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Abstract

The survival and proper functioning of an organism depends on the

faithful replication of its genetic material. The yeast checkpoint kinase Mec1

and its integral partner Ddc2 (human ATR and ATRIP respectively) play a

pivotal role in initiating checkpoint signalling as a response to DNA damage.

Mec1 is activated by cell cycle specific activators that act through conserved

aromatic residues located in their unstructured C-terminal regions. Since

the molecular details of the activation mechanism of Mec1 are not fully

understood yet, we studied the structure of the Mec1-Ddc2 complex and its

interactions with the activator Dpb11 protein. Our findings provide the first

insights into the overall architecture of Mec1-Ddc2 and serve as a basis for

a proposed framework for the activation of Mec1.

Our single-particle cryo-electron microscopy reconstruction shows Mec1-

Ddc2 exists as a dimer of heterodimers and associates through intertwining

arm regions consisting of the N-terminal Mec1 HEAT repeats of the ad-

jacent monomers. The Ddc2 subunit, which extends from these repeats,

further stabilises the oligomerization interface. The head of the structure

accommodates the kinase domain located at the conserved C-terminus of

Mec1. Due to a head-to-head dimer conformation, the kinase domains face

each other although they are fully separated indicating they do not cause

structural impediments that would block substrate access.

The interactions between the N-terminus of Ddc2 and the C-terminal

tail of Dpb11 mediate the recruitment of the activator to the checkpoint

complex. The Ddc2 subunit, which neighbours the kinase domain, not only

provides structural support but also facilitates Mec1 activation by bringing

Dpb11 into close proximity to the active site. We propose a model where the

activator stimulates the kinase activity via multiple interactions between the

Mec1 and Ddc2 subunits of the complex that trigger small allosteric changes

within the kinase domains. We hope such insights will pave the way to a

full mechanistic understanding of this important signalling pathway.
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Chapter 1

Introduction

1.1 DNA Damage

Genome integrity is fundamental for the long-term survival of an organism. DNA,

which is the carrier of the genetic information in cells, is constantly challenged

by multiple factors. It is estimated that approximately 105 DNA damage causing

events take place in each human cell every single day (Ciccia and Elledge 2010).

The majority of DNA damage occurs spontaneously as a result of intrinsic

DNA metabolism (De Bont and van Larebeke 2004). Acid- and heat-induced

hydrolysis attacks the susceptible N-glycosidic bond between the DNA base and

the sugar moiety causing depurination or depyrimidination (Lindahl 1993). The

loss of a nucleobase (occurring 10,000 and 500 times for purines and pyrim-

idines respectively per cell per day) results in the formation of abasic (AP) sites,

which due to their chemical instability are prone to further decay and DNA scis-

sion (Lindahl and Nyberg 1972, Sugiyama, Fujiwara, Ura, Tashiro, Yamamoto,

Kawanishi and Saito 1994). Another type of DNA lesion formed due to spon-

taneous hydrolysis is the deamination of nucleobases (Lindahl 1993). Exocyclic

amino groups of cytosine, adenine and guanine are replaced with carbonyl groups

creating uracil, hypoxanthine and xanthine, respectively. Out of these three re-

33



CHAPTER 1. INTRODUCTION 34

actions, the formation of uracil is the most common, occurring at a rate of 500

times per cell per day (Lindahl and Barnes 2000).

The by-products of normal cellular metabolism also insult the integrity of

DNA through the oxidation and alkylation of the deoxyribose sites and bases,

respectively (Dexheimer 2013). The predominant agents are reactive oxygen

species (ROS), which apart from causing the already mentioned lesions, also

generate single- and double-strand DNA breaks (SSBs and DSBs) as well as

cross-links between DNA and proteins such as histones (Cadet, Berger, Douki

and Ravanat 1997). Reactive nitrogen species and methyl radicals emerging

from lipid peroxidation also contribute to DNA damage although to a lesser

extent.

Errors in fundamental physiological processes such as DNA replication may

also lead to DNA alterations. The synthesis of DNA is highly accurate due to the

high fidelity of the DNA polymerases catalysing the reaction. Yet, they incorpo-

rate a mismatched base or generate an insertion or deletion of a single nucleotide

with an average rate of less than 1 in 10,000 successful events (McCulloch and

Kunkel 2008). Moreover, in order to generate a new DNA strand, the double

helix becomes overwound inhibiting the movement of the polymerases along the

template strand. These knots are efficiently resolved by topoisomerases, which

generate transient SSBs and DSBs allowing the double helix to pass through and

relieve the stress. However, unrepaired DNA breaks resulting from an aborted

activity of these enzymes might have deleterious effects on the genome stability

(Jackson and Bartek 2009).

Apart from endogenous insults, DNA is also regularly damaged by environ-

mental agents. Pyrimidine dimers and 6-4 pyrimidone photoproducts are both

caused by ultraviolet light (UV), which during the peak sun intensity hours can

induce up to 105 lesions per cell per hour (Ravanat, Douki and Cadet 2001).
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Ionizing radiation (IR) is another source of physical stress and although it does

not form as many lesions as UV light, it oxidises nucleobases and contributes to

SSBs as well as DSBs (Ward 1988). The most common sources of IR are naturally

occurring cosmic and γ radiation but also X-rays, CT scans and radiotherapy, all

routinely used in medicine.

Chemicals present in anti-cancer drugs also constitute an exogenous source

of DNA damage. Therapeutics targeting tumour cells involve using agents such

as methyl methanesulfonate (MMS) and temozolomide, which cause alkylation

of nucleobases (Ciccia and Elledge 2010). Intra- and inter-strand cross-links

occur when a covalent bond is formed between nucleobases of the same or differ-

ent strands of DNA, respectively. Agents responsible for the formation of such

lesions include mitomycin C (MMC), platinum compounds, psoralen and nitro-

gen mustard (Noll, Mason and Miller 2006). Moreover, cancer chemotherapy

also relies on the inhibition of topoisomerases and hence agents like camptothecin

and etoposide, which lock the enzymes in covalently-linked complexes with DNA

favouring the formation of SSBs and DSBs (Sinha 1995). Finally, tobacco and

diet products can also contain chemicals that either oxidise or covalently bind to

DNA forming bulky DNA adducts (Ciccia and Elledge 2010).

Since DNA lesions alter the structure of DNA, they affect fundamental cellular

processes by either interfering with DNA replication and transcription, causing

mutations or promoting cell death. Although mutations in some genes might serve

as a basis for evolution, they predominantly impede proper functioning and thus,

compromise the ability of an organism to reproduce and survive. Therefore DNA

damage and the resulting permanent changes in the genome not only promote

genetic diseases, developmental disorders and cancer but also contribute to the

ageing processes (Jackson and Bartek 2009, Hoeijmakers 2009).
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1.2 DNA Damage Response

As both survival and proper functioning of any organism is dependent on genome

integrity and fidelity, it is extremely important for the cells to elaborate mecha-

nisms able to maintain these features. Eukaryotes have developed responses to

DNA damage in order to ensure that the original genetic material is replicated

faithfully before its segregation into daughter cells. A complex network of inter-

twined signalling pathways, classified under the umbrella term the DNA damage

response (DDR), transmits information about the damage down a signalling cas-

cade (Figure 1.1) to evoke the appropriate cellular response to the type of the

damage (Elledge 1996).

Figure 1.1: A schematic representation of the DDR pathway. Upon genotoxic
stress the information about the damage is transduced via a network of signalling
events. The figure is adapted from Zhou and Elledge, 2000.
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The DDR was initially discovered as a conserved mechanism in budding and

fission yeasts with Mec1 and Rad3 master kinases respectively orchestrating the

signalling (Elledge 1996). Later an orthologue protein ATR was shown to play

an equivalent role in humans (see Table 1.1 for nomenclature and explanation of

the abbreviations). These kinases are recruited to the foci of DNA damage via

interactions between DNA and sensor proteins that recognise characteristic DNA

structures generated by the genotoxic stress. Human ATRIP, Saccharomyces

cerevisiae Ddc2 and Schizosaccharomyces pombe Rad26 form an integral complex

with the corresponding ATR/Mec1/Rad3 master kinase. In contrast other master

kinases such as ATM/Tel1 and DNA-PKcs involved in parallel DDR pathways are

recruited to the sites of DNA damage via interactions with independent binding

partners. Once activated, the master kinases not only transduce the signal by

phosphorylating downstream kinases but also regulate the DDR signalling by

recruiting scaffold and mediator proteins to the sites of DNA damage. Although

the activity of the mediators is stimulated by the master kinase, the mediators

are able to regulate the response by acting on downstream as well as upstream

targets indicating many events are intertwined and tightly-controlled allowing a

precise tailoring of the response.

Upon sensing DNA damage, Mec1 as well as Tel1 were also shown to phospho-

rylate histone proteins such as H2A (H2AX in humans), which constitutes a core

component of the nucleosome (Downs, Lowndes and Jackson 2000). The Mec1

phosphorylation site is located at the C-terminal motif that is indispensable for

the repair of DSBs. Indeed, the Gasser group showed that this conserved region

recruits the INO80 remodeller via interactions mediated by phosphorylated S129

of H2A and thus is involved in local chromatin rearrangements that promote the

repair of DSBs (van Attikum, Fritsch, Hohn and Gasser 2004).

One of the ultimate goals of the DDR is to evoke a cell cycle arrest in order
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to prolong critical transitions and provide the time required to remove the DNA

damage before resuming normal cellular processes. The DDR not only delays the

DNA replication but also promotes DNA repair by enhancing transcription of

the corresponding genes. However, if the level of the damage becomes irreparable

the DDR also triggers signalling pathways targeting the aberrant cells for cellular

senescence or apoptosis.

1.3 DNA Damage Induced Checkpoint Signalling

The growth and division of each cell is carefully monitored by a conserved surveil-

lance mechanism consisting of the cell cycle checkpoints which ensure all key

events are spatio-temporally coordinated. The DDR constitutes an essential part

of the cell cycle checkpoints, with three checkpoints regulating the DNA damage

induced response; after G1 phase the checkpoint causes the arrest if any DNA

damage has occurred during cell growth and needs repairing before starting DNA

replication. The intra-S checkpoint delays DNA replication to permit the time

to resolve damage unrepaired at the previous checkpoint as well as damage re-

sulting from collapsed and stalled replication forks. Another checkpoint follows

G2 phase so that any remaining insults are removed before allowing for cell divi-

sion. Once DNA damage is detected in any of the cell cycle stages, an adequate

checkpoint initiates the DDR by activating the master kinase. A previous section

provided a general overview of the DDR. Here and throughout this thesis I will

discuss these signalling pathways in S. cerevisiae as a model organism although

the relevant references will be made to human and S. pombe orthologues. Given

the complicated nomenclature of checkpoint proteins between these species, the

key players and their functions are listed in Table 1.1.
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Table 1.1: Conserved checkpoint points involved in DDR pathways.

S. cerevisiae S. pombe Human DDR role Function

Rad24 Rad17 RAD17 Sensor Clamp loader subunit
Interacts with RPA

Checkpoint clamp subunit
Ddc1 Rad9 RAD9 Sensor Interacts with RPA

Activates Mec1/Rad3/ATR

Rad17 Rad1 RAD1 Sensor Checkpoint clamp subunit

Mec3 Hus1 HUS1 Sensor Checkpoint clamp subunit

MRX/MRN complex subunit
Mre11 Mre11 MRE11 Sensor Recruits Tel1/ATM to DSBs

Resects DSBs

Rad50 Rad50 RAD50 Sensor MRX/MRN complex subunit

Xrs2 Nbs1 NBS1 Sensor MRX/MRN complex subunit
Recruits Tel1/ATM to DSBs

Ddc2 Rad26 ATRIP Sensor Interacts with RPA
Recruits Mec1/Rad3/ATR

Mec1 Rad3 ATR Transducer Activates checkpoints
Activates effector kinases

Tel1 Tel1 ATM Transducer Activates checkpoints at DSBs

Dpb11 Cut5 TopBP1 Activator Activates Mec1/Rad3/ATR

Dna2 Dna2 DNA2 Activator Activates Mec1/Rad3/ATR

Rad9 Crb2 53BP1/BRCA1 Mediator Scaffold for Rad53/Chk1

Mrc1 Mrc1 Claspin Mediator Fork associated scaffold

Sgs1 Rqh1 BLM/WRN Mediator Fork associated scaffold

Rad53 Cds1 CHK2 Effector Phosphorylates effector proteins

Chk1 Chk1 CHK1 Effector Phosphorylates effector proteins

Name abbreviations: Rad genes (Radiation sensitive), Ddc1 (DNA damage
checkpoint 1), Mec3 (Mitosis entry checkpoint 3), Hus1 (Hydroxyurea sensitive
1), Mre11(Meiotic recombination 11), Xrs2 (X-ray sensitive 2), Nbs1 (Nijmegen
breakage syndrome 1), Ddc2 (DNA damage checkpoint 2), ATRIP (ATR
interacting protein), Mec1 (Mitosis entry checkpoint 1), ATR (ATM and Rad3-
related), Tel1 (Telomere maintenance 1), ATM (Ataxia telangiectasia mutated),
Dpb11 (DNA polymerase B 11), Cut5 (Cell untimely torn 5), TopBP1 (DNA
topoisomerase 2 binding protein 1), Dna2 (DNA synthesis defective 2), Crb2
(Cut5 repeat binding 2), 53BP1 (tumour suppressor p53 binding protein 1),
BRCA1 (Breast cancer 1), Mrc1 (Mediator of the replication checkpoint 1), Sgs1
(Slow growth suppressor 1), Rqh1 (RecQ-type DNA helicase 1), BLM (Bloom
syndrome protein), WRN (Werner syndrome ATP-dependent helicase), Cds1
(Checking DNA synthesis 1), CHK2 (Checkpoint kinase 2), CHK1 (Checkpoint
kinase 1)
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The DDR in budding yeast is mediated by two checkpoint kinases, Mec1 and

its homologue Tel1. While deletion of the MEC1 gene results in cell death, cells

carrying a TEL1 deletion mutation are still viable and do not exhibit increased

sensitivity towards DNA damage (Weinert, Kiser and Hartwell 1994, Kato

and Ogawa 1994, Morrow, Tagle, Shiloh, Collins and Hieter 1995, Greenwell,

Kronmal, Porter, Gassenhuber, Obermaier and Petes 1995). However, increased

concentrations of Tel1 suppress the phenotype of the MEC1 deletion mutant and

restore viability (Morrow et al. 1995).

Initially the response to DNA damage was believed to be primarily regulated

by Mec1 kinase with Tel1 having an apparent redundant role. Later it was estab-

lished that the two kinases coordinate responses to different types of DNA dam-

age; single-stranded gaps in DNA are recognised exclusively by Mec1 whereas

DSBs are recognised by both kinases although Tel1 is necessary for Mec1 re-

cruitment (Matsuoka, Ballif, Smogorzewska, McDonald, Hurov, Luo, Bakalarski,

Zhao, Solimini, Lerenthal, Shiloh, Gygi and Elledge 2007, Jazayeri, Falck, Lukas,

Bartek, Smith, Lukas and Jackson 2006, Myers and Cortez 2006).

In response to DSBs (Figure 1.2), Tel1 associates with damaged DNA via

interactions with the MRX (Mre11-Rad50-Xrs2) complex that senses the blunt

ends of DNA and activates the kinase (Nakada, Matsumoto and Sugimoto

2003, Lee and Paull 2005). Moreover, due to the 5’-3’ exonuclease activity

of the Mre11 subunit, the DNA ends are resected generating a 3’ single-strand

DNA (ssDNA). These extended stretches are immediately coated with replication

protein A (RPA), a heterotrimeric complex that by binding to ssDNA shields

it from nucleases as well as assisting the recruitment of Mec1 by interacting

with Ddc2 (Fanning, Klimovich and Nager 2006, Lisby, Barlow, Burgess and

Rothstein 2004).

Processing of DNA ends also generates a junction between single- and double-
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Figure 1.2: DNA damage induced checkpoint signalling. The Mec1-Ddc2 complex
is localised at the apex of the DDR as it recognises ssDNA gaps formed at SSBs,
stalled replication forks or after the Tel1-MRX complex-mediated resectioning
of DNA blunt ends at DSBs. Cell cycle-dependent activators (shown in green)
activate the Mec1 kinase, which subsequently phosphorylates effector proteins
(in blue) that trigger adequate cellular responses. The mediator proteins (in red)
act as scaffoldings to bring the target kinases towards the Mec1 active site. The
figure is adapted from Hustedt et al., 2013.

strand DNA (ssDNA/dsDNA), which is recognised by the Ddc1-Mec3-Rad17

checkpoint clamp and the Rad24-RFC clamp loader. Biochemical studies have

shown that Mec1-Ddc2 and the clamp with its loader can be localised to DNA

independently even though recruitment of both complexes is essential for proper

functionality of the DDR (Kondo, Matsumoto and Sugimoto 1999, Kondo,

Wakayama, Naiki, Matsumoto and Sugimoto 2001, Melo, Cohen and Toczyski
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2001, Rouse and Jackson 2002). Since RPA coats the 3’-end of the overhang

ssDNA, it imposes specific directionality for the clamp loading towards the 5’-end

ssDNA/dsDNA junctions (Ellison and Stillman 2003, Majka, Binz, Wold and

Burgers 2006). In addition, RPA also facilitates clamp association by forming

interactions between the Rad24 subunit of the loader as well as the Ddc1 subunit

of the clamp (Wu, Shell and Zou 2005, Zou, Liu and Elledge 2003, Majka,

Binz, Wold and Burgers 2006).

Tel1-dependent DNA resection generates ssDNA overhangs that shift the sub-

strate specificity towards Mec1-mediated signalling (Mantiero, Clerici, Lucchini

and Longhese 2007, Shiotani and Zou 2009). The same characteristic struc-

ture of ssDNA at the 3’-end and the ssDNA/dsDNA junction at the 5’-end is

also generated during SSBs and stalled replication forks, which explains why

these insults are exclusively recognised by Mec1 (Figure 1.2) (Sogo, Lopes and

Foiani 2002, Byun, Pacek, Yee, Walter and Cimprich 2005). Despite the fact

these DNA structures and the loaded clamp are sufficient to activate Mec1, fur-

ther proteins are required to stimulate the kinase activity of Mec1 (MacDougall,

Byun, Van, Yee and Cimprich 2007). In addition to Ddc1, Dpb11 and Dna2

serve as potent activators of Mec1 that operate in a cell-cycle dependent man-

ner (see section 1.5). Once activated, Mec1 propagates the signal via mediator

proteins such as Mrc1, Sgs1 and Rad9 to the effector kinases, Rad53 and Chk1.

Phosphorylated Rad53 and Chk1 kinases dissociate from the DNA damage

foci and transmit the response to cell cycle regulators, transcription factors and

DNA repair proteins to trigger cellular responses that deal with the damage. As

an immediate response, the cell cycle is halted in order to delay any ongoing

processes and permit time to decide the cell fate. Depending on the phase of the

cell cycle and the type of the damage, different DNA repair mechanisms are im-

plemented (Branzei and Foiani 2008). During G1 phase, ssDNA gaps and bulky
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lesions are repaired via Mec1-activated nucleotide excision repair (NER) path-

ways. Stalled replication forks as well as gaps that occur during replication are

resolved during homologous recombination (HR)-mediated fork restart whereas

mismatched bases are corrected through a mismatch repair. Finally, SSBs that

occur at G2 phase are also repaired by HR. Similarly, DSBs that take place in

all phases, unless repaired via Tel1-activated HR, are resected and targeted for

Mec1-driven checkpoint signalling.

1.4 Components of the Yeast DNA Damage Checkpoint

1.4.1 Mec1 Checkpoint Kinase

S. cerevisiae key checkpoint kinase, Mec1 is a 273 kDa transducer protein (Fig-

ure 1.1) and serves as a major regulator of the DDR in budding yeasts (Melo

and Toczyski 2002). Mec1 belongs to a family of protein kinases called phos-

phatidylinositide 3-kinase-related kinases (PIKK) as its kinase domain shares

higher sequence similarity to phosphatidylinositol-3 lipid kinases (PI3K) than

classical eukaryotic protein kinases (Manning, Whyte, Martinez, Hunter and

Sudarsanam 2002). Nonetheless, PIKKs donate the γ-phosphate of ATP to pro-

teins rather than lipids and hence are classified as protein kinases with a specificity

towards Ser/Thr sites followed by Gln or a hydrophobic residue (Hustedt, Gasser

and Shimada 2013). Despite being considered as atypical, the PIKK family is

highly conserved among eukaryotes (Table 1.2) and its members are involved in

responding to numerous cellular stresses.

Mec1 and its human orthologue ATR, Mec1 homolog - Tel1 and its hu-

man ortholog ATM as well as human DNA-PKcs (DNA-dependent protein ki-

nase catalytic subunit) are all involved in response to DNA damage. SSBs and

stalled replication forks are recognised by Mec1/ATR while DSBs are sensed by
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Table 1.2: Members of the PIKK family.

S. cerevisiae S. pombe Human Cellular function

Mec1 Rad3 ATR Response to DNA damage

Tel1 Tel1 ATM Response to DNA damage

- - DNA-PKcs Response to DNA damage

Tor1/Tor2 Tor1/Tor2 mTOR Cell growth and metabolism

- - SMG1 Nonsense-mediated mRNA decay

Tra1 Tra1 TRRAP Co-activation of transcription factor

Tel1/ATM and DNA-PKcs. Initiated checkpoint signalling results in DNA repair

by HR (pathways mediated by Mec1 and Tel1) and non-homologous end joining

(NHEJ) (mediated by DNA-PKcs) (Critchlow and Jackson 1998). Other mem-

bers of the PIKK family regulate processes unrelated to DNA damage such as

cellular metabolism, mRNA surveillance and transcription activation (Abraham

2004, Lempiainen and Halazonetis 2009).

All PIKKs share a conserved domain architecture (Figure 1.3). The C-

terminal fragment consists of the globular kinase domain (designated as PIKK)

flanked by two α-helical FAT (named after three kinases sharing this domain:

FRAP - alternative name for mTOR, ATM and TRRAP) and FATC (FRAP-

ATM-TRRAP C-terminal) domains. These three domains comprise the region of

the highest sequence similarity among all the members of the family (Cimprich

and Cortez 2008, Dames, Mulet, Rathgeb-Szabo, Hall and Grzesiek 2005). The

FAT domain has been predicted to form part of the long arrays of α-helical HEAT

repeats (named after huntingtin, elongation factor 3 (EF3), protein phosphatase

2A (PP2A) and the yeast kinase TOR1) that extend towards the N-terminus of

the PIKK (Cimprich and Cortez 2008). The N-terminus has been proposed

to consist of numerous HEAT repeats that form extended solenoid structures

(Perry and Kleckner 2003). The flexible amino acid composition of this region

is responsible for significant sequence divergence within the PIKK family.

Interestingly, all members except ATR/Mec1 and ATM/Tel1 contain an FRB
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Figure 1.3: Functional domains of PIKKs. Schematic representation of conserved
domains in a general PIKK protein (top) and the family members in humans and
yeasts. All PIKKs except SMG1 and TRRAP contain the PRD domain (indicated
in red) sandwiched between the kinase and FATC domains.

(FKBP12-rapamycin-binding) or FRB-like domain. Its four α-helical structure

was initially determined in mTOR as a part of the FAT domain that is adjacent

to the kinase region (Choi, Chen, Schreiber and Clardy 1996). As this region

was shown to bind the FKBP12 protein complexed with rapamycin, an inhibitor
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of the mTOR kinase activity, it is suggested that the FAT domain is involved in

regulation of the PIKK activity by creating protein binding sites and forming a

scaffold to attach proteins.

The kinase activity is also suggested to be regulated by the small FATC

domain that is located in the outermost part of the PIKK C-terminus (Bosotti,

Isacchi and Sonnhammer 2000). Deletion of a single residue within the domain

results in a complete loss of the kinase activity while amino acid substitution

significantly reduces it, indicating that FATC is indispensable for the catalytic

activity. Mutagenesis studies revealed that the conserved hydrophobic residues

are absolutely essential for kinase functionality (Lempiainen and Halazonetis

2009).

In Mec1 the 253 amino acid kinase domain (residues 2,082-2,335) is flanked

by the 545 amino acid FAT domain (residues 1,399-1,944) and the 32 amino acid

FATC domain (residues 2,336-2,368). The latter has been shown to mediate inter-

action of Mec1 with Rpa1 (in yeast also designated Rfa1) as well as Rpa2 (Rfa2),

the two largest subunits of the RPA complex, and hence is not only suggested to

serve as a platform for protein recruitment but also to facilitate localisation of

Mec1 to DNA damage foci (Nakada, Hirano, Tanaka and Sugimoto 2005).

Apart from the conserved FAT and FATC domains, the kinase activity of

ATR, ATM and mTOR is also regulated by a region sandwiched between the

kinase and the FATC called the PIKK Regulatory Domain (PRD). Mutagenesis

studies reveal that the PRD region is essential for the kinase activation by the

ATR activator, TopBP1 but does not affect its basal kinase activity (Mordes,

Glick, Zhao and Cortez 2008). Interestingly, the PRD has high sequence simi-

larity between orthologous proteins from different species but is poorly conserved

among paralogous members of the PIKK family. However, the ATM and mTOR

regions corresponding to the PRD domain of the ATR, comprise sites of acety-
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lation and phosphorylation respectively that enhance the kinase activity and

hence serve as a regulatory domain despite very low sequence similarity (Sun,

Xu, Roy and Price 2007, Sekulic, Hudson, Homme, Yin, Otterness, Karnitz

and Abraham 2000). The activation of ATR however is not dependent on any

post-translational modification (Mordes, Glick, Zhao and Cortez 2008). It is

proposed then that the sequence divergence within the PRD region provides spe-

cific regulation of the kinase domain and a tailored response to different cellular

events. Since Mec1 shares high amino acid sequence identity with ATR, it might

be regulated in the same manner as the human orthologue although no mutage-

nesis studies of the putative PRD region have been done yet.

1.4.2 Ddc2 Sensor Protein

Mec1 forms an integral complex with its associating protein Ddc2, also known

as Lcd1 and Pie1 (Paciotti, Clerici, Lucchini and Longhese 2000, Rouse and

Jackson 2000, Wakayama, Kondo, Ando, Matsumoto and Sugimoto 2001). The

86 kDa protein binds to Mec1 to form a stable 360 kDa heterodimer of 1:1 sto-

ichiometry (Majka, Niedziela-Majka and Burgers 2006). The interaction is

mediated by the C-terminus of Ddc2 and the N-terminus of Mec1 (Wakayama

et al. 2001). Similarly ATR also forms a constitutive complex with ATRIP

(Cortez, Guntuku, Qin and Elledge 2001, Ball, Myers and Cortez 2005).

In contrast to the PIKKs, Ddc2 and ATRIP do not show sequence conservation

except for a coiled-coil region (residues 62-139 in Ddc2 and 108-217 in ATRIP)

followed by four conserved basic residues (Lys-Lys-Arg-Lys) in Ddc2 (Figure 1.4)

(Rouse and Jackson 2002). The coiled-coil has been shown to be required for

oligomerization of ATR-ATRIP (Ball and Cortez 2005, Itakura, Sawada and

Matsuura 2005).

Both Ddc2 and ATRIP serve as sensor proteins in the DDR signalling pathway
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Figure 1.4: Functional domains of ATRIP and Ddc2. Regions interacting with
other proteins are marked with a line. Asterisks indicate the ATRIP and Ddc2
residues essential for the binding to the N-terminus of the largest RPA subunit.
CC - coiled coil domain.

(Figure 1.1) as they bring Mec1 and ATR respectively, to the sites of DNA damage

(Rouse and Jackson 2002, Ball et al. 2005). They coordinate the recruitment

of the kinases to RPA-coated single-stranded DNA via interactions between the

conserved acidic stretch of the N-terminus of Ddc2/ATRIP and the basic cleft

located in the N-terminus of the Rpa1/RPA70 subunit of the RPA heterotrimer

although multiple regions of ATRIP were also shown to form weaker interactions

with RPA-coated DNA (Ball, Ehrhardt, Mordes, Glick, Chazin and Cortez

2007, Namiki and Zou 2006). Other PIKKs such as ATM/Tel1 and DNA-PKcs

are also recruited to DSBs via their sensor proteins in canonical DDR pathways.

The MRN/MRX (Mre11-Rad50-Nbs1/Xrs2) complex recognises the blunt ends

of DNA and binds ATM/Tel1 respectively while the Ku70/Ku80 heterodimer

recruits DNA-PKcs (Nakada et al. 2003, Falck and Jackson 2005). However,

both ATM and DNA-PKcs were also shown to bind to DNA independently of the

MRN complex and the Ku70/Ku80 heterodimer (Grenon, Magill, Lowndes and

Jackson 2006, Yaneva and Lieber 1997). Ddc2 and ATRIP instead were shown

to be indispensable for Mec1/ATR expression, localisation to DNA damage foci

and subsequent activation of the kinase domain (Zou and Elledge 2003, Rouse

and Jackson 2002, Ball et al. 2005, Ball and Cortez 2005).
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Apart from binding to RPA-coated ssDNA, Ddc2 is also involved in interac-

tions with Mec1 activator, Dpb11 and other regulators of the kinase activity such

as PP4 protein phosphatase (Mordes, Nam and Cortez 2008, Hustedt, Seeber,

Sack, Tsai-Pflugfelder, Bhullar, Vlaming, van Leeuwen, Guenole, van Attikum,

Srivas, Ideker, Shimada and Gasser 2015). Binding of the kinase activator to

the N-terminal fragment of the sensor protein is highly conserved among other

organisms: Xenopus as well as human TopBP1 are both shown to interact with

ATRIP (Kumagai, Lee, Yong Yoo and Dunphy 2006, Mordes, Glick, Zhao and

Cortez 2008).

1.4.3 Activator Proteins

Dpb11

Dpb11 (87 kDa) and its orthologues such as human TopBP1 (171 kDa) have a dual

role in DNA replication initiation and cell cycle checkpoints (Araki, Leem, Phong-

dara and Sugino 1995, Garcia, Furuya and Carr 2005). Dpb11 orchestrates the

assembly of the replication fork helicase as it interacts with phosphorylated Sld3

and Sld2 proteins via pairs of BRCT (BRCA1 C-terminal) domains (Figure 1.5)

(Kamimura, Masumoto, Sugino and Araki 1998, Tanaka, Umemori, Hirai, Mu-

ramatsu, Kamimura and Araki 2007). It is proposed that Sld3 acts as a scaffold-

ing protein that brings Cdc45-Mcm2-7-GINS together with Dpb11 mediating the

complex formation, whereas binding of Sld2 helps recruit the DNA polymerase ε

(Takayama, Kamimura, Okawa, Muramatsu, Sugino and Araki 2003, Tanaka,

Komeda, Umemori, Kubota, Takisawa and Araki 2013, Dhingra, Bruck, Smith,

Ning and Kaplan 2015, Kamimura et al. 1998). The physical interaction between

Dpb11 and Sld2 is also required for phosphorylation of Rad53 kinase by Mec1

in response to DNA damage and stalled replication forks indicating a regulatory

role of Dpb11 in intra-S phase checkpoint signalling (Wang and Elledge 1999).
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In addition, Dpb11 is also required for stimulating the G2 phase checkpoint in a

checkpoint clamp-dependent manner (Navadgi-Patil and Burgers 2011).

Figure 1.5: Functional domains of Mec1 activators. Regions interacting with
other checkpoint proteins are marked with a line whereas the residues mediating
these interactions are marked with asterisks. MAD - Mec1 Activation Domain,
AAD - ATR Activation Domain.

Initially Xenopus TopBP1 was shown to activate ATR directly and following

studies confirmed human TopBP1 as well as the budding yeast Dpb11 to be the
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activators of ATR and Mec1 kinases, respectively (Kumagai et al. 2006, Mordes,

Glick, Zhao and Cortez 2008, Navadgi-Patil and Burgers 2008, Mordes, Nam

and Cortez 2008). In hTopBP1 and XtopBP1 the region responsible for stimu-

lation of the kinase activity is located between the sixth and the seventh BRCT

domains and is referred to as the ATR activation domain (AAD). Although this

region is not conserved in Dpb11, it is believed the kinase activation function

is conserved regardless of the sequence identity. Indeed the dpb11-1 mutant

(which contains a nonsense mutation resulting in the protein consisting of the

BRCT domains only) was shown to be sensitive to hydroxyurea (HU) treatment

and defective in Mec1 activation (Wang and Elledge 1999, Mordes, Nam and

Cortez 2008). The region corresponding to the AAD domain was then mapped to

the C-terminal Dpb11 and its ability to stimulate the Mec1 kinase is comparable

with the full-length (FL) Dpb11 (Mordes, Nam and Cortez 2008, Navadgi-

Patil and Burgers 2011). The Mec1 activation is driven by two aromatic amino

acids residing in short conserved fragments RTTSWGTIMS and TQVTYGS.

Both W700 and Y735 are located in the unstructured tail (Navadgi-Patil and

Burgers 2011). Interestingly, in human and Xenopus TopBP1 the stretch between

the BRCT domains containing the AAD domain is also predicted to be unstruc-

tured, which might help to explain the conservation of the kinase activation

function. Mutagenesis studies of conserved segments within the unstructured

regions identified point mutations such as W1138R in XtopBP1 and W1145R

in hTopBP1 that resulted in completely abolished activation of the kinase do-

main of Xatr and hATR, respectively (Kumagai et al. 2006, Delacroix, Wagner,

Kobayashi, Yamamoto and Karnitz 2007). Moreover, the C-terminal tail was

also shown to be dispensable for DNA replication confirming the distinct functions

of Dpb11 in the initiation of DNA synthesis and the DNA damage checkpoint

signalling (Navadgi-Patil and Burgers 2011).
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The activation of the PIKK kinase domain is mediated by the activator in-

teracting with other checkpoint proteins. Our understanding is vastly based on

numerous studies of human TopBP1 but given the functional conservation among

the Dpb11 orthologues, the available data might help to explain the activation

mechanism of the kinase domain in yeast as well. Xatr is stimulated by XtopBP1

in a Xatrip-dependent manner as the activator interacts via the ADD domain

with the Xatrip (Kumagai et al. 2006). The same interaction is also observed

between human proteins (Mordes, Glick, Zhao and Cortez 2008). The dpb11-1

mutant used previously to identify the region of Dpb11 that is functionally equiva-

lent to the AAD domain does not bind to Ddc2 whereas the C-terminal fragment

(residues 571-764) restores the interaction (Mordes, Nam and Cortez 2008).

