
Uncovering DNA-PKcs ancient phylogeny, unique sequence 
motifs and insights for human disease

James P. Lees-Millera, Alexander Cobbana, Panagiotis Katsonisb, Albino Bacollac, Susan E. 
Tsutakawad, Michal Hammeld, Katheryn Meeke, Dave W. Andersona, Olivier Lichtargeb, 
John A. Tainerc,d,**, Susan P. Lees-Millera,*

aDepartment of Biochemistry and Molecular Biology, Cumming School of Medicine, University of 
Calgary, Calgary, Alberta, T2N 4N1, Canada

bMolecular and Human Genetics, Baylor College of Medicine, Houston, TX, 77030, USA

cDepartments of Cancer Biology and of Molecular and Cellular Oncology, University of Texas MD 
Anderson Cancer Center, 6767 Bertner Avenue, Houston, TX, 77030, USA

dMolecular Biophysics and Integrated Bioimaging, Lawrence Berkeley National Laboratory, 
Berkeley, CA, 94720, USA

eCollege of Veterinary Medicine, Department of Microbiology & Molecular Genetics, And 
Department of Pathobiology & Diagnostic Investigation, Michigan State University, East Lansing, 
MI, 48824, USA

Abstract

DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is a key member of the 

phosphatidylinositol-3 kinase-like (PIKK) family of protein kinases with critical roles in DNA-

double strand break repair, transcription, metastasis, mitosis, RNA processing, and innate and 

adaptive immunity. The absence of DNA-PKcs from many model organisms has led to the 

assumption that DNA-PKcs is a vertebrate-specific PIKK. Here, we find that DNA-PKcs is widely 

distributed in invertebrates, fungi, plants, and protists, and that threonines 2609, 2638, and 2647 of 

the ABCDE cluster of phosphorylation sites are highly conserved amongst most Eukaryotes. 

Furthermore, we identify highly conserved amino acid sequence motifs and domains that are 

characteristic of DNA-PKcs relative to other PIKKs. These include residues in the Forehead 

domain and a novel motif we have termed YRPD, located in an α helix C-terminal to the ABCDE 

phosphorylation site loop. Combining sequence with biochemistry plus structural data on human 

DNA-PKcs unveils conserved sequence and conformational features with functional insights and 

implications. The defined generally progressive DNA-PKcs sequence diversification uncovers 

conserved functionality supported by Evolutionary Trace analysis, suggesting that for many 
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organisms both functional sites and evolutionary pressures remain identical due to fundamental 

cell biology. The mining of cancer genomic data and germline mutations causing human inherited 

disease reveal that robust DNA-PKcs activity in tumors is detrimental to patient survival, whereas 

germline mutations compromising function are linked to severe immunodeficiency and neuronal 

degeneration. We anticipate that these collective results will enable ongoing DNA-PKcs functional 

analyses with biological and medical implications.
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1. Introduction

1.1. The PIKK family of serine/threonine protein kinases

Human cells contain over 500 protein kinase genes, the majority of which belong to the 

canonical eukaryotic protein kinase family and have amino acid similarity in their kinase 

domains to cAMP-dependent protein kinase. However, the human kinome also contains a 

small group of “atypical” protein kinases, one of which is the phosphatidylinositol-3 kinase-

like family of serine/threonine protein kinases, or PIKKs (Manning et al., 2002). The PIKK 

family is composed of six biologically important kinases: 1) the DNA-dependent protein 

kinase catalytic subunit (DNA-PKcs, gene names PRKDC and XRCC7); 2–3) Ataxia 

Telangiectasia Mutated (ATM) and ATM-and Rad3-related (ATR), which are involved in the 

cellular response to DNA double strand breaks (Blackford and Jackson, 2017); 4) 

mammalian/mechanistic target of rapamycin (mTOR), which has multiple roles in energy 

metabolism and protein synthesis (Liu and Sabatini, 2020); 5) suppressor of morphogenesis 

in genitalia 1 (SMG1), which is involved in non-sense mediated mRNA decay (Lloyd, 

2018); and 6) the catalytically inactive pseudo kinase, transformation/transcription domain-

associated protein (TRRAP), which is part of the Spt-Ada-Gcn5 acetyltransferase (SAGA) 

and TIP60 acetyltransferase complexes (Elias-Villalobos et al., 2019).

The human PIKKs are very large polypeptides that share a characteristic architecture that 

includes four major elements. One, a region consisting of multiple Huntingtin, Elongation 

Factor 3 A, Protein Phosphatase 2 A subunit, TOR (HEAT) repeats (Brewerton et al., 2004). 

Second, a conserved FRAP, ATM, and TRRAP (FAT) domain (Bosotti et al., 2000). Third, 

the highly conserved kinase domain (Hartley et al., 1995), and fourth, a short C-terminal 

FATC motif (Baretic et al., 2019; Bosotti et al., 2000; Elias-Villalobos et al., 2019) (see Fig. 

1A).

Although the PIKK kinase domain sequence is more similar to that of the 

phosphatidylinositol-3 kinase (PI3K) catalytic subunit (gene PIK3CA) than canonical 

eukaryotic protein kinases (Hartley et al., 1995; Hunter, 1995), it is distinct from PI3K in 

that it only contains the lysine (K) of the valine-alanine-isoleucine-lysine (VAIK) ATP-

binding site found in PI3K/PIK3CA (Elias-Villalobos et al., 2019). Like PI3K, the catalytic 

site of the PIKKs has a characteristic glycine-aspartic acid-arginine-histidine-X-X-
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asparagine (GDRHXXN) motif where D is the catalytic aspartic acid (DXXXXN) in all 

eukaryotic protein kinases (Taylor et al., 1992). The canonical aspartic acid-phenylalanine-

glycine (DFG) Mg2+ binding site is conserved only in PI3K/PIK3CA, DNA-PKcs and 

mTOR, while ATR, ATM and SMG1 retain only the aspartic acid (Elias-Villalobos et al., 

2019). Like PI3K, the PIKKs are inhibited by wortmannin. Unlike PI3K, the PIKKs are 

serine/threonine protein kinases rather than lipid kinases. DNA-PKcs, ATM and ATR prefer 

serines or threonines that are followed by a glutamine (SQ/TQ motifs) (Lees-Miller et al., 

1992; O’Neill et al., 2000), although DNA-PKcs can also phosphorylate other substrates on 

serine or threonine followed by leucine, methionine or other aliphatic amino acids (Dobbs et 

al., 2010; Douglas et al., 2002).

1.2. DNA-PKcs function

At 4128 residues (approximately 469 kDa), the human DNA-PKcs polypeptide is the largest 

human PIKK family member. DNA-PK was originally discovered in human cells as a 

protein kinase that was stimulated by double stranded (ds) DNA (Carter et al., 1990; Lees-

Miller et al., 1990; Walker et al., 1985). Alone, DNA-PKcs has weak protein kinase activity 

that is stimulated by interaction with the Ku70/80 heterodimer and ends of dsDNA (Chan et 

al., 1996; Gottlieb and Jackson, 1993). DNA-PKcs and Ku are required for the repair of 

ionizing radiation (IR)-induced DNA double strand breaks (DSBs) via the non-homologous 

end joining (NHEJ) pathway, and cells that lack either Ku or DNA-PKcs are sensitive to 

ionizing radiation and other DSB-inducing agents (Pannunzio et al., 2018; Wang and Lees-

Miller, 2013). The DNA-PKcs nuclease partner Artemis (gene name DCLRE1C) is needed 

for processing some DNA end configurations at dsDNA breaks for NHEJ. The analogous 

nuclease partner MRE11 complex for the PIKK ATM is critical to license and then commit 

to homologous-recombination dsDNA break repair and without MRE11 the repair is instead 

completed by NHEJ (Syed and Tainer, 2018). Thus, better defining Artemis-DNA-PKcs 

functional interactions will likely be of substantial interest. DNA-PKcs and Artemis are also 

required for opening DNA hairpin ends during V(D)J recombination, a gene rearrangement 

process critical for antibody diversity in the adaptive immune system (Lieber, 2010). 

Accordingly, animals with inactivating mutations in DNA-PKcs, for example the severe 

combined immunodeficient (SCID) mouse, are both radiation sensitive due to defective 

NHEJ and immune-deficient due to defective V(D)J recombination (Lieber, 2010). In 

addition, DNA-PKcs has other key cellular functions, for example in regulation of androgen 

receptor-mediated transcription and metastasis in prostate cancer (Goodwin and Knudsen, 

2014), mitosis (Douglas et al., 2020; Jette and Lees-Miller, 2015), detection of foreign DNA 

and innate immunity (Burleigh et al., 2020; Chu et al., 2000) and ribosomal RNA processing 

(Shao et al., 2020).

1.3. DNA-PKcs autophosphorylation

DNA-PKcs undergoes extensive autophosphorylation in vitro which, counterintuitively, 

leads to loss of its kinase activity (Chan and Lees-Miller, 1996). In vitro DNA-PKcs 

autophosphorylation sites include serines 2612 and 2624 plus threonines 2609, 2620, 2638 

and 2647 (Douglas et al., 2002) as well as serine 3205 in the FAT domain (Douglas et al., 

2002) and threonine 3950 in the kinase domain (Douglas et al., 2007) (see Fig. 1A). Serines 

2612 and 2624 plus threonines 2609, 2620, 2638 and 2647 are frequently referred to as the 
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ABCDE or T2609 cluster (Ding et al., 2003): they are located in a flexible loop extending 

from residues ~2577 to 2773 in human DNA-PKcs. In human cells, IR-induced 

phosphorylation of serines 2612 and 2624 and threonines 2609, 2620, 2638 and 2647 is 

inhibited by DNA-PK kinase inhibitor NU7441 but not by ATM kinase inhibitor KU55933, 

suggesting that phosphorylation of these sites in vivo is DNA-PKcs-dependent (Meek et al., 

2007). In vitro autophosphorylation of DNA-PKcs results in its dissociation from Ku-bound 

DNA, while DNA-PKcs in which the ABCDE phosphorylation sites are mutated to alanine 

has reduced ability to dissociate from Ku-DNA (Hammel et al., 2010; Jette and Lees-Miller, 

2015). This has led us to propose that DNA-PKcs is recruited by Ku to ends of dsDNA, 

autophosphorylates, undergoes a conformational change and then dissociates from the Ku-

DNA complex (Dobbs et al., 2010). In support of this model, DNA-PKcs in which the 

ABCDE sites have been mutated to alanine, as well as kinase-dead DNA-PKcs are retained 

at sites of DNA damage in vivo, whereas wild type-DNA-PKcs is recruited to DNA damage 

sites but dissociates with a half-life of ~60 min (Uematsu et al., 2007). Other studies have 

reported that phosphorylation of the ABCDE cluster is ATM-dependent (Jiang et al., 2015), 

and can be ATR-dependent in response to UV radiation (Yajima et al., 2006). However, in 

our hands, T2609 phosphorylation is as robust in ATM-deficient cells as in wild type cells 

(Neal and Meek, 2019). Regardless, it seems clear that the ABCDE phosphorylation sites 

play an important role in DSB repair as their mutation to alanine results in extreme radiation 

sensitivity and defects in DSB repair and V(D)J recombination (Ding et al., 2003; Meek et 

al., 2008). Another well characterized auto-phosphorylation site is serine 2056 (Chen et al., 

2005; Cui et al., 2005; Neal and Meek, 2019), which, with serines 2023, 2029, 2041 and 

2053, is referred to as the PQR cluster (Cui et al., 2005). Mutational analysis reveals that 

phosphorylation of the PQR cluster inhibits access to DNA ends, suggesting that ABCDE 

and PQR phosphorylation clusters act in a reciprocal manner (Neal and Meek, 2011). Yet 

these autophosphoryation sites represent only a few of the total post-translational 

modifications on DNA-PKcs, with 88 phosphoserines, 34 phosphothreonines, 21 

phosphotyrosines and almost 200 ubiquitination sites reported on Phosphosite Plus 

(Hornbeck et al., 2015) (see www.phosphosite.org).

