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ABSTRACT: Radl8 is a key factor in double-strand break DNA damage response
(DDR) pathways via its association with K63-linked polyubiquitylated chromatin
proteins through its bipartite ubiquitin-binding domains UBZ and LRM with extra
residues between them. Rad18 binds K63-linked polyubiquitin chains as well as
K48-linked ones and monoubiquitin. However, the detailed molecular basis of
polyubiquitin recognition by UBZ and LRM remains unclear. Here, we examined
the interaction of Rad18(201—240), including UBZ and LRM, with linear
polyubiquitin chains that are structurally similar to the K63-linked ones.
Rad18(201—240) binds linear polyubiquitin chains (Ub,—Ub,) with affinity
similar to that of a K63-linked one for diubiquitin. Ab initio modeling suggests that
LRM and the extra residues at the C-terminus of UBZ (residues 227—237) likely
form a continuous helix, termed the “extended LR motif’ (ELRM). We obtained a
molecular envelope for Radl8 UBZ-ELRM:linear Ub, by small-angle X-ray
scattering and derived a structural model for the complex. The Rad18:linear Ub,
model indicates that ELRM enhances the binding of Rad18 with linear polyubiquitin by contacting the proximal ubiquitin
moiety. Consistent with the structural analysis, mutational studies showed that residues in ELRM affect binding with linear Ub,),
not monoubiquitin. In cell data support the idea that ELRM is crucial in the localization of Rad18 to DNA damage sites.
Specifically, E227 seems to be the most critical in polyubiquitin binding and localization to nuclear foci. Finally, we reveal that the
ubiquitin-binding domains of Rad18 bind linear Ub, more tightly than those of RAP80, providing a quantitative basis for
blockage of RAP80 at DSB sites. Taken together, our data demonstrate that Rad18(201—240) forms continuous ubiquitin-
binding domains, comprising UBZ and ELRM, and provides a structural framework for polyubiquitin recognition by Rad18 in

ELRM

Distal Ubiquitin

Proximal Ubiquitin

the DDR pathway at a molecular level.

P rotein ubiquitylation is an emerging post-translational
modification regulating a range of intracellular processes
beyond the canonical function of proteasomal protein
degradation.' ™ Ubiquitylation involves covalent attachment
of one or more 76-residue ubiquitin moieties to Lys residues of
the target protein by a series of enzymes termed E1 ubiquitin-
activating enzymes, E2 ubiquitin-conjugating enzymes, and E3
ubiquitin ligases. In the case of polyubiquitylation, multiple
ubiquitin moieties form a chain, linked by a specific Lys residue
among seven such residues on ubiquitin. Linkage-specific
polyubiquitin chains are known to be involved in different
biological processes. For example, K63-linked polyubiquitins
are associated with DNA damage repair and other signaling
processes, while K48-linked ones are associated with canonical
cytoplasmic protein degradation.” Linear or Ml-linked ones
have been reported to function in a fashion similar to that
of K63-linked ones. Such covalently attached ubiquitin chains
are recognized noncovalently by a variety of proteins harboring

ubiquitin-binding domains.>™”
The DNA damage response (DDR) pathway at double-
strand break (DSB) sites is one of the intracellular processes
regulated by ubiquitylation.” DNA damage can lead to mutations
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and genomic instability, resulting to tumorigenesis and cell death.
Rad18, an E3 ubiquitin ligase and a ubiquitin-binding protein,
functions in DNA damage bypass and postreplication in yeast
and vertebrates. As an E3 ubiquitin ligase, Rad18 promotes
monoubiquitylation of proliferating cell nuclear antigen at
stalled replication forks.” ' Mouse and chicken cells lacking
Rad18 show sensitivity to various DNA-damaging agents and
enhanced genomic instability.'”'> As a ubiquitin-binding pro-
tein, Rad18 binds directly to Ké63-linked polyubiquitin chains
and recruits Rad51C to DNA damage sites, facilitating homol-
ogous recombination repair.'> A ubiquitin-binding domain of
Rad18 prevents the recruitment of other DDR mediators such
as 53BP1, RAP80, and BRCALI to DSB sites by blocking access
of these proteins to ubiquitylated chromatin.'*

Rad18 harbors multiple domains. At the N-terminus, there is
a RING domain (residues 25—64; human numbering) typical
of E3 ubiquitin ligases. The C-terminal region contains two
domains responsible for binding Rad6 (residues 340—395) and
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polymerase 7 (residues 401—445)."> The UBZ domain
(ubiquitin-binding zinc finger; residues 201—224) and SAP
domain (SAF-A/B, Acinus, and Pias; residues 243—282) are
located in the middle. The SAP domain serves as a DNA-binding
domain."

The region including the UBZ domain (residues 186—240) is
responsible for ubiquitin recognition in both intra- and inter-
molecular interactions.'®> Rad18 undergoes monoubiquitylation,
and the monoubiquitylated Rad18 is the major form in the
cytoplasm.'® Intramolecular interaction between the mono-
ubiquitin moiety of Rad18 and the UBZ domain is required for
Rad18 automonoubiquitylation.'® The UBZ domain is also
involved in targeting Rad18 to DSB sites via a direct interaction
with polyubiquitin'> and localizing Rad18 in nuclei by recogniz-
ing ubiquitylated chromatin proteins,"*'” such as H2A/X."®"

Biochemical and structural characterizations of Rad18 UBZ
have advanced recently. The UBZ domain of Rad18 is a type 4
C2HC zinc finger. A recent NMR structure of the Radl8
UBZ domain (residues 198—227) revealed a f1—f2—a fold.*
Binding of Radl8 UBZ to monoubiquitin is mediated by
hydrophobic interactions of residues in strand f1 and the
a-helix as well as electrostatic ones, including D221 of Rad18, a
conserved residue among type 3 and 4 UBZ domains (UBZ3
and UBZ4, respectively). UBZ4 from Radl8 binds mono-
ubiquitin with an apparently moderate affinity (Ky) of 42 yM
in vitro, while K4 values of UBZ4 from Wrnipl and UBZ3 from
polymerase 7 are 37 and 81 uM, respectively.">'”*' Rad18
UBZ binds linkage-specific polyubiquitin chains, K63-linked
and K48-linked ones, with different affinities: K; values of
30 uM for K63-Ub, and 106 uM for K48-Ub,."” Binding
affinities of Radl8 UBZ with longer polyubiquitin chains
increase regardless of linkage specificity: 17 nM for K63-Ubg
and 36 nM for K48-Ubs."* However, no information about the
binding of Radl8 with other linkage-specific polyubiquitin
chains has been reported.