Therefore, stimulation of the Mec1 kinase activity by the C-terminal Dpb11 is de-

pendent on the association of the unstructured tail with the Ddc2 subunit. Apart

from being involved in the ATR activation, TopBP1 also serves as a binding plat-

form for the checkpoint clamp (9-1-1). The phosphorylated T1989 residue of the

ATR acts as an anchor to directly recruit TopBP1 via binding to the seventh and

eighth BRCT domains (Liu, Shiotani, Lahiri, Marechal, Tse, Leung, Glover, Yang

and Zou 2011). Subsequently, the C-terminus of the RAD9 subunit of the clamp

binds to the first two BRCT repeats of TopBP1 ensuring co-localisation of all

checkpoint components required for initiation of the functional DDR (Delacroix

et al. 2007). In contrast, the yeast orthologue of RAD9 - Ddc1 interacts with the

C-terminal tail of Dpb11, despite the interaction not being preserved between

the FL proteins (Wang and Elledge 2002).

Ddc1

Ddc1 (70 kDa) is a subunit of a heterotrimeric checkpoint clamp, which is required

to co-localise to the sites of DNA damage in order to propagate an efficient initia-
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tion of the checkpoint signalling (Kondo et al. 1999, Longhese, Paciotti, Fraschini,

Zaccarini, Plevani and Lucchini 1997). Ddc1-Mec3-Rad17 is orthologous to hu-

man RAD9-HUS1-RAD1 clamp and thus the S. cerevisiae clamp is sometimes

referred to as the 9-1-1 complex. As each subunit contains the PCNA-like domain

(Figure 1.5), the structure of the checkpoint clamp highly resembles the struc-

ture of the DNA replication clamp (Dore, Kilkenny, Rzechorzek and Pearl 2009).

Moreover, the recruitment of the 9-1-1 clamp onto DNA is also conserved and

is achieved with the aid of the checkpoint Rad24-RFC clamp loader in an ATP-

dependent manner (Majka and Burgers 2003). Studies of partial complexes

between the Rad17, Mec3 and Ddc1 proteins revealed that only a fully assem-

bled clamp can be loaded onto DNA and deletion of the Ddc1 subunit causes

defects in G1, intra-S and G2 checkpoints (Majka and Burgers 2005, Longhese

et al. 1997). The clamp recruitment is not only dependent on the presence of the

Rad24-RFC clamp loader but is also mediated via interactions between the basic

cleft on the N-terminal Rpa1 and an acidic α-helix on the N-terminal Ddc1 (Xu,

Vaithiyalingam, Glick, Mordes, Chazin and Cortez 2008).

Ddc1 binds directly to Mec1-Ddc2 and stimulates the kinase domain as mea-

sured by the enhanced phosphorylation of the kinase dead form of Rad53 (Rad53-

kd) (Majka, Niedziela-Majka and Burgers 2006). The two aromatic amino acids,

W352 and W544, residing in the unstructured C-terminus of Ddc1 were shown to

play a pivotal role in kinase activation during the G1 checkpoint (Navadgi-Patil

and Burgers 2009). Similarly to Dpb11, Ddc1 also acts as a scaffold to bring

the checkpoint proteins in close proximity of the Mec1 kinase domain. In both,

intra-S and G2 phase, Mec1-mediated phosphorylation of T602 of Ddc1 allows re-

cruitment of Dpb11 required for a complete response to DNA damage (Paciotti,

Lucchini, Plevani and Longhese 1998, Puddu, Granata, Di Nola, Balestrini,

Piergiovanni, Lazzaro, Giannattasio, Plevani and Muzi-Falconi 2008).
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Dna2

Dna2 (172 kDa) is a key enzyme involved in maturation of Okazaki fragments

on the lagging strand during DNA replication. In addition to helicase activity,

Dna2 possesses nuclease activity (Figure 1.5), which allows the protein to resect

long flaps of the RPA-coated ssDNA so that they can be removed by FEN1 (Flap

endonuclease 1) (Kao, Campbell and Bambara 2004). The requirement of the

helicase activity for the free 5’-end suggests that the helicase domain supports

the nuclease activity by promoting the recruitment of the enzyme to the 5’-end

flaps (Balakrishnan, Polaczek, Pokharel, Campbell and Bambara 2010).

Recently Dna2 was reported to possess the ability to stimulate the kinase ac-

tivity of Mec1 in intra-S phase leading to replication checkpoint initiation (Kumar

and Burgers 2013). Similarly to other two activator proteins, Dna2 has two aro-

matic amino acids located in the N-terminal unstructured region of Dna2, which

are essential for Mec1 activation. The mutations W128A and Y130A not only

abolished the Mec1 kinase activity completely but also the nuclease and helicase

activities were shown to be dispensable for Mec1-dependent checkpoint activation

(Kumar and Burgers 2013).

1.5 Mec1-Ddc2 Recruitment and Activation

In order to initiate a proper response to DNA insults, eukaryotic cells need to

assemble multi-subunit complexes of Mec1-Ddc2 with ssDNA, the 9-1-1 clamp

and the kinase activators at early stages of DNA damage checkpoints. Despite

vast biochemical and genetic studies, the molecular mechanisms of how these

complexes associate and propagate the signal downstream are not yet fully un-

derstood but it is believed the response proceeds in a step-wise manner, whereby

the next step in the signalling cascade is not triggered until successful completion
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of the previous one (Majka, Niedziela-Majka and Burgers 2006).

Stimulation of Mec1 is orchestrated by different activators that act on the

kinase domain in a distinctive manner depending on the phase of the cell cy-

cle. However, initiation of downstream signalling in all checkpoints requires the

same DNA damage recognition complex consisting of Mec1-Ddc2 recruited to

RPA-coated ssDNA as well as the checkpoint clamp loaded onto damaged DNA

(Figure 1.2).

Mec1 is recruited to ssDNA gaps via interactions between Ddc2 and RPA,

where the basic cleft in the N-terminal Rpa1 accommodates the acidic motif

of 12DDDDD16 located at the N-terminus of Ddc2 (Zou and Elledge 2003,

Ball et al. 2007). Although Mec1 was shown to interact with Rpa1 and Rpa2

via its FATC domain independently of Ddc2, the sensor protein has a primary

role in localising the kinase complex to the impaired chromatin as mutations of

Ddc2 residues D12K and D13K showed increased sensitivity to DNA damage

(Nakada et al. 2005, Ball et al. 2007). Interestingly upon DNA damage Ddc2 is

phosphorylated by Mec1 independently of the 9-1-1 clamp and its loader (Paciotti

et al. 2000). As this post-translational modification takes place prior to Mec1

activation, it is most likely due to the basal kinase activity of Mec1 (Paciotti

et al. 2000). Deletion of the first N-terminal 42 residues of Ddc2 abrogates its

interaction with Rpa1 and Ddc2 fails to recruit Mec1 (Ball et al. 2007). As

the truncated Ddc2 is missing Mec1 phosphorylation site, T29, located upstream

the checkpoint recruitment domain (CRD), the phosphorylation might regulate

interactions between Mec1 and RPA.

The Burgers group showed that RPA-coated DNA and the checkpoint clamp

are sufficient for Mec1 activation in vitro. The 9-1-1 clamp associates with Mec1-

Ddc2 via interactions with the Ddc1 subunit although the region of Mec1-Ddc2

involved in binding is not defined yet. It has been proposed that upon successful
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loading of the clamp onto the DNA junction, the clamp undergoes conformational

changes that stabilise the interaction and allow the Ddc1 subunit to directly

stimulate Mec1 kinase activity (Majka, Niedziela-Majka and Burgers 2006).

Interestingly, artificial recruitment of the clamp and Mec1-Ddc2 complex showed

similar results, even under conditions where DNA damage did not occur (Bonilla,

Melo and Toczyski 2008). However, in vivo studies showed Mec1 activity

is regulated in a cell-cycle dependent manner, where stimulation of the kinase

domain is driven by Ddc1, Dpb11 and Dna2 and where the predominant activator

is defined by the specific checkpoint (Navadgi-Patil and Burgers 2009).

During G1 phase (Figure 1.6a), the NER pathway of DNA repair is absolutely

dependent on the presence of Ddc1 whereas Dpb11 is dispensable (Giannattasio,

Lazzaro, Longhese, Plevani and Muzi-Falconi 2004, Navadgi-Patil and Burgers

2009). The two aromatic residues, W352 and W544 residing in the PCNA-like

domain and the unstructured C-terminal tail respectively, are required for the

bipartite stimulation of the Mec1 kinase activity (Navadgi-Patil and Burgers

2009). The Ddc1 subunit is also present in G2 phase, where upon DNA damage

it is phosphorylated on T602 by Mec1 (Longhese et al. 1997, Paciotti et al.

1998). As a result, the donated γ-phosphate of ATP serves as an anchor to

recruit Dpb11 (Puddu et al. 2008). Mutagenesis studies showed that activation-

defective ddc1-2W2A mutants in G2 phase were still able to partially suppress

the sensitivity to DNA damage. Moreover, similar results were noticed with the

T602A mutant being defective in binding to Dpb11 indicating both Ddc1 and

Dpb11 activators play a role in Mec1 stimulation. Further studies also showed a

complete arrogation of the G2 checkpoint using ddc1-2W2A and dpb11-1 mutant

(Navadgi-Patil and Burgers 2009). Therefore, during G2 phase, Mec1 activation

occurs via two distinct pathways, one where the kinase is directly stimulated via

Ddc1 or another where Ddc1 serves as a scaffold protein to recruit Dpb11.
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Figure 1.6: Activation of Mec1 and related PIKKs. (a) The Mec1 kinase activity
is stimulated by cell cycle-dependent activators: Ddc1 (present in all checkpoints),
Dpb11 (intra-S and G2 phase) and Dna2 (intra-S only). (b) ATR activation re-
lies only on one activator, the TopBP1 protein although the Rad9 subunit of
the clamp as well as the autophosphorylation are required for the TopBP1 re-
cruitment to the kinase. (c) ATM is proposed to be activated through the dimer
dissociation into active monomers, a process prompted either by autophospho-
rylation or the interactions with the MRN complex. The figure is adapted from
Hustedt et al., 2013.

The latter mechanism relies on two Dpb11 residues, W700 and Y735, which are

essential for activation of the Mec1-Ddc2 complex (Navadgi-Patil, Kumar and

Burgers 2011). Dpb11 was also found to interact with phosphorylated Rad9, a

mediator of the DNA damage response in G2 phase. As Rad9 is phosphorylated

by cyclin-dependent kinases (CDKs) that are inactive during the G1 phase, it
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can recruit the Dpb11 activator only in G2 phase. Therefore Rad9 regulates the

Mec1 activation by the cell cycle dependent recruitment of Dpb11 (Pfander and

Diffley 2011).

Deletion of both Ddc1 and Dpb11 as well as Tel1 completely abolished the

DNA damage response pathways in G1 and G2 phases but did not cause defects

in the DNA replication checkpoint suggesting presence of yet another Mec1 acti-

vator (Navadgi-Patil et al. 2011). Indeed Dna2 was characterised as an activator

specific to the intra-S checkpoint (Kumar and Burgers 2013). Although it is

not yet known how Ddc1, Dpb11 and Dna2 coordinate Mec1 stimulation, Dna2

is thought to activate the kinase in a manner similar to other activators (Kumar

and Burgers 2013). Mutations of two aromatic residues of Dna2, W128 and

Y130, residing in the unstructured N-terminus together with deletions of Ddc1

and Dpb11 abrogated the checkpoint activation. This also reveals that both the

helicase and nuclease domains are not involved in the DNA damage response

establishing two distinct roles of Dna2 in DNA replication and DNA repair.

Our understanding of the molecular details governing Mec1 activation and

propagation of the signal down the signalling cascade is limited due to a lack

of structural data. The Cortez laboratory suggested that activated Mec1 phos-

phorylates Dpb11 on T731, which strengthens the transient interactions between

the kinase and the activator (Mordes, Nam and Cortez 2008). Tethered Dpb11

would also allow the recruitment of adaptor proteins such as Mrc1, which me-

diates the activation of effector kinases such as Rad53 and Chk1 (see section

1.6).

It is worth noting that the presence of multiple activators has been only

observed in budding yeasts. Human and Xenopus ATR are activated exclusively

by TopBP1 (Figure 1.6b) although the activator recruiting function of the Ddc1

orthologue, RAD9, is conserved (Kumagai et al. 2006, Mordes, Glick, Zhao and
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Cortez 2008, Furuya, Poitelea, Guo, Caspari and Carr 2004, Delacroix et al.

2007, Lee, Kumagai and Dunphy 2007). The phosphorylated C-terminus of

RAD9 binds TopBP1 via the BRCT domains 1 and 2 to bring the activator

in close proximity of the ATR kinase. TopBP1 forms a complex with ATR-

ATRIP via multiple interactions although their order is not clear. The region

responsible for the ATR activation (the AAD domain) was reported to be essential

for binding to ATRIP while the BRCT domains 7 and 8 were shown to interact

with the ATR regulatory domain (PRD) (Mordes, Glick, Zhao and Cortez 2008).

The current model assumes that ATR-ATRIP undergoes conformational changes

upon activation by TopBP1, which can facilitate the further recruitment of ATR

substrates (Mordes and Cortez 2008).

The activity of the kinase domain is also tightly regulated by post-translational

modification. Upon binding to RPA-coated ssDNA, ATR-ATRIP undergoes

trans-autophosphorylation on the T1989 residue, which is subsequently recog-

nised by TopBP1 (Liu et al. 2011, Nam, Zhao, Glick, Bansbach, Friedman and

Cortez 2011). However, it is not clear how phosphorylated ATR and RAD9 co-

ordinate the binding of the activator. Since the T1989 residue is not conserved

in S. cerevisiae nor S. pombe, the importance of this site remains questionable.

The kinase activity is also potentiated by modifications of the sensor protein

responsible for recruitment of the complex to the sites of DNA damage. Very

recently sumoylation and deacetylation of ATRIP were shown to facilitate the

checkpoint signalling by providing additional interaction pathways as well as en-

hanced binding to ssDNA (Wu, Ouyang, Mori, Nguyen, Marechal, Hallet, Chen

and Zou 2014, Zhang, Head, Daddacha, Park, Li, Pan, Madden, Duong, Xie, Yu,

Warren, Liu, Dhere, Li, Pradilla, Torres, Wang, Dynan, Doetsch, Deng, Seyfried,

Gius and Yu 2016). Moreover, activation of the ATM (the human orthologue of

Tel1) has also been reported to be driven by the acetylation of the K3016 residue



CHAPTER 1. INTRODUCTION 60

located at the apparent PRD domain (Sun et al. 2007).

Genetic studies suggest some PIKKs can exist in a higher oligomeric form,

which is essential for activation of the kinase domain. Three-dimensional struc-

tures of PIKKs have confirmed them to contain a conserved architecture as a

common feature (see section 1.10), although the information is not yet sufficient

to fully understand how oligomerization regulates the activity of these kinases.

Dimerization of ATRIP subunits via their coiled-coil motifs is required for ATR-

dependent phosphorylation of Chk1 in response DNA replication blocks (Ball

and Cortez 2005, Itakura et al. 2005). Oligomerization-deficient mutants of

ATRIP are unable to recruit ATR to DNA damage foci and show impaired in-

tegrity of the stalled replication forks. However, the same mutants do not affect

the IR-induced checkpoint signalling at G2 phase suggesting oligomerization of

ATR-ATRIP might be required only for certain kinds of DNA damage. The sub-

stitution of the ATRIP coiled-coil motif with a heterologous dimerization region

maintained oligomerization of ATRIP and the formation of a stable ATR-ATRIP

complex.

ATM is also known to form dimers in unperturbed cells. In contrast to ATR,

IR-radiation induces autophosphorylation of S1981 resulting in dissociation into

active monomers (Figure 1.6c) (Bakkenist and Kastan 2003). Interestingly,

ATM also undergoes a dimer-to-monomer transition upon activation by DNA

double-strand breaks (Lee and Paull 2005). Here, the kinase activation oc-

curred independently of intermolecular autophosphorylation and it was depen-

dent on the processing of DNA ends by the MRN complex. Recently it was

also reported that oxidative stress activates ATM directly although it does not

propagate dimer dissociation (Guo, Kozlov, Lavin, Person and Paull 2010). In-

stead, the active dimer is stabilised via formation of disulphide bridges between

the cysteine residues located in the C-terminal FATC domain. Altogether, these
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studies support the hypothesis that the ATM oligomerization, and possibly other

PIKKs, regulates kinase stimulation based on the nature of the DNA insult.

1.6 Targets of Mec1 Signalling

Activated Mec1 propagates the DNA damage signal downstream the signalling

cascade by phosphorylating the conserved effector kinases, Rad53 and Chk1.

Once turned on, they evoke specific cellular responses in order to resolve the

damage or trigger programmed cell death. The DNA replication checkpoint re-

lies primarily on signalling thorough the Rad53 kinase while the DNA damage

responses in G1 and G2 phases co-involve Rad53 and Chk1.

1.6.1 Activation of Rad53

Despite being Mec1 substrates, Rad53 and Chk1 do not interact with Mec1 di-

rectly. Instead they are recruited into close proximity of Mec1 by cell-cycle regu-

lated mediators, specifically damage-induced Rad9 and replication block-induced

Mrc1 (Schwartz, Duong, Sun, Morrow, Pradhan and Stern 2002). The unique

domain architecture of Rad9 allows the protein to act on multiple levels. It is

recruited to DNA damage checkpoint via interactions between its tandem Tu-

dor domains and methylated histone H3 as well as its tandem BRCT domains

and phosphorylated histone H2A (Grenon, Costelloe, Jimeno, O’Shaughnessy,

Fitzgerald, Zgheib, Degerth and Lowndes 2007, Hammet, Magill, Heierhorst

and Jackson 2007). In fact the phosphorylation of the histone H2A itself is

dependent on Mec1 activation (Downs et al. 2000). Once recruited to DNA dam-

age sites, Rad9 is phosphorylated by Mec1 and subsequently binds to Rad53

via the Forkhead associated (FHA) domains that sandwich the kinase domain

of Rad53 (Vialard, Gilbert, Green and Lowndes 1998, Sun, Hsiao, Fay and

Stern 1998). The N-terminus of each FHA domain contains multiple [S/T]Q sites,
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which are targeted by Mec1 providing the basis for Rad53 activation (Sanchez,

Desany, Jones, Liu, Wang and Elledge 1996). Rad53 kinase activity is also

regulated by concentration dependent autophosphorylation and Rad9-aided re-

cruitment ensures increased localisation of the effector kinase (Gilbert, Green

and Lowndes 2001). As Rad9 also facilitates recruitment of the activator pro-

tein Dpb11 in the G2 checkpoint (see section 1.5) it not only serves as a mediator

of the DNA damage response but also provides versatile regulation of the check-

point signalling.

The replication stress-induced response is mediated by the Mrc1 protein, a

component of the replisome machinery (Osborn and Elledge 2003). Although

Mrc1 facilitates Mec1-driven activation of Rad53, it does not enhance the ac-

tivity of the PIKK as Rad9 does by binding Dpb11. Indeed Mec1 and Mrc1

were shown to activate Rad53 independently of Ddc1 and Dpb11 (Berens and

Toczyski 2012). The current model suggests that upon phosphorylation of Mrc1

by Mec1, modified Mrc1 acts as a scaffold for Rad53 - strengthening the interac-

tions between the effector kinase and Mec1 (Chen, Caldwell, Pereira, Baker and

Sanchez 2009). Moreover, being a structural component of a replication fork,

Mrc1 enhances the role of Mec1 in the maintenance of stalled replication forks

(Naylor, Li, Osborn and Elledge 2009). Upon establishing Dna2 as an addi-

tional PIKK activator at intra-S phase, Sgs1, a S. cerevisiae ortholog of RecQ

helicase, was proposed to serve as a mediator protein as it interacts with Dna2

in replication checkpoint. By binding to Rad53, Sgs1 acts similarly to Rad9 at

DSBs by facilitating the activation of the effector kinase (Bjergbaek, Cobb, Tsai-

Pflugfelder and Gasser 2005). Moreover the function of Sgs1 is highly dependent

on the presence of the checkpoint 9-1-1 clamp and the Rad24-RFC clamp loader

indicating that complex safety mechanisms are essential to resume DNA synthesis

and restore genomic integrity.
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1.6.2 Activation of Chk1

Activation of Chk1 occurs at the DNA damage checkpoint in parallel with Rad53

activation yet the mechanism of the former effector is less well understood (Sanchez,

Bachant, Wang, Hu, Liu, Tetzlaff and Elledge 1999, Blankley and Lydall 2004).

Chk1 consists of two distinctive regions: a highly conserved N-terminal kinase do-

main and a non-catalytic C-terminal domain. The C-terminus has been suggested

to perform a regulatory function as residues located in this region are phosphory-

lated upon genotoxic stress (Palermo, Hope, Freyer, Rao and Walworth 2008).

However, the characteristic FHA domain involved in interactions between Rad53

and Rad9 is missing in Chk1. In vivo studies showed both Mec1 and the N-

terminus of Rad9 are required for canonical Chk1 stimulation, although it is not

clear whether Chk1 binds directly to Rad9 (Sanchez et al. 1999, Blankley and

Lydall 2004). Interestingly, mutations of [S/T]Q sites of Rad9 do not inhibit ac-

tivation of Chk1 (Schwartz et al. 2002). Recent studies reported that deletion of

Mec1-phosphorylation sites in the C-terminus of Chk1 did not alter the effector

kinase activity in vitro (Chen et al. 2009).

1.7 Down-Regulation of Mec1 Signalling

Cell survival requires machinery that is not only able to remove the DNA damage

but is also able to recover and resume normal cellular functions efficiently. With

respect to Mec1 activated checkpoints, the recovery mechanisms rely on down-

regulation of the master kinase itself, as well as Rad53 and Chk1. Since the signal

is propagated via phosphorylation of the downstream targets, the recovery is pri-

marily driven by phosphatases. Depending on the nature of the DNA damage,

different phosphatases are employed to deactivate the kinases (Heideker, Lis and

Romesberg 2007). The PP4 phosphatase acts on multiple proteins dephosphory-
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lating Mec1 and its substrates. Pph3 is a subunit of the PP4, which carries the

actual phosphatase activity and is recruited to Mec1 via interactions between the

second PP4 subunit, Psy2 and Ddc2 (Hustedt et al. 2015). Pph3 was also shown

to regulate phosphorylation of the γH2A histone once the DSB is resolved (Keogh,

Kim, Downey, Fillingham, Chowdhury, Harrison, Onishi, Datta, Galicia, Emili,

Lieberman, Shen, Buratowski, Haber, Durocher, Greenblatt and Krogan 2006).

Moreover, Rad53 down-regulation is also controlled by the PP4 phosphatase dur-

ing the intra-S signalling and is necessary to resume the DNA replication (O’Neill,

Szyjka, Lis, Bailey, Yates, Aparicio and Romesberg 2007, Szyjka, Aparicio, Vig-

giani, Knott, Xu, Tavare and Aparicio 2008). However, in context of the SSBs

and DSBs, Rad53 deactivation by the PP4 complex is overtaken by other phos-

phatases, i.e. the PP1 phosphatase Glc7 and the PP2C phosphatases Ptc2 and

Ptc3, respectively (Bazzi, Mantiero, Trovesi, Lucchini and Longhese 2010, Leroy,

Lee, Vaze, Ochsenbein, Guerois, Haber and Marsolier-Kergoat 2003, Guillemain,

Ma, Mauger, Miron, Thai, Guerois, Ochsenbein and Marsolier-Kergoat 2007).

Another mechanism of the checkpoint recovery relies on the negative regula-

tion of Rad9-mediated pathways. In order to activate Rad53, the mediator pro-

tein Rad9 is hyperphosphorylated by Mec1, which triggers Rad9 oligomerization

(Vialard et al. 1998). Subsequently, fully stimulated Rad53 leads to dissociation

of Rad9 subunits and their release allowing recycling of the mediator proteins via

a negative feedback loop (Usui, Foster and Petrini 2009). Very recently the DNA

repair scaffolds Slx4-Rtt107 were shown to control Rad53 activation by compet-

ing with Rad9 for its upstream binding sites (Ohouo, Bastos de Oliveira, Liu,

Ma and Smolka 2013). Mec1-phosphorylated Slx4 binds Dpb11 and facilitates

further interactions between its partner Rtt107 and the activator protein Dpb11

(Ohouo, de Oliveira, Almeida and Smolka 2010). Moreover, Rtt107 also shows

affinity towards the phosphorylated histone H2A which serves to counteract the
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Rad9-dependent stimulation of the checkpoints (Li, Liu, Li, Wang, Huang, Wu

and Shi 2012).

1.8 Crosstalk between Mec1 and Tel1

Mec1 and Tel1 orchestrate the DDR upon recognising different DNA insults;

Mec1 senses ssDNA gaps and thus is recruited to stalled replication forks and UV-

induced damage sites, whereas Tel1 is specific towards blunt ends of DNA found

at DSBs (Jazayeri et al. 2006). However, initiation of the full response to DSBs is

only achieved in the presence of Mec1 suggesting these two master kinases have

distinct roles in mediating the checkpoint signalling (Cortez et al. 2001, Brown

and Baltimore 2003).

At DSBs, the blunt ends of DNA are resected due to the 5’-3’ endonuclease

activity of the Mre11 subunit of the MRX complex to expose a 3’ overhang of the

ssDNA (Zou and Elledge 2003). The extended ssDNA is rapidly coated with

RPA and then recognised by Mec1, which takes over the function of Tel1 in acti-

vating the checkpoint (Shiotani and Zou 2009). Although Tel1 is indispensable

at sensing DSBs, Mec1 is responsible for controlling the speed of DNA resection

and regulating the loss of Tel1 function (Clerici, Trovesi, Galbiati, Lucchini and

Longhese 2014). The interplay between Mec1 and Tel1 signalling is also observed

at collapsed replication forks. In Xenopus ATR- and ATM-depleted cells were

not only unable to resume DNA synthesis but also accumulated DSBs (Trenz,

Smith, Smith and Costanzo 2006). Apart from the presence of both kinases,

Mre11 was also required in order to restart the forks.

Given the necessity for Mre11 while reforming the collapsed forks, it is not

surprising that the function of the MRX/MRN complex is conserved in yeast

and mammals (D’Amours and Jackson 2001, Olson, Nievera, Lee, Chen and

Wu 2007). The MRX/MRN complex was shown to stimulate Mec1/ATR activity
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upon sensing ssDNA gaps and propagate phosphorylation of Rad53 and Chk1.

Recently, it was elucidated that MRN complex assists recruitment of TopBP1 at

the ssDNA/dsDNA junctions but the activation of TopBP1 solely depends on the

presence of the checkpoint 9-1-1 clamp (Duursma, Driscoll, Elias and Cimprich

2013). Despite the current evidence about the role of the MRX/MRN complex

and Tel1/ATM in stimulating the ATR signalling at DSBs, our understanding

of the factors determining substrate specificity is still limited and a subject of

ongoing studies.

1.9 Malfunction of DNA Damage Response

A fully functional response to the numerous types of DNA damage is absolutely

essential to trigger the appropriate pathways of DNA repair or target the cell

for apoptosis. In budding yeast Mec1 kinase activates checkpoint signalling upon

sensing the extended ssDNA either formed directly at SSBs or by resecting the

blunt DNA ends at DSBs, a process requiring the Tel1-MRX complex. While

SSBs are the most frequent forms of DNA scission, the DSBs constitute the most

toxic form of damage and have deleterious effects on cell viability (Khanna and

Jackson 2001).

Both Mec1 and its integral binding partner Ddc2 are indispensable for survival

as deletion of either MEC1 or DDC2 gene causes lethality (Kato and Ogawa

1994, Weinert et al. 1994, Wakayama et al. 2001). In mammals, deletion of ATR

also causes embryonic lethality in early stages of development as well as premature

ageing (as shown for adult knockout mice) (Brown and Baltimore 2000, Ruzank-

ina, Pinzon-Guzman, Asare, Ong, Pontano, Cotsarelis, Zediak, Velez, Bhandoola

and Brown 2007). Given the significance of the checkpoint-regulated DDR, mu-

tations in these genes and well as the genes encoding proteins which mediate the

signalling cascades are associated with the genetic, neurological and developmen-
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tal disorders listed in Table 1.3 (Caldecott 2008, McKinnon 2009).

Table 1.3: Selected human diseases associated with defects in the DDR.

Disease Gene DDR Function

Seckel syndrome ATR Ser/Thr kinase
Activates checkpoints induced by SSBs

Seckel syndrome ATRIP Interacts with RPA70
Recruits ATR

Ataxia telangiectasia (A-T) ATM Ser/Thr kinase
Activates checkpoints induced by DSBs

A-T-like disorder (ATLD) MRE11 Component of the MRN complex
Resects blunt DNA ends

Nijmegen breakage syndrome (NBS) NBS1 Component of the MRN complex
Interacts with ATM and H2AX

Breast and ovarian carcinoma BRCA1 E3 ubiquitin ligase
Interacts with PALB2

Bloom syndrome BLM Unwinds DNA
Recruits DNA2

Werner syndrome WRN Unwinds DNA
Resects 5’-dsDNA

Li-Fraumeni syndrome CHK2 Phosphorylates effector proteins
Promotes cell cycle arrest,
DNA repair and apoptosis

Li-Fraumeni syndrome 53BP1 Inhibits CDKs
Stimulates expression of genes
inducing apoptosis

Defects in checkpoints not only lead to an accumulation of DNA damage but

also result in the malfunctioned response that allows the growth, survival and

reproduction of cells with abnormalities in their genomes. Some of the proteins

regulating the DDR are encoded by genes that also serve as tumour suppression

genes. Mutations in those genes alter the normal function of the proteins promot-

ing genomic instability and tumorigenesis (Mills, Ferguson and Alt 2003, Lobrich

and Jeggo 2007). However as cancerous cells undergo a rapid and uncontrolled

division, they also show a predisposition towards genomic instability and defects

in DNA repair. Similarly to healthy cells, they are directed towards apoptosis

or cell senescence when the amount of the accumulated DNA damage is unsus-
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tainable. This increased susceptibility to DNA damage has served as a basis

for designing anti-cancer therapies. Commonly available radiotherapy as well as

chemotherapy rely on using DNA damaging agents, which alter the DNA increas-

ing its tendency to accumulate the damage and eventually promoting the death

of tumorous cells. Unfortunately as both therapies are not completely selective

towards the abnormal cells, they also result in elevated toxicity in normal cells.

The need for a more specific treatment can be accommodated owing to exten-

sive studies of the DDR. As this complex network of signalling pathways coordi-

nates the cell response according to the type of the damage, as well as the stage

of the cell cycle, it provides an opportunity for a therapy tailored to a specific

cancer (O’Connor 2015). Many tumorous cells miss certain repair pathways due

to defects in their DDR and hence show greater susceptibility to DDR inhibitory

drugs as their survival relies solely on the remaining functional pathways. There-

fore, the inhibition of a specific target protein such as ATR could serve as a

promising therapeutic target.

ATR signalling, as described above for Mec1, not only facilitates DNA re-

pair but also stabilises the replication fork permitting faithful duplication of the

genome. This indicates that survival of cancerous cells relies predominantly on

the ATR-mediated pathways due to high levels of replication stress. This de-

pendence is even more prominent in ATM-deficient cells as the repair of DSBs

depends entirely on ATR signalling (Reaper, Griffiths, Long, Charrier, Mac-

cormick, Charlton, Golec and R 2011). Therefore the use of small-molecule

compounds which inhibit the ATR provides an opportunity to target specific

pathways of ATR signalling either in the form of monotherapy or in combination

with radiotherapy and chemotherapy. Indeed, ATR inhibitors show increased

cytotoxicity towards tumorous cells and a higher specificity towards p53-deficient

cells than normal cells (Reaper et al. 2011). Initial trials proposed the use of
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caffeine, which is a natural inhibitor of ATR as well as a range of synthetic

compounds, all of which were proven to also affect ATM leading to lethality in

tumorous as well as healthy cells (Sarkaria, Busby, Tibbetts, Roos, Taya, Kar-

nitz and Abraham 1999, Weber and Ryan 2015). Recently, a few potent ATR

inhibitors were proposed by Vertex Pharmaceuticals (VE-821 and VX-970) and

AstraZeneca (AZ20 and AZD6738) as highly selective towards ATR and syner-

gistic with already established anti-tumorous therapies (Karnitz and Zou 2015).

In vitro studies showed that all inhibitors sensitized certain cancer cell lines to

IR, platinum-based compounds and PARP inhibitors (compounds which block

the repair of SSBs) and synergy with other agents was also observed in xenograft

models (Karnitz and Zou 2015). Currently VX-970 and AZD6738 are in phase I

and II clinical trials, with studies to investigate their use in monotherapy as well

as in combination with other genotoxic agents.

Despite issues regarding potential inhibition of Chk1 by compounds targeting

ATR or ATR-induced toxicity in normal cells, the design of successful small-

molecule ATR inhibitors is also impeded by a lack of structural information.

High-resolution structures would facilitate the design of inhibitors so that they

can target against the catalytic site in its active or inactive conformation but

also might regulate the kinase activity through irreversible binding or allosteric

changes.

1.10 Structural Studies of PIKKs

The vast amount of data from genetic and biochemical studies serve as a basis to

understand the processes involved in the recruitment, activation and regulation

of PIKKs. However, the current knowledge is limited by a lack of structural

data that would reveal mechanisms of these kinases at a molecular detail. For

nearly the last 20 years researchers have been studying the members of the PIKK
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family using a range of structural biology techniques. Given the large sizes of

these proteins and low yields of their production, most of the structures were

determined at low- and medium-resolution using electron microscopy (EM). Only

recently have advances in data collection and processing allowed resolving the

structures of some of these kinases to near-atomic resolution from the cryo-fixated

specimens. All the available structures of the PIKKs are summarised in Table 1.4.

The PIKKs have been reported to exist in two oligomeric states. Some ki-

nases, like SMG1 and mTOR adopt exclusively a monomeric or dimeric architec-

ture, respectively while Tel1/ATM and DNA-PKcs were shown to form monomers

as well as dimers. As all of these proteins were shown to be functionally active,

the low resolution of the current reconstructions fails to explain whether oligomer-

ization plays a role in substrate recruitment as well as in the regulation of the

kinase activity.

Initially the PIKKs were described to consist of two main segments: an up-

per globular head/crown region, which is suggested to contain the C-terminal

FAT, kinase and FATC, and a region emerging from the head referred to as the

arm/base due to its elongated and tubular shape (Figure 1.7). While all PIKKs

adopt a very similar architecture of the head region as expected for conserved do-

mains, they vary in shape in their arm regions. Since the arm region is proposed

to accommodate the N-terminal HEAT repeats, a variable number of the HEAT

repeats in PIKKs might explain the differences in the shape and orientation of

the electron density assigned as the arm.

