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Summary

The protein 53BP1 plays a central regulatory role in DNA double-strand break repair. 53BP1
relocates to chromatin by recognizing RNF168-mediated mono-ubiquitylation of histone H2A
Lys15 in the nucleosome core particle dimethylated at histone H4 Lys20 (NCP-ubme). 53BP1
relocation is terminated by ubiquitin ligases RNF169 and RAD18 via unknown mechanisms.
Using NMR spectroscopy and biochemistry, we show that RNF169 bridges ubiquitin and histone
surfaces, stabilizing a pre-existing ubiquitin orientation in NCP-ubme to form a high-affinity
complex. This conformational selection mechanism contrasts with the low-affinity binding mode
of 53BP1 and ensures 53BP1 displacement by RNF169 from NCP-ubme. We also show that
RAD18 binds tightly to NCP-ubme through a ubiquitin-binding domain that contacts ubiquitin and
nucleosome surfaces accessed by 53BP1. Our work uncovers diverse ubiquitin recognition
mechanisms in the nucleosome, explaining how RNF168, RNF169 and RAD18 regulate 53BP1
chromatin recruitment and how specificity can be achieved in the recognition of a ubiquitin-
modified substrate.

Introduction

In mammals, the DNA double-strand break (DSB) repair protein 53BP1 promotes non-
homologous end-joining (NHEJ) DNA repair and immunoglobulin class switch
recombination by facilitating long-range joining of broken DNA ends (Dimitrova et al.,
2008; Manis et al., 2004; Ward et al., 2004). 53BP1 also antagonizes homologous
recombination (HR) DSB repair by inhibiting DNA end resection, the generation of single-
stranded DNA ends required for HR (Bunting et al., 2010). As such, 53BP1 plays a central
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role in maintaining the balance between the two main DSB repair pathways NHEJ and HR
(Bouwman et al., 2010; Bunting et al., 2010). Understanding how 53BP1 association with
chromatin flanking DNA breaks is regulated is of particular importance because imbalance
in the NHEJ and HR pathways promotes genetic instability and cancer (Bouwman et al.,
2010; Bunting et al., 2010).

53BP1 recruitment to DSBs is triggered by RNF168-mediated ubiquitylation of histone H2A
lysine 15 in the nucleosome core particle (NCP) constitutively dimethylated at histone H4
lysine 20 (NCPH2AK15ubHAK20me2) ‘mqdifications recognized by 53BP1 (Botuyan et al.,
2006; Fradet-Turcotte et al., 2013; Gatti et al., 2012; Mattiroli et al., 2012; Wilson et al.,
2016). 53BP1 recruitment is terminated by DNA repair factors RNF169 and RAD18 but the
underlying mechanisms are not known (Chen et al., 2012; Helchowski et al., 2013; Panier et
al., 2012; Poulsen et al., 2012). Here, we show that RNF169 specifically binds
NCPH2AK15ubHAK20me2 yith an affinity two orders of magnitude higher than that of 53BP1
for the same substrate. We found that RNF169 stabilizes ubiquitin-histone interactions in
NCPH2AKI15Ub and also in H2AK15-ubiquitylated H2A-H2B heterodimer (H2AKLSUb_H2B).
We determined the structures of RNF169 bound to H2AK1I5Ub_H2B and NCPH2AK15ub,
giving an unprecedented view of how a ubiquitin reader protein recognizes its ubiquitylated
substrate. Our study reveals that, unlike 53BP1, RNF169 selects a pre-existing orientation of
ubiquitin in NCPH2AK15Ub gnd H2 AK15Ub_H2B . This unique mechanism explains the large
affinity difference between 53BP1 and RNF169 and the efficient displacement of 53BP1
from NCPH2AKI5ubHAK20me2 hy RNF169 leading to inhibition of 53BP1 relocation to DSBs
in cells. We also show that RAD18 binds NCPH2AK15Ub with high affinity and specificity.
This finding unveils a recognition mechanism where a compact domain in RAD18 contacts
both ubiquitin and conjugated substrate, and explains how RAD18 accumulates at DSBs
(Huang et al., 2009) and interferes with 53BP1 recruitment (Helchowski et al., 2013).
Finally, we show that RNF168 reads its lysines 13 and 15 ubiquitylation products,
H2AK13ub and H2AK15ub, but unlike RNF169 and RAD18 cannot displace 53BP1 from
the modified NCP, shedding light on the ubiquitin signal amplification mechanism that
promotes 53BP1 chromatin recruitment.

Results and Discussion

RNF168 and RNF169 Specifically Bind the Nucleosome and Histone H2A-H2B
Ubiquitylated at H2A Lysines 13 and 15

Because RNF169 inhibits 53BP1 recruitment to chromatin ubiquitylated by RNF168 (Chen
etal., 2012; Panier et al., 2012; Poulsen et al., 2012) and because the ubiquitin ligase activity
of RNF168 promotes its own accumulation to damaged chromatin (Doil et al., 2009; Panier
et al., 2012; Pinato et al., 2009; Stewart et al., 2009), we examined whether RNF168 and
RNF169 would recognize the NCP ubiquitylated at H2AK13 and H2AK15
(NCPH2AK13KI15uby and as a control, at H2AK119 (NCPH2AKL19UD) jn reactions catalyzed
by E2/E3 ligases UbcH5¢/RNF168 and UbcH5¢/BMI1-RING1B, respectively. The
reactions give mainly mono-ubiquitylated NCPs, with UbcH5¢/RNF168 also producing
weak poly-ubiquitylation as observed previously (Mattiroli et al., 2012). We knew from
Durocher's group that the MIU2s (motifs interacting with ubiquitin) of RNF168 and
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RNF169 extended at the C-termini by a segment termed LR motif (LRM) controlled the
chromatin accumulation of these proteins in response to ionizing radiation (Panier et al.,
2012). By testing various RNF168 and RNF169 constructs, we determined that N- and C-
terminally extended MIU2 of RNF168 (aa 430-481) and RNF169 (aa 653-708), hereafter
referred to as RNF168 and RNF169, were optimal for specific interaction with
NCPH2AKI3KISUb (Figyres 1A and 1B). RNF168 and RNF169 did not bind NCPH2AK119ub
(Figure 1B).

After we developed an efficient enzymatic procedure for reconstituting ubiquitylated
recombinant human H2A-H2B dimer and NCP on a scale that permits structural and
quantitative binding studies (Figures S1A, S1B, S1C and S1D, and Methods), we used
isothermal titration calorimetry (ITC) to further probe the interactions. With the
aforementioned procedure wherein H2A is fused to the C-terminus of H2B, ubiquitin is
enzymatically conjugated to H2A Lys13 or Lys15 or both via a native isopeptide bond.
RNF169 bound significantly tighter to NCPH2AKISUb o NCPH2AKI3UD than RNF168. The
corresponding RNF169/RNF168 Kgs were 7.4 nM and 2.3 mM with NCPH2AKISUb gnd 47 2
nM and 3.2 mM with NCPH2AK13ub (Figures 1D and 1E). The stoichiometry values are
close to 2, even for NCPH2AKI3K15ub ¢ongistent with two RNF169 or RNF168 binding sites
per nucleosome. RNF169 has low affinity for ubiquitin alone with a Ky of only 50.2 uM
(Figure S1E).

Considering the spatial organization of histones in the NCP and the small size of RNF168
and RNF169 MIU2-LRM fragments, we surmised that these proteins would only contact
histone H2A or H2B of the NCP, and not H3 or H4. Indeed, RNF168 and RNF169 also
interacted with histone H2A-H2B enzymatically ubiquitylated at H2A Lys13, Lys15 or both
(H2AKI3/KISUb_HoB)  Akin to its interaction with ubiquitylated NCP, RNF169 favored K15-
over K13-ubiquitylated H2A-H2B with corresponding Kys of 0.3 uM and 1.1 uM (Figure
1F). Affinity for doubly ubiquitylated H2A-H2B was intermediate with a Ky of 0.7 uM.
(Figure 1F). For RNF168, the Kys were 1.2, 2.3 and 3.6 pM for K15-, K13K15- and K13-
ubiquitylated H2A-H2B, respectively (Figure 1G). The stoichiometry values are close to
unity in agreement with one RNF169 or RNF168 binding site per ubiquitylated H2A-H2B
dimer. Note that RNF168 has about the same affinity for ubiquitylated NCP and H2A-H2B
(Figures 1E and 1G) whereas RNF169 binds tighter to ubiquitylated NCP than to
ubiquitylated H2A-H2B. This is discussed below.

Solution NMR Structures of RNF169 in Complex with H2AK15Ub_H2B and NCPH2AK15ub

To probe further the binding modes of RNF169 with NCPH2AKISUb gng H2 AKISUb_HOB we
resorted to 1H-13C methyl-transverse optimized nuclear magnetic resonance (NMR)
spectroscopy (methyl-TROSY) (Kato et al., 2011; Tugarinov et al., 2006). We reconstituted
NCP, NCPH2AKI5UD and H2 AK15Ub_L2B with H2A-H2B or ubiquitin 1H,13C methyl-labeled
at isoleucine, leucine and valine residues in an otherwise perdeuterated background (Figures
S1B, S1C and S2). A protonated 147 base-pair DNA with the Widom 601 nucleosome-
positioning sequence was used for the NCPs (Makde et al., 2010).

The NCP with 1H,13C methyl-labeled H2A and H2B produced methyl-TROSY signals that
were uniformly sharp (Figure 2A). In contrast, the signals were markedly broadened in
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NCPH2AK15ub jikely reflecting transient interaction of ubiquitin with the surface of H2A-
H2B (Figure 2A). In NCPH2AK15Ub with 1H 13C methyl-labeled ubiquitin, signals were
likewise broad, consistent with decreased ubiquitin flexibility (Figure 2B). Upon addition of
RNF169 to NCPH2AK15Ub several H2A-H2B and ubiquitin signals became extremely broad,
presumably due to an increase in ubiquitin population contacting H2A-H2B and probably
also DNA (see below). Several other ubiquitin signals were shifted as similarly detected in
the titration of H2AKISUP_H2B with RNF169 (Figure S2A). While binding of RNF169 to
unmodified NCP is weak, this interaction caused several changes in H2A and H2B signals,
perturbations also seen in the titration of H2AKISUP_H2B with RNF169 (Figure S2B).

