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RNF168 ubiquitinates K13-15 on H2A/H2AX 
to drive DNA damage signaling
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Ubiquitin-dependent signaling during the DNA damage response (DDR) to double strand 
breaks (DSBs) is initiated by two E3 ligases, RNF8 and RNF168, targeting histone H2A and 
H2AX. RNF8 is the first ligase recruited to the damage site, and RNF168 follows RNF8-
dependent ubiquitination. This suggests that RNF8 initiates H2A/H2AX ubiquitination 
with K63-linked ubiquitin chains and RNF168 extends them. Here, we show that RNF8 is 
inactive towards nucleosomal H2A, whereas RNF168 catalyzes the mono-ubiquitination 
of the histones specifically on K13-15. Structure-based mutagenesis of RNF8 and RNF168 
RING domains shows that a charged residue determines whether nucleosomal proteins 
are recognized. We find that K63 ubiquitin chains are conjugated to RNF168-dependent 
H2A/H2AX monoubiquitination at K13-15 and not on K118-119. Using a mutant of 
RNF168 unable to target histones but still catalyzing ubiquitin chains at DSBs, we show 
that ubiquitin chains per se are insufficient for signaling, but RNF168 target ubiquitination 
is required for DDR.
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RNF168 ubiquitinates K13-15 on H2A/H2AX to 
drive DNA damage signaling

of the second E3 ligase, RNF168, by its ubiquitin 
binding domains [11-13]. The concerted action 
of these ligases contributes to the ubiquitin-
dependent signals necessary for the further 
recruitment of downstream regulators of the DSB 
response pathway, such as 53BP1 and the BRCA1 
complex [15-20]. 

Very little is known about the substrate spectrum 
of the ligase activity of RNF8 and RNF168 during 
DDR. So far the main targets are histone H2A and 
its variant H2AX, where the E3s are thought to 
form K63-linked ubiquitin chains [7-13]. Because 
of their recruitment order, it has been proposed 
that RNF8 is the ligase responsible for the initial 
ubiquitination of the histones, while RNF168 is 
thought to extend the chains on this target. 

More recent data have revealed higher complexity 
to this pathway, where phosphorylation and 
sumoylation are signaling in conjunction with 

INTRODUCTION  
Ubiquitination of target proteins was discovered 
by the identification of this mark on histone 
2A (H2A) at lysine 119 [1-2]. This prevalent 
modification can be present at up to 10% 
of cellular H2A in chromatin as a result of 
ubiquitination by the E3 ligases present in the 
Polycomb repressive complex 1 (PRC1) during 
transcriptional repression [3-6]. More recently it 
was suggested that two RING-type ubiquitin E3 
ligases, RNF8 and RNF168, with roles in the DNA 
damage response (DDR) also modify H2A [7-14].

These ligases participate in the early signaling 
events of the double-strand break (DSB) repair 
pathway, where their ubiquitination   activity is 
required for proper DDR. RNF8 is the first ligase 
that binds to damaged sites in an ATM-dependent 
manner [7-10]. The E3 ligase activity of RNF8, 
conferred by its C-terminal RING domain, is 
required for the formation of ubiquitin chains 
at the site of damage to permit the recruitment 
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the ubiquitination-dependent cascade [21-23]. 
Additional ubiquitin ligases also participate in 
the damage response, such as the BRCA1/BARD1 
complex that is recruited by the actions of RNF8 
and RNF168 and is responsible for downstream 
signaling [15-17], the HECT-type E3 HERC2 
that is recruited by RNF8 in a phosphorylation 
dependent manner and appears to have different 
substrate spectrum than the RING-type ligases 
RNF8 and RNF168 [24], RAD18 and the negative 
regulator RNF169 whose involvement in DSB 
repair was recently described [25-26]. Also the 
polycomb Ring1B/Bmi1 complex is implicated in 
the DSB response, where its activity toward K119 
of histone H2A appears to be important [27-33]. 
In this complex scenario, the current literature 
lacks biochemical details to clarify the molecular 
events that define the DNA damage-dependent 
H2A/H2AX ubiquitination orchestrated by RNF8 
and RNF168.

Here, we study the mechanism of RNF168 and 
RNF8. Surprisingly we find that the first step 
of H2A ubiquitination is catalyzed by RNF168, 
while RNF8 is inactive toward this target. To 
confirm this finding, we solve the structure of 
the catalytic RING domain of RNF8 to find the 
region that is responsible for target specificity for 
these ligases. Using specific single-point target 
recognition mutants we validate the importance 
of this region on RING domains for the function 
of these E3s in vitro and in vivo. 

We find that RNF168-dependent H2A 
ubiquitination during DDR takes place at a 
previously unknown site on H2A, on K13 or 
15. We also show that K63 ubiquitin chains are 
specifically formed on this site and not on the 
Polycomb-modified residue. We find that RNF8 
is efficient in catalyzing these chains in vitro on 
the already ubiquitinated histone. Interestingly 
we show that it is this target ubiquitination step 
by RNF168 that is critical for the integrity of the 
DDR pathway. 

RESULTS
RNF168 efficiently modifies H2A in nucleosomes 
in vitro, and RNF8 is inactive toward this target.
In order to understand the molecular details of 
the early steps of the DSB repair pathway, we 
reconstituted in vitro the reactions carried out 

by RNF8 and RNF168 toward H2A using purified 
human oligonucleosomes as substrate.  

We first assessed the intrinsic activity of these 
ligases in catalyzing the formation of ubiquitin 
chains in vitro in absence of the target. Purified 
full-length human RNF8 or RNF168, as well as 
their isolated RING domains (Figure 1A) were 
incubated with E1, Mg2+, ATP, ubiquitin and a set 
of E2s. The formation of ubiquitin chains was 
followed by western blot analysis and in these 
assays both E3 ligases were active with several 
E2s. RNF8 showed high activity particularly 
with UbcH5c and the Ubc13/Mms2 complex, 
depleting the pool of free ubiquitin (Figure 1B 
and S1A). Although the activity of RNF168 was 
lower, it still promoted ubiquitin conjugation with 
these E2 enzymes (Figure 1B and S1B).

Previous studies have shown that both RNF8 and 
RNF168 are active toward isolated purified histone 
proteins [9, 11, 13]. In our hands, both E3 ligases 
ubiquitinate H2A in its free form, or in presence 
of the other histones without DNA (Figure 1C). 
However on purified oligonucleosomes, where 
the histone octamer is surrounded by DNA only 
RNF168 maintains its capacity to target H2A, 
primarily with the E2 UbcH5c. In contrast, full-
length RNF8 and its RING domain are extremely 
inefficient in modifying nucleosomal H2A 
with any of the E2s (Figure 1C-D and S1C-F). 
Comparable results were obtained for histone 
H2AX (Figure 1E). Additionally, from the analysis 
of the other histone proteins in nucleosomes we 
see that RNF168 can target H2B, but not H3 and 
H4, to a lower extent than the H2A-type histones 
(Figure S1G) while RNF8 is inactive.

The finding that RNF168 targets H2A/H2AX 
efficiently, whereas RNF8 is inactive, contrasts 
with the order of recruitment of these ligases to 
the damage site, and thus challenges the current 
view on the order of events of H2A ubiquitination 
by RNF8 and RNF168 in the DDR. 

Crystal structure of the RING domain of RNF8
RNF8 is capable of modifying H2A in isolation, 
but it is inactive when the histone is in its most 
common form within the nucleosome. We 
determined the crystal structure of the RING 
domain of RNF8 to understand the molecular 
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determinants of this target specificity. The 
structure was solved at 1.9 Å resolution using 
the anomalous signal of the Zinc ions (Figure 
2A), with R/Rfree of 20.0/22.6% and excellent 
stereochemistry (Table S1). The Zinc-binding 
region in the RING (403-441) forms the canonical 
structure with two Zn2+ ions coordinated by 
the C3HC4 motif. It resembles other RING 
structures, including the recently determined 
RNF168 monomer (PDB: 3L11, rmsd 2.0 Å for the 
monomer) (Figure 2B) [34]. 

The RNF8 RING domain forms a dimer through 
interactions of the core RING domain and 
flanking regions in a manner that resembles 
other dimeric RING dimers such as Ring1B/Bmi1 
[5-6], BRCA1/BARD1 [35], RAD18 [36] and the 
U-box protein CHIP [37] (Figure 2B), but with 
an extended buried interface (~2000 Å2), due to 
long N-terminal helices that fully contribute to 
the dimer interface, in accordance with the low 
resolution structure recently published [34]. 
We used SAXS (Small Angle X-ray Scattering) [38-

39] to study the shape of the RNF8 RING domain 
and confirmed the extended arrangement of 
these helices in solution. Ab initio modeling 
based on these SAXS measurements resulted in 
a molecular shape that fits the crystal structure 
well (Figure 2C and S2A).

