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Structure of the FANCI-FANCD2
Complex: Insights into the Fanconi
Anemia DNA Repair Pathway

Woo Joo,** Guozhou Xu,?* Nicole S. Persky,’>* Agata Smogorzewska,*> Derek G. Rudge,*>
Olga Buzovetsky,™> Stephen ]. Elledge,®* Nikola P. Pavletich™3t

Fanconi anemia is a cancer predisposition syndrome caused by defects in the repair of DNA interstrand
cross-links (ICLs). Central to this pathway is the Fanconi anemia I-Fanconi anemia D2 (FANCI-FANCD2)
(ID) complex, which is activated by DNA damage—induced phosphorylation and monoubiquitination.
The 3.4 angstrom crystal structure of the ~300 kilodalton ID complex reveals that monoubiquitination
and regulatory phosphorylation sites map to the I-D interface, suggesting that they occur on monomeric
proteins or an opened-up complex and that they may serve to stabilize I-D heterodimerization. The

7.8 angstrom electron-density map of FANCI-DNA crystals and in vitro data show that each protein has
binding sites for both single- and double-stranded DNA, suggesting that the ID complex recognizes
DNA structures that result from the encounter of replication forks with an ICL.

predisposition and developmental syndrome
characterized by hypersensitivity to DNA
interstrand cross-linking agents (/). The proteins
mutated in the 13 FA complementation groups
act in a common pathway that results in DNA
repair by homologous recombination (2, 3). The
FA pathway is activated when a DNA replication
fork encounters an interstrand cross-link (ICL),
although FA proteins can be recruited to ICLs in
the absence of DNA replication as well (4-7).
Central to the FA pathway is the ID com-
plex formed by the FA D2 (FANCD?2) and FA
I (FANCI) proteins (8—11). Activation of the
pathway culminates in FANCD2 and FANCI phos-
phorylation by ATR (ataxia telangiectasia and
Rad3-related) (7, 12), their monoubiquitination
by the FA core complex ubiquitin ligase (/, 2, 13),
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and their localization to chromatin foci that are
considered sites of repair (9, 14, 15).
Replication-dependent ICL repair involves
nucleolytic incisions flanking the ICL on one strand,
translesion DNA synthesis across the unhooked
ICL, removal of the ICL by additional incisions,
and homologous recombination (3—5). Depletion
of FANCD?2 or mutation of its ubiquitination site
arrests the process before the initial incision step
(5). Among the nucleases implicated in these
incisions, FAN1 and SLX4-SLX1 contain a
ubiquitin-binding UBZ domain required for their
association with monoubiquitinated ID (3, /6).
FANCI and FANCD?2 consist of 1328 and
1451 amino acids, respectively. They share a
~150-amino acid region of homology around their
monoubiquitination sites, and they have been
proposed to be paralogs (/7). Neither protein has
any recognizable sequence motifs. They have been
shown to bind to DNA, although the nature of their
specific DNA substrates has not been clear (/8-20).
Here, we present the 3.4 A crystal structure of
the 296 kD ID complex, the 3.3 A structure of
individual FANCI, as well as the 7.8 A crystal-
lographic electron-density map of a FANCI pro-
tein bound to a splayed Y DNA.
Overall structure of the ID complex. Crystals
were grown using mouse FANCI (residues 1 to
1301) and FANCD?2 (residues 33 to 1415) pro-

teins that were truncated to remove regions high-
ly susceptible to proteolysis (figs. S1 and S2).

The structures of FANCI and FANCD?2 have
overall similar shapes and share extensive local
similarity essentially throughout their length (Fig.
1A and fig. S3). They consist predominantly of o
helices, the majority of which are arranged in
antiparallel pairs that form o-o superhelical struc-
tural segments, commonly referred to as o sole-
noids. Each structure has four distinct o, solenoid
segments that range in size from 156 to 310
residues (solenoids 1 to 4) (Fig. 1A and fig. S4).
Two other, mostly helical segments intervene
between solenoids 1 and 2 (~80-residue helical
domain HD1) and between solenoids 2 and 3
(~240-residue HD2) (fig. S4).