Because of comparable chemical shift perturbations in NCPH2AKISUb ang H2 AK1SUb_HoB
and high quality NMR spectra of the latter (Figures 3A and S2C), we proceeded to
determine the structure of RNF169 bound to H2AKI5Ub_H2B to uncover the molecular basis
for complex formation (Figure 3). We prepared multiple samples of the complex where
RNF169, H2A-H2B and ubiquitin were isotopically labeled, one at a time (Figures 3A, 2
and S2C, and Table S1). The structure ensemble was calculated from distance restraints
derived from inter-proton nuclear Overhauser enhancement (NOE) signals, dihedral angles
and paramagnetic relaxation enhancement (PRE) data (Figures 3B and S3). The structural
statistics are given in Table 1. The NMR ensemble is supported by observed chemical shift
changes associated with complex formation (Figures 4A and 4C).

The N-terminal segment of RNF169 forms a long 31-residue a-helix extending from Pro654
to Arg684 that contacts ubiquitin via GIn665, Glu666, Asp669, Arg670, Leu672, Ala673,
Leu676, GIn677 and Phe680 (Figure 3C). This a-helix may be stabilized by a salt bridge
between Asp681 and Arg684 close to its C-terminus. These two residues as well as the nine
residues interacting with ubiquitin are conserved in RNF169 across species (data not
shown). As in the prototypical MIU domain of guanine nucleotide exchange factor Rabex-5
(Lee et al., 2006; Penengo et al., 2006), an alanine (Ala673 in RNF169) interacts with the
ubiquitin surface comprised of Leu8, lle44, His68 and Val70 (Figure 3C).

Explaining the specific recognition of H2AK15ub or H2AK13ub in ubiquitylated H2A-H2B
and NCP, the C-terminal segment of RNF169 encompassing residues Tyr697 to Ser701 in
the LRM contacts the surface of H2A-H2B through both coulombic and hydrophobic
interactions (Figure 3D). Noticeably, the guanidinium group of RNF169 Arg700 is in the
vicinity of the acidic side chains of Glu61, Asp90 and Glu92 in H2A and Glu105 and
Leul06 in H2B. These and additional acidic residues are often referred to as the acidic patch
of H2A-H2B, an interaction node for nucleosome binding proteins (Armache et al., 2011;
Barbera et al., 2006; Kato et al., 2013; Makde et al., 2010; McGinty et al., 2014; Morgan et
al., 2016). Another key interaction supported by 18 intermolecular NOEs involves RNF169
Tyr697, which contacts a hydrophobic surface formed by Val44 and Val48 near Lys43 and
GIn47 in the N-terminal a-helix of H2B and H2A Glu56. Intermolecular NOEs, albeit
weaker, also implicate RNF169 Leu698 and Leu699 in intermolecular contacts. Leu698
interacts with His109, Ser112 and Glu113 of H2B, and H2A Tyr57. Leu699 interacts with
H2B Val48 and H2A Glu64. Sample intermolecular NOEs defining the interaction of
RNF169 with H2AKI5Ub_H2B are shown in Figure S3A.
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The intervening region of RNF169 from Ser688 to Asp695 is poorly defined in the NMR
ensemble due to lack of NOEs (Figure 3B). Nevertheless, extreme signal broadening for
several H2A-H2B residues closest to RNF169 intervening region makes a case for transient
intermolecular contacts (Figures 4A and 4C). Consistent with this possibility, mutation of
selected residues in H2B (Lys120) and H2A (Arg20, Gly22 and Leu23) close to RNF169
intervening region significantly reduced the affinity of RNF169 for H2AKISUD_H2B (see
below).

Similarity in chemical shift perturbations argues for comparable binding modes for RNF168
and RNF169 (Figure 3A), in line with sequence conservation (Figure 1A). Eight of the nine
ubiquitin-interacting residues and three key H2A-H2B anchor residues in RNF169 (Tyr697,
Leu699 and Arg700) are conserved in RNF168. In the intervening region, however, the
radical substitution of two valines in RNF169 by prolines in RNF168 suggests that the ~5-
fold tighter binding of RNF169 to H2AKISUb_H2B originates from transient contacts
between this region and H2A-H2B, contacts that are likely less populated in H2AK15ub.
H2B-RNF168. Supporting this interpretation, RNF168 binding to H2AK15UP_H2B does not
cause significant resonance broadening for H2A-H2B residues closest to the intervening
region of RNF169 (Figures 4A and 4B).

To further evaluate the H2AK15Ub_H2B_RNF169 structure, we also performed NMR
structure calculations in the restrained environment of the human NCP crystal structure
(Tachiwana et al., 2010) and with inclusion of small-angle X-ray scattering (SAXS) data
obtained for the NCPH2AKISUb_RNF169 complex (Figures 3E and S4). The model derived
from these calculations is compatible with the H2AKISUb_H2B_RNF169 structure (Figure
3B). Importantly, we note that RNF169 Arg684 and Arg685 may contact the DNA in
NCPH2AKISWb 'which likely explains the higher affinity of RNF169 for NCPH2AKISUD than
for H2AK15Ub_H2B and the absence of affinity enhancement for RNF168, which has a
glutamine and a methionine in place of RNF169 Arg684 and Arg685 (Figure 1A).

Mutations in H2A, H2B, Ubiquitin and RNF169 Validate the H2AKSUP_H2B_RNF169 and
NCPH2AK1Sub_RNF169 Structures

We introduced mutations in H2A, H2B and ubiquitin to assess the H2AK15Ub_H2B_RNF169
structure. Testing mutations in the acidic area of H2A-H2B presented a challenge because
this region is also critical for RNF168-mediated ubiquitylation of histone H2A (Leung et al.,
2014; Mattiroli et al., 2014), the approach we used to generate the NMR samples. We
therefore designed an alternative system wherein ubiquitin was genetically tethered to the N-
terminus of H2A using appropriate linker lengths to mimic ubiquitylation of H2A Lys13 or
Lys15. We validated the system by quantifying the RNF169 interaction in the context of
H2A-H2B and NCP reconstituted with ubiquitin-fused H2A (Figures 1C, S1F and S1G).
Affinities were only slightly reduced for the alternative system. The Kjys for the H2AK15
and H2AK13 H2A-H2B ubiquitylation mimics are 0.4 uM and 1.7 uM compared to 0.3 uM
and 1.1 pM for native ubiquitylation, respectively (Figures 1F and S1F). Agreeing well with
the H2AK15Ub_H2B_RNF169 contact interfaces described above, 10 of 11 mutations tested
(6 in H2A, 4 in H2B and 1 in ubiquitin) led to significantly decreased affinity of H2AK15ub.
H2B for RNF169 (Figure S5A). These mutations are in the vicinity of RNF169 binding sites
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and do not affect folding of H2AKISUb_.H2B, Kj increase ranged from 3.2-fold for the H2B
Q47A mutation to over 40-fold for the H2A E61A mutation in the acidic region.

Mutations were also introduced in RNF169. RNF169 A673G and R700A mutations
prevented interaction with H2AKISUb_H2B while Y697A and L699A mutations caused a
marked decrease in affinity with 8.2- and 11.2-fold increases in Ky as shown using ITC
(Figure S5B). The R689A mutation in the intervening region increased the Ky by 3.5 fold
(Figure S5B). These results rationalize the effect of point mutations previously designed
based on conserved sequence elements in RNF168 and RNF169 LRMs (Panier et al., 2012).
The R689A, Y697A and L699A/R700A mutants impaired the recruitment of RNF169 to
DNA damage sites as shown by the abrogation of irradiation-induced foci (IRIF) formation
in U20S cells. Corresponding to RNF169 L699A/R700A is the RNF168 L476A/R477A
mutation, which impaired RNF168 recruitment to DSBs (Panier et al., 2012).

RNF169 Stabilizes a Pre-existing Conformation of Ubiquitin in H2AK15Ub.H2B and
NCPH2AK15ub

As one could have anticipated, the conformational flexibility of ubiquitin in H2AK15Ub_H2B
decreases upon interaction with RNF169. This is readily apparent from the qualitative
analysis of NMR relaxation data showing increased values of the spectral density function at
zero angular frequency (Figure S6). Nonetheless, ubiquitin assumes a preferred orientation
relative to H2A-H2B, even in the absence of RNF169. We came to this conclusion based on
the marked *H and 15N chemical shift differences in the spectra of H2AKISUb-H2B versus
isolated ubiquitin and H2A-H2B (Figure 5A). For comparison, this observation contrasts
with the minimal changes in the NMR spectra of ubiquitin upon covalent attachment to
Lys164 of proliferating cell nuclear antigen (PCNA), the archetype system for ubiquitin or
small-ubiquitin like modifier flexibly tethered to a target protein (Armstrong et al., 2012;
Hibbert and Sixma, 2012) (Figure 5A). The only marked changes in the spectrum of
ubiquitin caused by ubiquitylation of PCNA are restricted to the C-terminus of ubiquitin
near the isopeptide bond.

The preferred orientation of ubiquitin relative to H2A-H2B is further corroborated by the
observed differences in the H and 13C chemical shifts in the methyl-TROSY spectra of
ubiquitin, H2A-H2B and H2AKI5U0_H2B (Figure 5B). Remarkably, these chemical shift
perturbations support an orientation of ubiquitin approaching that in the H2AK15ub_H2B—
RNF169 complex where a negatively charged surface of ubiquitin (including Asp32 and
Glu34) faces a positively charged area centered on the N-terminal helix (a1) of histone H2B
(including Lys43 and Lys46) (Figures 5A, 5B and 4C). The chemical shift perturbations at
the H2A-H2B- ubiquitin interface in unliganded H2AK15Ub_H2B are enhanced in the
presence of RNF169 suggesting a population shift toward the conformation where ubiquitin
contacts the H2A-H2B surface near H2B helix a1l (Figures 4A and 4C). Thus, although the
H2AKISUb_H2B_RNF169 complex retains flexibility (Figure S6), RNF169 binding is likely
facilitated by selection of a pre-existing conformational substate of unliganted H2AK15ub.
H2B. The low entropic cost of complex formation enabled by conformational selection
(Boehr et al., 2009) is consistent with the high affinity of RNF169 for NCPH2AK15ub
H2AKL5Ub_H2B with respective Kys of 7.4 nM and 0.3 mM (Figures 1D and 1F).
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In the methyl-TROSY spectra of ubiquitin in NCPH2AKISUb there js preferential broadening
of the methyl groups (Val17 and Val26) that are closest to the DNA in NCPH2AK15ub_
RNF169, supporting a preferred orientation for ubiquitin in the nucleosomal context (Figure
2B). To further probe the orientation of ubiquitin, we prepared an NCPH2AK1SUb sampe in
which ubiquitin was 13C-dimethylated at lysine residues (Figure 5C). In comparison to free
ubiquitin, the 1H-13C methyl-lysine TROSY signals assigned to ubiquitin Lys11 and Lys27
became selectively weaker in NCPH2AK15Ub (Figyre 5C). Lys11 and Lys27 are close to the
NCP surface in the NCPH2AK1SUb_RNF169 model (Figure 5C), another indication that the
preferred orientation of ubiquitin in the NCPH2AKISUb_RNF169 complex is significantly
populated in the absence of RNF169, even if ubiquitin is flexible in H2AKISUP_H2B as
shown from the NMR relaxation data (Figure S6). The signals of ubiquitin Lys6, Lys48 and
Lys63 remain strong in NCPH2AK15Ub g ggesting that these residues do not contact the NCP
surface, consistent with the NCPH2AK1SUb_ RNF169 structure (Figure 5C). No conclusion
could be drawn for ubiquitin Lys29 and Lys33 because of signal overlap. We obtained
similar results with NCPH2AK13ub prepared with 13C-lysine-dimethylated ubiquitin (data not
shown).