1.4. DNA-PKcs structure

Elegant crystallographic and cryo-electron microscopy (cryo-EM) studies have determined 

the structure of DNA-PKcs alone (Sibanda et al., 2010), with a peptide from the Ku80 C-

terminal region (Sibanda et al., 2017) and in the context of the DNA-PKcs-Ku70/80-dsDNA 

holoenzyme, DNA-PK (Sharif et al., 2017; Yin et al., 2017). The structures reveal that the 

N-terminal HEAT repeat-containing region of DNA-PKcs can be differentiated into an N-

terminal unit (residues 1–892) that is absent from other PIKKs (Sibanda et al., 2017) (also 

called the N-HEAT region, shown in blue in Fig. 1) and a central cradle unit, also called the 

M-HEAT region (residues 893–2801, shown in green in Fig. 1). Within the M-HEAT domain 

is the Forehead region (residues 893–1289) which is located at the top of the ring and has a 

more irregular helical structure (Sibanda et al., 2017). The FAT domain occupies residues 

2802–3564 and is followed by the kinase domain (residues 3565–4100) and the FATC 

domain, residues 4101–4128. Structural similarity led to the identification of a region with 

similarity to the FKBP12erapamycin-binding (FRB) domain of PI3K located at residues 

3582–3675 in DNA-PKcs (Sibanda et al., 2017; Yang et al., 2013). DNA-PKcs also contains 
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a PIKK regulatory domain (PRD) located at residues 4043–4090 (Mordes et al., 2008). A 

substantial conserved region, corresponding to “domain B” in the DNA-PKcs structure, 

called the NUC194 domain, was identified in a bioinformatics screen for nucleolar proteins 

(Staub et al., 2004). The NUC194 domain is defined in the Pfam database (El-Gebali et al., 

2019), as corresponding to residues 1815–2202 of DNA-PKcs (http://pfam.xfam.org/family/

Nuc194#tabview=tab9) and, like the N-HEAT domain, is unique to DNA-PKcs.

The HEAT repeat containing N-HEAT and M-HEAT domains form a super-helical α-

solenoid structure, while the FAT-kinase-FAT-C domains form a “crown” at the top of the 

molecule (see Fig. 1B). The overall dimensions of DNA-PKcs are 180 Å × 130 Å × 105 Å. 

The Ku70/80 heterodimer nestles against the base and back of DNA-PKcs, aligning dsDNA 

to enter DNA-PKcs (Sharif et al., 2017; Yin et al., 2017). Potential Ku interaction sites have 

been proposed at amino acids 102–210, 2178–2248 and 2374–2394 (Yin et al., 2017) 

(marked in grey in Fig. 1A) and a region associated with DNA binding has been mapped to a 

leucine rich region between residues 1503–1538 (Gupta and Meek, 2005). The S2056 

phosphorylation site is located at the base of the molecule, close to the Ku binding sites 

(dark green in Fig. 1B) (Sibanda et al., 2017). Absent from current X-ray and cryo-EM 

structures is a flexible loop beginning at residue 2577 and ending at residue 2733 containing 

the ABCDE phosphorylation sites (Neal et al., 2014; Saltzberg et al., 2019; Sheff et al., 

2017) (see Fig. 1A). We suggest that autophosphorylation of the ABCDE sites leads to a 

conformational change in the synaptic complex that allows DNA-end processing enzymes, 

and ultimately DNA ligase IV, to access the extreme ends of the DSB (Dobbs et al., 2010). 

However, phosphorylation of the ABCDE sites alone is insufficient for DSB repair, 

suggesting that added phosphorylation events are required for efficient NHEJ (Meek et al., 

2007).

1.5. DNA-PKcs phylogeny

Unlike its relatives ATM, ATR, mTOR and TRRAP, DNA-PKcs has not been detected in the 

Dikarya fungi Saccharomyces cerevisiae and Schizosaccharomyces pombe, the free-living 

nematode Caeno-rhabditis elegans, the Dipteran fly Drosophila melanogaster and the 

flowering plant Arabidopsis thaliana (Dore et al., 2004; Elias-Villalobos et al., 2019). These 

observations led the suggestion that DNA-PKcs arose later in evolution, at the invertebrate-

vertebrate transition (Zhao et al., 2019). However, a putative DNA-PKcs orthologue was 

reported in the genome of the slime mould Dic-tostelium discoideum (Block and Lees-

Miller, 2005; Eichinger et al., 2005) and indeed, DNA-PKcs is functionally important for 

NHEJ in D. discoideum (Hsu et al., 2006, 2011; Pears and Lakin, 2014). Moreover, potential 

DNA-PKcs orthologues have been reported in the mosquito Anopheles gambiae and the 

honey-bee Apis mellifera ligustica (Dore et al., 2004). DNA-PKcs has since been identified 

in the green algea Ostreococcus tauri (Hindle et al., 2014) and the radiation-resistant 

bdelloid rotifer Adineta vaga (an aquatic micro-invertebrate) (Hecox-Lea and Mark Welch, 

2018). Interestingly, putative orthologues of Artemis have also been identified in A. vaga 
(Hecox-Lea and Mark Welch, 2018) and D. discoideum contains a metallo-beta-lactamase 

with similarity to Artemis that is required for NHEJ (Pears and Lakin, 2014). Potential 

orthologues of multiple DNA repair genes including Ku70, Ku80, DNA-PKcs and DNA 

ligase IV (but not Artemis) have also been reported in dinoflagellates, a group of 
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phytoplankton (Li and Wong, 2019). Furthermore, sequence alignment of the kinase 

domains of the PIKK family members identified putative DNA-PKcs orthologues in a wide 

range of Metazoans, including sea urchins, sponges and hydra, as well as Choanoflagellates 

(free-living unicellular eukaryotes), amoeba, fungi of the Chytridiomycota and Muromycota 

phyla, plants of the Tracheophyte, Bryophyte and Chlorophyte phyla, Stramenopiles, 

Alveolates, Rhizaria, Euglenozoa, and Heterolobosea (Elias-Villalobos et al., 2019). Thus, 

although lost from some lineages, in particular many model organisms that are widely used 

in molecular biology, these data suggest that DNA-PKcs has a far more ancient emergence 

than previously supposed.

To more systematically explore the evolutionary conservation of DNA-PKcs, we screened 

NCBI databases for proteins with amino acid similarity to DNA-PKcs and identified a 

diverse array of additional organisms that contain DNA-PKcs, including a wide range of 

invertebrates, fungi, plants, and protists. Strikingly, phylogenetic analysis indicates that 

DNA-PKcs emerged over 1 billion years ago and has retained its core functions over time. In 

addition, we identify novel sequence motifs that are unique to DNA-PKcs that we propose as 

signature motifs that may aid in functional characterization and sequence-based searches. In 

the light of these combined evolutionary and structural analyses we consider DNA-PKcs 

mutations and their consequences.

2. Methodology

2.1. Protein sequence analysis

The NCBI protein sequence data base (Sayers et al., 2019) was searched using the FAT-

Kinase-FAT-C domain of human DNA-PKcs (Accession number P78527.3). The NCBI 

Protein database was searched with the terms: DNA-activated protein kinase and NUC194. 

Given the large size of DNA-PKcs we expected reported sequences to be subject to gene 

prediction errors that can affect the analysis of sequence similarity across species (Banyai 

and Patthy, 2016). Indeed, obvious gene prediction errors were present in approximately 

40% of the sequences that we used in this study. These included both fragmented and 

incomplete sequences. To correct these errors we first used Clustal Omega at EMBL 

(Madeira et al., 2019) to align the protein sequence in question with others that were as 

closely related as possible. Gene graphics in NCBI was used to identify the region 

containing the missing sequence. This region was translated using the translation map 

function in the free on-line Sequence Manipulation Suite (Stothard, 2000) available at 

(https://era.library.ualberta.ca/items/6852886f-f731-440c-b7a4-f05c3e60c4d5).

Potential coding sequences were sewn together using tBLASTn to identify overlapping 

RNAseq reads in the sequence read archive (NCBI) (Sayers et al., 2019). In many species, 

incomplete gene sequences resulted in gene prediction errors. In these cases, we scanned the 

Whole Genome Shotgun sequences in NCBI with tBLASTn (Sayers et al., 2019). using both 

surrounding sequences from the species in question and the predicted missing sequences 

from related species. As previously, the identified sequences were sewn together with 

RNAseq reads. Occasionally useful transcript information was also found in the 

Transcriptome and EST databases in NCBI (Sayers et al., 2019). It should be noted that we 

did not identify full-length transcripts for any of the sequences so some errors may still exist. 
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Sequences were aligned using various multiple sequence alignment programs, including 

Clustal-Omega at EMBL (Madeira et al., 2019) and COBALT at NCBI (Sayers et al., 2019). 

All alignments were run using default settings (conservation setting 2 in COBALT). In 

Clustal-Omega * represents identical amino acids,: represents highly conserved amino acids 

and. similar amino acids. In COBALT, regions of highest amino acid similarity/highest 

conservation are represented by red, partial conservation in blue and non-conserved amino 

acids in grey.

2.2. Identification of the PRKDC gene in the extremophile Alvinella pompejana

We used a short read sequence library obtained from A. pompejana samples collected during 

past expeditions (2003–2004) in the East Pacific Rise (Shin et al., 2009) to build a partial 

genome sequence of the extremophile using SOAPdenovo2, and then conducted gene 

prediction analysis with the gene prediction tool AUGUSTUS (Stanke and Morgenstern, 

2005) trained on a set of full-length ESTs previously reported (Holder et al., 2013). A 

putative full-length PRKDC gene was identified in a 124-kb scaffold (scaffold 113562); 

however, sequence alignment suggested that the protein product was missing ~20 amino 

acids between codons 3360 and 3380. We found a partial EST that spanned the gap and 

whose sequence was indeed present in scaffold 113562, implying that the missing 20 amino 

acids originated from incorrect splice detection by AUGUSTUS. Therefore, we used the 

additional EST sequence to reconstruct an ungapped PRKDC cDNA. The sequence of DNA-

PKcs from A. pompejana has been deposited in GenBank with the accession number 

MT472577

2.3. Visualization of DNA-PK structures

Structures of DNA-PKcs [5LUQ (Sibanda et al., 2017) and DNA-PK holoenzyme structures 

5Y3R (Yin et al., 2017), 5W1R (Sharif et al., 2017)] were downloaded from the Protein Data 

Bank and visualized using Pymol (Schrodinger) and CHIMERA (Pettersen et al., 2004), as 

indicated.