The 6.6 Å crystal structure of the DNA-PKcs was determined in agreement

with the 7 Å cryo-EM reconstruction and confirmed the tubular densities are in-

deed occupied by similar repeats of two anti-parallel helices connected by flexible

loops (Sibanda, Chirgadze and Blundell 2010, Williams, Lee, Shi, Chen and

Stewart 2008).
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Figure 1.7: The comparison of the selected structures of the PIKKs. The head
and arm regions are indicated in densities from cryo-EM Tel1 (EMD ID: 4097),
negative stain-EM SMG1 (EMD ID: 2662), cryo-EM DNA-PKcs (EMD ID: 5832)
and the X-ray crystal structure of DNA-PKcs (PDB ID: 3KGV).

The N-terminal HEAT repeats are organised into large and frequently twisted

structures, which are also observed in two independently solved cryo-EM recon-

structions of Tel1 (Sawicka, Wanrooij, Darbari, Tannous, Hailemariam, Bose,

Makarova, Burgers and Zhang 2016, Wang, Chu, Lv, Zhang, Qiu, Liu, Shen,

Wang and Cai 2016). Although both Tel1 models show extremely similar archi-

tecture, the assignment of domains is contradictory. In the 8.7 Å cryo-EM map,

the kinase domain is suggested to accommodate the lower density that forms the

dimeric interface while the 19.2 Å cryo-EM map proposes the kinase domain to
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be located in the upper density, which overall shape is in agreement with the

architecture of the head domain. The domain assignment in the latter recon-

struction has been supported with antibody labelling against the FATC domain

however the current resolution of either model does not allow the unambiguous

assignment.

The recent structures of the human mTOR protein and its thermotolerant

yeast orthologue revealed its precise domain organisation and provided the first

insights into the substrate recognition by the kinase domain and its catalytic

mechanism (Yang, Rudge, Koos, Vaidialingam, Yang and Pavletich 2013, Aylett,

Sauer, Imseng, Boehringer, Hall, Ban and Maier 2016, Baretic, Berndt, Ohashi,

Johnson and Williams 2016). The 3.2 Å X-ray crystal structure of the C-terminal

mTOR (amino acid residues 1,376-2,549) in complex with mLST8 (mammalian

lethal with SEC13 protein 8) exhibits a globular kinase domain wrapped by the C-

shaped FAT and FATC domains (Figure 1.8a). While the FATC domains consist

of four α-helices, the FAT domain contains 28 helices. 22 C-terminal helices

were grouped into three regions classified as TPR repeats and the remaining

5 N-terminal helices were assigned as HEAT repeats. The shape of the kinase

resembles the shape of the PI3Ks as the domain consists of two lobes, a smaller

N-terminal lobe containing β sheets and larger C-terminal lobe containing α-

helices, which flank the ATP-binding site (Walker, Perisic, Ried, Stephens and

Williams 1999). In addition to the canonical PIKK conserved domains, mTOR

also contains two additional inserts: a 200 amino acid residue FRB domain in

the N-terminal lobe of the kinase and a 40 amino acid residue binding site of the

mLST8 protein (LBE domain) in the C-terminal lobe of the kinase. The active

site of the kinase is located between these two insertions. As mLST8 is recruited

to the LBE domain and the FRB domain protrude from the kinase, they form a

V-shaped structure positioning the active site at the bottom of the deep cleft.
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Figure 1.8: The domain arrangement of mTOR and KmTor. (a) The 3.2 Å X-
ray crystal structure of the C-terminal mTOR (PDB ID: 4JSN) shows the kinase
domain (pink) wrapped by the helical FAT (cyan) and FATC (magenta) regions.
The access to the active site (red) is gated by the FRB insertion (yellow) and
the mLST8 protein (grey). The atomic models of (b) mTOR complex 1 (PDB
ID: 5FLC) and (c) KmTor-Lst8 complex (PDB ID: 5FVM) indicate the dimeric
interface is formed through interactions between the FAT domain of one monomer
and the HEAT repeats spanning the bridge (cyan) and horn/spiral (blue) domains
of the adjacent monomer. The dimer is further stabilised by Raptor subunits
(grey).
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As a result of this domain orientation, the active site is not only in the recessed

position but also both the FRB domain and the mLST8 protein can regulate the

kinase activity by limiting the substrate access to the catalytic cleft. The kinase

activity of mTOR is inhibited by rapamycin, which binds to the FRB domain as

part of a complex with FKBP12 protein. The crystal structure also revealed that

inhibition by rapamycin is due to the additional structural impediment of the

access to the active site cleft. Therefore mTOR catalytic activity was suggested

to be regulated via negative feedback, where the substrate recruitment is limited

by spacial domain organisation.

The remaining N-terminal part of mTOR was also characterised when the

atomic structure of the FL mTOR was modelled into the 5.9 Å cryo-EM density

map of mTOR Complex 1 (mTORC1) (Aylett et al. 2016). mTORC1 consists of

three subunits: mTOR, mLST8 and Raptor (Regulatory-Associated Protein of

mTOR) and has been shown to form a dimer mediated via interactions between

the Raptor subunit and the N-terminal HEAT repeats of mTOR (Figure 1.8b).

Since the cryo-EM density is not fully resolved in the N-terminal part of mTOR

and hence impedes from modelling a continuous atomic structure, the N-terminal

mTOR is divided into two α-solenoid regions referred to as the N-terminal horn

and the C-terminal bridge that merges with the TPR repeats of the FAT domain.

Although the dimer is thought to be stabilised by the Raptor subunits, mTOR

itself is shown to form a dimer as the horn domain of one monomer interacts

with the FAT domain of the adjacent mTOR. Such interactions within the dimer

position the kinase domains close to each other although no interaction between

these two domains was observed. The catalytic cleft remains in the recessed posi-

tion indicating that the conserved C-terminal part of mTOR is in agreement with

the previously determined crystal structure. However, the contacts between the

horn region and the FAT domain impose changes in the orientation of the kinase,
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where the active site points outwards. Interestingly, these conformational changes

do not inhibit dimerization confirming that the activity of the kinase is regulated

by limiting substrate recruitment rather than changes in the oligomerization.

Dimerization via the N-terminal α-solenoids was also shown in cryo-EM struc-

ture of Kluyveromyces marxianus Tor-Lst8, a sub-complex of TORC1 and TORC2

(Baretic et al. 2016). The 6.1 Å model (Figure 1.8c) confirms that the Tor pro-

tein itself forms a ’dyad-symmetry’ dimer, where the oligomerization interface

is mediated via interactions between the N-terminal HEAT repeats (named as

spiral and horn for KmTor and mTOR, respectively) of one monomer and the

bridge region of another monomer.

1.11 Project Aims

Over the last twenty years Mec1 has been the subject of vast genetic and bio-

chemical studies to elucidate its role in the DNA damage response. Given that

Mec1-driven checkpoint pathways are crucial for cell survival, its kinase activ-

ity has to be stimulated promptly upon sensing the stress. To date, Mec1 is

known to be activated by Ddc1, Dpb11 and Dna2, which co-operate in a cell

cycle-dependent manner (Zou 2013). Moreover conserved aromatic amino acid

residues residing in the disordered regions of these potent activators were shown to

be indispensable for Mec1 activation (Navadgi-Patil and Burgers 2009, Navadgi-

Patil et al. 2011, Kumar and Burgers 2013). Yet, the understanding of this

mechanism at a molecular level is limited due to a lack of structural informa-

tion. Recently a near-atomic resolution structure of mTOR kinase was reported

providing the first structural insights into the architecture of the PIKK family

(Yang et al. 2013, Aylett et al. 2016). However, despite a conserved domain or-

ganisation, the PIKKs regulate a plethora of cellular events evoked as part of the

stress-induced response and there is no evidence they are regulated in a universal
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manner. Since Mec1 does not contain the FRB nor LBE insertions present in

mTOR, the active site might not adopt the recessive position and in addition its

regulation might not occur via the gated recruitment of substrates to the catalytic

cleft.

In this perspective, we aimed to determine the very first structure of the Mec1-

Ddc2 checkpoint kinase complex as well as providing the basis for its activation by

Dpb11. We planned to reconstruct an ab initio model of apo Mec1-Ddc2 using

single-particle negative stain-EM, which was further improved using cryo-EM.

Positions of the conserved C-terminal domains and N-terminal HEAT repeats

were assigned based on antibody labelling of the complex supplemented with

molecular docking of the near-atomic mTOR structure. We also aimed to solve

the structure of the Dpb11-bound Mec1-Ddc2 but due to limited resolution of

the reconstruction we decided to perform the 2D analysis of class averages to

determine the position of the activator with respect to the checkpoint kinase. We

also studied multiple interactions formed between the FL and truncated forms

of Mec1-Ddc2 and Dpb11 using pull-down assays, analytical gel filtration and

fluorescence polarization to map the binding regions and to study their effect on

the kinase activity.



Chapter 2

Principles of Transmission

Electron Microscopy

2.1 Historical Overview

The first transmission electron microscope (TEM) was built in 1933 by the Ger-

man physicist Ernst Ruska, who was awarded the Nobel Prize in Physics for his

pioneering work in 1986. Soon after Ruska’s breakthrough, the first commer-

cially available instrument was installed at Imperial College London although its

resolving power was inferior to a good light microscope (Mulvey 1985). Initially

biological specimens were stained with heavy metal salts, a method invented by

Brenner and colleagues to image viruses (Brenner and Horne 1959). Sample fixa-

tion not only preserved the specimen from the high vacuum and radiation damage

but also provided sufficient contrast to allow reconstruction of the first 3D EM

structure, the T4 bacteriophage tail (De Rosier and Klug 1968). Although nega-

tive staining is still widely used nowadays, it was the development of vitrification

methods that have allowed the preservation of the high-resolution features (Taylor

and Glaeser 1976, Dubochet, Lepault, Freeman, Berriman and Homo 1982).

78
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This, along with developments in data processing, led to an increased popular-

ity of using cryo-EM to study large macromolecular complexes. Since then it is

possible to image assemblies such as randomly oriented single particles revealing

the structure in its native-like environment and providing mechanistic insights.

Frank and colleagues were among the first researchers that used the single par-

ticle methodology to reconstruct the 70S ribosome, which served as a basis for

understanding the mechanism of protein synthesis (Frank, Zhu, Penczek, Li, Sri-

vastava, Verschoor, Radermacher, Grassucci, Lata and Agrawal 1995). Recent

advances have involved the development of highly sensitive detectors allowing

electron dose-fractionated image acquisition as well as data processing software

that implement complex algorithms to analyse noisy and heterogeneous data.

To date, the 2.2 Å structure of β-galactosidase is the highest resolution recon-

struction obtained with single-particle cryo-EM, which places this technique as

complimentary to X-ray crystallography (Bartesaghi, Merk, Banerjee, Matthies,

Wu, Milne and Subramaniam 2015).

This chapter provides an overview of the main principles behind the single-

particle cryo-EM and is predominantly based on lectures from the Brazil school

for single particle cryo-EM, 2006; the EMBO course on image processing for cryo-

EM, 2013; the LMB EM course, 2014 and on References (Orlova and Saibil 2011,

Cheng, Grigorieff, Penczek and Walz 2015, Thompson, Walker, Siebert, Muench

and Ranson 2016).

2.2 Sample Preparation

2.2.1 Biochemical Considerations

Prior to the preparation of EM grids, protein purification steps should be opti-

mised in order to provide a homogeneous sample. The purity and monodispersity
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can be assessed by SDS-PAGE and SEC-MALS although it does not ensure the

sample will behave the same way once applied to the grid. The heterogeneity re-

sulting from conformational changes, intrinsic flexibility as well as the dissociation

of complex subunits can be reduced by chemical cross-linking. Gradient fixation

(GraFix) allows formation of covalent bonds between protein domains or com-

plex subunits while purifying the sample over the density gradient (Stark 2010).

Not only does it stabilises the sample but also eliminates the need for previous

purification steps.

2.2.2 Types of Grids

EM grids are made from a metal mesh (usually copper but also gold, nickel,

molybdenum or rhodium) that serves as a support for a carbon film (Figure 2.1a).

For negative staining purposes a continuous layer of amorphous carbon is floated

onto the mesh whereas grids intended for cryo-EM are coated with perforated

carbon (Figure 2.1b). Home-made holey carbon or commercially available lacey

carbon provide irregular spacing and size of holes suitable for manual data col-

lection. In contrast, Quantifoil r and C-flat grids are designed for automated

data collection as they have regularly distributed and equally sized holes. In

addition, different hole dimensions may help facilitate an even distribution of

imaging particles. Holey carbon grids are sometimes also coated with an addi-

tional thin layer of continuous carbon that enhances protein adsorption and thus

is used for samples of low protein concentration. Although amorphous carbon is

a widely used and relative cheap support, its quality can vary between batches

and more pertinently is has been shown to degrade over time. Issues related

with carbon instability include imaging artefacts such as beam-induced motion

and image blurring (Russo and Passmore 2014b). These problems are currently

addressed by floating doped silicone carbide and graphene films on top of the grid
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mesh (Yoshioka, Carragher and Potter 2010, Russo and Passmore 2014a).

Figure 2.1: Preparation of EM grids. (a) A fine metallic mesh used to produce
EM grids. (b) Types of a holey carbon film used to coat the grids for cryo-EM
purposes. (c) A schematic image of a negative stain EM grid. The particles are
fully embedded in a thin layer of stain. The electron beam is strongly scattered by
heavy metals in the stain producing a negative image projection. (d) A schematic
image of a cryo EM grid. The particles embedded in a thin layer of vitreous ice
contribute to electron scattering producing a positive image projection.

Prior to applying the protein sample onto a grid, residual organic contami-

nation that has deposited on the carbon film over time should be removed. To

do so, grids are treated with plasma generated from air (also known as glow

discharge), argon-oxygen mixtures or hydrogen. Produced ions react with the

carbon surface cleaning the grid but also reducing the surface hydrophobicity.
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This results in uniform conditions across the grid which enhance sample adsorp-

tion, efficient particle distribution and the quality of vitreous ice. Similar grid

properties can also be achieved by treating the grids with detergents, amylamine

and poly-L-lysine.

2.2.3 Negative Staining

Negative staining is a quick and relatively straightforward technique used for

assessing sample concentration and quality. It not only provides valuable infor-

mation about the size, shape and oligomeric state of a macromolecule but also

hints at potential pitfalls emerging from the tendency of the macromolecule to

aggregate or adopt a preferential orientation on a grid.

To prepare a negative stain grid, a small aliquot of the sample at a concen-

tration of approximately 20 nM is applied to continuous carbon, followed by the

stain. After incubating for 1-2 min, the excess liquid is blotted and the grid is

left to air dry (Booth, Avila-Sakar and Cheng 2011). The stain consists of a

heavy metal salt such as uranyl acetate, uranyl formate, ammonium molybdate

or tungstate, which adhere to the envelope of a macromolecule filling the cavi-

ties between the particles. As a result the macromolecule is embedded in a thin

layer of stain revealing the solvent-excluded surfaces and the overall shape of a

molecule (Figure 2.1c). As heavy metal atoms scatter electrons stronger than

protein and dehydrated protein can tolerate higher electron doses of up to 50

e/Å2, negative stain generates high contrast images allowing for fast data pro-

cessing and initial model building. However, due to the size of the stain grain,

the resolution of a reconstructed model is limited to 20 Å. Moreover, given the

harshness of the stain environment, the structural integrity of the sample is likely

to be affecting causing protein flattering. Therefore, negative staining cannot be

applied for high-resolution studies but instead provides an excellent tool for the
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screening of imaging conditions.

2.2.4 Plunge Freezing

In order to preserve a protein in its native-like state, the sample has to be vit-

rified. To achieve this, the sample at a concentration of approximately 2-3 µM

is applied onto the grid, followed by blotting the excess of liquid and then flash-

frozen by plunging the grid into cryogen, usually ethane or propane, cooled to the

temperature of liquid nitrogen. Rapid heat transfer from the protein solution al-

lows formation of non-crystalline vitreous layer of ice (Dubochet, Adrian, Chang,

Homo, Lepault, McDowall and Schultz 1988). In contrast to negative stain,

vitrification does not dehydrate the specimen nor introduced any artefacts. Since

the protein is captured in a solution-like environment, the electrons are scattered

solely by the protein. Therefore vitrification does not impose any resolution limit

to the protein structure.

In an ideal case, the sample is uniformly spread across holes in a perforated

carbon film so that only a single protein layer is embedded in amorphous ice

(Figure 2.1d). Moreover, the blotting time should be optimised so that when the

buffer solution freezes, it forms a layer as thin as possible but thick enough to

fully submerge the protein. In practise, such grids are difficult to prepare and

reproduce due to a number of reasons. Given the small volume of the sample,

variations in environmental conditions such as temperature and humidity affect

the evaporation rate significantly. Therefore, different amount of the excess of

liquid is blotted, even when using the same blotting time and thus, the produced

grids might have the ice layer either too thin or too thick resulting in sample dis-

tortion or poor contrast, respectively. In contrast to heavy metal stains, proteins

are weak scatterers of electrons and have a similar density to water. In order

to achieve a meaningful signal, the background noise needs to be minimised by
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optimising the buffer composition as well as the ice thickness.

2.2.5 Other Methods

Other techniques, albeit less popular, can be beneficial in special cases. Cryo-

negative staining enhances the contrast generated by proteins with low electron

density or a small molecular mass while preserving them in a hydrated state

(Adrian, Dubochet, Fuller and Harris 1998). The specimen applied to the holey

grid is first stained, followed by blotting the excess of liquid and plunge freezing.

Carbon sandwiching implements coating the specimen with another layer of a

thin carbon film before the stain is applied and thus, reduces the artefacts caused

by the heavy metal ions (Golas, Sander, Will, Lührmann and Stark 2003). The

grid is also flash-frozen and imaged under cryo conditions. Since the signal-to-

noise ratio is much stronger than in conventional cryo-EM, glycerol can be used

in buffer solution to enhance protein stability.

2.3 Image Formation in an Electron Microscope

Analogous to a light microscope, the electron microscope consists of a source

of radiation, lenses and an image recording device (Figure 2.2) but instead of

photons, it uses electrons to form the image of an object.

The electron beam is emitted from a source that is kept under a high vac-

uum. Advanced high-end microscopes use a field emission gun (FEG) as it gives

more coherent and brighter beam compared to LaB6 or tungsten filaments. An

electromagnetic condenser lens acts on the diverging electrons so that a paral-

lel beam of negatively charged particles is accelerated by the electric field down

the microscope column, where it interacts with the specimen immobilised on a

grid. The accelerating voltage, ranging between 80 kV to 300 kV, depends on
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Figure 2.2: A schematic representation of the transmission electron microscope
setup. Image reproduced from Orlova and Saibil, 2011.

the microscope and determines the electron wavelength (λ) as follows:

λ ≈
√

150

VR

where VR represents the accelerating voltage. Hence, the shortest wavelength

an electron can reach in high-end microscopes operating at 300 kV is approxi-

mately 0.022 Å.

Since electrons are negatively charged, they are scattered by the local elec-

tromagnetic field caused by nuclei and electrons in the sample. As soon as the

beam passes through the objective lens, the magnetic field causes electrons to

spiral as a result of the force that is exerted on the charged particles perpendic-

ular to their direction of travel. By adjusting the current in the objective lens,

the trajectory of the electron beam is changed allowing re-focusing of the beam

and image formation in real space. Moreover, the objective aperture removes

electrons scattered at high angles resulting in an improved contrast of the image.

Although the objective lens is able to magnify the image up to 50 times, the
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projector lens is responsible for the final magnification.

The system of apertures can also modify the resolving power of the micro-

scope. Due to the extremely short wavelength of electrons, electron microscopy

can provide sufficient information to reconstruct an imaged object at atomic res-

olution. However, imaging biological specimens proves to be challenging due to

their composition and the nature of their interactions with electrons. Since the

biological samples consist mostly from low atomic number elements such as hy-

drogen, carbon, nitrogen and oxygen approximately 80 % of the electron beam

passes through the sample directly without interacting. Another 15 % comprises

inelastic scattering that occurs when some of the energy carried by electrons is

deposited to the specimen, which has deleterious effects on the protein integrity.

Primary electrons not only cause radiation damage to the sample but also induce

X-ray emission, ionization as well as the formation of secondary electrons and

free radicals, all of which contribute to structural changes. Although biological

samples can tolerate a total dose of up to 500 e/Å2, the high-resolution features

become adversely affected with a dose of approximately 10 e/Å2.

In order to preserve the intact structural features, the specimen is imaged

under low dose conditions. However, given a limited exposure and the fact that

only approximately 5 % of the total electron beam provides the information about

the structure, collected images are noisy and of low contrast. Embedding the

sample in negative stain partially overcomes the problems of radiation damage

and weak contrast but dramatically limits the resolution and causes structure

flattening. On the other hand, cryo-fixation reduces the movement of the free

radicals and thus also limits the damage but the signal is extremely weak as the

scattering is entirely due to electron interactions with the light atoms within the

biological specimen.
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2.4 Data Collection

2.4.1 Contrast Transfer Function

The contrast of an image represents variations in intensities, which are sensed

by a microscope detection system. In general when a wave interacts with a

specimen, some of the energy is absorbed by the object causing a change in

the amplitude between the entry and exit waves. Alternatively, a wave can be

deflected by an object resulting in a phase change between the unscattered and

scattered waves. The chemical composition of biological specimens does not allow

for a significant amplitude contrast as the image formation relies solely on elastic

electron scattering. The problem of obtaining sufficient contrast is even more

prominent in cryo-EM since the thin transparent samples scatter electrons only at

small angles. Therefore while collecting images, a shift in phases of the diffracted

waves is introduced that is later converted into a change in wave intensity detected

by the sensor.

The phase shift is achieved either by physically inserting a phase plate into a

back focal plane of the microscope or more commonly by aberrating the objective

lens so that the image is formed under focus. Although the phase plate can

introduce a constant phase shift of either 90° or 270°, the phase shift while taking

the image at the defocus varies and depends on the distance from the optical

axis.

In order to restore the image of an object, both the phase as well as the ampli-

tude information is required. However, the sensor is only able to detect changes

in the intensity, which correspond to the square of the amplitude but is unable

to detect the phase information. Introducing the phase shift, either by the phase

plate or defocusing, changes the fluctuations of the phase information from or-

thogonal to parallel with respect to the incident beam. A change of the direction
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of the phase fluctuations results in a change of the direction of the amplitude

fluctuations, which now are perpendicular to the unscattered beam. Therefore,

the sensing system detects changes in the beam intensity, which now represent

the phase information. The contrast function transfer (CTF) is a mathematical

operation in Fourier space that describes how accurately the phase information

is converted into the amplitude of the recorded image and thus the correct esti-

mation of the CTF affects the image formation.

2.4.2 Resolution Limitation

Although EM can reach a theoretical resolution of less than 1 Å, in practise the

resolution is limited by the spatial sampling frequency (a reciprocal of the pixel

spacing) of the sensor. According to the Nyquist-Shannon sampling theorem, the

maximum resolution is achieved at the Nyquist frequency, which is equal to half

of the sampling rate. Therefore the resolution depends on the physical pixel size

on the specimen level, which depends on the magnification as well as the sensor

location inside the instrument. For instance, imaging specimens at 50,000 times

magnification with the microscopes and the sensors used in our study (see section

3.10.2) capped the maximum achievable resolution at 3.52 Å and 4.1 Å.

2.4.3 Imaging Conditions

The quality of collected images is the prerequisite for producing high-resolution

reconstructions and thus the imaging conditions should be optimised to gener-

ate data with high signal-to-noise ratio (SNR). Noise, emerging predominantly

from the variations in stain or ice, sample damage during grid preparation and

radiation, defects in the electron beam as well as the electromagnetic lenses leads

to generating poor images. Therefore, not only should the microscope apertures

be properly aligned to remove any angular spread of the beam but also the lens
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aberration should be corrected. The beam coherence can be also preserved by

inserting energy filters into the instruments. Both the in-column Ω filter as well

as the post-column Gatan filter discard inelastic electron scattering and hence

improve the image contrast.

As discussed above, imaging the object at a slight underfocus also enhances

the SNR although it compromises some high-frequency components. Some of the

high-resolution information is later recovered by estimating and correcting the

CTF. The CTF is expressed as a sine function that describes the wave amplitude

(Y-axis) against the wave frequencies (X-axis). Since the CTF oscillates between

positive and negative amplitudes, it crosses the zero point on the Y-axis at mul-

tiple frequencies and hence misses the information about the structure at those

frequencies. Therefore, it is important to collect data at multiple defoci so that

the CTF crosses the X-axis at different frequencies allowing the structural infor-

mation to be, at least partially, recovered. Moreover, the defocus should be large

enough to see particles clearly, which is essential for accurate image processing.

The contrast of the images can be also boosted by increasing the electron

exposure. Usually specimens are imaged under ’low-dose’ conditions to avoid

radiation damage, although negative stain as well as cryo-negative stain samples

can tolerate higher electron exposure. The acceptable dose depends on the accel-

eration voltage of a microscope and is directly proportional to it. For instance, in

order to yield a reconstruction at atomic resolution, the specimen can be exposed

to accumulated doses of 7 e/Å2 and 13 e/Å2 in 100 kV and 300 kV instruments

respectively (Lau and Rubinstein 2013). Consequently, images collected at the

300 kV microscope display a stronger contrast.

Finally data should be collected at a magnification, where the images contain

enough particles to generate a high SNR. For cryo-EM micrographs the contrast

can be improved by imaging a small fragment of the carbon film adjacent to
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the hole. Moreover, the acquired images should also be oversampled not only to

ensure the target resolution can be achieved but also to avoid interpolation errors

while rotating and shifting the images. It is generally assumed the oversampling

is sufficient when the highest-resolution information is revealed at approximately

2/3 of the Nyquist limit.

2.4.4 Image Recording Devices

The scattered electrons are detected by sensors that recognise the changes in

beam intensity. In the early days of EM, a photographic film was widely used

due to its fine ’pixel spacing’ corresponding to the grain size of silver halide and

preservation of the high-resolution features. However, the need for film develop-

ment and subsequent image digitalisation made recording data a time-consuming

and inefficient process. Nowadays, data are collected with the aid of digital cam-

eras - namely charge-coupled device (CCD) and direct electron detector device

(DDD) (Figure 2.3).

Figure 2.3: A simplified comparison of digital cameras used in data collection.
The DDD records images with higher SNR than the CCD camera due to a lack of
signal degradation caused by a scintillator and light transfer through fibre optics.
Complementary metal-oxide semiconductors (CMOS) built into every pixel allow
for a direct charge-to-voltage conversion. Figure adapted from Gatan, Inc.
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When the electron beam reaches the CCD camera, the phosphor scintillator

mounted on top of the camera induces the emission of photons. The light energy

is then transmitted through fibre optics to a photosensitive chip that converts

the photon into a small electrical charge. Accumulated charges are transferred

to a read-out device, where they are amplified and converted into a digital signal

to form an image. In contrast to the CCD camera, the DDD camera generates

the electronic signal upon direct exposure to the beam. Depending on a type of

the pixel used in the device, the DDD can count individual electrons or produce

the signal according to the accumulated charge.

However both types of the detectors add some noise to the images, which is

measured as the detective quantum efficiency (DQE). Since DDDs do not require

the electron-photon-electron conversion, they have a much higher DQE than the

CCD cameras. The new generation of the DDD cameras are also ’back-thinned’,

which prevents back-scattering of electrons, further reducing the noise of the

image.

The DDDs have also complementary metal-oxide semiconductors (CMOS) in-

corporated into every pixel enabling the local conversion of charge into voltage.

This results in a much faster readout than the CCDs and allows the DDDs to col-

lect micrographs as stacks of dose-fractionated frames. This ’movie-mode’ allows

increases in exposure time leading to the accumulation of a higher total dose of

electrons that significantly boosts the image contrast. In addition, beam-induced

particle motion can be tracked and corrected by aligning individual frames so

that the image blurring due to the drift is avoided.

2.5 Image Processing

Molecules in solution have different spatial orientations described by six degrees

of freedom: three translational (X, Y and Z) and three rotational, named as
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Euler angles α, β and γ (Figure 2.4). Inside an electron microscope, the image is

collected as a 2D projection of the specimen along the Z axis, thereby removing

the out-of-plane Z parameter. The remaining parameters, in-plane X, Y and α

as well as out-of-plane β and γ need to be determined in order to describe the

particle orientation in real space.

Figure 2.4: Parameters corresponding to six degrees of freedom have to be de-
termined in order to describe particle orientation in real space. Since images
are collected as a projection along the Z axis, each particle is described by two
in-plane translational parameters (X and Y), one in-plane (α) Euler angle and
two out-of-plane (β and γ) Euler angles.

Single particle analysis defines the relationship between multiple projections

of identical particles at different orientations in order to reconstruct a 3D model.

Various image processing programs exploit different algorithms to 1) align par-

ticles and thus, remove the in-plane parameters, 2) accurately calculate β and

γ Euler angles and 3) determine the angular relationship between the individual

images.

However, due to a limited electron dose used to image the specimen, the col-
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lected micrographs are noisy with individual particles having a low SNR. There-

fore data processing relies on segregating projections into classes, with each rep-

resenting a different view of the imaged sample. By averaging the signal of the

aligned projections belonging the same class, the SNR is enhanced permitting an

accurate Euler assignment and a reliable reconstruction. Below I outlined the

key principles of the different approaches used in data processing steps.

2.5.1 Micrograph Pre-processing

Motion Correction

Before the actual processing is started, stacks of individual frames are aligned

and summed increasing the SNR of the recorded micrographs. Software such as

MotionCorr and Unblur allow in silico correction of the beam-induced movement

of particles (Li, Mooney, Zheng, Booth, Braunfeld, Gubbens, Agard and Cheng

2013, Campbell, Cheng, Brilot, Moeller, Lyumkis, Veesler, Pan, Harrison, Potter,

Carragher and Grigorieff 2012). Moreover, by collecting micrographs as dose-

fractionated images, one has the flexibility to select and sub-align any frames

so that images capturing progressive radiation damage can be removed (Scheres

2014). At first, all frames are processed as they carry low-resolution information

important for accurate alignment of extracted particles. Later, the first and last

frames are removed as they contain the biggest drift and sample degradation,

respectively. As a result only the frames representing the high-resolution features

of the least damaged sample are used in final refinement.

CTF Correction

Images collected at a defocus higher than the Scherzer focus, i.e. an optimal

combination between the spherical aberration of the objective lens and the un-

derfocus, contain frequency dependent phase reversals, which are described by
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the CTF. The oscillating function crosses a zero point at multiple frequencies

causing phase flipping from positive to negative values. In order to be able to

interpret the information beyond the ’first zero crossing’, i.e. point of the first

phase flipping, and to re-gain the high-resolution information, the CTF has to

be corrected.

Prior to correcting the CTF effect on the contrast modulation, the function

parameters have to be estimated. Some of them such as voltage and hence the

electron wavelength and the spherical aberration of the lens depend on the mi-

croscope setup. Other parameters such as the defocus of the image have to be

determined from the experimental data. Although images are collected at a given

defocus, the actual defocus varies between images due to the sample thickness and

lens settings. The CTF parameters can be estimated using whole micrographs

or the selected particles and the actual correction can be done prior to data pro-

cessing or applied to the 3D reconstruction. Due to the increasing power of data

analysis software, the CTF is estimated automatically by comparing the exper-

imental amplitude profile with a theoretical one generated for a given defocus

value.

The correction of the image is then done by phase flipping where 180° is added

to negative phases, reversing the sign of the sine function. Since the CTF is a

quasi-periodic function due to its decay at higher spacial frequencies caused by

a loss of the beam coherence, the full CTF correction also involves correction

of the oscillating amplitudes, which allows the restoration of the high frequency

information.

2.5.2 Particle Picking

Corrected micrographs, those power spectra show Thon rings extending in all

directions to a near-atomic resolution, are used for particle picking. The images
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of individual molecules can be selected manually, or in a semi- or fully-automated

manner. Since this is a labour-intensive step, one can be inclined towards auto-

mated picking based on pattern recognition and template matching. In any case,

care should be taken to avoid selecting aggregates and noisy particles as they will

deteriorate the quality of the data set and the final reconstruction. Since selected

particles are aligned by shifting and rotating, it is recommended to use a box size

of at least 30 % bigger than the estimated particle size while windowing.

2.5.3 Particle Pre-processing

Downsampling

Data processing steps are computationally intensive as they involve operations

on large number of images. Efficient image processing is achieved by downsam-

pling the data set, with binning being the most widely applied scheme (Sorzano,

Iriarte, Marabini and Carazo 2009). Downsampling by a factor of 2 reduces

the file dimensions and hence the size by 22. As a result, small regions of 2x2

pixels are combined to produce a single pixel. It allows not only the speeding

up of operations but also increases the SNR. Binning can be applied to whole

micrographs or to particles extracted as stacks of images.

Such method of filtering imposes a limitation on the resolution as a conse-

quence of the Nyquist-Shannon sampling theorem (see also Section 2.4.2) (Nyquist

2002). After binning by a factor of 2, the highest theoretical resolution that can

be achieved is equal twice the new pixel size. Although it does not affect nega-

tive stain data, it prevents the determination of high-resolution cryo-EM models.

Similarly to using movie frames, the binned data are initially used to facilitate

alignment and classification whereas unbinned data are used for the final model

refinement.
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Band-Pass Filtering

Apart from information about the particles, raw micrographs also include low

frequency artefacts (e.g. stain gradients) and high frequency noise that can affect

the accuracy of particle alignment and Euler angle assignment. In reciprocal

space, a band-pass filter, which is the product of a wide Gaussian low-pass filter

and a narrow Gaussian high-pass filter (Figure 2.5) is applied to remove the

unwanted data (van Heel, Gowen, Matadeen, Orlova, Finn, Pape, Cohen, Stark,

Schmidt, Schatz and Patwardhan 2000).

Figure 2.5: Band-pass filter applied in reciprocal space removes the effect of
’ripples’ in real space image.

The low-pass filter down weights high frequencies, which are beyond an ob-

tainable resolution and thus associated with noise. On the other hand, the high-

pass filter suppresses background components coarser than the biggest dimension

of a particle. The cut-off values are calculated as follows:

low frequency cutoff =
2× pixel size( Å

pixel)

maximal particle size(Å)
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high frequency cutoff =
2× pixel size( Å

pixel)

expected resolution(Å)

Although high frequencies contain information essential for achieving high

resolution, initially they should be filtered out to allow an accurate alignment.

