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Summary
In the non-homologous end-joining (NHEJ) of a DNA double-strand break, DNA ends are bound and pro-
tected by DNA-PK, which synapses across the break to tether the broken ends and initiate repair. There is
little clarity surrounding the nature of the synaptic complex and the mechanism governing the transition to
repair. We report an integrative structure of the synaptic complex at a precision of 13.5 Å, revealing a sym-
metric head-to-head arrangement with a large offset in the DNA ends and an extensive end-protectionmech-
anism involving a previously uncharacterized plug domain. Hydrogen/deuterium exchange mass spectrom-
etry identifies an allosteric pathway connecting DNA end-bindingwith the kinase domain that places DNA-PK
under tension in the kinase-active state. We present a model for the transition from end-protection to repair,
where the synaptic complex supports hierarchical processing of the ends and scaffold assembly, requiring
displacement of the catalytic subunit and tension release through kinase activity.
Introduction

DNA double-strand breaks (DSBs) must be repaired to prevent

cell death, but also must be repaired accurately to maintain

genome stability. Homologous recombination is the most er-

ror-freemechanism to repair a DSB, but it is only active when sis-

ter chromatids are available as a template, whereas non-homol-

ogous end-joining (NHEJ) is active throughout the cell cycle.

NHEJ involves untemplated ligation. This seemingly simple func-

tion requires a complex multi-protein process to maintain the

highest fidelity possible. Several processing factors are required,

depending on the chemical and structural properties of the

break, and the order in which the factors are engaged for repair

has a direct impact on the process and outcomes of NHEJ

(Chang et al., 2016; Conlin et al., 2017; Waters et al., 2014).

DSBs, regardless of sequence (Walker et al., 2001), are quickly

bound by the highly abundant Ku70/80 heterodimer, followed

by the recruitment of DNA-dependent protein kinase catalytic

subunit (DNA-PKcs) to form the ultralarge holoenzyme DNA-

PK (�620 kDa) (Yin et al., 2017). The recruitment of a DNA-PK

to each DNA end prevents resection (Weterings et al., 2003)
and sets the stage for the formation of a dimeric complex (i.e.,

the synaptic state) that tethers the broken ends (DeFazio et al.,

2002). The complex also initiates the recruitment of DNA pro-

cessing factors and ultimately supports ligation of the broken

ends (Liang et al., 2017).

The synaptic complex appears to contribute an organizational

and gating function to NHEJ. Repair involves an iteration through

different processing events that remodel the DNA ends prior to

ligation (Chang et al., 2016). The entire process requires several

structural factors to present the ends for ligation the instant they

are sufficiently processed (Chang et al., 2016; Conlin et al., 2017;

Waters et al., 2014). Specifically, the synaptic complex consists

of matched holoenzymes across the break (DeFazio et al., 2002)

that recruit the NHEJ factors X-ray repair cross-complementing

protein 4 (XRCC4), XRCC4-like factor (XLF), paralog of XRCC4

and XLF (PAXX), and Ligase IV (LigIV) (Cottarel et al., 2013;

Wang et al., 2018). In particular, an XLF-XRCC4-LigIV subcom-

plex (Hammel et al., 2011; Ropars et al., 2011; Sibanda et al.,

2001) participates in scaffolding the break site through interac-

tions with Ku70/80 (Costantini et al., 2007; Yano et al., 2008)

and the recruitment of PAXX, minimally involving an interaction
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with Ku70 (Ochi et al., 2015; Tadi et al., 2016; Xing et al., 2015),

adds to stabilization (Graham et al., 2018; Wang et al., 2018).

The complexity of the preligation state raises questions

regarding the overall organization of components and how pro-

cessing events are regulated in such a system. Recently,

compelling single-molecule FRET studies have supported the

existence of long-range and short-range synaptic structures

(Graham et al., 2016). The long-range structure maintains the

separation of DNA ends byR100 Å (Graham et al., 2016). It tran-

sitions to a short-range complex that appears to moderate at

least some of the processing functions aswell as ligation by LigIV

(Graham et al., 2016, 2018; Stinson et al., 2019). This staging of

the synaptic state argues strongly for a well-organized and hier-

archical approach to repair, where LigIV activity is held in abey-

ance until a processing program is organized and initiated. Sub-

sequent studies also appear to favor such amodel (Stinson et al.,

2019), but it is unclear how synapsis can serve an organizational

role and coordinate a transition to a ligase-competent short-

range state, and indeed why the ends need to be held far apart

in a long-range complex in the first place.

The core NHEJ components are involved in the transition (Gra-

ham et al., 2016). Specifically, the short-range structure consists

of a well-defined ternary complex involving the XLF dimer inter-

acting with two XRCC4-LigIV subcomplexes (Graham et al.,

2018). The complex creates an environment where LigIV is

held proximal to the break and poised to repair it upon sufficient

end-processing (Graham et al., 2018; Stinson et al., 2019). There

seems to be no explicit role for DNA-PKcs in ligation, as studies

indicate that (auto)phosphorylation triggers its release prior to

ligation (Hammel et al., 2010; Uematsu et al., 2007). Mostmodels

of NHEJ repair maintain the presence of DNA-PKcs up to ligation

(Jette and Lees-Miller, 2015), but the recent two-stage model

suggests that it is retained throughout the process, perhaps un-

dergoing a conformational change tomanage the transition (Gra-

ham et al., 2016). It is also unclear how end-protection by DNA-

PK is relieved as repair proceeds and how this release is coordi-

nated with a requirement for tethering and positioning of pro-

cessing factors throughout the process.

A structural model of the long-range synaptic complex is

required to understand how the system supports end-joining,

but studies have proven challenging given its size and structural

heterogeneity. Recently, a structure of DNA-PKcs was solved by

X-ray crystallography at 4.3-Å resolution, involving 89% of the

sequence (Sibanda et al., 2017). It was extended to include

most of Ku70/80 and a short double-stranded DNA (dsDNA)

sequence using cryo-electron microscopy (EM), at 6.6 Å resolu-

tion (Yin et al., 2017). Together, these structures reveal a ‘‘head’’

feature consisting of intertwined FAT (FRAP-ATM-TRRAP), FAT-

C-terminal and kinase domains assembled on a large N-terminal

solenoid that forms a double ring shape. The DNA is presented in

a channel formed by Ku70/80 and the solenoid, involving surpris-

ingly few contacts with the catalytic subunit, but bending the

N-terminal HEAT (Huntingtin, Elongation factor, PP2A, subunit-

TOR) repeats toward the head structure (Yin et al., 2017). At-

tempts have been made using EM to generate structures of a

synaptic state with limited results (Baretic et al., 2019; Spagnolo

et al., 2006), perhaps because of the strong orientational bias of

DNA-PK on sample grids. Here, we usedmass spectrometry and

integrative structure modeling to produce a model of the long-
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range synaptic complex at 13.5-Å precision. This model pre-

sents the two holoenzymes in a head-to-head orientation with

a considerable offset. It rationalizes key elements of the transi-

tion to a short-range repair complex, identifies a plug domain

with a role in regulating the transition, and localizes unassigned

structural elements (Ku80 C-terminal and PAXX). Complemen-

tary conformational analyses show a system under high tension,

which must be relieved through a structural transition on the

pathway to repair.

Results

Assembling the synaptic complex for structural mass
spectrometry
For the preparation of the synaptic complex, we used two

methods. In the first, we used a DNA substrate modeled after

Graham et al. (2016), involving a 2-kb stretch of DNA with an in-

ternal biotin for affinity capture. This substrate supports synapsis

through the circularization of the DNA. It was used to capture pu-

rified Ku70/80 plus DNA-PKcs (Figures S1A–S1D), thus forming

the holoenzyme, relying on the high affinity of the DNA ends for

the assembled trimer (West et al., 1998). Assemblies were

formed with and without PAXX, a known stabilizer of core

NHEJ proteins (Ochi et al., 2015) and the synaptic complex

(Wang et al., 2018). The use of the biotin tag allowed for capture

on streptavidin beads, followed by washing and removal of any

unbound or lightly bound components. We confirmed synapsis

on the unwashed state using negative-stain EM but note the

presence of some possible aggregation andmultiple Ku loadings

(Figure S2). The second method was based on the use of a

much-shorter DNA segment. Biotinylated 100-base pair (bp)

(blunt-end) dsDNA was used to capture Ku70/80 plus DNA-

PKcs. The assembly was dispersed on the bead surface by add-

ing excess free biotin, to model a one-ended DNA break. Protein

capture was confirmed by Western blot at the expected stoichi-

ometry (Figure S1D). Then, holoenzyme was formed free in solu-

tion and as synapsis can only occur between holoenzymes, we

extracted the holoenzyme from solution using the bead-bound

holoenzyme and demonstrated enrichment (Figure S1E). Cross-

linking experiments were conducted with the 2-kb construct (as

the yields were greater) and we used the second method to test

findings.

Crosslinking the synaptic complex
Next, we crosslinked the synaptic complexes in the following

forms: holoenzyme, holoenzyme with a non-hydrolyzable ATP

analog (adenylyl-imidodiphosphate, AMP-PNP), holoenzyme

with PAXX, and holoenzyme with AMP-PNP and PAXX. Nomi-

nally one-ended holoenzyme complexes on 100-bp DNA were

used as control samples, with and without AMP-PNP. To aid in

the presentation of results, Figure 1 is provided a reference for

structural features of the holoenzyme. Especially noteworthy is

a long 198-residue loosely structured segment containing the

ABCDE phosphorylation sites (residues 2609-2647) that regu-

lates the interaction of DNA-PKcs with Ku70/80 and promotes

DNA end-processing (Cui et al., 2005; Jiang et al., 2015; Neal

et al., 2014). Both Ku70 and Ku80 have smaller structured

C-termini connected to the heterodimer through short disor-

dered regions (Walker et al., 2001; Zhang et al., 2001, 2004).