A recent study reveals that the minimal ubiquitin-binding re-
gion consists of residues 201232, a few extra residues beyond
the C-terminus of the UBZ domain (residues 201—224).>* A
sequence motif adjacent to the C-terminus of UBZ domain,
called the LR motif (LRM; residues 232—240), enhances
ubiquitin recognition and provides specificity among other
ubiquitin-binding proteins involved in the DSB response.””
LRM is required for the recruitment of Rad18 to nuclear foci,
presumably by participating in recognizing polyubiquitylated
proteins localized in the nuclear foci. These reports suggest
that the two ubiquitin-binding domains of Rad18, UBZ and
LRM, mediate ubiquitin recognition together. Overexpression
of UBZ-LRM reportedly suppresses the association of 53BP1,
RAP80, and BRCA1 with DSB sites via blockage of K63-linked
polyubiquitin moieties of chromatin proteins.'* This suggests
that there may be competition in binding polyubiquitin moieties
of the chromatin proteins among proteins involved in the DSB
pathway. However, molecular details of the interaction of UBZ-LRM
with ubiquitin and blockage of other ubiquitin-binding proteins
at DSB sites by UBZ-LRM remain poorly understood.

To obtain mechanistic insights into and functions of
ubiquitin recognition by the UBZ-LRM of Rad18 at the molec-
ular level, we investigated which residue(s) contributed to bind-
ing ubiquitin quantitatively. Furthermore, we derived a molec-
ular model for Radl8:linear Ub, in solution by small-angle
X-ray scattering combined with molecular modeling. The recruit-
ment of Radl8 to DNA damage sites through polyubiquitin
recognition by a new region, termed ELRM, was also examined.

2137

Finally, the competitive binding to linear polyubiquitin between
Rad18 and RAP80 was monitored quantitatively. Collectively,
our results provide insight into how Radl8 recognizes poly-
ubiquitin and functions in the DDR pathway at a molecular
level.

B MATERIALS AND METHODS

Plasmids, Cloning, and Mutagenesis. Genes encoding
various regions of Rad18 were amplified by polymerase chain
reaction from full-length human Rad18 cDNA (accession num-
ber NM_020165.3) and then inserted between BamHI and
EcoRI restriction enzyme sites in a parallel GST2 vector.”
Genes encoding hexahistidine-tagged monoubiquitin (Ub) or
linear Ub,, Ubs, or Ub, were inserted between the BamHI and
EcoRI sites in a parallel His2 vector. To prepare plasmids
encoding monoubiquitin mutants for linkage-specific poly-
ubiquitin synthesis (77D, K63C, and K48C), the gene encoding
monoubiquitin was cloned into pET-3a (Novagen) using
restriction enzymes Ndel and EcoRl, and the resulting plasmid
was then subjected to site-directed mutagenesis. To express
Rad18 UBZ-ELRM constructs in mammalian cells, Rad18(171—
240) fused with SV40 nuclear localization signal was cloned
into the pEGFP-C2 vector (Clonetech) between EcoRI and
BamHI restriction enzyme sites. The resulting plasmid, pEGFP-
Rad18(171—240)-SV40NLS, encodes EGFP-Rad18(171—
240)-linker (GG)-SV40NLS (PKKKRKV) fusion protein.
Site-directed mutagenesis was performed with the QuikChange
kit (Stratagene) based on the protocol supplied. The identities
of all constructs were confirmed by DNA sequencing.

Protein Expression and Purification. Linear polyubiqui-
tin chains in which the C-terminal G76 of the preceding
ubiquitin moiety is directly linked to the N-terminal M1 of the
next ubiquitin moiety were expressed as hexahistidine-tagged
proteins: His-Ub,, His-Ubs, and His-Ub,. Rad18 was expressed
as a GST fusion protein. All proteins, including Rad18 mutants,
were overexpressed in Escherichia coli strain BL21(DE3). Cells
were inoculated in LB medium, incubated with gentle shaking
at 37 °C up to an ODy, of 0.8—1.0, induced with 500 yM iso-
propyl p-thiogalactoside, and grown further, overnight at 20 °C.
The cells were harvested by centrifugation (13000 rpm for 1 h),
resuspended in buffer A [SO mM Tris-HCl (pH 7.5) and
150 mM NaCl], and lysed by sonication. The supernatant
fraction was applied to glutathione-agarose resin (GE Health-
care) for GST fusion proteins and Ni-NTA-agarose resin
(Qiagen) for His-tagged proteins and then eluted in buffer B
[S0 mM Tris-HCl (pH 8.0) and 10 mM reduced glutathione]
or buffer C [SO mM Tris-HCI (pH 7.5), 20 mM imidazole, and
500 mM NaCl]. GST and the His tag were cleaved from the
fusion proteins by using tobacco etch virus protease’® and
dialyzing the solution containing the fusion proteins against
buffer D [S0 mM Tris-HCl (pH 7.5), 150 mM NaCl, and
0.5 mM EDTA]. The released GST or His tag was cleared
using glutathione-agarose or Ni-NTA-agarose resin again. Pro-
teins were further purified on a Superdex-75 size exclusion
column (GE HealthCare) pre-equilibrated with buffer A. Frac-
tions containing pure proteins, judged by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE), were pooled
and concentrated by centrifugation through 10 kDa centrifugal
filters (Ambicom Ultra). The protein concentration was deter-
mined by measuring the absorbance at 280 nm and the Bradford
assay.”