In the crystal structure, these N-terminal helices 
adopt 35o different orientations in each protomer 
within the dimer, revealing the possibility of a 
structural asymmetry that was also observed 
in full-length CHIP [37] (Figure 2D). Although 
most likely due to crystal contacts, the point of 
asymmetry is conserved between RNF8 and CHIP 
(Figure S2B). In general, structural and functional 
asymmetry seems to be a conserved feature in 
this class of E3-ligases, where, e.g., in Ring1B/
Bmi1, BRCA1/BARD1, RAD18, and CHIP only one 
protomer is active [5, 35-37, 40-41].

Identification of a target recognition site on 
RING domains explains the differences in 
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Figure 1. RNF168 efficiently modifies H2A in nucleosomes in vitro, while RNF8 is inactive toward this target.
A. Domain architecture of human RNF8 and RNF168. Full length (F) and RING (R) domain constructs used. B. Time course (10-30-90-
180 min) ubiquitin chain formation assay of 1µM full-length RNF8 and RNF168 with the E2 enzymes UbcH5c and Ubc13/Mms2 in 
presence of 15 µM ubiquitin. C. Full-length and RING domain of RNF8 can efficiently ubiquitinate isolated H2A or H2A in the context 
of the octamer (lanes 5-6 and 8-9), whereas they are inefficient in ubiquitinating H2A in the nucleosomal context (lane 7 and 10). 
RNF168 can efficiently target H2A in each context (lanes 11-13). D. H2A ubiquitination in purified oligonucleosomes (time course, 
as above) with 1µM E3. Concentration series is shown in Figure S1E. E. RNF168 can modify H2AX in nucleosomes and RNF8 does 
not (3hrs). Ring (R), Full-length (F). See also Figure S1.
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When we superimposed the RING domains 
in these structures (Figure 3A) we noted a 
significant deviation located just C-terminal to 
the last cysteine of the RING motif, flanked by a 
charged residue, that is negative in RNF8 (D443), 
but positively charged in RNF168 (R57) and 
Ring1B (K93).

activity toward H2A in nucleosomes
We compared the crystal structure of RNF8, 
which is inactive against nucleosomal H2A, with 
crystal structures of two E3 ligases that can 
catalyze H2A mono ubiquitination, RNF168 and 
Ring1B. This allowed us to search for regions 
involved in substrate recognition in these E3s. 
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Figure 2. Structure of RNF8 RING homodimer.
A. Cartoon representation of the crystal structure of the dimeric RING domain of RNF8 (residues 351-483 (chain A) and 359-
485 (chain B) could be built in density, Zn2+ grey spheres). Front and 90° rotated view. N and C termini are highlighted. B. The 
RNF8 heterodimer resembles other RING E3 ligases: RNF168 monomer (magenta, PDB: 3L11), Ring1B/Bmi1 (blue, PDB: 2CKL), 
BRCA1/BARD1 (green, PDB: 1JM7). Superpositions with RNF8 shown without the extended N-terminal helices for clarity. C. SAXS 
analysis of the RNF8 RING domain. Plot of the scattering curve used for analysis and theoretical curve calculated from the crystal 
structure. Ab initio model (shown as light gray surface, derived from DAMAVER) based on SAXS measurements superposed to the 
crystal structure (orange cartoon). Table shows calculated values and expected ones are in brackets based on crystal structure. D. 
Superposition of chain A and B of the RNF8 RING dimer shows asymmetry due to a kink of the N-terminal flanking helices of 35°. 
Images were prepared using GraphPad Prism and PyMOL. See also Figure S2 and Table S1.

Figure 3. Determination of substrate recognition site in E3 RING domains. 
A. Superposition of RNF8, Ring1B and RNF168 RING domain structures (shown without RNF8 flanking helices) and structure based 
sequence alignment of the RING domains (with RNF8 secondary structure and numbering) reveals differences downstream of 
the core RING domain (red box highlights the core Zn-binding RING domain, Zn coordinating residues in red). The residue that is 
positively charged in E3 ligases targeting H2A (Ring1B, RNF168) but negative in RNF8, that does not modify H2A in nucleosomes 
is shown (blue star in alignment, zoom and surface charge (blue positive, red negative), in boxes below). B. R57D mutation in full-
length RNF168 causes loss-of-function toward H2A in nucleosomes (for anti-ubiquitin blot of these samples, Figure S3A). C. Full-
length RNF168 R57D is not affected in ubiquitin chain formation capacity, time course experiment (10-30-90-180 min) performed 
with UbcH5c and in absence of oligonucleosomes (RING domain shown in Figure S3B). D. Single turnover E2 discharge is not affected 
by R57D mutation. Graphs showing UbcH5c discharge rates for full-length RNF168 WT and R57D (0.5 µM concentration E3). Mean 
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and Standard Deviation (SD) calculated on two independent experiments, and example SDS-PAGE used for analysis in Figure S3C. E. 
Gain-of-function D443R mutation in full-length RNF8 confers ability to ubiquitinate H2A with UbcH5c but to a lesser extent than the 
RING domain (for anti-ubiquitin blot of these samples, Figure S3D, time course assay Figure S3I). F. D443R mutation in full-length 
RNF8 does not affect ubiquitin chain forming capacity, time course experiment (10-30-90-180 min) performed with UbcH5c and in 
absence of oligonucleosomes (Figure S3E shows experiment for the RING domain). G. Single-turnover E2 discharge is not affected 
by D443R mutation. Graphs showing UbcH5c discharge rates for full-length RNF8 WT and D443R (0.1 µM concentration E3). Mean 
and SD calculated on two independent experiments, example SDS-PAGE used for analysis in Figure S3F. Assays shown in panels C 
and F are performed with 15 µM of ubiquitin. E3 concentration series in panel B and E (0.17-0.5-1.5 μM). * Background bands. 
Alignment was done using ESPript. Images were prepared using GraphPad Prism, PyMOL and CCP4mg (electrostatic potential). Ring 
(R), Full-length (F). See also Figure S3.
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contribute to this recognition.

RNF168 modifies Lys13 or 15 on H2A and H2AX 
in vitro and in vivo
Our findings suggest that the E3 initiating H2A/
H2AX monoubiquitination during DSB signaling is 
RNF168. Because in vitro RNF168 and UbcH5c are 
able to attach more than one ubiquitin moiety to 
H2A/H2AX, we tested if these were chains using a 
ubiquitin variant without lysines (Ub K0). We still 
observe multiple bands, showing that RNF168 
catalyzes multiple monoubiquitination of the 
histone, rather than forming chains, in these in 
vitro experiments (Figure 4A). 

So far, the known site of monoubiquitination 
on H2A is K119 and in case of a mutation of this 
lysine, K118. These are targeted by the Polycomb 
PRC1 complex, where the Ring1B/Bmi1 dimer is 
the main E3 ligase [3]. We wanted to investigate 
the site of ubiquitination of RNF168 in vitro and 
in vivo. 

Using purified oligonucleosomes that contain 
mutated FLAG-tagged H2A variants, we show 
that RNF168 does not target the same site as 
Ring1B. In vitro we observe a preference for 
K13-15 (Figure 4B), as shown by its reduced 
ability to modify the K13-15R nucleosomal H2A 
variant. The RING domain construct of RNF168 is 
sufficient to provide specificity for these lysines 
(Figure S4B) and mutation of the ubiquitin 
binding domains MIU1 (A179G) [11-13] or UMI 
(L149A) [43] on this construct do not affect its 
specificity (Figure S4B). 

Interestingly the specificity for K13-15 of RNF168 
is not present against the isolated H2A (Figure 
S4C). Like the specificity of RNF168 itself, as 
reflected by the R57D mutant (Figure S3J), the 
specificity for the H2A site seems to rely on 
higher order organization in the nucleosome. 

In contrast to RNF168, Ring1B/Bmi1 has high 
specificity for K118-119, while the K13-15R 
mutation does not significantly affect its ability to 
target H2A in nucleosomes (Figure 4C).
 
K13-15 are located on the N-terminal tail of H2A 
whereas K118-119 are at the C-terminus. As the 
H2A fold crosses the nucleosome, both tails are 

We inverted the charges at this single site on both 
the RING domain and the full-length proteins to 
analyze the importance of this charged residue 
for the activity of the ligases. 

