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The USP1/UAF1 complex deubiquitinates the Fanconi anemia protein FANCD?2, thereby promoting homologous

recombination and DNA cross-link repair. How USP1/UAF1 is targeted to the FANCD2/FANCI heterodimer
has remained unknown. Here we show that UAF1 contains a tandem repeat of SUMO-like domains in its C
terminus (SLD1 and SLD2). SLD2 binds directly to a SUMO-like domain-interacting motif (SIM) on FANCI.
Deletion of the SLD2 sequence of UAF1 or mutation of the SIM on FANCI disrupts UAF1/FANCI binding and
inhibits FANCD2 deubiquitination and DNA repair. The USP1/UAF1 complex also deubiquitinates PCNA-Ub,
and deubiquitination requires the PCNA-binding protein hELG1. The SLD2 sequence of UAF1 binds to a SIM on
hELG1, thus targeting the USP1/UAF1 complex to its PCNA-Ub substrate. We propose that the regulated
targeting of USP1/UAF]1 to its DNA repair substrates, FANCD2-Ub and PCNA-Ub, by SLD-SIM interactions
coordinates homologous recombination and translesion DNA synthesis.

[Keywords: Fanconi anemia; deubiquitinating enzymes; PCNA; SUMO-like domains]

Supplemental material is available for this article.

Received May 12, 2011; revised version accepted July 19, 2011.

Protein ubiquitination plays a key role in the regulation
of a variety of DNA repair mechanisms (Huang and
D’Andrea 2006; Bergink and Jentsch 2009). Protein ubig-
uitination is controlled by the opposing activity of ubig-
uitin ligases and deubiquitinating enzymes (DUBs) (Nijman
et al. 2005b; Komander et al. 2009; Reyes-Turcu et al.
2009). Failure to regulate the proper ubiquitination state
of a DNA repair protein can result in a DNA repair defect
and genomic instability, the hallmark of many human
cancers.

The Fanconi anemia (FA) pathway and the translesion
DNA synthesis (TLS) pathway are two DNA repair
pathways controlled by protein ubiquitination. FA is a
recessive genetic disease characterized by developmental
abnormalities, cancer susceptibility, and cellular hyper-
sensitivity to DNA interstrand cross-linking (ICL) agents.
There are 15 known FA proteins, and the monoubiquiti-
nation of one of these proteins, FANCD2, by the FA core
complex is a critical step in the pathway (Al-Hakim et al.
2010; Kee and D’Andrea 2010). Monoubiquitination of
FANCD?2 is required for the recruitment of additional
downstream proteins, such as the FAN1 nuclease and
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SLX4, to the site of ICL repair (Cybulski and Howlett
2011; Yamamoto et al. 2011). In contrast, a critical step in
the translesion synthesis pathway is the monoubiquiti-
nation of the processivity factor PCNA by the ubiquitin
E3 ligase RADI18. Monoubiquitination of PCNA is re-
quired for the recruitment of a translesion polymerase to
the site of DNA repair (Bienko et al. 2010).

The DUB USPI regulates DNA repair through its
association with the binding partner UAF1 (Cohn et al.
2007) and through its deubiquitination of two critical
DNA repair substrates: FANCD2-Ub (Nijman et al. 2005a)
and PCNA-Ub (Huang et al. 2006). The cellular level of
FANCD2-Ub controls homologous recombination (HR)
repair (Nakanishi et al. 2005), and the level of PCNA-Ub
controls TLS repair (Kannouche et al. 2004; Bienko et al.
2010). Knockdown of USP1 or UAF1 results in elevated
levels of FANCD2-Ub and PCNA-Ub (Cohn et al. 2007;
Oestergaard et al. 2007), leading to defective HR and TLS
(Kim et al. 2009). FANCD2-Ub and PCNA-UD are co-
ordinately deubiquitinated following DNA damage and
during the normal cell cycle (Huang et al. 2006). How the
USP1/UAF1 complex recruits these two specific sub-
strates and coordinates their deubiquitination under spe-
cific cellular conditions is unknown.

UAFI has an N-terminal WD40 domain, with eight
WD40 propeller sequences and a C-terminal coiled-coil
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domain. The N-terminal WD40 region of UAF1 binds and
stimulates the ubiquitin protease activity of USP1 (Cohn
et al. 2007). This region of UAFI also binds and stimu-
lates at least two other DUB enzymes, USP12 and USP46
(Cohn et al. 2009; Sowa et al. 2009), although the sub-
strates of the USP12/UAF1 and USP46/UAF1 complexes
remain unknown. The function of the C-terminal region
of UAF1 is also previously unknown.

In the current study, we determined that the C-termi-
nal region of UAF1 is required for targeting the USP1/
UAF1 complex to its substrates. Specifically, we showed
that this region of UAF1 contains a tandem repeat of
SUMO:-like domains (SLD1 and SLD2). The SLD2 domain
binds to a SIM (SUMO-like domain-interacting motif)
on protein complexes containing FANCD2-Ub and/or
PCNA-UD and thereby regulates the deubiquitination of
these substrates. Disruption of these SLD-SIM interac-
tions blocks the deubiquitination of FANCD2-Ub and/or
PCNA-UD, rendering cells DNA repair-deficient. SLD-
SIM interactions are therefore critical for the timed de-
livery of the USP1/UAF1 deubiquitinating complex to its
substrates and for proper coordination of DNA ICL repair.