2.4. Modeling of a DNA-PK synaptic complex

Modeling of DNA-PKcs and DNA-PK synaptic complexes is described in Hammel et al., 

this issue (Hammel et al., 2020, this issue). Briefly, amino acid loops missing from the cryo-

EM and X-ray structures, including the ~2576–2776 region that contains the ABCDE 

phosphorylation sites (Ding et al., 2003; Douglas et al., 2002) were built in to the X-ray 

crystal structure (Sibanda et al., 2017) using MODELLER (Sali and Blundell, 1993). A 

DNA-PKcs dimer was modelled by molecular docking two DNA-PKcs monomer-models 

using a rigid docking, geometric shape-matching algorithm PatchDock (Schneidman-

Duhovny et al., 2005). The best docking model was selected for further analysis. Amino 

acids that were highly conserved (>95%) in representative examples of vertebrate and 

invertebrate DNA-PKcs were mapped onto the structure of human DNA-PKcs and the 

docking model of the human DNA-PKcs dimer using CHIMERA (Pettersen et al., 2004).
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2.5. Multiple sequence alignment and phylogenetic reconstruction

Annotated protein sequences for all DNA-PKcs members were acquired as above. For the 

broadest-level analysis we used sequences ranging from metazoans to plants, fungi, 

unicellular protists and a putative Archaeon sequence using the related Drosophila TOR 

protein sequence as an outgroup. A total of 48 sequences were analyzed, while for the 

metazoan-specific analysis we used a total of 58 sequences from across Metazoa, with the 

fungus Glomus cerebriforme as an outgroup. DNA-PKcs sequences ranged from ~3500 to 

~5000 amino acids in length, and were initially aligned using the Multiple Sequence 

Alignment by Log-Expectation (MUSCLE) program (Edgar, 2004). The optimal parameters 

for phylogenetic reconstruction analysis were taken from the best-fit evolutionary model 

selected using the Akaike Information Criterion (AIC) implemented in the PROTTEST3 

software (Darriba et al., 2011), and were inferred to be the Le-Gascual (LG) model (Le and 

Gascuel, 2008), with gamma-distributed among-site rate variation and empirical state 

frequencies. Phylogenies were inferred from these alignments using RaXML v8.2.9 software 

(Stamatakis, 2014) and results were visualized using FigTree v1.4.4 (https://github.com/

rambaut/figtree/releases).

2.6. Evolutionary trace analysis of DNA-PKcs function

Evolutionary Trace analysis (Lichtarge et al., 1996; Mihalek et al., 2004) was run using the 

“position-specific gap-reducing real-valued trace” option and as input the multiple sequence 

alignments shown in the supplemental figures or specific branches of them were used. 

PyMOL 2.3.4 was used to visualize the structures and the PyETV plugin (Lua and 

Lichtarge, 2010) to color the residues according to their ET importance. Residues with the 

lowest ET score were coloured red and those with the second lowest score in yellow.

2.7. Cancer and human inherited disease genome-wide analyses

RNA-seq gene expression data in cancer genomes were downloaded using the TCGA 

Assembler suite (Wei et al., 2018); comparisons between tumor and normal tissues were 

limited to those tumor types for which at least 10 normal control samples were available. 

Survival data related to gene expression levels were also retrieved from TCGA and analyzed 

with the R packages “survival” and “survminer”. PRKDC mutations and progression-free 

survival data were retrieved from cBioPortal (https://www.cbioportal.org) by choosing the 

“Curated set of non-redundant studies”. PRKDC missense mutations associated with 

inherited disease or predisposing to human disease were obtained from the HGMD 

Professional, version 2019.2.

2.8. Evolutionary Action analysis of tumor-associated PRKDC mutations

Evolutionary Action (EA) scores were generated for the NP_008835 human PRKDC 
sequence, using the multiple sequence alignment of Supplementary Fig. 9 and the 

methodology described previously (Katsonis and Lichtarge, 2014). PRKDC variants 

retrieved from cBioPortal (https://www.cbioportal.org), although they also referred to the 

NP_008835 sequence, had a residue number shift on and after the residue position 1245, 

apparently due to a residue addition in the reference sequence used by cBioPortal (this 

addition was found neither in the sequence databases nor in HGMD). We accounted for this 
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discrepancy and assigned correctly the EA scores to the cBioPortal variants. The EA 

distributions were generated by binning the EA score range into deciles. The random 

nucleotide variants were collected by performing all three nucleotide changes to each 

nucleotide position of the PRKDC sequence (silent and nonsense variants were ignored). 

The difference between the observed and random distributions was quantified by the 

significance p-value of the Kolmogorov-Smirnov test (two-sample, right-tail).

3. Results

3.1. DNA-PKcs has a broad distribution across most eukaryotic phyla

Analysis of NCBI databases revealed the presence of DNA-PKcs orthologues in all major 

phyla including Metazoa (from human to sponge), fungi of the Chytridiomycota and 

Mucoromycota phyla and plants (Viridiplantae) of the Chlorophyte (green algae) and 

Streptyphyte phyla from Charophyte and Klebsormidiophyte (green algae), to Bryophytes 

(liverworts and mosses), Lycophytes (clubmoss) and Euphyllophytes of the class 

Acrogymnospermae (conifers, ferns, cycads and Ginkgo biloba). DNA-PKcs was also 

present in Stramenopiles, Ciliates (Paramecium, Stentor and Tetrahymena), Evocea (slime 

molds and social amoeba) and Choanoflagellates (free-living eukaryotes, considered to be 

the earliest living relatives of animals) as well a variety of protist phyla (Apusozoa, 

Heterolobosea, Haptista and Rhizaria) (Supplementary Table 1).

Supporting previous observations (Dore et al., 2004; Elias-Villalobos et al., 2019), we did 

not detect DNA-PKcs in D. melanogaster, a Dipteran fly of the of the Brachycera suborder. 

However, DNA-PKcs was present in Dipterans of the Nematocera suborder, such as the 

midge Clunio marinus and the mosquito Aedes aegypti, as well as in most other insect 

orders, with the possible exception of Lepidoptera (see below). Similarly, although DNA-

PKcs was not present in nematodes of the class Chromadorea such as C. elegans, it was 

present in nematodes of the Enoplea class, including the parasites Trichinella pseudospiralis 
and Trichius muris. We did not detect DNA-PKcs in Dikarya fungi (yeast, mushrooms) or in 

Euphyllophyte plants of the class Magnoliopsida (flowering plants including model 

organisms Arabidopsis thaliana and Glycine max). DNA-PKcs was also absent from red 

algae of the phylum Rhodophyta, classes Bangiophyceae and Florideophyceae. Included 

within the Bangiophyceae are the extremophiles Galdiera sulphuraria and Cyanidioschyzon 
merolae that live under extreme conditions of temperature and pH (Qiu et al., 2013).

3.2. DNA-PKcs phylogeny reveals an ancient eukaryotic past

Phylogenetic analysis of DNA-PKcs sequences from a broad range of Eukaryotes largely 

conformed to current classification knowledge (Adl et al., 2019). The Diaphoretick clade 

including Alveolates, Stramenopiles, Viridiplantae, Rhizaria and Haptista grouped together 

as expected (Fig. 2A). Within the Amorphean clade, the Opisthokonts including Fungi, 

Choanoflagellates, and Metazoa grouped together. A small difference from the current 

classification was seen as the Amorphean clades Amoebozoa and Apuozoa formed a group 

with Heterolobosia that was slightly closer to the Diaphoreticks than the Amorpheans.

Lees-Miller et al. Page 9

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Unlike the Eukaryotic tree, the Metazoan tree bore little resemblance to the current 

classification (Telford et al., 2015) (Fig. 2B). While Sponges, Placozoa and Cnidaria are 

normally at the base of the tree, in the DNA-PKcs tree they occupy the apex and are replaced 

at the base by Ecdyzoan Protostomes, most prominently Insects and Crustaceans. The 

relationship of Sponges, Placozoa and Cnidaria to Deuterostomes (Echinoderms and 

Chordates) and Lophotrochozoan Protostomes (Molluscs and Annelids) is some-what more 

conventional. Also notable from Fig. 2B is the high level of conservation within vertebrates. 

Overall these findings indicate that DNA-PKcs appeared in early Eukaryotes, which evolved 

in the relatively stable ocean environment, and that it largely retained its core function(s) in 

Phyla that remained within this environment. However, in many organisms that adapted to 

life on land, DNA-PKcs was either lost or greatly diverged. The clear exception being 

vertebrates, where DNA-PKcs appears to have gained function.

3.3. DNA-PKcs sequence conservation in many major phyla including invertebrates and 
protists

We selected ~100 DNA-PKcs sequences from a broad representation of Eukaryotes and 

carried out four catagories of alignments: 1) jawed vertebrates, 2) Metazoa (vertebrates plus 

invertebrates), 3) selected Metazoa plus a fungus, a plant, an amoeba, a ciliate and an 

oomycete, and 4) 85 sequences representing the entire Eukaryotic spectrum. For each 

alignment except jawed vertebrates, we used both Clustal Omega and COBALT. At default 

settings, COBALT has low stringency for amino acid similarity while Clustal Omega has 

extremely high stringency, so that one mildly dissimilar or missing residue prevents any 

level of conservation from being indicated. For example, an alignment resulting in 19 

glycines and 1 cysteine or 19 glycines and one gap will prevent any conservation being 

detected. Thus, many regions of high but not exclusive conservation may be missed using 

Clustal Omega alone. However, we posit that the combination of high stringency CLUSTAL 

and low stringency COBALT alignments provides a reasonable, overall view of amino acid 

conservation.

DNA-PKcs is required for V(D)J recombination, which is thought to have arisen abruptly in 

evolution by transposition of the RAG genes into jawed vertebrates (Market and 

Papavasiliou, 2003; Schluter et al., 1999). Therefore, we first aligned DNA-PKcs sequences 

from selected jawed vertebrates and analyzed their sequence similarity using Clustal Omega 

(Supplementary Table 1, Supplementary Fig. 1). The percent amino acid identity between 

full-length human and mouse DNA-PKcs was 79.3%, as determined by the Clustal Omega 

percent identity matrix function. Birds, reptiles and amphibians had ~67% amino acid 

identity to human while in sharks and fish the percent identity ranged from 58 to 62% 

(Supplementary Fig. 1A). Extensive regions of amino acid identity and similarity were 

observed throughout the sequence (Supplementary Fig. 1B). To visualize residue identity 

and similarity from the Clustal Omega alignment, we assigned identical amino acids (* in 

Clustal Omega) a score of 3, highly conserved amino acids (: in Clustal Omega), a score of 2 

and similar amino acids (in Clustal Omega) a score of 1 and plotted these against residue 

number (Fig. 3A/B). These analyses reveal that DNA-PKcs is highly conserved across its 

entire length in vertebrates.
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In order to identify regions of DNA-PKcs that were conserved over a greater evolutionary 

distance, we carried out alignments on a greater diversity of species. For these alignments 

we included sequences from additional Metazoa including Chordates (Vertebrates, Tunicates 

and Lancelets), Annelids (worms), Cnidarians (sea anemones and corals), Echinoderms 

(starfish and sea urchins), Molluscs (snails and bivalves), Arthropods (Crustaceans, Insects 

and Chelicerates) and Porifera (Sponge). By Clustal Omega, the percentage amino acid 

identity in invertebrates (compared to human DNA-PKcs) was ~40% in Molluscs (oyster, 

Crassostrea virginica and snail Pomacea canaliculata), lancelet (Branchiostoma belcheri), 
starfish (Acanthaster planci), sea anemone (Nematostella vectensis) and corals (Stylophora 
pistillata and Dendronephthya gigantea), 35% in scorpion (Centruroides sculpturatus) and 

30% in termite (Cryptotermes secundus) and shrimp (Penaeus vannamei) (Supplementary 

Fig. 2). Analysis by both Clustal Omega (Supplementary Fig. 2) and COBALT (Fig. 4A and 

B and Supplementary Fig. 3) again revealed multiple areas of amino acid conservation 

throughout the entire DNA-PKcs sequence, including the N-HEAT, Forehead, MHEAT, 

NUC194, FAT, kinase and FATC domains. However, some regions of DNA-PKcs were 

particularly prominent, such as the region in the Forehead domain corresponding to amino 

acids ~900–1200 in human DNA-PKcs that was highly conserved in all 33 sequences 

examined (Figs. 3C and 4A). However, there were also areas of high divergence, mainly 

within the M-HEAT and FAT domains (Figs. 3C and 4A and Supplementary Figs. 2 and 3).

