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Phosphatidyl inositol 3-kinase-like protein kinases PIKKs

DNA-PKcs DNA-dependent protein kinase catalytic subunit (PRKDC)
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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)
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1985- Human cells contain a DNA-activated protein kinase

Walker et al, EMBO J 4(1) 139-145 (1985)
- + DNA

The EMBO Journal vol.4 no.l pp.139— 145, 1985

Double-stranded DNA induces the phosphorylation of several
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1989

Identification of DNA-PK phosphorylation sites in

Hsp90

PEETQTQ

First example of SQ/TQ motif for PIKK

‘THE JOURNAL OF BIOLOGICAL CHEMISTRY

Val. 264, No. 29, Issue of October 15, pp. 17275-17280, 1989
Printed in U.S.A

The Human Double-stranded DNA-activated Protein Kinase
Phosphorylates the 90-kDa Heat-shock Protein, hsp90a at
Two NH,-terminal Threonine Residues*

Susan P. Lees-Miller and Carl W. Andersoni

(Received for publication, May 19, 1989)

From the Biology Department, Brookhaven National Laboratory, Upton, New York 11973

The 90-kDa heat-shock protein, hsp90, is an abun-
dant cytoplasmic protein that can be phosphorylated
in vitro by a double-stranded (ds) DNA-activated pro-
tein kinase found in cells from several species. Here
we show that the dsDNA-activated protein kinase from
human HeLa cells phosphorylates 2 threonine residues
in the sequence PEETQTQDQPME at the amino ter-
minus of human hsp90«. Hsp9083, which is 97% iden-
tical to hsp90a but lacks both amino-terminal threo-
nines, is not phosphorylated by the dsDNA-activated
protein kinase. Mouse hsp86 and rabbit hsp90a are
homologous to human hsp90q; both heterologous pro-
teins are phosphorylated at the same amino-terminal
threonines by the human dsDNA-activated protein ki-
nase.

the biochemical function of hsp90 is not known, hsp90 is
complexed with nonactivated steroid hormone receptors (Ca-
telli et al., 1985; Sanchez et al., 1985; Baulieu, 1987), tyrosine
oncogene kinases (Brugge, 1986), and actin (Koyasu et al.,
1986). Humans and mice have at least two functional hsp90
genes which encode very closely related hsp90 polypeptides.
The human genes have been designated hsp90a and hsp908
(Simon et al., 1987), and ¢cDNAs corresponding to both genes
have been sequenced (Rebbe et al., 1987; Hickey et al., 1989).
Hsp90 purified from HeLa suspension cells contains nearly
equal amounts of the « and 8 gene products (Lees-Miller and
Anderson, 1989). The two forms of hsp90 are distinguished
primarily by two short in the ami 'minal do-
main of hsp90a that are absent from hsp308. One of these is
at the amino terminus; PEEVHHG of hsp903 is replaced by

1990

Preliminary purification and characterization of

DNA-PKcs (p350) and co-purification with Ku
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Human Cells Contain a DNA-Activated Protein Kinase that
Phosphorylates Simian Virus 40 T Antigen, Mouse p53,
and the Human Ku Autoantigen

SUSAN P. LEES-MILLER, YUH-RU CHEN, anp CARL W. ANDERSON*
Biology Department, Brookhaven National Laboratory, Upton, New York 11973
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HeLa cells contain a serine/threonine protein kinase (DNA-PK) that is strongly activated in vitro by low
concentrations of double-stranded DNA (dsDNA). Activation was specific for dsSDNA; both natural DNAs and
synthetic oligonucleotides functioned as kinase activators. The fact that DNA-PK actmty Was rapidly mhlblted
by incubation with dsDNA and ATP suggests that DNA-PK activity also may be reg d by
ylation. During gel filtration, DNA-PK activity behaved as a 350-kDa protein, and highly punﬁed DNA-PK
contained a dsDNA-binding, 350-kDa polypeptide that was phosphorylated in a dsDNA-dependent manner. We
conclude that this 350-kDa polypeptide is likely to be DNA-PK. Previously we showed that the dsDNA-activated
kinase phosphorylates two threonines at the N terminus of hsp90« (S. P. Lees-Miller and C. W. Anderson, J.
Biol. Chem. 264:17275-17280, 1989). Here we show that DNA-PK also phosphorylates the simian virus 40 large
tumor antigen, the mouse tumor-suppressor protein p53, the human Ku autoantigen, and two unidentified
HeLa DNA-associated polypeptides of 52 and 110 kDa. Identification of these and other newly identified
DNA-binding substrates suggest that the dsDNA-activated kinase may regulate transcription, DNA replication,
or cell growth.
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Ku autoantigen is the regulatory component of a template-associated
protein kinase that phosphorylates RNA polymerase 11
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The Phosphatidyl Inositol 3-kinase-like family of serine/threonine protein kinases, PIKKs
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Mechanism of Non-Homologous End Joining (NHEJ):

