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An SCF complex containing Fbxl12 mediates

DNA damage-induced Ku80 ubiquitylation
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The Ku heterodimer, composed of Ku70 and Ku80, is the initiating factor of the nonhomologous end joining (NHEJ)
double-strand break (DSB) repair pathway. Ku is also thought to impede the homologous recombination (HR) repair
pathway via inhibition of DNA end resection. Using the cell-free Xenopus laevis egg extract system, we had previously
discovered that Ku80 becomes polyubiquitylated upon binding to DSBs, leading to its removal from DNA and subsequent
proteasomal degradation. Here we show that the Skp1-Cul1-F box (SCF) E3 ubiquitin ligase complex is required for Ku80
ubiquitylation and removal from DNA. A screen for DSB-binding F box proteins revealed that the F box protein FbxI12
was recruited to DNA in a DSB- and Ku-sensitive manner. Immunodepletion of Fbxl12 prevented Cul1 and Skp1 binding
to DSBs and Ku80 ubiquitylation, indicating that FbxI12 is the F box protein responsible for Ku80 substrate recognition.
Unlike typical F box proteins, the F box of FbxI12 was essential for binding to both Skp1 and its substrate Ku80. Besides
FbxI12, six other chromatin-binding F box proteins were identified in our screen of a subset of Xenopus F box proteins:
B-TrCP, Fbh1, FbxI19, Fbxo24, Fbx028 and Kdm2b. Our study unveils a novel function for the SCF ubiquitin ligase in
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regulating the dynamic interaction between DNA repair machineries and DSBs.

Introduction

Double-strand breaks (DSBs), one of the most dangerous forms
of DNA damage in the cell, can be repaired via two major path-
ways: homologous recombination (HR) and nonhomologous end
joining (NHE]). NHE] is initiated by Ku, a heterodimer consist-
ing of Ku70 and Ku80, which recognizes DSBs and recruits addi-
tional pathway components to process and repair the damage. Ku
recognizes DSBs in a unique manner: the heterodimer forms a
toroidal structure with a central channel through which the bro-
ken end of the DNA threads.! It has been suggested that once the
DSB is repaired through NHE], Ku could potentially become
topologically trapped on the DNA.' Because the central chan-
nel of Ku is large enough only to accommodate one duplex of
DNA, the protein presumably must be removed from a repaired
DSB prior to or at the completion of the next round of DNA
replication.?

Ku has an extremely high affinity for DNA ends, with a K of
about 2 nM,? and is estimated to be at a concentration of about
300 nM in human cells.** These properties ensure that Ku is
among the first, if not the first, factors to bind to a DSB. There
is evidence that this affinity for DSBs may present problems for
competitive DSB repair pathways. For example, Ku has been
shown to regulate DSB repair pathway choice,’ likely due to
Ku-mediated steric obstruction of DNA end resection, an initial
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step of the HR pathway."""> Successful end resection may there-
fore require the removal of Ku from DNA ends. In support of
this hypothesis, rates of resection have recently been shown to
decrease significantly when a bacterial Ku homolog, which is not
efficiently removed from DNA in mammalian cells, is substituted
for endogenous mammalian protein.' These data suggest that
there may be an active mechanism in cells to remove Ku from
DNA, both prior to and following the completion of NHE].2

We have used the Xenopus laevis cell-free egg extract system
to study the dynamics of Ku on DSBs.” Using this system, we
observed that Ku80 becomes heavily polyubiquitylated via K48-
dependent linkages upon binding to DSBs. This ubiquitylation is
necessary for the efficient removal of Ku80 from chromatin in egg
extract. Surprisingly, although Ku80 is degraded in a ubiquitin-,
DSB- and proteasome-dependent manner, proteasome activity is
not required per se for its release from DNA. In addition, trun-
cated Ku80 proteins that retained the ability to bind DSBs but
not to complete NHE] were ubiquitylated and degraded with
kinetics identical to those of the full-length protein, indicating
that it was DSB binding and not NHE] completion that signaled
ubiquitylation.