FANCI and FANCD?2 fold into a saxophone-
like structure consisting of a long N-terminal neck
(solenoid 1, HD1, and solenoid 2), a U-shaped
middle bow (HD2), and a bulbous C-terminal bell
(solenoid 3 to solenoid 4) (Fig. 1A and fig. S4).
The ID complex has a troughlike shape with
partially open ends (Fig. 1, B and C). The interior
of the trough, which is ~105 A long, ~70 A wide,
and ~40 A deep, is marked by multiple grooves
that have a highly positive electrostatic potential.
Two of these grooves contain electron density for
double-stranded DNA (dsDNA) and single-
stranded DNA (ssDNA) in the 7.8 A map of Y
DNA-FANCI crystals (fig. S3C). The FANCD2
Lys® and FANCI Lys*** monoubiquitination sites
are within the ID interface, in solvent-accessible
tunnels located at the bottom of the troughlike
structure (Fig. 1A).

The individual solenoid and HD segments of
FANCI and FANCD?2 share extensive structural
homology, although the entire structures cannot
be superimposed because of the cumulative ef-
fects of differences in individual segments and
in intersegment packing arrangements. The most
homologous are the solenoid 2 segments, which
contain the monoubiquitination sites and the
reported FANCI-FANCD2 sequence homology.
They can be superimposed with a 1.7 A Co: root
mean square deviation for ~82% of their residues
(table S2 and fig. S4B). For the remainder of the
segments, the fraction of the superimposing res-
idues ranges from ~66% for solenoid 4 to ~60%
for HD2 (table S2). These local and global struc-
tural similarities indicate that FANCI and FANCD2
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evolved from a common ancestor [fig. S4 and
supporting online material (SOM) text].

Ten of the 11 FA-I and FA-D2 missense mu-
tations (2/) map to buried residues with clear
structure-stabilizing roles, indicating that their
pathogenic effects result from structural defects
in the mutant proteins (fig. S5).

I-D interface. The two proteins interact along
the long dimension of their saxophonelike shape
(solenoid 1, HD1, solenoid 2, and part of HD2) in
an antiparallel, twofold pseudosymmetric manner
(Fig. 2A and fig. S4A). The interface extends
along a ~560-residue region on each protein
and buries a total of ~7100 A? of solvent-

A

accessible area. It is nearly continuous, except for
gaps at the monoubiquitination site of each pro-
tein and an additional gap at the center of pseu-
dosymmetry (between opposing HD1 segments).

The interface has comparable numbers of
hydrophobic (42 side chains) and polar (44 side
chain and 11 backbone groups) residues within
intermolecular-contact distance (Fig. 2A; contacts
marked on fig. S1). Most of these contacts are
clustered near the ends of the extended interface,
although with substantial asymmetry in the den-
sity of contacts at the two ends. The end where the
FANCD?2 solenoid 1 packs with the FANCI sole-
noid 2-HD2 segments has 60 residues involved

Fig. 1. The overall structure of the ID complex. (A) View looking into the interior of the troughlike structure.
The FANCI (light blue) and FANCD2 (pink) solenoid (S1 to S4), HD1, and HD2 domains are labeled near
their centers. The ubiquitination-site lysine side chains are shown in yellow and outlined in black. The
FANCD2 Lys*>® (K559) side chain is poorly ordered. (B) View orthogonal to (A) looking down the left end.
Only the segments closest to the viewer are labeled. (C) View orthogonal to (A) looking down the right end.
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in contacts (Fig. 2B), compared with only 30 at
the reciprocal end (Fig. 2C). This asymmetry results
primarily from two structurally nonhomologous
regions. One of these involves the N-terminal
portions of solenoid 1 segments (hereafter referred
to as “caps”) (fig. S4), with the FANCD?2 cap
having 11 contact residues (Fig. 2B) compared
with only 2 for the FANCI cap at the reciprocal
end (Fig. 2C). The other involves a FANCI-
specific HD2 insertion with nine side chain and
backbone groups that contact FANCD2 (a26b-
026¢) (Fig. 2B, bottom). The asymmetry in these
elements and their intermolecular contacts might
have evolved to drive the duplicated ancestral pro-
tein to form heterodimers instead of homodimers.

