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ABSTRACT

FAAP20 is an integral component of the Fanconi
anemia core complex that mediates the repair of
DNA interstrand crosslinks. The ubiquitin-binding
capacity of the FAAP20 UBZ is required for re-
cruitment of the Fanconi anemia complex to inter-
strand DNA crosslink sites and for interaction with
the translesion synthesis machinery. Although the
UBZ–ubiquitin interaction is thought to be exclu-
sively encapsulated within the ��� module of UBZ,
we show that the FAAP20–ubiquitin interaction ex-
tends beyond such a canonical zinc-finger motif. In-
stead, ubiquitin binding by FAAP20 is accompanied
by transforming a disordered tail C-terminal to the
UBZ of FAAP20 into a rigid, extended �-loop that
latches onto the complex interface of the FAAP20
UBZ and ubiquitin, with the invariant C-terminal tryp-
tophan emanating toward I44Ub for enhanced binding
specificity and affinity. Substitution of the C-terminal
tryptophan with alanine in FAAP20 not only abolishes
FAAP20–ubiquitin binding in vitro, but also causes
profound cellular hypersensitivity to DNA interstrand
crosslink lesions in vivo, highlighting the indispens-
able role of the C-terminal tail of FAAP20, beyond the
compact zinc finger module, toward ubiquitin recog-
nition and Fanconi anemia complex-mediated DNA
interstrand crosslink repair.

INTRODUCTION

Fanconi anemia (FA) is an autosomal recessive genetic dis-
order characterized by chromosomal instability, congeni-
tal abnormalities, early onset of cancer and high suscep-
tibility to DNA cross-linking agents (1). FA patients have
genetic mutations in one of 16 tumor suppressor genes
that encode proteins functioning in the FA pathway to

protect cells from genotoxic stress, including DNA inter-
strand crosslinks (ICLs) (2,3). At the center of the FA path-
way is the recruitment of a multi-subunit FA core com-
plex to sites of DNA damage. This complex, consisting of
FANCA, FANCB, FANCC, FANCE, FANCF, FANCG,
FANCL, FAAP20 and FAAP100, functions as an E3 lig-
ase to monoubiquitinate the FANCD2-FANCI complex,
signaling downstream DNA repair proteins involved in ho-
mologous recombination, nucleolytic excision and transle-
sion synthesis (TLS) to orchestrate the repair of lesion DNA
(4,5).

The function of the FA pathway, like other DNA repair
pathways including TLS, relies heavily on the recognition
of ubiquitinated substrates by ubiquitin-binding zinc fin-
ger (UBZ) domains within pathway proteins, such as those
found in FAN1, FANCP (SLX4), Rad18, SNM1A and
FAAP20 (6–8). FAAP20 is an integral component of the
FA core complex and consists of an N-terminal FANCA-
interacting region and a C-terminal UBZ domain. Its UBZ
domain, consisting of a classical CCHC zinc-finger motif,
has been shown to play an indispensable role for recruit-
ing the FA core complex to ICL sites, for activating the FA
pathway and for promoting the interaction of the FA core
complex with PCNA-Rev1 DNA damage bypass complexes
(9–12).

In this work, we report the solution structures of the UBZ
domain of human FAAP20 and its complex with ubiqui-
tin. We show that in contrast to the widely accepted no-
tion of the compact ��� zinc finger module being the func-
tional unit for ubiquitin recognition, FAAP20–ubiquitin in-
teraction expands beyond the compact UBZ domain and
requires the folding and interaction of the otherwise dis-
ordered C-terminal tail of FAAP20 for high-affinity bind-
ing. Further supporting this notion, we show alanine sub-
stitution of the absolutely conserved C-terminal tryptophan
residue of FAAP20 abolishes ubiquitin binding and impairs
FA core complex-mediated ICL repair in vivo.
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MATERIALS AND METHODS

Protein constructs and cloning

The DNA sequence of residues 140–180 of human FAAP20
isoform 2 was synthesized; the polymerase chain reaction
amplified DNA was double digested and ligated into a mod-
ified pET15b vector (EMD Biosciences, Inc.) between the
NdeI and XhoI restriction sites. The final construct con-
tained an N-terminal His10 tag, followed by a GB1 solu-
bility enhancement tag (13,14). A tobacco etch virus (TEV)
cleavage site was engineered between the GB1 tag and the
FAAP20 sequence. The DNA sequence of human ubiqui-
tin was cloned into the pET15b vector (EMD Biosciences,
Inc.), with an N-terminal His6 tag and a thrombin cleavage
site in between.

