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Abstract

The Fanconi Anemia pathway is activated in response to DNA damage, leading to
monoubiquitination of the substrates FANCI and FANCD2 by the Fanconi Anemia core complex.
Here we report the crystal structure of FANCL, the catalytic subunit of the Fanconi Anemia core
complex at 3.2 A. The structure reveals an architecture that is fundamentally different from
previous sequence-based predictions. The molecule is composed of an N-terminal E2-like fold,
which we term the ELF domain, a novel double-RWD (DRWD) domain, and a C-terminal RING
domain predicted to facilitate E2 binding. Binding assays demonstrate that the DRWD domain,
but not the ELF domain, is responsible for substrate binding.

Introduction

Fanconi Anemia (FA) is an autosomal recessive or X-linked inherited disorder associated
with a range of skeletal abnormalities, short stature, microcephaly, bone marrow failure and
a predisposition to a variety of cancers®. Patients with FA are susceptible to DNA damaging
agents that induce interstrand crosslinks as they have mutations in a group of proteins
involved in repairing DNA damage?-11. At the heart of this repair pathway is the FA core
complex!2, which monoubiquitinates the 1/D2 complex13-15 to recruit downstream
components required to repair the DNA damage by homologous recombination? 16,17,

At least 13 proteins are involved in Fanconi Anemia, 8 of which form the FA core complex
required for the monoubiquitination of the 1/D2 complex. However, it has recently been
demonstrated that FANCL, FANCI and the E2 enzyme for the pathway, Ube2t, are
sufficient for the site-restricted monoubiquitination of FANCD2 in vitro 18, which is the key
event in initiating DNA repairl6. A lack of structural information, however, has hindered a
complete molecular understanding of this essential cascade. The catalytic core of FANCL,
FANCI and the E2 enzyme is present in Drosophila melanogaster along with the upstream
FANCM and the downstream FANCD?2. Furthermore, loss of FANCL and FANCD2 makes
Drosophila susceptible to DNA crosslinking agents in a manner analogous to that seen in
higher organisms?®. Drosophila therefore provides a model system to explore the conserved
fundamental aspects of Fanconi Anemia. Based on this premise, we determined the crystal
structure of FANCL from Drosophilaat 3.2 A to obtain insights into how FANCL is
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arranged to perform its functions of E2 binding, substrate binding and monoubiquitination of
FANCD2.

Overall structure of FANCL

We purified and crystallised FANCL from Drosophila melanogaster. Using single
wavelength anomalous dispersion methods from a gold derivative, we determined the 3-
dimensional structure and refined it to 3.2 A (Table 1). Previously, FANCL was classified as
a member of the WD40 B-propeller superfamily, with a C-terminal PHD zinc-coordinating
motifll. However, our structure reveals that FANCL encompasses 3 distinct domains (Fig.
1a). The N-terminus adopts an £2-fike fld (ELF). The central domain comprises a tandem
repeat of the RWD-like fold in a single domain with a clear hydrophobic core
(Supplementary Fig. 1). This represents a novel domain, as no double RWD (DRWD) fold
has previously been described or predicted. The C-terminus is a RING domain with an
unusual arrangement of zinc-coordinating residues. This arrangement of domains is likely
conserved in all FANCL homologues, given the conservation of the hydrophobic core
residues across a wide range of divergent eukaryotes (Fig. 1b and Supplementary Fig. 2).
The full structure is extended, with the ELF making no contacts with the rest of the protein.

FANCL contains 3 E2-like folds

The ELF domain and the DRWD domain together form 3 folds of the ubiquitin-conjugating
(UBC) superfamily. This arrangement encoded by FANCL is a novel structural motif, and
its presence is intriguing. In order to determine how similar each fold is, we superposed ELF
and the 2 lobes of the DRWD domain (Supplementary Fig. 3). Each fold forms a typical 4-
stranded B-meander found in all UBC superfamily members (Fig. 2). The ELF domain has a
5t strand (B5) that packs against the meander. In catalytic E2s this 5 strand is replaced by
the cysteine-containing B-flap that is important for ubiquitin loading (Fig. 2)2°. The non-
catalytic E2 variants (e.g. MMS2) exhibit the same structural feature, but lack cysteine. By
contrast, the DRWD lobes both have a helix in this position, in common with the RWD
subfamily members (Fig. 2 and Supplementary Fig. 3)%1,22,

