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ABSTRACT: Ubiquitin-mediated interactions are critical for
the cellular DNA damage response (DDR). Therefore, many
DDR-related proteins contain ubiquitin-binding domains,
including ubiquitin-binding zinc fingers (UBZs). The majority
of these UBZ domains belong to the C,H, (type 3 Poly-like)
or C,HC (type 4 Rad18-like) family. We have used nuclear
magnetic resonance (NMR) spectroscopy to characterize the
binding to ubiquitin and determine the structure of the type 4
UBZ domain (UBZ4) from human Rad18, which is a key
ubiquitin ligase in the DNA damage tolerance pathway
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responsible for monoubiquitination of the DNA sliding clamp PCNA. The Rad18-UBZ domain binds ubiquitin with
micromolar affinity and adopts a f1—f2—a fold similar to the previously characterized type 3 UBZ domain (UBZ3) from the
translesion synthesis DNA polymerase Polyy. However, despite nearly identical structures, a disparity in the location of binding-
induced NMR chemical shift perturbations shows that the Rad18-UBZ4 and Poly-UBZ3 domains bind ubiquitin in distinctly
different modes. The Rad18-UBZ4 domain interacts with ubiquitin with the a-helix and strand S1 as shown by the structure of
the Rad18-UBZ domain—ubiquitin complex determined in this work, while the Poly-UBZ3 domain exclusively utilizes the a-
helix. Our findings suggest the existence of two classes of UBZ domains in DDR-related proteins with similar structures but
unique ubiquitin binding properties and provide context for further study to establish the differential roles of these domains in

the complex cellular response to DNA damage.

Maintenance of genome integrity and faithful DNA
replication are critical for the survival of all forms of
life. Working against this are numerous genotoxic agents from
endogenous or exogenous sources that constantly modify the
chemical structure of DNA and chromatin. Common types of
DNA damage include UV-induced thymine-thymine dimers,
N2-guanine adducts formed by benzo[a]pyrene contained in
smoke, double-strand breaks (DSBs) caused by ionizing
radiation, and many others. Such varied types of damage
require living organisms to possess complex and dynamic DNA
damage response (DDR) pathways."

DDR pathways are activated by a cascade of signaling events
mediated by protein post-translational modifications and
regulated by a network of molecular interactions that can be
quickly tuned in response to the type of damage.'™® Separate
from its function in protein degradation,” protein ubiquitination
plays a critical signaling role in the DDR.>~"'°7'* For
example, Rad6/Rad18-dependent monoubiquitination of the
DNA sliding p-clamp PCNA in response to DNA damage
signals switching from normal DNA replication to translesion
synthesis (TLS), a process conducted by specialized low-fidelity
DNA polyrnerases.s’s’w*lg These mutagenic TLS enzymes can
bypass replication blocks that stem from the inability of
spatially constricted active sites of high-fidelity replicative DNA
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polymerases to accommodate most types of DNA le-
sions.'”'®2%*! Subsequent polyubiquitination of PCNA via
the formation of K63-linked ubiquitin chains signals an error-
free DNA damage tolerance pathway that utilizes a template
switching mechanism.”**">* To respond to these ubiquitin
signals, DDR-related proteins often contain ubiquitin-binding
modules such as ubiquitin-binding motifs (UBMs) and
ubiquitin—bindin§ zinc fingers (UBZs) found in TLS DNA
polymerases. 014142526

Radl8 is an E3 ubiquitin-protein ligase central to the
DDR,>*!1°712 yhich, along with a RING domain, a DNA-
binding SAP domain, and other modules, possesses a ubiquitin-
binding C,HC UBZ domain.*>*” Rad18 functions in at least
two ubiquitin-dependent branches of the DDR, translesion
synthesis (TLS) and homologous recombination repair
(HRR).>*%1%1128 The role of Rad18 in translesion synthesis
(TLS) is well-documented.>>*'***?° Rad18-dependent ubig-
uitination of PCNA is a signal for activation of TLS presumably
by increasing the affinity of TLS DNA polymerases that contain
ubiquitin-binding domains for PCNA >>610:28.29 Functionally,
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Rad18 knockout was shown to sensitize cells to the types of
DNA damage that can be bypassed by TLS.>” However, the
role of the Rad18-UBZ domain in PCNA ubiquitination and
TLS, if any, is unclear, because deletion of the UBZ domain has
no effect on PCNA ubiquitination or cell survival after UV-
induced DNA damage in vivo.""**!

Separate from its role in PCNA ubiquitination and TLS,
Rad18 was shown to localize to DSBs and recruit RadSlc for
initiation of homologous recombination repair (HRR).'"*>*?
In a Radl8 construct lacking the UBZ domain, or with a
mutant that disrupts a zinc coordination site (C207F),
localization to DSB sites after treatment with ionizing radiation
or camptothecin was abolished.'"** In addition, a construct of
the Rad18-UBZ domain fused to a nuclear localization signal
(NLS) was able to localize to DSBs after treatment, showing
that the UBZ (with NLS) is both sufficient and necessary for
targeting Rad18 to DSB sites."’ Overall, these findings suggest
that the Rad18-UBZ domain functions primarily in the HRR
signaling cascade rather than in PCNA ubiquitination and TLS
activation.

UBZ domains are found in many DDR-linked proteins such
as Radl8, Poly, Polk, Wrnipl, FAN1, and others.'>!42526
Members of the UBZ class of ubiquitin-binding zinc fingers
share many conserved residues, including an invariant aspartate
that is necessary for ubiquitin binding (D221 in Rad18).>>*>%*
However, sequence alignment of UBZ domains has led to a
distinction between the type 3 C,H, domain found in TLS
DNA polymerase Polyy (UBZ3) and the type 4 C,HC domain
found in Rad18 (UBZ4).'**>** The NMR structure of the
Poly-UBZ3 domain (PDB entry 2ISO) has shown that the
domain adopts a classical f1—p2—a fold usually seen in DNA-
binding zinc fingers.>**® Using NMR chemical shift perturba-
tions and spin labeling, the Poly-UBZ3 domain was shown to
bind ubiquitin on a hydrophobic patch located on the outer
edge of the UBZ a-helix in a manner similar to the MIU/IUIM
(motif interacting with ubiquitin/inverted ubiquitin-interacting
motif).>>*” This mode of ubiquitin binding was also reported
for the UBZ domain from NEMO.*®

Here, we have used NMR spectroscopy to study the binding
of the type 4 Rad18-UBZ domain to ubiquitin and to determine
the structure of the Rad18-UBZ4 domain in isolation and in
complex with ubiquitin. The Rad18-UBZ4 domain has the
same f1—f2—a topology as the Poly-UBZ3 domain yet binds
ubiquitin using a different interface. This comparison of the
Poly-UBZ3 and Rad18-UBZ4 domains, therefore, defines two
classes of UBZ domains with nearly identical structures, but
different ubiquitin-binding modes, providing context for further
study of their diverging functions.

