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Abstract

DNA replication is a highly precise process which usually functions in a perfect rhythm with 

cell cycle progression. However, cells are constantly faced with various kinds of obstacles such 

as blocks in DNA replication, lack of availability of precursors and improper chromosome 

alignment. When these problems are not addressed, they may lead to chromosome instability 

and the accumulation of mutations, and even cell death. Therefore, the cell has developed response 

mechanisms to keep most of these situations under control. Of the many factors that participate 

in this DNA damage response, members of the family of phosphatidylinositol 3-kinase-related 

protein kinases (PIKKs), orchestrate the response landscape. Our understanding of two members 

of the PIKK family, human ATR (yeast Mec1) and ATM (yeast Tel1), and their associated 

partner proteins, has shown substantial progress through recent biochemical and structural studies. 

Emerging structural information of these unique kinases show common features that reveal the 

mechanism of kinase activity.
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PIKKs (Phosphatidylinositol 3-kinase-related protein kinases) make up a small family of 

atypical protein kinases that respond to various kinds of stress and are conserved in all 

eukaryotic cells (Lempiainen and Halazonetis 2009). In yeast, four members of the PIKK 

family have been identified. Mec1, Tel1, Tor1 and Tor2 (which result from the yeast genome 

duplication event), and Tra1. Mammals have the Mec1 ortholog ATR, the Tel1 ortholog 

ATM, the Tor1/2 ortholog mTOR, and the Tra1 ortholog TTRAP. They have two additional 

members, SMG-1 and DNA-PKcs, which are not found in yeast. While mTOR and Tor1/2 

are considered as central regulators of cell growth (Beck and Hall 1999; Yang et al. 2013), 

and SMG-1 and TTRAP (Tra1) function in nonsense-mediated mRNA decay (Yamashita et 

al. 2009) and in histone acetylation (Grant et al. 1998), respectively, ATR (Mec1), ATM 

(Tel1) and DNA-PKcs are required for proper DNA damage response (DDR) and cell 

cycle checkpoint function. Yeast lacks a DNA-PKcs, which functions in double-stranded 
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DNA break (DSB) repair by nonhomologous end-joining (NHEJ). This review will focus 

primarily on the checkpoint kinases Tel1ATM and Mec1ATR, their mode of action and their 

mechanism of activation, as revealed by recent cryoEM studies. Recent reviews delineate 

the pathways in which these proteins function in cell cycle checkpoints and DNA repair in 

eukaryotic cells (Paull 2015; Blackford and Jackson 2017; Saldivar et al. 2017; Williams and 

Zhang 2020). Other recent reviews focus on structural aspects of PIKKs (Baretic et al. 2019; 

Wu Q et al. 2019; Williams et al. 2020).

Mec1 and Tel1 show the typical architecture of PIKKs in general. The kinase domain 

constitutes only a minor region in these extremely large proteins, ~250–450 kDa in size 

(Figure 1). Besides the kinase domain, they share a highly conserved C-terminal regulatory 

domain, called FATC (FRAP, ATM, TTRAP C-terminus) and an N-proximal regulatory 

domains called FAT. The remainder of the protein consists mostly of α-helical regions, 

which have been called HEAT repeats (Huntington, Elongation factor 3, A subunit of 

protein phosphatase 2A, and TOR1). Although the HEAT repeats are very poorly conserved, 

they are essential for the unique architecture of PIKKs and they provide binding sites for 

regulatory proteins (Lovejoy and Cortez 2009; Baretic and Williams 2014).

Protein kinases are generally activated by two distinct mechanisms. Most kinases are 

activated by phosphorylation of a critical residue, generally threonine, in the activation 

loop (Adams 2001). Other kinases, such as cyclin-dependent kinases and most tyrosine 

kinases are activated by an activator protein, which can be achieved by kinase dimerization 

as observed with the epidermal growth factor receptor (Jura et al. 2009). PIKKs fall in the 

second group of protein kinases. They have developed complex activation mechanisms in 

which several enzymes interplay to produce an amplified response commensurate to the 

gravity of the activating signal, e.g. DNA damage.

The multifaceted roles of human ATR and ATM in responding to intrinsic as well as 

extrinsic DNA damaging sources have added a challenging complication to the treatment 

of cancer patients with radiation or chemotherapy. In order to make such treatments more 

effective, tweaking the efficiency of the checkpoint machinery of cancer cells by inhibiting 

ATR or ATM is a desirable goal. This inhibition will make cancer cells more susceptible 

to cell death at low dosages of ionizing radiation or chemotherapeutic drugs (Karnitz and 

Zou 2015; Lecona and Fernandez-Capetillo 2018). As an example, the inhibition of ATR 

has been shown to be particularly effective in tumor cells that are deficient for ATM or 

the homologous recombination pathway (Mei et al. 2019). In addition, combining ATR 

inhibitors with other inhibitors that target the homologous recombination pathway show 

promise in cancer treatment. Several therapeutic inhibitors with varying specificity to ATR 

have been developed and some are undergoing clinical trials (Foote et al. 2018). Recent 

advancements in determining the structure of the yeast ortholog of ATR, Mec1, at 2.8 Å 

resolution (Tannous et al. 2021), may help drive the design of selective inhibitors to another 

level.