Results

The C-terminal region of UAF1 is required
for HR repair

We initially tested whether the C terminus of UAFI is
required for stimulating USP1 activity in vitro (Fig. 1). We
purified wild-type UAF1 or a C-terminal-truncated UAF1

protein (UAF1-AC) (Fig. 1A,B) from insect cells, mixed the
proteins with purified USP1 in vitro, and measured
deubiquitinating activity (Fig. 1C). The UAF1-AC protein
was able to bind and stimulate USP1, with activity
comparable with full-length UAF1 protein (Supplemental
Fig. S1). Another UAF] mutant protein, UAF1-AWD?2,
with an internal deletion of the WD40 domain, failed to
stimulate USP1, consistent with our previous report
(Cohn et al. 2009).

Previous studies have demonstrated that the USP1/
UAFI complex deubiquitinates FANCD2-Ub, FANCI-UD,
and PCNA-Ub in mammalian cells (Cohn et al. 2007).
Accordingly, siRNA knockdown of USP1 or UAF1 in HeLa
cells results in elevated FANCD2-Ub and FANCI-Ub
levels. In order to test the cellular function of the C ter-
minus of UAF1, we next generated null mutants of UAF1
and USP1 in the chicken lymphoblast line DT40 (Sup-
plemental Fig. S2A; Oestergaard et al. 2007; Murai et al.
2011). As predicted, the UAF1-deficient DT40 cells
(UAF17/~/~ cells) had elevated FANCD2-Ub and PCNA-
Ub levels (Fig. 2A, lane 2), consistent with the known
cellular role of USP1/UAF1 in deubiquitinating these
substrates (Cohn et al. 2007), and the cells were hyper-
sensitive to MMC (Fig. 2B). Thus, the phenotype of
UAF1-deficient DT40 cells is similar to that of USP1-
deficient DT40 cells previously described (Oestergaard
et al. 2007). Transfection of the UAF1-deficient cells with
the cDNA encoding wild-type human UAFI reduced the
level of FANCD2-Ub and PCNA-Ub (Fig. 2A, lane 3;
Supplemental S2B, lane 3) and complemented their MMC
hypersensitivity (Fig. 2B). Interestingly, the mutant form
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Figure 1.

The C-terminal region of UAF1 is dispensable for the activation of USP1 activity in vitro. (A) Schematic representation of

the domain structure of UAF1-WT and two deletion mutants: AWD2 and AC. (B) Coomassie stain of purified wild-type and C-terminal
truncated human UAF1 proteins from S{9 insect cells. (C) The indicated wild-type or mutant human UAF]1 proteins were mixed with
purified USP1, and deubiquitination enzyme activity was monitored using Ub-AMC as the substrate.
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Figure 2. The C-terminal region of UAF1 is required for DNA repair in vivo. (A) UAF1-AC failed to correct the increased FancD2-Ub
and PCNA-Ub levels in UAF1~/~/~ chicken DT40 cells. Plasmids expressing human UAF1-WT, UAF1-AC, or UAF1-AWD?2 were stably
transfected into UAF1~/~/~ DT40 cells. Whole-cell lysates were prepared and immunoprecipitated using anti-Flag agarose beads. The
protein level of UAF1, USP1, FANCD?2, PCNA, and Actin were measured by Western blot. (B) UAF1-AC failed to correct the MMC
sensitivity of UAF1~/~/~ chicken DT40 cells. MMC clonogenic assays were performed on the stable correction clones from A. (C) To
investigate the involvement of UAF1 in HR-mediated repair, we integrated the SCneo substrate into the Ovalbumin locus of the UAF1-
deficient cells and measured the efficiency of I-Scel-induced gene conversion. Wild-type human UAF1 rescued the HR defect in the
transfected cells, but UAF1-AC and UAF1-AWD2 mutants failed to rescue. The difference between the single-asterisk (*) cells and
the wild-type DT40 cells (WT + Vector) was statistically significant (P < 0.01). The difference between the double-asterisk (**) cells and
the wild-type DT40 cells (WT + Vector) was also statistically significant (P < 0.001).

of UAF1 protein, lacking the C terminus, failed to restore
deubiquitination of these substrates and failed to com-
plement MMC hypersensitivity, although it still bound to
intracellular USP1 (Fig. 2A, lane 4) and stimulated its
activity (data not shown).

The UAF1-deficient DT40 cells also exhibited a defect
in HR repair (Fig. 2C). To investigate the involvement of
UAF1 in HR-mediated repair directly, we measured gene
conversion induced by the rare-cutting endonuclease
I-Scel, using the SCneo substrate (Hochegger et al.
2006). Specifically, we integrated the SCneo substrate
into the Ovalbumin locus of the DT40 cells (Fukushima
et al. 2001) and measured the efficiency of I-Scel-induced
gene conversion. While 1.98% of the wild-type DT40
cells successfully underwent gene conversion and recon-
stituted neomycin resistance, the same reaction occurred
in only 1.24% of the UAF1 /=~ cells expressing the hu-
man UAF1-AC protein. UAF1~/~/~ cells expressing hu-

man wild-type UAFI1 protein were fully complemented
(2.29% of the cell population). Taken together, these
results suggested that the C terminus of UAFI is not
required for USP1 stimulation but is required for target-
ing the USP1/UAFI1 complex to its substrates and for HR
repair.