We showed previously that components of the Skpl-Cull-F
box (SCF) E3 ubiquitin ligase complex interact preferentially
with DSBs, and that this DSB interaction is dependent upon
the presence of Ku.” These observations led us to hypothesize
that Ku80 is an SCF substrate. Here we report that the SCF
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complex is, indeed, required for Ku80 ubquitylation, removal
from DNA and degradation in egg extracts. The SCF complex
generally recognizes its substrates via an interaction between the
substrate and the variable F box-containing subunit of the com-
plex. We systematically screened a subset of Xenopus homologs
of human F box proteins and identified Fbxl12 as a Ku-sensitive
DSB-binding protein. Fbxl12 depletion inhibited both Cull and
Skpl binding to DSBs as well as Ku80 ubiquitylation. Besides
Fbxl12, we identified six additional F box proteins that interact
with chromatin. This study unveils a novel function of the SCF
complex in the DNA damage response.

Results

The SCF complex is required for the ubiquitin-dependent
removal of Ku80 from DNA. We had previously shown that
3S-labeled Ku80 translated in rabbit reticulocyte lysate and
added to Xenopus laevis egg extract was degraded in response to
linearized plasmid DNA but not to circular DNA. Ku80 was
ubiquitylated upon binding to DSBs leading to its removal from
DNA and subsequent degradation by the 26S proteasome. The
E3 ubiquitin ligase involved in this process remained unknown,
but one tantalizing clue to its identity was our finding that Cull
and Skpl, components of the SCF E3 ubiquitin ligase complex,
bound to DSBs in a Ku-dependent manner.”” This led us to
hypothesize that the SCF complex is recruited to DSBs through
a substrate interaction with Ku and is responsible for Ku80
ubiquitylation.

To test whether Ku80 degradation depends on the SCF com-
plex, we generated antibodies against the N terminus of Xenopus
laevis Cull and used them to immunodeplete Cull from egg
extracts. Following Cull depletion, *S-labeled Ku80 and lin-
earized DNA were added to extracts, and degradation kinetics
monitored. Cull depletion clearly led to the stabilization of Ku80
(Fig. 1A), suggesting strongly that the SCF complex is involved
in its ubiquitylation.

To further confirm this result and ensure that co-depletion
of an unknown factor was not responsible for this effect, we
used a dominant-negative (DN) version of Cull to inactivate the
SCF complex. This method takes advantage of the fact that the
N-terminal domain of Cull binds to Skpl while the structur-
ally separate C-terminal domain binds to the catalytic subunit
Rbx1, and has been previously used in other systems.'® We puri-
fied a recombinant protein containing the GST tag and the first
469 residues of the Xenopus laevis Cull protein (GST-DN-Cull).
Similar to immunodepletion of Cull, addition of GST-DN-Cull
to extract inhibited the DSB-dependent degradation of Ku80
(Fig. 1A).

To test whether the SCF complex is required for Ku80 poly-
ubiquitylation on DNA, DSBs can be modeled in egg extracts
using linearized plasmid biotinylated at one end and bound to
streptavidin-coated magnetic beads (single biotin DNA beads, or
SB-DNA beads). These beads, when incubated in egg extracts,
bind to multiple proteins in a DSB-dependent manner.” Upon
binding to SB-DNA beads, Ku80 becomes heavily poly-ubiqui-
tylated. We added SB-DNA beads to extracts containing either
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GST-DN-Cull or GST as a control; DNA beads were purified,
and bound proteins were probed by immunoblot. As expected,
DN-Cull inhibited binding of endogenous Cull, but not that of
Skpl, to SB-DNA beads (Fig. 1B). In addition, DN-Cull inhib-
ited much of the Ku80 modification apparent on SB-DNA bead-
bound fraction, while it had no effect on Ku80 in the unbound
fraction (Fig. 1B).

We had previously noticed a prominent band at about 100 kDa
apparent on anti-ubiquitin immunoblots of proteins co-purified
with DNA beads (ref. 15 and see Fig. 4, arrow). We assumed that
this band represents Cull that is modified with the ubiquitin-
like peptide Nedd8,"” which cross-reacts with our anti-ubiquitin
antibody. In fact, this band can be superimposed with bands that
react against both anti-Cull and an anti-Nedd8 antibodies, but
not with any of the modifications on Ku80 (Fig. S1). This band,
like Cull, disappears in the presence of GST-DN-Cull. We con-
clude that this band represents Cull on DNA beads that has been
modified with Nedd8.

