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Structural basis for role of ring finger protein
RNF168 RING domain
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Ubiquitin adducts surrounding DNA double-strand breaks (DSBs) have emerged as molecular platforms important
for the assembly of DNA damage mediator and repair proteins. Central to these chromatin modifications lies the E2
UBC13, which has been implicated in a bipartite role in priming and amplifying lys63-linked ubiquitin chains on histone
molecules through coupling with the E3 RNF8 and RNF168. However, unlike the RNF8-UBC13 holoenyzme, exactly
how RNF168 work in concert with UBC13 remains obscure. To provide a structural perspective for the RNF168-UBC13
complex, we solved the crystal structure of the RNF168 RING domain. Interestingly, while the RNF168 RING adopts a
typical RING finger fold with two zinc ions coordinated by several conserved cystine and histine residues arranged in a
C3HC4 “cross-brace” manner, structural superimposition of RNF168 RING with other UBC13-binding E3 ubiquitin ligases
revealed substantial differences at its corresponding UBC13-binding interface. Consistently, and in stark contrast to that
between RNF8 and UBC13, RNF168 did not stably associate with UBC13 in vitro or in vivo. Moreover, domain-swapping
experiments indicated that the RNF8 and RNF168 RING domains are not functionally interchangeable. We propose that

RNF8 and RNF168 operate in different modes with their cognate E2 UBC13 at DSBs.

Introduction

Like many other covalent modification systems, such as methyla-
tion, acetylation and phosphorylation, protein ubiquitylation has
emerged as a critically important mechanism for spatiotemporal
regulation of a repertoire of biological processes. A ubiquitylation
reaction generally involves the concerted effort of three families
of enzymes, namely ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2) and ubiquitin ligase (E3).! Apart from
attaching to its substrates as monomers (mono-ubiquitylation),
ubiquitin moieties can polymerize via each of its seven lysine resi-
dues to produce polyubiquitin chains. More recent studies also
indicated that ubiquitin chains can be orientated in a head-to-tail
manner (linear ubiquitin chains). Among these linkage-specific
entities, K48-linked ubiquitin chains are associated with pro-
teasome targeting, whereas ubiquitin polymers linked via K63-
linkages play critical roles in protein kinase activation, protein
trafficking and DNA damage response.*”

DNA double-strand break (DSB) is one of the most lethal
types of DNA lesions. Failure to repair DSBs contributes to
genome instability and a host of human diseases, including can-
cer and immunodeficiency.®” To counter the deleterious effects

of DSBs on genome integrity, cells have evolved elaborate pro-
tein networks that halt cell cycle progression and initiate DNA
repair in response to genotoxic stress.® To this end, cells signal
for DSB repair by initiating an H2AX-dependent signaling cas-
cade that culminates into the assembly of a cohort of DNA dam-
age mediator and repair proteins.” Accordingly, DSB signals are
transmitted and amplified through a series of post-translational
modifications, and recent studies have highlighted usage of non-
degradative ubiquitin chains catalyzed by the E3 ubiquitin ligases
RNF8 and RNF168.1°

The ring finger protein RNF8 is tethered to DSBs via its
N-terminal FHA domain, which targets phosphorylated MDCI.
Through its RING-dependent interaction with its cognate E2
UBC13, RNF8 conjugates ubiquitin adducts onto H2A-type
histones'"* and allows recruitment of the second E3 ubiquitin
ligase, namely the RIDDLE syndrome protein RNF168, to fur-
ther amplify the signals.”'® The current working model envisions
that RNF168, in concert with UBC13, extends and spreads the
RNF8-primed ubiquitin signals and, as such, represents the pri-
mary K63-ubiquitylating activity at DSBs important for assembly
of downstream components, including tumor suppressors BRCA1
and 53BP1."!® While recent reports have identified a number of
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negative regulators of the RNF8/RNF168-dependent ubiquitin
signaling pathway,'*** mechanistically how the RNF168-UBC13
complex amplifies ubiquitin signals has remained obscure. What
are the fundamental differences between RNF8-UBCI13 and
RNF168-UBC13?

