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Phosphatidyl inositol 3-kinase-like protein kinases PIKKs
DNA-PKcs DNA-dependent protein kinase catalytic subunit (PRKDC)
ATM Ataxia-Telangiectasia Mutated
ATR ATM and Rad3-related

From: Blackford and Jackson, Molecular Cell, 2017

ATM

ATR

DNA-PKcs

Serine/threonine protein kinases
Activated in response to DNA damage

Phosphorylate substrates on SQ/TQ and other motifs
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Cellular response to IR-induced DNA double strand breaks (DSBs)

RPA

Ionizing Radiation
• Radiation Therapy
• Radiation Exposure

Other DSB inducing agent
• Some chemotherapeutics
• Endogenous processes
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1985- Human cells contain a DNA-activated protein kinase

Walker et al, EMBO J 4(1) 139-145 (1985)
Carl W. Anderson Ph.D
Brookhaven National 

Laboratory, NY



1989
Identification of DNA-PK phosphorylation sites in 
Hsp90 PEETQTQ

First example of SQ/TQ motif for PIKK

1990
Preliminary purification and characterization of 
DNA-PKcs (p350) and co-purification with Ku



Simultaneous discovery of DNA-PKcs
Tim Carter, William Dynan, Steve Jackson 



The Phosphatidyl Inositol 3-kinase-like family of serine/threonine protein kinases, PIKKs

1995



Carl W. Anderson Ph.D
BA Harvard 1966
PhD Washington University 1970
PDF Cold Spring Harbour 1971-1974
1975 Biology Department, Brookhaven National Laboratory, NY

Chair, 1999-2011
2011 Senior Scientist Emeritus

Visiting scientist at National Institute of Environmental Health 
Sciences (NIEHS), NC

Research interests:
• Poliovirus genome
• Discovery of DNA-PK, early work on DNA-PK purification, 

phosphorylation, and cloning. 
• Post-translational modification of p53 with Ettore Appella NIH.
• Founded the International Association for Protein Structure Analysis 

and Proteomics

October 21 2020 
Age 76
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Mechanism of Non-Homologous End Joining (NHEJ):

RPA

• Major pathway for repair of IR-
induced DSBs in human cells

• Required for V(D)J recombination in 
adaptive immune system

• Active in G0, G1, G2

• Rapid repair

• Error prone



Ku70/80

DNA-PKcs and Ku70/80 assemble on ends of dsDNA to form DNA-PK

__________________Ku70/80

DNA-PKcs
__________________Ku70/80

• Ku binds with high affinity to ends of 
dsDNA

• In the presence of DNA-PKcs, Ku 
translocates inwards so that DNA-
PKcs now occupies the extreme ends 
of the DNA (Yoo and Dynan, NAR, 1999)

• DNA-PKcs plus Ku assembled on 
dsDNA = DNA-PK

Active 
protein kinase



+ ATP

- ATP
+ AMP-PNP

+ ATP
+ AM

P-PNP

p-DNA-PKcs

p-Ku80
p-Ku70

Autophosphorylation of purified 
DNA-PKcs, Ku70 and Ku80

Pre-incubation with ATP 
results in loss of DNA-PK 
activity

Autophosphorylation 
disrupts the interaction of 
DNA-PKcs and Ku 

Chan and Lees-Miller, JBC, 1996

Autophosphorylation of DNA-PK results in disruption of the Ku-DNA-PKcs
complex and loss of activity

Purified: DNA-PKcs, Ku70/80
IP: Ku70/80
WB: DNA-PKcs and Ku
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Identification of DNA-PKcs autophosphorylation sites

ABCDE and S3205 Douglas et al, BJ, 2002
T2609 Chan et al, G&D, 2002 
2056 and PQR Cui et al MCB 2005; Chen et al, JBC, 2005
T3950 Douglas et al, MCB, 2007
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DNA-PKcs null cells re-expressing DNA-
PKcs-ABCDE>A are more sensitive to IR 
than cells lacking DNA-PKcs

Ding et al, MCB 2003

+ DNA-PKcs

- DNA-PKcs

- ABCDE>A

Autophosphorylation of ABCDE and PQR phosphorylation sites are important for DSB 
repair and VDJ recombination

Kathy Meek
Michigan State University
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Model for assembly of Ku and DNA-PKcs
on dsDNA ends

• Ku binds DSB

• Recruits DNA-PKcs

• Assembly of a synaptic complex on both 
ends of the DSB (active DNA-PK)

• Autophosphorylation of DNA-PKcs (in 
trans?)