Next, we tested the functional role of SCF on DSBs. We pre-
viously showed that ubiquitylation of Ku80 leads to its removal
from DNA." To test whether the SCF complex is also required
for Ku80 removal, we used a technique that we had developed
to quantify release of proteins from chromatin. *S-labeled Ku80
was incubated in extracts and was allowed to bind SB-DNA
beads. The beads were then removed from extracts and added
to unlabeled, fresh extracts. At various intervals, the beads were
isolated, and radioactive Ku80 remaining on the DNA beads was
quantified using a phosphorimager. Adding dominant-negative
Cull to extracts effectively inhibited Ku80 release (Fig. 1C
and D). Taken together, these observations strongly indicate that
the SCF complex is required for Ku80 ubiquitylation, removal
from DNA and proteasomal degradation and, further, that it is
likely recruited to DSBs via a substrate interaction with Ku.

The F box protein FbxI12 binds to DSBs in a Ku-sensitive
manner. The SCF complex is generally recruited to its sub-
strates via an interaction between the substrate and the variable
F box-containing SCF subunit. Multiple F box proteins within a
genome allow the SCF complex to ubiquitylate a variety of dis-
tinct substrates in a regulated manner."® While multiple F box
proteins have been identified based on bioinformatic analyses,”
the discovery of substrates recognized by them has been challeng-
ing. In fact, the functions of most human F box proteins remain
mysterious.?’

To identify the F box protein responsible for recruiting the
SCF complex to DSBs, we first searched for Xenopus homologs of
the 69 known human F box proteins using BLAST. Because the
publicly available Xenopus laevis genomic sequence was incom-
plete at the time these experiments were performed, we also
searched the genome of the closely related frog Xenopus tropicalis.
In total, we were able to identify clear Xenopus homologs for 58
of the 69 human F box proteins.

We reasoned that the F box protein required for SCF recruit-
ment to Ku80 on DSBs would, like Cull and Skpl, bind to DSBs
in a Ku-dependent manner. To search for such an F box protein,
we first screened F box proteins that bind to DSBs in egg extracts
using SB-DNA beads as described above. To model control
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Figure 1. The SCF complex is required for Ku80 ubiquitylation and degradation in response to DSBs. (A) *S-labeled Ku80 was added to extract that
was either immunodepleted of Cul1, mock-depleted, or mock-depleted and contained GST-tagged dominant-negative Cull. At one hour intervals,

protein was precipitated using trichloro-acetic acid and quantified using a scintillation counter. Average and standard deviation of three independent
experiments at each time point are shown. (B) Extracts containing either GST or GST-DN-Cul1 were incubated with SB-DNA beads and inputs and co-
purifying proteins were probed with antibodies against Ku80, Skp1, and H3. Beads from a duplicate experiment were probed with antibodies against
Cul1, Skp1, and H3 (a loading control). (C) *S-labeled Ku80 and GFP-SBP, as a loading control, were added to egg extract. After a 45 min pre-incubation,

either GST or GST-DN-Cul1 was added. The extract was then incubated with SB-DNA beads. After 30 min, beads were removed from the extract and
washed once with and added to extract containing GST or GST-DN-Cul1 but lacking labeled Ku80. Beads were incubated in this extract for an ad-
ditional 0 (t = 30), 30 (t = 60), or 60 (t = 90) minutes. Bead fractions were visualized by phosphorimager. (D) Ku80 remaining on beads was quantified
using a phosphorimager after normalizing to GFP-SBP in three independent experiments. Error bars indicate one standard deviation.

undamaged DNA, we used a previously described reagent, lin-
ear DNA biotinylated at both ends bound to streptavidin-coated
beads (double biotin DNA, or DB-DNA, beads).” We analyzed
30 of the 58 Xenopus F box protein homologs (Table 1), each of
which was ¥S-labeled in reticulocyte lysates and allowed to bind
DNA beads in egg extracts. Of the 30 F box proteins tested, two
did not appear to express in the reticulocyte lysates and 21 were
expressed but did not bind to chromatin. In contrast, seven of
the tested F box proteins were able to bind to SB-DNA beads
(Table 1), four of which showed no obvious preference for DSBs
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over undamaged DNA (Kdm2b, FbxI19, Fbxo18, and Fbx028),
and one, Fbxo24, which was not tested for DSB-dependence. In
contrast, two (3-TrCP and Fbxl12) showed a clear preference for
SB-DNA over DB-DNA bead binding. However, only Fbxl12,
expressed from a Xenopus tropicalis cDNA, lost its ability to bind
DNA beads following Ku depletion (Fig. 2A).