In an attempt to dissect roles of RNF168, we solved the crystal
structure of the RNF168 RING domain (residues 1-111, referred
to as RNF168N1"), We found that the core RING domain of
RNF168 adopted a typical RING finger fold comprising one
central o helix, two antiparallel B strands and two long loops that
are stabilized by the coordination of two zinc ions. Intriguingly,
by comparing the structure of RNF168™""! to the complex struc-
tures of TRAF6-UBC13, CHIP-UBC13 and RNF8-UBC13-
MMS2, we identified a number of structural determinants on
RNF168™!"! that may preclude its binding to UBC13. Our in
vitro and in vivo data suggest that the RING domains of RNF8
and RNF168 may operate in different modes in the ubiquitin-
dependent DNA damage signaling pathway.

Results

Consistent with a previous study reporting RNF168 as the pri-
mary ubiquitylating activity at DSBs,”® we found that ectopic
expression of RNF168, but not RNF8, promoted formation of
ubiquitin adducts at DSBs, as indicated by FK2 and ubiquity-
lated-H2A (uH2A) foci (Fig. S1A and B). Moreover, depletion of
RNF168 in Hela cells resulted in drastic reduction of damage-
induced ubiquitylation of YH2AX (Fig. S1C)."” While these data
support the general consensus that RNF168 amplifies the RNF8-
primed ubiquitin signals at DSBs, it is not clear why UBCI13, the
same E2 that functions with both RNF8 and RNF168, seems to
exhibit much higher activity when paired with RNF168.

Overall structure of RNF168N". To provide a structural
basis for its robust ubiquitylating activity, we solved the crystal
structure of RNF168 RING domain (RNF168N!"), The over-
all structure of RNF168N!!"! contains ordered residues from L3
to S93. The residues from G94 to S111 could not be observed
in the electron density map, indicating high flexibility of this
region. The structure of RNF168™!"! contains a core RING
domain (residues 16-55) followed by three a helices flanking
on one side of the RING domain. The core RING domain of
RNF168 adopts the typical RING fold, comprised of one central
o helix (a1), two antiparallel B strands (B1 and $2) and two long
loops (L1 and L2). The two {3 strands and one of the two long
loops L1 are located on the N-terminal side of the central a helix,
while loop L2 was found on the C-terminal side of the central o
helix (Fig. 1A). Similar to other RING domain structures, the
long loops L1 and L2 are stabilized by coordination of two zinc
ions. Generally, the conserved motif CX,CX, , CX  HX, §
CX,CX ;45 CX,C (where C is Cys, H is His and X is any resi-
dues) is observed to coordinate the two zinc ions in the RING
domain structures.** Correspondingly, the signature motif com-
prising C16, C19, C36, C39, C31, H33, C51 and C54 was also
identified in RNF168 RING domain structure. These defined
cystine and histidine residues are arranged in a C3HC4 “cross-
brace” manner to chelate the two zinc ions, which stabilizes the
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conformations of loops L1 and L2 and enables correct folding of
the RING domain (Fig. 1A).” It is interesting to find that the
last turn of helix al is distorted in the structure of RNF168N-1!1,
In this region, the side chain of S48 forms a hydrogen bond with
the main chain carbonyl group of T43, leading to a bent confor-
mation of the central « helix. In addition, the main chain car-
bonyl group of V44 forms a hydrogen bond with the amide group
of L49, which further stabilizes the distorted conformation of
helix al (Fig. 1A). Sequence alignment of the RING domain of
RNF168 with several other E3 ubiquitin ligases capable of bind-
ing UBC13 with known structures shows that the serine residue
is not conserved, indicating that the distorted central helix is a
novel structural feature of the RNF168 RING domain (Fig. 1B).

Comparison of the structure of RNF168~'"! with other E3
ubiquitin ligases capable of binding to UBC13. The interac-
tions between E3 ligases and E2 enzymes play important roles
in promoting ubiquitin transfer from E2-ubiquitin complex
to its substrates. RNF168 was previously reported to interact
with UBC13 and, in concert with UBCI13, catalyze K63-linked
polyubiquitin chains on H2A-type histones.”™!® To gain further
insight into its binding to UBCI13, the structure of RNF168™!!!
was compared with the structures of E3 ligases in complex with
UBC13, including the structures of TRAF6 (tumor necrosis fac-
tor receptor-associated factor 6)-UBC13 and CHIP (C-terminal
of Hsp70-interacting protein)-UBC13. TRAF6 is a RING
domain E3 ligase, while CHIP is an E3 ligase containing a
C-terminal U-box domain that is structurally similar to RING
domain lacking the metal chelating residues conserved in RING
domains.2®%