Figure 1. Orientation of the DNA-PK holoen-

zyme

Based on DNA-PK (5Y3R), complete with linked

Ku70 (1JJR) and Ku80 (1RW2) C-terminal struc-

tures. Boxes represent missing regions of structure

greater than 30 amino acid residues. The figure

presents the head, consisting of a kinase domain

encased within the FAT/FAT-C domains. The mid-

dle HEATs together with the N-terminal HEATs (the

arm) form loosely concentric rings that present a

cavity in the base of DNA-PKcs. DNA binds under

the N-terminal HEAT and protrudes into the cavity.

Coloring is preserved for all HX figures, except for

the head (all steel blue for clarity).

See also Figure S1.
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Crystallographic analysis suggests that elements of the Ku80 C-

terminus may interact with DNA-PKcs near the PRQ domain (Si-

banda et al., 2017; Yin et al., 2017), which is another site of phos-

phorylation thought to regulate progression to ligation (Jiang

et al., 2015).

Approximately 200 to 300 unique DSS crosslinks mostly be-

tween pairs of lysine residues were identified for each state

and mapped on Circos plots (Grimm et al., 2015) (Figure 2A).

The maps of all states appear similar, but differ in relative abun-

dance (Figure 2B). The set of crosslinks was then inspected for

obvious trends and domain localizations, prior to integrative

modeling. We consider in the first place the set of crosslinks

that are satisfied by a single holoenzyme (regardless of the pos-

sibility that they may, in fact, span the two holoenzymes in a syn-

aptic complex). On average, 42% of the crosslinks span sites on

the known holoenzyme structure (Yin et al., 2017) (Figure 3A). We

observe three crosslinks between the Ku80 C-terminal domain

and the base of DNA-PKcs, near the PQR sites around residue

1985, localizing the Ku80 C-terminal to the base. Many of the re-

maining crosslinks involve nominally disordered regions, primar-

ily residues 2577-2773 of the ABCDE domain. Numerous cross-

links are formed between this region, the N-terminal HEAT

repeats (the ‘‘arm’’) and the middle HEAT repeats. No crosslinks

are found between this region and either the kinase or FAT

domain, despite their proximity in the holoenzyme structure

(Figure 3B).

Crosslinking also indicates a nucleotide-induced conforma-

tional change in the N-terminal arm. In the DNA-free monomeric

state, the ‘‘hand’’ at the N-terminal end is too far to crosslink to

the FAT domain (�50 Å) (Sibanda et al., 2017), but in the DNA-

bound form of the holoenzyme, we observe a crosslink between

these regions (residues 99-3196) (Figure 3). We also observe it in

the synaptic complex. These states are all in the nucleotide-free

form. Interestingly, upon nucleotide binding, this crosslink is

strongly reduced in intensity in the holoenzyme and it completely

vanishes in the synaptic state. PAXX binding does not return it.

This quantitative analysis was extended to the rest of the cross-

links (Figure 2B). Two crosslinks stand out as unambiguously in-

ter-holoenzyme, where the same peptide sequence is found on

each side of the crosslink. The one crosslink supports a head-
to-head interaction, linking residues 4085-4085 in the kinase

domain. It is absent in the nonsynaptic control, whereas the

addition of PAXX increased its abundance considerably (Fig-

ure 2C). Loading the kinase with AMP-PNP generated the high-

est abundance. In fact, AMP-PNP binding appears to drive low

levels of synapsis even in the nominally nonsynaptic control.

This is entirely possible. The design of the control attempts to

disperse DNA evenly on the beads, but the preparation likely

possesses some distribution in the dispersion, allowing a subset

to dimerize. Surprisingly, the addition of PAXX to the nucleotide-

loaded holoenzyme increased the intensity in this crosslink rela-

tive to the nucleotide-free state, but not the nucleotide-bound

state. Taken together, the similarity in the crosslinking for the

two nucleotide-loaded states (Figure 2B, middle) support that

one conformational state is shared between the two forms.

PAXX may slightly alter the conformation of the head domain

and thus reduce crosslinking locally in this region. We note that

this crosslink was detected in the alternate form of the synaptic

complex preparation (data not shown).

The other unambiguously inter-holoenzyme crosslink sup-

ports a base-to-base interaction, linking residues 1869-1869 in

the middle HEAT repeats. The crosslink was identified in all

states, including at significant levels in the nonsynaptic controls

(Figure 2C). The intensity patterns are very different from the

head-to-head crosslink: the intensity decreases upon adding

AMP-PNP and/or PAXX. In preliminary modeling runs, we

observed that the base-to-base crosslink is never satisfied.

Thus, the crosslink is likely an artifact indicative of aggregation

(Figure S2) and it was not observed in the alternate synaptic

complex preparation. Finally, we note that our crosslinking

data localize PAXX near the base of DNA-PKcs. Crosslinks are

scant but there is a link between the N-terminal of PAXX and

the Ku80 C-terminal core structure (Figure 2A). Surprisingly, no

crosslinks are found to Ku70 where the PAXX tail is known

to bind.

Structure of the DNA-PK synaptic complex

Armed with the crosslinking data, the available high-resolution

holoenzyme structure (Yin et al., 2017), the Ku70/80 termini

structures (Zhang et al., 2001, 2004), the physical constraints

of connectivity and excluded volume, we performed integrative
Structure 29, 1–12, May 6, 2021 3



Figure 2. Crosslinking of the DNA-PK synaptic complex

(A) Circos plots of crosslinks found in multiple states. Intra-protein crosslinks are shown in gray and inter-protein crosslinks in purple.

(B) Comparison of crosslink abundance between states. Crosslinks enriched in the synaptic (and PAXX-bound) states are shown in blue. Crosslinks enriched in

the nonsynaptic (and PAXX-free) control states are shown in green. Nonsignificant changes are represented in gray. Redundant crosslinks (i.e., different peptides

for identical linked residues) preserved for completeness. Extreme values (log2[ratio] = ±9) represent crosslinks found in only one state.

(C) Quantitative evaluation of a unique head-to-head (left) and a base-to-base (right) dimer crosslink. Data represent aggregated and normalized liquid chro-

matography-mass spectrometry (LC-MS) feature intensities; error bars = SEM (n = 3).

See also Figure S2.
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structure modeling using the Integrative Modeling Platform

(IMP) (Russel et al., 2012), to determine the orientation of the

holoenzyme in the synaptic form (Figure S3). We constructed
4 Structure 29, 1–12, May 6, 2021
separate models for each of the six crosslinked states, with

each model consisting of two copies each of DNA-PKcs,

Ku70 and Ku80. Each crosslink was allowed be satisfied by



Figure 3. A subset of detected DSS cross-

links on DNA-PK bound to DNA

(A) Crosslinks satisfied by the structured elements

of a DNA-PK monomer from an analysis of the

nonsynaptic holoenzyme (nucleotide-free), mapped

to the 5Y3R structure using Xlink Analyzer (Kosinski

et al., 2015). Blue rods represent satisfied crosslinks

(less than 35 Å).

(B) Left structure: crosslinking attachment points

shown as red spheres for the large disordered re-

gion of DNA-PKcs (residues 2577–2774, not

shown). Right structure: the availability of lysine

residues for crosslinking, also shown as red

spheres. Coloring of the DNA-PK structure as in

Figure 1.
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either an inter-or intra-holoenzyme distance (Figure S3). In

total, 1.2 million configurations of the synaptic complex were

assessed. For each dataset, the head-to-head crosslink

(4085-4085) was applied to filter the ensemble post modeling,

followed by structural clustering. Approximately 2000 repre-

sentatives of each cluster for each dataset were combined,

and clustered again to identify common states among all six

crosslinked states (Figure 4A). Two distinct clusters satisfying

the head-to-head crosslink emerged, along with a more diffu-

sive third cluster that did not. The dominant cluster of solutions

represents �30% of the total configurations and has a preci-

sion of 13.5 Å. This cluster is composed of models from every

synaptic dataset (highlighting the reproducibility of the struc-

ture determination from different datasets), with the dominant

contributions coming from the nucleotide-loaded forms. It in-

cludes someminor contribution from the nominal control state,

the nucleotide-loaded holoenzyme on 100-bp DNA. This

finding is not surprising, given the observation of the head-

to-head crosslink (at low levels) in the sample (Figure 2C).

Strikingly, the structure places the holoenzymes in a side-to-

side orientation, across an interaction interface that begins at

the kinase and FAT domains and runs along the middle HEAT re-

peats (Figure 4B). We did not explicitly include DNA strands in

themodeling, but we fit themodel with the holoenzyme structure

(PDB 5Y3R) to orient them. This fitting places the incoming

broken DNA strands in parallel but staggers their ends by

�105 Å. The symmetry of the solution is a product of the

modeling and not an imposed restraint.
The smaller cluster of solutions that sat-

isfies the head-to-head crosslink repre-

sents 12.1% of all models with a precision

of 15.3 Å. This solution orients one holoen-

zyme at a right angle to the other along its

long axis, while still maintaining contact

between the FAT/kinase domains of

DNA-PKcs. The interaction interface does

not involve any additional DNA-PKcs con-

tacts. Rather, the Ku70/80 heterodimers

contact each other extensively. We fit the

holoenzyme structure as above, but here

we found that the distal DNA ends (i.e.,

the ones opposite the ‘‘break’’) would

collide at Ku70/80 (Figure S4A). Thus, the
smaller cluster cannot represent the synaptic state. Our EM

data suggest that someDNA strands could havemultiple Ku het-

erodimers loading on a section of dsDNA, forming ‘‘beads on a

string’’ (Figure S2). This phenomenon has been observed previ-

ously (DeFazio et al., 2002) and explains how a subset of solu-

tions could position two Ku heterodimers close together.