Interestingly, in RNF168 a R57D mutation, which 
does not affect the monomeric nature of the 
protein (Figure S3G), fully abolishes its ability 
to ubiquitinate H2A in nucleosomes (Figure 3B). 
Importantly, this single point mutation hardly 
affects the formation of ubiquitin chains by 
RNF168 (Figure 3C). It also does not affect the 
rate of discharging ubiquitin from the E2 enzyme 
UbcH5c, as shown in single turnover experiments 
on pre-charged UbcH5c~ubiquitin (Figure 3D and 
S3A-C). Apparently this site is important for target 
specificity but not for ubiquitin chain formation. 

On the other hand, the reverse change in charge 
at this site (D443R) in RNF8, confers the ability 
to the RING domain construct to target H2A in 
nucleosomes (Figure 3E, time course in Figure 
S3I). Again, the mutation has no effect on the 
ability to form unanchored ubiquitin chains nor 
on the rate of discharging the E2 (Figure 3F-G and 
S3D-F). The gain-of-function, though present, 
is much less for the full-length RNF8 protein 
toward the H2A target, suggesting that substrate 
recognition in RNF8 may be further controlled by 
regions outside the RING domain.

The structural equivalent mutation in the Ring1B 
RING domain (K93D) inhibited the E3 ligase 
function of the RING domain dimer of Ring1B/
Bmi1 toward nucleosomal H2A (Figure S3H), 
in accordance with recent data that identifies 
this small loop as DNA binding region in Ring1B 
[42]. In contrast, we could not detect significant 
binding to DNA by the RING domain of RNF168 
(affinity weaker than 100 µM in 150 mM NaCl). 
Interestingly RNF168 R57D still modifies free 
H2A, but it clearly has reduced activity when 
other histones proteins are present (Figure S3J) 
indicating that nucleosomal proteins are also 
important for substrate recognition by this region 
in RNF168.
 
Apparently this site near the RING domain 
can either positively or negatively determine 
recognition of nucleosomal H2A by these E3 
ligases and different aspects of the nucleosome 
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site is much more exposed. This site is close to 
the C-terminal tail of histone H2B (Figure S4A). 
Functionally one could therefore expect different 
downstream consequences to signals that 

at the DNA interface, but diametrically opposite 
on the nucleosome rim (Figure S4A) [44] . The 
K118-119 is located between the incoming and 
leaving strand of the DNA, whereas the K13-15 
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Figure 4. RNF168 modifies K13-15 on H2A and H2AX in vitro and in vivo. 
A. In vitro time course assay (10-30-90-180 min) to compare RNF168 activity with UbcH5c toward nucleosomal H2A with WT or 
K0 mutant ubiquitin. The Ub K0 reaction is slower because of surface changes. B. Time course assay (10-30-90-180 min) with 
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site specificity on H2A in nucleosomes. 2hr assay performed with oligonucleosomes containing FLAG-tagged H2A constructs. 
Ubiquitin was used at 5 µM concentration in (B) and (C). D. γH2AX IP from WT MEFs or knockout for H2ax and reconstituted 
with different FLAG-H2AX constructs shows presence of a ubiquitinated form of H2AX only when K13-15 are present. E. FLAG IP 
from H2ax-/- MEFs reconstituted with different FLAG-H2AX constructs to test DNA-damage dependence of K13-15 ubiquitination. 
F. FLAG IP from HEK293T cells transiently transfected with different cDNA of FLAG-H2A mutants shows that ubiquitination on 
K13-15 is increased after IR. G-H. FLAG IP from HEK293T cells transiently transfected with different siRNA and cDNA of FLAG-H2A 
mutants shows that RNF168 is responsible for K13-15 modification. BRCA1 knockdown has no significant effect, while depletion 
of RNF8 affects the total level of the modification and its IR-dependence, confirming a role for RNF8 in recruiting RNF168. Control 
qRT-PCRs are shown in Figure S4F-G. I. Quantification of K13-15 H2A ubiquitination after treatment with different siRNAs. Data is 
shown relative to the siRNF168 condition in absence of IR. Error bars show SEM (standard error of the mean) calculated from 3 
independent experiments used for each condition. In anti-FLAG blots on panels F-H, secondary anti-mouse antibodies specific for 
heavy chain were used. * Background bands. See also Figure S4.
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formed on K13-15 in vivo. 
Previous studies have proposed that K63 linked 
ubiquitin chains attached to H2A/H2AX and 
formed by RNF8 and RNF168 are the functional 
signal for the DSB repair pathway [18-19].

To understand how these two ligases can 
achieve this modification on the histones, we 
studied a possible collaboration between these 
enzymes. As shown in Figure 4A, RNF168 can 
provide multiple monoubiquitination of H2A in 
nucleosomes incubated with the E2 UbcH5c. We 
observed that no additional activity was induced 
when RNF8 is added to this reaction (Figure 5A).

Because the E2 Ubc13 is important for the DSB 
pathway [7, 12, 46] and catalyzes K63 chains 
when complexed with the UEV cognate proteins 
[47], we included this E2 in our assays. In presence 
of both E3s and of both E2s, UbcH5c and the 
complex Ubc13/Mms2, there was a significant 
increase of chains on H2A, that is dependent on 
both E2s and both E3 ligases (Figure 5A and S5A). 
These chains were not formed if Mms2 (UEV2) 
was omitted (Figure S5B).

To confirm that the RNF8 dependent ubiquitin 
chains on H2A are K63-linked, we performed a 
denaturing IP on nucleosomes containing FLAG-
tagged H2A upon incubation with the ubiquitin 
machinery followed by immunoblotting with the 
specific anti-K63 antibodies [48] (Figure 5B). We 
observed only minor K63 modification if RNF8 
is omitted from the reaction (Figure 5B). Similar 
results were obtained using a K63R mutant 
ubiquitin in the reaction (Figure S5C). These 
results confirm that, although a minor activity is 
retained by RNF168, K63 chains on histone H2A 
in nucleosomes are efficiently extended in vitro 
by RNF8 and Ubc13/Mms2, once the histone is 
monoubiquitinated.

Using a two-step assay, where we prime H2A for 
ubiquitination with RNF168 and UbcH5c and later 
add RNF8 and Ubc13/Mms2 we show that the 
two reactions are uncoupled. The priming activity 
of RNF168 and UbcH5c is required for chain 
formation, because the use of a ligase-inactive 
mutant [49] of RNF168 results in unmodified H2A 
(Figure 5C). Furthermore, the addition of RNF8 
and Ubc13/Mms2 on other monoubiquitinated 

arise from the RNF168- versus the Polycomb-
dependent modification. 

To validate our results in the cellular context, 
we used H2ax-/- Mouse Embryonic Fibroblasts 
(MEFs) [45]. We reconstituted them with 
different mutants of H2AX (Figure S4D) and 
tested whether we could detect a modification 
of the histone at this site. We used the K118-
119R H2AX mutant to remove the background 
Polycomb-dependent monoubiquitination. When 
we immunoprecipitated γH2AX after Ionizing 
Radiation (IR) treatment, we could observe 
a band corresponding to monoubiquitinated 
H2AX protein. This band was not present when 
K13-15 were also mutated, confirming that the 
modification takes place on these N-terminal 
residues (Figure 4D). This modification was 
induced by DNA damage as we could see that the 
ubiquitination at K13-15 was increased upon IR 
(Figure 4E and S4E). 

Comparable results were obtained in human 
293T cells where we introduced mutants of 
FLAG-H2A. Upon immunoprecipitation of the 
histone we could observe a damage-dependent 
ubiquitination, only when K13-15 were present 
(Figure 4F and S4E). This specific modification 
was fully abolished when RNF168 was depleted 
in these cells, confirming that this ligase is 
responsible for the monoubiquitination of H2A at 
K13-15 (Figure 4G and S4F). 

Two major E3 ligases are also known to take part 
in DDR after DSBs: RNF8, that acts upstream 
of RNF168 allowing its recruitment [11-13] 
and BRCA1, that is thought to act downstream 
of RNF168 [15-16]. When we depleted RNF8 
in these experiments, we observed a overall 
decrease of the signal and the loss of IR-
dependent induction, confirming the role of 
RNF8 in recruiting RNF168 to chromatin in 
DDR and suggesting that a background K13-
15 modification is present in these cells due to 
RNF168 activity (Figure 4H-I and S4G). Depletion 
of BRCA1 did not significantly affect the K13-15 
ubiquitination mark, supporting the fact that 
K13-15 modification is an early event in the DSB 
signaling (Figure 4H-I and S4F-G). 