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

* Required for V(D)J recombination in ‘

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

* 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

Ku70/80

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

Active
protein kinase



Autophosphorylation of DNA-PK results in disruption of the Ku-DNA-PKcs

complex and loss of activity

Autophosphorylation of purified
DNA-PKcs, Ku70 and Ku80
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Identification of DNA-PKcs autophosphorylation sites

ABCDE
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Chan et al, G&D, 2002
Cui et al MCB 2005; Chen et al, JBC, 2005
Douglas et al, MCB, 2007



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 :. W
on dsDNA ends

e Ku binds DSB

* Recruits DNA-PKcs

 Assembly of a synaptic complex on both
ends of t¥1e DSBy(ac":ive DNAEPK)
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* Dissociation of autophosphorylated
DNA-PKcs




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

-ATP  +ATP +AMP-PNP
0 10 30 60 10 30 60 10 30 60 min

wt-DNA-PKcs
ABCDE>ala

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

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



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
o " UV laser induced DNA damage
§ % Phosphorylation defective
% 3 (ABCDE: T to A)
g s and kinase dead
o 14
are retained
0 10 20 30 O 30 60 9% 120

Tima aftar irradiatian fe) Tima aftar irradintian fmin)

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 [ l l [ ] oo QO
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+ DNA-PKcs l Dissociation of

phosphorylated
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= DNA-PK

Synapsis Autophosphorylation-induced

(tethering of DNA conformational change
ends together)



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

1. IR induces DSBs with ( S ) (

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

( 5 ) ( )
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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

Detection Processing Ligation and release

(P) DNA-PKcs phosphorylation
@ ATM phosphorylation
@ CK2 phosphorylation

® [ xF | xrcca
PP @®

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

LBNL/MD Anderson



How does the NHEJ machinery assemble

and carry out NHEJ? i

LINP1

 How does the XLF-XRCC4-DNA ligase IV complex DNA-PKcs
interact with the Ku-DSB-DNA-PKcs complex?
DNA
 How does Artemis interact with DNA-PKcs and
DNA ligase IV? DI
DNA
Ligase IV

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

XLF
}XRCC4 .

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

Thapar et al, NAR 2020



Structures of NHEJ components

Structure of the Ku70/80 heterodimer, KUS8O0 contains a flexible C-terminal “tail” that
core DNA binding domain interacts with DNA-PKcs

S

Ku80 CTR

Red= KU70

Grey= dsDNA

Hammel et al, JBC, 2010
Gell and Jackson, NAR, 1999

Walker et al, Nature 2001 Harris et al, J. Mol. Biol. 2004



Structures of DNA-PKcs and DNA-PKcs-Ku-dsDNA (DNA-PK)
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Sharif et al, PNAS, 2017 v 2 N
Chen et al, Molec Cell, 2021 ~130 A

. Front View
Chaplin et al, Nat. Struc.

Molec. Biol. 2021 Sibanda et al, Science, 2017 Yin et al, Cell Reports, 2017



Structures of NHEJ components

XRCC4
Minus C terminal tail

XRCC4-B

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

XLF (XRCC4-like factor)
Minus C terminal tail

Patch Il —

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

Michal Hammel

Hammel et al, JBC, 2011



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

XRCC4 XLF

distal

SRV

From Frit et al, 2019

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



Challenges with understanding the function of DNA-PKcs

Its BIG ABCDE
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What’s the difference between these model organisms?

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

“DNA-PKcs is a vertebrate-specific PIKK”

Human \

Drosophila melanogaster
P 9 Caenorhabditis elegans




DNA-PKcs is highly conserved in vertebrates
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Lees-Miller et al, Prog. Biophys. Mol. Biol. 2020



DNA-PKcs is highly conserved from human to sponge

(metazoa/vertebrates/invertebrates)
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Weak amino acid similarity between DNA-PKcs and other PIKKs

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

From Clustal Omega
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DNA-PKcs conservation in representatives from all major phyla