Proteins required for synthesizing K63- and K48-linked
diubiquitin chains were prepared as follows. GST-HIP2 and the
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GST-Mms2/His-Ubcl3 complex were overexpressed in E. coli
BL21(DE3) cells and purified as described above. The
ubiquitin mutants (77D, K63C, and K48C) were overexpressed
in E. coli BL21(DE3) cells. After lysis, the supernatant was
heated at 70 °C for 10 min and then further purified on a
Superdex-75 size exclusion column pre-equilibrated with buffer
A, supplemented with 1 mM DTT. His-Ubal was overex-
pressed in a baculovirus-infected Sf9 insect cell system
(Invitrogen). Cells were harvested by centrifugation, resus-
pended in buffer E [50 mM Tris-HCI (pH 8.0), 200 mM NaCl,
S mM f-mercaptoethanol, 5% (v/v) glycerol, and 1X protease
inhibitor cocktail (Roche)], and lysed by sonication. His-Ubal
was eluted from the Ni-NTA resin in buffer E containing
40 mM imidazole. Further purification was conducted on a
Mono Q anion exchange column (GE Healthcare) equilibrated
with buffer F [SO mM Tris-HCl (pH 8.0), 1 mM DTT, and 5%
glycerol]. Fractions containing pure His-Ubal were pooled,
concentrated, and stored at —80 °C until they were used.

K63- and K48-Linked Diubiquitin Synthesis and Purifica-
tion. K63- and K48-linked diubiquitin chains were synthesized
as reported previously.”**” K63-Ub, was synthesized using the
GST-Mms2/His-Ubcl3 complex, while GST-HIP2 was used
as E2 for K48-Ub, synthesis. Mammalian E1, His-Ubal, was
used in both cases. To synthesize K63-Ub,, 5X reaction buffer
was prepared [250 mM Tris-HCl (pH 7.5), SO mM creatine
phosphate, 125 mM MgCl,, 15 IU/mL creatine phosphokinase,
1S TU/mL inorganic pyrophosphate, 300 mM ATP, and
2.5 mM DTT]. A reaction mixture containing 20 mg/mL
Ub-77D and 50 mg/mL Ub-K63C with 1X reaction buffer was
supplemented with 8 mM GST-Mms2/His-Ubc13 complex
and 100 uM His-Ubal. The solution was incubated at 37 °C for
5 h while being gently shaken. K48-Ub, was generated similarly.
The reaction mixture contained 20 mg/mL Ub-77D, 50 mg/mL
Ub-K48C, 50 uM GST-HIP2, and 100 gM His-Ubal in 1X
reaction buffer.

Diubiquitin chains were purified by 10-fold dilution of
reaction mixtures in 0.5 M ammonium acetate (pH 4.5). Then,
the acidified solutions were applied to a cation exchange Hitrap
SH column (GE Healthcare) pre-equilibrated with buffer G.
Bound proteins were eluted with a linear gradient of buffers G
[SO mM ammonium acetate (pH 4.5)] and H [SO mM ammo-
nium acetate (pH 4.5) and 1 M NaCl]. Fractions containing
linkage-specific diubiquitin chains were pooled, concentrated,
and applied to a Superdex-75 size exclusion column (GE Healthcare)
pre-equilibrated with buffer A.

GST Pull-Down. Next, 2 ug of each GST-Radl8 protein
was incubated with 40 uL of glutathione-agarose resin for
30 min at ambient temperature in buffer A and washed three
times with the same buffer to remove unbound proteins.
Subsequently, 500 ng of polyubiquitin chains was added to the
resin bound with GST-Rad18 protein. The mixture was then
incubated for 2 h at 4 °C while being gently shaken and washed
with buffer I [SO mM Tris-HCI (pH 7.5), 300 mM NacCl, and
0.5% NP-40]. Bound polyubiquitin chains were analyzed by
SDS—PAGE and immunoblotting using mouse monoclonal
anti-ubiquitin combined with IgG-HRP antibodies or GST-HRP
antibodies (Santa Cruz Biotechnology). Protein bands were
visualized with an ImageQuant LAS 40 digital system (GE
Healthcare).

Biolayer Interferometry. Biolayer interferometry (BLI)
experiments were performed on a Blitz system (ForteBio). For
linkage-specific diubiquitin binding to Radl8, either 1 yM
linear, K48-linked, or Ké63-linked Ub, was immobilized on
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amine reactive sensors (ForteBio). Binding was monitored
by adding varying concentrations of GST-Radl8 proteins
(0.263—21 uM) in MES (pH 6.0). To study length-dependent
binding of linear polyubiquitin chains to Radl8, His-Ub,
His-Ub,, His-Ubs, and His-Ub, (1 uM each) were immobilized
on Ni-NTA biosensors (ForteBio). Binding of GST-Rad18
proteins (0.263—105 pM) to the immobilized linear poly-
ubiquitin chains was then monitored. GST was used as a
negative control. Experiments were repeated at least twice. The
K4 was determined on the basis of steady-state analysis using
PRISM (GraphPad Software).

Ab Initio Modeling of Rad18(201—240). Ab initio models
for Rad18(201 240) were derived using GalaxyTBM*® and
Rosetta.”® For modeling with GalaxyTBM, 100 models that
maximally satisfied the restraints were generated within a root-
mean-square deviation (rmsd) of 1 A. A representative struc-
ture is the nearest model to the largest cluster center. For
Rosetta modeling, initially, 20000 models were generated. Then,
1044 structural models within a rmsd of 1 A were clustered, and
the top model from the cluster was selected for further struc-
tural analysis. Calculations were performed at the Cassini
cluster system at the UCLA-DOE Computer Core facility.

Small-Angle X-ray Scattering. Small-angle X-ray scatter-
ing (SAXS) experiments were conducted at beamline 4C in the
Pohang Accelerator Laboratory (Pohang, South Korea). Data
were collected at sample concentrations of 3.91, 1.95, and
0.98 mg/mL in buffer containing SO mM Tris-HCI (pH 7.5),
150 mM NaCl, and 0.5 mM ethylenediaminetetraacetic acid
(EDTA). Final scattering data were generated by merging two
data sets from concentrations of 3.91 and 1.95 mg/mL after
a 30 s exposure. The radius of g;rratlon (Ry) was determined
using the Guinier approximation.” The pair distribution func-
tion [P(r)] was calculated usmg Fourier inversion of scattering
intensity I(q) using GNOM.>' R, was also calculated from the
P(r) function. Molecular masses of samples were determined as
described previously.”> Low-resolution molecular envelopes
were derived from the scattering profile using DAMMIF.®
Rigid body docking and modeling were performed with
FoXSDock and SASREF**** using atomic coordinates for
monoubiquitin [Protein Data Bank (PDB) entry 1UBQ],
linear diubiquitin:HOIL1-L-NZF (PDB entry 3BOA), mono-
ubiquitin:UBZ of Wrnipl (PDB entry 3VHT), and ab initio
models for Rad18(201—240). The best docked model was
chosen using Minimal Ensemble Search (FoXSMES). 3136 Three-
dimensional graphics representations were prepared using
PyMOL.”’

