealing (SDSA) (Bachrati 

et al, 2006).  Notably, the SDSA pathway results in the formation of only one Holliday junction 
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(HJ).  This differs from recombination in meiotic cells where the free 3’ end is captured, 

resulting in the formation of a double HJ (dHJ). dHJs are recognized by structure-specific 

nucleases such as Mus81-Mms4 or Slx1-Slx4 and can be cleaved asymmetrically to generate 

DNA crossovers (Schwartz & Heyer, 2011; West et al, 2016).  Though this mechanism is useful 

for generating genetic diversity through meiotic crossing-over, it is generally recognized to be 

mutagenic in mitotic cells, where dissolution is favored over resolution.  The Sgs1-Top3-Rmi1 

(STR) complex in yeast is one such helicase that can dissolve D-loop structures, a function that 

is also achieved by the Srs2 helicase (Piazza et al, 2019).  Both of these helicases are critical for 

maintaining genome integrity, a role that is apparent from the high gross chromosomal 

rearrangement (GCR) rates of srs2Δ and sgs1Δ mutants, especially in combination with other 

DNA repair genes (Schmidt & Kolodner, 2006).  The role of helicases in HR-based DNA repair 

extends beyond D-loop dissolution.  These enzymes also play key roles in DNA end resection 

(with Sgs1-Dna2 comprising a major branch of long-range DNA end resection) and the 

unwinding of nucleoprotein filaments (as in the case of Srs2’s activity towards Rad51) (Branzei 

& Szakal, 2021; Bonner et al, 2016).   

1.10. Conclusion and Perspectives 

Genome maintenance describes a complex network of sensor, mediator, and effector 

proteins that function together, and sometimes antagonistically, to preserve genetic information 

as cells grow and divide.  This work focuses on mapping substrates of the apical kinase 

Mec1/ATR that orchestrates DNA repair activities following DNA damage or replication stress 

leading to exposed ssDNA.  I find that the helicase Sgs1 is a major target of S. cerevisiae Mec1 

following DNA end resection, and that this phosphorylation of Sgs1 by Mec1 promotes its 
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interaction with the DNA repair scaffold Dpb11.  This interaction is proposed to function as a 

homologous recombination quality control mechanism to prevent non-allelic HR (Sanford et al, 

2021). Much work remains concerning the problem of delineating Mec1/ATR-dependent 

suppression of chromosomal rearrangements. In particular, these findings in yeast must be 

properly translated into mammalian systems.  That work, while still unpublished, is well 

underway, and it is the focus of Chapter 5.   

Going forward, establishing causal relationships between genome instability phenotypes 

and specific phosphorylation events will be a key challenge.  Since proteins often work 

cooperatively, and since multiple phosphorylation sites are often regulated in a single protein 

complex (as is the case with STR), I envision that multi-site mutants in multiple proteins will be 

the key to finally mimicking the high GCR of mec1Δ strains with phospho-mutants.  This is a 

daunting task, limited (1) by the depth of mass spectrometry coverage of individual sites, which 

this thesis partially addresses, and (2) by the technological limitations of current genome editing 

tools.  Making single point mutants in yeast with CRISPR/Cas9-based systems is facile but 

expanding this to potentially hundreds of phosphorylation sites is nearly impossible within the 

normal timescale of graduate school. I am optimistic that my mapping of Mec1-dependent 

phosphorylation in this work will prove useful to the efforts of future students as they attempt to 

disentangle the genetic morass of Mec1’s contribution to genome stability. 
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Abstract 

All cells incur DNA damage from exogenous and endogenous sources and possess 

pathways to detect and repair DNA damage.  Post-translational modifications (PTMs), in the past 

20 years, have risen to ineluctable importance in the study of the regulation of DNA repair 

mechanisms.  For example, DNA damage response kinases are critical in both the initial sensing 

of DNA damage as well as in orchestrating downstream activities of DNA repair factors.  Mass 

spectrometry-based proteomics revolutionized the study of the role of PTMs in the DNA damage 

response and has canonized PTMs as central modulators of nearly all aspects of DNA damage 

signaling and repair.  This review provides a biologist-friendly guide for the mass spectrometry 

analysis of PTMs in the context of DNA repair and DNA damage responses.  We reflect on the 

current state of proteomics for exploring new mechanisms of PTM-based regulation and outline 

a roadmap for designing PTM mapping experiments that focus on the DNA repair and DNA 

damage responses. 

2.1. Introduction 

DNA damage arising from internal and external sources is a ubiquitous threat to genome 

integrity.  Un- or improperly repaired DNA lesions result in the accumulation of mutations that 

often lead to reduced fitness and acute loss of viability.  In most multicellular eukaryotes, 

accumulated mutations from defects in DNA repair promote tumorigenesis, a fact that is 

underscored by the prevalence of mutations in DNA repair genes among hereditary cancer 

syndromes (Hanahan & Weinberg, 2011, 2000; German et al, 1965; Ellis et al, 1995; Thompson 

& Schild, 2002). The maintenance of genome stability requires the exquisite regulation of the 
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DNA repair machinery. Cells must be able to rapidly sense DNA damage and trigger a plethora 

of signaling events for not only controlling DNA repair, but also to ensure its proper 

coordination with other cellular processes such as transcription and the cell cycle (Lanz et al, 

2019). Since many of the key enzymes involved in repair transactions are nucleases, it is 

imperative that their action is tightly regulated to prevent harmful consequences to genome 

integrity (Ciccia & Elledge, 2010). Improper execution of repair mechanisms, such as 

recombination, can result in deleterious outcomes such as gross chromosomal rearrangements, 

which are hallmarks of cancers (Hanahan & Weinberg, 2011; Hadi et al, 2020).  

Regulation of DNA repair machineries often occur at the level of PTMs (Dion et al, 

2012; Flott et al, 2011; Ohouo et al, 2010; Bonner et al, 2016; Hoege et al, 2002). DNA repair 

proteins are decorated with a number of PTMs, including acetylation, phosphorylation, 

SUMOylation, ubiquitylation, as well as an increasing number of emerging PTMs such as acyl 

modifications, crotonylation, or propionylation (Deribe et al, 2010; Ochoa et al, 2020; Mann & 

Jensen, 2003). Understanding the regulation of DNA repair, and how its dysregulation leads to 

disease, requires the comprehensive characterization of the identity, spatio-temporal dynamics, 

and functional consequences of these PTMs. Figure 1 illustrates some of the most common 

means by which PTMs alter the targeted repair proteins. Modulation of protein activity, 

localization and interaction with other proteins are among the most common themes in PTM 

outcomes. In addition to understanding the effect of a specific PTM event on the targeted 

protein,  it is also critical to understand how multiple PTMs function in a combinatorial mode to 

expand the possibilities of regulation, as initially illustrated by the histone code (Chi et al, 2010). 

As the study of PTMs evolve, it is becoming increasingly clear that most proteins indeed 

undergo multiple patterns of complex PTM combinations, yielding distinct proteoforms that are 
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subject to distinct modes of  combinatorial control. The ability to disentangle such complexity in 

PTM patterning and functional outcomes requires powerful analytical methods capable of 

identifying and quantifying PTMs with high sensitivity. Not surprisingly, proteomic approaches 

based on mass spectrometry have taken the central stage in PTM analysis. 

In this review we first provide a description of notable PTMs in DNA repair and DNA 

damage responses. We then provide a biologist-friendly description for how mass spectrometry 

works and the available methods for studying PTMs.  Finally, we provide the reader with a 

roadmap for experimental design of PTM mapping experiments specifically focused on 

understanding how PTMs modulate DNA repair outcomes. 

2.2. Notable PTMs in DNA Repair 

The complexity and fine-tuned regulation of DNA repair is established, in part, by the 

expanded protein functionality encoded in PTMs.  In particular, signaling mechanisms in DNA 

repair can be quickly activated and subsequently inactivated due to the reversibility of most 

PTMs which have dedicated writer and eraser enzymes.  Kinases and phosphatases fit this classic 

paradigm—kinases attach phosphate moieties to target substrates to modify their stability, 

localization, or activity (Lanz et al, 2019), and phosphatases remove phosphate moieties to 

modulate kinase signaling, often with less specificity than the cognate kinase (Leroy et al, 2003; 

Lanz et al, 2019).  While phosphorylation is arguably the most well studied PTM in DNA repair, 

there are many other modifications that have been experimentally linked to the control of DNA 

damage responses, such as acetylation, PARylation, SUMOylation, and ubiquitylation (Dantuma 

& Attikum, 2016; Bai et al, 2020).  In this section we will briefly describe some of the notable 
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FIGURES AND FIGURE LEGENDS 
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Figure 1: PTMs Expand DNA Repair Protein Functionality. 

Left to right: PTMs play important roles in DNA replication, recombination, and repair 

regulation.  Proteins can be targeted for degradation by the proteasome, as in the case of CTIP (h, 

human) which is degraded in the G1 phase of the cell cycle (Schwertman et al, 2016).  Steric or 

electrostatic clashes may be induced by PTMs which impair protein:protein interactions, such as 

the Rad23:Png1 interaction in S. cerevisiae which is impaired by phosphorylation of Rad23 

(Lanz et al, 2021).  S. cerevisiae Sgs1, a helicase with important roles in HR regulation, engages 

with the scaffolding protein Dpb11 through Dpb11’s phosphopeptide-binding BRCT domains, a 

common theme in PTM mediated protein:protein interactions (Sanford et al, 2021); see also Fig. 

3).  Modifications can also impair or enhance enzymatic activity, a theme evidenced by the 

checkpoint-dependent phosphorylation of Polε in S. cerevisiae, which limits exonuclease activity 

to prevent replication fork degradation (Pellicanò et al, 2021). Similarly, DNA binding potential 

can be altered by modification, as in the case of Rfa1 where its crotonylation limits this protein’s 

affinity for ssDNA (Yu et al, 2020a).  Finally, some modifications may enhance protein stability 

or solubility, evidenced by the SUMOylation of Sae2 in S. cerevisiae (Sarangi et al, 2015). 
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PTMs, and the role that proteomics has played in elucidating their involvement  in DNA repair. 

While we discuss a few emerging modifications such as crotonylation, the list presented here is 

not exhaustive, and many experimentally validated PTMs have not been properly explored in the 

context of DNA repair using quantitative proteomics. 

The strength of experimental evidence for the role of a given modification in a DNA 

repair process can be divided into two main classes. The first class comprises modifications that 

are induced by genotoxic stress and detected in large-scale datasets.  There are hundreds, if not 

thousands, of residues in proteins documented to undergo some type of PTM,  and their exact 

role in DNA repair is not known, other than that these sites are dependent on DNA damage.  This 

class may include sites for which enzyme dependencies are established.  The second class is a 

much more exclusive group consisting of known modification sites for which a molecular 

mechanism describing its function in a DNA repair process is known. This class requires genetic 

evidence of the function of the site in question. For example, phosphorylation of S. cerevisiae 

Slx4 on serine 486 is critical for this protein’s function as a dampener of the DNA damage 

response, a function that is validated by the phenotype of a serine-to-alanine mutation imparting 

a DNA damage checkpoint defect (Ohouo et al, 2013; Cussiol et al, 2015).  Establishing causal 

relationships between site-specific mutations that prevent modifications and DNA repair is 

notoriously difficult, owing in part to the technical difficulty of creating stable mutant cell lines 

at scale.  Additionally, PTMs can co-occur and influence protein function in combinatorial ways 

that we do not yet fully understand.  The generation and validation of site-specific PTM mutants 

is still a challenging endeavor and seems likely to remain so.  Still, there are more than a few 

examples where a clear molecular mechanism has been successfully elucidated, and continued 

effort in this area is, in our view, worthwhile. 
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2.2.1. Phosphorylation 

Upon DNA damage, apical kinases Mec1/ATR, Tel1/ATM and DNAPKcs are recruited 

to sites of damage (Maréchal & Zou, 2013; Zou & Elledge, 2003; Deshpande et al, 2017) (Note: 

this review refers to both S. cerevisiae and human proteins. Yeast/Human is the convention we 

will use). These kinases subsequently phosphorylate a number of downstream targets, including 

the histone H2A/H2AX (Downs et al, 2000); among the downstream targets are DNA damage 

checkpoint kinases that have their own set of substrates (Harrison & Haber, 2006; Desany et al, 

1998; Sweeney et al, 2005; Smolka et al, 2007).  Early on, the study of phosphorylation as it 

relates to the DNA damage checkpoint in S. cerevisiae focused on a few key apical kinase 

substrates such as the checkpoint kinase Rad53, as measured by changes in the electrophoretic 

mobility of Rad53 protein upon phosphorylation (Lee et al, 2003; Kondo et al, 1999; Pellicioli et 

al, 1999).In the early 2000s, improvements in MS began to allow the analysis of protein 

phosphorylation from complex samples (Ficarro et al, 2002). By 2007, two studies pioneered the 

use of MS for the proteome-wide quantitative analysis of protein phosphorylation, comparing 

cells with normal or impaired DNA damage signaling (Smolka et al, 2007; Matsuoka et al, 

2007). These studies unraveled the extensive nature of DNA damage phospho-signaling, 

showing that DNA damage signaling operates as an extensive network of phospho-events instead 

of a simple linear pathway.  Indeed, as data began to accumulate, the full scope of DNA damage-

dependent signaling became clear, and phosphoproteomics began to uncover previously 

unknown substrates of the apical and checkpoint kinases that extended beyond canonical DNA 

repair substrates.  For example, phosphoproteomic screens revealed a number of transcriptional 

proteins as targets of the apical kinase Mec1 (BastosdeOliveira et al, 2015).  Likewise, 
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mammalian ATR also targets transcriptional regulators (Wagner et al, 2016), but the functional 

relevance of many of these targets remains to be fully understood. A particularly surprising 

finding in phosphoproteomic studies of DNA repair in yeast was that the apical kinase Mec1 

(ATR in mammals) has a number of substrates uncoupled from its canonical role in Rad53 or 

Rad9-mediated checkpoint signaling (Sanford et al, 2021; BastosdeOliveira et al, 2015).  Indeed, 

Mec1 activity can be genetically uncoupled from Rad53 activity—cells lacking the checkpoint 

adaptor Rad9 fail to activate Rad53-dependent signaling even though Mec1 signaling is 

increased and even target new substrates, such as the helicase Sgs1 (Sanford et al, 2021).  It 

remains to be seen if a similar uncoupling of ATR signaling from CHK1 downstream signaling 

exists in mammalian cells, but the available evidence suggests that ATR activity is differentially 

regulated depending on its activation context; for example, ATR phosphorylation of RPA32 S33 

immediately following DNA damage is dependent on the MRN subunit NBS1 but not the 9-1-1 

clamp loader RAD17 (Shiotani et al, 2013). 

Quantitative phosphoproteomics has not only revealed the intricate substrate networks of 

the DNA damage kinases; it has also facilitated the understanding of how kinases are 

differentially regulated across DNA lesion types and timescales.  For example, Mec1 

autophosphorylation at Ser 1964 is critical for DNA damage checkpoint adaptation at extended 

periods following the response to a single irreparable double strand break in S. cerevisiae 

(Memisoglu et al, 2019). Additional investigation is needed to understand how differential 

Mec1/ATR autophosphorylation determines kinase signaling outcomes. 

While phosphorylation canonically occurs on serine, threonine, or tyrosine residues 

(Johnson, 2009), recent evidence suggests that histidine, aspartate, glutamate, lysine, arginine, 

and cysteine comprise a significant portion of the mammalian phosphoproteome (Hardman et al, 
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2019).  The significance of non-canonical phosphorylation in most signaling pathways remains 

to be tested and represents an especially exciting new avenue of study for the field of DNA 

repair—see, for example, that phospho-Asp and phospho-Glu sites are enriched for nuclear GO 

terms (Hardman et al, 2019). 

The field of phosphoproteomics has evolved rapidly, as evidenced by the large number of 

phosphoproteomic datasets deposited to the PRIDE database, outnumbering many other PTM 

search terms (Martens et al, 2005), and DNA damage signaling has been one of the foremost 

beneficiaries of these advancements. Despite the progress, the field of phosphoproteomics faces 

a few key challenges going forward.  While bioinformatic approaches to identify and quantify 

phosphopeptides have helped ameliorate the problem of the low abundance of many 

phosphopeptides in data-dependent acquisition modes (Faca et al, 2020), there are still important 

limitations in the ability to detect and quantify phosphorylation of extremely low abundance 

proteins, low-stoichiometry phosphorylation events, or phosphorylation residing in regions that 

do not yield peptides within the mass range optimal for MS analysis . These limitations are 

expected to be gradually addressed with advances in mass spectrometer sensitivity and 

approaches for protein digestion. Furthermore, the translation of phospho-site to phenotype 

remains a major challenge, and it is one that is not unique to phosphorylation, nor is it easily 

solvable.  Databases that incorporate structural predictions and protein interface data have 

emerged as attempts to hunt down causative phosphorylation events (Floyd et al, 2021; 

Ramasamy et al, 2020; Lanz et al, 2021).  Still, functional validation of phosphorylation sites is a 

challenge, and much effort needs to be concentrated on the systemic creation and phenotypic 

testing of panels of phosphorylation site mutants alone and in combination. 
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2.2.2. Ubiquitylation and SUMOylation 

Ubiquitin is a small protein that can be post-translationally linked to lysine residues of 

client proteins by E3 ubiquitin ligases. As widespread as its name implies, there are over 600 

ubiquitin ligases in human cells (Kerscher et al, 2006; Deshaies & Joazeiro, 2009). While 

ubiquitin is most notorious as the signal for proteasomal degradation (Fig. 1), its addition to 

proteins can mediate protein:protein interactions (Fig. 2) and modify enzymatic activity (Kulathu 

& Komander, 2012; Hurley et al, 2006; Deshaies & Joazeiro, 2009). RNF8 and RNF168 are well 

known E3 ligases in DNA repair (Yu et al, 2020b).  BRCA1 and BARD1, components of the 

homologous recombination machinery, also possess a potential E3 ligase activity (Yu et al, 

2020b). One well known role for ubiquitin in the DNA damage response is mono-ubiquitination 

of the replicative sliding clamp, PCNA, which recruits translesion polymerases to replicative 

polymerase-stalling DNA adducts (Chang et al, 2006). Low as well as high throughput mass 

spectrometry studies have found that ubiquitin regulates several aspects of DNA repair, such as 

double strand break repair, nucleotide excision repair and the Fanconi anemia pathway. 

MS has been used for identifying global ubiquitination patterns as well as for the 

mapping of individual substrates. Ubiquitin proteomics has evaluated global changes in 

ubiquitination following UV irradiation (Povlsen et al, 2012). Over 300 unique ubiquitination 

sites were found to be induced upon UV irradiation, suggesting an important role for 

ubiquitination in the DNA damage response.  These data revealed an additional ubiquitination-

dependent mechanism for translesion polymerase recruitment via ubiquitination of the PCNA-

interacting protein PAF15 (Povlsen et al, 2012). PTM proteomics has also been used to quantify 

ubiquitination in response to replication fork stalling.  Following replication fork stalling, 

ubiquitination of the ssDNA-binding protein RPA2 promotes both the restart of stalled 
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Figure 2: PTMs in the DNA Damage Response. 

 DNA damage signals PTM writers to confer PTMs on target proteins.  Concomitantly, PTM 

erasers remove cognate PTMs. For example, kinases confer phosphorylation, which is removed 

by phosphatases.  Figure 2 indicates a few notable PTM writers and erasers for each PTM type.  
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replication forks and homologous recombination at DSBs that form as a result of stalled forks 

(Elia et al, 2015b). Similarly, affinity-purification-based mass spectrometry was used to identify 

RNF8-dependent ubiquitination sites on the MRN complex subunit NBS1 (Lu et al, 2012; Kolas 

et al, 2007).

SUMO is an 11kDa protein that, like ubiquitin, is linked to lysine residues on target 

proteins. Where ubiquitin ligases number in the hundreds, there are roughly a dozen known 

SUMO ligases in humans.  Among these, PIAS1 and PIAS4 appear to be most essential for the 

mammalian response to double strand breaks (Galanty et al, 2009). SUMO, like ubiquitin, can 

modulate protein:protein interactions.  Interestingly, SUMO modification has also been found to 

increase the solubility of HR factors in yeast (Sarangi et al, 2015).  Despite the apparent 

multifunctionality of this modification, the application of proteomics to understand global 

SUMOylation dynamics lags behind.  

SUMO proteomics generally relies on affinity purification of a tagged version of the 

SUMO protein (Xiao et al, 2015; Bhagwat et al, 2021; Hendriks et al, 2015a). Whereas 

ubiquitylation sites can be localized by mass spectrometry due to the characteristic GG 

modification on lysines following trypsin digestion, identification of SUMOylation sites is more 

challenging because SUMO-modified peptides are too large to be identified by standard tandem 

MS approaches. .  A creative solution to this problem emerged in yeast, where the Smt3 gene (S. 

cerevisiae SUMO gene) was mutated so that the resulting SUMO protein contained a lysine 

instead of an isoleucine near the C terminus (I96K) (Wohlschlegel et al, 2006).  This mutation 

causes SUMO to leave behind the characteristic di-glycine modification on SUMOylated lysine 

following trypsin digestion (Bhagwat et al, 2021).  Subsequent iterations of the I96K mutation 

resulted in SUMO remnants that were distinguishable from the ubiquitin di-GG remnant 
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(Lamoliatte et al, 2014). This approach was applied to SUMO dynamics during S. cerevisiae 

meiotic recombination and revealed that in the absence of a key SUMO ligase Aos1, crossover 

formation is entirely disrupted. A key role for SUMO modification in regulating recombination 

is supported by additional observations in yeast where SUMOylation of the helicase Sgs1 is 

critical for its function in homologous recombination (Bonner et al, 2016).  SUMO proteome 

dynamics have also been evaluated in response to DNA damage using more straightforward 

affinity purification approaches. Identified targets include several DDR proteins that are 

SUMOylated following DNA damage such as MDC1, BRCA1 and PARP1 (Hendriks et al, 

2015b).  Interestingly, the demethylase and transcription regulator JARID1C is SUMOylated 

upon DNA damage, potentially linking SUMOylation and the repression of transcription that 

occurs in response to double strand breaks (Hendriks et al, 2015b). A recent high quality SUMO-

interacting protein network identified key components of the NHEJ machinery, indicating that 

SUMO-dependent interactions are critical in modulating the early response to double strand 

breaks (González-Prieto et al, 2021). 

2.2.3. Acetylation 

Acetyl groups can be linked to primary amines on target proteins by acetyltransferases. 

The best understood function of acetylation is in gene regulation via the acetylation of histone 

tails which generally reduces chromatin compaction and promotes gene expression (Shahbazian 

& Grunstein, 2007). Indeed, the acetyltransferases linked to DNA repair are bifunctional and also 

involved in transcription, such as p300 (Weinert et al, 2018). Canonical gene-regulatory 

mechanisms based on histone modification have been linked to DNA repair. Histone PTM states 
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have been shown to be modulated upon DNA damage, potentially in part due to crosstalk 

between PARylation and acetylation, as the PAR Polymerase (PARP) depletes cellular NAD+ 

pools in the process of synthesizing ADP ribose chains. This in turn ablates sirtuin deacetylase 

activity, since NAD+ is a necessary cofactor for sirtuin deacetylation activity (Fang et al, 2014). 

Similar to analysis of ubiquitin and SUMO, acetylomics workflows frequently use antibodies 

against acetylated lysine to enrich for acetylated peptides as well as deacetylase inhibitors such 

as trichostatin A to reduce PTM loss during sample prep (Guan et al, 2010; Weinert et al, 

2018).  In addition to targeting histones to enable chromatin access to repair factors, acetylases 

target multiple repair factors, of which some of these modifications, such as acetylation on 

MDC1, PCNA, RAD51AP1, and TRIM28 are induced upon DNA damage (Beli et al, 2012; 

Choudhary et al, 2009). Quantitative SILAC proteomics applied to the post-ionizing radiation 

(IR) acetylome revealed a burst of de-acetylation immediately following damage induction, 

possibly suggesting a negative regulatory function in DNA damage response activation 

(Bennetzen et al, 2013). The functional importance of these sites, however, remains to be 

determined. 

2.2.4. PARylation 

Poly-ADP-ribosylation (PARylation) is an early DNA damage signal occurring primarily 

on Glu and Asp residues following formation of DNA lesions, particularly single-strand gaps 

(Gibson & Kraus, 2012).  PAR Polymerases (PARPs) and PAR Glycohydrolases (PARGs) 

confer and remove PARylation, respectively (Gibson & Kraus, 2012; Davidovic et al, 2001; 

Slade et al, 2011). PARP1, one of 17 members of the PARP family in humans, is well
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characterized in the context of the DDR (Rouleau et al, 2010), where it contributes to single-

strand as well as double-strand break repair.  In single-strand break (SSB) repair pathways like 

base excision repair, PARP1 generates ADP-ribose polymer chains at damage sites to promote 

recruitment of repair factors such as the scaffolding protein XRCC1 (Hoch et al, 2017; Li & Yu, 

2013), which is itself a scaffold for later BER factors.  In double strand break (DSB) repair, 

PARPs are known to influence repair by both non-homologous end joining (NHEJ) and 

homologous recombination (HR). For example, PARP has been found to promote DNA-PK 

activity in an in vitro assay (Ruscetti et al, 1998), suggesting a direct link between PARP and 

end-joining repair.  PARP1 does not directly promote homologous-recombination based repair, a 

finding that is supported by the synthetic lethality of PARP inhibitors like Olaparib with HR-

deficiency (Slade, 2020; Lord, 2013).  Indeed, PARP likely limits HR given the hyper-

recombination phenotypes observed in PARP-deficient cell lines (Morgan & Cleaver, 1982).  

The contribution of PARP1 to multiple DNA repair pathways complicates precise genetic 

dissection of its function, though this fact makes it an ideal candidate for proteomics-scale 

studies. 

While PARP1 has received much attention, the full scope of DDR-dependent PARylation 

is understudied, especially considering that the PARP family contains 17 members, at least 5 of 

which are known to contribute to genome stability (Gibson & Kraus, 2012). Proteomics studies 

of PARPs in DNA repair are particularly scarce, in part due to the difficulty of enriching for 

PARylation as well as the tendency for this modification to occur spontaneously in cell lysates 

(Berger, 1985; Wang et al, 2006; Hochegger et al, 2006; Ménissier De Murcia et al, 1997; Zhang 

et al, 2013). An additional consideration for mass spectrometry studies is that the ADP ribose 

moiety tends to be quite labile under CID and HCD fragmentation methods, though the advent of 

electron-transfer dissociation (ETD) has improved the quality of MS/MS spectra for PARylated 
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peptides (Hendriks et al, 2019). Using ETD and EThcD coupled to an affinity purification-based 

method, a recent screen identified over 7,000 PARylated proteins (Hendriks et al, 2019).  Careful 

dissection of PARP-dependent signaling via quantitative proteomics will be necessary to extend 

understanding of this widespread and important DDR-related modification beyond the few well-

characterized substrates that currently exist. Furthermore, the dynamics of recruitment of DNA 

repair factors to PAR chains should be investigated by affinity purification mass spectrometry 

methods.  Large datasets could yield genetic insights that will clarify the determinants of whether 

PARP engages in signaling that promotes either replication fork protection or processing. 

2.2.5. Arginine Methylation 

Arginine side chains can be post-translationally modified with a single or two methyl 

moieties (MMA), and di-methyl arginine can be further subdivided into symmetric di-methyl 

arginine (SDMA) and asymmetric di-methyl arginine (ADMA) (Bedford & Clarke, 

2009).  Protein arginine methyltransferases (PRMTs) catalyze this modification, with type I 

enzymes catalyzing ADMA, type II enzymes catalyzing SDMA, and the sole type III enzyme 

catalyzing MMA. Antibodies specific to either MMA, SDMA, or ADMA are used to purify 

these modifications for mass spectrometry analysis and an early study in mammalian cells 

revealed the MRN subunit MRE11 to be modified by ADMA (Boisvert et al, 2003).  A more 

extensive analysis of arginine methylation revealed a general preponderance of nuclear arginine 

methylase targets with a consensus preference of arginine methylases for glycine at the +1 

position (Guo et al, 2014).  Indeed, arginine methylation of Mre11 was eventually shown to be 

important for its full exonuclease activity in an in vitro nuclease assay (Boisvert et al, 2005), 
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underscoring the utility of proteomics for identifying functionally important protein 

modifications as well as the importance of arginine methylation in modulating DNA repair. 

2.2.6. Acyl Modifications 

Lysine residue modification by acyl moieties beyond acetylation is an emerging area of 

PTM study.  While, mass spectrometry was used to identify various acyl-chain modifications, 

such as crotonylation (Tan et al, 2011), butyrylation, propionylation (Chen et al, 2007), and 

malonylation (Peng et al, 2011), larger-scale studies have been few and far between.  Acyl-lysine 

modification proteomics seems to be an area ripe for study, especially through the lens of the 

cellular response to DNA damage. Excitingly, a recent crotonylomics analysis in human cells 

found several crotonylation sites on the ssDNA-binding complex subunit RPA1.  Further genetic 

and biochemical investigation revealed these sites to be DNA-damage inducible and important 

for RPA1’s ssDNA binding capability as well as for its interaction with several key homologous 

recombination (HR) factors, such as Rad51 (Yu et al, 2020a).  Crotonylation comprises a small 

subset of acyl-lysine modifications, and additional work is needed to further establish non-

histone acyl-lysine modifications as key mediators of the DNA damage response. 

S-acylation, the attachment of acyl- moieties to cysteine residues, is a mechanism for

membrane tethering of target proteins due to the hydrophobicity of the long-chain fatty acids that 

are characteristic of this type of modification (Smotrys & Linder, 2004). This modification has 

only recently been appreciated to play a role in DNA repair by localizing factors on the inner 

nuclear membrane (Fontana et al, 2019). Enrichment of S-acylation utilizes acyl biotinyl 

exchange (ABE) (Drisdel & Green, 2004): briefly, free cysteines are first blocked with N-
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ethylmaleimide (NEM); next, palmitoylated cysteines are converted to cysteinyl thiols by 

hydroxylamine treatment; and finally, cysteinyl thiols are labeled with a thiol-reactive biotin 

reagent which can then be purified using streptavidin agarose resin. Using this technique, Rif1, a 

protein involved in DNA replication timing and telomere homeostasis, was identified in a 

proteomic screen for S-acylation sites in S. cerevisiae (Roth et al, 2006). Following the 

observation that Rif1 foci dynamics are impaired upon deletion of its cognate 

palmitoyltransferase (Park et al, 2011), it was further shown that palmitoylation is required for 

sequestration of Rif1 at the inner nuclear membrane (Fontana et al, 2019).  While Rif1 is a 

model example of translating proteomics data into insights about DNA repair biology, it is one of 

the only DNA repair proteins whose S-acylation has been shown to be functionally important, 

and this finding is currently limited to S. cerevisiae.  Whether Rif1 acylation exists or is 

functionally important in mammalian cells remains to be tested.  Future work is needed to probe 

the full spectrum of S-acylation dynamics with respect to the DNA damage response, followed 

by eventual genetic dissection of the functional relevance of these acylation sites.   

2.2.7. Histone Modifications in DNA Repair 

Histones comprise a significant fraction of nuclear protein content in eukaryotes and are 

essential for the packaging of DNA into a cell nucleus.  Accordingly, histones play key roles in 

DNA repair and are some of the first targets of the DNA damage response kinases (Banerjee & 

Chakravarti, 2011).  Histone proteins are extensively post-translationally modified, particularly 

pertaining to gene regulation, but these proteins are also highly modified in response to DNA 

damage.  Perhaps the most well-known histone modification in the DNA damage response is the 

phosphorylation of histone H2A in S. cerevisiae on serine 129 following DNA damage (Downs 

et al, 2000), or serine 139 of the H2A variant H2AX in human cells (Rogakou et al, 1999). This 
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modification is conferred primarily by Tel1/ATM early in the DNA damage response (and to a 

lesser extent by Mec1/ATR and DNA-PKcs) and acts as a critical docking site for DNA damage 

checkpoint mediators such as Rad9/MDC1 (Stewart et al, 2003).  Importantly, histone 

phosphorylation beyond H2AX S139 has been extensively mapped, revealing that histones are 

decorated with numerous phosphorylation sites (Banerjee & Chakravarti, 2011; Bonenfant et al, 

2006, 2007).  The major challenge going forward is to ascertain how these other sites act alone 

and in combination to affect cell cycle regulation and DNA damage signaling outcomes, a 

challenge which will require advanced proteomic tools such as top- and middle-down methods 

(discussed below). 

Histone acetylation is a chromatin mark canonically associated with active transcription. 

Conversely, histone methylation is generally linked to transcriptional repression (Lawrence et al, 

2016). Both of these marks play important roles in the response to DNA damage in yeast and 

mammalian cells.  The checkpoint mediator Rad9 in S. cerevisiae binds to H3-K79me via its 

Tudor domain, an interaction important for proper activation of the DNA damage checkpoint that 

is epistatic with the methyltransferase Dot1 (Grenon et al, 2007).  More broadly, chromatin 

reorganization is a feature of DNA double strand break repair, and it has been proposed that 

chromatin adopts a heterochromatic state immediately following DNA repair (Dhar et al, 

2017).  This heterochromatic state eventually gives way to acetylated histone tails in a Tip60-

dependent mechanism which seems to oppose 53BP1 association with chromatin (Tang et al, 

2013).  Such mechanisms, similar in principle to checkpoint dampening mechanisms in budding 

yeast, are important to restrain persistent activation of the DNA damage checkpoint, promote 

DNA end resection, and ensure proper repair of DNA lesions (Ohouo et al, 2013). 

54

https://paperpile.com/c/EzfsGX/Axc8C
https://paperpile.com/c/EzfsGX/RzF1T+fkAzo+t55Wt
https://paperpile.com/c/EzfsGX/RzF1T+fkAzo+t55Wt
https://paperpile.com/c/EzfsGX/uo3Yz
https://paperpile.com/c/EzfsGX/uo3Yz
https://paperpile.com/c/EzfsGX/3FQY9
https://paperpile.com/c/EzfsGX/rc5XJ
https://paperpile.com/c/EzfsGX/rc5XJ
https://paperpile.com/c/EzfsGX/ST2jy
https://paperpile.com/c/EzfsGX/ST2jy
https://paperpile.com/c/EzfsGX/r7saC


Proteomic analysis of histone modifications is somewhat unique compared to the other 

modified proteins discussed in this review.  Whereas bottom-up proteomics (i.e. proteins are 

digested by enzymatic cleavage into peptides and then analyzed by LC-MS/MS) is most 

commonly used for proteome-scale studies, analyses of histones often proceeds by top-down 

(where whole proteins are ionized and fragmented in the mass spectrometer) or middle-down 

(where large protein fragments are generated by enzymes with rare cleavage sites) methods. 

Despite the fact that these methods are lower throughput, they provide the distinct advantage of 

being able to determine combinatorial PTM states. Analysis of combinatorial PTMs is a direction 

toward which proteomics is inevitably headed, and histone analysis serves as a model system for 

these types of studies, with top-down methods commonly identifying hundreds of modifications 

on histone proteins (Liao et al, 2017). 

 

2.3. Fundamentals of Mass Spectrometry-based PTM Proteomics 

Mass spectrometry got its start well over a century ago in the lab of the famed British 

physicist, J.J. Thomson (Thomas, 2006).  Mass spectrometry remained solely within the purview 

of physicists until around the 1940s, when Alfred Nier began to champion its applications in 

biology and chemistry (Griffiths, 2008). Notably, these applications still involved the analysis of 

atomic isotopes and small molecules but did not yet carry over the analysis of larger molecules 

which were difficult to ionize.  Two solutions to the ionization problem for larger molecules 

came on to the scene in the late 1980s – Matrix Assisted Laser Desorption Ionization (MALDI) 

and Electrospray Ionization (ESI). In MALDI, the analyte of interest is embedded in a crystalline 

matrix of dried solvent that has been spotted on a plate.  When the matrix containing the analyte 
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is bombarded with a laser, ionized solvent and analyte particles enter the gas phase and are 

detected by a mass analyzer ((Tanaka et al, 1988; El-Aneed et al, 2009).  In ESI, high voltage is 

used to create an aerosol wherein analyte particles are contained in small droplets of a volatile 

solvent (often acetonitrile).  These solvent droplets further evaporate as they are dispersed from 

the ionization source and produce multiply charged, gaseous analyte molecules that are then 

detected in a mass analyzer (Fenn et al, 1989).  ESI is still the predominant method by which 

proteins and peptides are ionized, and it sparked the proliferation of biological mass 

spectrometry into the well-known technique it is today. 

Surprisingly, the application of mass spectrometry for the analysis of protein PTMs 

preceded the application of MALDI and ESI to biological mass spectrometry and started out with 

small-scale studies of model proteins; for example, the identification of phosphorylation sites in 

chicken-egg yolk riboflavin-binding protein (Fenselau et al, 1985).   Beyond the study of highly 

abundant purified proteins , however, ESI and MALDI would be required. In the case of 

phosphorylation, larger-scale datasets began to be reported in the mid-2000s and the field of 

phosphoproteomics was born (Johnson & Hunter, 2004; Li et al, 2007; Wilson-Grady et al, 

2008; Ficarro et al, 2002; Smolka et al, 2007; Gruhler et al, 2005). The analysis of other 

established PTMs follows a similar trajectory, evolving from small-scale analysis of individual, 

model proteins to proteome-scale datasets. Today, there are hundreds of large-scale datasets now 

available for nearly any known PTM, and most journals now mandate that proteomics data be 

made publicly available through digital repositories (Cheng et al, 2014; Yu et al, 2019; Smolka 

et al, 2007; Martens et al, 2005; Perez-Riverol et al, 2019; Hendriks & Vertegaal, 2016; Nguyen 

et al, 2016; Ramasamy et al, 2020). 
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Figure 3: Generalized Workflow for Mass Spectrometry Analysis of PTMs: Following 

trypsinization and purification of PTM-modified peptides of interest from cell lysates (A).  In 

(B), peptides are subjected to LC-MS/MS analysis where they are isolated according to their 

presence in a precursor (MS1) scan and subsequently fragmented to yield an MS2 

“fingerprint.”  An MS2 spectrum (C) contains multiple b (n-terminal fragment) and y (c-terminal 

fragment) ions.  Depending on its location in the isolated peptide, the mass of the PTM of 

interest will often be present in b and y ion series, allowing for localization of the PTM of 

interest on the fragmented peptide.  In (C), acquired MS2 spectra are computationally matched to 

theoretical spectra generated in silico using a search algorithm such as SEQUEST (Eng et al, 

1994; Lundgren et al, 2009). In addition, PTMs are included in the search parameters as variable 

modifications.  Often, confidence in PTM localization is scored using any of a number of 

available tools such as PTMProphet, available as a module within the Trans Proteomic Pipeline 

(Deutsch et al, 2010; Shteynberg et al, 2019). Shown in panel (D), quantitation of PTM 

dynamics between two or more experimental conditions can be achieved either by comparison of 

MS1 precursor ion intensities between two isotopically labelled biological isolates (SILAC; 

MS1-based quantitation, left panel) or comparison of MS2-labile reporter ion intensities (TMT; 

MS2-based quantitation, right panel). 
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2.3.1. Bottom-up proteomics 

Common MS-based analysis of PTMs rely on the enzymatic cleavage of proteins into 

peptides, enrichment of PTM-modified peptides, and subsequent MS-analysis of generated 

peptides leading to the matching of peptide fragmentation spectra to a simulated database (Steen 

& Mann, 2004; Lundgren et al, 2009; Eng et al, 1994) (Figure 3). Such an approach based on 

generating peptides used for analysis is referred to as bottom-up proteomics, and contrasts with 

top-down proteomics where whole proteins are analyzed. The caveat of enzymatic digestion is 

that the consensus motifs for these enzymes occasionally exclude certain peptides from detection 

because the peptides are either too large or too small for analysis. Trypsin, with its preference to 

cleave c-terminally of K and R residues, is the enzyme of choice for bottom-up proteomics. 

Alternative proteases such as LysC can supplement tryptic data and increase proteome coverage, 

and appropriate protease selection is a key step in MS workflows (McKittrick et al, 2004; Zhang 

et al, 2004). Accordingly, in silico digestion has emerged as a potential pre-processing step to aid 

protease selection. PTMselect, for example, increases the coverage of PTMs observable in 

proteomic experiments by in silico digestion of protein sequences with different combinations of 

proteolytic enzymes (Perchey et al, 2019). The results of this in silico digestion are then used to 

determine optimal digestion conditions.  

  

2.3.2. Mid/Top-down Proteomics 
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Histone modifications provide an example case for discussing the benefits and basic 

parameters of middle- and top-down proteomics workflows. Histone modifications are difficult 

to analyze by bottom-up workflows due to the over-representation of lysine and arginine in these 

proteins’ primary sequence, which leads to very short tryptic peptides that lack unique sequence-

specific information and  are difficult to unambiguously map back to a theoretical 

database.  Much effort has been focused on analyzing whole histones (top-down) or large 

fragments generated by proteases with uncommon cleavage sites such as GluC (middle-

down).  Intact proteins and large protein fragments are best analyzed under electron-transfer 

dissociation (ETD) fragmentation (Tian et al, 2012).  The extent of potential histone proteoforms 

arising from different combinations of PTMs necessitates prefractionation (Pesavento et al, 

2008) and requires larger quantities of starting material than most bottom-up methods. That top-

down, and to a lesser extent middle-down methods, preserve the various histone proteoforms is 

important because understanding combinatorial PTM complexity is a major current and future 

challenge for both solving the histone code and understanding PTMs generally. Top-down mass 

spectrometry has aided the identification of histone modifications, especially with recent 

developments in electron transfer dissociation (ETD) and ETD coupled with higher energy 

collisional dissociation (EThcD), both of which preserve post-translational modifications upon 

fragmentation (Anderson et al, 2016; Liao et al, 2017). Bottom-up proteomics, the focus of this 

review, is more sensitive and provides site-specific regulatory information, but it is likely that the 

future of DNA repair PTM proteomics (and PTM proteomics as a whole) will involve 

combinations of bottom-up proteomics for network-level understanding of signaling events 

combined with top- and middle-down analyses for identification of combinatorial proteoforms.   
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2.4. Strategies for enrichment of PTM-modified peptides 

PTMs often exist at sub-stoichiometric levels—a fact that complicates MS analysis, as 

many PTMs occur below the threshold for detection in protein extracts (Tsai et al, 2015; Lim et 

al, 2017).  PTM enrichment, then, is an essential step in PTM proteomics workflows (Fig. 3A, 

Table 1).  Often, the success or failure of PTM analysis by mass spectrometry occurs not at the 

instrument or experimental design stages, but at the PTM enrichment stage.  Efficient enrichment 

relies on the specificity of reagents to selectively purify PTMs of interest, a requirement that is 

often bungled by finicky protocols or especially labile modifications.  In subsequent sections we 

describe common methods of PTM enrichment (see Table 1 for commonly used reagents and 

example publications). 

Phosphopeptides within a complex mixture of peptides are generally enriched using 

either antibody-based immunoprecipitation or immobilized metal affinity chromatography 

(IMAC) (Neville et al, 1997; Pinkse et al, 2004). IMAC enrichment strategies take advantage of 

the affinity of phosphate groups at low pH to positively charged metal ions such as Fe3+(Andersson &

Porath, 1986).  Gallium and titanium have also been used in IMAC column-based approaches, with 

TiO2 being often used as a complementary approach to Fe3+(Posewitz & Tempst, 1999; Bodenmiller et al,

2007).  IMAC and TiO2 chromatography can also be used in tandem to analyze phosphorylated 

peptides in a process called sequential elution from IMAC (SIMAC) (Thingholm et al, 2008). 

SIMAC has been shown to greatly increase the ability to identify peptides with multiple 

phosphorylation events which are typically difficult to observe due to poor ionization. A major 

benefit of modern IMAC approaches is the broad availability of commercial enrichment kits 

(Table 1).  Less commonly, antibodies recognizing phosphorylated serine, threonine, or tyrosine 

can be used to enrich phosphorylated substrates at the protein or peptide level (Grønborg et al, 
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Table 1: A selection of PTMs and common enrichment strategies. 