Protein purification

The His10-GB1-fused FAAP20 construct and the His6-
tagged human ubiquitin were overexpressed in Escherichia
coli BL21 STAR (DE3) cells (Invitrogen). Bacterial cells
were cultured in M9 minimal media using 15N-NH4Cl and
13C-glucose as the sole nitrogen and carbon sources (Cam-
bridge Isotope Laboratories), and induced by IPTG (0.1
mM IPTG at 20◦C for 18 h for His10-GB1-fused FAAP20
and 1 mM IPTG at 20◦C for 18 h for human ubiquitin).
A total of 50 �M ZnSO4 was added to the cell culture
at the time of induction for overexpression of His10-GB1-
fused FAAP20. The overexpressed proteins were purified
by a Ni2+-NTA column; then the N-terminal His6-tag of
human ubiquitin and the N-terminal His10-GB1 tag of the
FAAP20 construct were removed by thrombin and TEV
cleavage, respectively. A benzamidine column was used to
remove thrombin, and a second Ni2+-NTA column was
used to remove protein tags (His6-tag from ubiquitin and
His10-GB1-tag from FAAP20) and the TEV protease. Both
proteins were further purified by size-exclusion chromatog-
raphy (Superdex 75, GE Healthcare). Nuclear magnetic res-
onance (NMR) samples of the apo FAAP20 UBZ and the
FAAP20 UBZ–ubiquitin complex were exchanged into an
NMR buffer containing 25 mM sodium phosphate, 100
mM KCl and 10% D2O or 100% D2O (pH 7.0) and con-
centrated to final protein concentrations of 0.8–3 mM.

NMR spectroscopy

All NMR experiments were conducted at 25◦C using Ag-
ilent INOVA 600 or 800 MHz spectrometers. NMR data
were processed by NMRPIPE (15) and SCRUB (16) and
analyzed with SPARKY (17). Backbone resonances of
apo FAAP20 and the FAAP20–ubiquitin complex were as-
signed by four pairs of sparsely sampled three-dimensional
(3-D) triple-resonance experiments, and the sidechain res-
onances were assigned using the four-dimensional (4-D)
sparsely sampled HC(co)NH-TOCSY and HCCH-TOCSY
experiments.

For apo FAAP20, nuclear Overhauser effects (NOEs)
identified from 3-D 15N-separated NOESY-HSQC, 4-
D sparsely sampled 13C-HMQC-NOESY-15N-HSQC and
13C-HMQC-NOESY-HSQC experiments were used for au-
tomated CYANA structure calculation (18) in the presence

of dihedral angle constraints derived from TALOS+ anal-
ysis of chemical shift information (19). The final structural
ensemble (10 structures) of apo FAAP20 displays no NOE
violations > 0.5 Å and no dihedral angle violations > 5◦.
The statistics of the structural ensemble is shown in Sup-
plementary Table SI.

For the FAAP20–ubiquitin complex, intermolecular
NOEs were identified from the 4-D omit spectra as de-
scribed previously (20). Intermolecular NOE crosspeaks
were analyzed manually and converted into distance con-
straints using the calibration module in CYANA (18). NOE
crosspeaks from 3-D 15N-separated NOESY-HSQC and 4-
D sparsely sampled 13C-HMQC-NOESY-15N-HSQC and
13C-HMQC-NOESY-HSQC experiments collected with a
uniformly labeled complex sample were used for automated
CYANA structure calculation (18) in the presence of man-
ually assigned intermolecular NOE constraints and dihe-
dral angle constraints derived from TALOS+ analysis of
chemical shift information (19). The final structural ensem-
ble (10 structures) of the FAAP20 UBZ–ubiquitin complex
displays no NOE violations > 0.5 Å and no dihedral angle
violations > 5◦. The statistics of the structural ensemble is
shown in Supplementary Table SII.

Heteronuclear 1H–15N NOE experiments (21) were col-
lected for 1 mM 15N-labeled FAAP20 in the absence (apo
state) and in the presence (complex state) of 2 mM unlabeled
ubiquitin. The 1H–15N heteronuclear NOE values were cal-
culated as previously described (21).