The remaining models belong to a cluster with low precision

(30.5 Å), placing the holoenzymes in an approximate face-to-

face position, where the base of one molecule interacts with

the loosely structured domain of the other (Figure S4B). The

crosslinks that support the cluster are mostly contained in this

domain and in the other disordered regions. This cluster is repre-

sentative of the residual aggregated states in the sample. Not

surprisingly, a fraction of the models from all six crosslinked

samples populate this diffusive solution set (Figure 4). Taken

together, themodeling supports a structure of the synaptic com-

plex that brings the ends of the DNA break together in a stag-

gered manner, separated by �100 Å.

The model also defines an unexpected ‘‘plug’’ domain

comprised of the nominally disordered sequence (2577-2773),

colored red (Figure 4B). As noted above, crosslinks in this region

cluster in the cradle of DNA-PKcs. To extend this finding, we

conducted DNA footprinting experiments on DNA-PKcs bound

to various DNA constructs. The footprinting returns binding-

site information at a peptide level of resolution (Figures S5A–

S5D). We identified peptides in the N-terminal arm as expected,

but we also identified peptides that form an extended interaction

surface, including the plug domain and part of the FAT domain.
Structure 29, 1–12, May 6, 2021 5



Figure 4. Integrative models of the synaptic complex

(A) Model reduction and clustering analysis of the synaptic models from each crosslinked sample. From the set of �4 million sampled structures of the synaptic

complex, �1.2 million remained after equilibration testing. Subsets of these models were generated for each dataset and clustered at 30 Å. The resulting 2062

cluster centroids were then combined and clustered again, resulting in threemajor structural classes. Clusters highlighted in red are clusters that satisfy the head-

to-head dimer crosslink. The gray cluster does not satisfy the head-to-head dimer crosslink.

(B) Detailed representation of the average structure from cluster 1, showing the localization densities (light/dark gray surfaces) fit with the DNA-PK structures

(5Y3R) where the two DNA-PKcs molecules are shown in teal and dark slate gray, the Ku70s in shades of yellow, and Ku80s in shades of orange. The localization

density for the plug domain (representing DNA-PKcs residues 2577–2773) is highlighted in red.

See also Figures S3–S6.
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The extended interaction site is independent of the nature of the

DNA used: blunt or overhang. When the DNA is constrained

through the addition of Ku70/80, the same regions are foot-

printed as well as the linker between the structured regions in

Ku80. While it is difficult to localize the extended binding sites

with precision, the footprint is clearly relegated to one face of

DNA-PKcs, consistent with the electrostatic potential on the sur-

face of the protein (Figure S5E). The engagement of the large

disordered domain confirms its role as a plug in the center of

the cradle.

Ku70/80 C-terminal regions define a supportive base

We then inspected how the remaining structural elements could

be placed within the model. Integrative modeling localizes the
6 Structure 29, 1–12, May 6, 2021
structured Ku80 C-terminal domain internal to the synaptic com-

plex (Figure S6A). To refine its position using interaction energies

and shape complementarity, we used HADDOCK, aided by the

five crosslinks identified between the Ku80 C-terminus and

DNA-PKcs. Top-scoring clusters docked the Ku80 C-terminus

directly under DNA-PKcs in the central cavity made by themiddle

andN-terminalHEAT repeats, readilyaccommodating the linker to

the Ku80 core domain. This aspect of themodel is well-supported

byDNA footprinting (FiguresS5A–S5D). Interestingly, although the

crosslinking data for PAXX is too sparse for precise modeling, the

available data situate the structured head domains neatly in the

gap between the Ku80 C-terminal domain andmain Ku70/80 het-

erodimer (Figure S6B). Finally, based on crosslinking alone, the
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Ku70SAPdomain is alsodifficult to locatewith precision, but DNA

footprinting locates it directly behind the Ku heterodimer (Fig-

ure S6C), which is consistent with its suspected role in DNA bind-

ing toprevent inwardmovementof theDNA-PKcomplex (Huetal.,

2012; Zhang et al., 2001).

Conformational analysis of the holoenzyme
The crosslinking data, particularly the dependency of the arm

motion on nucleotide occupancy, suggest the regulation of

long-range protein conformations through the kinase. To under-

stand this further, we analyzed the bead-bound holoenzyme by

hydrogen/deuterium exchangemass spectrometry (HX-MS), us-

ing a more sensitive version of the technology well adapted to

large complexes (nanoHX-MS [Sheff et al., 2017]). This

nanoHX-MS technology was essential for the project, as only

small amounts of DNA-PKcs could be isolated. The approach re-

quires sub-pmol amounts per analysis, whereas conventional

HX-MS systems regularly consume 10- to 100-fold more. Excel-

lent sequence coverage was obtained (Table S1). Differential

HX-MS experiments were then conducted (e.g., free DNA-

PKcs vs. DNA-bound DNA-PKcs) to determine the conforma-

tional transitions associated with stepwise assembly of the holo-

enzyme. The peptides with significant changes in deuteration

were mapped to the DNA-PK cryo-EM structure (PDB 5Y3R)

(Yin et al., 2017) in the orientation provided in Figure 1. Approx-

imately 11% of the holoenzyme sequence is not resolved in

available structures (Yin et al., 2017), but as MS techniques

can detect these regions, they are mapped on structure as

bars, scaled to their length.

DNA flexes the arm and is constrained by a plug domain

We first explored the effect of DNA binding on DNA-PKcs. The

changes in deuteration are well-defined, with the most prominent

change found in the N-terminal arm (Figures 5A, S7A, and S7B).

The pattern of change is striking: a large stabilization in the first

450 residues is coupled with an even larger destabilization in res-

idues 363 to 388. The stabilizations at the N-terminus agree with

the biochemical evidence of binding (Meek et al., 2012) and the

known DNA binding site in the holoenzyme structure (PDB

5Y3R) (Yin et al., 2017). The major difference between this struc-

ture and the DNA-PKcs structure (PDB 5LUQ) (Sibanda et al.,

2017) is a rotation of the N-terminal arm toward the FAT domain,

involvinga ‘‘switchpoint’’ at residue382ofDNA-PKcs in theelbow

(Figure 1) (Yin et al., 2017). The HX data show that DNA binding

alone is enough to induce this arm rotation (‘‘flexing’’): the inner

elbow is stabilized, and the outer elbow is destabilized (Figure 5A).

Ku70/80 isnot required to induce this conformational change. Arm

displacement appears to propagate to the very N-terminal end of

the domain. Two patches of stabilization are seen, consistent with

the endof the armknuckling into the FATdomain. This deuteration

pattern occurs independentof the typeofDNAused tocapture the

protein (either blunt-end or overhang, Figure S7).

Interestingly, stabilizations in the arm are not the only ones that

occur upon binding to DNA. Lower-magnitude stabilizations

were also detected in the middle HEAT domain, at the base of

DNA-PKcs across from the DNA binding site and flanking the

large disordered region (Figure 5A, left). These additional stabili-

zations could represent induced conformational changes, but

they may also indicate novel, secondary DNA binding sites.

This interpretation is consistent with the DNA footprinting data
presented above. There are other minor changes in deuteration

upon DNA binding. One involves a long-range destabilization in

the kinase near the activation loop. DNA binding, either indirectly

through the motion of the N-terminal arm or more directly

through an extended DNA binding channel, can clearly influence

the kinase domain. To explore this allosteric effect further, we

conducted a nanoHX-MS analysis on the entire holoenzyme.

An allosteric pathway between DNA binding sites and

the kinase domain

The addition of Ku70/80 induces a widespread conformational

response in DNA-PKcs (Figures 5B and S8). The changes in

deuteration are so extensive that interpretation beyond the

domain level is challenging. Ku binding induces conformational

changes throughout the molecule, including the kinase domain

�80 Å away. As expected, Ku strongly reduces deuteration at

the binding interface with DNA-PKcs, which is composed of ele-

ments of the N-terminal arm and middle HEAT repeats. Addi-

tional conformational changes are seen in the elbow of the N-ter-

minal arm consistent with an arm flexion that is ‘‘locked in’’ upon

Ku binding. We used a slightly longer piece of DNA (100 bp) to

avoid restricting the formation of the complex and to allow for

possible secondary interactions with DNA (a 25-bp strand would

only occupy themain channel). The secondary DNA binding sites

are accentuated in the HX data and supported by DNA footprint-

ing experiments on an even longer DNA construct (Figure S5).

The two remaining notable effects include a widespread

destabilization that occurs throughout the molecule and a stabi-

lization at the base of DNA-PKcs (Figure 5B). For the first, the de-

stabilizations affect all domains, even the plug. The plug be-

comes disordered further in a set of helices that precede the

ABCDE phosphorylation sites(Saltzberg et al., 2019b). For the

second, the addition of Ku70/80 induces a set of stabilizations

in the base of DNA-PKcs. These changes confirm the placement

of the Ku80C-terminus in the base region, near the PQR site (Fig-

ure 5B) (Sibanda et al., 2017), as seen in the crosslinking data.

Nucleotide loading primes the allosteric pathway

Collectively, these findings identify a long-range allosteric

pathway connecting Ku70/80, the wider DNA binding site, and

the kinase domain. To test this hypothesis further, we added

AMP-PNP to the holoenzyme and repeated the nanoHX-MS

analysis. We reasoned that, if an allosteric pathway exists, the

addition of nucleotide would likely activate conformational

changes along a similar trajectory. As the addition of ATP in-

duces phosphorylation and release of DNA-PKcs from the

DNA (Hammel et al., 2010; Jette and Lees-Miller, 2015; Merkle

et al., 2002), we used AMP-PMP to characterize the conforma-

tional state immediately prior to hydrolysis and phosphorylation.