RNF169 But Not RNF168 Displaces 53BP1 From NCPH2AK15ubHAK20me2

While both RNF169 and 53BP1 recognize the NCP ubiquitylated at H2A Lys15, the
orientation of ubiquitin relative to H2A-H2B in the recent cryo-EM structure of chemically
dimethylated NCPH2AK15ubH4Kc20me2 jny complex with a dimeric fragment of 53BP1
(Wilson et al., 2016) differs radically from that in the H2AKI5Ub_H2B_RNF169 and
NCPH2AK15ub_RNF169 complexes (Figure 6A). This difference implies a high entropic
barrier for ubiquitin reorientation and reduced flexibility in the 53BP1 complex, which
correlates with the low affinity of 53BP1. Binding to NCPH2AK15ubH4Kc20me2 jg gy
detectable for a dimeric form of 53BP1 obtained by fusion to GST of a 53BP1 construct
composed of the tandem Tudor domain and the ubiquitin-dependent recruitment (UDR)
motif (GST-53BP1 (aa 1484-1635)) (Fradet-Turcotte et al., 2013; Wilson et al., 2016). Using
ITC, we derived a K of 1.9 pM for the interaction of GST-53BP1 with
NCPH2AK15ubH4Kc20me2 (Fijgyre 6B). Under identical conditions, binding of GST-53BP1 to
NCPH2AKI15Ub js to0 weak for the affinity to be determined, demonstrating the key role of
H4K20mez2 in the interaction of 53BP1 with the NCP (Figure 6A). As expected, RNF169
binds tightly to NCPH2AK15ubH4Kc20me2 \yjith 3 K of 15.1 nM while RNF168 binds more
weakly to NCPH2AK15ubHAKc20me2 \with 3 K of 2.3 mM (Figure 6B).

That RNF169 contacts almost the same NCP surface as 53BP1 but with approximately two
orders magnitude smaller Ky offers a plausible explanation for the efficient inhibition of
53BP1 recruitment to DSBs by RNF169. To test this possibility, we probed the effectiveness
of RNF169 in displacing 53BP1 from NCPH2AK15ubH4Kc20me2 (Figyre 6C). Even with just
an equimolar amount of RNF169 with respect to the two ubiquitin sites in
NCPH2AK15ubH4Kc20me2 RNF169 completely prevented the interaction of GST-53BP1 with
NCP H2AK15ubHAKc20me2 g ggesting that RNF169 inhibits 53BP1 recruitment by blocking
access to H2AK15-ubiquitylated NCP (Figure 6C). These findings clarify the antagonistic
cellular functions of 53BP1 and RNF169, with RNF169 stimulating HR DNA repair and
inhibiting NHEJ (Poulsen et al., 2012). While our work reveals the mechanism underlying
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the functional competition between 53BP1 and RNF169 for recruitment to RNF168-
ubiquitylated chromatin, we note that the cellular function of RNF169 remains unclear. Our
studies imply that the recruitment of RNF169 to DNA damage sites is mediated by its
interaction with the NCP ubiquitylated at H2A Lys15 or Lys13. Since RNF169 bears a
RING domain and has auto-ubiquitylation activity, this protein likely contributes to
ubiquitylation of an unknown target near DNA damage sites. Displacement of 53BP1 from
chromatin might therefore not be the primary function of RNF169.

In contrast to RNF169, RNF168 did not displace 53BP1 from NCPH2AK15ubH4Kc20me2
(Figure 6C), a result readily explained by the lower affinity of RNF168 compared to
RNF169 for NCPH2AKISUD (Figyres 1D and 1E). This observation makes sense from a
physiological perspective since 53BP1 requires the E3 ubiquitin ligase activity of RNF168
to accumulate at damaged chromatin (Doil et al., 2009; Panier et al., 2012; Pinato et al.,
2009; Stewart et al., 2009). That RNF168 directly reads its ubiquitylation products
H2AK13ub and H2AK15ub, as we showed, explains a signal amplification loop that
promotes chromatin spreading of H2AK13ub and H2AK15ub and recruitment of 53BP1.
One would therefore expect 53BP1 to be able to displace RNF168 from
NCPH2AK15ubH4K20me2 and not the opposite, which agrees well with our results. 53BP1 and
RNF168 have almost identical affinities for NCPH2AKI5ubHAKc20me2 (Fjgyre 6B).

RAD18 Forms a Tight Complex With NCPH2AK15ub and Displaces 53BP1 From the
Nucleosome

It was recently shown that ectopic expression of the DNA damage response E3 ubiquitin
ligase RAD18 or its ubiquitin-binding zinc finger (UBZ) domain in mammalian cells
inhibited the recruitment of 53BP1 and BRCA1 to DSBs (Helchowski et al., 2013). These
observations and /n vivo evidence that RAD18 requires chromatin ubiquitylation for
localization to DNA damage sites (Huang et al., 2009; Panier et al., 2012) prompted us to
probe a possible interaction between RAD18 UBZ and the NCP ubiquitylated by RNF168.
Indeed, a version of UBZ extended at its C-terminus (aa 198-240), hereafter referred to as
RAD18, pulled-down NCPH2AK13K15ub 5 NCPH2ZAKLSUD byt not NCPH2AK119UD,
demonstrating a specific interaction (Figures 1B and 1C). We showed that akin to RNF169,
RAD18 efficiently displaced 53BP1 from NCP H2AKI5ubH4Kc20me2 ey plaining its inhibition
of 53BP1 recruitment in cells (Helchowski et al., 2013) (Figure 6C). Although RAD18 binds
free ubiquitin relatively tightly (Ky = 2.3 uM) compared to RNF169, affinity is dramatically
enhanced in the context of NCPH2AK15Ub o NCPH2AK15UDKC20me2 \ith K values of 25.2
nM and 8.2 nM (Figures 7A and 6B). The C-terminal extension of RAD18 UBZ is important
for tight interaction with NCPH2AK15Ub 5 jts deletion increases the Ky to 0.9 uM (Figure
7A). This extension shares limited similarity with RNF169 LRM sequence (Figure 1A).
Four residues are conserved (LRSS), with RAD18 Arg234 in this motif corresponding to
RNF169 Arg700 that interacts with the acidic patch. Based on NMR chemical shift
perturbations, we showed that RAD18 and RNF169 interact with approximately the same
surface of H2AKISUb_H2B (Figures 7B, S7A and S7B). We also detected intermolecular
NOEs between Arg234 and residues in the acidic region of H2A-H2B (Figure S7C). These
similarities between RAD18 and RNF169 notwithstanding, distinct binding modes must
specify their interactions with H2AK15Ub_H2B and NCPH2AKISUD gjnce RAD18 and RNF169
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recognize ubiquitin in nearly opposite orientations (Figure S7D). In addition, RAD18 UBZ
C-terminal extension is markedly shorter than that of RNF169 MIU2 implying a
reorientation of ubiquitin in H2AK15U0_H2B upon interaction with RAD18. In agreement,
using NMR spectroscopy we showed that not only the C-terminal extension but also RAD18
UBZ domain contacts the histone surface in H2AKISUP_H2B (Figures 7B and S7A). In an
NMR-based model that we calculated for the NCPH2AK1SUb_RAD18 complex, the UBZ
domain is sandwiched between ubiquitin and the H2A-H2B surface (Figure 7C). Although
RAD18 and RNF169 have almost opposite orientations relative to ubiquitin, Lys218 near the
N-terminus of RAD18 helix points toward DNA in the NCP like the arginines at the C-
terminus of RNF169 helix. These charged residues may contribute to the high affinity of
these two proteins for NCPH2AK15ub,

Our finding that RAD18 recognizes H2AK15ub and the H2A-H2B surface near the acidic
patch in the NCP, akin to 53BP1 but with higher affinity than 53BP1, explains by a simple
competition mechanism the strong inhibition of 53BP1 IRIF formation in response to
overexpression of RAD18 in mammalian cells (Helchowski et al., 2013). There is no
evidence that RADA18 displaces 53BP1 from chromatin under physiological conditions, and
it was even reported that RAD18 ubiquitylates 53BP1 and enables 53BP1 retention on
chromatin (Watanabe et al., 2009). It is nonetheless noteworthy that RAD18 promotes HR
(Huang et al., 2009; Saberi et al., 2007), the DNA repair pathway inhibited by 53BP1, and
that the E3 ubiquitin ligase activity of RAD18 is not needed for its HR function while its
UBZ domain is required (Huang et al., 2009). How RAD18 mediates HR remains unknown
but it could be related to the direct association of RAD18 with the RAD51C recombinase in
mammalian cells (Huang et al., 2009). However, considering the large affinity difference
between RAD18 and 53BP1 for the ubiquitylated NCP, one cannot totally exclude that
displacement of 53BP1 from chromatin by RAD18 could occur under physiological
conditions and contribute to the HR promoting activity of RAD18.