Isothermal titration calorimetry

Wild-type (WT) or mutant human ubiquitin (2–3 mM) was
titrated into a solution of WT or mutant FAAP20 (0.2–0.3
mM) in a buffer containing 25 mM sodium phosphate, 100
mM KCl, pH 7.0. Twenty-eight injections of 10 �l each were
performed at 25◦C using a VP-ITC Microcalorimeter (GE
Healthcare), and data were analyzed using the Origin soft-
ware assuming one-site binding (Origin Lab).

Cell culture and plasmid construction

U2OS and 293T cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
following standard culture conditions and procedures. Gen-
eration of FAAP20 constructs was described previously (9).
Point mutations were introduced by QuikChange II XL
Site-Directed Mutagenesis Kit (Agilent Technologies) and
confirmed by DNA sequencing. Stable U2OS cells were
generated by retroviral transduction of siRNA-resistant
pMSCV-Flag-HA-FAAP20 variants followed by 2 �g/ml
puromycin selection.

Plasmid transfection and siRNA

Plasmid transfection for retroviral transduction was per-
formed using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocols. siRNA duplexes were syn-
thesized by Qiagen and transfected using Lipofectamine
RNAiMAX (Invitrogen). The targeting sequence for
FAAP20 is 5′-CACGGTGAGCCCGGAGCTGAT, and
the nucleotides changed in the siRNA-resistant construct
are shown in lower cases, 5′-gACtGTtAGtCCtGAaCTaAT.
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Protein analysis and antibodies

Cells were lysed with NETN300 buffer (300 mM NaCl, 0.2
mM EDTA, 50 mM Tris [pH 7.5], 1% NP40) supplemented
with protease inhibitor cocktail (Roche). Cellular lysates
were resolved by NuPAGE (Invitrogen) gels and transferred
onto polyvinylidene fluoride (PVDF) membrane (EMD
Millipore) followed by immunoblotting using antibodies as
indicated: anti-FANCA (Bethyl), anti-FAAP20 (Sigma At-
las) and anti-Tubulin (Sigma). Signals were detected by ei-
ther enhanced chemiluminescence method (Western Light-
ening, Perkin Elmer) or LAS-4000 Imaging system (GE
Healthcare Life Sciences).

Cytotoxicity assay

siRNA-treated U2OS cells were seeded on 96-well plates
and treated with increasing doses of mitomycin C (MMC;
Sigma) the following day. Cell viability was determined us-
ing the Cell Titer-Glo Luminescence Cell Viability Assay kit
(Promega) and Spectramax M5 (Molecular Devices) 6 days
following continued drug treatment.

RESULTS

The disordered C-terminal tail of FAAP20 UBZ is involved
in ubiquitin binding

In order to probe the molecular basis of ubiquitin recogni-
tion by the FAAP20 UBZ, we first determined the solution
structure of the apo protein, consisting of human FAAP20
residues 140–180, by NMR (Figure 1A; statistics shown
in Supplementary Table SI). Residues 144–173 of FAAP20
adopt a well-converged canonical ��� fold, with mean pair-
wise r.m.s. deviations of 0.22 and 1.11 Å for the backbone
and heavy atoms, respectively. The ��� fold is held together
by zinc coordination of conserved ‘finger’ residues, includ-
ing C147 from �1, C150 from the ‘fingertip’ of the �1–�2
loop and H166 and C170 from the �-helix. Packing of the
two �-strands against the �-helix is augmented by inter-
actions among conserved hydrophobic residues, including
L144 N-terminal to �1, M149 at the fingertip of the �1–
�2 loop, F154 C-terminal to �2, L158 N-terminal to the
�-helix, and V163 and L167 in the middle of the �-helix
(Figure 1B). Outside of the compact ��� zinc-finger mod-
ule, N-terminal residues 140–143 and C-terminal residues
174–180 are completely disordered.