Previous studies have suggested that a YPXXXP motif is conserved in all RWD proteins,
and indeed the FANCL homologues harbour one such motif and a related HPXXXP
sequence (Supplementary Fig. 2). However, neither of these motifs is present in the
Drosophila sequence, yet the structure clearly contains a DRWD domain. This suggests that
a YPXXXP motif can predict an RWD domain, but is not essential. Rather, our analysis
indicates that a helix in the position of the B-flap of catalytic UBC superfamily members
marks out the subfamily of RWD-domain proteins (Fig. 2).

We also examined whether the ELF domain bears similarity to the Ube2t and Ube2w, E2
enzymes that interact with FANCL. There is 22 % sequence identity with each, and the ELF
structure superposes on the core of Ube2t (pdb code 1yh2) with an rmsd of 2.2 A2 over 52
atoms, comparable to ELF similarity with other E2s (Supplementary Tables 1 and 2). Given
that the similarity is comparable for all the structurally characterised E2s, and given the lack
of contacts between the ELF and the rest of the protein, we do not think that the ELF domain
substitutes for Ube2t.

Structural analysis of FANCL domains

Surface analysis of the ELF domain reveals an exposed hydrophobic patch created by Val33
of 2 and Trp40 of B3 (Fig. 3a). There is also a hydrophobic groove formed by the loop
connecting B3 and B4 and the loop connecting B5 to a2, with residues Leu53, Phe56 and
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Leu76 forming the base. The groove leads to a further pocket between a1 and the same two
loops, formed by the hydrophobic residues Val7, Leul0 and Leu82 (Fig. 3a). Both the
hydrophobic patch and the groove are buried in packing surfaces within the crystal, despite
different orientations in the asymmetric unit, supporting the notion that these are important
protein interaction surfaces. Furthermore, these regions are well conserved in FANCL
homologues from divergent species (Supplementary Fig. 2). They are also implicated in
protein interactions in other members of the UBC fold superfamily23,24, with the Val33-
Trp40 patch located in the non-covalent ubiquitin-binding site of MMS224, and the Val7-
Leul0-Leu82 and Leu53-Phe56-Leu76 patches in the E1- and RING-binding sites of
E2s523,25 (Fig. 2).

Recently, FANCL was predicted to contain one RWD-like fold24. However, the structure
reveals a DRWD domain, consisting of two p-meanders linked via a kinked helix (Fig. 3b).
This is the first time that this tandem arrangement of RWD folds has been observed. The
DRWD domain presents a surface-exposed strip of hydrophobic residues, Tyr112, Tyr113
and Leul16 (Fig. 3b). The location of these residues corresponds to the first helix in UBC
family members that is frequently used in protein—protein interactions?®(Fig. 2). These
residues are also well conserved between different species (Supplementary Fig. 2). The
hydrophobic groove between the proximal helices of lobe one forms a patch including
residues Met171, Alal76, Leul85, Leul89 and Phe240 (Fig. 3b). A second patch, between
helix a7 and the sheet, runs towards the first and involves 11e243, Met246, Leu248, Leu264,
Leu268 and Trp271 (Fig. 3b). Conservation of hydrophobicity is, however, less marked in
these regions (Supplementary Fig. 2).