Cell Culture, lonizing Radiation Treatment, and
Immunofluorescence Staining. Mammalian 293T cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and
5% CO, (v/v) at 37 °C. Cells expressing EGFP-tagged Rad18
UBZ-ELRM constructs were grown on coverslips and exposed
to 10 Gy of infrared (IR) radiation using a JL shepherd '*’Cs
irradiator. Coverslips were stained and imaged with a Leica
confocal microscope as previously described.'**® Briefly,
coverslips containing grown cells were fixed with 3% (v/v)
paraformaldehyde at room temperature for 10 min. Cells were
permeabilized and blocked with 0.5% (v/v) Triton X-100
and 1% (v/v) goat serum and then incubated with primary
antibodies for 60 min at room temperature. Cells were clearly
washed with phosphate-buffered saline (PBS) and incubated
with an appropriate secondary antibody, rhodamine-conjugated
goat anti-rabbit IgG, for 30 min. Images were obtained after a
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Figure 1. Rad18 specifically recognizes linkage-specific polyubiquitin chains. (A) Rad18 constructs were used for this study. Residue numbers for the
boundaries of domains and the constructs are displayed. Abbreviations: UBZ, ubiquitin-binding zinc finger domain; LRM, ubiquitylated ligand
recognition motif. (B) GST pull-down assays between GST-Rad18(171—240) and K63-linked, K48-linked, and linear Ub,. (C and D) The binding
affinity was determined by steady-state fitting of the response at equilibrium (R,,) values from BLI experiments.

final washing of the cells with PBS. Cells exhibiting >10 foci
were recognized as positive foci; >50 cells were counted in
each experiment. Nuclei were stained with 4,6-diamidino-2-
phenylindole (DAPI) (Invitrogen).

Competitive Ubiquitin Binding Assay. To monitor
competitive binding of Radl8 and RAP80 with linear Ub,,
GST pull-down and BLI measurements were performed. Rad18
and RAP80 were permutated in the order of addition to linear
Ub,. For GST pull-down experiments, 1 M linear His-Ub, was
immobilized on Ni-NTA agarose resin. In the first experi-
ment, 20 uM Radl8 was added to His-Ub,-loaded Ni-NTA
agarose resin and incubated for 2 h at 4 °C while being gently
shaken and washed with buffer A to remove unbound pro-
teins. Subsequently, 10 uM GST-RAP80(60—124) was added
to the resin and incubated for 2 h under the same condition
described above followed by washing with buffer I. Bound
GST-RAP80(60—124) and immobilized His-Ub, were analyzed
by immunoblotting using GST-HRP and His-HRP antibodies.
In the second experiment, RAP80(60—124) was preincubated
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with Ni-NTA agarose resin with the immobilized linear
His-Ub,, and then 10 yuM GST-Rad18(171—240) was added
to the resin and analyzed by immunoblotting. For BLI experi-
ments, 1 4M linear His-Ub, was immobilized on the Ni-NTA
sensors. After baseline stabilization with buffer A, 20 uM
Rad18(171—240) was loaded until the signal was saturated.
Varying concentrations of GST-RAP80(60—124) were then
added and analyzed for competitive binding. In reciprocal
experiments, 20 yuM RAP80 was loaded to Ni-NTA sensors
with immobilized linear His-Ub,, and then GST-Rad18(171—
240) was added. The negative control involved replacing either
GST-RAP80(60—124) or GST-Rad18(171—240) with GST.

Data Analysis. All data and statistical analyses were per-
formed using PRISM (GraphPad Software) and SigmaPlot
(Systat Software). Differences between data groups were
calculated using the two-tail Student’s ¢ test and considered
significant with a value of P < 0.0S. Results are presented as
means and standard deviations from two to four independent
experiments.
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B RESULTS

Rad18 Recognizes Linear and K63-Linked Diubiquitin
Marginally Better Than K48-Linked Diubiquitins. Rad18
is known to bind both K63-linked and K48-linked pentaubi-
quitin chains with similar affinities."> To dissect ubiquitin
binding by Rad18 at the domain level, we generated several
Rad18 constructs harboring UBZ and LRM as well as a region
at the N-terminus of the UBZ domain (Figure 1A). Because
linear polyubiquitin chains are structurally equivalent and
function like K63-linked ones,>%*® we included linear
polyubiquitin chains as well as K63-linked and K48-linked
ones. We asked how GST-Rad18(171—240) differentially
recognized linkage-specific diubiquitin chains, considered to
be the minimum length for polyubiquitin chains. First, we
performed pull-down assays using GST-Rad18(171—240) with
either linear Ub,, K63-Ub,, or K48-Ub,. We found that Rad18
bound similarly to linear Ub, and K63-Ub,, but less favorably
to K48-Ub, (Figure 1B), indicating that GST-Rad18(171—240)
apparently prefers binding to linear Ub, or K63-Ub,. Next, we
compared binding affinities of GST-Rad18(171—240) to those
of linkage-specific diubiquitin chains determined by BLI. GST-
Rad18(171—240) exhibited marginally enhanced binding
affinity for K63-Ub, (K3 = 5.4 + 1.5 uM) versus K48-Ub,
(Kq = 19.8 = 7.5 M) but similar affinity for linear Ub, [Ky =
3.6 £ 1.5 uM (Table S1 of the Supporting Information and
Figure 1CD)]. Both qualitative and quantitative binding
studies showed that GST-Rad18(171—240) preferred to bind
to linear and K63-linked diubiquitin instead of a K48-linked
one. This observation is in apparent contrast to a previous
study in which GST-Rad18(186—240) bound K63-linked and
K48-linked pentaubiquitin with similar affinities."”> However,
the preference observed in our study seemed to be marginal
because the ratio of binding affinity of Rad18 with a K63-linked
polyubiquitin chain to that with a K48-linked one was ~2 for
pentaubiquitin and ~4 for diubiquitin. The observation that
GST-Rad18(171—240) recognizes both linear Ub, and K63-Ub,
approximately equally is consistent with linear and K63-linked
ubiquitin chains having similar structures but both being
significantly different from the K48-linked one.>****° Given
the similar binding affinities of GST-Rad18(171—240) with
linear Ub, for K63-Ub,, we used linear polyubiquitin chains for
further analysis.

