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Abstract

Phosphatidylinositol 3-kinase-related kinases (PIKKSs), are structurally related to
phosphatidylinositol 3-kinase (lipid kinase) but possess protein kinase activities. PIKKSs include
ATM, ATR, DNA-PK, mTOR and SMG1, key regulators of cell proliferation and genome
maintenance. TRRAP, which is devoid of protein kinase activity, is the sixth member of the PIKK
family. PIKK family members are gigantic proteins in the range of 300-500 kDa. It has become
apparent in the last decade that the stability or maturation of the PIKK family members depends
on a molecular chaperone called the Tel2-Tti1-Tti2 (TTT) complex. Several lines of evidence have
established a model in which TTT connects to the Hsp90 chaperone through the Rvb1-Rvb2-Tah1-
Pihl (R2TP) complex in mammalian and yeast cells. However, recent studies of yeast cells
indicate that TTT is able to form different complexes. These observations raise a possibility that
several different mechanisms regulate TTT-mediated protein stability of PIKKs.
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Introduction

The life cycle of a protein kinase is tightly controlled by mechanisms of protein folding for
maturation and repair. Failure of these controls leads to rapid degradation; that is, a protein
kinase loses stability. Protein folding for canonical protein kinases requires the Hsp90
chaperone and the co-chaperone called Cdc37 [1-3](Fig. 1). Cdc37 forms a complex with
Hsp90 and plays a key role in bringing kinase clients to Hsp90. Hsp90/Cdc37 is required for
initial folding, but many kinases rely on Hsp90/Cdc37 for repair throughout their lifetimes.
Phosphatidylinositol 3-kinase-related kinases (PIKKSs) are a family of Ser/Thr-protein
kinases with sequence similarity to phosphatidylinositol-3 kinases (PI3Ks) [4, 5]. Several
lines of evidence have established that the Tel2-Tti1-Tti2 (TTT) complex collaborates with
Hsp90 to promote protein stability of PIKKs [6-11] (Fig. 2). Thus, protein stability of
PIKKs is regulated differently from that of canonical protein kinases. This short review
summarizes the discovery and complexity of the TTT-dependent PIKK stabilization.
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Common features of PIKKs that exhibit diversified functions

PIKKs have Ser/Thr protein Kinase activity and no lipid kinase activity although PIKKs have
a clear homology with PI3Ks (i.e. lipid kinase) [4, 5]. PIKKSs have been discovered as an
unconventional family of protein kinases in all eukaryotic cells [4, 5].

PIKKs exhibit diversified functions, serving in both positive and negative cell proliferation
pathways [4, 5]. Mammalian cells express six PIKK family proteins, only five of which have
been identified as active kinases: ATM, ATR, DNA-PK, mTOR and SMG-1. ATM and ATR
control the DNA damage checkpoint pathway [12]. DNA-PK acts in DNA double-strand
beak (DSB) repair [12, 13]. mTOR regulates cellular metabolism and proliferation in
response to hormones, growth factors, nutrients and stress signals [14]. SMG-1 is involved
in nonsense-mediated MRNA decay [15]. The sixth member of the family, TRRAP, retains a
catalytic domain but has no associated kinase activity [4, 5]. TRRAP is a common
component of histone acetyltransferase (HAT) complexes and is involved in transcription
control [16].

In both the budding yeast Saccharomyces cerevisiae and the fission yeast

Schizosaccharomyces pombe, orthologs of the PIKK family (ATM, ATR, mTOR and TRRP)
have been found (Table 1) (https://www.yeastgenome.org, https://www.pombase.org). Genes
corresponding to DNA-PK and SMG-1 have not been identified in budding and fission yeast.

PIKKs share a common domain organization, despite large differences in their sizes. As
discussed above, PIKKSs show close sequence similarity with PI3Ks in their kinase domains
(KDs), but share several motifs found in canonical Ser/Thr-protein kinase [17]. The N-
terminal flanking portion of the kinase domain has been referred to as the FAT domain [18]
(Fig. 3). The far C-terminus, next to the KD has been named the FATC domain [18].
Structural analyses indicate that both the FAT and FATC domains are positioned close to the
KD, thereby forming the conserved core of these enzymes [19, 20]. The N-terminal region
consists of more HEAT repeats with little sequence similarity between the kinases and is
considered to serve as a protein— protein interaction surface [21].

Requirement of the TTT-R2TP pathway for PIKK expression

The Tel2-Ttil-Tti2 (TTT) complex interacts with and promotes protein stability of PIKKs as
a co-chaperone [6-11] (Fig. 2). ATM and ATR family proteins control telomerase length as
well as DNA damage response [22]. Note that ATM and ATR correspond to Tell and Mecl,
respectively, in budding yeast (Table 1). Like Tel1A™ Tel2 was originally identified as a
gene that positively regulates telomere length in budding yeast [23]. Later on, Tel2 was
shown to control protein stability of PIKKs [6]. Like Cdc37, TTT collaborates with the
Hsp90 chaperone. Unlike Cdc37, however, TTT does not appear to interact directly with
Hsp90 proteins. It is not clear whether TTT recognizes the kinase domain of PIKKSs. Tel2
has been shown to interact with the N-terminal HEAT repeat of PIKKSs [6] (Fig. 3).