B EXPERIMENTAL PROCEDURES

Protein Sample Preparation for NMR Spectroscopy.
The gene encoding the UBZ domain from human Radl8
(residues 186—244) was previously cloned into a pDEST
vector with a GST affinity tag (courtesy of K. Cimprich). This
construct was used to design a shorter UBZ domain construct
comprised of residues 198—227 that was used in our structural
and ubiquitin binding studies. Point mutations and deletions in
the Rad18-UBZ gene were introduced by standard site-directed
mutagenesis protocols39 using Q5 DNA polymerase (New
England Biolabs) and confirmed by sequencing (Genewiz).

Protein was expressed in Escherichia coli BL21(DE3) cells
transformed with the Rad18-UBZ plasmid grown to an ODyg,
of 0.8 at 37 °C followed by induction of protein expression at
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24 °C overnight using 1 mM IPTG. The unlabeled protein was
expressed in LB medium, while for isotopic labeling, cells were
grown in M9 medium containing 1 g/L 15NH4C1 and 4 g/L
[*Cglglucose or 2 g/L ["*C¢lglucose. One hour before
induction, the M9 medium was brought to 100 uM ZnCl,.
Cells were harvested by centrifugation, resuspended in lysis
buffer containing 10 mM Na,HPO,, 1.8 mM KH,PO,, 140 mM
NaCl, and 10 uM PMSF (pH 8), and lysed by sonication. The
lysate was clarified by centrifugation, and the supernatant was
filtered through a 0.4S5 um syringe filter, applied to a
Glutathione Sepharose 4B column (GE Healthcare), and
incubated for 30 min at 4 °C. After being extensively washed
with lysis buffer, the GST-UBZ fusion was eluted with buffer
containing 50 mM Tris base and 33 mM reduced glutathione
(pH 7.5). The GST tag was cleaved by thrombin overnight at
room temperature in elution buffer. The protein was
concentrated using a 3.5 kDa cutoff Centricon (Millipore)
and purified on a gel-filtration HiLoad 16/60 Superdex 75
column (GE Healthcare) using NMR buffer containing 25 mM
MOPS-NaOH, 50 mM NaCl, and 50 uM ZnCl, (pH 6.5). All
NMR experiments were conducted in this NMR buffer after
dilution to include 10% *H,0.

Ubiquitin was purified by the same general protocol with the
following exceptions. Ubiquitin was expressed from pET1Sb
with an N-terminal Hisg tag and purified on HisPur Ni-NTA
resin (Thermo Scientific). The Hisys tag was cleaved by
thrombin overnight at room temperature, while the protein
was dialyzed (2 times) against 2 L of 20 mM Tris-HCl, 100
mM NaCl buffer (pH 8.4). The ubiquitin was then purified on
the HiLoad 16/60 Superdex 7S column (GE Healthcare) using
the MOPS NMR buffer described above.

NMR Resonance Assignment and Structure Calcu-
lation. NMR spectra for resonance assignment and structure
calculation of the human Rad18-UBZ domain (residues 198—
227) and its complex with ubiquitin were collected at 25 °C on
600 and 800 MHz ('H) Agilent VNMRS spectrometers
equipped with cold probes. The backbone and side-chain
resonance assignments for (i) the N/'3C-labeled UBZ
domain, (ii) the SN/C-labeled UBZ domain saturated with
unlabeled ubiquitin, and (iii) '’N/'*C-labeled ubiquitin
saturated with unlabeled UBZ domain were performed using
two-dimensional '"H—"N HSQC and 'H-'*C HSQC and 3D
HNCACB, HNCO, HBHA(CO)NH, HC(C)H-TOCSY, and
(H)CCH-TOCSY spectra.40 The intramolecular 'H—'H
distance restraints for structure calculation of the free UBZ
domain and the UBZ domain—ubiquitin complex were derived
from 3D “N- and "*C-edited NOESY-HSQC spectra (mixing
time of 150 ms),*® while intermolecular distance restraints for
the UBZ—ubiquitin complex were obtained from 3D “C-
edited, '*N,"3C-filtered NOESY-HSQC spectra"'1 recorded for
both ®N/13C-labeled UBZ—unlabeled ubiquitin and ISN/1B3C-
labeled ubiquitin—unlabeled UBZ pairs. Spectra were processed
with NMRPipe,** and the backbone and side-chain assignments
were performed using CCPNmr Analysis.”> Note that initial
NMR experiments collected on the original Rad18-UBZ
construct (residues 186—244) revealed that this construct has
extensive unstructured N- and C-termini (confirmed by a
N{'H}NOE experiment**), which led us to the generation of
a construct composed of residues 198—227 with shorter
disordered tails beyond the structured Rad18-UBZ domain.