Closer examination of the alignments revealed that the sequence YR-x-G-(D/E)-(L/F)-PD-

(I/V)-x-I-x5-I-x-P-x-Q beginning at tyrosine 2775 and ending at glutamine 2795 in the 

human sequence, was present in all 33 metazoans examined. In the sequence above, the 

residues in bold were identical in all 33 sequences examined, x = any amino acid and (D/E), 

(L/F) and (I/V) refer to conservative replacements (Supplementary Figs. 2 and 3). This 

motif, which we refer to as the YRPD motif, is located between the disordered loop 

(residues 2577 to 2773) that contains the ABCDE phosphorylation sites and is absent from 

the crystal and cryoEM structures, and the FAT domain (starting at residue 2801) (see Fig. 

1A). There was also a second YR sequence at tyrosine 2772 and arginine 2773 which was 

conserved in all organisms except termite where the tyrosine was replaced by phenylalanine. 

Thus the YRPD motif could extend to Y2772 in some organisms, i.e. (Y/F)-R-x-YR-x-G-x-

x-PD.

To further test our analysis on invertebrates, we examined and identified DNA-PKcs in the 

extremophile, Alvinella pompejana, a deep-sea polychaete worm found at hydrothermal 

vents in the Pacific Ocean (Shin et al., 2009). The amino acid sequence of A. pomejana 
DNA-PKcs aligned well with that of other metazoans and had 38% identity to human DNA-

PKcs (ALVINELLA in Fig. 4A, Supplementary Figs. 2 and 3). Conservation in the Forehead 

domain and YRPD motif was also observed in A. pompejana (Supplementary Figs. 2 and 3).

We next extended our analysis to include representatives from more distantly related 

organisms including a brachiopod (Lingula antatina), rotifer (Brachionus plicatilis), 

roundworm (Trichinella pseudospiralis), flatworm (Macrostomum lignano), 

Choanoflagellate (Salpingoeca rosetta), fungus (Glomus cerebriforme), amoeba 

(Heterostelium album), ciliate (Stylonychia lemnae), oomycete (Aphanomyces euteiches), 
and the moss (Physcomitrella patens). Analyses by both COBALT and Clustal Omega 
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showed that amino acids within the Forehead domain were again highly conserved, as were 

smaller regions throughout the HEAT and the kinase domain (Figs. 3D and 4C and 

Supplementary Figs. 4 and 5). In the Forehead domain, R924, A930, E932, G943, Q990, 

R1026, H1069, R1075 and R1090 were invariant from humans to oomycetes. At the YR-

YRxGxxPD motif, the first Y (corresponding to Y2772 in humans) was not highly 

conserved (substitutions M, L, F or R). The R2773 was conserved in all except the parasitic 

roundworm, Trichinella. Remarkably, the second YR (equivalent to human Y2775/R2776), 

as well as the residues equivalent to human G2778, P2781 and D2782 were identical in all 

organisms in our alignment, from humans to amoeba and oomycete. Although the residues 

equivalent to D2779, I2780 and I2783 were not identical, they were replaced by highly 

similar amino acids supporting the notion that this entire region is important for DNA-PKcs 

structure and/or function (Fig. 5A and Supplementary Figs. 4 and 5).

Notably, the region immediately N-terminal to the YRPD motif contained a high percentage 

of charged amino acids, particularly positively charged residues R, K and H (Fig. 5A). There 

were also several invariant amino acids at the beginning of the ABCDE loop, including 

L2581 and P2604 (Supplementary Figs. 4 and 5). In the kinase domain, invariant amino 

acids included L3680, W3686, E3700, P3702, G3703, Y3705, P3711 and P3735. There was 

also a high degree of conservation in the ATP-binding site, beginning at K3753, at the 

catalytic site GDRHxxN, the metal binding site IDFG and at D4113, L4117, G4123 and 

W4124 in the FATC domain (Fig. 5B and C and Supplementary Figs. 4 and 5).

Even when the alignment was expanded to include 85 curated sequences across all major 

phyla, clear areas of amino acid conservation remained (Supplementary Figs. 6 and 7). In 

the Forehead domain, E932 and G943 were identical in all 85 organisms examined 

(Supplementary Figs. 6 and 7). Remarkably, the residues equivalent to Y2775, G2778, 

P2781 and D2782 of the YRPD motif were invariant in all 85 species examined including 

plants, amoeba and ciliates (Supplementary Figs. 6 and 7). W3008 in the FAT domain and 

P3702, P3745, K3753 (ATP-binding site), D3761, T3790, P3795, G3921, D3922, R3923, 

H3924, N3927 (DXXXXN), G3935, D3941 (DFG motif), F3946, E3957, R3962 and F4005 

in the kinase domain as well as W4124 in the FATC domain were invariant in all 85 species.

Although several insects were included and shared a similar pattern of conservation to other 

organisms in our analysis, Lepidoptera seemed to display distinct characteristics. We aligned 

putative DNA-PKcs sequences from five Lepidopteran superfamilies, including 7 distinct 

families, with a diverse group of Metazoans (Supplementary Fig. 8). The only moderately 

conserved features were the N-HEAT, the M-HEAT from 1550 to 2650 (which includes the 

NUC194 domain) and the FAT-kinase-FATC domains. The kinase domain contained the 

essential residues predicted for activity, but overall the sequences were too divergent to be 

identified with confidence as DNA-PKcs. Notably absent from all Lepidopteran sequences 

examined were the Forehead domain and the YRPD (Supplementary Fig. 8).

3.4. Unique identifiers of DNA-PKcs

To identify regions that were unique to DNA-PKcs, we carried out a Blastp search 

comparing the various regions across a wide variety of Eukaryotic organisms. The regions 

included in the Blastp analysis were the N-HEAT (residues 1–892), the Forehead domain 
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(residues 893–1200), two regions of the M-HEAT domain, residues 1200–1700 and residues 

1700–2576 that contain the NUC194 domain, the ABCDE loop region (residues 2550–

2820), the FAT domain (residues 2800–3580) and the kinase/FATC domains (residues 3580–

4128). The FAT and especially the kinase/FATC domains were conserved in DNA-PKcs 

from all Eukaryotic phlya but also shared conservation with other PIKKs including TOR, 

SMG1, ATR, ATM and TRRAP (Supplementary Table 2). The N-HEAT, the Forehead, the 

region of the M-HEAT containing the NUC194 domain (1700–2576) and the ABCDE loop 

region all identified DNA-PKcs with a Blast score >30 but none of the other PIKKs were 

identified, indicating that these regions are unique identifiers for DNA-PKcs. Amongst these 

unique identifiers, the Forehead domain showed the greatest conservation over the broad 

range of Eukaryotes. The region of the ABCDE loop encompassing residues 2550–2820 had 

less overall conservation, but was still specific for DNA-PKcs compared to other PIKKs. 

The M-HEAT domain from 1200 to 1700 was not well conserved outside Metazoa. An 

exception to these observations was the Mormon butterfly, Papilio polytes. Its putative 

DNA-PKcs sequence showed similarity to only one of the unique DNA-PKcs identifiers - 

the M-HEAT region containing the NUC194 domain. Interestingly, its divergent kinase 

domain was more similar to TOR than DNA-PKcs, suggesting it could be a unique 

Lepidopteran PIKK of unknown evolutionary origin.

3.5. Evaluation of metagenomic project sequences

When searching the NCBI database for proteins containing the NUC194 domain, we found a 

scaffold that was binned as a putative archaeon (hypothetical protein EON64_00075 

[archaeon]) within the poplar leaf phyllosphere (Crombie et al., 2018). The scaffold was 

predicted to contain 4 separate genes, RYG70452.1 which aligned with the N-terminal 

region of DNA-PKcs; RYG70451.1 with the Forehead domain; RYG70450.1 with the 

NUC194 domain and RYG70459.1 with the kinase domain. When compiled as one, the 

putative archaeon sequence retained over 20% amino acid identity to human DNA-PKcs 

(Supplementary Fig. 9) with 141 amino acids identical between it and human DNA-PKcs. 

The YRPD motif was also conserved in the reported sequence of this organism. By 

COBALT analysis, the putative archaeon DNA-PKcs had a similar pattern of conservation as 

other Metazoans, and phlyogenetic analysis grouped it with the Stramenopiles 

Nannochloropsis salina and Ectocarpus siliculosus, suggesting the possibility of a eukaryotic 

origin (Fig. 2A). We did not detect sequences similar to DNA-PKcs in the Archaeal taxid of 

the NCBI database, and, using the eukaryotic gene prediction program (AUGUSTUS), 

found that the four fragments could be spliced together, yielding a sequence with greater 

similarity to other orthologues, further supporting the possibility that these putative 

Archaeon sequences might actually be from a Eukaryote.

3.6. Conservation of phosphorylation sites

As described, DNA-PKcs autophosphorylation is critical for its function in DSB repair and 

V(D)J recombination. We therefore examined the amino acid alignments for conservation of 

ABCDE (T2609, T2638 and T2647), PQR (S2056), S3205 and T3950 phosphorylation sites. 

Serine 2056 and glutamine 2057 (SQ) were highly conserved in jawed vertebrates but less so 

in invertebrates and other phyla (Supplementary Figs. 2 and 6). Interestingly, an SQ site at 

2041/2042 was identical in all vertebrates, as were several other serines and threonines in the 
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vicinity, including S2046, T2047 and S2053, however, whether these residues are 

phosphorylated and/or functionally important in vivo remains to be determined. In contrast, 

T2609 and glutamine 2610 were conserved in most organisms, though in some, the 

threonine was replaced by serine. In several cases glutamine 2610 was substituted for 

leucine, but since DNA-PKcs is known to phosphorylate substrates at S/T followed by L, M 

and other aliphatic amino acids (Dobbs et al., 2010), these could still be DNA-PK-dependent 

phosphorylation sites. Similarly, T2638/Q2639 and T2647/Q2648 were highly conserved 

over a wide range of invertebrates, amoeba and oomycetes (Fig. 5 and Supplementary Figs. 

2 and 6). SQ/TQ motifs at 2612, 2620 and 3950 were highly conserved in vertebrates and 

some invertebrates, while S3205 (SM) was not well represented outside vertebrates. Thus, in 

general, S2056 and S3205 were primarily present in vertebrates, while T2609, T3950 and, in 

particular T2638 and T2647 were more widely conserved, including in some insects, coral, 

fungi, plants and amoeba (Fig. 5D and Supplementary Figs. 4 and 6). The different level of 

conservation between the autophosphorylation sites suggests that these sites may have 

discrete functional consequences, with 2056 and 3205 having functions in vertebrates while 

T2609, T3950, T2638 and T2647 may have functions that are conserved throughout 

evolution.

3.7. Location of conserved residues within the structure of DNA-PKcs

We next mapped the regions of conservation between metazoa (vertebrates and invertebrates, 

Supplementary Fig. 3) and all phyla (Supplementary Fig. 6), onto the structure of human 

DNA-PKcs. Strikingly, in metazoa, there was a highly conserved patch of amino acids at the 

top of the solenoid, beneath the FAT/kinase domains corresponding to residues R924, A930, 

E932 and K983 from the Forehead domain and the YRPD motif, thus these two regions may 

form an extended patch of amino acid conservation (Fig. 6A). Also conserved was the 

NUC194 domain at the base of the ring and the kinase domain at the top (shown in red in 

Fig. 6A). Furthermore, rotation of the structure revealed that these regions of conservation 

were almost entirely located on the “front” face of DNA-PKcs, around the concave ring (Fig. 

6A). These areas of conservation were observed even when sequences from all major phyla 

were examined (Fig. 6B). Again, regions of conservation on the front face of DNA-PKcs 

were particularly evident in the side view, with the YRPD and NUC194 domains particularly 

prominent (red in Fig. 6B).