The USP1/UAF1 complex binds to FANCI
via a SLD-SIM interaction

We next analyzed the C terminus of UAF1 using various
bioinformatic tools. Interestingly, we found that the C
terminus of human UAF1 (amino acids 425-677) contains
a tandem repeat of two SLDs (shown schematically in Fig.
1A; Supplemental Fig. S3A). Each SUMO-like sequence,
referred to as SLD1 and SLD2, is ~100 amino acids in
length and has homology with SUMO2 and SUMO3 (see
alignment in Supplemental Fig. S3B). Specifically, the
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SLD1 sequence has 59% similarity to SUMO?2, and the SLD2
sequence has 55% similarity to SUMO2. SLD1 and SLD2
each have a conserved C-terminal diglycine of SUMQO2,
although there is no evidence that UAF1 undergoes
endoproteolytic cleavage after these GG sequences. Pre-
vious studies have identified other proteins with tandem
SLDs (Novatchkova et al. 2005; Prudden et al. 2009),
although for these proteins the SLDs are more similar to
SUMOI1 than to SUMO2 or SUMO3.

Recent studies indicate that the SUMO moiety of
sumoylated proteins can mediate enzyme/substrate in-
teractions (Prudden et al. 2007; Meulmeester et al. 2008;
Denuc et al. 2009). Accordingly, we reasoned that the
SLDI1 and SLD2 of UAF1 might target the USP1/UAF1
complex to its substrates, FANCD2-Ub and PCNA-UD,
either directly or through a binding partner (Fig. 3).
SUMO binds to a peptide sequence on target proteins,
referred to as a SIM. This sequence conforms to the
consensus VLXXEEEEE (Song et al. 2004; Hecker et al.
2006). Recent studies suggest that other Ubiquitin-like
and SUMO-like sequences may bind to a similar consen-
sus sequence (Sanchez-Pulido et al. 2008; Noda et al.
2010). Sequence analysis of FANCD2 and FANCI revealed
a highly conserved candidate SIM sequence on FANCI
(amino acids 681-697) (Fig. 3A). To test whether this se-
quence was required for binding to UAF1, we generated
GST fusion proteins containing either the SLD1 or SLD2
domain of UAFI. Interestingly, GST-SLD2 specifically
pulled down FANCI proteins (WT [wild type] and C700)
containing the putative SIM sequence (Fig. 3B,C, lanes 7,9),
but did not pull down a FANCI mutant protein in which
the SIM sequence was deleted (C500) (Fig. 3C, lane 8).

To further examine the role of the SIM sequence of
FANCI in this interaction, we next generated Flag-tagged
wild-type protein or mutant FANCI protein with a de-
letion of the SIM sequence (Fig. 3D) and expressed these
proteins in HEK293T cells. Specifically, for this study, we
used a FANCI mutant in which four residues (VIPL) had
been removed from the SIM (so-called FANCI-AVIPL)
(Figure 3A; Supplemental Fig. S5A). Flag-FANCI-WT but
not Flag-FANCI-AVIPL coimmunoprecipitated with en-
dogenous UAFI (Fig. 3D, cf. lanes 11 and 12). Coimmu-
noprecipitation of FANCI-WT and endogenous UAF1 was
enhanced by pretreatment of the cells with MMC (Fig.
3D, lane 11). DNA damage therefore appears to increase
the SLD2-SIM interaction, perhaps by activating an
ATM- or ATR-dependent phosphorylation of FANCL
Phosphorylation of residues adjacent to SIM sequences
have previously been shown to enhance SUMO/SIM in-
teractions. Consistent with these results, inhibition of
ATM and/or ATR activity with caffeine appears to decrease
the FANCI/UAFI interaction (Supplemental Fig. S4).

We also determined whether GST fusion proteins con-
taining SUMO1, SUMO?2, or SUMQ3 can pull down the
wild-type FANCI protein versus a FANCI-AVIPL mutant
(Fig. 3E). GST-SLD2 specifically bound to FANCI (wild-
type) protein and had diminished binding to FANCI-AVIPL.
Interestingly, the other GST fusion proteins, including GST-
SUMOI, GST-SUMO?2, GST-SUMO3, and GST-SLDI, did
not pull down wild-type or mutant FANCI. Therefore, we
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propose using the term “SLIM” for SUMO-like domain-
interacting motif for the binding site on the FANCI
protein (see the Discussion section below).

To further evaluate the specificity of these binding in-
teractions, we compared the ability of GST-SLD2 versus
GST-SUMOI to pull down full-length proteins contain-
ing either a SLIM or a SIM (Fig. 3F). Interestingly, GST-
SUMOI precipitated the Piasl protein (Hecker et al.
2006), but GST-SLD2 did not interact with Piasl. Also,
GST-SLD2 pulled down the FANCI protein containing
the SLIM motif, but did not precipitate Piasl. Taken to-
gether, these results demonstrate that the SLD2 sequence
has a specific binding interaction with the SLIM sequence
of FANCI, and that this interaction is distinct from
the known SUMO1/SIM interaction. To further confirm
these results, we generated another mutant form of the
FANCI protein with a deletion of the entire SIM sequence
(FANCI-ASIM) (Fig. 3A). As predicted, the GST-SLD2
fusion protein failed to pull down this FANCI mutant
protein (Fig. 3G).