The RING domain broadly exhibits the same fold characteristics of the cross brace seen in
other RING structures (Fig. 3¢)25. The conserved helix complete with tryptophan at the C-
terminal end is present but the cysteines and histidines are arranged in the sequence as
[Cysla, His, [Cys]s, rather than the typical [Cys]s, His, [Cys]4, and the spacing between the
third and fourth cysteines is an extended 4 residues rather than the usual 2 residues. This is
also observed throughout the FANCL homologues (Supplementary Fig. 2). The RING
domain interacts tightly with the C-terminal lobe of the DRWD domain (DRWD-C) with a
hydrophobic core encompassing Leu326, Phe375 and Leu378 burying themselves against
Leu223, Tyr231 and Ile251, and an additional hydrogen bonding network surrounding the
core (Fig. 3d). Comparison of the RING with Rbx1 of the SCF (Skp1-Rbx1-Cullin-F-box)
E3 ligase reveals that Rbx1 binds Cull through an N-terminal B-strand that forms part of a
sheet with Cul12?, while the RING domain of FANCL extensively interacts across the sheet
of DRWD-C (Fig. 3d). The RING contains a hydrophobic patch comprising 11e313, Leu343,
Pro365, Phe366 and the conserved Trp346. This hydrophobic patch is usually reserved for
E2 binding in other RING proteins such as c-Cbl23 and cIAP228, and the RING domain is
sufficient to pull down Ube2t2%, As this patch is conserved in all the FANCL homologues, it
is therefore likely to be the interaction surface for Ube2t.

The DRWD domain is required for substrate binding

In order to determine which domains are involved in binding the substrates, FANCI and
FANCD2, we generated deletion mutants of FANCL comprising either ELF or DRWD-
RING. We performed pulldown binding assays with His-SUMOSTAR-FANCI or
FANCD2(1-762) We find that the DRWD-RING construct binds as well as full-length
FANCL, while the ELF domain cannot bind the substrates (Figs. 4a and 4b). These data
suggest that the binding site(s) for FANCI and FANCD?2 reside within the DRWD domain.
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Discussion

Our structure of FANCL reveals a very different domain architecture than predicted from
primary sequence analyses or secondary structure predictions. Previous mutational analyses
based on the predicted WD40-propeller structure of FANCL identified non-functioning
mutants3. Our structure now provides a molecular explanation for these data. We mapped
the “WD40’ deletions onto the structure, which predicts each deletion to result in unfolded
protein (Supplementary Fig. 4). Point mutations Y111E, W201A and W275A (human
numbering) each lead to a marked decrease in Fanconi Anemia core complex (FACC)
assembly, and a diminished but appreciable level of FANCD2 monoubiquitination30.
Tyrl11 corresponds to Tyrl13 of DmFANCL (Supplementary Fig. 4), and is part of an
exposed hydrophaobic patch (Fig. 3b). It is possible that this patch is involved in complex
assembly even though it is conserved in DmFANCL, but it is unlikely to be required for
substrate and/or E2 binding given the continued monoubiquitination of FANCD2. W201A
corresponds to Tyr197, and this mutation would disrupt the DRWD domain core to some
extent, but maintain the hydrophobic nature (Supplementary Fig. 4). However, the ELF and
RING domains should remain intact. Gurtan et al. also mutated a conserved arginine residue
(Arg226, human numbering) to a glutamate, and found that this mutation was completely
deficient in both FACC assembly and FANCD2 monoubiquitination. Arg222 (Drosophila
numbering) forms a buried salt bridge in the core of the DRWD domain with the conserved
Asp204 (Supplementary Figs. 1 and 4). The residues surrounding this salt bridge are well
conserved (Supplementary Fig. 2), and form the core of the DRWD domain. R222E would
render the protein unable to fold since a buried electrostatic repulsion would be intolerable.
We predict that this would disrupt the tertiary structure of FANCL and hence abolish both
FACC assembly and activity, as observed39. Trp275 corresponds to Trp271 and in our
structure contributes to an exposed hydrophobic patch (Fig. 3b and Supplementary Fig. 4).
Mutation to alanine would be unlikely to disrupt the overall fold of the domain, and
therefore could play in role in FACC assembly, although it is conserved in the Drosophila
protein. Finally, W341G mutation has no impact on FACC assembly, but does completely
abolish FANCD2 monoubiquitination. W341G corresponds to Trp346 and is required for E2
binding3. The W341G mutation suggests that the RING is required for FANCD2
monoubiquitination, but not FACC assembly.