The Extended LRM at the C-Terminus of UBZ Is
Important in Polyubiquitin Recognition by Rad18. To
investigate whether Rad18 recognizes linear polyubiquitin in a
chain-length-dependent manner and the precise roles of UBZ
and LRM in polyubiquitin binding by Rad18, we prepared Ub,
linear Ub,, Ub;, and Ub, and four constructs of GST-Rad18
(residues 171—224, 171—234, 171-240, and 201-—240).
Pull-down results showed similar affinities with different lengths
of linear polyubiquitins regardless of the GST-Rad18 construct
used (Figure S1 of the Supporting Information). Consistent
with the pull-down assays, quantitative BLI results revealed that
binding affinities of GST-Radl8 constructs with linear
polyubiquitin chains (Ub,—Ub,) were not statistically signifi-
cantly different from each other, indicating that chain length
may not affect the affinity of Radl8 for polyubiquitin chains
(Table 1, Figure 2, and Figure S2 of the Supporting Information).
However, we observed moderate enhancements in affinities for
polyubiquitin chains in comparison to those for monoubiquitin
in GST-Rad18 constructs containing UBZ and residues at its
C-terminus (171—234, 171—240, and 201—240). The binding
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Table 1. Binding Affinities of Rad18 Constructs with Linear
Polyubiquitin Chains®

Ky (uM)
Rad18® Ub linear Ub, linear Ub, linear Ub,
171-240 9.1 +£2.0 1.5 £ 0.6 1.5+ 01 14+ 03
171-234 13.5 £ 2.1 47 + 14 69 +23 43+ 05
171-224 112 + 3.5 142 + 1.1 10.1 £ 0.1 13.6 £ 1.5
171-200 nd” nd” nd” nd”
201-240 44 + 1.1 22+ 09 3.0+0.1 23+ 04

“For all measurements, goodness of fit r* > 0.90. PGST-Rad18 was
used. Numbers indicate construct boundaries. “Not determined.

affinity of GST-Rad18(171—224) with monoubiquitin was similar
to those with Ub,—Ub,. However, both GST-Rad18(171—234)
and GST-Rad18(171—240) exhibited an increase in binding
affinities (3.5- and 6-fold, respectively) with linear polyubiquitin
chains. By contrast, GST-Rad18(171—200) showed no inter-
action with ubiquitin at all. These results demonstrate that the
region at the C-terminus of UBZ, spanning residues 225—240,
termed the “extended LRM” (ELRM), enhances linear poly-
ubiquitin binding affinity. The region at the N-terminus of the
UBZ domain (residues 171—200) may facilitate polyubiquitin
recognition by Rad18 upon comparison of the binding affinities
of GST-Rad18(171—-240) and GST-Rad18(201—240).

Table 2. Data Collection and Scattering-Derived Parameters
for SAXS Measurements of the Rad18(201—240):Linear Ub,
Complex

Data Collection
PAL-4C

mica window solid cell/
oscillation capillary

synchrotron beamline

beam geometry

wavelength (A) 1.24
minimum scattering angle q (deg)” 0.00128

q range (A7) 0.009—0.248
exposure time (s) 30
concentration range (mg/mL) 0.98—3.91

Sample Parameters

purity of sample (%, by SDS—PAGE) 99
polydispersity (%, by DLS) 19
temperature (K) 293.15

Structural Parameters

1(0) (em™) (from Guinier) 0.0194 + 0.0002

R, (A) (from Guinier) 20.92 + 1.38
1(0) (cm™) [from P(r)] 0.0201 + 0.0001
R, (A) [from P(r)] 21.79 + 0.29
Dy (A) 68.38 + 0.28

35592 + 3659
dry volume calculated from sequence (A®) 26198

Porod volume estimate (A%)

Molecular Mass Determination”

M, (Da) (from GNOM file) 22400

M, (Da) (from sequence) 21653

relative discrepancy (%) 3.5
Software Used

primary data reduction RAW

data processing PRIMUS

ab initio analysis DAMMIF

validation and averaging DAMAVER

three-dimensional presentations PyMOL

“A scattering vector, q. YDetermined from the sample at a concen-
tration of 3.91 mg/mL.
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These results demonstrate that the residues between UBZ and
LRM are involved in polyubiquitin recognition by Rad18.

Ab Initio Modeling of Rad18(201—240). To understand
the interaction between Rad18 and polyubiquitin at a molecular
level, we derived atomic models for the structure of Rad18(201—
240) using GalaxyTMB and Rosetta.”®* The two programs
yielded similar overall structures: the Rad18(201—240) structural
model consists of a UBZ domain and a C-terminal a-helix for
ELRM (a2, residues 227—237) (Figure 3). The UBZ domain
contains two short antiparallel f-strands (residues 201—204 for
B1 and 208—211 for 2) and an a-helix (al, residues 216—224),
which packs against the f-strands with the zinc ion. As with the
homologous Wrnip1-UBZ, Rad18-UBZ is classified as a C2HC
zinc finger.'” The derived structural model for the UBZ domain
of Radl8 is similar to a recent NMR structure (residues
198—227).° In the NMR structure, two p-strands with a
hairpin cover residues 201—211 and the a-helix spans residues
212—224. Although the ab initio models by the two programs
feature the same secondary structural elements, the relative
orientation between the UBZ domain and the ELRM helix is
slightly different. The ELRM helix from the GalaxyTBM model
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Figure 3. Ab initio models of the Rad18(201—240) structure.
GalaxyTMB (left) and Rosetta (right) ab initio models of the
Rad18(201—-240) structure with regions like the UBZ domain (forest),
the region between UBZ domain and the LR motif (blue), and the LR
motif (orange). The Zn** ion is shown as a magenta sphere.