Surprisingly, when we probed the FAAP20–ubiquitin in-
teraction by NMR titration, we observed extensive res-
onance perturbation for residues of the disordered C-
terminal tail in addition to residues of the ��� UBZ mod-
ule. The backbone resonance of the terminal Trp residue
(W180) of FAAP20, in particular, undergoes a prominent
change of chemical shift upon ubiquitin binding (Fig-
ure 1C), indicating that it is experiencing a major alteration
of the chemical environment and may likely be directly in-
volved in ubiquitin binding. In order to further examine the
potential involvement of the disordered C-terminal tail in
ubiquitin binding, we conducted the 1H–15N heteronuclear
NOE experiment, looking for changes in flexibility of the
FAAP20 protein backbone upon ubiquitin binding (Fig-
ure 1D). In this experiment, a negative value of the het-
eronuclear NOE reflects rapid conformational fluctuation

at the ps-to-ns timescale that is typically found in disor-
dered loops, whereas a positive value reflects a lack of fast
motion that is consistent with a rigid conformation com-
monly found in well-folded proteins (21). In the apo state,
residues of the C-terminal tail of FAAP20 UBZ all dis-
played negative heteronuclear NOEs, consistent with the
disordered conformation observed in the NMR ensemble
of apo FAAP20. In contrast, these values became distinctly
positive upon addition of 2-molar excess of ubiquitin, in-
dicating that the C-terminal tail has gained rigidity upon
the formation of the FAAP20–ubiquitin complex. Taken to-
gether, these data strongly support the involvement of the C-
terminal tail of FAAP20, in addition to the canonical UBZ
domain, in interaction with ubiquitin in vitro.

Binding-induced folding of the FAAP20 C-terminal tail ex-
pands the canonical UBZ–ubiquitin interface

The unexpected involvement of the disordered C-terminal
tail outside the FAAP20 UBZ for ubiquitin interaction is
distinct from all other UBZ domains studied thus far (22–
25) and warrants a thorough structural investigation. Using
sparsely sampled 3-D and 4-D NMR spectroscopy (16,20),
we have determined the solution structure of the FAAP20
UBZ–ubiquitin complex (Figure 2A and B), with the en-
semble mean pairwise r.m.s. deviations of 0.55 and 1.16 Å
for the backbone and heavy atoms, respectively (Supple-
mentary Table SII).

Binding of FAAP20 causes little conformational change
for ubiquitin, which adopts the familiar �/�-roll topology
with the main �-helix wrapped in a distorted central �-
sheet consisting of five strands (Figure 2B). At the opposite,
solvent-exposed surface of the ubiquitin �-sheet lies a clus-
ter of hydrophobic residues centered around I44Ub for high-
affinity interaction with FAAP20 (Figure 2C). In contrast,
binding of FAAP20 to ubiquitin is accompanied by a major
conformational switch, involving binding-induced attach-
ment of the disordered C-terminal tail of apo FAAP20 to
its compact ��� zinc finger module to form an expanded
ubiquitin-binding interface (compare Figure 1A with Fig-
ure 2B and D).

The overall assembly of the FAAP20 UBZ–ubiquitin
complex is similar to that of the MIU/IUIM–ubiquitin
complex (26,27) and to the predicted structural model of
the Pol � UBZ–ubiquitin complex (25), with the prominent
UBZ helix packing against the solvent-exposed surface of
the central �-sheet of ubiquitin. The FAAP20 UBZ helix is
oriented in parallel with the central �-strand (�5) of ubiq-
uitin, and the C-terminal end of the UBZ helix is located in
close proximity to the C-terminus of ubiquitin (Figure 2C).
At the center of the UBZ helix lies an invariant Ala residue
(A168) that wedges into the hydrophobic pocket of ubiq-
uitin encircled by L8Ub, I44Ub and V70Ub. Along the same
face of the FAAP20 helix, at one helical turn N-terminal to
the central A168 (at the -4 position in the primary sequence,
Figure 1B) lies a conserved Asp residue (D164) that forms
hydrogen bonds with the backbone of A46Ub and G47Ub,
anchoring the N-terminal half of the UBZ helix to ubiqui-
tin. Such a helix–ubiquitin interaction is augmented by hy-
drophobic interactions at the C-terminal half of the UBZ
helix, with the invariant hydrophobic residue L171 located

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article-abstract/42/22/13997/2411156 by guest on 23 M

arch 2020



14000 Nucleic Acids Research, 2014, Vol. 42, No. 22

D

1
H

-15
N

  N
O

E

Residue Number

150
160

170
180

β1 β2 α1
  

140

N
  (

pp
m

)

H (ppm)