Structure calculation of the free UBZ domain was performed
in CYANA 2.1* using fully automated NOESY assignment.
Distance restraints were generated and calibrated automatically
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Table 1. Summary of NMR-Derived Restraints Used for Structure Calculation of the Free UBZ Domain and the UBZ Domain—
Ubiquitin Complex and Structure Refinement Statistics Based on the 20 Lowest-Energy Models

experimental restraints
total no. of restraints
total no. of NOE-based distance restraints
long-range (li —jl > 5)
medium-range (1 < li — jl < 5)
sequential
intraresidue
intermolecular
no. of ¢/ dihedral angle restraints
no. of zinc restraints
no. of hydrogen bond restraints
rmsd from ideal geometry
bonds (A)
angles (deg)
rmsd from experimental restraints
NOE distances (A)
dihedrals (deg)
rmsd from mean structure®
backbone atoms (A)
heavy atoms (A)
Ramachandran plot, Procheck”
most favored (%)
additionally allowed (%)
generously allowed (%)
disallowed (%)

“Calculated over structured residues 201—224, and 201—224 and 1-74, using the iCing online server.

free UBZ domain/UBZ domain—ubiquitin complex

799/2723
706/2429
207/827
158/498
212/645
129/459
—/100
47/167
22/22
24/105

0.015 + 0.0003/0.014 + 0.0002
1.037 + 0.032/0.096 + 0.013

0.025 + 0.002/0.021 + 0.001
0.644 + 0.117/0.551 + 0.068

0.17 + 0.04/0.34 + 0.06
0.44 + 0.06/0.65 + 0.0S

97.9/86.7
2.1/13.3
0.0/0.1

0.0/0.0
66

by CYANA using manually picked *N- and '*C-edited
NOESY-HSQC peak lists. The restraints for backbone dihedral
angles were determined using TALOS+.* Additional restraints
were introduced for distances between the zinc ion and zinc-
coordinatin§ atoms to enforce the tetrahedral geometry of the
zinc center.”” After an initial round of structure calculations of
the free UBZ domain, hydrogen bond restraints were added on
the basis of NOE analysis, the structure was recalculated, and
the 20 lowest-energy structures were refined in explicit water
with CNS.** The generation of the structure of the Rad18-UBZ
domain—ubiquitin complex was performed in a similar manner
in CYANA 2.1, using intramolecular distance restraints
derived from "“N- and "*C-edited NOESY-HSQC spectra for
both the UBZ domain and ubiquitin and intermolecular
distance restraints obtained from the two '*C,'’N-filtered
NOESY-HSQC spectra.*' The 20 lowest-energy structures of
the complex were refined in explicit water using CNS.** The
summary of restraints used in the structure calculations of the
Rad18-UBZ domain and the Rad18-UBZ domain—ubiquitin
complex and structural statistics are listed in Table 1.

NMR Titration Experiments. To study the interaction of
the Rad18-UBZ domain with ubiquitin, we have performed
NMR binding experiments in which 50 uM *N-labeled wild-
type (WT) or D221A UBZ domain was titrated with increasing
amounts of 1.9 mM unlabeled ubiquitin (to a maximal 4:1
ubiquitin:UBZ ratio) and reciprocal experiments in which 50
UM N-labeled ubiquitin was titrated with 1.8 (1.5) mM
unlabeled WT (D221A) UBZ domain stocks (up to a 4:1
UBZ:ubiquitin ratio). The UBZ construct used for titrations
contained residues 198—227. The binding was monitored by
"H—""N HSQC spectra collected on a S00 or 600 MHz Agilent
VNMRS spectrometer at 25 °C at each point of the titration.
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The titrations revealed gradual movement for a number of
peaks in the Rad18-UBZ domain and ubiquitin spectra toward
their positions in the complex indicative of fast (on the NMR
time scale) exchange between the free and bound forms of the
proteins.

For each titration series, the dissociation constant (K;) for
the complex was calculated from a least-squares fit of the
cumulative chemical shift change (Aw,,) for the backbone
amide groups in the "*N-labeled protein (P) upon its titration
with the unlabeled ligand (L) to the following equations:

Aw,, = AwLm
B (1)
[L] = %[\/ (B, — Ly + Ky)* + 4LoKp
- (PO - LO + Kd)] (2)

where Ay, is a sum of binding-induced chemical shift changes
{[Awy? + (rn/yulwy)*]V?} for all nonoverlapped backbone
amide resonances, @y and wy are '"H and "N chemical shift
perturbations, respectively, yy and yy are 'H and “N
gyromagnetic ratios, respectively, Aw is the cumulative
chemical shift difference between the bound and free states,
Py and L, are total protein and ligand concentrations,
respectively, and [L] is the concentration of the free ligand.
The chemical shift differences between the bound and free
states for individual backbone amide groups (Aw,) were then
calculated from fits of the per-residue titration profiles with the
Ky fixed to the previously determined values.

Note that the dissociation constants extracted from the NMR
titration data are sensitive to systematic errors in the measured
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Figure 1. (a) Linear arrangement of domains in human Rad18.”” (b and ¢) '"H—'SN HSQC spectra of the Rad18-UBZ construct composed of
residues 198—227 in the absence and presence, respectively, of 10 mM EDTA. (d) Probabilities of a-helix [P(c)] and fS-sheet [P(f5)] predicted by
TALOS+* plotted vs Rad18-UBZ domain residue number. (e) Order parameters (S*) for the backbone amide groups of the Rad18-UBZ domain

calculated in TALOS+* using the RCI approach.*®*”

protein (Py) and ligand (L,) concentrations. For example, in
our experimental setup, a hypothetical 20% overestimated
concentration of the WT UBZ stocks with an accurate ubiquitin
concentration could result a 2-fold stronger affinity for the
complex obtained from the titration of the '*N-Rad18-UBZ
domain with the unlabeled ubiquitin, and 2-fold weaker affinity
obtained from titration of N-ubiquitin with the unlabeled
Rad18-UBZ domain. In such a scenario, one would expect 4-
fold different Ky values obtained from the two reciprocal
titrations. Moderate errors in concentrations of both proteins
could thus lead to significant deviations in Ky values measured
in reciprocal titrations.

For our titration experiments, the concentrations of ubiquitin
stocks were measured by UV—vis absorbance at 280 nm (A,g)
of protein unfolded in 8 M GuHCI and validated by amino acid
analysis (University of California at Davis Molecular Structure
Facility), resulting in concentrations matching within 10%.
Because of the small extinction coeflicient of the Rad18-UBZ
domain, it is not possible to accurately estimate its
concentration from A,g,. Therefore, the UBZ stock concen-
trations were measured by amino acid analysis only.