Fbxl12 is a 37 kDa protein, about which very little is known.
The only previously identified substrate for SCF™ 2 is p57XIF2,
a cyclin-dependent kinase inhibitor.”! Interestingly, FbxI12 has
a domain architecture similar to that of the F box protein Skp2,
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Table 1. Xenopus F box proteins were screened for Ku sensitivity

F-box protein IMAGE number Xenopus species
Cenf 5049128 laevis
Fbh1 6316796 laevis

FbxI12 7682433 tropicalis
FbxI14 3402730 laevis
FbxI16 7660186 laevis
FbxI17 6636605 laevis
FbxI19 6864660 laevis
FbxI20 5543149 laevis
FbxI22 8318195 laevis
FbxI3 5440173 laevis
FbxI5 6317694 laevis
FbxI8 7765941 laevis
Fbxo11 6644003 laevis
Fbxo15 7856627 tropicalis
Fbxo24 7708113 tropicalis
Fbxo25 6319137 laevis
Fbxo27 7011501 laevis
Fbxo028 7601995 tropicalis
Fbxo30 5384657 tropicalis
Fbxo36 5307822 tropicalis
Fbxo38 7391082 laevis
Fbxo41 7692156 tropicalis
Fbxo42 6953888 laevis
Fbxo44 4959662 laevis
Fbxo5-A 6323527 laevis
Fbxo9 4202748 laevis
Fbxw5 6980943 tropicalis
Kdm2b 6862732 laevis
Skp2 7393117 laevis
B-TrCP 5078981 laevis

Expressed in RL DNA binding DSB- dep Ku-dep
+ - N/A N/A
+ + - N/A
+ + + +
- N/A N/A N/A
+ - N/A N/A
+ - N/A N/A
+ + - N/A
- N/A N/A N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ + ND ND
+ - N/A N/A
+ - N/A N/A
+ + - N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ - N/A N/A
+ + - N/A
+ - N/A N/A
+ + + -

cDNAs were screened first for their ability to be translated in rabbit reticulocyte lysate (RL), next their ability to bind SB-DNA beads (DNA binding), their
preference for SB-DNA beads over DB-DNA beads (DSB-dep) and, finally, their sensitivity of DSB-binding to the prior depletion of Ku from extracts (Ku-
dep). Proteins found to bind to SB-DNA beads are in bold. N/A, not applicable; ND, not determined.

and p57%"™* is also a SCF*"? substrate in mammalian cells.??
However, Skp2, while robustly expressed in reticulocyte lysate,
did not bind SB-DNA beads in our assay (Table 1), and we thus
discarded it as a candidate for Ku80 recognition.

To identify the Xenopus laevis homolog of Fbx/12, we searched
the NCBI expressed sequence tag (EST) database and identi-
fied a clone containing sequence with a predicted 82% identity
to the C-terminal 78 residues of the Xenopus tropicalis protein.
Upon fully sequencing this clone, we were able to conclude that
it did, indeed, contain the full-length Xenopus laevis Fbxl12
cDNA, which encodes a polypeptide that is 34% identical to
the human protein and 83% identical to the Xenopus tropicalis
protein (Fig. 2B). We then generated and purified out of E. coli
recombinant MBP-tagged Xenopus laevis Fbx112 protein, which
bound robustly to SB-DNA beads when added to egg extract.
This interaction was also dependent upon the presence of Ku
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(Fig. 2C), indicating that the Xenopus laevis protein had proper-
ties similar to its Xenopus tropicalis homolog.