PTM Enrichment Type Reagent Advantages Pitfalls Publication 

Acetylation Antibody Cell Signaling 
Technology (CST) 

cat.no. 13416. 

Immunoprecipitation easily coupled 
to MS workflows. 

Subset of abundant acetylated 
proteins can complicate detection of 

low abundance targets. 

[68]

Methylation 
(mono- & di-

arginine) 

Antibody CST cat. nos. 12235 
(mono-), 13474 

(asymmetric di-), or 
13563 (symmetric di-

). 

Specific antibodies to distinguish 
between mono-, symmetric di-, and 

asymmetric di-methyl arginine. 

Limited number of peer-reviewed 
studies using referenced kits.  Reliant 

on antibody specificity. 

[92]

PARylation Macrodomain Af1521 macrodomain 
coupled to resin 

matrix. 

Immunoprecipitation easily coupled 
to MS workflows. 

Possible to detect presence of 
PARylated peptides but difficult to 
determine length of PAR chains. 

[89]

Phosphorylation Commercial Fe-NTA 
(1); commercial 

TiO2(2); homemade 
Fe-NTA (3) 

Thermo Scientific cat. 
no. A32992 (1). 

Thermo Scientific cat. 
no. A32993 (2). 

Fast, scalable (1-2). 
complementary to TiO2 method (1). 

Complementary to Fe-NTA 
(2).  Easily adapted to small 

sample quantities in IP-MS (3). 

Commercial Fe-NTA or TiO2 are 
costly compared to homemade resin 

and are less adaptable to small 
sample quantities.  However, 

homemade resin often requires 
optimization. 

[36,44,139–
141]

SUMOylation His-tag conjugated 
to SUMO protein/ 
SUMO-interacting 
motif (SIM) trap 

Thermo Scientific cat. 
no. 88221 for His-tag 

purification. 

SUMO can be tagged with epitope 
tags (His) to aid purification. 

Identification of SUMO sites is 
difficult, but a trypsin-cleavable 

version that leaves a di-GG remnant 
can be engineered. 

[61]

Ubiquitylation Antibody against K-
ε-GG 

CST cat. no. 5562. di-GG remnant after Trypsin
digestion enables easy

identification of ubiquitylation sites. 

Determination of length/branching of 
ubiquitin chains challenging by 

conventional MS workflows. 

[142]
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2002). Antibodies can even be raised to recognize phosphorylation at specific consensus motifs 

such as the S/T-Q motif which is the primary target for the apical DNA damage response kinases 

ATM, ATR, and DNA-PK (Zhang et al, 2002; Matsuoka et al, 2007). 

The observation of acetylation sites on proteins relies on immunoprecipitation using pan-

acetyl lysine antibodies (Choudhary et al, 2009; Elia et al, 2015a). One challenge faced when 

using this approach is the presence of highly acetylated abundant proteins in cells such as 

histones, which may occlude the detection of substrates present at low quantities (Guan et al, 

2010). To combat this, fractionation is often combined with acetyl lysine immunoprecipitation to 

reduce the complexity of samples and allow less abundant peptides to be observed via MS 

analysis. Several types of fractionation have been combined with the enrichment of acetylated 

peptides including subcellular fractionation to enrich proteins from different cellular 

compartments, strong cation exchange (SCX), and isoelectric focusing (Elia et al, 2015b; Kim et 

al, 2006; Choudhary et al, 2009). SCX fractionation prior to acetylation IP has been shown to 

increase the amount of acetylation sites identified 10-fold relative to an identical experiment 

performed without fractionation (Elia et al, 2015a).  For phosphopeptides, hydrophilic 

interaction chromatography (HILIC) has been used to increase phosphoproteome coverage 

(McNulty & Annan, 2008). 

Ubiquitinated proteins and peptides are typically enriched in proteomic experiments 

using antibodies recognizing either ubiquitin itself or the di-glycine (GG) motif that is left linked 

to ubiquitinated lysines after trypsin digestion. The mouse FK2 antibody is a polyclonal antibody 

that recognizes both mono- any poly-ubiquitinated substrates but not free ubiquitin. This 

antibody has proven useful not only for the identification of ubiquitinated proteins but also in 

quantifying changes in the ubiquitination of specific proteins following genomic insult 
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(Matsumoto et al, 2005; Schwertman et al, 2012). In pursuit of a need to generate more specific 

antibodies and alternative enrichment methods, UbiSite is an antibody that recognizes a 13-

residue remnant left after the digestion of ubiquitin with Lys-C. In principle, UbiSite functions 

identically to di-GG antibodies except that the remnant recognized is unique to ubiquitin, 

resulting in a more specific enrichment (Akimov et al, 2018). 

Like ubiquitin, enrichment of SUMO-modified peptides relies on antibodies raised 

against the modification. Antibodies recognizing either endogenous SUMO directly or tags 

added to ectopically expressed SUMO can be used to pull down SUMOylated proteins for MS 

analysis (Tammsalu et al, 2014; Becker et al, 2013). Determination of specific SUMOylated 

residues is more difficult since trypsin digestion of SUMOylated proteins yields large remnants 

(>19 residues) as opposed to ubiquitin. One solution to this challenge involves mutating residues 

on SUMO itself so that a di-GG or similar remnant is generated upon enzymatic digestion 

(Hendriks et al, 2014, 2018). Another approach, Protease-Reliant Identification of SUMO 

Modification (PRISM), involves chemically blocking all exposed lysines on SUMO and its 

cognate proteins (Hendriks et al, 2015a). The interaction with SUMO and target proteins is then 

disrupted using the SUMO protease SENP2. This leaves the previously modified residues as the 

only lysines accessible to trypsin cleavage (arginine residues are still accessible). From this 

method, the location of cleaved lysines after digestion marks which sites were SUMO modified. 

In general, antibody-based enrichment strategies are the current standard operating 

procedure for enrichment of most forms of PTMs besides phosphorylation.   Enrichment of 

methyl-arginine uses antibodies that can efficiently distinguish between monomethyl arginine, 

symmetric dimethyl arginine, and asymmetric dimethyl arginine (Boisvert et al, 2003). 

PARylation enrichment, while not based on an antibody approach per se, uses the Af1521 PAR-

64

https://paperpile.com/c/EzfsGX/FyGl6+S4vgM
https://paperpile.com/c/EzfsGX/9qT6L
https://paperpile.com/c/EzfsGX/O244E+uPiWM
https://paperpile.com/c/EzfsGX/auS87+IeULH
https://paperpile.com/c/EzfsGX/pky5c
https://paperpile.com/c/EzfsGX/wctLg


binding domain immobilized on a resin support to purify PARylated peptides (Hendriks et al, 

2019).  

2.4.1. Technical challenges in PTM enrichment 

A recognized and unavoidable limitation of any affinity purification approach, including 

those based on IMAC, is the copurification of contaminating peptides not bearing the PTM of 

interest.  In the case of phosphorylation, enrichment is performed under relatively acidic 

conditions so that Asp and Glu side chains are not negatively charged (as they would be at 

physiological pH), and thus do not bind to the immobilized iron particles. PTM loss during 

sample preparation represents another challenge that must be overcome during PTM analysis by 

mass spectrometry. PTM loss may occur due to the presence of enzymes that facilitate the 

removal of PTMs or due to loss of the modifications during sample processing by hydrolysis. 

Sample preparation protocols must be optimized to address these challenges. Lysis buffers in 

phosphoproteomic experiments are typically supplemented with phosphatase inhibitors (Smolka 

et al, 2007). Inhibiting the proteasome in addition to deubiquitinases greatly increases the 

coverage of ubiquitinated substrates (Matsumoto et al, 2005). SUMO enrichment protocols often 

involve the expression of ectopically expressed or tagged SUMO. In some cases, lysis and 

enrichment can be performed in denaturing conditions (if using a Histidine tag) thereby 

eliminating the action of deSUMOylases without need for inhibitors (Filosa et al, 2013). 

  

2.5. Tandem MS for peptide identification and PTM site localization 
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Tandem mass spectrometry relies on two (or more) mass analyzers in a single instrument, 

usually a quadrupole and a higher-resolution analyzer such as the football-shaped 

orbitrap.  Survey MS1 spectra across a broad mass range of 400-2000m/z contain all ionized 

analytes at a discrete time point in the chromatographic gradient.  This mass window is set by the 

quadrupole. Peptide analytes are then individually isolated by the quadrupole across a very 

narrow mass range and subjected to fragmentation inside the mass spectrometer by either 

collision-induced dissociation (CID), higher-energy collisional dissociation (HCD) or electron-

transfer dissociation (ETD).  Fragment masses are subsequently recorded by the orbitrap and this 

peptide fingerprint is later matched with a theoretical spectrum to unambiguously identify the 

peptide of interest (Steen & Mann, 2004; Diedrich et al, 2013). Machine parameters must be 

adjusted to favor the identification of PTM-modified peptides and enhance PTM site 

localization. For example, when considering the MS/MS fragmentation strategy, higher-energy 

collisional dissociation (HCD) is used for sequencing of phosphopeptides, as collision-induced 

dissociation (CID) tends to result in neutral loss of the phosphate moiety and, consequently, poor 

quality spectra that lack sequence rich information (Cui et al, 2014; Diedrich et al, 2013). 

Computational identification of the presence of a PTM is often coupled to localization of 

the PTM to a specific amino acid residue within the peptide-spectrum match (PSM) based on the 

presence of the mass of the variable modification within the b and y ion series in the peptide 

fragmentation spectrum (Fig. 3C). PTM localization has become increasingly sophisticated over 

the past decade, as determining the exact site of modification is critical for understanding 

biological significance. PTM scoring algorithms such as PTM score, PhosphoRS, ASCORE, 

Mascot Delta score, SLIP Score, and PTMProphet assign confidence scores to variable 

modification sites within PSMs based on information intrinsic to the peptide fragmentation 
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pattern (Olsen et al, 2006; Taus et al, 2011; Savitski et al, 2011; Baker et al, 2011; Li et al, 

2007; Shteynberg et al, 2019), underscoring the importance of the quality of MS2 (or MS3) 

spectra. 

The inclusion of PTMs as variable modifications increases search space and consequently the 

amount of computational power required to complete a peptide database search.  The increase in 

search space is exponential and limits the degree to which a given search may account for 

different PTMs, especially when using quantitation approaches where the mass label must also 

be included as a variable modification in the database search. Additionally, inclusion of PTMs as 

variable modifications increases the false positive PSM rate of the database search. Optimizing 

machine performance to ensure high mass accuracy is therefore of vital importance to ensure 

MS1 and MS2 mass accuracy parameters minimize false discovery rate (FDR) (Liu et al, 2007). 

To this end, the continued development of faster, higher-resolution mass analyzers has greatly 

aided PTM analysis (Olsen et al, 2005; Zhang et al, 2004) and will continue to improve the 

reliability of PTM-MS. 

2.6. MS quantification of PTMs 

Effectively quantifying changes in abundance of PTM-modified peptides is essential to 

understanding how PTMs change in differing biological conditions. Peptide quantification can be 

assessed through Label Free Quantification (LFQ), metabolic labeling, or chemical labeling 

(Stepath et al, 2020; Hogrebe et al, 2018). Each of these methodologies have unique benefits and 

drawbacks. Stable isotope labeling with amino acids in cell culture (SILAC), a metabolic 

labeling strategy, and Tandem Mass Tag (TMT), a chemical labeling strategy, are both effective 

67

https://paperpile.com/c/EzfsGX/g4pgM+pk6dC+IYEo5+qR2D0+WIGvh+WOuRd
https://paperpile.com/c/EzfsGX/g4pgM+pk6dC+IYEo5+qR2D0+WIGvh+WOuRd
https://paperpile.com/c/EzfsGX/iCxIi
https://paperpile.com/c/EzfsGX/1YsTk+muGC0
https://paperpile.com/c/EzfsGX/Up7xW+oBVUw


and widely used for quantitation in large scale mass spectrometry experiments aimed at 

analyzing PTMs (Fig. 3). SILAC involves incorporating isotopes of amino acids into cells 

through culture medium. Typically, heavy isotopologues of Lysine and Arginine containing C13 

and N14 are used since at least one of these two residues will occur in every tryptic peptide 

(Olsen et al, 2004; Chen et al, 2015). The labeling does not alter chemical properties (such as 

ionization efficiency and chromatographic elution time), but results in a shift in the mass of 

peptides containing C13 and N14 relative to those containing normal isotopes, which will be 

detected in MS1 scans. Signal intensity from each condition can be used to quantify changes in 

peptide abundance between two experimental conditions (Fig. 3D). In addition to its accuracy 

and reproducibility, SILAC quantitation is particularly suitable for PTM proteomics since 

samples are combined and processed together thereby limiting the variation introduced during 

enrichment steps. As its name suggests, SILAC is limited to cultured cells and cannot be easily 

applied to other types of biological samples such as animal tissues. 

Tandem Mass Tag (TMT), or its early precursor iTRAQ, involves the addition of isobaric 

tags to peptides (Wiese et al, 2007). TMT reagents use an NHS ester moiety to target primary 

amines in peptides (Thompson et al, 2003). In TMT workflows, peptides from different 

experimental channels must be labeled in parallel reactions then mixed prior to analysis, which is 

a potential source of variation that negatively affects accuracy of quantitation. Because tags have 

equal mass before fragmentation, the same peptide from different channels will appear as a 

single peak in MS1 (therefore “isobaric”).  Upon fragmentation and a subsequent MS2 scan, a 

reporter ion that differs in mass for each tag can be used for quantification (Fig. 3D). In this way, 

the signal intensity of each tag reflects the abundance of the labelled peptide in its respective 

condition (Zhang & Elias, 2017). A limitation of this approach is that co-isolation of nearly 
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isobaric contaminating ions in MS1 may alter the ratios of the reporter ions generated in MS2 

(Hogrebe et al, 2018). Since the levels of most peptides are unchanged between conditions, this 

contamination has the potential to dampen the observed changes in abundance, a phenomenon 

known as ratio compression. Ratio compression can be partially reduced using MS3-based 

instrument methods, though not all mass spectrometers have this capability, and state-of-the-art 

instruments are costly. Though ratio compression is alleviated in MS3-based approaches made 

possible by high-end instrumentation, this still comes at the cost of lower sensitivity, as 

quantification using MS3 is reported to result in a 12% reduction in the number of sites 

quantified relative to MS2 methods, in part due to increased machine duty cycle time  (Ting et 

al, 2011; Hogrebe et al, 2018). An undeniable advantage of TMT labeling is that it occurs after 

protein extraction , which renders quantitative mass spectrometry applicable to tissue isolates 

and other sample types not amenable to metabolic labeling.  Additionally, TMT is available in 6-

, 10-, 11-, and 16-plex variations allowing many comparisons to be made within a single 

experiment (Stepath et al, 2020). Multiplexing can be used to test multiple biological replicates 

within a single experiment generating statistically significant data with a reduced requirement for 

machine time.  Unfortunately, coupling TMT analyses to analyses of PTMs can be quite costly if 

labeling is done prior to PTM enrichment; on the other hand, labeling samples after enrichment 

and then pooling them represents a major source of variation.  For the above cited reasons, we 

view metabolic labeling approaches such as SILAC to be superior in terms of reproducibility and 

robustness in the analysis of PTMs, though we recognize that in some cases (such as in the 

analyses of primary tissue isolates), such labeling schemes are not possible.  SILAC also 

introduces fewer sources of experimental variation due to sample handling and is likely to be the 

method of choice for DNA repair biologists seeking to make an entrée into the field of PTM 
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proteomics.  Next, we outline a roadmap for the design and implementation of proteomics 

experiments by DNA repair biologists. 

2.7. Practical Considerations for Designing Mass Spectrometry Experiments to Study 

PTMs in DNA Repair 

We have reviewed a subset of PTMs with demonstrated roles in DNA repair, and we 

have outlined the basics of mass spectrometry analysis as it pertains to PTM proteomics 

workflows.  In this section we discuss experimental design guidelines for the proteomic study of 

PTMs in DNA repair.  We first highlight pharmacological and genetic methods of perturbing 

DNA damage signaling. Then we discuss nuclear enrichment and affinity purification as 

methods to enrich certain cellular fractions or protein complexes involved in DNA repair. Lastly, 

we describe how to design PTM mapping experiments with quantitative mass spectrometry in 

mind. 

2.7.1. Strategies for DNA Damage Induction 

There are a number of genetic and pharmacological tools in the DNA repair biologist’s 

toolkit that can be used to perturb DNA damage signaling for quantitative mass spectrometry 

studies.  The first consideration in any DNA damage study should be the type of DNA damaging 

agent that is used, as DNA lesions are channeled into different signaling pathways depending on 

the type of lesion.  Common genotoxins used in mammalian DNA repair studies include 

aphidicolin, bleomycin, camptothecin (CPT), hydroxyurea (HU), ionizing radiation (IR), and 
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Table 2: Common genotoxins, their primary effects, and associated DNA lesions. 

Genotoxin Primary Effect DNA Lesion Citation 

Hydroxyurea Nucleotide depletion via ribonucleotide 
reductase (RNR) inhibition 

Stalled replication forks, fork collapse [187]

Cisplatin DNA interstrand crosslinks Fork collapse, double strand breaks (DSBs) [188]

Camptothecin Topoisomerase I inhibition Replication stress, fork collapse, double strand breaks 
(DSBs) 

[189] 

Mitomycin C DNA interstrand crosslinks Fork collapse, double strand breaks (DSBs) [190]

Phleomycin IR mimetic Clustered DNA damage resulting in DSBs [191]

4-Nitroquinoline oxide Bulky base adducts Bulky lesions primarily repaired by nucleotide excision 
repair (NER) 

[192]

Methyl 
methanesulfonate 

DNA base alkylation ssDNA gaps and replication stress (S phase), DSBs 
breaks at high concentrations 

[193] 

Ionizing radiation Clustered DNA damage from ionization 
cascade 

DSBs with complex ends requiring nucleolytic 
processing 

[194] 

Break induction by 
programmable nuclease 

Targeted phosphodiester backbone 
cleavage by nuclease 

DSBs [181] 

Normal DNA Replication DNA replication stress (mild) Fork stalling, limited local fork collapse [36, 195] 
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mitomycin C (MMC) (Table 2).  The drug/treatment used will largely depend on the type of 

DNA damage being studied: for example, IR stimulates a double-strand break repair response 

while HU induces a replication stress response.  Beyond chemical mutagens, genetic tools exist 

to induce and study DNA damage.  A classic example from S. cerevisiae is the HO 

endonuclease.  In budding yeast, the HO endonuclease is a mechanism for mating type switching 

through recombination at the MAT locus (Lee & Haber, 2015).  Under the control of a galactose 

inducible promoter, this system has been used extensively in the study of DSB repair and DNA 

end resection kinetics (Zhu et al, 2008).  In mammalian cells, the AsiSI nuclease can be 

conditionally induced to generate many DSBs genome-wide which can then be monitored by 

sequencing if desired (Canela et al, 2016).  Alternatively, site-specific DSBs can be induced with 

the Cas9 nuclease(Dibitetto et al, 2018).   Chemically-induced complex DSB ends have slower 

repair kinetics and are more mutagenic than enzyme-induced clean DSB ends (Symington & 

Gautier, 2011; Ceccaldi et al, 2016; Schipler & Iliakis, 2013).These tools can be adapted to mass 

spectrometry, and many opportunities for interesting proteomics studies exist—for example, 

PTM mapping of the cellular response to varying numbers of DSBs. 

 

2.7.2. Probing physiological DNA damage  

The level of genotoxic stress produced in laboratory settings by chemical mutagens is 

rarely if ever encountered in nature, and if it were, the result would certainly be cell 

death.  Genotoxic chemicals provide a convenient and viable shortcut to studying the 

mechanisms of DNA repair by saturating cells’ ability to repair the damage and therefore 

maximizing the outputs of DNA damage signaling.  As proteomics becomes increasingly 
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sensitive, the process of DNA repair can be studied in more physiological contexts, and possibly 

in the absence of exogenous genotoxins.  Indeed, meiosis and oncogene-induced replication 

stress are two physiological processes intimately associated with DNA repair that beg for further 

proteomic study.  Equally important and urgent is the identification of substrates associated with 

physiological levels of replication stress encountered in normal S phase (BastosdeOliveira et al, 

2015).   

2.7.3. Controlling for cell cycle effects 

A major hurdle for quantitative proteomics in these physiological cases is the issue of 

appropriate controls.  It may be difficult to disentangle cell-cycle effects in an experiment 

seeking to identify DNA repair signaling events in unchallenged S phase, for example.  One 

solution we propose here is for DNA repair biologists to first generate an inclusion list of 

substrates that are reliably induced upon DNA damage, and then look for mild induction of these 

substrates in unchallenged cells progression through S phase, perhaps using targeted proteomics 

methods. Another strategy to control for cell cycle effects is to analyze only a specific phase of 

the cell cycle by synchronization.  This approach has long been used in baker’s 

yeast.  Developments in pharmacological inhibition of key cell cycle proteins such as CDC7 in 

mammalian cells have made this a favored strategy to isolate specific subpopulations of cells 

(Montagnoli et al, 2008). The application of quantitative proteomics to physiological S phase 

and other instances of endogenous DNA damage will be critical in fully understanding how 

DNA repair is dysregulated in cancer and other pathologies. 
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2.7.4. Nuclear Enrichment Maximizes DNA Repair PTM Coverage 

DNA repair mostly occurs in the nucleus, which comprises an estimated 20-50% of cell 

volume depending on cell type (Moore et al, 2019).  In cultured mammalian cells, a nuclear 

fractionation step prior to PTM enrichment for proteomics can dramatically improve coverage as 

it eliminates contaminating cytoplasmic and other organellar signals.  Most protocols use a 

hypotonic lysis buffer to lyse the plasma membrane, leaving the nucleus intact (Luo et al, 2014; 

Senichkin et al, 2021; Masuda et al, 2020).  Following this first step, the intact nuclei can then be 

lysed in a standard lysis buffer such as radioimmunoprecipitation assay (RIPA) buffer, followed 

by sonication to shear DNA and prevent its precipitation during subsequent centrifugation. 

Recently, techniques such as chromatin mass spectrometry (CHROMASS) and isolation of 

proteins on nascent DNA (iPOND) coupled to mass spectrometry have been employed to 

analyze specific nuclear milieux ((Räschle et al, 2015; Sirbu et al, 2013)).  Applying these newer 

techniques to the analysis of a variety of PTMs in DNA repair is a major challenge and an area 

of opportunity. In yeast, nuclear fractionation is not recommended due to the relatively lower 

complexity of the proteome and the difficulties associated with nuclear fractionation in 

organisms with a cell wall (Rieder & Emr, 2000).  While nuclear fractionation improves 

coverage of most DNA repair associated substrates, there are cases when analyzing only the 

nuclear phosphoproteome would obscure key signaling events, for example the role that DNA 

repair activities in activating innate immune signaling in the cytoplasm (Härtlova et al, 2015; 

Guan et al, 2021).  The decision to perform subcellular fractionation should be made on a per-

experiment basis, rather than as a universal first step before PTM enrichment. 
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2.7.5. Assigning Enzyme-Substrate Relationships 

Beyond mapping PTM signaling responses according to types of DNA damage, the next 

step in a proteomic analysis of DNA repair is to map signaling responses according to the 

enzymes that confer the PTM(s) of interest.  Pharmacological inhibition of kinases to determine 

their contribution to the DNA damage signaling response is one example (Schlam‐Babayov et al, 

2021).  To date the field of quantitative phosphoproteomics has focused much attention on the 

apical DNA damage response kinases—ATM, ATR, and DNA-PK—with relatively few 

phosphoproteomic datasets covering other potential players in the DNA damage response, such 

as casein kinase or DYRK kinases (Yoshida & Yoshida, 2019; Greer et al, 2017).  This paucity 

of datasets is a golden opportunity for DNA repair labs interested in expanding the current 

understanding of kinase signaling in DNA repair.  Pharmacological inhibitors of PARPs, some of 

which are already approved for use as cancer therapies, are readily available.  An important 

consideration when choosing PARP inhibitors is that they vary in their ability to trap PARP on 

DNA (Pommier et al, 2016).  For emerging modifications where pharmacological inhibitors of 

the enzymes that confer these modifications are not readily available, genetic ablation by 

CRISPR knockout, siRNA, or shRNA is the recommended strategy.  Indeed, genetic validation 

of results from pharmacological studies is best practice to ensure that effects observed from the 

use of chemical inhibitors do not stem from off-target effects of the chemicals themselves.  Since 

druggable proteins belong to evolutionarily-derived families, it is expected that chemical 

inhibitors will exhibit some binding to closely related proteins. ATR and ATM are both in the 

PIKK family, of which mTOR is a member–indeed, the ATR inhibitor VE-821 does exhibit 

some level of mTOR inhibition as an off-target effect (Šalovská et al, 2018). Perturbation of 

specific DNA repair activities is an orthogonal approach to inhibition of specific enzymes that 
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confer PTMs.  For example, DNA repair signaling can be modulated according to the extent of 

DNA end resection using genetic approaches (Sanford et al, 2021).  Alternatively, chemical 

inhibitors of resection nucleases can be used to modulate the extent of DNA end resection 

(Shibata et al, 2014; Kumar et al, 2017), though to date there has been no extensive mapping of 

PTM signaling according to the extent of resection in mammalian cell lines.  In the future, it will 

be informative to cross-compare PTM mapping experiments by enzyme and DNA repair process 

dependency, as such a comparison could reveal new modes of signaling that extend beyond the 

canonical PTM writers in DNA repair. 

In vitro and in silico methods of delineating PTM dependencies are an invaluable 

addition to genetic-proteomic approaches and are useful in assigning PTM events to a particular 

enzyme as a follow-up to proteomic studies.  Enzymatic dependencies for DNA damage 

signaling events can be inferred by mining PTM proteomics datasets for potential consensus 

motifs using any of a number of computational tools such as the IceLogo package (Maddelein et 

al, 2015).  If a strong consensus preference appears in the data, this consensus can be searched 

against known consensus motifs in the literature (Blasius et al, 2011).  This approach is useful in 

informing future genetic or pharmacological experiments (which potential PTM enzyme to 

inhibit), but still does not represent direct evidence that a given enzyme is responsible for the 

PTM of interest. In vitro experiments using purified proteins provide direct evidence of enzyme-

substrate relationships, and this approach has been used to great effect to assess the activity of 

DNA damage response kinases toward putative substrates or motifs (Thada & Cortez, 2019). In 

vitro experiments are quite difficult and low-throughput—it is for this reason that the vast 

majority of PTMs have not been directly linked to a PTMase in this way.  A high-throughput 

alternative to in vitro experiments is to genetically modify PTMases such that they will use an 
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alternative substrate that results in a traceable chemical modification.  Kinases can be mutated so 

that they will use an ATPγS analog to thiophosphorylate substrate proteins (Hertz et al, 

2010).  This approach may not work with all PTMs, and pleiotropic effects of the ATPγS analog-

permissive mutation must be carefully controlled for. Direct PTM mapping is an area that should 

be the focus of intensive efforts going forward, since identifying direct versus indirect effects of 

PTM enzymes remains a major question in the field. 

2.7.6. Quantitative PTM Mapping Experiments 

Now that we have reviewed chemical and genetic strategies to perturb DNA repair as well as 

methods of enriching for certain subcellular fractions, we now suggest a set of considerations for 

the design of quantitative mass spectrometry experiments.  The first consideration of quantitative 

proteomics is to ask the following question: “does the experimental design require quantitation?” 

Surprisingly, the answer to this question is not always a resounding yes.  Determining PTM 

dependencies is greatly aided by quantitative proteomics, but simply mapping the scope of 

certain PTMs need not involve quantitative methods, a consideration that lowers costs and may 

improve coverage.  In the case of understudied PTMs, such as crotonylation, for which few 

proteomics datasets even exist, label-free methods represent a logical starting point in a global 

substrate analysis. However, the ability to assign PTM dependencies (either by PTMase or by 

cellular insult) strongly relies on quantitative proteomics given the stochastic nature of how ions 

(especially low abundant ions) are selected in most types of mass spectrometry-based 

approaches. This section will focus on metabolic labeling approaches such as SILAC, as we 

consider these methods to result in higher quality quantitation of changes in PTMs. SILAC 
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experiments are designed as binary comparisons, though triple SILAC is an option at the cost of 

sensitivity (Hilger & Mann, 2012). SILAC provides a key advantage in that false positive peptide 

identifications can be robustly filtered out with a “label-swapping” experiment, that is, running a 

replicate experiment where the light and heavy channels have been switched (Faca et al, 2020; 

Ong et al, 2002; Ong & Mann, 2007). To illustrate SILAC experimental design with a concrete 

example, suppose that SILAC mass spectrometry will be used to identify putative substrates of a 

hypothetical kinase. Four total binary comparisons are needed in order to construct a robust 

dataset of substrates in response to DNA damage.  The first two experiments will define the 

general cellular response to DNA damage, such as ionizing radiation (IR).  In experiment 1, 

unirradiated cells grown in normal lysine and arginine-containing media are compared to cells 

grown in media containing 13C15N lysine and arginine isotopologues and acutely subjected to 

ionizing radiation.  In experiment 2, the light channel is subjected to IR and the heavy channel is 

left unirradiated.  The results of experiment 1 and 2 are merged and only phosphopeptides with 

ratios that invert according to the isotope labelling scheme are considered in the final 

analysis.  In experiment 3 and 4, kinase substrates are identified.  In experiment 3, both light and 

heavy cultures are irradiated, but the heavy culture is treated with a kinase inhibitor; in 

experiment 4 the scheme is the same, but the light culture is treated with the inhibitor. The 

results of experiment 3 and 4 are merged and only phosphopeptides with ratios that invert 

according to the isotope labelling scheme are considered in the final analysis.  Then the four 

datasets can be compared to reveal the subset of IR-induced, kinase-dependent 

phosphopeptides.  This general approach to substrate mapping is applicable to any PTM, and 

PTM writer dependency can be determined by genetic as well as pharmacological methods. 
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Achieving maximum PTM coverage is a key consideration of mapping experiments.  In 

the earliest stages this is aided by the inclusion of inhibitors of enzymes that remove PTMs as 

well as troubleshooting enrichment protocols to minimize the presence of unmodified 

peptides.  In terms of increasing coverage, off-line fractionation is the most important step 

(Figure 3).  Sample complexity is reduced and PTM coverage is dramatically increased at the 

cost of increased instrument time (McNulty & Annan, 2008).  Coverage can be further increased 

by the collection of additional fractions, though this approach will require increasing quantities 

of starting sample material for best results.  At the mass spectrometry analysis stage, it is 

important to consult the literature and prepare an instrument method that recapitulates prior 

successful analyses of the PTM of interest, especially for mass spectrometry 

neophytes.  Fragmentation methods and collision energies can be particularly important for 

certain PTMs, such as PARylation (Hendriks et al, 2019) 

The final steps in mass spectrometry analyses of DNA repair are data analysis and 

interpretation. Spectrum files generated by mass spectrometers can be searched using a number 

of free or paid software packages, such as COMET, MaxQuant, Sorcerer2, or Proteome 

Discoverer.  All of these programs are well-documented with extensive online resources and 

tutorials to aid the uninitiated.  Additionally, these programs are complete with user interfaces 

that are often absent from other -omics tools.  Data interpretation and follow-up can be more 

difficult, as any proteomic study of DNA repair is likely to unearth a large number of modified 

sites on client proteins even after filtering by DNA damage and PTM writer 

dependency.  Genetic validation of mass spectrometry results is key to gleaning meaningful 

insights from large datasets, and this validation could involve the knockdown, overexpression, or 

generation of point mutants of key targets, followed up by phenotypic testing of these mutants 
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using standard assays in the DNA repair biologist’s toolkit, such as DNA fiber assays, 

clonogenic survival assays, western blots, or immunofluorescence.  Proteomics experiments 

performed by scientists knowledgeable about the underlying biology of DNA repair have an 

advantage in follow-up and validation stages. 

  

2.7.7. The Utility of Focused Approaches to Map PTMs 

Global approaches to map PTMs in DNA repair have been the major focus of this review 

because these methods generate large-scale unbiased networks of DNA repair signaling events 

and are excellent for hypothesis generation.  A notable limitation of these approaches is that they 

are often limited in terms of coverage of individual proteins, even with advances in 

instrumentation and PTM enrichment methods. Sometimes, in-depth analysis of a single protein 

or protein complex is required, and this is where affinity purification mass spectrometry (AP-

MS) is typically used.  In AP-MS, individual proteins are purified from cell extracts by 

immunoprecipitation and then subjected to PTM enrichment prior to proteolytic digestion and 

mass spectrometry analysis (Baile et al, 2019; Sanford & Smolka, 2021).  As an alternative to 

purification of individual proteins, proximity labelling approaches can be used to pull down local 

protein networks for further analysis. In these protocols, an enzyme is used to link biotin to 

nearby proteins, which is then enriched from cell extracts with a streptavidin resin (Kido et al, 

2020; Lobingier et al, 2017; Roux et al, 2012).  These methods can be coupled to PTM 

enrichment protocols to isolate a single or a small subset of modified proteins with substantially 

higher coverage than unbiased approaches.  These techniques can be especially useful when 
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applied to hits from an unbiased proteomic screen to expand the number of sites identified in a 

particular protein of interest. 

  

2.8. Future Directions for DNA Repair PTM-MS  

There are a large number of PTMs that can occur on proteins, often together, and this co-

occurrence creates combinatorial complexity (Aebersold et al, 2018).  Complicating the full 

understanding of PTMs in DNA repair is the fact that, while multiple PTMs can occur within a 

single peptide, mass spectrometry techniques to analyze individual PTMs are not necessarily 

compatible with the analysis of co-occurring PTMs.  For example, the DNA repair helicase Sgs1 

is subject to both SUMOylation and phosphorylation, but analyzing both of these modifications 

in parallel is difficult; likewise, RPA subunits are also subject to multiple modifications (Dhingra 

et al, 2019; Bonner et al, 2016; Lanz et al, 2021).  Progress has been made on this front—a 

recent report used x-ray irradiation couple to mass spectrometry to characterize complex 

modifications on a model peptide antibiotic, vancomycin (Abdelmouleh et al, 2020)—but the 

utility and widespread applicability of such approaches to bottom-up data-dependent approaches 

remains to be seen.  Presently, top-down proteomics methods—that is, analysis of whole proteins 

rather than peptide fragments via mass spectrometry—represent a useful approach for analyzing 

multiple PTM types (Schaffer et al, 2019). 

The simultaneous analysis of co-occurring PTMs belies a more widespread hurdle that 

researchers face when acquiring mass spectrometry data.  That is, forging the critical causal 

linkage between modification sites on proteins of interest and their associated biological 

function.  For example, mass spectrometry analysis might identify several phosphorylation sites 
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within a protein of interest, but mutation of all kinase consensus sites within a given protein 

domain may be required to elicit a phenotype (Ohouo et al, 2010; Lanz et al, 2021).  The 

coverage issue is partially solvable by digestion of protein extracts with enzymes other than 

trypsin, though few enzymes are as efficient or as cheap as trypsin and they have not seen 

widespread adoption in shotgun proteomics workflows (Giansanti et al, 2016).  That being said, 

the use of multiple enzymes approaches 94% sequence coverage of the model protein BSA 

(Giansanti et al, 2016).  As alternative proteases become more widespread in their use, the extent 

of PTM coverage will increase, yielding new insights into DNA repair biology. 

The study of DNA repair has been greatly aided by shotgun proteomics for PTM 

identification and quantitation.  From phosphorylation to SUMOylation, the regulatory repertoire 

of the DNA damage response has expanded from a few key phospho substrates, monitorable by 

immunoblotting, to hundreds of proteins with varying PTMs comprising a complex network that 

promises to keep molecular biologists busy for years to come.  Key advancements will include 

the continued march of instrumentation sensitivity, the analysis of multiple PTMs in parallel, and 

the adoption of alternative proteases to increase coverage.  Coupled with phenotypic analysis of 

candidate PTM site mutants, these anticipated advances will yield new insights into DNA repair 

signaling. More broadly, delineating the comprehensive network of PTMs in DNA repair will 

enable deeper understanding of existing cancer therapeutic strategies that target DNA repair and 

enable logical design of combination therapies based on synthetic lethalities.  In the next decade, 

the field of proteomics is poised to aid in the discovery of new mechanisms of DNA repair and to 

translate these findings to the clinic.Quantitative mass spectrometry should continue to expand in 

the toolbox of DNA repair biologists investigating PTMs. 
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CHAPTER 3: MAXIMIZED QUANTITATIVE PROTEOMICS ALLOWS HIGH 

CONFIDENCE DISSECTION OF THE DNA DAMAGE SIGNALING NETWORK 

This chapter was published under the same title in Scientific Reports (2020). Vitor M. Faca and I 

contributed equally to this work. 
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Abstract 

The maintenance of genomic stability relies on DNA damage sensor kinases that detect 

DNA lesions and phosphorylate an extensive network of substrates. The Mec1/ATR kinase is one 

of the primary sensor kinases responsible for orchestrating DNA damage responses. Despite the 

importance of Mec1/ATR, the current network of its identified substrates remains incomplete due, 

in part, to limitations in mass spectrometry-based quantitative phosphoproteomics. 

Phosphoproteomics suffers from lack of redundancy and statistical power for generating high 

confidence datasets, since information about phosphopeptide identity, site-localization, and 

quantitation must often be gleaned from a single peptide-spectrum match (PSM). Here we 

carefully analyzed the isotope label swapping strategy for phosphoproteomics, using data 

consistency among reciprocal labeling experiments as a central filtering rule for maximizing 

phosphopeptide identification and quantitation. We demonstrate that the approach allows drastic 

reduction of false positive quantitations and identifications even from phosphopeptides with a low 

number of spectral matches. Application of this approach identifies new Mec1/ATR-dependent 

signaling events, expanding our understanding of the DNA damage signaling network. Overall, 

the proposed quantitative phosphoproteomic approach should be generally applicable for 

investigating kinase signaling networks with high confidence and depth. 

3.1 Introduction 

Protein phosphorylation is of central importance in both normal physiology and 

pathological conditions. Phosphorylation-mediated switches regulated by protein kinases and 

protein phosphatases can affect protein structure and function, with consequences in enzymatic 

activity, protein localization, protein interactions and turnover (Day et al, 2016; Krebs & Fischer, 
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1956; Taylor et al, 2012).  The control circuits of the DNA Damage Response (DDR) are 

extensively regulated by phosphorylation, with the kinase Mec1 (human ATR) playing a major 

role in both activation of the DNA damage checkpoint as well as phosphorylation of substrates 

involved in a range of nuclear processes including DNA repair, DNA replication, and transcription 

(Flott et al, 2011; Osborn et al, 2002; Schwartz et al, 2002; Memisoglu et al, 2019; Ohouo et al, 

2010; W.-L. Toh et al, 2010; Weinert et al, 1994),  To date a number of Mec1 substrates have been 

mapped by phosphoproteomics (BastosdeOliveira et al, 2015; Lanz et al, 2018; Chen et al, 2010). 

However, the current network of identified Mec1 substrates remains incomplete. Many DNA 

repair proteins are not highly expressed (Ho et al, 2018), and represent a challenge for 

phosphoproteomic analyses of DNA damage signaling to achieve proper depth with high quality 

quantitative data. Improvements in global quantitative phosphoproteomic analyses are therefore 

necessary to comprehensively map the Mec1-dependent signaling network. Similar challenges 

exist for the study of other kinases and represent important barriers for progress in understanding 

kinase action in general. 

Phosphoproteomics, the systematic and unbiased mapping of phosphorylation events, is 

achieved mainly using mass spectrometry (MS)-based approaches. Both instrumentation and 

bioinformatic tools applied for phosphopeptide identification have been continuously evolving 

(Kelstrup et al, 2018; Deutsch et al, 2015; Hogrebe et al, 2018), culminating in large 

phosphoproteomic datasets in recent years (Li et al, 2019; Sharma et al, 2014; Humphrey et al, 

2018; Ochoa et al, 2020; Balakrishnan et al, 2012; Hu et al, 2019; Lanz et al, 2019b). In addition 

to in depth coverage of the phosphoproteome, comprehensive mapping of kinase-mediated 

signaling also requires quantitative analysis of each phosphopeptide or phosphorylation site to 

monitor its abundance in conditions of active kinase compared to conditions in which the kinase 

103



of interest is chemically and/or genetically ablated (BastosdeOliveira et al, 2015; Bastos de 

Oliveira et al, 2018; Hertz et al, 2010). Various quantitative mass spectrometric approaches have 

been applied for the mapping of kinase signaling, including stable isotope labeling in cell culture 

(SILAC) (Shinde et al, 2017; Amanchy et al, 2008; Hertz et al, 2010) and isobaric labelling 

strategies such as tandem mass tag (TMT) (Schwill et al, 2019; Pease et al, 2018). In a recent 

systematic comparison of quantitative phosphoproteomic strategies, SILAC was considered the 

most accurate, although TMT-based analyses yielded better coverage of the phosphoproteome 

(Hogrebe et al, 2018). SILAC is based on peptide precursor ion quantification to detect and 

quantify, in relative terms, the ratio between “heavy” and “light” isotopologues of amino acids 

(most commonly lysine and arginine) incorporated metabolically into cells (Ong et al, 2002; Mann, 

2006). Such an approach allows early mixing of labeled protein extracts in phosphoproteomic 

workflows to minimize technical variation.  

Phosphoproteomics faces inherent issues for achieving identification and quantitation of 

phosphopeptides with high confidence. Different than proteomics, where the analysis of proteins 

is based on identification and quantification of multiple redundant representative peptides for a 

given protein, phosphoproteomics relies on phosphopeptides are often unique (non-redundant) 

species represented by one or a few peptide spectral matches (PSMs) in the dataset. The lack of 

multiple redundant events for informing identification, quantification and phospho-site 

localization hobbles the acquisition of high-quality data due to the low numbers of PSMs per 

phosphopeptide (Casado & Cutillas, 2011). The ability of acquiring high quality identification and 

quantification data is further complicated by the fact that many key phosphopeptides of biological 

interest are present at very low levels in the pool of phosphopeptides enriched from whole cell 

lysates. Even in cases when identification of a phosphopeptide based on one or two PSMs is 
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successful, the associated quantitative information can suffer from signal interference derived from 

sample complexity and other intrinsic technical noise (Chen et al, 2015; Sandberg et al, 2014; Li 

et al, 2012; Wong et al, 2009). As a result, a significant part of the generated phosphoproteomic 

data is not suited for reliable quantitative analysis and biological inference, representing one of the 

major bottlenecks in large-scale quantitative phosphoproteomic analysis of kinase-mediated 

signaling. 

Here we report a phosphoproteomic approach for increasing reliability in phosphopeptide 

identification and quantification, while minimizing loss of data from phosphopeptides with low 

PSM counts. The approach builds on the established concept of SILAC labeling swap, relying on 

quantitation consistency among reversed isotopically labeled samples as a central filtering step for 

removing false positive identifications and erroneous quantifications(Ong & Mann, 2007; Ong et 

al, 2002; Francavilla et al, 2014). While isotopic label swapping has been a common practice in 

SILAC-based experiments(Aggelis et al, 2009; Ong & Mann, 2007; Francavilla et al, 2014; Alli-

Shaik et al, 2017; Park et al, 2012), its contribution to the reduction of false positive identifications 

and quantitations has not been systematically characterized, especially for cases of 

phosphopeptides with low PSM counts. By performing an in-depth analysis of label swap 

phosphoproteomics we monitor experimental error or biological variation in phosphopeptide 

quantitation and propose an approach for drastic reduction of false positive identifications and 

quantitation. .   The reported approach balances both sensitivity and specificity to detect 

phosphorylation changes with high confidence, even in the case of phosphopeptides with low PSM 

counts. Overall, the simple approach presented here enhances the reliability of quantitative 

phosphoproteomics in biological interrogations of kinase-mediated signaling networks. 
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3.2 Results 

3.2.1. Error and Variation in SILAC-based Phosphopeptide Quantitation is Unidirectionally 

Biased 

We set out to develop an approach to maximize confidence in quantitative data from 

phosphoproteomic experiments. We postulated that SILAC-based quantitation might be 

particularly well suited for separating meaningful biological changes from: (1) aberrant 

quantitation during data processing (herein referred as “Error”), and/or (2) changes in 

phosphopeptide abundance unintentionally introduced during sample handling (herein referred as 

“Variation”). If both Error and/or Variation (EV) are mostly associated with artifacts that are 

independent of true biological differences in the cell lines or drug treatment conditions being 

compared, phosphoproteomic analysis should reveal a unidirectional bias in the generated ratios 

of data points reflecting EVs (Fig. 3.1A-C). We further reasoned that a strong bias in EVs would 

enable their systematic exclusion from large-scale phosphoproteomic datasets and, in principle, 

enable the generation of high confidence quantitative data even from phosphopeptides with only 

one PSM detected in each reciprocal, labeling swap SILAC experiment.  

