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FANCI is integral to the Fanconi anemia (FA) pathway of
DNA damage repair. Upon the occurrence of DNA damage,
FANCI becomesmonoubiquitinated on Lys-523 and relocalizes
to chromatin, where it functions with monoubiquitinated
FANCD2 to facilitate DNA repair. We show that FANCI and its
C-terminal fragment possess a DNA binding activity that pre-
fers branched structures. We also demonstrate that FANCI can
be ubiquitinated on Lys-523 by theUBE2T-FANCLpair in vitro.
These findings should facilitate future efforts directed at eluci-
dating molecular aspects of the FA pathway.

Fanconi anemia (FA)4 is characterized by developmental
defects, bone marrow failure, and a strong predisposition to can-
cer. FA cells exhibit exquisite sensitivity to DNA cross-linking
agents and marked genomic instability, indicative of a failure to
repair damagedDNA(1–3).ThirteenFAproteinshavebeen iden-
tified, of which eight, FANC-A, -B, -C, -E, -F, -G, -L, and -M, form
part of a nuclear core complex that is required to monoubiquiti-
nate twoother FAproteins, FANCD2andFANCI.Whenmonou-
biquitinated, FANCD2andFANCIbecomechromatin-associated
in foci that contain various factors, including the RAD51 recom-
binase BRCA2 (also known as FANCD1) and PALB2 (also called
FANCN), which mediate DNA repair via RAD51-catalyzed
homologous recombination (4).
Monoubiquitination of FANCD2 appears to be a key event for

proper repair of exogenous DNA damage but also occurs during
an unperturbed S phase, likely in response to stalled replication
forks (4–7). FANCD2 monoubiquitination depends on the E3
ligase activity of FANCL (8) and on the E2 ubiquitin-conjugating

enzyme, UBE2T (9). In vitro, FANCL andUBE2T canmonoubiq-
uitinate chicken FANCD2 (10).
FANCI was identified recently as a target protein for the

ATM/ATR kinase. FANCI is also monoubiquitinated, in a
manner that is dependent on the FA core complex (11). In cells,
a fraction of FANCD2 and FANCI associates in a complex.
Moreover, the amount and monoubiquitination of these two
FA proteins are co-dependent in human cells, i.e. the quantity
and monoubiquitination of FANCD2 are diminished in
FANCI-deficient cells and vice versa (11–14). These observa-
tions suggest that FANCI and FANCD2 form a complex inte-
gral to cellular DNA repair capacity. Mutating the ubiquiti-
nated target lysine of FANCI (Lys-523) renders cells sensitive to
DNA damage and impairs the assembly of DNA damage-in-
duced nuclear foci of FANCD2 and FANCI (11, 14). Herein, we
document studies that reveal several biochemical attributes of
FANCI, including DNA binding, and its monoubiquitination,
that are relevant for understanding the biological role of this
key FA protein.

EXPERIMENTAL PROCEDURES

Cloning for Protein Expression—Oligonucleotides and detailed
procedures used for cloning are provided in supplemental Table 1
and supplemental Materials and Methods, respectively. The
cDNA for human FANCI (isoform 1, KIAA1794) in the pCMV6-
XL4vectorwas subcloned intopFastBacHT(B) (Invitrogen) toadd
an N-terminal His6 epitope to the FANCI protein. The FANCI
K523R mutation was generated by QuikChange mutagenesis.
HumanFANCLcDNAwas first inserted into thepENTR/D-TEV-
Topo vector followed by an LR Clonase reaction (Invitrogen) to
transfer the FANCLDNA into pDest20, thereby adding anN-ter-
minal GST epitope to the FANCL coding sequence. The FANCL
C307A mutation was generated by QuikChange mutagenesis.
Bacmids harboring the FA protein expression constructs were
generated in DH10Bac cells (Invitrogen). Sf9 insect cells (Invitro-
gen) were transfected with bacmids to produce baculoviruses, as
well as to amplify the baculoviral titer.
FANCI fragments (codons 985–1328 and 965–1328) and

human UBE2T were inserted into pGEX-6P-1 (GEHealthcare)
to generate FI�N1, FI�N2, and UBE2T with an N-terminal
GST epitope. pGEX-6P-1-UBE2T was subject to QuikChange
mutagenesis to introduce the UBE2T C86A mutation.
Protein Expression and Purification—Detailed expression