K63-linked ubiquitin chains on H2A/H2AX are 
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efficiently achieved with a two-step reaction 
where two separate E2/E3 pairs are involved: 
RNF168 and UbcH5c are responsible for 
the priming of H2A, and RNF8 and Ubc13/
Mms2 catalyze the chain extension of the 
monoubiquitinated protein. Such a two-step 
mechanism, where priming and chain extension 
are dependent on different ligases, provides tight 

substrates (e.g. H2A ubiquitinated by Ring1B, 
PCNA [50], or H2B) also leads to K63 chain 
formation on these substrates (Figures S5D and 
S5F), suggesting that the Ubc13/RNF8 E2/E3 
pair can efficiently extend ubiquitin chains on 
previously monoubiquitinated proteins.

The formation of K63 chains on H2A in vitro is 
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dependent H2A monoubiquitination tightly 
directs the location of K63 ubiquitin chains during 
DSB repair and suggest a role for RNF8 in chain 
extension on this site on H2A.

Target ubiquitination is required for proper DSB 
signaling
To test whether these findings concerning the 
specific site of ubiquitination and the order of 
events that leads to H2A/H2AX modification 
are relevant during DSB signaling we followed 
recruitment of factors such as 53BP1 and BRCA1 
to DSBs upon DNA damage. 

In H2ax-/- MEFs reconstituted with lysine mutant 
variants of H2AX we were unable to observe 
any significant differences in the recruitment of 
53BP1 and BRCA1 to the sites of damage (Figure 
S6A) indicating that the presence of endogenous 
wild-type (WT) H2A is sufficient to allow proper 
signaling. The large number of genes (~16) 
encoding for histone H2A precludes decreasing 
the levels of endogenous protein. Therefore we 
took advantage of the RNF168 target recognition 
site mutant (R57D) to address whether H2A/
H2AX modification is an important step in the 
ubiquitin-dependent DSB signaling. 

First, we tested whether this single point mutation 
also abolishes H2A/H2AX ubiquitination in cells. 
Therefore we expressed RNF168 and its loss-of-
function mutant R57D in human 293T cells and 
monitored their ability to target the histone. 
Wild-type RNF168 strongly enhances H2A 
ubiquitination and allows K63 chain formation, 
while the R57D mutant is inactive toward H2A/
H2AX (Figure 6A and S6B for H2AX), confirming 
that this charge reversal affects the target 
modification also in vivo.

To assess the integrity of the DSB signaling 
pathway in presence of this RNF168 mutant, we 
depleted U2OS cells of endogenous RNF168. As 
shown by others, this renders the cells unable 
to accumulate ubiquitin chains at the site of 
damage, which in turn impairs recruitment of 
RAP80, BRCA1 and 53BP1 (Figure 6B-C). 

We then reconstituted these cells with siRNA-
resistant constructs of either RNF168 WT or 
R57D mutant. As expected the WT protein 

regulation of target modification as shown for the 
poly-ubiquitination of the replication factor PCNA 
[51]. 

We wanted to investigate K63-linked ubiquitin 
chain formation in cells during DSB signaling. 
We initially set out to monitor the chain 
formation on endogenous histones and therefore 
immunoprecipitated γH2AX after IR in different 
cell lines. However, we were never able to observe 
this type of chains (Figure S5G) suggesting that 
cellular levels of this modification are low or very 
transient.

To increase the level of monoubiquitinated H2A 
in vivo, we elevated the expression of RNF168. 
Interestingly, this resulted in robust K63 ubiquitin 
chains, specifically conjugated to H2A, as 
observed after denaturating IP of the histone in 
absence of IR (Figure 5D). Expression of RNF168 
is sufficient to drive this poly-ubiquitination, 
while RNF8 does not induce this modification 
(Figure 5D). Nevertheless, this ubiquitination 
appears to be RNF8 dependent, as depletion of 
RNF8 in these cells causes a drastic reduction of 
this polyubiquitin chain consistent with our in 
vitro data (Figure 5E and S5H). Further unraveling 
of the relative contributions of RNF8 and RNF168 
to H2A ubiquitination is complicated by the 
tight inter-relation between RNF8 and RNF168 
functions during DDR, where activity of RNF168 is 
dependent on its recruitment by RNF8 and where 
RNF168-dependent H2A monoubiquitination is 
required for chain extension.

Interestingly, K63 poly-ubiquitin chains are not 
formed when K13-15 are mutated, whereas the 
mutation of K118-119 does not significantly affect 
ubiquitin chain formation on H2A (Figure 5E-F). 
Thus the K63 chain formation takes place on K13-
15 and not on the Polycomb ubiquitination site 
in vivo. 

This monoubiquitination by RNF168 in cells 
is specifically targeted to H2A-type histone, 
because no increase in H2B ubiquitination was 
observed upon nondenaturing IP of histone 
proteins, despite the proximity of the H2B tail to 
the K13-15 site (10-15 Å) (Figure S5I). 

These results demonstrate that RNF168-
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53BP1 (Figure 6B-C). 

However, in contrast to RNF168 knockdown, 
complementation with this mutant resulted in 

fully restored the pathway, allowing accrual 
of downstream DSB factors (Figure 6B-C). In 
contrast the mutant RNF168 R57D was not able 
to drive the recruitment of RAP80, BRCA1 and 
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Figure 6. RNF168-dependent target ubiquitination is required for proper DSB signaling. 
A. Loss-of-function mutation R57D in RNF168 inhibits the ligase toward H2A in cells. Denaturing FLAG IP from HEK293T cells 
transiently transfected with GFP-RNF168 constructs and FLAG-H2A. B. Loss-of-function in RNF168 affects recruitment of RAP80, 
BRCA1 and 53BP1 to DNA damage foci. U2OS cells were transfected with siRNA against RNF168 and with GFP-tagged siRNA-
resistant constructs of either empty vector, WT RNF168 or RNF168 R57D, treated with 2 Gy and stained for recruitment of indicated 
molecules 1hr after irradiation. The R57D mutant rescues FK2 staining but not recruitment of downstream factors indicating that 
the H2A modification is critical for damage response. C. Quantification of transfected cells with foci for the different markers shown 
in panel B. Error bars show the SEM calculated from 2 independent experiments where 50 cells were counted per condition. D. 
Quantification of the total signal present in foci per cell for FK2 and 53BP1 based on 2 independent experiments similar to the ones 
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described as the first ligase to target these 
histones for ubiquitination, while RNF168 was 
thought to be involved in the extension of such 
modification. Interestingly, we show that the 
previously described order of recruitment for 
these ligases does not predict the order in which 
they target H2A/H2AX (Figure 7).

We show that histone ubiquitination during the 
DSB pathway is initiated by RNF168 on H2A and 
H2AX, whereas RNF8 is inactive toward them 
(Figure 1). This finding is further explained by 
our structure-based mutagenesis, where we 
identify a single residue that is responsible for 
target recognition in the RING domain of these 
ligases (Figure 2-3). Mutation at this site affects 
H2A/H2AX modification but does not alter the 
ubiquitin chain forming capacity of these ligases, 
in vitro or in vivo (Figure 3). 

We identify an H2A/H2AX ubiquitination site for 
the activity of RNF168, K13-15 (Figure 4). We 
show that during DDR, K63 chains are formed 
specifically on this site, which distinguishes 
the DNA damage induced modification from 
Polycomb-mediated K119 monoubiquitination 
(Figure 5). Importantly, we show that histone 
modification at the damage site is required 
for proper DSB signaling, because the mere 
formation of ubiquitin chains is not sufficient to 
drive the response pathway (Figure 6).

Revised model for RNF8 function in H2A/H2AX 
ubiquitination during DSB signaling
Our findings challenge the current model for H2A/
H2AX ubiquitination during DSB signaling. Once 
RNF8 accumulates at the lesions, its catalytic 

significant formation of ubiquitin chains at the 
site of damage, as seen by FK2 staining (Figure 
6B-C). This finding reflects the in vitro results, 
where the R57D mutation does not affect chain 
formation by RNF168. Notably, these ubiquitin 
chains stain positive for K63, but not K48 chains 
(Figure S6C-D), in line with published data 
showing that K48 chains occur at earlier time 
points after damage as a result of RNF8 activity 
and are independent of RNF168 [52-54]. 

It is unclear what the docking site of these 
RNF168-dependent ubiquitin chains is, although 
autoubiquitination of the ligase could play a role. 
The total FK2 signal in foci per cell expressing 
RNF168 R57D mutant is lower than for cells 
complemented with WT protein (Figure 6D), 
consistent with the lack of chains on H2A/
H2AX. Although this signal is comparable to the 
endogenous FK2 signal in control cells (siCTRL), 
the RNF168 R57D mutant does not rescue 53BP1 
recruitment (Figure 6D) showing that ubiquitin 
chains themselves are not sufficient to signal, but 
that H2A/H2AX ubiquitination is the crucial signal 
that drives DSB signaling.