The remaining intermolecular contacts are
scattered in small groups throughout the porous
middle portion of the interface, except around the
ubiquitination-site lysine residues, which make
no contacts (Fig. 2A and fig. S6).

Monoubiquitination sites. Although the
FANCI Lys>** and FANCD2 Lys* side chains
are embedded in the I-D interface (Fig. 1A), the
absence of [-D contacts next to each results in
two tunnels (one for each lysine residue) that
allow free access to bulk solvent from either side
of the trough wall. In the monomeric proteins,
both lysine side chains are fully solvent-exposed.

The solvent-accessible tunnels of both sites
are wide enough (~7 to 9 A) and short enough to
accommodate the four-amino acid ubiquitin tail,
whose C terminus would be covalently linked to
the lysine epsilon amino group (Fig. 3, A and B,
and fig. S7). The ubiquitin tail is conformation-
ally flexible (22), which should aid in its ability to
navigate the tunnels, whereas the ubiquitin struc-
tural domain is positioned outside the interface.
It is also possible, however, that ubiquitination
induces a conformational change or a rearrange-
ment of the complex that fully exposes the mono-
ubiquitination sites.

In principle, the tunnels can accommodate a
ubiquitin residing either at the trough interior or
exterior. The tunnel entrance at the trough interior
(“top” entrance looking down the plane of Fig.
1A)is ~13 A away from the lysine epsilon amino
group. The entrance at the “bottom” is farther
away at ~17 A, although the relatively more open,
funnel shape of this entrance could also accom-
modate part of the ubiquitin structural domain
(Fig. 3, A and B, fig. S7, and SOM text).

Irrespective of where the ubiquitin is positioned,
the dimensions of the tunnels and entrances sug-
gest that the ubiquitin tail and structural domains
may contact both their conjugated protein and its
heterodimerization partner. As these interactions
would be repeated in a reciprocal fashion, the struc-
ture raises the possibility that ubiquitination may
contribute to the stability of the ID complex. In this
respect, we note that the mouse ID complex has a
short half-life, as it dissociates during gel filtration
chromatography at concentrations of <1 uM (fig. S8).

Although the tunnels can readily accommo-
date the ubiquitin tail, they are too small for the
active site of the ubiquitin-conjugating (E2) en-
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zyme to access the lysine side chains. The struc-
ture thus suggests that ubiquitination either occurs
on a cellular pool of monomeric FANCI and
FANCD2, or it involves a process that opens up
the I-D interface.

The sequestration of the lysine-ubiquitin iso-
peptide bond at the I-D interface would also
protect it against de-ubiquitination by the FA-

A
FANCI"

associated USP1 ubiquitin protease (23). Coupled
to a possible role of ubiquitination stabilizing I-D
association, this may explain why cells lacking
either FANCI or FANCD?2 exhibit loss or reduc-
tion of the ubiquitinated form of the paralog (9).

Phosphorylation sites. It has been suggested
that DNA-damage—dependent phosphorylation
of FANCI acts as a molecular switch that acti-

Fig. 2. The I-D interface. (A) Portion of the ID struc-
ture (gray) showing space-filling representations
of side chains within intermolecular-contact

=

distance. Boxes indicate clusters of contacts with their respective segments labeled. (B) Close-up view
of the FANCD2 cap—solenoid 1 and FANCI solenoid 2—HD2 segments showing side chains from (A) (24).
Green dotted lines indicate heteroatoms within hydrogen bonding distance and geometry. Top panel
orientation is similar to (A), with the bottom panel rotated ~180° about the horizontal axis. The
approximate boundaries of segments are labeled. (C) Reciprocal end of the interface formed by the
FANCI cap—solenoid 1 and FANCD2 solenoid 2—HD2 segments.