To test this idea, we mixed equal amounts of protein extracts from budding yeast grown in 

light (12C14N arginine and lysine) or heavy (13C15N arginine and lysine) SILAC media and 

subjected lysates to a quantitative phosphoproteomic and data analysis pipeline outlined in Figure 

3.1 and detailed in Supplemental Figure 3.S3. An independent biological replicate was performed 

to mimic a reciprocal, labeling swap experiment. As shown in Figure 3.1A, data points with a 

SILAC ratio not reflecting the expected 1:1 ratio (simulated within a 33% coefficient of variation, 

or approximately a 2-fold change), were considered to reflect methodological error and/or 

variation. Comparison of experiments A and B (control and reciprocal label swap) should reveal 
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Figure 3.1. Modeling Outcomes of SILAC Reciprocal Labeling as a Means to Reduce 

Technical Error and/or Variation (EV). 

A. Workflow showing reciprocal labeling scheme with a forward experiment (Experiment A, left)

and a reverse experiment (Experiment B, right) with anticipated outcomes and proposed causes of 

EVs (middle). 

B. Anticipated distribution of false positives in a comparison of two identical samples if error and

variation occurred randomly and independent of isotopic labeling. 

C. Anticipated distribution of false positives in a comparison of two identical samples if error and

variation were unidirectionally biased (i.e. similar ratio in both a forward and reverse experiment). 
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if the error and/or variation exhibit any biased distribution in a quantitative plot (Figs. 3.1B-C). As 

shown in Fig. 3.2A, separate experiments revealed thousands of data points outside a simulated 

range of 33% coefficient of variation (indicated in yellow). We reasoned that these points reflect 

EVs in the experiment. Notably, comparison of the ratio of each phosphopeptide in experiments 

A and B revealed a clear bias in EV distribution toward quadrants Q2 and Q4 (Figs. 3.2B-C) such 

that 92% of all EVs fell within these quadrants.  Notably, EVs accounted for 17% of all 

phosphopeptides present in our dataset when considering phosphopeptides with 1 PSM in each 

experiment, underscoring the importance of their exclusion. Data points in Q2 and Q4 represent 

phosphopeptides whose SILAC ratios did not revert in the reciprocal experiment. Overall, these 

results reveal that the use of a SILAC labeling swap in phosphoproteomic experiments allows 

efficient detection of intrinsic EV in the dataset, which may be used for achieving high confidence 

quantitative analysis, even for phosphopeptides represented by a low number of PSMs. This ability 

to filter signal from noise, even when PSM numbers are low, is crucial for phosphoproteomic 

experiments which often rely on difficult-to-detect phosphopeptides. In fact, approximately a third 

of the data points in the correlation plot shown in Fig. 3.2B reflect phosphopeptides with only one 

PSM in one of the experiments. 

3.2.2. Data Filtering Approaches for Reducing Error and Variation 

To apply data filtering approaches for efficiently eliminating EVs while minimizing loss 

of data, we evaluated the effects of imposing thresholds on the minimal number of observations 

(PSMs) required for each phosphorylation site identified. While each phosphosite requires at least 

2 observations (1 in each of the reciprocal experiments) to be shown in the correlation plot, 

increasing the requirement for 2 or more observations in each experiment decreased the proportion 
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Figure 3.2. Reciprocal Labeling in an Isogenic Yeast Cell Line Reveals Extensive Error and 

Variation that is Unidirectionally Biased. 

A. Histograms for SILAC ratios of two independent phosphoproteome experiments comparing 

isogenic wild-type S. cerevisiae as depicted in Figure 1A. EVs are colored in orange. 

B. Scatterplot comparing experimental data from the two SILAC experiments shown in A. EVs 

are colored in orange. 

C. Histogram showing unidirectional bias of error and variation toward quadrants 2 and 4 in plot 

from B. 
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of EVs in relation to the entire dataset (Fig. 3.3A). Considering specifically data points present in 

Q1 and Q3, where inverse correlation is expected between phosphopeptide ratios in reciprocal 

experiments, we find that the proportion of EVs is about 1.5% when considering 1 or more PSM 

in each experiment. This EV proportion is reduced by approximately half, to 0.8% of the data 

points, when a minimum of 2 observations is required in each experiment (Fig. 3.3B). However, 

this additional requirement also decreased sensitivity, reducing the total number of data points 

from 15,212 to 10,498. 

During our EV analyses, we noticed a clear prevalence of data points close to the X-axis 

and Y-axis in Q1 and Q3 (Figs. 3.3A and 3.3C), revealing data points with a deviated ratio in only 

one of the experiments. By employing a simple “quadrant filtering” approach, whereby points in 

Q2 and Q4 are excluded, and points in Q1 and Q3 are kept, we cannot exclude highly variable 

phosphopeptide measurements that are also likely the result of error and/or variation (Fig. 3.3C). 

To circumvent this issue and more efficiently remove EVs for improved data quality, we designed 

an alternative filtering approach where data points in Q1 and Q3 were required to be within an 

interval of correlation correspondent to 4-fold of the log2 scale (herein referred to “Bow-tie 

filtering”) (Figs. 3.3C). As shown in Figures 3.3C-D, the use of Bow-tie filtering, even where 

peptides with 1 PSM in each experiment were included, reduced the proportion of EVs to 0.54% 

of the dataset. When Bow-tie filtering was combined with the threshold of at least 2 PSMs per 

experiment, the proportion of EVs again dropped by approximately half to 0.25% of the dataset. 

These results reveal that the ability to identify EVs in SILAC-based phosphoproteomic 

experiments allows the utilization of filtering strategies that drastically reduce error and variation 

in the dataset, therefore increasing the confidence in the data even when considering 

phosphopeptides represented by a single PSM per experiment. 
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Figure 3.3. Data Filtering Based on Quantitation Consistency Drastically Reduces Error and 

Variation. 

A. Scatterplot from Figure 2B. indicating the “Quadrant” filtering scheme (gray data points 

removed in Q2 and Q4) and additional filtering based on the requirement for at least 2 PSMs per 

experiment for each data point (plot on the right).  

B. Histogram showing EVs in Q1 and Q3 (orange data points) from A as a percentage of total 

dataset using either 1 PSM or 2 PSM filtering. 

C. Scatterplot from Figure 2B. indicating the “Bow-tie” filtering scheme (gray data points 

removed) and additional filtering based on the requirement for at least 2 PSMs per experiment for 

each data point (plot on the right). For Bow-tie filtering, in addition to removing EVs in Q2 and 

Q4, data points in Q1 and Q3 were required to be within an interval of correlation correspondent 

to 4-fold of the log2 scale.  

D. Histogram showing highlighted points in quadrants 1 and 3 from C as a percentage of total 

dataset using either 1 PSM or 2 PSM filtering. 
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3.2.3. Eliminating Error and Variation in Quantitation Reduces Decoy Identifications  

SILAC labeling with stable isotopes shifts the mass of parent ions and their fragments in 

both MS1 and MS2, respectively. We reasoned that this mass shift should enable more efficient 

exclusion of false positive identifications in the dataset, since a misidentification would need to 

occur in both reciprocal experiments and be consistent between two parental ions with different 

m/z.  To give a more detailed example, a false identification in a 12C14N (light) sample with a high 

light/heavy ratio, should not be reciprocally identified in the 13C15N (heavy) form, or if identified 

in the light form in the reciprocal experiment, it should not display an inverted low light/heavy 

ratio. If most of these cases reflect intrinsic experimental artefacts consistently present over 

biological replicates, independently of SILAC labeling swap, these false identifications should be 

prevalent in quadrants Q2 and Q4, because the peptide in question would be very unlikely 

misidentified in a reciprocal experiment due to its having a different m/z and/or display an inverted 

ratio. In such a context, consistency in quantitation over two or more biological replicates of label 

swapped experiments could be used as a parameter for efficiently excluding false identifications 

from final datasets, especially in the region of data points with high fold changes containing most 

of the key data that would be used for biological inference, such as for the identification of kinase 

substrates.   

To test if performing a reciprocal labeling experiment indeed reduces false-positive 

identification and quantification, we estimated the error rate of phosphopeptide identifications by 

monitoring the distribution of reversed decoy hits from the list of phosphopeptide identifications 

that passed our basal quality criteria (PeptideProphet >0.9 and <20ppm precursor ion error). As 

shown in Figures 3.4A-B, decoy hits display a clear distribution bias towards quadrants Q2 and 
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Figure 3.4. “Bow-Tie” Approach Efficiently Reduces Decoy Peptide Identifications. 

A. Scatterplot from Figure 2B. indicating hits from a decoy database. Decoy peptides are displayed 

in red.  As in Figure 3, unfiltered EVs in Q1 and Q3 are displayed in orange. 

B. Histogram displaying number of decoy peptide hits in Q1 and Q3 with quadrant filtering 

applied. 

C. Scatterplot from Figure 2B. indicating hits from a decoy database and employment of Bow-tie 

filtering. Decoy peptides are displayed in red.  As in Figure 3, unfiltered EVs in Q1 and Q3 after 

Bow-tie filtering are displayed in orange.  

D. Histogram displaying number of decoy peptide hits in Q1 and Q3 with Bow-tie filtering applied. 
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Q4, congruent with our rationale that false identifications are mostly unidirectional in quantitation 

and likely reflect artefacts that are extremely unlikely to occur in two reciprocal experiments, 

independently. Of all decoy hits in the unfiltered dataset, more than half (81 out of 130) were found 

to display ratios outside the 2-fold change range (Figs. 3.4A-B). Notably, we were able to remove 

all decoy hits from Q1 and Q3 (regions expected to contain key data for biological inference of 

true changes in phosphorylation events) using the Bow-tie filtering strategy in combination with a 

threshold of at least 2 PSMs per experiment (Figs 3.4C-D). Even when phosphopeptides reflected 

by 1 PSM per experiment were allowed in the dataset, the number of decoy hits in Q1 or Q3 

remained low (2 hits) (Fig. 3.4D). We also tested a stringent filter for phosphorylation site 

localization (PTMProphet score equal or above 0.9), which further reduced EVs in Q1 and Q3 to 

0.36% without drastically reducing the overall coverage of the dataset. These findings highlight 

the usefulness of our approach, which hinges on conducting a reciprocal SILAC experiment to 

improve confidence in both identification and quantitation in phosphoproteomic studies. 

Importantly, the described approach results in minor loss of valuable data content from low 

abundance phosphopeptides represented by only one PSM in each of the two reciprocal 

experiments. 

 

3.2.4. High Confidence Dissection of the Mec1-dependent Signaling Network 

Mec1, the Saccharomyces cerevisiae ortholog of mammalian ATR, is a phosphoinositide 

3-kinase-related kinase (PIKK) kinase that is a key mediator of DNA damage responses (Friedel 

et al, 2009; Lanz et al, 2019a; Pardo et al, 2017). We have previously used quantitative 

phosphoproteomics comparing WT and mec1∆ cells to uncover phosphorylation events dependent 

on Mec1 (BastosdeOliveira et al, 2015). Here we applied our optimized quantitative 
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Figure 3.5. Quantitative Phosphoproteomic Analysis of Mec1-dependent Signaling. 

A. Scatterplot (with Bow-tie filter applied and PTM prophet score >=0.9; only data points within 

Bow-tie filter displayed) of forward and reciprocal SILAC experiment comparing 

phosphoproteome of rad9Δ cells to phosphoproteome of rad9Δ mec1Δ cells. Cells were treated 

with 0.02% MMS for 2hrs. 

B. Histogram depicting distribution of phosphorylation sites in Q1 and Q3 compared to control 

experiments. 

C. Estimation of false discovery rate (FDR) in quantitative analysis for experiment in 5A. FDR for 

quadrants 1 and 3 is estimated based on error and variation in wild-type control experiment (Fig. 

2). See Materials and Methods for more details. 
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phosphoproteomic approach to the study of Mec1 in order to benchmark our bow-tie approach and 

expand the Mec1-dependent signaling network. We carried out the experiments in cells treated 

with the DNA alkylating agent MMS (methyl methanesulfonate) and lacking the checkpoint 

adaptor Rad9 to minimize indirect downstream phosphorylation and preferentially reveal direct 

Mec1 substrates (Schwartz et al, 2002; Toh & Lowndes, 2003). Overall phosphoproteome 

coverage was similar to the control experiment, with approximately 20,000 phosphopeptide 

identifications for each SILAC reciprocal experiment.  Upon application of our most relaxed 

filtering scheme, which considers phosphopeptides with 1 or more PSM in each experiment and a 

PeptideProphet score of 0.9 or greater, a total of 13,459 unique phosphosites from 2,778 different 

proteins were identified. In order to ensure confidence in phosphopeptide localization, we applied 

a PTM Prophet score filter of greater than or equal to 0.9, somewhat reducing the total number of 

unique phosphopeptides identified in the Mec1 experiment to 11,953. As shown in Figure 3.5A, 

Q1 after Bow-tie filtering contained a large number of phosphosites consistently downregulated 

in rad9Δ cells lacking Mec1 in both reciprocal SILAC experiments. The number of phosphosites 

in Q1 was approximately equal to the number of EVs in Q2 and Q4, indicating that if experiments 

we performed using only one labeling scheme, many of these EVs excluded in our Bow-tie 

approach would have been erroneously called Mec1-dependent sites, obfuscating true biological 

effects of MEC1 loss.  Reassuringly, phosphopeptides in Q1 or Q3 (representing phosphorylation 

events lost or induced upon deletion of MEC1) were approximately eight times more prevalent 

than in the WT (1:1) control experiment (Figure 3.5B). Our filtering strategy allows minimal loss 

of data while increasing stringency for identification and exclusion of false positives through 

SILAC label swapping. To systematically and quantitatively demonstrate that the set of Mec1-

dependent phosphorylation events had a low rate of EVs, we sought to stratify the bow-tie filter 
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into several bins of increasing fold-change and calculate the false discovery rate (FDR) for each 

bin.  Mathematically, the FDR is equal to the number of points in a given bin in the control-

experiment divided by the number of points in a given bin in the Mec1 experiment. For the 

purposes of this calculation, points in Q1 and Q3 were considered together (Supplemental Figures 

3.S2A, C).  Expectedly, FDR decreased with increasing distance from the center and was further

reduced depending on how close points fell to the line of symmetry (Supplemental Figures 3.S2B, 

D). The majority of the data points in Q1 and Q3 encompassed by the bow-tie filter have a p-value 

less than 0.05 (Figure 3.5C), thus validating our bow-tie filtering approach as a means to improve 

data quality while allowing the inclusion of difficult-to-detect phosphorylation events.   

The results of our experiment revealed an extensive network of Mec1-dependent 

phosphorylation events, many not published before and mostly phosphorylated at the preferential 

S/T-Q motif (Figure 3.6A, green dots), which was overrepresented in Q1 (Figure 3.6B). Whereas 

the S/T-Q motif represents only about 3% of the phospho-sites in the entire dataset, it represents 

33% of the Q1 sites, and 49% of the group of highly Mec1-dependent sites (over 2 fold depletion 

in rad9∆mec1∆ cells). Besides S/T-Q sites, Q1 also contained a number of sites with the S/T-ψ 

(where ψ denotes the bulky hydrophobic residues F, I, L and V) phospho motif, which is associated 

with the downstream checkpoint kinase Rad53 that is activated by Mec1 (Smolka et al, 2007). The 

occurrence of S/T-ψ phosphorylation in the absence of the major RAD9-dependent pathway of 

Rad53 activation likely reflects Rad53 activation via the Mrc1 adaptor (Alcasabas et al, 2001). 

Indeed, Mec1-dependent phosphorylation sites were detected in Rad53, several of which are 

known Rad53 autophosphorylation sites (Smolka et al, 2005) and indicate that this kinase is 

activated in rad9∆ cells expressing Mec1. 
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Figure 3.6. Expanding the Mec1 Signaling Network. 

A. Scatterplot (with Bow-tie filter applied and PTM prophet score >=0.9; only data points within 

Bow-tie filter displayed) of forward and reciprocal SILAC experiment comparing 

phosphoproteome of rad9Δ cells to phosphoproteome of rad9Δ mec1Δ cells.  S/T-Q consensus 

motif is highlighted in green. Cells were treated with 0.02% MMS for 2hrs. 

B. Histogram of proportion of S/T-Q phospho-motif by quadrant in the Mec1 experiment from 

Figure 6A. 

C. Pie chart showing proportion of nuclear proteins (GO Cellular Location79,80) in Mec1-dependent 

(log2 ratio >1.0) S/T-Q sites from the Mec1 experiment in Figure 6A. 

D. Uniprot keyword enrichment analysis performed on proteins containing Mec1-dependent S/T-

Q phosphorylation from Figure 6A. 

E. String analysis of proteins with Mec1-dependent phosphorylation in the S/T-Q consensus 

revealed a sub-network of proteins involved in DNA repair via homologous recombination (HR). 

Image adapted from https://string-db.org/. 

F. String analysis of proteins with Mec1-dependent phosphorylation in the S/T-Q consensus 

revealed a sub-network of proteins related to the nucleolus. Image adapted from https://string-

db.org/. 

G. Simplified model depicting major processes directly regulated (green arrows) by Mec1. Results 

suggest that the Yak1 represents a novel kinase under direct control by Mec1. 
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In total, our quantitative phosphoproteomic approach using Bow-tie filtering of 

inconsistent ratios resulted in the identification of 202 S/T-Q Mec1-dependent phosphosites, which 

at least triples the number of Mec1 targets identified compared to our previous screen 

(BastosdeOliveira et al, 2015).  Consistent with Mec1 being a nuclear kinase, these sites identified 

in our screen occurred largely on nuclear proteins (Fig. 3.6C). Gene enrichment analysis of all 

Mec1-regulated S/T-Q sites in Q1 (with a log2 ratio >1 in rad9Δ cells relative to mec1Δ rad9Δ) 

was consistent with our previous study showing that the substrate repertoire of this kinase was 

enriched for nuclear proteins involved in DNA repair, chromatin modification, and transcription 

(Fig. 3.6D). String network analysis (Szklarczyk et al, 2019) of the proteins with regulated S/T-Q 

sites revealed extensive Mec1-dependent phosphorylation of components of the homologous 

recombination machinery (Fig. 3.6E), including proteins such as Rad50 that act early in HR during 

the resection step (Mimitou & Symington, 2008; Cannavo & Cejka, 2014), as well as proteins that 

act later during HR to regulate the processing of joint molecules, such as Sgs1 and Mus81-Mms4 

(West et al, 2016; Hickson & Mankouri, 2011; Bermúdez-López et al, 2016). Additionally, we 

found extensive Mec1-dependent phosphorylation of nucleolar proteins at the S/T-Q consensus, 

suggesting direct control of nucleolar processes by Mec1 (Fig. 3.6F). Analysis of Mec1-regulated 

sites containing a consensus motif that was not S/T-Q revealed that the scope of Mec1’s 

downstream signaling also largely encompassed proteins related to DNA damage, repair, and 

transcription, while also showing prevalence of cell-cycle, DNA replication and cytoplasmic 

proteins (Supplemental Figure 3.S3A).  Similar to the SQ consensus sites, the majority of the non-

SQ sites were in nuclear proteins (Supplemental Figure 3.S3B). String analysis of non-S/T-Q 

signaling events in the “cell cycle” node revealed non-canonical Mec1-dependent phosphorylation 
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of the spindle assembly protein Mad3 and the condensin subunit Smc4 (Supplemental Figure 

3.S3C).  

We also identified Mec1-dependent phosphorylation sites in the Dun1 kinase, which is 

known to function downstream of Mec1 and Rad53 in the canonical DNA damage checkpoint 

signaling pathway (Chen et al, 2007; Zhao & Rothstein, 2002; Andreson et al, 2010). Interestingly, 

our SILAC-based filtering approach revealed a number of Mec1-dependent sites that did not 

contain the S/T-Q or S/T-ψ consensus, raising the possibility that Mec1 regulates the action of 

other kinases in addition to Rad53 and Dun1 in response to DNA damage.  An example of a 

potentially new kinase targeted by Mec1 in our data is the DYRK-family kinase Yak1, which was 

phosphorylated in a Mec1-dependent manner in response to DNA damage on serine 663 (Figure 

3.6G). Both Yak1 and Mec1 have been reported to be important for acute heat shock resistance 

(Corcoles-Saez et al, 2018; Hartley et al, 1994), raising the possibility that Mec1 and Yak1 may 

be acting in the same stress-response pathway. Lastly, analysis of phosphorylation sites in Q3 

revealed a likely up-regulation of the Tel1 kinase, a Mec1-related PI3K-like Kinase (PIKK) with 

roles in DNA double strand break (DSB) repair and telomere maintenance (Lee et al, 2008; 

Mallory & Petes, 2000; Morrow et al, 1995). Q3 included phosphorylation of the telomere 

maintenance protein Rif1 at serine 1308, which was previously shown to be dependent on Tel1 

(Sridhar et al, 2014). In fact, ATM/Tel1 signaling has been reported to be up-regulated in the 

absence of ATR/Mec1 in mammals (Myung et al, 2001; Gobbini et al, 2013; Ozeri-Galai et al, 

2008) Q3 also contained additional phosphorylation sites in proteins related to DNA double strand 

break (DSB) repair and telomere maintenance (Supplemental Figure 3.S4). Notably, some of these 

phosphorylation sites were not present in the canonical S/T-Q motif, suggesting additional non-

canonical Tel1-dependent phosphorylation and/or the involvement of additional kinases. Taken 
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together, these findings highlight the efficacy of our optimized quantitative SILAC-based 

phosphoproteomic approach and Bow-tie filtering method in identifying and quantifying kinase-

dependent signaling events at high depth and specificity, while minimizing false positives. 

 

3.3 Discussion 

The field of phosphoproteomics has made significant strides toward improved 

phosphopeptide detection and quantitation since the seminal paper by Fenselau et al, which 

described the first application of FAB mass spectrometry for phosphopeptide characterization 

(Fenselau et al, 1985).  Throughput as well as robustness has increased, and modern instruments 

and workflows can routinely detect and quantitate thousands of phosphopeptides in a single run. 

Still, the intrinsic issue of lack of redundancy in data representation for each phosphopeptide 

remains, leading to lack of statistical power for generating high confidence quantitation and 

identification for large portions of the dataset, especially for low abundance phosphopeptides that 

often rely on single PSMs with noisy signals. This issue has been tackled predominantly by 

requiring higher numbers of PSMs per phosphopeptide, with the consequent trade-off of 

eliminating a substantial fraction of the dataset that may contain most of the biologically 

meaningful regulatory, and low abundant, events. This problem is especially salient for nuclear 

proteins involved in the DNA damage response which often exist at low levels in the cell (Ho et 

al, 2018). In this work we present a workaround that allows for the efficient exclusion of technical 

noise and variation through the use of a reciprocal SILAC experiment, while allowing for the 

identification and quantitation of low abundance phosphopeptides. We leveraged the sensitivity of 

this pipeline by combining the proposed Bow-tie analysis with samples that had been pre-

fractionated using HILIC chromatography. The result is a drastic expansion in coverage with 
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concomitant reduction in error and technical variation in the overall quantitative data. This 

combination of high specificity, low-PSM phosphoproteomics with HILIC, which is particularly 

suited to phosphopeptide fractionation due to the hydrophilicity of the phosphate group (McNulty 

& Annan, 2008) revealed ~15,000 unique phosphopeptides in a short fractionation schema (15 

fractions). Importantly, we demonstrate the utility of this approach by identifying new Mec1-

dependent signaling events in S. cerevisiae. 

Central to the Bow-tie filtering strategy presented in this study is the use of metabolic 

labelling with stable isotopes (SILAC) and the consequent shift in mass of parent and fragment 

ions of phosphopeptides. Such a large delta mass between phosphopeptides in reciprocal 

experiments forces a stringent requirement in which phosphopeptide identification with inverted 

fold change in each experiment should also exhibit proper delta mass shift.  In addition to allowing 

efficient detection of EVs, this approach also led to a dramatic reduction in the number of decoy 

database peptide identifications in quadrants 1 and 3. This serves as definitive proof that reciprocal 

labeling reduces false-positive identification and associated quantitation. False-positives 

identifications are proposed to represent either artefacts, exogenous sample contaminants not 

represented in the searched database, or containing other types of modifications not considered in 

our search as variable modifications (Chick et al, 2015). The Bow-tie approach applied to the mock 

dataset reduced false-positive hits to virtually zero, when Q1 and Q3 were considered and at a 

PeptideProphet score minimum score of 0.9, satisfying our needs for highly sensitive and 

comprehensive strategy to uncover phosphopeptides of low abundance and low PSM counts. A 

near-zero frequency of false-positive identifications appearing in Q1 and Q3 is essential to our 

SILAC-based approach, because peptide identification essentially serves as the most important 

gatekeeper of filtering meaningful biological data from technical noise.  
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The mass spectrometric data processing pipeline employed in this study relied on the 

Trans-Proteomic Pipeline (TPP) suit of proteomic tools, including updated tools for peptide 

identification with COMET (Eng et al, 2013) and scoring with PeptideProphet (Keller et al, 2002).  

For SILAC quantitation, we used the Xpress precursor ion intensity quantitation tool (Han et al, 

2001), and for phosphosite localization and scoring we used the newly described PTMProphet tool 

(Shteynberg et al, 2019). PTMProphet models the potential sites of phosphorylation independently 

of the spectrum identification provided by the search engine and calculates probabilities for each 

potential modification site. This feature allowed us to design additional steps in our R-based scripts 

for handling clustered S/T/Y residues, which is a common occurrence in phosphopeptides.  

Unambiguous, high-confidence phosphorylated S/T/Y residues with neighboring S/T/Y residues 

were kept separate; medium or low-confidence phosphorylated S/T/Y residues with adjacent 

S/T/Y residues were combined with their neighbors and considered in our subsequent analyses as 

a “cluster.”  

The ability of our Bow-tie approach to separate biologically meaningful phosphorylation 

from technical noise is exemplified by the observed regulation in our Mec1 phospho-mapping 

dataset. In contrast to the control dataset, in which there were a small number of points in quadrants 

1 and 3, there were a number of regulated sites in Q1 in our Mec1 dataset (and much less in Q3). 

S/T-Q consensus motif sites were overrepresented in Q1, indicating primary Mec1-dependent 

phosphorylation in response to DNA damage that was ablated in the absence of the MEC1 gene. 

In addition to revealing many known Mec1 targets identified in other studies, which was our 

intention as a validation of our method, we revealed a number of previously unreported proteins 

with Mec1-dependent phosphorylation events, including a subset of nucleolar proteins. For 

example, we identified phosphorylation on serine 1007 (an S/T-Q site) of Kre33, a relatively 
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understudied protein that promotes maturation of 18S rRNA (Sharma et al, 2015; Pagé et al, 2003). 

Future work should be targeted toward understanding how Mec1 signaling contributes to nuclear 

homeostasis independently of its established roles in activation of the DNA damage checkpoint. 

One new kinase target of Mec1 present in our dataset is Yak1, which we found to be 

phosphorylated on Serine S663, near Yak1’s kinase domain.  Yak1 is a member of the family of 

Ser/Thr protein kinases known as dual-specificity Tyr phosphorylation-regulated kinases 

(DYRKs). Yak1 has been described as a growth antagonist downstream of Ras/PKA pathway, 

phosphorylated by PKA and translocated to the nucleus upon nutrient deprivation (Lee et al, 2011). 

Indeed, cells lacking YAK1 are sensitive to acute heat stress (Hartley et al, 1994).  Intriguingly, 

cells lacking MEC1 are sensitive to proteotoxic and heat stress (Corcoles-Saez et al, 2018). No 

previous reports have linked Yak1 to the DNA damage response or to Mec1, and we speculate that 

this could be a new point of crosstalk between DNA damage signaling and cellular stress 

responses. 

In summary, here we report a simple, robust SILAC-based phosphoproteomic data analysis 

pipeline that allows for identification and quantitation of phosphopeptides with high confidence 

and coverage. The depth of the analyses allowed identification of a range of novel Mec1-dependent 

signaling events, including a potentially new mode of Mec1 signaling targeting the nucleolus. 

While this work highlights the utility of SILAC for high confidence and in depth quantitative 

phosphoproteomics, the same rationale could be applied to improve the quantitative analysis of 

other low-abundance post-translational modifications such as sumoylation, ubiquitylation, and 

acetylation. 

 

3.4. Materials and Methods 
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3.4.1. Yeast cell culture and manipulation 

A list of yeast strains used in this study is found in the Appendix chapter. The strain 

background for all yeast used was S288C. We performed whole ORF deletions of Mec1 and Tel1 

kinases using established PCR-based methods for amplifying resistance cassettes containing 

homology to the target gene. Gene manipulations were verified by PCR. Primera used for gene 

deletions are available upon request. Yeast were grown at 30˚C in synthetic SILAC media lacking 

arginine and lysine and supplemented with “light” lysine and arginine (12C and 14N) or 

supplemented with “heavy” lysine  and arginine (L-Lysine 13C6,15N2.HCl and L-Arginine 

13C6,15N4.HCl). Media was also supplemented with excess L-proline to prevent conversion of 

arginine to proline. 

 

3.4.2. Sample preparation for Phosphoproteomic Analysis 

200-300mL of yeast was grown in either “heavy” or “light” SILAC media to mid-log phase 

and treated as described in the figure legend and the text, depending on the experiment.  Cells were 

pelleted at 1000xg and washed once with TE (10mM Tris pH 8.0, 5mM EDTA) buffer containing 

1mM PMSF. Cells were lysed by bead beating with 0.5mm glass beads for 3 cycles of 10 minutes 

with 1-minute rest time between cycles at 4˚C in lysis buffer (150mM NaCl, 50mM Tris pH 8.0, 

5mM EDTA, 0.2% Tergitol type NP40) supplemented with protease inhibitor cocktail (Pierce), 5 

mM sodium fluoride and 10 mM β-glycerophosphate. 5-7mg of each light and heavy labeled 

protein lysate was denatured and reduced with 1% SDS and 5mM DTT at 42˚C, then alkylated 

with 25mM iodoacetamide. Lysates (light and heavy) were mixed and precipitated with a cold 

solution of 50% acetone, 49.9% ethanol, 0.1% acetic acid. Post-precipitation protein pellet was 
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then resuspended in 2M urea and subsequently digested with TPCK-treated trypsin overnight at 

37˚C. Phosphoenrichment was performed using a High-Select™ Fe-NTA phosphopeptide 

enrichment kit (ThermoFisher Scientific, cat# A32992) as described in the manufacturer’s 

instructions.  Purified phosphopeptides were then dried in a SpeedVac and fractionated via HILIC 

chromatography as described below. 

 

3.4.3. HILIC fractionation 

Dried phosphopeptide samples were reconstituted in 15 μL H2O, 10 μL 10% formic acid 

(v/v), and 60 μL HPLC-grade acetonitrile. 80 μL of the reconstituted sample was injected and 

fractionated by hydrophilic interaction liquid chromatography (HILIC) using a TSK gel Amide-

80 column (2 mm x 150 mm, 5 μm; Tosoh Bioscience). Three solvents were used for the gradient: 

buffer A (90% acetonitrile), buffer B (75% acetonitrile and 0.005% trifluoroacetic acid), and buffer 

C (0.025% trifluoroacetic acid). A short gradient was used for the mock control and Mec1 

experiments and consisted of 100% buffer A at time = 0 min; 88% of buffer B and 12% of buffer 

C at time = 5 min; 60% of buffer B and 40% of buffer C at time = 30 min; and 5% of buffer B and 

95 % of buffer C from time = 35 to 45 min in a flow of 150 µl/min. 30-second fractions were 

collected between 9 and 18 minutes. Individual fractions were dried in speedvac and submitted to 

LC-MS/MS analysis. 

 

3.4.4. Phosphoproteomics data acquisition 

Individual phosphopeptide fractions were resuspended in 0.1% trifluoroacetic acid and 

subjected to LC-MS/MS analysis in an UltiMate™ 3000 RSLC nano chromatographic system 
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coupled to a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific). The chromatographic 

separation was carried out in 35-cm-long 100-µm inner diameter column packed in-house with 3 

µm C18 reversed-phase resin (Reprosil Pur C18AQ 3μm). Q-Exactive HF was operated in data-

dependent mode with survey scans acquired in the Orbitrap mass analyzer over the range of 380 

to 1800 m/z with a mass resolution of 60,000 (at m/z 200). MS/MS spectra was performed selecting 

the top 15 most abundant +2, +3 or +4 ions and a with an precursor isolation window of 2.0 m/z. 

Selected ions were fragmented by Higher-energy Collisional Dissociation (HCD) with normalized 

collision energies of 28 and the mass spectra acquired in the Orbitrap mass analyzer with a mass 

resolution of 15,000 (at m/z 200), AGC target set to 1e5 and max injection time set to 120ms. A 

dynamic exclusion window was set for 30 seconds.  

 

3.4.5. Phosphopeptide and phosphosite identification 

The peptide identification and quantification pipeline relied on TPP tools (Deutsch et al, 

2010). The search engine used was Comet (v. 2019.01.1) (Eng et al, 2013). Search parameters 

included semi-tryptic requirement, 20ppm for the precursor match tolerance, differential mass 

modification of 8.0142 for lysine, 10.00827 for arginine, 79.966331 for phosphorylation of serine, 

threonine and tyrosine, 987.976898 for phosphorylation dehydration, and static mass modification 

of 57.021465 for alkylated cysteine residues. The protein sequence database was the SGD yeast 

supplemented with the decoy reversed sequences and common contaminants (downloaded in Aug 

2019, 11968 entries). Original ThermoScientific .raw files were converted to mzXML before the 

search with Comet. After searches, peptides were filtered and scored by the PeptideProphet 

algorithm (Keller et al, 2002) using the following parameters: minimum probability of 0.9, 

minimum peptide length of 7 amino acid residues, accurate mass binning, restriction to +2, +3 and 
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+4 ion charge states and Phospho-Information enabled.  After scoring and filtering, relative 

quantitation based on SILAC were obtained using Xpress and specific parameters were: mass 

tolerance of 0.005 daltons; minimum number of chromatogram points needed for quantitation = 1; 

number of isotopic peaks = 0. Phosphopeptides were then evaluated by PTMProphet (Shteynberg 

et al, 2019) in order to obtain accurate phosphosite localization score. The complete lists of 

identified, quantified, scored, and filtered phosphopeptides were further processed using a R-script 

developed in-house. The script separates phosphosites with high PTMProphet probability (>0.9) 

from those with ambiguous localization containing 2 or more adjacent potentially phosphorylated 

residues, here denominated “clusters”. Separately, high confidence phosphosites and clustered 

phosphosites had their SILAC quantitation median calculated and additional R-scripts were used 

for combining, correlating, and plotting the data.   

 

3.4.6. Estimation of false discovery rate (FDR) in quantitative analysis 

All points (from the mock and Mec1 experiment) belonging to quadrant 2 and 4 are 

removed along with all the points that have fold change (FC) of less than or equal to 2 and hence 

would lie in a circle with radius 1 (since the scale is log transformed FC). The points in quadrant 

1 and quadrant 3 are combined in order to get symmetric parabolic bins. A choice of aperture is 

made by sampling this space using multiple parabolas rotated at 45 degrees (~0.78 radians) with 

their vertex on the circle with radius 1. This is done to ensure accordance with the underlying 

assumption that the highest confidence points would lie far away from origin along the line of 

symmetry y=-x. False Discovery Rate (FDR) is calculated as the percentage of false positives 

given by the mock experiment to the false positives and true positives given by the Mec1 

experiment that lie within each parabola. The false positives are indicated with red color and the 
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true positives are indicated with green color in Figure S1. The parabolic bins that gave FDR values 

closest to commonly used FDR values (5% and 2%) were retained and the bin aperture that gave 

a 2% FDR is then used to further sample the space by varying the vertex of the parabolas. The 

vertices were chosen so that the obtained FDR would be the first local minimum within an FDR 

range. This was done to ensure that the number of false positives are minimized, and the number 

of true positives are maximized. 

 

3.4.7. String Analysis of S/T-Q and non-S/T-Q Motif Mec1-Dependent Sites 

A subset of phosphorylation sites (e.g. all S/T-Q sites in the experiment from Figure 5 with 

a log2 ratio >1) was selected and the  list of gene names uploaded to https://string-db.org/. In cases 

where there were multiple sites under the same gene name entry, the gene name was used only 

once.  Interaction networks were generated considering only high confidence interactions (score 

>0.700).  Next, the genes in the list corresponding to a specific biological process or pathway (e.g. 

nucleolus) were again uploaded to https://string-db.org/. 

 

 

 

3.4.8. Uniprot Keyword Enrichment Analysis of S/T-Q and non-S/T-Q Motif Mec1-

Dependent Sites 

A subset of phosphorylation sites (e.g. all S/T-Q sites in the experiment from figure 5 with 

a log2 ratio >1) was selected and the list of gene names uploaded to https://string-db.org/. In cases 

where there were multiple sites under the same gene name entry, the gene name was used only 

once.  Interaction networks were generated considering only high confidence interactions (score 
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>0.700).  Next, the top 8-ranked Uniprot Keyword enrichment terms were exported along with the 

associated false discovery rate (FDR).  For visualization, the FDR was log10-transformed.  The 

terms “Nucleus” and “Phosphoprotein” were manually excluded from the figure because they 

represent processes that are too general to be informative. 

 

PROTEOMICS DATA AVAILABILITY 

Mass spectrometry data generated from this study has been deposited to the Massive database 

(http://massive.ucsd.edu). The control mock experiment data received the ID: MSV000084852, 

10.25345/C58M3B, and ProteomeExchange ID: PXD017322. The Mec1 targets experiment data 

received the ID: MSV000084875, 10.25345/C56Q44, and ProteomeExchange ID: PXD017339.  
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Figure 3.S1. Flowchart Describing Data Processing Pipeline Used in This Study. 

A. Data were analyzed using a combination of an in-house R pipeline and established tools from

the trans-proteomic pipeline (TPP). 
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Figure 3.S2. Determination of outer and inner FDR cutoffs. 

A. Scatterplot of all phosphopeptides detected in Q1 + Q3 in MEC1/mec1Δ (green) overlaid with 

all phosphopeptides detected in Q1 + Q3 of the WT/WT experiment. FDR (outer) was calculated 

by dividing the number of red points by the number of green points in each outer parabolic bin. 

B. Line chart of FDR values in each outer parabolic bin. 

C. Scatterplot of all phosphopeptides detected in Q1 + Q3 in MEC1/mec1Δ (green) overlaid with 

all phosphopeptides detected in Q1 + Q3 of the WT/WT experiment. FDR (inner) was calculated 

by dividing the number of red points by the number of green points in each inner parabolic bin. 

D. Line chart of FDR values in each inner parabolic bin. 
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Figure 3.S3.1. STRING Analysis of Non-S/T-Q Motif Containing Mec1-dependent 

Phosphorylation Events. 

A. Uniprot keyword enrichment analysis of Mec1-dependent non-S/T-Q motif containing mec1-

dependent phosphorylation sites. 

B. Pie chart displaying nuclear enrichment of Mec1-dependent non-S/T-Q motif containing 

mec1-dependent phosphorylation sites. 

C. Cell cycle sub-network identified in the STRING analysis. https://string-db.org/ 
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Figure 3.S3.2. Mec1-dependent Phosphorylation Sites Identified in This Study Versus FMB 

de Oliveira (2015). 

A. Venn diagram of total Mec1-dependent sites identified in this study (left) vs. FMB de Oliveira 

(2015). 
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Figure 3.S4. STRING Analysis Identifies a DSB / Telomere Subnetwork in MEC1/mec1Δ 

Quadrant 3. 

A. DSB/Telomere sub-network identified in the STRING analysis. https://string-db.org/
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Abstract 

The Mec1/ATR kinase is crucial for genome maintenance in response to a range of 

genotoxic insults, but it remains unclear how it promotes context-dependent signaling and DNA 

repair. Using phosphoproteomic analyses, we uncovered a distinctive Mec1/ATR signaling 

response triggered by extensive nucleolytic processing (resection) of DNA ends. Budding yeast 

cells lacking RAD9, a checkpoint activator and inhibitor of resection, exhibit a selective increase 

in Mec1-dependent phosphorylation of proteins associated with single-strand DNA (ssDNA) 

transactions, including the ssDNA-binding protein Rfa2, the translocase/ubiquitin ligase Uls1, 

and the Sgs1-Top3-Rmi1 (STR) complex that regulates homologous recombination (HR). 

Extensive Mec1-dependent phosphorylation of the STR complex, mostly on the Sgs1 helicase 

subunit, promotes an interaction between STR and the DNA-repair scaffolding protein Dpb11. 

Fusion of Sgs1 to phosphopeptide-binding domains of Dpb11 strongly impairs HR-mediated 

repair, supporting a model whereby Mec1 signaling regulates STR upon hyper-resection to 

influence recombination outcomes. Overall, the identification of a distinct Mec1 signaling 

response triggered by hyper-resection highlights the multi-faceted action of this kinase in the 

coordination of checkpoint signaling and HR-mediated DNA repair. 

4.1 Introduction 

In eukaryotes, PI3K-like kinases (PIKKs) play essential roles in the sensing of DNA 

damage and the coordination of cell cycle checkpoint activation and DNA repair mechanisms to 

maintain genome stability (Savitsky et al, 1995; Shiloh, 2003). In Saccharomyces cerevisiae, the 

Mec1 PIKK (human ATR) plays a central role in coordinating the response to DNA lesions that 

result in single stranded DNA (ssDNA) exposure, including stalled replication forks and recessed 
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double strand breaks (DSBs) (Deshpande et al, 2017; Cha & Kleckner, 2002; Tercero et al, 2003; 

Segurado & Diffley, 2008). Mec1 senses ssDNA exposure through the recognition of replication 

protein A (RPA)-bound ssDNA via its obligate cofactor Ddc2 (human ATRIP) (Paciotti et al, 

2000; Deshpande et al, 2017; Zou & Elledge, 2003). Once recruited to ssDNA, activation of Mec1 

requires the action of Mec1 activating proteins that contain Mec1 activation domains (MADs). 

Three Mec1 activators have been identified in budding yeast: Ddc1, a member of the 9-1-1 PCNA-

like clamp; Dna2, a flap endonuclease with established roles in DNA end resection, and Dpb11, a 

multi-BRCT domain containing scaffolding protein (Wanrooij & Burgers, 2015; Mordes et al, 

2008; Majka et al, 2006b; Navadgi-Patil & Burgers, 2009; Kumar & Burgers, 2013). The substrate 

specificity of the activators is distinct—Dna2 recognizes DNA flaps whereas Ddc1-Dpb11 is 

loaded onto 5’ dsDNA-ssDNA junctions produced directly, but not exclusively, as a result of DNA 

end resection (Majka et al, 2006a; Stewart et al, 2009).   

In its canonical mode of action, Mec1 activates the downstream kinase Rad53 to mediate 

a DNA damage checkpoint response that arrests the cell cycle and reshapes the transcriptional and 

replication programs (Lanz et al, 2019a; Desany et al, 1998; Seeber et al, 2013; Huang et al, 1998). 

Mec1 also phosphorylates a range of other targets to mediate checkpoint-independent responses 

(BastosdeOliveira et al, 2015; Lanz et al, 2018). Cells lacking MEC1, but not cells lacking RAD53, 

have extraordinarily high rates of gross chromosomal rearrangements (Myung et al, 2001), 

pointing to a crucial checkpoint-independent role for Mec1 in genome maintenance. Despite the 

importance, the mechanisms by which Mec1 suppresses genomic instabilities remain incompletely 

understood.  