and purification protocols are given in the supplemental Mate-
rials and Methods. All FA proteins and their mutant variants,
except the GST-tagged FANCI fragments FI�N1 and FI�N2,
were expressed in High Five insect cells (Invitrogen) with the
appropriate baculovirus(es) for 36–50 h at 27 °C, whereupon
cells were harvested by centrifugation. FI�N1, FI�N2, and
UBE2Twere produced in Escherichia coli (Rosetta DE3 pLysS),
inducing with 0.1 mM isopropyl-1-thio-�-D-galactopyranoside
(for 20–23 h to produce FI�N1 and FI�N2 and 6 h to produce
UBE2T) at 16 °C. Insect and bacterial cell pellets were stored at
�80 °C. For protein purification, cells were thawed, lysed by
sonication, and cleared by high speed centrifugation.
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FANCI and the K523R variant were purified from the clarified
cell lysatewithacombinationofQSepharose fast flow(Amersham
Biosciences), nickel-nitrilotriacetic acid agarose (Qiagen), and
Mono Q steps. FANCL was purified with a combination of Q
Sepharose fast flow, glutathione-Sepharose, andMonoQ steps.
For the purificationofUBE2T, clarified bacterial cell lysate con-

taining GST-tagged UBE2T was subject to affinity chromatogra-
phy on glutathione-Sepharose followed by fractionation in a
Source Q column. The GST tag was cleaved from the tagged
UBE2T protein with PreScission protease (GE Healthcare) fol-
lowed by removal of the free GST using glutathione-Sepharose.
TheUBE2TC86Amutantproteinwaspurifiedwith the samepro-
tocol as the wild type protein.
DNA Substrates—�X 174 replicative form I and viral (�)

strand DNAs were purchased from Invitrogen. The replicative
form I DNA was linearized with StuI to generate the linear
form. The oligonucleotides used in the construction of DNA
substrates are listed in supplemental Table 2 (15). The 32P-
labeled DNA substrates were resolved from other reaction
components by polyacrylamide gel electrophoresis, extracted
from gel slices, and concentrated, as described previously (15).
DNABinding—For FANCI binding to radiolabeledDNA,DNA

substrates (0.15 or 0.3 pmol, as noted in the legends for Figs. 1–3)
were mixed with the indicated amounts of protein in 12–15 �l of
DNA binding buffer (15 mM HEPES, pH 7.5, 50 mM KCl, 1 mM

MgCl2, 10% glycerol), incubated for 10min at 37 °C, placed on ice,
andmixed with 0.2 volumes of gel loading buffer (20mMTris, pH
7.5, 50% glycerol, Orange G). Samples were electrophoresed at
4 °C in 6, 10, or 12% non-denaturing Tris borate-EDTA-acrylam-
ide gels, dried, and visualized by phosphorimaging. ImageQuant
software (GEHealthcare) was used for quantification.
Ubiquitination Assays—HA epitope-tagged human ubiquitin

and human UBE1 were purchased from Boston Biochem (Cam-
bridge, MA). Ubiquitination reactions were performed in 25 �l
and contained 10 nMUBE1, 100–600 nMUBE2T, 0.5–1�MGST-
FANCL, 34 �M HA-Ub, 2 mM ATP, and 0.3–0.6 �M FANCI in
buffer containing 50mMTris-HCl, pH7.5, 50–150mMKCl, 2mM

MgCl2, and0.5mMdithiothreitol. Reactionswere incubated for 90
min at 25 °C, and following the addition of gel loading buffer, they
were subjected to electrophoresis in a 7.5 or 10% denaturing poly-
acrylamide gel. Proteins were transferred to nitrocellulose, which
was probed with anti-HA-horseradish peroxidase (clone 3F10,
Roche Applied Science) to detect ubiquitinated proteins.

RESULTS

Purification of FANCI and FANCI K532R—Human FANCI
tagged with an N-terminal His6 epitope was expressed in insect
cells andpurified to near homogeneitywith amultistep procedure
that we have devised (Fig. 1, A and B). The same expression and
purification protocols were suited to obtaining the His6-tagged
FANCI K523Rmutant (Fig. 1B). The FANCI K523Rmutant pro-
tein behaves like the wild type protein during purification and in
DNA binding assays (see below; data not shown).
FANCI Binds Single-stranded DNA and Double-stranded