Overall these results show that proper 
modification of H2A is necessary for recruitment 
of downstream effector proteins in the DDR, 
while the presence of K63 ubiquitin chains per se 
is not sufficient for signaling.

DISCUSSION
Our study sheds light on the molecular details 
of the ubiquitination of H2A/H2AX during DSB 
signaling. Based on the order of their recruitment 
to the site of damage, RNF8 was previously 

Figure 7. Proposed model for RNF8- and RNF168-dependent activity at DSBs.
RNF168 is recruited to DSBs by the activity of RNF8 towards a nonnucleosomal target. RNF168 mono-ubiquitinates H2A-type 
histones on K13-15 and this leads to K63 Ub chain formation on these lysines, which is required for proper DSB signaling.
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the DDR, but since they are located on opposite 
sides of the nucleosome (Figure S4A) they could 
provide independent signals in the DDR. On the 
one hand, monoubiquitination of K119 could 
be important for the transcriptional silencing of 
the regions around the damage, as previously 
suggested [30, 59]. On the other hand the K13-15 
polyubiquitination could represent a signal that 
not only allows the recruitment of downstream 
proteins of the DSB cascade through the K63 
chain (e.g., RAP80 binding), but also might 
induce nucleosomal rearrangements that are 
important during the assembly of the repair 
machinery through the actual location of this 
ubiquitination. In fact, K13-15 of H2A are located 
in proximity to K120 of H2B, which is also a target 
for monoubiquitination in late DSB signaling and 
in actively transcribed regions where it favors the 
opening of chromatin [60-62] . This could suggest 
that RNF168-dependent ubiquitination at K13-
15 might induce similar open conformations 
of the chromatin around the site of damage. It 
is an interesting question whether the site of 
attachment of these ubiquitin chains might act 
as a more complex regulator of the chromatin 
organization around the damage rather than 
merely a recruitment station.

EXPERIMENTAL PROCEDURES
Details of experiments are presented in the 
Supplemental Experimental Procedures.

Cell culture and generation of DSBs.
Mouse Embryonic Fibroblasts (MEFs) were 
received from A. Nussenzweig. All cell lines were 
cultured in DMEM containing 10% Fetal Bovine 
Serum (FBS). H2ax-/- and wild-type MEFs were 
cultured at 3% oxygen concentration. Retroviruses 
carrying FLAG-tagged H2AX constructs were used 
to generate reconstituted stable cell lines. IR was 
delivered using a 137Cs irradiation unit with a dose 
rate of 1 Gy/min. 

Protein preparations and crystallography
Full-length RNF8 and Ring1B/Bmi1 were 
expressed in insect cells, RNF168 and the RING 
domain constructs were made in Escherichia coli. 
Oligonucleosomes were purified from human 
cells as described [5]. Crystals were grown of the 
RNF8 RING domain (351-485). Crystallographic 
data collection and refinement statistics are 

activity is required to form ubiquitin chains that 
will recruit RNF168 [11-13]. In this study we 
provide evidence that RNF168 is the priming 
ligase for histones; therefore, the chains that are 
responsible for the recruitment of RNF168 must 
be conjugated to a different substrate (Figure 
7). RNF8 was recently suggested to be involved 
in the ubiquitination of other proteins localized 
at the site of damage [52-53, 55-56], These and 
possibly more yet to be discovered ubiquitination 
products of RNF8 might be the docking site 
for the recruitment of RNF168. Additionally, 
we show that RNF8 is highly active in making 
ubiquitin chains (Figure 1B), suggesting that RNF8 
could catalyze free chains in proximity of the site 
of damage similarly to what happens with K63 
ubiquitin chains during the NF-kB signaling [57].

Once RNF168 is recruited to the DSB, it will initiate 
H2A/H2AX ubiquitination on K13-15, where K63 
chains will then be extended (Figure 7). We show 
that in vitro RNF8 efficiently catalyzes formation 
of this type of chains on the ubiquitinated 
histones, suggesting that collaboration between 
the two ligases can take place on H2A/H2AX, with 
RNF168 catalyzing the priming reaction and RNF8 
efficiently extending the K63 chains. 

Distinct monoubiquitination sites on H2A/H2AX 
may signal differently
Our study shows that RNF168 is responsible for 
a ubiquitination on histone H2A/H2AX on K13-
15, a different site than the known Polycomb site 
K118-119. Interestingly, our nucleosomal H2A 
targeting site on the E3 ligases does not account 
for this H2A lysine specificity, since Ring1B and 
RNF168 both have a positive charged targeting 
site, but differ in lysine choice.

We provide evidence that K63 chains are 
specifically formed on the DDR dependent K13-
15 ubiquitination site, suggesting that during 
DSB signaling the priming reaction of RNF168 is 
important to tightly control the pathway and to 
maintain distinct ubiquitin signals on the same 
target, H2A/H2AX.
 
Recent studies show involvement of the 
polycomb E3 ligase proteins Ring1B/Bmi1 in 
the DSB repair pathway [28-33, 58]. Apparently 
both modifications on H2A are important during 
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Cells were damaged with ionizing radiation (2 
Gy) 48hrs after siRNA transfection and fixed in 
2% paraformaldehyde in presence of 0.1% Triton 
X-100 1hr after damage. Coverslips were washed 
and incubated at room temperature with primary 
antibody for 1hr. After incubation for 1hr with 
secondary antibody, samples were embedded in 
DAPI containing Vectashield mounting medium 

(Vector). Quantifications were done using 
confocal images, analyzed by the Fiji Software. 

ACCESSION NUMBER
Coordinate and structure factor were deposited 
in the Protein Data Bank under identification 
code 4AYC.

SUPPLEMENTAL DATA
The Supplemental Data includes Supplemental 
Experimental Procedures and 6 supplemental 
figures (39 panels).
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shown in Supplemental Table S1.

Small Angle X-ray Scattering (SAXS)
Samples for the small angle x-ray scattering 
(SAXS) experiments were prepared in five 
different concentrations (from 0.4 to 7 mg/ml) in 
gel-filtration buffer. Data were collected at EMBL 
Hamburg (beamline X33). Data were analyzed 
using the ATSAS software package [63]. 

In vitro ubiquitination assays
Purified human Uba1 at 0.2-0.6 µM was mixed 
with E2s (0.5 µM), the E3 ligases (0.5-2 µM), 
ubiquitin (100 μM in all assays unless otherwise 
stated), ATP (3mM) and 10 μM of H2A in 
oligonucleosomes. The reactions were incubated 
at 32 oC for 3 hr (unless otherwise stated) in 
buffer 50 mM Tris/HCl (pH 7.5), 100 mM NaCl, 
10 mM MgCl2, 1 µM ZnCl2, 1 mM TCEP. Specificity 
for K13-15 on H2A for RNF168 is achieved by 
incubation with lower excess of free ubiquitin 
(below 10 µM).

E2 discharge assays
UbcH5c was loaded with ubiquitin in presence of 
E1 and Mg2+ and ATP. After stopping the reaction 
with EDTA, this mixture was incubated with the 
E3s or buffer as control. Samples were analyzed 
by SDS-PAGE and quantified. 

Immunoprecipitations (IP)
For FLAG IPs, transiently transfected 293T or 
stable MEF cell lines were harvested directly after 
irradiation. After a PBS wash, cells were lysed and 
sonicated in E1A buffer (50 mM Hepes [pH 7.5], 
150 mM NaCl, 0.1% Tween-20) in presence of 
phosphatase, protease inhibitors. In denaturing 
IPs, 0.5% SDS was added to the lysates after 
sonication. The samples were then diluted 
10 times and incubated with beads to avoid 
denaturation of the antibodies. 
For γH2AX IPs, cells were irradiated and directly 
harvested. Acidic extraction of histone proteins 
was performed from isolated nuclei. After 
neutralization, histones were incubated    O/N 
with anti-γH2AX antibodies (Millipore) and pulled 
down with Protein G beads (GE  Healthcare).