Recent biochemical and genetic evidence points to key roles for Mec1/ATR in the control 

of homologous recombination (HR) (Flott et al, 2011; Dion et al, 2012; Barlow & Rothstein, 2009; 
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W.-L. Toh et al, 2010; Ullal et al, 2011), a multi-step DNA repair process essential for maintaining 

genome integrity during the S and G2 phases of the cell cycle (Moynahan & Jasin, 2010).  The 

essential first step of HR is resection, the 5’-3’ nucleolytic degradation of DNA ends. Resection is 

followed by strand invasion, DNA synthesis, end ligation, and the processing of recombination 

intermediates such as Holliday junctions (West et al, 2016; Mimitou & Symington, 2009). Given 

its complexity, HR requires exquisite regulation to prevent deleterious outcomes. For example, 

strand invasion can occur at the wrong locus, leading to non-reciprocal translocations or other 

complex chromosomal rearrangements (Putnam & Kolodner, 2017).  

Mec1 has been reported to control distinct steps in HR. Most notably, Mec1 plays both 

inhibitory and activating roles in the control of DNA end resection. Mec1 phosphorylation of 

histone H2A (γH2AX in mammals) and of the Ddc1 subunit of the 9-1-1 complex assembles a 

ternary complex involving the resection antagonist Rad9 at DNA lesions (Fig. 1A). Mec1-

dependent stabilization of Rad9 at DNA lesions antagonizes resection (Clerici et al, 2014; Liu et 

al, 2017). Mec1 also phosphorylates the DNA repair scaffold Slx4, which counteracts Rad9 

recruitment and therefore alleviates the block in resection (Ohouo et al, 2013; Liu et al, 2017; Lanz 

et al, 2019a; Dibitetto et al, 2015). Therefore, Mec1 balances anti- and pro- resection outcomes 

for proper resection control. In addition, Mec1 phosphorylates the recombinase protein Rad51 to 

control HR through inactivation of Rad51 ATP hydrolysis and DNA binding activities (Flott et al, 

2011). It remains unknown whether Mec1 controls additional steps or proteins for HR control.  

Dpb11, in addition to its role as an activator of Mec1 signaling, also functions as a key 

scaffolding protein to mediate the formation of ternary complexes involved in the DNA damage 

response. Dpb11 contains four BRCA1 C-terminus-like (BRCT) domains that act, often pairwise, 

to bind phosphorylated amino acid residues on client proteins (Cussiol et al, 2015; Wardlaw et al, 
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2014). To date, a number of Dpb11 interacting partners with roles in the DNA damage response 

have been identified, including the checkpoint mediator Rad9, the DNA repair scaffold Slx4, the 

nuclease Mus81-Mms4, and the chromatin remodeling protein Fun30 (Ohouo et al, 2010; Pfander 

& Diffley, 2011; Gritenaite et al, 2014; Bantele et al, 2017). By activating Mec1 and assembling 

these complexes, Dpb11 dictates the spatiotemporal dynamics of Mec1 signaling and its outcomes. 

Early in the response, Dpb11 bound to the checkpoint adaptor protein Rad9 mediates the 

transduction of signaling from Mec1 to the downstream checkpoint kinase Rad53, thereby 

establishing a cell cycle checkpoint response (Fig. 1A) (Schwartz et al, 2002; Pfander & Diffley, 

2011). Dpb11-mediated stabilization of Rad9 at 5’ recessed ends of DNA lesions is also important 

to promote Rad9’s function in blocking DNA end resection (Liu et al, 2017; Lazzaro et al, 2008; 

Villa et al, 2018). In the absence of Rad9, cells fail to properly activate the DNA-damage 

checkpoint and DNA ends undergo rapid end resection (Lazzaro et al, 2008). Cells lacking RAD9 

exhibit a greater incidence of non-allelic recombination, and this defect is consistent with the fact 

that loss of RAD9 frequently produces synergistic increases in chromosomal rearrangement in 

mutants lacking factors responsible for the regulation of homology-directed repair (Fasullo et al, 

1998; Nielsen et al, 2013).  

To explore additional roles for Mec1 in HR control, we monitored DNA damage signaling 

in cells lacking Rad9, which lack proper checkpoint signaling and DNA end protection, and 

therefore undergo extensive DNA end resection. Using phosphoproteomics, we find that rad9∆ 

cells exposed to DNA damage exhibit a specialized mode of Mec1 signaling converging toward 

the phosphorylation of proteins involved in ssDNA-associated transactions, including the ssDNA 

binding protein RPA, the Sgs1 helicase and the Uls1 translocase. In rad9∆ cells, Mec1 mediates 

an interaction between the STR (Sgs1-Top3-Rmi1) complex and the Dpb11 scaffold. We propose 
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that, upon hyper-resection, Mec1 signaling regulates STR to influence recombination outcomes. 

Overall, the identification of a distinct Mec1 signaling response triggered by hyper-resection 

highlights the multi-faceted action of this kinase in the coordination of checkpoint signaling and 

HR-mediated DNA repair. 

 

4.2 Results 

4.2.1. Loss of Rad9 stimulates a specialized mode of Mec1 signaling 

To explore checkpoint-independent roles of Mec1 downstream of resection control, we 

monitored Mec1-dependent signaling events in wild-type and rad9∆ cells treated with the DNA 

alkylating agent methylmethanesulfonate (MMS) or the radiomimetic drug phleomycin. Rad9 is 

known to play a key role in activating the downstream kinase Rad53 upon formation of ssDNA 

gaps by MMS or DSBs by phleomycin treatment (Figs. 4.1A and B). Quantitative 

phosphoproteomics confirmed that Rad53 phosphorylation as well as Rad53-dependent 

phosphorylation events are impaired in rad9∆ cells (Fig. 4.1C). Strikingly, the results show a set 

of phosphorylation events induced in rad9∆ cells, mostly on the preferential SQ/TQ motif for 

Mec1 or Tel1 phosphorylation (Figs. 4.1C-D). Analysis comparing rad9∆ cells with or without 

Mec1 confirmed that most of the SQ/TQ phosphorylation stimulated in rad9∆ cells is indeed 

dependent on Mec1 (Fig. 4.1E). Lack of RAD9 stimulated Mec1 autophosphorylation at S1964, 

but not autophosphorylation at S38, suggesting that in rad9∆ cells Mec1 adopted a distinct mode 

of activation/signaling compared to its mode of signaling in wild-type cells. The proteins with the 

strongest increases in Mec1-dependent phosphorylation in rad9∆ cells have been implicated in 

ssDNA-associated DNA repair transactions, including the ssDNA binding protein Rfa2, the Sgs1 

helicase and the Uls1 translocase/ubiquitin ligase (Figs. 4.1C, 4.1E-F). Phosphorylation on Rfa2 
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Figure 4.1.  A Distinct Mode of Mec1/ATR Signaling in rad9∆ cells. 

A. Model showing the role of Rad9 in activating the Rad53-dependent checkpoint and preventing

DNA end resection. For simplicity, the ssDNA-binding heterotrimer RPA and the obligatory Mec1 

cofactor Ddc2 have been omitted from the diagram. 

B. rad9Δ cells fail to activate the Rad53 checkpoint in the presence of either the DNA alkylating

drug MMS (0.02%) or the radiomimetic drug phleomycin (40ug/mL). 

C. Quantitative phosphoproteomics dataset showing that S/T-Q phosphorylation is enriched in

cells lacking RAD9.  Among the most highly enriched sites are Sgs1 T1269, Uls1 T540, Mec1 

S1964, and 2 S-N sites in Rfa2.  This response is similar in both the presence of 40ug/mL 

phleomycin (x axis) and 0.02% MMS (y axis).  Note downregulation of Rad53 signaling (red dots) 

due to absence of RAD9. 

D. Pie chart showing that S/T-Q phosphorylation comprises a large fraction of rad9Δ-induced

phosphorylation (71%), though only accounting for a small fraction (5%) of the entire dataset. 

E. Quantitative phosphoproteomics dataset showing that most phosphorylation events induced in

rad9Δ cells are dependent on Mec1. These phosphoproteomic analyses were conducted in the 

presence of 0.02% MMS for 2 hours. 

F. Model depicting Mec1-dependent phosphorylation of Sgs1, Uls1, and Rfa2 in response to

hyper-resection in rad9Δ cells. 
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was not on the SQ/TQ consensus, but on SN and SA sites, raising the possibility that Mec1 is 

either able to phosphorylate these other consensus motifs in the context of rad9∆ or that such sites 

are phosphorylated indirectly through the control of another kinase. Overall, our unbiased 

quantitative phosphoproteomic analyses reveal that lack of RAD9 triggers a specialized Mec1 

signaling response targeting proteins associated with HR-mediated DNA repair.  

 

4.2.2. Contribution of the 9-1-1 complex and Dna2 for Mec1 activation in rad9∆ cells  

Mec1 can be activated by two independent pathways—either by the 9-1-1 complex (formed 

by Ddc1-Rad17-Mec3 in yeast) in conjunction with the Dpb11 scaffold, or by Dna2 (Wanrooij & 

Burgers, 2015; Navadgi-Patil & Burgers, 2009; Mordes et al, 2008; Kumar & Burgers, 2013). We 

sought to determine the contribution of each of these modes of Mec1 activation to the Mec1 

signaling response stimulated in rad9∆ cells.  We used quantitative MS to determine the effect of 

deleting DDC1, which impairs 9-1-1/Dpb11-mediated Mec1 activation, or introducing the 

DNA2WYAA mutation, which fails to activate Dna2-dependent Mec1 signaling (Kumar & Burgers, 

2013). Both mutants were analyzed in the context of cells lacking RAD9. Whereas the DNA2WYAA 

mutation had minimal effect on most Mec1-dependent phosphorylation (Fig. 4.2B, C), deletion of 

DDC1 resulted in stronger impairment of most Mec1-dependent signaling induced by MMS in 

rad9∆ cells (Fig. 4.2A). Similarly, phosphorylation of Sgs1 by Mec1 was not altered by the 

DNA2WYAA mutation but was reduced by lack of DDC1 (Fig. 4.2C). The reduction of detected SGS1 

phosphorylation sites was not drastic, suggesting that Dna2-mediated Mec1 activation or another 

mode of Mec1 signaling may partially compensate for loss of DDC1. Still, the reduction in ddc1∆ 

cells was comparable in magnitude to the increase in Sgs1 phosphorylation observed in rad9∆ 

cells, suggesting that the stimulation of the phosphorylation observed in rad9∆ cells is principally 
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Figure 4.2. The 9-1-1 Subunit Ddc1 Plays a More Prominent Role in Activation of Mec1 in 

Response to rad9Δ than Dna2. 

A. Quantitative phosphoproteomic analysis defining the role of Ddc1 in the set of Mec1-dependent 

phosphorylation in rad9∆ cells. Ddc1 dependency (y axis) is plotted against Mec1 dependency (x 

axis). These phosphoproteomic analyses were conducted in the presence of 0.02% MMS for 2 

hours. 

B. Quantitative phosphoproteomic analysis defining the role of Dna2 (WY-AA mutation impairs 

Mec1-activating function of Dna2) in the set of Mec1-dependent phosphorylation in rad9∆ cells. 

Dna2 dependency (y axis) is plotted against Mec1 dependency (x axis). These phosphoproteomic 

analyses were conducted in the presence of 0.02% MMS for 2 hours. 

C. Plot comparing Dna2 and Ddc1 dependency of selected Mec1 substrates. Error bars represent 

standard deviation of two or more independent peptide-spectrum matches (PSMs) of the indicated 

site.   

D. Quantitative phosphoproteomic analysis defining the role of long-range resection factors Exo1 

and Dna2 in the set of Mec1-dependent phosphorylation events in rad9∆ cells. MEC1 dependency 

(x axis) is plotted against long range resection dependency (y axis). These phosphoproteomic 

analyses were conducted in the presence of 0.02% MM for 2 hours. For the DNA2-AID cell line, 

cells were pretreated for 15 minutes with 100μM IAA and then treated for 2 hours with 0.02% 

MMS. 
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induced upon DNA damage via the 9-1-1-dependent pathway of Mec1 activation. We note, 

however, that the reduction of Sgs1 phosphorylation in ddc1Δ cells may be caused not only by 

impaired Mec1 activation, but also impaired recruitment of Sgs1 to DNA lesions. Moreover, the 

DNA2WYAA mutation did result in some appreciable reduction, albeit minor, in Rfa2 S189 

phosphorylation, suggesting some coordination between 9-1-1 and Dna2 in mediating distinct 

Mec1-dependent signaling events in rad9∆ cells. 

4.2.3. Ablation of resection factors Dna2 and Exo1 impairs Mec1 phosphorylation of ssDNA-

related proteins in rad9Δ cells 

Since Rad9 is important to protect DNA ends by preventing resection (Lazzaro et al, 2008), 

a possible explanation for the increase in the phosphorylation of proteins involved in ssDNA-

associated repair transactions in rad9∆ cells is that hyper-resection stimulates a distinct mode of 

Mec1 signaling. To test this model, we performed quantitative phosphoproteomics comparing 

rad9Δ cells to cells lacking both RAD9 and the long-range resection factors DNA2 and EXO1. Of 

note, we chose to ablate DNA2, and not SGS1, because SGS1 is one of the Mec1 targets of interest. 

Since DNA2 is an essential gene, we used cells bearing an auxin-inducible degron (AID) allele of 

DNA2 (Fig. 4.S1A,B) (Nishimura et al, 2009). The experimental scheme for the 

phosphoproteomic analysis of the long-range resection-dependency of the rad9Δ-dependent 

Mec1 signaling response is outlined in Fig. 4.S1C. Since these cells are prototrophic for arginine, 

we were unable to use SILAC-based quantitation we used in all other phosphoproteomic 

analyses here, and opted to use TMT-based quantitation (Zhang & Elias, 2017). As shown in Fig. 

4.2D (and Fig. 4.S1D), ablation of Exo1 and Dna2 function resulted in consistent reduction in 

the phosphorylation of several Mec1-dependent S/T-Q phosphorylation events, with some of the 

more striking reductions 
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occurring at the sites in Sgs1, Uls1, and Rfa2 found to be up-regulated in rad9∆ cells. Given the 

known issues of ratio compression associated with TMT-based quantitation (Hogrebe et al, 2018), 

especially when using MS2 for quantitation as in our case, the fold changes are notoriously smaller 

than in SILAC-based quantitation. Our data is therefore likely underestimating the true 

dependency of these events for long-range resection. These results are consistent with the model 

that, upon loss of RAD9, hyper-resection causes a distinct mode of Mec1 signaling that includes 

increased phosphorylation of factors associated with ssDNA transactions, including Sgs1, Uls1, 

and Rfa2 (Fig. 4.1F). 

4.2.4. The STR complex undergoes extensive Mec1-dependent phosphorylation in rad9∆ cells 

Sgs1 is a well-established regulator of homology-directed repair (Ashton et al, 2011; 

Bermúdez-López et al, 2016; Campos-Doerfler et al, 2018; Klein & Symington, 2012; Chiolo et 

al, 2005; Lo et al, 2006; Mirzaei et al, 2011). Given the key roles for Sgs1 in multiple steps of HR 

control, including resection, heteroduplex rejection and joint molecule dissolution, we decided to 

further investigate Mec1-dependent phosphorylation of Sgs1. Data from a recently deposited 

phosphoproteome database reveal that Sgs1 is phosphorylated at multiple sites (Fig. 4.3A) (Lanz 

et al, 2019b). In addition to the sites detected in our phosphoproteomic experiments (Fig. 4.1), we 

noticed that most of the other previously identified phosphorylation sites in Sgs1 cluster at the 

protein’s N-terminus, which contains a large unstructured region previously reported to engage in 

a range of protein-protein interactions (Hegnauer et al, 2012; Bjergbaek et al, 2005; Chiolo et al, 

2005). Analysis of a previously reported, stable, Sgs1 truncation spanning the first 647 N-terminal 

amino acids (Sgs11-647; (Mirzaei et al, 2011)) revealed that upon MMS treatment, the Sgs1 N-

terminus undergoes a stronger MMS-induced gel mobility shift in rad9∆ cells than in wild-type 
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Figure 4.3. The STR Complex is Phosphorylated at Multiple Sites in Response to Hyper-

Resection. 

A. Schematics representing data of all Sgs1 phosphorylation sites detected in a large scale, high 

coverage, phosphoproteomic dataset (Lanz et al, 2021). Bolded sites indicate those subsequently 

detected in the IP-MS phospho-mapping experiment in Figure 3C. TIM, Top3 Interacting Motif; 

HRDC, Helicase and RnaseD C-terminal domain. 

B. Immunoblot analysis of Sgs1 N-terminus (amino acids 1-647) from cells treated with increasing 

doses of the DNA alkylating drug MMS in the absence of RAD9 and/or MEC1. This truncated 

Sgs1 protein was expressed from its native promoter in this and all subsequent experiments. 

C. Quantitative mass spectrometry analysis of phosphopeptides from affinity purified Sgs1 N-

terminal fragment expressed in rad9∆ or wild-type 0.02% MMS-treated cells. Error bars represent 

standard deviation of two or more independent peptide-spectrum matches (PSMs) of the indicated 

site.  

D. Rmi1, a component of the Sgs1-Top3-Rmi1 (STR) complex, is hyper-phosphorylated on its 3 

S/T-Q motifs in response to rad9Δ. 

E. Model for Mec1-dependent phosphorylation of the STR complex. For simplicity, the ssDNA-

binding heterotrimer RPA and the obligatory Mec1 cofactor Ddc2 have been omitted from the 

diagram. 
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cells (Fig. 4.3B, left). Consistent with the finding that Sgs1 undergoes Mec1-dependent hyper-

phosphorylation in rad9∆ cells (Fig. 4.1), the gel mobility shift of the Sgs11-647 truncation in rad9∆ 

cells was severely reduced in cells lacking Mec1 (Fig. 4.3B, right). These results confirm that Sgs1 

becomes preferentially phosphorylated in a Mec1-dependent manner in cells lacking RAD9 and 

reveal that in addition to phosphorylation of threonine 1269 identified in our phosphoproteomic 

analysis, the N-terminus of Sgs1 also undergoes extensive of Mec1-dependent phosphoregulation.  

Next, we performed quantitative MS analysis of the N-terminal region of Sgs1 (residues 1-

647) in order to map rad9Δ-dependent phosphorylation,. Our analysis revealed that, while not all 

detected S/T-Q phosphorylation events were induced in cells lacking RAD9, threonine 585 

phosphorylation (a TQ motif) was induced in the absence of RAD9 (Fig. 4.3C).  In addition, 

multiple phosphorylation sites in the S-N motif within a 100 amino acid window on the N-terminus 

of Sgs1 were highly induced in rad9Δ cells (Fig. 4.3C), as well as phosphorylation on residues 

348, 528 and 617, which are not in in S/T-Q or S/T-N motifs.  Therefore, our analyses indicate 

that the pattern of Sgs1 phosphorylation induced in rad9Δ cells is complex and includes non-S/T-

Q motifs. Moreover, analysis of the primary sequence of the STR complex component Rmi1 

revealed that this small protein contains three S/T-Q motifs.  To determine if Rmi1 was 

hyperphosphorylated in rad9Δ cells in the same manner as Sgs1, we analyzed by Co-IP the fraction 

of Rmi1 bound to Sgs1 (Fig. 4.3D).  While Rmi1 detectability was obscured in the input fraction 

due to a contaminating band at approximately the same molecular weight as the tagged protein, 

Rmi1 appears as a doublet when immunoprecipitated with Sgs1.  We interpret the lower molecular 

weight band to be non(or hypo)-phosphorylated Rmi1, and the higher molecular weight band to 

be a phosphorylated species of Rmi1. Interestingly, the stoichiometry of Rmi1 phosphorylation 

changes in response to rad9Δ such that the intensity of the lower molecular weight band is reduced, 
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indicating an increase in the phosphorylated species of the protein.  Mutation of the three S/T-Q 

motifs to alanine (AQ mutant) abolishes the gel shift, consistent with these sites being targeted by 

Mec1. That the AQ mutation abolished the slower migrating band suggests phosphorylation of the 

mutated SQ sites causes the mobility shift. Overall, these results reveal an intricate pattern of 

Mec1-dependent multi-phosphorylation of the STR complex in cells lacking Rad9, which could 

involve additional downstream kinases (Fig. 4.3E). 

 

4.2.5. Sgs1 binds to the Dpb11 scaffold in cells lacking RAD9 

Since the phosphorylation of Sgs1 by Mec1 was dependent on Ddc1-mediated Mec1 

activation, we reasoned that Sgs1 might be brought in proximity to Mec1 through binding to 

Dpb11, a scaffolding protein that interacts with Ddc1 and previously reported to recruit known 

Mec1 targets, such as Slx4 and Rad9, to sites of DNA damage (Ohouo et al, 2010; Pfander & 

Diffley, 2011). Therefore, we affinity purified Dpb11 overexpressed in wild-type or rad9Δ cell 

lines and used mass spectrometry to identify interacting partners (Figs. 4.4 A-C).  Expectedly, 

known Dpb11 interacting partners such as Ddc1, Sld2, Rtt107, and Slx4 co-purified with Dpb11 

regardless of the status of RAD9.  By contrast, Sgs1, Top3, and Rmi1, components of the STR 

complex, co-purified with Dpb11 only when RAD9 was deleted (Figs. 4.4C-D). To narrow down 

the region of Sgs1 that was responsible for binding to Dpb11, we tested whether the N-terminus 

of Sgs1 (amino acids 1-647; Fig. 4.4E), previously shown to mediate various protein-protein 

interactions (Hegnauer et al, 2012; Bjergbaek et al, 2005; Chiolo et al, 2005), could bind to Dpb11.  

As with the full-length protein, the N-terminal 647 residues of Sgs1 pulled down Dpb11 in cells 

lacking the checkpoint adaptor RAD9, but the interaction was much reduced when RAD9 was 

present (Fig. 4.4F). Notably, the N-terminal 647 amino acid fragment of Sgs1 fused to a 5x FLAG 
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Figure 4.4.  Dpb11 Interacts with Sgs1 in rad9∆ cells. 

A. Workflow of the SILAC-based quantitative mass spectrometry method for identifying Dpb11 

interactions. 

B. Identification of Dpb11 interacting proteins in wild-type cells using workflow shown in (A). 

DPB11-3xHA was overexpressed using the ADH1 promoter. P value calculated using Mann-

Whitney u-test. 

C. Identification of Dpb11 interacting proteins in rad9∆ cells using workflow shown in a. DPB11-

3xHA was overexpressed using the ADH1 promoter. P value calculated using Mann-Whitney u-

test. 

D. Immunoblot showing co-immunoprecipitation between Dpb11 and Sgs1. DPB11-3xHA was 

overexpressed from an ADH1 promoter and SGS1-13xMYC was expressed from its endogenous 

locus.  

E. Schematic of the Sgs1 N-terminal truncation used in this study. 

F. Immunoblot showing co-immunoprecipitation of Dpb11 with Sgs1.  Both DPB11-3xHA and 

SGS11-647-5xFLAG  were expressed at their endogenous loci. 

G. Hypothetical depiction of the Dpb11-STR complex engaged at 5’ recessed ends. See text for 

details.  For simplicity, the ssDNA-binding heterotrimer RPA and the obligatory Mec1 cofactor 

Ddc2 have been omitted from the diagram. 
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tag was more stable than full length Sgs1, and more amenable to our co-immunoprecipitation 

experiments. Taken together, these findings uncover a previously undescribed interaction between 

Sgs1 and the Dpb11 scaffold and suggest a model whereby, in rad9∆ cells, Dpb11 bound to Ddc1 

recruits the STR complex in proximity to Mec1 (Fig. 4.4G). 

 

4.2.6. Requirements for assembly of the Dpb11-STR Complex  

Next, we investigated the architecture of the Dpb11-Sgs1 interaction using a combination 

of affinity-purification quantitative mass spectrometry and conventional co-immunoprecipitation. 

We used the Rad9-Dpb11 and Slx4-Dpb11 interaction architecture as a model.  In these 

complexes, Dpb11 binds to phosphorylated threonine 602 (pT602) on the Ddc1 subunit of the 9-

1-1 clamp via Dpb11 BRCT domains 3 and 4. Ddc1 T602 phosphorylation is Mec1-dependent 

(Puddu et al, 2008), and upon engagement of the C-terminal BRCT domains of Dpb11 with the 9-

1-1 clamp, the pair of N-terminal BRCTs (1 and 2) is free to engage phosphorylated interacting 

partners such as Rad9 and Slx4 (Pfander & Diffley, 2011; Cussiol et al, 2015). 

Like the Rad9-Dpb11 and Slx4-Dpb11 complexes, the Sgs1-Dpb11 interaction was at least 

partially dependent on the N-terminal pair of BRCT domains in Dpb11, as evidenced by the 

reduction in interaction observed when the Dpb11-K55A mutant (which partially impairs BRCT 

1, and binding via BRCT1/2 (Cussiol et al, 2015)) was used in the co-affinity purifications 

followed by MS analysis (Fig. 4.5A). This result was corroborated by analysis of the Dpb11K55A 

mutant by co-immunoprecipitation and western blot (Fig. 4.5B).  The partial phenotype of the 

BRCT1 mutant may be due to the nature of the mutant itself (i.e. it is not a full disruption of BRCT 

phosphopeptide binding capability) or due to the complexity of the Sgs1-Dpb11 interaction, such 

as the potential involvement of additional Dpb11 domains. Expectedly, our mass spectrometry 
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Figure 4.5.  Requirements for Assembly of the Dpb11-STR Complex. 

A. Quantitative mass spectrometry analysis of affinity purified Dpb11 complexes, comparing wild-

type Dpb11 to the K55A mutant that partially impairs binding through a mutation in BRCT domain 

1. Cells were grown in the presence of 0.04% MMS.  Error bars represent SEM of selected proteins 

for which there were 2 or more peptide-spectrum matches (PSMs). 

B. Immunoblots showing co-immunoprecipitation between Dpb11 and Sgs1 in the presence of 

0.04% MMS in cells expressing either wild-type or the DPB11K55A mutant.  DPB11-3HA or the 

BRCT mutant was ectopically expressed from its endogenous promoter and co-

immunoprecipitated with SGS11-647-FLAG expressed from its endogenous promoter. 

C. Quantitative mass spectrometry analysis of affinity purified Dpb11 complexes, comparing 

Dpb11 purified from rad9∆ cells with or without the 9-1-1 subunit Ddc1. Cells were grown in the 

presence of 0.04% MMS.  Error bars represent SEM of selected proteins for which there were 2 

or more peptide-spectrum matches (PSMs).  

D. Immunoblots showing co-immunoprecipitation between Dpb11 and Sgs1 in the presence of 

0.04% MMS in either wildtype, ddc1Δ, or ddc1-T602A cell lines. DPB11-3HA was tagged at its 

endogenous locus and co-immunoprecipitated with SGS11-647-FLAG tagged and truncated at its 

endogenous locus. 

E. Quantitative mass spectrometry analysis of affinity purified Dpb11 complexes, comparing 

Dpb11 purified from rad9∆ cells with or without Mec1. Cells were grown in the presence of 0.04% 

MMS.  Error bars represent SEM of selected proteins for which there were 2 or more peptide-

spectrum matches (PSMs). 

F. Immunoblots showing co-immunoprecipitation between Dpb11 and Sgs1 in the presence of 

0.04% MMS in either wildtype, mec1Δ, tel1Δ or mec1Δ tel1Δ cell lines. 
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experiment also confirmed that the Slx4-Dpb11 interaction was dependent on functional N-

terminal BRCT domains of Dpb11 (Cussiol et al, 2015). In addition, the Sld2-Dpb11 interaction, 

which is important for DNA replication initiation (Kamimura et al, 1998) and has been previously 

reported to depend on the C-terminal BRCT domains of Dpb11(Tak et al, 2006), was not disrupted 

in binding to the Dpb11K55A protein (Fig. 4.5A). The interaction of Dpb11 with the Mus81-Mms4 

complex was also not disrupted in the K55A mutant. Of importance, formation of the Sgs1-Dpb11 

complex was also dependent on the 9-1-1 subunit Ddc1 and, specifically, on its phosphorylation 

by Mec1 at threonine 602 (Figs. 4.5C-D). Congruent with the requirement for Mec1, deletion of 

MEC1 also impaired the Sgs1-Dpb11 interaction, while deletion of TEL1 had no effect (Figs. 4.5E-

F). These findings, together with our previous knowledge of how Dpb11 engages with the 9-1-1 

complex, support a model in which Dpb11 engaged with the 9-1-1 clamp subunit Ddc1, via 

recognition of phosphorylated threonine 602 by BRCT3/4, interacts with the STR complex at least 

partially via BRCT1/2 of Dpb11 (Fig. 4.6A). Since both Dpb11 and Ddc1 are established activators 

of Mec1, the initial engagement of STR with Dpb11 may further promote the extensive multi-site 

pattern of STR phosphorylation by Mec1. Strikingly, the architecture of the complex and its 

requirement for assembly are mostly similar to what was previously reported for the Slx4-Dpb11 

interaction (Cussiol et al, 2015; Ohouo et al, 2010). 

 

4.2.7. Generation of a BRCT-Sgs1 chimeric protein for functional interrogation of the 

Dpb11-Sgs1 interaction 

As shown in Figure 4.6A, we hypothesized that Dpb11 is important to recruit or stabilize 

the STR complex to DNA lesions containing a loaded 9-1-1 clamp, which would allow STR to 

access intermediate DNA structures formed upon the overexposure of ssDNA. To test this model 
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Figure 4.6. A BRCT-Sgs1 Fusion Protein Promotes MMS Sensitivity in a Ddc1-dependent 

Manner. 

A, B. Schematics depicting the rationale for designing a BRCT-Sgs1 chimera. The BRCT3/4-Sgs1 

fusion protein is expected to engage at DNA lesions via the 9-1-1 clamp. For simplicity, the 

ssDNA-binding heterotrimer RPA and the obligatory Mec1 cofactor Ddc2 have been omitted from 

the diagram. 

C. Dilution assay of wild-type, ddc1Δ, or ddc1-T602A cells expressing BRCT3/4-SGS1 in the 

presence of 0.005% MMS. 

D. Immunoblot of Rad53 mobility shift assay in cells treated with 0.02% MMS expressing either 

DPB11BRCT3/4 alone or the BRCT3/4-SGS1 chimera.  Dilution assay of wild-type, ddc1Δ, or ddc1-

T602A cells expressing BRCT3/4-SGS1 in the presence of 0.005% MMS. 

E. Dilution assay of wild-type or rev3Δ cells expressing BRCT3/4-SGS1 in the presence of 

0.0025% MMS. 
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and gain insights into the role of the Dpb11-Sgs1 interaction, we fused full length Sgs1 to BRCT 

domains 3 and 4 (BRCT3/4) of Dpb11. As shown in Figure 4.6B, we reasoned that this chimeric 

protein should promote the enhanced recruitment of STR to the 9-1-1 clamp, bypassing the need 

for Mec1 to promote assembly of an Sgs1-Dpb11 complex, while still relying on phosphorylation 

of threonine 602 in Ddc1. Expression of B3/4-Sgs1 resulted in strong sensitivity to MMS in WT 

cells (Fig. 4.6C), indicating that this chimeric protein exerts a dominant effect even in cells 

expressing RAD9. The MMS sensitivity was rescued by deletion of DDC1 or by mutation of Ddc1 

residue T602 to alanine, consistent with the model that the 9-1-1 clamp stabilizes STR at DNA 

lesions, which in the case of the chimeric protein, may hyper-stabilize STR leading to aberrant 

control of the DNA damage response. Since Sgs1 has been reported to promote Rad53 activation 

in response to replication stress (Hegnauer et al, 2012), we monitored whether the B3/4-Sgs1 

chimera impacted DNA damage checkpoint signaling. We did not observe a change in Rad53 

activation in response to MMS treatment in cells expressing the chimeric protein (Fig. 4.6D), 

suggesting that a B3/4-Sgs1 fusion protein impacts the DNA damage response independently of 

Rad53 activation. The STR complex plays major roles in the control of homologous 

recombination, including the surveillance of recombination intermediates and rejection of 

heteroduplexes to prevent non-allelic recombination (Ashton et al, 2011; Bermúdez-López et al, 

2016; Campos-Doerfler et al, 2018; Klein & Symington, 2012; Chiolo et al, 2005; Lo et al, 2006; 

Mirzaei et al, 2011). Indeed, a major DNA repair pathway mediating MMS resistance is 

homologous recombination (Game & Mortimer, 1974). A plausible explanation for the MMS 

sensitivity observed upon B3/4-Sgs1 expression could be that it is hyper-stabilizing the STR 

complex at DNA lesions, which is then rejecting recombination intermediates and not allowing 

execution of HR-mediated DNA repair of MMS-induced lesions. Consistent with this model, 
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expression of B3/4-Sgs1 resulted in exquisite MMS sensitivity in cells lacking REV3, a translesion 

synthesis factor (Fig. 4.6E), which represents a pathway parallel to HR for the repair of MMS-

induced DNA lesions (Jansen et al, 2015; Doles et al, 2010). These results support the model that 

Dpb11 stabilizes the STR complex at DNA lesions via the 9-1-1 clamp, which allows STR to 

engage recombination intermediates. 

 

4.2.8. The B3/4-Sgs1 chimera impairs homology-directed repair 

To determine if the B3/4-Sgs1 fusion influences recombination outcomes we used two 

well-established recombination assays for monitoring break-induced replication (BIR) or gene 

conversion (GC) (Fig. 4.7A) (Ira et al, 2003; Anand et al, 2014).  Strikingly, expression of B3/4-

Sgs1 severely impaired break-induced replication (Fig. 4.7B). The observed BIR defect was 

partially rescued by introducing mutations that either impair helicase activity of Sgs1 (hd, helicase-

defective mutation, SGS1K706A) or impair the ability of Sgs1 to bind to Top3 (tim, top3 interacting 

motif, SGS1Δ1-158) (Fig. 4.7B), consistent with Sgs1’s helicase activity and its Top3-binding 

capacity working cooperatively in D-loop dissociation (Piazza et al, 2019). Double hd/tim 

mutations fully rescued the BIR defect cause by the chimera, consistent with the model that the 

defect is caused dominantly by STR activity (Fig. 4.7B). Fusing any of the 3 components of the 

STR complex to Dpb11 BRCT 3/4 impaired BIR to a similar extent (Fig. 4.7C).  Fusing other 

helicases such as Rrm3 or Pif1 to Dpb11 BRCT 3/4 did not significantly impair BIR (Fig. 4.7D). 

Notably, fusing H. sapiens BLM to Dpb11 BRCT 3/4 did significantly impair BIR (Fig. 4.7D). 

Similar results were observed using the GC assay (Figs. 4.7E-F). Finally, we asked if the B3/4-

Dpb11 fusion protein increases the stringency in single-strand annealing DNA repair using a 

previously published SSA reporter assay (Fig. 4.7G) (Sugawara et al, 2004). An increased SSA 
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Figure 4.7. The B3/4-Sgs1 Fusion Protein Impairs Homologous Recombination. 

A. Diagram of the break-induced replication (BIR) assay used in this study. 

B. Measurement of BIR efficiency in cells carrying an empty vector or expressing DPB11BRCT3/4 

fused to wild-type or mutant versions of SGS1. Mutants include a helicase deficient allele of SGS1 

(SGS1hd) or an allele lacking the Top3 Interacting Motif (TIM; SGS1TIM). Error bars represent SEM 

of at least 3 replicate experiments.  P value was calculated with a two-tailed, unpaired t-test. * = 

p≤0.05; ** = p≤0.01; *** = p ≤0.001. 

C. Measurement of BIR efficiency in cells carrying an empty vector or expressing DPB11BRCT3/4 

fused to either SGS1, TOP3, or RMI1.  

D. Measurement of BIR efficiency in cells carrying an empty vector or DPB11BRCT3/4  fused to 

either SGS1, hBLM, PIF1, or RRM3.  

E. Diagram of the gene conversion (GC) assay used in this study. 

F. Measurement of gene conversion efficiency in cells carrying an empty vector or expressing 

DPB11BRCT3/4 fused to wild-type or mutant versions of SGS1. Mutants include a helicase deficient 

allele of SGS1 (SGS1hd) or an allele lacking the critical amino acid residues responsible for binding 

to Top3 (SGS1TIM).  

G. Diagram of the single-strand annealing (SSA) assay used in this study. 

H. Measurement of single strand annealing in cells carrying an empty vector or expressing 

DPB11BRCT3/4. AA strain contains perfect homology on either side of a GAL-inducible break. FA 

strain contains 3% sequence divergence on either side of the break (homeologous product). 

I. Ratio AA / FA repair product computed from data in (H).  
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stringency would be manifested in this assay as a higher ratio of AA repair efficiency to FA repair 

efficiency since the FA strain contains 3% sequence non-homology and is therefore increasingly 

subjected to Sgs1-mediated heteroduplex rejection.  Indeed, expression of the B3/4-Sgs1 fusion 

protein led to an overall decrease in repair by SSA, as well as the predicted increase in the ratio of 

AA to FA repair product (Fig. 4.7H, I), consistent with the chimeric protein increasing 

heteroduplex rejection. Overall, the results support a model in which Dpb11 and the 9-1-1 clamp 

play an important role in controlling the action of STR. Since Mec1 mediates the interactions 

between Dpb11 with 9-1-1 and STR, our findings point to a role for Mec1 signaling in controlling 

recombination through the regulation of STR stabilization at DNA lesions.  

 

4.2.9. Impairing the Sgs1-Dpb11 interaction alters recombination outcomes 

We sought to address the importance of the Sgs1-Dpb11 interaction for recombination 

outcomes by disrupting it. In search of minimal region(s) in Sgs1 critical for interaction with 

Dpb11, we expressed Sgs1 truncations lacking either one or both acidic patches in the N terminus 

of Sgs1 (Fig. 4.8A), and performed immuno-precipitation of Dpb11-HA followed by quantitative 

mass spectrometry analysis. As shown in Fig. 4.8B, the region of Sgs1 most critical for interaction 

with Dpb11 was acidic patch 2 (AP2), located within the region of amino acids 502-647.  Notably, 

this truncation displayed only modest MMS sensitivity (Fig. 4.8C). To test the effect of the 

disrupted Sgs1-Dpb11 interaction on recombination-mediated DNA repair, we turned to the recent 

observation that the low BIR proficiency of cells lacking RAD9 is partially rescuable by deletion 

of SGS1 (Ferrari et al, 2020). We predicted that, if the Dpb11-Sgs1 interaction influences 

recombination outcomes, then cells bearing SGS1 alleles lacking acidic patch 2 would have 

elevated BIR proficiency relative to rad9Δ cells.  Indeed, Sgs1 acidic patch mutants displayed 

177



 

 

 

 

 

 

 

 

 

178



Figure 4.8. Disruption of the Sgs1-Dpb11 Interaction Modulates Recombination Outcomes. 

A.  Diagram of the Sgs1 acidic patch truncations used in this study. 

B. Histogram showing abundance of Sgs1 peptides in Dpb11-HA co-immunoprecipitation mass 

spectrometry experiments from cells expressing either SGS1 acidic patch truncation mutants or 

wild type SGS1..  Each mutant was compared in a SILAC experiment against the wild-type control. 

Error bars represent SEM of 2 or more Sgs1 peptide-spectrum matches (PSMs). 

C. Serial dilution assay of sgs1Δ cell lines expressing either SGS1 or sgs1ΔACIDICPATCH. 

D. BIR assay in rad9Δ sgs1Δ cell lines expressing either SGS1 or sgs1ΔACIDICPATCH. Error bars 

represent SEM of 3 independent experiments. Error bars represent SEM of at least 3 replicate 

experiments. P value was calculated with a two-tailed, unpaired t-test. * = p≤0.05; ** = p≤0.01; 

*** = p ≤0.001. 
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elevated BIR proficiency over a rad9Δ cell line (Fig. 4.8D).  Taken together with results obtained 

using Dpb11-Sgs1 protein fusions, these data support the model that the Mec1-dependent Sgs1-

Dpb11 interaction regulates recombination outcomes. 

 

4.3. Discussion 

Accumulated evidence over the past 30 years has identified Mec1 as a central player in the 

preservation of genome stability, particularly through the regulation of distinct steps of HR such 

as DNA end resection (Lanz et al, 2019a). However, the precise mechanisms and targets regulated 

by Mec1 signaling for ensuring proper HR control remain incompletely understood, representing 

an important knowledge gap in our understanding of genome maintenance mechanisms. In this 

work, we sought to identify novel connections between Mec1/ATR signaling and the homologous 

recombination machinery. By using rad9∆ cells, we aimed at analyzing a condition in which DNA 

lesions become hyper-resected and HR is dysregulated at a key early step. We reasoned that the 

scenario of extensive ssDNA accumulation should increase the representation of recombination 

intermediates and Mec1-dependent signaling events important for HR control that are often too 

transient in wild type cells. Consistent with the extensive processing of DNA ends in rad9∆ cells, 

our phosphoproteomic results revealed that in these cells Mec1/ATR preferentially targets proteins 

involved in ssDNA-associated transactions, including Rfa2, Uls1 and Sgs1. Therefore, the use of 

rad9∆ cells and quantitative MS analysis of phosphosignaling events allowed us to capture a 

distinctive Mec1/ATR signaling response that is likely under-represented in wild-type cells. We 

propose that this Mec1/ATR signaling is important to control HR-mediated repair events. Taken 

together, the identification of a distinct Mec1 signaling response triggered by hyper-resection 

180



highlights the multi-faceted action of this kinase in the coordination of checkpoint signaling and 

HR-mediated DNA repair (see model in Fig. 4.9). 

In addition to identifying Mec1/ATR signaling triggered by hyper-resection, our work 

finds that such signaling converges toward the assembly of a novel protein complex between the 

STR complex and the Dpb11 scaffold. In rad9∆ cells, Mec1/ATR heavily phosphorylates the STR 

subunit Sgs1. While we find Mec1 signaling to be required for assembly of the STR-Dpb11, 

several details of how the multi-phosphorylation pattern in Sgs1 contributes to the interaction with 

Dpb11 remain incompletely understood. The available data suggests that the critical Dpb11-

interaction domain resides in acidic patch 2 of Sgs1, a region previously shown to mediate an 

interaction between Sgs1 and RPA (Hegnauer et al, 2012). In the future it will be interesting to 

identify the exact Sgs1 phosphorylation site(s) responsible for mediating its interaction with 

Dpb11. Alternatively, phosphorylation of any S/T-Q residue on Sgs1, Top3, or Rmi1 may be 

sufficient to induce the formation of STR-Dpb11 complexes. It also remains possible that 

phosphorylation of Ddc1 threonine 602 is the key Mec1-dependent phosphorylation important for 

mediating the Dpb11-Sgs1 interaction. In this scenario, the extensive exposure of ssDNA may 

promote the selective recruitment of STR complex close to Dpb11-9-1-1 complex, which is then 

recognized by BRCT1/2 of Dpb11 in a phosphorylation-independent manner. We do not favor this 

model, since BRCT1/2 of Dpb11 is well known to interact with phosphorylated epitopes (Bork et 

al, 1997; Yu et al, 2003; Cussiol et al, 2015; Pfander & Diffley, 2011). Of importance, we don’t 

exclude the possibility that most of Mec1-dependent phosphorylation events in Sgs1 are not 

involved in mediating the interaction with Dpb11, and that those may regulate additional aspects 

of Sgs1 function, such as conformational changes that alter its activity or ability to interact with 

other proteins. 
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Figure 4.9. Model for Distinct Modes of Mec1 Signaling in the Control of Checkpoint 

Signaling and Homologous Recombination.  