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

Rotifer Nematode

Brachionus plicatilis Roundworm
Trichinella pseudospiralis

Plant Oomycete

Moss Leaf mold
Physcomitrella patens Plasmopara halstedii

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

ABCDE
f S
T2609
82612
& 12038 & ¥ o S
Q QAN Vv )
s & 9’}«&{»":‘1'.9@*72647 D = & w°
T 4128 aa
E. N-HEAT M HEAT' KD FATC

Forehead Leucine Rich NUC194 ABCDE loop

892-1289 1503-1538 1815-2202 2577-2773

Human IR O -8 080001 AR 001100 TOMR IR ORI TR 10T~ WO 0000 W
Shark | IR0 1O -H00 TR L0 DRI RV RN 1f- - -
Lancelet - 01NN T 00 CRNETEOUMONERRVO R - 07 ROORT 0 OO OT 0RO L - I
starfish < [ AN -4 0 DL OLNORER ROR -0 TRMNT ORT AT G- R0 WO TRIWHE 0 T
Cimpet | INI1YNFH (O I UER CAMMUR 0 0O 0 TR ORI TR TR0 W 070 -HH
Capitetia - [ | /MF 10 14 (0100 TORONER HVO T -/ RUONINT OO O -0 M1 T
Linguta | I A -4 (O 0N ONOONER CRVOA 000 MORT T OO OO TR0 W e
Termite - J{JI[TAAE4ME-S N-0E MR VR0 T OTME TR R - HE-H
Scorpion - |11/ {MHEIM -4 WHRRNFONARER -0 001200 RMURE OO0 VTR0 -0 WO -1 - -
Snrimp. [ 1AM (000 ORI OOV AT R -l
Trichinelta | I {14 0--4-0-00 MUKV 1=~/ 00 DOMINT IO+ AR N 0001 -
Fatworm || [INHH480 -0 1WIORE [ AMURE R VT F0- L CRMUROMT O DAL - 00RO 0 O -0 -
Rotifer |- I A -1 (WIMAEFAURONER 0000 (07 (NMRL 00O OCMONHR LR § 1 - -
Trichoplax [N 1B -4-{-000OLORUR CE-A0 0000 RMUNT OO0 (AR R -0 WAL 000 A
stony Coral - Il |IMY 1M 1 1W-D0E FORNNONERTIOM -1 07 CROMURE 0 AR -0 OO 10 .
sponge - IIITIMARMI-TIM-R00 -AANAUR RV 1010 ORLIR0 FVOMRNNTVMNRH [ -RV T |- .
Salpingoeca | [I1IINH 1M1 (N-001-1 WAL -00 V000 OVMURT (00 | 00D MO (A0 R -T - -
Glomus [ Il FNIESMIL T O UHOE 0 OO WREEE0 UMD 0 ORI HHE IR OO - -
Amoeba | |11 INHM-{ UIMUREAIR-OMUEEL -0 BT OO0+ WOR T HH AW - 1A
Moss - [ NINMAIEH1- 0 NUIF-RONMEE HAREA TSV RO
Stylonchia I JNHANM-+1 I-H0 T ONHE V240000 N 0 OO0 -1 1
Oomycete || I AN HE-H0 T WORRIE: DTEA-00 (VIO EOMERIE SRR HEEOETI-000 - .

%k %k *k



With a few exceptions, DNA-PKcs/PRKDC is present in all major eukaryotic phyla including molds, non-flowering

plants, algae, amoeba and invertebrates.
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DNA-PKcs is NOT a vertebrate-specific PIKK
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Highly conserved regions within DNA-PKcs ABCDE
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Conservation of the YRxGxxPD motif in DNA-PKcs from humans to molds