B RESULTS AND DISCUSSION

Human Rad18 is a 495 amino acid E3 ubiquitin-protein ligase
central to the cellular DNA damage response.>*'"***° Figure 1
a shows a linear schematic illustrating the domain arrangement
in human Radl8, including the N-terminal RING domain
characteristic of E3 ubiquitin-protein ligases,* the ubiquitin-
binding zinc finger (UBZ) followed by an LR motif,> the
DNA-binding SAP domain, the binding domain for the
ubiquitin-conjugating E2 enzyme Rad6 (Rad6BD), and the
binding motif for the TLS DNA polymerase Poly (PolyBD).”
The structures of the human Rad18-RING homodimer®' and
the Rad6 complex with the Rad18-Rad6BD domain® have
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been previously reported. Here, we complement these studies
by structural characterization of the human Rad18-UBZ
domain and its complex with ubiquitin.

NMR Structure of the Rad18-UBZ Domain. Initially, we
expressed and purified a recombinant UBZ domain encompass-
ing residues 186—244 from human Rad18. A '"H-"*N HSQC
spectrum of this construct displays a number of intense peaks
in the random coil region originating from unstructured N- and
C-terminal regions (data not shown). High flexibility in these
residues was confirmed by a “N{'H}NOE experiment,44
indicating that the structured part of the Rad18-UBZ domain
consists of ~25 residues with positive "N{'H} NOE values. As
a result, a shorter construct encompassing residues 198—227
was generated for further study, which includes all residues
from the structured part of the UBZ domain but has shorter N-
and C-terminal tails.

A 'H-""N HSQC spectrum of the Rad18-UBZ domain
(residues 198—227) displays excellent peak dispersion,
suggesting that this construct includes a structured and
autonomously folding domain (Figure 1b). Similar to what
has been shown for other zinc-binding domains, ™% the zinc
ion plays a critical role in maintaining structural integrity of the
Rad18-UBZ domain. In the presence of excess EDTA, the
"H-""N HSQC spectrum of the Rad18-UBZ domain assumes a
distinctly random coil appearance, suggesting a complete
unfolding of the domain (Figure 1c). After the NMR resonance
assignments were completed, the backbone and C” chemical
shifts of the Rad18-UBZ domain were used to predict the
secondary structure (Figure 1d) and backbone flexibility
(Figure le) of the domain using TALOS+.** These data
indicate the Rad18-UBZ domain has the classical fl1—f2—a
fold that is found in both DNA-binding zinc fingers*® and the
UBZ domain from the TLS DNA polymerase Poly*® (Figure
1d). High order parameters (S*) for the backbone amide
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Figure 2. (a) NMR structure of the human Rad18-UBZ domain shown as a ribbon diagram with side chains of zinc-coordinating residues C204,
€207, H219, and C223 displayed as sticks. (b) Overlay of the Rad18-UBZ domain (magenta) with the Poly-UBZ domain®® (cyan) and a DNA-
binding zinc finger from Xfin*® (green). Compared to residues 200—225 on the Rad18-UBZ domain, the Poly-UBZ domain displays a backbone
rmsd of 1.2 A over residues 630—659 (excludes an additional helical turn at the C-terminus), and the DNA-binding zinc finger displays an rmsd of
0.82 A over all residues. (c) Electrostatic charge distribution on the surface of strand 1 and the a-helix in the Rad18-UBZ domain (left), the Poly-
UBZ domain (middle), and the Xfin zinc finger (right) generated using Swiss PDB viewer.* All molecules in plots a—c are shown in the same

orientation.

groups predicted in TALOS+* using the Random Coil Index
(RCI) approach®®’ suggest that the Rad18-UBZ domain is
highly ordered (Figure le; S* = 1 for fully constrained and S* =
0 for unconstrained angular motion of the N—H bond).

Figure 2a shows the structure of the Rad18-UBZ domain
determined by solution NMR spectroscopy. The generated
structural ensemble of the UBZ domain displays excellent
agreement with the experimental restraints and minimal
violations from idealized molecular geometry (Table 1). The
domain adopts a classical f1—f2—a zinc finger fold with the a-
helix (P212—1224) packed against the two antiparallel S-stands
arranged in a short f-hairpin (K201—P212). The zinc ion is
coordinated by residues C204 from strand $1, C207 from the
P1—p2 loop, and H219 and C223 from the a-helix. The side
chains of V206, 1211, 1216, and to some extent 1220 form what
little hydrophobic core is found in this domain.

Figure 2b shows an overlay of the UBZ domains from Rad18
and the TLS DNA polymerase Poly*® with a DNA-binding zinc
finger from the Xenopus protein Xfin.>® Remarkably, these
domains with distinctly different binding activities adopt nearly
identical backbone folds. Figure 2c shows the electrostatic
charge distribution on the surface of the UBZ domains and the
DNA-binding zinc finger, suggesting that the binding
preferences of the domains are determined by surface-exposed
amino acid residues. Thus, the zinc finger from Xfin has a broad
distribution of positively charged residues involved in DNA
binding,36 while the corresponding face of the UBZ domains
formed by the a-helix and strand f$1 is hydrophobic (Rad18-
UBZ domain) or slightly negatively charged (Poly-UBZ
domain) (Figure 2c). In comparing the Radl8-UBZ and
Polp-UBZ domains, one may also notice that the a-helix in
Poly, which is implicated in ubiquitin binding, is structured
over additional C-terminal residues (Figure 2b).

Ubiquitin Binding by the Wild-Type and Mutant
Rad18-UBZ Domains. Previous studies have established the
ubiquitin bindin; activity of the Rad18-UBZ domain using pull-
down assays'"?” and surface plasmon resonance.””** In this
work, we have used NMR titration experiments to study the
binding of the WT Radl8-UBZ domain to ubiquitin with
amino acid resolution. Panels a and b of Figure 3 show the
results of two reciprocal titrations in which the unlabeled
ubiquitin stock was gradually added to a '*N-labeled UBZ
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solution (plot a) and the unlabeled UBZ stock was added to a
>N-labeled ubiquitin solution (plot b). "H—"*N HSQC spectra
recorded at each step of the titrations (Figure 3a,b) display
extensive binding-induced chemical shift perturbations for a
number of amide resonances that confirm a specific interaction
between the two proteins.

