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Abstract: The phosphatidylinositol 3-kinase-like kinases (PIKKs) are large serine-threonine protein
kinases with a catalytic domain homologous to the phosphatidylinositol 3-kinase (PI3K). All PIKK
family members share a general organization comprising a conserved C-terminus that contains the
PI3K domain, which is preceded by a large N-terminal region made of helical HEAT repeats. In
humans, the PIKK family includes six members, which play essential roles in various processes
including DNA repair and DNA damage signalling (ATM, ATR, DNA-PKcs), control of cell growth
(mTOR), nonsense-mediated mRNA decay (SMGI1) and transcriptional regulation (TRRAP).
High-resolution structural information is limited due to the large size (approx. 280—470 kDa) and
structural complexity of these kinases. Adding further complexity, PIKKs work as part of larger
assemblies with accessory subunits. These complexes are dynamic in composition and
protein-protein and protein-DNA interactions regulate the kinase activity and functions of PIKKSs.
Moreover, recent findings have shown that the maturation and correct assembly of the PIKKs require
a large chaperon machinery, containing RuvBL1 and RuvBL2 ATPases and the HSP90 chaperon.
Single-particle electron microscopy (EM) is making key contributions to our understanding of the
architecture of PIKKs and their complex regulation. This review summarizes the findings on the
structure of these kinases, focusing mainly on medium-low resolution structures of several PIKKs
obtained using EM, combined with X-ray crystallography of DNA-PKcs and mTOR. In addition,
EM studies on higher-order complexes have revealed some of the mechanisms regulating the PIKKs,
which will also be addressed. The model that emerges is that PIKKSs, through their extensive
interacting surfaces, integrate the information provided by multiple accessory subunits and nucleic
acids to regulate their kinase activity in response to diverse stimuli.
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1. PIKKSs, a family of large kinases that assemble higher-order complexes

Phosphatidylinositol 3-kinase-like kinases (PIKKs) are a family of large signalling proteins
containing a catalytic domain with homology to the phosphatidylinositol (PI) 3-kinase (PI3K). The
literature on this family of kinases is abundant, and this review discusses the cumulative findings
regarding structural aspects of human PIKKs, with occasional references to some studies in
yeast [1,2,3]. In mammals, the PIKK family of serine/threonine kinases comprises six members that
regulate a variety of cellular processes. ATM (ataxia-telangiectasia mutated), ATR (ATM and Rad3
related) and DNA-PKcs (DNA-dependent protein kinase catalytic subunit) participate in signal
transduction pathways during DNA repair and genome maintenance; mTOR (mammalian Target of
Rapamycin) coordinates cell growth, proliferation and protein synthesis with the availability of
nutrients and signals from growth factors; SMG1 (human suppressor of morphogenesis in genitalia 1)
controls a RNA surveillance pathway known as nonsense-mediated mRNA decay (NMD); and
finally TRRAP (transformation/transcription domain associated protein), the only catalytically
inactive PIKK member, forms part of several complexes with histone acetylase transferase (HAT)
activity. Alterations in the functions of several PIKKs are linked to a variety of diseases, reflecting
their important role in human health. Some mutations in ATM and DNA-PKcs lead to
ataxia-telangiectasia and severe combined immunodeficiency respectively [4,5]. These two proteins,
together with ATR, are key factors in the DNA-damage response, increasing genomic instability
when deregulated. As a result ATM, ATR and DNA-PKcs are attractive targets for increasing the
sensitivity of cancer cells to anti-cancer therapies and to help preventing or overcoming the
development of resistance [6]. In addition, mutations in SMG1 predispose to a range of cancers and
mTOR signaling participates in several aspects of tumorigenesis [7,8]. It is also worth mentioning
that the PIKKs involved in DNA repair seem to have also a general role in stress response
signaling [9,10,11].

At the protein level, the members of the PIKK family share a common structural architecture
consisting of a conserved C-terminus that contains three regions, the FAT (FRAP, ATM and TRRAP),
PI3K and FATC (FAT C-terminal) domains (Figure 1) [12,13], preceded by a long stretch of helical
repeats, mostly HEAT (huntington, elongation factor 3, A subunit of PP2A and TORI1)
repeats [14,15]. The PIKKs have been localized to different membrane regions [16,17,18].
Localization of PIKKs to specific membrane patches is probably regulated through the many
interactions these kinases are involved in, enabling different and/or locally specific signaling
outputs [18,19]. The N-terminal region, made of HEAT repeats, forms a helical scaffold that is
involved in protein-protein interactions, and its expanse varies considerable within the family.
Nevertheless, two broad subgroups of PIKKs can be defined according to the size of their N-terminal
regions (Figure 1). ATM, ATR and mTOR have molecular weights in the 280-350 kDa range,
whereas DNA-PKcs and TRRAP exceed 430 kDa. SMG1 fits into the first subgroup according to the
size of its N-terminal helical regions, but it contains also a unique and long insertion between the
catalytic and FATC domains, of unknown function, and consequently SMG1 molecular weight
reaches 410 kDa [20]. In addition, in some but not all PIKKSs, such as mTOR, DNA-PKcs, TRRAP
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and SMG1, a 100-residue FKBP12-rapamycin-binding (FRB) domain has been defined as a segment
placed between the FAT and PI3K domains [21].

DNA-PKcs e 4128
TRRAP R
SMG1 ] 3661

ATM I 3056
ATR e 2644
mTOR R 2549

HEAT |FAT |FRB JPIKK | FATC | Insertion

Figure 1. The PIKK family. Graphical representation of the domain organization
and the total number of residues for each PIKK family member in humans.