During refinement, their weighting can be increased to re-introduce components

required for a reconstruction of a detailed model.

Masking

Similarly to the band-pass filter in the reciprocal space, a soft edge mask blocking

out the background outside the particle envelope, is applied to the image in

real space. It is important to filter out undesired frequencies in both spaces

as many image processing steps down the workflow include algorithms involving

forward and reverse Fourier transforms. Avoiding introducing the ’rippling’ effect

in reciprocal as well as real space is of great significance for subsequent alignments

based on cross-correlation functions (CCF).

Normalization

Every projection is represented by grey levels that define the density values for

the imaged specimen. Since the contrast might be artificially boosted due to

variations in ice or stain or even the orientation of a particle, the data set has

to be standardized prior to further processing so that the mean density of all

images is set to an arbitrary, but standardized level for all projections (Orlova

and Saibil 2011). The standard deviation is also scaled to the same value for the

whole data set.
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2.5.4 2D Alignment

Image alignment strategies are based on the CCF, which compares the similarity

between two projections. The better the images match, the higher the cross-

correlation coefficient (CCC). In other words, perfectly aligned identical images

will yield the maximal CCC value.

Reference-Free Alignment

In the initial stages of processing, when the reference templates are not available

or when introducing a bias should be avoided, all images are centred to equivalent

positions by imposing translational shifts to the rotationally averaged total sum

of all images. As a result, only the in-plane parameters are defined and the rota-

tional orientations remain arbitrary. To identify particles that represent similar

out-of-plane orientations, statistical image analysis (see section 2.5.5) is applied

to classify distinctive views and average them to increase the SNR. The class av-

erages that show systematic views serve as good unbiased references, which can

be used as templates to achieve a more accurate alignment.

Multi Reference Alignment

In order to overcome an inverse problem resulting from missing information due

to the unknown orientations of particles, poor contrast and noise; multi reference

alignment (MRA) is implemented. In this strategy every image is aligned and

compared to the 2D templates, created by the reference-free alignment, and as-

signed to the reference that yielded the highest CCC value. Since this process

is done in an iterative manner, all particles are re-assigned to new templates,

which are updated based on the results from a previous step and the alignment

is repeated until it reaches a stable solution.
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Maximum Likelihood Approach

Typical MRA involves sequential alignment, i.e. translational shifts followed by

rotational shifts or vice-versa, which might produce an inaccurate alignment if

the first search is wrong. The propensity of MRA to misassign particles due to

false cross-correlation between the projections is increased in noisy images. More-

over, the maximum cross-correlation approach, by definition, assigns a discrete

orientation to each particle, which again may be affected by the data quality.

The maximum likelihood approach provides a powerful alternative to MRA

as it marginalizes over particle orientation (Sigworth 1998). Similarly to the

CCF, it measures the consistency between images and assigns them to classes

with the highest similarity but also assigns them, albeit with lower weightings,

to neighbouring classes. In other words, it takes into account all the CCC val-

ues calculated for every image aligned to every reference in order to generate a

probability distribution of all the possible orientations that a given particle can

adopt. In noiseless data sets MRA and maximum likelihood approaches would

produce equivalent results but in practise, the noise in EM data never allows the

latter methods to assign discrete orientations.

2.5.5 2D Classification

As already mentioned briefly, aligned images are subjected to clustering, i.e. the

assignment of particles to a number of classes in such a way that each class con-

tains only alike particles while the class averages are as distinctive as possible.

As the noise in the image is not related with the object, the averaging of similar

particles suppresses the noise while enhancing the structural features of the ob-

ject. The analysis of the image components that contain information about the

structure is based on statistical methods such as Principal Component Analysis

(PCA) and Multivariate Statistical Analysis (MSA) while classification itself is
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based on hierarchical or K-means clustering.

Principal Component Analysis

In order to measure the similarity between images, one has to compare all the

images pixel-by-pixel over all possible translations and rotations, which is a com-

putationally intensive task. Instead the calculations are done in hyperspace,

where an image can be described as a vector, those coordinates are defined by

the grey value of the pixels (Figure 2.6a).

Figure 2.6: Hierarchical Ascendant Classification (HAC) Tree. It is possible to
obtain a predefined number of classes by trimming the HAC tree at a specific
level and thus, determining the desired number of images per class.

In addition, a more efficient analysis is achieved by comparing differences in

structural features between the images. Since the variance is not correlated with

other variables representing the data set, it constitutes a principal component

and is represented as an eigenvector and eigenimage in the hyper and real space,

respectively. Therefore, the whole dataset can be represented by a linear com-

bination of weighted eigenimages, where the so-called zero eigenimage shows the

average of all the aligned particles, the first eigenimage shows the major varia-

tion in the data set, the second eigenimage reflects the second major variation

while last eigenimages indicate features related to noise. The zero eigenimage also
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serves as a indicator of the symmetry. Since PCA and MSA identify variations

present in the data set, they are powerful tools to isolate structural features from

the noise. Therefore, eigenimages representing only the information about the

structure can be selected for subsequent clustering improving SNR significantly.

Hierarchical Ascendant Classification

Once the consistency between all images is compared, the particles are clustered

based on the calculated distances or similarities between them. Initially each

point in hyperspace represents an individual particle constituting an independent

class. However two the most similar classes can be merged together at a time so

that eventually all particles are included in a single class (Figure 2.6b). Such a

clustering approach is known as ascendant classification and a divisive approach

is initially used to group all the images into one class, which is then ungrouped

into smaller clusters.

In hierarchical ascendant clustering (HAC) the algorithm used to merge the

classes implements the ”Ward” criterion which calculates the variance as added

together when the two classes are merged. The classes are combined only when

the intra-class variance is minimised whereas the inter-class variance is max-

imised. It is possible to obtain a predefined number of classes by trimming the

HAC tree at a specific level and thus, determining the desired number of particle

images per class. As a result all the particles that belong to different classes are

summed within these clusters to generate a single class average.

K-Means Clustering in Maximum Likelihood Approach

Conventional K-means approach randomly assigns all the particles in a data set

to a pre-defined number of classes (K) in such a way that each class has the same

number of particles. Once the class averages within these groups are generated,
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the distance for each particle to these class averages is calculated and the parti-

cle is re-assign to the most similar class average. Based on the new assignment,

new class averages are calculated and the process is repeated until convergence,

i.e. none of the particles are re-assigned to new classes. However, this approach

carries the risk of being trapped in local minima and producing suboptimal so-

lutions. Moreover the success of this approach highly depends on the selected

number of classes, for example big data sets with too few classes result in many

distinctive particles being assigned to this class and thus not suppressing the

noise while choosing too many classes results in the classes not being populated

enough, where particles are unable to boost the SNR. Implementing the K-means

algorithm in the maximum likelihood approach allows particles to be assigned to

several groups. Each ’membership’ is given a weighting factor based on the cal-

culated distance between a given particle and the class averages. Therefore each

particle affects multiple class averages.

2.5.6 Ab initio 3D Reconstruction

Building a 3D model requires defining the angular relationship between the stable

2D class averages obtained in the previous step. The relative orientation of these

classes, described by β and γ Euler angles, can be determined computationally,

or experimentally by collecting pairs of images at known tilt angles.

Random Conical Tilt

During random conical tilt, a grid is physically tilted by a defined angle so that

a pair of images is collected. The first micrograph is usually recorded at 45°

followed by capturing the untilted image at 0°. As this approach results with some

particle orientations missing, additional images are recorded by tilting the grid

orthogonally. Otherwise, recording the images at tilts from -45°to +45°eliminates
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the problem of the missing cone.

If particles are preferentially oriented on a grid, their projections are identical

except for the in-plane rotations only (Figure 2.7a). These in-plane rotation

angles are determined by aligning the untilted projections. Since the tilt angle

is known, the relative orientation of the corresponding tilted projection can be

defined. This information is sufficient to build an initial 3D model, which can

be refined in later steps. However, if the specimen does not show the preferred

orientations and thus, its projections do not have the same in-plane view, the

untilted particles have to be classified first and then compared with groups of the

untilted particles.

Angular Reconstitution

Angular reconstitution is a computational approach to determine the angular

orientation of 2D reprojections based on the central projection theorem (Fig-

ure 2.7b). In reciprocal space, 2D projected images of a 3D object correspond to

the central sections of the 3D Fourier transform of this object. Therefore, sections

corresponding to Fourier transforms of any two 2D projections have at least one

central line in common, along which these sections intersect. This ’common line’

theorem is also observed in real space, where every two 2D projections of the 3D

object will have at least one 1D line projection in common. By finding the angle

between the common lines of such two projections/central sections, it is possi-

ble to define their relative orientation with respect to each other. Theoretically,

as few as three different reprojections are sufficient to determine their angular

relationship and thus to reconstruct an initial 3D model.

To find a common line in real space, each 2D projection is represented as a

sinogram - a stack of lines corresponding to 1D projections (sampled from 0° to

360°) calculated from the 2D image.
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Figure 2.7: 3D model reconstruction. (a) During random conical tilt a pair of
images is collected before and alter a grid is tilted by a known angle resulting
in identical particle projections except for the in-plane rotations only. (b) Cen-
tral projection theorem states that a 2D projection of a 3D object in real space
corresponds to a central section of the 3D Fourier transform of that object in
reciprocal space. The theorem serve as a basis for the assignment of Euler angles
using a ’common-line’ approach (as shown in c). Each two 2D projections (or
2D Fourier transforms of these projections) have at least one 1D projection (1D
Fourier transform) in common allowing to find the relative orientation of these
two projections and generate a 3D model. This approach is known as angular
reconstitution. Images reproduced from the LMB EM course, 2014; Milne et al.,
2012 and van Heel et al., 2000.
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Every two sinograms are then compared using the CCF and the best matching

lines to define the position of the common line. Thus, the angle of these lines

indicates the relative orientation of these two projections. Analogically the ori-

entation of the third projection is calculated by comparing its sinogram with the

sinogram generated from the first and then the second projection (Figure 2.7c).

Assigning Euler angles to individual particles is very challenging and error-

prone due to a very low SNR. Instead the cross-correlation is calculated between

sinograms generated from the class averages. Once their relative orientation

is determined, they are used to yield a 3D reconstruction. However, it is still

advisable to generate a few starting models using triples of different projections.

To reconstruct a 3D object, different methods involving mathematical operations

either in real or reciprocal space are applied. In real space 2D sinograms are

’back-projected’ through a 3D volume so that they define the arrangement of

the object densities. However, this technique might produce a blurred structure

and pre-filtering steps should be implemented. Operations done in the reciprocal

space are based on the central projection theorem, where 2D slices obtained by

applying Fourier transform to 2D projections are positioned into the 3D Fourier

transform. A subsequent Fourier inversion generates a 3D model by calculating

the distribution of the electron density of the object (Figure 2.7b).

Angular reconstitution is a powerful method to yield an initial model. How-

ever, building a correct reconstruction requires a big data set so that the dis-

tinctive views of the object populate the Euler sphere. Combining this with the

multiple trials of assigning Euler angles to different sets of projections should

minimise the risk of generating the model from the noise associated with every

image.
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2.5.7 3D Refinement

Initially the assignment of Euler angles is a very crude and iterative process of gen-

erating reprojections from the starting model, cross-correlating their sinograms

with the sinograms of the input images, reassigning new angles and building a

new model allows to refine the orientation of the particles. The reprojections

can be also used as a new set of references for particle 2D MRA. Once the sta-

ble solution is achieved, the model is further refined using projection matching

routine.

Projection Matching

Projection matching is an iterative process that orients input images by com-

paring them with the reprojections generated from the 3D model. In theory, a

crude initial reconstruction is sufficient to assign the Euler angles and refine the

model by repeating the procedure. However, as the routine is based on finding

the best match between the input image and the reference, the results are often

model-biased. Therefore, the projection matching should be only used in the

final stage of refinement, when a stable reconstruction is available and the Euler

angles only need to be fine-tuned.

The programme is similar to MRA in that multiple reprojections (references)

are generated from the 3D model in all directions. Then each experimental image

or class average it belongs to is compared with all references to find the best match

based on the cross-correlation. However, projection matching does not provide

any classification scheme that would correspond to MSA or K-means approach.

Instead, all particles or class averages that yielded the highest correlation with

a particular reference are summed and the new class-sum is assigned the Euler

angles of that particular reference. Once all the 2D projections are oriented,

they are computed into the 3D model using the central projection theorem. The
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process then repeats using a new set of references from an updated model so that

the orientation of the images and thus the model resolution gradually improves

until it converges to a stable solution.

Regularization Approach

All single-particle analysis software bases their refinement strategies on projection

matching. However, the standard approach described above always accepts the

best matching hit and thus carries a risk of obtaining a local minima and hence

a model that is not fully converged. If trapped in such a suboptimal solution,

the routine is prone to over-fitting as input projections are assigned discrete

orientations. Moreover, the resolution can be falsely improved by treating noise

as structural features and aligning it to the references. The danger of over-fitting

and premature convergence is decreased by using maximum likelihood approach,

which provides a probability-weighted angular assignment. However, it does not

completely prevent from a local optimisation and model bias. Moreover, for

noisy data such as cryo-EM, maximum likelihood creates multiple equally good

reconstructions, which fit the experimental data resulting in the so-called ill-posed

problem (Scheres 2016).

A new Bayesian approach that is based on maximum likelihood but also intro-

duces a regularization parameter, which represents external (a priori) informa-

tion about the structure (Scheres 2012a). When combined with the probability-

weighted orientations of the particles defined by the likelihood term, it permits

yielding a unique 3D reconstruction. Since macromolecules consist of atoms con-

nected by chemical bonds, their scattering potentials provide a valuable source

of external information about the structure. How these potentials vary in the 3D

space depends on how well the structural features are resolved. In low-resolution

structures the differences between the scattering potentials are smoothed since
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it is impossible to distinguish particular atoms. The concept of smoothing the

structure has been already widely used in other EM processing steps, for ex-

ample suppression of high-resolution features by low-pass filtering to allow more

accurate particle alignments and prevent over-fitting. By applying the empirical

Bayesian approach, the a priori information is estimated from the experimental

data. Therefore regularized projection matching uses references generated from

a low-filtered model, those smoothness is then regulated based on the strength

of signal and noise in iterating steps.

Since both the signal and the noise can be described by a Gaussian distri-

bution, the optimisation of the a posteriori distributions, i.e. signal and noise

components that contribute to a single model that has the highest probability of

being the correct one, is proportional to a product of regularisation and likelihood

parameters. Such optimisation is then known as the regularised likelihood or max-

imum a posteriori estimation. How much the model is filtered in every iteration

of the optimisation, depends on the SNR, which is constantly re-estimated. Such

an approach ensures that best possible filter is imposed onto the model so that the

reconstruction contains as little noise as possible while providing the maximum

information. Moreover, statistical implementations due to a maximum likelihood

component allow the integration of multiple data processing steps such as align-

ment, classification, filtering and 3D model building so that the probability of

obtaining a single and correct model is maximised.

Regularised likelihood optimisation provides a powerful method to find a sin-

gle solution while avoiding over-fitting and converging in local minima. Since

optimisation of particle alignment and 2D as well as 3D classification is carried

out with no input from a program user, this method provides an independent

and objective solution. Moreover, its power to regulate the filtering of the model

based on the estimates of the signal and noise proves it is a successful tool for
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dealing with heterogeneous and noisy data sets.

2.5.8 Post-processing

Discussed methods of particle alignment, classification and model reconstruction

artificially boost the low-resolution information whereas model refinement uses

unmasked maps to prevent over-fitting. As a result, the high-resolution features

of the final map are suppressed and the map needs to be post-processed in order to

elucidate these features for reliable map interpretation. These steps are omitted

however for low-resolution reconstructions.

In near-atomic resolution structures, the loss of resolution is attributed to the

thermal vibrations of atoms and noisy solvent areas. By applying the tempera-

ture factor, the so-called B-factor, the blurred areas are sharpened whereas 3D

masking removes the frequencies associated with the solvent. When the data are

collected as individual frames, the beam-induced motion can be also corrected.

Contrary to whole micrograph corrections done in pre-processing steps, the movie

refinement is only done for individual particles. Hence, in the next step called

particle polishing, unaligned particles as well as particles showing beam-induced

rotations are discarded. Moreover, particles from frames that contain artefacts

due to radiation damage are also removed. Since the polished particles have in-

creased SNR, they are used to refine the model once again since it might improve

classification. The updated map is sharpened again and the final resolution is

estimated.

2.5.9 Validation

The increasing number of the EM reconstructions, especially those at high res-

olutions, highlights the need for structure validation so that the novel biological

conclusions are not drawn from the interpretation of incorrect models. A crude
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validation is provided by the structure itself, namely to what extend distinctive

structural details are revealed. It is generally accepted that a low-resolution re-

construction (at a resolution above 10 Å) only shows the overall shape and the

relative orientation of domains. Secondary structures elements are observed in

medium-resolution models, where α-helices and β sheets are resolved below 9 Å

and 4.8 Å, respectively. The high-resolution structures below 4 Å determine the

precise orientation of these elements and often reveal electron densities corre-

sponding to individual amino acids to allow tracing of the polypeptide backbone.

Since the low-resolution models do not show many distinctive features, their

validation might be obscure. The correct handedness as well as the unambiguous

assignment of Euler angles resulting in accurate data processing might be achieved

by collecting the data using random conical tilt method. A posteriori tilting

experiments can be used to validate the structures below 10 Å (Rosenthal and

Henderson 2003). Here, the determination of the correct orientations is confirmed

by collecting tilted pairs of images and calculating a tilt pair parameter plot.

The Euler angles are assigned correctly when the majority of the particles cluster

around the tilt angle and the axis used while acquiring the images.

Resolution Measurement

The resolution is a useful indicator of the structure reliability but it does not

provide an absolute validation as both signal and noise contribute to the recon-

struction. One of the most commonly used methods to estimate to what extent

the structural features are resolved is Fourier Shell Correlation (FSC) (Harauz

and van Heel 1986). It is calculated by splitting the input data into halves;

each of them is used to generate a 3D reconstruction. The cross-correlation be-

tween the 3D Fourier transforms of the separate volumes of approximately equal

resolution over 3D shells is computed as follows:
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FSC =

∑
F1•F2

∗√∑
F1

2•
∑

F2
2

The correlation coefficients are then plotted against the spatial frequencies

(reciprocal of the resolution). The point where the FSC line crosses an arbitrar-

ily selected criterion defines the resolution. A typical FSC plot shows a high

correlation for low frequencies followed by a rapid falloff towards higher spacial

frequencies. There are a number of criteria used that either constitute a fixed

threshold such as FSC=0.5 and FSC=0.143 or a variable curve such as 3σ and 1
2 -

bit. So far no consensus has been reached regarding using a universal and reliable

measurement. The FSC=0.5 threshold is considered over-conservative, especially

for non-symmetrical structures, which show meaningful information below the

cutoff level. The 3σ criterion is based on the noise level and only signals 3 times

the standard deviation above the noise are considered. However, this often es-

timates the resolution too liberally. The 1
2 -bit is also ambiguous as it indicated

the resolution at which the signal is above the noise level high enough to provide

useful information. The FSC=0.143 criterion was introduced as it indicates the

resolution at which the correlation between the experimental model and the per-

fect reference is 0.5 (Rosenthal and Henderson 2003). Currently, this estimate

appears to be the most widely used since EM structures display similar features

as X-ray crystal structures with the same resolution.

Gold-Standard FSC

The availability of multiple resolution criteria indicates that distinguishing be-

tween the signal and noise can be obscure - hence some electron density maps

show structural features that emerge solely due to noise alignment. Therefore

such over-fitted structures have an incorrectly boosted resolution and create the

risk of misinterpretation of the results.
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The gold-standard FSC was introduced as a resolution validation tool, where

the split data are treated as completely independent data sets (Scheres and

Chen 2012). The two halves are separately aligned and reconstructed from in-

dependent starting models followed by separate iterative refinement. Only when

both reconstructions converge, the correlation at FSC=0.143 is measured as the

final and reliable estimate of the resolution.

2.6 Workflow for Structure Determination

The discussed data processing steps are summarised in Figure 2.8. This workflow

can be followed while analysing the data with the available software such as

IMAGIC or RELION (van Heel, Harauz, Orlova, Schmidt and Schatz 1996,

Scheres 2012b). It is important to remember that different programmes might

vary in terms of the implemented algorithms, for example, IMAGIC exploits

the CCF for the particle alignment and Euler angle assignment as well as it

performs the angular reconstitution in real space whereas RELION is based on

the regularized likelihood approach and reconstitutes a 3D model in Fourier space.

Despite the recent revolutionising advances in cryo-EM, structure determi-

nation can still remain challenging, especially for heterogeneous samples. Since

biochemical sample preparation comprises a major bottleneck, negative staining

is still widely used not only for initial characterisation of samples and generating

the initial 3D models but also as it proves to be a valuable source of information

for proteins or their assemblies that are currently too challenging to be studied

using cryo-EM.
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Figure 2.8: The workflow of structure determination by single-particle EM. The
key steps are shown in italics.



Chapter 3

Materials and Methods

3.1 Materials

3.1.1 Plasmids and DNA

The FL wild type (WT) DPB11 gene was codon-optimised for bacterial expres-

sion and synthesised by GeneArt (Germany). DNA oligonucleotides used for

site-directed mutagenesis of the DPB11 gene were purchased from Sigma (UK).

Plasmids carrying truncated forms of the DPB11 and DDC2 genes were prepared

by Dr Rajika Perera and Bruce MacLachlan, respectively.

3.1.2 Proteins

Protein samples of the FL Mec1-Ddc2 complex, the truncated Mec11−1211-Ddc2

complex and FL Dpb11 were a generous gift from Professor Peter Burgers from

Washington University in St. Louis. All proteins were overexpressed in S.

cerevisiae under galactose-inducible conditions and purified according to estab-

lished protocols described previously (Bylund, Majka and Burgers 2006, Majka,

Niedziela-Majka and Burgers 2006, Sawicka et al. 2016). Other proteins were

expressed and purified in-house. All protein constructs used in this study are

114
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summarised in Table 3.1.
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3.1.3 Antibodies

All antibodies used in this study are summarised in Table 3.2.

Table 3.2: Antibodies used in this study.

Antibody Epitope Mono/Polyclonal Host Supplier

Mec1 (yS-20) C-terminal Polyclonal Goat Santa Cruz Biotechnology (USA)

Dpb11 (yC-17) C-terminal Polyclonal Goat Santa Cruz Biotechnology

GST FL GST Monoclonal Mouse Abcam (UK)

Goat-HRP Goat Polyclonal Rabbit Deko (Denmark)

His6-HRP His6 tag Monoclonal Mouse ThermoFisher Scientific (USA)

3.2 Bioinformatics

Disordered regions of the FL Dpb11 WT, FL Dpb11 WY-AA, truncated Dpb11564−764

WT and Ddc21−149 were predicted using the PrDOS server (Ishida and Kinoshita

2007).

3.3 Protein Expression and Purification

3.3.1 Truncated Ddc21−149

Transformation of Competent E. coli Cells

1 µl of pET-28a DNA plasmid carrying the truncated form of the DDC2 gene

(1-447 base pairs (bp)) at 50 ng/µl was incubated with 30 µl of E. coli BL21-

Gold (DE3) chemically competent cells (Agilent Technologies, Inc., USA) on ice

for 30 min. The cells were then transformed through the heat shock method

by incubation at 42°C for 45 sec followed by immediate incubation on ice for 2

min. 270 µl of SOC medium (New England Biolabs, USA) was added to the

mixture and the cells were allowed to recover during a 1 h incubation at 37°C.
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The transformed cells were subsequently plated on the lysogeny broth (LB) agar

plates supplemented with 50 µg/ml kanamycin and incubated at 37°C for 16 h.

Expression in BL21-Gold (DE3) Strain

50 ml of LB medium supplemented with 50 µg/ml kanamycin was inoculated with

a single colony of the transformed cells and incubated while shaking at 220 rpm

at 37°C. After 16 h, the cell culture was used to inoculate 1 L of the LB medium

containing the antibiotic and was allowed to grow for 4 h (same conditions) until

it reached an OD600 of 0.65. Ddc21−149 expression was then induced by adding

0.5 mM IPTG. The cell culture (total of 2 L) was incubated for an extra 3 h under

the same conditions until it reached an OD600 of 1. The cells were harvested by

centrifugation at 5,000 rpm for 10 minutes at 4°C in a Fiberlite F10S-4x1000

LEX rotor (ThermoFisher Scientific) and resuspended in lysis buffer (5 ml per 1

g of wet cell paste) (Table 3.3).

In order to assess the expression level, cell pellets from 1 ml of pre-induced

and 1 ml of induced samples were resuspended in 0.5 ml SDS-loading buffer and

15 µl were loaded onto a 12 % Bis-Tris gel.

Table 3.3: Buffers used in purification of Ddc21−149.

Buffer Composition

Lysis 50 mM Tris [pH 7.5], 400 mM NaCl, 20 mM imidazole,
1 mM DTT, 0.1 % Triton X-100, protease inhibitor
cocktail tablets (EDTA-free) (Sigma)

IMAC

Equilibration 50 mM Tris [pH 7.5], 400 mM NaCl, 20 mM imidazole,
5 % glycerol

Elution 50 mM Tris [pH 7.5], 400 mM NaCl, 500 mM imidazole,
5 % glycerol

SEC

Equilibration/ 20 mM HEPES pH [8.0], 200 mM NaCl, 5 % glycerol,
Elution 1 mM DTT
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Lysis of E. coli Cells

30 ml of resuspended cells were lysed by sonication (2 sec pulses, 2 sec pauses at

50 % amplitude for 6 min). The debris was removed by centrifugation at 16,000

rpm for 1 h at 4°C using a Fiberlite F21-8x50y rotor. The cleared lysate was

then filtered using a 5 µm filter.

Immobilized Metal Ion Affinity Chromatography

50 ml of the supernatant was loaded onto a cartridge pre-filled with 5 ml of

nickel-nitrilotriacetic acid (Ni2+-NTA) Superflow (Qiagen, Netherlands) previ-

ously equilibrated with 10 column volumes (CV) of the equilibration buffer (Ta-

ble 3.3). Non-specifically bound proteins were removed by washing the resin with

8 CV of buffer containing 70 mM imidazole (10 % of elution buffer) followed by

2 CV wash with 90 mM imidazole. 2.2 ml fractions were collected as protein

was eluted against a linear gradient of imidazole concentration. The fractions

were analysed on a 15 % Bis-Tris gel. A total of 36.4 ml of pooled fractions

were concentrated to a volume of 400 µl using a 10 K cut-off Amicon Ultra spin

concentrator (Millipore, USA).

Size Exclusion Chromatography

The concentrated sample was injected into a previously equilibrated Superdex 75

10/300 (GE Healthcare, UK) column. The protein elution was monitored through

changes in absorbance at 230 nm and the retention time was compared against

the known retention times of protein standards: 67 kDa BSA, 44 kDa hen egg

white ovalbumin and 13.7 kDa bovine pancreas Ribonuclease A (GE Healthcare).

0.5 ml collected fractions were analysed by SDS-PAGE, pooled and concentrated

as described above. The protein concentration was determined using Bradford

protein assay.
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3.3.2 Full-Length WT and WY-AA Dpb11

Along with expression and purification of the codon-optimised WT Dpb11, two

mutations, i.e. W700A and Y735A were introduced sequentially by site-directed

mutagenesis to create a double-mutant, hereinafter referred to as WY-AA Dpb11.

Design of Mutagenic Primers

Mutagenic DNA oligonucleotide forward and reverse primers (Table 3.4) were

designed in such a way that both anneal to the same sequence of the pRSFDuet-1

plasmid, have a melting temperature (Tm ≥ 78°C) and a minimum GC content of

40 %. The design was confirmed by analysing primers’ sequences with NUPACK

(www.nupack.org).

Table 3.4: Primers used for site-directed mutagenesis of Dpb11.

Primer name Primer sequence (5’-3’)

W700A forward CCGAAACAAATTAAACGTACCACCAGTGCGGGCACCATTATGAGC

W700A reverse GCTCATAATGGTGCCCGCACTGGTGGTACGTTTAATTTGTTTCGG

Y735A forward GCCATACCCAGGTTACCGCTGGTAGTATCCAGGACAAAAAACGC

Y735A reverse GCGTTTTTTGTCCTGGATACTACCAGCGGTAACCTGGGTATGGC

The primers were synthesised at a scale of 25 nmol without additional mod-

ifications and purified using a desalting step. The dried oligonucleotides were

resuspended in sterile water to a concentration of 100 µM and stored at -20°C.

Site-Directed Mutagenesis

Reaction mixtures for both mutations were prepared as described in Table 3.5.

Mutant strands were synthesised by subjecting the reaction mixtures to ther-

mal cycling (Table 3.6).

After amplification of DNA, the parental (non-mutated) template was di-

gested by adding Dpn I restriction enzyme (New England Biolabs) at a final

concentration of 0.2 U/µl and incubating the mixture at 37°C for 3 h. 3 µl of the
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Table 3.5: Reaction mixtures used for synthesis of the mutant strands.

Component Amount per reaction (µl)

10x PfuUltra II reaction buffer 5

dNTP mix (10 mM each) 1

DNA template (3.33 ng/µl) 3

Forward primer (10 µM) 1.25

Reverse primer (10 µM) 1.25

Distilled water 37.5

PfuUltra II fusion DNA polymerase 1

Total 50

Table 3.6: Cycling parameters optimised for a single amino acid change.

Segment Cycles Temperature Time

1 1 95°C 1 min

2 18 95°C 50 sec
55°C 50 sec
68°C 9 min

3 1 68°C 7 min

4 1 4°C ∞

mixture was then transformed as described above (section 3.3.1) into single-use

JM109 competent cells (Promega, USA) and plated on a LB-agar plate supple-

mented with 50 µg/ml kanamycin. After 16 h incubation at 37°C, transformants

were used to inoculate 5 ml of LB-kanamycin medium. Plasmid DNA was purified

from the overnight starting culture using QIAprep Spin Miniprep Kit (Qiagen)

and the desired W700A and Y735A mutations were confirmed by Sanger sequenc-

ing.

Small-Scale Expression Trials of the Full-Length WT and WY-AA Dpb11

50 ng of the pRSFDuet-1 plasmid carrying the WT and WY-AA form of the

DPB11 gene was transformed into E. coli BL21-Gold (DE3) chemically compe-

tent cells (Agilent Technologies) as described in section 3.3.1. 5 ml of LB medium

was inoculated with a single colony that was grown at 37°C for 16 h. 350 µl of the

starting culture (OD600 3.5) was used to inoculate 10 ml of LB, Superior (Athena
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Enzyme Systems, USA), Turbo (Athena Enzyme Systems), Hyper (Athena En-

zyme Systems), auto-inducing Terrific broth (Sigma) supplemented with 50x 5052

(Studier 2005) and non-inducing MDG media, all supplemented with 50 µg/ml

kanamycin. All media were incubated at 37°C while shaking at 180 rpm until

the cells reached an OD600 of 0.6. Protein expression in cells growing in LB, Su-

perior, Turbo and Hyper media was induced by adding 0.2 mM IPTG. In order

to assess the effect of temperature on the protein expression and solubility, the

induced cells were grown at different conditions, i.e. at 37°C for 3h, at 25°C and

18°C, both overnight. As neither Terrific broth nor MDG media requires IPTG

to induce protein expression, cells in these media were allowed to grow overnight

at 25°C and 18°C.

Protein expression in cells pelleted from 1 ml of uninduced and 1 ml of induced

samples was assessed by SDS-PAGE and Western blotting.

Large-Scale Expression of the Full-Length WT and WY-AA Dpb11

Based on the small-scale expression trials, the best protein expression was achieved

in cells grown in Terrific broth at 18°C. For large-scale production, cells expressing

WT and WY-AA Dpb11 were grown in a total of 6 L of the medium each. 5 ml

of the starting culture was used to inoculate 1 L of the medium. Before pelleting,

the measured OD600 reached the values of 7.2 and 7.4 for cells expressing the WT

and WY-AA Dpb11, respectively. The cells were harvested by centrifugation at

4,200 rpm for 20 minutes at 4°C in a swing-out rotor and resuspended in ice-cold

lysis buffer (5 ml per 1 g of wet cell paste) (Table 3.7).

Ammonium Sulphate Precipitation

Resuspended E. coli cells were lysed by sonication as described previously (section

3.3.1). Since Dpb11 is very prone to degradation, all purification step were carried
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Table 3.7: Buffers used in purification of WT and WY-AA Dpb11.

Buffer Composition

Lysis 50 mM HEPES-KOH [pH 7.4], 200 mM NaCl, 10 % glycerol,
3 mM DTT, 0.1 % Tweenr 20, 0.02 % E10C12, 1 mM EDTA,
1 mM EGTA, 2.5 mM Na-pyrophosphate,
1 mM β-glycerophosphate, 10 mM Na-bisulfite, 2.5 mM
benzamidine, 5 µM pepstatin A, 10 µM leupeptin, 1 mM PMSF,
protease inhibitor cocktail tablets (Sigma)

Resuspension 50 mM HEPES-KOH [pH 7.4], 10 % glycerol, 0.1 %
Tweenr 20, 0.02 % E10C12, 20 mM imidazole,
2.5 mM Na-pyrophosphate, 1 mM β-glycerophosphate, 10 mM
Na-bisulfite, 2.5 mM benzamidine, 5 µM pepstatin A,
10 µM leupeptin, 1 mM PMSF, protease inhibitor cocktail
tablets

IMAC

Equilibration as resuspension buffer but supplemented with 200 mM NaCl

Elution as equilibration buffer but supplemented with 500 mM imidazole

SEC

Equilibration/ 50 mM HEPES-KOH [pH 7.4], 200 mM NaCl, 10 % glycerol,
Elution 3 mM DTT, 0.1 % Tweenr 20, 0.02 % E10C12, 0.1 mM EDTA,

0.01 µM leupeptin, 10 mM Na-bisulfite, 0.01 µM pepstatin A

out at 4°C.

Prior to precipitation of nucleic acids, a 4 M stock of ammonium sulphate

was added to 250 ml of cell lysate to a final concentration of 250 mM to prevent

co-precipitation of Dpb11. The mixture volume was measured and 45 µl of 10 %

Polymin P (Sigma) was added per 1 ml of the cell extract. The pH was adjusted

to 7.4 and the mixture was stirred gently for 10 min. The lysate was cleared

from precipitated nucleic acid by centrifugation at 16,000 rpm for 1 h using a

Fiberlite F21-8x50y rotor. Dpb11 protein was then precipitated by adding 52.5 g

of powdered ammonium sulphate to 150 ml of the supernatant. The mixture was

stirred until all ammonium sulphate was dissolved and continued to stir for 10

min. The protein was pelleted by centrifugation as after precipitation of nucleic

acids and resuspended in the IMAC-suitable buffer (2 ml per 5 g wet cell paste).