In this review, we will focus primarily on the roles of the yeast cell cycle checkpoint 

PIKKs, Mec1 and Te11. Specific emphasis will be given to recent biochemical and structural 
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advances in this field. We will describe the kinase activation mechanism of each and discuss 

their relevance in understanding the mechanism of their mammalian orthologs.

Overview of Mec1/ATR function in cell cycle checkpoints

In the yeast S. cerevisiae, Mec1 is the master checkpoint kinase, which monitors the 

accurate progression of the cell cycle (Figure 2). Together with its integral partner Ddc2, 

Mec1 plays an essential role in DNA damage signaling and repair as well as DNA 

replication. Both Mec1 and Ddc2 are essential genes and the loss of their function in yeast 

causes cell death. However, this lethality can be rescued by deleting the ribonucleotide 

reductase inhibitor SML1 (Zhao et al. 1998; Chabes et al. 1999). The upregulation of dNTP 

levels in sml1Δ rescues the growth defect in the absence of Mec1 or Ddc2, but cells remain 

highly sensitive to agents or conditions that cause replication fork stalling or DNA damage. 

The loss of Mec1’s catalytic function yields a similar DNA damage response phenotype as 

deletion of MEC1 or DDC2 (Cortez et al. 2001; Paciotti et al. 2001). Patients with Seckel 

syndrome are hypomorphic for ATR. This developmental disorder is typically characterized 

by dwarfism, mental retardation and defects in DDR (O’Driscoll et al. 2003). Additionally, 

the complete loss of ATR in mouse causes chromosomal fragmentation and early embryonic 

lethality (Brown and Baltimore 2000).

Mec1ATR is recruited to sites where stretches of single stranded DNA (ssDNA), coated with 

replication protein A (RPA) are formed (Zou and Elledge 2003). RPA-coated ssDNA is 

generated either during DNA damage repair, e.g. nucleotide excision repair or double-strand 

break repair, or when replication forks stall at natural or damage-induced DNA blocks, 

or when nucleotide precursors are limited and the coordination between the replication 

DNA helicase and the DNA polymerases is disrupted (Friedel et al. 2009). In addition, 

the presence of a compromised machinery caused by genetic defects can also result in the 

generation of ssDNA, and elicit Mec1ATR recruitment. The interaction between Mec1 and 

RPA is mediated by the Ddc2ATRIP subunit, through an N-terminal domain referred to as the 

RPA-binding domain (Zou and Elledge 2003; Ball et al. 2007; Deshpande I et al. 2017).

Recent progress on the structure of Mec1-Ddc2 and of individual domains has advanced 

our understanding of its architecture, activation mechanism, and the mode of interaction 

with RPA (Sawicka et al. 2016; Deshpande I et al. 2017; Wang X et al. 2017; Tannous et 

al. 2021). These include very recent high-resolution structures of Mec1-Ddc2 in both an 

auto-inhibited and activated state (3.4 and 2.8 Å, respectively). Mec1-Ddc2 exists as a dimer 

of heterodimers with several dimer interfaces formed between Mec1-Mec1, Mec1-Ddc2, and 

Ddc2-Ddc2 making up its core architecture, resembling that of a butterfly (Figure 3). A 

medium resolution cryoEM structure (4.7 Å) of ATR-ATRIP shows a similar envelope as 

the Mec1-Ddc2 core structure (Rao et al. 2018). All available Mec1-Ddc2 structures lack 

density for the N-terminal ~185 amino acids of the Ddc2 subunit, indicating that this region 

assumes conformational flexibility.

Biochemical and genetic studies of the N-terminal region of Ddc2/ATRIP suggest the 

presence of a coiled-coil domain and an RPA-interaction domain (Ball and Cortez 2005; 

Itakura et al. 2005; Kim et al. 2005). The recent crystal structure of the NTD of 
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Kluyveromyces lactis Ddc2 in a complex with the NTD of S. cerevisiae RPA70 (Rfa1 

subunit) confirms and extends these biochemical studies (Deshpande I et al. 2017). The 

structure is extremely elongated, assuming a coiled coil domain, which corresponds to 

residues 73–136 of S. cerevisiae Ddc2 and ~110-~220 of human ATRIP (Ball and Cortez 

2005). Very close to the amino terminus of Ddc2/ATRIP is a characteristic RPA binding 

domain, typified by the presence of a number of consecutive acidic residues (Ball et al. 

2007; Xu et al. 2008). The coiled-coil plus RPA-binding domain region of Ddc2 is separated 

from the body of the Mec1-Ddc2 structure by a variable unstructured linker of about 50–

70 amino acids (in fungi-metazoa). This domain separation endows flexibility to allow 

the kinase domain of Mec1/ATR to reach DNA-bound targets held in proximity by the 

DNA-RPA-Ddc2/ATRIP complex. Hundreds of Mec1/ATR targets have been identified by 

proteomics in yeast and in human cells (Matsuoka et al. 2007; Smolka et al. 2007; Bastos de 

Oliveira et al. 2015; Lanz et al. 2018).