To study endogenous FbxI12 in egg extract, we gener-
ated polyclonal antibodies against a C-terminal peptide of the
Xenopus laevis protein. This antibody recognized an endogenous
37 kDa protein in egg extract, although there were several addi-
tional recognized bands, some of which are likely to be modi-
fied forms of FbxI12 (Fig. 2D). When used to probe proteins
co-purifying with SB-DNA beads, anti-FbxI12 identified two
bands migrating at approximately 37 and 40 kDa (Fig. 2D).
Upon depletion of Ku from the extract, Cull and Skpl bind-
ing to SB-DNA beads was abrogated, as was that of the faster
migrating anti-Fbxl12 interacting band. The slower migrating
band, however, was not negatively affected by Ku depletion. The
nature of the slower migrating band is currently unknown (but
see discussion).
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Figure 2. The F-box protein FbxI12 binds to DSBs in a Ku-sensitive manner. (A) *S-labeled Xenopus tropicalis FbxI12 and histone H3 were added to

egg extract that was either mock- or Ku-depleted. Streptavidin-coated (SA), SB-DNA, or DB-DNA beads were added to the mock-depleted extract and
SB-DNA beads were added to the Ku-depleted extract. Bead fractions were visualized by phosphorimager. (B) Protein alignment of FbxI12 amino acid
sequence from Xenopus laevis, Xenopus tropicalis, Homo sapiens and Mus musculus. Indicated are the F box (blue box), conserved F box residues that
were mutated (see Fig. 3D and E, red boxes), and the start of the AN-Fbx|12 truncation mutant. (C) Egg extracts were either mock- or Ku-depleted, and
1 wM recombinant MBP-FbxI12 (MF) was then added. These extracts were then incubated with SB-DNA beads, and co-purifying proteins were probed
with antibodies against MBP, Ku70, Skp1 or H3. (D) Mock- or Ku-depleted extract was incubated with SB-DNA beads, and bound proteins were probed
using antibodies against Xenopus laevis FBXL12. A likely cross-reacting band is indicated with an asterisk.

Fbxl12 interacts with SCF complex components and its
binding to chromatin depends on its F box. We next sought
to confirm the ability of FbxI2 to interact with other SCF com-
ponents in Xenopus egg extracts. F box proteins interact with
other SCF components via a direct interaction between the F box
and Skpl.”? MBP-tagged full-length or AN-FbxI12, which lacks
the N-terminus region containing the F box, was incubated in
extract and immunoprecipitated using anti-MBP antibodies. An
immunoblot of co-purifying proteins revealed that the full-length
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Fbxl12, but not AN-Fbxl12, was able to co-immunoprecipitate
both Cull and, to a greater extent, Skpl (Fig. 3A). Similarly,
while anti-Skpl antibodies were able to co-immunprecipitate
full-length FbxI12, they were unable to isolate AN-FbxI12 above
background levels (Fig. 3B). In contrast, anti-Cull antibodies
could not co-isolate Fbxl12: anti-C-terminal Cull antibodies did
not even efficiently immunoprecipitate Cull, while anti-N-ter-
minal Cull antibodies likely compete with Skpl for N-terminal
domain binding of FbxI12.
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Figure 3. The FBXL12 F-box is required for interaction with SCF components and with DSBs. (A) Extracts containing buffer, MBP-FbxI12 (FL), or MBP-
AN-FbxI12 (AN) were immunopurified using an anti-MBP antibody. Copurified proteins were probed by immunoblot. (B) MBP-FbxI12 (MBP-FL) or MBP-
AN-FbxI12 (MBP-AN) were added to extract, which was then immunpurified using antibodies against N-terminal Cul1, C-terminal Cul1, or C-terminal
Skp1. Co-purified proteins were probed using antibodies against MBP and Cul1. (C) MBP-FbxI12 (FL) was added to egg extract for a final concentration
of 1 wM, and MBP-AN-FbxI12 (AN) for a final concentration of 1 AM (1x) or 16 AM (16x). Extracts were then incubated with SB-DNA beads, and bound
proteins were analyzed by immunoblot. (D-E) **S-labeled FbxI12 containing the mutations L25A, P26A (25/26), L37A, S38A (37/28), or V48A, C49A
(48/49) or wild type FbxI12 (WT) was added to egg extract and allowed to bind SB-DNA beads (D) or either IgG or anti-Skp1 antibodies (AS) (E). Bead