Mec1 is recruited to RPA-ssDNA following DNA damage to promote Rad53-mediated checkpoint 

signaling that prevents immediate long-range resection of DNA ends. This anti-resection function 

of Mec1 is important to protect DNA ends and ensure that subsequent resection occurs in a 

restrained and controllable manner. Since the Dpb11-Rad9 interaction is not dependent on Mec1 

(but mostly dependent on CDK phosphorylation), the Dpb11-Rad9 complex is rapidly stabilized 

at DNA lesions once initial Mec1 signaling and Ddc1 phosphorylation occurs. As Mec1 signaling 

builds up, it hyper-phosphorylates the Slx4 scaffold, which becomes a strong interactor of Dpb11 

and displaces Rad9 to counteract checkpoint signaling and Rad9-mediated resection block. Mec1 

signaling therefore switches to an anti-checkpoint and pro-resection mode. Once long-resection 

occurs, extensive ssDNA accumulates, leading to increased opportunities for strand invasion, but 

also increased opportunities for non-allelic recombination (rad9∆ cells have increased non-allelic 

recombination (Fasullo et al, 1998; Nielsen et al, 2013)). In this context, we propose that a new 

mode of Mec1 signaling triggered by extensive resection stabilizes the STR complex at lesions via 

interaction with Dpb11 for proper regulation of HR. It is tempting to speculate that the Dpb11-9-

1-1 complex acts as a “processivity factor” for the helicase function of Sgs1 to processively 

displace, and reject, heteroduplexes. 
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Sgs1 is a well-established regulator of both early and later stages of homology-directed 

repair (Mankouri et al, 2011; Sugawara et al, 2004; Zhu et al, 2008; Ira et al, 2003). Sgs1 has well 

defined roles in monitoring and disassembling recombination intermediates, including 

recombination-driven heteroduplexes (Cejka et al, 2012). Therefore, our findings suggested the 

model that upon hyper-resection of DNA ends, Mec1/ATR signaling converges to Sgs1 (and STR 

complex) as part of a quality control mechanism to prevent the aberrant exposure of ssDNA from 

triggering erroneous HR events. Although alternative models remain plausible, the finding that the 

BRCT3/4-Sgs1 fusion protein impairs HR-mediated repair supports the quality control model. Of 

importance, this fusion did not alter Rad53 signaling, congruent with the idea that the chimera 

does not interfere with checkpoint signaling control. Since Rad53 signaling is often tightly 

correlated with the extent of resection, this finding suggests that resection is not affected by 

expression of the B3/4-Sgs1 chimera. This is not surprising, since Sgs1 requires Dna2 in its 

function of promoting long range resection (Zhu et al, 2008). As such, the results are consistent 

with the model of the chimera impairing heteroduplex stability, and due to its strong dominant 

effect, preventing recombination events. That the chimeric protein is capable of inhibiting HR-

mediated repair via single strand annealing, which does not involve the formation of joint 

molecules, is consistent with a role for the Sgs1-Dpb11 interaction in quality control at stages of 

HR that precede the formation of joint molecules. Nonetheless, the possibility exists that the Sgs1-

Dpb11 interaction could also play a role in regulating later steps of HR in which Sgs1 functions, 

such as the dissolution of double Holliday junctions.  

 

Is the BLM-TOPBP1 interaction in humans playing a similar role as the Sgs1-Dpb11 

interaction? Our experiments using the B3/4-BLMHuman chimera suggest a conserved role for the 
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STR-Dpb11 interaction in regulating recombination. Indeed, BLM and TOPBP1 were reported to 

interact in human cells (Blackford et al, 2015; Sun et al, 2017; Wang et al, 2015, 2013; Mer & 

Botuyan, 2017), although it is unclear whether ATR plays any role in promoting that interaction, 

and if the BLM-TOPBP1 interaction affects HR.  What is clear is that ATR signaling in 

mammalian cells, similar to what we observed for Mec1 in yeast here, is channeled through 

different pathways depending on the context of the DNA lesion, including the extent of ssDNA 

exposure (Shiotani et al, 2013).  

The discovery of the Dpb11-STR complex and its mode of interaction and engagement 

with the 9-1-1 complex reveals an important additional role for Dpb11 in controlling the DNA 

damage response. Notably, the assembly of the complex and requirements for interaction follow 

largely a similar logic to what was previously reported for the Dpb11-Rad9 and Dpb11-Slx4-

Rtt107 complexes, as well as the Dpb11-Fun30 interaction (Pfander & Diffley, 2011; Gritenaite 

et al, 2014; Cussiol et al, 2015; Ohouo et al, 2010; Bantele et al, 2017). Future work should focus 

on elucidating how the formation of the four independent Ddc1-dependent Dpb11 complexes 

(Slx4-Dpb11, Rad9-Dpb11, Fun30-Dpb11, and Sgs1-Dpb11) are spatiotemporally regulated.  For 

example, it would be interesting to test whether Dpb11 interactors compete directly or instead bind 

discrete 9-1-1 complexes.  Biochemical data suggests that 9-1-1 clamps, once loaded, can slide 

along plasmids DNA substrates, on both ssDNA and dsDNA (Majka & Burgers, 2003), raising the 

possibility that many 9-1-1 clamps could be loaded onto DNA per lesion, with each clamp 

harboring a Dpb11 molecule and its associated interacting partner, dependent perhaps on the 

sequence or structural context of the DNA. Future work may also reveal novel Mec1-dependent 

interactors of Dpb11, expanding on the common logic for how Mec1 coordinates the DNA damage 
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response and cementing Dpb11 as a critical scaffolding protein which integrates Mec1 signaling 

inputs into the formation of concerted repair protein complex outputs. 

The Mec1 signaling response we found induced by hyper-resection in cells lacking RAD9 

likely plays additional important roles in DNA repair control besides modulating STR action. We 

also detected that lack of RAD9 induces the phosphorylation of Uls1, a ubiquitin ligase and DNA 

translocase reported to control HR. While less is understood about Uls1 compared to Sgs1, genetic 

studies have linked Uls1 to Sgs1 through Uls1’s translocase function, which may channel 

recombination intermediates into Sgs1-dependent repair mechanisms (Cal-Bkowska et al, 2011). 

Future work focused on the role of Mec1-phosphorylation of Uls1 may illuminate connections 

between Uls1, Sgs1 and Mec1, and potentially reveal novel mechanisms regulating recombination 

in response to hyper-resection. Interestingly, Uls1 did appear in our Dpb11 IP-MS experiments as 

a Dpb11 interactor in rad9Δ cells, but the number of peptides identified was too low to pass our 

threshold for calling Dpb11 interactors. While the impairment of resection control, as achieved 

here through the deletion of RAD9, allowed us to uncover a previously undescribed function for 

Mec1, future work based on mutants that impair other steps of HR may reveal additional roles for 

Mec1 in controlling multiple steps of HR. 

 

4.4. Materials and Methods 

4.4.1. Yeast Strains 

A complete list of yeast strains used in this study can be found in the Appendix chapter. 

Whole ORF deletions were performed using the established PCR-based strategy to amplify 

resistance cassettes with flanking sequence homologous to a target gene (Longtine et al, 1998). 

The dna2-aid allele was constructed using a PCR-amplified aid-6xFLAG-TCYC2-hphNT tagging 
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cassette derived from pHyg-AID*-6FLAG (Morawska & Ulrich, 2013). All whole ORF deletions 

and epitope tags were verified by PCR.  Primer sequences for gene deletions are available in 

Supplemental Table S8.  Yeast strains were grown at 30˚C in a shaker incubator at 220rpm.  For 

strains with integrated genetic modifications, YEPD media was used.  For strains bearing plasmids, 

the requisite synthetic dropout media was used. Plasmids in this study are listed in the Appendix 

chapter and are available upon request.  For SILAC experiments, yeast strains were grown in -Arg 

-Lys media supplemented with either isotopically normal arginine and lysine or the 13C15N 

isotopologue. Excess proline (to prevent conversion of arginine to proline) was added to SILAC 

media. 

 

4.4.2. Co-Immunoprecipitation (Co-IP) 

Yeast cell lysates were prepared for immunoprecipitation by bead beating for 3 cycles of 

10 minutes with 1-minute rest between cycles at 4˚C in lysis buffer (150mM NaCl, 50mM Tris pH 

7.5, 5mM EDTA, 0.2% Tergitol type NP40) supplemented with complete EDTA-free protease 

inhibitor cocktail (Roche), 5 mM sodium fluoride and 10 mM β-glycerophosphate.  Following 

normalization by Bradford assay, ~5mg of lysate per IP was incubated with antibody-conjugated 

agarose resin for 3 hours at 4˚C.  Resin was washed 4x in lysis buffer.  Elution was performed 

either with FLAG peptide or elution buffer (1% SDS, 100mM Tris pH 8.0).  

 

4.4.3. Immunoprecipitation-Mass Spectrometry (IP-MS) 

For IP-MS experiments, control yeast or yeast expressing tagged bait proteins were grown 

in “heavy” or “light” SILAC media [complete synthetic medium -Arg-Lys supplemented with 

either isotopically heavy (containing C13 and N 15) or normal (containing C12 and N 14) lysine and 
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arginine] to mid-log phase and treated as described in the figure legend. Cells were pelleted at 

1000rcf and washed with TE buffer containing 1mM PMSF. Pellets from “light” and “heavy” 

samples were lysed and processed separately as described for Co-IP above. Proteins bound to 

antibody-conjugated agarose resin were eluted with 1% SDS, 100mM Tris pH 8.0, and then “light” 

and “heavy” eluates were mixed, reduced with 10mM DTT and alkylated with 25mM 

iodoacetamide followed by precipitation on ice for 1hr in PPT solution (50% acetone, 49.9% 

ethanol, 0.1% acetic acid). Pellets were washed once with PPT then resuspended in urea/tris 

solution (8M urea, 50mM Tris pH 8.0). Urea-solubilized pellet was then diluted to 2M urea using 

NaCl/Tris solution (150mM NaCl, 50mM Tris pH 8.0) and digested overnight at 37˚C with 10ug 

of trypsin GOLD (Promega). The following day, samples were desalted using a 50mg Waters Sep-

Pak column. Eluted peptides were dried and resuspended in 0.1% TFA and subjected for LC-

MS/MS analysis on a Thermo-Fisher Q-Exactive HF mass spectrometer as recently described 

(Lanz et al., 2018). 

 

4.4.4. Phosphoproteomics 

For phosphoproteomic experiments, 200mL of yeast grown in “heavy” or “light” SILAC 

media [complete synthetic medium -Arg-Lys supplemented with either isotopically heavy 

(containing C13 and N 15) or normal (containing C12 and N 14) lysine and arginine] to mid-log phase 

and treated as described in the figure legend.  Cells were pelleted at 1000rcf and washed with TE 

buffer containing 1mM PMSF.  Pellets were lysed by bead beating with 0.5mm glass beads for 3 

cycles of 10 minutes with 1-minute rest time between cycles at 4˚C in lysis buffer (150mM NaCl, 

50mM Tris pH 7.5, 5mM EDTA, 0.2% Tergitol type NP40) supplemented with complete EDTA-

free protease inhibitor cocktail (Roche), 5 mM sodium fluoride and 10 mM β-glycerophosphate. 
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Seven mg of each light and heavy labeled protein lysate was denatured and reduced with 1% SDS 

and 5mM DTT at 65˚C, then alkylated with 25mM iodoacetamide. Light and heavy protein lysates 

were mixed and precipitated with a cold solution of 50% acetone, 49.9% ethanol, 0.1% acetic acid. 

Protein pellet was resuspended with 2M urea and subsequently digested with TPCK-treated trypsin 

overnight at 37˚C.  For the resection dependency experiment in figure 2, TMT quantification was 

used instead of SILAC.  The pipeline remained the same, except that lysates were not mixed until 

after labelling with the amine-reactive TMT reagent. Phosphoenrichment was performed using a 

Thermo-Fisher Fe-NTA phosphopeptide enrichment kit (cat# A32992) according to the 

manufacturer’s protocol. Purified phosphopeptides were then fractionated using HILIC 

chromatography and subjected to LC-MS/MS on a Thermo-Fisher Q-Exactive HF mass 

spectrometer as recently described (Lanz et al., 2018). 

 

4.4.5. Mass Spectrometry Data Analysis 

For IP/MS experiments, raw MS/MS spectra were searched using the SORCERER (Sage 

N Research, Inc.) system running the SEQUEST software over a composite yeast protein database, 

consisting of both the normal yeast protein sequences downloaded from the Saccharomyces 

Genome Database (SGD) and their reversed protein sequences as a decoy to estimate the false 

discovery rate (FDR) in the search results. Searching parameters included a semi-tryptic 

requirement, a mass accuracy of 15 ppm for the precursor ions, differential modification of 8.0142 

daltons for lysine, 10.00827 daltons for arginine, and a static mass modification of 57.021465 

daltons for alkylated cysteine residues. XPRESS software, part of the Trans-Proteomic Pipeline 

(Seattle Proteome Center), was used to quantify all the identified peptides. Proteins with fewer 
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than 4 PSMs identified were excluded. Statistical analyses were performed using a Wilcoxon rank-

sum test. 

For phosphoproteomic experiments, raw MS/MS spectra were searched using the COMET 

engine (part of the Trans-Proteomic Pipeline; Seattle Proteome Center) over a composite yeast 

protein database, consisting of both the normal yeast protein sequences downloaded from the 

Saccharomyces Genome Database (SGD) and their reversed protein sequences as a decoy to 

estimate the false discovery rate (FDR) in the search results. Searching parameters included a semi-

tryptic requirement, a mass accuracy of 15 ppm for the precursor ions, differential modification of 

8.0142 daltons for lysine, 10.00827 daltons for arginine, 79.966331 daltons for phosphorylation 

of serine, threonine and tyrosine (for phosphoproteomic experiments) and a static mass 

modification of 57.021465 daltons for alkylated cysteine residues. Phosphorylation site 

localization probabilities were determined using PTMProphet and quantitation of identified 

phosphopeptides was performed using XPRESS (both tools part of the Trans-Proteomic Pipeline; 

Seattle Proteome Center) for SILAC data or the libra package for TMT data (also part of the TPP). 

SILAC phosphoproteomic data shown in Figures 1 and 2 represent the combined independent 

results of a “forward” (condition 1 = light / condition 2 = heavy) and a “reverse” (condition 1 = 

heavy / condition 2 = light) SILAC experiment. Using this experimental design, phosphorylation 

events that were not consistently identified in two independent, separately SILAC labelled yeast 

cultures were filtered out. All mass spectrometric data presented in this study are available through 

PRIDE (see data availability statement). 

 

4.4.6. Western Blots 
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Yeast cell lysates were prepared for western blotting by bead beating for 15 minutes at 4˚C 

in lysis buffer (150mM NaCl, 50mM Tris pH 7.5, 5mM EDTA, 0.2% Tergitol type NP40) 

supplemented with complete EDTA-free protease inhibitor cocktail (Roche), 5 mM sodium 

fluoride and 10 mM β-glycerophosphate.  Following normalization by Bradford assay, lysates 

were boiled in Laemmli buffer and electrophoresed on a 9% SDS-PAGE gel.  Proteins were 

transferred wet onto a PVDF membrane and incubated with antibody.  Signal detection was 

performed using HRP-coupled secondary antibodies in all cases, imaged either with a BioRad 

ChemiDoc or X-ray film.   

 

4.4.7. Genetic Assays to Measure Recombination 

BIR assay was performed according to (Anand et al, 2014).  GC assay was performed as 

described in (Ira et al, 2003).  SSA assay was performed according to (Sugawara et al, 2004). 

 

4.4.8. Spot Assays 

For dilution assays, 5mL of yeast culture was grown to saturation at 30˚C.  Then, 1 OD600 

equivalent of the saturated culture was 10-fold serially diluted in a 96-well plate in water and 

spotted onto agar plates using a bolt pinner. 

 

Data Availability 

The mass spectrometry data from this publication have been deposited to the PRIDE 

database (https://www.ebi.ac.uk/pride/archive/) and assigned the identifiers PXD017286, 

PXD017289, and PXD023438. 
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Figure 4.S1. An Auxin-Inducible Degron System for Quantification of Resection-Dependent 

Phosphorylation Sites in rad9Δ cells. 

A. An auxin-induced degradation system was used for rapid depletion of Dna2 in rad9Δ exo1Δ 

cells.  

B. Dilution assay of various auxin-degron cell lines in the presence of 0.005% MMS and 100μM 

auxin (IAA). 

C. Tandem mass tag (TMT) proteomics workflow. Since the auxin-degron cell lines used are 

prototrophic for arginine, TMT-based phosphoproteomics was used for quantitation (as opposed 

to SILAC-based quantitation used in the other phosphoproteomic analyses). 

D. Scatterplot of 2 independent biological replicates of the resection dependency TMT experiment. 

Data points with greater than 25% standard deviation between TMT technical replicate channels 

were excluded. Pearson’s R >0.5.  Cells were pretreated for 15 minutes with 100μM IAA and then 

treated for 2 hours with 0.02% MMS. 
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CHAPTER 5: MAPPING RESECTION-DEPENDENT SIGNALING IN MAMMALIAN 

CELL LINES 

5.1. Introduction 

The maintenance of genomic integrity is an essential and conserved cellular function, 

from archaea to multicellular eukaryotes. In eukaryotes, kinases help safeguard genomic 

integrity by amplifying the DNA damage signaling response and modulating the activity of 

downstream DNA repair effector proteins (Cussiol et al, 2020; Burger et al, 2019).  In baker’s 

yeast, the apical kinases Mec1 and Tel1 are the major orchestrators of DNA damage response 

signaling, as evidenced by the high genomic instability of strains lacking these two kinases 

(Myung et al, 2001). In mammalian cells, three kinases are responsible for DNA damage 

response signaling—ATM, ATR, and DNA-PK.  The individual and combined levels of genomic 

rearrangements in mutants of these genes is difficult to directly assess, as there is no 

corresponding assay to measure chromosomal rearrangement in mammalian cells that equates to 

the gross chromosomal rearrangement (GCR) assay in yeast (a proposal for such an assay can be 

found in appendix F).  Despite the lack of any direct measurement of GCR rates in mutants of 

the three mammalian apical kinases, there importance in the DNA damage response is well 

established and they are essential for resistance to a litany of DNA damaging agents (Hur et al, 

2021; Shao et al, 1999; Jossé et al, 2014; Piret et al, 1999). 

Chapter 4 established the kinase Mec1 in S. cerevisiae as a key regulator of homologous-

recombination (HR)-based DNA repair and suppressor of genomic instability.  This function of 

Mec1 was identified using quantitative phosphoproteomics to analyze Mec1-dependent signaling 

in response to aberrant DNA end processing (Sanford et al, 2021).  Determination of kinase 

substrates in both yeast and mammalian cells is aided by computational tools to filter 
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phosphoproteomic data in order to minimize false positive peptide identifications (Faca et al, 

2020). A key advantage of kinase substrate mapping in yeast is the ease with which knockout 

strains can be constructed, and the existence of suppressor mutations that suppress the lethality 

of essential genes, of which the apical kinase MEC1 is one (Zhao et al, 1998).  Mapping ATR 

substrates is not so simple, since ATR is an essential gene, and no known suppressors exist.  I 

speculate that known hypomorphic ATR alleles such as those found in the rare disease Seckel 

syndrome might represent a useful genetic tool for delineating ATR substrates, though the 

dynamic range afforded by hypomorphic effects is far narrower than that afforded by null 

mutations (Alderton et al, 2004). Conditional inactivation is another potential approach for 

studying ATR.  In the absence of difficult-to-construct null or conditionally inactive mutants of 

ATR, kinase inhibitors represent the next best strategy.  There are a number of commercially 

available ATR kinase inhibitors of varying specificity and potency, some of which have 

progressed to clinical trials alone or in combination with PARP inhibitors such as Olaparib 

(Lecona & Fernandez-Capetillo, 2018; Nieto-Soler et al, 2016). 

A relatively small number of substrates of ATM, ATR, and DNA-PK have been 

described in mechanistic detail, and several groups have reported large-scale datasets delineating 

substrates of the kinases (Schlam‐Babayov et al, 2021).  Still, high-coverage, high-confidence 

datasets delineating the substrates of these kinases are few in number and often do not account 

for potential off-target effects of kinase inhibitors.  In this chapter I describe my recent efforts to 

assemble a network of ATR substrates in mammalian cells, an effort that seeks to recapitulate 

my recent findings in yeast that Mec1 is a key regulator of HR via the helicase Sgs1.  I took a 

multi-pronged approach to defining kinase substrates—the preliminary dataset discussed here 

considers not only kinase dependency, but also DNA damage inducibility, and resection 
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dependency.  This dataset reinforces the role of TOPBP1 as a central DNA repair scaffold and 

implicates PARP1 as a key ATR substrate.  Future work on this project will genetically dissect 

the roles for PARP1, TOPBP1, and select nucleolar ATR substrates in the control of HR and the 

maintenance of genome stability. 

5.2. Resection Manipulation and Monitoring in Mammalian Cell Lines 

In Chapter 4 I described how, in S. cerevisiae, I assessed Mec1 signaling outputs in cells 

lacking RAD9.  rad9Δ cells are known to have increased length and speed of DNA end resection 

as well as increased rates of chromosomal rearrangements and nonallelic recombination (Lazzaro 

et al, 2008; Villa et al, 2018; Fasullo et al, 1998; Doerfler et al, 2011).  In order to translate these 

findings to mammalian cells, it is necessary to (1) develop a genetic or pharmacological system 

to perturb DNA end resection and (2) to have a robust readout for monitoring DNA end resection 

in response to these perturbations. 

ssDNA exposure can be monitored to assess the effects, positive or negative, of genetic 

or pharmacological perturbations on DNA end resection.  Methods of assessing ssDNA exposure 

are divided into two classes—those that directly detect exposed ssDNA, such as BrdU 

immunofluorescence or sequencing based assays; and those that detect secondary effects of 

ssDNA exposure, such as accumulation of post-translational modifications on protein involved in 

DNA end resection. As an initial screening step, accumulation of phosphorylated RPA32 was 

used as a proxy for DNA end resection extent.  RPA32 contains multiple potential 

phosphorylation sites for which the PIKK dependency is contested (Liu et al, 2012).  Ultimately, 

RPA32 S4/8 phosphorylation and S33 phosphorylation was used to assess resection status in 

HCT116 and U20S cells, as these sites have been shown to be ATR dependent, with S33 

generally considered to be predominantly ATR dependent (Vassin et al, 2009).  S4/S8 is 
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considered to be a DNA-PK-dependent site, but there is evidence suggesting ATR dependency as 

well.  In the future, I will monitor accumulation of RPA or BrdU foci as a readout for resection 

(Kilgas et al, 2021). 

I have described a workflow for monitoring resection signaling in mammalian cells via 

RPA32 phosphorylation.  This readout was used to monitor resection in response to genetic and 

pharmacological perturbation.  Since 53BP1 is the mammalian ortholog of S. cerevisiae RAD9 

(Villa et al, 2018), that represented an obvious starting point for my efforts to manipulate 

resection.  53BP1 -/- U2OS cell lines were acquired courtesy of Daniel Durocher.  Using RPA32 

phosphorylation as a readout, no change in p-RPA was detected in response to CPT-induced 

DNA damage.  Next, I sought to ablate resection using pharmacological methods to inhibit the 

major resection nucleases in mammalian cells: MRE11 and DNA2 (Fig. 5.1A).  MRE11 

inhibitors are well characterized and widely used in mammalian cells.  I opted to use the MRE11 

inhibitor PFM-01 for these studies The inhibitor Mirin represents an alternative approach for 

MRE11 inhibition (Shibata et al, 2014).  For DNA2 inhibition, I opted to use the inhibitor NSC-

105808, which I acquired from the NCI’s freely available chemical repository (Kumar et al, 

2017).  Together, these inhibitors efficiently ablated RPA32 phosphorylation in response to DNA 

damage induced by the topoisomerase inhibitor CPT (Fig. 5.1B) in HCT-116 cells.  Further trials 

showed that this effect was consistent in U2OS cell lines, with effect severity corresponding to 

drug dosage, with higher doses of resection inhibitors for longer time periods yielding a maximal 

effect on ablating RPA phosphorylation (Fig. 5.1C).   

5.3. Approach to Identifying Resection-Dependent Phospho-signaling Events 

Once pharmacological inhibition of DNA2 and MRE11 was validated as a strategy for 

resection inhibition using known markers of DNA end resection, we next sought to identify 
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Figure 5.1.  A Strategy to Manipulate Resection in Mammalian Cell Lines. 

A. Workflow for cell treatment.  Cells were pre-treated with resection inhibitors (50μM PFM-01

+ 5μM NSC-105808) for 30min and then challenged with 1μM CPT for 2hrs.

B. Western blot showing status of resection markers in response to the treatment scheme in A. in

an HCT-116 cell line. 

C. Western blot showing status of resection markers in response to the treatment scheme in A. in

a U2OS cell line.  Doses and treatment times varied slightly from those used in the HCT-116 cell 

line—see figure for details. 
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global resection-dependent signaling.  The phosphoproteomic pipeline described in Chapter 4 

was used to map resection-dependent signaling.  Briefly, HCT116 cell lines were metabolically 

labelled with either 12C14N lysine and arginine or the 13C15N isotopologues (SILAC labelling).  

Resection dependency was assessed in both a “forward” and a “reverse” experiment.  In the 

forward experiment, the light channel was treated with 1.0 μM CPT and the heavy channel was 

treated with 1.0 μM CPT, 50.0 μM PFM-01, and 5.0 μM NSC-105808.  In the reverse 

experiment this scheme was inverted.  Each forward and reverse experiment was further 

fractionated using hydrophilic interaction chromatography (HILIC) into 24 fractions, which were 

then analyzed using LC-MS/MS according to the instrument methods described in chapters 3 and 

4. The two individual experiments were crossed according to the scheme described in Chapter 3, 

and phosphorylation sites that passed the “bow-tie” filter with a fold change >0.5 (log2) in both 

resection experiments (forward and reverse) were considered to be resection dependent signaling 

events (Fig. 5.3A).  Overall, we identified 87 resection-dependent signaling events.  

Interestingly, only 15% of the resection dependent sites identified in this screen contained the 

canonical ATR consensus motif of S/T-Q, suggesting the potential involvement of other kinases, 

particularly cyclin-dependent kinases, since the S/T-P consensus motif was prevalent among 

resection-dependent sites. 

Resection dependency as assessed by pharmacological inhibition of DNA2 and MRE11 

could be subject to a number of pleiotropic effects, especially considering the high 

concentrations of these two chemicals needed to abolish DNA end resection as measured by RPA 

phosphorylation.  In order to refine this dataset further, I next sought to collect data delineating 

both DNA damage and ATR kinase dependency. 

5.4. Putting it All Together: ATR & Resection Dependent, and CPT-induced (ARC) Sites 
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Figure 5.2.  ATR, Resection, and CPT Dependency (ARC) Phosphoproteomics Schematic. 

3 pairs of forward and reverse phosphoproteomic experiments were conducted to generate the 

preliminary ARC dataset presented in this study. 
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Since pharmacological inhibition may result in pleiotropic effects arising from a lack of 

drug specificity (a shortfall exacerbated by the micromolar quantities of resection inhibitors 

necessary to fully abolish DNA end processing), I intend to further stratify our data by DNA 

damage inducibility and ATR dependency. The preliminary data presented here uses 

camptothecin (CPT—a topoisomerase poison) inducibility to stratify the data by DNA damage 

inducibility, but in the future I intend to add MMS inducibility (DNA alkylation) and IR 

inducibility (double strand breaks) as dimensions in the data. As an added precaution, several 

ATR inhibitors will be used: VE-821, AZD-6738, and VE-822.  In the preliminary data 

presented here, only VE-821 was used.  Merging these three dimensions together creates a set of 

phosphorylation sites that are ATR dependent, resection inducible, and CPT DNA damage 

inducible (the “ARC” dataset; Fig. 5.2.).   

In my preliminary analyses I find 34 sites to meet all three of these criteria (Fig. 5.3B, 

C).  Notably, the S/T-Q motif is enriched among sites that meet these three criteria (11 of 34, or 

32%), which is expected and a good confirmation of the specificity of VE-821, the ATR 

inhibitor used in these experiments.  Among the sites I find to be CPT-induced, ATR-dependent, 

and resection-dependent are BLM S179 and TOPBP1 S888.  These two proteins are the 

mammalian orthologs of budding yeast Sgs1 and Dpb11, respectively.  As with yeast, these two 

proteins interact in mammalian cell lines, though S179 has not been proposed to be the 

causative site (Blackford et al, 2015; Wang et al, 2013).  Interestingly, S179 is NOT a 

glutamine-directed site.  Rather, it is proline directed, suggesting potential involvement of cyclin 

dependent kinase.  Future work will be necessary to elucidate the new kinases involved in the 

cellular resection response to DNA replication stress and damage. 

5.5. TOPBP1 is a Critical DNA Repair Scaffold and ARC Target 
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Figure 5.3. Dissecting the ARC Dataset 

A. Scatterplot displaying resection dependent phosphorylation sites detected in HCT116 cells

(forward + reverse SILAC experiment). Y-axis: log2 ratio (resection inhibitors/DMSO). X-axis: 

log2 ratio (DMSO/resection inhibitors). 

B. Scatterplot crossing ATR and resection datasets.  All sites displayed are CPT-inducible (log2

ratio CPT/DMSO >0.5). Red box denotes “ARC” sites. 

C. Selection of ATR, Resection, CPT (ARC) dependent sites with S/T-Q motif highlighted in

green. Proteins related directly to DNA repair highlighted in blue.  Note presence of Rad51AP1 

S/Q site.  Also note TOPBP1 S888 and BLM S179. 
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TOPBP1 S888 appeared in our tripartite dataset as strongly ATR dependent, CPT 

inducible and resection dependent (Fig. 5.3C).  TOPBP1 is well known as a central scaffold in 

DNA repair, orchestrating the activity of both pro- and anti-resection factors (Liu et al, 2017), 

and its orthologous protein in yeast, Dpb11, is involved in downstream steps of HR regulation 

(Sanford et al, 2021).  I next wondered to what extent TOPBP1 itself may serve as an integrator 

of multiple signaling inputs in response to DNA damage, ATR, or resection inhibition.  That is, I 

sought to create a high-confidence atlas of TOPBP1 interactors stratified by DNA damage 

(CPT) inducibility, ATR dependency, and resection dependency, much as I have done for ATR 

signaling in the ARC dataset.  

To maximize identification of TOPBP1 interactors by immunoprecipitation mass 

spectrometry (IPMS), I decided to use an N-terminally FLAG-tagged TOPBP1 overexpression 

system.  Deride this approach as artificial if you wish, but IP robustness is unequivocally aided 

by overexpression of bait proteins.  A similar approach using ADH1 promoter-based 

overexpression of Dpb11-HA was employed in budding yeast (Sanford et al, 2021).  TOPBP1 

interactors were quantified using a SILAC-based approach where one channel was transfected 

with an empty vector (EV) and the other channel was transfected with FLAG-TOPBP1.  In this 

chapter I display (1) TOPBP1 interactors in CPT and (2) resection-dependent interactors.  ATR 

dependency will be determined at a later date.  According to these data, TOPBP1 is a master 

regulatory scaffold for DNA repair proteins—a veritable hub of DNA repair regulation—as it 

interacts with close to 50 HR proteins, including members of the RFC complex and the 9-1-1 

clamp, as well as MCM helicases and FANC proteins (Fig. 5.4A).  BRCA1 and BLM comprise 

the major resection-dependent interactors of TOPBP1 (Fig. 5.4B). 

5.6. Discussion and Future Directions 
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Figure 5.4. Building a TOPBP1 Interaction Network Map. 

A. STRING network of TOPBP1 interactors.  Note DNA repair/HR/replication cluster.

B. Resection dependency of DNA repair subset of TOPBP1 interacting proteins.
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The preliminary experiments presented in this chapter serve as the foundation for the 

continuation of my work in S. cerevisiae.  In yeast, I found that Mec1 phosphorylates the Sgs1 

helicase in response to DNA end resection.  This Mec1-dependent signaling response promotes 

binding of Sgs1 to the DNA repair scaffolding protein Dpb11 (Sanford et al, 2021).  These 

findings suggest a critical role for Mec1 in the regulation of HR fidelity.  Through the 

experiments presented here, I sought to determine if such a role was conserved to mammalian 

ATR, the ortholog of Mec1. That is, I sought to delineate the substrates of the ATR kinase that 

were dependent on DNA end resection.  Overall, I find 34 ATR and resection-dependent 

substrates in this preliminary dataset that are also induced by CPT treatment.  Notably, BLM and 

TOPBP1 are among the ATR and resection dependent substrates, suggesting remarkable 

conservation between Mec1/ATR signaling in yeast and mammalian cells. 

In addition to defining resection-dependent signaling, I also sought to generate high 

confidence substrate networks for the ATR kinase.  While there have been robust efforts to map 

Mec1 substrates (Faca et al, 2020; Bastos de Oliveira et al, 2018; BastosdeOliveira et al, 2015), 

such studies are absent for ATR.  The preliminary dataset presented here represents our first 

attempt at building an ATR substrate network.  Future work will expand the substrate network 

by, hopefully, >100% through the use of more concentrated lysates, multiple parallel phospho-

enrichments, and extensive (>48 fractions) HILIC prefractionation.  Additionally, targeted 

proteomic approaches using heavy-labelled peptide spike-ins for absolute quantitation, AQUA, 

(Gerber et al, 2003) will be used to analyze a subset of the most robust ATR and resection 

dependent substrates across a broad range of cell lines (both normal and cancer lines), cell cycle 

stages, and DNA damage stressors (including different concentrations, timepoints, and 

therapeutically relevant combination treatments such as ATRi + PARPi). 
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Since both TOPBP1 and BLM appeared as bona fide resection and ATR-dependent 

substrates in our phosphoproteomic datasets, I sought to also build a high-confidence interaction 

map for TOPBP1 using a FLAG-tagged overexpression construct, analogous to what was done 

for Dpb11 in yeast in Chapter 4.  These IPMS experiments revealed TOPBP1 as a central hub 

protein for the DNA damage response and identified a few previously unappreciated putative 

TOPBP1 interactions, such as with the MCM proteins.  In the future, these interactions will need 

to be confirmed by Co-IP Western Blot under endogenous conditions.  Kinase dependencies will 

also need to be determined.  There is still much to be learned about ATR signaling dynamics in 

response to DNA end resection, and it is my hope that this will be a very fruitful project for 

future thesis projects in the Smolka Lab. 

5.7. Materials and Methods 

5.7.1. Mammalian Cell Lines 

U2OS or HCT116 cell lines were used in western blotting experiments, as indicated in 

the figure legend.  Cells were kept at low-passage numbers (<15) and were routinely confirmed 

to be negative for mycoplasma parasites by polymerase chain reaction (PCR).  Cells were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM—Gibco) supplemented with 10% 

v/v bovine calf serum (BCS), nonessential amino acids, and penicillin/streptomycin.  For SILAC 

and IP-SILAC experiments, HCT116 and 293T cells were used, respectively.  These cells were 

grown in SILAC media (Thermo) supplemented with either light or heavy lysine and arginine 

and 10% v/v dialyzed fetal bovine serum (FBS). 

5.7.2. Immunoprecipitation (IP) Mass Spectrometry 
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2x 150mm diameter plastic cell culture dishes were seeded with 2x106 cells and grown to 

~30% confluency.  FLAG-TOPBP1 was transfected using JetPRIME transfection reagent 

according to the manufacturer’s protocol.  48 hours later, cells were harvested by trypsinization 

into a 15mL conical tube and stored overnight at -80C.  Next day, cells were resuspended in 1mL 

of modified RIPA buffer (150mM NaCl, 50mM Tris pH 7.5, 5mM EDTA, 0.2% Tergitol type 

NP40) supplemented with complete EDTA-free protease inhibitor cocktail (Roche), 5 mM 

sodium fluoride and 10 mM β-glycerophosphate and incubated on ice for 20min.  Next, cells 

were lysed by physical disruption using a Branson probe sonicator (3x5sec pulse at 20% 

amplitude with 1min rest between pulses). Following normalization by Bradford assay, ~2.5mg 

of lysate per IP was incubated with FLAG antibody-conjugated resin (either Sigma EZView anti-

M2 FLAG resin or home-made magnetic NHS-coupled FLAG resin, courtesy of Will Comstock) 

for 3 hours at 4˚C with nutation.  Resin was washed 4x in lysis buffer.  Proteins bound to 

antibody-conjugated resin were eluted with 1% SDS, 100mM Tris pH 8.0, and then “light” and 

“heavy” eluates were mixed, reduced with 10mM DTT and alkylated with 25mM iodoacetamide 

followed by precipitation on ice for 1hr in PPT solution (50% acetone, 49.9% ethanol, 0.1% 

acetic acid). Pellets were washed once with PPT then resuspended in urea/tris solution (8M urea, 

50mM Tris pH 8.0). Urea-solubilized pellet was then diluted to 2M urea using NaCl/Tris 

solution (150mM NaCl, 50mM Tris pH 8.0) and digested overnight at 37˚C with 10ug of trypsin 

GOLD (Promega). The following day, samples were desalted using a 50mg Waters Sep-Pak 

column. Eluted peptides were dried and resuspended in 0.1% TFA and subjected for LC-MS/MS 

analysis on a Thermo-Fisher Q-Exactive HF mass spectrometer as recently described (Lanz et 

al., 2018). 

5.7.3. Phosphoproteomics 
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For phosphoproteomic experiments, 4x 150mm cell culture dishes of HCT116 cells were 

grown in “heavy” or “light” SILAC media [complete synthetic medium -Arg-Lys supplemented 

with either isotopically heavy (containing C13 and N 15) or normal (containing C12 and N 14) 

lysine and arginine] to ~80% confluency and treated as described in figure legends.  Cells were 

harvested by trypsinization into a 50mL conical tube and kept at -80C overnight. Next day, 

nuclear enrichment and lysis was performed as described in Appendix E: Protocols.  Purified 

phosphopeptides were then fractionated using HILIC chromatography and subjected to LC-

MS/MS on a Thermo-Fisher Q-Exactive HF mass spectrometer as recently described (Lanz et 

al., 2018). 

5.7.4. Mass Spectrometry Data Analysis 

For IP/MS experiments, raw MS/MS spectra were searched using the SORCERER (Sage 

N Research, Inc.) system running the SEQUEST software over an H. sapiens protein database 

downloaded from Uniprot. Searching parameters included a semi-tryptic requirement, a mass 

accuracy of 15 ppm for the precursor ions, differential modification of 8.0142 daltons for lysine, 

10.00827 daltons for arginine, and a static mass modification of 57.021465 daltons for alkylated 

cysteine residues. XPRESS software, part of the Trans-Proteomic Pipeline (Seattle Proteome 

Center), was used to quantify all the identified peptides. Proteins with fewer than 2 PSMs 

identified were excluded. Statistical analyses were performed using a Wilcoxon rank-sum test. 

For phosphoproteomic experiments, raw MS/MS spectra were searched using the 

COMET engine (part of the Trans-Proteomic Pipeline; Seattle Proteome Center) over an H. 

sapiens protein database downloaded from Uniprot. Searching parameters included a semi-

tryptic requirement, a mass accuracy of 15 ppm for the precursor ions, differential modification 

of 8.0142 daltons for lysine, 10.00827 daltons for arginine, 79.966331 daltons for 
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phosphorylation of serine, threonine and tyrosine (for phosphoproteomic experiments) and a 

static mass modification of 57.021465 daltons for alkylated cysteine residues. Phosphorylation 

site localization probabilities were determined using PTMProphet and quantitation of identified 

phosphopeptides was performed using XPRESS (both tools part of the Trans-Proteomic Pipeline; 

Seattle Proteome Center) for SILAC data.  

5.7.5. Western Blots 

HCT116 or U2OS cell extracts were prepared for western blotting by incubation in 0.1-

0.2mL of modified RIPA buffer (150mM NaCl, 50mM Tris pH 7.5, 5mM EDTA, 0.2% Tergitol 

type NP40) supplemented with complete EDTA-free protease inhibitor cocktail (Roche), 5 mM 

sodium fluoride and 10 mM β-glycerophosphate and incubated on ice for 20min.  Next, cells 

were lysed by physical disruption using a Branson probe sonicator (3x5sec pulse at 20% 

amplitude with 1min rest between pulses). Normalization was done using Bradford assay. 

Lysates were boiled in Laemmli buffer and electrophoresed on either a 9% or a 14% SDS-PAGE 

gel depending on the molecular weight of the protein of interest.  Proteins were transferred wet 

onto a PVDF membrane and incubated with antibody.  Signal detection was performed using 

HRP-coupled secondary antibodies in all cases, imaged with a BioRad ChemiDoc. 
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CHAPTER 6: DISCUSSION 

6.1 Introduction 

In this chapter I will provide a high-level summary of each chapter thus far.  I will 

discuss those chapters which contained experiments (introductory chapters 1 and 2 are 

excluded). In addition, I will reflect on the key findings, implications, and future directions of 

each project, and I will delineate what has been my contribution to several nascent projects in the 

lab, including those proposals contained in appendices F and G. 

The two central themes that percolate throughout this document are: (1) DNA repair and 

(2) phosphoproteomics.  All of my work as a Ph.D. student occurred in those two fields, with 

some projects being more DNA repair involved, and other projects being more hardcore 

proteomics endeavors.  I do not include collaborations in this estimation—those spanned a much 

wider array of molecular biology topics.  

My contribution to DNA repair has largely been the mapping of Mec1/ATR kinase 

substrates.  It is my hope that the publicly available datasets I deposited to the PRIDE proteomics 

database (Martens et al, 2005) will be useful to other scientists.  The greatest source of 

excitement in proteomics is also its greatest tragedy for molecular geneticists like me—there is 

simply not enough time to follow up on all of the hits from proteomics experiments. I followed 

up on one hit out of many—Sgs1—and published a paper (Sanford et al, 2021).  How many 

more papers are lurking in my data?  Only time will tell.  I was always very curious about Uls1 

and Rfa2 phosphorylation, but I was never able to pursue the genetics of these proteins’ 

phosphorylation in response to DNA damage in earnest.  
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Proteomics was the other focus of my research, a focus that culminated in the publication 

(with Vitor Faca) of a paper describing our pipeline for quantitative mapping of kinase substrates 

using SILAC mass spectrometry (Faca et al, 2020). This interest in proteomics was the source of 

several fruitful collaborations published in major journals (Baile et al, 2019; Sulpizio et al, 2019; 

Lanz et al, 2018; Joiner et al, 2020; Lanz et al, 2021).  Additionally, I spent time optimizing 

protocols designed to purify phosphopeptides from IP eluates (Sanford & Smolka, 2021).  I am 

optimistic that these protocols, developed over the course of my Ph.D., will be used by future 

generations of students in the Smolka Lab, and perhaps elsewhere.  The benefit of having 

standardized protocols for phosphoproteomics and IP-IMAC cannot be overstated—my own 

research was greatly accelerated once I had those protocols in place. 

6.2 Maximized Quantitative Proteomics of DNA Damage Signaling 

Mapping kinase substrates is a primary focus of the Smolka Lab (BastosdeOliveira et al, 

2015; Bastos de Oliveira et al, 2018; Smolka et al, 2007).  It was no surprise then, when my 

research began to take shape in ~2018, that proteomics was to be a major focus of my studies.  I 

was initially tasked with delineating Mec1 kinase substrates involved in GCR suppression is S. 

cerevisiae.  My research began to stall, however, when I struggled to balance depth and 

reproducibility in phosphoproteomic studies.  It was around this time that Vitor M. Faca joined 

the Smolka Lab as a visiting professor, and from our discussions spawned a project to 

standardize SILAC phosphoproteomics in the Smolka Lab. 

In any phosphoproteomic experiment, there are two competing needs: (1) the need to 

identify as many phosphopeptides as possible in order to maximize coverage and not lose 

223



potentially causative phosphorylation events and (2) the need to minimize false positive 

identifications.  Unfortunately, these two needs are in conflict—lowering phosphopeptide 

identification stringency necessarily increases the chance of false positives.  In order to balance 

these two competing requirements of good phosphoproteomic data, we first sought to understand 

where false positives arise in SILAC phosphoproteomics studies.  In S. cerevisiae, the proteome 

is sufficiently small that the search space is not encumberingly large even when decoy reverse 

peptides are included in the search space. This allowed for an estimation of FDR using decoy 

peptides. The key finding from these experiments was that decoy hits can be reliably filtered out 

of SILAC data by the inclusion of a “reverse” experiment, that is, an experiment where the 

isotopic labelling scheme has been inverted. 