The TTT-Hsp90 interaction depends on another protein complex, R2TP, consisting of AAA-
ATPase Rvbl and Rvb2 as well as Tahl and Pih1 [11, 24-26] (Fig. 4 and 5). Protein
organization of the R2TP complex has been extensively studied [24]. Pih1 interacts with the

Curr Genet. Author manuscript; available in PMC 2019 November 09.


https://www.yeastgenome.org/
https://www.pombase.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sugimoto

Page 3

Rvb1-Rvb2 complex and Tahl, and targets phosphorylated substrates through the N-terminal
phospho-peptide binding domain [26, 27]. Tah1 contains the tetratricopeptide repeat (TPR)
domain that mediates the interaction with Hsp90 [28]. R2TP-Hsp90 interacts with newly
synthesized and phosphorylated substrates to mediate the assembly of large protein
complexes such as box C/D snoRNPs and RNA polymerase Il [25, 29, 30]. R2TP does not
target PIKKSs; instead, it recognizes TTT. Casein-kinase-I1 (CK2) phosphorylates Tel2 and
Ttil [11, 31]. Phosphorylated Tel2 is captured by the N-terminal phospho-peptide binding
domain of Pihl in mammalian and budding yeast cells [26, 27]. Thus, the R2TP-Hsp90
complex appears to promote protein-folding of PIKKSs through the interaction with the TTT
complex. More comprehensive discussion about R2TP can be found elsewhere [32].

Although Cdc37 does not interact directly with the TTT-R2TP-Hsp90 complex, Cdc37
contributes to the establishment of the TTT-Hsp90 interaction. Like other protein kinases,
CK2 depends on Cdc37 activities for protein stability [33-35] (Fig. 1). Thus, Cdc37 controls
protein stability of PIKKs by modulating CK2 activity.

Involvement of a separate TTT pathway in PIKK expression

TTT is highly conserved among eukaryotes [6-11]. However, the TTT pathway is not
always connected to R2TP; there seem to be different TTT networks present among
eukaryotes. It has been suggested that mechanisms other than the TTT-R2TP pathway
control TTT-dependent functions in mammalian cells, because defective Tel2-Pihl
interaction decreases the stability of mTOR and SMG-1 but has minor effect on the stability
of ATM, ATR and DNA-PK [11]. One possible explanation is that the TTT-R2TP pathway
preferentially acts on mTOR and SMG1 but other TTT pathways modulate the protein
stability of ATM, ATR and DNA-PK [11] (Fig. 4).

Recent studies of budding yeast have provided evidence indicating that two different
pathways, the TTT-R2TP and the TTT-Asal pathway, contribute to the quality control of
PIKKs in budding yeast [36] (Fig. 5). Asal associates with Rvb1-Rvb2 but forms a different
complex from R2TP [37]. It has been shown that Tel2 preferentially recognizes newly
synthesized ATM and ATR under non-stress conditions [10]. The TTT-Asal pathway
appears to act on newly synthesized Mec1ATR and Tel1AT™™ proteins whereas the TTT-R2TP
pathway is primarily required for Mec1ATR and Tel1A™ protein stabilization at high
temperatures [36]. Asal is largely located in the cytoplasm whereas Pih1 is distributed
throughout the cell [36]. These results suggest the model in which the TTT-Asal pathway
promotes protein folding of nascent Mec1ATR and Tel1A™ in the cytoplasm whereas the
TTT-R2TP pathway stimulates protein refolding during heat stress (Fig. 5).

It seems likely that all PIKKs depend on the Tel2-Asal pathway for proper folding in
budding yeast because the asaZ—1 mutation decreases the expression levels of Torl protein
as well [38]. Tel2 has been shown to interact with Mec1ATR and Tel1A™ in an Asal-
dependent manner [36]. Asal contains WD40 repeats; therefore, it may constitute a WD40
domain that organizes multi-protein complex assemblies [39]. Hsp90 has been proposed to
interact with various types of proteins [40, 41]. Thus, it is possible that Asal mediates
Hsp90-chaperone functions in collaboration with the Rvb1-Rvb2 complex. Tel2 has been
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shown to interact with the N-terminal HEAT repeat region of ATM and mTOR /n vitro [6]
(Fig. 3). Because the sequence similarity at the N-terminal region of PIKKs is relatively low
compared with that at the C-terminal catalytic domain [21], the TTT pathway is expected to
process PIKKs with different efficiencies. Since PIKKs do not share significant amino acid
sequence similarities in the N-terminal region, TTT could interact with PIKKs with different
affinities. The Asal-Rvb1-Rvb2 complex could make TTT a good fit for newly synthesized
PIKK proteins.