Superimposition of the RING domain structure of
RNF168N1!" to the RING domain of TRAF6 and the U-box
domain of CHIP showed that these structures are similar with the
RMSD (root-mean-square deviation) values of 2.6 A and 2.2 A
over aligned C_ atoms of TRAFG (68 C_ atoms) and CHIP (69
C, atoms). However, the conformations of the N-terminal frag-
ment preceding the RING domain in these structures are differ-
ent. There are two sequential proline residues in the sequence of
TRAF6 and a sharp turn occurs in the region. Residues 59-61
in this fragment of TRAFG6 form a 3 strand to interact with
the B hairpin in the zinc finger region, further stabilizing the
U-shaped conformation. Consequently, the N-terminal fragment
of TRAFG6 folds back to interact with the RING domain and
the zinc finger domain (Fig. 2A). In RNF168~'" and CHIP,
the N-terminal sequence preceding the RING domain does not
carry two sequential proline residues, so that the fragment adopts
more extended conformation, protruding outside the RING and
U-Box domains (Fig. 2A and B). As described above, the last
turn of helix al in RNF168™"! is distorted, leading to a bent
conformation of the central a helix. The position of the last turn
of the central a helix in RNF168™"" shifts away from the metal
binding sites that are adjacent to the interface between E2 and
E3 enzyme complex compared with TRAF6 and CHIP (Fig. 2A
and B). In addition, a complex structure of RNF8-UBC13-
MMS?2 at 4.8 A resolution was reported recently.?® In the RING
domain structure of RNF8, the central a helix adopts normal
and unbent conformation in comparison to RNF168 (Fig. 2C).
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Figure 1. Overall structure of RNF8"'". (A) Ribbon representation of the structure of RNF168"""". The enlarged view of the interaction of helix a1 with
the followed loop is shown on the right side. Amino acid residues are shown in a stick mode. Zinc ions are shown in a sphere mode. The core RING
domain, the fragments preceding and following the RING domain are colored green, yellow and cyan, respectively. (B) Structure-based sequence
alignment of RNF168 RING domain, TRAF6 RING domain, CHIP U-box domain and RNF8 RING domain. The conserved residues are in red, and strictly
conserved residues are highlighted red. The residues involved in the interaction with UBC13 on the central « helix are labeled by diamond. M20 and
S48 of RNF168 and corresponding residues of TRAF6, CHIP and RNF8 are labeled by circle and triangle, respectively.

Structure of the binding site of RNF168™!"! to UBCI3.
Since the overall structure of the RING domain of RNF168 is
similar to the RING domain of TRAF6 and the U-box domain
of CHIP, we speculated that the RNF168 RING domain should
interact with UBC13 via the same binding site. We then con-
ducted further analysis to compare the binding interface between
UBCI13 and its E3 ligases TRAF6, CHIP or RNF168!,
Several residues within the RING domain of TRAFG6, includ-
ing E69, P71, 172, L74, M75, A101 and P106, are involved in
the interaction with UBC13 on the interface between these two
proteins.” Among these residues, L74 in loop L1 is entirely bur-
ied in a hydrophobic pocket on the UBC13 surface (Fig. 3A, left
panel). The corresponding residue of CHIP U-box domain is
F238, which interacts with UBC13 in a similar manner (Fig. 3A,
middle panel). In RNF168, the residue is substituted by M20
(Figs. 1B and 3A). The side chain of M20 is longer than the
side chains of L74 in TRAF6 and F238 in CHID, respectively.

314 Cell Cycle

The longer side chain of M20 of RNF168N" might cause steric
clash, disrupting the interaction between the RNF168N! and
UBC13 (Fig. 3A, left and middle panel). Comparison of the
RING domain of RNF168 to RNF8 in the complex structure of
RNF8-UBC13-MMS?2 revealed that the corresponding residue
of RNEFS8 ring domain to M20 is S407 with much shorter side
chain. The longer side chain of M20 is unable to fit in the bind-
ing pocket well and prevent the binding of RNF168 to UBC13
(Fig. 3A, right panel).