At the cellular level, PIKKs have diverse biological functions. As previously mentioned, three
PIKKs, DNA-PKcs, ATM and ATR, are implicated in double strand (ds) DNA repair [22]. DNA
double-strand breaks (DSBs) are a major threat for cell viability, and they are repaired by two major
pathways, homologous recombination (HR) and non-homologous end-joining (NHEJ) [23]. During
NHEJ, DSBs are recognized by an abundant heterodimer of the homologous Ku70 and Ku80
proteins. Ku70/Ku80 binds to DNA ends and recruits DNA-PKcs to form a high molecular weight
complex that works as a scaffold for other proteins needed for repairing the lesion [24]. The
DNA-PKcs/Ku70/Ku80 complex assembled on a DNA molecule can dimerize, contributing to hold
together the two ends of the DNA in preparation for joining [24,25]. Further, ATM and ATR play key
roles in DNA damage signalling, and they are recruited to the sites of the DNA break through the
recognition of other proteins, the MRE11-RADS50-NBS1 (MRN) complex in the case of ATM and
the ATRIP protein in the case of ATR [26,27].

mTOR is a nutrient-regulated protein that controls a wide variety of pathways involved in
metabolism and cell growth, and it has been proposed as a target for the development of new
anti-cancer drugs. In 1991 two genes, TORI and TOR2, were identified in yeast using genetic screens
that looked for mutations that rescued the anti-proliferative effect of rapamycin (TOR stands for
target of rapamycin) [28]. However, mammals contain a single copy of the TOR gene, mTOR, which
associates as part of two distinctive multi-protein complexes, mMTORCI1 and mTORC2 [29].
mTORCI integrates information from growth factors, hormones, nutrients and energy signals to
regulate cell growth by phosphorylating regulators of translation, S6K1 and 4E-BP1, and thus
stimulating protein synthesis. On the other hand, mTORC?2 is one of the kinases responsible for the
phosphorylation of the hydrophobic motif of Akt/PKB, required for full stimulation of Akt/PKB
activity. mTORC2 also plays a role for cytoskeletal rearrangements and cell survival, and also for
some metabolic issues [29,30].

SMGT1 plays a critical role in nonsense-mediated mRNA decay (NMD), a surveillance pathway
that degrades mRNAs containing premature termination codons [31]. NMD discriminates correct and
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aberrant translation termination events and SMG1-mediated phosphorylation of the RNA helicase
UPF1 is believed to be an essential step to trigger the NMD response. The kinase activity of SMGI
is regulated by a sophisticated, and incompletely understood, interplay of protein-protein interactions.
Two factors, SMG8 and SMG9, form a tight complex with SMG1, the so-called SMG1C (SMG1
Complex), that it is thought to down-regulate SMG1 kinase [32]. On the other hand, the association
between SMG1 and UPF1 with other proteins, such as UPF2, UPF3 and the exon-junction complex
(EJC), seems to be required to induce SMG1-mediated UPF1 phosphorylation [33,34].

Finally, TRRAP is the only member of the PIKK family that has lost its catalytic function as a
kinase, and it seems to have specialized as a scaffold for the assembly of several large
macromolecular complexes, mainly implicated in the remodelling of chromatin, which is an
important step for the transcriptional activity of several transcription factors [35,36].

2. Advantages of single-particle electron microscopy to study PIKKs

Full molecular understanding of the mechanisms that regulate PIKK function needs structural
models for these kinases and their complexes. Despite their relevance in key cellular processes,
high-resolution structural information is scarce, limited to the mTOR and DNA-PKcs
structures [21,37]. Apart from their large size and complex architecture some of the complexes are
difficult to purify in amounts necessary for X-ray crystallography structural studies. The anticipated
conformational heterogeneity of these complexes in response to phosphorylation, DNA and protein
binding, and the heterogeneity in the composition of some of these complexes add further challenges
to their structural characterization.

Electron microscopy (EM) has benefits as requiring modest amounts of material for observation
in the microscope and the use of mild fixation can help to stabilise transient and low affinity
interactions [38]. Moreover, single-particle EM has the potential to address conformational and
compositional heterogeneity of the PIKKSs [39,40]. These facts have turned single-particle EM into a
major source of structural information for PIKKs and their complexes, together with X-ray
crystallography, NMR and SAXS studies of these kinases [21,25,37,41,42]. Although cryo-electron
microscopy (cryoEM) has been applied to mTOR and DNA-PKcs complexes [43,44,45], negative
stain EM remains a source of significant information about the core structural features of these
kinases. Sample preparation using negative staining can be a good choice when the amount of
sample is very limited, and the structural information obtained using this technique can still be
useful [40]. Nevertheless interpretations of this data beyond what is reasonable for the details and
resolution reached in each case should be avoided. Currently the resolution of the EM studies on
PIKKSs are in the ~20 A range as the available EM studies on these kinases have been performed
before the spread of the use of direct electron detectors [46]. The use of these new technologies in the
study of the PIKKs will surely reveal new and exciting insights in their structure and regulation.