Of particular interest was the conserved (YR)xYRxGxxPD motif. Residues Y2772 and 

R2773 in the first YR are part of the ABCDE loop (residues 2577–2773) and are not present 

in the cryo-EM or crystal structures. However, the conserved YRxGxxPD sequence 

beginning at Y2775 marked the beginning of a short alpha helix that protrudes from the 

front face of DNA-PKcs, at the top of the solenoid ring (dark blue in Fig. 7) and terminates 

with proline 2582. Thus, the YRPD motif connects the C-terminal end of the ABCDE loop 

to the M-HEAT domain, close to the start of the FAT domain: a position that could play a 

major role in regulation of the ABCDE loop and or allosteric interactions with the FAT-

kinase-FATC domain (Fig. 7).
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3.8. Modeling the position of the YRPD helix and ABCDE loop in a DNA-PKcs synaptic 
complex

In NHEJ, two DNA-PK holoenzymes assemble on either side of the DSB to form a synaptic 

complex (Wang et al., 2018). Biochemical studies suggest that Ku70/80 binds the DNA ends 

then translocates inward, allowing DNA-PKcs to interact with the DSB ends (Yoo and 

Dynan, 1999). In this scenario, two DNA-PKcs molecules would therefore be predicted to 

interact across the synapse. Although structures of NHEJ synaptic complexes have not been 

determined, DNA-PKcs can self-associate to form a dimer at high protein concentration 

(Hammel et al., 2010). In this special issue, Hammel and colleagues used small-angle-X-ray 

scattering (SAXS), atomistic modeling and X-ray structures of DNA-PKcs (Sibanda et al., 

2017) to model the interactions within the self-associating DNA-PKcs dimer, and used this 

model to predict the structure of a DNA-PKcs-Ku-DSB synaptic complex (Hammel et al., 

2020, this issue). By building on this SAXS model, we predicted the position of the YRPD 

motif and the ABCDE loop in the synaptic complex (Fig. 7B). This combined SAXS-EM 

model predicts that two DNA-PKcs molecules interact such that the kinase domain of one 

monomer faces the kinase domain of the opposite monomer. Within this complex, the 

Forehead domains face each other but are offset, predicting that the YRPD helices and 

ABCDE loops on DNA-PKcs molecules on opposite sites of the break could be in close 

proximity (Fig. 6D).

3.9. Defining the evolutionary importance of DNA-PKcs residues

To determine the evolutionary importance of the DNA-PKcs residues, identify functional 

sites, and observe how the evolutionary pressure differs in branches of the phylogenetic tree, 

we used the Evolutionary Trace (ET) algorithm (Lichtarge et al., 1996; Mihalek et al., 2004). 

ET measures how protein residues vary with respect to the phylogenetic tree and ranks each 

residue on a scale from 0 to 100 that indicates in that order an increasingly weaker relative 

functional sensitivity to mutations. As such, ET has been able to guide experimental studies 

to identify new functional sites in proteins (Adikesavan et al., 2011) or allosteric pathways 

(Rodriguez et al., 2010), to predict substrate specificity (Amin et al., 2013), to help interpret 

variant effects (Katsonis and Lichtarge, 2014, 2019; Neskey et al., 2015), and to associate 

genes to disease (Clarke et al., 2019). Using as input for the ET algorithm the Clustal 

alignments of homologous sequences from jawed vertebrates (Supplementary Fig. 1), 

selected vertebrate and invertebrates (human to sponge) (Supplementary Fig. 2), we obtained 

six sets of ET ranks that were strongly correlated to each other (the Pearson’s correlation 

coefficient ranged from 0.74 to 0.9996 with a media value of 0.89). We focused next on the 

ET result obtained for sequence alignment for Metazoa (human to sponge), including the 

putative archaeon sequence (Supplementary Fig. 9) because it provided deeper information 

of the DNA-PKcs evolution and overall it yielded the best correlation to the other ET results. 

From the three available pdb structures (PDB IDs: 5y3r, 5w1r, and 5lug), we decided to only 

use the 5y3r, because a structure alignment of all three showed a perfect overlap, except for 

some local flexibility when DNA and the XRCC6/XRCC5 (Ku70/80) proteins were bound 

(in structure pdb 5y3r), which may be biologically relevant.

To interpret the ET outcome in terms of structure and function, the ET ranks were mapped 

onto chain C of the 5y3r pdb structure, using a color-code palette ranging from red for the 
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most important residues (ET rank = 0) to green for the least important residues (ET rank = 

100), as shown in Fig. 8A. (The ABCDE loop is not shown in this analysis as it is not visible 

in the crystal or cryo-EM structures). Typically and as observed here, the most important 

sequence positions tend to cluster structurally, precisely at the location of functional sites on 

the surface, or at structurally, dynamically and allosterically important sites in the structure 

core, and the quality of an evolutionary trace analysis is correlated with the quality of this 

clustering (Madabushi et al., 2002; Mihalek et al., 2006). Here, the top 30% of the residues 

according to the ET ranks clustered with a z-score of 22.8, indicating a very reliable 

analysis.

Strikingly, the color distribution and gradients showed only minor differences across all the 

different ET ranks maps, including ET rank maps that correspond to specific branches of the 

phylogenetic tree. E.g., focusing on the metazoan branch shown on Fig. 8B, the ET ranks 

strongly correlated to the ET ranks of the whole alignment with a Person’s correlation 

coefficient of 0.84 (Fig. 8C). The ET ranks map is very similar to the one obtained using all 

sequences, identifying the same 3D functional sites with some fluctuations on their intensity 

and boundaries (Fig. 8D). These data show the high quality of the analysis and moreover 

that the evolutionary important sites on the three-dimensional structure do not vary 

appreciably during DNA-PKcs evolution. In other words, the ET analysis of these 

alignments suggests that the underlying sequences all perform their functions at similar 

structural locations.

3.10. Alterations in the PRKDC gene impact cancer and human inherited disease

Tumorigenesis entails a profound reprogramming of gene expression and the acquisition of 

somatic mutations that in many cases alter protein function and enforces a substantial 

mutational burden (Bacolla et al., 2019; Hanahan and Weinberg, 2011). To assess the 

contribution of alterations in the PRKDC gene to cancer, we first compared its expression 

profile in the tumors relative to matched control tissues from the same patients from The 

Cancer Genome Atlas (TCGA), a vast repository of cancer genomic data from >11000 

patients representing 33 tumor types. Strikingly, in 15 tumor types for which matched 

controls were available, PRKDC mRNA levels were upregulated in 10 of them (75%) and 

down-regulated in only 3 (20%) (Fig. 9A). Thus, PRKDC is often overex-pressed in tumors. 

The Kaplan-Meier estimator and Cox proportional regression (hazard ratio) are statistical 

methods that evaluate the impact of a variable on survival. We applied these analyses to 

inform whether patients that express PRKDC mRNA at higher levels in the tumor (above the 

mean for all patients for a given tumor type) would incur greater risk than those with lower 

mRNA levels (below the mean). In 8/33 (~25%) tumor types, higher PRKDC expression 

was a significant risk factor associated with shorter overall survival time (Fig. 9B and C).

To address whether PRKDC missense mutations would also correlate with survival, we 

examined a total of 44,597 patients from 178 studies (https://www.cbioportal.org), 968 (2%) 

of which carried one or more mutations in the PRKDC gene. Overall survival was not 

impacted in the aggregate cohort (log-rank p-value 0.728); however, in endometrial 

carcinoma, subjects with PRKDC mutations exhibited a better outcome than those with 

wild-type PRKDC (Fig. 9D). A similar trend was observed for 6667 patients who were 
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followed for disease-free survival (log-rank p-value 0.0182) and 11,085 patients who were 

monitored for progression-free survival (log-rank p-value 0.0235). Although the relationship 

between PRKDC alterations and patient survival is complex, these observations suggest that 

DNA-PKcs activity plays a role in tumor fitness and that DNA-PKcs inhibitors might offer 

useful therapeutic strategies in some cancers.

Next, we tested wether the PRKDC missense mutations found in these patients present any 

selection patterns, characteristic of cancer driver mutations. To do so, we calculated the 

Evolutionary Action (EA) scores for all possible single nucleotide changes that result in 

missense variants of PRKDC (random distribution) and compared them to the missense 

PRKDC variants found in patients (observed distribution). Including all observed variants 

yielded no different EA distribution than random variants (p-value of 0.91), suggesting that 

most of the observed changes are passenger mutations. To reduce the fraction of passenger 

PRKDC missense variants, we limited the observed variants to only those that came from 

tumors with a single PRKDC missense variant (since many appeared together with 

nonsense, frameshift, or more missense variants) and tumors with up to a maximum total 

number of variants (to avoid hypermutated tumors). This subset of PRKDC missense 

variants had significantly different distribution than random (p-value of 0.049), which 

became stronger (up to p-value of 0.009) as hypermutated tumors were left out (Fig. 9E). 

The difference between the observed and the random distributions was at the intermediate 

EA scores (40e70) and further increased for less conservative hypermutated tumor cutoffs 

(Fig. 9F). Similar over-representation of intermediate EA scores has been observed before 

(Clarke et al., 2019; Network, 2017) and indicates gain-of-function variants, suggesting 

PRKDC may act as oncogene in at least some of the cancer types.

The human gene mutation database (HGMD) is a collection of over 260,000 gene mutations 

reported to be associated with inherited human disease or predisposing to disease. Disease-

causing mutations in PRKDC are rare (Fig. 9G), with only 10 patients reported to date. Of 

these, 5 cases of Turkish origin comprising two siblings shared a homozygous hypomorphic 

L3062R substitution in the DNA-PKcs FAT domain and presented with radiosensitive severe 

combined immunodeficiency (RS-SCID), which includes autoimmunity and granulomas 

(Esenboga et al., 2018; Mathieu et al., 2015; van der Burg et al., 2009). The mutation does 

not impair DNA-PKcs kinase activity, DNA-binding, autophosphorylation or interaction 

with Artemis, but it reduces end-joining activity and compromises the function of Artemis, 

which is also essential for V(D)J recombination.

Evolutionary Action (EA) is an effective computational method based on evolutionary 

tracing and mutation severity to score and identify point mutations that are likely to have 

negative impact (Neskey et al., 2015). Disease mutations with known negative impact 

generally score between 80 and 100, so any site mutation above 80 is likely to negatively 

impact the protein and its function(s). With a score of 87, our EA analysis confidently 

predicts that L3062R is a highly damaging substitution.

Patient 6 presented with SCID, complete absence of T and B cells, undetectable IgA and 

IgM levels, severe postnatal neuronal atrophies and poor developmental progress, hearing 

and visual impairment, and died at 31 months of age (Woodbine et al., 2013). Reduced 
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DNA-PKcs protein level and no DNA-PK activity were caused by an inactivating PRKDC 
deletion on one allele and a hypomorphic A3574V substitution on the other allele, which our 

EA score suggests is moderately damaging. The clinical manifestations of patient 6 are 

revealing because they support a critical role for NHEJ factors in maintaining proper 

neuronal development, as seen in mice deficient of other NHEJ factors, including DNA 

Ligase 4 (Barnes et al., 1998) and Xrcc4 (Gao et al., 1998).

Patients 7 and 8 were identified in a study investigating the genetic landscape of common 

variable immunodeficiency disorders (CVID), a frequent defect in primary antibody 

production affecting 1 in 25,000 people (van Schouwenburg et al., 2015). Both patients were 

heterozygous for PRKDC variants, and our EA score suggests that both substitutions are at 

least partially damaging, raising the prospect that CVID may also ensue from DNA-PKcs 

haploinsufficiency. Patient 9 also was part of a broad cohort of cases, in this case sequenced 

for exome-wide variants after indications of fetal abnormalities following prenatal 

ultrasound (Carss et al., 2014). Post-mortem examination of the 22 weeks-old male fetus 

revealed extensive organ abnormalities of the heart, kidney, limbs, face and other organs 

while genotyping identified compound heterozygosity for PRKDC, HEPHL1, which 

regulates intracellular iron content and has been associated with rare developmental 

disorders, and ZNF44, a transcription factor. In addition, hemizygous variants were detected 

in BCORL1, a transcriptional corepressor linked to neurodevelopmental disorders, 

FAM47A, MAGEA6, ZCCHC12, a transcriptional coactivator, and a truncated KCNE5, a 

potassium channel ancillary subunit important for heart activity. Our EA score suggests a 

mild damaging effect for the two PRKDC variants, and thus the devastating phenotype may 

have been caused by the combined genetic variants.