Concluding Remarks

In summary, we showed that RNF168, RNF169 and RAD18 specifically read chromatin
ubiquitylation at H2A Lys13 and Lys15, with a preference of RNF168 and RNF169 for the
latter site. While RNF168 and RNF169 recognize the same posttranslational modifications
in the NCP and share similar amino acid sequences in their modified histone recognition
motifs, they evolved different binding affinities, explained by dissimilarities in structures and
dynamics, that determine their distinct functions in cells. We found that RNF169 recognizes
NCPH2AK15ubH4Kc20me2 \yith much higher affinity than 53BP1, which explains previous
observations that RNF169 terminates 53BP1 chromatin recruitment and promotes HR, a
DNA repair pathway suppressed by 53BP1. In contrast to RNF169, RNF168 binds
NCPH2AK15ubH4Kc20me2 \yjith the same or even slightly lower affinity than 53BP1,
supporting a signal amplification loop promoting chromatin spreading of H2AK15
ubiquitylation catalyzed by RNF168 in response to DSBs and associated chromatin
recruitment of 53BP1.

Like RNF169, RAD18 binds tightly to NCPH2AK15Ub o NCpH2ZAK15UbHAKC20me2 5
displaces 53BP1 from NCPH2AK15ubH4Kc20me2 ey plaining why overexpression of RAD18
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in mammalian cells impairs the formation of irradiation-induced 53BP1 foci and increases
HR. While RAD18 is known to promote HR under physiological conditions, at this time
there is no experimental evidence that it does so by blocking the recruitment of 53BP1 to
DNA damage sites.

Different from RNF168 and RNF169, RAD18 harbors a canonical ubiquitin-binding domain
that not only contacts ubiquitin but also the surface of its targeted substrate. This hitherto
unobserved feature contributing to specificity for a particular ubiquitylated ligand may apply
to other ubiquitin-binding domains.

Contact For Reagent and Resource Sharing

Further information and requests for reagents should be directed to Lead Contact Georges
Mer (mer.georges@mayo.edu).

Experimental Model And Subject Details

Plasmid DNA for protein expression was amplified in £. co/i DH5a strain in Luria Bertani
(LB) medium at 37 °C overnight. Recombinant proteins were overexpressed in £. co/iBL21
(DE3) strain. Cells were grown at 37 °C in LB or isotope-enriched M9 media to an ODggq of
~0.6 and then induced with 0.5 mM isopropyl-p-D-thiogalactoside (IPTG) for 3 h at 37 °C
or 16 hat 15 °C.

Method Details

Expression and Purification of Proteins

All protein cDNASs were inserted in pET-based bacterial expression vectors. Human RNF168
(aa 430-481), RNF169 (aa 653-708), RNF169N (aa 653-687) and RNF169C (aa 688-708)
were cloned with an N-terminal Hisg-tag cleavable by tobacco etch virus (TEV) protease.
Human RAD18 (aa 198-240) was cloned with a TEV protease-cleavable N-terminal Hisg-
tag, a TEV protease-cleavable N-terminal Hisg-GB1-tag and with a non-cleavable C-
terminal Hisg-tag and a tryptophan to facilitate protein quantification. A shorter RAD18 (aa
198-227) with a TEV protease-cleavable N-terminal Hisg-tag was also cloned. Human
ubiquitin (aa 1-76) constructs were prepared without a tag or with an N-terminal Hisg-tag,
non-cleavable or cleavable by PreScission protease. Human 53BP1 (aa 1484-1635)
corresponding to the tandem Tudor domains and ubiquitylation-dependent recruitment motif
(UDR) (Botuyan et al., 2006; Fradet-Turcotte et al., 2013) was cloned with an N-terminal
GST tag. Mutations were introduced by QuikChange (Stratagene). All proteins were
produced in BL21(DE3) E. coli cells grown at 37 °C in LB or isotope-enriched M9 media to
an ODgqg of ~0.6 prior to induction with 0.5 mM IPTG. Except for 53BP1, which was
expressed at 15 °C for ~16 h, all other proteins above were expressed at 37 °C for 3 h. For
RAD18, 100 pM ZnCl, was added to the culture media prior to induction. Harvested cells
were lyzed using an Avestin Emulsiflex C5 homogenizer. Untagged ubiquitin was purified
as previously reported (Sundd et al., 2002). All Hisg-tagged proteins were purified by Ni2*-
nitrilotriacetic acid (NTA) agarose chelation chromatography (Qiagen) using solutions of 50
mM sodium phosphate (NaPi), pH 7.5, 300 mM NaCl with 5, 20 and 250 mM imidazole to
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bind, wash and elute the proteins, respectively. GST-tagged 53BP1 was bound to a GSTPrep
FF 16/10 column (GE Healthcare), washed with PBS, pH 7.3, and eluted with PBS, pH 8.0,
20 mM glutathione. After elution, before and after removal of tags by overnight incubation
with TEV or PreScission protease at 4 °C, the proteins were purified by size exclusion
chromatography using HiLoad 16/60 Superdex 75 or 200 columns (GE Healthcare) and
running buffer of 50 mM NaPi, pH 7.5, 300 mM NaCl. RNF168, RNF169 and ubiquitin
were further purified by reversed-phase chromatography using a Jupiter 5 um C18 300 A
preparative column (Phenomenex). UbcH5c, Ubal, RNF168-RING and RING1B-BMI1
were purified according to published protocols (Benirschke et al., 2010; Bentley et al., 2011;
Berndsen and Wolberger, 2011; Zhang et al., 2013).

Preparation of Histones and Nucleosomes

Full-length human histone proteins H2A (aa 1-129), H2B (aa 1-125), H3.1 (aa 1-135) and
H4 (aa 1-102) codon-optimized for expression in £. coliwere cloned in a modified pET
vector encoding an N-terminal Hisg-tag and a PreScission protease cleavage site. Fusion
constructs of H2A linked to the C-terminus of H2B were also cloned in the aforementioned
vector. The first construct includes H2B residues 1-123 and H2A residues 12-129 with a
serine between the two proteins. A linker serine was chosen because it is small and
hydrophilic and was expected to provide maximum flexibility between H2B and H2A. The
second and shorter construct includes H2B residues 33-123 and H2A residues 12-105 also
tethered via a serine residue. Fusion constructs of ubiquitin and H2A with a TEV protease-
cleavable N-terminal Hisg-tag were also engineered wherein the C-terminus of ubiquitin is
genetically linked to the N-terminus of H2A. In these ubiquitin-H2A fusions there are two
intervening glycine residues between ubiquitin Gly76 and H2A Alal4 or Thrl6, mimicking
H2AK13ub and H2AK15ub, respectively. Histone proteins were expressed in BL21(DE3) £.
coli cells grown at 37 °C in LB or isotope-enriched M9 media to an ODgqq of ~0.6 and
induced for 3 h with 0.5 mM IPTG, and purified as previously reported (Tachiwana et al.,
2010) by Ni2*-NTA agarose chelation chromatography (Qiagen) using solutions described
above but with 6-8 M de-ionized urea added. Histones were then extensively dialyzed in
water with 5 mM B-mercaptoethanol, lyophilized and kept at -80 °C until needed.

To prepare the histone octamer, lyophilized H2A, H2B, H3.1 and H4, or the longest version
of H2A-H2B fusion construct in lieu of individual H2A and H2B were each dissolved in 20
mM Tris-HCI, pH 7.5, 8 M de-ionized urea and mixed at equimolar amounts to a final
concentration of 1 mg total histones per mL. The mixture was serially dialyzed in 20 mM
Tris-HCI, pH 7.5, 2 M NaCl, 5 mM DTT containing 4, 3, 2, 1, and 0 M urea. The Hisg-tags
of the refolded octamer were next cleaved with PreScission protease at 4 °C overnight and
the octamer purified by size exclusion chromatography using HiLoad 16/60 Superdex 200
column (GE Healthcare) and 20 mM Tris-HCI, pH 7.5, 2 M NaCl, 10 mM DTT running
buffer. The NCP was reconstituted from the histone octamer employing the reported salt
gradient protocol (Luger et al., 1999) in the presence of a Widom 601 147 base-pair DNA
(Makde et al., 2010). DNA was prepared from HB101 E. coli cells as published (Makde et
al., 2010), with an additional final ion exchange chromatography step using a Resource Q
column (GE Healthcare) and running buffers 10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA, with
0 and 1 M NaCl. The NCP was purified by Resource Q anion-exchange chromatography
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(GE Healthcare), concentrated and dialyzed using appropriate storage buffers (Luger et al.,
1999). To prepare the ubiquitylated NCP, the longest version of fused H2A-H2B was first
enzymatically ubiquitylated (see below) before octamer incorporation and subsequent NCP
reconstitution. Prior to enzymatic ubiquitylation, Ni2*-NTA-eluted fused H2A-H2B was
refolded in 50 mM NaPi, pH 6.0, 300 mM NaCl and purified by size exclusion
chromatography using the same buffer and HiLoad 16/60 Superdex 75 column (GE
Healthcare). To prepare the ubiquitylated and methylated NCP, H4 with K20C mutation was
chemically methylated using a published procedure (Cui et al., 2009; Simon et al., 2007)
before octamer refolding with ubiquitylated H2A-H2B and H3, and subsequent NCP
reconstitution. The same approach was used to generate NCPH2AK15Ub gng NCpH2AK13ub
with ubiquitin 13C-methylated at lysine residues. 13C-methylated ubiquitin was prepared by
reductive alkylation using 13C-enriched formaldehyde as published (Hattori et al., 2013). For
the Ni*2-NTA pull-down assays, two other versions of ubiquitylated NCPs were prepared.
One is prepared by K13/K15 or K119 enzymatic ubiquitylation of NCP. Another is prepared
by using an octamer formed from ubiquitin-H2A fusion (H2AK13ub or H2AK15ub
mimics), H2B, H3.1 and H4.

Ubiquitylation Reactions

While both K13 and K15 of H2A in wild type linked H2A-H2B can be ubiquitylated, one
lysine can be selectively ubiquitylated by changing the other lysine into an unreactive serine
or arginine. Ubiquitylation was carried out in 50 mM Tris-HCI, pH 7.5 containing 100 mM
NaCl, 10 mM MgCl,, 1 uM ZnCl,, 1 mM TCEP, 1.6-3.2 uM Ubal (E1), 8 uM UbcH5¢c
(E2), 8 uM Rnf168-RING (E3), 80 uM linked H2A-H2B, 120 uM ubiquitin and 3 mM ATP.
The reaction was allowed to proceed at 32 °C for 90 min and then quenched by addition of 5
mM EDTA, pH 8.0. Ubiquitylated linked H2A-H2B was next dialyzed in 50 mM NaPi, pH
6.0, 300 mM NacCl before it was concentrated and purified using the same buffer and
HiLoad 16/60 Superdex 75 column (GE Healthcare). While the NCP or H2A-H2B dimer
can be mono-ubiquitylated /in vitro, efficiency is quite low (Mattiroli et al., 2014; Wilson et
al., 2016). In contrast and to our surprise, we were able to achieve mono-ubiquitylation (at
H2A K13, K15 or both) of the two linked versions of H2A-H2B with enhanced efficiency
(100% completion) after optimizing reaction conditions (Figure S1A).