The central helix al of RNF168 is bent compared with
TRAF6, CHIP and RNF8 because of the hydrogen bonds formed
between S48 and T43 and V44 and 148 (Figs. 1A and 2A-C).
The hydrogen bond between S48 and T43 is considered to be the
critical driving force for the formation of the bent central o helix
of RNF168 RING domain. Because the sequence alignment
result showed that corresponding residues of TRAF6, CHIP and
RNF8 are glycine and lysine, respectively, lacking the side chain
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Figure 2. Comparison of the structure of RNF168N"" with TRAF6, CHIP
and RNF8. Superposition the structure of RNF168M"" to (A) TRAF6 (PDB
code: 3HCT), (B) CHIP (PDB code: 2C2V), (C) RNF8 (PDB code: 4EPO).
Residues are shown in a stick mode. Metal ions are shown in a sphere
mode. RNF168, TRAF6, CHIP and RNF8 are colored green, cyan, pink and
brown, respectively.

to form the same hydrogen bond (Fig. 1B), the central o heli-
ces of TRAF6, CHIP and RNF8 adopt normal conformation
(Fig. 2A—-C). Consequently, the C-terminal end of the central
o helix of RNF168 RING domain shifts away from the binding
interface of the E2 and E3 enzyme complexes (Fig. 3B). When
the structures of these proteins are superposed, the central helix of
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RNF168 rotates about 21°, 21° and 19°, and the C terminus shifts
4.1 A, 47 A and 6.1 A relative to TRAF6, CHIP and RNFS,
respectively (Fig. S2A—C). At this binding site, A101 of TRF6
and V265 of CHIP at the end of the central « helix are buried in
a hydrophobic pocket on the surface of UBCI13, respectively. A47
of RNF168 at the corresponding site is located farther away from
the binding pocket because of the bent central « helix (Fig. 3B,
left and middle panel), suggesting that RNF168™"!" may exhibit
reduced affinity for UBC13. In the structure of RNF8-UBC13-
MMS2 complex, two residues, K432 and R433, with positive
charges, are located at this site. Although the side chains of K432
and R433 are invisible, they may interact with UBC13 by salt
bridges, since UBC13 bears negative charges nearby (Fig. 3B,
right panel). The interactions at this site between RNF8 and
UBCI13 are different from those observed in TRAF6-UBC13
and CHIP-UBC13 complexes. However, the bent conformation
of central a helix of RNF168 causes A47 shifting away from the
interacting interface of UBCI13 in a similar way when compared
with RNF8 (Fig. 3B, right panel).

In addition, M64 of UBC13 formed van der Waals interac-
tions with the side chains of residues K96, S97 and D100 and
E260, H261 and R264 on the central « helix of TRAF6 and
CHIP, respectively. In the structure of RNF8-UBC13-MMS2
complex, this binding pocket is formed by E429, W430, K432
and R433 of RNFS. The corresponding residues of RNF168 are
S42, T43 and K46, whose side chains are capable of forming van
der Waals, contacts with M64 of UBC13. Because of the bent
conformation of the central « helix, the distance between this
binding pocket of RNF168 to M64 of UBCI13 is longer in com-
parison to TRAF6, CHIP and RNFS8 (Fig. 3C).