1 ABCDE 5501 3580 p 4100
- - 4128
Forehead Nuc ABCDE’ N
892-1289 1815-2202
Loop YRPD
2577-2773 2772-2782
2772 2782
YRXYRXGXXPDIQI
S HUMAN DAQVVLYRSYRHGDLPDIQIKHSSLITPLQAVAQ 1
Cnidaria ESHARK DAKVTLYRSYRFGDLPDIQIKYSSLIAPLQALAQ Paramecium
Coral LANCELET GNLVTLYRQYRVGDLPDIQIKYSYIIAPLQOALAQ
) STARFISH FSTVTMYRRYRTGDLPDIQIKYSDLIAPLQALAQ
Dendronephthya gigantea LIMPET ENQVTMYRKYRTGDLPDIQIKHSYIIAPLQALAH
ANNELID WORM EHQVTMYRQYRTGDFPDIQIKYSFLIAPLQALAQ
BRACHIOPOD EAQVTMYRKYRTGDLPDIQIKYSYVIAPLQALAQ
TERMITE EANIASFREYRSGDFPDIEISYSAIIKPMOELAK '
SCORPION EGQVTIYRQYRIGDLPDIEINYSSIIVPLQOALAQ Platyhelminth Nematode
SHRIMP EAQVTMYRQYRVGELPDVQIPHRALIGPLQALSQ | Roundworm
R ROUND WORM QOSLDLRGKYRRGDFPDIQIPYSAVIITLOAVAE atworm . Trichinella
Sponge PLATYHELMINTH EHRVTLRRRYRVGDLPDVQMEQGALVTTLAGLAQ Macrostomum lignano dospirali
: ; ROTIFER ENHVEKYRNYRIGDFPDIQIKHSELIAPMQALAQ pseudospiralis
Amphimedon queenslandica e 1cyoprax ENKVVMYRKYRDGELPDIQIKHSELIAPFQALAQ
STONYCORAL EGAIVMYRKYRSGDLPDIQIKYSELIAPLOALAQ
SPONGE QSYVVMYRKYRMGELPDIQIKHSELIRPLOALAQ
CHOANOFLAGELLATE AAQVTLFRSYRTGELPDIQIKQRELLQPLQGLAQ o
FUNGUS PKNISMLRQYRVGELPDIGINHGDLINPLQTLAQ
AMOEBA ENQVTMFRKYRSGELPDIQIKLQEILRPLOSLCQ
MOSS ANKVHMMRQYRTGELPDIEIKHADIVGPLAALAE Oomycete
i CILIATE KHQVGLYRRYRVGELPDIQISYEDVLKPLQAITK
Starfish OOMYCETE QEHVRIKRAYRAGEFPDIQITQODIVDPIMALCE  F1ONtS Leaf mold

Acanthaster planci T # Rx kgakkggs 1 #: #3 . Ginko biloba Plasmopara halstedii



YRPD motif is located between ABCDE loop and FAT domain

ABCDE
12609, 52612
PQR )
5%6 T2620, T2638 $3205 T3950
1 892 P T2647 2801 p 3580 P 4100
NHEAT [ m-HeAT(D 00| bl
Forehead Nuc 7 A
892-1289 1815-2202

ABCDE YRPD
Loop

2577-2773

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



APLF

LINP1
DNA-PKcs
Assembly of the NHEJ machine? DNA
Ku80/70
DNA
Ligase IV

XLF

’XRCC4 .

Hammel et al, JBC, 2016

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



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

Hydrogen/Deuterium Exchange Mass Spectrometry
Cross-linking mass spectrometry

Synaptic

DNA-PKcs

Ku80

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



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

Hepburn et al, Structure, 2020



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 Alan Tomkinson NCI Program Project John Tainer

Northwestern University University of New Mexico Grant PO1 CA092584 LBNL

Siyu Chen Comprehensive Cancer Centre Structural Biology of MD Anderson
DNA Repair Machines Cancer Centre

SBDR



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

Chen et al, Nature, 2021
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Long-Range Synaptic Complex
dsDNA, Ku70/80, DNA-PKcs, XLF, XRCC4-Liga

Chen et al, Nature, 2021



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

DSB ends offset by ~ 115 A

As seen in
Graham et al, Molecular Cell, 2016

Chen et al, Nature, 2021 Hepburn et al, Structure, 2020



Long-Range Synaptic Complex (movie)

Long-range Synaptic Complex
DNA-PKc:

Ku80
Lig
XRCC

Chen et al, Nature, 2021



DNA-PKcs interaction interface within the Long-Range synaptic complex
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DNA-PKcs dimerization interface
Forehead Loop

-

)
DNA-PKts?

DNA-PKcs*

896-903 2569-2585
\*:?.\ —
29,
DNA-PKcs?

896-903

Human
896-AVPFREMKP-903

. 1130 . 1140 ) 1150 . 1160 . ];170
OOMYCETE/1-4008 -------------- LITASCIVCCIF--SPHFRLELRLSETP-LSLA SV
FLATWORM/1-4430 ------------- DKAATADLAAWSP-CGCRLLYEDL ADSK-PRLY PL
STYLONCHIA/1-4241 ---------—---~- KLIERENFIKWDP--EKRLKETVRLYTKK-VDIY FDAC
TRICHINELLA/1-3993 - - - === === == === = = = VCSLLRWCQ--GCSHLEFIC PDMK-FEIA TL