Upon nucleotide binding, a conformational response was

observed that cascades from the binding site all the way to

Ku70/80 (Figures 5C and S9). As anticipated, the nucleotide in-

duces a strong local stabilization. It propagates throughout the

kinase and includes elements of the FAT domain. More distal

conformational changes involve the N-terminal arm at the shoul-

der and elbow. The changes in Ku70/80 are remarkable, partic-

ularly in their respective C-termini. For the most part, the hetero-

dimer is stabilized on nucleotide binding, including the narrow

bridge over the DNA and both C-termini. For Ku80, there is a

patch at the extreme C-terminal end that is destabilized, which

correlates with a similar destabilization in its putative binding
Structure 29, 1–12, May 6, 2021 7



Figure 5. DNA-PK is a complex conformational switch

(A–D) Differential HX analysis of (A) DNA-PKcs upon binding to DNA, (B) DNA-PKcs upon binding to Ku70/80 and DNA, (C) DNA-PK upon binding to AMP-PNP,

and (D) DNA-PK upon binding to PAXX. Peptides destabilized upon binding are shown in red. Peptides that are stabilized upon binding are shown in blue.

(E) Nucleotide loading induces tension in DNA-PK. Free DNA-PKcs exists in a relaxed state, with the N-terminal arm distal from the head. Binding of DNA and

Ku70/80 pushes the DNA-PKcs N-terminal into a flexed state. Loading the ATP analog places the arm in tension, where a nucleotide-induced conformational

change acts against the DNA-induced flexing of the arm. The tense state destabilizes the plug domain.

See also Figures S7–S11.
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site on DNA-PKcs, near the PQR region. These changes in sta-

bilization identify a repositioning/weakening of the binding site

in the kinase-active state. The strong stabilization of the Ku70

C-terminal SAP domain has no definite structural rationalization

at this point. However, our DNA footprinting experiments identi-

fied this region as aDNAbinding site (Figures S5A–S5D), which is

supported by previous studies (Aravind and Koonin, 2000; Hu

et al., 2012; Zhang et al., 2001). Thus, the HX data suggest

that the kinase can influence DNA binding directly. This linkage

is more dramatically highlighted by observing the effect of nucle-

otide binding on the plug domain. The entire domain becomes

disordered, including its DNA binding site, revealing that the

plug exists in a conformationally relaxed mode in the kinase-

active state where DNA binding is weakened at least partially

(Jovanovic and Dynan, 2006).
8 Structure 29, 1–12, May 6, 2021
Taken together, the kinase-active DNA-PKcs is a complex

conformational switch that organizes the DNA end in a well-pro-

tected cavity. The kinase domain engages a long-range allo-

steric axis pathway that connects the nucleotide binding pocket

with all points of DNA binding, and the kinase regulates interac-

tions with the Ku70/80 C-termini at its base, likely through a

mechanism involving N-terminal arm transitions.

PAXX engages the allosteric pathway

We next determined if the addition of PAXX to the holoenzyme

could influence its conformational behavior. PAXX binding to

nucleotide-loaded holoenzyme only induces stabilizations (Fig-

ures 5D and S10). These stabilizations are once again distributed

throughout structure, but in highly localized regions. Most

notably, regions of the Ku70 core domain are stabilized, which

supports an earlier study that showed the C-terminal of PAXX
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interacting with the Ku70 subunit (Tadi et al., 2016). This interac-

tion locates PAXX at the base of the holoenzyme, consistent with

the crosslinking. We observe a corresponding stabilization in the

Ku80 C-terminal domain and linker, and one at the base of DNA-

PKcs. The interaction induces stabilization of the DNA binding

sites, including elements of the N-terminal arm, the plug, and

the extended channel. Once again, the nucleotide binding site

is associated with these changes, likely through the conforma-

tional effects on the N-terminal arm.

Discussion

Using integrative modeling and structural mass spectrometry

methods, we determined the structure of the long-range synap-

tic complex and the conformational changes in the holoenzyme

that could accompany a transition out of the long-range state.

Our data confirm the localization of the primary DNA binding

site in the center channel and highlight the influence of DNAbind-

ing on the conformational state of the N-terminal arm. This arm

undergoes a major flexion at the elbow upon DNA binding.

Ku70/80 supports the conformational change in the arm and

completes an allosteric pathway between the kinase and the

DNA binding site. The degree of activation is remarkable.

Conformational change is transmitted throughout the holoen-

zyme, confirming that DNA-PKcs is a large conformational

switch under the control of the kinase domain. Nucleotide

loading generates the active kinase, which appears to force

the arm toward a conformation closer to the DNA-free form. In

other words, nucleotide loading generates a tensioned state,

as the arm is pushed away from the FAT domain even when

DNA is bound. The tensioned state is also characterized by

weakened interactions with the Ku80 C-terminus and increased

disorder in the plug domain (Figure 5E).

Our structural model of the synaptic complex is consistent

with a density map determined by negative-stain EM at 33-Å res-

olution (Spagnolo et al., 2006) and SAXS reconstructions (Ham-

mel et al., 2010), although there are also key differences. These

representations identify a 2-fold axis of symmetry, with the DNA-

PKcs subunits offset along the axis. However, while these orient

the ends of the two DNA strands in parallel, our model positions

the endsmuch farther apart from each other (�105 Å) and places

the Ku heterodimers much farther away from the interface than

the EM model, for example. It is also consistent with the head-

to-head dimerization of other members of the phosphatidylinosi-

tol 3-kinase related kinase family, ATM (Lau et al., 2016; Wang

et al., 2016; Yates et al., 2020) and ATR (Rao et al., 2018).

Our model also reveals insights into how the DNA end is pre-

sented within the holoenzyme. The ‘‘exit channel’’ for the DNA

in each monomer is blocked by a large domain, effectively form-

ing a space-filling plug or barrier, preventing the DNA from

extruding farther from the channel. It may also serve to distort

the incoming DNA end, directing it toward the FAT domain,

splaying DNA over a wider surface for processing functions (De-

Fazio et al., 2002; Jovanovic and Dynan, 2006; Leuther et al.,

1999). This hypothesis would rationalize the secondary binding

sites observed by HX (Figure 5A, left); however, nonspecific

binding of the DNA strand cannot be ruled out. We note that

the upper reaches of the secondary site (Figures S5A–S5D)

have been suggested to form part of an RNA binding domain
(Song et al., 2019). Either way, the electrostatic potential surface

of DNA-PKcs is decidedly polar, which shows that the scaffold is

capable of orienting DNA across a wide contact surface on the

face opposite from Ku70/80. The structure also reveals that the

Ku80 C-terminal domain and linker participate in binding DNA

at the base of the complex, partly filling the hole formed by the

middle and N-terminal HEAT repeats. This placement defines a

PAXX binding site in the same region, running from Ku70 along

the base of DNA-PKcs to the Ku80 C-terminal domain. The as-

sembly of these components places the DNA ends in a well-pro-

tected pocket, consistent with the major role of DNA-PKcs as an

end protector (Jiang et al., 2015; Weterings et al., 2003). Finally,

the active kinase generates the most competent state for synap-

sis, by reorganizing the dimerization interface (Figure 5C). It ap-

pears that the tensioned state is preserved in the synaptic com-

plex because the N-terminal arm does not engage the FAT

domain, even with PAXX added.

Our integrative model and conformational analysis allow us to

address some unanswered questions about the organization of

downstream repair functions. The long distance between the

DNA ends is consistent with the lack of FRET observed between

labeled DNA ends (Graham et al., 2016), supporting our model of

the long-range complex. Even if the ends were splayed over the

secondary sites on the plug-side of the holoenzyme, the distance

separating them would still exceed 100 Å. Therefore, the struc-

ture of this long-range complex explains why DNA end-process-

ing might require a synaptic state. The large separation of the

DNA ends presents an opportunity for the complex to assemble

the rest of the machinery prior to committing to repair. The

complexity of the damage that can occur upon a double-strand

break necessitates repair by a wide range of enzymes to remove

the damage and allow for ligation (e.g., Artemis, FEN1, PNKP,

Werner protein, MRN, and DNA polymerases [Serrano-Benı́tez

et al., 2020]); moreover, each end could require its own combina-

tion of enzymes. Separating the ends and placing them in the

center of a broad surface allows for larger and more complex le-

sions (e.g., hairpins and long overhangs) to be accommodated

and for recruiting the necessary accessory enzymes such as

Artemis (Wang et al., 2005). In this context, the dynamics of

the plugmust be significant. Phosphorylation of the ABCDE sites

in the plug domain (or perhaps simply nucleotide turnover) may

connect kinase activity to the factors required for engaging the

extreme ends of the DNA break.

The large separation of ends has further implications for end-

processing. End-joining necessitates the recruitment of XLF,

XRCC4, and LigIV in a scaffolding role across the break, and

the presentation of LigIV for ligation (Graham et al., 2016, 2018).

The synaptic complex can nucleate their recruitment, perhaps

through each holoenzyme as an intermediate, ultimately to form

a supporting structure with the stoichiometry that has been

recently demonstrated (Graham et al., 2018) (Figure S11). FRET

studies have shown that a measure of processing takes place in

the context of a short-range complex (Stinson et al., 2019). The di-

mensions of this complex are uncertain, but it is difficult to see

how this complex could involve DNA-PKcs. A large reorientation

would be required to bring the ends close together, requiring the

remodeling of a large interface (>10,000 Å2 in buried surface area).

There are two possible alternative mechanisms. In one, the ends

are enzymatically unblocked (if required) in the long-range
Structure 29, 1–12, May 6, 2021 9
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complex to the point where they can exit the base of DNA-PKcs

and move closer together for further processing and ligation.