• Dissociation of autophosphorylated
DNA-PKcs

_____
_____

_____
_____

_____
_____



Ablation of ABCDE sites impairs release of DNA-PKcs from DNA-bound Ku in vitro

Hammel et al, J. Biol. Chem. 2010
Jette et al, Prog. Biophys. Mol. Biol. 2015

min

Purified DNA-PKcs and Ku
dsDNA-Biotin streptavidin-bead pull down assays
Western blot DNA-PKcs and Ku



In vivo evidence for autophosphorylation induced dissociation of DNA-PKcs from DSBs 

UV laser microbeam irradiation - GFP-DNA-PKcs

Wt-DNA-PKcs rapidly  dissociates from 
UV laser induced DNA damage

Phosphorylation defective 

(ABCDE: T to A)

and  kinase dead

are  retained

Uematsu et al, J Cell Biol. 2007 (David Chen)



Model for assembly and autophosphorylation induce disassembly of the DNA-PK complex 
in the initial stages of NHEJ:

+ Ku

+ DNA-PKcs

= DNA-PK P P PP

P P PP

Synapsis       
(tethering of DNA 

ends together)

Autophosphorylation-induced 
conformational change

Dissociation of 
phosphorylated      

DNA-PKcs



Model for NHEJ incorporating detection of DSB by Ku, recruitment and autophosphorylation of 
DNA-PKcs, removal of non-ligatable end-groups and ligation 

PNKP

+ Ku

+ DNA-PKcs

DNA-PK

P P PP

P P PP

Dissociation of autophosphorylated

DNA-PKcs

DNA-PKcs
Autophosphorylation                       

(trans)

QuickTime™ and a
 decompressor

are needed to see this picture.

1. DSB detection
and tethering:

Ku, DNA-PKcs

3. Ligation:
XRCC4, DNA 
ligase IV, XLF

2. End Processing:
Removal of IR-induced 

non-ligatable end groups

1. IR induces DSBs with 
non-ligatible end groups

2. Detection of DSB

3. Tethering of DSB ends

• Autophosphorylation of 
DNA-PKcs

• Processing (removal of 
non-ligatable end-groups 
produced by IR)

• Ligation of DSB ends

• Removal of NHEJ   
machinery

* *

* *

*



Model for NHEJ incorporating detection of DSB by Ku, recruitment and autophosphorylation of 
DNA-PKcs, removal of non-ligatable end-groups and ligation 

PNKP

+ Ku

+ DNA-PKcs

DNA-PK

P P PP

P P PP

Dissociation of autophosphorylated

DNA-PKcs

DNA-PKcs 
Autophosphorylation                       

(trans)

QuickTime™ and a
 decompressor

are needed to see this picture.

1. DSB detection
and tethering:

Ku, DNA-PKcs

3. Ligation:
XRCC4, DNA 
ligase IV, XLF

?

?

?

2. End Processing:
Artemis, PNKP, Pol mu/pol lambda

Mre11? Tdp1? WRN1?

Artemis

Order of events?

Order of recruitment? 

Artemis interacts with 
DNA-PKcs and DNA 
ligase IV. How/when is 
Artemis recruited?

PNKP interacts with 
XRCC4. When is XRCC4 
recruited? When does 
processing occur? 

* *

**



Adapted from Williams et al, DNA Repair, 2014
Yano and Chen, Cell Cycle 2008

DNA-PKcs phosphorylation
ATM phosphorylation
CK2 phosphorylation

P

P

P

Assembly of a molecular machine
Detection, tethering, end-processing and ligation all occur within one dynamic molecular assembly

DSB ends always enclosed within assembly, hand-off from one stage to another

P

John Tainer
LBNL/MD Anderson

Detection Processing Ligation and release



APLF

LINP1

DNA
Ligase IV

XLF
XRCC4

How does the NHEJ machinery assemble 
and carry out NHEJ?

• How does the XLF-XRCC4-DNA ligase IV complex
interact with the Ku-DSB-DNA-PKcs complex?