The current structural model, based on the crystal structure of the Ddc2 NTD, suggests 

that the two Ddc2 NTDs interact with two RPA70 NTDs in a crisscross manner (Figure 3). 

Since only a small region of RPA70 was crystallized, it remains to be investigated whether 

the coiled-coil dimer spatially allows placement of two entire heterotrimeric RPAs. In 

addition, the symmetry of the crystal structure imposes a head-to-head arrangement of RPAs 

which may clash with the unidirectionality of the ssDNA to which they bind. Surprisingly, 

truncation of the RPA-binding and coiled-coil domains of Xenopus laevis ATRIP show no 

ATR kinase defects in an egg extract assay (Kim et al. 2005). In one study, overexpression in 

a yeast ddc2Δ mutant of a Ddc2 truncation, in which the entire RPA-binding plus coiled-coil 

domains were deleted, supported efficient growth in the presence of low levels of damage 

(Bandhu et al. 2014). However, in another study, a similar deletion of both domains showed 

sensitivity to DNA damaging agents that activate nucleotide excision repair (Deshpande I 

et al. 2017). In addition, when also the second checkpoint kinase TEL1 was deleted, the 

double tel1Δ ddc2-ΔNTD mutant was extremely sensitive to both DNA damage and to 

hydroxyurea. These genetic studies show the importance of the Ddc2 NTD, particularly 

when the second, partially compensatory damage sensor kinase Tel1 is missing. In human 

cells, the coiled-coil domain of ATRIP is important for localization to DNA damage foci 

(Ball and Cortez 2005). Finally, the unstructured linker region, which may play a role in 

juxtaposing DNA-bound substrates near the kinase domain, has also been implicated in 

checkpoint adaptation. Phosphorylation of key serines in the linker region of Ddc2 mediates 

its degradation and thereby adaptation (Memisoglu et al. 2019). One of the consequences 

of Ddc2 depletion is the dephosphorylation of the Rad53 effector kinase (the functional 

homolog of human CHK1 and CHK2), which turns off the checkpoint (Tsabar et al. 2016).

Activators of Mec1/ATR

Yeast Mec1 maintains a low basal kinase activity, which is crucial for cell growth and 

routine genome maintenance. Mec1 phosphorylates numerous substrates that are important 

for proper DNA replication in the absence of damage (Lanz et al. 2018). As an example, 

Mec1 is one of multiple kinases that primes the Mcm2–7 helicase for phosphorylation by 

Cdc7, thus playing a role in origin firing (Randell et al. 2010). In the event of DNA damage, 

Mec1’s basal kinase activity is strongly stimulated by the recruitment of the Mec1-Ddc2 
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complex to sites of lesion and by the interaction with additional factors referred to as 

Mec1/ATR activators. The formation of a Mec1-Ddc2-ssDNA-RPA complex alone already 

results in about two-fold kinase stimulation (Biswas et al. 2019). This activity is then further 

amplified ~20–50 fold by the presence of direct activators. However, while most studies of 

Mec1/ATR activators have focused on DNA damage-induced activation, it is likely that even 

in the absence of applied damage, Mec1 functions together with one or more of its activators 

to mediate proper cell cycle progression. This can be concluded from the observation that 

yeast cells lacking the backup PIKK Tel1 plus all known Mec1 activators progress very 

poorly through the cell cycle in otherwise undisturbed cells (Kumar and Burgers 2013). 

In addition, such cells accumulate gross chromosomal rearrangements at a high frequency 

(Lanz et al. 2018). Nevertheless, while basal Mec1 shows poor functionality, this low 

activity does suppress the lethality of a MEC1 deletion.

In yeast, the three direct activators of Mec1 are the Ddc1 subunit of the 9–1-1 checkpoint 

clamp, the replisome assembly protein Dpb11 (S. pombe Cut5, human TopBP1), and the 

multi-functional nuclease/helicase Dna2 (Kumar and Burgers 2013). These factors respond 

to various forms of DNA damage that result in the generation of RPA-coated ssDNA, and 

activate Mec1 in a cell cycle-dependent manner. In G1, the 9–1-1 (Ddc1-Mec3-Rad17) 

clamp is the sole activator of Mec1 (Navadgi-Patil and Burgers 2009). It is loaded by 

the Rad24-RFC clamp loader onto 5’-single stranded-double stranded junctions of RPA-

coated ssDNA gaps, which are formed as intermediates during nucleotide excision repair 

of DNA damage, e.g. UV damage (Giannattasio et al. 2004). The Ddc1Rad9 subunit not 

only mediates activation of Mec1, which is localized in its unstructured C-terminal tail, 

but it also interacts in a phosphorylation-dependent manner with the second activator 

Dpb11Cut5/TopBP1, in budding and fission yeast and in mammals (Wang H and Elledge 

2002; Greer et al. 2003; Furuya et al. 2004; Delacroix et al. 2007; Lee J et al. 2007; Puddu 

et al. 2008). Dpb11 and 9–1-1 act together as a Mec1 checkpoint activation complex in the 

S and G2 cell cycle phases (Wang H and Elledge 2002; Navadgi-Patil and Burgers 2009). 