Germline mutations in mismatch repair (MMR) genes have been linked to Lynch Syndrome, 

also known as hereditary nonpolyposis colorectal cancer (HNPCC), which is characterized 

by increased risk of developing colorectal (CRC), endometrial (EC) and other types of 

malignancies. In about half of HNPCC cases no germline mutations in MMR genes have 

been detected, and a comprehensive study has suggested that copy number variants of other 

non-MMR-associated genes may also predispose to HNPCC (Kayser et al., 2018). Two such 

cases involved PRKDC, one exhibiting a heterozygous deletion involving PRKDC and 

MCM4, the other carrying two missense variants with high combined annotation-dependent 

depletion (CADD) score and intermediate EA score (patient 10, Fig. 9G). Thus, it will be of 

interest to further explore the proposed link between germline-dependent DNA-PKcs dosage 

alterations and HNPCC susceptibility.

Other studies which focused on the contribution of PRKDC germline variants to 

susceptibility to cancer have concurred in attributing a high-risk factor for I3434T to a 

variety of cancer types, including papillary and follicular thyroid carcinomas (Rahimi et al., 

2012) and colorectal cancer (Mehrzad et al., 2019) in the Iranian population. In summary, 

germline variants in PRKDC display a wide range of phenotypic manifestations in humans, 

from life-threatening to tolerated, and as additional studies are conducted it will be critical to 

relate the spectrum of PRKDC mutations to human disease, as this will inform on possible 

novel roles for this large and complex enzyme, thereby driving improved therapeutic 

interventions.
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3.11. Location of disease causing mutations on the structure of the DNA-PK holoznzyme

Taking into account our new insights from multiple sequence alignment, ET and EA 

analysis, we next examined the location of the identified mutations and conserved features in 

the context of the DNA-PKcs-Ku-DNA holoenzyme (Yin et al., 2017) (Fig. 10, 

Supplemental Movies 1–3). In the cryoEM holoenzyme structure, Ku70/80 binds to the back 

face of DNA-PKcs and the Ku-bound DNA passes in between the N-HEAT (blue in Fig. 

10A, Supplementary Movie 1) and the M-HEAT regions (green in Fig. 10A, Supplementary 

Movie 1) and emerges towards the front face of DNA-PKcs. The trajectory of the DNA goes 

along the bottom left of the largest DNA-PKcs cavity, underneath the YRPD helix, located at 

the top right of the cavity (Fig. 10A, Supplementary Movie 1). The YRPD helix (gold in Fig. 

10A, Supplementary Movie 1) juts out from the regular helical topology of the HEAT 

repeats and interacts with residues distant in the primary sequence, visible when DNA-PKcs 

is rainbow coloured from the N- to C-terminus (Fig. 10A). We also mapped conserved 

amino acids (Supplementary Fig. 2) onto the structure of the DNA-PK holoenzyme where 

deep magenta is highly conserved, green partial conservation and grey not conserved (Fig. 

10B). Notably, the YRPD signature sequence is part of the largest cluster of conserved 

residues on DNA-PKcs, even greater than the kinase domain where most conserved residues 

are located deep in the active site pocket or the Ku70/80 protein/protein interface (Fig. 10B, 

Supplemental Movie 2). The inset shows the high degree of conservation of Y2772, R2773, 

G2778, P2781 and D2782 (red) with S2774 in green (less well-conserved), as well as that of 

the underlying residues, suggesting that the exact position of the YRPD helix is important 

for DNA-PKcs function. The second largest cluster is directly below the YRPD, at the 

bottom of the largest cavity, corresponding to the NUC194 domain (red at base in Fig. 10B). 

Intriguingly, this second largest conserved cluster, on the side of six helices facing towards 

the cavity, would be positioned next to but not in the trajectory of the DNA. The 

juxtaposition of the two most conserved clusters is likely a clue to DNA-PKcs mechanisms. 

Third, mapping of the most and second lowest ET scores onto the structure indicates that the 

YRPD helix is as important as the kinase active site to DNA-PKcs function. These were the 

only two places that showed clustering of the lowest ET scoring residues. The YRPD surface 

cluster included Tyr2775, Arg2776, Gly2778, Pro2781, Asp2782, Ile2785 on the YRPD 

helix and nearby residues Gln924, Arg925, His935, Val979, Leu983, Glu930, Glu932 

(corresponding to the Forehead domain), and Ser2569 (beginning of the ABCDE loop), and 

Ile2791, Pro2793, Gln2795 (immediately after the YRPD motif). In contrast, there was only 

one low scoring ET residue (Asn 2234) mapped in the DNA binding interface, and none to 

the Ku70/80 binding interface.

Mapping the tumor-associated mutations that scored above 80, a level suggesting severe 

impact, revealed one residue (Gly2778) in the YRPD helix and one (Glu2564) in the cluster 

outside the helix, corresponding to the beginning of ABCDE loop (Fig. 10C, Supplemental 

Movie 3). Unlike for ET scores, we observed a number of high EA scoring residues along 

the DNA binding path (Leu128, Pro447, Ser450, Asp2358) and near KU70/80 interfaces 

(Leu128, Leu201, Asp2358, Arg2377). Although both ET and EA analyses were consistent 

with a hypothetical critical role for the YRPD helix, the relative disproportionality between 

the YRPD and Ku70/80 or the DNA interfaces might suggest the opposite. However, in our 

experience with XPG and TFIIH disease mutations (Tsutakawa et al., 2020; Yan et al., 
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2019), we have found that mutations that disrupt essential processes are selected against and 

that some inconsistency between conservation and cancer mutation is not unexpected.

4. Discussion

The DNA damage response in vertebrate cells is controlled by DNA-PKcs along with the 

related protein kinases ATM and ATR (Blackford and Jackson, 2017). As DNA damage 

response signaling is the core element for the cellular response to genotoxic insults and the 

defense against neoplastic transformation, a detailed molecular understanding of DNA-PKcs 

is critical for cancer biology. In fact, DNA-PKcs inhibitors are actively being tested for 

potential in cancer therapy (Damia, 2020; Timme et al., 2018). Furthermore DNA-PKcs is 

generally active in stress responses for innate immunity (Burleigh et al., 2020; Ferguson et 

al., 2012; Meek, 2020) and even cellular aging (Park et al., 2017). For these reasons, we 

expect that the molecular understanding of DNA-PKcs sequence in terms of structure and 

evolution presented here will inform both cell biology and medicine.

More specifically, we have herein identified over 100 putative DNA-PKcs sequences from 

human, insects, amoeba, fungi, algae and plants. Multiple sequence analysis reveals that 

these sequences have a remarkable degree of amino acid conservation, not just in the FAT/

kinase/FATC domains but in the N-terminal HEAT domain, the Forehead domain, and a 

novel region that we termed the YRPD motif, which is conserved in all organisms from 

single-celled Eukaryotes to humans. The YRPD is located in a small helix immediately after 

the flexible ABCDE loop and immediately before the start of the FAT domain, suggesting a 

critical role in regulating the function of the ABCDE phosphorylation loop and/or 

conformational changes between the ABCDE loop and FAT domain. In striking contrast to 

most other residues in the HEAT domains, the YRPD helix juts out from the regular helical 

topology of the HEAT repeats and interacts with residues distant in the primary sequence. 

Moreover, the YRPD motif appears to be part of a larger region of amino acids at the apex of 

the solenoid ring under the FAT/KIN domain and this entire region (YRPD plus Forehead 

region) was highly conserved in all metazoa examined and, by ET analysis, was functionally 

conserved through evolution. Although the function of the YRPD domain is not known, its 

broad conservation suggests that it is critical to DNA-PKcs function. Interestingly, Histone 

Parylation Factor 1 (HPF1) contains a sequence resembling the YRPD motif, namely Tyr238 

and Arg239 which are followed by glutamic acid, leucine, proline and glutamic acid (i.e. 

YRxxPE in HPF1 compared to YRxGxxPD in DNA-PKcs). HPF1 residues Y238 and R239 

are highly conserved through evolution and are required for interaction with poly-ADP 

ribose polymerase (PARP) 1 and 2, (Gibbs-Seymour et al., 2016; Suskiewicz et al., 2020). 

Since DNA-PK interacts with PARP1 (Spagnolo et al., 2012), this raises the tantalizing 

possibility that the YRPD motif in DNA-PKcs could be required for interaction with PARP1 

and/or 2, proteins that play important roles in the DNA damage response and are targets for 

PARP inhibitors used in the treatment of DSB repair-deficient forms of breast, ovarian and 

prostate cancer (Jette et al., 2020; Lord and Ashworth, 2017; Slade, 2020). Indeed, inhibitors 

of the glycohydrolase that removes poly-ADP ribose and releases PARP1 are under active 

investigation preclinical cancer investigation (Houl et al., 2019), so defining the PARP 

interaction site in DNA-PKcs is of great interest.
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We also noticed that the region N-terminal to the YRPD motif was highly charged with a net 

positive charge (Fig. 5). We propose that this positive charge could promote interaction with 

DNA, possibly linking autophosphorylation of the ABCDE loop with DNA binding. 

However, as shown in Fig. 9, in the available DNA-PK holoenzyme structures, the dsDNA is 

positioned at the base of the cradle, distant from the YRPD/Forehead patch. Therefore any 

interaction with dsDNA would require a mechanism to draw more duplex DNA into the 

central cavity and/or dramatic movement of the YRPR/Forehead region towards the base of 

DNA-PKcs. Another possibility is that this basic sequence interacts with the acidic C-

terminus of Ku80, a 13 amino acid region that contains seven acidic amino acids and no 

basic residues, and is known to interact with DNA-PKcs (Gell and Jackson, 1999).

The relative low abundance of conserved residues in the Ku and DNA-binding regions of the 

holoenzyme was surprising. This could be due to the large size of these interfaces being able 

to accommodate variations. The kinase active site shows clustering of low ET scoring 

residues, as active sites require precise positioning of chemistry and therefore cannot 

withstand changes. However, if this is the case, what does this mean for the YRPD helix? It 

would argue against the YRPD being part of a protein/protein interface and toward perhaps a 

catalytic active site. Such an exposed active site is uncommon but the WSS1/SPARTN 

protein contains an exposed active site showing precedence (Neskey et al., 2015; Stingele et 

al., 2016; Yang et al., 2017).

Another unique signature found in DNA-PKcs was the NUC194 domain, which served as an 

excellent identifier of DNA-PKcs in many of the organisms examined. The NUC194 motif 

was originally identified in a screen for nucleolar proteins (Staub et al., 2004). Interesting, 

DNA-PKcs and its NHEJ partner protein Ku70/80 accumulate in the nucleolus in a 

ribosomal RNA-dependent manner, and are important for RNA processing (Shao et al., 

2020), suggesting this may be an important and highly conserved function of DNA-PKcs.

Many of the previously described autophosphorylation sites were also highly conserved. 

E.g., threonines 2609, 2638 and 2647 were conserved in most invertebrates, protists, fungi 

and plants suggesting that the ABCDE loop is critical for DNA-PK function. In contrast, 

T3950 was only conserved in vertebrates and some invertebrates, and S2056 and S3205 

were poorly conserved outside jawed vertebrates. Also, we did not see a high degree of 

amino acid conservation in the putative FRB and PRD domains.