3. Structural model of the PIKK family based on EM structures
Single-particle EM has been especially successful in visualising several members of the PIKK
family obtaining structures for human ATM, DNA-PKcs and SMGI, as well as TOR from

Saccharomyces cerevisiae at intermediate resolutions [39,40,47,48,49]. ATM, DNA-PKcs, SMGI
and TOR have been studied using negative staining, mostly due to the low yield of protein purified
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after expression in yeast, human or mammalian cells. CryoEM imaging has also been applied to
SMGI1, mTOR and DNA-PKcs but only in the last case sub-nanometer resolution has been
reached [43,44,45,48]. These studies on human DNA-PKcs and SMG1 together with the atomic
structure of a C-terminal fragment of mTOR and the atomic model of human DNA-PKcs [21,37]
have been particularly relevant to provide structural information that can be integrated into an
architectural model of the PIKK family, and thus, these are discussed in more detail below.

Several groups have extensively studied the structure of human full-length DNA-PKcs and this
was the first PIKK protein analyzed by cryoEM [50]. A year later Leuther K. K. and colleagues
published the structure of human full-length DNA-PKcs at 20-30 A solved from negatively stained
two-dimensional (2D) crystals [51] (Figure 2A). This structure clearly revealed that DNA-PKcs was
organized in two main structural regions, the head and the arm/arms. Part of these arms formed an
intricate region at the opposite end of the head, which was named the “palm” by some authors [39].
A similar overall organization of DNA-PKcs was observed in all of the subsequent structures of
DNA-PKcs solved by EM [24,39,44,45] (Figure 2B-2C). A combination of antibody labeling and
EM as well as the fitting of the crystal structures of a PI3K and segments of HEAT repeats into a
cryoEM structure of DNA-PKcs strongly suggested that the head of these structures comprised the
C-terminal region of DNA-PKcs whereas the arms contained the N-terminal HEAT repeats [45].
Subsequently a cryoEM structure of DNA-PKcs at 7 A resolution confirmed the presence of alpha
helical elements in the arms, further reinforcing this model [44].

The overall structure of DNA-PKcs was conclusively outlined with the crystal structure of
DNA-PKcs at 6.6 A resolution that was obtained in complex with the C-terminal domain of Ku80,
although density for this interacting partner was not identified in the map [37] (Figure 2D-2E). In
this structure, helical regions were clearly visible in the electron density and although the authors
were not able to trace the polypeptide chain, the data definitely confirmed that the head region
contained the kinase domain. This assignment correlates well with the atomic structure of a
C-terminal fragment of mTOR [21]. Interestingly the N-terminal end of DNA-PKcs was found
forming two arms projecting from the head and creating an open circular structure, although the
resolution did not permit to discard other possible interpretations (Figure 2D-2E). Thus some
uncertainties remained, such as how the two arms were connected and how to relate specific
segments of the sequence with the structure. Interestingly, EM structures of DNA-PKcs obtained
using negative staining, but also several cryoEM structures, suggested that the organization of the
arm region was apparently more complex, and sub-regions such as “palm” or “insertion” were
defined based on these low resolution EM structures [39,44,45,51] (Figure 2A-2C). This more
elaborate architecture of the arm region was also evident in projection images of DNA-PKcs 2D
crystals, suggesting that these were real structural features [51].
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Figure 2. The structure of DNA-PKes. (A) 3D structure of DNA-PKes at 22 A
resolution obtained from 2D crystals [51], defining two structural regions, head and
arm. A sub-region in the arm was named palm. A discontinuity in the arm region is
indicated with a red triangle. The scale bar corresponds to 20 A, and is compatible
with the rest of the panels. Adapted from [51] according to Copyright Clearance
Center's (CCC) terms and conditions. (B) and (C) CryoEM structures of DNA-PKcs,
(EMD-1102) [45] (B), and EMD-5831 [44,65] (C), indicating the head and arm
regions. (D) and (E) Two views of the crystal structure of DNA-PKcs shown after
being filtered to an approximate resolution of 8 A (PDB ID: 3KGV) [37]. The
catalytic domain is coloured in red. The putative position of the N-terminus is
indicated. In (E) the structure is shown in an orientation compatible with those in
panels (A), (B) and (C).

A possible reconciliation of all these studies could come from the analysis of different views of
the molecules. Some orientations of the crystal structure of DNA-PKcs obtained after rotating the
molecule are comparable to the structures obtained by EM (Figure 2). Although the EM structures
suggest a discontinuity in the arm region (Figure 2A-2C, labeled with a red triangle) that is not
clearly observed in the crystal structure (Figure 2E), the overall structural organization is similar. The
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conformational flexibility of the arms could in addition account for some of the discrepancies
between the structures solved. HEAT repeat domains of several proteins change their conformation
dramatically upon ligand binding [52,53]. In DNA-PKcs, conformational changes in the N-terminal
regions occur after DNA binding and after phosphorylation, as shown by EM and SAXS [25,39].
Thus it is conceivable that differences between the several EM structures solved reflect this
conformational flexibility. It can also not be ruled out that some of the EM reconstructions reported
were partially incorrect by reflecting the average of an undefined mixture of conformations in these
flexible domains. Image classification and computational sorting could potentially address this
conformational heterogeneity, but this is still a challenging task, and such flexibility could have
passed unnoticed at the time these structures were solved.