UAF1 binding to FANCI is required for function
of the FA pathway

In order to functionally test the SIM sequence of FANCI,
we then generated a HeLa cell line with a stable shRNA
knockdown of FANCI. These FANCI-deficient human
cells displayed the characteristic phenotype of FA-I cells
previously described (Smogorzewska et al. 2007). Specif-
ically, the FANCI-deficient HeLa cells had reduced levels
of FANCD2 and FANCI and a reduced level of FANCD2-
Ub (Fig. 4A, lanes 4-6), and the cells exhibited an in-
creased level of G2/M accumulation (Supplemental Fig.
S5B), consistent with their underlying defect in DNA ICL
repair (Pulsipher et al. 1998). Transfection of these cells
with a shRNA-resistant cDNA encoding wild-type hu-
man FANCI restored FANCI expression (Fig. 4B, lane 3),
stabilized FANCD?2 levels, and promoted the MMC-
inducible accumulation of FANCI-Ub and FANCD2-Ub
in the chromatin fraction (Supplemental Fig. S5C). Trans-
fection with the cDNA encoding a nonubiquitinated form
of FANCI (FANCI-K523R mutant) stabilized the unubig-
uitinated FANCD?2 protein in the transfected cells but
failed to promote FANCD2 monoubiquitination and failed
to rescue the G2/M accumulation defect (data not shown).

We next transfected these FANCI-deficient cells with
the cDNAs encoding either the wild-type FANCI protein
or the FANCI-AVIPL mutant. The FANCI-AVIPL mutant
protein increased the monoubiquitination of FANCD2
(Fig. 4B, lane 4). Importantly, the cells expressing the
FANCI mutant protein remained DNA repair-deficient,
as indicated by their persistent high level of G2/M ac-
cumulation (Fig. 4C). The elevated G2/M accumulation
was further increased by exposure of the transfected cells
to MMC. Taken together, these results suggest that the
FANCI-AVIPL mutant protein can bind and enhance the
monoubiquitination of its FANCD2-binding partner but
fails to bind to the UAF1/USP1 complex and therefore
fails to promote FANCD2-Ub deubiquitination. These
results are consistent with previous studies indicating



A
hsFANCI 678 YRNTV I PLEGGE EEEEEEEA - - FYE
mmFANCI 677 YKSRVVPLQQGHEGEEEEEE - - LYS
BLFANCI 677 YKSRVVPLQQ - - EEEEEEEE - - FYQ
ggFANCI 680 YKSTVHLCKGAEDEEEEEDVG - FEQ
drFANGI 678 NQNVREGGNVSDDEDDEEDVGGVES
hsFANCI-AVIPL 678 Y.NT ----QQGEEEEEEEEA - -FYE
RSFANCI-ASIM 678 ¥ = « « < = = = @ oem oo e e E
C
INPUT GST GST-SLD2
NS SSL &S
$EE LEELES
200kD — = — 7=
- - . — WT
116KD — :
7kD — 4 . —C700
66kD — |
55kD — - — C500
» th
37KD — :
31kD — —we o
123 4567809
E N9 o
O O ©
$ P SSS
S
s &L £LL
§FFPEFSP PGS
s & ¥ T L
S TS LS AS LS LSS
FlagFANCI §5 9858585858989
a-Flag - - — FANCI

o | OO 122
Proteins

12 345 678 9101112131415

G Input GST GST-SLD2
S S S
AN S A O SN
S S &Y
.
- - N —FANCI-WT
a-Flag - *  =FANGIASIM
&
==
Coomassie = = W% = [GST Fusion
s 8 " Proteins
12 3 4 5 6

USP1 and UAF1 targeting to substrates

FANCI Truncation Series
1 K523 SIM 1328
WT  Flag-{ [ 1 [arvrerear [ |
EDGE
800 1328
o500 Feg| ] 1
600 1328
c700 Flag—{ [] [ 1
Input IP Input IP
AV N AV AV
ST &8 (F S
SHFBIST s Ss c}%’v
&, & &8 &9
SETETE SIS
MMC (100nM, 12h) - - - - - - F
200kD —
o
(FANCI) o “_
' —— FANCD2-Ub
a-FancD2 ---"‘ =m= 88— \\Ch
97kD —
a-UAF1 - e — UAF1
66kD —
123456 789101112
Pull down
N
(@]
P
2887
3 KN KA
K FFF
a-Flag (Pias1) é -