Here, DNA-PKcs would retain a role in positioning the down-

stream repair machinery until a later stage in processing. In the

other, DNA-PKcs would be released from the break immediately

after the recruitment of the scaffold and the coordination of any

unblocking activity, to permit further processing and ligation on

the minimal scaffold. Either mechanism requires the timely exit

of DNA-PKcs, which can be facilitated by tension release in the

synaptic complex. Specifically, we propose that phosphorylation

(or even nucleotide turnover) provides sufficient free energy in the

form of released arm tension to eject DNA-PKcs from the DNA

and expose the ends to a short-range complex (Jette and Lees-

Miller, 2015).

The synaptic structure raises questions that need to be

explored in future studies. For example, the autophosphoryla-

tion of the ABCDE sites in cis is readily explained through confor-

mational transitions in the plug domain, but it is much harder to

rationalize how autophosphorylation in trans could occur at the

PQR sites (Jiang et al., 2015), given their distance from the cat-

alytic sites. Such phosphorylation could require some relay

mechanism that invokes other intermediates or perhaps it oc-

curs during release. It is also conceivable that a conformational

change in DNA-PKcs could drive closer contact for autophos-

phorylation. The capture of additional accessory factors (e.g.,

XLF, XRCC4, and LigIV) and integrative structural analysis

should allow us to determine how the long-range synaptic com-

plex recruits these factors and transitions to the next stages of

repair.
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STAR+METHODS
Key resources table
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse/monoclonal Anti-DNAPKcs Lees-Miller Lab, University

of Calgary

N/A

Rabbit/polyclonal Anti-PAXX Abcam Cat#Ab126353

Rabbit/polyclonal Anti-Ku80 Abcam Cat#Ab33242

Bacterial and Virus Strains

E. coli BL21 (DE3) ThermoFisher C600003

Chemicals, Peptides, and Recombinant Proteins

streptavidin agarose beads TriLink Cat#97067-706

rNep2 (Yang et al., 2015) N/A

XhoI New England Biolabs Cat#R0146

BamHI New England Biolabs Cat#R0136

Nb.BbvVI New England Biolabs Cat#R0631S

PreScission protease GE Healthcare Cat#27-0843-01

glow-discharged carbon film 400 mesh copper grid Electron Microscopy Sciences Cat#CF400-CU

disuccinimidyl suberate Thermo Scientific Cat#21555

AMP-PNP Sigma-Aldrich Cat#A2647-5MG

DEAE sepharose GE Healthcare Cat#17-0709-01

SP sepharose GE Healthcare Cat#17-0729-01

Heparin Hitrap GE Healthcare Cat#17-5248-02

MonoQ GE Healthcare Cat#17-5166-01

MonoS GE Healthcare Cat#17-5168-01

Jupiter C18 beads Phenomenex Cat#04A-4053

D2O Sigma-Aldrich Cat#151882-25G

Caffeine (heavy and light) Sigma-Aldrich Cat#485365-1G, C0750

Deposited Data

Cryo-EM structure of DNA-PK (Yin et al., 2017) PDB 5Y3R

Crystal structure of DNA-PKcs (Sibanda et al., 2017) PDB 5LUQ

C-terminal NMR structure of Ku80 (Zhang et al., 2004) PDB 1RW2

C-terminal NMR structure of Ku70 (Zhang et al., 2001) PDB 1JJR

Crystal structure of PAXX (Ochi et al., 2015) PDB 3WTD

Raw HX-MS and XL-MS data This paper PXD017931

Integrative models, structures and input data This paper PDBDEV000000XX

Experimental Models: Cell Lines

HeLa cells National Cell Culture Center N/A

Oligonucleotides

5Phos/TGAGGGATATCGAA/iBiodUK/TCCTGCAGGC Integrated DNA Technologies N/A

LSO71F primer CGGAACATTAGTGCAGGCAGC UCDNA Synthesis Lab N/A

LSO72R primer GCGTAATGGCTGGCCTGTTG UCDNA Synthesis Lab N/A

AAGCTTGCATGCCTGCAGGTCGACC-3‘-Biotin (forward

strand)

Integrated DNA Technologies N/A

15nt polyT overhang on:

AAGCTTGCATGCCTGCAGGTCGACC-3‘-Biotin (forward

strand)

Integrated DNA Technologies N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

5‘-Biotin – GGGCGAGGGGTTGTCGTCAACGCCTGAG-3‘

(forward strand)

UCDNA Synthesis Lab N/A

5‘-Biotin-GCACAATCTTCTCGCGCAACGCGTCAG

TGGGCTGATCATTAA

CTATCCGCTGGATGACCAGGATGCCATTGCTGTG

GAAGCTGCCTGCACTAATGTTCCG-3‘ (forward strand)

UCDNA Synthesis Lab N/A

Recombinant DNA

H. Sapiens PAXX (Ochi et al., 2015) NM_183241

pGEX6P1 GE Healthcare Cat#GE28-9546-48

Pet28a Novagen Cat#69864

Software and Algorithms

Mascot v2.4.0 Matrix Science www.matrixscience.com

PEAKS 8.5 BSI www.bioinfor.com

HX-DEAL Schriemer lab, University

of Calgary

www.msstudio.ca

Chimera 1.14 UCSF https://www.cgl.ucsf.edu/chimera/

download.html

CRIMP (Sarpe et al., 2016) www.msstudio.ca

Xvis (Grimm et al., 2015) https://xvis.genzentrum.lmu.de/

Integrative Modeling Platform (IMP) 2.11.0 Sali lab, UCSF https://integrativemodeling.org

pyRMSD (Gil and Guallar, 2013) https://pypi.org/project/pyRMSD/

Python library scikit-learn v0.20.3 (Pedregosa et al., 2011). https://scikit-learn.org/stable/whats_

new/v0.20.html#version-0-20-3

Modeling Scripts This paper https://www.github.com/salilab/

synaptic_complex
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Resource availability

Lead contact
Further information and requests for resources and reagents should be directed to the Lead Contact, David Schriemer (dschriem@

ucalgary.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The HX-MS and XL-MS data were deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner

repository with the dataset identifier PXD017931. The synaptic complex integrative models, including final structures, modeling de-

tails, and input experimental data, were deposited into the PDB-dev repository for integrative models (www.pdb-dev.com) (Burley

et al., 2017), accession number PDBDEV000000XX.

Experimental model and subject details

Microbes
Escherichia coli BL21 cells were cultivated in terrific broth (TB) supplemented with 100 mg/: ampicillin at 37�C.

Cell lines
HeLa cells were purchased directly from National Cell Culture Center as a frozen cell pellet equivalent of 150L of suspension culture.

Coding availability
All scripts and data used in the modeling procedures described above are archived at https://www.github.com/salilab/

synaptic_complex.
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Method details

Protein production, DNA preparations
Human DNA-PKcs (PRKDC, Gene ID 5591) and Ku70/80 (XRCC6, Gene ID 2547 and XRCC5, Gene ID 7520) were purified using a

previously described protocol with minor modifications (Goodarzi and Lees-Miller, 2004). Briefly, 150L HeLa cell culture equivalent

(National Cell Culture Center, Minneapolis MN) was lysed and pelleted. The pellet, containingmostly intact nuclei, was extracted with

high salt buffer. The fraction was then applied to a series of columns to progressively enrich for DNA-PKcs and Ku70/80: DEAE

Sepharose, SP Sepharose, ssDNA, Heparin Hitrap, MonoQ, and lastly MonoS. The final fractions were concentrated on a 30 kDa

cutoff Vivaspin concentrator (GE Healthcare, Mississauga ON) to 2.0 mg/mL (5.2 mg for DNA-PKcs and 2.0 mg/mL (1.1 mg) for

Ku70/80) and purity verified using SDS-PAGE. The phosphorylation status of DNA-PKcs was found to be minimal, based on LC-

MS/MS analysis. Human PAXX (C9orf142, Accession number NM_183241) was amplified from a HeLa cell cDNA library and cloned

into pGEX6P1 vector between BamH I/Xho I sites and transformed into E. coli (BL21). Cells were induced with IPTG (0.2 mM) for 10

hours, lysed, clarified and extracted with Glutathione Sepharose 4B. Bound protein was eluted with glutathione (20mM), the GST tag

removed with PreScission protease (GE Healthcare) and the cleaved product polished on a HiTrap Heparin HP column. Purity was

confirmed by SDS-PAGE and Western Blot.

The following DNA sequences were synthesized with the corresponding complementary strand and used in DNA footprinting and

pulldown experiments:

25bp blunt and overhang (with 5‘ 15nt poly T): 5‘-AAGCTTGCATGCCTGCAGGTCGACC-3‘-Biotin

28bp: 5‘-Biotin – GGGCGAGGGGTTGTCGTCAACGCCTGAG-3‘

100bp: 5‘-Biotin-GCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAA

CTATCCGCTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCG-3‘

Internally biotinylated substrates were prepared after Graham et al., 2016 (Graham et al., 2016) with slight modifications. Briefly,

pet28a was used as a template to generate a 2kb sequence with tandem single strand cut sites for insertion of an internally bio-

tinylated single strand (/5Phos/TGAGGGATATCGAA/iBiodUK/TCCTGCAGGC). Primers LSO71F (CGGAACATTAGTGCAGGCAGC)

and LSO72R (GCGTAATGGCTGGCCTGTTG) were used to generate the 2kb DNA with the insertion site. To insert the internal biotin

strand, DNAwas cut with Nb.BbcVI and the biotinylated strand added in 10X excess and annealed and ligated with DNA ligase 4, and

the DNA purified.