F box proteins typically bind their substrates via domains
independent of the F box domain. However, we were surprised
to find that MBP-AN-FbxI12, unlike the full-length protein,
was unable to bind to SB-DNA beads (Fig. 3C). To examine
more specific effects of F box mutations, we further generated a
series of double point mutations at well-conserved residues in the
Fbxl12 F box domain (see Fig. 2B), each of which are known to
have important interactions with Skpl.** Mutant proteins were
radioactively labeled and assayed for Skpl interaction using anti-
Skpl antibodies, and for DNA bead binding. As expected, wild
type FbxI12 both co-purified with Skpl and bound efficiently
to SB-DNA beads. However, the L25A, P26A and V48A, C49A
mutants had intermediate, and the L37A, S38A mutant very little,
ability to bind to either (Fig. 3D and E; Fig. S2). The correlation
between Skpl binding and chromatin binding suggests that an
interaction with Skpl via the F box may be important for Fbx112
to interact with chromatin-bound substrate. Such a relationship
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between Skpl binding and substrate interaction has been seen
previously,® but is an unusual characteristic for an F box protein.

Fbxl12 recruits the SCF complex to DNA and is required
for Ku80 ubiquitylation. Our observations thus far had led us
to hypothesize that Fbxl12 was the F box protein responsible
for SCF recruitment to DSBs and ubiquitylation of Ku80. To
test this, we immundepleted Fbxl12 from egg extract using anti-
body bound to protein A-coated sepharose beads. Nearly 100%
of Fbxl12 was removed from extract, and after depletion both
slow- and fast-migrating anti-FbxI12 bands co-purifying with
SB-DNA beads were lost. Consistent with our hypothesis, the
binding of both Cull and Skpl was also inhibited in FbxI12-
depleted extract (Fig. 4).

In addition, bulk ubiquitin on SB-DNA beads, most of which
is dependent on the presence of Ku80," was largely absent fol-
lowing Fbxl12 depletion, closely resembling the result follow-
ing addition of dominant-negative Cull (Fig. 4; Fig. S1). The
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anti-ubiquitin band representing NEDD8-conjugated Cull was
also missing in Fbxl12-depleted extract.

Finally, the modifications on Ku80 were largely absent in
the Fbxl12-depleted extract. In fact, Ku80 modifications in the
absence of Fbxl12 closely resemble those from extracts contain-
ing dominantnegative Cull protein (see Fig. 1B). These obser-
vations strongly suggest that Fbxl12 is, indeed, the F box protein
responsible for the recruitment of the SCF complex to DSBs and
the ubiquitylation and degradation of Ku80. Therefore, we have
shown that Fbxl12 has a previously unrecognized role in the
DNA damage response directly at DSBs.

Discussion

The kinetics of protein recruitment to and displacement from
chromatin are central to nuclear function, but the latter has
been historically largely ignored. In recent years, however, the
importance of regulated protein removal from chromatin has
gained prominence. A particularly interesting case is that of
DNA damage-bound proteins, as these must be removed upon
the completion of repair and prior to the return of chromatin
to its undamaged state.? Ku is an exceptionally appealing fac-
tor for study as, upon the completion of NHE], it is predicted
to be topologically trapped on the DNA leading to a poten-
tial inhibition of replication and transcription. We previously
uncovered a mechanism for the removal of Ku80 from DNA,
via what is now becoming recognized as a common and seem-
ingly general process? in which proteins are removed from chro-
matin via a mechanism involving their ubiquitylation. Here, we
have shown that the SCF complex is required for Ku80 ubiqui-
tylation in Xenopus egg extracts. Moreover, we have identified
the F box protein Fbxl12 as being responsible for the recruit
ment of the SCF complex to DSBs. It has recently been shown
that depletion of RNF8, a ubiquitin ligase with an extensively
characterized role in the DSB response, inhibits Ku80 ubiqui-
tylation in mammalian cells.?® This observation is seemingly at
odds with our data. It is possible, however, that RNF8 ubiquity-
lates an upstream factor required for the recruitment of the SCF
complex to DSBs, or that it is involved in the priming of Ku80
with monoubiquitylation that is then used in subsequent SCF-
dependent polyubiquitylations.