a-Flag (FANCI) @ -

. -: ! GST Fusion
Coomassie , Proteins
-
v -

1 2 3 4
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Mus musculus (mm), Bos taurus (bt), Gallus gallus (gg), and Danio rerio (dr). (B) Schematic representation of FANCI-WT and two
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treatment, and this interaction was impaired in the SIM mutant (AVIPL). (E) GST fusion proteins containing the indicated SUMO or
SLD protein sequences were prepared and used to pull down wild-type and the AVIPL mutant form of full-length FANCI overexpressed
in HEK293T cells. Only SLD2, but not SLD1 or SUMO1/2/3, pulled down wild-type FANCI, and this interaction was dependent on the
SIM. By densitometry, the relative band intensities of lanes 6 and 7 were 1.00 and 0.57, respectively. (F) GST fusion proteins containing
either SLD2 or SUMOI1 were prepared and used to pull down wild-type Flag-FANCI or wild-type Flag-Piasl protein, which were
overexpressed in HEK293T cells. GST-SLD2 specifically pulled down FANCI and GST-SUMOL1 specifically pulled down Piasl. (G) GST-
SLD2 pull-down of wild-type FANCI but not of FANCI-ASIM (another FANCI mutant with a deletion of the entire SIM sequence).
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that the absence of USP1/UAFI-mediated deubiquitina-
tion of FANCD2 causes hypersensitivity to DNA damage
(Oestergaard et al. 2007; Kim et al. 2009).

The SLD2 domain of UAF1 binds
to the hELG1/PCNA complex

Previous studies have indicated that USP1/UAF1 also
regulates the level of PCNA-UDb (Huang et al. 2006; Lee
et al. 2010; Terai et al. 2010). Moreover, PCNA-Ub
interacts with FANCD2-Ub at stalled replication forks
(Howlett et al. 2005). We therefore hypothesized that the
USP1/UAF1 complex may bind to a SIM sequence on
PCNA-Ub or a PCNA-binding partner. Recent studies in-
dicate that PCNA binds to hELGI1 (Lee et al. 2010; Parnas
etal. 2010), an ATPase in the RFC family of proteins. We also
conducted a serial deletion of hELG1 and identified a region
near its N terminus required for coimmunoprecipitation
with the USP1/UAFI complex (Lee et al. 2010). Interestingly,
this binding site on hELG1 (KSNVVIQEEELELAVLE) also
conforms to the consensus sequence of a SIM, and the
sequence is highly conserved among hELGI1 proteins
from multiple species (Fig. 5C).

We hypothesized that the SLD2 domain of UAFI may
also bind to this SIM sequence on hELGI (Fig. 5). Cells
were transfected with the cDNA encoding a Flag-tagged
UAF1-WT or UAF1-AC lacking the SLD2 region (Fig. 5A).
As predicted, both wild-type UAF1 and the AC mutant
coimmunoprecipitated with endogenous USP1. This re-
sult further indicates that the WD40 region of UAF1 binds
USP1 (Fig. 5A, lanes 5,6). Interestingly, the UAF1-AC pro-
tein failed to pull down hELGI (Fig. 5A, lane 6). Moreover,
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the UAF1/hELGI interaction was also dependent on the
SIM of hELGI (Fig. 5B,D). For this study, we generated the
c¢DNA encoding a truncated form of hELGI, containing
residues 1-400 (Fig. 5B). This truncated protein, containing
the SIM, coimmunoprecipitated with UAFI (Fig. 5D, lanes
7,8). Deletion of the SIM region of hELG1 (see hELG1-
ASIM in Fig. 5C) resulted in loss of UAF1 binding (Fig. 5D,
lanes 9,10). These results demonstrate that UAF1 binds to
the DUB USP1 and that the SLD2 sequence delivers the
complex to multiple monoubiquitinated protein com-
plexes, each containing a SIM sequence.

A point mutation of SLD2 blocks the interaction
between UAF1 and its substrates

To further assess the interaction between the SLD2 se-
quence of UAF1 and the SIM sequences of hELGI1 or
FANCI, we identified a nonbinding point mutant of the
SLD2 (Fig. 6). To accomplish this, we initially generated
a structural model of the SLD2 domain (Fig. 6A). The
crystal structure of the highly related RAWUL domain of
hsRinglB (Sanchez-Pulido et al. 2008; Bezsonova et al.
2009) was previously determined. Based on this structure,
we modeled the three-dimensional (3D) structure of SLD2
(Fig. 6A). Interestingly, the SLD2 domain contains a non-
structured loop of 23 residues (the loop between al and B3)
(Fig. 6C). Moreover, this loop contains an inverted SIM
sequence (Fig. 6C, residues 628-634) that may function as
an autoinhibitory domain or an oligomerization domain of
the USP1/UAF1 complex.

Then we superimposed the model structure of SLD2
onto the known structure of SUMO?2 (Fig. 6B; Huang et al.
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were immunoblotted with the indicated antibodies. The asterisk (*) denotes a nonspecific band.

2004) and generated the structure-based sequence align-
ment between the SLD2 sequence and hsSUMO2 (Fig.
6C). This alignment revealed conserved residues, found
in overlapping secondary structures, suitable as potential
target sites for mutagenesis.

We next generated a point mutation of a conserved lysine
residue (K595E) in SLD2 (indicated with an asterisk in Fig.
6C), as the corresponding lysine on SUMO2 (K33) was
critical in SUMO-SIM interaction (Sekiyama et al. 2008).
Compared with the wild-type Flag-UAF1 protein, the K595E
mutant exhibited a much weaker interaction with the SIM
sequence of hELGI1, although the same mutant protein
bound normally to USP1 (Fig. 6D). The UAF1-K595E mu-
tant protein also exhibited impaired activity in the func-
tional gene conversion assay in UAF1~/~/~ DT40 cells (Fig.
6E). Taken together, these results further confirm that the
SLD2 sequence of UAFI has conserved binding character-
istics with a SIM sequence, similar to the known SUMO-
SIM interactions previously described (Hecker et al. 2006).