RNF168 does not stably associate with UBC13. RNF168 is
a RING domain-containing factor that cooperates with RNF8
to catalyze K63-linked ubiquitin chains on histone H2A and
H2AX in response to DSB.">* Generally, the RING domain
of E3 ubiquitin ligase promotes ubiquitin transfer by bringing
charged E2 enzymes into close proximity with its substrates. In
this regard, we examined the interaction between RNF168™!!!
and UBCI13 by GST pull-down assay. Consistent with our pre-
diction based on structural analysis, we were unable to detect
any interaction between RNF168N"" and UBCI13 either at 4°C
or 37°C (Fig. 4A). To more rigorously examine the interaction
between RNF168 and UBC13, we performed further interaction
studies using RNF8 as control, which has been shown exten-
sively to interact with UBC13.332 Bacterially expressed and
purified GST-UBC13 or MBP-UBC13 proteins and their respec-
tive M64A mutants were incubated with lysates derived from
cells overexpressing RNF8 or RNF168. Pull-down experiments
demonstrated robust RNF8-UBCI13 interactions, which were
dependent on the UBC13 M64 residue. By contrast, UBC13
proteins did not detectably associate with RNF168 (Fig. 4B).
The same was true when bacterially expressed and purified
MBP-RNF8 or RNF168 fusion proteins were incubated with
lysates derived from cells expressing either wild-type UBCI3
or its M64A mutant (Fig. 4C). In addition, DNA damage did
not affect the binding between RNF8 and UBCI13 and failed to
promote any stable interaction between RNF168 and UBCI3
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Figure 3. Structural basis for the lack of interaction between RNF168"""" and UBC13. (A) Comparison of the binding of loop L1 of TRAF6 (left panel),
CHIP (middle panel) and RNF8 (right panel) to the hydrophobic biding pocket on UBC13 surface with RNF168"""". (B) Comparison of the binding of the
C-terminal end of the central a helix of TRAF6 (left panel), CHIP (middle panel) and RNF8 (right panel) to the hydrophobic pocket on UBC13 surface
with RNF168"""". (C) Comparison of the interaction between UBC13 and TRAF6 (left panel), CHIP (middle panel) and RNF8 (right panel) to RNF168N""".
RNF168, TRAF6, CHIP and RNF8 are shown in a ribbon mode and colored green, cyan, pink and brown, respectively. Residues are shown in a stick
mode. UBC13 is shown in surface representation in (A and B). White, blue and red regions indicate neutral areas, positively charged areas and nega-
tively charged areas, respectively. UBC13 is shown in a ribbon mode and colored yellow in (C). The PDB codes of TRAF6, CHIP and RNF8 in complex

with UBC13 are 3HCT, 2C2V and 4EPO, respectively.

(Fig. 4D). Finally, by use of co-immunoprecipitation, we found
that RNF8, but not RNF168, associated with UBC13 (Fig. 4E).
Together, we concluded that RNF168 does not stably associate
with UBCI3.

The RING domains of RNF168 and RNF8 are not func-
tionally interchangeable. Our observations that RNF168 does
not stably associate with UBCI13 suggested that RNF8 and
RNF168 may have evolved to interact with UBC13 in different
modes. To strengthen this possibility, we performed domain-
swapping experiments to examine whether the RNF8 and
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RNF168 RING domains were interchangeable in the DNA dam-
age signaling pathway. We generated chimeric constructs where
the RNF8 RING deletion mutant was fused with the RNF168
RING (Fig. 5A) and reconstituted RNF8-deficient MEF cells to
assess whether these ectopically expressed proteins may restore
RNF8 function in promoting FK2 and 53BP1 foci formation.
Expression of RNF8, but not its RING deletion mutant, restored
FK2 and 53BP1 foci (Fig. 5B). This was also true in cells express-
ing RNFSARING-Chf{r*™¢ 32 By contrast, replacing the RNF8
RING with that of RNF168 did not restore RNF8 functions in
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Figure 4. RNF168 does not stably associate with UBC13. (A) The interaction between RNF168M"" and UBC13 analyzed by GST pull-down assay at 4°C
and 37°C. (B) Agarose conjugated with bacterially expressed and purified GST-UBC13 or MBP-UBC13 proteins, and their corresponding M64A mutants,
were incubated with lysates derived from cells expressing Flag-RNF8 or Flag-RNF168 for 4 h at 4°C with gentle agitation. Thereafter, agarose beads
were washed three times with NETN buffer, and proteins were separated by SDS-PAGE. Western blotting experiments were done using indicated
antibodies. (C) MBP-RNF8 or MBP-RNF168 protein were incubated with lysates derived from cells expressing myc-tagged UBC13 wild-type (WT) or its
M64A mutant. Bound complexes were washed and analyzed using anti-myc (9E10) antibodies. (D) GST-UBC13 proteins were incubated with lysates
derived from irradiated cells or untreated cells. Bound proteins were analyzed using indicated antibodies. (E) 293T cells were co-transfected with
indicated constructs. Cells were subsequently lysed using NETN buffer, and streptavidin beads were used to precipitate UBC13 protein complexes.
Proteins were separated by SDS-PAGE and were analyzed by western blotting using indicated antibodies.

vivo, supporting our hypothesis via inherent differences exists
between the RNF8 and RNF168 RING domains. Consistently,
we found that GST-UBCI3 proteins precipitated wild-type
RNF8 and RNFSARING-Chfr*™6, but not RNFSARING nor
RNFSARING-RNF168%N¢ (Fig. 5C).