Complex formation and isolation
With the exception of the DNA-free DNA-PKcs and the DNA footprinting experiments, all samples were immobilized on beads.

Briefly, a 1:8 ratio of biotinylated DNA to biotin was bound to streptavidin agarose beads (Agarose Ultra Performance, TriLink,

San Diego CA). Beads were washed in DNA binding buffer (50mM Tris (for HX) or HEPES (for XL) pH 7.5, 75mM KCl, 5mM MgCl2,

5% glycerol, and 1mM DTT added fresh) and BSA added to block nonspecific interactions. Proteins (Ku70/80 and/or DNA-PKcs,

PAXX, +/- 1mM AMP-PNP) were added and incubated. For nanoHX-MS, the beads were washed 5X with HX wash buffer (10mM

Tris pH 7.5, 75mM KCl, 5mM MgCl2, 3% glycerol, 0.2mM caffeine and 1mM DTT). For crosslinking MS, the beads were washed

5X in XL wash buffer (50mM HEPES, 75mM KCl, 5mM MgCl2, 5% glycerol, 1mM DTT, +/- 1mM AMP-PNP).

Hydrogen-deuterium exchange mass spectrometry
Proteins were analyzed under nanoHX-MS conditions first to identify peptides used in deuteration analysis. Briefly, each protein or

complex was digested with rNep2 in 100mM glycine-HCl (pH 2.5) for 3 minutes at 10�C. Digests were loaded onto a 200mm x 2.5cm

trap column packed with 3.6mm Jupiter C18 beads (Phenomenex, Torrance CA) washed for 2 minutes, and then separated on a

150mm x 7 cm picofrit column (New Objective, Woburn MA) packed with Jupiter C18 beads, using a 10 minute gradient of 10-

40% Solvent B (97% acetonitrile, 0.23% formic acid). The separation devices were held at 2�C in a specially designed cooler (Sheff

et al., 2017). Data were collected by LC-MS/MS using a nano-Ultra 2D HPLC system coupled to a 5600 QqTOF (m/z 350-1250)

(Sciex, Concord ON) via a data-dependent acquisition method (top-10) in a recursive manner, until no new identifications were

made (typically 3-5 runs). Peptide lists were compiled from database searches using Mascot v2.4.0 (Matrix Science, Boston MA)

and PEAKS 8.5 (BSI, Waterloo ON) and combined to make the final peptide maps. Searches used a database of holoenzyme

proteins, PAXX and low-level contaminating proteins, with 10ppm error in MS1, and 0.05Da error in MS2. The peptide maps were

validated manually, eliminating peptides with poor intensity and unresolvable spectral overlap.

Samples were all labeled with 45% D2O in a bead slurry format. That is, 2.5mL of streptavidin bead slurry containing immobilized

DNA and bound protein in HX buffer (10mM Tris pH 7.5, 75mM KCl, 5mM MgCl2, 3% glycerol, 0.2mM light caffeine, with 1mM DTT

added fresh) was labeled for 5minutes with HX buffer prepared in 90%D2O (and heavy caffeine). Samples were labeled for 5minutes

at 25�C, the optimum timepoint for differential HX-MS as determined from a previous kinetics analysis of DNA-PKcs (Sheff et al.,

2017). Samples were quenched with cold rNep2 in 100mM glycine-HCl (pH 2.5) and digested for 3 minutes at 10�C. Half the sample

was analyzed by LC-MS (m/z 350-1250) for deuterium analysis, using the system described above, and the remaining sample was

analyzed to check for dispensing volume errors using the light and heavy caffeine signals (Sheff and Schriemer, 2014). Unbound

DNA-PKcs was analyzed using the same slurry format, except all DNA binding sites were blocked with biotin. All samples were

analyzed in quadruplicate. Peptide-level labeling data were analyzed using HX-DEAL in Mass Spec Studio v2 (manuscript in prep-

aration) and normalized for back-exchange variation using a subset of peptides that showed no change in deuteration between
Structure 29, 1–12.e1–e6, May 6, 2021 e3
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states. Data are reported as percent corrected deuteration. Differences were mapped onto the 5Y3R holoenzyme structure in

Chimera (Pettersen et al., 2004).

DNA footprinting
Following established protocols (Vaughan and Kao, 2015), proteins were equilibrated with DNA in binding buffer (50mM Hepes,

75mM KCl, 5mM MgCl2, 1mM DTT) and then crosslinked with 0.1% formaldehyde for 5 minutes at room temperature. The reaction

was quenched with 2M glycine and samples were digested overnight with trypsin. DNA and bound peptides were precipitated with

0.3M sodium acetate and cold ethanol in -80C, overnight. The precipitate was recovered with centrifugation andwashed 3Xwith cold

75% ethanol. All supernatant was removed and the remaining ethanol evaporated, before resuspending the sample (25mM sodium

acetate, pH 5.2, 200mM NaCl) and reversing the crosslinks with heating (70�C for 1 hour). The released peptides were acidified and

zip-tipped, then reconstituted in 1% formic acid and analyzed by LC-MS/MS. Peptideswere detected by data-dependent acquisition

(m/z 350-1200, top 12) using an Orbitrap Lumos (Thermo Scientific, San Jose CA) equipped with an EasyLC1000 and a 50cm EASY-

Spray� C18 LC column operated with a 25-minute gradient of 3-50% solvent B (98% acetonitrile, 0.1% FA). The instrument was

operated at a resolution of 120000 (MS). Charge states +2-8 were selected for HCD fragmentation (35%NCE) andMS/MSmeasured

at a resolution of 15000. Control samples were processed in an identical fashion, with the exception of formaldehyde treatment, to

account for strong nonspecific interactions. Data were searched on PEAKS 8.5, with a peptide tolerance of 10ppm, andMS/MS toler-

ance of 0.02Da, with up to 3 missed cleavages allowed and oxidized methionine selected as variable modification (FDR of 0.1%). To

identify peptides containing binding sites, feature intensities were measured in the Mass Spec Studio, and referenced to the control

samples. Replicate analysis of controls and DNA-PKcs samples established a distribution that allowed us to set a minimal intensity

threshold at the 98% confidence interval. Positive hits were required to exceed this threshold and demonstrate enrichment in the

crosslinking samples greater than 20fold.

Electron microscopy
DNAPKcs (5pmol) and Ku70/80 (2.5pmol) were combined with 2kb DNA (2.5pmol) in DNA binding buffer +/- 1mM AMP-PNP. For

PAXX samples, 7.5pmol of PAXX was included. Complexes were equilibrated on ice for 15 min., diluted 1:5 with DNA binding buffer

and immediately 3mL of sample applied to a glow-discharged carbon film 400mesh copper grid (ElectronMicroscopy Sciences, Hat-

field PA). The sample was washed twice with water, then stained with 2% uranyl acetate. Excess stain was blotted off and the grids

allowed to dry before imaging on 120kV Talos microscope with a BM-Ceta camera (Thermo Scientific).

Crosslinking mass spectrometry
Complexes were isolated on DNA bound to streptavidin agarose beads (Figure S1) to enrich for crosslinks corresponding to DNA

bound complexes. Bead-bound samples were crosslinked with disuccinimidyl suberate (DSS, Thermo Scientific) at molar concen-

tration ratios of 1:1, 2:1, 3:1 and 6:1 (crosslinker to total lysine content) for 30 minutes at 37�C, with nutation. Ammonium bicarbonate

(100mM) was used to quench the reaction and then trypsin added for overnight digestion (37�C with nutation). Peptides were recov-

ered, acidified to 1% formic acid, zip-tipped and reconstituted in 1% formic acid for LC-MS/MS. Each state was exhaustively

analyzed on two different Orbitrap platforms (Velos and Lumos) to saturate crosslinked peptide identifications. Data were collected

as in DNA footprinting, except charge states 1-3 were rejected, LC gradients were extended (60-70min) andMS/MS resolutions were

instrument specific (Velos: 7500 and Lumos: 30,000). Crosslinked peptides were identified using the CRIMP plugin in the Mass Spec

Studio (Sarpe et al., 2016) with default settings. Circos plots were generated with Xvis (Grimm et al., 2015) andmodified. The features

for all manually-validated crosslinks were integrated in the Mass Spec Studio, normalized against the total peptide intensity and cor-

responding features compared across states. The natural variance in fold-change was evaluated with replicates, where ratios were

recentered, fit to a normal distribution and ±3 sigma used to establish a cut-off value. A comparison of states involved a similar re-

centering and features with no corresponding peptide in a given state comparison were assigned a maximal log2(ratio) of 9. Cross-

links not selected in the data-dependent acquisition process because of sampling limitations were few, and annotated using a

match-between-runs approach (Cox et al., 2014).

Integrative structure modeling of the human synaptic complex
Integrative structure determination proceeded through four stages (Schneidman-Duhovny et al., 2014; Webb et al., 2018): (1)

gathering data, (2) representing subunits and translating data into spatial restraints, (3) sampling of structural components to

produce an ensemble of structures that satisfy the restraints and (4) analyzing and validating the ensemble structures and data.

The integrative structure modeling protocol (stages 2, 3 and 4) was scripted using the Python modeling interface (PMI), which is a

library for modeling macromolecular complexes based on the open-source integrative modeling platform (IMP) version 2.11.0

(https://integrativemodeling.org). Analysis of ensembles was performed using the PMI_analysis (https://github.com/salilab/

PMI_analysis) and imp-sampcon (https://github.com/salilab/imp-sampcon) libraries. The specific procedures detailed below are

an updated version of previously described protocols (Saltzberg et al., 2019a; Webb et al., 2018).