The inclusion of a filtering step based on isotope inversion—the so-called “bow-tie 

filtering approach”—strikes an appropriate balance between phosphoproteome depth/coverage 

and minimization of false positives.  Using this scheme, we could reliably minimize false 

positives (below a 1% FDR threshold) while still including phosphopeptides with a single 

peptide-spectrum match (PSM) in each forward and reverse experiment.  The efficacy of this 

approach is due to the mechanism by which false positives typically arise in proteomic 

experiments, which is by misidentification of a contaminating peak as a peptide of interest.  By 

inverting the isotopic labelling scheme, the peptide of interest undergoes a mass shift that renders 

it unlikely to be misidentified in the reverse experiment.  

As a proof-of-concept, the bow tie filtering scheme was applied to mapping Mec1 

substrates.  Mec1 is a critical DNA Damage Response apical kinase in S. cerevisiae (Melo et al, 

2001; Friedel et al, 2009). A previous study in our lab identified 66 Mec1 substrates with the 

hallmark S/T-Q consensus motif (BastosdeOliveira et al, 2015).  With the bow-tie approach we 
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were able to identify 211 Mec1-dependent S/T-Q sites, representing a nearly 3x increase in sites 

identified.  Though this is partially explained by newer instrumentation, this represents much 

more than a marginal increase and can be attributed to the increased coverage granted by the 

application of bow-tie filtering (Faca et al, 2020). 

The logical follow up to this work is the application of bow-tie filtering toward the 

mapping of kinase substrates for understudied kinases or those for which a network of high-

confidence substrates is not currently known.  Tel1 is a telomere-regulatory kinase in yeast that 

shares many substrates with Mec1 (Gobbini et al, 2013), and currently no high-quality datasets 

of Tel1 substrates exist.  Tel1 represents an ideal candidate for bow-tie mapping.  Additionally, 

the Yak1 kinase was identified as a substrate of Mec1 using the bow-tie approach, but no 

connection between Yak1 and the DNA Damage Response currently exists (Lee et al, 2008; 

Garrett et al, 1991).  I further propose the careful mapping of Yak1 substrates in response to 

DNA damage and other stressors. Beyond yeast, the bow-tie approach is currently standard 

operating procedure for all phosphoproteomic studies currently being performed in the Smolka 

Lab.  Its application to mammalian cell lines is an exciting area of study that promises to expand 

the signaling networks of mammalian DNA damage signaling kinases such at ATM, ATR, and 

DNA-PK.   

6.3 Phosphoproteomics of Mec1 Signaling in Response to DNA End Hyper Resection in 

Yeast 

The bow tie filtering approach was further used in the work presented in Chapter 4 to 

map substrates of Mec1 kinase in response to DNA end hyper-resection.  The goal of these 
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experiments was to identify Mec1 substrates important for the maintenance of genome stability. 

Additionally, we sought to establish Mec1 as a regulator of downstream steps of homologous 

recombination.  Prior to my work in this area, Mec1 was a well-known regulator of both pro- and 

anti- resection factors, but less was known about how Mec1 might regulate downstream steps of 

HR, such as recombination intermediate dissolution (Dibitetto et al, 2015; Cussiol et al, 2015; 

Pfander & Diffley, 2011; Shimada & Gasser, 2017).  In order to examine the role of Mec1 on 

downstream steps of HR, we conducted phosphoproteomic experiments in cells lacking RAD9, a 

key checkpoint adaptor and regulator of DNA end resection (Ngo & Lydall, 2015; Bonetti et al, 

2015; Tsai & Kai, 2014; Ferrari et al, 2015).  Phosphoproteomic experiments revealed Sgs1 Thr 

1269 as a key target of Mec1 in response to DNA end hyper-resection.  Since Sgs1 is a well 

known regulator of both resection and D-loop dissolution in downstream steps of HR, we 

suspected that its phosphorylation by Mec1 might represent Mec1-dependent regulation of 

downstream steps of HR (Bermúdez-López et al, 2016). 

Following the identification of Sgs1 Thr 1269 as a putative Mec1 substrate upregulated in 

response to aberrant DNA end processing, we next explored the dynamics of Sgs1 

phosphorylation in cells lacking RAD9 using a combination of phosphorylation shift assays and 

purification of Sgs1 to identify phosphorylated residues by quantitative mass spectrometry.  I 

found that Sgs1 undergoes an electrophoretic mobility shift upon DNA damage which is 

exacerbated in cells lacking RAD9, and that this shift is dependent on the Mec1 kinase, 

implicating Mec1 in Sgs1 phosphorylation in response to aberrant DNA end processing.  

Furthermore, by phosphorylation mapping mass spectrometry (described in Sanford & Smolka, 

2021), I identified additional Sgs1 phosphorylation sites upregulated in rad9Δ cells.  Of 

particular interest were a number of S-N consensus sites in the N terminus.  Curiously, I also 
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found that an S-N site in Rfa2, a component of the RPA heterotrimer, is upregulated in rad9Δ 

cells.  The exact mechanism by which Mec1 could induce the phosphorylation of S-N consensus 

sites in unknown, and I lack experimental evidence to propose such a mechanism.  Based on 

pure speculation, I suspect that either (1) there is an as-yet-unknown kinase involved in the 

response to DNA end hyper-processing, or that (2), Mec1 consensus preference is somehow 

relaxed in rad9Δ, perhaps as a mechanism to broaden its substrate network in response to 

aberrant DNA end processing.  This interesting finding represents a key focus area for future 

experiments. 

I next sought to determine whether Mec1 phosphorylation of Sgs1 T1269 was dependent 

on either the Dna2 Mec1-activation pathway or the Ddc1-based pathway (Wanrooij et al, 2016; 

Wanrooij & Burgers, 2015; Navadgi-Patil & Burgers, 2009, 2008).  Phosphoproteomic 

experiments in cell that had either DDC1 or DNA2-based Mec1 activation ablated showed that 

Mec1-dependent phosphorylation of Sgs1 T1269 was partially dependent on Ddc1 but showed 

no dependency on Dna2-based Mec1 activation.  A future experiment could inactivate Dna2 on 

top of Ddc1 to see if loss of Ddc1 leads to a Dna2-dependent Mec1 directed Sgs1 

phosphorylation.  Such a mechanism might explain why, in cells lacking DDC1, there is still 

some residual Sgs1 phosphorylation. 

Since Mec1 phosphorylation of Sgs1 T1269 was partially dependent on Ddc1, I next 

sought to determine if the scaffolding protein Dpb11 localized Sgs1 to sites of DNA end 

resection in cells lacking RAD9.  I first conducted immunoprecipitation mass spectrometry 

(IPMS) of HA-tagged Dpb11 in wild-type cells or cells lacking RAD9.  I found that Sgs1 

interacts robustly with Dpb11 in cells undergoing aberrant DNA end processing, and I was 

further able to confirm this by Co-IP western blotting.  These findings underscore the utility of 
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IPMS in building protein interaction networks, particularly when coupled with SILAC to filter 

away contaminating proteins. While IPMS has been applied to nearly every protein in the human 

proteome, existing large-scale datasets like BioPlex are limited in terms of quantitation and 

reliability (Huttlin et al, 2015).  There is still much work to be done to fully elucidate the scope 

of protein interaction networks, especially in response to various stressors like DNA damage and 

replication stress.  Rather than focus on a large number of proteins, here I built a robust network 

of Dpb11 interactors in response to a number of different stressors and genetic conditions. 

In the work described in Chapter 4 I elucidated the genetic architecture of the Dpb11-

Sgs1 interaction.  This interaction follows the logic of many Dpb11-to-repair protein 

interactions, such as those with Slx4 and Rad9.  The interaction involves Dpb11 first binding to 

Ddc1 through threonine 602 on Ddc1 via its BRCT-3/4 domain. Dpb11 then engages Sgs1 via 

its BRCT-1/2 domains.  Due to this Ddc1-dependency, the interaction is also Mec1-dependent, 

since Mec1 is the kinase responsible for phosphorylating T602 on Ddc1 (Puddu et al, 2008; 

Navadgi-Patil & Burgers, 2009). It remains unknown whether this Mec1 dependency occurs 

solely through Ddc1, or if Mec1 phosphorylates key residues on Sgs1 so that it can engage with 

Dpb11. 

In order to determine the relevance of the Dpb11-Sgs1 interaction for genome stability 

and the response to DNA damage, I sought to abrogate the interaction by mutating critical 

phospho-residues in Sgs1 that must mediate its interaction with Dpb11, since both Dpb11 and its 

human ortholog TOPBP1 interact with phosphoproteins via their BRCT domains (Sun et al, 

2017; Yu et al, 2003; Bork et al, 1997).  I undertook mutation of Sgs1 phosphorylation sites, 

both experimentally observed (by IP-IMAC-MS) and speculated (based on the presence of serine 
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or threonine residues in putative regions of importance) for a period of roughly 1 year.  I was not 

able to definitively identify the critical causative phosphorylation site mediating the Sgs1-Dpb11 

interaction.  As an alternative to a phospho-mutant, I instead fused Sgs1 to BRCT domains 3 and 

4 of Dpb11 to create a dominant negative effect (i.e. a version of Sgs1 that was constitutively 

localized to Ddc1).  I speculated that this fusion protein should exhibit a “hyper-rejector” 

phenotype and impair recombination, especially at non allelic loci as measured by genetic assays 

(SSA assay, courtesy of Eric Alani).  Assays measuring recombination (break induced 

replication assay, gene conversion assay, single strand annealing assay) proved this to be the 

case.   

The data presented in Chapter 4 described a role for Mec1 in the regulation of HR steps 

downstream of resection control, a role which is incompletely understood.  This further expands 

the network of Mec1 substrates to include HR regulators and provides clues as to how 

Mec1/ATR might ultimately prevent gross chromosomal rearrangements in budding yeast and 

mammalian cells.  This work served to open several lines of follow-up experiments, some of 

which are currently underway.  The chief follow-up of my work on the Mec1-dependent hyper-

resection response in yeast is the elucidation of Mec1 substrates involved in GCR suppression in 

yeast.  I speculate that Sgs1 may be the critical Mec1 substrate that suppresses chromosomal 

rearrangements.  Efforts are currently underway to recapitulate Mec1-dependent GCR 

suppression using a variety of Sgs1 fusion proteins in budding yeast.  Another logical follow-up 

to this work, which is presented in Chapter 5, is the understanding of how the mammalian 

resection signaling response is orthologous to (or perhaps different from) the response in yeast.  

Preliminary evidence suggests that the ATR targets in response to DNA end resection are highly 

conserved between yeast and mammalian cells.  Genetic studies will be required to determine the 
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role these conserved substrates play in genome stability.  Overall, the work presented in chapter 

4 hints at a mechanism for Mec1-dependent HR regulation the Dpb11 and Sgs1, and this work 

opens new lines of investigation into GCR suppression in yeast and mammalian cells.  In the 

future, I envision this study would serve as the foundation for (1) an elucidation of Mec1-

dependent GCR suppression and (2) the identification of causative phosphorylation sites in Sgs1 

that mediate its interaction with Dpb11.   

6.4 Phosphoproteomics of Resection Signaling in Mammalian Cells 

Chapter 5 describes my efforts to map resection-dependent signaling in mammalian cells.  

This project represents one of the main follow-up lines of investigation arising from (Sanford et 

al, 2021), presented in Chapter 4.  The motivation for pursuing the preliminary work presented in 

Chapter 5 was the realization that few high-quality DNA damage response kinase substrate 

mapping datasets exist in the literature, especially studies using SILAC or similar metabolic 

labelling strategies, which I view as the gold-standard approach for assigning kinase-substrate 

relationships.  Building on our findings in yeast that Mec1 signaling is modulated by DNA end 

resection, I wanted to further map ATR substrates by resection dependency and thereby begin the 

work of generating a high-confidence ATR substrate network that was stratified by both DNA 

damage inducibility and DNA end resection dependency. 

For the preliminary data presented in Chapter 5, 3 full SILAC experiments (forward + 

reverse) were conducted.  HCT-116 cells cultured in SILAC media with the heavy or light lysine 

+ arginine isotopologues were used in all experiments described.  In experiment 1, vehicle 

treated cells were compared to CPT-treated cells to determine sites that were DNA damage 
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inducible. In experiment 2, CPT-treated cells were compared to CPT-treated cells additionally 

challenged with ATR inhibitor VE-821 to determine ATR-dependent sites.  Finally, in 

experiment 3, CPT-treated cells were compared to CPT-treated cells additionally challenged with 

2 resection inhibitors, PFM-01 (Mre11 inhibitor) and NSC-105808 (Dna2 inhibitor).  Merging 

these datasets together yielded a preliminary ATR, resection, and CPT dependency, or “ARC”, 

dataset.  In total I found 34 sites to be highly ATR and resection dependent and CPT-inducible.  

Among those 34 sites were phosphorylation sites in TOPBP1 and BLM, the human orthologs of 

Dpb11 and Sgs1, respectively.  The data so far indicate a high degree of conservation between 

yeast and mammalian cells, but genetic studies will be required to understand the relevance of 

these sites for genome maintenance. 

Since TOPBP1 and BLM were both key ARC substrates, I next sought to conduct 

TOPBP1 interactomics in the style of the Dpb11 interactomics conducted for (Sanford et al, 

2021).  The motivation for these experiments was not to identify new TOPBP1 substrates 

(though several new interacting partners, such as PARP1, did appear in the dataset), but rather to 

identify the resection and ATR dependency of existing TOPBP1 interactors such as BLM and 

BRCA1.  BLM and BRCA1 did indeed exhibit resection dependency, but not other TOPBP1 

interactors such as 53BP1, MDC1, or members of the RFC complex.  This hints at a similar 

mechanism for resection-dependent assembly of HR-regulatory complexes in mammalian cells 

similar to the assembly of Dpb11-Sgs1 complexes in yeast.  A key future experiment will be to 

test whether the TOPBP1-BLM interaction can be modulated by mutations of specific 

phosphorylation sites to alter HR outcomes, specifically as measured by sister chromatid 

exchanges (SCEs). 
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The preliminary data presented in Chapter 5 is rich with future directions, and I will 

speculate on those directions here.  It is clear that this project will find significant publication 

appeal, even if no genetic studies pan out, because of the dire need for high-confidence substrate 

networks of DNA damage kinases.  That data alone, stratified by resection dependency and DNA 

damage inducibility in CPT, will be useful to the field of DNA repair.  The -omics data could be 

further supplemented by exploring additional kinases such as DNA-PK and ATM, or by 

exploring other types of DNA damage (ionizing radiation and nucleotide depletion-induced 

replication stress).  These data have the potential to answer long-standing questions about DNA 

damage sensor kinase substrate specificity, motif stringency, and overlap between kinase targets.  

Furthermore, such data, if stratified by DNA damage type, would identify key modes of kinase 

signaling in response to different DNA damage stressor types. 

6.5 Envisioning a Humanized GCR Assay (Related to Appendix F) 

In yeast, one of the mainstay assays that geneticists use to determine the impact of certain 

pathways on genome stability is the gross chromosomal rearrangement assay (Putnam & 

Kolodner, 2017, 2010). If the GCR assay does not meet the specific needs of a given experiment, 

then there remain several other assays useful for measuring recombination efficiency, such as the 

gene conversion, break induced replication, or single-strand annealing assays (Sugawara et al, 

2004; Ira et al, 2003; Anand et al, 2014).  One of the challenges in working with mammalian 

cells is the lack of assays to measure recombination events, specifically aberrant recombination 

events leading to chromosomal rearrangements.  This dearth of assays to measure aberrant 

recombination has been a damper on the elucidation of ATR substrates responsible for protecting 

genome integrity. 
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Appendix F contains a proposal for an assay, termed Genome Rearrangement Immuno-

Precipitation coupled to Sequencing (GRIP-Seq), that would detect and quantify genome 

rearrangements occurring in response to a Cas9-induced double strand break in vivo.  This 

proposal was awarded $15,000 seed funding by the Cornell Genomics Innovation Hub for 

preliminary experiments.  Using this assay, I envision that GCR rate estimates could be 

generated in mammalian cell lines, where complex rearrangements are already well documented 

during carcinogenesis (Hadi et al, 2020).  Furthermore, the contribution of DNA damage sensor 

kinases such as ATR, ATM, and DNA-PK toward suppressing genomic rearrangements could be 

directly assessed.  

6.6 Phosphoproteomics: A New Window on Protein Structure Analysis? (Related to 

Appendix G) 

Phosphoproteomic datasets output tens, hundreds, or sometimes even thousands of sites 

that may be correlated with a particular perturbation.  There are two main challenges in dealing 

with such data.  The first is identifying which sites to study with genetics, and the second is 

eliciting a phenotype upon mutation of single sites or clusters of sites.  The second difficulty 

stems from the seeming promiscuity of kinases to phosphorylate nearly any consensus-matching 

sequence in a target protein, regardless of whether the phosphorylation event is physiologically 

important.  Appendix G outlines a proposal, which was one of 2 submissions nominated by 

Cornell OVPRI for the Regeneron Creative Innovation Prize.  The focus of this proposal is to 

find a use for phosphoproteomics in enriching for causative phosphorylation events and 

expanding our understanding of the role of phosphorylation in regulating protein dynamics. 
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Briefly, the proposal contained in Appendix G involves quantifying phosphatase-resistant 

phosphorylation events by mass spectrometry to identify sites that are occluded from 

dephosphorylation.  In preliminary experiments I find that approximately 15% of the S. 

cerevisiae phosphoproteome is resistant to dephosphorylation by recombinant Lambda 

phosphatase.  I hypothesize that there are two potential explanations for this observation.  One 

explanation is that these phosphorylation events mediate protein:protein interactions, and my 

lysis procedure leaves interactions intact such that the phosphate at the protein:protein 

interaction interface cannot be dephosphorylated.  This likely explains some of what I see, but in 

reality on a very small number of sites that we find to be PPase insensitive are located at 

validated protein interfaces according to SuperPHOS (Lanz et al, 2021).  A second possibility is 

that these sites are located in regions that undergo protein conformational shifts in response to 

phosphorylation, a possibility that I have termed “intramolecular steric occlusion” (see Appendix 

G for details).  Indeed, this explanation is supported by the observation that disordered protein 

domains are overrepresented in PPase insensitive sites according to AlphaFold (Jumper et al, 

2021).  Disordered protein domains are rich in polar amino acids and likely solvent exposed—

how then is it possible that phosphorylation sites in these domains are protected from 

phosphatase action, unless the phosphorylation event mediates a conformational change (a 

disorder-to-order transition) that results in steric occlusion of the phosphate?  This is our favored 

explanation and one that we are eager to pursue in future studies. If I were to begin my Ph.D. 

anew, I might choose “TopoPHOS” (my pet-name for this proposal) as my high-risk thesis 

project, because it seethes with potential.  Instead, I leave my preliminary work on this topic to 

some future Smolka Lab student—and I do hope someone eventually comes along to elevate this 

project to its full 
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potential.  In the methods appendix I have written both detailed phosphoproteome protocols as 

well as a protocol for phosphatase treatment that may be useful to whoever continues this work. 

The most immediate follow-up is to validate my preliminary studies in yeast, to do the 

same initial experiment in unchallenged mammalian cell lines, and to test whether the PPase-

insensitive phosphoproteome changes in response to major perturbations like heat shock, 

anaerobic growth conditions (in the case of yeast), or DNA damage.  I would expect that a subset 

of insensitive sites is essentially immutable, and that this represents core cellular functions that 

rely on phosphorylation for proper protein folding.  I further expect that there must be a subset of 

PPase insensitive sites that is dynamic and appears in response to cellular stressors as a 

mechanism to expand the number of proteoforms encoded in the proteome.  Creating an atlas of 

PPase insensitive phosphorylation sites represents the first step in what will likely be a long-term 

effort to understand how PTMs expand proteome functionality and enable cellular 

communication and homeostasis.   

An atlas of PPase insensitive sites could be mined for biologically important data.  For 

example, I might investigate whether certain protein structural motifs predict whether the 

addition of a phosphate will modulate a disorder-to-order transition—this will, of course, require 

conducting the appropriate controls to ensure that recombinant PPases do not have a particular 

consensus preference.  I could further investigate whether certain kinases have a propensity to 

target proteins for modifications that create intramolecular steric occlusion events.  I envision 

that, in the future, kinases could be classified not only by their consensus preference but also by 

their propensity to induce protein conformational changes.  With sufficient data from yeast, 

mouse, and human cells, I could investigate whether sterically occluded phosphorylation 

235



events are evolutionarily conserved.  There will be a wealth of data produced from mapping 

PPase insensitivity across cell lines and stressors.  

At the individual protein level, recent developments in expression of phosphoserine 

tRNAs that allow for genetically encoded phosphorylation will enable the purification of 

stoichiometrically phosphorylated proteins of interest (Beránek et al, 2018; Zhu et al, 2019).  

These purified phosphoproteins could then be subjected to a litany of structural analyses to 

determine the influence of sterically occluded phosphates on protein structure.  As a first pass, 

partial trypsinolysis would be used to ascertain whether any large-scale conformational changes 

are induced.  Then, low-resolution structural techniques like circular dichroism could be used 

assess whether secondary structural changes occur (as would be expected if there are disorder-to-

order transitions).  As a complementary approach, crosslinking mass spectrometry with MS-

cleavable crosslinkers could be used to assess conformational changes (Yugandhar et al, 2020; 

Herzog et al, 2012).  Finally, high-resolution structures of proteins in their native or phospho-

isoforms could be obtained by x-ray crystallography or cryo-EM to determine the influence of 

phosphorylation on protein structural dynamics.  TopoPHOS has the potential to greatly expand 

our understanding of the influence of PTMs on protein dynamics in cells. 
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APPENDIX A: PRIMERS AND PLASMIDS USED IN THESE STUDIES 

Yeast ORF deletion primers:  

Sgs1_del_for: 

ATTATTGTTGTATATATTTAAAAAATCATACACGTACACACAAGGCGGTAgcagattgtact

gagagtgc 

Sgs1_del_rev: 

TTGGCGAATGGTGTCGTAGTTATAAGTAACACTATTTATTTTTCTACTCTtgccgatttcggc

ctattgg 

Rad9_del_for: 

AGAAACGCCATAGAAAAGAGCATAGTGAGAAAATCTTCAACATCAGGGCTgcagattgta

ctgagagtgc 

Rad9_del_rev: 

TATTTAATCGTCCCTTTCTATCAATTATGAGTTTATATATTTTTATAATTtgccgatttcggcct

attgg 

Rev3_del_for: 

ATTTGAGTCAATACAAAACTACAAGTTGTGGCGAAATAAAATGTTTGGAAgcagattgtac

tgagagtgc 

Rev3_del_rev: 

ATAGAAACAAATAACTACTCATCATTTTGCGAGACATATCTGTGTCTAGAtgccgatttcgg

cctattgg 
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Mec1_del_for: 

AGGCTGGACAACAAGAACGACATACACCGCGTAAAGGCCCACAAGACTGCgcagattgta

ctgagagtgc 

Mec1_del_rev: 

TGGTTAGATCAAGAGGAAGTTCGTCTGTTGCCGAAAATGGTGGAAAGTCGtgccgatttcg

gcctattgg 

Ddc1_del_for: 

ATACTATTGCTAGTGTAACAATAACACAGCATAACTTTGCTTAGACATATgcagattgtact

gagagtgc 

Ddc1_del_rev: 

CTACTTCATCTAATATTTACACGCCTTTATACTGATTTTGCATTATGGTTtgccgatttcggcc

tattgg 

CRISPR Cas9 gRNA primer sequences (for use with bRA89 or bRA90 plasmid in Table 

EV3; red text color indicates overhang sequence added for complementarity to BplI-

linearized plasmid) 

DNA2-AA_gRNA1_F: TCACGATTTCACTCAAGACGGTTTT 

DNA2-AA_gRNA1_R: CGTCTTGAGTGAAATCGTGAGATCA 

T602A_gRNA_F: ACACAAGTAGAAAAGCCAAGGTTTT 

T602A_gRNA_R: CTTGGCTTTTCTACTTGTGTGATCA 
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rad9_del_grna_F: GTTCATGTCGCCATCAGCCAGTTTT 

rad9_del_grna_R: TGGCTGATGGCGACATGAACGATCA 

gblocks used for CRISPR homology-directed repair 

Ddc1_T602A_gblock: 

CAAAAAGGGCAGACACCACTGTGACATGGGGAAAAGCGTTACCAGCTGCAGATGAT

GAGGTTTCATGCAGCAATATCGATAGAAAAGGAATGCTCAAGAAAGAAAAATTGAA

GCATATGCAAGGTCTGTTGAATTCCCAGAATGACACAAGTAATCACAAGAAACAGG

ACAATAAAGAGATGGAAGATGGGCTGGGTCTAGCGCAGGTTGAGAAACCTCGCGGT

ATATTTGACTAAAACCATAATGCAAAATCAGTATAAAGGCGTGTAAATATTAGATG

AAGTAGCAATTATCATGATAATATCGATCGCTGTTTTTTTTTTTTTTTCTGTCTCAATT

TGGTGAGCGTGCGGCTGATGGTCCATCACGGTCGGGGAACAAACTAAAATTTTCAAT

AGCA 

DNA2-AA gblock: 

CAATGCAAGTGTCCTAAAGTCAATAGCCGTTTCACAAGTACGAAATACATCAAGAA

CAAAAGATATAAACAAAGCAGTTAGCAAGAGCGTAAAGCAATTACCAAATTCACAA

GTTAAACCGAAACGGGAAATGTCTAATTTGAGTAGGCATCACGATTTCACTCAAGAC

GAAGACGGCCCCATGGAAGAAGTAATAGCGAAAGCGTCACCTTTACAACGAGATAT

GTCCGACAAAACAACAAGCGCTGCCGAATACTCTGATGACTACGAAGATGTCCAAA

ATCCCTCTTCTACACCTATAGTCCCTAATCGACTGAAAA 

rad9_crisprdeletion_gblock: 

ATTAAACACGCGAGGATTTTTGTTCGTGGATATTTGCAACGATGAGCAATGTGAAGT
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GAGCAAGATAGAGAAACGCCATAGAAAAGAGCATAGTGAGAAAATCTTCAACATC

AGGGCTATGTCAGGCCAGTTAGTTCAATGGAAAAGCTCTCCATAGTGAGAAACCCA

TGCTAACTGATAATAAGCACTGCATTCTTAATAGGCTGATGGCGACTAAAACGAAAT

GAATGTTCCCGTTGATCCGTTGGAAAACAAGGTAAATAGCACAAACATAATCGAAG

GAAGTCCCAAAGCAAATCCAAATCCTGTCAAGTTTATGAATACAAGTGAGATATTTC

AAAAATCTCTGGGATTACTTGACGAGAGTCCAAGACATGATGATGAGTTAAATATTG

AAGTAGGAGATAATGATCGACCAAA 
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APPENDIX B: YEAST CELL LINES USED IN THESE STUDIES 

ID Number Description Full Genotype 

150 150 MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP 

3201 150 rad9Δ MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX 

3202 150 rad9Δ 

mec1Δ 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX mec1ΔnatMX 

3203 150 rad9Δ 

ddc1Δ 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX ddc1ΔnatMX 

3204 150 rad9Δ 

DDC1T602A 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX DDC1T602A 

3205 150 rad9Δ 

DNA2WYAA 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX DNA2W128A;Y130A  

3206 150 DPB11-

3xHA 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP DPB11-3xHA::g418r 

3207 150 rad9Δ 

DPB11-3xHA 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX DPB11-3xHA::g418r 

3208 150 SGS11-

6475FLAG 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP SGS11-6475FLAG:natMX 

3209 150 rad9Δ 

SGS11-

6475FLAG 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX SGS11-6475FLAG:natMX 

3210 150 SGS11-

6475FLAG 

DPB11-3xHA 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP SGS11-6475FLAG:natMX DPB11-3xHA::g418r 
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3211 150 rad9Δ  

SGS11-

6475FLAG 

DPB11-3xHA 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX SGS11-6475FLAG:natMX DPB11-

3xHA::g418r 

3212 150 rad9Δ 

mec1Δ  SGS11-

6475FLAG 

DPB11-3xHA 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX mec1Δ::his3MX SGS11-

6475FLAG::natMX  DPB11-3xHA::g418r 

3213 150 rad9Δ 

ddc1Δ  SGS11-

6475FLAG 

DPB11-3xHA 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX ddc1Δ::his3MX SGS11-

6475FLAG::natMX  DPB11-3xHA::g418r 

3214 150 rad9Δ 

tel1Δ  SGS11-

6475FLAG 

DPB11-3xHA 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX tel1Δ::his3MX SGS11-

6475FLAG::natMX  DPB11-3xHA::g418r 

3215 150 rad9Δ 

mec1Δ tel1Δ  

SGS11-

6475FLAG 

DPB11-3xHA 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX mec1Δ::URA3 SGS11-

6475FLAG::natMX tel1Δ::his3MX DPB11-3xHA::g418r 

3216 150 rad9Δ 

DDC1T602A  

SGS11-

6475FLAG 

DPB11-3xHA 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX DDC1T602A SGS11-6475FLAG::natMX  

DPB11-3xHA::g418r 

3217 150 SGS1-

13xMYC 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP SGS1-13xMYC::g418 
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3218 150 rad9Δ 

SGS1-13xMYC 

MATalpha, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, 

ade8, arg4∆, sml1∆:TRIP rad9Δ:hphMX  SGS1-13xMYC::g418 

3219 YRA213 Mata::DEL HOcs::hisG ura3DB51 trpDEL.63 leu2DEL::Kan hmlDEL::hisG 

HMR::ADE3 ade3::GAL::HO can1DEL::URA::  HOcs::HPH, A3::TRP1 

3220 YRA213 rad9Δ Mata::DEL HOcs::hisG ura3DB51 trpDEL.63 leu2DEL::Kan hmlDEL::hisG 

HMR::ADE3 ade3::GAL::HO can1DEL::URA::  HOcs::HPH, A3::TRP2 

rad9DEL::crispr 

3221 YRA213 rad9Δ 

sgs1Δ 

Mata::DEL HOcs::hisG ura3DB51 trpDEL.63 leu2DEL::Kan hmlDEL::hisG 

HMR::ADE3 ade3::GAL::HO can1DEL::URA::  HOcs::HPH, A3::TRP3 

rad9DEL::crispr sgs1DEL::NATMX 

3222 tGI 354 ho hml∷ADE1 MATa-inc hmr∷ADE1 ade1 leu2-3,112 lys5 trp1∷hisG ura3-

52 ade3∷GAL∷HO arg5,6::MATa::HPH 

3223 EAY1141 mat::leu2::hisG hmrΔ3 thr4 leu2 trp1 THR4-ura3-A(205bp)-HOcs-URA3-A 

ade3::GAL10-HO::NAT 

3224 EAY 1143 mat::leu2::hisG hmrΔ3 thr4 leu2 trp1 THR4-ura3-F(205bp)-HOcs-URA3-A 

ade3::GAL10-HO::NAT 

3225 BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

3226 BY4741 rev3Δ MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 rev3Δg418r 

3227 LSY3755-7A MATa RAD5 ura3-1::P_ADH1-OsTIR1-9xMyc-URA3 hmlDelta hmrDelta 

ade2-1 trp1-1 leu2-3,112 his3-11,15 

3228 LSY3801-4A MATa RAD5 ura3-1::P_ADH1-OsTIR1-9xMyc-URA3 dna2-aid-hphMX 

exo1::kanMX hmlDelta hmrDelta ade2-1 trp1-1 leu2-3,112 his3-11,15 

3229 LSY3755-7A 

rad9Δ 

MATa RAD5 ura3-1::P_ADH1-OsTIR1-9xMyc-URA3 hmlDelta hmrDelta 

ade2-1 trp1-1 leu2-3,112 his3-11,15  rad9Δ:natMX 

3230 LSY3801-4A 

rad9Δ 

MATa RAD5 ura3-1::P_ADH1-OsTIR1-9xMyc-URA3 dna2-aid-hphMX 

exo1::kanMX hmlDelta hmrDelta ade2-1 trp1-1 leu2-3,112 his3-11,15 

rad9Δ:natMX 
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APPENDIX C: ANTIBODIES USED IN THESE STUDIES 

Antibody Description Type Suggested Dilution Manufacturer: Cat. No. 

DYKDDDDK (FLAG) Mouse 1:10000 Millipore: F3165-.2MG 

EQKLISEEDL (Myc) Mouse 1:1000 Cell Signaling: 2272S 

HA epitope Mouse 1:10000 Thermo: 26183 

V5 epitope Rabbit 1:5000 Cell Signaling: 13202S 

Total SQ/TQ Rabbit 1:1000 Cell Signaling: 2851S 

hs BLM Rabbit 1:1000 Bethyl: A300-110A 

hs RPA32 Mouse 1:2000 Gift from Raimundo Freire 

hs RPA32 pS4/S8 Rabbit 1:1000 Bethyl: A700-009 

hsRPA32 S33 Rabbit 1:1000 Bethyl: A300-246A 

hs RAD51 Mouse 1:1000 Bethyl: A302-645A 

hs TOPBP1 Mouse 1:2000 Gift from Raimundo Freire 

hs CHK1 Mouse 1:1000 Cell Signaling: 2360S 

hs CHK1 pS345 Rabbit 1:1000 Cell Signaling: 2341T 

hs CHK1 pS317 Rabbit 1:1000 Cell Signaling: 2344T 

hs GAPDH Mouse 1:2000 Abcam: ab8245 

hs DNA-PK pS2056 Rabbit 1:1000 Thermo: PA5-78130 

hs Beta Actin Rabbit 1:2000 Cell Signaling: 4967S 

sc RAD53 Mouse 1:30 Abcam: ab166859 
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APPENDIX D: MASS SPECTROMETRY DATA 

The published mass spectrometry data referenced in this thesis can be accessed using the 

following PRIDE identifiers: XD017286, PXD017289, PXD023438, PXD017322 and 

PXD017339.  Unpublished mass spectrometry data is stored locally in the Smolka Lab in 334 

Weill Hall and is available upon request. 
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APPENDIX E: PROTOCOLS 

Protocol 1: BIR Assay 

This assay is used to measure Break-Induced Replication (BIR) using an intra-chromosomal 

URA3 reporter (Fig. 1) as described in Anand et al. 2014, Genes Dev. Not to be confused with 

similar inter-chromosomal BIR assays reported elsewhere.  The base strain for this assay is 

YRA213, which is MBS3219 (see Appendix B for exact genotype).  This strain does not have 

many available markers: only NATR and LEU2 may be used as selectable markers to modify 

these strains.  If many modifications are required for your purposes, I recommend using the 

bRA90 (Cas9, LEU2) plasmid to make modifications using CRISPR/Cas9.  The CRISPR 

plasmid is easily cured and can be used to make sequential modifications.  This BIR assay may 

be used as a sensitive test for homologous recombination defects, because the long-tract 

synthesis required for this type of repair makes the assay quite sensitive to subtle HR defects. 

Figure A1: BIR Assay Principle. In the presence of galactose, the HO endonuclease introduces 

a double strand break at a truncated copy of the URA3 gene.  If BIR occurs, an intrachromosomal 

partial URA3 gene with homology to the truncated copy will be used in repair, resulting in 

URA+ survivors. 
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Observations: 

• This protocol requires selective plates if using plasmids.

• Best to do 4 technical replicates for each condition, take an average, and repeat this 3

times to get a robust estimate of BIR efficiency.  I always did my 3 biological replicates

on different days to avoid batch effects.

• For plating to be maximally reproducible, sonicate cultures before use, because yeast

cells tend to clump.

• Plate 70x more cells on galactose and account for this in the calculation of BIR

efficiency.

• BIR efficiency will vary depending on the amount of time you leave cells in the

incubator, so it is EXTREMELY IMPORTANT to count all of your experiment at the

same time point since plating.  If you’re working with a sick train, however, an additional

day of growth for the sick strain may be required, lest you accidentally calculate 0% BIR

efficiency because your strain did not grow as fast as you expected!

• BIR efficiency of WT cells (YRA213) tends to be in the 2-5% range if using selective

media and 5-10% if using rich media.

Materials: 

• 20% Galactose (100g in 500mL, filter sterilize)

Methods:  

Making plates 

1. To a 1 L pyrex bottle with a stir bar, add 12.5 g of Agar, 10 g Peptone, and 5 g Yeast

Extract. Pour in 450 mL of ddH2O and autoclave

2. After autoclaving, add 50 ml 20% galactose and let stir for 10-15 minutes

251



3. Pour the plates (best to let dry on your bench for 24-48 hours)

4. Repeat this process for plates with glucose (adding 20mL of 40% glucose instead of

galactose).

BIR Assay 

1. Dilute cells to 1 OD/ml in an eppendorf tube (this is tube 1)

2. Add 20 µl cells from (1) to 980 µl H2O (this is tube 2)

3. Add 10 µl cells from (2) to 990 µl H2O (this is tube 3)

4. Plate 50 µl from (3) onto YPD glucose plates. Plate 35 µl from (2) onto galactose plates.

5. Incubate plates at 30 °C for 3 days.

6. To get a measure of BIR efficiency, count colonies and divide (#GAL/70) / (#GLU) *

100
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Protocol 2: GC Assay 

This assay is used to measure interchromosomal gene conversion (GC) events that result in the 

loss of an HO-endonuclease cut site, resulting in survivors on galactose plates (Fig. 2), as 

described in Ira et all (2003), Cell. The base strain for this assay is tGI-354, which is MBS3222. 

Figure A2: GC Assay Principle. In the presence of galactose, the HO-endonuclease creates a 

DSB at an ectopic MATa locus on Chr. V.  Survivors result from gene conversions from the 

endogenous inactivated MATa locus on Chr. III. 

Observations:  

• This protocol requires selective plates if using plasmids

• Best to do 4 biological replicates each condition, take an average, and do this 3 times to

get a robust estimate of GC efficiency

Materials: 

• 20% Galactose

Methods:  

Making plates 
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1. To a 1 L pyrex bottle with a stir bar, add 12.5 g of Agar, 10 g Peptone, and 5 g Yeast 

Extract. Pour in 450 mL of ddH2O and autoclave 

2. After autoclaving, add 50 ml 20% galactose and let stir for 10-15 minutes 

3. Pour the plates (best to let dry on your bench for 24-48 hours) 

4. Repeat this process for plates with glucose (adding 20mL of 40% glucose instead of 

galactose). 

GC Assay 

1. Dilute cells to 1 OD/ml in an eppendorf tube (this is tube 1) 

2. Take 20 µl cells from (1) and add to 980 µl H2O (this is tube 2) and vortex 

3. Take 10 µl cells from (2) and add to 990 µl H2O (this is tube 3) and vortex 

4. Plate 75 µl (~450 cells) from (3) onto YPD glucose plates. Plate 75 µl (~450 cells) from 

(3) onto galactose plates.  

5. Incubate plates at 30℃ 

6. After 3 days of growth, count colonies.  Gene conversion efficiency = # colonies on GAL 

/ # colonies on GLU 
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Protocol 3: Quick GCR Assay 

Observations:  

• This protocol works best for yeast strains with HIGH levels of genetic instability 

Materials:  

• Canavanine 

• 5-FOA 

• CSM –Arg –His –Lys –Ura powder 

• Histidine 

• Uracil 

• Lysine 

Solutions: 

• 4x GCR media mix 

o 1 g 5FOA 

o 60 mg Canavanine Sulfate 

o 0.65 g  CSM –Arg –His –Lys –Ura 

o 20 mg Histidine 

o 50 mg Uracil 

o 25 mg Lysine 

o 200 mL ddH2O  

o 50 mL of 50% Glucose 

Methods:  

Making GCR plates 

1. In a 2 L pyrex bottle, mix 24 g of Bacto Agar in 750 mL of ddH2O and autoclave 
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2. In 500 mL beaker with a stir bar, make the 4x GCR media mix 

1. 1 g 5FOA 

2. 60 mg Canavanine Sulfate 

3. 0.65 g  CSM –Arg –His –Lys –Ura 

4. 20 mg Histidine 

5. 50 mg Uracil 

6. 25 mg Lysine 

7. Dissolve in 200 mL ddH2O and 50 mL of 50% Glucose (a little heat needed) 

3. Filter sterilize the 4x GCR media mix and pour all 250 mL into the bottle containing 750 

mL of autoclaved agar 

4. Pour the plates (best to let dry on your bench for 24-48 hours) 

GCR Assay 

1. Obtain single colonies from strain of interest on agar plate 

1. I use colonies that have been on plate for ~48 hours 

2. Transfer ALL of the colony into 2 mL of liquid culture and let grow to OD of 1 (to 

saturation if minimal media) 

3. You will have to test different amounts of cells to plate depending on the instability of the 

strain you are testing – between 0.5 mL to 1 mL of the saturated 2 mL culture is a good 

starting amount for strains expected to be unstable 

4. Spin down the cells you wish to plate and wash with 300 uL of H2O (get rid of Arg from 

the liquid media) 

5. Resuspend cells in 150 uL of H2O and spot on the GCR plate 
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Protocol 4: SSA Assay 

Observations:  

• This protocol requires selective plates if using plasmids 

• Best to do 4 biological replicates each condition, take an average, and do this 3 times to 

get a robust estimate of SSA efficiency 

Materials:  

• 20% Galactose  

Methods:  

Making plates 

1. To a 1 L pyrex bottle with a stir bar, add 12.5 g of Agar, 10 g Peptone, and 5 g Yeast 

Extract. Pour in 450 mL of ddH2O and autoclave 

2. After autoclaving, add 50 ml 20% galactose and let stir for 10-15 minutes 

3. Pour the plates (best to let dry on your bench for 24-48 hours) 

4. Repeat this process for plates with glucose (adding 20mL of 40% glucose instead of 

galactose). 

SSA Assay 

1. Dilute cells to 1 OD/ml in an eppendorf tube (this is tube 1) 

2. Take 20 µl cells from (1) and add to 980 µl H2O (this is tube 2) and vortex 

3. Take 10 µl cells from (2) and add to 990 µl H2O (this is tube 3) and vortex 

4. Plate 75 µl (~450 cells) from (3) onto YPD glucose plates. Plate 75 µl (~450 cells) from 

(3) onto galactose plates.  

5. Incubate plates at 30℃ 
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6. After 3 days of growth, count colonies.  SSA efficiency = # colonies on GAL / # colonies 

on GLU.  Divide SSA efficiency of AA (EAY1141) strain by SSA efficiency of FA 

(EAY 1143) strain to get a measure of heteroduplex rejection. 
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Protocol 5: LiAc Yeast Transformation 

Observations:  

• Boil salmon sperm DNA for 5 min and quickly chill on ice 

o It is not necessary to boil the salmon sperm DNA every time. Keep an aliquot in 

your freezer box and boil after 3-4 freeze-thaws 

• PEG 8000 is extremely viscous—to efficiently resuspend the pellet, disrupt the cells by 

vigorously mixing with the tip of the pipette - use PEG 3500 instead 

Materials: 

• 1 M lithium acetate, filter sterilized 

• 50% PEG 3350 or 8000, filter sterilized 

• 10 mg/ml salmon sperm DNA 

Solutions:  

• TRAFO Mix (per transformation—recommended to make a master mix if doing multiple 

reactions) 

• 240 µl PEG 50% 

• 30 µl 1 M LiAc 

• 10 µl SS-DNA, 10 mg/ml 

Method: 

1. Optional: inoculate your yeast strain of interest in 5 mL YPD and let grow O/N at 30° C 

at 220 rpm.  Having a fresh culture like this increases the transformation efficiency. 

2.  Next day, dilute the culture in 50 ml YPD to an O.D. of ~0.05 (O.D. 0.1 - 0.2 for sick 

strains) and incubate at 30°C at 250 rpm until the O.D. reaches ~0.4.  Alternatively, take 
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a match-head’s worth of yeast from a plate and inoculate 50 mL YPD. Grow ~6-8 hrs 

until O.D. ~0.4 

3. Harvest the culture in a sterile 50 ml centrifuge tube at 1000 x g for 5 min at 4°C. 

4. Pour off the medium, resuspend the cells in 1 ml of 100 mM LiAc and transfer the 

suspension to a 1.5 ml microfuge tube. 

5. Pellet the cells at 1000 x g for 1 min. Aspirate LiAc with a micropipette. 

6. Prepare the TRAFO mix for the number of transformations to be carried out 

1. 280 µl for ~40 µl of pellet = 1 transformation 

7. Premix the TRAFO mix by vortexing or pipetting and add TRAFO mix on top of the cell 

pellet. Resuspend the cells by vortexing or pipetting vigorously until cell pellet has been 

completely mixed.  