The binding-induced NMR chemical shift changes for both
partners were quantified and analyzed to extract the
dissociation constant (K;) for the WT Rad18-UBZ domain—
ubiquitin complex and per-residue chemical shift differences
(Aw,) between the bound and free states for the backbone
amide groups. Panels ¢ and d of Figure 3 show the normalized
cumulative 'HY and N chemical shift changes for non-
overlapped amide resonances of the '’N-labeled Rad18-UBZ
domain (plot c¢) and '“N-labeled ubiquitin (plot d) as a
function of the concentration of added unlabeled partner (filled
diamonds) and their best fits to the two-state binding model
(lines). The extracted dissociation constants for the WT
Rad18-UBZ domain—ubiquitin complex of 4.8—19.0 uM (25
°C) are in reasonable agreement with previously reported
values of 38—42 uM obtained by surface plasmon reso-
nance.””** Note that somewhat different K; values were
extracted from the two reciprocal titrations, presumably
because of systematic errors in the measured UBZ concen-
trations (see Experimental Procedures).

Rad18 constructs with mutations in the zinc finger domain
have been utilized in previous in vivo and in vitro studies to gain
insights into the role of this domain in Radl8 func-
tion. 7732 One such mutation, C207F, disrupts one of
the four zinc-coordinating residues of the domain. Rad18 was
shown to localize to double-stranded DNA breaks (DSBs) in a
UBZ-dependent manner and form ionizing radiation-induced
foci that are thought to be repair complexes."" These foci are
visible by fluorescence microscopy after treatment, but the
Rad18 C207F mutant is able neither to form these foci nor to
interact with another putative binding partner $3BPL.'"** A
"H-"N HSQC spectrum of the Rad18-UBZ domain in the
presence of excess EDTA shows that the domain requires zinc
for proper folding, because upon addition of EDTA the peaks
clearly move to the random coil region of the spectrum (Figure
1c). These findings indicate that previous in vivo results using
the C207F mutation that impairs the ability of the UBZ to
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Figure 3. (a) Series of '"H—""N HSQC spectra recorded during titration of "*N-labeled Rad18-UBZ domain with increasing amounts of unlabeled
ubiquitin. (b) Reciprocal series of "H—"*N HSQC spectra collected during titration of '*N-labeled ubiquitin with increasing amounts of unlabeled
Rad18-UBZ domain. (c) Normalized cumulative chemical shift changes (see Experimental Procedures) for the backbone amide groups of the *N-
labeled wild-type (diamonds) and D221A (triangles) Rad18-UBZ domain upon titration with the unlabeled ubiquitin and their best fits to a two-
state binding model (lines). (d) Reciprocal cumulative chemical shift changes upon titration of *N-labeled ubiquitin with the unlabeled wild-type
(diamonds) and D221A (triangles) Rad18-UBZ domain. Note that the D221A titration profile in panel d includes two additional points at a
ligand:protein ratio of up to 7:1 that were omitted to improve the presentation; these points fall directly on the best-fit curve. (e) Per-residue
backbone amide chemical shift differences between the bound and free '*N-labeled Rad18-UBZ domain (magenta) and the bound and free N-
labeled Poly-UBZ domain® (light purple) upon titration with unlabeled ubiquitin. Red circles highlight the difference in the location of chemical
shift perturbations induced by ubiquitin binding between the Rad18- and Poly-UBZ domains. (f) Per-residue chemical shift differences between
bound and free *N-labeled ubiquitin upon titration with unlabeled Rad18-UBZ. (g and h) Binding-induced chemical shift perturbations for the
backbone amide groups (plots e and f) mapped onto the structures of the Rad18-UBZ domain (g) and ubiquitin (h). The radii of the orange spheres
are proportional to the chemical shift differences between bound and free forms.
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coordinate zinc should be interpreted in the context of a model
in which the Radl8-UBZ domain is locally unfolded. In
accordance with this, we were unable to purify a sufficient
quantity of the C207F Rad18-UBZ domain for NMR titration
experiments because of the instability of this construct.

Previous works investigating the UBZ domain—ubiquitin
interaction identified a conserved aspartate residue located
between the third and fourth zinc-coordinating residues [-C-X-
X-C-(X),-(C/H)-X-D-X-(C/H)-], which is critical for the
ubiquitin binding activity of UBZ domains.”***™* Thus,
GST-ubiquitin is unable to pull down the Radl8 variant
harboring the D221A mutation in vitro.>* Unlike WT Rad18,
the D221A mutant (like C207F) does not coprecipitate with
ubiquitinated H2A after treatment with ionizing radiation and
does not form ionizing radiation-induced foci at DSB sites in
vivo.>> The equivalent mutation in the Poly-UBZ domain,
D652A, abrogates the ubiquitin binding activity of Poly and
similarly prevents localization of Polyy to UV-induced foci.*®

We have examined the ubiquitin binding activity of the *N-
labeled D221A Rad18-UBZ domain (residues 198—227) using
NMR titration experiments performed in a manner similar to
the WT domain (Figure 3c,d). A 'H-""N HSQC spectrum of
the D221A Rad18-UBZ domain (data not shown) displays
good peak dispersion and little deviation in peak position from
the WT, indicating that the D221A mutant remains properly
folded. The titration data, however, reveal that the ubiquitin
binding affinity for the D221A mutant (Kg = 520—774 uM) is
~2 orders of magnitude weaker than that of the WT Rad18-
UBZ domain (Figure 3c,d). Taken together, these results
suggest that the D221A mutation affects formation of the UBZ
domain—ubiquitin complex by disrupting an intermolecular
interaction rather than by local unfolding of the domain (as in
C207F). Therefore, D221A represents a Radl8 mutant that
specifically knocks out ubiquitin binding while preserving the
structure of the domain and its interactions with other putative
partners that do not involve the mutation site.