Immunofluorescence studies (IF)
U2OS cells were first transfected with siRNAs, 
followed by DNA transfections 24 hours later. 
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SUPPLEMENTAL EXPERIMENTAL 
PROCEDURES
Plasmids and Cloning
cDNAs for human full-length RNF8, RNF168, HA-
RNF8, GFP-RNF168, were received from J. Lukas 
[3-4], for Ube2w and Ube2e2 from R. Klevit. pET 
expression plasmids for Xenopus laevis histones 
were a gift of K. Luger.  Expression vectors for the 
RING domains of Ring1B and Bmi1 were described 
[5], for full-length RNF8 a modified version of 
pFastBac1 with a GST-tag with 3c cleavage site 
for insect cell expression was used, for the RNF8 
RING (351-485) domain a pGEX6p1 vector, for 
the RNF168 RING domain (1-189) a pETNKI-His-
SUMO2-LIC-kan vector for E. coli expression was 
used [6]. FLAG-H2A and H2AX (from L. Penengo) 
were cloned in pCDNA3.1 and in pMSCVpuro. 
Mutations were inserted using the QuikChange 
Mutagenesis Kit from Agilent. 

Antibodies, oligos and enzymes 
Antibodies used for Western blot analysis: anti-
Ub (P4D1 from Santa Cruz, 1:1000), anti-H2A 
(Millipore, 1:1000 dilution), anti-H2AX (Millipore; 
1:1000), anti-H2B (Millipore, 1:1000 dilution), 
anti-UbH2B (Medimabs, 1:1000 dilution), anti-H3 
(Millipore, 1:500), anti-H4 (Millipore, 1:1000), 
anti-PCNA (Santa Cruz, 1:2000 dilution), anti-
CDK4 (Santa Cruz, 1:1000), anti-pCHK2 (Cell 
Signaling, 1:500), anti-BRCA1 (Cell Signaling, 
1:1000 dilution) anti-mouse HRP conjugated 
(BioRad, 1:10000 dilution), anti-rabbit HRP 
conjugated (BioRad, 1:20000 dilution), anti-
mouse (heavy chain specific) HRP-conjugated 
(Jackson ImmunoResearch, 1:10000). Antibodies 
used for immunofluorescence (IF) experiments 
are: anti-53BP1 (Santa Cruz, 1:500 dilution), anti-
BRCA1 (Santa Cruz, 1:100 dilution), anti-RAP80 (a 
gift from J. Chen), anti-γH2AX (Millipore, 1:1000 
dilution), Conjugated ubiquitin (FK2, BIOMOL 
International 1:1000-5000), anti-FLAG (Sigma, 
1:1000 dilution), anti-K63 anti-K48 (Genentech 
[2], 1-0.3 µg/ml)  in combination with the 
corresponding secondary antibodies labeled 
with Alexa Fluor 488 or 568 or 594 (Invitrogen). 
Purified K0 ubiquitin was purchased from 
Boston Biochem. siRNA targeting RNF168 (code 
J-007152-05: 5’GACACUUUCUCCACAGAUA), 
RNF8 (5’GGACAAUUAUGGACAACAA) and BRCA1 
(pool of D-003461-06 and D-003461-07) were 
purchased from Thermo scientific. Enzymes used 
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Janicki SM, Greenberg RA: ATM-dependent chromatin changes 
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41:529-542.
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Multi-Angle Laser Light Scattering (MALLS)
MALLS experiments were performed at 4°C on 
a Mini-Dawn light scattering detector (Wyatt 
Technology) online with a  S75 10/300GL in 50 
mM HEPES pH 8, 250 mM NaCl, 10% glycerol, 1 
μM ZnCl2, 1 mM TCEP. The RING domain construct 
of RNF168 WT and R57D mutant had comparable 
elution profiles from the gel-filtration. The 
retention volume was lower than expected from 
the molecular weight measured by the MALLS, 
suggesting an elongated shape of the proteins 
as expected from the helical arrangement of the 
UMI-MIU1 region at the C-terminal part of these 
constructs (Figure 1A). Data were analyzed using 
ASTRA Software and GraphPad Prism was used to 
prepare the figure.

Crystallization and structure determination
Crystals of RNF8 RING domain (351-485) protein 
(~10 mg/ml) were grown at room temperature 
in 0.1M Na Cacodylate pH 6.6-6.9, 2.4-2.5M 
Ammonium Sulphate and 0.8 mM of N,N’-Bis(3-
D-gluconamidopropyl)deoxycholamide) (Deoxy 
Big CHAP), by vapor diffusion in 150 nl drops 
with 1:1 precipitant to protein ratio. The crystals 
appeared within 24-48 hours, were transferred 
to mother liquor containing an additional 25% 
glycerol and vitrified in liquid nitrogen. Diffraction 
data were collected at SLS, beamline X06SA to a 
resolution of 1.9 Å. Intensities were processed 
with XDS [10] and Scala [11-12]. The structure 
was determined using the Single Anomalous 
Dispersion (SAD), from the anomalous signal of 
the zinc ions at 1.282Å wavelength. The four zinc 
sites were located by SHELXD [13] and were used 
to calculate the phase probability distributions 
in Phaser [14]. Following density modification 
by DM [15], ARP/wARP 7.0 [16] built most of the 
structure automatically (131 residues for chain 
A, 122 for chain B out of 135 total residues per 
chain), using the SAD function in REFMAC5 [17] 
for refinement. The model was completed in 
iterative cycles of model building using COOT 
[18] and refined using REFMAC5 [17], and 
autoBUSTER [19]. Optimized weighting terms 
for B-factor restrains and X-ray weight were 
derived with PDB_REDO [20] and used for final 
refinement. Structure images were generated 
with PYMOL [21] and CCP4mg [22]. The final 
model comprises residues 351-483 in chain A, 
residues 359-485 in chain B. Structure validation 

for cloning were purchased from ROCHE and NEB. 
Chromatography columns and beads material is 
from GE Healthcare. 

Protein purification
E1 and E2s, ubiquitin and the oligonucleosomes 
were purified as described previously [5, 7]. 
Recombinant histones purification and histone 
octamer refolding was performed as previously 
shown [8]. GST-tagged RNF168 was expressed 
in E.coli and purified using GSH beads in buffer 
containing 30 mM HEPES 8.0, 250 mM NaCl, 10% 
glycerol, 1 μM ZnCl2, 1 mM TCEP, in presence of 
COMPLETE EDTA-free, DnaseI and 1mM MgCl2, 
the tag was cleaved by 3C protease and the 
protein was further purified by Heparin affinity 
chromatography. Recombinant full-length human 
RNF8 was expressed in Sf-21 cells and purified on 
glutathione beads in buffer 50 mM HEPES pH 8, 
500 mM NaCl, 10% glycerol, 1 μM ZnCl2, 1 mM 
TCEP. After elution with 50 mM Glutathione, 
the protein was cleaved in solution with 3c 
protease. Protein was diluted to 50 mM NaCl 
and purified by Heparin affinity chromatography 
and gel-filtration. The RING domain of human 
RNF8 was expressed in E.coli and purified over 
glutathione beads in buffer 50 mM HEPES pH 8, 
50 mM NaCl, 10% glycerol, 1 μM ZnCl2, 1 mM 
TCEP. After elution with 50 mM Glutathione, 
the protein was cleaved in solution using 3c 
protease and purified on an S75 Superdex 
column in tandem with a GSH column, followed 
by ion exchange chromatography on a ResourceQ 
column. The RING domain of human RNF168, 
was expressed in E.coli and purified over Nickel 
Sepharose beads in buffer 50 mM HEPES pH 8, 
500 mM NaCl, 10% glycerol, 10 mM imidazol, 1 
μM ZnCl2, 1 mM TCEP. The protein was eluted 
in 400 mM imidazol and the imidazol was then 
removed using a desalting column. The protein 
was concentrated and cleaved with SENP2 for 4 
hours or O/N. The cleaved sample was reloaded 
on Nickel beads and the unbound sample was 
injected on a Superdex 75 column for final 
purification in 50 mM HEPES pH 8, 250 mM NaCl, 
10% glycerol, 1 μM ZnCl2, 1 mM TCEP. Full-length 
and the RING domain constructs of Ring1B/Bmi1 
was purified as previously shown [5, 9]. Proteins 
were concentrated to 1-10 mg/ml and stored at 
-80°C in their gel-filtration buffer. Mutants were 
purified as wild-type proteins.
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E2 discharge assays
To load the E2, E1 at 0.2 µM was mixed with 20 
µM UbcH5c in presence of ubiquitin (20 μM) 
Mg.ATP (5 mM) in buffer 50 mM Tris/HCl (pH 7.5), 
100 mM NaCl, 10 mM MgCl2, 1 µM ZnCl2, 1 mM 
TCEP. Sample was incubated 15 minutes at 37ºC. 
Reaction was stopped with 50 mM EDTA final 
concentration. This mixture was then incubated 
at 37°C with the E3s or buffer as control. Samples 
were stopped at given times and were analyzed 
by SDS-PAGE. Quantifications were done using 
Image Lab software (Bio-Rad). GraphPad Prism 
Software was used for statistics. 