The structural organization of PIKKs has been further clarified by the recent 3D structure of
SMGT at 22 A resolution [40,48]. The resolution of this structure was sufficient to unambiguously
identify the head domain and the HEAT repeat region. The crystal structure of the C-terminus of
mTOR fitted the overall shape of the head very convincingly, allowing the identification of several
domains (Figure 3A). According to that model, the FRB domain appeared in SMG1 as a protrusion
from the globular head, and interestingly this domain has been proposed to regulate the access of
substrates to the catalytic domain in mTOR [21]. SMGI reveals only one arm whose conformation is
similar to one of the arms of DNA-PKcs [40]. This suggests that the N-terminal HEAT repeat region
of SMG1, together with the other “small” PIKKs (ATM, ATR and mTOR), probably comprises just
one helical “arm”, whereas DNA-PKcs and possibly TRRAP would have acquired a second “arm” to
accommodate some of their specific functions, such as the interaction with DNA repair factors in the
case of DNA-PKcs (see below). This model is supported by the low-resolution EM structures of
human ATM [47] (Figure 3B) and S. cerevisiae TOR [49] (not shown), which revealed only one
twisted arm protruding from the head and by predictions of the structure of the N-terminal region of
mTOR [54]. Further supporting this model, projection EM images of Tral, yeast homolog of TRRAP,
as part of a larger complex, are similar to those of DNA-PKcs (see below).

Summarizing the above, work on several PIKKs by EM and X-ray crystallography has provided
a convincing picture of the mayor structural features of the PIKK family. The conserved C-terminus
forms a compact region, named “head” at low resolution, and a crystal structure of this region in
mTOR has revealed in atomic detail how these conserved domains are organized [21] (Figure 3C).
This crystal structure revealed that access to the active site is restricted by the FRB domain [21].
Thus, the specific recruitment of substrates to the kinase domain could be an important mechanism to
regulate mTOR, and maybe other PIKKs. The long N-terminal regions assemble as helical scaffolds
typical of HEAT repeats. These can change conformation dramatically after protein/DNA binding or
phosphorylation (see below). These structures left several issues unresolved. The crystal structure of
mTOR is missing parts of the FAT domain, and thus, the structural details on how the C-terminal
region is preceded by the N-terminal helical repeats is missing [21]. Also the structure and
organization of the C-terminal insertion in SMG1, or the structure of the whole C-terminus in ATM
and ATR that probably lack an FRB domain [21], are not known. As a consequence we do not
completely understand what is the organizing principle that distinguishes the 250 kDa from the 420
kDa PIKKs.
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Head Arm Head Arm

Figure 3. EM structures of SMG1 and ATM, and crystal structure of mTOR
C-terminus. (A) EM structure of SMG1 (EMD-2662) [40] fitted with the crystal
structure of mTOR C-terminal region (PDB ID: 4JSV) [21] (head region) and a
segment of HEAT repeats from DNA-PKcs (PDB accession code 3KGV) [37] (arm
region). The catalytic domain (PI3K) is shown in red. (B) EM structure of ATM [47].
In (A) and (B) the head and arm regions are indicated, and the scale bar
corresponds to 20 A (C) Ribbon representation of the crystal structure of mTOR
C-terminus (PDB accession code 4JSV) [21] with the characteristic domains
indicated and colored differently. The two lobes of the kinase domain are also
highlighted.

4. Several PIKKSs dimerise to control their activation

Several PIKKs have been described to form dimers. Interestingly, in some cases dimerization
appears to be a major controller of protein activation. A few dimers were found in electron
micrographs of purified DNA-PKcs [39], but a significant number of dimeric complexes were
observed in preparations of the DNA-PK holo-enzyme, comprising a complex between DNA-PKcs
and Ku70/Ku80, bound to a short DNA fragment [24,55] (Figure 4A, panel i). These dimeric
complexes were proposed to be structural intermediates in the DNA repair reaction, by forming a
synapse maintaining the broken DNA ends in proximity, while allowing the various enzymes
required to complete the repair reaction to access the lesion [23]. The conformation of these
DNA-PK dimers can be affected by several factors (see below), as observed both by EM and
SAXS [25,56] (Figure 4A, panels ii and iii).

Probably one of the most intriguing dimerization processes in the PIKK family has been
described for ATM. Compelling biochemical evidence revealed that ATM can form a dimer by
contacts between the kinase domain of one ATM molecule and the FAT domain of other ATM
molecule, within a region surrounding serine 1981 [57]. ATM is kinase-inactive as part of this
complex but ATM-mediated auto-phosphorylation of serine 1981 after DNA damage dissociates the
complex and releases a phosphorylated and “activated” ATM monomer, which is now capable of
phosphorylating other substrates [57]. Nevertheless, ATM can be additionally activated by oxidation
through the formation of disulphide-linked dimers, which are mechanistically distinct from those
involved in DNA damage activation [58,59]. Dimers of ATM have been observed in negative stained
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EM samples [47], however up to our knowledge, we are still missing a structure of these ATM
dimers that could provide some light into how these distinct dimerization processes regulate ATM
activation.