Fig. 3. Monoubiquitination and phosphorylation
sites of the ID complex. (A) Surface representation
of the solvent-accessible tunnel harboring the
FANCI Lys*?? (K522) ubiquitination site, looking
from the interface center. The surface portion
above the figure plane is clipped, and the surface
interior is gray. The approximate distances from the
lysine to the tunnel exits are indicated. The free
ubiquitin (Ub) structure (green) was manually
docked with its tail approaching from either the
“top” or “bottom” exits of the tunnel. (B) Surface
representation of the FANCD2 Lys*>’ tunnel. As in
(A), two ubiquitin molecules were docked approach-
ing from either tunnel exit. (C) The FANCI Ser>>,
Thr**8, and Thr*®* phosphorylation sites map to an
HD2 segment that undergoes a conformational
change between free FANCI (purple) and FANCD2-
bound FANCI (light blue). In free FANCI, the three
sites map to a disordered loop (dotted purple line).
FANCD2 is shown in pink. (D) The hydrogen bond
network centered on the phosphorylation sites, also
showing neighboring residues that may interact
with the phosphorylated residues. Orange dotted
lines denote heteroatoms within hydrogen bonding
distance.

15 JULY 2011

M free FANCI
B bound FANCI

vates the pathway, as multiple alanine substitu-
tions at putative phosphorylation sites impede
the monoubiquitination and chromatin associ-
ation of both FANCI and FANCD?2 (/2). Three
phosphorylation sites have the ataxia telangiec-
tasia mutated/ATR kinase consensus and are also
conserved in vertebrates (Ser>>>, Thr>> 8 Thr*** in
mouse FANCI) (fig. S9).

These three sites map to the 37—amino acid
FANCI-specific HD2 insertion at the I-D inter-
face. This region undergoes a complete confor-
mational change on FANCD?2 binding. In free
FANCI, it forms the B3-p4 sheet, and part of it is
disordered. In the ID complex, it instead forms
two new helices (a26b and 0.26¢) and a 10-residue
extension to 027, becoming ordered in its entirety
(Fig. 3C). This changes entirely the structural con-
text of the phosphorylation sites. In free FANCI,
they map to the disordered segment where they
can be readily phosphorylated. In the complex,
they end up at the start, middle, and immediately
after the 026c helix. Their side chains are em-
bedded in hydrogen bond networks that anchor
026c¢ in the FANCI structure and also contact
FANCD?2 (Fig. 3D and Fig. 2B, bottom panel).
The structure suggests that their phosphorylation
may augment the intramolecular hydrogen bond
networks, stabilizing the FANCD2-bound con-
formation of this region, and may also result in
new FANCD2 contacts (SOM text and fig. S9
legend). These two effects may cooperate to sta-
bilize I-D association. The magnitude of this
stabilization could, in principle, be substantial, as
the FANCI 026b-026¢-027 segment accounts for
~27% of the total solvent accessible area buried
on complex formation (Fig. 2, A and B).

The model of phosphorylation stabilizing
1-D association, thereby protecting against de-
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ubiquitination, may explain why mutations in
FANCI phosphorylation sites reduce levels of
the ubiquitinated forms of both FANCI and
FANCD?2 (12).

Electron-density map of the Y DNA-FANCI
complex. FANCD2 and FANCI have been shown
to bind to dsDNA with a minor preference for di-
verse branched DNA structures such as Holliday
junction, splayed Y, overhang, and replication
fork DNA (/8-20). In cocrystallization experi-
ments with a variety of branched DNA struc-
tures, we obtained diffraction-quality crystals of
FANCI bound to a splayed Y DNA consisting
of'a 16—base pair (bp) dsSDNA segment and two
20-nucleotide (nt) ssDNA arms. FANCI binds to
this Y DNA with a dissociation constant (Ky) of
19 nM, which is ~10-fold tighter than its affinity
for either 18-bp dsDNA or 32-nt ssDNA (fig. S10).

The Y DNA-FANCI crystals diffract to 7.8 A
resolution and contain three complexes in the
asymmetric unit (table S1). The electron-density
map, calculated after threefold noncrystallo-
graphic symmetry averaging, shows unambig-
uously double-helical electron density, which
extends throughout the length of a 16-bp ideal
B-type DNA model positioned into the map
manually (Fig. 4A and fig. S3C).