In stage 1, the set of data and information to be used in modeling was gathered. The cryo-EM structure 5Y3R supplied atomic co-

ordinates for the majority of DNA-PKcs and the N-terminal domains of Ku70 and Ku80 (Yin et al., 2017) and localized the binding
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interfaces of Ku70 and Ku80 on DNA-PKcs. Additional structures for the C-terminal globular domains were obtained from structures

1JJR (Ku70 (Zhang et al., 2001)) and 1RW2 (Ku80 (Zhang et al., 2004)). Chemical cross-links were collected on six constructs of the

synaptic complex, as described above.

In stage 2, the molecular representation of the system components was constructed, and the data translated into spatial restraints

to score alternative structures. The molecular representation of the synaptic complex components must be sufficiently precise to

allow for an accurate definition of spatial restraints given the data and biological interpretation of the model, yet sufficiently simple

for efficient sampling of alternative models. This general guidance was applied to the representation of the synaptic complex in two

ways. First, we represented the complex components with atomic models in a multi-scale fashion, using 1-10 residues per bead.

Second, components of the complex for which atomic models are available were treated as rigid bodies during structural sampling,

within which the distances between pairs of beads are fixed. The rigid body comprising the components of the cryo-EM structure

fixes the intra-holoenzyme interaction interfaces among Ku70, Ku80, and DNA-PKcs. All rigid bodies were consistent with the cross-

links between residues within the rigid bodies. Sequence segments missing from the atomic structures were represented by flexible

strings of beads.

With this representation, input information fromStage 1was translated into spatial restraints, which assess the parsimony between

a piece of information and the structures of the components defined by the model representation. The following restraints

were defined:

1) Excluded volume restraints were applied to the largest bead representation for each residue by applying a harmonic potential

to the distance between sphere surfaces of close beads as described previously (Shi et al., 2014). Bead radii are determined via

a statistical measure based on the total mass of the residues it represents (Alber et al., 2007a).

2) Sequence connectivity restraints were applied to all consecutive beads in a molecule using a harmonic upper bound on the

distance between the bead centers. The center of the harmonic potential is 3.6 Å times the number of residues between

the first residue of the N-terminal bead and last residue of the C-terminal bead.

3) DSS chemical crosslinks were converted into distance restraints between crosslinked residues, relying on a Bayesian scoring

function (Erzberger et al., 2014) using a cross-linker arm length of 35 Å. The restraint was formulated to consider ambiguity of

the cross-linked sites due to the presence of two copies of each protein in the system (Copy1 and Copy2). For each observed

cross-linked residue pair, four alternative assignments were constructed: the intra-molecular pairs (Residue1::Copy1–Resi-

due2::Copy1 and Residue1::Copy2–Residue2::Copy2) and inter-molecular pairs (Residue1::Copy1–Residue2::Copy2 and

Residue1::Copy2–Residue2::Copy1). An ‘‘ambiguous’’ crosslink restraint was then evaluated against the model structure by

multiplying the scores for all alternative restraint assignments (Shi et al., 2015). A pair of crosslinked peptides that contain

the same residue were treated as unambiguously inter-molecular and for these crosslinks (4085-4085 and 4084-4085 in

DNA-PKcs), only the inter-molecular assignments were considered.

4) Differential HX data that support areas of interaction between PAXX and Ku70 were used to create a restraint between the two

molecules. An upper-harmonic potential with a mean of 4 Å and spring constant of 0.05 Å was used to restrain the minimum

distance between the set of all PAXX residues and the set of residues in Ku70 that exhibited differential HDX (residues 413-442,

462-476 and 494-528).

In stage 3, with the scoring function and representation in hand, alternative structures of the synaptic complex were sampled.

These structures were generated using Markov-Chain Monte Carlo (MC) enhanced by replica exchange, as implemented in IMP,

for the set of movable objects as defined in the system representation. The MC moves included a random translation and rotation

of rigid bodies with a maximum of 4 Å and 0.04 radians, respectively, per step, and random translations for each flexible bead of

a maximum of 4 Å per step. Each of the six samples were modeled as separate systems. To model each system, 30-50 independent

simulations, each using 16 replicas with reduced temperature values equally distributed between 1.0 and 2.5, were initiated. Each

simulation began by translating each rigid body and flexible bead by a random vector of up to 150 Å in magnitude. The positions

of flexible bead coordinates were then optimized using steepest descent minimization for 500 steps, with a maximum displacement

of 2.0 Å per step. Subsequently, a burn-in phase of 10,000MC steps followed by 2MMCsteps in each production runwas generated.

Snapshots from production runs were saved every 10,000 frames, resulting in 20,000 frames per run and ensembles of 600,000 to

1,000,000 structures produced per sample. For modeling of the synaptic complex, each independent simulation required 4-10 days

on a single 16-core Intel Xeon processor with speeds between 2.3 to 2.8 GHz.

Finally, in stage 4, the hundreds of thousands of models generated for each of the six samples were analyzed for convergence and

clustered. Each independent simulation was first analyzed for equilibration of score values (total score, crosslinking score, and

excluded volume score). Only structures generated after equilibration of all values were considered further, reducing the population

by 40-60%, resulting in 1,176,638 post-equilibrium structures over all six samples. This set of structures was then analyzed for sam-

pling precision based on RMSD clustering using pyRMSD (Gil and Guallar, 2013), as described previously (Viswanath et al., 2017).

Because of the large size of each model structure and the large number of structures, performing pairwise RMSD calculations on the

entire set of models was not feasible. Instead, post-equilibration models for each of the six states were split into two independent

groups (by random assignment of the 30-50 independent simulations into the A group or B group) and each group split into

equal-sized subsets such that the combination of the A and B subsets contained �2,000 models. The pairwise RMSD and sampling

precision for each A and B subset pair were then calculated and models clustered at a threshold equal to the computed sampling
Structure 29, 1–12.e1–e6, May 6, 2021 e5
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precision. This value represents the cluster precision, defined as the average RMSD among all models in the cluster to the centroid

model (i.e., the RMSF, root mean square fluctuation). Across all subsets in all six samples, the number of clusters and cluster pop-

ulations were similar, indicating that the computed subset sampling precision estimates were a fair representation of the population

sampling precision, which averaged �30 Å.

To represent subsets equally within the clustered models, each subset was then clustered at 30 Å, resulting in 2-5 clusters per

subset. The centroid structure from each subset cluster was extracted, resulting in 2062 model structures from the combined six

samples. These combined structures were then clustered based on the pairwise RMSD of their DNA-PKcs coordinates using hier-

archical linkage clustering as implemented in the Python library scikit-learn v0.20.3 (Pedregosa et al., 2011). This clustering resulted

in seven sets of models. Four of these sets represented less than 10,000 models of the equilibrated set of�1.2 million and were thus

ignored. The remaining three clusters represented 399,500, 142,223 and 656,934 models and were analyzed further as described in

our results. Localization densities were used to represent the final solutions, as described (Alber et al., 2007b).

Localizing Ku70/80 termini and PAXX
Integrative modeling of the synaptic complex including PAXX was performed using the same procedure as above, except that two

PAXX dimers (PDB 3WTD) (Ochi et al., 2015) were added to the system representation. Crosslinking datasets for samples including

PAXX only contained a single inter-molecular crosslink to PAXX, so an additional restraint was added based on the differential HX

data, as described above.

As an independent test of IMPmodeling, HADDOCK docking based on crosslinks identified between Ku80 (residues 594-732) and

DNA-PKcs was performed. A modified structure for the Ku80 C-terminal region (Zhang et al., 2004) (PDB 1RW2) without the variable

N-terminal region in 1RW2was used. The C-terminal 22 amino acid residues were added to the 1RW2 structure as a disordered pep-

tide, optimized with ModLoop (Fiser and Sali, 2003), retaining the structure with the best score. The resulting refined C-terminal re-

gion was docked to the DNA-PKcs structure (PDB 5Y3R) with the HADDOCK webserver (Van Zundert et al., 2016), the crosslinks

were added as unambiguous restraints, and the added C-terminal residues were considered as fully flexible.

Quantification and statistical analysis

All HX-MS and XL-MS data sets were processed by Mass Spec Studio and were analyzed using the software listed in the Key Re-

sources Table. For HX-MS, the statistical information generated for processing the data are shown in Tables S1 and S2. Significant

differences in deuteration were considered significant provided the following criteria were met: passing a two-tailed t test (p<0.05)

using pooled standard deviations from quadruplicate analyses of each state; passing a distribution analysis to guard against spectral

overlap; exceeding a threshold shift value (±2 s.d.) based on a measurement of the shift noise and assuming its normal distribution.

Selections were facilitated by the generation of volcano plots (Figures S7–S10). For XL-MS data, the variance in fold-change was

evaluated with 2 replicates: the ratios were calculated and recentered, fit to a normal distribution and ±3 sigma of this distribution

used to establish a cut-off value for fold-change. A comparison of states involved a similar recentering and features with no corre-

sponding peptide in a given state comparison were assigned a maximal log2(ratio) of 9 (Figure 2).
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Figure S1. Complex assembly for nanoHX-MS and XL-MS. (A) Purification of DNA-PKcs 

and Ku70/80 from the high-salt wash of a nuclear pellet isolated from 100L of HeLa cell lysate, 

using a series of column chromatographies (M=markers, WCE=whole-cell lysate, HSW=high-salt 

wash). Identities and purity confirmed by SDS-PAGE (shown) and mass spectrometry (not 

shown). (B) SDS-PAGE of human PAXX purified from E. coli cell lysate. (C) Western blot 

analysis of pull-down of DNA-PKcs complexes for HX analysis. (D) Western blot analysis of 

protein/protein complexes pulled down with streptavidin agarose for both HX-MS and XL-MS 

analysis. (E) Streptavidin HRP dot blot analysis of synaptic complex. Blot represents the detection 

of biotinylated 100 bp DNA released from the distal holoenzyme through light trypsin digestion 

(under conditions that do not release the pre-immobilized DNA). Control represents the addition 

of free holoenzyme (with AMP-PNP) to biotin-saturated streptavidin beads. DNA-PK represents 

the capture of holoenzyme (with AMP-PNP) on the pre-immobilized holoenzyme, and DNA-PK 

+ XL (with AMP-PNP) represents the crosslink-stabilized form. See Method Details, STAR 

methods. 
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Figure S2. Negative stain EM of DNA-PK synaptic complex preparations. Representative 

negative stain electron microscopy images of synapsis of DNA-PK on a 2kb DNA substrate. (A) 

DNA-PK, (B) DNA-PK + AMP-PNP, (C) DNA-PK + PAXX. The left panel in each row highlights 

structures that are consistent with the synaptic state based on size (large yellow arrow). The middle 

panel highlights a representative image of multiple Ku70/80 loading on DNA (small yellow arrows 

showing individual Ku dimers). The right panel highlights a representative image of aggregation. 