was formed on the right side of the UBZ domain, while it is on
the left side in the Rosetta model (Figure 3). Another difference
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between the two ab initio models is that part of LRM (residues
235—240) is modeled to form a loop by GalaxyTBM and an ex-
tension of the second helix by Rosetta (Figure 3). Nevertheless,
our modeling results suggest that ELRM may form a contin-
uous helix. We used both ab initio models for Rad18(201—240),
generated for SAXS modeling,

The Low-Resolution Solution Structure of the Rad18:-
Linear Ub, Complex Suggests the Role of ELRM in
Proximal Ubiquitin Recognition. To obtain molecular in-
sights into the interaction between UBZ and ELRM of Rad18
and polyubiquitin in solution, we performed SAXS measure-
ments and derived a molecular envelope for the Rad18(201—
240):linear Ub, complex. Prior to the SAXS measurements, the
purity and polydispersity of the Rad18(201—240):linear Ub,
complex were checked by size exclusion chromatography, SDS—
PAGE, and DLS (Figure S3 of the Supporting Information).
Parameters for SAXS measurements and derivation of low-
resolution molecular envelopes for the Rad18(201—240):linear
Ub, complex are summarized in Table 2. The pair distribution func-
tions [P(r)] displayed a narrow range, 682—68.6 A (Figure 4A).
The R, determined from Guinier plots was in good agreement
with that from GNOM. The R, calculated using GNOM ranged
from 21.6 to 22.0 A, supporting the concentration indepen-
dence of the sample during SAXS measurements. The results
indicated that the complex is monomeric and may not be
elongated in solution. For ab initio modeling of the complex,
seven envelopes were generated using DAMMIF (Figure S4 of
the Supporting Information). The best model fitting with SAXS
data was chosen from the lowest y* value (* = 1.43) using
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FoXSMES (Figure 4B). The rigid body complex was further
modeled with SASREF.

Because the FoXSDock complexes generated no clash be-
tween residues and fit the SAXS data with a lower y* value, the
Rad18(201—240) model derived from GalaxyTMB was used
for the SAXS Rad18(201—240):linear Ub, model. The final
molecular envelope with the Rad18(201—240):linear Ub,
complex docked (Figure 4C) revealed that Rad18(201—240)
contacts linear Ub, mainly by its strand 1 and helix a1 in the
UBZ domain and the hydrophobic patch centered on 144 of the
distal/donor ubiquitin moiety. This is consistent with Rad18-
UBZ using the helix and strand f1 for interaction with the
conserved hydrophobic surface on ubiquitin.”® Additionally, our
model suggests that the residues between UBZ and LRM may
interact with the proximal/acceptor ubiquitin moiety. This
model is consistent with our BLI results showing no difference
in binding affinities of GST-Rad18(171—224) (lacking ELRM)
with monoubiquitin and linear Ub,.

Mutational Analysis of the Interaction of Rad18(201—
240) with Linear Ub,. To validate the Rad18(201—240):linear
Ub, complex model derived by SAXS, we prepared nine mutants
and assessed their affinities with monoubiquitin and linear
Ub, by BLI: D221A, R226A, E227A, E228A, E231A, V237A,
H238A, K239A, and R240A. The D221A mutant, located in the
UBZ domain, reportedly abrogates ubiquitin binding.'”"**°
Four mutants (R226A, E227A, E228A, and E231A) were posi-
tioned in the region between UBZ and LRM. R226, E227, and
E228 residues are located close to the proximal ubiquitin
moiety in our structural model (Figure SA). E231 is moderately

DOI: 10.1021/bi5012546
Biochemistry 2015, 54, 2136—2148


http://dx.doi.org/10.1021/bi5012546

Biochemistry

A
N
C
154
B His-Linear
/1w
I b, T
10- [
s
2
N .
54 iR .
*
oL 5 LML
& AY o ¥ AY o oF o
AT AT oF o A AP oF of o
VGNP L Q%:B,v@m"ﬁ RN NG

Figure S. Ubiquitin binding affinity of Rad18 mutants. (A) Proposed distribution of mutant residues in the Rad18(201—240):linear Ub, complex.
The [44-centered hydrophobic patch on ubiquitin, which is believed to interact with the ubiquitin-binding domain, is colored green. (B) Binding
affinity determined by steady-state fitting of R, values from BLI experiments.

conserved among the UBZ domains (Figure SA). Finally, we
mutated four C-terminal residues (V237A, H238A, K239A, and
R240A) that belong to the LRM (Figure SA). Quantitative
binding analysis showed that all mutants except D221A reduced
binding affinities with linear Ub,, but not with monoubiquitin
(Figure SB and Table S2 of the Supporting Information).
The D221A mutation showed virtually no interaction with
monoubiquitin or linear Ub,, consistent with previous
findings,"”"*** and our rigid body complex model indicates
that D221 interacts with R42 on the distal/donor ubiquitin
moiety functioning in complex stabilization (Figure SSA of the
Supporting Information). E227A, E228A, and E227A/E228A
exhibited similar affinities with linear Ub, compared with those
with monoubiquitin, consistent with our structural model, where
E227 interacts with Q78 (corresponding to Q2 in mono-
ubiquitin) of the proximal/acceptor ubiquitin moiety; also,
E228 may preserve the structure of the domain (Figure SSB of
the Supporting Information). The LRM mutants (V237A,
H238A, K239A, and R240A) showed modest decreases in
affinities with linear Ub, but no statistically significant change in
affinities with monoubiquitin. This can be explained by the idea
that the flexible loop LMR may interact with the proximal/
acceptor ubiquitin moiety where K239 and R240 may form
hydrogen bonds with D108 [corresponding to D32 in
monoubiquitin (Figure S6B of the Supporting Information)].
This supports previous reports that LRM augments binding
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affinity with polyubiquitin®* and is consistent with our finding
that GST-Rad18(171—234), which lacks the LRM, binds linear
polyubiquitin chains less tightly than GST-Rad18(171—240)
(Figure 2B). Together, these results establish that ELRM con-
tributes to polyubiquitin recognition by Rad18 and suggest that
E227 and E228, located between UBZ and LRM, and the
second helix, recognize the proximal/acceptor ubiquitin moiety.