SLD?2 delivers the USP1/UAF1 complex independently
to multiple monoubiquitinated substrates

We determined whether the USP1/UAF1 deubiquitinat-
ing complex interacts independently with its various

substrates or whether the interaction with one substrate
is influenced by another. shRNA knockdown of USP1 or
UAF]I resulted in an increase in the monoubiquitination
levels of FANCD2 and PCNA-UDb (Fig. 7A, lanes 2,3,
respectively). In contrast, knockdown of hELGI resulted
in an elevation only in PCNA-UD levels and did not affect
the level of FANCD2-UDb in the cell (Fig. 7A, lane 4).
Knockdown of FANCI has no effect on PCNA-Ub
(Fig. 7A, lane 5). These results further confirmed a model
in which SLD2 delivers the USP1/UAF1 complex inde-
pendently to multiple monoubiquitinated substrates
(Fig. 7B).

Our results suggested that the USP1/UAFI1 complex is
targeted to multiple DNA repair substrates and that this
targeting is essential for the successful completion of
DNA repair. A recent proteomic survey indicated that the
UAF]I subunit (also referred to as WDR48) forms a com-
plex with other DNA repair proteins (Sowa et al. 2009).
For instance, UAFI1 binds to RAD51AP1, another DNA
repair protein required for efficient RAD51 D-loop for-
mation and HR (Wiese et al. 2007). Interestingly, the
SLD2 sequence of UAFI binds directly to a SIM sequence
found at the N terminus of RAD51AP]1 (Supplemental
Fig. S6A-C), although the functional importance of this
targeting event remains untested.

GENES & DEVELOPMENT 1853



Yang et al.

SLD2 of hsUAF1 RAWUL of hsRing1B hsSUMO2 Green: SLD2 of hsUAF1
(Model) (PDB: 3H8H) (PDB: 1WM3) Red: hsSUMO2
C
[31 B2 ol
—— 00000000000000 -
hsUAF1_SLD2 570 QPHASS K LKKDRLSASDMi—lQV 7 i
hsSUMO2 HINLK ........ GSVVQR
B2
SIM(628-634) B3 [54 a2
— —_ 2000000
hsUAF1_SLD2 630 DIAVINHEHI LLCQDQVL INMDLREJVKHF IWKSGGDLTLHYR. . . .
hsSUMO2 53 . .LsMRAIRFEFD. . ... INET PAQLE..... MEDEDTIDVFQ
—_— —
p3 Bs

D Input IP E

& &

& &

S & o & a5

S \'é\ v\’vov:’p > '\,&\,VON‘;) 3
FL & & Q’(‘} L& &

25
%
T

a-Fla UAF1-
(UAF1 )g 660 ... v WT or K595
~ UAF1-AC

% of Neo-resistant Colonies

a-Myc
(NELG1-N400) cmm- B RELGINAOO o s
116kD—
7O~ - on on - ‘_\ USPIN WT+Vector  UAF1"+Vector UAFT”+UAF1- UAFT"+UAF1-
1 2 3 4 WT K595E

Figure 6. Structural similarity between the SLD2 of UAF1 and SUMQO2. (A) Predicted model structure of SLD2 domain of hsUAFI.
The structures of the RAWUL domain of hsRing1B (PDB: 3H8H) and hsSUMO?2 (PDB: 1WM3) were also shown for comparison. (B) The
superposed view of the model structure of the SLD2 domain from hsUAF1 (green) and the structure of hsSUMO?2 (red). (C) Structure-
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especially the B2/al region. The 23-residue sequence of SLD2 (amino acids 616-638), which is not conserved in SUMQO2, contains an
inverted SIM sequence. This sequence is shown as the long loop in A and B. The asterisk indicates the conserved lysine (K) residue
targeted by mutagenesis. (D) The Flag-UAF1-K595E mutant protein binds weakly to the SIM sequence on hELG1. HEK293T cells were
cotransfected with the cDNAs encoding Flag-tagged wild-type, AC mutant, or K595E mutant UAF1 and Myc-tagged wild-type hELG1
(the 1- to 400-amino-acid fragment of hELG1). Cells were treated with UV (60J/m?, 6 h) before being harvested (Lanes 5-8). An anti-Flag
immunoprecipitation was performed, and proteins were immunoblotted with the indicated antibodies. (E) The gene conversion assay
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also statistically significant (P < 0.001).

Discussion some E3 ligase substrate targeting (Prudden et al. 2007,

2009). Extensive genetic evidence indicates that the USP1/
At least 95 DUBs are encoded by the human genome UAF1 complex specifically deubiquitinates the substrates
(Nijman et al. 2005b; Komander et al. 2009; Sowa et al. FANCD2-Ub and PCNA-Ub and regulates HR repair
2009). Only a few of these ubiquitin proteases have and TLS repair, respectively. The mechanism by which
genetically confirmed substrates, and little is known the USP1/UAFI complex is targeted to its specific sub-
regarding the molecular mechanism of substrate recog- strates has remained elusive. Here we show that the
nition and recruitment. DUB targeting to substrates USP1/UAFI deubiquitinating complex is targeted directly
may occut, at least in part, through SUMO modifications to these monoubiquitinated substrates by unique SLD-
(Meulmeester et al. 2008), similar to the mechanism of SIM interactions.