Interestingly, of two DSB-binding bands identified using an
anti-Fbxl12 antibody, only the faster-migrating one is dependent
upon the presence of Ku. Further research will be required to
determine whether the slower-migrating band represents a cross-
reacting protein or a modified or alternatively spliced form of
FbxI12. However, since both bands are removed by immuno-
depletion using an anti-Fbxl12 antibody (see Fig. 4) and pre-
liminary results indicate that both bands are competitive with
exogenous recombinant Fbxl12 protein (data not shown), it
seems likely that these bands represent two isoforms of Fbxl12.
If a modified version of FbxI12 is indeed capable of binding to
DSBs independently of Ku, it may be involved in the ability of
the SCF complex to distinguish between DSB-bound Ku80 and
Ku80 in solution, which is not ubiquitylated even in the presence
of DSBs." It is unclear at this time, however, why recombinant
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Figure 4. Fbx|12 is required for SCF interaction with DSBs and Ku80
ubiquitylation. FbxI12 was immunodepleted from egg extracts, which
were then incubated with SB-DNA beads. Interacting proteins were
analyzed by immunoblot. The arrow points to a Nedd8-conjugated
Cul1, which can be detected by anti-ubiquitin antibody. A likely cross-
reacting band, which is not depleted by anti-FbxI12 antibodies, is
indicated with an asterisk.

bacterially expressed and in vitro translated Fbx112 do not display
this Ku-independent ability to bind DSBs.

The SCF complex is known to have multiple roles in DNA
damage responses.”” Critical DNA damage factors such as
Claspin,® Chk1® and Cdc25a%"%" are all known SCF substrates.
However, a role for the SCF complex in the ubiquitylation of
chromatin-bound proteins has not been well established. In
contrast, the cullin family member Cul4, which exists in an E3
ubiquitin ligase similar to the SCF complex (CRL4) is known
to have many chromatin-bound substrates. For example, the
chromatin-bound replication licensing factor Cdtl and many
other proteins involved in regulating re-replication are ubiquity-
lated by CRL4.>* We suggest that the SCF complex, like CRL4,
is active on chromatin-bound proteins. Out of 30 Xenopus F
box proteins tested, seven were able to bind strongly to chroma-
tin in Xenopus egg extract. Two of these, FbxI12 and B-TrCP,
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were specific for DSBs. Determining how and why B-TrCP is
recruited to DSBs will require further investigation, although
it is known to be involved in the ubiquitylation of the DNA
damage binding protein Claspin®® as well as other factors in the
DNA damage response.?”” Of the remaining chromatin-binding
F box proteins, Fbh1, FbxI19 and Kdm2b have known DNA- or
chromatin-binding motifs (Fbhl contains a UvrD-like helicase
domain and Fbxl19 and Kdm2b both contain zinc and PHD
finger domains). Notably, Kdm2b, a member of the JmjC
demethylase family, itself was heavily modified upon binding to
chromatin in a pattern resembling polyubiquitylation (data not
shown). Intriguingly, ubiquitylation was recently shown to regu-
late the chromatin localization of a yeast Kdm2b ortholog lack-
ing an F box, Epel.? One exciting possibility is that Kdm2b is
able to self-regulate its localization using a similar mechanism.
The chromatin binding of the remaining two F box proteins,
Fbxo24 and Fbxo28, remains mysterious, although Fbxo28 was
identified in a screen for proteins interacting with the apoptotic
nuclease DNA Fragmentation Factor.**

Our observations indicate that the SCF complex has a pre-
viously under-appreciated role in the regulation of chromatin-
bound proteins, in particular at sites of DNA damage. Our
study establishes a novel molecular function for FbxI12 in DSB-
dependent Ku80 ubiquitylation and will provide a unique tool to
further our understanding of how dynamic interactions between
repair proteins and DSBs are regulated.

Materials and Methods

Frog egg extract. Meiotic metaphase Il-arrested (SCF) Xenopus
laevis egg extract was prepared as previously described.” Protein
A-coated Dynabeads (Invitrogen) were bound to antibody
according to manufacturer’s recommendations and used to
immunodeplete Ku80 and Cull, as well as for immunoprecipita-
tion experiments. Ku80 was depleted in two rounds of 45 min
each on ice, using antibodies against the C-terminal peptide
of Ku80. Cull was depleted in three rounds of 45 min each on
ice, using antibodies against the N-terminus of Cull. Antibody-
bound beads were removed using a magnet.