Comparisons of Drosophilaand human FANCL sequences based on a structural alignment
reveal 3 sites of significant difference. First, the loop connecting the ELF to the DRWD is
conserved in length, but not sequence. Second, the region comprising $9-a4 is not well
conserved (Fig. 1b and Supplementary Fig. 2). Finally, the loop linking the DRWD and
RING domains has a 7-residue insertion in Drosophila (Supplementary Fig. 2). The human
FACC involves more proteins than the Drosophila system seems to require. These
differences may be sufficient for human FANCL to require additional proteins for function.
Drosophila FANCL is the most divergent with sequence identity ranging from 19 % with
zebrafish FANCL to 22 % with bovine FANCL. Human, mouse, cow, chicken, Xenopus and
zebrafish have sequence identities ranging from 58% to 88% (Supplementary Tables 3-6).
However, sequence similarity between Drosophilaand human FANCL is ~60 %. The ELF,
DRWD-C and RING domains are 67, 68 and 72 % similar respectively, while the least
similarity exists within the N-terminal half of the DRWD domain (52 %). Clearly, the
differences between human and Drosophila FANCL impact the solubility of the protein as
we can express and purify milligramme quantities of Drosophilabut not human FANCL.
However, given the similarity between the FANCLs from divergent species, it is also
possible that Drosophila have as-yet-unidentified FACC components. Indeed, a recent report
suggests that the slime-mould Dictyostelium discoideum has at least a FANCE
homologue3!. Finally, it is also conceivable that the complex nature of mammalian cell-
cycle control and DNA repair requires more subtle regulation than necessary in Drosophila.
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Our structure provides the first molecular insight into FANCD2 monoubiquitination, the key
event in the Fanconi Anemia pathway. It is also the first full-length FA protein to be
structurally characterised. Taken together with our biochemical pulldown data, we propose a
model in which the DRWD domain with multiple protein interaction surfaces binds
substrate(s) with the RING domain recruiting the E2 enzyme, enabling FANCL to bind its
protein substrate and facilitate the monoubiquitination of FANCD2 (Fig. 4c).

Protein purification

We cloned Drosophila melanogaster FANCL into pET28b (Invitrogen), with an N-terminal
His-SUMO tag, and expressed in £. coliin LB media with antibiotics and 0.5 mM ZnCl,.
We cultured cells at 37°C to an OD 600nm of 0.8, induced with 0.25 mM IPTG, and
cultured overnight at 16°C. We lysed cells by sonication in 200 mM Tris pH 8.0, 500 mM
NaCl, 250 wM Tris-carboxy-ethyl-phosphine (TCEP) and purified via Ni2*-affinity
chromatography. We cleaved His-SUMO-FANCL overnight at 4°C with SUMO protease,
Ulp132 at a ratio of 1:30 Ulp1:His-SUMO-FANCL and purified by size exclusion
chromatography (SuperDex200), eluting at ~ 40 kDa. We analysed the purified protein by
Dynamic Light Scattering analysis and assessed it as monodisperse. We concentrated
FANCL to ~ 30 mg mI~1 in 50 mM ammonium citrate, 50 mM bis-tris-propane pH 8.0, 500
M TCEP and 100 pM ZnCl,, flash-froze in liquid nitrogen and stored at —80°C.

We generated ELF (residues 1-104), ELF-DRWD (1-294), DRWD (105-294), DRWD-
RING (105-381), RING (310-381) using restriction-free cloning with the His-SUMO-
FANCL plasmid, and purified proteins using Ni2*-affinity chromatography, followed by
cleavage with Ulpl and subsequent size-exclusion chromatography. The ELF-DRWD,
DRWD and RING constructs were unstable, expressed with significant quantities of
chaperones, and aggregated during purification. This is due to the exposure of the interface
between DRWD and RING.

We cloned D. melanogaster FANCI and FANCD2(1-762) into the SUMOstar vector
(LifeSensors Inc), with an N-terminal His-SUMOstar fusion tag, and transposed DH10bac
cells (Invitrogen) to create bacmids. We generated baculoviruses in Sf9 cells, expressed
protein in Sf9 cells, and harvested after 3 days. We sonicated cells in 1700 mM Tris pH 8.0,
500 mM NaCl, 250 uM TCEP and purified proteins via Ni2*-affinity chromatography,
eluted with 300 mM imidazole, and dialysed into 100 mM Tris pH 8.0, 500 mM NacCl, 250
pwM TCEP.