In addition to its checkpoint function, Dpb11 plays an essential role in DNA replication 

initiation (Araki et al. 1995; Tak et al. 2006). Dna2 is a lagging strand maturation factor with 

both nuclease and helicase activity (Budd et al. 1995; Bae et al. 1998). It is also involved 

in double strand break repair and mitochondrial DNA maintenance and, for the present 

discussion, in the S-phase checkpoint (Wanrooij and Burgers 2015; Zheng et al. 2020). Dna2 

is responsible for Mec1 activation in the S-phase, with partial redundancy to the activities 

of 9–1-1 and Dpb11 (Kumar and Burgers 2013). The assignment of these factors to the 

different phases of the cell cycle rests in the structured domains of these proteins and not 

in the unstructured tails. C-terminal truncation of the activation tail of Ddc1Rad9 eliminates 

the G1 DNA damage checkpoint. But this G1 checkpoint can be restored by fusing the 

N-terminal activation tail of Dna2, which does not function as an activator in G1, onto the 

truncated Ddc1 subunit (Kumar and Burgers 2013).

In human cells, two direct activators of ATR have been identified, TopBP1 and ETAA1 

(Makiniemi et al. 2001; Kumagai et al. 2006; Bass et al. 2016; Lee YC et al. 2016). The 

latter activator does not have a yeast homolog. TopBP1’s checkpoint activity is essential 

as a point mutation in the activation domain (W1147R), which falls outside its essential 

replication initiation domain, causes mouse embryonic lethality during the blastocyst stage 
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(Zhou et al. 2013). TopBP1Dpb11/Cut5 is recruited to sites of lesions in a manner similar 

to yeast. The checkpoint clamp 9–1-1 (Rad9-Rad1-Hus1), which is loaded by its loader 

Rad17-RFC onto RPA-coated ssDNA-dsDNA 5’-junctions (Ellison and Stillman 2003), is 

responsible for recruiting TopBP1 in a manner that is regulated by phosphorylation of 

Rad9 (Delacroix et al. 2007). No direct activation of ATR by human 9–1-1 has been 

demonstrated (Delacroix et al. 2007). Apparently, the main checkpoint function of human 

9–1-1 is in localizing TopBP1 to sites of DNA damage. Consistent with this model, the 

artificial localization of the activating domain of TopBP1 to chromatin, e.g. through fusion 

with histone H2B, obviates the need for 9–1-1 in ATR activation, although DNA damage 

is still required for full activation of ATR (Delacroix et al. 2007). Taking this approach one 

step further in yeast, the artificial colocalization of LacI-Ddc1 and LacI-Ddc2-Mec1 to Lac 

repressor arrays causes Mec1 hyperactivation and gratuitous checkpoint activity independent 

of DNA damage (Bonilla et al. 2008).

Whereas TopBP1Dpb11,Cut5 is the common, evolutionary conserved Mec1/ATR activator, 

the second human activator for ATR, ETAA1 has no known ortholog in yeast. ETAA1−/− 

homozygous mice largely die (~75%) during late embryonic development. Those 

homozygous mice that do survive are smaller in size and show defects in the T-cell response, 

but they are otherwise healthy and fertile (Miosge et al. 2017). Consistent with these results, 

ETAA1-deficient human cells are viable. They show hypersensitivity to hydroxyurea and 

mitomycin C, but not to ionizing radiation or cisplatin (Bass et al. 2016; Haahr et al. 2016; 

Lee YC et al. 2016). Moreover, the combination of defects in TopBP1 and ETAA1 shows 

synthetic lethality, suggesting that they have, at least in part, distinct functions.

ETAA1 is recruited to replicating DNA via its binding to RPA-coated ssDNA, which is a 

common intermediate at replication forks. Deletion of the ATR activation domain of ETAA1 

greatly reduces ATR activity in the S-phase in unperturbed cells, providing additional 

evidence that ETAA1 functions during normal DNA replication (Saldivar et al. 2018). This 

property of ETAA1 resembles that of yeast Dna2, which, among its other varied functions, is 

required for normal DNA replication during the maturation of Okazaki fragments (Zheng et 

al. 2020).

Mec1/ATR activator domains contain two aromatic residues, which are essential for 

activating the kinase (Wanrooij et al. 2016; Thada and Cortez 2019). These aromatic 

residues are frequently flanked by several hydrophobic residues. In yeast, the aromatics 

reside in structurally disordered regions that can vary in length up to several hundreds of 

amino acids, in which the key aromatics are separated from just a few to over one hundred 

residues (Kumar and Burgers 2013). While one of the aromatics in the metazoan ATR 

activators is also localized in an unstructured region (Kumagai et al. 2006), the second 

aromatic residue is localized in a coiled-coil domain (Thada and Cortez 2019). Mutation 

of these aromatics eliminate activator activity without disrupting the coiled-coil structure. 