C

15

1

W180 N-H

7.7 7.6

129

128

127

126

β1

α1

β2

A B

Human
Mouse
Rat
Cow
Chicken
Fish

GAAALRSCPMCQKEFAPRLTQLDVDSHLAQCLAESTEDVTW
SPLALLSCPLCQKAFDPKLTQLDVDSHLAQCLAECTEDVVW
SQLVLLNCPLCQKAFDPKLTQLDVDSHLAQCLAESTEDVVW
GAMTLQSCPMCQVDFAPGLAQLDIDGHLAQCLADSTDDIEW
GSSTLDSCPMCLIRFSETLSQLDIDGHLARCLSESTDDITW
PAAVLQTCPMCCLLFPSGFSQMDQDRHLAKCLSEVRTDMTW

180
186
184
192
189
149

β1 β2 α1

N

C

  

140
146
144
152
149
109

150 160 170

0 3-4

1.0

0.5

0.0

-0.5

-1.0

Figure 1. Solution structure of the human FAAP20 UBZ. (A) FAAP20 UBZ adopts a canonical ��� fold with the �-strands shown in blue, and �-helix
shown in red. Sidechains of the zinc-coordinating CCHC motif are shown in the stick model and colored according to the secondary structures. The zinc
atom is shown in the sphere model and colored in purple. The backbone of the terminal tryptophan, W180, is colored in orange. (B) Sequence alignment
of the FAAP20 UBZ from different species. The conserved zinc-coordinating residues are highlighted in blue. Conserved residues involved in the formation
of the hydrophobic core of the UBZ domain are boxed in orange and those involved in ubiquitin interaction are highlighted. Acidic residues are colored in
pink and hydrophobic residues are colored in orange. (C) Titration of unlabeled ubiquitin into 15N-labeled FAAP20 significantly perturbs the backbone
amide resonance of W180. Apo FAAP20 is shown in black and FAAP20 with excess ubiquitin in red. (D) 1H–15N heteronuclear NOEs plotted per residue
of FAAP20. Values for the apo FAAP20 are shown with black bars and values for the FAAP20 with excess ubiquitin are shown with red bars.

at one helical turn C-terminal to A168 (at the +3 position,
Figure 1B) along the same face of the UBZ helix to interact
with I44Ub, V70Ub and the side chain of R42Ub, further en-
hancing the binding toward ubiquitin. A group of less con-
served residues along the UBZ helix also contribute to the
human FAAP20 interaction with ubiquitin, including S165
that forms a hydrogen bond with H68Ub, the sidechain of
Q169 that interacts with L8Ub and A172 that interacts with
V70Ub (Figure 2D).

Unique to the FAAP20 UBZ–ubiquitin interface is the
presence of binding-induced folding of a disordered C-
terminal tail of FAAP20 containing two invariant residues:
Asp (D177) and Trp (W180) (Figure 1B). Although residues

of this tail are highly dynamic in the apo state as reflected by
their negative heteronuclear NOE values (Figure 1D), they
form an extended �-loop that is fixated by joint interactions
with ubiquitin and with the core module of the FAAP20
UBZ. In particular, the sidechain of D177 points toward
the sidechains of R42Ub and R72Ub, potentially latching
onto ubiquitin through salt bridges with these residues.
W180, the Trp residue at the very C-terminus of this tail
in FAAP20, appears to play a crucial role in mediating
FAAP20–ubiquitin binding. Emanating toward I44Ub from
the now extended C-terminal loop of FAAP20 that stretches
along the UBZ–ubiquitin interface, the indole group of
W180 is affixed to the carbonyl group of G47Ub located
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Figure 2. Solution structure of the human FAAP20–ubiquitin complex. (A) Backbone traces of the NMR ensemble of 10 structures. �-strands, �-helices
and loops are colored in blue, red and gray, respectively. Zinc is shown as a gray sphere. (B) Ribbon diagram of the complex, with FAAP20 in orange
and ubiquitin in green. (C) The surface representation of the FAAP20 UBZ with the interface colored in orange. The D–A–L motif and the C-terminal
tryptophan residue are colored in red. The sidechains of the interfacial residues are shown in the stick model and labeled in black. Ubiquitin is colored in
green with the sidechains of the interfacial residues shown in the stick model. The central residue I44Ub is colored in blue. (D) The surface representation
of ubiquitin with the interface colored in green. The central residue I44Ub is colored in blue. The sidechains of the interfacial residues are shown in the stick
model and labeled in black. The FAAP20 UBZ is colored in orange with the sidechains of the interfacial residues shown in the stick model. The D–A–L
motif and the C-terminal tryptophan residue are colored in red. The two �-strands and the zinc ion are not shown for clarity. (E) Interactions between
FAAP20 W180 (orange) and ubiquitin I44, G47 and K48 (green). The interacting sidechains are shown in the stick model. The hydrogen bond between
W180 H�1 and G47 backbone is shown as a blue dashed line. The hydrophobic interactions supported by intermolecular NOEs are shown as gray dashed
lines. Distances of the interactions are labeled. (F) Representative 2-D slices of the 4-D 13C-HMQC-NOESY-HSQC omit spectra centered on I44 H�1
and K48 H�, respectively, illustrating the intermolecular NOEs from FAAP20 to ubiquitin I44 H�1 and K48 H� protons. Positive intermolecular NOE
crosspeaks are colored in black and a negative diagonal peak is colored in red. Resonances of FAAP20 and ubiquitin are labeled in orange and green,
respectively. The generation of omit spectra is shown in Supplementary Figure S1 in detail.
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Table 1. Binding affinities of the human FAAP20 UBZ–ubiquitin complexes measured by ITC