Interestingly, the most degenerate DNA-PKcs sequences we detected were in Lepidopterans 

which lacked the Forehead, auto-phosphorylation loop and YRPD domain and had relatively 

weak conservation in the kinase domain. In contrast, the NUC194 domain was conserved in 

all Lepidopteran DNA-PKcs orthologues detected. Whether these sequences represent true 

orthologues of DNA-PKcs or a novel PIKK remain to be determined.

Although long thought to play an exclusive role in DSB repair, recent studies have revealed 

that DNA-PKcs is involved in many cellular processes, ranging from RNA processing, 

transcription and regulation of metastasis to innate immunity and mitosis. Our identification 

of evolutionarily conserved amino acids provides an important basis for mutational analysis 

to probe DNA-PKcs function. In addition, our identification of DNA-PKcs in the 
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extremophile Alvinella pomejana could provide important clues to aid in expression of 

stable forms of DNA-PKcs for high quality structural studies, as shown for superoxide 

dismutase (Shin et al., 2009).

The relationship between human DNA-PKcs and DNA-PKcs of invertebrates, plants, fungi 

and protists revealed by phylogenetic analysis is best explained by a deep, ancient origin for 

the PRKDC family. The divergence of the Opisthokonta into Fungal and Metazoan 

kingdoms occurred over 1 billion years ago (Dohrmann and Worheide, 2017). The 

divergence of Opisthokonta from plants and protists is even more ancient. Therefore we can 

safely assume that the precursor to modern DNA-PKcs emerged well over a 1 billion years 

ago. Furthermore, the generally progressive diversification of protein sequences across 

extant PRKDCs suggests aspects of conserved functionality. Importantly, this functional 

conservation was supported by quantitative ET analysis, which reveals that the evolutionary 

important sites do not vary appreciably from one alignment to the other. This finding means 

that both the functional sites and the evolutionary pressures remain identical and 

fundamental to cell biology.

Notably, DNA-PKcs was absent in flowering plants, Chromadorean nematodes, Dikarya 

fungi and Rhodophytes (red algae), some of which are adapted to life under extreme 

geothermal conditions (Qiu et al., 2013). DNA-PKcs is also absent or highly divergent in 

insects and crustaceans. In general, these are organisms that left the ocean and diversified in 

a terrestrial environment. In contrast, DNA-PKcs is highly conserved in organisms that exist 

in the relatively stable ocean environment, for example some Molluscs, Sponges, Cnidarians 

and Echinoderms. While this may be due to random chance during the evolutionary process, 

it is possible that, given its role in DNA repair, loss of DNA-PKcs could correlate with 

increased genomic instability and therefore contribute to diversity allowing organisms to 

better adapt to conditions in an ever-changing environment, in contrast to life in the 

relatively constant conditions of the ocean. An extension to this idea is the high degree of 

amino acid conservation of DNA-PKcs in the vertebrates, which have highly stable 

genomes. We suggest that this conservation may be due to the role of DNA-PKcs in V(D)J 

recombination. Interestingly, DNA-PKcs is not the only NHEJ associated-gene to have a 

more ancient lineage than previously supposed. Recently, genes with similarity to the V(D)J 

recombination-specific RAG1/2 genes were reported in invertebrates including 

platyhelminths, nematodes, corals and tardigrades (Martin et al., 2020), organisms shown 

here to have putative PRKDC orthologues. In addition, putative orthologues of the V(D)J 

nuclease and DNA-PKcs partner Artemis have been identified in rotifers (Hecox-Lea and 

Mark Welch, 2018).

We find that while PRKDC is overexpressed in many tumor types, and over 15% of 

endometrial cancer patients have mutations in PRKDC (https://www.cbioportal.org). 

Furthermore, DNA-PKcs mutation correlates with better survival. Our analysis also informs 

on the predicted severity of PRKDC mutations in patients with severe combined 

immunodeficiency. These combined analyses provide a basis to examine disease-associated 

mutations and variants of unknown significance (VUS), which have not provided actionable 

information to date. The emerging unified sequence, evolution, and structural information 

suggests both possible markers and insights for ongoing cancer research and inhibitor trials.
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Overall the analyses presented here provide a foundation for a unified understanding of 

DNA-PKcs sequence, phylogenetics, structure, and function by leveraging the wealth of the 

sequence databases with computational analyses and breakthrough X-ray and cryo-EM 

structures. The identified conserved features and signature sequences can be tested by 

ongoing structural and biochemical efforts by researchers everywhere. We therefore 

anticipate that these sequence level insights from structure and evolution will have biological 

relevance for better defining molecular roles of DNA-PKcs in biology as well as in disease 

susceptibility and potential advanced medical interventions.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Structure of DNA-PKcs.
Panel A: Cartoon of DNA-PKcs showing the locations of the major domains, proposed Ku-
interacting regions and autophosphorylation sites. DNA-PKcs is composed of a unique N-

terminal HEAT domain (N-HEAT, residues 1–891, blue), a middle-HEAT domain, also 

called the circular cradle (M-HEAT, residues 892–2800, green), the FAT domain (residues 

2801–3579, pink), the kinase domain (residues 3580–4099, yellow) and the FAT-C domain 

(residues 4100–4128, orange). Domain boundaries are from (Sibanda et al., 2017). Also 

shown are the locations of the putative Ku binding sites, residues 102–210, 2178–2248 and 

2374–2394 (grey) from (Yin et al., 2017), the Forehead domain (residues 892–1289 

(Sibanda et al., 2017)), a leucine rich region (residues 1503–1538) associated with DNA-

binding activity (Gupta and Meek, 2005) and the NUC194 domain (residues 1815–2202 

from (El-Gebali et al., 2019; Staub et al., 2004)). The location of the characterized 

phosphorylation sites at serine 2056 in the M-HEAT region, threonine 2609, serine 2612, 

threonine 2620, threonine 2638 and threonine 2647 (the ABCDE cluster), serine 3205 in the 

FAT domain (Neal et al., 2011) and threonine 3950 in the kinase domain (Douglas et al., 

2007) are also shown. Residues 2577–2773 represent a flexible loop containing the ABCDE 

phosphorylation sites that was absent from available X-ray and cryoEM structures (Saltzberg 

et al., 2019). The location of regions of DNA-PKcs with similarity to the 

FKBP12erapamycin-binding domain of PI3K located at residues 3582–3675 (Sibanda et al., 
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2017; Yang et al., 2013), and a region reported to contain a PIKK Regulatory Domain (PRD) 

(Mordes et al., 2008) are also shown.

Panel B: Model of the DNA-PKcs-Ku-DNA structure. The structure of DNA-PKcs 

(PDB:5LUQ from (Sibanda et al., 2017)) is shown in pipes and planks representation. The 

N-HEAT domain is in blue, the M-HEAT/circular cradle is in green, the FAT domain is in 

purple and the kinase domain is in yellow. Also shown is the location of the Forehead 

domain (bright green with hatched box) and the NUC194 domain (dark green with hatched 

box). The FATC domain is shown in bright blue, the FRB motif in orange and the PRD 

motif in blue/grey.
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Fig. 2. Phylogenetic analysis of DNA-PKcs.
Panel A: DNA-PKcs sequences used were from Alveolates (Stentor coeruleus, Stylonychia 
lemnae, Tetrahymena thermophila and Paramecium tetraurelia); Stramenopiles 

[Aphanomyces astaci (Aphanomyces a), Aphanomyces euteiches (Aphanomyces e), 

Pythium oligandrum, Bremia latucae, Plasmopara halstedii, Nannochloropsis salina, 

Ectocarpus siliculosus and Hondaea fermentalgiana]; a Haptophyte (Chrysochromulina 
tobinii), a Rhizarium (Plasmodiophora brassicae); green plants (Viridiplantae) [Ostreococcus 
tauri, Klebsormidium nitens, Physcomitrella patens, Selaginella moellendorffii and 

Marchantia polymorpha]; Amoebazoa (Planoprotostelium fungivorum, Heterostelium 
album, Dictyostelium purpureum and Polysphondylium violaceum); a Heterolobosea 

(Naegleria gruberi); the Apuzosoan Thecamonas trahens; fungi (Glomus cerebriforme, 
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Lobosporangium transversal, Syncephalastrum race-mosum, Neocallimastix californiae, 

Rhizclosmatium globosum and Spizellomyces sp. ‘palustris); the Filasterean Capsaspora 
owczarzaki; the Choanoglagellates Monosiga brevicollis and Salpingoeca rosetta as well as 

the metazoa Capitella teleta (Anellid worm), Scorpion (Centruroides sculpturatus), the 

horseshoe crab (Limulus polyphemus); tick (Ixodes scapularis); spider (Parasteatoda 
tepidariorum); barnacle (Amphibalanus amphitrite), amphipod (Hyalella azteca), mudcrab 

(Scylla olivacea), shrimp (Penaeus vannamei), the flatworm Macrostomum lignano, the 

trematode Opisthorchis viverrini and the cestode Hymenolepis microstoma. Also included 

was the “putative archaeon” sequence derived from sequences RYG70459.1, RYG70450.1, 

RYG70451.1 and RYG70452.1, see Supplementary Fig. 9 and text for details. Also see 

Supplementary Table 1 for taxonomy and additional details.

Panel B: Phylogenetic tree of DNA-PKcs in a variety of metazoan with fungal DNA-PKcs 

(Glomus cerebriforme) as the outgroup. DNA-PKcs sequences analyzed were from a 

Choanoflagellate (Salpingoeca rosetta), a rotifer (Brachionus plicatilis), the deep-sea annelid 

worm Alvinella pompejana, the annelid worm Capitella teleta, the brachiopod Lingula 
metazoa, the molluscs Octopus bimaculoides and Lottia gigantea (limpet), Pomacea 
canaliculate, (snail), Aplysia californica, Mizuhopecten yessoensis as well as sharks 

Chiloscyllium punctum, brown-banded bamboo shark (bshark) and elephant shark 

Callorhinchus milii (eshark), coelacanth (Latimeria chalumnae), xenopus (Xenopus laevis), 

platypus (Ornitho-rhynchus anatinus), alligator (Alligator sinensis), canary (Serinus 
canaria), sterlet (Acipenser ruthenus, fish), Zebrafish (Danio rerio), gar fish (Lepisosteus 
oculatus), trichoplax (Placazoa), hydra (Hydra vulgaris), sponge (Amphimedo 
queenslandia), softcoral (Dendronephthya gigantea), anemone (Nematostella vectensis), 

stonycoral (Stylophora pistillata), lancelet (Branchiostoma belcheri), starfish (Acanthaster 
planci), seacucumber (Apostichopus japonicus), seaurchin (Strongylocentrotus purpuratus), 

hemichordate (Saccoglossus kowalevskii, Acorn worm), priapula (Priapulus caudatus, 

worm), scorpion (Centruroides sculpturatus), spider (Parasteatoda tepidariorum), limulus 

(Limulus polyphemus, horseshoe crab), tick (Ixodes scapularis), trichinella (Trichinella 
pseudospiralis, parasitic roundworm), tardigrade (Hypsibius dujardini), ciona (Ciona 
intestinalis, tunicate), platyhelminth (Macrostomum lignano), barnacle (Amphibalanus 
amphitrite), amphipod (Hyalella aetazo), shrimp (Penaeus vannamei), mudcrab (Scylla 
olivacea), flea (Ctenocephalides felis), midge (Clunio marinus), mosquito Aedes aegypti, 
beetle (Tribolium castaneum), bee (Bombus impatiens), ant (Monomorium pharaonis), 
termite (Cryptotermes secundus), bug (Laodelphax striatellus), white fly (Bemisia tabaci), 
thrip (Frankliniella occidentalis), copepod (Eurytemora affinis), and daphia (Daphnia 
magna).
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Fig. 3. Summary of identical and conserved amino acids from multiple sequence alignments.
Panel A: Schematic of DNA-PKcs as in Fig. 1A showing location of the major domains and 

features. Panels B–D: Identical, conserved and semi-conserved amino acids from Clustal 

Omega alignments of (B) jawed vertebrates, (C) metazoa (vertebrates and invertebrates) and 

(D) representatives from all phyla. Complete alignments are shown in Suppl. Fig. 1, 2 and 4, 

respectively. The regions of amino acid identity and conservation from these alignments 

were plotted against amino acid number where 3 = amino acid identity (* in Clustal Omega 

alignments), 2 = amino acid conservation, (:) in Clustal Omega alignments and 3 = amino 

acid similarity (.) in Clustal Omega alignments.
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Fig. 4. Amino acid conservation in DNA-PKcs from mammals to oomycetes.
Panel A: Schematic of DNA-PKcs from Fig. 1A. Panel B: COBALT alignment of DNA-

PKcs from a variety of vertebrate and invertebrate species, from human to sponge. Highly 

conserved amino acids are shown in red, moderately conserved in blue and non-conserved in 

grey. It should be noted that the location of conserved regions from the COBALT alignment 

relative to the schematic is only approximate as gaps may have been introduced into the 

COBALT alignments. The full alignment is shown in Supplementary Fig. 3.