Predicted coiled-coil domains are lacking for the yeast activators. Small peptides, 9–30 

amino acids in length, derived from the yeast Ddc1 or Dna2 unstructured regions are 

sufficient to stimulate the in vitro kinase activity of Mec1, although the apparent binding 

affinities are much lower than those of the intact domains (Wanrooij et al. 2016). Peptides 

in which the key aromatic residues or flanking hydrophobics were replaced by Ala showed 
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no or severely reduced activity. Remarkably, a peptide derived from fission yeast Rad9 also 

stimulated budding yeast Mec1, suggesting the possibility that, unlike human 9–1-1, fission 

yeast 9–1-1 may also activate its Rad3Mec1,ATR checkpoint kinase (Wanrooij et al. 2016). 

The observation that the Mec1 activation function resides in long unstructured regions of 

these activator proteins does not exclude the possibility of additional activities in these 

unstructured regions. For instance, the unstructured C-terminal tail of Ddc1/Rad9 interacts 

with Dpb11/Cut5/TopBP1, and the N-terminal tail of Dna2 binds hairpin DNA structures 

(Park et al. 2020).

Recent mutational studies of Mec1 identified a mutation in the activation loop of Mec1, 

which caused constitutive high activity of the enzyme, obviating the need for activators 

(Tannous et al. 2021). Genetic studies revealed that this constitutive, high kinase activity 

inhibits cell growth and cell cycle progression and causes damage-sensitivity. In contrast, 

when Mec1 activators are missing in a mutant strain lacking also Tel1, which is highly 

deleterious for growth, the constitutive mec1 mutant suppresses the growth defect and 

damage sensitivity, indicating the importance of an optimal Mec1 activity for both normal 

cell growth and DDR. In human, ATR activity is important in insuring the proper completion 

of the S-phase of the cell cycle. It is marked by increased H2AX phosphorylation which 

peaks in the mid S-phase, as it is in yeast (Saldivar et al. 2018; Tannous et al. 2021). 

However, the down regulation of ATR activity is crucial to mark the end of the S-phase and 

for cells to progress into the G2 phase (Saldivar et al. 2018). Notably, a yeast mutant with 

constitutive Mec1 activity shows a continued elevated level of phospho-H2A and a delay in 

the progression of the cell cycle, reaffirming the importance of a well-regulated Mec1/ATR 

kinase activity.

Overview of ATM/Tel1 checkpoint kinase

ATM (Ataxia telangiectasia mutated) regulates the initiation of checkpoint activation in 

response to DNA double strand breaks or to oxidative stress, coordinating it to DNA repair, 

cell cycle progression and overall cellular metabolism (Paull 2015). ATM is an important 

cancer marker and target for cancer therapy (Jette et al. 2020; Lavin and Yeo 2020). AT 

cells not only show cell cycle checkpoint defects in response to agents that induce double-

stranded breaks, but they are also sensitive to oxidative stress and show mitochondrial 

dysfunction (Guleria and Chandna 2016; Choi and Chung 2020). Its yeast ortholog Tel1 is 

a cell cycle checkpoint kinase with overlapping functions to the major checkpoint kinase 

Mec1. Tel1 is non-essential for cell growth, responds mainly to DNA double strand breaks 

and is involved in telomere length regulation (Greenwell et al. 1995; Mallory and Petes 

2000). Surprisingly, given our knowledge of ATM biology, the yeast cell cycle checkpoint 

in response to DSBs is mainly mediated by Mec1 (Grenon et al. 2006), whereas Tel1’s 

function is only invoked in response to a large number of DSBs or “dirty” DSBs, e.g. 

those with a covalently attached protein (Mantiero et al. 2007; Fukunaga et al. 2011). An 

additional function of yeast Tel1 is to promote efficient resection at DSBs and thereby 

promote subsequent checkpoint activation on the resulting ssDNA by Mec1 (Mantiero et al. 

2007) (Figure 4). Furthermore, Tel1 participates in stabilizing replication forks near DSBs 

(Doksani et al. 2009), and Tel1 in part suppresses the checkpoint defects of MEC1 mutants 

when replication forks stall (Clerici et al. 2001). Interestingly, dominant, hyperactive TEL1 
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mutants that show increased suppression of Mec1 defects, also show an over-elongation 

of telomeres, indicating that Tel1 activity positively regulates telomere length (Baldo et al. 

2008).

Recent progress on the structure of Tel1/ATM from different organisms shows that 

Tel1/ATM mainly exists in dimeric form (Sawicka et al. 2016; Wang X et al. 2016; Baretic 

et al. 2017; Xin et al. 2019; Jansma et al. 2020; Yates et al. 2020), with the exception 

of a low resolution structure of a monomeric form of human ATM in a mixed monomeric-

dimeric population (Xiao et al. 2019).