We also performed reconstitution experiments in RNF168
mutant RIDDLE cells* using an RNF168-expressing construct
in which its RING domain was replaced with that from RNF8
(Fig. 5D). While expression of wild-type RNF168 restored FK2
and 53BP1 foci formation, reconstitution of RNF168ARING or
RNF168ARING-RNF8*N¢ did not (Fig. 5E).

Discussion
In concert with its cognate E2 UBCI3, the E3 ubiquitin ligase

RNF168 has been implicated in DNA signal propagation by
catalyzing K63-linked ubiquitin chains onto histone molecules
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at the vicinity of DSBs."”'® To provide a structural perspective
into its ubiquitylating property, we solved the crystal structure
of the RNF168 RING domain. Although the overall structure
of RNF168 RING domain is similar to the reported structures
of RING domain and U-box domain of E3 ligases (Fig. 1A),
several unique structural features have been identified by com-
paring the structure of RING domain of RNF168 to TRAF6
CHIP and RNF8.26?¢ It was shown previously that several resi-
dues of TRAFG, including E69, P71, 172, L74, M75, A101 and
P106, are important for the binding of TRAF6 to UBC13.%
Among these residues, L74 is buried in a hydrophobic pocket
on the surface of UBC13 (Fig. 3A, left panel). The correspond-
ing residues are M20 of RNF168, S407 of RNF8 and F238 of
CHIP, respectively (Figs. 1B and 3A). The side chain of M20 is
longer than S407, L74 and F238 in RNF8, TRAF6 and CHIP,
respectively, which might disrupt the interaction between

RNF168 and UBC13 because of the steric hindrance effect.
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Figure 5. RNF8 and RNF168 RING domains are not functionally interchangeable. (A and D) Schematic illustrations of RNF8 and RNF168 chimeric
constructs. (B and E) RNF8-/- MEFs or RIDDLE cells (RNF168 mutant cells) reconstituted with indicated constructs were irradiated (10 Gy) and were
processed for immunofluorescent experiments to assess FK2 and 53BP1 foci formation. (C) GST-UBC13 interacted with RNF8 and Chfr RING but not
RNF168 RING. Agarose beads conjugated with GST-UBC13 proteins were incubated with lysates derived from cells expressing indicated proteins.
Bound protein complexes were separated by SDS-PAGE and analyzed by western blotting using indicated antibodies.

Interestingly, mutations of L74 in TRAFG6 to glutamic acid or
lysine residues with longer side chains totally abolish the binding
of TRAF6 to UBC13.% Although the glutamic acid and lysine
residues are able to disrupt the hydrophobic interaction between
TRAF6 and UBCI13, the steric hindrance effect of the longer
side chains may also play an important role in regulating the
interaction. Another peculiar structural feature on the RNF168
RING domain is that the hydrogen bonds formed between S48
and T43 and V44 and L49 result in a bent conformation of the
central a helix (Figs. 1A and 2A-C). Consequently, the residue
A47 located at the end of the central o helix shifts away from
the predicted interaction interface, leading to weaker association
between RNF168 and UBC13 (Fig. 3B). In addition, several
residues of the central a helix in TRAF6, CHIP and RNFS8 are
involved in the formation of hydrophobic interaction with M64
of UBC13 (Fig. 3C).?*® The bent conformation of the central
a helix of RNF168 might disrupt its interaction with M64 of
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UBCI13, further weakening the association between RNF168
and UBCI13.