Chemical Shift Mapping of the Rad18-UBZ Domain—
Ubiquitin Binding Interface. With the NMR assignments
completed for both partners, binding-induced chemical shift
perturbations can be assessed on a per-residue basis to map the
interface of the Rad18-UBZ domain—ubiquitin complex. Panels
e and f of Figure 3 show chemical shift differences between the
bound and free states for the backbone amide groups plotted
versus residue number of the Rad18-UBZ domain (plot e,
magenta) and ubiquitin (plot f) obtained from the analysis of
NMR titration data. Panels g and h of Figure 3 show the
measured chemical shift changes mapped onto the structures of
the Rad18-UBZ domain (plot g) and ubiquitin (plot h)
outlining the binding sites. Figure 3e (light purple) also
illustrates the previously reported chemical shift perturbations
induced by ubiquitin binding for the backbone amide groups of
the Poly-UBZ domain.*®

As expected, the Radl8-UBZ domain interacts with the
conserved hydrophobic surface of the ubiquitin f-sheet
centered at L8/144/V70, which is also utilized by many other
ubiquitin-binding domains and motifs (Figure 3fh). The
greatest chemical shift perturbations in the Rad18-UBZ domain
upon ubiquitin binding occur in residues V202, C223, and
1224 (Figure 3e,g), which map to strand 1 (V202) and the
corresponding side face of the a-helix (C223 and L1224)
(Figure 3g). These secondary structure elements form a
hydrophobic patch on the UBZ domain surface highlighted in
Figure 2c. These data suggest a unique mode of ubiquitin
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recognition by the Rad18-UBZ domain in which both the a-
helix and strand 1 contribute residues to the binding interface.
This mode is distinctly different from that observed for the
Poly-UBZ domain—ubiquitin interaction® in which the
binding-induced chemical shift perturbations are located solely
on the outer face of the helix with little change elsewhere in the
UBZ domain (Figure 3e). Additionally, the Poly-UBZ domain
forms an a-helix longer than that of the Rad18-UBZ domain,
with chemical shifts for these extra C-terminal residues affected
by ubiquitin binding (Figure 3e). The disparity in the location
of the chemical shift perturbations between the Rad18-UBZ
and Poly-UBZ domains indicates that Radl8-type UBZ
domains utilize a novel interface for ubiquitin binding distinct
from that of the Poly-UBZ domain.

The NMR Structure of the RAD18-UBZ Domain—
Ubiquitin Complex Shows a Novel Binding Mode. Figure
4a (left) shows the NMR structure of the human Rad18-UBZ
domain in complex with ubiquitin. For comparison, Figure 4b
shows a model of the Poly-UBZ domain—ubiquitin complex
generated as described by Bomar et al.** Similar to the structure
of the free Rad18-UBZ domain (Figure 2a), the structure of the
Rad18-UBZ domain—ubiquitin complex agrees well with the
input experimental restraints and displays minimal violations
from idealized molecular geometry (Table 1). Individually,
neither the Radl8-UBZ domain nor ubiquitin undergoes
significant conformational rearrangements upon complex
formation, displaying an all-atom rmsd (calculated in
PyMol*®) between the free and bound forms of 0.97 A for
the UBZ over residues 200—225 and 1.2 A for ubiquitin over all
residues (calculated against a 1.8 A resolution X-ray structure of
ubiquitin,*” PDB entry 1UBQ).

In agreement with the binding-induced chemical shift
perturbations (Figure 3gh), the interface of the Rad18-UBZ
domain—ubiquitin complex is centered around the hydrophobic
side chains of V202, P205, V206, 1216, 1.220, and 1224 in the
UBZ domain and L8, 144, and V70 in ubiquitin (Figure 4a).
Among the binding site residues in the UBZ domain, V202,
P205, and V206 are located in strand f1 and the f1—/2 loop,
while 1216, N217, L220, D221, and L224 are located on the
corresponding side face of the a-helix. Together, these residues
form a large hydrophobic patch on the UBZ domain surface
(Figure 2c). To further illustrate that strand f1 is indeed found
at the UBZ domain—ubiquitin interface, Figure 4c shows
reciprocal intermolecular NOE correlations in the two “C-
edited, *C,'*N-filtered NOESY-HSQC spectra41 between the
'H” proton of V202 from strand f1 of the UBZ domain and the
'H” protons of L8 in ubiquitin. Additional strips from the *C-
edited, *C,"*N-filtered NOESY-HSQC spectra can be found in
Figure S1 of the Supporting Information.

On the other side, ubiquitin interacts with the Rad18-UBZ
domain via the canonical hydrophobic patch centered on L8/
144/V70 (Figure 4a, left). In addition, R42 and R72 on the rim
of the ubiquitin—UBZ domain interface are located in the
proximity of D221 and N217 from the UBZ a-helix, forming
almost what appears to be an ionic cluster (Figure 4a, right).
Two of these residues, D221 in the Rad18-UBZ domain and
R42 in ubiquitin, form an intermolecular salt bridge. The
D221/R42 salt bridge plays a critical role in stabilization of the
Rad18-UBZ domain—ubiquitin complex, as suggested by a
decrease of 2 orders of magnitude in the binding affinity of
ubiquitin for the D221A Rad18-UBZ domain mutant compared
to the WT (Figure 3c,d). Thus, the structure of the UBZ
domain—ubiquitin complex provides the molecular basis for the
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Figure 4. (a) NMR structure of the Rad18-UBZ domain—ubiquitin complex with side chains of V202, P20S, V206, 1216, 1220, and L224 on the
UBZ domain and L8, 144, and V70 on ubiquitin at the binding interface displayed (left). Close-up view of the intermolecular interaction between
D221 and N217 of the Rad18-UBZ domain and R42 and R72 of ubiquitin (right). (b) Model of the Poly-UBZ domain—ubiquitin complex re-
created as described by Bomar et al.** (c) Strips from the *C-edited, '>C,'*N-filtered NOESY-HSQC spectra*" of the 'N//**C-labeled Rad18-UBZ
domain in complex with unlabeled ubiquitin (left) and '*N- and *C-labeled ubiquitin in complex with the unlabeled Rad18-UBZ domain (right)
showing reciprocal NOE correlations between H” of V202 on the UBZ domain and H” of L8 on ubiquitin.

use of the D221A UBZ as a ubiquitin-binding knockout mutant
in previous in vitro and in vivo studies.’*** Interestingly, ionic
interactions involving R42 and R72 are often found on the rims
of ubiquitin interfaces with its interaction partners, given the
proximity of these residues to the L8/I44/V70 hydrophobic
face. For instance, salt bridges formed by these residues were
also found in ubiquitin complexes with the protein $5a%° and
the ubiquitin-interaction motif (UIM) from Hrs.®!