1854 GENES & DEVELOPMENT



A X
P NA
SN0
&
ShRNA SEFaT
. FANCI-Ub
a-FANCI 200k0—m == FANGI
a-FANCD2 ’?FANCDZ-Ub
116KD FANCD2
a-USP1  o7kD - . *° ,_Hgg]_N
97kD —
a-UAF1 -n - -

66kD —
55kD —

<+——PCNA-Ub

G-PCNA 3760 —
31kD ‘- “~PCNA

a-Actin L 1
12345

USP1 and UAF1 targeting to substrates

USP1
UAF1

WD40 SLD1  SLD2

—

37WS|M 384 GBZS‘MGQS

hELG1 | (Gp) FANC

@ .FANCDZ
. PCNA @

NS

Deubiquitination

Figure 7. The USP1/UAF1 complex regulates the ubiquitination level of FANCD2/FANCI and PCNA. (A) The USP1/UAFI complex
regulates the ubiquitination level of both FANCD2/FANCI and PCNA, while hELG1 specifically regulates the ubiquitination level of
PCNA. Retroviral sShRNAs targeting the genes as indicated were used to stably infect HeLa cells, and the effects on FANCD2/FANCI
and PCNA ubiquitination were examined by Western blot. By densitometry, the relative band intensities for the PCNA-Ub band for
lanes 1-4 were 1.00, 4.92, 4.63, and 2.53, respectively. (B) Schematic interaction between the SLD2 region of UAFI and the SIM
sequences on hELG1 and FANCI. Most intracellular USP1 is constitutively bound to UAF1. UAFI is a more abundant protein than
USPI, and it has multiple binding partners. The WD40 domain of UAF1 binds and stimulates USP1. The SLD2 region of UAFI binds

the SIM sequences of hELGI1 and of FANCI.

Our study indicates that, while the N-terminal WD40
repeat region of UAF1 binds constitutively to USP1, the
C-terminal region contains a tandem repeat of SLDs
required for substrate targeting. Specifically, the SLD2
sequence of UAF1 binds to a SIM-like sequence found on
the FANCI/FANCD?2 complex and on the hELG1/PCNA-
Ub complex. Importantly, while GST-SLD2 binds to the
SIM-like sequence on FANCI and hELGI, the GST-
SUMO1, GST-SUMO?2, and GST-SUMO3 fusion proteins
do not bind to this peptide sequence. Conversely, GST-
SUMOI binds to a SIM sequence on the protein Piasl
(Hecker et al. 2006), but GST-SLD2 does not interact with
this protein (Fig. 3F). We therefore propose using the term
SLIM to describe these peptide sequences on FANCI
and hELGI1. Based on our results and published proteo-
mic studies (Sowa et al. 2009), we predict that the UAF1
C-terminal SLD2 will bind to other proteins containing
SLIM sequences. Future crystallographic and NMR stud-
ies will be required to determine whether the SLD2-SLIM
interaction has structural features conserved with the
known SUMO-SIM interaction. For the SUMO-SIM
binding, the hydrophobic core of the SIM interacts with
second B strand and the first « helix on SUMO. The acidic
residues of the SIM form additional electrostatic interac-
tions with positively charged residues on the binding
surface of SUMO. Since the SLIM sequence also has a
hydrophobic core and a stretch of glutamic acid or as-
partic acid residues, its interaction with SLD2 may turn
out to have similar structural features.

We propose that these SLD-SLIM interactions contrib-
ute to, but are not solely responsible for, substrate re-
cruitment by the USP1/UAFI1 complex. Only a low level
of interaction between the endogenous USP1/UAF1 com-
plex and its substrates is evident at any given time (K
Yang and AD D’Andrea, unpubl.). USP1/UAF]I is primarily
a soluble nuclear protein complex, while its monoubiqui-
tinated substrates are chromatin-bound. DNA damage and

cell cycle transitions may further up-regulate these in-
teractions through phosphorylation of the USP1/UAF1
complex or its substrates. Indeed, recent studies have
shown that regulated phosphorylation of amino acid
residues within or adjacent to SIM sequences can en-
hance SUMO/SIM-binding interactions (Stehmeier and
Muller 2009). Accordingly, USP1, FANCD?2, FANCI, and
hELGI are phosphorylated by the kinase ATM (Matsuoka
et al. 2007), and phosphorylation of sites adjacent to the
SLIM sequence on FANCI and hELG1 may further in-
crease these SLD-SLIM interactions in vivo.

Consistent with this idea, we have shown that DNA
damage by MMC or UV light can increase the interaction
of the USP1/UAF1 complex with its substrates. For
instance, MMC enhances the interaction of the complex
with FANCI (Fig. 3D). It will be interesting to determine
whether this enhanced binding of USP1/UAF1 with its
substrates is dependent on ATM or ATR. Interestingly,
our data indicate that caffeine, a known inhibitor of ATM
and ATR, can inhibit the FANCI/UAF]I interaction.