A  Dimers of DNA-PKcs/Ku70/Ku80/DNA

i il Ku70/KU80 - ii

\ pN

40 bp HP-DNA 40 bp Y-DNA

Auto-phosphorylated

B DNA-PKes/Ku7O/Ku8O/ONA  C i 1 brces i DNA-PKcs

Ku70/Ku80

Head Arm Head 4= Arm Head <= Arm

Figure 4. Dimerization and higher order complexes of DNA-PKcs. (A) Structure of
dimers of DNA-PKcs/Ku70/Ku80/DNA complexes. (i) A reference-free class-average
of DNA-PKecs/Ku70/Ku80/DNA dimers [24]. Scale bar represents 20 A. The position
of Ku70/Ku80 heterodimers within the complex is encircled and labelled as Ku. The
characteristic head [H] and arm [A] domains in DNA-PKcs are also indicated. Two
representative SAXS envelopes of DNA-PKcs/Ku70/Ku80 complexes assembled on a
40 base pair (bp) dsDNA either with a hairpin (HP-DNA) (ii), or a Y-shaped DNA
structure at one end (Y-DNA) (ii) [25]. The Ku70/Ku80 molecule and the head and
arm regions in DNA-PKcs are indicated. For (ii) and (iii) the scale bar corresponds
to 20 A. (B) One view of a negative-stain EM structure of the
DNA-PKcs/Ku70/Ku80/DNA complex (EMD-1209) [24]. Density corresponding to
the Ku70/Ku80 heterodimer is shown encircled. (C) Auto-phosphorylation of
DNA-PKcs causes a large conformational change that correlates with the opening of
the structure [25]. Cut-open SAXS envelopes for DNA-PKes (i) and
auto-phosphorylated DNA-PKcs (ii). A green arrow indicates the characteristic
cavity in the head region and a black arrow highlights the increased distance
between head and arm after phosphorylation. For (B) and (C) the scale bar
corresponds to 20 A. Panels shown in (ii) and (iii) in (A) and (C) have been adapted
from [25] according to Creative Commons (CC)-BY license terms and conditions.

AIMS Biophysics Volume 2, Issue 2, 36-57.



45

5. Higher-order complexes regulate PIKK kinase activity

PIKKSs perform diverse and complex biological functions in the cells, which must be tightly
regulated. PIKK activities are controlled by two principal mechanisms, the organized recruitment of
the protein to those sites where needed, and by regulating (activating or restraining) its kinase
activity. Thus ATM, ATR and DNA-PKcs kinases that participate in the DNA repair response are
recruited to specific sites of damage by interaction with other proteins. In vitro and in vivo
experiments have shown that binding of ATM to the MRN complex is required for full activation of
ATM. This interaction is achieved through direct contact between specific domains in ATM and
NBSI1 [60]. On the other hand, during NHEJ DNA-PKcs activation is dependent on its recruitment to
the sites of DNA double-strand break. This is achieved by DNA-PKcs ability to bind DNA and form
a complex with Ku70/Ku80, which is first recruited to sites of damage (see below). Furthermore,
SMGl1, the kinase determining the fate of an aberrant mRNA, can be specifically recruited to a
stalled ribosome as part of a complex containing release factors eRF1 and eRF3, and UPF1, an
RNA-dependent helicase, the so-called SURF (SMGI1-UPF1-eRF1-eRF3) complex [34]. But
certainly the main mechanism regulating PIKKSs is the control of their kinase activity on the specific
targets. This is mostly achieved by formation of higher-order complexes with other proteins, and in
some cases activation of the protein as part of larger complexes is coupled to the process of
recruitment to the sites where PIKKSs are required. In addition, in some cases, phosphorylation and
binding to DNA further contribute to regulate its kinase activity. Structural information for these
regulatory processes has been mostly obtained thanks to single-particle EM, and below we review
the most significant findings.

DNA-PKcs is recruited to sites of double-strand breaks by Ku70/Ku80, a 150 kDa heterodimer
containing a preformed ring structure capable of encircling dsDNA in a sequence-independent
manner (Figure 4B). This interaction between DNA-PKcs and Ku70/Ku80 significantly stimulates its
kinase activity [61]. In vitro, DNA-PKcs binds DNA independently of Ku70/Ku80 but with less
affinity than the Ku hetero-oligomer. When part of the complex with Ku70/Ku80 DNA-PKcs also
interacts with DNA [61]. An EM structure of a DNA-PKcs/DNA complex suggested that the arm
regions in DNA-PKcs embrace DNA, although the low resolution of these studies did not allow
defining the specific region involved in DNA recognition [39]. Potential DNA binding sites have
been proposed based on a cryoEM structure of DNA-PKcs [44]. Conformational changes in the arm
upon DNA binding have also been visualized for ATM, by comparing the EM structures of ATM an
ATM-DNA complex resolved at low resolution using negative staining [47]. Interestingly the
intermediate resolution EM structures of the human DNA-PKcs/Ku70/Ku80 complex assembled on a
DNA molecule revealed that Ku70/Ku80 interacted with the arms (Figure 4B), and it was speculated
that the larger N-terminal regions in DNA-PKcs could be an adaptation to interact with other factors
required for NHEJ and/or the DNA [24]. Despite the low resolution of these studies, the structures of
the DNA-PKcs/Ku70/Ku80/DNA complex suggested that binding of Ku70/Ku80 -elicited
conformational changes in the C-terminal regions of DNA-PKcs. All together, these findings
indicated that conformational changes induced by Ku70/Ku80 binding and/or DNA in the HEAT
region contribute to regulate the kinase activity.

This model is further supported by our current understanding of the regulatory role of
DNA-PKcs auto-phosphorylation in NHEJ [56,62,63,64]. SAXS and EM studies have addressed the
structural consequences of DNA-PKcs auto-phosphorylation (Figure 4C). SAXS experiments
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performed using DNA-PKcs and DNA-PKcs/Ku70/Ku80/DNA complexes revealed substantial
conformational changes upon auto-phosphorylation consisting mainly on a large opening of the
entire DNA-PKcs molecule, at least at the low resolution of these studies [25]. EM of complexes
between DNA-PKcs and Ku70/Ku80 in the presence of a short dsDNA fragment revealed that
whereas the DNA-PKcs/Ku70/Ku80/DNA complex was rather homogenous before phosphorylation,
auto-phosphorylation induced a considerable degree of heterogeneity in the sample as well as a
major tendency to disassemble the dimeric complexes [56]. This finding suggested an extensive
remodeling of the DNA-PK holoenzyme as a consequence of auto-phosphorylation, which could be
important during NHEJ. Curiously, EM images of DNA-PKcs/Ku70/Ku80/DNA complexes obtained
by other authors showed that Ku70/Ku80 adopted a large variability of orientations with respect to
DNA-PKcs [65]. This result was interpreted as an indication of a flexible linkage between both DNA
and Ku70/Ku80 to DNA-PKcs. A full understanding of the functions and regulation of DNA-PKcs
during NHEJ will probably require the analysis of even larger complexes containing additional
double-stranded DNA repair factors such as XRCC4, Ligase IV and XLF.