FAAP20 UBZ Ubiquitin Kd (�M)

WT WT 9.26
WT I44A NDB
D164A WT NDB
A168Y WT NDB
L171A WT 529
W180A WT NDB

NDB: No detectable binding or too weak to fit reliably (Kd > 600 �M).

within the �3–�4 loop of ubiquitin through a hydrogen
bond of the W180 imino group (Figure 2E). Such an inter-
action is supported by the observed intermolecular NOE
between the W180 aromatic proton H�1 and the H� pro-
ton of K48Ub (Figure 2F, lower right panel). The W180 in-
dole ring points toward I44Ub and is juxtaposed between
the sidechains of K48Ub and Q49Ub of the �3–�4 loop of
ubiquitin, and P148 and M149 of the fingertip and L167 of
the central helix of the FAAP20 UBZ. Importantly, W180,
together with a cluster of conserved residues of the com-
pact zinc finger module of FAAP20, including L167, A168
and L171, forms an encircled hydrophobic pocket around
I44Ub for high-affinity ubiquitin binding (Figure 2C and
D). Accordingly, numerous intermolecular NOEs are ob-
served in the 4-D difference NOE (omit) spectrum between
I44Ub and surrounding FAAP20 residues (Figure 2F and
Supplementary Figure S1). Highlighting the integral struc-
ture of the FAAP20 C-terminal tail in ubiquitin recognition,
residues of this tail all display positive heteronuclear NOEs
that are congruent with FAAP20 residues of the ��� zinc-
finger module (Figure 1D).

The conserved D–A–L motif of the FAAP20 UBZ helix con-
tributes to ubiquitin binding

After determining the solution structure of the FAAP20
UBZ–ubiquitin complex, we investigated the FAAP20–
ubiquitin interaction by isothermal titration calorimetry
(ITC) measurements in order to probe the contribution of
individual residues to the binding affinity (Table 1, Supple-
mentary Figure S2). Titration of WT ubiquitin into WT
FAAP20 UBZ revealed a Kd value of 9.26 �M, a bind-
ing affinity stronger than the affinities of most ubiquitin-
binding domain (UBD)–ubiquitin interactions.

Among the interface residues of the FAAP20–ubiquitin
complex, I44Ub is at the center of the FAAP20 UBZ–
ubiquitin interaction and displays numerous intermolec-
ular NOEs to FAAP20 residues, including W180 of the
C-terminal tail (Figure 2F). Unsurprisingly, mutation of
I44Ub to Ala completely abolished the ubiquitin binding
by FAAP20, verifying that ubiquitin is being recognized
through the canonical hydrophobic patch centered at I44Ub.
On the FAAP20 side, A168 is located at the center of the
UBZ helix and plays a pivotal role in anchoring the UBZ
helix to the conserved hydrophobic pocket of ubiquitin
formed by L8Ub, I44Ub and V70Ub. Accordingly, substitu-
tion of A168 by Tyr eliminated the FAAP20–ubiquitin in-
teraction. Point mutation of D164A of the FAAP20 UBZ
similarly disrupted ubiquitin binding in our ITC studies,
consistent with a previous report (12). Finally, mutation

of L171A significantly weakened the FAAP20 interaction
with ubiquitin. Taken together, these observations further
support the structurally observed binding mode of the
FAAP20–ubiquitin complex, corroborating the recognition
mode of the D–A–L motif along the surface of the UBZ
�-helix for ubiquitin interaction.