Recent studies also indicate that DNA ICL repair
requires a FANCD2-Ub-mediated recruitment of a nucle-
ase and a TLS polymerase (Knipscheer et al. 2009). PCNA-
Ub is recruited to FANCD2-Ub complexes (Song et al.
2010) and may recruit a TLS polymerase to the ICL site.
Therefore, we speculate that the USP1/UAF1 complex
may play a central role in coordinating ICL repair through
regulated SLD-SLIM interactions and a ubiquitination/
deubiquitination cycle of its FANCD2-Ub and PCNA-Ub
substrates (model in Supplemental Fig. S7).

Finally, several features of the SLD-SLIM targeting
mechanism for the USP1/UAF1 deubiquitinating com-
plex remain unresolved, and these features are topics for
future experimentation. First, the function of the SLD1
domain of UAFI1 is unknown. The presence of a tandem
repeat of SLD domains may further increase the affinity
of the UAF1 C terminus for binding partner complexes
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with multiple SLIMs. Although we were unable to detect
binding of the isolated SLD1 to a SLIM in vitro, SLD1 may
contribute to substrate binding when it is positioned in
a tandem repeat with SLD2. Second, UAFI is an abundant
protein, and it has multiple DUB-binding partners. For
instance, UAF1 binds, via its N-terminal WD40 domain,
to USP1, USP12, and USP46 (Cohn et al. 2009). However,
USP12/UAFI1 and USP46/UAFI1 complexes do not deubig-
uitinate FANCD2/FANCI or hELG1/PCNA complexes
in vivo. Since USP12/UAF1 and USP46/UAF1 complexes
contain additional subunits, such as WDR20 (Kee et al.
2010), these subunits may specifically direct the DUB
complexes to other ubiquitinated substrates. Last, UAF1
not only delivers DUBs to their substrates, but also may
have a more general role in sorting intracellular proteins.
Consistent with this notion, UAF1 has previously been
shown to bind and recruit the Lck tyrosine kinase to
lysosomes for degradation (Park et al. 2002). Hence, SLD-
SLIM interactions may have a broader role in cellular
transport mechanisms beyond their role in DNA repair.

Materials and methods

Western blot analysis and antibodies

Cells were harvested, and total protein extracts were prepared
using radioimmune precipitation assay buffer (50 mM Tris-HCl
at pH 7.3, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1%
sodium deoxycholate, 0.05% SDS). Protein extracts were nor-
malized using Bradford assay, loaded onto polyacrylamide gels,
and transferred onto nitrocellulose membranes. Immunoblotting
was performed using antibodies as indicated: human USP1
(Cohn et al. 2007), chicken USP1 (A301-699A, Bethyl Laborato-
ries), human and chicken UAF1 (cross-react with proteins from
both species) (Cohn et al. 2007), human FANCI (Vinciguerra et al.
2010), human FANCD2 (FI-17, Santa Cruz Biotechnology),
chicken FANCD?2 (Ishiai et al. 2008), human PALB2 (Xia et al.
2006), human ELGI (Lee et al. 2010), human and chicken PCNA
(PC-10, Santa Cruz Biotechnology; cross-react with both spe-
cies), Actin (AC-40, Sigma), Flag (M2, Sigma), c-Myc (sc-40, Santa
Cruz Biotechnology), and pChk1 (Ser317, #2344, Cell Signaling
Technology).

Immunoprecipitation

Cells were harvested, and total protein extracts were prepared
using a lysis buffer containing 50 mM Tris-HCI (pH 8.0}, 150 mM
NaCl, and 1% Triton X-100. The total protein concentration of
the lysates was normalized using Bradford assay. Anti-Flag M2
agarose beads (A2220, Sigma) were incubated with indicated cell
lysates for 3 h at 4°C. Beads were then washed with lysis buffer
three times and boiled in 1X SDS loading buffer.

Protein purification and in vitro deubiquitination assay

Preparation of USP1 and UAF1 recombinant proteins in Sf9 cells
and Ub-AMC deubiquitination assay were previously described
(Cohn et al. 2007). Briefly, the cDNAs encoding UAF1 wild type
and mutants were cloned into pFastBac-HTa vector (Invitrogen).
Baculoviruses were made and used to infect fresh Sf9 insect cells.
Overexpressed proteins were purified using Ni-NTA beads. The
in vitro deubiquitination assays using Ub-AMC (U-550, Boston
Biochem) as the substrate were performed in 100 pL of reaction
buffer (20 mM HEPES-KOH at pH 7.8, 20 mM NaCl, 0.1 mg/mL
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ovalbumin [A7641, Sigma], 0.5 mM EDTA, 10 mM DTT] at
37°C. The fluorescence signal was monitored in a FluoStar
Galaxy fluorometer (BMG Labtech).

Complementation of UAF1~/~/~ DT40 cells

DT40 cells were cultured and transfected as described previously
(Sonoda et al. 1998). The cDNAs encoding human UAF1 wild
type and deletion mutants were cloned into pcDNA3.1 vector,
linearized, and stably transfected into UAF1~/~/~ cells. Individ-
ual clones were picked, and the expression of exogenous proteins
was confirmed by Western blot.
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