Western blotting
SDS Loading buffer was added to samples from 
in vitro reactions or from immunoprecipitations. 
Samples were boiled and loaded on 4-12% 
NuPAGE gels in MES buffer (Invitrogen), except 
for panels 4F-H where 12% NuPAGE gels were 
used in MOPS buffer. Detection was performed by 
Western Blot using the corresponding antibodies.

Generation of stable cell lines
Retrovirus carrying empty vector, wild-type or 
mutants of H2AX were harvested and used to 
infect H2ax-/- MEFs cells overnight. The next day, 
puromycin was added to the cells to select the 
infected population. 

FLAG Immunoprecipitation (IP)
Plasmids and siRNAs were transfected into 
HEK293T cells using Calcium Phosphate. Cells 
were irradiated ~45 hours after transfection and 
were directly harvested. WT and reconstituted 
MEFs were proliferating for 3 days before 
irradiation. After a PBS wash, cells were lysed in 
E1A buffer (50 mM Hepes pH 7.5, 150 mM NaCl, 
0.1% Tween-20) in presence of phosphatase, 
protease inhibitors and iodoacetamide. Lysates 
were sonicated and spun down, the supernatant 
was used as input sample. ANTI-FLAG® M2 Affinity 
Gel from SIGMA was used for the IP. Beads were 
incubated 4-16 hours, washed and then loaded 
on gel for Western blot analysis. In denaturing 
IPs, 0.5% SDS was added to the lysates after 
sonication. After centrifugation the supernatant 
was diluted 10 times and incubated with beads 
to avoid denaturation of the antibodies. For 
immunoprecipitation of FLAG-tagged histones 
after in vitro reactions, 0.5% SDS was added 

was done with MolProbity [23] (98th percentile), 
with no outliers in the Ramachandran plot. Data 
collection and refinement statistics are presented 
in Supplemental Table S1.

Small Angle X-ray Scattering (SAXS)
The samples were thawed and centrifuged at high 
speed for 1 minute just before measurement. 
Samples were exposed in a measuring cell 
cooled to 10 °C for 15 s per frame with 8 frames 
per sample, after which the frames that did 
not indicate radiation damage were averaged. 
Data was analyzed using the ATSAS software 
package [24]. PRIMUS was used for the buffer 
subtraction and data reduction. No difference in 
scattering was observed between the curves for 
the different concentrations. Data quality was 
then assessed using Guinier plot for low-angle 
data and signal-to-noise in PRIMUS for wide-
angle data and the curve measured at 3.5 mg/
ml of protein was chosen for analysis. GNOM 
generated the particle distance distribution 
function P(r). DAMMIF generated a set of 10 ab 
initio models, which were all compatible with 
the elongated shape of the crystal structure 
(NSD values between 0.6 and 0.74). DAMAVER 
averaged the models and generated the envelope 
that was used for the final superposition to the 
crystal structure, done with SUPCOMB. CRYSOL 
generated the theoretical scattering curve for 
our crystal structure for the comparison to the 
experimental data.

In vitro ubiquitination assays 
The PCNA ubiquitination assays were carried 
out at the same temperature, same buffer and 
time, with 150 nM of E1, 2 μM of E2, 1 μM of 
E3, 500 nM of PCNA and 45 μM of ubiquitin.  
Monoubiquitinated  H2B enriched Drosophila 
oligonucleosomes were a gift from the P. Verrijzer 
lab [25]. To widely screen conditions for RNF8 
activity toward H2A in nucleosomes, we tested 
ranges of 0.1-0.6 µM E1 (Uba1), 0.5 µM E2, 0.5-8 
µM E3 and 10-20 µM of H2A in oligonucleosomes, 
0.5-100 μM ubiquitin, A very low activity for 
full-length was detected only when ubiquitin 
was present in saturating amount compared to 
the nucleosomes and after more than 1 hour 
reaction.
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samples were used for the quantification using 
the Fiji software. The DAPI channel was used to 
select the nuclei of the cells in the field, the green 
channel was used to select the transfected cells 
and quantify the protein level of GFP-RNF168. 
Foci in the red channel were defined as particles 
bigger than 0.2 µm2 with an intensity higher 
than 80 (on a 1-255 scale). The total signal in 
foci per cell is calculated as the product of the 
number of foci, foci mean intensity and focus 
area. Cells expressing high levels of RNF168 
(cutoff 80 on a 1-255 scale) were excluded from 
the quantification. Three different siCTRL and 
si168 samples were used per experiment and 
the average intensity was used for quantification. 
Data is presented as normalized to the siCTRL 
samples. Excel (Microsoft Office) and GraphPad 
Prism were used for the analysis.

qRT-PCR
Total RNA was extracted using TRIZOL reagent 
(Invitrogen) and cDNA was prepared using 
Superscript II RT and oligod(T)n primers 
(Invitrogen). qRT-PCR was performed on a 
StepOne Plus Realtime PCR system using SYBR 
Green PCR mastermix (Applied Biosystems). 
The amount of target, normalized to an 
endogenous reference (HPRT) was calculated 
by: 2-DDCT. The primer sequences were as 
follows: RNF8fwd 5’-ttacagtcccagctgtgtgc-3’; 
RNF8rev 5’-ccttgggctatctccaaacc-3’; 
RNF168fwd 5’-caacgtggaactgtggacgat-3’; 
RNF168rev 5’-tactgagcagacgaactggctg-3’; 
HPRTfwd 5’-cggctccgttatggcg-3’; HPRTrev 
5’-ggtcataacctggttcatcatcac-3’.

to the samples and after 10 fold dilution they 
were incubated with ANTI-FLAG® M2 Affinity Gel 
(SIGMA) for 4-16 hours. 

γH2AX immunoprecipitation (IP)
Cells were irradiated and were directly harvested. 
Hypotonic buffer (10mM HEPES pH 7.4, 10mM 
KCl, 0.05% NP-40 and protease inhibitors) was 
used to isolate the nuclei. Acidic extraction of 
histone proteins was performed in 0.2M HCl and 
after neutralization with 0.4M Tris HCl pH 8.0, 
200mM NaCl, 10mM MgCl2, phosphatase and 
protease inhibitors, histones were incubated O/N 
with anti-γH2AX antibodies (Millipore). Protein G 
beads (GE Healthcare) were added to the samples 
and after 3 hours incubation, beads were spun 
down, washed and samples were prepared for 
western blot analysis. 

Immunofluorescence studies 
DNA transfections in U2OS cells were carried out 
using FUGENE6 (ROCHE), siRNA transfections 
were done using LIPOFECTAMINE RNA iMAX 
(Invitrogen). The cells were first transfected 
with siRNAs, 24 hours later the DNA transfection 
was performed. Cells were damaged with 2 
Gy, 40 hours after siRNA transfection and fixed 
in 2% paraformaldehyde in presence of 0.1% 
Triton X-100 1 hour after damage. Coverslips 
were washed 5 times with PBS containing 0.1% 
Triton X-100 and subsequently washed with PBS+ 
(PBS containing 0.15% glycine and 0.5% bovine 
serum albumin). Cells were incubated at room 