The terminal tryptophan is required for FAAP20–ubiquitin
binding in vitro and efficient ICL repair in vivo

Since the FAAP20–ubiquitin interaction uniquely features
an expanded ubiquitin-binding interface beyond the com-
pact ��� zinc-finger module, with the absolutely conserved
Trp residue (W180) of the disordered C-terminal tail of apo
FAAP20 participating in numerous interactions with ubiq-
uitin residues in the protein complex, including I44Ub at the
center of the ubiquitin interface, we conducted in vitro and
in vivo experiments to evaluate the consequence of a W180A
mutation in affecting the FAAP20–ubiquitin interaction
and in FA core complex-mediated ICL repair. In order to
make sure that the W180A mutation does not alter the
UBZ structure, a 1H–15N HSQC spectrum of the FAAP20
W180A mutant was collected (Supplementary Figure S3).
With the exception of the few C-terminal residues neighbor-
ing W180 in the primary sequence, the overall spectra of the
WT FAAP20 UBZ and the W180A mutant are nearly su-
perimposable, consistent with the notion of a disordered C-
terminal tail in apo FAAP20 and verifying that the W180A
mutation does not disturb the ��� fold of the UBZ. Sur-
prisingly, in contrast to the tight binding of WT FAAP20
toward ubiquitin in ITC measurements (Figure 3A), the
W180A mutant completely abolished the FAAP20 interac-
tion with ubiquitin (Figure 3B), revealing that W180 not
only contributes to, but is also required for ubiquitin bind-
ing in vitro.

In order to assess the contribution of the C-terminal
tryptophan residue in regulating DNA repair in vivo, we
also tested the ability of full-length FAAP20 harboring a
W180A mutation to complement the DNA damage sensi-
tivity of the FAAP20-depleted mammalian cells. The func-
tional integrity of the FAAP20 UBZ is required for con-
ferring cellular resistance to DNA ICL-inducing agent,
MMC (12). Therefore, we replaced endogenous FAAP20
depleted by siRNA with siRNA-resistant FAAP20 vari-
ants and challenged cells with MMC. Stable expression of
siRNA-resistant WT FAAP20 could restore the hypersensi-
tivity to MMC caused by FAAP20 depletion, while neither
C147A & C150A (the mutations disrupting the zinc finger
fold) nor the W180A mutant could rescue the DNA dam-
age sensitization phenotype (Figure 3C and D). Such an ob-
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Figure 3. The C-terminal tryptophan residue (W180) of FAAP20 outside the compact UBZ module plays an indispensable role in ubiquitin recognition
by FAAP20 in vitro and in efficient ICL DNA repair in vivo. (A) Measurement of binding affinity between WT FAAP20 and WT ubiquitin by ITC. (B)
Mutation of W180A in FAAP20 abolished ubiquitin binding in ITC measurements. (C) U2OS cells stably expressing siRNA-resistant FAAP20 wild-type,
C147A and C150A (CA), or W180A (WA) were transfected with siRNA against FAAP20 (siF20) for 48 h, and cell viability was determined 6 days after
the treatment of indicated doses of mitomycin C. (D) Immunoblot analysis of U2OS cells in (C) harvested 72 h after siRNA treatment.

servation further emphasizes the functional importance of
W180 and the C-terminal tail outside the core UBZ domain
in mediating the FAAP20 interaction with ubiquitin, which
is essential for the ICL DNA repair in vivo. It is intriguing
to note that FAAP20 has eight isoforms, but only isoforms
2 and 6 contain an intact UBZ domain with a C-terminal
Trp residue and hence are capable of interaction with ubiq-
uitin and execution of ICL DNA repair. The functions of
the other isoforms, however, await to be determined.