DNA—FANCI becomes chromatin-bound upon DNA damage
(11, 13), and FANCD2 possesses a DNA binding activity (16), so
we surmised that FANCI may bind DNA. Consistent with this
premise, FANCI clearly bound plasmid-length ssDNA and

dsDNA in aDNAmobility shift experiment (supplemental Fig. 1).
We further characterized the DNA binding attributes of FANCI
with radiolabeled, oligonucleotide-based DNA substrates. Ini-
tially, we incubated FANCI with pairs of 32P-labeled DNA sub-
strates, including 83-mer oligo(dT), with either the 80-mer H3 or
the80-merP1.Theresultsof theseexperiments revealed thatFANCI
bindsall threespeciesofDNAbutpossessesahigheraffinity forH3or
P1 than oligo(dT) (Fig. 1C). As shown in Fig. 1D, FANCI binds the
duplex obtained by hybridizingH3 to its exact complementH4 (H3/
H4) with a higher affinity thanH3. Thus, FANCI binds both ssDNA
anddsDNAbutwith an apparent preference for the latter.
Preference of FANCI for Branched DNA Structures—Oligonu-

cleotides H3 and P1, which invariably harbor a certain degree of

FIGURE 1. FANCI purification and demonstration of its DNA binding activ-
ity. A, FANCI purification scheme. Nickel-NTA, nickel-nitrilotriacetic acid.
B, Coomassie Blue-stained gel of FANCI and the FANCI K523R mutant. M,
molecular mass markers. C, FANCI was tested for binding to pairs of DNA
substrates. The percentage of the DNA probes shifted by FANCI is quantified
and shown in the right panels. D, H3 was tested in competition with dsDNA H3/H4
(H3 annealed to its complement H4) for FANCI binding. The right panel shows the
quantification of the results. In C and D, 0.3 pmol of each DNA substrate was used.
Note that treatment of nucleoprotein complexes with SDS and proteinase K
(SDS�PK) released the DNA substrates. Error bars indicate S.E.
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secondary structure, are preferred over oligo(dT) by FANCI (Fig.
1C), suggesting to us that FANCI may have specificity for DNA
structures. AdditionalDNAbinding experimentswere performed
using radiolabeled substrates with a defined DNA structure,
namely, a Holliday junction (HJ), a Y structure (Y), and also
duplexeswith either a 3� single-stranded overhang (3�-OH) or a 5�
single-stranded overhang (5�-OH) (Fig. 2A).We co-incubated the
combination ofHJ, Y, andduplex orHJ,Y, and3�-OHwithFANCI.
Theresults, showninFig.2B, revealedadistinctpreferenceofFANCI
for the HJ followed by the Y substrate, and lastly, for the duplex or
3�-OHDNA.ThatFANCIprefers tobindHJoverYwas furthercon-
firmed by co-incubating just these two substrates with FANCI (Fig.
2C).We foundFANCI tohave a slightlyhigher affinity for theduplex
over either 3�-OHor 5�-OH (see supplemental Fig. 2).
The C-terminal Region of FANCI Harbors a DNA Binding

Activity—We wished to identify the DNA binding domain in
FANCI (1,328 amino acid residues in size) by biochemical map-
ping. Although we were able to express protein fragments that
encompass different portions of FANCI in either E. coli or insect
cells, the vastmajority of themwere, unfortunately, insoluble (data
not shown),with the exceptionof theFANCI fragmentsharboring
residues 985–1328 and 965–1328, referred to as FI�N1 and
FI�N2, respectively (Fig. 3A), that proved to be soluble when

expressed in E. coli. These FANCI
fragments were purified to near
homogeneity fromE. coliextracts and
examined for DNA binding with the
HJ, Y structure,H3, andH3/H4duplex
assubstrates. Importantly,bothFANCI
fragments possess DNA binding activ-
ity with a clear preference for the HJ
substrate (Fig. 3B). Thus, the FANCIC
terminus encompassing amino acids
985–1328 harbors a DNA binding
activity similar in substrate preference
to that of full-length FANCI.
Monoubiquitination of FANCI by

the UBE2T-FANCL Pair—FANCL,
indispensable for FANCD2 monou-
biquitination in vivo (8, 17), interacts
with two E2 enzymes, UBE2T and
UBE2W(9, 10), the formerofwhich is
required for FANCD2monoubiquiti-
nation in vivo (9). To test whether
FANCI can be ubiquitinated by the
FANCL-UBE2T pair, we purified
from insect cells infected with a
recombinant baculovirus human
FANCL or the FANCL C307A
mutant that is incapable of UBE2T
interaction (9). Human UBE2T and a
catalytically defective C86A variant
(9) were expressed in E. coli and puri-
fied to near homogeneity (Fig. 4A).
Purified FANCL and UBE2T are
active for ubiquitin conjugation, as
deduced from theUBE2T-dependent
autoubiquitination of FANCL in the

presence of the E1-conjugating enzyme, ubiquitin, and ATP (Fig.
4B, lane 2). As expected, no autoubiquitination of FANCL
occurred with the FANCL C307A mutant (supplemental Fig. 3,
lane 4) or the UBE2T C86Amutant (Fig. 4B, lane 3).