temperature with primary antibody for 1 hour, 
then washed 5 times with PBS-Triton X-100 and 
PBS+. After incubation for 1 hour with secondary 
antibody and wash in PBS-Triton X-100, samples 
were embedded in DAPI containing Vectashield 
mounting medium (Vector). Immunofluorescent 
images were obtained using confocal microscope 
(LSM 510 META; Carl Zeiss, Inc.) equipped with 
a 63× 1.4 NA Plan Apochromat oil immersion 
lens (Carl Zeiss, Inc.) or LEICA AOBS confocal 
microscope with ×40 (NA 1.25) oil and ×63 (NA 
1.4) oil objectives (Leica). LSM image browser 
acquisition software (version 4.0; Carl Zeiss, Inc.) 
or Leica confocal Software was used.
Quantification of FK2 and 53BP1 signal was 
based on two independent experiments where 
30-70 cells were counted per condition in each 
experiment. Confocal images taken from these 
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Supplemental Figure S1. Related to Figure 1. Ubiquitin chain formation and nucleosome-directed activity of RNF8 and RNF168.
A,B. Ubiquitin chain formation activity of  the full-length and RING domain of RNF8 (A) and RNF168 (B) with different E2s. Ubiquitin 
was used at 15 μM concentration. C. Full-length RNF8 and its RING domain are unable to modify H2A in nucleosomes with any E2. 
D. Full-length RNF168 and its RING domain can modify nucleosomal H2A primarily with UbcH5c. * indicates background bands. E. 
Concentration series (0.05- 015-0.45-1.35 μM E3) assay in presence of purified oligonucleosomes. Full-length RNF8 has virtually 
no activity against H2A in nucleosomes, whereas full-length RNF168 is active in presence of UbcH5c. F. Full-length RNF8 (F, lanes 
4 and 5) and its RING domain (R, lane 6 and 7) have no activity (F) or almost no activity (R) against H2A in nucleosomes, whereas 
full-length RNF168 (lanes 8 and 9), its RING domain (lanes 10 and 11) and the RING domain of Ring1B/Bmi1 (lanes 12 and 13) are 
active. G. Time course experiments to show full-length RNF168 activity towards H2B, H3 and H4 with UbcH5c. Concentration series 
for full-length E3s activity towards H3 (0.5-1-2 μM).
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SUPPLEMENTAL TABLE
Data collection
Space group P21212
    a, b, c (Å) 47.37, 213.72, 34.10
Resolution (Å) 47.37-1.9 (2.00-1.9)
Rmerge 0.041(0.602)
I/σI 25.8 (2.7)
Completeness (%) 99.1 (95.2)
Redundancy 6.9 (5.9)
Refinement
Resolution (Å) 1.9
No. reflections 28115
Rwork/ Rfree (%) 20.0 / 22.6
No. atoms
    Protein 2206
    Ligand/ion 86
    Water 59
B-factors
    Protein 48.3
    Ligand/ion 76.4
    Water 41.0
R.m.s deviations
    Bon   d lengths (Å) 0.008
    Bond angles (°) 1.198

Supplemental Figure S2. Related to Figure 2. Structural 
analysis of the RING domain of RNF8.
A. The symmetrical interatomic distance probability distribution 
(P(r)) for the atoms of RNF8 RING domain calculated with 
GNOM using the SAXS experimental data. B. Superposition of 
the monomers of the RNF8 RING domain dimer in orange and 
asymmetric monomers of the crystal structure of full-length 
CHIP in blue (PDB code: 2C2L) shows that the location of the 
point of divergence between the protomers is conserved. 
Arrow in the close up indicates the point of divergence between 
protomers. Images were prepared using GraphPad Prism and 
PyMOL.

A
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B
RNF8 CHIP

0 2 4 6 8 10
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Supplemental table S1. Related to Figure 2. Data collection, 
phasing and refinement statistics (SAD) for the structure of 
the RING domain of RNF8.
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Supplemental Figure S3. Related to Figure 3. Analysis of target recognition mutations in RING E3 ligases.
A, D. Anti-ubiquitin blots of the samples shown in Figures 3B for RNF168 (A) and 3D for RNF8 (D). B, E. Time course (10-30-90-180 
min) ubiquitin chain formation assay in the presence of UbcH5c and 1µM E3 to compare wild-type and mutant activity of RING 
domains of RNF168 (B) and RNF8 (E) reveals that chain formation abilities are not affected by charge reversal. Ubiquitin was used 
at 15 μM concentration. * Aspecific bands. C,F. Basis for quantification shown in Figures 3D,G. SDS-PAGE gel showing discharge 
rate of UbcH5c by full-length RNF168 WT and R57D mutant (C) and full-length RNF8 WT and D443R (F). Time course: 2-4-8-16-24 
min, E2 concentration: 20 mM. E3 concentrations: 0.5 µM for RNF168 and 0.1 µM for RNF8. G. Multi-Angle Laser Light scattering 
(MALLS) and gel filtration profiles of the RING construct of RNF168 WT (left panel) and R57D (right panel). Left Y-axis shows scale for 
measured molecular mass (gray line), Right Y-axis shows UV absorbance values (black line). Calculated molecular weight of the RING 
domain construct is 22.1 kDa. H. The equivalent charge reversal mutation in the Ring1B RING domain (K93D) also reduces ligase 
activity towards nucleosomal H2A. I. Time course (10-30-90-180 min) assay to compare WT and D443R RNF8 constructs toward 
nucleosomal H2A. J. Time course assay (30-60-180 min) to assess the activity of full-length RNF168 WT and R57D toward H2A in free 
form, in presence of the other histones or in oligonucleosomes. Ubiquitin concentration was set to 5 μM.
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Supplemental Figure S4. Related to Figure 4. RNF168 modifies K13-15 on H2A and H2AX in vitro and in vivo.
A. Crystal structure of the nucleosome (PDB code: 1KX5 [1]). In red is H2A, in orange H2B, in wheat H3 and H4. DNA is in gray. K118-
119, the Polycomb target lysines are shown as spheres in green. K13-15, the RNF168 target residues are shown in cyan spheres. 
Close up showing the proximity between the N-terminal tail of H2A (K13-15 shown in cyan spheres) and the C-terminal part of H2B 
(K120 shown in orange spheres). Images prepared using PyMOL. B. The RING construct of RNF168 retains specificity for K13-15 on 
nucleosomal H2A. MIU1 (A179G) or UMI (L149A) mutations do not affect  its activity or the site specificity. The R57D mutant was 
used as control. C. Full-length RNF168 does not retain specificity for K13-15 when the histone is in free form; oligonucleosomes 
were used as control. Ubiquitin concentration was set to 5 μM and the samples were incubated for 2 hr at 32°C in assays shown in 
panels B and C. D. Expression levels of exogenous H2AX constructs in reconstituted H2ax-/- MEFs is comparable to WT MEFs. CDK4 
was used as loading control. E. Quantification of the relative induction of H2A ubiquitination on K13-15 for MEFs and HEK293T 
cells. 3 different experiments were used per cell line. Image Lab (BioRad software) was used for the quantification. Error bars show 
the SEM. F. Graph showing relative amount of RNF168 mRNA transcript in samples shown in Figure 4G, measured by qRT-PCR and 
normalized to HRPT levels. G. Graph showing relative amount of RNF8 mRNA transcript in siRNF8 samples shown in Figure 4H, 
normalized to HRPT levels. Error bars show the SD.
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Supplemental Figure S5. Related to Figure 5. K63-linked ubiquitin chains in vitro and in vivo. 
A. In absence of UbcH5c there is no modification of H2A in nucleosomes. Samples were treated as the ones shown in Figure 5A. B. In 
absence of Mms2 chains on H2A are not formed. In vitro two-step assay as in Figure 5C. 13-m2 stands for the complex Ubc13/Mms2, 
while 13 stands for Ubc13 alone. In all the other assays the complex Ubc13/Mms2 was used. C. K63R ubiquitin mutant abolishes 
chain extension on H2A by RNF8 and Ubc13/Mms2. D. RNF8 can catalyze K63 chains on H2A monoubiquitinated by Ring1B/Bmi1. 
RNF8-dependent chain extension capacity is dependent on the catalytic activity of Ring1B. IA stands for the mutant protein I53A. * 
Background bands. E-F. RNF8 and Ubc13/Mms2 efficiently recognize and poly-ubiquitinate already ubiquitinated PCNA (E) and H2B 
(F), but they are inactive towards the unmodified proteins. G. γH2AX IP to test K63 chain formation on endogenous histones did not 
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Supplemental Figure S6. Related to Figure 6. Importance of RNF168-dependent H2A/H2AX mono-ubiquitination during DDR.
A. Quantification of γH2AX and 53BP1 foci in WT and H2ax-/- MEFs reconstituted with different FLAG-H2AX constructs. 50 cells 
were counted for 2 independent experiments. B. Non-denaturing FLAG-IP from 293T cells expressing FLAG-H2AX and GFP-RNF168 
construct. R57D mutation abrogates the activity of RNF168 toward H2AX in cells. C-D. Additional information to Figure 6B. 
Immunofluorescence staining using anti-K63 and anti-K48 antibodies for cells depleted of endogenous RNF168 and then expressing 
WT or R57D RNF168 constructs. Both variants of RNF168 can catalyze K63 ubiquitin chains at the site of damage. Quantification 
of transfected cells with K63 foci are shown in panel C. 30 cells where counted per condition, from two independent experiments. 
Antibodies were obtained from Genentech [2]. Error bars show the SEM.

yield to the visualization of any K63 chains. H. Control qRT-PCR showing mRNA levels for RNF8 in samples used for figure 5E. Values 
were normalized to HPRT levels. Error bars show the SD. I. Non-denaturing FLAG-IP for histone H2A shows activity of RNF168 WT 
toward H2A but not toward histone H2B.