Structure determination

We grew crystals in 3 days by hanging drop vapour diffusion at 4°C in spacegroup H32,
with cell dimensions a=b=188.7 A, c=259.4 A, a=p=90°, y=120°. Solvent content estimates
suggested 2 monomers per asymmetric unit with a solvent content of 72 %. Crystallisation
conditions were 1 M ammonium citrate, 100 mM bis-tris-propane, pH 8.0, with 1 mM
TCEP, and 50 M ZnCl,. Crystals were harvested and cryo-cooled after protection with 35
% maltose. We obtained derivative crystals for the single anomalous dispersion experiment
using 1mM gold cyanide soaks for 5 hours prior to cryo-cooling. We collected data at the
DIAMOND synchrotron light source, beamline 104, at the gold absorption edge (1.04 A).
Data were processed and scaled using Mosflm and Scala 33. Phasing was performed using
SHELXD3* and SHARP3 with 13 gold sites in the asymmetric unit. The phasing power of
the anomalous signal was 1.18, the R-cullis 0.87, and the overall figure of merit was 0.39.
Electron density modification and solvent flattening with PIRATE3! improved the maps,
generating interpretable density. The model was built manually using the graphics program
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COOT32, and refined using PHENIX36, with 98.5% of residues in the allowed regions of the
Ramachandran plot. Details of geometry and refinement statistics are in Table 1. Figures
were made using PyMol37.

Structural analysis

There are 2 conformations of FANCL in the asymmetric unit, with the ELF domain mobile,
rotating ~60° to maintain packing restraints within the crystal. The monomers superpose
with an rmsd of 0.4 A2 over 274 atoms, starting from residue 107. The difference is due to
the rotation of the ELF domain. Monomer A is almost complete, lacking density for residues
1-4 and 103. Monomer B lacks residues 1-5 and 95-106. Consequently, the structural
depictions and analyses refer to monomer A. The arrangement of the 2 monomers is
intriguing: ELF-A interfaces with RING-B and vice versa. The 2 interfaces are not identical
due to the breaking of symmetry induced by the mobile ELF domain. We performed a
protein interfaces, surfaces and assemblies (PISA) analysis38 to ascertain whether an
oligomer is likely. The most stable oligomer is a hexameric arrangement of 3 dimers
achieved through the ELF-A-RING-B and ELF-B-RING-A asymmetric pairing we see in
the asymmetric unit, and the hexamer formed through consecutive DRWD domains. 12% of
each monomer is buried in the AB interface, and the interfaces across the DRWD domain
involve ~3% of residues. During purification we observe a broad shoulder preceding the
main peak. This material is neither monodisperse nor crystallisable, and we see no evidence
of a distinct, higher order species. The monomer peak runs true when re-passed over the gel-
filtration column. Taken together with the purification of a soluble, stable, monodisperse
monomer in solution, it is unlikely that full-length Drosophila FANCL oligomerises.

We performed sequence analyses using ClustalW alignment and manual adjustment. We
assessed sequence similarity manually as the number of residues that maintained a similar
size and/or chemical property (Supplementary Tables 3-6).

We superposed structures using the Isq commands in 039, and made structural comparisons
with E2s using the DALI server to identify top hits (Supplementary Tables 1 and 2),
followed by manual analysis in O.

Binding assays

We diluted 10 g of each FANCL construct in a total volume of 150 pL buffer (100 mM
Tris pH 8, 400 mM NaCl, 250 .M TCEP, 10 uM ZnCl,). We added 10 pL of this to 1 mL
of the same buffer, and added 100 pL of 10 ng/iL His-SUMOSTAR-FANCI or His-
SUMOSTAR-FANCD2(1-762) (Figs. 4a and 4b). Controls were FANCL constructs alone
(input), and FANCL constructs with His-SUMO added at the same level as the His-
SUMOstar-FANCD2(1-762) or FANCI proteins (data not shown). Assays were incubated for
1 hour at 4°C on a roller. 50 L of Ni2*-resin was added (100 p.L of a 50 % slurry), and
incubated for a further hour. We applied each assay to a disposable column, and washed
with 10 mL assay buffer, resuspended in 100 pL of buffer and added to 50 pL 2x SDS
loading buffer. 5 L were run on a gel and analysed by Western blotting using Drosophila
FANCL and SUMO (AbCam) antibodies (Figs. 4a and 4b).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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b Conservation
[100%