See Method Details, STAR methods.  
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Figure S3. Integrative structure modelling of the synaptic complex. (A) Integrative structure 

modelling of the complex proceeded through four stages (Alber et al., 2007) (1) Gathering 

information, (2) Representing the system and translating data into spatial restraints, (3) sampling 

structural states and (4) analyzing and validating the ensemble of structures and data. The 
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integrative structure modelling protocol was scripted using the Python modeling interface of the 

open-source IMP package (Russel et al., 2012), version 2.10 (https://integrativemodeling.org). (B) 

Multi-scale representation of synaptic complex components. The components of the synaptic 

complex were modeled using a multi-resolution scheme guided by the available input structures. 

Regions of sequence described in high-resolution structure (structured) were modeled with beads 

comprising one residue each, while all other regions were modeled by beads of up to 5-10 residues 

per bead. Sequence plots for each molecular component of the holoenzyme. The colored blocks 

on the bottom show the structured regions that are represented by one residue per bead. The circles 

above the blocks represent beads used to represent both the structured and non-structured regions 

of sequence. The system was further defined into four rigid bodies, as shown by the dotted boxes. 

(C) The multi-scale representation of the four rigid bodies in the holoenzyme (including PAXX) 

and the molecular components that they encompass. (D) Creating a multi-scale representation. For 

rigid body 2, a portion of the sequence is structured and represented at one residue per bead (orange 

block) and up to ten residues per bead (large circles). The balance of the structure is represented 

only by beads of up to five residue per bead (smaller circles on the N- and C-termini. These 

representations are combined to create the multi-scale representation of this portion of the system. 

See Method Details, STAR methods and Figure 4, main text.  
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Figure S4. Structural models of clusters not representative of the synaptic state. (A) second 

cluster of solutions (15.3Å precision and 144K models). (B) third cluster of solutions (30.5Å 

precision and 675K models). As in Fig. 3, two DNA-PK molecules were fit in the location 

densities, with the same coloring of DNA-PK molecules. See Method Details, STAR methods and 

Figure 4, main text.  
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Figure S5. DNA foot-printing. Peptides selectively enriched after formaldehyde-based 

crosslinking, DNA-peptide chimera precipitation and release. (A) DNA-PKcs on 25bp blunt DNA, 

(B) DNA-PKcs on overhang DNA (25bp with a 15 nucleotide overhang). (C) DNA-PK on 28bp 

blunt DNA. (D) DNA-PK on 2kb DNA.  All significantly detected peptides shown in purple; in D 

the red region highlights selectively enriched peptides that match to a proposed RNA binding site 

on DNA-PK (Song et al., 2019). E) DNA-PK electrostatic potential surface, calculated with APBS 

(Adaptive Poisson-Boltzmann Solver) (Baker et al., 2001) in Chimera, where blue represents 

positive polarity and red negative polarity. Orientation and structural layout as in Fig. 1. DNA-

PKcs is represented as a single color (teal).  See Figure 3, main text. 
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Figure S6. Positioning the Ku70/80 C-terminal regions and PAXX in the synaptic model.  (A) 

Positioning of the Ku80 C-terminal region. Light and dark grey show the location densities for the 

Ku80 C-terminal regions from the Cluster 1 synaptic model (left structure), corresponding to the 

respective light and dark DNA-PK structures. Separate HADDOCK modeling exercises (right) 

illustrate a cluster of solutions based on a subset of crosslinking data, with the top 3 scores and 

corresponding structures shown (right-bottom). The Ku80 C-terminal is displayed in light orange, 

and the DNA-PK molecule colored as Fig. 1. The linker distances (from the C-terminal of the 
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Ku80 core to the N-terminal of the Ku80 C-terminal domain) are shown, calculated with Jwalk 

(Bullock et al., 2016). To position the Ku80 C-terminal in the synaptic model, the top scoring 

HADDOCK model was overlaid with the Cluster 1 synaptic model (middle structure). (B) 

Positioning of PAXX in the synaptic model. The synaptic model shown is the cluster from 

modelling the synaptic + AMP-PNP + PAXX crosslinking data set, which corresponds to the 

Cluster 1 synaptic model (left structure). This structure was augmented with the best model of the 

Ku80 C-terminal domain, with its linker inserted using Modeller (Fiser and Sali, 2003; Webb and 

Sali, 2016). Light and dark grey show the location densities for PAXX, corresponding to the 

respective light and dark DNA-PK structures (left structure). Stabilizations seen in the HX-MS 

data upon binding to PAXX are mapped to one half of the dimer (right structure), colored as in 

Fig. S6. The crosslink between Ku80 and PAXX, together with these stabilizations were used to 

manually position PAXX (PDB 3WTD (Ochi et al., 2015), green) overlapping the Ku80 linker at 

the base of DNA-PKcs (middle structure). (C) Position of the Ku70 SAP C-terminal region. Light 

and dark grey show the location densities for the Ku70 SAP C-terminal regions from the Cluster 

1 synaptic model, corresponding to the respective light and dark DNA-PK structures (left 

structure). The DNA foot-printing results for the Ku70 SAP domain and linker (middle), together 

with the location densities IMP, support the placement of the Ku70 C-terminal SAP region at the 

extreme ends of the complex (right). See Method Details, STAR methods. 
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Figure S7. NanoHX-MS evaluation of DNA-PKcs binding to DNA. Changes in DNA-PKcs 

conformational status upon binding to (A) blunt 25bp DNA and (B) overhang DNA, 25bp with a 

15nt tail. Volcano plots (left figure) and the corresponding Woods plot (right figure) highlight 

peptides with significant changes in deuteration, determined as previously described (Bennett et 

al., 2010). Significantly deprotected peptides are shown in red and significantly protected peptides 

are shown in blue. Peptides are mapped to DNA-PK structure with Ku70/80 hidden (5Y3R, bottom 

figure). Regions of structure not represented in the HX map are colored grey; coloring otherwise 

as in Fig. 1. See Figure 5, main text.  
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Figure S8. NanoHX-MS evaluation of DNA-PKcs binding to Ku70/80. Changes in DNA-PKcs 

conformational status upon binding to Ku70/80. Volcano plot (left) and the corresponding Woods 

plot (right) highlight peptides with significant changes in deuteration, determined as previously 

described (Bennett et al., 2010). Significantly deprotected peptides are shown in red and 

significantly protected peptides are shown in blue. Peptides are mapped to DNA-PK structure 

(5Y3R, bottom figure). Regions of structure not represented in the HX map are colored grey; 

coloring otherwise as in Fig. 1. See Figure 5, main text. 
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Figure S9. NanoHX-MS evaluation of DNA-PK binding to AMP-PNP. Changes in DNA-PK 

conformational status upon binding to AMP-PNP. Volcano plot (left) and the corresponding 

Woods plot (right) show peptides with significant changes in deuteration, determined as previously 

described (Bennett et al., 2010). Significantly deprotected peptides are shown in red and 

significantly protected peptides are shown in blue. Peptides are mapped to DNA-PK structure 

(5Y3R, bottom figure). Regions of structure not represented in the HX map are colored grey; 

coloring otherwise as in Fig. 1. See Figure 5, main text. 
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Figure S10. NanoHX-MS evaluation of nucleotide loaded DNA-PK binding to PAXX. 

Changes in DNA-PK conformational status upon binding to PAXX. Volcano plot (left) and the 

corresponding Woods plot (right) highlight peptides demonstrating significant changes in 

deuteration, determined as previously described (Bennett et al., 2010). Significantly deprotected 

peptides are shown in red and significantly protected peptides are shown in blue. Peptides are 

mapped to DNA-PK structure (5Y3R, bottom figure). Regions of structure not represented in the 

HX map are colored grey; coloring otherwise as in Fig. 1. See Figure 5, main text. 
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Figure S11. Structural assembly supporting the long-range synaptic complex. Beginning with 

the initial synaptic complex stabilized by PAXX, the structure shown is the same as Fig. 3B (with 

the location densities hidden, except for the plug domain). The position of the Ku70/80 c-terminal 

regions and PAXX are from Fig. S9. XLF-XRCC4-LigIV complexes were assembled by aligning 

the XRCC4-LigIV BRCT structure (PDB 3II6) (Wu et al., 2009) to the XLF-XRCC4 structure 

(PDB 3SR2) (Hammel et al., 2011). Though the placement of the XLF-XRCC4-LigIV complex is 

not data driven, the complex was positioned such that the distance from the XLF binding site on 

Ku80 (highlighted in blue on the Ku80 molecules) to the C-terminal of the XLF structure does not 

violate the length of XLF tail (~60 residues). Intriguingly, there are no structural conflicts in this 

model. A cartoon version of the same is shown (bottom), providing the color scheme used 

throughout. See Figure 5, main text. 
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