Recently, Bomar et al. determined the spatial structure of the
UBZ domain from the TLS DNA polymerase Poly,*® which
adopts a fold very similar to that of the Rad18-UBZ domain
(Figure 2b). This work also reported a structural model of the
Polp-UBZ domain—ubiquitin complex re-created in Figure
4b.>® The model was built on the basis of NMR chemical shift
perturbations and spin-labeling data, taking advantage of the
sequence and structural conservation between the Poly-UBZ
domain and a bovine Rabex-5 MIU/IUIM fragment in complex
with ubiquitin.’” In striking contrast to the Radl8-UBZ
domain—ubiquitin complex in which both strand A1 and the
a-helix are involved in interaction (Figure 4a), the model of the
Polp-UBZ domain—ubiquitin complex reveals that the
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ubiquitin-binding interface is located on the outside of the
UBZ domain a-helix with no role for strand $1°° (Figure 4b).
Note that the surface of the helix and strand f1 utilized by the
Rad18-UBZ domain for ubiquitin binding is more acidic in the
Poly-UBZ domain (Figure 2c). The Rad18-UBZ and Poly-UBZ
domains also bind ubiquitin in different orientations, where the
UBZ oa-helix is rotated by about 90° relative to the ubiquitin
surface (Figure 4a,b). Furthermore, the conserved aspartates,
D221 in Rad18 and D652 in Poly between the final two zinc-
coordinating residues [-(C/H)-X-D-X-C-], appear to fulfill
different roles: D221 in Rad18 forms a salt bridge with the side
chain of R42 on ubiquitin, while D652 in Poly interacts with
the backbone of A46 and G47 on ubiquitin.*> Therefore, the
models of the complexes of the Rad18-UBZ and Poly-UBZ
domains with ubiquitin shown in Figure 4 define two distinctly
different ubiquitin-binding modes for these structurally similar
domains.

Distinction between Type 3 Poly-like and Type 4
Rad18-like UBZ Domains. Figure Sa shows a sequence
alignment of Rad18-UBZ domains from different species (top)
and UBZ domains from different human proteins (bottom).

dx.doi.org/10.1021/bi500823h | Biochemistry 2014, 53, 5895—5906
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(a) TtA**A * * A*xx A*
Rad18-UBZ Homo sapiens 198 QVTKVDCPVCGVNIPE--SHI-NKHLDS-CLSRE 227
Canis familiaris 198 QVTRVDCPVCGVNIPE--NHI-NKHLDS-CLTRD 227
Rattus norvegicus 198 LDTKVSCPVCGVSIPE--NHI-NKHLDS-CLSRE 227
Mus musculus 198 LDTKVSCPVCGVSIPE--NHI-NKHLDS-CLSRE 227
Danio rerio (zebra fish) 194 PVVKVECPVCGVGVPE--QHI-NKHLD-MCLNRD 223
S. cerevisiae 184 NEQMAQCPICQQFYPL--KALEKTHLDE-CLTLQ 214
Type 4 Candida albicans 178 SDSLVKCPICFERMEL--DVLQGKHIDD-CLSGK 208
UBZ from Homo sapiens
Polk #1 618 DCQILTCPVCFRAQGCISLEALNKHVDE-CLDGP 650
Polk #2 773 TGQALVCPVCNVEQKTSDLTLFNVHVD-VCLNKS 789
Wrnip1 14 QLHQVQCPVCQOMMPA--AHI-NSHLDR-CLLLH 43
FAN1 37 APPALACPVCSKMVPR--YDL-NRHLDEMCANND 68
| Spartan 450 QSKMVNCPVCONEVLE--SQI-NEHLDW-CLEGD 479
Type3 [ Poln 629 AEDQVPCERCGSLVPV--WDM-PEHMD-YHFALE 658
? Nemo 391 EPPDFCCPRCQYQAPD--MDTLQIHVME-CIE-- 419
(b) I Rad18 (UBZ/ubiquitin)

s Wrnip1 (UBZ/ubiquitin)

Figure S. (a) Alignment of the sequences of Rad18-UBZ domains from different species (top) and UBZ domains from different human proteins
(bottom). Zinc-coordinating residues are marked with uppercase deltas. Residues that are at the binding interface are marked with asterisks. Residues
that are conserved by type are colored gray. The initial alignment was performed in ClustalW®® and then manually edited to ensure alignment of the
last zinc-coordinating residue. All UBZ domains shown except the ones from Poly and NEMO (two last lines) are type 4 C,HC UBZ4s, while the
Poly-UBZ domain belongs to type 3 C,H, UBZ3. (b) Superposition of the Rad18-UBZ domain—ubiquitin complex with the structure of the
Winip1-UBZ domain—ubiquitin complex (PDB entry 3VHT) where the UBZs are colored magenta and red and ubiquitin is colored two shades of

green.

Zinc-coordinating residues are aligned and are marked with
uppercase deltas. Residues at or near the Rad18-UBZ domain—
ubiquitin binding interface are marked with asterisks and are
highly conserved by type (gray) both in Rad18-UBZ domains
from different species and in most UBZ domains from other
human proteins. This is expected, because residues at a binding
interface are typically more conserved with respect to other
surface-exposed residues.*>

The sequence conservation is weaker between UBZ domains
from Rad18 and Poly. Previously, on the basis of differences in
their primary sequence, UBZ domains in DDR-related proteins
were divided into subgroups, type 3 C,H, UBZ3 (Poly-like)
and type 4 C,HC UBZ4 (Radi8-like)."**** Beyond the
obvious difference in zinc-coordinating residues, the physical
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manifestation of this disparity has not been apparent. In fact,
both Poly-UBZ3 and Radl8-UBZ4 domains are classical
Pl—p2—a domains containing a conserved aspartate residue
involved in ubiquitin binding (D652 in Poly and D221 in
Rad18). Therefore, most previous publications simply refer to
the “UBZ” class of ubiquitin-binding domains with no mention
of any delineation.