AMOEBA/1-4160 @ - -----------~- MAPCTESCVAWDT--I1SRIQLQIPLCDLNGCVSIY SV

GLOMUS/1-4073 LVYRPIPTMNPACSKMSNNKLLAWDP--EKRVSENI -VEILFBDEF
MOSS/1-4098 @ ------------- LQLTCTCCLAWDP--IDRVKETL -PDIW SL
TERMITE/1-3993 @ - --------------- QEEDVIPWATCLQQPLVIEPL -LNINLEKL
SALPINGOECA/1-4187 AG- - - - - - CCSDVCECETPPWVAWDM--TNHLKEAV -PEVQ PM
ROTIFER/1-4070 @  -------------=---~ NEDITSWDT--VQHLKEYV -PTIYFDRF
SHRIMP/1-4065  -------------- DTIASAAVRWNV--QKLVK -1DI1Y DL
SCORPION/1-4131 -------=---=---- IKIHEVAVAWD I NKQNHLK -LEILF KF
HUMAN/1-4128 @ ------------- SDEMMKSYVAWDR--EKRLS -PVIF VF
ESHARK/1-4141 = ------------- AEEMMKRCIAWVT--EKPLS -Pl1lY SF
LIMPET/1-4082 - ------=------- DDISKQAIAWDT--EQHLR -PIIYFDPF
CAPITELLA/1-4109 -------------- AN-PPDLVAWDS--DQHLK -TSIYFDAF
LINGULA/1-4114 @ -------------- EDIAKIAVAWDQ--EKHLK -AALY PF
SPONGE/1-4157 - --------=------- SQHSLVSWDS--DRRILG -PE@lY PY
TRICHOPLAX/1-4127 ------------- NDDCSSQAV DN--HKRILP -PI1I1H PF
STONYCORAL/1-4170 - ------------ IN--SSNAVVWDT--ENHLT -PSHEY PE
STARFISH/1-4203 @ - ------=---=--- AEEIAKVAVAWDT--QPRLQ -PNID RY
LANCELET/1-4205 ------------- AEDLAKRAVAWDT--QTHLQ -PTVCLDP F
Conservation J -I
-------------- 000011562631--12270817520424-322912°916

Quality

_ sl I ma

Consensus

++YRPIPT+++++AEDIAK+AVAWDT++EKHLKFAVPF+DMKGPEIYLDPF



DNA-PKcs dimerization interface
Dimerization loop 2569-2586
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Dimerization interface:

Dimerization Loop

(2569-2585) Dimerization DNA-PF(CSB

_ ™ loop \
A / 2569-2585;

YRPD (2774-2784) YRPD YRPD"
YRPD-Interacting loop — 2774- 2784_'-
YRPD-I (2586-2604) YRPD-| = = YRPD/
Antiparallel beta sheets : /9586-9f Qli
ABCDE | J \/ DEB haliX

2736-2767

~ ABCDE cluster
DE'A helix

autophosphorylation ABCDE
loop 2605-2721 loop
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Linker
DNA-end binding helix-appended DEB-A (2724-273
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interact directly with DSB end \ ~1992- 208



DNA-PKcs residues 2569-2784 are important for dimerization of the synaptic complex
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Conservation of YRPD
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Conservation of dimerization loop and

YRPD-interacting motif
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Conservation of basic amino acids in DEB-A helix, consistent with interaction with DNA
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Conservation of basic charge (dark blue) in DEB-A/DEB
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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
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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

Chen et al, Nature, 2021



Short-Range Synaptic Complex

Short-range Synaptic Complex
Ku70
Ku80
Lig
XRCC4

DNA

Chen et al, Nature, 2021



Model for transition from Long Range complex to Short Range complex
DNA-F
Kus0

Lig
XRCC

" =
Long-range Synaptic Complex



DNA ligase IV single turnover enzyme
1 DNA Lig4 joins 1 nick/SSB: Two-step Ligation Process
Ku80

Lig
XRCC

Chen et al, Nature, 2021



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

. DNA-PKcs \ Ligase factors
> recruitment CLC recruitment
M (
(3)| DNA-PKcs
dissociation
Ligase factors Sequential
ligation

dissociation

(4)

I



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

SITRENY <708

’ r
B

Chen et al, Nature, 2021



Short-Range Synaptic Complex

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

Single Lig4 catalytic domain engaged with the DSB ends

Chen et al, Nature, 2021
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” Barley, Arabodopsis, Soybean

Cereviseae, pombe other Dikarya yeast

i C. elegans

: Drosophila-no PRKDC/partial Ku8OCTR

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 Ku8OCTR. More work needed to understand insects.