The Tel1/ATM dimer interface consists of multiple layers, similar to the Mec1 dimerization 

interface, with the bottom layer being hydrophobic in nature (Jansma et al. 2020; Yates et 

al. 2020). This interface is weakened in the presence of magnesium and a non-hydrolysable 

ATP analog AMP-PNP, an adjustment expected for rearrangement of the catalytic site and 

for allowing substrate access. However, the change affecting the dimer interface does not 

lead to a full transition of the dimer into a monomer, which is an energetically expensive 

process. ATM has been proposed to undergo a dimer to monomer transition upon activation 

(Bakkenist and Kastan 2003). This transition is achieved by autophosphorylation of ATM 

on Ser-1981, which is also dependent on the acetylation of Lys-3016 by the Tip60 histone 

acetyltransferase (Sun et al. 2005). However, this mechanism does not appear to be strictly 

conserved in mouse ATM (Pellegrini et al. 2006). Furthermore, in Xenopus laevis extracts, 

the dimer to monomer transition of ATM is facilitated by MRN (see below) binding or by 

DNA binding, and is independent of phosphorylation (Dupre et al. 2006). Interestingly, the 

monomeric form of human ATM, overexpressed in a human cell line, was only observed 

when chromosomal DNA was not removed during ATM purification (Xiao et al. 2019). 

Possible dimer to monomer transitions of fungal Tel1 and the role of post-translational 

modifications, remain to be investigated.

ATM/Tel1 activation by MRN/X

The MRN/X complex consists of Mre11 nuclease, Rad50 ATPase and the Nbs1 (Xrs2 

in yeast) auxiliary subunit, and this complex is involved in the processing of DSBs for 

repair by non-homologous end joining or homologous recombination (Oh and Symington 

2018; Paull 2018). The MRN/X complex also activates ATM/Tel1 in response to DSBs. 

Like ATR/Mec1, ATM/Tel1 has a low basal activity and the presence of double-stranded 

DNA and MRN/X stimulates this activity by two orders of magnitude (Lee JH and Paull 

2004; Hailemariam, Kumar, et al. 2019). An interesting property of the system is that 

only MRN/X with Rad50 in the ATP form, and not in the ADP form, is capable of 

stimulating Tel1/ATM kinase activity. In an elegant biochemical study, Lee et al. altered 

the ATP-binding site of ATM such that it could accept N6-(furfuryl)-ATP instead of ATP as 

a phospho-donor (Lee JH et al. 2013). Then, they showed that binding to Rad50 of the non-

hydrolysable ATP analog AMP-PNP, which locks this protein into the ATP form, stimulated 

ATM protein kinase activity with N6-(furfuryl)-ATP. In support of the model, molecular 

dynamics simulations of the yeast Mre11-Rad50 complex and additional mutational studies 

also indicate that only the ATP form of Rad50 is active for Tel1 stimulation (Cassani 

et al. 2019). These studies are also consistent with biochemical and structural studies of 
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Mre11-Rad50 showing that ATP-Rad50 mediates DNA binding whereas its hydrolysis to 

ADP causes dissociation (Hopfner et al. 2000; Mockel et al. 2012). The activation of ATM/

Tel1 is dependent on its interaction with the MRN/X auxiliary subunit Nbs1/Xrs2 (Nakada 

et al. 2003; You et al. 2005).

While the activation mechanisms of mammalian and fungal ATM/Tel1 show many of the 

expected similarities, there are also some significant differences. Optimal stimulation of 

human ATM requires very long dsDNA of about a kilobase in length (Lee JH and Paull 

2005), whereas optimal Tel1 stimulation by MRX is already achieved with ~150 nt of 

dsDNA (Hailemariam, Kumar, et al. 2019). Furthermore, DNA ends are essential for ATM 

stimulation by MRN, but they are dispensable for Tel1 stimulation by MRX (Hailemariam, 

Kumar, et al. 2019). Biophysical studies of yeast MRX show that the complex can load 

onto internal DNA stretches and subsequently migrate towards DNA ends (Myler et al. 

2017). However, while internal DNA can mediate Tel1-MRX activity, nucleosomal DNA 

is completely inactive (Hailemariam, Kumar, et al. 2019). These studies suggest that only 

dsDNA breaks where nucleosomes are cleared to produce naked DNA (Tsukuda et al. 2005), 

provide a suitable platform for active MRX-Tel1, because the existence of ~150 nt long 

regions on the yeast chromosomes, which are devoid of nucleosomes or other DNA binding 

proteins, is unlikely.

In addition to this canonical activation to DSBs, ATM is also activated when cells are 

exposed to oxidative stress (Shackelford et al. 2001). ATM’s in vitro kinase activity is 

stimulated by oxidizing agents such as hydrogen peroxide, in a manner that is independent 

of DNA or the MRN complex, suggesting that MRN is not required for the oxidative 

stress response by ATM (Guo et al. 2010). Interestingly, the oxidized ATM has formed a 

covalently linked dimer through disulfide linkages.

Role of Tel1 in telomere length elongation in yeast

One of the characteristic features of Tel1/ATM activation by MRX/N is that only the 

Rad50-ATP form of this heterotrimeric complex is capable of stimulating kinase activity. 

This property has been exploited by the yeast Rif2 protein to regulate telomere length in 

yeast (Figure 4). Rap1 protein is a conserved essential transcription factor, which binds 

double-stranded telomeric repeat sequences in complex, alternative DNA binding modes 

(Longtine et al. 1989; Wotton and Shore 1997; Li and de Lange 2003; Feldmann et al. 