The sequence alignment shown in Figure Sa and the
structures of the complexes of the Poly-UBZ3 and Radl8-
UBZ4 domains with ubiquitin (Figure 4a,b) suggest that, while
sharing a conserved aspartate residue, the UBZ3 and UBZ4
domains differ in other residues contributing to ubiquitin
binding. The only representative of the type 3 domains, the
Poly-UBZ3, has a stretch of charged amino acids (C-E-K-C) in
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place of the invariant hydrophobic C-P-V/I-C sequence
(residues 204—207 from strand f1 and the f1—f2 loop of
the Rad18-UBZ domain) in the ubiquitin-binding site of
UBZ4s (Figure 5a). The glutamate E636 determines the acidic
nature of the surface of the Poly-UBZ3 domain formed by
strand 1 and the a-helix (Figure 2c), while the following lysine
K637 folds back into the structure and forms a salt bridge with
E6S8, stabilizing the longer a-helix.>* The conservation among
1216, N217, 1220, and L224 from the Rad18-UBZ4 domain-
binding site for ubiquitin and the equivalent residues from the
Poly-UBZ3 domain is also weak, providing additional evidence
that the ubiquitin-binding mode of the Poly-UBZ domain is
different from that of the UBZ4 domains.

The sequence alignment of the C,HC UBZ domain from the
protein NEMO (Figure Sa, last line) does not allow its
classification into either type 3 or type 4. Previous work has
indicated that ubiquitin binding by this domain occurs on the
outside of the a-helix, similar to the Poly-type UBZ3
domains.>® However, because the critical A65S, L659, and
Q660 from Poly and the Rabex MIU/IUIM motif®” have no
equivalent residues in NEMO, and because the o-helix is
shorter in the NEMO-UBZ domain (Figure Sa; E419 is the C-
terminal residue), this UBZ domain may itself be unique.

Interestingly, the unique ubiquitin-binding mode of the
Rad18-UBZ4 domain with the ubiquitin-binding site formed by
strand 1 and the a-helix (Figure 4a) is confirmed by an
unpublished structure of a related type 4 UBZ domain from the
protein Wrnipl [PDB entry 3VHT (Figure Sa, line 10)]. This
crystal structure, determined at 2.4 A resolution, contains a
GFP fusion protein of the Wrnipl-UBZ4 domain in complex
with ubiquitin. Figure Sb shows a structural alignment of the
Rad18-UBZ4 domain—ubiquitin and Wrnipl-UBZ4 domain—
ubiquitin complexes confirming the conservation of binding
modes among UBZ4 domains with strand f1 in the Wrnip1-
UBZ domain located at the ubiquitin binding interface (the
hallmark of the UBZ4 class). Sequence alignment (Figure Sa)
shows that all residues in the Rad18-UBZ4 domain binding
interface and hydrophobic core are completely conserved in the
Wrnipl-UBZ domain, including V202, C204—C207, 1216,
N217, L1220, D221, and L224. These residues define the UBZ4-
type sequence with a binding mode unique compared to that of
the Poly-UBZ domain. Additionally, the D221/R42 salt bridge
is also conserved, with D37 being the equivalent in Wrnip1.

Taken together, the previous definitions of the UBZ3 and
UBZ4 domains'***** can now be refined to include structural
information, although the biological implications of the
difference in binding mode are not immediately evident. Both
types of UBZ domains seem to have similar roles in subcellular
localization, because their knockout prevents the recruitment of
protein to DNA repair factories after exposure to UV light or
ionizing radiation.!V*>%® However, there is no discernible
pattern in the literature that might suggest specificity of UBZ3
versus UBZ4 domains in response to certain types of damage.
Presumably, the difference in ubiquitin recognition modes of
the UBZ3 and UBZ4 domains is related to a unique role played
by Poly in translesion synthesis (TLS) because it is the only
known protein with a UBZ3 domain while UBZ4 domains are
numerous. The presented structural comparison of the UBZ3
and UBZ4 domains thus provides context for further studies to
delineate their differential functions in the DNA damage
response.
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B CONCLUDING REMARKS

In summary, we have presented the NMR structure of the
human Rad18-UBZ domain, both isolated and in complex with
ubiquitin, and have characterized the interaction of the WT
Rad18-UBZ domain and its point mutants with ubiquitin by
NMR titration experiments. The results show that the Rad18-
UBZ domain has the canonical f1—f2—a topology also found
in the UBZ domain from Poly® and DNA-binding zinc
fingers.>® To our surprise, the ubiquitin-binding interface of the
Rad18-UBZ domain is different from that observed in the
model of the Poly-UBZ domain—ubiquitin complex generated
using NMR chemical shift perturbations and spin-labeling.*®
Sequence alignment of UBZ domains and the location of NMR
chemical shift perturbations in the Poly- and Rad18-UBZ
domains upon ubiquitin binding suggest that the two domains
have nearly identical structures but bind ubiquitin with different
modes. Previous studies proposed categorization of UBZ
domains in proteins linked to the DNA damage response
into two classes: Poly-like type 3 (UBZ3) and Rad18-like type
4 (UBZ4)."**>** The structure of the Rad18-UBZ domain—
ubiquitin complex determined here and the sequence alignment
of UBZ domains provide a clear basis for this delineation,
suggesting the possibility of differences in the functional roles
of these two domain types.

B ASSOCIATED CONTENT

© Supporting Information

A selection of strips from the BCedited, *C,"’N-filtered
NOESY-HSQC spectra with intermolecular NOEs (Figure S1).
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3D, three-dimensional; DDR, DNA damage response; BMRB,
Biological Magnetic Resonance Bank; DSB, double-strand
break (DNA); HRR, homologous recombination repair;
HSQC, heteronuclear single-quantum correlation spectroscopy;
MIU/IUIM, motif interacting with ubiquitin/inverted ubiq-
uitin-interacting motif; NMR, nuclear magnetic resonance;
NOESY, nuclear Overhauser effect spectroscopy; PCNA,
proliferating cell nuclear antigen; PDB, Protein Data Bank;
rmsd, root-mean-square deviation; TLS, translesion synthesis;
UBM, ubiquitin-binding motif; UBZ, ubiquitin-binding zinc
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