• How does Artemis interact with DNA-PKcs and 
DNA ligase IV?

• How do PAXX, APLF and LINP1 stabilize the 
synaptic complex?

Hammel et al, JBC, 2016
Brosey et al, Methods Enzymol, 2017
Wang et al, Nature Struc. Mol. Biol. 2018
Thapar et al, NAR 2020



Red= KU70
Yellow = KU80
Grey= dsDNA

Walker et al, Nature 2001

Structure of the Ku70/80 heterodimer, 
core DNA binding domain

Structures of NHEJ components
KU80 contains a flexible C-terminal “tail” that 
interacts with DNA-PKcs

Hammel et al, JBC, 2010
Gell and Jackson, NAR, 1999
Harris et al, J. Mol. Biol. 2004



Structures of DNA-PKcs and DNA-PKcs-Ku-dsDNA (DNA-PK)

Yin et al, Cell Reports, 2017

Sibanda et al, Nature, 2010
Sharif et al, PNAS, 2017
Chen et al, Molec Cell, 2021
Chaplin et al, Nat. Struc. 
Molec. Biol. 2021
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Sibanda et al, Science, 2017



XRCC4
Minus C terminal  tail

XLF (XRCC4-like factor)
Minus C terminal tail

XRCC4 (truncated, blue) and XLF 
(truncated, magenta) interact via 
their head domains

Junop et al, EMBO J, 2000
Sibanda et al, NSMB, 2001 
Wu et al, MCB, 2009 
Andres et al, Mol. Cell, 2007 Hammel et al, JBC, 2011

Michal Hammel

Structures of NHEJ components



Hammel et al, JBC, 2011, 2016
Frit et al, Prog Biophys Mol Biol. 2019
Liang et al, Prog Biophys Mol Biol. 2020
Graham et al, Molec. Cell 2016

Models for how the NHEJ proteins may interact at DSBs based on individual structures

From Frit et al, 2019



Sibanda et al, Science, 2017
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Challenges with understanding the function of DNA-PKcs

Its BIG

4128 amino acids

180    x 130   x 105



Danio rerio (Zebrafish)

Caenorhabditis elegans
Drosophila melanogaster

S. pombe
Arabidopsis thaliana

S. cerevisiae

Human

Mouse

What’s the difference between these model organisms?

Contain DNA-PKcs/PRKDC No DNA-PKcs/PRKDC

“DNA-PKcs is a vertebrate-specific PIKK”



lcl|Query_10001 LATIMERIA
lcl|Query_10002 CAECIL
lcl|Query_10003 HUMAN
lcl|Query_10004 MOUSE
lcl|Query_10005 XENOPUS
lcl|Query_10006 PLATYPUS
lcl|Query_10007 TASDEVIL
lcl|Query_10008 CANARY
lcl|Query_10009 OSTRICH
lcl|Query_10010 TURTLE
lcl|Query_10011 GECKO
lcl|Query_10012 DANIO
lcl|Query_10013 SNAKE
lcl|Query_10014 STERLET
lcl|Query_10015 MILII
lcl|Query_10016 BAMBOO
lcl|Query_10017 ALLIGATOR
lcl|Query_10018 GAR

DNA-PKcs is highly conserved in vertebrates

COBALT Red = highly conserved
Blue = less conserved
Grey = no conservation

Lees-Miller et al, Prog. Biophys. Mol. Biol. 2020

lcl|Query_10001 LATIMERIA
lcl|Query_10002 CAECIL
lcl|Query_10003 HUMAN
lcl|Query_10004 MOUSE
lcl|Query_10005 XENOPUS
lcl|Query_10006 PLATYPUS
lcl|Query_10007 TASDEVIL
lcl|Query_10008 CANARY
lcl|Query_10009 OSTRICH
lcl|Query_10010 TURTLE
lcl|Query_10011 GECKO
lcl|Query_10012 DANIO
lcl|Query_10013 SNAKE
lcl|Query_10014 STERLET
lcl|Query_10015 MILII
lcl|Query_10016 BAMBOO
lcl|Query_10017 ALLIGATOR
lcl|Query_10018 GAR



Lancelet

Coral

Sea urchin

***

DNA-PKcs is highly conserved from human to sponge 
(metazoa/vertebrates/invertebrates) 