8. Add 5-10 µl of the appropriate PCR product (~ 5ug) OR 1ug of plasmid to each tube. 

Vortex the solution again. 

1. Optional but recommended for neophytes: keep one tube without DNA as a 

control to prove to yourself that the colonies that appear on the subsequent 

selective plate are not false positives.  

9. Heat shock the cells in a water bath at 42°C for 40 min. 

1. For plasmid transformations, heat shocking for 10min is sufficient.  For especially 

sick strains (example: Mike’s Ddt abomination), plasmid heat shock of 40min 

may improve transformation efficiency. 

2. Heat shocking for longer than 40min will progressively reduce viability, but I 

have absentmindedly left my cells in the water bath for 2hrs before and still 
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recovered viable colonies later!  Much of science is like this, and there is more 

buffer room for error than many people realize or will admit. 

10. Microfuge at 1000 x g for 1 min and aspirate the TRAFO mix solution with a 

micropipette. 

11. Pipette 200 µl of sterile ddH2O into each tube and resuspend the pellet by pipetting it up 

and down gently. Plate 180 µl on an appropriate drop-out plate labelled with the strain 

genotype.  Plate the remaining 20-30uL on another drop out plate of the same type.  This 

way, if your transformation is very efficient, you will get single colonies on at least one 

plate. 

12.  For antibiotic resistance markers (ex. G418, NatMX, and Hygromycin cassette 

transformation), resuspend the pellet by gently pipetting 1 mL of YPD, transfer to a 14 

ml round-bottom tube and incubate it for 3 hours or O/N at 30°C at 250 rpm. Then, 

transfer the cells to a 2 ml microfuge tube, centrifuge at 1000 x g for 1 min. Resuspend 

the pellet in 200 µl of sterile ddH2O and plate as stated above. 

13. Incubate plates at 30°C for 2 to 4 days to recover transformants. 

14. Once colonies appear on the transformation plate, streak each colony to single clones on 

selective media.  Pick 1 clone per colony (I recommend genotyping at least 4 colonies per 

transformation) and genotype by PCR. 

15. Sometimes, the initial selection appears weak and a lawn forms on the plate after 

transformation. This can be remedied by replica plating onto a fresh selection plate. This 

is also what would be referred to as a “pro-tip” or taken as proof of the fact that “I, Ethan 

Sanford, have 56 years of yeast transformation experience. You have perhaps 1.” 
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16. Note that if you are attempting to delete a gene with the NATMX marker in a strain that

already contains the G418R marker (or vice versa), the efficiency of inactivation of your

gene of interest will be exceedingly low because the greatest amount of homology is

between the two markers as they share the same promoter. So MOST of your colonies

will be false positives.  This is common in other constructs that share a lot of homology,

too.  To remedy this, stamp the transformation onto the other selection (either NAT or

G418 depending on the situation) and select ONLY the colonies that have grown on both

selections for genotyping.
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Protocol 6: Rapid Genomic Prep, Yeast (Phenol:chloroform Protocol)  

Observations: 

-This protocol yields slightly higher quality DNA preps than protocol 8, but involves the use of 

phenol:chloroform which should be handled under a chemical fume hood.  For genotyping I 

recommend using protocol 8.  For longer (>1kb) PCR reactions, this protocol is recommended. 

Materials:  

• SDS 

• NaCl 

• EDTA 

• Tris-HCl 

• Glass beads 

• 100% Ethanol  

• 70% Ethanol 

• Triton X-100 

• Phenol:chloroform 

• Ammonium Acetate (4 M) 

 

Solutions:  

• Buffer A 

o 2% Triton X-100 

o 1% SDS 

o 100 mM NaCl 

o 10 mM Tris-HCl, pH 8.0 
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o 1 mM EDTA

• TE, pH 8.0

o 10 mM Tris-HCl, pH 8.0

o 5 mM EDTA

Methods: 

1. Add 1 mL of saturated yeast culture to a 1.5 mL microfuge tube and spin down at max speed

for 1 min. Aspirate supernatant. 

2. Add 100 uL of Buffer A, 100 uL of glass beads, and 100 uL of phenol:chloroform.

3. Break in bead beater for 3min at 3000 rpm.

4. Add 200 uL TE (pH 8.0)

5. Break in bead beater for 1 min

6. Spin 5 min

7. Transfer 200 uL aqueous phase to a new tube

8. Add 1 mL of 100% ethanol and 10 uL of 4 M ammonium acetate

9. Invert tube a few times

10. Spin at RT for 1 min and aspirate supernatant

11. Wash with 1 mL of 70% ethanol

12. Spin at RT for 1 min and aspirate supernatant

13. Dry the pellet for 10 min in speed vac

14. Re-suspend the dry pellet in 200 uL of sterile dH2O

15. Use 1 uL of the DNA as a template for subsequent PCR reactions
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Protocol 7: Rapid Genomic Prep, Yeast (High heat SDS Protocol) 

Observations: 

• This protocol yields lower quality DNA preps than protocol 7, but is quicker 

and does not involve the use of phenol:chloroform which should be handled 

under a chemical fume hood.  This is the protocol I’ve always used for 

genotyping. 

 

Materials:  

• 10% SDS 

• Ethanol 

• 1M Lithium Acetate 

Solutions:  

• 70% Ethanol 

• 100% Ethanol 

• Lysis solution 

o 1% SDS 

o 0.2M LiAc 

Methods:  

1. Add 0.5 mL of saturated yeast culture to a 1.5 mL microfuge tube and spin down at 

max speed for 1 min. Aspirate supernatant.  

2. Add 200 uL of lysis solution. Vortex to mix. 

3. Incubate at 70C for 5min. 

4. Add 0.3mL of 100% EtOH and vortex to mix. 
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5. Spin down max speed 3min. 

6. Aspirate supernatant.  Resuspend in 1mL 70% EtOH, vortex again. 

7. Spin down, aspirate supernatant.  Leave open tube on bench for 5-10min to dry. 

8. Resuspend pellet in 100uL MQ water or TE and spin down 1min. 

9. Be sure not to resuspend this pellet.  The DNA is in the supernatant at this point. 

10. Use 1uL of supernatant for genotyping PCR reactions. 
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Protocol 8: Quick & Clean Yeast Genomic DNA Prep 

Observations: 

• This protocol yields high quality yeast genomic DNA suitable for PCRs of at least 10kb.  

This is the method I used to clone SGS1 into prs415, for example.  Sometimes the PCR 

conditions require optimization for efficient amplification, and I recommend starting the 

optimization process by doing gradient PCR. 

Materials: 

• OMEGA Plasmid DNA Mini Kit I 

Method: 

1. Obtain 1 mL of liquid yeast culture, saturated. 

2. Follow the Plasmid DNA Mini Kit I - Spin Protocol, with a few alterations: 

a. When adding Solution I, also add 250 µL of glass beads and break at 4°C for 10 min 

b. After adding Solution II, shake at room temperature for 10 min 

c. After adding Solution III, invert a few times and spin for 10 min  

3. Continue to follow the miniprep protocol, using the spin column method.  Elute DNA and 

measure by nanodrop.  In my experience, the find genomic DNA concentration will be between 

10-30ng/uL. 
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Protocol 9: Using CRISPR/Cas9 in S. cerevisiae 

Materials: 

• BplI Restriction Enzyme (Thermo, Cat. No. ER1311) 

• T4 DNA Ligase (NEB, M0202S) 

• bRA89 (HphMX; pMBS 1865) or bRA90 (LEU2; pMBS 1847) vector, depending on 

selection marker you want in yeast. 

• NEB monarch DNA extraction kit (NEB, T1020S) 

 

Method: 

Design g-block and gRNA 

1.  Pick a gene to delete or pick a site within a gene of interest where you want to 

introduce a point mutation. Using http://chopchop.cbu.uib.no/ design a guide nearby the 

site you wish to mutate. 

Note: In general, the closer the gRNA is to the site of point mutation, the more 

efficient the editing will be.  Balance this with finding a gRNA with a decent 

score according to ChopChop. Try to be within 100-200bp.  For deletions, design 

a guide near the translated ORF’s N-terminus and rely on indels to inactivate the 

gene.  More on point mutations below. 

2. Order your gRNA and its reverse complement as a forward and reverse primer, and 

add the following overhangs for ligation into the BplI-cut vector: 

268

http://chopchop.cbu.uib.no/


 

 

3. For point mutations, download the sequence of your gene of interest from 

https://www.yeastgenome.org/. Modify the DNA sequence so that it has the desired 

mutation(s).  Additionally, make ~5 silent mutations in the region where the gRNA 

anneals.  A single silent mutation in the PAM is most potent to prevent gRNA annealing 

but this ideal scenario is not always possible.  Copy your mutated sequence into a .txt file 

along with 200bp upstream and downstream of the mutated region (total DNA oligo 

length will be >400bp but <500).  The 200bp flanking DNA are the homology arms.  

Order this sequence as a dsDNA oligo from idt: 

https://www.idtdna.com/site/order/gblockentry. 

 

Amplify g-block & clone gRNA into bRA vector 

1. Amplify your gblock with a high-fidelity polymerase using the primers you ordered in 

a ~50uL PCR reaction.  This should be enough for 3 or 4 transformations. Scale 

accordingly.  Check for amplification by running 5% of your PCR reaction on an agarose 

gel. 

2. Cut bRA90 or bRA89 vector O/N at 37°C with BplI in the following reaction: 

  66µL TE 

  20µL vector (quantity: ~5µg or more) 

  10µL 10x Tango Buffer (shipped with enzyme) 

Oligo F 5’ [20bp gRNA]GTTTT 3’ 

Oligo R 5’ [20BP gRNA reverse complement]GATCA 3’ 
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  2µL 50xSAM (shipped with enzyme) 

  2µL BplI enzyme  

3. Run the digested plasmid on an agarose gel and excise the linearized plasmid, which 

should appear as a single band around 10,000bp.  Purify the plasmid from the gel 

according to instructions in the monarch gel extraction kit.  Final purified plasmid should 

be ~50ng/µL. 

4. Bring gRNA oligos to 100µM with ddH2Oand add 5µL each oligo to a reaction tube 

containing: 

  5µL oligo1 

  5µL oligo2 

  2µL T4 ligase buffer 

  8µL TE 

5. Heat to 100°C and incubate for 5min.  Cool to RT, slowly (put tube in a beaker of hot 

water and leave it for a couple of hours, for example). 

6. Dilute the duplexed oligos 1:100 in ddH2O 

7.  Ligate your gRNA into the BplI-cut vector, in the following reaction: 

  1µL vector (~50ng/uL) 

 3µL 100-fold diluted gRNA (can adjust based on vector concentration) 

  1µL 10x T4 ligase buffer 

  1µL T4 ligase 
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4µL water 

8. Incubate 1hr at RT.

9. Transform ~2.5uL of this reaction into DH5α competent E. coli.

10. Next day, upon formation of colonies, inoculated 4-8 single colonies into LB +AMP.

11. ~16-20hrs following step 10, miniprep your putative gRNA-containing plasmids and

Sanger sequence them using the M13_Forward primer (5’ 

TGTAAAACGACGGCCAGT 3’) 

Note: if desired, it is possible to check for the presence of the insert prior to 

sequencing with colony PCR.  Simply use the gRNA_forward primer and any 

reverse primer in the 5’ end of the ampicillin gene.  Always include a negative 

control for colony PCR as it is quite prone to false positives. 

Yeast transformation 

1. Into log-phase yeast, transform 200µg of your gRNA plasmid and ~15µL of your

dsDNA oligo.  Plate onto either +hygromycin or –Leu plates depending on which 

plasmid you choose to use. For +hygro, remember to recover in YEPD for 3hrs to give 

the yeast time to make the Hph gene. 

2. Wait a couple of days for colonies to appear. Streak 4-8 of the colonies onto the

relevant selection plates to get single colonies.  When these single colonies are visible, 

inoculate a single colony from each colony purification in YPD. 

3. Prepare gDNA from the O/N cultures and perform PCR using the same primers you

used to amplify the dsDNA oligo. 
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4. Check via agarose gel for successful amplification. 

5. Treat the PCR reaction with some sort of PCR cleanup reagent such as ExoSAP-IT 

(Thermo,    78200.200.UL), and sequence the PCR product.  Check the resultant 

sequencing file for introduction of your mutation of interest.  

Curing the Cas9 plasmid 

1.  Once you have a mutant colony, streak onto YPD for single colonies.  Then stamp 

onto the relevant selection depending on which plasmid you used.  Since the plasmids are 

low copy number and lost at a reasonable rate, ~10-20% or more of the colonies on YPD 

should now not grow on selection.  These are the mutants that have also lost the Cas9 

plasmid. 
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Protocol 10: Generalized Phosphoproteome Protocol for Yeast and Mammalian Cells 

Solutions: 

• Hypotonic Lysis BUFFER (for mammalian nuclear extraction only)

o 20mM HEPES pH 7.4

o 10mM KCl

o 2mM MgCl2

o 1mM EDTA

o 1mM EGTA

o 1mM DTT (add FRESH)

o Add fresh protease inhibitors, phosphatase inhibitors and 1 mM PMSF +

PhosStop (dissolve 1 tablet phos stop into 10mL lysis buffer)

 Pierce Protease inhibitors (for 100X solution – dissolve 1 tablet into 500

uL water)

• Lysis BUFFER, ph 8.0

o 0.5 M Tris-HCl (pH 8.0)

o 0.2% Tergitol

o 150 mM NaCl

o 5 mM EDTA

o Add fresh protease inhibitors, phosphatase inhibitors and 1 mM PMSF +

PhosStop (dissolve 1 tablet phos stop into 10mL lysis buffer)

• PPT solution: 50% acetone, 49.9% ethanol, 0.1% acetic acid (v:v:v)

• Urea/Tris Solution (fresh): Urea 8M (4.8g/10mL), 0.1M Tris-HCL (pH 8.0)

• 10% SDS solution
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• 1M DTT 

• 500mM Iodoacetamide solution in 1M Tris-HCl pH 8.0 (make fresh) 

Peptide Cleanup/Desalting (C18) 

• Solvent A: 0.1% TFA in water (v/v) 

• Solvent B: 80% acetonitrile, 0.1% TFA in water (v/v) 

• Solvent C: 0.1% acetic acid in water (v/v) 

o “Special C”: 3% D in C. 300 uL Buffer D in 10 mL Buffer C (measure in clean 

glass graduated cylinder)  

• Solvent D: 80% acetonitrile, 0.1% acetic acid in water (v/v)  

METHOD 

1. Cell Growth 

This protocol is written for SILAC phosphoproteomics.  Ideally you want 4-6mg 

of protein for each isotope channel, regardless of the protein source.  For human HCT116 

cells, 4x15cm plates at 70-80% confluency will be sufficient for each channel.  8 plates 

total.  For yeast cells, aim for 200mL cultures grown to an OD of ~0.5.  Note if treated 

with MMS, drug treatment should begin around OD = 0.25. 

2. Cell Collection (human)  

For human cells, harvest by aspirating media and washing with PBS. Then add 

2mL 0.25% Trypsin-EDTA solution and incubate at 37C for 5min. Cells will be detached 

at this point. Add 10mL DMEM or other media to neutralize trypsin and resuspend the 

cells in the plate.  Transfer this ~12.5mL to a 50mL conical and repeat for the other 3 

plates.  Do the same for the other isotope channel. Spin at 1000g for 5min to pellet cells. 

Aspirate media. Wash once with 10mL PBS and while doing so, transfer the pellet to a 
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15mL conical. Freeze the pellet in the 15mL conical at -80C for at least 1hr or until ready 

for use. Reports of the efficiency of scraping as a viable harvesting method are greatly 

exaggerated. Do not scrape. 

Cell Collection (Yeast) 

For yeast cells, spin down each culture at 1000g for 5min.  Wash once with TE 

and freeze in 2x2mL cryo tubes per 200mL culture (around 50 OD600s per tube). 

3. Lysis (human) 

For human cells, a nuclear enrichment is recommended if studying DNA damage 

responses.  To do this, resuspend your pellet (it’s in a 15mL conical remember?) in 2mL 

of hypotonic lysis buffer with protease inhibitors (see recipes above).  Incubate 10min in 

this buffer and spin down.  Aspirate and repeat this step.  Pellet should now be a few 

shades whiter.   

At this point, resuspend the nuclear pellet in 2mL of lysis buffer. Alternatively, if 

you aren’t doing nuclear enrichment, resuspend your cell pellet in 2mL lysis buffer 

directly.   

Nuclear enrichment note: You can take 10uL of the resuspended nuclear pellet 

and look at it under a light microscope and you will see that only nuclei are in the 

solution.  

Contrary to popular belief, the composition of our lysis buffer is not sufficient to 

lyse cells whatsoever and some physical intervention is required.  I find that sonication 

works best and this is what I do.  Using the Mao Lab sonicator (a branson probe 

sonicator), sonicate each sample at 20% power for 5sec, 3 times. CRITICAL: make sure 
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probe is immersed near the bottom of the conical and DO NOT make bubbles.  

Sonication only works well in liquids. 

Next, spin down this nuclear lysate at 45,000g for 30min.  Transfer the 

supernatant to a new 15mL conical.  Remember that there will be 2 tubes since this is a 

SILAC experiment. 

In a new 15mL conical  tube, mix 4mg light + 4mg heavy nuclear lysate and bring 

the total volume to 3mL.  Given the amount of material you started with, you should have 

plenty of protein for a technical replicate.  I always do a technical replicate when I have 

sufficient material. 

At this point the yeast and human protocol is the same, so please proceed to the 

next subsection. 

Lysis (Yeast) 

For yeast cells, nuclear enrichment is not an option.  Begin by resuspending each 

pellet in 1mL of lysis buffer +inhibitors.  Add 600uL glass beads (0.5mm diameter) to the 

tube and agitate in a vortex genie for 3x10min with a 1min interval in between cycles to 

allow time for cooling. Break on the maximum speed setting in the deli fridge (keep 

pellets cold at all times). 

Spin pellets at 10,000g for 5min at 4C.  Put each light and heavy supernatant in a 

new 15mL conical tube (keep them separate--should have ~1500uL each channel). 

Next, transfer each sample to a 50mL polycarb centrifuge tube and spin at 45000g for 

30min at 4C.  After the spin you’ll notice a clear pellet, which I have always been told is 

membranous debris.  Take the supernatants to new 15mL tubes and measure the protein 

conc. With Bradford assay. 
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In a new 15mL conical  tube, mix 4mg light + 4mg heavy lysate and bring the 

total volume to 3mL.  Given the amount of material you started with, you should have 

plenty of protein for a technical replicate.  I always do a technical replicate when I have 

sufficient material. 

At this point the yeast and human protocol is the same, so please proceed to the next 

subsection. 

4. Denaturation, Alkylation, Precipitation, and Protein Digestion 

Denaturation. To your 3mL of combined lysate, add 330uL 10% SDS and 17.5uL 

1M DTT (final concentrations of approx. 1% and 5mM, respectively). NOTE: remove 

solution from ice before adding SDS as it will precipitate.  Incubate at 42C in a water 

bath for 15min. 

Alkylation. Remove from 42C water bath.  Add 100uL of 500mM iodoacetamide 

solution (final concentration approx. 15mM).  Incubate at RT for 15min.  Keep away 

from light during this step.  I put my tubes in a drawer. 

Precipitation. To the alkylated sample, add 10mL PPT solution and incubate on 

ice for 30min. You will notice after this step that your protein has formed a flocculent 

white precipitate.  Spin down at 4000g for 5min and pour off the supernatant.  Tap your 

sample on a paper towel to dry and leave it for 5-10min so that the acetone from the PPT 

can evaporate. 

Protein Digestion. To the dry pellet add 1mL milliQ water and 10uL of an (8M 

urea, 50mM tris solution). Resuspend as best you can and transfer to a 50mL polycarb 

centrifuge tube. Sprin 45000g for 6min. 
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Aspirate supernatant.  Add 1mL water CAREFULLY to the tube and roll it 

around once.  Do not dislodge pellet or you’re screwed! Then aspirate the water wash. 

Resuspend white protein pellet in 2mL Urea/Tris solution.  I like to do this and 

then let the tubes shake for 10min in the yeast shaker to ensure good resuspension. 

Transfer the 2mL to a 15mL conical and add 6mL NaCl/Tris solution to bring urea conc. 

To 2M.  Then add 40uL of 1mg/mL TPCK-treated trypsin.  Parafilm the sample and 

digest with nutation overnight at 37C. 

5. Desalting 1. 

Next day, take your trypsin digestion tube from the 37C. Acidify the sample to a 

final conc of 0.2% formic acid and 0.2% acetic acid using 10% stock solutions with a 

glass syringe.  Invert tubes to mix and spin down at 4000g for 5min.  Transfer 

supernatant to a new tube and throw precipitated protein in the trash where it belongs. 

For each sample, prepare 2x200mg C18 columns by placing them in a p10 rack 

with p200 adaptors.  Assuming you did technical replicates like I do, you’ll have 2 

samples and 4x C18 columns. NOTE: C18 expires. Open a fresh bag of columns and 

indicate the date of opening.  If an open bag is older than a month, discard it. 

Condition the C18 columns by adding 2mL (80% ACN, 0.1% HAc) and pushing 

through with a plunger. 

Equilibrate the C18 columns by adding 2mL 0.1% TFA and pushing through with 

a plunger. 

Add sample and let flow through by gravity.  Split each sample into 2, since you 

have 2 columns per sample 

Wash twice with 1mL of 0.1% HAc using the plunger. 
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Elute with 600uL (80% ACN, 0.1% HAc) into a 2mL silanized vial. You’ll have 

1 eluate per C18 column and 2 eluates per sample.  Dry in speedvac for 1hr 15min or 

until dry. 

6. Phospho-Enrichment 

Resuspend each eluate in 100uL binding/wash buffer from the Thermo 

phosphoenrichment kit.  Vortex and combine the 2 eluates into 1x200uL sample.  Spin 

this down 1min at 10,000g.   

Use the above described 200uL sample for phosphoenrichment.  Follow the 

protocol exactly as described on the manufacturers website (Thermo cat. no A32992). 

Elute as described and transfer eluate into a 2mL silanized vial (it dries much 

quicker this way). Speedvac 45min. 

7. Desalting 2. 

Resuspend dried phosphopeptides in 200uL 0.1% TFA.  Perform a homepak 

mini-desalting cleanup as described in Sanford & Smolka, bio-protocol (2021).  After 

elution, keep 95% for HILIC and put 5% in a spring tube for MS input.  Dry in speedvac.  

Resuspend input in 6uL 0.1P solution.  Resuspend 95% sample in 10uL MQ water. 

If inputs look good, can proceed to fractionation.  For maximum coverage, 

combine the 2 technical replicates into one sample and fractionate it over an extended 

HILIC gradient. 
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Protocol 11: Fe-NTA Microcolumn Purification of Phosphopeptides from 

Immunoprecipitation (IP) Eluates for Mass Spectrometry Analysis 

A revised version of this protocol is published in the peer-reviewed journal bio-protocol and it is 

printed here as originally formatted for that publication. 

Ethan J. Sanford1 & Marcus B. Smolka1* 

1 Department of Molecular Biology and Genetics, Weill Institute for Cell and Molecular Biology, 

Cornell University, Ithaca, NY 14853 

*For correspondence: email mbs266@cornell.edu 

 

ABSTRACT 

Protein phosphorylation is a nearly universal signaling mechanism. To date, a number of proteomic 

tools have been developed to analyse phosphorylation. In order to increase coverage of 

phosphorylation sites on individual proteins of interest (“phospho-mapping”), 

immunoprecipitation (IP) followed by phosphoenrichment is necessary. Unfortunately, most 

commercially available phosphoenrichment kits are not readily scalable to the low-microgram 

quantities of protein present in IP eluates.  Here we describe a simple method specifically 

optimized for enrichment of phosphopeptides from IP samples.  This method can be added 

downstream of any standard immunoprecipitation protocol and upstream of any MS analysis 

pipeline.  The protocol described herein is cost effective, uses commonly available laboratory 

reagents, and can be used to obtain deep coverage of individual protein phosphorylation patterns, 

supplementary to phosphoproteomic data. 

 

GRAPHICAL ABSTRACT (Figure A3) 
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BACKGROUND 

Phosphorylation regulates essential cell signaling networks such as transcription, translation, 

nutrient sensing, and the DNA damage response (Chapman et al, 2007; Gingras et al, 2001; Kim 

et al, 2011; Ohouo et al, 2010; Cussiol et al, 2015).  Given the ubiquity of protein phosphorylation, 

its importance in normal cellular function, and its potential for dysregulation in disease, a number 

of proteomic methods have been developed to identify and quantify phosphorylation events (Faca 

et al, 2020; Li et al, 2019; Dephoure et al, 2013; Humphrey et al, 2018).  Many of these methods 

for phosphopeptide purification and analysis are performed at the proteome-wide scale and may 

suffer from relatively low coverage of individual proteins, especially for proteins with limited 

abundance.  High coverage of phosphorylation sites in individual proteins is often necessary to 

comprehensively study a given protein, and to increase the chances of generating mutations of 

phospho-acceptor residues that elicit a phenotype.  One strategy of increasing coverage of 

individual proteins is to first conduct an immunoprecipitation (IP) of the protein of interest using 
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either an antibody raised against the protein itself, or to a common recombinant tag such as FLAG, 

HA, or V5.  Phosphopeptides can then be isolated from the IP eluate.  Optionally, differences in 

phosphorylation patterns between mutants or treatments can be analysed using quantitative mass 

spectrometry methods such as SILAC or TMT (Ong et al, 2002; Zhang & Elias, 2017). 

There are a number of commercially available kits for phosphopeptide enrichment, although these 

kits are difficult to scale down to the low-microgram quantities of protein following 

immunopurification.  There is a paucity of existing protocols for phosphopeptide enrichment 

following immunopurification, and those that do exist often require costly titanium dioxide (TiO2) 

reagents that are often hard to manipulate, making it difficult for scaling to multiple IPs across a 

panel of bait proteins (Breitkopf & Asara, 2012).  Iron-based phospho-enrichment is a cheaper 

alternative to TiO2; indeed, even where TiO2 are used, iron-based resin can be used to collect 

additional phospho-site data, since the two methods display different phosphopeptide specificities 

(Bodenmiller et al, 2007). 

The protocol described herein uses readily available Ni-NTA silica-based resin columns.  The 

NTA-coupled resin is stripped of nickel; the NTA-couple resin is loaded with iron; and finally, IP 

eluate is passed over the Fe-NTA resin to isolate phosphorylated peptides and remove 

unphosphorylated peptides.  The procedure is performed within a home-made column (a gel-

loading tip). The amount of resin generated from one Ni-NTA column is sufficient for 5 or 6 

enrichments, making this protocol highly cost effective.  Reproducibility is internally monitored 

via the includion of α/β casein phosphopeptides as internal controls for phosphopeptide 

enrichment. While this protocol has been primarily used for immunopurifications from yeast and 

mammalian cells, it is usable for any organism for which antibodies or recombinant tagging are 

available. 
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MATERIALS AND REAGENTS 

1. Centrifuge tube, 50mL (any brand)

2. Microcentrifuge tube, 1.5mL (any brand)

3. Low-protein binding microcentrifuge tube, 1.5mL (Eppendorf, 022431081)

4. Gel-loading pipette tip 1-200µL (Fisher, 02-707-138)

5. Glass fiber (Corning, UX-34552-01)

6. Capillary tubing, 125µM inner diameter (Polymicro, 1068151718)

7. Tris base (Fisher, BP152-500)

8. Urea (Fisher, U15-500)

9. NaCl (Promega, PRH5273)

10. Trypsin gold, mass spectrometry grade (Promega, V5280)

11. Acetic acid (Fisher, A38S-500)

12. Acetonitrile (Fisher, A998-1)

13. Acetone (Fisher, A11-1)

14. Ethanol (VWR, 89125-186)

15. Dithiothreitol (Sigma, 10197777001)

16. Sodium dodecyl sulfate (Sigma, L3771-100G)

17. Iodoacetamide (Sigma, I1149-5G)

18. Razor blade (VWR, 55411-055)

19. Kimwipe (Fisher, 06-666-1A)

20. Angiotensin II peptide (Sigma, A9525-5MG)

21. Trifluoroacetic acid (Thermo, 28904)
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22. Target polypropylene conical insert (Thermo, C4010-629P)

23. Sample vial (Sun SRI, 501-300)

24. Sample vial snap cap 11mm (Fisher, 14-823-379)

25. Qiagen Ni-NTA spin column (Qiagen, 31014)

26. Ethylenediamine tetraacetic acid (VWR, MK258012)

27. Ammonium hydroxide solution (Sigma, 205840010)

28. Micro-spin column (Thermo, 89879)

29. C18 Sep-Pak column (Waters, WAT043395)

30. Formic acid (Sigma, 33015-500ML)

31. Alpha casein (Sigma, C6780-250MG)

32. Beta casein (Sigma, C6905-250MG)

EQUIPMENT 

1. 2x water bath or heat block (any brand)

a) NB: one water bath/heat block should be set to 42˚C, and the other should be set to 65˚C.

2. Centrifuge (any brand with adaptors for 50mL tubes)

3. Desktop centrifuge (any brand)

4. Micropipettes (any brand)

5. 1mL BD syringe with slip-tip (BD, 309659)

6. Vacuum concentrator vapor trap (Thermo, RVT5105)

7. Vacuum concentrator centrifuge (Thermo, SPD131DDA)

8. Vacuum concentrator filter (Thermo, VPOF110)

9. Vacuum concentrator pump (Thermo, VLP120)
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10. Orbitrap mass spectrometer; for example, Q-Exactive HF (Thermo,

IQLAAEGAAPFALGMBFZ)

11. UHPLC system able to be coupled to mass spectrometer; for example, UltiMate 3000

(Thermo, IQLAAAGABHFAPBMBEX)

12. Scissors (any brand)

SOFTWARE 

1. XCalibur Qual Browser (Thermo Scientific,

https://www.thermofisher.com/order/catalog/product/OPTON-30965?SID=srch-srp-OPTON-

30965#/OPTON-30965?SID=srch-srp-OPTON-30965)

2. Comet (http://comet-ms.sourceforge.net/)

NB: can use any other commonly available mass spectrometry analysis software

PROCEDURE 

A. Reduction, denaturation, alkylation, and trypsin digestion of IP eluate.

1. Any standard IP protocol should be adaptable to this procedure.  Following lysis and

immunoprecipitation, add 3x resin volume of IP elution buffer (see recipes section for

info on bolded solutions) to sample. Incubate at 65˚C for 15min.

2. Spin down sample at 1000rcf for 1min.  Take supernatant (= volume of IP elution buffer

used in previous step) and transfer to a new tube.

3. Remove sample from heat and add iodoacetamide (IAc) solution to a final concentration

of 25mM IAc. Incubate in the dark at room temp for 15min.

4. Add 4 volumes PPT Solution to sample and incubate on ice for 30min-1 hour.
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5. Spin sample at max speed (~14,000rcf) in a benchtop centrifuge for 10min.

6. Pour off PPT solution.  Should see a small white pellet at the bottom of the tube.

Alternatively, there may be small granules of protein spattered along the side of the tube.

7. Add 1mL PPT solution to tube and vortex to wash top and sides of tube. Spin down at max

speed for 1min.  Pour off PPT.

8. Gently tap the open tube against a kimwipe to remove residual PPT, taking care not to

dislodge the pellet at the bottom.  Leave tube open at room temp for ~5min, or until acetone

smell is reduced.

9. To tube, add 20µL Urea/tris solution. Vortex sample 30sec, then add 60µL ddH2O. Vortex

again.

10. To tube, add 1µL Trypsin gold. Parafilm the top of the tube and nutate at 37˚C overnight.

B. Desalting the sample.

1. next day, acidify sample by adding formic acid (FA) to a final concentration of 0.25% and

trifluoroacetic acid (TFA) to a final concentration of 0.25%. Additionally, add 2 µL α/β

Casein Peptide Digest.

2. NB: It is recommended to make 10% working stocks of TFA and FA in water for use.

3. Prepare a micro-spin desalting column by adding 20µL of 100mg/mL C18 resin in

acetonitrile to an empty micro-spin column.

i. First remove male luer plug from micro-spin column.

ii. Obtain C18 resin from cutting open a Waters C18 Sep-Pak column of any size.  Weigh

out a small amount of C18 powder and resuspend in pure acetonitrile at a

concentration of 100mg/mL.

4. Spin at 1500rcf for 30sec.  If C18 resin is not yet level at the bottom of the micro-spin
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column, add 40µL acetonitrile to the column and spin it again to make sure the C18 is at 

the bottom of the column. 

5. Condition the column by adding 100µL of C18 Buffer E and spin at 1500rcf for 30sec.

6. Equilibrate the column by adding 100µL of C18 Buffer W1 and spin at 1500rcf for 30sec.

7. Load acidifed sample to column, approx.. 100µL. Spin at 1500rcf for 30sec.

8. Wash the column by adding 100µL of C18 Buffer W1 and spin at 1500rcf for 30sec.

9. Wash the column by adding 100µL of C18 Buffer W2 and spin at 1500rcf for 30sec.

10. Wash the column by adding 100µL of C18 Buffer W3 and spin at 1500rcf for 30sec.

11. Elute sample into a low protein binding Eppendorf tube by adding 100µL C18 Buffer E

and spin at 1500rcf for 30sec.

12. Put sample in speedvac until dry.

13. Reconstitute sample in 20µL  0.1% acetic acid in ddH2OI.

C. Preparation of Fe-NTA Resin.

1. To a 50mL tube, add 25mL IMAC stripping solution.

2. Remove 1 Qiagen Ni-NTA spin column from its package and associated collection tube.

Make sure the cap is open, and hold the colum over the open top of the 50mL tube

containing 25mL IMAC stripping solution.  With the tip of a tweezer or similar thin,

pointy object, poke the bottom aperture of the column to dislodge the two frits and resin

between.  The frits and resin will fall into the 50mL tube.  Nutate 1hr to strip nickel from

NTA resin.

3. Spin at 1000rcf for 1min.  Discard supernatant.  This first supernatant will include the two

frits from the Ni-NTA column.

4. Wash once with 25mL ddH2O.
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5. Wash once with 25mL 0.6% acetic acid in ddH2O.

6. Resuspend resin in 18mL 0.3% acetic acid in ddH2O. Add 2mL FeCl3 solution. Nutate for

2-3hrs to bind iron to NTA resin.

7. Spin at 1000rcf for 1min.  Discard supernatant.

8. Wash once with 25mL 0.6% acetic acid in ddH2O.

9. Wash once with 25mL IMAC wash I.

a) NB: for this step, nutate 1min before spinning down.

10. Wash once with 25mL 0.1% acetic acid in ddH2O.

11. Resuspend resin in 0.1mL 0.1% acetic acid in ddH2O and transfer to a microcentrifuge

tube.  The Fe-NTA resin preparation is complete.  Fe-NTA resin should always be prepared

on the day of phosphoenrichment and should not be stored long-term.

D. Preparation of gel-loader tip “column.”

1. Clean a small area of bench surface with ethanol.  Have glass fiber, gel-loader tip, razor

blade, and a small section of 125µM capillary tubing ready.

2. Fit the gel loader tip onto a micropipette.  Uptake 10µL ddH2O and make a mark at the

10µL level with permanent marker.

3. Remove the gel-loader tip from the pipette and cut the top of it with scissors so that it will

fit snugly onto a 1mL BD syringe.

4. Roll a tiny wisp of glass fiber between gloved fingers.  Cut into a small 5-10mm segment

using a razor blade.

5. Insert glass fiber segment into the top end of the gel-loader tip with 10µL mark. Use the

section of 125uM capillary tubing to force the glass fiber segment into the tip of the gel-

loader tip.  Crimp the end of the gel loader tip with tweezers.  Some glass fiber should be
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protruding from the end of the gel loader tip at this point.  Use a razor blade to cut off any 

protruding glass fiber. 

E. Phosphopeptide enrichment.

1. Prepare column by adding 20-30µL 0.1% acetic acid:resin mixture to the gel loader tip.

Use the BD syringe to apply backpressure to the column, forcing resin to settle.  Keep

column vertical at all times to ensure resin bed is even and undisturbed.  Keep adding 0.1%

acetic acid:resin mixture until resin level reaches the 10µL mark on the gel loader tip.  Once

settled resin has reached the 10µL mark, use the BD syringe to force remaining 0.1% acetic

acid solution through the column.

a) NB: it is critically important to not allow the column to dry out.  This is challenging

due to the small volumes being worked with.  When initially preparing column and

when performing washes, allow liquid to reach the very edge of the resin bed

(meniscus should disappear).  At this point it the column must be quickly removed

from the BD syringe to prevent drying.  In between washes, place resin-filled gel-

loader tip upright in a 1.5mL microcentrifuge tube.

2. Once phosphopeptide enrichment column has been assembled, wash once with 25µL

IMAC wash II to equilibrate column.

a) NB: when passing solutions over the column, great care must be taken not to disturb

Figure A4: BD 
syringe with 
phosphopeptide 
enrichment 
“column.” Figure on 
left shows a 
completed, 
assembled phospho-
peptide enrichment 
column. 
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the resin bed.  Pipette carefully! 

3. Apply acidified, trypsinized sample to column (20µL reconstituted in 0.1% acetic acid).

Apply consistent pressure using BD syringe and discard flow-through.

a) Optionally, flow-through can be saved for a second attempt at phospho-enrichment if

the first attempt fails.

4. Once sample has been fully loaded onto the resin, pipette 100µL IMAC wash I into

column, then remove 90µL, leaving 10µL.  Push 10µL through column using BD syringe.

5. Pipette 100µL ddH2O into column, then remove 90µL, leaving 10µL.  Push 10µL through

column using BD syringe. While ddH2O elutes, use a kimwipe to wipe the very tip of the

gel-loader column.  This will help remove any residual contaminants.

6. Elute phosphopeptides with 30µL IMAC elution solution into a target polyspring insert

tube inside of a microcentrifuge tube labelled “90%.”  Then transfer 3µL to a target

polyspring insert tube inside of a microcentrifuge tube labelled “10%.”

7. Put both samples in a speedvac until fully dry.

8. Resuspend both samples in 5µL 0.1P solution.

9. Proceed to MS analysis.  Due to the low abundance of phosphopeptides it is recommended

to avoid using a trapping column.  First run 5% of the total sample.  If MS chromatogram

is relatively free of polymers and other contaminants, load increasing amounts of sample.

For example: 10%, 20%, 50%.  Proceed to “data analysis” section.

DATA ANALYSIS 

Internal control for phosphopeptide retention (monitoring α/β Casein phosphopeptides) 

Trypsinized α/β casein should be spiked into the sample prior to desalting as an internal control to 
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verify that the phospho-enrichment portion of the protocol worked properly.  Once 5% of the 

sample has been run on a mass spectrometer, add the following MS1 m/z ranges in Qual Browser 

(Thermo Scientific): 1030.5-1031.5; 741.5-742.5; 830.5-831.5.  Retention times may vary 

between users depending on the HPLC gradient profile that is used. These ranges encompass three 

diagnostic α or β casein phosphopeptides, and should be detected at a spectral intensity of at least 

5.00E6. Lower intensities indicate that phospho-enrichment troubleshooting is needed.  Often, 

inefficient phospho-enrichment is due to excessive agitation of Fe-NTA resin or column drying 

between washes. 

Mass Spectrometry Data Analysis 

Mass spectrometry data can be analysed using any of the existing softwares, such as MaxQuant, 

Sorcerer, Comet, or Proteome Discoverer.  Parameters for identification of phosphorylated 

peptides by mass spectrometry has been exhaustively described elsewhere (Bastos de Oliveira et 

al, 2018; Faca et al, 2020; Mueller et al, 2008; Mann & Jensen, 2003; Deutsch et al, 2010).  Typical 

mass spectrometry data analysis parameters will include a semi-tryptic requirement, precursor 

mass tolerance of 10-20ppm, a differential mass modification of 79.966331 daltons for 

phosphorylation of serine, threonine, or tyrosine residues, as well as a static mass modification of 

57.021465 for carbamidomethylcysteine.  

There are several ways to display the data generated from an IP phosphoenrichment experiment. 

Phosphopeptides with 2 or more peptide-spectral matches (PSMs) may be displayed in the absence 

of quantitative information along a stick model of the protein-of-interest.  In the presence of 

quantitative MS information, such as that obtained from SILAC or TMT analysis, scatterplots or 

histograms can be generated that indicate quantitative differences in bait protein phosphorylation 
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between two genetic or pharmacological conditions. For example, we refer to the following works 

containing IMAC data generated in our lab (Lanz et al, 2018; Baile et al, 2019). 

RECIPES 

IP elution buffer 

1% sodium dodecyl sulfate, 100mM tris pH 8.0 in ddH2O, 10mM dithiothreitol (DTT).  IP elution 

buffer minus DTT may be stored long-term at room temperature, but 10mM DTT should be added 

fresh every time. 

Iodoacetamide (IAc) solution  

500mM iodoacetamide, 1M tris pH 8.0 in ddH2O. Prepare fresh. 

PPT Solution  

50% acetone, 49.9% ethanol, 0.1% acetic acid. Store at room temp. Make sure this solution is 

tightly capped to prevent evaporation of acetone and ethanol. 

Urea/tris solution 

8M urea, 50mM tris pH 8.0 in ddH2O. Prepare fresh. 

Trypsin gold 

1µg/µL trypsin gold, 0.3% acetic acid in ddH2O. Store at -80˚C in 1µL aliquots. 
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IMAC stripping solution 

50mM EDTA, 1M NaCl in ddH2O. Store at room temp. 

FeCl3 solution 

1M FeCl3, 0.3% acetic acid in ddH2O. Store at room temp.  Prepare a few days in advance of 

experiment and do not agitate.  Stable for years at room temp. 

C18 Buffer E 

80% acetonitrile, 0.1% acetic acid in ddH2O. Store at room temp. 

C18 Buffer W1 

0.1% trifluoroacetic acid in ddH2O. Store at room temp. 

C18 Buffer W2 

3% acetonitrile, 0.1% formic acid in ddH2O. Store at room temp. 

C18 Buffer W3 

0.1% acetic acid in ddH2O. Store at room temp. 

IMAC wash I 

25% acetonitrile, 100mM NaCl, 0.1% acetic acid in ddH2O. Store at room temp.  Make sure this 

solution is tightly capped to prevent evaporation of acetonitrile. 
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IMAC elution solution 

12% ammonium hydroxide, 10% acetonitrile in ddH2O. Store at room temp.  Keep tightly capped 

to prevent evaporation of ammonium hydroxide. 

0.1P solution 

1pmol/µL angiotensin II peptide, 0.1% trifluoroacetic acid in ddH2O. Store at -20˚C in 500µL 

aliquots. 

α/β Casein Peptide Digest 

5pmol/µL trypsin-digested α-casein, 5pmol/µL trypsin-digested β-casein, 1% acetic acid in 

ddH2O. Store at -20˚C in 500µL aliquots. 
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Protocol 12: Lambda Phosphatase Treatment of Yeast Cell Lysates for Phosphoproteome 

Analysis 

Observations: 

-This protocol describes the method used to identify PPase insensitive phosphorylation sites

according to Appendix G. Refer to “Generalized Phosphoproteome Protocol” for information on 

conducting phosphoproteome analysis once you’ve Lambda-treated your lysate. 

-Keeping the control lysate at 4C is absolutely essential to avoiding dephosphorylation by

endogenous PPases.  If you don’t do this, your dynamic range between phos and unphos will be 

significantly reduced. 

-This must be done in SILAC cell lines.  One channel will be a mock PPase treatment.

-If comparing 2 cell treatments, you could envision a situation where both were PPase treated

(DNA damage vs control, etc.).  Use your best judgement.  But the initial experiment should 

include the mock PPase treatment control. 

-Procedure is similar for human cells.  The lysis will differ slightly.  But in all cases, keep EDTA

out of the reaction or the PPase will not work. 

-I like to denature and reduce samples BEFORE pooling, which is in contrast to the normal

phosphoproteome protocol.  I do this to avoid any residual PPase activity getting mixed up in the 

control sample. 

Materials:  

• Modified lysis buffer: 50 mM Tris-HCl (pH 8.0), 0.2 % Tergitol, 150 mM NaCl.