NMR Spectroscopy

All NMR experiments were carried out on a Bruker Avance 111 700 MHz spectrometer
equipped with a triple-resonance cryoprobe. The NMR spectra were processed with
NMRPipe/Draw (Delaglio et al., 1995) and analyzed using Sparky 3.115 (T.D. Goddard and
D.G. Kneller, University of California) and NMRView (Johnson and Blevins, 1994). For
structure determination of the H2AK15Ub_H2B_RNF169 complex, multiple samples (0.2-1
mM) were prepared including free H2A-H2B and H2AK15UD_H2B as well as RNF169-
titrated H2AK15UP_H2B and ubiquitin in 25 mM MES-Bis-Tris, pH 6.0, 50 mM KCI, 4 mM
EDTA and 10% D,0/90% H,0 or 100% D,0. What we refer to as H2A-H2B and
H2AKI5Ub_H2B have H2B (aa 33-123) fused to the N-terminus of H2A (aa 12-105) with an
intervening serine residue bridging H2B and H2A (see above). Various labeling schemes
were used for component proteins in the complexes including [*°N], [*3C,15N], [U-2H,1°N],
[U-2H,13C, 15N], partial deuteration (30% and 70%) and selective [*H, 13C]-labeling of
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methyl groups of isoleucine, leucine and valine residues in an otherwise perdeuterated
background (i.e., 11e8I-[13CHD,]; Leu,Val-[}3CHD,; 12CD3]) (Botuyan et al., 2004; Kato et
al., 2011; Tugarinov et al., 2006). The NMR signals for H2AK15U_H2B_RNF169 were
assigned using established three-dimensional experiments (Ferentz and Wagner, 2000)
recorded on several samples prepared with multiple isotope labeling strategies (Table S1).
Some of the published methyl resonance assignments for H2A and H2B in Drosophila
melanogaster NCP (Kato et al., 2011) and some from human H2AKISUP_H2B (this study)
could be transferred to human NCP and NCPH2AK15ub Amjide 15N relaxation data were
acquired and analyzed using established methods (Botuyan et al., 2001; Lefevre et al., 1996;
Mer et al., 1996). For chemical shift mapping experiments, variously labeled H2A-H2B,
H2AKISU_H2B and NCPH2AKISUD \with concentrations from 0.04 to 0.3 mM were
incrementally titrated with nonlabeled RNF168, RNF169, RAD18 or RNF169C up to 3- to
20-fold molar excess. NCPH2AKL5UD jn these experiments contains H2A K15-ubiquitylated
H2A-H2B in which H2B (aa 1-123) is fused to the N-terminus of H2A (aa 12-129) with an
intervening serine residue bridging H2B and H2A (see above). The normalized chemical
shift changes A6 for IH-15N correlation signals were calculated using equation

1/2

Ad=(As% +0.2A6% )", For He, Leu and Val 1H-13C methyl signals, A& was calculated

using equation A= (%) > (AGF, +0.17A87 )1/2, where A= 1 for lle and V=2 for Leu
and Val (Kato et al., 2011). All NMR experiments were recorded at 25 °C or 30 °C except
those involving selectively [*H,13C]-methyl labeled H2AKISUP-H2B (30 °C and 40 °C) and
NCPH2AK15Ub (40 °C and 45 °C).

Distance and Torsion Angle NMR Restraints

Intermolecular NOEs were initially identified using 3D 1°N-filtered, 1°N-edited and 13C-
filtered, 13C-edited NOESY experiments (Zwahlen et al., 1997) recorded on the ubiquitin-
RNF169 (aa 653-708) complex with a 120 ms mixing time and H2A-H2B-RNF169C
complex with 200 and 150 ms mixing times. In each complex, one component was
uniformly [15N, 13C]-labeled, with partial (30% and 70%) or without deuteration, and the
other component was unlabeled, and vice versa. These NOEs were complemented and
validated by 1°N-edited NOESY-HSQC and 13Cedited NOESY-HSQC or NOESY-HMQC
experiments (150 ms mixing time) recorded on the aforementioned complexes and
additionally on H2AK15Ub _H2B RNF169 (aa 653-708), including complexes in which
H2A-H2B and ubiquitin were each at a time methyl-labeled at isoleucine, leucine and valine
residues while RNF169 was not labeled. Among all the complexes used, a total of 123
unambiguous intermolecular NOEs involving RNF169 were detected, of which 83 were
between RNF169 and ubiquitin, 6 were between RNF169 and H2A, and 34 were between
RNF169 and H2B. Additionally, 320 NOEs were identified between H2A and H2B in the
linked H2A-H2B construct. NOE-based restraints were categorized into seven distance
ranges with upper limits of 3.0, 3.5, 4.0, 4.5, 5.0, 5.5 and 6.0 A. For all distance restraints, a
lower limit of 1.8 A was used. In totality, 4,378 NOE-based distance restraints were used for
structure calculations (Table 1).

Backbone dihedral angle ¢ and + restraints were obtained from the analysis of 1H,
HN, 13C, 13cp, 13C0O and 15N chemical shifts using TALOS+ (Shen et al., 2009).
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Hydrogen bonds were identified based on 1H/2H exchange rates and converted into distance
restraints of 1.8-2.3 A and 2.8-3.3 A for the HN-O and N-O bonds, respectively. Together
with NOE-derived restraints, angle restraints and hydrogen bond distances were included in
the structure calculations (Table 1).

Paramagnetic Relaxation Enhancement Restraints

Initial structures calculated using distance and dihedral angle restraints were used to select
strategic sites in H2AKI5UP_H2B for spin labeling with the paramagnetic probe MTSL (1-
oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl methanethiosulfonate) (Toronto Research
Chemicals Inc. and Santa Cruz Biotechnology). Thr9, Thr14, Glu34, Asp39 and Ser57 in
ubiquitin, and H2B Ser56, Ser87, Ser112, Ser123 and H2A Gly37, Lys74 in H2A-H2B were
selected for spin labeling and thus individually mutated to a cysteine. Wild type proteins
were 15N-labeled while mutants were not. In all cases, H2A-H2B was deuterated. Prior to
reaction with 10- to 15-fold molar excess of MTSL (0.5 M stock in acetonitrile) at 4 °C in
the dark overnight, each purified H2AK15UP_H2B was treated with 10 mM DTT and then
passed twice through a Superdex 75 10/300 GL column (GE Healthcare) using running
buffers of 50 mM NaPi, pH 7.8, 300 mM NaCl, with 10 mM DTT initially and then without
DTT. After reaction, excess MTSL was removed by a third passage using a running buffer of
50 mM NaPi, pH 6.0, 300 mM NaCl. Samples were buffer exchanged in the final NMR
buffer: 25 mM MES-Bis-Tris, pH 6, 50 mM KCI and 10% D,0/90% H,0; and concentrated
between 0.2 and 0.5 mM. 1H-15N HSQC TROSY spectra were recorded on the different
H2AKISUb_H2B samples, first with the oxidized (paramagnetic) form of MTSL, and next
with the reduced (diamagnetic) form of MTSL, both in the absence and presence of 3-fold
molar excess of nonlabeled RNF169 (aa 653-708). Oxidized MTSL was reduced by addition
of ~ 6 mM ascorbic acid to the NMR samples (Battiste and Wagner, 2000). To ensure
complete reduction of MTSL, H-15N HSQC TROSY spectra were collected at least 1 h
after ascorbic acid was added.

The ratios of oxidized and reduced peak intensities (/ox/ /e) in the NMR spectra are related
to distances as formalized in equations 1 and 2 (Battiste and Wagner, 2000; Chen et al.,
2010; Iwahara et al., 2007).

Ioy ., exp(-PRE 1)
Ie > Ry+PRE [Equation 1]

=

K 37 ¢
r=| ——0m 4TC+ 1,292
PRE IHwye [Equation 2]

In equations 1 and 2, PRE is the paramagnetic rate enhancement, #is the total evolution time
of the INEPT in the 1H-15N HSQC, R, is the intrinsic transverse relaxation rate, ax, is the
Larmor frequency of the proton, z.is the correlation time of the electron-proton interaction
[z=(z 1+ 751)1], and ris the distance between the electron in MTSL and nuclear spin of
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interest. The value of 7. can be approximated by that of the protein rotational correlation
time (z;) because the electron spin relaxation time of a nitroxide spin label (zg) is much
longer than 7. Kis a constant equal to 1.23 x 10732 cm® 52,

For structure calculations, the /,/ /. peak ratios were converted into three sets of distance
restraints as previously reported (Battiste and Wagner, 2000; Chen et al., 2010). Protons with
lox! le < 0.15, including those whose resonances were not detected in the paramagnetic
spectra, were assigned distance restraints in the range of 1.8 to 15 A. Protons with /y,/ /e
between 0.15 and 0.8 were assigned distance restraints of 15 to 23.5 A, and those with /o/ /e
> 0.8 were assigned a lower limit of 23 A and no upper limit. The PRE-based distances were
restrained from the nitrogen atom of the MTSL ring and the amide protons of affected
residues. A total of 573 PRE restraints were used for structure calculations (Table 1).

Structure Calculations

Structure calculations were performed using XPLOR-NIH (version 2.44) (Schwieters et al.,
2006). Initial structures were generated using distance geometry and simulated annealing
with NOE-derived distance restraints and torsion angle restraints from TALOS+. In the first
simulated annealing, a starting temperature of 3500 °K was decreased to 100 °K in 25
increments. Two hundred structures with lowest energies were then used as initial templates
for further refinement using simulated annealing with NOE-, PRE- and hydrogen bond-
based distance restraints and torsion angle restraints. During the simulated annealing
refinement, a starting temperature of 3000 °K was decreased to 25 °K in 12,500 increments.
The 20 calculated structures with the lowest energies were retained. The MTSL-labeled
cysteines were replaced by the corresponding original amino acids and the resulting
structures were used for analysis and statistics (Table 1). The quality factor for PRE

_ (Z(Rcalc - Rexp)2>
restraints was calculated from Y RZ, where Reaic and Reyp are the
back-calculated and experimental PRESs derived using equations 1 and 2 above (Battiste and
Wagner, 2000; Chen et al., 2010; Iwahara et al., 2007). Rexp values from the very flexible
regions of the complex are not included in the calculation of Q.