TRRAP belongs, together with DNA-PKcs, to the sub-group of PIKKs containing a larger
N-terminal HEAT repeat region. Although structural information for TRRAP is scarce, EM images
and structures of yeast histone acetyltransferase complexes NuA4 and SAGA, containing
TRRAP-homolog Tral, also suggested that the N-terminal regions act as a scaffold interacting with
other proteins [66,67] (Figure 5A).

mTOR forms part of two complexes, mTORC1 and mTORC2, which have been extensively
studied and characterized due to their relevance in human health. These are functionally distinct;
while mTORCI regulates cell growth in response to nutrients and energy in the cell, mTORC2
controls proliferation as a kinase responsible for AKT/PKB phosphorylation [29]. mTORC2 plays
several other functions, such as participating in cytoskeletal rearrangements and cell survival [29,30].
Interestingly, this functional distinction between mTORC1 and mTORC?2 is believed to be defined
biochemically by a discrete selection of interacting partners. mTORCI1 is composed of mTOR,
regulatory-associated protein of mTOR (RAPTOR) and non-core components PRAS40 and
DEPTOR, whereas mTORC?2 is made of mTOR in complex with RICTOR [29]. Other subunits are
common to both complexes, such as mammalian Lethal with SEC13 protein 8§ (mLST8). Human
mTORCI1 complexes containing mTOR, RAPTOR, mLST8 and PRAS80 analyzed by EM revealed a
large dimeric complex of rhomboid shape around a central cavity whose structural integrity can be
compromised by incubation with FKBP12-rapamycin [43] (Figure 5B). How these large assemblies
contribute to regulate the functions of mTORCI and how these structures relate to the crystal
structure of the mTOR fragment bound to mLST8 remains unclear. EM experiments using staining
agents provided a low-resolution structure of yeast TOR in complex with RAPTOR homolog KOGI.
This model suggested that the full-length protein was also organized as a “head” region connected to
an “arm”, and KOGI1 seemed to interact extensively with regions of both the head and the arm.
However dimers were not found under their experimental conditions [49].

The recent determination of the atomic structure of a fragment of mTOR comprising several of
the conserved features of the PIKK C-terminal region (see above) has been a major breakthrough in
our understanding of PIKKs architecture [21]. This structure was solved in complex with mLSTS,
providing interesting insights on the regulation of mTOR (Figure 5C). This structure showed that the
catalytic site of mTOR had an active conformation but located at the bottom of a cleft restricting the
access of substrates. Also, the predicted location of RICTOR and RAPTOR in the complex could
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SAGA complex

DNA-PKcs
Head

Arm

ii SMG1C

SMG1C- UPF2 SMG1C- UPF1

Figure 5. Higher order complexes assembled by PIKKSs. (A) Comparison between
representative negative stain 2D projections obtained by EM of the yeast SAGA
complex and human DNA-PKcs. Density corresponding to the TRRAP-homolog
Tral is shown encircled, and the probable location of its N-terminus is pointed [66].
Both images are shown at the same scale and the measuring bar corresponds to 20
A. 2D projection of the SAGA complex has been adapted from [66] according to
CCC terms and conditions. (B) CryoEM structure of dimeric human mTORCI1
(EMD-5197) [43]. The proposed locations of the N- and C-terminal domains
(labeled as N and C) and the kinase domain of mTOR (black star) are indicated.
Densities assigned to RAPTOR and mLST8 are shown encircled in blue and red
respectively. The dotted line represents the dimer interface. The measuring bar
corresponds to 20 A. (C) Ribbon representation of the crystal structure of the
mTOR C-terminus/mLST8 complex (PDB ID: 4JSV) [21]. mTOR C-terminus is
shown in grey and mLSTS8 in blue. (D) Negative-stain EM structure of human
SMGI1C. (i) and (ii), two views of the SMG1C complex, comprising SMG1, SMGS8
and SMG9 (EMD-2663) [40]. The characteristic head and arm regions are shown,
and the density corresponding to SMG8 and SMGD is encircled. The density of
SMGT1 is fitted with the C-terminal region of mTOR crystal structure (PDB ID:
4JSV) (head region) [21], and a segment of HEAT repeats from DNA-PKcs (PDB ID:
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3 KGV) [37] (arm region). The HEAT and FAT domains are shown in dark purple,
the FRB domain in green and the catalytic domain in red. (E) Negative-stain EM
structure of the SMGIC-UPF2 complex (EMD-2665) [40]. The density
corresponding to UPF2 is shown in blue and fitted with an atomic model for the
structure of UPF2. (F) Negative-stain EM structure of the SMG1C-UPF1 complex
(EMD-2664) [40]. The density corresponding to UPF1 is shown in yellow and fitted
with the atomic structure of the closed conformation of UPF1 (PDB ID: 2XZL) [85].
In (E) and (F) SMGI1C is shown in the same orientation as in D, panel ii. The scale
bar corresponds to 20 A for the panels in (D), (E) and (F).

further contribute to restrain the accessibility of substrates to the catalytic sites. Thus, the authors
proposed that substrate recruitment could be one of the main mechanisms regulating phosphorylation
by mTOR. This model could be likely extended to other PIKKs since activation of ATM and SMG1
seems to be coupled to their recruitment to the sites where their targeted substrates are
located [32,68]. Their model also suggested that rapamycin-FKBP12 inhibits mTOR, at least in part,
by further affecting the accessibility to the catalytic site. mLSTS is thought to be required for mTOR
activity and the structure showed that it binds to an insertion in the catalytic domain, which could
contribute to the stability of an active conformation [21].