Importantly, FANCI became monoubiquitinated when
UBE2T and FANCLwere present, producing a doublet ofmod-
ified species migrating �10 kDa above the position of unmod-
ified FANCI (Fig. 4B, lane 5). As expected, FANCI ubiquitina-
tion in this system is dependent on ATP and FANCL, and
neither UBE2T C86A (Fig. 4B, lanes 3, 6, and 11) nor FANCL
C307A (supplemental Fig. 3, lane 8) was active. In vivo, lysine
523 of FANCI is the ubiquitin acceptor site (11, 13, 14). In vitro,
the level of monoubiquitination becomes 3–4-fold lower with
the FANCI K532R mutant (Fig. 4B, lane 10), and importantly,
instead of a doublet of monoubiquitinated products (Fig. 4B,
lane 5), a single monoubiquitinated species is seen (Fig. 4B,
compare lanes 5 and 10). Thus, the UBE2T-FANCL-mediated
monoubiquitination of FANCI in vitro appears to occur largely
with the same site specificity as FANCI ubiquitination in vivo.

DISCUSSION

Wehave found aDNAbinding activity in FANCI that has pref-
erence for branched structures and have provided evidence that

FIGURE 2. FANCI prefers branched DNA structures. A, the DNA substrates used. B and C, the indicated
combinations of DNA substrates (0.3 pmol each) were incubated with FANCI. Quantifications of the phospho-
rimaging data are presented in the right panels. Note that treatment of nucleoprotein complexes with SDS and
proteinase K (SDS�PK) released the DNA substrates. Error bars indicate S.E.
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the C-terminal region of FANCI (amino acids 985–1328) is suffi-
cient for DNA binding. Notably, several disease-causing muta-
tions of FANCI map to the C-terminal region within the DNA
binding domain that we have identified (11, 13, 18). FANCI forms
a dimeric complex (the ID complex) with FANCD2 (11), which
also binds DNA (16). Upon DNA damage, FANCD2 and FANCI
aredependentupononeanother for relocalization tochromatin at
DNA repair foci (11, 14). As such, FANCI and FANCD2 are likely
to perform their DNA repair functions together and in a manner
that requires the DNA binding activity of the ID complex.
Current evidence suggests that the ID complex plays an early

role in DNA repair, prior to homologous recombination or trans-
lesion synthesis (19, 20). The branched DNA structures that
FANCI preferentially binds in vitro resemble intermediates that
arisewhen a replication fork encounters a blocking lesion (20, 21).
The ID complex could be involved in the recognition of blocked
forks and/or blocked forks that have been processed into four-
branched structures resembling HJ recombination intermediates.
Once engaged at these structures, the ID complex may help to
mediate the DNA repair process by recruiting factors, such as

homologous recombination proteins (e.g. BRCA2, PALB2, and
RAD51) and/or components of translesion DNA synthesis
machinery (e.g. REV1), that perform repair or replicative bypass.
Interestingly, both FANCI and FANCD2 have been shown to
localize near BLM helicase foci at mitotic anaphase bridges.
Anaphase bridges of interwoundDNAbetween sister chromatids
are thought to indicate unreplicated DNA or aberrant replication
intermediates that persist into anaphase (22, 23). The FA core
complex is required for BLM recruitment to these foci (23). BLM
functions with topoisomerase III� and other partner proteins to
process branched DNA structures, including the double Holliday
junction, into non-crossover products (24). Our results are con-
sistent with the idea that ID complex binding to branched DNA
structures, such as blocked replication forks, aids in BLM recruit-
ment to process these structures.
In human cells, retention of FANCD2 and FANCI in DNA

repair foci requires theirmonoubiquitination (11, 25), implicating
achromatin-boundubiquitin receptor that serves toanchor the ID

FIGURE 3. The FANCI C terminus binds branched DNA. A, purified GST-
tagged fragments of the FANCI C terminus (FI�N1 and FI�N2, as indicated in
the schematic) were analyzed by SDS-PAGE with Coomassie Blue staining
(Stain) or subject to immunoblotting with anti-GST antibodies (Blot). B, FI�N1
and FI�N2 were incubated with the combination of the HJ, Y, and H3/H4 or of
the HJ and Y (0.15 pmol each) and then analyzed as in Fig. 1. The right panels
show the quantification of results. Filled and open symbols represent sub-
strate binding by FI�N1 and FI�N2, respectively. Note that treatment of
nucleoprotein complexes with SDS and proteinase K (SDS�PK) released the
DNA substrates. Error bars indicate S.E.