Polyubiquitin Recognition by ELRM Is Crucial for
Rad18 Localization in DNA Damage Sites. Because the
in vitro study revealed that E227 and E228 in ELRM are critical
in recognizing linear polyubiquitin (Figure S), we tested
whether the aforementioned residues function in localizing
Rad18 on DNA damage sites in a cultured cell system. We
constructed a plasmid, pEGFP-Rad18(171—240)-SV40NLS,
encoding Rad18 UBZ-ELRM (residues 171—240) with EGFP
at its N-terminus and SV40 nuclear localization signal at its
C-terminus. We introduced the following mutations into the
pEGFP-Rad18(171—240)-SV40NLS plasmid: E227A, E228A,
or E227A/E228A in ELRM or D221A in the UBZ domain. Ex-
pression levels of the transfected plasmids harboring the afore-
mentioned mutations were monitored in 293T cells by
immunoblotting with a GFP antibody to ensure similar expres-
sion levels among the mutant proteins (Figure S6 of the
Supporting Information). The cells were treated with ionizing
radiation to test the recruitment of Radl8 UBZ-ELRM to
ionizing radiation-induced foci (IRIF). Our results confirmed
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that the D221A mutant, which was known to be critical in both
polyubiquitin recognition and recruitment to IRIF,'*'7 sig-
nificantly reduced the level of recruitment of Rad1l8 to IRIF
(Figure 6). Compared to the D221A mutant, the E227A
mutant also abrogated the recruitment of Rad18 UBZ-ELRM
to IRIF similarly or moreso while the E228A mutant reduced it
less (Figure 6). Double mutant E227A/E228A also showed a
noticeable reduction in the level of recruitment to IRIF. These
data are consistent with our in vitro polyubiquitin binding data
and a structural model in which E227 is likely to make a direct
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contact with the proximal ubiquitin moiety (Figure S). Taken
together, these results establish that ELRM as well as the UBZ
domain is essential in the recruitment of Rad18 to IRIF through
specific polyubiquitin recognition.

Rad18 Outcompetes RAP80 in Linear Polyubiquitin
Binding. In DSB sites, numerous proteins are recruited to ini-
tiate the DDR pathway.”>*' Rad18 and RAP80 play major roles
in recruiting other factors during this response by associating
with ubiquitylated chromatin through their ubiquitin-binding
domains: LRM and two UIMs for RAP80 and UBZ and LRM
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Biochemistry 2015, 54, 2136—2148


http://dx.doi.org/10.1021/bi5012546

Biochemistry

A 1.2 3 4 5 6 7 8 9 1001
Linear Ub, - - - + + + + + + .
<
Rad18(171-240) + - - + - - o+ o+ = S
GST-RAP80(60-124) -+ - -+ -+ - - 8
& 501
GST - - + - -+ -+ - ®
<
&
IB:GST e
o 0}
IB:His ———— — 0
B 1.2 3 4 5 6 7 8 9
Linear Ub, - - - + + + + + +
RAP80(60-124) + - - + - - o+ o+ -
GST-Rad18(171-240) — + — — + — + — -
GST - - + - - o+ - o+ -

GST-Rad18(171-240)

Figure 7. Rad18 UBZ-ELRM and RAP80 LRM-UIMs compete for binding with ubiquitin. Rad18(171—240) and RAP80(60—124) were used. (A)
Rad18 UBZ-ELRM interferes with the interaction between RAP80 LRM-UIMs and linear Ub,. GST pull-down (left panels) and percentage of band
intensity of the ratio between GST-RAP80(60—124) and linear Ub, in the presence or absence of Rad18(171—240) (right panels). (B) Reciprocal
GST pull-down experiments between GST-Rad18(171—240) and linear Ub, in the presence or absence of RAP80(60—124). Band intensity values

were calculated from triplicate experiments.

for Rad18.** A previous study reported that overexpressed
UBZ of Radl8 interferes with the localization of RAP80 in
the nucleus, but not vice versa.'* To investigate how Rad18
competes with RAP80 in polyubiquitin binding, we examined
whether the presence of Rad18 or RAP80 affected binding of
the other protein with linear Ub, in vitro, both qualitatively and
quantitatively. We immobilized His-linear Ub, in Ni-NTA resin
and analyzed the binding of GST-RAP80(60—124) to linear Ub,
in the absence and presence of Rad18(171—240) (Figure 7A).
The level of binding of ubiquitin to GST-RAP80(60—124) dec-
reased in the presence of the preformed Rad18(171—240):linear
Ub, complex (lanes S and 7, Figure 7A). By contrast, the pres-
ence of the preformed RAP80(60—124):linear Ub, complex did not
significantly interfere with ubiquitin binding of GST-Rad18(171—
240) (lanes S and 7, Figure 7B).

Quantitative binding analysis using BLI confirmed the results
from the GST pull-down assay. First, we checked whether
Rad18(171—240) and RAP80(60—124) interacted with each
other in the absence of ubiquitin. When Rad18(171—240) was
immobilized on a sensor, GST-RAP80(60—124) did not inter-
act with Rad18(171—240) while GST-linear Ub, did (Figure S7
of the Supporting Information). Next, we immobilized linear
Ub, on a sensor and determined binding affinities of
GST-RAP80(60—124) or GST-Rad18(171—240) with linear
Ub, in the presence or absence of Rad18(171—240) or
RAP80(60—124), respectively, by BLI (Figure 8A,B). Binding
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of GST-Rad18(171—240) to linear Ub, was impaired modestly
by the presence of RAP80(60—124), with K; values being
10.8 + 4.4 uM in the presence and 2.7 + 1.3 uM in the absence
of RAP80 (Table S3 of the Supporting Information). The
reciprocal BLI experiments indicated that Rad18(171—240)
also perturbed the interaction of GST-RAP80(60—124) with
linear Ub,: the binding affinities were 29.5 + 7.4 and 112 =+
6.2 uM in the presence and absence of Rad18(171—240),
respectively (Table S3 of the Supporting Information).
Although polyubiquitin binding of both Rad18 and RAP80
was affected by the presence of the other protein, Radl8
appears to bind polyubiquitin more tightly (by ~3-fold) than
RAP80 in competitive binding. These results are consistent
with a previous study in which overexpression of Rad18 led to
blockage of recruitment of RAP80, presumably by interfering
with the binding of RAP80 to ubiquitylated chromatin.**