Additional insights into the mechanisms involved in PIKK regulation have been recently
revealed by the EM structure of SMGI1C [40,48] (Figure 5D, panels i and ii). SMGS8 (991 amino
acids) and SMG9 (520 amino acids) were found to co-purify with SMG1 forming a tight complex
during purification [32,48]. The association between these two proteins and SMG1 was essential for
a correct function of the NMD pathway and in vitro kinase assays revealed that these interactions
contributed to down-regulate the kinase activity of SMG1. It was thus proposed that one of the
functions of these interactions could be the control of the kinase activity of SMG1 until an aberrant
mRNA was detected and NMD had to be triggered. Notably EM data revealed that the SMGS8 and
SMGY interacted with SMG1 HEAT repeat region inducing a large rotation of the arm [40]. Since in
vitro incubation of SMG8/SMG9 with SMG1 is sufficient to down regulate SMG1 kinase [48], such
conformational change must be sufficient to affect its kinase activity.

The recruitment of substrates to the kinase domain has been proposed as one of the mechanisms
that regulate mTOR [21], but the mechanisms taking place within the entire PIKK family are
probably more complex. Full activation of SMGI1 kinase on UPF1 requires further stimulus by at
least another two NMD factors, UPF2 and UPF3 [33,34]. The recent EM structures of
SMG1C-UPF1, SMGIC-UPF2 and SMGI1C-UPF1-UPF2 have shown the architecture of these
complexes, and illuminated some of the structural basis of SMGI regulation [40] (Figures SE-5F).
The structures revealed that, in contrast to SMG8 and SMG9, both UPF1 and UPF2 bind SMGI1C in
the proximities to the kinase domain, with the potential to influence the conformation of the kinase
domain more directly. Furthermore, these structures combined with several competition and
interaction experiments showed that interactions between UPF1 and UPF2, required for the full
activation of UPF1, could take place within the platform provided by SMG1C.

6. Integrated structural model for the regulation of PIKKs

Taking all the information above, the model that emerges is that PIKKs are complex platforms
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containing several regions prepared for specific interactions with other proteins and DNA. Through
their extensive interacting surfaces, PIKKs integrate the information provided by multiple accessory
proteins and nucleic acids and modify accordingly their kinase activity to response to the diverse
stimuli (Figure 6).

Direct binding to the Binding to HEAT repeats
C-terminal region (SMG8, SMG9, Ku, DNA)
(mLST8, UPF2)
N Lobe FATC @ @
Conformational
C Lobe changes
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Figure 6. Structural model for the PIKK family. The central panel represents a
simplified cartoon version of the topological organization for the PIKKSs. The
accessibility to the catalytic domain can be modulated by the FRB domain in those
PIKKSs in which is present. The FATC domain interacts with the activation loop in
the C-lobe of the kinase domain, possibly contributing to its stabilization. This
arrangement is nested by the FAT domain (in blue), and together with the catalytic
domain forms the head. The FAT creates extensive interaction surfaces for the
binding of additional factors, and these interacting surfaces can be extended
through an additional domain made of HEAT repeats that corresponds to the arm.
The structural complexity of the PIKKs correlate with their capacity to regulate
complex biological processes. PIKKSs can be regulated through diverse mechanisms:
(i) direct binding of factors to the catalytic region (mLST8, UPF2), (ii) binding of
proteins (SMG8/SMGY, Ku70/Ku80) or DNA to the HEAT repeats in the arm; (iii)
autophosphorylation; (iv) addition/extension of new interacting surfaces made of
HEAT repeats to recruit specific factors; (v) through homo-dimerization; (vi) and
by substrate recruitment mediated by other scaffold proteins, such as RAPTOR in
mTOR.
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HEAT repeat regions appear to be a major player in the regulation of PIKK function. These are
organized as a single twisted helical arm in ATM, ATR, SMG1 and mTOR, whereas a second arm
appears in DNA-PKcs and TRRAP, probably to deal with specialized functions of these proteins.
These helical scaffolds are involved in multiple protein-protein interactions in all PIKKs, and they
are also involved in DNA binding. These interactions are required to recruit PIKKs to their sites of
action, but they also induce conformational changes that somehow, directly or indirectly, can regulate
the kinase activity. Phosphorylation of the HEAT repeat region and/or dimerization could also
function to alter the conformation of the arms, regulating kinase activity indirectly or by restricting
the accessibility of the kinase domain for substrates. On the other hand, several factors bind to the
C-terminal regions, which directly regulate the kinase activity, but also some factors function by
recruiting the substrates to the active site of the kinase. PIKKs can therefore integrate the inputs
provided by all these interacting factors, through conformational changes, to either activate or
restrain its kinase activity.