At one end of the dsDNA, the map shows an
undulating tube of continuous electron density

ssDNA path model
FANCD2

-8

that has a shape consistent with one ssDNA seg-
ment. We do not observe clear electron density for
the second ssDNA segment of the Y DNA, and we
presume it is disordered. Consistent with FANCI
having only one major site for binding to ssDNA,
we find that its affinity for Y DNA is indistin-
guishable from its affinity for the corresponding
3" overhang DNA (19 nM K for both) (fig. S10).

The dsDNA lies in a groove that has a semi-
circular cross section (Fig. 4B). The groove is
built by solenoid 4 forming one side and solenoid
3 forming the bottom and part of the other side,
the remainder of which is completed by portions
of HD1, solenoid 2 and HD2. There are seven
FANCI regions that are within contact distance to
13 bp of dsDNA (.19b, 020, 035, 040, 042, 044,
046) (Fig. 4, A and B). Most of these regions in-
volve the second helix of individual repeats and,
in particular, the N termini of the helices and the
loops immediately preceding them. In addition,
four loops or helix ends that are disordered in the
FANCI and ID structures become at least partially
ordered near the DNA (0.19b-020, a33-034, 036-
037, and 047-048 loops) (Fig. 4, A and B). The
DNA-proximal FANCI segments are rich in con-
served basic residues (marked on fig. S1A).

The transition from dsDNA to ssDNA elec-
tron density has 019b and a20 abutting the last
base pair of the duplex (Fig. 4A). The ~55 A path

Fig. 4. Electron-density map of the Y
DNA-FANCI crystals reveals bound dsDNA
and ssDNA segments. (A) 7.8 A reso-
lution F, map, contoured at 1.2c, cal-
culated with molecular-replacement
phases that were improved by three-
fold noncrystallographic symmetry and
multicrystal averaging (F,, observed struc-
ture factors). The manually positioned
model of ideal B-type DNA is shown
in cartoon representation (green),
and the tubular density of ssDNA is
marked by a black line. Orientation is
similar to that shown in Fig. 1A. (B)
View looking down the blunt end of
the Y DNA. (C) Electrostatic poten-
tial of the ID molecular surface show-
ing the dsDNA cartoon and ssDNA
path (yellow spheres) from the Y DNA—
FANCI maps, as well as their models
on FANCD?2, positioned by superimpos-
ing solenoids 3 and 4 of the two

paralogs. The electrostatic potential was calculated with Adaptive Poisson-Bolzmann Solver (APBS) (25) and

illustrated (-8 to +8 KT) with PyMOL (26).
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of the tubular ssDNA electron density could corre-
spond to ~8 to 11 nts, depending on the ssDNA
backbone conformation and extent of base-base
stacking. The electron density follows a groove
formed by the long 044, a46, and 048 helices of
solenoid 4 on one side and by the a15 and 17
helices of HD1 on the other (Fig. 4A and fig.
S11). This groove is lined with residues con-
taining basic, hydroxyl, and amide groups, as well
as two conserved phenylalanine residues that are
fully solvent-exposed (fig. S11).

The polarity of the ssDNA is not clear due
to the limited resolution of the map and the proxi-
mity of multiple protein elements at the ssDNA/
dsDNA junction. In vitro, FANCI exhibits only a
minor preference for 3’ overhang (19 nM Kj)
over 5" overhang DNA (40 nM K,) (fig. S10).

Implications for the DNA-binding activity
of the ID complex. The overall shapes and high-
ly positive electrostatic potential of the dsDNA/
ssDNA binding grooves of FANCI are conserved
in FANCD2 (Fig. 4C, fig S12, and SOM text).
Consistent with this observation, FANCD?2 binds
to dsDNA and ssDNA with affinities comparable
to those of FANCI (fig. S10). Taken together, our
data suggest that the ID complex has two sets of
dsDNA/ssDNA binding sites arranged in a pseudo-
twofold symmetric manner (Fig. 4C and fig. S12).