B DISCUSSION

In this study, we demonstrated that residues between the UBZ
and LRM of Rad18 are also involved in polyubiquitin recogni-
tion by biochemical and mutational analyses. We further sug-
gest that the residues between UBZ and LRM are likely to form
a continuous helix along with LRM, by SAXS and molecular
modeling. Thus, we refer to residues 225—240 as the extended
LRM (ELRM). We propose that the ubiquitin-binding domains
of Rad18 constitute structurally continuous domains, the UBZ
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and ELRM. The structural architecture of continuous bipartite
ubiquitin-binding domains is not unprecedented. For example,
the ubiquitin-binding domains of Rabex-5, an A20-type zinc
finger plus MIU, include a continuous helix spanning the
C-terminal half of the zinc finger and the whole MIU domain.**
RAP80, also involved in the DDR pathway, features tandem
UIM domains connected by a linker.**** The linker between
the tandem UIMs of RAP80 has been proposed to become
part of a long, continuous helix upon ubiquitin binding.46’47
RNF168 possesses continuous-helix ubiquitin-binding domains
comprising UMI (UIM- and MIU-related) and MIU1 at the
N-terminus.** This architecture of continuous bipartite
ubiquitin domains in a helix might be a common theme in
ubiquitin receptors in the DDR pathway.

The accumulation of ubiquitin-binding proteins such as
Radl8 in DNA damage sites depends on linkage-specific
polyubiquitin recognition.”*’ It has been proposed that LRM
confers specificity to ubiquitin-binding proteins for recruiting
their partners as well as an additional source for affinity en-
hancement toward polyubiquitin.®*> We provide compelling
evidence that ELRM, covering residues between the C-terminus
of UBZ and LRM, contributes to contacting ubiquitin moieties
(Figure S and Figure SS of the Supporting Information). On the
basis of our data, we propose differential roles of residues in
ELRM in linkage-specific polyubiquitin binding: residues
between UBZ and LRM, including E227 and E228, contribute
to recognition of the proximal ubiquitin moiety, while those in
LRM augment polyubiquitin recognition by their structural
plasticity suggested by ab initio modeling (Figure 3). However,
we cannot rule out the possibility that the interaction between
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ELRM and ubiquitin may be facilitated by the UBZ domain as
well because we could not reliably determine the binding
affinity of ELRM alone with monoubiquitin or linear Ub,: the
D221A mutant in the UBZ domain totally diminished the level
of linear Ub, binding (Figure SB). Our in cell data reveal that
E227A, E228A, and E227A/E228A mutants in ELRM that
abrogated binding to linear Ub, affected recruitment of Rad18
to DNA damage sites (Figure 6). Notably, E227A reduced the
level of formation of DNA damage foci more severely than
D221A, thereby uncovering the critical role of E227 in the
recruitment of Rad18 to DNA damage sites via polyubiquitin
recognition. Our in vitro and in cell data collectively identify
novel functional roles of the residues in ELRM in addition to
the known function in H2A/X recognition.22

A multiple-sequence alignment reveals a substantial differ-
ence in ELRM sequences (Figure S8 of the Supporting
Information), suggesting that the ELRM may be responsible for
conferring specificity in ubiquitin recognition.22 For example,
Rad18 and Wrnipl share the same bipartite ubiquitin-binding
domain architecture (Figure S8 of the Supporting Information).
While the UBZ domains in both proteins exhibit a high degree
of sequence identity (58%), the ELRMs do not (6%). Such
sequence differences in ELRM of Rad18 and Wrnipl may play
a role in differential binding affinities for linkage-specific poly-
ubiquitin recognition: we found Rad18 UBZ-ELRM modestly
prefers K63-linked Ub, to a K48-linked one, whereas Wrnip1
recognizes both with similar affinities.'” Combining Rad18(201—
240) ab initio modeling and SAXS data, we found that linear Ub,
is likely to adopt an extended conformation when binding to
Rad18. These results suggest that Rad18-ELRM may preferably
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interact with linear Ub, or K63-Ub, (extended conformations,
in general®®) more than K48-linked ubiquitin chains (compact
conformations®”>?). Our BLI data also revealed that Rad18-
ELRM interacts well with linear Ub, and K63-Ub,, but less well
with K48-Ub, (Figure 1C vs Figure 1D). Taken together, our
data suggest that the ELRM acts as a specificity filter for
linkage-specific polyubiquitin chains with the UBZ domain
being a generic polyubiquitin binder.

Our data also provide quantitative and molecular bases for
the Rad18-dependent redistribution of DDR factors. Binding
analysis revealed that Rad18 UBZ-ELRM binds with linear Ub,
more strongly than RAP80 LRM-UIMs, by ~3-fold (Figure 8
and Table S3 of the Supporting Information). However, the
affinity is similar in RAP80 LRM-UIMs and Rad18 UBZ alone.
Moreover, Rad18 UBZ-ELRM and RAP80 LRM-UIMs compete
for binding with polyubiquitin chains, but the interference seems
to be stronger in the Radl8 case. Previous in vivo results also
indicated that overexpression of Rad18 UBZ-ELRM can block
the recruitment of RAP80 to DSB sites but RAP80 could not."*
These findings demonstrate that Radl8 UBZ-ELRM may
downregulate recruitment of RAP80 to DSB sites by favorable
binding with polyubiquitin chains. BRCA1 is recruited to DSB
sites by interaction with the Abraxas:RAP80 complex;”" thus, it
is abrogated by Rad18, too."* Together, our results demonstrate
that the continuous bipartite ubiquitin-binding domains of
Rad18 outcompete RAP80 in polyubiquitin recognition,
thereby potentially regulating the DDR pathway.
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