SAXS Data Collection and Analysis

Small-angle X-ray scattering (SAXS) data (Rambo and Tainer, 2013) were collected on
samples of NCP (0.7, 1.4 and 2 mg/mL), NCPH2AKI5Ub (0.8 1.6 and 2.4 mg/mL),

and ncpH2AKI5Ub_ RNF169 (0.7, 1.5 and 2.2 mg/mL) in 20 mM NaPi, pH 7.0, 50 mM NaCl,
5% glycerol. The SAXS data were collected at the SIBYLS Beamline 12.3.1, Advanced
Light Source, Lawrence Berkeley National Laboratory. For each sample, the scattering
intensities were measured at three different protein concentrations. Exposures of 0.5, 1.0 and
5.0 s were used for each sample and data were monitored for radiation-dependent
aggregation. Scattering data were plotted as a function of q = 4= [sin(6/2)]/\, where 6 is the
scattering angle and A is the X-ray wavelength. The buffer scattering curve was subtracted
from the sample scattering curves and the difference curves scaled for solute concentration
and extrapolated to infinite dilution. Data were analyzed using programs from the ATSAS
2.4.2 software package including PRIMUS, GNOM, DAMMIF, SUPCOMB and CRYSOL
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(Petoukhov et al., 2012). PRIMUS version 3.0 was used for initial data processing. GNOM
was used to generate the pair distribution function (Ar)) from which maximum particle
dimension (Dnax) was estimated. The radius of gyration (/g) was estimated using the
Guinier plot. Divergent low-q data points exhibiting artifacts from beam-stop scattering and
data points for which g > 0.25 A1 were not included in Guinier and A(r) analysis. The ab
initio reconstruction of a molecular envelope for the NCPH2AKISUb_RNF169 complex was
done using DAMMIF. Ten independent runs were performed and the normalized spatial
discrepancy (NSD) was used to evaluate the results. The molecular envelope was
superimposed to the NMR/SAXS-based model of NCPH2AKISUb_RNF169 using
SUPCOMB. CRYSOL was used to back-calculate the scattering curve for the
NCPH2AK15ub_RNF169 structural model and evaluate the goodness of fit to experimental
data.

NMR- and SAXS-Based Modeling of NCPH2AK15ub_RpNF169

An initial model of NCPH2AKI5Ub_RNF169 complex was constructed based on the crystal
structure of human NCP (PDB 3AFA) (Tachiwana et al., 2010). Using PRE data of
H2AKL5Ub_H2B and SAXS data of NCPH2AKISUb_RNF169, the model was refined following
a reported protocol (Schwieters et al., 2010). In the modeling, the folded domains of the 8
histone molecules, the C-terminal domain of RNF169 (aa 697-700) and the DNA were held
fixed in space while two ubiquitin molecules (aa 1-71) and the N-terminal domain of
RNF169 (aa 650-684) were treated as rigid bodies. The linker region of RNF169 (aa
685-696) and the N- and C-tails of all histones were given torsional and Cartesian degrees of
freedom. Simulated annealing calculations were done using X-PLOR-NIH at an initial
temperature of 3000 °K with PRE and SAXS force constants set to 0.05 kcal mol™ s2 and
400 kcal mol! s2, respectively. The system was then cooled to 25 °K in 25,000 steps, fixing
the SAXS force constant and ramping the PRE constant to 1 kcal mol s2. Final Cartesian
and torsion angle space minimizations were conducted in 2,000 iterations each. Ten of the
100 simulated annealing structures with the lowest energies and best agreement with PRE
and SAXS data were then used for analysis.

NMR-Based Modeling of NCPH2AK15ub_pAD18

We first determined the solution NMR structure of RAD18 (aa 198-240)-ubiquitin complex
using NOE-based and hydrogen bond-based distance and TALOS+-based dihedral angle
restraints plus H-1°N residual dipolar couplings for RAD18 and ubiquitin measured in a 5%
alkyl-polyethylene glycol (C12E5)/n-hexanol mixture (Ruckert and Otting, 2000). Structures
were calculated using a simulated annealing protocol in XPLOR-NIH (version 2.44). Out of
200 structures, the 20 structures with lowest energies define the ensemble used for structural
analysis and statistics (Table S2). The RAD18 (aa 198-240)-ubiquitin structure differs
slightly from the previously reported NMR structure of RAD18 (aa 198-227)-ubiquitin
(Rizzo et al., 2014) in that it harbors a longer RAD18 a-helix (aa 213-230 instead of
213-224).

The RAD18 (aa 198-240)-ubiquitin NMR structure was used in a rigid body simulated
annealing protocol in XPLOR-NIH to generate a model of the NCPH2AK1Sub_RAD18
complex. Similar to the method used for modeling NCPH2AK15Ub_RNF169, the folded
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domains of the 8 histone molecules were fixed in space while two ubiquitin molecules (aa
1-71) and the N-terminal domain of RAD18 (aa 200-230) were treated as rigid bodies with
full rotational and translational freedom. Ambiguous restraints derived from chemical shift
perturbation experiments were used to restrain RAD18-ubiquitin relative to H2A-H2B
(Figure S7). NOE-derived restraints between RAD18 C-terminal LRM (R234) and the acidic
patch of H2A-H2B (E105 and L106 of H2B) were also included. Based on the analysis of
ITC data, we inferred that the interaction between DNA from NCP and RAD18-ubiquitin
could contribute to the high affinity of the NCPH2AKISUL_RAD18 complex. Thus,
ambiguous restraints between DNA and RAD18-ubiquitin (residues 72, 74 of ubiquitin and
201, 215 and 218 of RAD18) were also included in the docking calculations. Subsequent
simulated annealing steps were performed as described above (see Model of NCPH2AKI5ub_
RNF169). Ten of the 100 simulated annealing structures with the lowest energies were then
used for analysis.

Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) experiments were carried out at 10 °C using VP-ITC
or iTC200 microcalorimeters (MicroCal, Malvern). Samples were buffer-exchanged
extensively in 20 mM Tris-HCI, pH 7.5, 50 mM NaCl. RNF169, RNF168, RAD18 or 53BP1
in the calorimeter injection syringe at concentrations ranging from 0.1 to 0.4 mM were
delivered as a series of 2 ul injections every 3 min (iTC200) and 5 min (VP-ITC) to the
reaction cell containing 5-10 uM NCP, NCPH2AK13ubK15ub N CpH2AKL3ub |\ CpH2AKLSUD o
NCPH2AK15ubHA4Ke20me2 oy titrations of H2A-H2B, H2AK13UbKISW HoR  Hp AKI3Ub OB,
H2AK15Ub_H2B and their mutants with RNF168, RNF169 (wild type and mutants) or
RAD18, concentrations of 10-40 uM and 0.2-0.5 mM were used for samples in the reaction
cell and injection syringe, respectively. The measurements were paired with control
experiments for heat of mixing and dilution. Data were analyzed using a one-site model with
Levenberg-Marquardt nonlinear regression programmed in Origin 7.0 software (OriginLab
Corporation).

Ni2*-NTA Pull-Down Assays

For the Ni2*-NTA pull-down assay in Figure 1B, 16 pmol of the Hisg-tagged bait added to
75 pL of Ni2*-NTA resin, pre-equilibrated with 50 mM NaPi, pH 7.5, 300 mM NaCl, were
mixed and incubated for 1 h at 4 °C on a nutator. Baits were RNF168 (aa 430-481) and
RNF169 (aa 653-708) with N-terminal Hisg-tag, and RAD18 (aa 198-240) with C-terminal
Hisg-tag. Bait-loaded beads were washed 3 times with 50 mM NaPi, pH 7.5, 150 mM NaCl
(1 mL, 5 min), centrifuging (21,000 g, 2 min) between washes, and then resuspended in 150
uL of this buffer. To each 50 pL of this slurry, no NCP, 12 mg unmodified NCP, 50 pL of
K13/K15 NCP ubiquitylation reaction, and 50 pL of K119 NCP ubiquitylation reaction were
added. Mixtures were incubated for 1 h at 4 °C on a nutator before beads were washed 3
times with 50 mM NaPi, pH 7.5, 150 mM NaCl, 20 mM imidazole, 0.02% NP-40 (1 mL, 5
min). To the “dry” resin, 25 pL of 2x Laemli dye was added. Samples were boiled for 2 min
and 5 pL of the supernate was loaded onto a gel (15% TGX, Biorad). Protein bands were
transferred onto a nitrocellulose membrane (Trans-Blot Turbo System, Biorad) and
processed for Western blot analysis. The membrane was blocked (5% non fat milk in TBS
(50 mM Tris-Cl, pH 7.6; 150 mM NacCl), 1 h, r.t.), incubated with primary antibody (1:1000
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dilution in 1% BSA in TBS, overnight 4 °C), washed 5 x 5 min with TBST (TBS with 0.1%
Tween 20), incubated with HRP-conjugated secondary antibody (1:10,000 dilution in 1%
non fat milk in TBS, 1 h, r.t.), washed 5 x 5 min with TBST, and developed with an ECL
reagent for imaging using a ChemiDoc MP system (Biorad).

The K13/K15 NCP ubiquitylation reaction contained 50 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 2 mM MgCl,, 1 uM ZnCl,, 1 mM TCEP, 1.6 uM Ubal (E1), 8 uM UbcH5c (E2), 8
UM Rnf168-RING (E3), 1.2 uM NCP, 50 uM ubiquitin and 3 mM ATP. In K119 NCP
ubiquitylation reaction, RING1B-BMI1 replaced RNF168 and MgCl, concentration was 10
mM. The reactions proceeded for 90 min at 32 °C before Ni2*-NTA beads were added.

For the Ni2*-NTA pull-down in Figure 1C, similar procedure as above was performed with
some changes: RAD18 (aa 198-240) bait used has N-terminal Hisg-GB1-tag, K15-
ubquitylated NCP was obtained from DNA/histone reconstitution using H2AK15ub mimic,
NP-40 was not used in the wash buffer, and 18-20 pg of NCP and NCPK15Ub haits were
used.