Panel C: DNA-PKcs sequences from representative vertebrates, invertebrates, plants and 

fungi (Supplementary Fig. 5) were aligned using COBALT. Red, blue and grey coloration is 

as in panel B.
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Fig. 5. Amino acid conservation in the YRPD motif, ABCDE loop and kinase domain of DNA-
PKcs.
Panel A: Alignment of C-terminal portion of the ABCDE loop from representatives from all 

major phyla, showing the location of the basic patch and the YRPD motif. Basic amino acids 

(K, R and H) are shown in teal and acidic amino acids (D and E) in magenta. Identical 

amino acids are indicated by the * and are highlighted in red. Highly conserved amino acids/

conservative substitutions are highlighted in green and partially conserved amino acids are 

highlight in yellow.

Panel B: Conservation of ATP binding site in representative sequences from all major phyla. 

Colours are as in panel A.

Panel C: Conservation of DXXXXN and DFG sequences in the catalytic site in 

representative sequences from all major phyla. Colours are as in panel A.

Panel D: Alignment of DNA-PKcs autophosphorylation sites 2609, 2638 and 2647 from all 

major phyla (Supplementary Fig. 4). Colours are as in panel A. The organisms shown are as 

follows: HUMAN; ESHARK = Callorhinchus milii, elephant shark; SHRIMP = Penaeus 
vannamei; SCORPION = Centruroides sculpturatus; TERMITE = Cryptotermes secundu; 
LIMPET = Lottia gigantea; LINGULA = Lingula anatina; STONYCORAL = Stylophora 
pistillata; STARFISH = Acanthaster planci; LANCELET = Branchiostoma belcheri; 
TRICHOLPAX = placazoa; FLATWORM = Macrostomum ligna; TRICHINELLA = 

Trichinella pseudospiralis, a parasitic roundworm; SPONGE Amphimedo queenslandia; 

ROTIFER = Brachionus plicatilis; SALPINGOECA = Salpingoeca rosetta, a 

choanoflagellate; STYLONCHIA = Stylonychia lemnae, a ciliate; HETEROSTELIUM = 

Heterostelium album, an amoeba; MOSS = Physcomitrella patens; GLOMUS = Glomus 
cerebriforme, a fungus; and APHANOMYCESe = Aphanomyces euteiches, an oomycte. See 

Supplementary Table 1 and Supplementary Fig. 4 for details.
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Fig. 6. Location of highly conserved amino acids in DNA-PKcs from selected metazoans on the 
structure of human DNA-PKcs.
Panel A: Location of the highly conserved regions in DNA-PKcs from alignment of selected 

metazoans on the structure of human DNA-PKcs. Amino acids that were identical and/or 

highly conserved (>95%) in all vertebrate/invertebrates (Supplementary Fig. 2) were 

mapped onto the molecular surface (left panel) and two orthogonal views of the structure of 

human DNA-PKcs (PDB 5LUQ from (Sibanda et al., 2017)) are shown in pipes and planks 

representation (right panel). Regions containing identical or conserved amino acids are 

highlighted in red and light red respectively. The highly conserved region underneath the 

FAT-KINASE-FATC (Forehead) is indicated by the light green hatched box, the YRPD motif 

is indicated by the dark blue hatched box and the NUC194 domain by the dark green 

hatched box.

Panel B: Location of highly conserved regions in DNA-PKcs in vertebrates, invertebrates, 

plants and fungi (Supplementary Fig. 6) are shown as in panel A. The locations of the 

forehead domain, the YRPD helix and the NUC194 domain are shown by the light green, 

blue and dark green hatched boxes, respectively as in panel A.
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Fig. 7. Models of monomeric and dimeric DNA-PKcs showing the positions of the YRPD motif 
and the ABCDE loop.
Panel A: DNA-PKcs model with added missing regions shown in pipes and planks 

representation. The model of DNA-PKcs was built based on the X-ray structure (PDB:5LUQ 

from (Sibanda et al., 2017)) by adding missing loops using MODELLER (Sali and Blundell, 

1993), including the ABCDE loop region (red). Major domain in DNA-PKcs are coloured as 

highlighted, where the N-HEAT domain is shown in blue, the M-HEAT in green, the FAT in 

purple, the kinase in yellow and the FATC in bright light blue. Also shown is the location of 

the NUC194 domain (dark green) and the Forehead domain (light, bright green). The added 

disordered loop containing the ABCDE sites is shown in red. The conserved YRxGxxPD 

sequence beginning at Y2776 is shown in dark blue. Also shown are the FRB (orange) and 

PRD (grey/blue) motifs.
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Panel B: The locations of highly conserved regions from selected metazoa were mapped 

onto the DNA-PKcs dimer model (see Methods and Hammel et al., submitted, this issue). 

Amino acids that were identical and/or highly conserved (>95%) in all vertebrate/

invertebrates examined (Supplementary Fig. 2) were mapped onto two orthogonal views of 

dimer models shown in pipes and planks representation. Regions containing identical or 

conserved regions are coloured in red and light red, respectively. The highly conserved 

YRPD residues (dark blue) are shown in sphere representation. Phosphorylation site 

threonine 3950 is in bright green, the FRB in orange and the PRD in grey/blue. The position 

of the ABCDE loop is shown in red.

Lees-Miller et al. Page 40

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. Evolutionary Trace analysis of the DNA-PKcs protein family.
Panel A: The evolutionary importance of the DNA-PKcs residues was estimated by the 

Evolutionary Trace (ET) algorithm using as input the sequences alignment of Supplementary 

Fig. 9 (selected metazoan/vertebrates plus invertebrates and putative archaeon). The results 

are represented by a color scale from red (most important) to green (least important). The 

three viewpoints differ for about 90° and show the FAT-kinase-FATC domain (crown) on the 

top.

Panel B: The phylogenetic tree of the sequences found in Supplementary Fig. 9. A branch of 

closely related metazoan sequences was highlighted cyan. The phylogenetic tree was output 

of the ET algorithm and it was visualized using Archaeopteryx (version 0.9901).

Panel C: The correlation of ET ranks generated for all sequences shown in panel B versus 

the ET ranks generated for the metazoan branch highlighted in panel B. The Pearson’s 

correlation coefficient r was calculated to be 0.84.

Panel D: The ET ranks of the DNA-PKcs residues using as input the sequence alignment of 

the metazoan branch highlighted in panel B (same color scale and viewpoints as in panel A).

The figure panels A and D were generated by PyMol, using the PyETV plugin (Lua and 

Lichtarge, 2010) and chain C of the 5y3r pdb structure.
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Fig. 9. Alterations in the PRKDC gene impact cancer and human inherited disease.
Panel A: PRKDC mRNA levels in tumor types and matched normal control tissues from 

TCGA. P-values from Wilcoxon tests; red, higher levels in the tumors than in controls; 

green, no difference between tumors and controls; blue, higher levels in controls than in 

tumors.

Panel B: Kaplan-Meier survival curve in LGG tumors for patients stratifies in two groups: 

group 1 with PRKDC mRNA levels above the mean (red) and group 2 with PRKDC mRNA 

levels below or at the mean (blue) in the tumor samples; p-value from log-rank test.

Panel C: Hazard ratios from Cox proportional hazards regression analysis for tumor types in 

which high (above the mean) PRKDC expression is associated with increased risk 

(decreased survival).
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Panel D: Kaplan-Meier survival curve in uterine corpus endometrial carcinoma (UCEC) 

patients with (green) and without (orange) missense mutations in the PRKDC gene; p-value 

from log-rank test.

Panel E: KolmogoroveSmirnov test p-values for comparing the EA score distributions of 

PRKDC variants found in tumors to random nucleotide changes. This analysis used patients 

monitored for progression-free survival with one missense mutation in the PRKDC gene. P-

values were obtained after limiting patients up to a varying total number of mutations 

(hyper-mutation cutoff). Arrow indicates the p-value for patients with ≤150 mutations.

Panel F: Fraction of occurrences in EA scores for PRKDC variants obtained by random 

nucleotide changes (grey shading) and in progression-free survival patients from Panel E 

without any applied hypermutation cutoff (dark green) or hypermutation cutoff at ≤150 (red 

arrow set, dark orange). Yellow highlight with red star, pronounced overrepresentation of 

intermediate EA scores.

Panel G: Germline PRKDC missense mutations (Mutation) reported to be associated with 

inherited disease in individual patients (Patient) or with susceptibility to cancer in the 

population (Pop). DM, Variant class and Phenotype, HGMD classifications; DM, disease-

causing mutation; DM? possible pathologic mutation; DP, disease-causing polymorphism.
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Fig. 10. Conservation of DNA-PKcs amino acids and motifs in the DNA-PK holoenzyme.
Panel A: Representation of the structure of the DNA-PKcs-Ku-dsDNA holoenzyme from 

cryo-EM (Yin et al., 2017) coloured in rainbow (a gradation of colours where the N-terminal 

region is in blue and the C terminal region in red). In the figure, this approximates to the N-

HEAT in blue, the M-HEAT in green, the Forehead in cyan, the FAT in orange/bronze and 

the Kinase/FATC in red. The short helix containing conserved residues Y-R-H-G-D-L-P-D-

I-Q (2775–2784) of the YRPD motif is shown in gold at the top of the central cavity 

(surrounded by the black box). Not shown are L2772, R2773 and S2774 and the ABCDE 

loop (residues 2577–2773) plus other small loops, which are missing from the structure. 

DNA is shown in bronze. Ku is in grey. See also Supplementary Movie 1. The panel below 

shows an expanded view of the YRPD helix from the boxed region above.

Panel B: Representation of conserved amino acids in vertebrates/invertebrates 

(Supplementary Fig. 2) mapped onto the structure of the DNA-PK holoenzyme where red = 

highly conserved, green = modestly conserved and white = not conserved. Grey = Ku70/80. 

See also Supplementary Movie 2. The expanded view below shows Y2772, R2773, G2778, 

P2781 and D2782 in red, and S2774 in green.

Panel C: Representation of the structure of the DNA-PKcs-Ku-DNA holoenzyme where 

DNA-PKcs residues with an ET score of 3 are shown in red and those with an ET score of 6 

are in yellow. Mutations in cancer patients with an EA score >80 are shown in black. All 

other residues are in grey. See also Supplementary Movie 3. The expanded view below 

shows the YRPD helix with the highly conserved Gly2778, a tumor-associated mutation 

with an EA score >80 in black.
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