The solution was then further diluted with the same buffer to 200 ml in order to
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bring the conductivity down to 200 mM NaCl.

Immobilized Metal Ion Affinity Chromatography

1 ml of Ni2+-NTA agarose resin (Generon, UK) was transferred to a gravity-flow

column and equilibrated with 10 CV of the resuspension buffer supplemented

with 200 mM NaCl. The resin was transferred to the protein solution and Dpb11

was batch-bound for 2 h while gently shaking. The solution was then transferred

back to the column and the resin was allowed to settle before being washed three

times with 10 CV of the equilibration buffer. The Dpb11 was eluted with 3 CV

of the buffer containing 500 mM imidazole. Eight fractions of 0.5 ml volume were

collected and analysed on a 10 % Bis-Tris gel. Selected fractions were pooled

and concentrated to a volume of 200 µl using a 30 K cut-off Amicon Ultra spin

concentrator (Millipore).

Size Exclusion Chromatography

The concentrated sample was injected into a previously equilibrated Superdex 200

10/300 (GE Healthcare) column (Table 3.7). The protein elution was monitored

through changes in absorbance at 280 nm and the retention time was compared

against the known retention times of protein standards: 440 kDa horse spleen

ferritin, 158 kDa rabbit muscle aldolase and 44 kDa hen egg white ovalbumin

(GE Healthcare). 0.5 ml collected fractions were analysed by SDS-PAGE, pooled

and concentrated as described above. The protein concentration was determined

using Bradford protein assay.
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3.3.3 Truncated WT Dpb11564−764

Small-Scale Expression Trials

50 ng of the pGAT2 plasmid carrying the truncated form of the DPB11 gene was

transformed into E. coli BL21-Gold (DE3) chemically competent cells (Agilent

Technologies) as described in section 3.3.1. Dpb11564−764 expression was tested as

described in section 3.3.2, in IPTG-inducible media, i.e. LB, Superior, Turbo and

Hyper (supplemented with 100 µg/ml ampicillin) at 37°C for 3 h and overnight

at 30°C, 25°C and 18°C. Expression levels were compared by SDS-PAGE and

Western blot.

Large-Scale Expression Trials

Based on the small-scale expression trials, the best protein expression was achieved

in cells grown overnight in Hyper medium at 25°C. For large-scale production,

cells were grown in six baffled containing 0.5 L of the medium each. 1.5 ml of

the starting culture was used to inoculate 0.5 L of the medium. After overnight

incubation, the cells reached an OD600 of 12.8 and were harvested by centrifu-

gation at 4,200 rpm for 20 minutes at 4°C in a swing-out rotor. The pellet was

resuspended in ice-cold lysis buffer (5 ml per 1 g of wet cell paste) (Table 3.7).

Glutathione Agarose Chromatography

150 ml of resuspended E. coli cells were lysed by sonication and the cell extract

was cleared as described previously (section 3.3.1). As for the FL WT and WY-

AA Dpb11, all purification steps were carried out at 4°C. 1 ml of the glutathione

agarose resin was transferred to a gravity-flow column and equilibrated with 10

CV of the lysis buffer. The resin was then mixed with 100 ml of the obtained

supernatant and the protein was allowed to batch-bind by gently shaking for 2 h.

Once the resin settled at the bottom of the column, the non-specifically bound
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proteins were washed three times with 10 CV of the lysis buffer containing 750

mM NaCl. The protein was eluted in 0.5 ml fractions by washing the column with

the 3 CV of the lysis buffer supplemented with 20 mM reduced glutathione. The

pH of the elution buffer was adjusted with HCl to 7.4 after adding the reduced

glutathione. The collected fractions were analysed by SDS-PAGE, pooled and

concentrated for SEC using a 30 K cut-off Amicon Ultra spin concentrator.

Size Exclusion Chromatography

A volume of 250 µl of the concentrated sample was injected into previously equi-

librated Superdex 200 10/300 (GE Healthcare) column (Table 3.7). The purifi-

cation of Dpb11564−764 was done as described in section 3.3.2. 0.25 ml collected

fractions were analysed by SDS-PAGE, pooled and concentrated as described

above.

The identities of all purified proteins were confirmed by MALDI-MS at Protein

and Nucleic Acid Chemistry Facility, University of Cambridge.

3.4 Kinase Activity Assay

The kinase activity assays were performed by Dr Paulina Wanrooij and Dr Elias

Tannous from the Burgers group at the Washington University in St. Louis.

Mec1-Ddc2 samples, at concentrations as indicated, were incubated with 100

nM kinase inactive form of the GST-tagged Rad53 in 10 µl reactions containing

25 mM HEPES-NaOH [pH 7.6], 100 mM NaCl, 1 mM DTT, 100 µg/ml BSA, 8

mM magnesium acetate (Mg(CH3COO)2), 100 µM ATP, 0.5 µCi of [γ-32P]ATP

and a range of Dpb11 concentrations, as indicated. The reactions were allowed to

proceed for 10 min at 30°C before stopping by addition of 4 µl of 5x SDS-PAGE

loading dye. The samples were boiled for 5 min, separated on an 8 % SDS-PAGE

gel, dried, and exposed to a phosphor screen (GE Healthcare).
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3.5 Analytical Size Exclusion Chromatography

1 µM of Mec1-Ddc2 was mixed with 0.65 µM of the FL Dpb11 in a 70 µl reaction

containing 50 mM HEPES-KOH [pH 7.4], 150 mM KCl, 10 % glycerol, 2.5 mM

DTT, 1 mM EDTA, 0.2 mM EGTA, 0.06 % Tweenr 20, 0.01 % E10C12, 4 mM

reduced glutathione, 3 µM pepstatin A, 2 µM leupeptin, 1 mM benzamidine, 2

mM NaF, 8 mM MgCl2 and 100 µM ATP. The reaction was allowed to proceed

on ice for 1 h before being injected onto a Superose 6 PC 3.2/300 column (GE

Healthcare). The sample was run at 0.04 ml/min and the elution was monitored

at 280 nm. The retention time of the eluted species was compared against the

known retention times of protein standards: 669 kDa bovine thyroid thyroglob-

ulin, 200 kDa sweet potato β-amylase, 66.5 kDa bovine serum albumin and 30

kDa bovine erythrocytes carbonic anhydrase (all Sigma). The fractions from the

separated peaks were analysed by SDS-PAGE and Western blotting to confirm

the identity of the proteins.

3.6 Pull-Down Assays

3.6.1 GST Pull-Downs

10 µl of glutathione-agarose beads, equilibrated with the SEC buffer (Table 3.7),

were mixed with 50 µl of the GST-tagged Dpb11564−764 at a concentration of

180 nM. The bait protein was allowed to bind to the support for 1 h at 4°C.

The unbound protein was washed 3 times with 2 CV of the equilibration buffer

supplemented with 8 mM MgCl2 and 100 µM ATP. Immobilised Dpb11564−764

was then incubated with 50 µl of either FL Mec1-Ddc2 at 185 nM or Ddc21−149

at 46 µM. The prey protein was allowed to interact for 1 h at 4°C before washing

the unbound protein from the support as described previously. The bait and

prey controls were done by adding the buffer only as indicated. The complex
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was eluted from the beads with 3 CV of the equilibration buffer supplemented

with 20 mM glutathione. 25 µl fractions were collected and resolved by SDS-

PAGE. Bis-Tris gels were stained with SYPRO Ruby (ThermoFisher Scientific)

and imaged using FLA-5000 Phosphorimager (Fuji, Japan).

3.6.2 His6 Pull-Downs

30 µl of the His-tagged Ddc21−149 at 161 µM and 30 µl of the His-tagged FL

Dpb11 at 2.3 µM were mixed in separate tubes with 10 µl of Ni2+-NTA agarose

resin (Generon) in order to test for interactions with the non-tagged FL Dpb11

and FL Mec1-Ddc2, respectively. Depending on the bait protein, the beads were

previously equilibrated with the corresponding SEC buffer (Table 3.3 and Ta-

ble 3.7) prepared with no DTT and EDTA. The proteins were allowed to bind

to the support for 1 h at 4°C. Unbound and non-specifically bound proteins were

removed by washing with 10 CV of the equilibration buffer followed by 10 CV of

the equilibration buffer supplemented with 8 mM MgCl2, 100 µM ATP and 20

mM imidazole. The immobilised Ddc21−149 and FL Dpb11 were then incubated

with 30 µl of the non-tagged FL Dpb11 at 1.3 µM and 30 µl of FL Mec1-Ddc2 at

8 µM. The prey proteins were allowed to interact for 1 h at 4°C before washing

the unbound proteins from the support as described above. The bait and prey

controls were done by adding the buffer only as indicated. The complexes were

eluted from the beads with 3 CV of the equilibration buffer supplemented with

500 mM imidazole. 25 µl fractions were collected and analysed by SDS-PAGE.
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3.7 Fluorescent Polarization

3.7.1 Protein Labelling

Samples of Mec1-Ddc2, Ddc21−149 and Mec11−1211-Ddc2 were labelled with the

blue fluorescent dye NT-495-maleimide using the Monolith NT Protein Labelling

Kit (NanoTemper Technologies GmbH, Germany). Prior to labelling, the buffer

of the protein samples was exchanged to the buffer (provided with the kit) com-

patible with the labelling, i.e. not containing DTT. 180 µl of Mec1-Ddc2 at 0.45

µM, 75 µl of Ddc21−149 at 20 µM and 75 µl of Mec11−1211-Ddc2 at 0.1 µM were

mixed with the dye of a concentration 3 times higher than the concentration of

the given sample in a 1:1 volume ratio. The reaction mixture was incubated at

room temperature in the dark for 30 min. The excess of the dye was removed by

gel filtration using the provided gravity-flow columns. The purity of the labelled

samples were measured by calculating the ratio of protein to dye by measuring

absorption for the protein samples and the dye at 280 nm and 493 nm, respec-

tively. The concentrations of the labelled proteins were assessed by measuring

the fluorescence intensity at 20 % LED power for each sample using a Monolith

NT.115 Nanodetector (NanoTemper Technologies).

3.7.2 Complex Formation

The polarization of the free labelled FL Mec1-Ddc2, Ddc21−149 and Mec11−1211-

Ddc2 was determined prior to complex formation and measuring of the polariza-

tion of the activator-bound complexes. Each sample was diluted serially into 16

wells of Greiner 384 well plate (Sigma) and readings were taken at 482 nm and

530 nm using a LP 504 dichronic filter and a CLARIOstar plate reader (BMG

Labtech, Germany). The concentrations of the labelled proteins were adjusted

to correspond to target value of 35 millipolarization (mP) units.
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For complex formation, 16 serial dilutions (factor of 2) were prepared from

the unlabelled FL Dpb11 WT, FL Dpb11 WY-AA and Dpb11564−764 and GST

(negative control) samples from starting concentrations of 50 µM. 10 µl of the

labelled Mec1-Ddc2, Ddc21−149 or Mec11−1211-Ddc2 were added to reactions to a

total volume of 30 µl. The plate was spun at 1,000 rpm for 1 min and incubated

at room temperature for 1 h. The measurements of polarization values were

taken at room temperature as described above. All experiments were performed

in triplicate.

3.7.3 Results Interpretation

The recorded parallel and perpendicular intensities of the polarized light were

converted into mP units using the equation below:

mP = 1000×
(
I‖ − I⊥
I‖ + I⊥

)
The average polarization (mP) of triplicates (including root-mean-square de-

viation (RMSD)) were plotted against the concentration of activators (µM) rep-

resented in a logarithmic scale.

3.8 Antibody Labelling of Mec1-Ddc2

16 nM of the GST-tagged Mec1-Ddc2 complex was separately labelled with 32

nM goat anti-Mec1 FATC, yS-20, polyclonal antibody and 24 nM mouse anti-

GST monoclonal antibody in 10 µl reactions containing 30 mM HEPES-KOH

[pH 7.4], 150 mM NaCl, 2.5 % glycerol, 0.25 mM EDTA and 0.5 mM DTT. The

reactions were incubated on ice for 30 min before putting the labelled samples

onto EM grids.
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3.9 Antibody Labelling of Dpb11564−764-bound Mec1-Ddc2

80 nM of Mec1-Ddc2 was mixed with 0.4 µM Dpb11564−764 in a 5 µl reaction

containing 50 mM HEPES-KOH [pH 7.4], 150 mM KCl, 5 % glycerol, 1 mM

DTT, 0.5 mM EDTA, 0.5 mM EGTA, 0.05 % Tweenr 20, 0.005 % NP-40, 8 mM

MgCl2 and 100 µM ATP. The reaction was incubated on ice for 1 h. 5 µl of the

0.8 µM goat anti-Dpb11, yC-17, polyclonal antibody was added to the mixture

and the reaction was allowed to proceed on ice for another 30 min. The sample

was diluted 5-fold in a buffer containing 50 mM HEPES-KOH [pH 7.4], 150 mM

KCl, 1 mM DTT, 8 mM MgCl2 and 100 µM ATP prior to putting onto EM grids.

3.10 Single Particle Electron Microscopy

3.10.1 Grid Preparation

Negative Staining

Immunolabelled Mec1-Ddc2, complexes of the FL Dpb11- and Dpb11564−764-

bound Mec1-Ddc2 as well as the immunolabelled Dpb11564−764-bound Mec1-Ddc2

were formed immediately prior to grid preparation to avoid protein degradation.

2 µl were deposited on glow-discharged continuous carbon, 300 mesh copper

grids (TAAB Laboratories Equipment Ltd, UK) for 1 min. The excess of liquid

was blotted and 2 µl of 2 % (v/v) uranyl acetate was applied onto the grids for

2 min. The excess of the stain was blotted and the grids were left to air dry.

Cryo Grids

A fresh aliquot of Mec1-Ddc2 was diluted five-fold in 50 mM HEPES-KOH [pH

7.4] supplemented with 200 mM KCl and then two-fold in a dilution buffer (50

mM HEPES-KOH [pH 7.4], 220 mM KCl, 2 % glycerol, 1 mM DTT, 1 mM
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EDTA, 0.5 mM EGTA, 0.02 % Tween 20, 0.002 % NP-40 and 1 mM MgCl2) to

a final concentration of 16 nM. The final buffer contained 50 mM HEPES-KOH

[pH 7.4], 210 mM KCl, 1 % glycerol, 1 mM DTT, 1 mM EDTA, 0.5 mM EGTA,

0.02 % Tween nr 20, 0.002 % NP-40 and 0.5 mM MgCl2.

Two microlitres were deposited for 30 sec on glow-discharged Quantifoil R2/2,

300 mesh copper grids (Quantifoil Micro Tools GmbH, Germany) coated with a

thin layer of in-house made continuous carbon. The cryo-grids were made under

constant conditions (4� and 100 % relative humidity (RH)) using a Mark III

Vitrobot (FEI, USA). The excess of liquid was blotted for 6 sec before plunge-

freezing in liquid ethane cooled to -190�. The flash-frozen grids were stored in

liquid nitrogen until used for data collection.

3.10.2 Data Collection

All data were collected using the in-house microscopes, i.e. Philips CM200

equipped with the slow scan 4kx4k F416 CCD camera (TVIPS, Germany) and

FEI Tecnai G2 F20 TWIN equipped with the Falcon II DDD (FEI) at the Elec-

tron Microscopy Centre, Imperial College. The data collection is summarised in

Table 3.8.
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3.10.3 Image Processing of Mec1-Ddc2

Negative Stain Data

Prior to this work, a preliminary study was done on negatively stained Mec1-

Ddc2. Briefly, micrographs of Mec1-Ddc2 and GST-tagged Mec1-Ddc2 were

binned by a factor of 2 and subjected to CTF estimation. Particles were then

manually picked using a 128x128 pixels box size in the e2boxer.py program of

EMAN2 (Tang, Peng, Baldwin, Mann, Jiang, Rees and Ludtke 2007) as two

separate data sets that were used for generating independent ab initio 3D recon-

structions in IMAGIC-V (van Heel et al. 1996).

Here, these two data sets were re-analysed as the previous work indicated

a high degree of the structural heterogeneity. Since both samples contained a

mixture of tagged and non-tagged Mec1-Ddc2, the selected particles were merged

into one dataset followed by a band-pass filtering with a 200 Å high-pass cutoff

and a 30 Å low-pass cutoff and normalization. Aggregates, broken particles as

well as those with a low SNR and high background were manually removed upon

the visual inspection. The remaining particles were subjected to comparative

alignment in IMAGIC, in which each particle was compared with 4° interval

reprojections generated from the tagged and non-tagged Mec1-Ddc2 3D models.

Each model was filtered to 30 Å to avoid introducing the model bias into the

alignment. This approached allowed a reduction in the heterogeneity by assigning

particles to one of the two separate data sets. Each data set was then processed

independently using RELION-1.3 (Scheres 2012a, Scheres 2012b).

Unprocessed, i.e. unfiltered and unmasked particles were subjected to two

rounds of iterative reference-free 2D classification. Each time the program was

asked to generate class averages with 40 particles per class taking into the account

the regularization parameter T that was set to 2. The main aim of the unbiased
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classification was to remove the noisy particles before subjecting them to further

analysis.

Cleaned non-tagged Mec1-Ddc2 particles were subsequently used in the un-

supervised 3D classification. The ab initio 3D model generated in IMAGIC was

filtered to 60 Å and used as a reference model. The program was allowed to

run through 25 iterations, each time generating 2 models with the regularization

T factor of 1.5. Although tagged and non-tagged Mec1-Ddc2 had been already

segregated during the comparative alignment in IMAGIC, the structural hetero-

geneity, if any, could be further sorted out during the 3D classification. Here,

some noise was still present in the data set and these ’particles’ contributed to a

noisy model that was discarded in further refinement. The particles belonging to

the correct model were extracted and only these particles were used in another

round of 3D classification. However, instead of using the ab initio model, the

model generated in a previous round was filtered to 60 Å and used as the refer-

ence. Same as in the previous round, the program generated two models with the

T factor of 1.5. Throughout both rounds of the 3D classification, the non-tagged

particles were processed using the C2 symmetry, as determined in IMAGIC, and

the angular sampling of 7.5°. The particles belonging to the correct model were

extracted and subjected to 3D refinement using the 50 Å filtered 3D model from

the last iteration of the 3D classification as the reference. In order to improve

the alignment of particles, the local angular searches from auto-sampling were

set to 1.8°. The 3D refinement was stopped once it had converged to prevent

over-fitting.

The particles of the GST-tagged Mec1-Ddc2 were processed in the same man-

ner as the non-tagged Mec1-Ddc2 particles with a few exceptions. The reference

model for the first round of 3D refinement was the 60 Å filtered ab initio IMAGIC

model that has been reconstituted from the tagged particles. As the data con-
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tained more noise than the non-tagged particles, the T factor was set to its

theoretical value of 1. Previous analysis in IMAGIC did not indicate any sym-

metry and hence no symmetry was applied during the processing in RELION

neither.

Cryo Data

Micrographs of the non-tagged Mec1-Ddc2 were collected as 7 intermediate frames

in so-called ’movie-mode’. These stacks of images were normalized, aligned and

summed using MotionCorr v2.0 (Li et al. 2013). As a result the whole-frame drift

and beam-induced motion was corrected leading to an increase in the SNR of the

micrographs.

The data processing was done entirely using RELION-1.4. Prior to particle

picking, the CTF was estimated using CTFFIND4 (Rohou and Grigorieff 2015).

The defocus for each individual micrograph was calculated using the parameters

summarised in Table 3.9.

Table 3.9: The summary of the parameters used for the CTF estimation

Parameter Value

Microscopy

Spherical aberration (mm) 2
Accelerating voltage (kV) 200

Amplitude contrast 0.1
Magnification 50,000

Physical pixel size on detector (µm) 10.25

CTF estimation

Box size (pixel) 256
Minimum resolution (Å) 100
Maximum resolution (Å) 7

Minimum defocus value (Å) 5,000
Maximum defocus value (Å) 70,000

Defocus step size (Å) 500
Amount of astigmatism (Å) 0

Initially 1,284 binned particles were picked manually from the CTF corrected
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micrographs representing a range of defocus. These particles were subjected to

2D classification in order to create the templates for automated picking. Class

averages were generated by averaging approximately 100 particles per class. Eight

distinctive views were filtered to 20 Å and used to select Mec1-Ddc2 particles with

the minimum interparticle distance of 180 Å. Autopicked particles were extracted

with a 220x220 pixel sized box, twice-binned and subjected to iterative rounds

of the reference-free 2D classification in order to remove false positives. Due to

a compromised signal of the particles, not only we ignored CTFs until the first

peak but also set the T factor to 2. Cleaned particles were used for an initial run

of 3D classification using a RELION-generated negative stain model filtered to

60 Å as a reference. Non-symmetrized processing was used to avoid a symmetry-

imposed bias and all image processing steps were performed at C1. Due to the

limited signal of the particles, the T factor was set to 4. The canonical way of the

structure refinement was also substituted by iterative rounds of 3D classification

as suggested for extremely difficult cases. The first round of 3D classification

created two models, which only one of them was selected for further processing.

Particles assigned to this model were extracted and subjected to another round of

the 3D classification using the 40 Å filtered new model as the reference. A single

model was then refined by continuing the 3D classification using a 1.8° angular

sampling and 5° local angular searches.

3.10.4 Image Processing of the Antibody-Labelled Mec1-Ddc2

Particles of the anti-GST and anti-FATC antibody-labelled Mec1-Ddc2 were man-

ually picked in EMAN2 using a box size of 128x128 pixels, binned twice and

band-pass filtered with a 220 Å high-pass cutoff and a 20 Å low-pass cutoff.

They were subsequently subjected to the reference-free centring in IMAGIC. The

aligned particles were used in 2D classification, performed as a part of the MSA
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routine, with approximately 15-20 particles per class. The class averages of the

antibody-labelled Mec1-Ddc2 were compared with the reprojections created from

the unlabelled 3D model. Upon visual inspection, a number of class averages

showing an additional electron density corresponding to the antibody were se-

lected. As these images showed the views along the same Euler angles as the

reprojections of the unlabelled particles, it was possible to locate the position of

the bound antibodies using triangulation methods.

3.10.5 Image Processing of the Activator-Bound Mec1-Ddc2

Particles of the FL Dpb11- and Dpb11564−764-bound Mec1-Ddc2 complexes were

manually selected using the e2boxer.py program of EMAN2. The binned parti-

cles were band-pass filtered with a 220 Å high-pass cutoff and a 20 Å low-pass

cutoff. The particles were then subjected to a projection matching routine in

IMAGIC using reprojections generated with 2° intervals from the C2 symmetrized

RELION-generated model of the non-tagged Mec1-Ddc2. The aligned particles

were compared visually with the Mec1-Ddc2 reprojections generated along the

same Euler angles. Bad particles were removed and the remaining ones were

subjected to the MSA routine. 2D class averages were created using 15 particles

per class and Euler angles were assigned to them using the angular reconstitu-

tion approach. Upon comparison of the 2D class averages with the reprojections

of the Mec1-Ddc2 model, the extra density representing either FL Dpb11 or the

truncated fragment Dpb11564−764 was identified in the 2D class averages. The ac-

tivator binding sites were marked using a sphere marker and shown in the surface

views of the Mec1-Ddc2 model. The anti-Dpb11 antibody labelled particles of

the Dpb11564−764-bound Mec1-Ddc2 were processed in the same manner except

that individual particles were compared with the reprojections. The position of

the antibody was marked with a capital letter Y and shown in reference to the
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overall Mec1-Ddc2 structure.

3.10.6 Data Analysis

Validation

The validity of the negative stain- and cryo-EM 3D reconstructions of Mec1-Ddc2

were assessed by calculating the resolution of both models and the distribution

of Euler angles of all the particles included in the final reconstructions. The

resolution values, based on the gold-standard FSC=0.143 criterion (Scheres and

Chen 2012), were calculated during the 3D Refinement step in RELION. The

3D distribution of the Euler angles was also generated in RELION as a .bild

file and was visualised in UCSF Chimera (Pettersen, Goddard, Huang, Couch,

Greenblatt, Meng and Ferrin 2004).

Visualisation of Electron Density Maps

The negative stain- and cryo-EM density maps of Mec1-Ddc2 were generated as

.mrc files that were directly visualised in UCSF Chimera.

Molecular Fitting

All rigid-body docking was done in Chimera. The 5.9 Å structure of mTOR

(PDB ID: 5FLC) modelled into the cryo-EM map of mTOR complex 1 (EMD ID:

3213) was docked into the cryo-EM density of the dimeric Mec1-Ddc2 complex.

Additionally to the FRB domain, the densities corresponding to Raptor, the

mLST8 subunits and the FKBP protein were removed. The Mec1-Ddc2 3D

maps were then segmented in Chimera and the boundaries of the domains were

determined based on the molecular fitting.
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Figure Preparation

All figures were prepared using UCSF Chimera and PyMOL (Schrödinger, L. L.

C. 2015).



Chapter 4

The Architecture of Mec1-Ddc2

Despite a number of structures available for some members of the PIKK fam-

ily, information about the architecture of either human ATR or yeast Mec1 is

still missing. The recently reported structures of human ATM and yeast Tel1,

homologues of ATR and Mec1, respectively, provided insights into the overall

shape and the location of domains, however, the position of the domains remains

controversial due to a lack of the high-resolution data (Lau, Li, Liu, Gao, Zhang

and Huen 2016, Sawicka et al. 2016, Wang et al. 2016). In order to understand

the mechanism of action of Mec1-Ddc2, it is essential to determine its structure.

Given the high molecular mass of the Mec1-Ddc2 complex, we reconstituted its

3D model using single-particle EM.

4.1 Expression and Purification of Mec1-Ddc2 Complex

Endogenously expressed Mec1-Ddc2 was purified by Dr Paulina Wanrooij from

the Burgers group as described in section 3.1.1 and analysed on a Superose 6 HR

10/30 size exclusion column (Figure 4.1a). The previously determined experimen-

tal molecular mass of Mec1-Ddc2 indicates that Mec1 and Ddc2 form a stable

heterodimer with 1:1 stoichiometry (Majka, Niedziela-Majka and Burgers 2006).

141
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Its calculated mass of 389 kDa is consistent with the theoretical mass of 360 kDa.

However, we observed that Mec1-Ddc2 forms higher oligomeric states as it eluted

at the retention time (12 ml) corresponding to the retention time of thyroglob-

ulin. The previous study carried out by Majka and colleagues was done at high

salt conditions (0.4 M KCl) to prevent aggregation. The purification protocol has

been optimised so that now it includes the addition of 0.1 % Tweenr 20 and 0.01

% NP-40 to the size-exclusion buffer. This allowed us to keep the protein soluble

at a reduced salt concentration comparable to a physiological level, i.e. 200 mM

KCl. Having compared the retention times of eluted Mec1-Ddc2 fractions with

the high molecular weight protein standards, we suggest Mec1-Ddc2 forms sta-

ble dimers of heterodimers (hereinafter referred to as dimers) in solution as its

theoretical molecular mass of 720 kDa corresponds to the mass of thyroglobulin

of 670 kDa.

Figure 4.1: Purification of the Mec1-Ddc2 complex. a) The gel filtration profile
of Mec1-Ddc2 on Superose 6 HR 10/30 column indicating Mec1-Ddc2 exists as
a dimer in solution. The inset shows the kinase activity of indicated fractions.
Image courtesy of Dr Elias Tannous. b) The SDS-PAGE of purified Mec1-Ddc2.

The Mec1-Ddc2 was purified to high homogeneity (Figure 4.1b) as shown on

the SDS-PAGE and used for structural studies using EM.
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4.1.1 Kinase Activity Assay

In order to test the activity of Mec1-Ddc2, Dr Elias Tannous from the Burgers

group performed an in vitro kinase assay. The fractions eluted at 8 ml, 12 ml and

16 ml were checked for enhanced phosphorylation of Rad53, a Mec1 substrate,

in the presence of the activator protein, Dpb11 at 50 nM. The kinase-dead form

(active site mutated) of Rad53 used in the assay allowed us to unambiguously

test the activity of Mec1. As only the fraction containing the dimeric Mec1-

Ddc2 showed increased phosphorylation of Rad53 (Figure 4.1a, inset), it has been

confirmed that oligomeric Mec1-Ddc2 is a functional form and can be activated

by Dpb11.

4.2 Negative Stain-EM 3D Reconstruction

Prior to this work, I have performed a preliminary study on the negative stain-

EM of Mec1-Ddc2 and results are summarised in Appendix 1 and Appendix 2.

At that time, the GST-tagged Mec1-Ddc2 was expressed as described in section

3.1.1 and observed in the electron microscope before and after the overnight treat-

ment with the PreScission protease. The cut (non-tagged) Mec1-Ddc2 contained

predominantly the dimeric particles and the initial ab initio 3D reconstruction in

IMAGIC showed a clear two-fold symmetry (Appendix 1). This was later con-

firmed, as part of the current work, by the analytical gel filtration (see section

4.1). The non-cut (GST-tagged) Mec1-Ddc2 sample contained particles smaller

than the particles from the cut sample and an initial 3D model generated from

the GST-tagged particles accounted for roughly half of the density of the dimer

model (Appendix 2). Hence we referred to these particles as monomers. How-

ever, we realised there was a high degree of structural heterogeneity in both

samples. The cut Mec1-Ddc2 also contained monomeric-like particles that could
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possibly result from the incomplete protease treatment or misclassifying top and

side views of the dimers as monomers. The uncut Mec1-Ddc2 also showed some

larger particles that could be either tilted views of dimers or microaggregates.

Therefore as part of this doctoral work, we separated all the Mec1-Ddc2 particles

into either dimeric or monomeric data sets by comparative alignment in IMAGIC

and refined the initial models against the newly re-assigned particles in RELION.

7,128 GST-tagged and 8,589 non-tagged Mec1-Ddc2 particles were picked

manually from 277 and 188 micrographs, respectively. Since both samples con-

tained a mixture of dimers and monomers (Figure 4.2a and b), we combined all

particles into one data set of 15,717 particles.

Figure 4.2: Structural heterogeneity of Mec1-Ddc2. Negative stain micrographs
of a) the GST-tagged and b) non-tagged Mec1-Ddc2 show a mixture of dimers
(boxed) and monomers (circled). Individual raw particles (IP) of c) monomers
and d) dimers compared with 2D class averages (CA), which they contributed to
and the corresponding reprojections (RP) generated from the final 3D model.
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We carefully checked all particles and discarded aggregates, broken parti-

cles and images with poor SNRs. A reduced data set of 13,076 particles was

then compared and aligned to the anchor set of 5,164 reprojections. In order to

segregate the two species of Mec1-Ddc2 unambiguously, we generated 2,582 non-

symmetrised reprojections from 30 Å-filtered dimer and monomer 3D models,

combined them into one anchor set and then compared every particle with every

reprojection. The match between the particle and the reprojection was assessed

by the value of the cross-correlation coefficient. The higher the score, the better

the correspondence and the particle was assigned to the model this particular re-

projection was generated from. 10,586 particles were assigned to the dimer model

(initially reconstituted from the non-tagged particles) while 2,490 particles were

assigned to the monomer model (initially reconstituted from the GST-tagged

particles). Each data set was then independently processed in RELION.

4.2.1 Mec1-Ddc2 Dimer Image Processing

As a first step of our image processing strategy, we subjected all 10,586 particles

to reference-free 2D classification. Despite careful manual picking and cleaning

the data set before the comparative alignment, it still might include particles that

do not represent the dimers of Mec1-Ddc2. In order to improve the quality of the

data set, we generated class averages from 40 particles per class. Particles rep-

resenting the same views, were grouped together producing good quality classes

of high SNR (Figure 4.2d, CA). The outliers, however, that produced noisy class

averages were removed from further processing.

The remaining 7,235 particles were used in 3D classification, which allowed

the segregation of the structural heterogeneity by generating two 3D models.

Although RELION requires an initial low-resolution 3D reconstruction as a ref-

erence to which the particles are aligned, the bias is eliminated by low-pass fil-
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tering the reference model to 60 Å. In the first round of the 3D classification, we

used the IMAGIC-generated model and imposed C2 symmetry shown by class

averages in Figure 4.2d. Each particle was scored by its weighted probability of

belonging to a given model and 62 % of the particles were assigned to model 1

while 38 % of the particles were assigned to model 2. As we compared the quality

of particles belonging to each model, we realised that only model 1 was generated

from homogeneous particles. In order to recover any homogeneous particles that

had been misassigned to model 2, we repeated the 3D classification using the

newly generated model 1 as the reference. As a result, 78 % of the input particles

were assigned to the correct model and only these particles were used in final

refinement. The strategy of our image processing is summarised in Figure 4.3.

Figure 4.3: Mec1-Ddc2 dimer image processing using RELION. Subsequent
rounds of data classification allowed extraction of a subset of homogeneous par-
ticles that produced a stable, noise-free reconstruction.
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Throughout iterative rounds of 3D classification, we selected a subset of 5,643

homogeneous particles that evenly covered the angular space (Figure 4.4b). The

3D auto-refinement converged after the 19th iteration when it reached the reso-

lution of 22.5 Å based on the gold-standard FSC=0.143 criterion (Figure 4.4c).

Figure 4.4: 3D reconstruction of the Mec1-Ddc2 dimer. a) Overview of the overall
architecture. b) Distribution of the Euler angles of all the particles used in the
final reconstruction. c) The gold-standard estimate of the model resolution.

The 3D reconstruction of Mec1-Ddc2 shows a head-to-head dimer that has

dimensions of 175 Å x 215 Å x 115 Å (Figure 4.4a). Its overall shape resembles

a pretzel with a large central cavity formed between the monomers. As in other

structures of PIKKs, the head and the arm regions are clearly resolved. In our

model, the head represents the upper globular density that buries a small cavity

inside. The elongated tubular density, which emerges from the head, forms the

arm. As the arms of adjacent monomers intertwine, they form the main dimeric

interface. These interactions are further stabilised as the arms curve and fold
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back onto the densities involved in oligomerization. We also observed contacts

between the opposite head regions. Since these densities are quite weak, they

might indicate the head domains play an auxiliary role in structure stabilisation

and are not necessary for the formation of the dimer.

4.2.2 Mec1-Ddc2 Monomer Image Processing

The data set of 2,490 monomers was processed in the same manner as the dimeric

data set to allow for a side-by-side comparison. The class averages obtained after

2D classification (Figure 4.2c, CA) reveal some views that are consistent with the

side views of the dimer although the overall quality of these classes is worse than

that of the dimers. The lack of higher-resolution features in the class averages of

the monomers might result from a higher degree of heterogeneity but also from

a limited number of starting particles. This also indicates the quality of the final

3D reconstruction will be compromised.