GST Pull-Down Assays

Antibodies

GST pull-down assay was carried out by first incubating 40 puL of 50% GSH slurry
(Clontech) in buffer 1 (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.05% NP-40, 0.1% BSA)
with a bait (3 pg GST or equimolar amounts of GST-53BP1 wild-type or T1609E/S1618E
mutant) on a nutator for 1 h at 4 °C. Beads were then washed 3 times with buffer 1 (1 mL, 5
min), centrifuging (21,000 g, 2 min) between washes. Input NCPH2AK15ubH4Kc20me2 (36
mg), without or with equimolar, 2-fold and 4-fold molar excess of RNF168, RNF169 and
RAD18, were added to the immobilized baits and mixed on a nutator for 2 h at 4 °C. Beads
were washed 5 x 5 min with buffer 1, the last wash omitting NP-40 and BSA, and excess
liquid removed prior to adding 40 pL of 2x Laemli dye. Beads were boiled for 2 min and 10
UL of the supernate was loaded onto a 4-20% TGX gel (Biorad). Next, Western blot was
done as described above.

Antibodies used for Western blot analysis were anti-ubiquitin (Cell Signaling P4D1, 1:1000
dilution), anti-H2A (Millipore 07146, 1:1000 dilution), anti-K15 ubiquitylated H2A (a gift
from Dr. Zhiguo Zhang, 1:500 dilution) (Wang et al., 2016), anti-GST (Santa Cruz sc-138,
1:1000 dilution), anti-mouse HRP-conjugated (Cell Signaling 7076, 1:10,000 dilution) and
anti-rabbit HRP-conjugated (BioRad 172-1019, 1:10,000 dilution).

Data and Software Availability

The atomic coordinates and NMR resonance assignments have been deposited to the Protein
Data Bank (PDB) and Biological Magnetic Resonance Data Bank (BMRB) under accession
codes PDB 5VEY and BMRB 30275 for H2AUP-H2B-RNF169 (653-708) and PDB 5VFO0
and BMRB 30276 for Ubiquitin~-RAD18 (198-240), respectively. Original gel images have
been deposited to Mendeley Data, http://dx.doi.org/10.17632/ttr7y2ht2f.1.
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Figure 1. Specific interaction of RNF169, RNF168 and RAD18 with the nucleosome core particle
ubiquitylated at histone H2A lysines 13 and 15

(A) Amino acid sequences of RNF168, RNF169 and RAD18 ubiquitylated nucleosome
binding motifs. A stretch of 4 residues conserved in RNF169 and RAD18 in underlined.
(B) NiZ*-NTA pull-down of unmodified (WT), RNF168-ubiquitylated (H2AK13/K15) and
RING1B-BMI1-ubiquitylated (H2AK119) NCPs by Hisg-tagged RNF168, RNF169 and
RAD18, immunoblotted (IB) for histone H2A and ubiquitin (ub).

(C) NiZ*-NTA pull-down of NCP and NCPH2AKISUb (reconstituted with ubiquitin-fused
H2A) by Hisg-tagged RNF168, RNF169 and GB1-RAD18, analyzed by SDS-PAGE.

(D) ITC results (top, raw titration data; bottom, integrated heat measurements) for RNF169
interactions with the NCP enzymatically ubiquitylated at Lys13, Lys15 or both. n is the
stoichiometry of binding. Kys are reported with s.d. determined by nonlinear least-squares
analysis.

(E) ITC results for RNF168 interactions with the NCP enzymatically ubiquitylated at Lys13,
Lys15 or both.

(F) ITC results for RNF169 interactions with H2A-H2B enzymatically ubiquitylated at
Lys13, Lys15 or both.

(G) ITC results for RNF168 interactions with H2A-H2B enzymatically ubiquitylated at
Lys13, Lys15 or both.
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Figure 2. Methyl-TROSY spectra of H2AKI5UD_H2B and NCpH2ZAK15Ub
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Hip.p.m.)

Ubiquitin in NCPH2AK15u0
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'Hip-p.m.)

(A) Methyl-TROSY spectra of lle, Val, Leu methyl-labeled H2A-H2B in the context of
H2AKISUb_H2B NCP and NCPH2AKISUb From left to right: First panel corresponds to the
enzymatically ubiquitylated long version of H2A-H2B used to reconstitute the NCP. Second
panel corresponds to the enzymatically ubiquitylated short version of H2A-H2B used for
NMR structure determination of H2AK15Ub_H2B_RNF169. Third panel corresponds to the
NCP reconstituted with the non-ubiquitylated long version of H2A-H2B. Fourth panel
corresponds to ubiquitylated NCP reconstituted with the long version of H2AKISUP_H2B in

the first panel.

(B) Methyl-TROSY spectra of lle, Val, Leu methyl-labeled ubiquitin in the context of
H2AKL5Ub_H2B and NCPHZAKISUD described in A. In the right spectrum, the ubiquitin
methyl signals that extensively broadened in the context of NCPH2AKISUb ht not in
H2AKI5Ub_H2B (left spectra) are highlighted with red circles. The corresponding residues
(Val5, Val17 and Val26) are shown as gray spheres in the NCPH2AKISU_RNF169 complex
structure.
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Figure 3. NMR characterization of RNF169 in complex with H2A-H2B and the nucleosome
ubiquitylated at H2AK15

(A) Top: Regions of methyl-TROSY spectra of H2AKISUb_H2B selectively H-13C-labeled
at methyl groups of lle, Leu and Val residues of H2A-H2B or ubiquitin in an otherwise
perdeuterated background, free (black) and bound to unlabeled RNF169 (red). Bottom:
Regions of 1H-15N TROSY HSQC spectra of H2AK15UP_H2B prepared with 1°N-labeled
H2A-H2B and unlabeled ubiquitin, free (black) and bound to unlabeled RNF169 or RNF168
(red). Suffix A is for H2A and B for H2B.

(B) Cartoon representation and NMR structure ensemble of H2AKI5Ub_H2B in complex with
RNF169.

(C) Cartoon representation of a region of the H2AKISUb_H2B-RNF169 complex highlighting
the interaction of RNF169 a-helix and ubiquitin. Key residues are in stick representation.
(D) Cartoon representation of a region of the H2AK15Ub_H2B_RNF169 complex
highlighting the interaction of RNF169 LRM with H2A-H2B. Key residues are in stick
representation. H2A-H2B acidic patch area binding RNF169 Arg700 is circled in orange.
(E) NMR/SAXS-based model of NCPH2AKISUD jn complex with RNF169. Goodness of fit of
the model to SAXS data recorded for the NCPH2AKISUD_RNF169 complex.

Mol Cell. Author manuscript; available in PMC 2018 May 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hu et al.

Page 26
A B
H2AKI5Ub.H2B (H2A-H2B: 15N, 2H) H2AKI5ub.H2B (H2A-H2B: 15N, 2H)
+ RNF169 (653-708) + RNF168 (430-485)

HZB ::I‘-4 H2A -.I:-. H2B |T'--a H2A J

T ? J o 33 50 75 100 l od

“Ki=03£01uM(TQ) O

“Kg=12£0.3 uM (ITC)

=
@

Ad (pp.m.)
~ A (ppm)
o
¥

el

=
=

H2A-H2B (5N, 7H) C o avida
+ RNF169C (ﬁgg-?m) _ e N chemical shift perturbations
2 124 2 108 . 4
| 9 RNF
e 3 RS- T TR
04 “Ky=0.7 £0.1 mM (NMR
— : Isopeptide
| linkage ~~
e e R ] Ubiquitin
& ~B-
; 02 _Helix a1
3
oLl GORRY | (T [ WO || | TeTnemney MO ﬁ E{?A
C . H2B
004 '
25 50 75 100 125 150 175
Residue
H2AKa15ub-H2B (H2A-H2B: 1*C-'H methyl-labeled at lle, Leu, Val, 2H) H-13C lle, Leu,Val methyl groups

chemical shift perturbations
124 H2A RN -
| 1
I x d

“Kg=03+0.1uM (ITC)

+ RNF169 (653-708)
HZB

33 75 100
0144

0124
‘_:_U 104
£
a.0.084
s

o 4
2006

Figure 4. NMR of RNF169 and RNF168 interactions with H2AK1SUb_H2B
(A) Top: Magnitude of IH-15N chemical shift changes in H2A (blue) and H2B (green) in the

context of H2AKISUb_H2B after adding 3-fold molar excess RNF169 (aa 653-708). The Kj
determined using ITC is indicated. Isotope labeling schemes are specified in this and
subsequent diagrams. Residues for which signals disappear due to exchange broadening are
indicated with red elliptical disks on the x axis. The red rectangle highlights the main
difference with the H2AK15Ub_H2B_RNF168 interaction (see Figure 4B). Middle:
Magnitude of IH-15N chemical shift changes in H2A and H2B in the context of H2A-H2B
after adding 10-fold molar excess RNF169 (aa 688-704). The Kj calculated from NMR
chemical shift changes of selected H2A-H2B residues caused by interaction with RNF169C
is indicated. Bottom: Magnitude of 1H-13C chemical shift changes in lle, Val and Leu
methyl groups of H2A and H2B in the context of H2AKISUb_H2B after adding 3-fold molar
excess RNF169.

(B) Magnitude of IH-15N chemical shift changes in H2A (blue) and H2B (green) in the
context of H2AK15Ub_H2B after addition of 3-fold molar excess RNF168. The ITC-derived
Ky is indicated. The red rectangle highlights the main difference with the H2AK15Ub_H2B—
RNF169 interaction (see Figure 4A).

(C) Top: Cartoon representation of the H2AKI5Ub_H2B_RNF169 structure highlighting H2A
and H2B residues (spheres) for which there are marked changes in H-1°N chemical shifts

Mol Cell. Author manuscript; available in PMC 2018 May 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hu et al.

Page 27

(larger than the s.d. of the shift for all residues). Spheres are colored gray when interaction
with RNF169 causes signal disappearance. Bottom: Like in Top but marked changes are
in 1H-13C chemical shifts of lle, Leu and Val methyl groups.
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Figure 5. Ubiquitin adopts a preferred orientation relative to H2A-H2B
(A) Top: Magnitude of H-1°N chemical shift changes in ubiquitin caused by ubiquitylation

of H2A Lys15 in H2A-H2B (red) versus Lys164 in PCNA (black). Middle: Magnitude

of 1H-15N chemical shift changes in H2A (blue) and H2B (green) caused by ubiquitylation
of H2A Lys 15 in H2A-H2B. Bottom: Cartoon representation of the H2AK15Ub_H2B—
RNF169 structure highlighting residues (spheres) for which there are marked changes

in 1H-15N chemical shifts (larger than the s.d. of the shift for all residues) in H2AK15Ub_H2B
caused by ubiquitylation of H2A Lys15. Note the shifts in helix a1 of H2B indicating a
preferred orientation of ubiquitin in the absence of RNF169.