DISCUSSION

Depending on the organization of the zinc-coordinating
residues and ubiquitin-binding motifs in the primary se-
quence, UBZ domains are classified into different sub-
groups, including the UBZ3 type of zinc fingers consisting
of CCHH zinc-coordinating residues represented by the Pol
� UBZ, and the UBZ4 type of zinc fingers consisting of
CCHC zinc-coordinating residues that are found in a vari-
ety of proteins involved in DNA repair activities. Structural
comparison of the FAAP20 UBZ–ubiquitin complex to
the WRNIP UBZ–ubiquitin complex (PDB 3VHT), which

shares a similar ubiquitin-binding interface with the re-
cently reported Rad18 UBZ–ubiquitin complex (22), re-
veals a completely different orientation of the central UBZ
helix, even though the FAAP20 UBZ is sometimes referred
to as a UBZ4 domain (9,11), the same type as the UBZs of
WRNIP and Rad18 (Figure 4A and B). Further structural
comparison shows ubiquitin recognition by the FAAP20
UBZ helix is actually similar to that of the MIU/IUIM he-
lix in the ubiquitin-bound complex (26,27), a binding mode
that features a D(−4)-A(0)-L(+3) motif along the ubiquitin-
recognition �-helix and is also shared by the Pol � UBZ,
a UBZ3 type of zinc finger (25) (Figure 4C and D). The
structural observation of a distinct ubiquitin-binding mode
of the FAAP20 UBZ from that of the UBZ4 type zinc fin-
ger lends further credence to the suggestion of the FAAP20
UBZ as the founding member of the UBZ2 family that is
characterized by the CCHC zinc-coordinating residues and
the DxHxAxCL motif (28).

All of the UBZ fingers that have been characterized thus
far interact with ubiquitin exclusively through the com-
pact ��� zinc finger module. FAAP20 also contains a well-
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Figure 4. Ubiquitin recognition by the human FAAP20 UBZ helix is distinct from that of the WRNIP UBZ, but shows similarity to that of MIU/IUIM.
Panels (A) and (B) show the ribbon diagrams of the FAAP20–ubiquitin complex (orange, this work) and the WRNIP UBZ–ubiquitin complex (blue, PDB
3VHT), respectively. Ubiquitin is shown in identical orientation. The surface of ubiquitin is colored in gray with the central interfacial residue I44 colored
in green. (C) Overlay of the human FAAP20 UBZ (orange)–ubiquitin (pale green) complex (this work) with the MIU/IUIM (cyan)–ubiquitin (pale green)
complex (PDB 2FIF). The conserved D(−4)-A(0)-L(+3) residues along the �-helix are shown in sphere and indicated by arrows colored according to the
sequence alignment in (D). (D) Alignment of the consensus sequence of the FAAP20 UBZ helix with those of the MIU/IUIM and Pol � UBZ helices. The
central invariant alanine is highlighted in red, the conserved aspartate at the −4 position in magenta, the conserved leucine at the +3 position in purple
and the zinc ligands in blue.

defined UBZ, together with a C-terminal tail that is disor-
dered in the absence of ubiquitin. Unexpectedly, the struc-
tural elucidation of the FAAP20–ubiquitin complex reveals
a binding-induced folding of the disordered C-terminal tail
of FAAP20 that expands the ubiquitin-binding interface be-
yond the canonical UBZ module for high-affinity interac-
tion with ubiquitin. In particular, the very C-terminal Trp
residue (W180), upon transforming the disordered tail of
FAAP20 into an extended �-loop, buries its sidechain into
the interface of the FAAP20 UBZ and ubiquitin to for-

tify the FAAP20–ubiquitin interaction. The FAAP20 mu-
tant with alanine substitution of the terminal Trp residue
(W180A) abolishes ubiquitin binding in vitro and ICL DNA
repair activity in vivo, emphasizing the crucial contribution
of the FAAP20 C-terminal tail to FAAP20 function and
highlighting a unique binding mode not observed in any of
the previously characterized UBZ–ubiquitin complexes.
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ACCESSION NUMBERS

The structures of apo FAAP20 and the FAAP20–ubiquitin
complex have been deposited in RCSB, with the accession
codes of 2muq and 2mur, respectively. The chemical shift
assignments of apo FAAP20 and the FAAP20–ubiquitin
complex have been deposited in BMRB, with the accession
codes of 25229 and 25230, respectively.
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Supplementary Data are available at NAR Online.
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