2015). The Rif1 and Rif2 (Rap1 interacting factor) proteins bind Rap1 and are components 

of the yeast shelterin-like complex (Hardy et al. 1992; Wotton and Shore 1997; Bourns et 

al. 1998). They are involved in telomere protection from nucleolytic degradation (Bonetti et 

al. 2010; Ribeyre and Shore 2012), and in telomere length regulation by controlling access 

of telomerase to telomeres of varying lengths. Specifically, Rif1 and Rif2 inhibit telomerase 

on long telomeres but not, or less so, on short telomeres (Teixeira et al. 2004; Shi et al. 

2013). Yeast rif1Δ and/or rif2Δ mutants have telomeres with longer, but also more variable 

lengths and show associated telomere dysfunction phenotypes (Bonetti et al. 2010; Kaizer et 

al. 2015).

Tannous and Burgers Page 9

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Yeast Rif2’s inhibition of MRX is intimately connected to the mechanism of Tel1 kinase 

activation. MRX(N)-stimulated Tel1/ATM activity is essential for recruitment and activity 

of telomerase at telomeres (Tsukamoto et al. 2001; Wu Y et al. 2007; Martina et al. 2012). 

Biochemical studies have shown that Rif2 protein stimulates the ATPase activity of Rad50 

(Cassani et al. 2016; Hailemariam, De Bona, et al. 2019). Interestingly, a single point 

mutation in the unstructured N-terminal tail of Rif2 (F8A), fails to stimulate the Rad50 

ATPase and rif2-F8A is a phenotypic null mutant for telomere length regulation (Kaizer 

et al. 2015; Hailemariam, De Bona, et al. 2019). These studies have suggested a model 

in which Rif2 discharges the ATP state of Rad50, making MRX inactive for Tel1 kinase 

stimulation and in addition causing dissociation of MRX together with its associated Tel1 

(Hopfner et al. 2000; Hirano et al. 2009; Deshpande RA et al. 2014; Cassani et al. 2019). 

Long telomeres have a higher local concentration of Rif2 and show more severe inhibition 

of MRX-Tel1 than short telomeres. The important result of such a sliding scale inhibition of 

telomerase is that telomeres have a more uniform length distribution.

A common mechanism for PIKK activation through movement of the PRD-I 

- a signature motif for kinase activation

While the key interactions between Mec1/ATR and its activators have been mapped to the 

critical aromatic residues in the unstructured region of the activators, the interaction sites 

on Mec1/ATR remain to be determined. From a structural aspect, the interaction between 

Mec1/ATR and its activators may be transient, making it challenging to isolate a stable 

complex for structural studies. In one structural study of a PIKK, the activated complex 

between mTORC1 and its activator RHEB could only be stabilized for cryoEM analysis 

by crosslinking (Yang et al. 2017). Fortunately, insights in the structure of the activated 

state of Mec1-Ddc2 could be obtained by the study of a Mec1 mutant with constitutive 

activity (Tannous et al. 2021). A single mutation (F2244L) in the activation loop of Mec1 

yields a kinase in the “ON” state, without substantial further stimulation by any of the three 

activators. The 2.8 Å resolution cryoEM structure of this mutant kinase, compared with the 

3.8 Å structure of the wild-type enzyme, both in a complex with a non-hydrolysable ATP 

analog, has yielded valuable information regarding the conformational changes in the kinase 

domain that turn on the enzyme (Figure 3) (Tannous et al. 2021).

Activation of mTORC1 by RHEB introduces a series of conformational changes that bring 

the N-terminals of N-HEAT, M-HEAT, and FAT closer together in addition to minor 

movements in the kinase domain (Yang et al. 2017). In contrast, activating Mec1 by the 

F2244L mutation only results in conformational changes in the kinase and FAT domains. 

Additional conformational changes upon binding of an activator protein (Ddc1, Dpb11, 

or Dna2) to Mec1-Ddc2 cannot be discounted, and remain to be investigated. The most 

dramatic conformational changes in Mec1 were those of the PRD-I (PIKK Regulatory 

Domain - Insertion) loop, which links two conserved α-helices in the PRD (Figure 3). 

In Tel1, the PRD-I plays a role in maintaining low basal activity by blocking substrate 

binding (Jansma et al. 2020; Yates et al. 2020). Unfortunately, the PRD-I was not resolved 

in cryoEM structures of mTOR (Yang et al. 2017). Access to the active site of Mec1 and 

Tel1, and likely also in other PIKKs, appears to be blocked by the PRD-I loop. Upon 
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activation, the movement of the PRD-I allows the reconfiguration of the active site to 

coordinate ATP in an active state and allow access of protein substrates. Interestingly, the 

substantial rearrangement of the kinase domain and the C-FAT rotation makes the existence 

of a mixed dimer (active:inhibited) unlikely, because it would result in serious steric clashes. 

This suggests that both Mec1-Ddc2 half sites undergo these conformational transitions, or 

that the dimer dissociates upon activation of one half site.