Xenopus laevis Fbx112 was depleted in two rounds using pro-
tein A-coated sepharose beads bound to anti-FbxI12 antibody.
For each round of depletion, 10 g antibody was used for every
microliter of extract depleted. Extract and antibody-bound beads
were incubated together during 40 min of rotation at 4°C for each
round. Extract was separated from beads by spinning through a
small hole at the bottom of a microcentrifuge tube for 30 sec at
500 x g.

Plasmids. ESTs encoding wild-type Xenopus laevis Ku80
(IMAGE: 4032122), Xenopus laevis Cull (IMAGE: 6642922),
Xenopus tropicalis Fbx112 (IMAGE: 7682433), and Xenopus
laevis FbxI12 (IMAGE: 3302221) were purchased from Open
Biosystems. A plasmid encoding the H3 gene was obtained from
a library of Xenopus laevis cDNAs.*® Point mutations of Xenopus
laevis Fbx112 were generated by site-directed mutagenesis using

the oligonucleotides GGA CAC CGG TGT TAT CAT GGG
CCG CAG ACA GTG TCC TGC TGG AAG T (L25AP26A),
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GGA CAC CGG TGT TAT CAT GGG CCG CAG ACA GTG
TCC TGC TGG AAG T (L37AS38A), and ACC TCG TCC
GCT CCG GAC GAG CTG CCA AGA GAT GGA GAA GGT
TGAT (V48AC49A), and their complements. In vitro translation
was in rabbit reticulocyte lysate in the presence of *S-methionine
using the SP6 and T7 RNA polymerases according to the manu-
facturer’s instructions (Promega).

Antibodies and proteins. Antibodies against Ku80, Ku70,
Cull, Skpl, H3, and ubiquitin have been described previ-
ously.”” Mouse antibodies against MBP were from New England
Biolabs (#E8032). Rabbit polyclonal anti-FbxI12 antibod-
ies were against the peptide CRGIDELKKSLPNCKVTN
and anti-N-terminal ~ Cull  antibodies
CMSSRSQNPHGLKQIGLDQIWDD.

GST-DN-Cull was generated using the oligonucleotides TCC
CCC CGG GAT GTC TTC AAA CAG GAG TCA and AAG
GAA AAAAGC GGC CGC TTA CAT CTT TGC ATA GAA
CTT CT and cloning into the vector pPGEX6P2 (GE Healthcare
Life Sciences). Recombinant protein was purified using gluta-
thione sepharose beads (SIGMA) according to manufacturer’s
instructions. GST-DN-Cull was added to extract at a concentra-
tion of 0.75 mM.

MBP- and 6-His-tagged Xenopus laevis Fbx112 was generated
by cloning into the pMAL-c2e vector (NEB), modified by the
addition of a PreScission protease site to allow cleavage of the
MBP tag, using the oligonucleotides GAT CGT CGA CTT
AGT GGT GGT GGT GGT GGT GGT TAG TAA CCT
TGC AGT TTG G (reverse, including 6-His tag) and GAT
CGG ATC CAT GGA GAT TAT GTC TGC TCT T (forward,
full-length) or GAT CGG ATC CAT GAA CCT AAC ACC
CTA CAA GCT G (forward, AN). Proteins were purified using
Ni-NTA-agarose beads (Qiagen) according to manufacturer’s

were  against

instructions. Protein was added to extract at concentrations
indicated.

Chromatin isolation and Ku80 assays. Chromatin isola-
tion and Ku80 release and degradation assays were as described
previously.”” To test F box proteins for DNA binding, homologs
of human F box proteins were identified by BLAST, in vitro
translated in rabbit reticulocyte lysate, and assayed for ability to
bind to DNA beads. Candidates were further tested for DSB-
dependence and Ku-dependence of chromatin binding.

Immunoprecipitations. Immunoprecipitations were as
described previously?” using antibodies bound to protein A-coated

magnetic Dynabeads (Invitrogen).
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