This raises the possibility that the ID complex
binds to two dsDNA/ssDNA structures cross-
linked by an ICL. The pausing of a replication
fork at an ICL has been shown to initially gen-
erate a splayed Y DNA structure, with the sub-
sequent advancement of leading strand synthesis
to the —1 position of the ICL generating a cross-
linked 5’ flap structure (4, 5). If two forks con-
verge onto the ICL from opposite directions, this
would result in an ICL flanked by either two 5
flaps or one Y and one 5’ flap. Both of these would
be compatible with the pseudo-twofold symmetric
arrangement of dsDNA/ssDNA-binding sites in
the ID complex (Fig. 4C), with the ICL residing
near the center of pseudosymmetry of the com-
plex. It is also possible that both single- and
double-fork events occur in the cell, with the ID
complex evolving a certain level of promiscuity
to recognize an array of single- and double-Y and
5" flap DNA structures.

Our data implicate the ID complex in re-
cognizing DNA structures that result from the
encounter of replication forks with an ICL. The
complex may function in stabilizing and pro-
tecting these DNA structures and also in pro-
viding specificity for the initial incisions around
the ICL by directing the FA-associated nuclease
to these sites.
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Detection of Convective Downflows
in a Sunspot Penumbra

G. B. Scharmer,** V. M. ]. Henriques,* D. Kiselman,* ]. de la Cruz Rodriguez?

The fine structure and dynamics of sunspots and the strong outflow in their outer filamentary
part—the penumbra—have puzzled astronomers for more than a century. Recent theoretical
models and three-dimensional numerical simulations explain the penumbral filaments and
their radiative energy output as the result of overturning convection. Here, we describe the
detection of ubiquitous, relatively dark downward flows of up to 1 kilometer per second (km/s)
in the interior penumbra, using imaging spectropolarimetric data from the Swedish 1-meter
Solar Telescope. The dark downflows are omnipresent in the interior penumbra, distinguishing
them from flows in arched flux tubes, and are associated with strong (3 to 3.5 km/s) radial
outflows. They are thus part of a penumbral convective flow pattern, with the Evershed flow
representing the horizontal component of that convection.

sunspot consists of a central dark umbra
with intermittent bright dots and a sur-
rounding extended filamentary penum-
bra (Fig. 1). The penumbra shows a complex

Fig. 1. Continuum image (A) and
Doppler map (B) of the part of the
field of view (FOV) containing the sun-
spot and its immediate surroundings,
color-coded such that blue corresponds
to motions toward and red away from
the observer. The white contour outlines
the region analyzed for convective flows;
we refer to this as the “interior penum-
bra.” The arrow points in the direction
of the center of the solar disk (the di-
rection to the observer). The overall
blue color on the left and red on the
right parts of the spot are mostly from
strong horizontal (Evershed) flows. Su-
perimposed on these flows are local
upflows and downflows. A light bridge
protrudes into the dark part of the sun-
spot from the upper part of the penum-
bra. Tick marks are in arc seconds; the
FOV covers ~33 by 34 arc sec.
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dynamic fine structure with azimuthally strongly
variable radial (Evershed) outflows (/), magnetic
field strength, and field inclination. When observed
even at high spatial resolution, the penumbral flows

-2.0 -16 -1.2 -0.8 -0.4 0.0 04 0.8 1.2

appear to consist of primarily radial outflows,
upflows in the inner penumbra, and outflows in
the outer penumbra, consistent with a description
in terms of flows in arched flux tubes (2). How-
ever, such tubes cannot carry the energy needed to
supply radiative losses; only convective vertical
flows can do that (3—8). Recent models (4, 5) and
simulations (6—9) explain the filamentary structure
as the result of overturning convection, with the
symmetry broken by the inclined magnetic field
and the Evershed flow corresponding to the hor-
izontal component of that convection (/0). Fila-
ment dynamics in sunspots observed well away
from the solar disk center give some support to the
convection models (//—74), but direct evidence
for convection—a system of both upflows and
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