This lysis buffer does not contain EDTA, which kills the activity of Lambda

PPase.
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• NEB Lambda PPase

• NEB Protein Metallo-Phosphatase (PMP) Buffer 10x

• NEB MnCl2 10x (stock is 10mM)

Methods: 

1. Lyse yeast pellets in 1mL EDTA-free lysis buffer pH 8.0 each with 600uL glass beads

per pellet as described in the generalized phosphoproteome protocol.  For 

phosphoproteomic experiments I usually have 3 frozen pellets per isotope channel, where 

each channel was harvested from a 200mL culture at an OD600 of ~0.25. 

2. Spin lysate at max speed in a 4C small centrifuge to pellet cell debris.

3. Further spin clarified lysate at 45000g in a large centrifuge

4. Collect super-clarified lysate in a 15mL conical tube (note: you’ll have two tubes.  One

for light, and one for heavy). 

5. Decide which channel is going to be “mock” treated.  For the mock treatment, add

PMP and MnCl2 to 1x concentration (starting stocks are 10x from the manufacturer) and 

keep this sample on ice for the duration of the real PPase treatment. 

6. For the PPase treated sample, add PMP and MnCl2 to 1x concentration and

additionally add 2uL Lambda PPase / 1ug protein.  Incubate in 30C shaker for 30min. 

7. To each tube add SDS to a final concentration of 1% w/v and DTT to a final

concentration of 5mM and incubate at 42C for 15min. 

8. Pool samples and continue with the phosphoproteome protocol as described in

Protocol 10. 
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Protocol 13: Immunoprecipitation of Epitope Tagged Proteins in Yeast 

Materials: 

• Lysis Buffer, pH 7.5: 50 mM Tris-HCl (pH 7.5), 0.2 % Tergitol, 150 mM

NaCl, 5mM EDTA

• 100x Phosphatase Inhibitor: (1M β-glycerophosphate, 0.5M NaF)

• NB: Can alternatively use PhosSTOP from Roche but it’s expensive

• 100x Pierce® Protease Inhibitor: (1 tablet in 0.5mL MQ-H2O)

• 100x PMSF: (100mM in isopropanol—stable at RT for a long time)

• Glass Beads 0.5mm diameter from BioSpec.

• IP Elution Buffer: 1% SDS, 100mM Tris pH 8.0

• 1M DTT in water

• 3x WB sample buffer (Laemmli or similar)

• 5x bradford reagent (bioRad)

• 500mM Iodoacetamide Solution in 1M tris ph 8.0

• PPT Solution: 50% Acetone, 49.9% EtoH, 0.1% HAc

• 10% Formic acid in water

• 10% Trifluoroacetic acid in water

• Urea/Tris solution: 8M urea, 50mM tris ph 8.0

• MilliQ water

• NaCl/Tris Soln: 150mM NaCl, 50mM Tris pH 8.0.

• Trypsin GOLD : from Promega in 0.1% acetic acid or according to

manufacturer’s suggestion.
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Method, Part I: IP and Trypsinization 

1. Grow a yeast culture to the desired OD and treat as appropriate for your

experiment.  Typically, for SILAC IP-MS experiments, I grow ~75 ODs each of Light + 

Heavy.  For Co-IP or IP experiments, I typically grow 25-50 ODs, or ~75 ODs for hard-

to-detect proteins.  Spin down the culture at 1000g for 5min at 4°C.  Pour off super. 

2. Resuspend pellet in 1-2mL TE +1mM PMSF +1x Phosphatase Inhibitor and distribute

into 1-2 cryo tubes. Spin down at max speed and remove super.  Freeze at -80°C for at 

least 30min.  I usually grow cells and freeze pellets the day before I want to do the IP. 

3. Prepare lysis buffer by adding Peirce® Protease Inhibitor to 1x, Phosphatase Inhibitor

to 1x, and PMSF to 1x in lysis buffer. 

4. To each frozen pellet, add 1mL complete lysis buffer + 600uL glass beads.  Break in

bead beater for 30min (that is, 10min break with 1min interval, 3 times). 

5. Spin lysed cells at max speed for 5min.

6. Transfer lysate to a new Eppendorf (if you froze ~75 ODs in 2 tubes, you should have

~1400uL of lysate). 

7. Perform Bradford assay to determine protein concentration.

8. Adjust protein concentration to 5mg total protein in 1,500uL (for SILAC IP-MS, both

samples should =5mg, and each IP [heavy +light] will be done separately).  This will 

require you to dilute your protein with complete lysis buffer in a new tube.  Take WB 

sample and label it WCE or similar. 
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9. IP with 20-40uL anti-epitope 50% slurry (2-4uL slurry/mg protein).[1]  

10.  IP for 2-4 hours, with nutation, at 4°C . 

11. After incubation, spin down at 1000rcf to pellet beads.  Take WB sample and label it 

“IP-unbound” or “flowthrough.” 

12.  Remove super, and wash beads four times with lysis buffer. For each wash, nutate 3-

5min.[2] 

13. Aspirate final wash, taking care to remove as much super as possible. 

14.  Add 90uL of elution buffer and incubate at 65°C for 15min. 

15. Spin down beads at 1000rcf and collect 90uL eluate.  Can at this point reserve 2-3uL 

for WB sample if desired.  Alternatively, if the IP is solely for WB, can save entire 

elution in sample buffer for blotting.  Continue with the protocol if doing mass spec. 

16.  Mix L + H 90uL elutions to get 180uL pooled sample.  To pooled sample, add 1.8uL 

of 1M DTT.[3] 

17. To pooled sample, next add 9uL of 500mM iodoacetamide, and incubate in the dark 

for 15min. 

18.  Add 700uL of PPT solution to sample.  Incubate on ice for 30min-1hr. 

19. Spin down 10min, max speed, and pour off PPT. [4] 

20. Add 700uL PPT, vortex.  Spin 1min, max speed.  Pour off PPT. 
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21. Dry 5min on benchtop.  Acetone smell should be nearly gone.  Resuspend in 50uL

8M urea + 50mM Tris 8.0. Vortex a minute or two to ensure protein pellet is solubilized, 

then add 150uL NaCl/Tris soln then 1uL trypsin GOLD (Promega). Digest O/N at 37C 

with nutation.  

Method, Part II: Acidification and Cleanup 

22. Next day, acidify ~200uL sample with 5uL of 10% Formic Acid + 5uL 10%

Trifluoro-acetic acid.  Check that pH is strongly acidic by touching a pipet tip to the 

sample and then touching the same tip to a piece of pH paper. 

23. To a 50mg WATERS Sep-Pak column, add 1mL C18 buffer C (80% ACN, 0.1%

HAc in water).  Apply pressure to top of column with a pasteur pipette bulb and push 

solvent through until meniscus is near the Sep-Pak frit.  Then, wait until gravity pulls the 

remaining volume of buffer C into the column. 

24. Next apply 1mL of C18 buffer A (0.1% TFA in water).  Push through as described in

(23). 

25. Next apply sample.  Let flow through by gravity rather than using bulb.

26. Once sample is fully loaded onto column, wash with 1mL C18 buffer B (0.1% HAc

in water).  Repeat this wash once. Push through as described in (23). 

27. To elute sample, first use a p200 to remove residual buffer B from C18 column

tip.  Then apply 200uL buffer C to column and elute into a silanized vial. 

28. Pipette elution up and down in the silanized vial.[5]
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29. Take 20uL from silanized vial and put into a target polyspring insert tube.  This is the 

10% “input” for initial MS analysis. 

30. Dry both samples in speedvac for 30-40min, until fully dry. 

31. Resuspend 10% sample in 10uL 0.1P solution (0.1pmol/uL Angiotensin II peptide in 

0.1% TFA[in water]). 

32. Resuspend 90% sample in 20uL MQ H2O. 

33.  Submit 10% sample for LC-MS/MS analysis.  If input looks good, proceed to HILIC 

fractionation of 90% sample. 
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Protocol 14: Immunoprecipitation of Epitope Tagged Proteins in from 293T Cell Lines for 

SILAC Mass Spectrometry to Map Protein Interactions 

Materials: 

• Modified RIPA buffer: 50 mM Tris-HCl (pH 8.0), 0.2 % Tergitol, 150 mM 

NaCl, 5mM EDTA 

• 1x Phosphatase Inhibitor: (1 Roche PhosSTOP tablet in 10mL of lysis 

buffer, above) 

• 100x Pierce® Protease Inhibitor: (1 tablet in 0.5mL MQ-H2O; vortex to 

resuspend) 

• 100x PMSF: (100mM in isopropanol—stable at RT for a long time) 

• IP Elution Buffer: 1% SDS, 100mM Tris pH 8.0 

• 1M DTT in water 

• 3x WB sample buffer (Laemmli or similar) 

• 5x bradford reagent (bioRad) 

• 500mM Iodoacetamide Solution in 1M tris ph 8.0 

• PPT Solution: 50% Acetone, 49.9% EtoH, 0.1% HAc 

• 10% Formic acid in water 

• 10% Trifluoroacetic acid in water 

• Urea/Tris solution: 8M urea, 50mM tris ph 8.0 

• MilliQ water 

• NaCl/Tris Soln: 150mM NaCl, 50mM Tris pH 8.0. 

• Trypsin GOLD : from Promega in 0.1% acetic acid or according to 

manufacturer’s suggestion. 
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• C18 Buffer A: 0.1% TFA in MQ water

• C18 Buffer C: 0.1% acetic acid in MQ water

• C18 Buffer D: 80% ACN, 0.1% HAc in MQ water

• 0.1P: 0.1pmol/uL Angiotensin II peptide in 0.1% TFA.

Method, Part I: IP and Trypsinization 

1. For a SILAC IPs I recommend growing 2x15cm plates to 80% confluency per isotope.

This will vary by cell line, but this is a good starting point for 293T and HCT116 cells.  I 

recommend doubling this amount if nuclear enrichment is to be performed, though I do 

not find this step to be necessary for IPs (only phosphoproteomes). 

In general, immunoprecipitation of endogenously expressed proteins yields poor data. 

Instead, I recommend transiently overexpressing a tagged (FLAG, Myc, or HA) protein 

of interest via short-term transfection with JetPRIME or a similar transfection reagent 

using a plasmid with a CMV promoter. I typically conduct the transfection 48hrs before 

cell treatment and harvesting. 

2. Harvest cells by first removing growth medium and washing with 10mL PBS. Then

add 2mL trypsin-EDTA (gibco) and incubate at 37C for 5min.  NB: 293T cells can be 

detached without trypsinization.  Simply detach the cells by pipetting 15mL media 

on top of them using a serological pipette.  Neutralize trypsin with 10-15mL DMEM 

and collect in a 50mL falcon tube.  Spin down at 1000g and wash once with PBS. 

Transfer the small white pellet to a new 1.5mL Eppendorf tube.  Freeze this small white 

pellet at -80C for at least 30min, preferably overnight.  
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3.  Prepare lysis buffer by adding Peirce® Protease Inhibitor to 1x, Phosphatase Inhibitor 

to 1x, and PMSF to 1x in lysis buffer. 

4.  To each frozen pellet, add 0.5-1mL complete lysis buffer, depending on how big the 

pellet is (for 2x15cm plates of 293T cells I’d go with 1mL). Let sit on ice for 20min with 

intermittent shaking/mixing by hand. 

5.  Sonicate 3x5sec using a Branson probe sonicator at 20% amplitude.  Avoid air 

bubbles as this interferes with sonication.  

6. Spin down sonicated lysate at 10,000rcf for 10min at 4C and transfer clarified lysate to 

a new tube. 

7.  Perform Bradford assay to determine protein concentration. 

8. Adjust protein concentration to 2mg total protein in 1,500uL (for SILAC IP-MS, both 

samples should =2mg, and each IP [heavy +light] will be done separately).  This may 

require you to dilute your protein with complete lysis buffer in a new tube.  Take WB 

sample of each isotope channel and label them WCE for Whole Cell Extract.  If you 

happen to have less than 2mg total protein, do not picnic.  Simply use what you have—

your IP will likely still work fine, though your coverage may be negatively affected due 

to insufficient starting material. 

9. IP with 20-40uL anti-epitope 50% slurry (10-20uL slurry/mg protein).  

10.  IP for 2-4 hours, with nutation, at 4°C . 

306



11. After incubation, spin down at 1000rcf to pellet beads.  Take WB sample of each 

isotope channel and label them “IP-unbound” or “flowthrough.” 

12.  Remove super, and wash beads four times with lysis buffer. For each wash, nutate 3-

5min. 

13. Aspirate final wash, taking care to remove as much supernatant as possible. This is 

made easier with the use of mag-beads, but these are not always available. 

14.  Add 90uL of elution buffer and incubate at 65°C for 15min. Mix around every 5min 

to increase elution efficacy. 

15. Spin down beads at 1000rcf and collect 90uL eluate.  Can at this point reserve 2-3uL 

for WB samples of each isotope channel. 

16.  Mix L + H 90uL elutions to get 180uL pooled sample.  To pooled sample, add 1.8uL 

of 1M DTT.  I generally do not include DTT in the elution buffer because this will cause 

many contaminating antibody peaks. 

17. To pooled sample, next add 9uL of 500mM iodoacetamide, and incubate in the dark 

for 15min. 

18.  Add 700uL of PPT solution to sample.  Incubate on ice for 30min-1hr. 

19. Spin down 10min, max speed, and pour off PPT. 

20. Add 700uL PPT, vortex.  Spin 1min, max speed.  Pour off PPT. 
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21. Dry 5min on benchtop.  Acetone smell should be nearly gone.  Resuspend in 50uL 

8M urea + 50mM Tris 8.0. Vortex a minute or two to ensure protein pellet is solubilized, 

then add 150uL NaCl/Tris soln then 1uL trypsin GOLD (Promega). Digest O/N at 37C 

with nutation. Make sure you parafilm the tube so the urea doesn’t leak out!! 

Method, Part II: Acidification and Cleanup 

22. Next day, acidify ~200uL sample with 5uL of 10% Formic Acid + 5uL 10% 

Trifluoro-acetic acid.  Check that pH is strongly acidic by touching a pipet tip to the 

sample and then touching the same tip to a piece of pH paper. 

23. To a 50mg WATERS Sep-Pak column, add 1mL C18 buffer D (80% ACN, 0.1% 

HAc in water).  Apply pressure to top of column with a pasteur pipette bulb and push 

solvent through until meniscus is near the Sep-Pak frit.  Then, wait until gravity pulls the 

remaining volume of buffer D into the column. 

24.  Next apply 1mL of C18 buffer A (0.1% TFA in water). 

25. Next apply sample.  Let flow through by gravity rather than using bulb. 

26. Once sample is fully loaded onto column, wash with 1mL C18 buffer C (0.1% HAc 

in water).  Repeat this wash once. 

27.  To elute sample, first use a p200 to remove residual buffer C from C18 column 

tip.  Then apply 200uL buffer D to column and elute into a silanized vial. 

28.  Pipette elution up and down in the silanized vial to make sure elution is well mixed 

and homogenous.  
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29. Take 20uL from silanized vial and put into a target polyspring insert tube.  This is the 

10% “input” for initial MS analysis. 

30. Dry both samples in speedvac for 45min. 

31. Resuspend 10% sample in 10uL 0.1P solution (0.1pmol/uL Angiotensin II peptide in 

0.1% TFA[in water]). 

32. Resuspend 90% sample in 15uL H2O. 

33.  Submit 10% sample for LC-MS/MS analysis.  If 1% input looks good, proceed to 

HILIC fractionation of 90% sample. 
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Protocol 15: R-based Analysis of IP-MS Data 

Observations 

-The following R script was used in the analysis of most of the IP-MS data in this document.

The input filetype is a .txt file, exported from excel, with the default columns exported from 

Sorcerer2 or COMET.  It assumes xpress quantitation has been performed.  Simply replace 

“filename.txt” with your real filename and run the script. 

Script 

library(dplyr) 

library(tidyr) 

library(ggplot2) 

library(stringr) 

library(ggrepel) 

library(tidyverse) 

library(readxl) 

#pick a FASTA file for reference 

#yeastfasta <- read_excel("uniprot-proteome_UP000002311+reviewed_yes.xlsx") 

#humanfasta <- 

#mousefasta <- 

#load the table 

DataTab <- read.table("filename.txt", 

        header = TRUE) %>% 

 select(spectrum, peptide, protein, xpress) %>% 

 # remove all the secondary protein entries - substitute everything after comma with nothing 

 mutate(protein =  gsub(",.*", "", protein)) %>% 
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    mutate(xpress = (log2(xpress))) 

#all xpress values 

ourdata <- DataTab$xpress 

#Plot the peptide distribution of quantitative values     

hist(DataTab$xpress, breaks = 200, xlim = range(-10, 10)) 

#calculate the mean for normalization 

correction <- median(DataTab$xpress) 

#make a corrected datatab where the mean is 0 

DataTab <- mutate(DataTab, xpress = xpress-correction) 

median(DataTab$xpress) 

hist(DataTab$xpress, breaks = 200, xlim = range(-10, 10)) 

#Normalize to protein target 

#bait <- "baitname" 

#values <- DataTab[DataTab$protein == bait,] 

#bait_corr <- median(values$xpress) 

#DataTab <- mutate(DataTab, xpress = xpress-bait_corr) 

#median(DataTab$xpress) 

#hist(DataTab$xpress, breaks = 200, xlim = range(-10, 10)) 

# Organize (group by proteins) the table with summarized values of mean, standard dev and numb observations 

DataTab_proteingroup <- DataTab %>% 

 group_by(protein) %>% 

 summarize(average = mean(xpress), 

 sd = sd(xpress), 

 numbpept = n(), 

 pvalue = wilcox.test(xpress, y= ourdata)$p.value, 

 ratios = paste(xpress, collapse = ",")) %>% 

  ungroup() 

#Plot the peptide distribution of quantitative values 

311



hist(DataTab_proteingroup$numbpept, breaks = 2000, xlim = range(0, 10)) 

# select for proteins with 4 or more observations (peptides) and calculate P-value 

DataTab_proteingroup_N4 <- DataTab_proteingroup %>% 

 filter(numbpept >=2) %>% 

  ungroup()  

# add the p-value to the table based on the my_pvalue function 

DataTab_proteingroup_N4_P <- DataTab_proteingroup_N4 %>% 

 mutate(threshold = as.factor (pvalue < 0.05 & (average <=-0.5 | average >=0.5))) 

#set a max pvalue 

DataTab_proteingroup_N4_P$pvalue <- replace(DataTab_proteingroup_N4_P$pvalue, 
DataTab_proteingroup_N4_P$pvalue < 1e-10, 1e-10) 

DataTab_proteingroup_N4_P$average <- replace(DataTab_proteingroup_N4_P$average, 
DataTab_proteingroup_N4_P$average < -10, -10) 

DataTab_proteingroup_N4_P$average <- replace(DataTab_proteingroup_N4_P$average, 
DataTab_proteingroup_N4_P$average > 10, 10) 

#Volcano PLot 

s <- ggplot(DataTab_proteingroup_N4_P, 

 aes(x=average, y =-log10(pvalue), 

        col=threshold)) + 

 geom_point(alpha=0.4, size=2.75) + 

 xlim(c(-10, 10)) + 

 ylim(c(0, 10))  + 

 xlab("log2(light / heavy)") + ylab("-log10 p-value (Mann Whitney Test)") + 

 geom_text_repel( 

 data=DataTab_proteingroup_N4_P %>% filter(pvalue<0.05 & (average <=-1)), aes(label=protein) 

  ) 

print(s) 

ggsave("filename.png", dpi = 600) 

#Save no labels 
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s <- ggplot(DataTab_proteingroup_N4_P,  

            aes(x=average, y =-log10(pvalue),  

                col=threshold)) + 

  geom_point(alpha=0.4, size=2.75) + 

  xlim(c(-10, 10)) + 

  ylim(c(0, 10))  + 

  xlab("log2(light / heavy)") + ylab("-log10 p-value (Mann Whitney Test)") 

print(s) 

ggsave("filenamenolabels.png", dpi = 800) 

#Identify interactors 

Interactors <- filter(DataTab_proteingroup_N4_P, threshold == TRUE) 

#Write table of interactors 

write.table(DataTab_proteingroup_N4_P, file ="filename.xls", sep = "\t", row.names = FALSE) 

 

  

 

 

  

313



Protocol 16: Ethan’s Gibson Assembly Cloning Tips and Tricks 

Observations 

-It is almost guaranteed that molecular cloning will be required during the course of a Ph.D. in

biochemistry.  Plasmids are the backbone of molecular genetics—no pun intended.  These 

circular DNAs can be used in the creation of knock-outs, knock-ins, and a whole host of other 

applications in bacteria, yeast, and mammalian cells, to name a few.  A common first step in 

many molecular genetics experiments is the dreaded cloning step, and I have seen my colleagues 

falter and get stuck for months trying to clone a plasmid of interest.  I can confidently say that, 

despite all my difficulties, I never faced this particular tribulation during my Ph.D. As such, I 

regard myself as something of a skilled plasmid assembler.  In this section I will impart what 

little wisdom I have on this topic, in the hopes that some future Smolka Lab student is helped 

along their way by my tips and tricks. 

-There are dozens of plasmid cloning strategies, from Gibson assembly to restriction enzymes to

golden gate cloning.  Regrettably I did not have the chance to try them all, but I think that most 

low-throughput applications can be accomplished by either (1) Gibson assembly or (2) restriction 

cloning.  I used Gibson assembly for almost all cloning applications that I encountered, and I will 

describe my protocol in detail here.  

Materials 

• NEB Hi-Fi 2x Gibson Assembly Master Mix

• NEB CutSmart Buffer 10x

• Takara PrimeSTAR 2x DNA Polymerase Master Mix
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• 5uM Primer Mix: 1uL forward primer, 1uL reverse primer, 18uL ddH2O

• PCR Reaction: 25uL PrimeSTAR 2x DNA polymerase master mix, 20uL

ddH2O, 4uL 5uM primer mix, 1uL DNA template

Method 

1. Gibson assembly uses a polymerase, an exonuclease, and a DNA ligase to stitch

together blunt-end DNA fragments with 20bp PCR-generated homology.  I have 

routinely cloned up to 4 fragments with high rates of success.  If cost is a concern, then it 

is possible to make the Gibson master mix from scratch by purifying the constituent 

enzymes from E. coli. 

2. The first step of the process is to decide what piece of DNA you want to stitch into

what vector backbone.  Say, for example, that you want to put the SGS1 gene into a 

PRS415 vector for expression in yeast.  

3. Using a DNA manipulation software like SnapGene Viewer, first select the parts of the

vector you wish to use as the backbone.  I use the “select range” function for this.  Copy 

this sequence and paste it into a text file for reference and your e-notebook. 

4. Using a DNA manipulation software like SnapGene Viewer, next select the parts of the

gene of interest you wish to use as the insert.  Remember that you will need to include a 

promoter in order for your gene to be expressed. In yeast, including 500bp upstream of 

the start codon will almost certainly encompass the entire promoter.  If you are not sure 

where to find your gene of interest, see https://www.yeastgenome.org/ and download the 

sequence of your gene + / - 1000bp.  Once downloaded, select your insert using 
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SnapGene. I use the “select range” function for this.  Copy this sequence and paste it into 

a text file for reference and your e-notebook. 

5. Now that you have your fragments, design primers to assemble them using

https://nebuilder.neb.com/#!/. This is much more reliable than manual design, which is 

tricky.  Select “new fragment” -> “paste sequence” -> “process text” -> (KEEP 

DEFAULT SETTINGS) -> “add”.  Do the vector backbone first.  Then repeat for 

insert(s). 

6. In the summary section, copy the sequence of the new vector and create a SnapGene

file for this vector.  Verify that everything is in frame and in the right orientation, and that 

there are no erroneous stop or start codons (if you’re stitching two genes together to make 

a fusion protein, you will need to remove one stop codon from the N-terminal gene!). 

7. In an Excel file, paste the primers generated by NEBuilder.  There will be two primers

to linearize the vector and two primers for each insert.  Make sure that you label the 

primers carefully in the Excel file so that you do not get them mixed up when doing 

the subsequent PCR. 

8. Order primers through IDT.  When these arrive, use the two vector primers to amplify

your vector.  Use the pairs of insert primers to amplify your insert(s).  For this PCR 

reaction I use PrimeSTAR DNA polymerase from Takara.  Reaction details in 

“materials.” 

9. Run 5uL (10%) of the resulting PCR reaction on a 1% agarose (w/v) gel at 120V for

20min.  Robust amplification is required for efficient assembly.  Make sure there is a 
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large band at the anticipated size in your vector and insert lanes.  If there is a smear 

or multiple bands, this indicates the PCR reaction needs optimization.  I recommend 

performing gradient PCR with a variable annealing temperature from 55-65C and picking 

the Ta that gives the best amplification. 

10. If the PCR worked, next add 5uL NEB CutSmart buffer to each reaction followed by 

1uL DpnI restriction enzyme. Mix by pipetting gently with a p20/200 set to 20uL. Digest 

for 1hr at 37C. This step is critical to remove any contaminating vector backbones. 

11. Remove contaminating protein and free nucleotides with a PCR cleanup spin column 

kit, such as the “Cycle Pure” kit from Omega Bio-Tek according to the manufacturer’s 

protocol. 

12. Both fragments are now purified and resuspended in H2O or kit elution buffer.  

Measure DNA concentration using a nanodrop instrument. 

13. In a PCR tube, in a reaction volume of 10uL, prepare: 5uL 2x Gibson Master Mix, 

0.1pmol insert (or 0.1pmol of each insert), 0.025pmol vector.  Exact pmol values are less 

important than having a 4:1 molar ratio of insert:vector.  DNA moles to mass can be 

calculated using the following tool: https://nebiocalculator.neb.com/#!/dsdnaamt 

14. Incubate at 50C for 1hr.  Move reaction to ice for a few minutes after incubation. 

15. Transform 2uL of this reaction into chemically competent bacterial cells and plate 

onto the appropriate selection plates following recovery. 
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16. Genotype assembled plasmid by colony PCR or sequencing.  I find that GA

efficiency tends to be in 50-90% range.  Since the efficiency is so high, I often proceed 

directly to sequencing without first performing colony PCR. 
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APPENDIX F: GENOME REARRANGEMENT IMMUNO-PRECIPITATION (GRIP)-

SEQ TO INDUCE AND QUANTIFY RECOMBINATION-INDUCED CHROMOSOMAL 

REARRANGEMENTS IN MAMMALIAN CELLS 

Ethan Sanford & Marcus B. Smolka 

This appendix describes a proposed method to detect chromosomal rearrangements in 

mammalian cell lines.  This proposal was submitted in 2020 as a Cornell Genomics Innovation 

Hub seed grant and was subsequently awarded funding for preliminary experiments. 

Background 

Cells constantly incur DNA damage from endogenous and exogenous sources (Vilenchik & 

Knudson, 2003; Ames et al, 1993).  Improper repair of DNA lesions, especially double-strand 

breaks (DSBs), leads to chromosomal rearrangements; importantly, cancers in higher 

eukaryotes exhibit complex karyotypes that are the result of genomic 

rearrangements (Hanahan & Weinberg, 2011; Rowley, 1973; Palumbo & Russo, 2017; 

Aganezov et al, 2019).  Accumulated evidence in yeast has pinpointed aberrant homologous 

recombination (HR)-based repair as a key mechanism driving the formation of gross 

chromosomal rearrangements (GCRs), particularly upon loss of the apical DNA damage 

checkpoint kinase Mec1 (hATR) (Myung et al, 2001b, 2001c; Kolodner et al, 2002; Myung et 

al, 2001a).  Emerging evidence suggests that the high incidence of GCRs in cells lacking Mec1 

is due to loss of a quality control mechanism whereby Mec1 prevents non-allelic recombination 

via the helicase Sgs1 (hBLM) (Sanford et al, 2021; Lanz et al, 2018).  Whether an orthologous 

quality control mechanism operates in human cells is incompletely understood, though ATR 
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does control the abundance of homologous recombination factors, suggesting that ATR signaling 

dysregulation may influence the propensity for cells to undergo chromosomal 

rearrangements (Dibitetto et al, 2020). 

While non-homologous end joining is understood to be the canonical driver of chromosomal 

instability in cancer cells, comparatively less is known about the mechanisms by which aberrant 

homologous recombination triggers complex chromosomal rearrangements in higher eukaryotes 

(Piazza & Heyer, 2019; McClintock, 1941).  HIM-6, the BLM ortholog in C. elegans, prevents 

chromosomal rearrangements arising through heterologous recombination (htREC), further 

supporting a role for homologous recombination quality control mechanisms in preventing 

genome instability (León-Ortiz et al, 2018).  Indeed, lack of the BLM helicase in humans is the 

cause of Bloom’s syndrome, a pathology marked by elevated rates of sister-chromatid exchanges 

and increased cancer susceptibility (Thompson & Schild, 2002; German et al, 1965; Li et al, 

2004).  Another important conserved mechanism for preventing recombination between 

divergent DNA sequences utilizes the mismatch repair heterodimer MSH2-MSH6 to reject 

strand invasions at homeologous sequences and is conserved from yeast to humans (Tham et al, 

2016; Spies & Fishel, 2015).  Given the relevance of HR quality control mechanisms for 

genome integrity, the degree of conservation between clades, and the propensity for 

dysregulation to cause cancer, we propose a genomics method to gain a time-resolved 

mechanistic understanding of precisely how aberrant HR produces rearrangements, 

including the genetic underpinnings of these events. 

In baker’s yeast, the gold-standard method for dissecting the genetics of aberrant HR is the gross 

chromosomal rearrangement assay, which relies on the loss of two counterselectable markers on 

a dispensible terminal region of chromosome five (Putnam & Kolodner, 2010).  As of yet, no 
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similar method exists in human cells, representing a critical technical void in our 

understanding of aberrant HR.  In order to gain mechanistic insight into how defects in 

recombination quality control mechanisms produce chromosomal rearrangements in human cells, 

we propose to develop a system for temporally controlled induction of DNA breaks and 

subsequent monitoring of chromosomal rearrangements arising via htREC using a genomics 

approach.  In the proposed approach, the S. pyogenes Cas9 enzyme is used to induce DNA 

breaks because of the ease of use of CRISPR/Cas9-based methods and the wide availability of 

tools (Komor et al, 2017; Jiang & Doudna, 2017; Dibitetto et al, 2018).  Additionally, the use of 

single or a pool of guide RNAs allows for titration of the number of breaks per genome (Hsieh-

Feng & Yang, 2020), and the development of degron-tagged alleles of Cas9 allows for the 

precise temporal control of DNA cutting activity (Wu et al, 2020).  Following break induction, 

the appearance of chromosomal rearrangements will be monitored by ChIP-seq. A nuclease-dead 

Cas9 will be transfected in parallel to synthetic gRNAs used for break induction via degron-

tagged Cas9.  Following a short period of break induction and subsequent Cas9 degradation, 

dCas9 is subsequently used for ChIP-seq to identify repaired loci.  While the majority of 

sequencing reads will map to a single genomic locus, reads corresponding to chromosomal 

rearrangements will map to two loci.  A potential alternative approach to detecting 

rearrangements via dCas9 involves detection of strand invasions at heterologous sequences 

following Cas9 DSB induction via ChIP-seq of mismatch repair factors MSH2-MSH6.  Both 

proposed approaches enable genetic dissection of the contribution of the apical kinase ATR and 

its downstream substrates toward preventing aberrant HR, similar to what has been found in S. 

cerevisiae.  The proposed methods will help elucidate the exact timing and mechanisms by 
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which aberrant HR produces genome instability and identify critical factors in recombination 

quality control. 

Specific Aims 

The kinase ATR is a key regulator of 

homology-directed repair in human 

cells (Flott et al, 2011; 

Doerfler et al, 2011; Osborn et al, 2002; Cobb 

et al, 2005; Zou & Elledge, 2003; Buisson et al, 

2017).  Furthermore, human cancer karyotypes 

display complex patterns of chromosomal rearrangements that mirror the types of gross 

chromosomal rearrangements observed in baker’s yeast (Hadi et al, 2020).  While some of the 

rearrangements observed in human cells are attributable to NHEJ, the mechanisms by which HR 

might drive oncogenic rearrangements is underexplored (Piazza & Heyer, 2019).  The genomics 

methods proposed herein allow for the genetic dissection of mechanisms preventing 

chromosomal rearrangements in human cell lines. 

Aim 1: To validate GRIP-seq for detection of HR-driven gross chromosomal 

rearrangements. 

Genome rearrangements and mutational processes in cancer genomes have been extensively 

characterized by next generation sequencing in recent years (Nik-Zainal et al, 2012; 

Maciejowski et al, 2015; Hadi et al, 2020).  A barrier to a comprehensive understanding of 

genome 

Fig A5: Workflow for proposed Genome 
Rearrangement Immunoprecipitation (GRIP)-seq 
illustrating use of stably integrated degron-tagged Cas9 
coupled to transient transfection of synthetic gRNAs 
and dCas9 to identify rearranged break sites. 
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rearrangements in cancer is the lack of a system to inducibly generate genome rearrangements 

and study the genetic requirements for the formation of these events.  With GRIP-seq we propose 

a system for inducing DNA breaks at single or multiple loci using a degron-tagged Cas9-

enzyme.  Following break induction, a tagged dCas9 enzyme will be used to recover 

reconstituted break sites via ChIP.  While the majority of sequencing reads will likely map to the 

original targeted locus, a small number of reads will map to 2 separate genomic loci, indicative 

of a chromosomal rearrangement (see Fig. 1).  Break induction control is critical; to this end, 

there are a number of validated methods for conditionally inducing breaks with Cas9 or for 

conditional depletion of Cas9 following break induction.  In addition to conditional Cas9 

inactivation, blue-light based conditional Cas9 activation has been previously demonstrated and 

represents a potential alternative approach for break induction control (Nihongaki et al, 2015, 

2017).  In the proposed scheme, the plant hormone auxin will be used in Os-TIR bearing cell 

lines to rapidly deplete Cas9 shortly after transfection with guide RNAs (Kleinjan et al, 2017; 

Liang et al, 2015).  Importantly, commercially available, directly transfectable gRNAs will be 

used rather than plasmid-based guides to enable quick gRNA delivery.  As a control, GRIP-seq 

will also be performed in cells only transfected with dCas9 (no gRNA present). Initial 

optimization of the proposed method will rely on single gRNAs.  The choice of gRNA target is 

another point of optimization—certain genomic features, such as common fragile sites or 

repetitive DNA sequences—are more likely to undergo chromosomal rearrangements (Casper et 

al, 2002).  Eventually, this method could be adapted to use pooled gRNAs targeting multiple 

loci. 
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Aim 2: To define the role of ATR kinase signaling in preventing gross chromosomal 

rearrangements. 

For a biological application of the proposed method, GRIP-seq will be used to delineate the 

relative contribution of ATR signaling in suppressing gross chromosomal rearrangements in 

human cells, orthologous to Mec1’s role in yeast. While ATR is an essential gene, there are a 

number of commercially available inhibitors to ablate its kinase activity, some of which are 

currently in clinical trials as potential cancer therapies (Wagner & Kaufmann, 2010; Nieto-Soler 

et al, 2016; Prevo et al, 2012; Min et al, 2017).  We will measure the relative quantity and 

identity of chromosomal rearrangements between vehicle and ATR inhibitor (ATRi)-treated cell 

lines using GRIP-seq.  The proposed experiments will shed light on the status of ATR as a key 

regulator of homology-directed repair and suppressor of gross chromosomal rearrangements. 

GRIP-seq data will identify whether lack of the ATR kinase diminishes HR quality control and 

promotes recombination between highly divergent sequences not observed in vehicle-treated cell 

lines. 

Alternative Approaches 

M-GRIP-seq to Identify Factors Regulating Recombination Quality Control in Mammalian 

Cell Lines 

While GRIP-seq proposes to monitor the end result of aberrant HR events, M-GRIP-seq will be 

used to monitor the homeologous recombination intermediates that give rise to chromosomal 

rearrangements via chromatin immunoprecipitation of the mismatch repair factor MSH2.  

Importantly, in yeast as well as human cell lines, MSH2-MSH6 defines a pathway for marking 
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homeologous recombination intermediates and rejecting the D-loops that result from strand 

invasion at non-allelic loci (Elliott & Jasin, 2001).  Given that MSH2-MSH6 is a critical factor 

for rejecting homeologous recombination events, it follows that MSH2-MSH6 should be present 

on chromatin whenever strand invasion at homeologous sequences occurs.  Using ChIP-seq, we 

will map MSH2-MSH6 localization genome-wide following Cas9-mediated DNA break 

induction to identify strand invasion events at non-allelic loci.  Using this system, we will then 

explore the genetic underpinnings of recombination quality control—for example, whether lack 

of ATR kinase activity increases early homeologous recombination intermediates. 
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APPENDIX G: THE PHOSPHATASE-INSENSITIVE PHOSPHOPROTEOME: A NEW 

WINDOW ON PROTEIN STRUCTURAL DYNAMICS 

This appendix describes a proposed method to detect phosphorylation sites that modulate protein 

structural dynamics in mammalian and yeast cell lines.  The methodological and theoretical 

details are described for the proposed project.  This topic is additionally discussed in the main 

text at greater length and with more speculation regarding the preliminary data. This proposal 

was submitted in 2022 for a Regeneron Innovation Prize and was ultimately not awarded. 

Introduction 

 Cells are dynamic systems requiring exquisite internal regulation to survive in the presence of 

external stressors such as starvation, temperature fluctuation, and ultraviolet radiation.  The 

robustness of cellular homeostasis is accomplished, in part, by signaling networks that result in the 

post-translational modification of 

client proteins to tune their 

activity, sub-cellular localization, 

or interaction with other proteins.  

Protein phosphorylation is the 

most well-studied post-

translational modification, with 

thousands of datasets publicly available across a large number of mammalian and yeast 

cell lines (Ramasamy et al, 2020; Floyd et al, 2021; Martens et al, 2005; Lanz et al, 2021). 

Furthermore, 

A 

FIG A6. (A) Proteins are decorated with phosphorylation. (B) Most 
sites are removed upon treatment with PPase, except those that 
remain by steric occlusion. (C) Trypsinization following PPase 
treatment is prepares insensitive sites for MS-based mapping. 

B C
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protein kinases are frequently dysregulated in cancer and represent promising targets for 

anti-cancer drugs (Nieto-Soler et al, 2016).  In the past decade, biologists have focused much of 

their effort on mapping protein kinase substrates using mass spectrometry, an analytical 

technique that is used in this sense to detect and quantify site-specific phosphorylation proteome-

wide.  To date, hundreds of thousands of phosphorylation sites have been detected in yeast and 

mammalian cell lines, but the functional importance of most of these phosphorylation 

events remains to be determined, representing a major knowledge gap in our 

understanding of cellular signaling networks.  

The primary challenge in translating large proteomics datasets into functional insights is filtering 

for causative phosphorylation events. 

Computational filtering schemes alleviate this 

concern to some extent (Faca et al, 2020), but I 

propose that a key structural consideration has been 

overlooked in the study of phosphorylation, 

namely, that the addition of the bulky, 

electronegative phosphate moiety can induce 

intra-molecular and inter-molecular 

conformational changes of client proteins (FIG 

1A-C) that create a sterically occluded 

phosphate (SOP). As such, any method to 

specifically enrich for phosphorylation events that modify protein structural dynamics should also 

enrich for functionally important phosphorylation sites, since ternary and quaternary protein 

structure ultimately determine function. 

A 

B 
FIG. A7 
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Here I propose a simple in vitro method to enrich for the subset of phosphorylation events that 

modulate protein structural dynamics, based on the following principle: phosphorylation events 

that alter protein folding or protein:protein interactions leading to intra- or inter- molecular steric 

occlusion (FIG 1, middle) will be resistant to the action of a recombinant phosphatase (PPase) 

enzyme due to steric occlusion of the phosphate moiety from the active site of the PPase.  These 

resistant sites can then be identified using quantitative mass spectrometry in both yeast and 

mammalian cell lines. Preliminary experiments using the proposed method in S. cerevisiae 

revealed that approximately 15% of all phosphorylation events can be classified as “PPase 

insensitive” (FIG 2A). Furthermore, approximately 30% of all PPase-insensitive sites exist in 

predicted intrinsically disordered regions (IDRs).  Since these regions are generally labile and 

solvent-accessible, we propose that phosphorylation sites in IDRs modulate disorder-to-order 

transitions that then render the phosphate moiety inaccessible to recombinant phosphatase. 

Specific Aims 

The experiments proposed will (1) construct an atlas of PPase-insensitive sites across stressors, 

loss-of-function mutants, and disease states and (2) to dissect the molecular mechanisms of 

PPase-insensitivity using multiple state-of-the-art structural and biochemical approaches. This 

proposal aims to establish PPase-insensitivity as a central filtering rule in the identification of 

physiologically important phosphorylation events. 

Aim 1: An Atlas of PPase-Insensitive Phosphorylation Events Across Cell Lines and 

Stressors. Preliminary data collected using an in-house quantitative proteomics filtering 
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method (Faca et al, 2020) in S. cerevisiae indicates that ~15% of phosphorylation sites 

in unchallenged cells are resistant to in vitro dephosphorylation (FIG 2A).  

Furthermore, approximately a third of all SOPs reside in unstructured protein domains as 

predicted by AlphaFold (Jumper et al, 2021).  SOPs will be monitored in S. cerevisiae by 

SILAC mass spectrometry in response to stressors such as heat shock, treatment with exogenous 

genotoxins and chemotherapeutic drugs, and nutrient deprivation to determine if the subset of 

PPase insensitive sites represents a dynamic signaling paradigm that modulates cellular 

responses to stress by enabling new proteoforms though phosphorylation-based inter- and 

intra- protein remodeling. This analysis will be extended to both normal and transformed 

mammalian cell lines to test is phospho-remodeling represents a major alteration between the 

normal cell state and cancer.  A suite of bioinformatic analyses will be applied to both yeast 

and mammalian data to assess if particular signaling pathways are overrepresented among 

SOPs.  Furthermore, the consensus preference for many kinases is known (Blasius et al, 2011), 

and the data will be mined to determine if SOPs represent targets of specific kinases.  

Eventually, I envision kinases would be classified by not only their consensus motifs, but also by 

their propensity to structurally alter target proteins.  

Aim 2: Structural Biochemistry to Delineate Mechanisms through which 

Phosphorylation Enables New Proteoforms. Individual proteins will be selected for low-

throughput biochemical analysis to determine how the presence of a phosphate moiety 

influences protein structure.  A panel of approximately 200 SOP-containing genes from yeast 

and mammalian cells will be cloned into E. coli expression vectors for purification. SOPs will 

be specifically introduced into these recombinant proteins using recently developed E. coli 

expression systems that allow for genetically encoded phosphorylation (Beránek et al, 2018; 

Zhu et al, 2019).  Since the proposed 332



number of targets is too large for bona fide structural biological methods, small-scale purifications 

of each of these targets with and without the phosphate of interest will be subjected to partial 

trypsinolysis to isolate targets that undergo conformational changes upon inclusion of the SOP.  

Of particular interest, SOPs that reside in unstructured domains are expected to confer a degree of 

protection from trypsinolysis.  Proteins that exhibit acquired resistance to trypsinolysis will be 

further investigated by circular dichroism (CD) to assess if the inclusion of an SOP induces large-

scale protein conformational changes.  Finally, candidate proteins that exhibit acquired resistance 

to trypsinolysis and shifts in their CD spectra will be subjected to crystallization in their phosphate-

containing form.  As a follow-up to these structural studies, individual sites correlated with the 

presence of certain stressors will be mutated using CRISPR/Cas9 to assess whether the absence of 

the SOP results in diminished resistance to a given stressor, thus forming a causal link between 

the PPase-insensitive site and the observed phenotype. Taken together, the proposed experiments 

aim to understand how phosphorylation events modulate protein structure to allow cells to adapt 

to internal and environmental stressors. 

Significance 

The proposed experiments could significantly alter the understanding of the basic biology of post-

translational modifications. Mapping the dynamics of phosphorylation-induced protein 

conformational changes will be critical in understanding basic biological processes regulated by 

phospho-signaling as well as how proteoforms are altered in diseases such as cancer.  The proposed 

method could easily be extended to other post-translational modifications (PTMs) for which a 

PTM-eraser enzyme is known (acetylation and deacetylases, for example).   
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