After the removal of particles belonging to poor-quality class averages, the

remaining 1,846 particles were subjected to unsupervised 3D classification (Fig-

ure 4.5) using the ab initio IMAGIC-generated reconstruction as the reference

input. Initially, 71 % of the particles were assigned to model 1 that showed more

features than model 2 and therefore was used as a new reference in a subsequent

run. After the second round of 3D classification, 66 % of the particles were aligned

to the reference model and they contributed to the final reconstruction. Interest-

ingly, the remaining 34 % of the particles contributed to a model, which resembles

the head region of the monomer but is missing the density corresponding to the

arm region.

The reconstruction of the monomeric Mec1-Ddc2 converged after the 14th

iteration of auto-refinement reaching the resolution of 34.7 Å based on the gold-

standard FSC=0.143 (Figure 4.6c). Despite that the 1,218 particles included in
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Figure 4.5: Mec1-Ddc2 monomer image processing using RELION. Poor quality
particles were discarded through iterative rounds of data classification leaving
only a small homogeneous subset for final refinement.

the final model covered the whole angular space (Figure 4.6b), the resolution was

compromised by the low number of particles and lack of symmetry.

The Mec1-Ddc2 monomer reconstruction is 186 Å high, 118 Å wide and 87 Å

thick (Figure 4.6a), and at lower resolution is consistent in size and shape with

half of the dimer reconstruction (Figure 4.7). Similarly to the dimeric structure,

the monomer also possesses a curved elongated shape consisting of the upper glob-

ular density (the head) followed by a long curved tubular density (the arm). The

less defined model might also reflect the intrinsic flexible nature of the monomer

compared to the dimer. Lack of a dimeric interface and hence a lack of multiple
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Figure 4.6: 3D reconstruction of the Mec1-Ddc2 monomer. a) Overview of the
overall architecture. b) Distribution of the Euler angles of all the particles used in
the final reconstruction. c) The gold-standard estimate of the model resolution.

interactions between the associated monomers within the dimer might decrease

the stability of the Mec1-Ddc2 complex. The statistics of data processing for

both reconstructions are summarised in Table 4.1.

Table 4.1: The statistics of Mec1-Ddc2 dimer and monomer data processing

Data set Micrographs Starting Particles Particles Final % Model
particles after 2D after 3D of data resolution

Dimer 188 10,586 7,235 5,643 53.3 22.5 Å

Monomer 277 2,490 1,846 1,218 48.9 34.7 Å

Since the monomeric reconstruction was generated from the GST-tagged

Mec1-Ddc2 particles we hypothesized that the tag might cause a structural im-

pediment for the formation of the dimer. In addition, the dimeric Mec1-Ddc2



CHAPTER 4. THE ARCHITECTURE OF MEC1-DDC2 151

Figure 4.7: The 3D reconstruction of the Mec1-Ddc2 monomer (mesh) fitted into
the electron density of the dimer (solid).

was shown to be fully functional as it phosphorylated Rad53 upon activation by

Dpb11. Therefore, we decided to use non-tagged Mec1-Ddc2 in further studies.

4.3 Cryo-EM 3D Reconstruction

The negative stain EM of Mec1-Ddc2 provided the initial reconstruction of the

dimer. Although the 3D model shows an overall shape, the resolution is limited

due to the grain size of the stain, i.e. 20 Å. In addition, the embedding of

Mec1-Ddc2 in a layer of a heavy metal stain might affect protein stability and

lead to artefacts in structure determination. In order to solve the Mec1-Ddc2
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structure at its native conformation, we studied the complex at cryo conditions.

The structure integrity was hence preserved by plunge freezing the sample in

liquid ethane.

4.3.1 Optimisation of Cryo-EM Grids

Purification of Mec1-Ddc2 was optimised to include 10 % glycerol and 0.1 %

Tweenr 20 throughout all the steps to ensure the solubility of the complex. As

these conditions are far from ideal cryo buffer components, we had to dilute

the sample before putting it on the EM grids. However, we observed that flash

dilutions to reach desirable concentrations of glycerol and the detergent caused

Mec1-Ddc2 to aggregate. Instead, the sample was initially diluted five-fold in

a step-wise manner to slowly reduce the amount of non-preferable components

followed by another two-fold dilution in a buffer containing NP-40. Although

NP-40 has a similar critical micelle concentration (CMC) in terms of molarity,

its molecular mass is nearly half of the molecular mass of Tweenr 20 and thus

we substituted some of Tweenr 20 with NP-40. The step-wise dilutions allowed

us to reduce the amount of high-density buffer components while keeping the

Mec1-Ddc2 sample monodisperse.

Preparation of the cryo-EM grids also involved optimising the protein den-

sity. As we reduced the amount of glycerol and the detergent, we also lowered

the Mec1-Ddc2 concentration to 16 nM. In order to achieve a denser particle

distribution, we coated the commercially available holey-carbon grids with an

extra layer of the continuous carbon. As this resembles the type of grid used in

negative staining, we were able to obtain a sufficiently high particle count, i.e. an

average of 235 particles, per micrograph using a very low concentration of Mec1-

Ddc2. However the additional layer of carbon, estimated to be approximately

50 Å thick, contributed to the background and reduced the SNR of the collected
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micrographs.

4.3.2 Cryo-EM Image Processing

Cryo-fixated grids were observed in a F20 microscope equipped with a Falcon

II camera. As direct electron detectors have enhanced DQE comparing to older

CCD cameras, they allow data collection at low dose conditions reducing the

amount of radiation damage to the sample. We collected 49 micrographs, each

of them as a series of 7 intermediate frames. The stacks of 7 images were later

aligned with respect to each other and summed in order to correct for possible

stage drift and beam-induced movement. Although the contrast of our micro-

graphs were not optimal due to the thin layer of carbon, the motion correction

compensated to some extent by summing the signal from all intermediate frames

and hence, increasing the SNR of our micrographs (Figure 4.8a and b). After

CTF correction, we estimated the resolution limit of the collected data to be

between 4.6 Å for the micrograph taken the closest to the focus and 8.6 Å for the

micrograph at the highest defocus.

Initially we manually picked 1,284 particles that were subjected to the reference-

free 2D classification in RELION in order to create templates for automated par-

ticle picking. Contrary to our negative stain 2D class averages we did not observe

any unambiguous views of monomers such as the top and the bottom view. Al-

though the negative stain model included classes covering the whole Euler space,

we noticed the front view was the most prominent orientation. The generated

templates from cryo particles instead showed a range of tilted views although

none of the images indicated a two-fold symmetry.

All 11,497 particles selected by autopicking were used in generating class

averages (Figure 4.8c) in order to remove noisy particles. As in case of the

classes used as the template, we did not observe any characteristic monomeric
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Figure 4.8: Cryo-EM of non-tagged Mec1-Ddc2. a) A cryo micrograph of Mec1-
Ddc2 with a few representative particles boxed. b) A comparison of an experi-
mental and theoretical power spectrum (diffraction intensity) of the micrograph
show in (a). The Thon rings were calculated to fit up to 5 Å. c) Individual par-
ticles (IP) boxed in (a) were compared with the 2D class averages (CA), which
they contributed to and the corresponding reprojections (RP) generated from the
final 3D model.

views nor images revealing the two-fold symmetry clearly. We selected 8,864

particles and subjected them to unsupervised 3D classification to resolve any

structural heterogeneity. We used the 60 Å-filtered negative stain model of the

Mec1-Ddc2 dimer as the reference and omitted imposing C2 symmetry.

As indicated by the class averages, 3D classification generated two models
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Figure 4.9: In silico 3D refinement strategy for cryo Mec1-Ddc2. A single model
was refined iteratively during 3D classification with increasingly finer angular
sampling and local angular searches.

that showed the dimeric architecture. Interestingly the data set was split almost

into two halves: 47 % of the particles were assigned to model 1 and 53 % of the

particles to model 2 (Figure 4.9). When we repeated the 3D classification asking

for three models, we obtained three dimeric models suggesting the cryo data set

contains the Mec1-Ddc2 dimers exclusively. As each model was reconstructed

from fewer particles, the overall quality was not satisfactory and we decided

to refine models obtained during the first 3D classification. Subsequently we

subjected all 8,864 particles to two independent new rounds of 3D classification

using either model 1 or model 2 as the new reference. In both cases the quality of
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the new reconstruction was worse than the reference model indicating the signal

from the high quality particles was suppressed by the noisy particles. In order to

discard the noisy images, we separately processed particles assigned to model 1

(4,146 particles) and model 2 (4,718 particles). Although we decreased the size

of the data set, the particles belonging to model 1 generated a higher-resolution

reconstruction (22.5 Å) while the particles assigned to model 2 produced an even

noisier model.

The canonical data processing using RELION suggests performing 3D auto-

refinement once a 3D model has been generated from 3D classification. During

the auto-refinement the resolution of the model is estimated according to the

gold-standard FSC (Scheres 2012b). However, for difficult data sets this pro-

cedure might be sometimes suboptimal as it can over-estimate the resolution

preventing the data from converging to a stable model. As Mec1-Ddc2 micro-

graphs were collected from the carbon-coated grid, the SNR was compromised

as the thin layer enhanced the intensity of the background. The weaker signal

affected the accuracy of the particle alignment and estimation of resolution. In-

stead we refined our data set using 3D classification type runs (Scheres 2012a)

(Figure 4.9). We used the single model at 22.5 Å obtained from 4,146 particles

and continued the 3D classification with progressively finer angular sampling un-

til the model stopped improving. The cryo model converged after 80 iterations

to a final resolution of 19.6 Å (Figure 4.10).

The cryo model of Mec1-Ddc2 confirms the complex exists as the head-to-head

dimer. Its dimensions are slightly bigger than the negative stain reconstruction,

i.e. the cryo-EM density is 10 Å higher and 10 Å thicker. However, the limited

number of particles used in the final reconstruction might have affected the quality

of the cryo-EM model. Due to time constrains it was impossible to collect a data

set big enough that would allow selecting a significant subset of homogeneous
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Figure 4.10: 3D reconstruction of cryo-EM structure of the Mec1-Ddc2 dimer.
a) Overview of the overall architecture. b) Distribution of the Euler angles of all
particles used in the final reconstruction. c) The Bayesian estimate of the model
resolution.

particles and to use these particles to refine the initial model. The difference

between the dimensions of the cryo and negative stain models might be also due

to flattening artefacts by staining with uranyl acetate. The new reconstruction

reveals multiple interactions between the adjacent monomers in more detail: the

dimeric interface is formed by intertwined arms, which also form contacts with the

head region. The top view of the cryo model shows clearly the cradle-like shape of

the head domains. Interestingly, the cryo structure shows pseudo C2 symmetry

as one monomer seems to have a higher degree of flexibility. It is possible that

one monomer represents a different conformation induced by phosphorylation or

the intrinsic flexibility captured during cryo-fixation.
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4.4 Assignment of Mec1-Ddc2 Domains

4.4.1 Antibody Labelling

In order to locate the position of the Mec1 and Ddc2 subunits we labelled the

complex with anti-Mec1 and anti-GST antibodies. The anti-Mec1 antibody was

raised against the last C-terminal 20 amino acid residues and we used it to indi-

cate the position of the FATC domain. As the N-terminal of Ddc2 was fused to

the GST tag, we used the anti-GST antibody to label the global N-terminus of

the whole Mec1-Ddc2 complex.

Since the initial concentration of Mec1-Ddc2 was 33 nM, we could not purify

the antibody labelled complex using gel filtration. Instead, we incubated Mec1-

Ddc2 with 2-fold and 1.5-fold molar excess of anti-FATC and anti-GST antibody,

respectively and prepared the negative stain grids, which were observed in the

CM200 microscope (Figure 4.11a and b). We collected 202 micrographs of anti-

FATC and 90 anti-GST labelled Mec1-Ddc2 samples.

Due to the low efficiency of the antibody labelling we ensured that all Mec1-

Ddc2 was bound to the antibody by adding the excess of both antibodies. How-

ever, this resulted in a mixture of labelled Mec1-Ddc2 complexes and free anti-

bodies that contributed to the background. In order to minimise heterogeneity

in our data sets, only particles with clearly visible extra density were selected.

We manually picked 1,951 anti-FATC and 1,564 anti-GST labelled particles.

Both data sets were independently processed in IMAGIC. The reference-free cen-

tred particles were subjected to 2D classification in order to enhance the antibody

density. Having averaged around 20 particles per class, we compared the class

averages with the reprojections generated from the unlabelled model along the

same Euler angles. As the data was collected under negative stain conditions, we

used the reprojections generated from the negative stain reconstruction in
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Figure 4.11: Antibody labelling of the Mec1-Ddc2 complex. The negative stain
micrographs of a) anti-FATC and b) anti-GST labelled Mec1-Ddc2 show polydis-
persity of the immuno-complexes. Antibody labelled particles of Mec1-Ddc2 are
boxed. The overview of c) anti-FATC and d) anti-GST data processing. Individ-
ual particles (IP) were grouped into class averages (CA) in order to enhance the
density representing the antibody (marked with white arrows). The extra den-
sity is missing in reprojections (RP) generated from the unlabelled negative stain
model. The antibody binding site, shown as a sphere (magenta for anti-FATC
and green for anti-GST), is also marked in surface views (SV) along the same
Euler angles as CA and RP.
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our side-by-side comparison. We only selected classes that clearly showed addi-

tional electron density (Figure 4.11c and d). The reprojections of the unlabelled

Mec1-Ddc2, which served as a negative control, were missing the extra density

confirming it to represent the bound antibody.

In both labelling experiments we used whole antibodies, which increased the

molecular mass of the complex by 150 kDa. Although it helped to select the

labelled particles, we were unable to indicate the extra density in the 3D recon-

struction due to flexibility of the antibody Fc regions. Instead, we used the 2D

class averages to mark the position of the bound antibody using triangulation

methods (Figure 4.12).

Figure 4.12: Identification of Mec1 and Ddc2 subunits. Intersecting cylinders
indicate binding site of a) anti-FATC and b) anti-GST antibodies.

The intersecting magenta cylinders indicate the position of the FATC domain,

which occupies the region nearby a small cavity buried in the head. Therefore, we

assigned the upper globular density comprising the head region as a C-terminal

fragment of Mec1 subunit. The measured volume of the head corresponds to the

molecular mass of Mec1 kinase domain and suggests that the kinase domains of

adjacent monomers are in close proximity. The N-terminus of Ddc2 was then
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located in the middle of the arm region nearby the dimeric interface suggesting

Ddc2 subunit might take part in oligomerization.

4.4.2 Molecular Docking of mTOR Structure

In order to complement our results from the antibody labelling, we performed

molecular fitting of the available near-atomic resolution structure of human mTOR

(Aylett et al. 2016) into the cryo-EM density of Mec1-Ddc2. Since both mTOR

and Mec1 are members of the PIKK family, they share a conserved structural

organisation. The C-terminus comprises the region of the highest sequence sim-

ilarity: the kinase domain of Mec1 shares 33 % identity with the mTOR kinase

domain while the FATC identity is 44 %. Among remaining non-identical amino

acids, which comprise these two domains, more than 60 % are positively aligned.

Although the sequence similarity is less conserved towards the N-terminus, both

proteins are known to contain long arrays of α-helical HEAT repeats that stretch

until, and include, the FAT domain. Therefore we segmented the mTOR struc-

tures into domains and fitted them using a rigid-body docking approach to assign

domains within the cryo model of Mec1-Ddc2.

Prior to fitting of the 5.9 Å atomic structure of mTOR (PDB ID: 5FLC)

we removed the densities corresponding to Raptor and mLST8 subunits of the

mTOR complex 1, the density of the FK506 binding protein (FKBP)-rapamycin

complex as well as the FRB domain that is missing in Mec1. Guided by the

antibody labelling, we fitted the mTOR FATC (2518-2549 amino acid residues,

coloured in magenta) and kinase domain (2003-2517 amino acid residues, coloured

in light pink) into the head region. The mTOR FAT domain (1393-2002 amino

acid residues, coloured in cyan) was docked into the remaining density of the

head region. The emerging arm was then suggested to consists of further HEAT

repeats (shown in cyan) extending from the FAT domain to the very end of the
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N-terminus (coloured in light and dark blue) (Figure 4.13a).

A 45°-rotated view of the Mec1-Ddc2 cryo-EM reconstruction with the mTOR

structure fitted into the density of one monomer (Figure 4.13a) allows one to

trace the trajectory of the Mec1 polypeptide chain. Starting from the C-terminal

FATC, kinase and FAT domains, the chain backbone follows the shape of the ’in-

complete digit 8’ to bring both termini into close proximity. The suggested Mec1

organisation agrees with the cryo electron density of the reconstructed 3D model

(Figure 4.13b). The globular FATC-kinase domain fits into the cradle-like shaped

head region while the multiple arrays of α-helical HEAT repeats are accommo-

dated by long tubular densities. By following the digit 8-like path, they fold

back onto the Mec1 chain to provide stability and rigidity to the structure. The

bottom view (Figure 4.13c) shows clearly that the N-terminal Mec1 HEAT re-

peats contribute to the dimeric interface. The molecular fitting also supports our

observations on the pseudo two-fold symmetry as one monomer seems to have a

more compact shape than the other. The structural changes within the monomer

on the left hand side are also reflected in the view from the top (Figure 4.13d),

where the FATC-kinase-FAT region is rotated with the respect to the same region

of the opposing monomer. Despite both kinase domains face each other, they are

separated by a distance of 50 Å and hence there seems to be no structural im-

pediments blocking access to the active site (coloured in yellow). Based on our

fitting the active site of the more compact monomer is facing the centre of the

dimer while the active site of the more relaxed monomer is completely exposed.

4.4.3 Assignment of Mec1-Ddc2 Domains

Upon docking the mTOR structure within the Mec1-Ddc2 cryo-EM reconstruc-

tion we observed an unoccupied region close to the dimer interface. This density

extends from the N-terminal HEAT repeats of Mec1 and therefore it might



CHAPTER 4. THE ARCHITECTURE OF MEC1-DDC2 163

Figure 4.13: Molecular docking of the mTOR structure into the cryo-EM density
of Mec1-Ddc2. a) The FATC (magenta) and kinase domain (light pink) occupy
the head region flanked by FAT domain (cyan). The HEAT repeats stretching
from the FAT domain until the N-terminus of mTOR (blue) fit into the density
of the arm region. C and N indicate the carboxyl and the amino-terminus, re-
spectively. A 45°-rotated view shows the chain trajectory (dotted line) of the
polypeptide backbone from the C-terminus towards the N-terminus. Front (b)
and bottom (c) views of the mTOR structure fitted into both monomers of the
Mec1-Ddc2 dimer. The N-terminal HEAT repeats of adjacent monomers were
coloured in light and dark blue. d) The top view shows a possible rotation of the
FATC-kinase-FAT region resulting in the exposure of the active site.
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accommodate the Ddc2 subunit. If so, Ddc2 would effectively serve as the exten-

sion of Mec1 and would provide additional structural support.

Figure 4.14: Domain assignment of Mec1-Ddc2. a) Schematic domain organisa-
tion of mTOR and the Mec1-Ddc2 complex. b) The head region is predominantly
occupied by the FATC and kinase domain (light pink) and part of the FAT do-
main (cyan). The arm region consists primary of HEAT repeats (cyan and blue).
Ddc2 (green) serves as the extension of the N-terminal Mec1 and is located in
close proximity to the kinase domain of both monomers. c) The top view shows
the positions of the active sites marked with red stars.

Our domain assignment (Figure 4.14) suggests that the FATC and kinase

domains located in the head region face each other although the distance of 50 Å

between the domains does not hinder the access to the catalytic and activation

loops. These domains are then flanked by the FAT domain that extends further

in form of HEAT repeats. The Ddc2 subunit not only contributes to the dimeric

interface, which mainly consists of the N-terminal Mec1 HEAT repeats, but also
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is located in close proximity to the Mec1 kinase domain and might be involved

in substrate recruitment.



Chapter 5

Biochemical Grounds of

Interactions with Dpb11

The cryo-EM 3D model of dimeric Mec1-Ddc2 provides the first structural in-

sights into the overall architecture and domain organisation of the complex al-

though a lack of high-resolution information impedes our understanding of the

mode of the action at a molecular level. In order to complement our structural

data and to gain an insight into the activation mechanism, we studied the physi-

cal interactions between the Mec1-Ddc2 complex and one of the kinase activators,

the Dpb11 protein using a range of biochemical and biophysical techniques.

5.1 Kinase Activity Assay

Dpb11 was already shown to activate the Mec1 kinase (Mordes, Nam and Cortez

2008, Navadgi-Patil and Burgers 2008) and Dr Elias Tannous from the Burgers

group performed an in vitro kinase activity assay to confirm that both entities

are functional.

The Mec1-Ddc2 complex at the concentration of 3 nM was incubated with

166
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Dpb11 at the concentrations indicated (Figure 5.1a) in the presence of the Mec1

kinase substrate, Rad53-kd.

Figure 5.1: Mec1 kinase activity assay. (a) Mec1 stimulation is assessed by
measuring the relative phosphorylation (%) of Rad53-kd. 50 nM of Dpb11 is
sufficient to activate Mec1-Ddc2, which subsequently is able to phosphorylate
almost all its substrate. Image courtesy of Dr Elias Tannous. (b) Saturation curve
for the phosphorylation of Rad53-kd driven by activated Mec1-Ddc2. Dash lines
indicate the concentration of Dpb11 at which 50 % phosphorylation is achieved.

We observed that almost all Rad53-kd (96 %) was phosphorylated after Mec1-

Ddc2 was activated with 50 nM Dpb11 although generally 2 nM of Dpb11 is

sufficient to enhance the kinase activity of Mec1. Based on our stimulation assay,
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the KM for Dpb11 is about 4 nM and saturation is achieved at 50 nM of Dpb11

(Figure 5.1b).

While the untagged Mec1-Ddc2 can be activated by Dpb11, we do not know

whether the GST-tagged Mec1-Ddc2 can be also stimulated by the activator as

a side-by-side comparison of the kinase activity was never done.

5.2 Analytical Gel Filtration of Mec1-Ddc2 in Complex

with Dpb11

As we showed that the dimeric Mec1-Ddc2 can be stimulated by Dpb11 (sec-

tion 4.1.1), we then tested whether the activation of the kinase domains has any

effect on the oligomeric state of the Mec1-Ddc2 complex. We formed the com-

plex between Mec1-Ddc2 and Dpb11 (both endogenously expressed in yeast) and

injected it onto the Superose 6 column in order to separate possible oligomeric

states that could emerge upon activation by Dpb11. Migration of the separated

species was compared with migration of the Mec1-Ddc2 complex on its own as

well as protein standards to estimate the molecular mass of the resulting species

(Figure 5.2).

The elution profile of the Dpb11-bound Mec1-Ddc2 shows that the overall

shift towards the retention time of a species of a higher molecular mass when

compared with the control elution profile of Mec1-Ddc2 only. For Mec1-Ddc2,

the dimeric species elutes at 1.53 ml while the same peak observed for Mec1-Ddc2

in complex with Dpb11 separates at 1.35 ml. This indicates that Dpb11 interacts

with the dimeric Mec1-Ddc2 and activation of the Mec1 kinase domain does not

have any effect on the oligomerization of the checkpoint complex.

However, the elution profile reveals the shift towards a higher retention time is

observed for all separated peaks and not only for the peak containing the dimeric
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Figure 5.2: Analytical gel filtration of the Dpb11-bound Mec1-Ddc2 complex
on Superose 6 HR 10/30 column. (a) The activator binds to the Mec1-Ddc2
complex increasing the molecular mass of the resulting complex as indicated in
the chromatograph. The elution profile of the Dpb11-bound Mec1-Ddc2 (red) is
shifted towards the retention time corresponding to a species of a higher molecular
mass than the control Mec1-Ddc2 (blue). The identity of Mec1 and Ddc2/Dpb11
protein were confirmed by running the eluted fractions on a 4-12 % Bis-Tris gel
(b) and immunoblotting the gel with the anti-Dpb11 antibody (c).
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Mec1-Ddc2. In order to identify proteins present in fractions eluted between

1.2 ml and 2.1 ml (B8 to C3 fractions), we analysed them on a Bis-Tris gel

(Figure 5.2b). We observed that Mec1 is present in all of these fractions that are

thought to contain the dimeric Mec1-Ddc2 (B6-B4), the monomeric Mec1-Ddc2

(B3-B1) as well as HRV 3C protease (C1-C3) indicating the Dpb11-bound Mec1-

Ddc2 complex might interact with the column resin causing artificial retardation

as well as contamination of the separated species.

Moreover, despite using a 4-12 % gradient gel we were not able to distinguish

bands corresponding to Ddc2 and Dpb11 as both proteins have almost identical

molecular masses (86 kDa and 87 kDa, respectively). As Ddc2 forms an integral

complex with Mec1, the band that migrated in accordance to the 80 kDa pro-

tein marker band, most likely represents the Ddc2 subunit. In order to confirm

the presence of Dpb11 we transferred the proteins to a nitrocellulose membrane

and blotted it with the anti-Dpb11 C-terminus antibody. Dpb11 was shown to

be present in all fractions (B8-C4) confirming that the reconstituted activation

complex either interacts with the column resin or its elution is retarded due to

intrinsically disordered regions of the C-terminal tail of Dpb11.

Although we could hypothesise that activation of the dimeric Mec1-Ddc2 by

Dpb11 does not affect the oligomeric state of the checkpoint complex, the results

from the analytical gel filtration proved to be ambiguous. We attempted to

determine the molecular masses of the separated species with SEC-MALS but

due to a high dilution factor over the Superose 6 column no significant scattering

produced by the presence of the protein was detected beyond the background

noise and thus we were not able to experimentally determine the sizes of the

putative species (data not shown).
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5.3 Mapping of Interactions between Mec1-Ddc2 and Dpb11

In order to confirm that Mec1-Ddc2 forms a stable complex with Dpb11 and

to determine the regions involved in these putative interactions, we performed

a series of pull-down assays between the FL and truncated forms of Mec1-Ddc2

and Dpb11 proteins. Due to low amounts of the endogenously purified Dpb11,

we synthesised the codon-optimised DPB11 gene in order to purify the protein

from a bacterial host at higher quantities. As the C-terminal tail of Dpb11

is essential for Mec1 stimulation (Navadgi-Patil and Burgers 2008), we also

designed a construct that contains the last C-terminal 200 amino acid residues

(Dpb11564−764) and compared its binding to Mec1-Ddc2 against FL Dpb11. The

two aromatic amino acid residues, W700 and Y735 located in this region were

shown to be critical for Mec1 kinase activation (Navadgi-Patil and Burgers 2011).

We sequentially mutated two amino acid residues, W700A and Y735A on FL

Dpb11 in order to investigate the effect of the WY-AA Dpb11 on binding to

Mec1-Ddc2 using fluorescence polarization. In addition, guided by the location

of the Ddc2 subunit in our cryo-EM reconstruction, we designed a construct that

contains the first 149 amino acid residues of Ddc2 in order to determine whether

the N-terminal fragment is also involved in any of these interactions.

5.3.1 Expression and Purification of Recombinant Proteins

While designing the constructs, we opted for a selection of affinity tags that not

only would aid the purification of the proteins but could also be immobilised on a

range of resins during the pull-down experiments. The schematic representation

of each protein is shown in Figure 5.3 along with the in silico prediction of

disordered regions.
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Figure 5.3: Schematic representation of recombinant (a) FL WT Dpb11, (b)
FL WY-AA Dpb11, single amino acid mutations are marked with a star, (c)
truncated WT Dpb11564−764 and (d) Ddc21−149. The C-terminal tail of all Dpb11
constructs was predicted to contain intrinsically disordered regions.
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Full-Length WT and WY-AA Dpb11

In order to find optimal conditions for the expression of the proteins, we first

performed small-scale expression trials by growing 10 ml cell cultures. We tested

parameters affecting protein production levels, solubility and stability and com-

pared side-by-side the amount of the obtained protein for the WT and WY-AA

Dpb11 in the whole cell lysate by SDS-PAGE (Figure 5.4). Initially we grew E.

coli cells in LB, Superior, Turbo and Hyper media at 37°C, 25°C and 18°C as well

as in MDG media at 25°C and 18°C to assess the effect of nutrients and temper-

ature. The protein expression in all media, except MDG, was also induced with

0.2 mM IPTG. While expression in Superior showed the highest levels of Dpb11,

the difference between 25°C and 18°C was negligible. Hence, the preference was

towards expression at the lower temperature as it might increase solubility and

stability when compared with expression at the higher temperature. However, we

observed significant degradation (Figure 5.4f) occurring during the cell growth by

immunoblotting with the anti-Dpb11 C-terminal antibody. Although we could

not find a condition that would result in a completely stable Dpb11, we limited

the proteolysis by growing the cells in auto-inducing Terrific broth at 18°C.

For large-scale expression we expressed the WT and WY-AA Dpb11 in a to-

tal of 6 L of Terrific broth each and purified both proteins by salt precipitation

followed by affinity and size-exclusion chromatography. At first, we precipitated

nucleic acids and bacterial contaminants by adding Polymin P to the cell ex-

tracts followed by ammonium sulphate fractionation. That allowed us to reduce

the biomass yielded from growing the cells in a rich-nutrient media. However,

we observed some of the WT and WY-AA Dpb11 were also co-precipitated with

nucleic acids as the pellet obtained after Polymin P precipitation showed a band

corresponding to the Dpb11 protein on the Bis-Tris gel (Figure 5.5a and Fig-

ure 5.6a). In order to maximize the recovery of both forms of Dpb11 from the
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Figure 5.4: Small-scale expression trials of FL WT and WY-AA Dpb11. Pro-
duction levels at different temperatures were assessed by SDS-PAGE by growing
cells in (a) LB, (b) Hyper, (c) Turbo, (d) Superior and (e) MDG media. UI -
uninduced. (f) Dpb11 degradation is reduced in Terrific broth (TB) when com-
pared to Superior (S). 30 ng of Dpb11 (supplied by P. Burgers) was used as a
control (C).
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resuspended pellets obtained after ammonium sulphate cut, we allowed the pro-

teins to batch-bind to the Ni2+-NTA resin. Eluted fractions, analysed on the

Bis-Tris gel (Figure 5.5b and Figure 5.6b), showed most of the protein was eluted

between fractions 2 and 6. Interestingly, for WT Dpb11, the bands of the highest

intensity showed higher electrophoretic mobility than the corresponding bands

for WY-AA Dpb11. As these mutations were not predicted to affect the sec-

ondary structure of the Dpb11 protein nor contribute to disordered regions (Fig-

ure 5.3),the greater mobility indicates WT Dpb11 is more prone to degradation

than the WY-AA mutant. The corresponding bands representing WY-AA Dpb11

migrate as expected for the FL protein, i.e. above the 80 kDa marker band. It is

not clear whether the proteolysis occurred due to variation in environmental con-

ditions during the IMAC or whether these mutations indeed increase the stability

of the protein.

In order to verify if these bands correspond to the Dpb11 protein we performed

immunoblotting with anti-Dpb11 C-terminal and anti-His antibody using fraction

number 3 (Figure 5.5b). Indeed, we found out that WT Dpb11 was degraded with

the cleavage occurring at multiple sites as multiple truncated fragments were

detected with both antibodies. We pooled and concentrated 2 ml from fractions

3 to 6 in order to purify the intact WT Dpb11 with gel filtration. Similarly, for

WY-AA Dpb11 we pooled and concentrated 2 ml from fractions 2 to 5.

The presence of aromatic amino acid residues allowed us to monitor the elu-

tion of the both forms of Dpb11 as the changes in absorbance at 280 nm were

recorded against the elution volume. Both WT and WY-AA Dpb11 elute at

higher apparent molecular mass (compared to protein standards) because of its

extended structure due to disordered regions. Fractions, marked with the hori-

zontal line on each chromatograph (Figure 5.5c and Figure 5.6c), were analysed

on the SDS-PAGE. For WT Dpb11 we pooled fractions eluted between 10 ml and
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Figure 5.5: Purification of the WT Dpb11. Samples collected during (a) am-
monium sulphate precipitation, (b) nickel-affinity using Ni2+-NTA agarose resin
and (c) size-exclusion using Superdex 200 10/300 column were analysed on the
Bis-Tris gel. Identity of the Dpb11 protein was confirmed with immunoblotting
using anti-Dpb11, yC-17 and anti-His antibody. The WT Dpb11 elution was
monitored through changes in absorbance at 280 nm.

11.5 ml and concentrated them to 6.35 mg/ml (68.6 µM). The obtained yield was

0.3 mg/L of cell culture. For WY-AA Dpb11 we pooled three batches of fractions

to select only the fractions containing the FL protein. Eluates between 7.5 ml to

8.5 ml were concentrated to 1.44 mg/ml (68.6 µM), eluates between 9 ml and 10

ml to 4.55 mg/ml (49 µM) and between 10.5 ml and 12 ml to 8.15 mg/ml (88.2

µM). The average yield was 0.2 mg/L of the cell culture. The identities of FL

WT Dpb11 and WY-AA Dpb11 were confirmed by MALDI-MS.
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Figure 5.6: Purification of the WY-AA Dpb11. Samples collected during (a)
ammonium sulphate precipitation, (b) nickel-affinity using Ni2+-NTA agarose
resin and (c) size-exclusion using Superdex 200 10/300 column were analysed on
the Bis-Tris gel. The elution of WY-AA Dpb11 was monitored through changes
in absorbance at 280 nm.

Truncated WT Dpb11564−764

As for FL WT and WY-AA Dpb11, we optimised conditions for Dpb11564−764

expression by growing cell cultures at LB, Superior, Turbo and Hyper media at

37°C for 3 h and at 30°C, 25°C and 18°C overnight (Figure 5.7).

We confirmed the expression by SDS-PAGE and immunoblotting with the

anti-Dpb11 C-terminal antibody. Similarly to FL Dpb11, we observed protein

degradation that was the most prominent in LB and Superior regardless of the
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Figure 5.7: Small-scale expression trials of the truncated Dpb11564−764. Produc-
tion levels at different temperatures were assessed by (a) SDS-PAGE and (b)
immunoblotting by growing the cells in LB, Superior, Hyper and Turbo media.
UI - uninduced. FL WT Dpb11 (supplied by P. Burgers) was used as a control
(C).

temperature the culture was grown in. For large scale expression we expressed

the protein in 0.5 L cultures at 25°C using Hyper media as the proteolysis was

minimized in this condition.