RNF168 and UBC13 co-localize at DSBs to catalyze ubiquitin
conjugates onto H2A-type histones in response to DNA damage.
Since our data indicated that RNF168 does not stably bind to
UBC13, the interaction between these two proteins may be tran-
sient in vivo. Another possibility is that some unknown proteins
may exist to stabilize the association of RNF168 with UBCI3.
As shown before, HERC2 facilitates the assembly of RNFS-
UBC13 complex to promote RNF8-mediated ubiquitylation at
sites of DSBs.** Since HERC2 binds and stabilizes RNF168,* it
may have a similar role in promoting the assembly of RNF168-
UBC13 complex in vivo. A recent report revealS that RNF168 is
unable to promote the formation of a ubiquitin chain on histone
H2A in the presence of UBCI13, indicating that RNF168 may
recruit E2 enzymes other than UBC13 to propagate the signals at
DSBs.? Together, with our observations that RNF168 is unable
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Table 1. Data collection and structure refinement statistics
Data set

Data collection

Space group P422

Unit-cell parameters

a,b,c(h) 50.16, 50.16, 113.93
o, B Y0 90, 90, 90
Resolution range (A) 50.00-2.60(2.74-2.60)
Wavelength (A) 0.9792
Observed reflections 45,261
Unique reflections 4,871
Vs, 13.3(5.1)
Completeness (%) 99.3(100.0)®
Roege” (%) 8.2(54.0)
Refinement
Resolution range (A) 45.00-2.60
R, (%) 22.28
R, (%) 2761
WEEEEoN
Bond angles (°) 1.295
Average B-factors (A?)
Protein 59.1
Water 59.4
Zn?* 49.9
Ramachandran plot
Most favored regions (%) 91.0
Additionally allowed regions (%) 9.0
Outliers (%) 0.0

“The values in parentheses refer to statistics in the highest shell.
PR oo = 2l (RKD- < I(hKI) > |/%,, 3.|1(hkI)| where [ (hkI) is the intensity

merge

of the ith measurement, and < /(hk/) > is the mean intensity for that
reflection.

R, = 2,ullFol-|Fc||/2,  [Fol, where |Fo| and |Fc| are the observed and
calculated structure factor amplitudes, respectively.

4R was calculated with 5.0% of the reflections in the test set.

free
to associate with UBC13 stably, suggests an alternative possibil-
ity that RNF168 may recruit other E2 enzymes to ubiquitinate
histone H2A at DSBs.

Both RNF8 and RNF168 have been reported to promote his-
tone H2A ubiquitylation in concert with UBC13 in vivo.!3!>16
Deletion of the RING domain of RNF168 impaired the forma-
tion of ubiquitin adducts and compromised the accumulation
of DNA damage repair proteins at DSB sites.'>*® While genetic
studies suggest that RNF8 and RNF168 are recruited to DSBs
sequentially to catalyze a bipartite mode of histone ubiquitylation
events, a recent report from the Sixma lab provided compelling
biochemical evidence to challenge this view, implicating RNF168
as the “initiator” in the step-wise amplification of H2A-type
histones at DSBs.® Regardless, our observations that RNF168
RING cannot compensate RNF8 RING (vice versa) in the DNA
damage signaling pathway support our hypothesis, in which the

www.landesbioscience.com

two E3 ubiquitin ligases operate in different modes, with UBC13
in the ubiquitin-dependent DNA damage signaling pathway.

During the preparation of this manuscript, Glover and col-
leagues reported their structural study on the RNF168 RING
domain.?® Our study not only compliments their work, but con-
sidering the emerging evidence that reinstates the lys63-ub-pro-
moting activity to the RNF8-UBCI13 holoenzyme, it is tempting
to speculate that ubcH5¢, or a yet-to-be-identified E2, may par-
ticipate in the early stages of DSB signaling. Further work will be
necessary to fully elucidate the differences between RNF8 and
RNF168 in catalyzing DSB-associated ubiquitylation events,
and how they contribute to the maturing of the ubiquitin land-
scape at DSBs.

Materials and Methods

Cloning, overexpression and purification. The DNA fragment
encoding RNF168¥!"" was amplified by PCR using human fetal
brain cDNA library as template. The PCR product was digested
with enzymes of BamHI/Xhol and ligated into the pET-22b vec-
tor with a 6x His-tag fused to its N terminus. The resulting plas-
mid was confirmed by DNA sequencing. The expression plasmid
containing the RING domain of RNF168 was transformed into
E. coli Rosetta 2 (DE3) cells. The E. coli cells were grown at
37°C in LB media supplemented with 100 pg/ml ampicillin
until OD reached 0.8. One-tenth mM IPTG was added into
the media, and the cells were further incubated for 20 h at 16°C.