FIGURE 4. Monoubiquitination of FANCI by FANCL and UBE2T. A, purified
GST-FANCL, GST-FANCL C307A, UBE2T, and UBE2T C86A were analyzed by SDS-
PAGE with Coomassie Blue staining. M, molecular mass markers. B, Western blot
probed with anti-HA showing that autoubiquitination of GST-FANCL (Ub-FANCL)
occurred upon incubation with UBE2T, ATP, and HA-ubiquitin (HA-Ub). Incuba-
tion of FANCI with FANCL, UBE2T, ATP, and HA-Ub resulted in FANCL autoubiq-
uitination and an additional doublet of monoubiquitinated FANCI species (Ub-
FANCI). The FANCI K523R substrate (KR) was ubiquitinated much less efficiently
than FANCI and gave only the faster migrating monoubiquitinated species. No
autoubiquitination of FANCL or monoubiquitination of FANCI was seen upon
substituting UBE2T with the catalytically inactive C86A variant. The ubiquitin-
activating enzyme UBE1 was present in all the reactions. WT, wild type.
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complex in chromatin. Monoubiquitination of the ID complex
may also enhance its ability to mediate the recruitment of DNA
repair proteins to the damage site (26). Consistent with genetic
data implicating the FANCL-containing FA core complex in
FANCImonoubiquitination (11) and the recent demonstration of
in vitroUBE2T-FANCL-catalyzed FANCD2monoubiquitination
(10), we have found that FANCI serves as a substrate for the
UBE2T-FANCL pair. Furthermore, using the FANCI K523R
mutant, ablated for the known cellular ubiquitin acceptor site, we
have furnished evidence that monoubiquitination in vitro occurs
mostly on Lys-523 in FANCI. Establishing this minimal in vitro
ubiquitination system sets the stage for asking how the other FA
core complex components and protein phosphorylation (see
below) affect the efficiency of the ubiquitination reaction.
We note that in human cells, the FANCI K523R mutant is

defective in DNA damage focus formation, and in addition, has
been reported to assert a dominant negative effect on FANCD2
monoubiquitination and DNA damage-induced FANCD2
focus assembly (11).However, in chickenDT40 cells genetically
ablated for endogenous FANCI, expression of the K525R
mutant (equivalent to the human FANCI K523R mutant) lack-
ing the ubiquitin acceptor site can significantly restore cellular
resistance to the DNA cross-linking agent mitomycin C and
some FANCD2 chromatin recruitment (14), suggesting that
FANCI monoubiquitination plays a subsidiary role in FA path-
way activation in these chicken cells. Additional studies are
clearly needed to determine the relative importance of FANCI
monoubiquitination in the activation of the FA DNA repair
pathway in mammalian versus non-mammalian cells.
Both FANCD2 and FANCI are subject to phosphorylation by

the DNA damage checkpoint kinase ATR. Mutation of the ATR
phosphorylation sites Thr-691 and Ser-717 in FANCD2 compro-
mises its monoubiquitination and sensitizes cells to DNA cross-
linking agents (27). Interestingly, the phosphorylation status of
FANCI is decisive for FANCD2 monoubiquitination and also
DNA damage resistance in the chicken DT40 cell line (14). In
DT40 cells, phosphomimic mutations of a conserved cluster of
ATR phosphorylation consensus (S/T)Q motifs surrounding the
Lys-525monoubiquitinationacceptor siteofFANCIact as a “switch”
for constitutive FANCD2monoubiquitination and chromatin local-
ization of FANCI andFANCD2.Nevertheless, the FANCIphospho-
rylation switch is not sufficient to promote colocalization of
FANCD2/FANCIwith otherDNArepair factors, e.g.RAD51 (14).
The discovery and characterization of a deubiquitinating

enzyme, USP1, specific for FANCD2, has revealed the additional
importance of FANCD2deubiquitination forDNAdamage repair
(28). USP1-deficient cells exhibit an elevated sensitivity to DNA
cross-linking agents (29, 30), suggesting that deubiquitination of
FANCD2isnecessary tocompleteDNArepairand/or torelocalize
FANCD2 tootherDNAdamage sites to initiate new repair events.
That USP1 is similarly involved in the deubiquitination and regu-
lation of FANCI seems likely. The establishment of in vitro
FANCD2 and FANCI ubiquitination systems (Ref. 10 and this
study) should facilitate future efforts directed at defining the
mechanism and consequence of theUSP1-mediatedmodification
of monoubiquitinated FANCD2 and FANCI and for addressing
whichpost-translationalmodifications of FAproteins are relevant
for regulation of different aspects of FA pathway functions.
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