The above observations from studies of mammalian and yeast TTT pathways provide a
model in which the R2TP and the Asal-Rvb1-Rvb2 complex determine substrate specificity
of TTT. That is, R2TP allows TTT to recognize mTOR and SMG-1 rather than ATM, ATR
and DNA-PK in mammalian cells whereas R2TP helps TTT to capture heat-denatured
Mec1ATR and Tel1A™ in budding yeast.

of CK2-independent mechanisms in fission yeast

A different TTT pathway may operate in fission yeast. The R2TP complex is found in
organisms from budding yeast to humans; however, Pih1 and Tah1 homologs have not been
identified in fission yeast [42] (Fig. 6). Curiously, TTT was found to interact with Rvb1-
Rvb2 and Hsp90 in fission yeast [42]. It is not clear whether proteins other than Pihl and
Tahl need to connect TTT to Rvb1-Rvb2 and Hsp90. CK2 phosphorylates Tel2 in fission
yeast as well [42]. Not surprisingly, Tel2 phosphorylation is dispensable for TTT-mediated
PIKK biogenesis in fission yeast [42] (Fig. 6). Proteins homologous to Asal are found in
fission yeast and other eukaryotes including humans [37]. Asal homologs may act in the
TTT pathway; however, their function in the TTT pathway has not been characterized yet.

Conclusion

Protein folding of most canonical protein kinase depends on Cdc37 and Hsp90. PIKKs are
large protein kinases with the similarity to lipid kinases. Recent evidence has provided the
model in which TTT collaborates with Hsp90 to convert newly synthesized or denatured
PIKKs into matured stable forms. As discussed above, however, TTT could form different
complexes in different organisms. At the moment, the role of the Rvb1-Rvb2 complex in the
TTT pathway is unknown. Curiously enough, the Rvb1-Rvb2 complex is implicated in
chaperone for Ino80- and Swrl- chromatin remodeling complexes [43]. That is, TTT could
be associated with two different chaperones. People may wonder how intricate the protein
maturation processes of PIKKSs are.
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Fig. 1. HSP90-Cdc37-dependent protein kinase stabilization
Protein kinase folding requires Hsp90 chaperone and the co-chaperone Cdc37. Casein

kinase 1l (CK2) phosphorylates Cdc37 and stimulates Cdc37-client kinase interaction. In
turn Hsp90 recognizes the Cdc37-client kinase complex and promotes the maturation of the
client kinase.
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Fig. 2. Requirement of the co-chaperone Tel2-Tti1-Tti2 (TTT) complex for PIKK stabilization
The TTT complex interacts with newly synthesized PIKKSs and plays a key role in protein

kinase maturation. TTT also collaborates with Hsp90.
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Fig. 3. Interaction of Tel2 with PIKK sthrough the HEAT repeat domain
The kinase domains (KDs) of PIKKs are located near C-termini and are flanked by the

conserved FRAP-ATM-TRRAP (FAT) and FAT C-terminal (FATC) domains [18]. Nterminal
and internal regions of PIKKSs contain numerous a-helical Huntington-elongation factor 3-A
subunit of protein phosphatase 2A-TOR1 (HEAT) repeats [21]. Human Tel2 has been shown
to interact with ATM and mTOR through the HEAT repeat regions.
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Fig. 4. TTT pathway in mammalian cells
The TTT-R2TP pathway contributes mainly to protein stabilization of mMTOR and SMGL1.

TTT appears to connect Hsp90 independently of R2TP and regulate protein stabilization of
ATM, ATR and DNA-PK.
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Fig. 5. TTT pathway in budding yeast
The TTT-Asal pathway plays a key role in protein stabilization of newly synthesized PIKKs

whereas the TTT-R2TP pathway contributes to protein stabilization of Mec1ATR and
Tel1AT™™ at higher temperatures.
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Fig. 6. TTT pathway in fission yeast

The TTT pathway plays a key role in protein stabilization of newly synthesized PIKKs. CK2
phosphorylates Tel2, but phosphorylation is dispensable for protein stabilization of PIKKs.
No Pihl or Tahl counterpart is found in fission yeast.
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Table 1.

PIKK family member in budding yeast and fission yeast

Mammals Buddingyeast Fission yeast
ATM Tell Tell

ATR Mecl Rad3

mTOR Torl, Tor2 Torl, Tor2
TRRAP Tral Tral, Tra2

Curr Genet. Author manuscript; available in PMC 2019 November 09.

Page 14



	Abstract
	Introduction
	Common features of PIKKs that exhibit diversified functions
	Requirement of the TTT-R2TP pathway for PIKK expression
	Involvement of a separate TTT pathway in PIKK expression
	Operation of CK2-independent mechanisms in fission yeast
	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1.