Annelid worm
Polychaete
Alvinella pompejana

COBALT Red = highly conserved
Blue = less conserved
Grey = no conservation

Trichoplax
Placazoa

Scorpion

Lees-Miller et al, Prog. Biophys. Mol. Biol. 2020



Weak amino acid similarity between DNA-PKcs and other PIKKs

Amino acid identity 
between DNA-PKcs
ATM, ATR and mTOR
From Clustal Omega

DNA-PKcs
Human:  100%
Mouse: 80%
Xenopus 64%
Danio 58%

ATM ~18%
ATR ~ 17%

mTOR ~16%

COBALT Red = highly conserved
Blue = less conserved
Grey = no conservation



***

Plant 
Moss
Physcomitrella patens

Oomycete
Leaf mold
Plasmopara halstedii

Nematode
Roundworm
Trichinella pseudospiralis

Rotifer
Brachionus plicatilis

COBALT Red = highly conserved
Blue = less conserved
Grey = no conservation

DNA-PKcs conservation in representatives from all major phyla

Lees-Miller et al, Prog. Biophys. Mol. Biol. 2020



Club moss
Green Algae Amoeba

Fungi
Chytridomycota

Mycomycota
NOT  in Dikarya

Choanoflagellates

Sponge

Coral Flies
Fleas

Bees
Bugs

Crab
Shrimp

Spider

Nematodes:
Enoplea

NOT in Chromadorea

Starfish
Horsehoe crab

Snail

Not in 
flowering 

plants

https://evogeneao.s3.amazonaws.com/images/tree_of_life/tree-of-life_2000.png

Lepidoptera ?

With a few exceptions, DNA-PKcs/PRKDC is present in all major eukaryotic phyla including molds, non-flowering 
plants, algae, amoeba and invertebrates.   

Fish    
Echinoderms

Plants

Fungi Amphibians

Reptiles

Birds

Mammals

Pine, spruce, fern, 
Cycads, ginko

DNA-PKcs is NOT a vertebrate-specific PIKK



Forehead
892-1289

Kinase domain
3580-4099

FATC
4100-4128

Highly conserved regions within DNA-PKcs

Lees-Miller et al, Prog. Biophys. Mol. Biol. 2020



Oomycete
Leaf mold 
Plasmopara halstedii

Nematode 
Roundworm
Trichinella 
pseudospiralis

Platyhelminth 
Flatworm
Macrostomum lignanoSponge

Amphimedon queenslandica

Cnidaria
Coral 
Dendronephthya gigantea

Starfish 
Acanthaster planci

Conservation of the YRxGxxPD motif in DNA-PKcs from humans to molds

N-HEAT M-HEAT FAT KIN FATC
1                                          892                                                                               2801                          3580              4100

4128

ABCDE 
Loop

2577-2773

Forehead
892-1289

Nuc
1815-2202

P P PPQR ABCDE

YRPD 
2772-2782

YRxYRxGxxPDIQI
2772                           2782

Paramecium
Amoeba

Ginko biloba

Plants
Ginko biloba



YRPD

ABCDE

N-HEAT M-HEAT FAT KIN FATC
1                                          892                                                                               2801                          3580              4100

4128

ABCDE 
Loop

2577-2773

Forehead
892-1289

Nuc
1815-2202

P P P

PQR
S2056 S3205 T3950

ABCDE
T2609, S2612
T2620, T2638

T2647

YRPD 
2772-2784

YRPD motif is located between ABCDE loop and FAT domain

Hammel et al, Prog. Biophys Mol. Biol. 2020; Tsutakawa in Lees-Miller et al, Prog. Biophys Mol. Biol. 2020



APLF

LINP1

DNA
Ligase IV

XLF
XRCC4

Assembly of the NHEJ machine?

