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Ubiquitilated Fanconi ID complex embraces DNA
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Mono-ubiquitination of the Fanconi ID complex is essential for
inter-strand DNA repair and thereby prevents Fanconi
anemia, a genetic disorder with high cancer risk. Using
cryo-EM, Wang et al. and Alcon et al. compared mono-
ubiquitinated and non-ubiquitinated ID compelexes and
found that upon mono-ubiquitination, the ID complex under-
goes conformational changes to form a ring encircling DNA.
Replication fork stability in response to inter-strand DNA

crosslink (ICL) depends on the Fanconi anemia (FA) repair
pathway, which triggers mono-ubiquitination of the (ID) complex
formed by FANCI and FANCD2. The ID complex preferentially
binds to branched DNA structures including replication forks, flap-
DNA and Holliday junctions.1 Mono-ubiquitination of the ID (ub-
ID) complex is crucial for ICL repair, replication fork stability and
homologous recombination. Failure in ID ubiquitination causes
developmental abnormalities, bone marrow failure and cancer
predisposition, hallmarks of the FA syndrome. Since the ub-ID
complex represents the active form, it was widely speculated that
ub-ID has higher affinity for other DNA repair proteins, although
mechanistic details on the consequences of ID ubiquitination were
elusive.
Two recent studies published in Nature2 and Nat. Struct. Mol.

Biol.3 provide structural details of ub-ID. Both studies compared
the structures of ubiquitilated and non-ubiquitilated ID com-
plexes from human2 and chicken3 cells. They found that a single
ubiquitin moiety on FANCD2 triggers rearrangement of the ID
complex. A previous report showed that non-ubiquitinated ID
complex forms an open channel through hetero-dimerization in
the presence of DNA and that both subunits shared structural
similarities.4 Interestingly, the ubiquitination site as well as the
regulatory phosphorylation sites were mapped at the dimeriza-
tion interface. Although ubiquitination and its subsequent
removal are crucial steps for completion of ICL, it remained a
mystery how the FA core complex could access such buried sites.
Based on these new studies, we now know that FANCI alone is
sufficient to bind DNA through its basic groves and helical
domains located at the N- and C-termini, respectively, whereas
FANCD2 binds to DNA through its flexible C-terminal domain.
Moreover, they found that mono-ubiquitination induces struc-
tural changes in the ID complex, converting an open channel into
a circular closed ring embracing DNA. Critical to this transition are
the FANCD2-FANCI N-terminal interface acting as a hinge and the
ubiquitin moiety at the back of FANCD2 forming a pin joint. This
hinge movement allows the C-terminal domains of FANCD2 and
FANCI to swing towards each other to form a tight clamp on DNA.
FANCD2 ubiquitination is essential for the FA pathway and it is
necessary and sufficient for the formation of a stable clamp, thus
suggesting that FANCI ubiquitination plays a minor role in ICL
repair.

Alcon et al. also showed that FANCD2 can form a homodimer
that cannot bind to DNA or undergo ubiquitination. FANCI
competes with one FANCD2 monomer allowing the formation of
a stable-open-ID complex that can bind to DNA (Fig. 1). This
implicates the FANCD2 homodimer complex in an autoregulatory
loop that restricts the formation of a pre-active ID complex, in the
absence of DNA damage. Interestingly, phosphorylation of
FANCD2 by casein kinase 2 inhibits ubiquitination and ID complex
formation.5 Moreover, ATR-mediated phosphorylation of FANCI
acts as major molecular switch to activate the FA pathway upon
replication stress,6 thus suggesting that FANCI phosphorylation is
a key event that counteracts FANCD2 homodimerization (Fig. 1).
Wang et al. found that the ub-ID complex once bound to DNA

loses its capability to recognize branched DNA structures and
slides on the DNA, contributing to the formation of filamentous
nucleoprotein arrays that have been recently described.7 The ub-
ID clamp is very stable and persists as a chromatin-tethered
complex in the absence of the USP1-UAF1 de-ubiquitination
enzyme complex.8 De-ubiquitination of FANCD2 releases the
clamp from DNA, representing an essential step for completion of
ICL repair. Failures in removing the ub-ID clamp from DNA might
cause genome instability through off-target repair process or even
generate a protein-DNA obstacle hindering replication and
transcription. Similar to ubiquitination, de-ubiquitination of the
ID complex occurs only in the presence of DNA, as UAF1 binding
to DNA is crucial.9 Thus, these results suggest that both
ubiquitination and de-ubiquitination of the ID complex are
regulated at the DNA level. Moreover, as the ATR-dependent
FANCI phosphorylation is crucial for ID complex formation and
ubiquitination, FANCI dephosphorylation is also critical for
deubiquitination of FANCD2.10

FA-mediated repair occurs mainly during replication, whereas
ICLs outside of S phase are repaired by the NER pathway. Once
fork progression is halted by ICL, FA facilitates several events
including ICL recognition, nucleolytic cleavage, translesion synth-
esis across the damage, ICL removal and recruitment of
homologous recombination factors. FA also protects stalled
replication forks from the action of nucleases by stabilizing
RAD51 filament formation.11 While the FA pathway senses ICL by
means of stalled replication forks, it is unclear how ICLs can be
sensed in the absence of stalled fork. However, recent observa-
tions showing that the ID complex co-localizes with R-loop
structures and the defect in FA pathway elevates R-loops levels12

suggest that stalled transcription may facilitate ICL sensing. The
association of the ID complex with common fragile sites contain-
ing highly expressed and large genes also suggests a role for this
complex in coordinating S phase.
Overall, the new findings on the conformational changes of

the ID complex following mono-ubiquitination have relevant
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implications. Once ubiquitinated, the ID complex loses its
specificity for damaged bases or for branched DNA structures, a
crucial step for damage recognition in the first place. The ub-ID
clamp can then slide on DNA, perhaps contributing to removal of
DNA-bound proteins to facilitate DNA repair and allow RAD51
filament formation. The establishment of ub-ID, long nucleopro-
tein filaments, might also contribute to protection of stalled
replication forks, suppressing aberrant fork transitions. Analo-
gously, halted transcription complexes at ICL can lead to the
formation of R-loops due to RNA pol II backtracking, and the ID
complex might hinder R-loop extension by binding to the RNA
tails. The crosstalk between the ATR-dependent phosphorylation
of FANCI and the ubiquitin-mediated regulation of the ID clamp
represents a new paradigm in the field of DNA repair.
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Fig. 1 ID complex forms circular clamp at the ICL upon monoubiquitination. Stalled replication fork activates the FA pathway through ATR-
mediated phosphorylation of FANCI. Phosphorylated FANCI, disrupts FANCD2 homodimer to form a heterodimer complex, which
subsequently binds to ICL. FA core unit mono-ubiquitinates FANCD2, triggering conformational changes in the ID complex from an open
channel to closed clamp.
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