Since the truncated DPB11 gene was cloned into the pGAT2 plasmid, the pro-

tein was expressed with the GST tag fused to the N-terminus of Dpb11564−764.

We used the tag’s affinity towards glutathione agarose to enrich the purified frag-

ment from the supernatant (Figure 5.8a). The immobilised protein was washed

with high salt buffers to remove any non-specifically bound proteins and eluted

from the resin with reduced glutathione. We observed that Dpb11564−764 also

suffered from degradation while batch-binding to the resin although the majority

of the protein migrated on a Bis-Tris gel according to the predicted molecular
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Figure 5.8: Purification of Dpb11564−764. (a and b) The samples collected at
each step of the glutathione-agarose purification were analysed by SDS-PAGE.
Fractions 2 to 8 were further purified using SEC. (c) The gel filtration profile of
Dpb11564−764 on Superdex 200 10/300 column shows that Dpb11564−764 elutes at
a higher apparent molecular weight than predicted according to the elution time
of the protein standards. The peak fractions (marked with lines) were analysed
by SDS-PAGE.
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weight of 52.5 kDa (Figure 5.8b). Susceptibility to degradation, both in FL as

well as in the truncated forms of Dpb11 might stem from the nature of disor-

dered regions, i.e. extended and unfolded patches that are easily accessible for

proteases. In order to pool the intact Dpb11564−764, fractions 2 to 8 were con-

centrated and injected into Superdex 200 column. As in case of FL WT and

WY-AA Dpb11, the truncated form eluted at higher apparent molecular weight.

We analysed fractions collected between 7.5 ml to 12 ml that correspond to two

major peaks in the elution profile. The fractions between 9.5 ml and 12 ml were

concentrated to 11.2 mg/ml (213 µM). The obtained yield was 0.373 mg/L of the

cell culture.

Truncated Ddc21−149

The expression of Ddc21−149 produced sufficient amounts of protein by growing

the overnight cell cultures in 2 L of LB medium at 37°C. The His6 tag fused

to the N-terminus of the protein allowed to immobilise Ddc21−149 onto Ni2+-

NTA resin and elute against the linear gradient of imidazole (Figure 5.9a). A

contaminant protein (molecular mass of 15 kDa) was separated during SEC with

the Superdex 75 column. As the protein does not contain any Trp nor Tyr the

elution was monitored at 230 nm as peptide bonds absorb at this wavelength.

Fractions corresponding to the area under the peak were analysed by SDS-PAGE

and eluates between 12 and 14.5 ml were concentrated to 11.5 mg/ml (530 µM)

yielding 2.3 mg per 1 L of cell culture.

5.3.2 Pull-Down Assay

In order to identify the regions of Mec1-Ddc2 and Dpb11 involved in physical

interactions between these proteins, we performed a series of the GST and His6

pull-down assays. At first, we incubated the His6-tagged FL Dpb11 immobilised
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Figure 5.9: Purification of Ddc21−149. Samples collected during (a) nickel-
affinity using Ni2+-NTA Superflow and (b) size-exclusion chromatography using
Superdex 75 10/300 column were analysed by SDS-PAGE. The chromatograph
profile shows the peak in absorbance at 230 nm due to presence of peptide bonds.
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onto the Ni2+-NTA resin with an excess of FL Mec1-Ddc2. The eluted complex,

analysed on a 4-12 % Bis-Tris gel (Figure 5.10a), confirmed the interactions shown

by the analytical gel filtration (Figure 5.2) and revealed that Mec1-Ddc2 forms

the complex with its activator without the requirement for RPA-coated ssDNA

or the 9-1-1 clamp.

Figure 5.10: Mec1-Ddc2 associates with Dpb11 via interactions between the N-
terminus of Ddc2 and the C terminal tail of Dpb11. His6 pull-downs between (a)
the immobilised FL Dpb11 and Mec1-Ddc2 and (b) immobilised Ddc21−149 and
FL Dpb11. GST pull-downs between (c) the immobilised truncated Dpb11564−764

and Mec1-Ddc2 and (d) Ddc21−149. After each pull-down assay 10 % of the load,
10 % of the FT, 20 % of the wash and 50 % of the eluate were subjected to SDS-
PAGE. M - marker, FT - flow-through, E - elution fraction, B - beads control.
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As the Ddc2 subunit and the His6-tagged FL Dpb11 have fairly similar molec-

ular mass (86 kDa and 92.6 kDa, respectively), the bands on the gel were not

clearly resolved. When we performed another experiment using a truncated

form of Ddc2 and the non-tagged FL Dpb11 we observed that the Ddc21−149

N-terminus is sufficient to pull down the activator (Figure 5.10b). Therefore, not

only did we confirm that Ddc2 is indeed present in the complex eluted from the

Mec1-Ddc2/Dpb11 pull-down but also that the interactions between the check-

point complex and the activator occur through the N-terminal fragment of the

Ddc2 subunit.

We also tested positively (Figure 5.10c) for the interactions between FL

Mec1-Ddc2 and the Dpb11564−764 truncated fragment resembling the minimal

region of Dpb11 required for Mec1 stimulation described earlier (Navadgi-Patil

and Burgers 2008). In order to determine whether Ddc21−149 can still bind to

the C-terminal Dpb11 tail, we did a cross-check pull-down where immobilised

Dpb11564−764 on glutathione agarose beads was saturated with Ddc21−149. In-

deed, the eluted complex (Figure 5.10d) confirms binding and suggests that the

formation of the activator-bound Mec1-Ddc2 complex is mediated via interac-

tions between the N-terminal Ddc2 and the C-terminal tail of Dpb11 with 1:1

stoichiometry.

5.3.3 Fluorescence Polarization

We showed that Mec1-Ddc2 forms a complex with Dpb11 that is mediated via

interactions between the Ddc2 N-terminus (first 149 amino acid residues) and

the Dpb11 C-terminus (last 200 amino acid residues). In order to check whether

truncated forms of Ddc2 and Dpb11 form the complex with the same affinity as

the FL proteins we studied the interactions using fluorescence polarization. We

also investigated the role of the Mec1 kinase domain in the complex formation
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by performing the experiments using the kinase-deleted form Mec11−1211-Ddc2,

as well as the effect of the WY-AA mutation in the C-terminus of FL Dpb11 on

binding to Mec1-Ddc2, Ddc21−149 and Mec11−1211-Ddc2.

Fluorescence polarization allows quantification of specific binding by measur-

ing the changes in the orientation of plane polarized light of the fluorophore that

undergoes significant molecular motion between the time of its excitation and

emission of a photon. In a classical experiment, a small binding partner (ligand)

is labelled with the fluorophore as the small molecular mass of the ligand does

not affect the molecular motion of the fluorophore and hence the depolarization

of the absorbed excitation light (Lea and Simeonov 2011). Once the ligand

is bound to its receptor, usually of much higher molecular mass, the ability of

depolarizing the excitation light is significantly decreased due to slower molecular

rotation over the period of time between excitation and emission. When mea-

sured fluorescence polarization, reported as polarization signal in mP units, is

high it indicates small changes in the orientation of the plane polarized light due

to binding between the ligand and the receptor. In case where there is very little

binding, the fluorophore attached to the free ligand has the ability to depolarized

the light significantly resulting in a low polarization signal.

In order to determine the binding constant, the same amount of the ligand is

added to the unlabelled receptor, which is serially diluted to cover a range of con-

centrations from 20-fold below the expected kD to about 100-fold above the kD

value. In our case Dpb11 would serve as a ligand as its molecular mass (92 kDa

for the FL form) is significantly smaller than the molecular mass of Mec1-Ddc2

dimer (720 kDa for the FL form). However, due to the very low starting concen-

trations of Mec1-Ddc2 (0.45 µM) and Mec11−1211-Ddc2 (0.1 µM) we were unable

to perform the experiments by labelling Dpb11 proteins with the fluorophore and

incubate them with Mec1-Ddc2 proteins at the required concentrations. Instead
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we labelled FL Mec1-Ddc2, Ddc21−149 and Mec11−1211-Ddc2 with the blue flu-

orescent dye NT-495-maleimide and purified the final labelled proteins to about

85 % purity according to manufacturer’s instructions. Since we used a protein

labelling kit optimised for use with MicroScale Thermophoresis technology de-

signed by NanoTemper, we also checked the concentration of the final labelled

products with a Monolith NT.115 instrument. According to the instructions for

measurements taken at 20 % LED power, 10 nM of the labelled protein should

yield the intensity between 100-200 counts. Referring to this estimate, the con-

centration of the final labelled Mec1-Ddc2 and Mec11−1211-Ddc2 was about 100

nM while the concentration of Ddc21−149 was about 300 nM. Since fluorescence

polarization is very sensitive and can detect small amounts of the labelled pro-

tein, we diluted each protein 3-fold before incubation with the unlabelled Dpb11

proteins as described in section 3.7.2.

We quantified binding of FL Dpb11 WT, FL Dpb11 WY-AA, the truncated

Dpb11564−764 and GST (used as a negative control) to FL Mec1-Ddc2 and its

truncations (Figure 5.11). The polarization signal (mP) was calculated from

the fluorescence intensities measured with the parallel and the perpendicular

polarizing filters. The polarization signal plotted against the concentration of

the unlabelled activator indicated that binding was not saturated yet. Therefore,

we were unable to experimentally determine the exact kD values although we

observed an emerging trend between specific interactions.

Figure 5.11 shows that FL Dpb11 WT binds to FL Mec1-Ddc2, Ddc21−149

and Mec11−1211-Ddc2. Based on our pull-down results, this interaction is medi-

ated via residues located in the N-terminus of Ddc2 (Figure 5.10b) and hence in

our fluorescence polarization experiments we were expecting similar polarization

signals regardless of the Mec1-Ddc2 form used. However, FL Dpb11 WT shows

the strongest binding to the FL Mec1-Ddc2 while binding to Ddc21−149 is
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Figure 5.11: Fluorescence polarization measurements of activator binding to
Mec1-Ddc2 (top), Ddc21−149 (middle) and Mec11−1211-Ddc2 (bottom) panel. Er-
ror bars represent RMSD.
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comparable with Mec11−1211-Ddc2 suggesting the conserved C-terminus of Mec1

is involved in binding enhancement. It is likely that a primary binding site is

located at the Ddc2 N-terminus while a secondary binding site is located within

a C-terminal region of Mec1 spanning from amino acid residues 1,212 to 2,368.

Previous studies carried out in Burgers’ laboratory showed the C-terminal

tail of Dpb11 is sufficient to stimulate Mec1 kinase activity fully and this ac-

tivation is dependent on two aromatic residues W700 and Y735 (Navadgi-Patil

and Burgers 2008, Navadgi-Patil and Burgers 2011). We attempted to quantify

the binding of truncated Dpb11564−764 and FL Dpb11 WY-AA and compared

it with the results obtained for FL Dpb11 WT. Although the WY-AA mutation

completely abolishes stimulation of Mec1 kinase activity, our results suggest WY-

AA Dpb11 can still bind to Mec1-Ddc2 and its truncated forms. However, these

interactions are about four-times weaker than interactions with FL Dpb11 WT.

Interestingly, similar polarization signals were obtained for binding to all forms

of the checkpoint complex (FL Mec1-Ddc2, N-terminal Ddc2 and kinase-deleted

Mec1-Ddc2) indicating that the aromatic residues W700 and Y735 are important

in mediating interactions between Dpb11 and the Mec1 kinase domain.

The results from our pull-down experiments allowed us to also map the mini-

mal region of Dpb11, located between amino acid residues 564 and 764, required

for mediating the interactions with Mec1-Ddc2 (Figure 5.10c and d). Measure-

ments of the polarization signal showed that Dpb11564−764 binds to Mec1-Ddc2

and Ddc21−149 with similar affinities as expected. However, if we take into ac-

count our new findings that the C-terminal region of Mec1 is also involved in

forming the interactions, we could then explain subtle changes in the affinities

between FL Mec1-Ddc2 and Ddc21−149. We were also expecting the binding of

Dpb11564−764 to be similar to the binding of FL Dpb11 WT, regardless of the

form of Mec1-Ddc2. However, our results clearly show the truncated form of
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Dpb11 has much weaker affinity than FL Dpb11 and even more interestingly, is

comparable with Dpb11 WY-AA binding. As Dpb11564−764 was proven to be

able to stimulate Mec1 activity, we suggest the N-terminal region of Dpb11 helps

to stabilise the interactions formed between the aromatic amino acid residues

and Mec1-Ddc2/Ddc21−149. Unfortunately we did not measured the polariza-

tion signal of the Dpb11564−764 WY-AA and hence it is difficult to state whether

the presence of the N-terminal region in the FL Dpb11 WY-AA would result in

binding with the affinity comparable to the binding of Dpb11564−764 WT.

Despite that FL Dpb11 WT shows the highest affinity towards all the forms

of Mec1-Ddc2, the interactions between the activator and the checkpoint complex

are still weak (µM range) and differ significantly from the results from the kinase

assay, which indicates on much stronger interactions (nM range). It is difficult

to draw an unambiguous conclusion from these two experiments regarding the

nature of the interactions between Dpb11 and Mec1-Ddc2 as the fluorescence

polarization requires labelling of one of the binding partners. Although we have

purified the excess of the label, we were not able to measure the labelling effi-

ciency and hence we could not accurately determine the initial concentration of

the labelled Mec1-Ddc2 constructs. For a side-by-side comparison of these in-

teractions, the kinase assay should be repeated using the same labelled protein

samples as used in fluorescence polarization experiment.



Chapter 6

Structural Basis for Mec1-Ddc2

Activation

Our studies of interactions between Mec1-Ddc2 and Dpb11 revealed that the

complex formation is primarily mediated via the Ddc2 N-terminus and the C-

terminal tail of Dpb11. We also suggest that the amino acid residues located

in the kinase domain of Mec1 as well as the residues positioned towards the N-

terminus of Dpb11 might be involved in binding enhancement. This hypothesis

would then be in agreement with already published findings reporting that the

FATC domain of Mec1 as well as the PRD domain of ATR are both indispensable

for the kinase catalytic activity (Lempiainen and Halazonetis 2009, Mordes,

Glick, Zhao and Cortez 2008).

We have also proposed that the activation of dimeric Mec1-Ddc2 by Dpb11

does not affect its oligomerization state although the current results are inconclu-

sive. As an attempt to understand the structural basis of Mec1 kinase activation

by Dpb11 and to complete our biochemical findings, we investigated the struc-

tures of complexes of Mec1-Ddc2 with FL Dpb11 and Dpb11564−764 using EM.

189



CHAPTER 6. STRUCTURAL BASIS FOR MEC1-DDC2 ACTIVATION 190

6.1 Negative Stain-EM of Mec1-Ddc2 in Complex with

Full-Length Dpb11

6.1.1 Complex Formation and Grid Preparation

We used a sample from the elution fraction from the pull-down assay (section

5.3.2) to prepare an EM grid and observed the formed complex using the F20

microscope. Since we did not know whether the presence of MgCl2 and ATP had

any effect on the physical interaction itself we decided to supplement the wash

and elution buffers with 8 mM MgCl2 and 100 µM ATP. The fairly faint bands

on the Bis-Tris gel (Figure 5.10a) indicate the low amount of the formed complex

and hence we decided to prepare the EM grid by staining the specimen instead of

plunge-freezing. Despite the fact negative staining is a relatively straightforward

technique, we experienced problems in obtaining satisfying staining using a non-

diluted sample due to high amount of imidazole in the elution buffer. The low

amount of the purified complex was a major impediment to exchange the buffer

to a more suitable one. Instead we diluted the sample to bring the concentration

of imidazole to 100 mM and manually collected a data set from a freshly prepared

grid (Figure 6.1a).

6.1.2 Image Processing

The collected micrographs predominantly show particles that are of the approxi-

mate dimensions corresponding to the dimer of Mec1-Ddc2 although some smaller

particles could also be observed. Since we were unable to accurately measure the

concentration of the formed complex in the pull-down eluate, we could not deter-

mine whether these smaller particles represent free Dpb11 that dissociated from

the activator-bound Mec1-Ddc2 complex due to dilution below the KD values or

that the Mec1-Ddc2 dimer had dissociated upon activation by Dpb11. However,
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Figure 6.1: Negative stain micrographs of Mec1-Ddc2 in complex with (a) FL
Dpb11 and (b) Dpb11564−764. Boxed representative particles are shown in zoom
below the micrographs. Eigenimages obtained from the (c) FL Dpb11 and (d)
truncated Dpb11-bound particles indicate that both data sets consist of the same
predominant features.

based on the analytical gel filtration (section 5.2) it is possible that Mec1-Ddc2

remains in the dimeric state upon binding with Dpb11.

In order to reduce the structural heterogeneity we manually selected 1,906

particles that show distinguishable Mec1-Ddc2 views and have a clear extra den-

sity adjacent to the Mec1-Ddc2 particle (Figure 6.1a). We aligned the extracted

particles against reprojections created from the negative stain dimeric model of

Mec1-Ddc2 and visually compared the particles with the reprojection they were

assigned to. We reduced the data set to 1,040 particles, which were subsequently
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subjected to the MSA routine in IMAGIC. The eigenimages (Figure 6.1c) show

that the majority of the remaining particles represent the side view as it is the

most predominant feature in the data set.

The aligned particles were grouped using 15 particles per class and their

Euler angles were determined using the angular reconstitution approach. We

attempted to determine the 3D model of the Dpb11-bound Mec1-Ddc2 dimer in

order to compare it with the apo structure of the checkpoint kinase. However,

the limited resolution of the negative staining model not only made it impossible

to distinguish the density corresponding to Dpb11 without additional labelling

but also was a major impedance in observing any structural changes that might

have occurred upon binding and activation. Instead we compared the 2D class

averages with the reprojections along the same Euler angles generated from the

unbound Mec1-Ddc2 3D model. As in case of antibody labelling, we observed in

2D class averages an additional density representing bound Dpb11 (Figure 6.2).

The sphere markers represent the position of the Dpb11 binding site, which

is localised in the region assigned as the Ddc2 subunit (Figure 4.12b and Fig-

ure 4.14b). This also agrees with our results from the pull-down assay showing

that FL Dpb11 interacts with the Ddc2 N-terminus (Figure 5.10b). Recruitment

of Dpb11 by Ddc2 brings the activator into close proximity with the Mec1 kinase

domain, which can phosphorylate Dpb11 readily and in response be activated in

a positive-feedback manner.
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Figure 6.2: The overview of the FL Dpb11-bound Mec1-Ddc2 data processing.
Individual particles (IP) were grouped into class averages (CA) in order to en-
hance the density representing the activator (marked with white circles). The
extra density is not observed in reprojections (RP) generated from the apo neg-
ative stain model. The Dpb11 binding site, marked as an orange sphere, is also
shown with reference to surface views (SV) along the same Euler angles as CA
and RP.

6.2 Negative Stain-EM of Mec1-Ddc2 in Complex with

Truncated Dpb11564−764

6.2.1 Complex Formation and Grid Preparation

We performed a similar analysis for Mec1-Ddc2 complexed with Dpb11564−764 as

for the complex with FL Dpb11. Using the sample from the GST pull-down assay
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(section 5.3.2) we prepared negative stain grids. The complex was eluted from

the resin using 20 mM glutathione and although we experienced similar problems

with staining as in case of the buffer containing imidazole, the lower amount of

the glutathione allowed for preparing the grids using an undiluted and hence,

more homogeneous sample (Figure 6.1b).

6.2.2 Image Processing

The 4,346 manually selected particles were subjected to the MRA routine as

described above and compared with the corresponding reprojections they were

aligned to. A data set of 1,117 particles was then classified using the MSA in

order to generate eigenimages. Figure 6.1d shows almost identical eigenimages to

the ones generated from the data set of the FL Dpb11-bound complex. However,

the regions, where the distribution of black and white pixels is inverted, show

major variations in the density of the specimen and indicate the discrepancies in

staining, which are also observed on a micrograph level (Figure 6.1a and b). The

aligned particles were also grouped into class averages using 15 particles per class

and visually compared with the reprojections generated along the same views

from the Mec1-Ddc2 3D model (Figure 6.3).

Despite the fact the extra density representing the truncated form of Dpb11

looks more prominent than the density for FL Dpb11, resolving it in the 3D

model was still impossible and the analysis was done the same way as above.

The position of the Dpb11564−764 binding site corresponded to the position of

the binding site of FL Dpb11. This is also consistent with the pull-down result

as truncated Dpb11 was shown to interact with Ddc21−149 (Figure 5.10d).



CHAPTER 6. STRUCTURAL BASIS FOR MEC1-DDC2 ACTIVATION 195

Figure 6.3: The overview of the Dpb11564−764-bound Mec1-Ddc2 data process-
ing. Individual particles (IP) were grouped into class averages (CA) in order to
enhance the density representing the activator (marked with white circles). The
extra density is not observed in reprojections (RP) generated from the apo neg-
ative stain model. The Dpb11564−764 binding site, marked as an orange sphere,
is also shown with reference to surface views (SV) along the same Euler angles
as CA and RP.

6.3 Assignment of Dpb11 Binding Region

In order to confirm that the extra density does indeed represent bound Dpb11, we

labelled the Dpb11564−764-bound Mec1-Ddc2 complex with the anti-Dpb11 anti-

body, yC-17, and observed the formed immunocomplex in the CM200 microscope

under negative stain conditions. Due to the flexibility of the antibody we were

unable to obtain 2D class averages with a sufficient SNR for the antibody density
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and instead, we compared the correspondence between individual particles and

the reprojections of the Mec1-Ddc2 model (Figure 6.4).

Figure 6.4: Antibody labelling of the Dpb11564−764-bound Mec1-Ddc2 complex.
Individual particles (IP) of the immunolabelled complex show the extra density
(in white circle) that is missing from the reprojections (RP) generated from the
apo 3D model of Mec1-Ddc2. Surface views (SV) show the position of the bound
antibody (shown as capital letter Y) with reference to the overall Mec1-Ddc2
structure.

Although we compared images (instead of 2D class averages) of the immuno-

labelled activator-bound complex with the reprojections generated from the apo

Mec1-Ddc2 structure, we observed the overall agreement and localised the den-

sity corresponding to the antibody-labelled Dpb11564−764. Hence, we confirmed

this density represents the activator bound to the Mec1-Ddc2 complex and most

likely does not reflect any structural changes that might have taken place upon

the binding of Dpb11 and subsequent activation. Our results from the 2D EM

analysis constitute the first steps towards the understanding of the mechanism

of Mec1 activation by Dpb11 and pave the way for successive higher-resolution

studies.



Chapter 7

Discussion

7.1 Scope of the Thesis

Mec1 is a key kinase acting at the apex of the DDR. It activates checkpoint sig-

nalling pathways upon sensing ssDNA gaps, resected DSBs as well as DNA repli-

cation blocks. Ddc2, which forms an integral complex with the kinase, mediates

Mec1 recruitment to sites of DNA damage and is essential for Mec1 activation.

In this work we present the first insights into the overall architecture of the

Mec1-Ddc2 complex and propose the structural framework for its activation by

Dpb11. Purification of the endogenously expressed Mec1-Ddc2 was aided by

fusing the GST-tag to the N-terminus of Ddc2 subunit. Initially we studied both

the GST-tagged and the non-tagged (GST-tag cleaved and purified) forms of

the checkpoint complex using single-particle negative stain-EM. We observed two

populations of Mec1-Ddc2 particles, which we used to generate 3D reconstructions

representing Mec1-Ddc2 monomer and dimer. Comparative alignment revealed

non-tagged Mec1-Ddc2 particles contributed to the dimeric model while the GST-

tagged particles were assigned to the monomeric model. Since dimeric Mec1-Ddc2

induces enhanced phosphorylation of Rad53 kinase while stimulated by Dpb11,

we imaged the non-tagged sample under cryo conditions in order to improve the

197
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model resolution and provide the first structural knowledge on the Mec1-Ddc2

checkpoint kinase complex in its pre-activated state.

Having tested the interactions between the FL and truncated forms of Mec1-

Ddc2 and Dpb11, we identified the minimal regions sufficient to form contacts

although only the FL proteins permit interactions between multiple regions re-

quired for high-affinity complexes. We also showed that the Dpb11 aromatic

residues critical for Mec1 activation are dispensable for association to the kinase

domain by studying the effects of the W700A Y735A mutations on the binding

ability of the activator. Our biochemical results were supplemented with the EM

analysis of Mec1-Ddc2 in complex with the FL Dpb11 and its minimal activation

fragment.

7.2 Mec1-Ddc2 Shares a Conserved Domain Organisa-

tion

The cryo-EM structure of Mec1-Ddc2 shows a head-to-head dimer, which overall

architecture resembles a pretzel shape (Figure 4.14). The monomers associate via

multiple interactions to form the dimeric interface at the bottom of the model.

Each monomer consists of two regions that adopt shapes distinctive for the head

and the arm domain. Using antibody labelling we localised the C-terminus of

Mec1 within the head domain that occupies the upper density (Figure 4.12).

Similarly we mapped the GST-tagged N-terminal Ddc2 towards the centre of the

monomeric reconstruction, in a region that in context of a dimer, corresponds to

an oligomerization interface. A rigid-body docking of the atomic model of the FL

mTOR into our cryo-EM density map confirmed the positions of the Mec1 and

Ddc2 subunits (the location of the latter subunit was deduced from the remaining

electron density unoccupied by the FL mTOR structure) (Figure 4.13). In addi-
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tion, based on the fitting we assigned individual domains within the Mec1-Ddc2

reconstruction (Figure 4.14). The globular head region contains the conserved

C-terminal domains; kinase together with the FATC domain occupy the cradle-

like density while being wrapped by the FAT domain. The elongated tubular

arm density extending from the FAT domain accommodates the long arrays of

the α-helical HEAT repeats.

Our presented organisation of the Mec1 domains is in agreement with other

PIKK structures. The 6.6 Å crystal structure of DNA-PKcs also shows the

α-helical FAT and FATC flanking the kinase domain located in the globular

upper density (Sibanda et al. 2010). Emerging from the head are irregular HEAT

repeats that comprise a ring-shaped structure. A similar domain arrangement is

also observed in the recently reported atomic models of human mTOR and its

yeast orthologue (Aylett et al. 2016, Baretic et al. 2016). Here the arm region

is actually occupied by two α-solenoids referred to as the horn/spiral and the

bridge. The horn, which consists of at least seven N-terminal HEAT repeats,

packs against the FAT domain of the adjacent monomer and stabilises the kinase

domain. Despite being at much lower resolution, our Mec1-Ddc2 reconstruction

also reveals multiple interactions involving the HEAT repeats as they curve and

fold back onto the structure. However in contrast to the TOR proteins, the horn

regions are fitted into the Mec1-Ddc2 density in such a way that they intertwine

with each other. Hence the monomers associate via interactions spanning the

equivalent N-terminal HEAT repeats. Despite a distinctive dimeric interface,

the Mec1 HEAT repeats provide structural support and rigidity to the overall

structure.

Based on sequence properties, the FAT domain was identified as an acces-

sory domain that is involved in protein-protein interactions (Bosotti et al. 2000).

Recent structures revealed the domain to consist of the C-terminal TPR repeats
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followed by extra HEAT repeats, which extend further until the N-terminus of the

PIKK protein. Therefore the repeats located outside the FAT region were also

suggested to mediate binding to other proteins as well as DNA (Rivera-Calzada,

Lopez-Perrote, Melero, Boskovic, Munoz-Hernandez, Martino and Llorca 2015).

Indeed, some of these repeats in the structure of DNA-PKcs are suggested to form

a putative DNA binding domain and indicate the N-terminal solenoids might

contribute to conformational flexibility within the kinase domain and regulate its

activity (Sibanda et al. 2010). Moreover the mTOR atomic model also reveals

the HEAT repeats recruit the Raptor subunit to the junction formed between

the horn and the bridge while SMG1 also binds its co-factors SMG8 and SMG9

via N-terminal solenoid structures (Aylett et al. 2016, Melero, Uchiyama, Cas-

tano, Kataoka, Kurosawa, Ohno, Yamashita and Llorca 2014). Phosphatase

PP2A as well as importin-β, albeit not related to PIKKs, show significant con-

formational changes within their HEAT repeats upon ligand binding (Grinthal,

Adamovic, Weiner, Karplus and Kleckner 2010, Forwood, Lange, Zachariae,

Marfori, Preast, Grubmuller, Stewart, Corbett and Kobe 2010). A reorganisa-

tion of the N-terminal region was also reported for the DNA-bound and phospho-

rylated DNA-PKcs (Boskovic, Rivera-Calzada, Maman, Chacon, Willison, Pearl

and Llorca 2003, Hammel, Yu, Mahaney, Cai, Ye, Phipps, Rambo, Hura, Pe-

likan, So, Abolfath, Chen, Lees-Miller and Tainer 2010). As the HEAT repeats

are iterative motifs of helix-turn-helix, it is plausible that the Mec1 N-terminal

region not only mediates dimerization but is also involved in the recruitment of

Mec1 substrate and allows the formation of multimeric complexes. In addition,

due to their intrinsic flexibility, the HEAT repeats might also induce structural

changes within the Mec1 kinase domain and modulate its activity.

Despite a shared structural arrangement of their domains, PIKKs have spe-

cialized to respond to diverse cellular stresses. Their specificity for coordinat-
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ing seemingly distinct transduction pathways might be reflected by the variable

amino acid composition of their N-terminal regions. Although sequence align-

ments have identified multiple HEAT repeats in ATR, ATM and TOR subfami-

lies, the repeats vary in length, residue content and spatial arrangement (Perry

and Kleckner 2003). Interestingly, Mec1 and ATR are the only known PIKKs

that exits as integral complexes with their sensor proteins, Ddc2 and ATRIP,

respectively. Both DDC2 and ATRIP deletion mutants result in cell lethal-

ity indicating the subunits are essential for proper functionality of Mec1 and

ATR (Paciotti et al. 2000). In our cryo-EM reconstruction we mapped the Ddc2

subunit in the centre, at the dimeric interface, indicating it interacts with the

N-terminal Mec1. Our finding is not only consistent with previous biochemical

reports (Wakayama et al. 2001) but also the tubular density suggests that Ddc2

serves as an extension of Mec1. Indeed a secondary structure prediction con-

firmed Ddc2 to contain HEAT repeats and a coiled-coil region; the latter was

also predicted to facilitate dimerization and human ATRIP was shown to be in-

dispensable for the oligomerization of the ATR-ATRIP complex, its recruitment

to DNA damage foci and subsequent phosphorylation of the Chk1 kinase.

Our data suggest that Ddc2 together with the N-terminal HEAT repeats of

Mec1 stabilise the dimeric architecture of the pre-activated complex by (1) form-

ing the oligomerization interface and (2) tethering the kinase domain in a rigid

conformation. Since the Mec1 polypeptide chain adopts the compact shape of

the incomplete digit-8, it brings the Ddc2 subunit into close proximity of the

conserved FAT-kinase-FATC domains. Therefore it is likely that Ddc2, apart

from providing structural support, is also involved in regulation of the kinase

activity by mediating substrate recruitment. Rpa1 and Rpa2 subunits of the het-

erotrimeric complex were shown to mediate the Mec1 recruitment via interactions

with Ddc2 but are also phosphorylated by the kinase. On the other hand, the
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CRD (checkpoint recruitment) domain located at the N-terminal Ddc2 is a pri-

mary DNA recruiting region although FATC was also shown to form interactions

with RPA. The proposed domain arrangement, where the Ddc2 is packed nearby

the FATC domain would allow for the formation of contacts involving both re-

gions; the conserved acidic motif on Ddc2 could serve as a primary recruiting

domain while the FATC would provide an additional binding surface that would

stabilise the interactions (Nakada et al. 2005, Ball et al. 2007).

7.3 Ddc2 Serves as an Extension of Mec1 that Recruits

Dpb11

In humans the N-terminal ATRIP with its coiled-coil motif (108-217 residues) was

not only shown to induce oligomerization but also to be absolutely required for

ATR-mediated checkpoint signalling (Ball and Cortez 2005). Replacement of the

endogenous coiled-coil domain with a heterologous dimerizing domain restored

its ability to oligomerize, form a stable complex with ATR and to localise to

the foci of DNA damage but failed to induce ATR-mediated phosphorylation of

CHK1. Therefore, it has been suggested that the coiled-coil motif of ATRIP

has an additional function, next to promoting dimerization. Indeed, the ATRIP

N-terminus (residues 97-348) was shown to bind the kinase activator TopBP1

via a region located between the sixth and the seventh BRCT repeats (Kumagai

et al. 2006, Mordes, Glick, Zhao and Cortez 2008). Despite poor sequence

conservation between TopBP1 and Dpb11, the yeast orthologue was also shown

to stimulate Mec1 activity via its unstructured C-terminal tail (Navadgi-Patil

et al. 2011).

Using a series of pull-down assays (Figure 5.10b and d) we showed that

both FL Dpb11 as well as its C-terminal region spanning the last 200 residues
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(Dpb11564−764) interact with the N-terminal Ddc2 fragment (Ddc21−149), which

includes the coiled-coil motif. These findings are consistent with observations

made for ATR-ATRIP but also provide biochemical evidence supporting our do-

main assignment within the cryo-EM reconstruction. The Mec1-Ddc2 structure

reveals that N-terminal Ddc2 is located in the middle of the arm region, towards

the kinase domain and thereby could recruit Dpb11 and place it in the correct

orientation to facilitate the interaction with Mec1. Since both the C- and the

N-termini of Mec1 are brought together (as a result of the digit 8-like trajec-

tory of the polypeptide chain), it is possible that Dpb11, once recruited to the

N-terminus of Ddc2, can also form contacts with the kinase-FAT region of Mec1

(Figure 7.1).

Figure 7.1: A schematic representation of interactions between the Mec1-Ddc2
complex and Dpb11. The Mec1 polypeptide backbone curves along the digit
8-like path bringing the Ddc2 subunit nearby the kinase-FATC domains. Such
a spatial arrangement allows also for contacts between Mec1 and Dpb11 once
the activator is recruited to the complex via interactions with the N-terminus of
Ddc2.

Therefore we suggest that Ddc2 has a dual role; as an obligatory binding

partner it stabilises the structure by mediating the oligomerization interface. It
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also serves as a binding platform for activators such as Dpb11, which once brought

in close proximity of the active site can activate the kinase domain and amplify

the transduction signal.