Hammel et al, JBC, 2016
Brosey et al, Methods Enzymol, 2017
Wang et al, Nature Struc. Mol. Biol. 2018
Thapar et al, NAR 2020



Hepburn et al, Structure, 2020
Dave Schriemer
University of Calgary

Hydrogen/Deuterium Exchange Mass Spectrometry 
Cross-linking mass spectrometry 

Assembly of DNA-PKcs-Ku-DNA on dsDNA in a synaptic complex



Hepburn et al, Structure, 2020

DNA-PKcs-Ku-DNA synaptic complex at ~ 13 A

DSB ends offset by 115A
Long-Range Synaptic complex: Graham et al, 2016

DNA-PKcs residues 2577-2773 (disordered loop containing ABCDE phosphorylation sites) 
form “plug” blocking the passage of dsDNA 

o

o



Cryo-EM structures of NHEJ synaptic complexes

Long-Range Synaptic Complex: dsDNA, Ku, DNA-PKcs, XRCC4-DNA ligase IV, XLF

Short-Range Synaptic Complex: dsDNA, Ku, XRCC4-DNA ligase IV, XLF

Yuan He
Northwestern University
Siyu Chen

Alan Tomkinson
University of New Mexico
Comprehensive Cancer Centre

NCI Program Project 
Grant P01 CA092584
Structural Biology of 

DNA Repair Machines
SBDR

John Tainer
LBNL
MD Anderson 
Cancer Centre



Chen et al, Nature, 2021

Long-Range Synaptic Complex
dsDNA, Ku70/80, DNA-PKcs, XLF, XRCC4-Lig4



N-HEAT
M-HEAT (solenoid)

Kinase domain
Ku70/80

Lig4-XRCC4-XLF-XRCC4-Lig4



Chen et al, Nature, 2021

Long-Range Synaptic Complex
dsDNA, Ku70/80, DNA-PKcs, XLF, XRCC4-Lig4

Lig4



DSB ends offset by ~ 115 Ao

As seen in 
Graham et al, Molecular Cell, 2016
Hepburn et al, Structure, 2020Chen et al, Nature, 2021

Long-Range Synaptic Complex
dsDNA, Ku70/80, DNA-PKcs, XLF, XRCC4-Lig4



Long-Range Synaptic Complex (movie)

Chen et al, Nature, 2021



A
Forehead
896-903

B
Forehead
896-903

A
Dimer 

interface 
loop

2569-2585

B
Dimer 

interface 
loop

2569-2585

DNA-PKcs interaction interface within the Long-Range synaptic complex

N-HEAT M-HEAT FAT KIN FATC
1                                          892                                                                               2801                          3580              4100

4128
Forehead
892-1289

P P PPQR
S3205 T3950

ABCDE 
Loop

2577-2773

YRPD 
2772-2784

Dimer
Loop

2569-2585

* * *

A:::::B



Human
896-AVPFREMKP-903

DNA-PKcs dimerization interface
Forehead Loop



Human 2569-SPDYPNPMFEHPLSECEF-2586
DNA-PKcs dimerization interface 
Dimerization loop  2569-2586



YRPD-Interacting loop
YRPD-I (2586-2604)
Antiparallel beta sheets

ABCDE 
autophosphorylation 

loop 2605-2721

Dimerization Loop
(2569-2585)

YRPD (2774-2784)

DNA-end binding helix DEB (2736-2767)
Linker 
DNA-end binding helix-appended DEB-A (2724-2730)

DEB-A

DEB-ABCDE 
loop

YRPD-I

YRPD

Dimerization 
loop 

DEB-A-linker-DEB 
interact directly with DSB end

Dimerization interface:



N-HEAT M-HEAT FAT KIN FATC
1                                          892                                                                               2801                          3580              4100

4128
Forehead
892-1289

P P P

PQR
S2056 S3205 T3950

ABCDE
T2609, S2612
T2620, T2638

T2647

Dimer Loop AUTOPHOSPHORYLATION SITES DEB YRPD FAT
DEB-A

2569-2585 ABCDE 
phosphorylation 
sites 2609-2647

2724-2730 2736-2767 2772-2784 2801

Interacts directly 
with DSB end

YRPD-I
2586-2604

2500 2800

P P PP

DNA-PKcs residues 2569-2784 are important for dimerization of the synaptic complex



Forehead  loop   Green 896-903
Dimerization loop Magenta 2569-2585 
YRPD-I Yellow 2586-2604
DEB         Blue 2724-2767
YRPD   Red 2774-2784

DNA-PKcs-A

DNA-PKcs-B

DEB

DEB-A

YRPD
YRPD-I



Forehead  loop   Green 896-903
Dimerization loop Magenta 2569-2585 
YRPD-I Yellow 2586-2604
DEB         Blue 2724-2767
YRPD   Red 2774-2784