7. Assembly and maturation of PIKKSs by the R2TP and TTT complexes

In addition to the complex regulation of PIKKSs, recent research has exposed that maturation and
correct assembly of several, possibly all, PIKKs requires a cooperation of sophisticated chaperon
machinery. The R2TP complex was discovered in yeast as a complex containing the yeast homologs
of human RuvBL1 (“RuvB-like” 1) and RuvBL2 (“RuvB-like” 2), Tahl (Spagh/RPAP3 in humans)
and Pihl (in Pih1D1 humans) [69]. This complex has emerged as an essential factor for PIKK
maturation, as well as for other large complexes such as snoRNPs and RNA polymerases [70]. R2TP
binds both heat shock protein 90 (HSP90) and the PIKKSs possibly acting as a HSP90 co-chaperon
that brings PIKKSs to the chaperon (Figure 7A). Association between PIKKs and the R2TP complex
is mediated by Tel2, a protein that binds PIKKs as part of a larger TTT (Tel2-Ttil-Tti2)
complex [71,72]. Tel2 is phosphorylated by casein kinase 2 (CK2) generating a specific
phosphopeptide that is recognized by the R2TP complex [73]. Interestingly, some evidence about the
role of RuvBL1 and RuvBL2 in NMD suggests that they do not only regulate SMG1 abundance but
they also associate with SMG1 and the messenger ribonucleoproteins in the cytoplasm to promote
the assembly of SMG1-containing complexes that are required as structural intermediates for an
NMD response. It has not yet been addressed if RuvBL1 and RuvBL2 perform these novel functions
alone or as part of the R2TP complex [74].

Recent high-resolution studies of a co-crystal structure of a Pih1D1 and the Tel2
phosphopeptide, as well as several subcomplexes of the human and yeast R2TP complexes have
started to address the structural bases of R2TP activity (Figure 7B) [75]. CryoEM and X-ray
crystallography have also provided some insights into the structural organization of RuvBL1 and
RuvBL2, which form the core of the R2TP (Figure 7C-7D) [76-79]. RuvBL1, also known as Pontin,
and RuvBL2, also known as Reptin, are two conserved and closely related (65% sequence similarity)
AAA+ ATP-ases homologous to prokaryotic RuvB [80]. The structures of human RuvBL1 and
RuvBL2 are very similar, consisting of three distinct domains. Domain I (DI) and domain III (DIII)
comprise the ATPase core that oligomerizes forming hexameric rings [78,79] (Figures 7B, panel iii
and Figure 7C). Domain II (DII) is a unique insertion that connects directly to the ATPase core
through a flexible region that permits the motion of DII. It has been shown that this domain is
involved in protein-protein interactions as part of the INO80 and SWRI1 remodelling
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Figure 7. Assembly and maturation of PIKKs by RuvBL1-RuvBL2 and the R2TP
complex. (A) Cartoon of the R2ZTP-HSP90 complex and its role in the maturation of
PIKKSs. The organization of the complex is unknown and thus, the cartoon is only
based on the current information about the interactions within the complexes. (B)
Ribbon representation of the atomic structures for some components of the PIKKSs
maturation machinery. (i) Full-length yeast Hsp90 (PDB numbered: 2CG9) [86]. (ii)
Yeast Hsp90 peptide (in magenta) bound to Tahl-Pihl (shown in blue and red
respectively, PDB ID: 4CGU) [75]. (iiij Human RuvBL1 (PDB ID: 2C90) [78].
Domains I, IT and III are indicated. (iv) Yeast Tel2 (PDB ID: 304Z) [87]. (V)
Mammalian PIH1D1 (in red) bound to a TEL2 phosphopeptide (in grey, PDB ID:
4CSE) [75]. (C) Two orthogonal views of the hexameric human RuvBL1 ring (PDB
ID: 2C90) [78]. Regions corresponding to domains I, Il and III are indicated. (D)
One view of the cryoEM structure of RuvBL1-RuvBL2 dodecamers in the compact
(EMD-2163) and stretched (EMD-2164) conformations [77]. The EM structures are
shown as a transparent density fitted with the atomic structures of a truncated
dodecamer of human RuvBL1-RuvBL2 that lacks the DII domains of both proteins
(PDB ID: 2XSZ) [79], and the DII domain of human RuvBL1 (from PDB ID:
2C90) [78]. RuvBLl1 is shown in green and RuvBL2 in light brown. The scale bar
corresponds to 20 A.

complexes [81,82]. RuvBL1 and RuvBL2 assemble into either homo or hetero-oligomeric hexamers,

which can interact to form double-ring complexes [80,83]. CryoEM of double-ring complexes
containing a roughly equimolar amount of human RuvBL1 and RuvBL2 revealed the co-existence of
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two conformations within the same preparation, which were resolved by computational processing of
single molecule images [77] (Figure 7D). It is yet not fully understood what the functional
significance of each type oligomer in vivo is, and whether RuvBL1-RuvBL2 hexameric or
dodecameric complexes or both are functionally relevant in vivo.

8. Future perspectives

Single-particle EM has been a major source of structural information for the PIKK family of
kinases, due to their complex architecture and regulation. Nonetheless significant advances have only
been possible thanks to the combination of the medium-low structural information obtained by EM,
and also SAXS, and high-resolution data from crystallography. It is therefore expected that
high-resolution EM structures, to be obtained thanks to direct electron detectors, will further
contribute to our understanding of the mechanisms determining PIKK regulation in the fundamental
cellular processes mediated by this family of kinases.
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