Previous to the structural studies, the PRD was described for human ATR after a single 

mutation in the C-terminal end of the kinase domain, K2589. The mutant yielded a kinase 

that failed to respond to TopBP1 stimulation but maintained its basal kinase activity (Mordes 

et al. 2008). The analogous lysine K3016 in the ATM PRD region plays an important role in 

ATM activation upon acetylation (Sun et al. 2005). A recent report shows that the common 

human cancer-associated mutation R3008H in the PRD region, when modeled in mouse 

ATM (R3016) fails to show ATM activation in response to oxidative stress or DNA damage 

(Milanovic et al. 2020).

The PRD-I, which links the two conserved α-helices, collectively referred to as PRD, 

varies in size between different members of PIKKs and can range from 9–27 residues in 

Mec1/ATR to 43–50 residues in Tel1/ATM, and to ~70–75 residues in DNA-PKcs and 

mTOR. Possibly, its divergence in size and sequence may reflect their unique responses to 

their activating partners in response to various cellular events. Additional high resolution 

structural data will further elucidate the role of these signature motifs in regulating the 

kinase activity of PIKK family.
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Figure 1. 
Domain architectures of yeast Mec1-Ddc2 and Tel1. Ddc2 is an integral partner of the 

Mec1-Ddc2 complex. Similar colors indicate analogous regions between Mec1 and Tel1. 

Part of the C-lobe region of the kinase domains is expanded to highlight critical regions that 

play a role in the activation mechanism (discussed in text). The PRD-I (PIKK Regulatory 

Domain - Insertion) (dark green) varies in size between PIKK members; it plays an 

important role in auto-inhibiting and/or restricting substrate access to the kinase active site. 

Residue numbers of S. cerevisiae Mec1-Ddc2 and Tel1 are shown.
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Figure 2. 
Overview of Mec1-initiated cell cycle checkpoints. Indicated are Mec1 activity (1) during 

G1 at RPA-coated ssDNA formed as a result of nucleotide excision repair (NER); (2) during 

S at an unperturbed DNA replication fork or (3) at a stalled fork due to nucleotide depletion 

or DNA damage; (4) during G2 in response to DNA damage. Mec1-Ddc2 binds RPA-ssDNA 

and localizes together with Mec1 cell cycle specific activators at the sites of lesions. The 9–

1-1 checkpoint clamp is loaded by the Rad24-RFC2–5 clamp loader (human Rad17-RFC2–

5) onto gapped DNA, and stimulates Mec1. Phosphorylation of 9–1-1 in S/G2 in response 

to DNA damage promotes recruitment of Dpb11. Among the many targets of Mec1/ATR 

is histone H2A (a hallmark of DNA damage), the effector kinase Rad53, and mediator 

scaffold proteins Rad9 (for DNA damage) or Mrc1 (for replication stress). These scaffold 

proteins promote auto-hyperphosphorylation of Rad53, promoting downstream pathways 

including cell cycle arrest and DNA repair. During unperturbed DNA replication, Mec1 

may be localized to RPA-coated ssDNA on the lagging strand, and be activated by the 

nuclease-helicase Dna2, which localizes to DNA flaps. Mec1 auto-phosphorylation and 

Ddc2 degradation contribute to checkpoint inactivation and adaptation.
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Figure 3. 
Activation mechanism of Mec1 kinase. Left, model of the Mec1-Ddc2-RPA complex, 

derived from the cryoEM structure of Mec1-Ddc2 (PDB:6Z2W, 6Z2X, 6Z3A) and the 

crystal structure of NTD of Ddc2, complexed with the NTD of RPA70 (PDB:5OMB, 

5OMD). Ddc2 (1–185) are unresolved in the Mec1-Ddc2 structure. A long, structurally 

disordered linker of ~ 60 aa between the Mec1-Ddc2 structure and the Ddc2NTD-RPA70NTD 

structure likely allow vastly different orientations of these two structured complexes. Right, 

activation of Mec1 is mediated by conformational changes in and around the active site 

between wild-type Mec1 (auto-inhibited, gray) and Mec1-F2244L (constitutively active, 

blue). Residues of the G-loop, catalytic loop, activation loop, and the PRD-I rearrange in 

respect to AMP-PNP to release inhibition and promote catalytic efficiency.
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Figure 4. Role of Tel1 at double-stranded DNA breaks and telomeres.
Damage-induced dsDNA breaks signal the recruitment of Tel1 by MRX. Only the ATP-form 

of Rad50 is competent for activation of Tel1. Activated Tel1 initiates a checkpoint by 

phosphorylating targets including Rad53 and Chk1. Tel1 additionally targets other factors 

that initiate DNA resection, which leads to a Mec1-dependent checkpoint response. Rif2 

regulates telomere lengths by binding Rap1 and acting on Rad50. At a long telomere 

(bottom), the increased local concentration of Rif2 discharges the ATP-bound form of 

Rad50, thereby suppressing Tel1 activity, and promoting dissociation of Tel1 and MRX. At 

a short telomere (top), the relative lack of Rif2 allows Tel1-MRX activation of telomerase, 

resulting in telomere elongation.
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