Figure 1. Domain ar chitecture of FANCL

a. Ribbon diagram depicting the FANCL structure. The ELF, DRWD and RING domains
are coloured red, yellow/lime and blue, respectively. Zinc atoms are represented by grey
spheres and secondary structure elements are labelled. Two views are displayed related by a
90° rotation around the x-axis, as indicated. b. Surface representation of FANCL coloured
by sequence conservation between divergent eukaryotic species. Grey indicates non-
conserved residues, salmon semi-conservative substitutions, orange conservative
substitutions and red conserved residues, shown in the alignment in Supplementary figure 2.
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Figure 2. Comparison of UBC-superfamily foldswith E2sand RWD proteins

A catalytically active E2 (UbcH7) is shown in cyan, the inactive E2 MMS2 in blue, and
RWD2-2 in magenta on the top row (pdb codes 1fbv23, 1j7d2* and 2daw, respectively). The
catalytic cysteine of UbcH7 is represented as a sphere, structural features are indicated, and
known protein—protein interaction surfaces are highlighted in pink. The bottom row shows
the ELF domain in red, and the N-terminal and C-terminal lobes of the DRWD domain in

yellow and lime, respectively. These folds are in the same orientation as the UBC-

superfamily members, and protein—protein interaction surfaces are shaded in magenta.

Residues highlighted in the structural analysis are coloured cyan.
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Figure 3. Protein—protein interaction surfaces on FANCL

a. The ELF domain has 3 exposed hydrophobic patches coloured purple, pink and blue. Two
views related by a 90° rotation around the x-axis are shown, represented as both surface
patches and ball-and-stick residues. Individual residues are labelled. b. The DRWD domain
has 3 hydrophobic patches shown in salmon, green and cyan. The view is 180° around the x-
axis in relation to the left-hand panel in Figure 1a, represented as both surface patches and
ball-and-stick residues. Individual residues are labelled. c. The RING domain coordinates 2
zinc atoms represented by grey spheres. Coordinating residues are labelled. d. The DRWD-
RING interface. DRWD residues are indicated in lime, RING residues are in blue, and
individual residues are labelled.
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Figure4. The DRWD domain recruits substrate

a. Pulldown binding assays using His-SUMOSTAR-FANCD2(1-762) as bait. Input samples
(1) of FANCL species and samples bound by His-SUMOSTAR-FANCD2(1-762) (B) are
indicated. Samples are analysed by Western blotting using anti-FANCL or anti-SUMO
antibodies. b. Pulldown binding assays using His-SUMOSTAR-FANCI as bait. Input
samples (1) of FANCL species and samples bound by His-SUMOSTAR-FANCI (B) are
indicated. Samples are analysed by Western blotting using anti-FANCL and anti-SUMO
antibodies. c. A schematic representation of FANCD2 monoubiquitination. The 1/D2
complex is represented in green, with Lys561 indicated. The ELF, DRWD and RING
domains are red, yellow and blue, respectively. The E2 and ubiquitin (U) are indicated.
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Data collection and refinement statistics

SAD data collection

Data collection
Space group
Cell dimensions

a b cA)

a p y()
Resolution (A)
Roym OF Rinerge
1ol
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Ruork | Riree
No. atoms

Protein

Ligand/ion

Water
B-factors

Protein

Ligand/ion

Water
R.m.s deviations

Bond lengths (A)

Bond angles (°)

NaAu(CN),
H32

188.68, 188.68, 259.36
90, 90, 120

3.2

0.089 (0.479)

6.3 (1.6)

100 (100)

12.2 (12.5)

3.2

25772

20.5 %/ 24.7 %
6088

5973

102

13

99
107
79

0.008
1.126

*
Values in parentheses are for highest-resolution shell.
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