DNA-PKcs-A DNA-PKcs-B

DEB

DEB

YRPD
YRPD-I

YRPD
YRPD-I



MKQD   LYRSYRHGDLPDIQIKHSSLITPLQAVAQR

YRPD
2774- 2784

Conservation of YRPD 



2569 2585 2586 2604  

Dimerization  Loop                              YRPD-I

DYPNPMFEHPLSECEF-Q-EYT-I-DSD-WR-FRSTVL-TPWFVET

Conservation of dimerization loop and 
YRPD-interacting motif



DLLRLRRRFMR QEK   LSLMYARKGVAEQKREKEIKSELK

DEB-A                         linker           DEB                                  

Conservation of basic amino acids in DEB-A helix, consistent with interaction with DNA



DEB-A                                                                          DEB                    YR YR  G PD 

Conservation of basic charge (dark blue) in DEB-A/DEB

Positively charged DEB helix in LR 
Synaptic complex



YRPD-Interacting loop
YRPD-I (2586-2604)

ABCDE 
autophosphorylation 

loop 2605-2721

Dimerization Loop (2569-2585)

YRPD (2774-2784)

DEB (2736-2767)
Linker 
DEB-A (2724-2730

DEB-A

DEB-ABCDE 
loop

YRPD-I

YRPD

Dimerization 
loop 

DEB-A-linker-DEB 
interacts directly with DSB end

Model for Autophosphorylation -
induced dissociation

• Disruption of YRPD/YRPD-I

• Autophosphorylation of 
ABCDE  in trans: negative 
charge

• Disruption of DEB-A/DEB with 
DSB

• Release of DNA-PKcs from the 
DSB end and synaptic complex



DNA-PKcs interaction interface

Autophosphorylation of ABCDE and PQR 
clusters at the synaptic dimer interface

Active site of DNA-PKcs (A) positioned to 
phosphorylate ABCDE and PQR clusters of 
DNA-PKcs (B) in trans



Short-Range Synaptic Complex

dsDNA, Ku70/80, XLF, XRCC4-Lig4 (minus DNA-PKcs)

XRCC4-Ku conformational change, DNA horizontal, DSB ends in close proximity

Lig4 catalytic domain engaged with nick/SSB on one DNA strand

XRCC4

Lig4

Chen et al, Nature, 2021



Chen et al, Nature, 2021

Short-Range Synaptic Complex



Model for transition from Long Range complex to Short Range complex



DNA ligase IV single turnover enzyme

1 DNA Lig4 joins 1 nick/SSB: Two-step Ligation Process

Chen et al, Nature, 2021



Model for NHEJ and transition from Long-Range Synaptic Complex to Short-Range Synaptic 
Complex



Summary
• Autophosphorylation of DNA-PKcs regulates its association with dsDNA in vitro and in vivo 

• High-resolution structure of Long-range synaptic complex with XLF, XRCC4-Lig4, Ku and DNA-PKcs

• Positively charged DNA end binding helix (DEB) that interacts with DSB end

• Model for how phosphorylation of ABCDE cluster could lead to disruption of the DNA-PKcs synaptic 
dimer interface

• High-Resolution structure of Short-range range synaptic complex with XLF, XRCC4-Lig4, Ku revealing 
how DNA ligase IV interacts sequentially with 2 nicks/SSBs

• DNA-PKcs is not vertebrate specific. 

• Although it is absent from many model organisms it is conserved through evolution: 
• invertebrates, protists, non-flowering plants

• DEB-A and YRPD motifs are highly conserved through evolution indicating conservation of DNA-PKcs’ 
function in DSB repair
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Model for transition from Long range to Short Range complex

Chen et al, Nature, 2021



Single Lig4 catalytic domain engaged with the DSB ends

Chen et al, Nature, 2021

Short-Range Synaptic Complex

dsDNA, Ku70/80, XLF, XRCC4-Lig4 (minus DNA-PKcs)



Barley, Arabodopsis, Soybean

Cereviseae, pombe other Dikarya yeast

Drosophila-no PRKDC/partial Ku80CTR

C. elegans

In general there is a good correlation between presence of Ku80 CTR 
and presence of DNA-PKcs.

Exception is insects for example, Drosophila has no PRKDC but has a 
partial Ku80CTR. More work needed to understand insects.