(B) Top: Magnitude of 1H-13C chemical shift changes in Ile, Val and Leu methyl groups of
ubiquitin caused by ubiquitylation of H2A Lys 15 in H2A-H2B. Middle: Magnitude

of 1H-13C chemical shift changes in lle, Val and Leu methyl groups of H2A (blue) and H2B
(green) caused by ubiquitylation of H2A Lys 15 in H2A-H2B. Bottom: Cartoon
representation of the H2AK15Ub_H2B_RNF169 structure highlighting residues (spheres) for
which there are marked changes in 1H-13C chemical shifts (larger than the s.d. of the shift
for all residues) in H2AKISU_H2B caused by ubiquitylation of H2A Lys15. Note the shifts
in helix al of H2B indicating a preferred orientation of ubiquitin in the absence of RNF169.
(C) Left: Comparison of 13C-methyl-lysine signals of ubiquitin in the free state (black) and
in NCPH2AKI5Ub (yed). Right: Cartoon representation of the NMR/SAXS-based model of
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NCPH2AKISUb_RNF169 in which ubiquitin Lys11 and Lys27 are highlighted in yellow and
Lys6, Ly48 and Lys63 highlighted in gray. Note that there are two signals for Lys27.
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Figure 6. Effects of RNF168, RNF169 and RAD18 on the association of 53BP1 with the
nucleosome ubiquitylated at H2AK15 and dimethylated at H4K20

(A) Overlay of the cryo-EM structure of NCPH2AK15ubH4Kc20me2_53BpP] (ag 1611-1631)
and NMR/SAXS-based model of NCPH2AKISUb_RNF169 (aa 653-708).

(B) ITC results for the interactions of GST-53BP1 (aa 1484-1635) dimer, RNF168, RNF169
and RAD18 with NCPH2AK15ubH4Kc20me2 The GST-53BP1-NCPH2AKISUD jnteraction was
also probed. n is the stoichiometry of binding. Kys are reported with s.d. determined by
nonlinear least-squares analysis.

(C) GST pull-down assays of NCPH2AK15ubH4Kc20me2 jp, the absence (lane 12) and presence
of equimolar (lanes 1-3), 2-fold (lanes 4-6) and 4-fold (lanes 7-9) molar excess of RNF168,
RNF169 and RAD18 with GST-53BP1 (aa 1484-1635), immunoblotted (IB) for GST, K15-
ubiquitylated H2A (H2AK15Ub) and ubiquitin (ub). Pull-downs of NCPH2AK15ubH4Kc20me2
with GST (lane 11) and GST-53BP1 (aa 1484-1635) T1609E/S1618E mutant (lane 13, red
star) were done as negative controls. 53BP1 T1609E/S1618E is unable to bind

NCPH2AK15ubH4Kc20me2 a5 reported (Lee et al., 2014; Orthwein et al., 2014). Input
NCPH2AK15ubH4Kc20me2 jg in lane 10.

Mol Cell. Author manuscript; available in PMC 2018 May 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hu et al.

H2AK15-ubiquitylated nucleosome + RAD18

Time {min)
a a0

a

Gok i

RAD18 (198-240)

Ke=2d2426nM

keal mol! of injectant  pcalisec

XX XX

Ll 1 2 34
Modar ratio

keal mot ! of injectant  pcalisec

02

2]
-9
"

a3{

RAD18 (198-227)
t———
RS

oaq
oy

Tirrv {rir}

NCPH2ZAR15ub 4

n=17

-8 P -
aplKa=08202 M

1 2 3 4
Maolar ratio

H2AK15-ubiquitylated H2A-H2B + RAD18

Time (min) Tirne (rmin)
o 0 40 80 20 40

Ll. u-Gl I |-|-[|!|IIIII|"r
§- EShIII
7 - ® a3 |l
b = il Haam e 2B +
§ 25] RAD18 (198-240) § 28] RAD18 (196-227)
o g
£ E a2
> n=fg = - J(n;é’—_‘
;o Ky 12402 pM B | Me=26:04uM
e g T3

Modar ratio Maolar ratio

Ubiquitin + RAD18
Time (min) Tirme (min)
o 0 40 80 20 A0
" T o ol
§ g
5o 5 0] |
= 5] Ubiquitin + = 5] Ubiguitin +
§ 051 RAD18 (198-240) § 20 RAD18 (198-227)
g 54 —
£ 2, ‘/,-"""
= = 2
5 f 2 4 “h=08
£ K,= 2303 uM| B 4| Ke=33:04uM
§ 104, § o
-4

7 T
Molar ratio

1 2
Maolar ratio

B
RAD18 ("5N)
+H2A-H2B

va0z FTC207 =

1204
| - .

L1220

g

| b e
1251%

N (p.p.m.)

E213 K201
LW
21 “vr C204
82 8.0 B8
H(p.p.m)

H2AK 5. H2B
(H2A-H2B: "N, 2H)
+RAD18

N94A Hage =
1934 ::::-.f -’

10 8.0
H (p.p.m.)

Page 31

H2A-H2B ("N, H)
+RAD18

E64A 1108 ®-
ST S
125 . -
E1058 ya7p-*
|./ E91a

H2AK15u.H2B
(ub: 15N, 2H)
+ RAD18

vsa'::}‘: W

o Les 2

2 R
we

LB7 . oFg5 LIS
13
2] =
M-E/"
94 9.0 BH
H{p.p.m)

Ubiquitin

“H2A

Figure 7. Interaction of RAD18 with the nucleosome ubiquitylated at H2AK15
(A) ITC results for the interactions of RAD18 (aa 198-240; aa 198-227) with ubiquitin and

with the NCP and H2A-H2B enzymatically ubiquitylated at H2AK15. n is the stoichiometry
of binding. Kjs are reported with s.d. determined by nonlinear least-squares analysis.

(B) Regions of 1H-15N TROSY HSQC titration spectra of RAD18, H2A-H2B and
H2AKI5Ub_H2B jllustrating the interaction of RAD18 with H2A-H2B and ubiquitin in
H2AKISUb_H2B  Different isotope labeling schemes (1°N or 15N, 2H) were used as indicated.
(C) Cartoon representation of the NMR-based model of NCPX15U0 jn complex with RAD18
(aa 198-240). The zinc atom is shown as a gray sphere. Side chains of RAD18 for which
NMR signals were most affected (i.e. exchange broadened) by interaction with H2A-H2B
are shown in yellow sticks. RAD18 R234 side chain interacting with H2A-H2B acidic patch

is also shown.
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Table 1
NMR and refinement statistics for H2AKISUb_.H2B_RNF169

H2AK15W-H2B-RNF169 (653-708)

NMR distance, dihedral and PRE restraints
Distance restraints

Total nuclear Overhauser effect 4378

Intra-residue 861
Inter-residue 3074
Sequential (|/—4=1) 1144
Medium-range (/- 4 < 4) 1164
Long-range (|/— | =5) 766
Intermolecular 443
H2A-H2B 320
Ub-RNF169 83
H2A-RNF169 6
H2B-RNF169 34
Hydrogen bonds 292
PRE 573
Total dihedral angle restraints 412
) 206
" 206
Structure statistics
Violations
Distance restraints (A) 0.043 +0.070
Dihedral angle restraints (°) 0.536 + 0.804
Max. dihedral angle violation (°)  3.625 + 0.358
Max. distance violation (A) 0.380 + 0.053
Deviations from idealized geometry
Bond lengths (A) 0.005 + 0.000
Bond angles (°) 0.537 £ 0.004
Impropers (°) 0.340 £ 0.005
PRE Q 0.356 + 0.015

4 Average r.m.s. deviation to mean structure (A)
Backbone 1.02+0.24
Heavy 1.39+0.21

4 Average r.m.s. pairwise deviation (A)

Backbone 1.42+0.40

Heavy 1.95+0.37
4 Ramachandran plot (%)

Most favored regions 97.4

Additionally allowed regions 2.6
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H2AKI5Ub 2B RNF169 (653-708)

Generously allowed regions 0.0

Disallowed regions 0.0

aThe r.m.s. deviations and Ramachandran plot parameters were calculated for residues H2A (15-97), H2B (39-123), ubiquitin (1-71) and RNF169
(654-685 and 697-700) using an ensemble of 20 structures.

Mol Cell. Author manuscript; available in PMC 2018 May 18.



	Summary
	Introduction
	Results and Discussion
	RNF168 and RNF169 Specifically Bind the Nucleosome and Histone H2A-H2B Ubiquitylated at H2A Lysines 13 and 15
	Solution NMR Structures of RNF169 in Complex with H2AK15ub-H2B and NCPH2AK15ub
	Mutations in H2A, H2B, Ubiquitin and RNF169 Validate the H2AK15ub-H2B–RNF169 and NCPH2AK15ub–RNF169 Structures
	RNF169 Stabilizes a Pre-existing Conformation of Ubiquitin in H2AK15ub-H2B and NCPH2AK15ub
	RNF169 But Not RNF168 Displaces 53BP1 From NCPH2AK15ubH4K20me2
	RAD18 Forms a Tight Complex With NCPH2AK15ub and Displaces 53BP1 From the Nucleosome
	Concluding Remarks

	Contact For Reagent and Resource Sharing
	Experimental Model And Subject Details
	Method Details
	Expression and Purification of Proteins
	Preparation of Histones and Nucleosomes
	Ubiquitylation Reactions
	NMR Spectroscopy
	Distance and Torsion Angle NMR Restraints
	Paramagnetic Relaxation Enhancement Restraints
	Structure Calculations
	SAXS Data Collection and Analysis
	NMR- and SAXS-Based Modeling of NCPH2AK15ub–RNF169
	NMR-Based Modeling of NCPH2AK15ub–RAD18
	Isothermal Titration Calorimetry
	Ni2+-NTA Pull-Down Assays
	GST Pull-Down Assays
	Antibodies

	Data and Software Availability
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1