The cells were harvested and resuspended with lysis buffer
(50 mM Tris-HCI, pH 7.5, 500 mM NaCl, 10 mM imidazole).
The cells were lysed using ultrasonication on ice and the lysate
was centrifuged at 12,000 rpm for 30 min. The supernatant was
loaded onto a Ni-NTA nickel-chelating column (QIAGEN) pre-
equilibrated with lysis buffer. The column was washed by 50 col-
umn volumes of washing buffer (50 mM Tris-HCI, pH 7.5, 500
mM NaCl and 50 mM imidazole) to remove contaminant. Target
protein was eluted by elution buffer (50 mM Tris-HCI, pH 7.5,
500 mM NaCl, 250 mM imidazole). The eluted protein was sub-
jected to a HiLoad 16/60 superdex 75 column (GE Healthcare)
pre-equilibrated with the column buffer (20 mM Tris-HCI, pH
7.5, 200 mM NaCl, 1 mM DTT). The eluted fraction contain-
ing RNF168™!"! was concentrated to 3 mg/ml for further use. All
steps of protein purification were performed at 4°C.

Crystallization and data collection. The purified RNF168N-!"!
was crystallized using sitting drop vapor diffusion method at
18°C. Initial crystal trials were performed using Crystal Screen,
Crystal Screen II, Index (Hampton Research), Wizard I and
Wizard II (Emerald Biosystems). Finally, the diffraction quality
crystals were grown in the buffer containing 1.6 M sodium malo-
nate, pH 7.0. The crystals of RNF168™""! were cryoprotected by
the buffer containing 1.6 M sodium malonate and 10% glycerol.
The crystal was flash cooled in liquid nitrogen and subjected to
X-ray diffraction data collection at 100K on synchrotron beam-
line BL17U1 of SSRF (Shanghai). Diffraction data were pro-
cessed with HKL2000 software package.*

Structure determination and refinement. The structure of
RNF168™!"! was solved by using single wavelength anomalous
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diffraction of the intrinsic zinc atoms. The zinc ions were located
and the initial phases were calculated using the PHENIX pro-
gram package. Initial structure model was built automatically
using AUTOBUILD in the PHENIX program package.”” The
model was refined to 2.6 A using program REFMACS and
COOT alternatively resulting in the final model with an R-factor
of 22.28% (R-free = 27.61%).>*% The quality of the final struc-
ture model was analyzed with the PROCHECK program.* The
coordinates and structure factors are deposited in the Protein
Data Bank under the accession code 4GB0. The data processing
and structure determination statistics are listed in Table 1.
Pulldown assay. UBC13 (Homo sapiens) was cloned into
pGEX-6P-1 vector with a GST-tag fused to its N terminus and
overexpressed in E. coli Rosetta2 (DE3) cells. GST-UBC13 was
purified with Glutathione Sepharose beads (GE Healthcare) in
PBS buffer. Purified GST-UBC13 was incubated with 20 wl
Glutathione Sepharose beads pre-equilibrated with buffer A
containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na HPO,, 2
mM KH,PO,, 1 mM DTT, pH 7.4. GST-UBCI13 immobilized
with Glutathione Sepharose beads was incubated with purified
RNF168N11, After incubation at 4°C or 37°C for 60 min, the
beads were washed with buffer A three times. Beads were boiled
with SDS-sample buffer and proteins retained on the Glutathione
Sepharose beads were analyzed on SDS-PAGE.
Immunofluorescence studies. Cells grown on coverslips were
irradiated (10 Gy) and were subsequently fixed with 3% parafor-
maldehyde for 15 min at room temperature. Cells were washed

with PBS and permeabilized with 0.5% triton solution for 1 min.
After washing with PBS, cells were immunostained with primary
and secondary antibodies for 30 min, respectively. Nuclei were
visualized by staining with DAPI. Coverslips were mounted and
IR-induced foci were visualized using an Olympus BX51 fluores-
cence microscope.
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