The minimal interaction regions between the N-terminal Ddc2 and the C-

terminal Dpb11 were also previously reported by Cortez’s laboratory, which

identified a leucine-rich region located C-terminally to the coiled-coil motif as

a Dpb11 binding domain. The ddc2-top mutant (LLLR257AAAA) disrupted in-

teractions with Dpb11 and caused defects in Mec1 activation (Mordes, Glick,

Zhao and Cortez 2008, Mordes, Nam and Cortez 2008). Therefore it was

suggested that the leucine zipper is essential for Dpb11 binding and subsequent

activation of Mec1 kinase domain. However, the ddc2-top mutant showed weaker

affinity towards the Mec1 subunit compared with WT Ddc2 (Mordes, Nam and

Cortez 2008). Since we identified the minimal Dpb11 interacting region as the

first 149 N-terminal amino acid residues of Ddc2, these results, or at least their

interpretation, are contradictory with our data.

Given that the PRD of Mec1 also forms interactions with Dpb11 (Mordes,

Glick, Zhao and Cortez 2008), the binding between the activator and the

Mec1-Ddc2-top mutant should be, at least partially, recovered. However, Mordes

and colleagues showed complete disruption of the binding. It is therefore likely

that the ddc2-top mutation, by being close to the coiled-coil region, destabilises

the dimeric interface mediated by such a coiled-coil motif affecting the struc-

ture integrity of the whole complex. In humans, a coiled-coil deletion mu-

tant, ATRIP∆112-225 was shown to severely suppress binding to ATR despite

containing its C-terminal ATR binding domain (Ball and Cortez 2005, Ball

et al. 2005, Falck and Jackson 2005). Thus this indicates oligomerization of the

ATR-ATRIP is a structural requirement essential for the formation of a stable

complex as well as its recruitment to the site of DNA damage (Itakura et al. 2005).
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However, proper functionality of the kinase was only preserved when the dimer-

ization was mediated specifically by ATRIP and not by a heterologous region

(Ball and Cortez 2005). These results support our hypothesis that the ddc2-top

mutant exhibits an increased sensitivity to HU treatment and defects in Mec1

activation not due to being unable to recruit Dpb11, which is essential for the

proper Mec1 functionality, but due to affecting the overall integrity of the Mec1-

Ddc2 complex. Hence the ddc2-top mutant results in a similar phenotype to the

coiled-coil deletion mutant. The importance of the Leu residues for the dimer for-

mation was also shown independently by Itakura and colleagues. They designed a

mutant, ATRIP-LG, where all Leu residues present in the coiled-coil region were

substituted with Gly. Interestingly, the coiled-coil defective ATRIP showed the

same phenotype as the coiled-coil deleted ATR but also as the ddc2-top mutants

(Itakura et al. 2005, Ball and Cortez 2005, Mordes, Nam and Cortez 2008).

Taking all these results into account, we suggest that the LLLR257AAAA

region of Ddc2 is essential for the formation of a stable and functional Mec1-

Ddc2 complex, whereas dimerization via the coiled-coil motif allows subsequent

Mec1 activation by Dpb11. However, the region interacting with the activator is

located within the first N-terminal 149 amino acid residues of Ddc2, as shown in

this work.

7.4 Dimeric Architecture Is a Common Structural Fea-

ture among PIKKs

Biochemical and structural studies of the PIKK family have revealed its members

can exist in higher oligomeric states. Some kinases such as DNA-PKcs and SMG1

have been shown to exist only as monomers whereas ATM/Tel1 as well as mTOR

complex 1 and complex 2 are shown to form dimers (Table 1.4). ATR-ATRIP was
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also reported to have inconsistent molecular masses ranging from approximately

400 to 1,000 kDa (Wright, Keegan, Herendeen, Bentley, Carr, Hoekstra and

Concannon 1998, Unsal-Kacmaz and Sancar 2004, Itakura et al. 2005). Not sur-

prisingly, Mec1-Ddc2 was also initially identified as a loosely formed heterodimer

with its apparent size of approximately 360 kDa (Majka, Niedziela-Majka and

Burgers 2006). Although it cannot be unambiguously said, it is plausible that dif-

ferent purification strategies account for the cause of the discrepancy in reported

sizes. In our work, we purified the dimeric form of Mec1-Ddc2 with a molecular

mass of approximately 720 kDa under low salt conditions, i.e. 200 mM KCl. In

contrast, high salt conditions (400 mM KCl) were used to isolate the Mec1-Ddc2

complex in a previous study (Majka, Niedziela-Majka and Burgers 2006).

The cryo-EM model of Mec1-Ddc2 shows significant structural similarities

to two independently reported cryo-EM reconstructions of Tel1 (Sawicka et al.

2016, Wang et al. 2016). All structures reveal a butterfly-like shape with a single

oligomerizing interface formed by the intertwined arm regions and the globular

head domains that face each other. As described above (section 4.4.3) we located

the C-terminal conserved domains and the N-terminal HEAT repeats to the head

and the arm region, respectively. A similar domain assignment, also guided

by antibody labelling and rigid body docking of the mTOR atomic model, was

shown for one of the Tel1 structures (Sawicka et al. 2016). However, the authors

of another Tel1 reconstruction suggested the opposite arrangement, where the

Tel1 monomers associate via FAT and kinase domains localised to the arm region

(Wang et al. 2016). Despite a higher resolution (8.7 Å) than the previous Tel1

structure (19.2 Å), Wang and colleagues used molecular dynamics software to fit

an in silico built model into the cryo-EM density. Since the Mec1 dimeric inter-

face is primarily mediated via interactions between the Mec1 N-terminal HEAT

repeats from the adjacent monomer and mutations within the Mec1 region com-



CHAPTER 7. DISCUSSION 207

prising the HEAT repeats show defective G1 and intra-S checkpoints (Paciotti,

Clerici, Scotti, Lucchini and Longhese 2001), we would expect Tel1 to dimerize

via equivalent regions as Mec1, especially as both kinases perform similar roles

in mediating the checkpoint response to DNA damage. However, the current

resolution of both Tel1 models does not allow us to unambiguously indicate the

position of the Tel1 domains.

Despite mediating signalling pathways unrelated to DNA damage, mTOR also

forms functional dimers as it interacts with mLST8 and Raptor/Rictor subunits.

The recent cryo-EM structure of the mTOR complex 1 (mTOR-mLST8-Raptor)

at 5.9 Å provided the most detailed insights so far into the PIKK architecture

and shed light on the regulatory mechanism of the kinase domain although these

findings do not fully apply to Mec1 as discussed below.

Both mTOR and Mec1 show a similar orientation of the conserved C-terminal

regions; the kinase-FATC domains of each monomer face each other and are posi-

tioned in close proximity although they do not form contacts between themselves.

In both PIKKs, they are wrapped by the α-helical TPR repeats of the FAT do-

main, which are followed by the HEAT repeats. As mentioned above, the HEAT

repeats extend to the N-terminus of each protein. However, these repeats adopt

distinctive shapes and determine different overall dimeric architecture. In mTOR

the super-curved solenoid (horn) of one monomer packs against the FAT domain

of adjacent monomer tethering the structure into a dimeric conformation. The

interface is further stabilised by recruiting the Raptor subunit to the junction

between the two solenoids created by the N-terminal HEAT repeats. In Mec1

however the oligomerization is mediated via interactions between the equivalent

HEAT repeats of both monomers and Ddc2 subunits located on opposite sites.

These structural differences are not unexpected. Given the distinctive functions

of these two PIKKs, the number and arrangement of the HEAT repeats vary
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providing a regulatory mechanism that tailors the kinase activity in response to

adequate cellular stresses. Interestingly, the Raptor subunit which recruits down-

stream targets, is also suggested to regulate the catalytic activity and substrate

specificity of the kinase (Aylett et al. 2016). Since Ddc2 is predicted to consist

of HEAT repeats, it is structurally similar to Raptor armadillo repeats and thus

might serve a similar role in regulating Mec1 activity. Such an interpretation is

further supported by localising Ddc2 close to both kinase domains in our cryo-EM

model as well as its ability to bind Dpb11.

Given the current resolution of our cryo-EM reconstruction, the insights into

the position of the Mec1 active site are limited. We based our observations on

fitting of the C-terminal mTOR structure into the cradle-shaped head density,

which was also labelled with the anti-FATC antibody (Figure 4.12a and Fig-

ure 4.13). Similarly to mTORC1, we found the active site to be located in a

recessive position at the bottom of the cleft formed by the N-terminal and the

C-terminal lobes of the kinase domain. However in contrast to the two-fold

symmetric mTORC1 structure, where the active sites in both monomers point

outwards, the orientation of the active sites in Mec1 are different due to one

monomer having less compact conformation resulting in pseudo-C2 symmetry.

Currently we cannot unambiguously explain what caused the observed changes.

The negative stain model of Mec1-Ddc2 clearly exhibits the two-fold symmetry

(Figure 4.4a) and by fitting of the mTOR structure into the Mec1-Ddc2 nega-

tive stain electron density both active site were localised to face inwards. Since

Mec1 exhibit a basal kinase activity, it is not clear whether cryo-fixation cap-

tured a partially activated state resulting in a conformational change within one

monomer or whether it indicates the intrinsic flexibility of the HEAT repeats that

destabilises the kinase or finally whether the limited number of particles used in

generating the final model compromises the quality of the reconstruction.
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Regardless of the orientation of the active site, mTORC1 and Mec1-Ddc2

dimers represent a fully functional state that is readily activated. In vitro kinase

assays (Figure 4.1a) show oligomeric Mec1-Ddc2 is stimulated in the presence of

Dpb11 indicating the dimeric architecture neither affects the kinase activity nor

forms structural impediments for substrate recruitment.

7.5 Mec1-Ddc2 Dimer Is Preserved upon Dpb11 Bind-

ing

Our Mec1-Ddc2 reconstruction revealed many structural similarities to the cryo-

EM models of Tel1. Since ATM is kept in a dimeric form when inactive and

dissociates into monomers only when activated in response to DSBs, we expected

that Mec1-Ddc2 would behave in the same manner. We investigated the effect

of Dpb11 binding on the Mec1-Ddc2 oligomeric state under low salt (150-200

mM KCl) conditions. Interestingly, we found out the interaction between the

checkpoint complex and the activator does not disrupt the dimer.

When compared with the apo Mec1-Ddc2 gel filtration profile, the profile of

the Dpb11-bound Mec1-Ddc2 shows a shift towards a lower retention time for

the peak that corresponds to a dimeric species (Figure 5.2a). However, we also

observed equal shifts for the other peaks separated over the Superose 6 PC 3.2/300

column, which makes these results equivocal. Given the disordered regions of the

C-terminal tail comprise a significant fraction of Dpb11, the activator is likely to

elute at a higher apparent molecular weight. However, due to the lack of the gel

filtration profile of Dpb11 we could not conclude on the behaviour of the putative

activator-bound Mec1-Ddc2 complex on the Superose 6 PC 3.2/300 column nor

determine its molecular mass.

A better approach to measure the size and the shape of the formed complex
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would be to subject the Dpb11-bound checkpoint complex to analytical centrifu-

gation and to calculate its size based on the sedimentation coefficient. There

are two types of hydrodynamic analysis that subject a sample to high accelera-

tion spinning: sedimentation velocity and sedimentation equilibrium (Lebowitz,

Lewis and Schuck 2002). In the sedimentation velocity experiment different

species present in the sample will fractionate into separate layers due to the dif-

ference in the acceleration force, which results from different masses and shapes

of these species. In general, a heterogeneous sample is segregated into multiple

layers while a homogeneous sample will generate a single sharp layer. In the

sedimentation equilibrium experiment, the species are separated based on their

mass only as they are centrifuged while travelling through a density gradient

(provided by media such as sucrose or glycerol) until they reach a density equal

to a density of the used media. These two methods, which are based on ultracen-

trifugation, not only allow to assess the homogeneity of the subjected sample (by

fractionating different species) but also to determine the molecular mass as well

as the oligomerization state under non-denaturing conditions. The sedimentation

velocity also provides the information about the overall shape (globular versus

extended) of the segregated components.

FL Dpb11 WT and the minimal activating fragment Dpb11564−764 were fused

to the GST tag in order to facilitate the expression and purification of the ac-

tivator. However, one has to be aware of a possible problems associated with

the GST-fused construct. Not only the GST-tagged proteins often form higher

oligomeric forms due to dimerization via GST-GST moieties but also the GST

tag itself may cause steric hindrance and obstruct the binding site. Our results

from the gel filtration of the Dpb11-bound Mec1-Ddc2 (Figure 5.2) as well as the

results from the pull-down assays (Figure 5.10) indicate on much weaker binding

when compared with the results from the kinase assay (Figure 5.1). Since we
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have not repeated the former experiments using non-tagged forms of Dpb11, we

cannot exclude that the GST tag might interfere with the binding of Dpb11 to

Mec1-Ddc2. An alternative approach to test for these interactions would be to

subject the non-tagged Dpb11 complexed with Mec1-Ddc2 to cross-linking mass

spectrometery (XL-MS). In principle, transient protein interactions are stabilised

by formation of covalent bonds between the residues that are within the range of

the cross-linker (Holding 2015, Leitner, Faini, Stengel and Aebersold 2016). Such

a modified protein is then subjected to protease treatment such as trypsin diges-

tion followed by mass spectrometry analysis and identification of the cross-linked

fragments. Using this method, one can determine interacting regions between the

binding partners (inter) as well as between protein subunits (intra). Therefore,

XL-MS is a powerful tool used to characterise protein-protein interactions and

while combined with standard structural biology tools such as X-ray crystallog-

raphy, EM and NMR, provides valuable information about the structure-function

relationship.

Negative stain EM also reveals the shape of a studied molecule. Since we could

only speculate on the nature of the interactions between Dpb11 and Mec1-Ddc2

based on our gel filtration results, we purified the activator-bound Mec1-Ddc2

and studied the architecture of the complexes with EM.

Having shown that Mec1-Ddc2 binds FL Dpb11 as well as the minimal ac-

tivating fragment Dpb11564−764 (Figure 5.10a and c), we stained eluates from

the pull-down assays in order to reconstruct the 3D model. Micrographs of both

complexes showed predominantly dimers supporting the gel filtration results. Al-

though the Dpb11 density was observed on a particle level, it was not resolved in

the generated 3D reconstructions due to limitations in the current resolution. At

this level, we also were unable to observe any possible structural changes within

the dimer. However, the 2D classification revealed the Dpb11 density was lo-
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calised in the same position as the N-terminal Ddc2, which is consistent with our

pull-down results showing that the recruitment of the activator to the checkpoint

kinase is mediated via binding to the Ddc21−149 fragment (Figure 5.10b and d).

The 2D EM analysis confirms our suggestions discussed in section 7.3 that Ddc2

serves as a platform for Dpb11 and positions the activator in close proximity to

promote the activation of the kinase domains.

The dimeric architecture of the ready-to-be-stimulated Mec1-Ddc2 complex

is in agreement with the structure of human DNA-PKcs, which mediates the

DNA repair of DSBs via NHEJ pathways (Mills et al. 2003). The negative stain

EM structure of DNA-PKcs in complex with Ku70/Ku80 revealed that at DSBs

Ku70/Ku80 is loaded onto broken DNA ends to recruit the PIKK in its dimeric

form (Spagnolo, Rivera-Calzada, Pearl and Llorca 2006). Similarly to Mec1-

Ddc2, DNA-PKcs oligomerizes via its N-terminal HEAT repeats to position the

kinase domains to face outwards. Ku70/Ku80, which is analogous in function

to Dpb11, is then suggested to form multiple interactions with the solenoids

and the head region resulting in structural changes within the FAT and FATC

domains. Such arrangements bring the DNA ends together and allow for the

binding of other proteins involved in DNA repair pathways. Given the multi-

functional nature of Dpb11 in mediating the checkpoint signalling in response

to DNA damage as well as blocking DNA replication, the efficient recruitment

of downstream factors is also a plausible explanation for the requirement of a

Mec1-Ddc2 dimer. Whether Dpb11 binding or subsequent activation elicits any

conformational changes within the structure of the Mec1-Ddc2 complex is yet to

be determined.



CHAPTER 7. DISCUSSION 213

7.6 Mec1 Kinase Activity Is Regulated via Multiple In-

teractions with Dpb11

According to our results from pull-down assays and fluorescence polarization ex-

periments (Figure 5.10b and Figure 5.11), Dpb11 is recruited to the checkpoint

complex through association with the N-terminal Ddc2. Yet different binding

trends between the FL and truncated forms of the proteins indicate further in-

teractions are required between the activator and Mec1 to stabilise the newly

formed complexes.

FL Dpb11 binds to Ddc21−149 and Mec11−1211-Ddc2 with the same affinity

even though the interaction is compromised when compared to FL Mec1-Ddc2.

Since the truncated forms of Mec1 miss the kinase domain, the weaker affinity

indicates Dpb11 also forms contacts with the C-terminal region of Mec1 and

thus can regulate its catalytic activity. Our observations are in agreement with

reported findings regarding the PIKK regulatory domain (PRD) located between

the kinase and FATC regions in ATR but also in other PIKKs involved in DNA

repair, i.e. ATM and DNA-PKcs (Mordes, Glick, Zhao and Cortez 2008, Sun

et al. 2007). In humans, TopBP1 was shown to bind to the N-terminal ATRIP

as well as the PRD of ATR. Moreover, mutations within the PRD resulted in

impaired checkpoints and compromised cell viability presumably due to a loss of

activation by TopBP1. Despite the PRD in each PIKK having a unique sequence,

Cortez’s laboratory suggested that both TopBP1 and Dpb11 are in the first place

recruited to the PRD as substrates for PIKKs; once phosphorylated by ATR and

Mec1 respectively, they become potent activators of the kinases and operate in a

positive-feedback loop manner (Mordes, Nam and Cortez 2008).

The ability of Mec1/ATR to amplify the transduction signal is stimulated by

aromatic amino acid residues located in the unstructured tails of Dpb11/TopBP1
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(Mordes, Nam and Cortez 2008, Navadgi-Patil and Burgers 2011). These

regions, known as the Mec1/ATR activation domains, are recruited to the check-

point complexes via interactions with Ddc2/ATRIP (Mordes, Glick, Zhao and

Cortez 2008, Mordes, Nam and Cortez 2008). Interestingly, we showed that the

activation-defective mutant Dpb11 WY-AA retains the partial ability to bind to

FL Mec1-Ddc2 and its truncated forms (Figure 5.11). Since the mutant forms

contacts with the same affinity regardless of the presence of the kinase domain, it

indicates that the interactions mediated by W700 and Y735 residues are centred

on the kinase domain. The residual binding then occurs via N-terminal Ddc2 and

most likely is maintained due to interactions via residues located N-terminally

of the key aromatics. Point mutations to alanine abolish the ability of Dpb11 to

stimulate Mec1 by disrupting specific interactions between the critical residues

and the kinase domain. However they do not the affect chemical properties of the

residues involved in binding to the Ddc2 N-terminus, therefore allowing for con-

tacts, although much weaker, between the activator and the checkpoint complex.

Our interpretation is supported by a point mutation of the equivalent residue,

W1138R, in XtopBP1 which also retains the ability to bind to Xatr-Xatrip despite

the loss of its function (Kumagai et al. 2006).

Finally we also noticed that the binding between the truncated Dpb11564−764

WT and Mec1-Ddc2 is approximately 4.5 times weaker than binding of FL Dpb11

WT despite both forms of the activator having been shown to equally stimulate

Mec1 kinase activity (Navadgi-Patil et al. 2011). Similar differences in affinities

were also observed for another Mec1 activator, Dna2, which was shown to acti-

vate the kinase via a two-step sequential mechanism (Wanrooij, Tannous, Kumar,

Navadgi-Patil and Burgers 2016). The aromatic residues, W128 and Y130, are

required to prime the interaction with the Mec1 kinase domain but the binding

affinity is low. Subsequently, as neighbouring residues bind to Mec1, they stabilise
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the activator-bound complex increasing the overall affinity. This would explain

why FL Dpb11 binds stronger to Mec1-Ddc2 when compared to the minimal

activation fragment. As Dpb11564−764 WT is missing the N-terminal residues

involved in strengthening the interactions with Mec1-Ddc2, it can only bind

with low affinity via the critical C-terminal residues. The requirement for these

residues is consistent with the requirement for the N-terminal TopBP1, which

allows for an efficient recruitment to RPA-coated ssDNA via ATRIP-mediated

interactions (Choi, Lindsey-Boltz, Kemp, Mason, Wold and Sancar 2010). More-

over, the affinity of Dpb11564−764 WT binding is comparable with the affinity of

FL Dpb11 WY-AA, which despite having the N-terminal residues able to form

contacts with Ddc2, is unable to fully stimulate the Mec1 kinase activity.

Based on our results and the available published data, we propose that Dpb11

modulates Mec1 activity via multiple interactions. Initially Dpb11 binds to Ddc2

via the C-terminal unstructured region allowing the key aromatic residues, W700

and Y735 to form contacts with the kinase domain. Upon Mec1-driven phospho-

rylation on T731 (Mordes, Nam and Cortez 2008), Dpb11 becomes a potent

activator that is able to enhance kinase stimulation due to the subsequent binding

of its N-terminal residues to Ddc2. As these interactions stabilise the activator-

bound Mec1-Ddc2 complex, the overall binding affinity is also increased allowing

for efficient recruitment and activation of the downstream targets.

7.7 Conformational Changes within the Dimer Might Trig-

ger Mec1 Activation

The activity of protein kinases can be modulated via numerous different mech-

anisms including post-translational modifications, interactions with activators,

regulation of substrate access and the binding of inhibitors. By inducing subtle
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allosteric changes as well as large structural rearrangements, these mechanisms

alter the behaviour of the active site and hence the mode of action of the kinase.

Despite a conserved domain organisation, the PIKKs regulate a plethora of cel-

lular events evoked by a stress-induced response. It has thus been suggested that

the catalytic activity of the PIKKs is tightly controlled via distinctive mechanisms

to permit a tailored response to the nature of a specific insult (Liu et al. 2011).

The work presented in this thesis provides the initial structural insights into

the activation mechanism of Mec1 but the exact molecular details remain ob-

scure due to a lack of high-resolution structures. The Dpb11-bound Mec1-Ddc2

complex showed that the dimerization is preserved upon binding of the activator

(Figure 6.2 and Figure 6.3). However FL Dpb11 is localised in the same position

as the Dpb11564−764 and since the N-terminal residues of Dpb11 are required to

stabilise the interactions, it is possible we captured a low affinity binding mode

and thereby a not fully activated Mec1. Therefore it is not entirely clear whether

the activation proceeds via dissociation of the dimer into active monomers or

allosteric conformational changes induced by Dpb11.

Since Mec1 is a homologue of Tel1, it was initially suggested it might undergo a

dimer-to-monomer transition driven by autophosphorylation or activator binding

as shown for ATM (Bakkenist and Kastan 2003, Lee and Paull 2005). How-

ever, Mec1 does not contain a conserved residue that would correspond to S1981

in ATM or T1989 in ATR and would lead to dimer dissociation. In addition,

ATM was recently shown to remain in its dimeric state upon direct activation

by oxidative stress (Guo et al. 2010) suggesting that the mechanism of activation

depends on the type of DNA lesion and therefore the disruption of the oligomer

is not absolutely required for the stimulation of the kinase domain. Therefore

interactions between Dpb11 and the Ddc2 N-terminus are unlikely to destabilise

the dimerizing interface in order to promote the transition. On the contrary, our
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fluorescence polarization results indicate efficient activation is achieved only at

high affinity complexes, which require binding of the FL activator to stabilise the

interactions. In this perspective, Mec1-Ddc2 is more likely to undergo structural

changes while being tethered in its dimeric form.

Our suggested activation mechanism shows many similarities to the mTOR

mode of action derived from the 5.9 Å cryo-EM structure of mTORC1 (Aylett

et al. 2016). Despite different regions mediating the oligomerization interfaces,

the kinase domains of Mec1 and mTOR are held together in a conserved posi-

tion pointing outwards. Hence, it implies that the active site is accessible for

substrates and can be readily activated without the prerequisite for dimer disso-

ciation. In fact, the mTOR activity is shown to be regulated by gated substrate

recruitment (Yang et al. 2013). The active site is located between the FRB and

LBE domains, which form a V-shaped cleft directing the activation and catalytic

loops into a recessive position. Although the mechanism of regulation of the

kinase activity is well understood for mTOR, there is no evidence that other

PIKKs are regulated in the same manner. Since Mec1 does not contain FRB

nor LBE insertions, the active site might be controlled via a mechanism different

from controlled substrate access. The resolution of our cryo-EM Mec1-Ddc2 re-

construction limits the structural insights to the position of the active site, which

resides in a cradle-like cleft. Interestingly, the Mec1-Ddc2 model shows a pseudo

two-fold symmetry as one monomer indicates a less compact conformation ex-

posing the active site. In contrast, the active site of the adjacent monomer is

facing the dimerizing interface, which may partially hinder the substrate access.

The apparent breakage of the symmetry might result from the intrinsic flexibility

of the HEAT repeats as well as Ddc2 phosphorylation due to basel Mec1 kinase

activity. The latter case would imply that post-translational modifications might

regulate the kinase activity by inducing allosteric changes - thus putting forward
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another possible mechanism of kinase activation by Dpb11.

As discussed in previous sections, the Ddc2 HEAT repeats recruit the activa-

tor to the checkpoint complex and position it in proximity to the kinase domain

so that it facilitates Mec1 activation. The two hydrophobic aromatics, W700 and

Y735 reside in an unstructured tail that in principle could reach the active site

localised at the bottom of the cleft. Binding of Dpb11 could then induce a long

range allosteric interaction that would facilitate further stimulation of the kinase.

Moreover Dpb11 could also regulate the Mec1 catalytic activity indirectly while

it associates with the HEAT repeats and PRD. For instance, the solenoid struc-

tures formed by HEAT repeats in DNA-PKcs and PP2A phosphatase regulate

substrate catalysis by destabilising their kinase domains through the twisting

and rotation of their α-helical motifs (Sibanda et al. 2010, Grinthal et al. 2010).

This intrinsic flexibility of the HEAT repeats would explain numerous, although

apparently different, DNA-PKcs reconstructions as well as the broken two-fold

symmetry in our Mec1-Ddc2 reconstruction. The tight regulation of the activity

of the enzyme can also be ensured by PRD. It is suggested that by mediating

the recruitment of the substrates as well as post-translational modifications, the

PRD provides a unique regulatory mechanism specific for each PIKK enabling

a bespoke response to different stimuli (Lovejoy and Cortez 2009, Nam and

Cortez 2011).

Based on the multiple interactions formed between Dpb11 and the Mec1-Ddc2

complex as well as the fact that oligomerization does not affect the activation of

kinase, we propose a model, where Mec1 is stimulated through conformational

changes within the kinase domain while remaining in the dimeric state. These

structural rearrangements would allow controlled association and dissociation of

downstream targets and hence regulate the kinase activity. However, given the

ability of the HEAT repeats to mediate protein-protein interactions by adapt-
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ing the orientation of the helices as well as putative allosteric changes due to

post-translational modifications of the PRD, Mec1 activation may occur through

a more complicated mechanism than merely a simple rotation of the kinase do-

mains.

Different activation mechanisms of ATM (Bakkenist and Kastan 2003, Lee

and Paull 2005, Guo et al. 2010) indicate the dimer dissociation is not essential

for the activation itself but rather tailors the kinase activity in order to evoke a

cellular response that is specific to the type of the genotoxic stress. For instance,

in humans, DSBs are repaired through two distinctive mechanisms; HR path-

ways, which are mediated by monomeric ATM; and NHEJ, which is driven by

dimeric DNA-PKcs (Bakkenist and Kastan 2003, Lee and Paull 2005, Spagnolo

et al. 2006). Preservation of active dimers provides significant kinetic advantages:

a repositioning of the active site while maintained in an oligomeric state not only

allows efficient recruitment of substrates and hence, regulation of the catalytic

activity but also a rapid recycling between the on/off states. Since NHEJ pro-

vides a faster repair than HR (Mao, Bozzella, Seluanov and Gorbunova 2008),

dimeric conformation of DNA-PKcs ensures a prompt response. Although bud-

ding yeast does not have an orthologue of DNA-PKcs, upstream regulators of

NHEJ such as Rad9 (h53BP1) are known Mec1 targets (Chapman, Taylor and

Boulton 2012). Our proposed model for Mec1 activation is then consistent with

the DNA-PKcs mechanism, where kinase stimulation is achieved through struc-

tural changes induced by the Ku70/Ku80 activators. Given multiple roles of

Mec1 in initiating checkpoints induced by DNA damage and replication blocks

as well as in stabilising the stalled replication forks, it is conceivable that the ac-

tive dimers are essential in permitting efficient coordination of this complicated

network of signalling pathways.
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7.8 Conclusions

Our cryo-EM model of Mec1-Ddc2 provides first structural insights into the over-

all architecture of the checkpoint complex in its pre-activated state. Mec1-Ddc2

exists as a functional dimer, which associates through equivalent N-terminal

HEAT repeats of adjacent Mec1 monomers. The conserved coiled-coil motif lo-

cated in the N-terminus of Ddc2 also contributes to the oligomerization interface.

Consistent with other PIKKs, our 3D reconstruction comprises the head and arm

regions. The Mec1 kinase and FATC domains, which occupy the cradle-shaped

head, are wrapped by the FAT domain. Protruding from the highly conserved C-

terminal region are α-helical HEAT repeats that accommodate the arm density.

Ddc2, predicted to also consist of the HEAT repeats, appears as an extension of

the Mec1 solenoid.

Apart from the dimerizing regions, the Mec1-Ddc2 structure is supported by

intramolecular contacts between the curving HEAT repeats and the FAT domain.

These interactions also result in stabilising the kinase domains that are located

in close proximity to the solenoids. The pseudo two-fold symmetry of our model

reveals a certain degree of intrinsic flexibility, which affects the position of the

active sites. Given the resolution of the reconstruction we were unable to de-

termine whether these structural changes are caused by putative Mec1-driven

phosphorylation of Ddc2 or rearrangements within the HEAT repeats. The less

compact monomer has its catalytic cleft fully exposed while the active site in

the adjacent monomer is kept in a more recessive position. The Burgers’ lab-

oratory showed the dimeric Mec1-Ddc2 is activated by Dpb11, which indicates

the oligomeric architecture does not impede substrate access to the active sites.

These results contributed to a recent publication on the dimeric architecture as

a common structural feature of the PIKKs.

We also showed Ddc2 does not only help tether the dimeric conformation but
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also recruits Dpb11, possibly, via a sequential two-step mechanism. Positioned

nearby the active site, Dpb11 is able to activate Mec1 through interactions be-

tween its key hydrophobic aromatics and the kinase domain. The stimulated

kinase phosphorylates Dpb11, which subsequently stabilises the activator-bound

complex via further binding of the N-terminal residues to Ddc2. High-affinity

contacts allow for amplification of the transduced signal in a positive-feedback

loop manner.

Supported by negative stain EM data of the Dpb11-bound Mec1-Ddc2 com-

plex, we propose a framework for Dpb11-mediated activation of Mec1. The 2D

class averages revealed that the dimeric architecture is preserved upon activa-

tor binding. The ability to maintain this oligomeric state is most likely due to

conformational rigidity resulting from numerous intra-domain contacts. We sug-

gest that Mec1 activation is triggered through small allosteric changes within

the kinase domain, those activity is regulated via controlled substrate access and

modification of the PRD. However, technical limitations of negative stain EM

impede more detailed insights and a deeper understanding of these mechanisms.

7.9 Future Directions

Our results presented in this thesis offer the basic understanding of the mode

of action of dimeric Mec1-Ddc2 and provide the initial mechanistic inputs on

Mec1 kinase activation by Dpb11. However many questions remain unanswered

and further studies focused on checkpoint complex recruitment, activation and

regulation are necessary in order to provide a complete picture of how Mec1

mediates the DNA damage response.

Recent advances in cryo-EM have enabled the determination of protein struc-

tures at atomic resolution - providing a powerful tool to elucidate molecular

mechanisms. However, the sample quality of Mec1-Ddc2 still remains a bot-
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tleneck in obtaining high-resolution reconstructions. Mec1-Ddc2 was shown to

possess certain degree of flexibility, which imposes the requirement for a data

set large enough to allow separation of different states without compromising

the resolution of a final reconstruction due to limited input. Here we presented

the initial low-resolution model, which ought to be improved by increasing the

number of particles. Only with a model resolved to less than 4 Å we will be able

to unambiguously answer questions regarding processes occurring at a molecular

level. We suggested that Dpb11 triggers the kinase activation through apparent

allosteric changes, even though the 2D classification analysis is not sufficient to

confirm our hypothesis. Similarly to the apo kinase structure, a high-resolution

model would warrant detailed insights into the activation mechanisms.

Due to their large molecular masses, Mec1-Ddc2 and other PIKKs are dif-

ficult to produce from endogenous sources at sufficient yields. Co-expression of

mTOR with its substrate, mLST8, significantly enhances the expression levels

and solubility of the overexpressed kinase (Yang et al. 2013). It is likely that

the formation of complexes between Mec1-Ddc2 and its substrates such as Rad53

would also improve expression yields and stabilise the interactions centred on the

active site. Moreover, a structure of the substrate-bound as well as the inhibitor-

bound complex would offer structural insights into the regulatory mechanism of

the kinase activity.

Finally we should bear in mind that results reported here as well as in numer-

ous publications represent in vitro studies of interactions formed solely between

the proteins of interest. Given the complexity of the signalling network as well as

a need for a tight regulation ensuring proper functionality, it is important to study

reconstituted complexes that apart from Mec1-Ddc2 also include RPA-coated ss-

DNA (or ssDNA/dsDNA junctions) as well as activators. Based on different

ATM oligomerization states which depend on the source of the stress, studies on
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Mec1-Ddc2 behaviour in perturbed cells would offer invaluable information of the

physiological context.

Owing to the homology between Mec1 and ATR, elucidating on how Mec1

coordinates the DNA damage response pathways is indispensable to understand-

ing the basis of human diseases caused by defects in DNA damage checkpoint

signalling. Therefore, we envision the knowledge gained from such structural

studies will be extremely useful in the design and development of novel therapies

which target this important pathway.
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Appendix

Figure 1: The preliminary results of the 3D reconstruction of the negative stain-
EM Mec1-Ddc2 dimer. (a) A gallery of selected eigenimages (EI), 2D class av-
erages (CA) and their corresponding reprojections (RP). (b) The distribution of
the Euler angles of the particles used in the 3D reconstruction. (c) The overview
of the initial 3D model, which was used later as the starting reference model for
the processing of the dimeric data set.
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Figure 2: The preliminary results of the 3D reconstruction of the negative stain-
EM Mec1-Ddc2 monomer. (a) A gallery of selected eigenimages (EI), 2D class
averages (CA) and their corresponding reprojections (RP). (b) The distribution of
the Euler angles of the particles used in the 3D reconstruction. (c) The overview
of the initial 3D model, which was used later as the starting reference model for
the processing of the monomeric data set.
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